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Preface to ”The Role of Biofilms in the Development

and Dissemination of Microbial Resistance within the

Food Industry”

Biofilms are multicellular sessile microbial communities embedded in hydrated extracellular 
polymeric matrices. Their formation is common in microbial life in most environments, while those 
formed on food-processing surfaces are of considerable interest in the context of food hygiene. Biofilm 
cells express properties that are distinct from planktonic ones, in particular, notorious resistance to 
antimicrobial agents. Thus, a special feature of biofilms is that, once they have been developed, they 
are hard to eradicate, even when careful sanitization procedures are regularly applied. A great deal 
of ongoing research has investigated how and why surface-attached microbial communities develop 
such resistance, and several mechanisms are to be acknowledged (e.g., heterogeneous metabolic 
activity, cell adaptive responses, diffusion limitations, genetic and functional diversification, and 
microbial interactions). The articles contained in this Special Issue deal with biofilms of some 
important food-related bacteria (including common pathogens such as Salmonella enterica, Listeria 
monocytogenes, and Staphylococcus aureus, as well as spoilage-causing spore-forming bacilli), 
providing novel insights on their resistance mechanisms and implications, together with novel 
methods (e.g., use of protective biofilms formed by beneficial bacteria, enzymes) that could be used to 
overcome such resistance and thus improve the safety of our food supply and protect public health.

Efstathios Giaouris, Manuel Simões, Florence Dubois-Brissonnet

Editors
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Abstract: Biofilms are multicellular sessile microbial communities embedded in hydrated extracellular
polymeric matrices. Their formation is common in microbial life in most environments, while those
formed on food-processing surfaces are of considerable interest in the context of food hygiene.
Biofilm cells express properties that are distinct from planktonic ones, in particular, notorious resistance
to antimicrobial agents. Thus, a special feature of biofilms is that, once they have been developed,
they are hard to eradicate, even when careful sanitization procedures are regularly applied. A great
deal of ongoing research has investigated how and why surface-attached microbial communities
develop such resistance, and several mechanisms are to be acknowledged (e.g., heterogeneous
metabolic activity, cell adaptive responses, diffusion limitations, genetic and functional diversification,
and microbial interactions). The articles contained in this Special Issue deal with biofilms of
some important food-related bacteria (including common pathogens such as Salmonella enterica,
Listeria monocytogenes, and Staphylococcus aureus, as well as spoilage-causing spore-forming bacilli),
providing novel insights on their resistance mechanisms and implications, together with novel
methods (e.g., use of protective biofilms formed by beneficial bacteria, enzymes) that could be used to
overcome such resistance and thus improve the safety of our food supply and protect public health.

Keywords: biofilms; foodborne pathogens; dairy bacilli; stress adaptation; resistance; disinfection;
biocontrol; enzymes; food safety

The formation of biofilms spontaneously happens in both natural and industrial environments,
wherever there are microorganisms, surfaces, nutrients, and water. In previous years, many studies
have been occupied with detrimental biofilms, such as those formed by/containing pathogenic
microorganisms, providing enough useful data on the complex mechanisms that may account for their
increased recalcitrance towards antimicrobials, host immune system, and many other physicochemical
stresses. Thus, diffusion limitations to the free access of some antimicrobials inside the robust
biofilm matrix, variability in the physicochemical microenvironments within the biofilm (e.g., pH,
oxygen levels, nutrients), cellular adaptations resulting from altered gene expression and/or horizontal
gene transfer, microbial interactions, and the differentiation of biofilm-enclosed microbial cells into
particularly durable variants, such as viable but not culturable (VBNC) ones, and persisters, may all
account, at different levels and depending on the specific microorganisms and the surroundings, to the
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Foods 2020, 9, 816

robustness of biofilms [1]. Their establishment as the default mode of microbial growth is hence almost
everywhere. Biofilms formed by pathogenic bacteria are of special interest in the context of food hygiene
since they may significantly compromise food safety [2]. Those containing spoilage microflora can
downgrade food quality, limiting shelf life of the products, and induce several other important issues
(e.g., clogging of membranes, increases in energy costs, biofouling, and corrosion problems). In the
articles of this Special Issue, interesting data are presented regarding such biofilm communities towards
the better understanding of the factors that can influence their sessile development (e.g., microbial
interactions, sporulation, food residues, temperature), the mechanisms lying behind their antimicrobial
resistance, together with some novel alternative methods that could be exploited to address this
important problem (e.g., use of lactic acid bacteria and/or their metabolites, enzymes, bacteriophages,
quorum sensing inhibitors), with lower possibilities for resistance occurrence.

Bacillus species are frequently encountered in the dairy processing environment and can form
biofilms on surfaces containing their spores, and in this way, resist cleaning-in-place (CIP) regimes
commonly applied in the dairy industry. Those consist of regular cleaning of equipment with
alkaline and acidic solutions under turbulent flow conditions at high temperatures. Ostrov et al. [3]
investigated the resistance of biofilm-derived spores of four dairy-associated Bacillus isolates (including
one B. licheniformis, one B. subtilis, and two B. paralicheniformis strains) to CIP procedures and compared
to those of a non-dairy B. subtilis isolate, using in parallel two different model systems simulating the
typical conditions for milking systems. As cleaning solutions, they used caustic soda (0.5% w/v NaOH),
sodium hypochlorite (0.018% v/v NaOCl), and six different commercial alkaline detergents commonly
used in dairy farms and at concentrations recommended by the manufacturers. They observed that
the dairy-associated isolates displayed increased resistance to mechanical (i.e., water circulation),
chemo-biological (i.e., cleaning), and bactericidal (i.e., disinfection) effects of the tested CIP procedures
compared to the non-dairy Bacillus. This was attributed to their robust biofilm formation and to
differences in the structure and composition of their biofilm matrix resulting in its mucoid appearance.
This finding was further reinforced by the enhanced resistance of two other poly-γ-glutamic acid
(PGA)-overproducing B. subtilis strains to the tested CIP procedures, compared to the wild type
strain. These mutant strains could indeed produce high amounts of proteinaceous extracellular
matrix, which was similar in appearance to that produced by the tested dairy Bacillus isolates.
The authors highlighted the importance of using strong biofilm-formers, such as biofilm-derived spores
of dairy-associated Bacillus, upon evaluating the performance of commercial cleaning agents for use
in industrial conditions. Undoubtedly, their results seem important towards the refinement of the
industrial CIP processes to increase their efficiency in eliminating well established biofilms.

Bovine mastitis is among the most common diseases that the dairy industry should deal with,
resulting in considerable economic losses due to milk wastage and treatment costs. This is frequently
caused by pathogenic staphylococci capable of forming biofilms inside the udder and making this
ineffective the subsequent antibiotic therapy. Wallis et al. [4] evaluated the in vitro efficiency of an
alternative therapeutic approach based on the formation of beneficial (probiotic) biofilms by lactic
acid bacteria (LAB). For this, they employed five LAB strains (including three Lactobacillus plantarum,
one L. brevis, and one L. rhamnosus) and tested them for their ability to eradicate and replace harmful
Staphylococcus biofilms, formed by three different species all known to be implicated in bovine mastitis
(i.e., Staphylococcus aureus, S. xylosus, and S. epidermidis). To do this, they left staphylococci to form
biofilms on the wells of polypropylene 96-well plates at 37 ◦C for 168 h before the addition of each
LAB culture and further incubation at 37 ◦C for 168 h. They removed biofilm cells from surfaces at
three different time intervals and enumerated them. They found that all the tested LAB strains were
able to remove the pathogenic biofilms, while two of them (L. rhamnosus ATCC 7469 and L. plantarum
2/37) could also form their own biofilms in the place of the pathogenic ones. The authors concluded
that these two LAB strains could be suitable for a probiotic treatment of mastitis, and proposed them
for further in vivo investigations to test their potential beneficial/barrier properties on udder health.
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The biofilm matrix largely accounts for the reduced efficiency of antimicrobials against the
biofilm-enclosed microorganisms by delaying their diffusion, scavenging or even inactivating them,
and in parallel altering the local microenvironment of the cells, resulting in their slower growth rate
and stress adaptation. This is usually composed of polysaccharides, proteins, lipids, and nucleic acids.
Concerning the latter, the presence of extracellular DNA (e-DNA) has been recently been reported as a
substantial component of the biofilm matrices of several microorganisms. Since the matrix plays a
major role in biofilm stability, keeping it close together and hydrating the microbial cells, its degradation
could consist in an effective antibiofilm strategy. This could be achieved by using enzymes targeting
its main components. To this direction, Sharma and Pagedar Singh [5] tested the efficiency of DNase
against mono- and mixed-species biofilms of some microorganisms relevant to the food industry
(i.e., S. aureus, Klebsiella spp., Enterococcus faecalis, and Salmonella Typhimurium). First, they optimized
the enzymatic treatment against biofilms formed by Pseudomonas aeruginosa PAO1, which was used as
bacterial model due to its ability to produce copious biofilm. They applied the enzyme during biofilm
formation (pre-treatment), following biofilm formation (post-treatment), and both before and after
(dual treatment). Pre-treatment of DNase at a concentration of 10 μg/mL reduced biofilm formation by
P. aeruginosa at 37 ◦C for 24 h by 70%, with no further efficiency to be observed upon increasing the
concentration of the enzyme. Interestingly, DNase was less efficient when biofilms were older (up to
96 h), indicating that mature biofilms are more resistant than those of lower age. Post-treatment for
15 min with the same concentration of the enzyme was proven to be more efficient, resulting in a 73–77%
reduction in biofilm biomass, depending on the age of the biofilm (24–96 h). The concomitant presence
of Mg2+ ions (10 mM), used as cofactors for the enzyme, resulted in 90% reduction of P. aeruginosa
biofilm at a half concentration (i.e., 5 μg/mL) and irrespectively of the age of biofilm. No significant
differences were observed between the pre-, post-, and dual-treatments on mono-species biofilms of
all the other bacteria, with their susceptibility to DNase still being organism specific. In addition,
DNase was less efficient against 24 h-old mixed-species biofilms compared to mono-species ones,
and its efficiency was further reduced when biofilms were grown for 48 h. The authors concluded
that further optimization is required before applying DNase in cleaning regimes in food industries
targeting both biofilm prevention and reduction of mixed-species sessile consortia.

Salmonella enterica is a major foodborne pathogen, worldwide, being frequently implicated in
large outbreaks. Many studies have explored its ability to produce biofilm on either abiotic or biotic
surfaces and, like with other microorganisms, this is considered as an important stress adaptation
strategy [6]. Paz-Méndez et al. [7] investigated the ability of 13 strains of this pathogen, isolated from
poultry houses and belonging to three different subspecies (i.e., enterica, arizonae, and salamae) and nine
different serovars (including Typhimurium, Enteritidis, Newport, Infantis etc.) to produce biofilm on
two different surfaces (i.e., stainless steel and polystyrene), incubated for 48 h in four different growth
media at two temperatures (i.e., 6 ◦C and 22 ◦C). The colony morphotypes of these strains and their
motilities were also investigated at both temperatures. They found that the diluted laboratory growth
medium favored biofilm formation, irrespective of the surface and temperature tested compared to
the other media containing food residues and used to simulate growth conditions encountered in the
different food industries (i.e., dairy, meat and vegetables). Nevertheless, most of the strains were still
able to produce biofilm in the presence of food residues under all the tested conditions. Almost all
strains (except two) produced the red, dry, and rough (RDAR) morphotype at 22 ◦C, whereas a
soft and completely white (SACW) morphotype was apparent at the lower temperature (i.e., 6 ◦C).
RDAR morphotype is known to arise due to the production of cellulose and curli fimbriae, which have
been both described as the main extracellular polymeric substances (EPSs) of the Salmonella biofilm
matrix. Indeed, biofilm formation was higher at 22 ◦C compared to 6 ◦C, with the exception of tomato
juice, where the biomass differences were not significant. However, the fact that most of the strains
were still able to produce biofilm at 6 ◦C implies that other components and genetic mechanisms should
play a role in the transition of cells to this sessile lifestyle. Similar to the biofilm-forming capacity,
the mean motility of the strains was significantly higher at 22 ◦C than at 6 ◦C. The authors conclude
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that Salmonella bacteria may use food residues to produce biofilms on common surfaces of the food
chain. Further studies combining more strains and food residues should increase our knowledge on
Salmonella biofilm behaviour in the presence of such nutrient’s sources. These are considered important
since they better mimic food industry conditions, which may well differ from those encountered in the
laboratory, inducing drastic implications on biofilm/cellular physiology and resistance.

The resistance of Salmonella being confined in biofilm structures to disinfectants commonly used
during poultry processing is surely an alarming public health issue. The review of Cadena et al. [8]
examines the modes of action of various types of disinfectants (including hexadecylpyridinium
chloride, peracetic acid, sodium hypochlorite, and trisodium phosphate) against Salmonella in either
planktonic or biofilm state, and in parallel describes the mechanisms that may confer tolerance to
such disinfectants and cross-protection to antibiotics. The authors conclude that poultry processors
should try to use various disinfectants presenting different modes of action to limit the ability of
the bacteria to adapt and display antimicrobial resistance (AMR). The use of alternative approaches,
such as enzymes, bacteriophages, and quorum sensing inhibitors, may also be valuable towards the
control of biofilms and food safety assurance with lower probabilities of AMR induction. In addition,
since the in situ detection of biofilms is important to be able to optimize the prevention and control
methods, some commercially available devices and kits that could be used for either qualitative or
quantitative, direct or indirect characterization of biofilms encountered in food processing environments
are reported.

This Special Issue finishes with an interesting review presenting an update on our knowledge
related to Listeria monocytogenes biofilms in food-related environments and their implications mainly
towards biocide resistance [9]. Legislation, important ecological aspects (i.e., influence of microbial
interactions on resistance in mixed-species biofilms), and some potential biocontrol strategies (i.e., use of
lactic acid bacteria and/or their bacteriocins, alone or in combination with other strategies) are also
reported. Undoubtedly and considering the significant risk posed by this pathogen, especially against
vulnerable population groups (e.g., younger, oldest, pregnant and immunocompromised), the better
understanding of the various genetic and physiological underlying mechanisms leading to its
antimicrobial recalcitrance, together with the influence of pre-existing resident/transient microbiota on
its sessile behavior, is significant towards our efforts to develop fast, efficient, safe, and cost-effective
prevention and control treatments to improve the safety of the food supply.

The role of biofilms in the development and dissemination of microbial resistance within the
food industry is surely important and multifaceted. The articles presented in this Special Issue aim to
contribute to understand this problem and its magnitude, making clear the need for novel efficient
intervention methods.
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Abstract: One of the main strategies for maintaining the optimal hygiene level in dairy processing
facilities is regular cleaning and disinfection, which is incorporated in the cleaning-in-place (CIP)
regimes. However, a frail point of the CIP procedures is their variable efficiency in eliminating
biofilm bacteria. In the present study, we evaluated the susceptibility of strong biofilm-forming dairy
Bacillus isolates to industrial cleaning procedures using two differently designed model systems.
According to our results, the dairy-associated Bacillus isolates demonstrate a higher resistance to
CIP procedures, compared to the non-dairy strain of B. subtilis. Notably, the tested dairy isolates
are highly persistent to different parameters of the CIP operations, including the turbulent flow of
liquid (up to 1 log), as well as the cleaning and disinfecting effects of commercial detergents (up
to 2.3 log). Moreover, our observations indicate an enhanced resistance of poly-γ-glutamic acid
(PGA)-overproducing B. subtilis, which produces high amounts of proteinaceous extracellular matrix,
to the CIP procedures (about 0.7 log, compared to the wild-type non-dairy strain of B. subtilis).
We therefore suggest that the enhanced resistance to the CIP procedures by the dairy Bacillus isolates
can be attributed to robust biofilm formation. In addition, this study underlines the importance of
evaluating the efficiency of commercial cleaning agents in relation to strong biofilm-forming bacteria,
which are relevant to industrial conditions. Consequently, we believe that the findings of this study
can facilitate the assessment and refining of the industrial CIP procedures.

Keywords: dairy industry; biofilm; Bacillus species; biofilm derived spores; cleaning-in-place;
disinfecting effect

1. Introduction

Microbial contamination, caused by biofilm-forming bacteria, is one of the main threats to the
quality, safety, stability and nutritional value of dairy products [1,2]. Moreover, biofilms are not only a
potential source of contamination; they can also increase the corrosion rate of equipment used in the
milk industry, impair heat transfer, and increase fluid frictional resistance [3]. Therefore, controlling
biofilm formation is of major importance to the dairy industry [4–6].

Members of the Bacillus genus are among the most commonly found biofilm-formers in dairy
farms and processing plants [7–9]. In addition to aggressive biofilm, these bacteria are able to form
heat-resistant endospores [10,11]. To this end, the biofilm matrix can serve as an epicenter for the
ripening of spores, which can be released from it and cause continuous contamination of the production
environment [12,13]. Spores, as well as biofilm cells, are highly resistant to antimicrobial agents,
which makes it rather difficult to eliminate them [11,14]. Moreover, biofilm matrix offers additional

Foods 2019, 8, 134; doi:10.3390/foods8040134 www.mdpi.com/journal/foods7



Foods 2019, 8, 134

protection for embedded endospores, allowing their survival and colonization in the surrounding
environment, when conditions are favorable [15]. In B. subtilis, the matrix has two main components,
an exopolysaccharide (EPS) and amyloid-like fibers. Another extracellular polymer, γ-poly-dl-glutamic
acid (PGA), is produced in copious amounts by some B. subtilis strains [16–18].

The main strategy to prevent biofilm formation, applied in the dairy industry, is to clean and
disinfect regularly before bacteria attach firmly to surfaces [19,20]. Cleaning and disinfection in dairy
processing plants have been incorporated into the cleaning-in-place (CIP) regimes, which include
regular cleaning of processing equipment with alkaline and acidic liquids at high temperatures
and flow velocities [4,21,22]. However, a weak point of CIP processes, evident in both industrial-
and laboratory-scale systems, is their variable efficiency in eliminating established biofilms [4,21,23].
It is conceivable that biofilm formation can facilitate bacterial adaptation and survival in certain
environmental niches. We therefore hypothesized that aggressive biofilm formation by dairy-associated
bacteria might increase their resistance to industrial cleaning procedures.

In the present study, we evaluated the susceptibility of strong biofilm-forming dairy Bacillus
isolates to cleaning-in-place procedures using two different model systems, which resemble industrial
cleaning conditions. Our results show that the dairy-associated Bacillus isolates demonstrate enhanced
resistance to different aspects of the CIP procedures, including mechanical, chemo-biological and
disinfecting effects. Such reduced susceptibility can be attributed to robust biofilm formation by the
tested dairy Bacillus.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

The following bacterial strains were used in this study: (i) dairy-associated isolates, such as
B. paralicheniformis S127 [24,25], B. licheniformis MS310, B. subtilis MS302, B. paralicheniformis MS303 [24];
(ii) non-dairy isolate B. subtilis NCIB3610 (descendant of B. subtilis Marburg); (iii) poly-γ-glutamic acid
(PGA)-overproducing mutant derivatives of B. subtilis 3610, B. subtilis YC295 (ΔywcC) and B. subtilis
YY54 (ΔpgdS) (a gift of Y. Chai [18]). B. licheniformis MS310, B. subtilis MS302 and B. paralicheniformis
MS303 whole-genome shotgun projects are deposited at DDBJ/EMBL/GenBank, under accession
numbers MIPQ00000000, MIZD00000000, MIZE00000000 respectively.

For routine growth, the strains were propagated in Lysogeny broth (LB; 10 g tryptone, 5 g yeast
extract, 5 g NaCl per liter, pH 7) or on a solidified LB medium, supplemented with 1.5% agar at 37 ◦C.

2.2. Generation of Biofilm-Derived Spores

Biofilm colonies were generated at 30 ◦C in a biofilm-promoting medium (LBGM = LB + 1% v/v
glycerol + 0.1 mM MnSO4) [26]. Biofilm-derived spores were obtained from colonies, as described
previously [21]. Briefly, the grown (three-day-old) colonies, harvested and suspended in phosphate
buffered saline (PBS; 0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl per 200 mL, Sigma Aldrich,
St. Louis, MO, USA), were disrupted by mild sonication (Vibra Cell, Sonics, Newtown, CT, USA;
amplitude 60%, pulse 10 s, pause 10 s, duration 2 min, instrument power: 7.2 Joules per second).
During sonication, the samples were kept on ice. Then, heat killing was performed at 80 ◦C for 20 min.
Cell numbers after heat killing were quantified by the spread plating method.

2.3. Staining Extracellular Matrix of Biofilm-Derived Spores

Biofilm-derived spores were stained using the FilmTracer™ SYPRO® Ruby Biofilm Matrix Stain
(Molecular Probes, Eugene, OR, USA), according to the manufacturer’s protocol. Stained samples
were visualized by confocal laser scanning microscopy (CLSM; Olympus IX81, Tokyo, Japan) at a
10 μm scale.
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2.4. Preparation for Cleaning Tests and Enumeration of Biofilm-Derived Spores

The preparation of biofilm-derived spores for cleaning tests was performed, as described in the
previous study [21]. Briefly, 200-μL aliquots of the spore suspension (containing approximately two
million spores) were applied in the sampling area of stainless-steel sampling plates and dried in a
biological laminar hood for 1 h. Two sampling plates were not exposed to the cleaning procedures
(control). Following each cleaning test, the sampling plates were immediately subjected to abundant
rinsing with tap water at RT (similar to the CIP procedures at Israeli dairy farms, where the rinsing
with water stage is introduced after applying a cleaning agent). For the enumeration of the spores,
the sampling area on each plate was carefully swabbed with cotton swabs, moistened in PBS buffer.
Swabs from each plate were then agitated in PBS in separate test tubes. Serial dilutions from each
sample were prepared, followed by spread plating on LB agar for CFU analysis. Plates were incubated
for 24 h at 37 ◦C, before the colonies were counted. The efficiency of a cleaning procedure was evaluated
by comparing the number of viable spores (attached to sampling plates), before and after cleaning.

2.5. Cleaning Solutions

The following cleaning solutions were used in this study: Caustic soda (NaOH), sodium hypochlorite
(NaOCl) and six different commercial alkaline detergents, defined as solutions I (10–15% NaOH, 3–5%
NaOCl), A (polycarboxylate, phosphates, 3.6% NaOCl), M (>5% polycarboxylate, 5–15% phosphates,
3.6% NaOCl), F (5% phosphonates, polycarboxylates), D (active chlorine, alkaline-based) and H (active
chlorine, phosphates, additives, alkaline-based), which are commonly used in the Israeli dairy farms.
The pH value of the tested solutions varied between 11–12; the pH of NaOH was 13; and the pH of
NaOCl was 4. In accordance with the manufacturer’s recommendations, the agents were used at the
following concentrations: (i) 0.5% (v/v) for solutions A, M, F, D, H; (ii) 0.6% (v/v) for solution I; (iii) 0.5%
(m/v) for caustic soda and detergent H; (iv) 0.018% (v/v) for sodium hypochlorite (similar to the NaOCl
concentration in working solutions of the examined cleaning agents, such as A, M and I). As a control,
tap water was used (pH value around 7.7), with a standard level of hardness (50 mg/L Ca2+, 50 mg/L
Mg2+), without the addition of any detergent.

2.6. Cleaning Test Installations

The cleaning tests were carried out either using the cleaning-in-place (CIP) model system (closely
resembling the typical conditions for milking systems) [21] or using the simplified laboratory procedure,
developed in this study.

2.6.1. CIP Model System

The main components of the CIP model system were described in the previous study [21]. In brief,
the system consists of a 5-m stainless-steel milk line (fitted with a test unit) for pumping the cleaning
agents from the basin, milk releaser, and a stainless-steel return line to the basin. The test unit has
T-junctions, protruding 35, 125 or 275 mm from the main loop, reflecting different degrees of cleaning
difficulty. Sampling plates with the spores were mounted on the T-junctions and cleaned in the
installation. The temperature of the cleaning solution during the cleaning tests was 50 ◦C. To generate
flushing pulsation of the circulating liquid, air was introduced into the system every 8 s. The duration
of each cleaning cycle was 10 min.

2.6.2. Laboratory System

For cleaning tests in the laboratory system, sampling plates with the spores were placed into
100 mL plastic vessels (Yoel Naim, Rehovot, Israel), containing 50 mL of cleaning solution (preliminarily
warmed to 50 ◦C). The samples were incubated in closed vessels at conditions simulating those in the
CIP-model system (50 ◦C, 250 rpm) for 10 min.
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2.7. Evaluation of the Effect of the Cleaning Agents on the Viability of Bacillus Spores

The tested solutions were added to spore suspension within tap water containing around
1 × 107 CFU/mL spores. The spore suspension without the addition of detergents was used as a control.
The samples were incubated in closed tubes under the conditions of the laboratory system (50 ◦C, 250 rpm)
for 10 min. The CFU measurements of the number of viable spores were made immediately after the
addition of the tested cleaning agents and following 10 min of incubation.

2.8. Statistical Analysis

The results of the study are the means and standard deviation (SD) of at least two independent
biological experiments, performed in triplicate. The Student’s t test was used to calculate the significance
of the difference between the mean expression of a given experimental sample and the control sample.
A p value of <0.05 was considered significant.

3. Results

3.1. Dairy-Associated Bacillus Isolates Exhibit Robust Biofilm Phenotype Compared to B. subtilis 3610

We focused this investigation on biofilm-forming milk isolates of Bacillus species, which were
obtained from Israeli dairy farms and recently identified and characterized [24]. The isolates were
further characterized using a colony-type biofilm model for the robustness of their biofilm-forming
capabilities (Figure 1; Table S1). We found notable differences in the colony-biofilm phenotype between
B. subtilis 3610 and the dairy Bacillus isolates (Figure 1A). Thus, the biofilm colonies of B. subtilis 3610 had
a complex “wrinkled” structure (shown to be a network of channels rich in biofilm matrix-producing
cells [27,28]), but were not mucoid. The colonies of the tested dairy-associated strains combined an
intricate "wrinkled" phenotype with the formation of highly mucoid “channel”- and “ridge”-like
structures, not observed for B. subtilis 3610 (Figure 1A).

To support this observation, we analyzed the extracellular matrix content in the colony biofilm of
the tested dairy Bacillus isolates and B. subtilis 3610 by visualizing matrix proteins. Our results indicate
that biofilm cells/spores, harvested from colonies of the dairy-associated strains, could be surrounded
by higher amounts of extracellular polymeric substances (EPS), compared to B. subtilis 3610 (Figure 1B).
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Figure 1. Dairy-associated Bacillus isolates exhibit robust biofilm formation. (A) Colony type
biofilm formation by the tested Bacillus strains in the biofilm-promoting medium, LBGM. The images
were taken using a stereoscopic microscope (Zeiss Stemi 2000-C; Carl Zeiss, Gottingen, Germany).
(B) Biofilm-derived spores of the dairy Bacillus strains are surrounded by high amounts of the
extracellular matrix. Protein components of the biofilm matrix were stained red. The samples were
analyzed using a confocal laser scanning microscope (CSLM, Olympus, Japan). Scale: 10 μm.

3.2. Dairy-Associated Bacillus Isolates Display an Enhanced Resistance to the Mechanical Effect of
Water Circulation

Primarily, we evaluated the susceptibility of the tested strains to water circulation in the CIP
model system (closely resembling the conditions typical for milking pipes). Cleaning with water alone
reflects the mechanical cleaning effect brought about by the flow of liquid in the installation [21,29].
The susceptibility of the dairy-associated Bacillus strains to cleaning procedures was compared to
the non-dairy isolate B. subtilis 3610 (used as a model strain in our previous study [20]). In order to
simulate dairy biofilm, we used a system that is based on the biofilm-derived spores of the tested
Bacillus, obtained from the biofilm colonies as previously described [21].

We found that the biofilm-derived spores of the dairy Bacillus were significantly (by 0.3–1 log)
more resistant to water circulation, compared to B. subtilis 3610, in the case of 35 and 125 mm T-junctions
(representing high levels of turbulence; Figure 2). In the samples placed into the 275-mm T-junctions
(the lowest degree of turbulence available in the CIP model system), the susceptibility to cleaning was
either similar (B. paralicheniformis S127) or lower by 0.1–0.3 log (B. paralicheniformis MS303, B. licheniformis
MS310, B. subtilis MS302) than the control samples.
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Figure 2. Effect of the cleaning procedure with tap water on the removal of biofilm-derived spores of
the dairy-associated Bacillus in the CIP model system. Sampling plates, each containing approximately
2 million spores of B. subtilis 3610 or dairy Bacillus isolates, were mounted on T-junctions, protruding
35, 125, and 275 mm from the main loop of the CIP model system, and cleaned in the installation.
Tap water, without the addition of any detergent, was used as the cleaning agent. A basic assumption
was the similar adhesion efficiency of the spores of each tested strain in different experimental repeats
(since the spores were obtained using previously validated experimental procedures [21]). The cleaning
effect was evaluated by comparing the number of viable spores (attached to the sampling plates), before
and after cleaning. The results represent the means and standard deviations (SD) of two independent
biological experiments, performed in triplicate. * Statistically significant difference (p < 0.05) between
the reduction in the viable spore counts of a given sample and the reduction in the spore counts for
B. subtilis 3610 (control).

Next, we wanted to test the persistence of the examined Bacillus strains against the chemical effect
of the commercial cleaning solutions. Since the chemical effect of the cleaning agents is less dependent
on the flow turbulence, it was decided to simplify our experimental system to a lab-scale cleaning
test (hereinafter referred to as the laboratory system). We first confirmed the validity of this system
by comparing the strains’ ability to withstand a mechanical effect. Importantly, the dairy-associated
Bacillus demonstrated an enhanced resistance to water circulation (by 0.6–0.7 log), compared to
B. subtilis 3610, also during the cleaning tests performed in the laboratory system (Figure S1). A strong
correlation between the results obtained in the two differently designed experimental systems indicates
the reliability of the approach used.

3.3. Dairy-Associated Bacillus Isolates Demonstrate an Enhanced Resistance to Commercial Cleaning Agents
during CIP Procedures

Next, we evaluated the susceptibility to commercial cleaning agents of two selected
dairy-associated isolates, B. paralicheniformis S127 and B. licheniformis MS310, which demonstrated
the highest amount of EPS surrounding biofilm bacteria, according to a relative fluorescence analysis,
in comparison to B. subtilis 3610 (Table S1). Consequently, we performed cleaning procedures
using six different alkaline detergents, caustic soda (NaOH) and sodium hypochlorite (NaOCl) at
concentrations recommended by the manufacturers. It was found that B. licheniformis MS310, as well as
B. paralicheniformis S127, were more resistant to the tested solutions (up to 2.3 and 0.76 log, respectively),
compared to B. subtilis 3610 (Figure 3). Interestingly, B. subtilis 3610 was particularly susceptible to
agents I, M, D and H, whereas B. paralicheniformis S127 was highly persistent to cleaning with agent H
and NaOH, but similarly susceptible to solutions I, M and F as B. subtilis 3610. B. lichenifomis MS310
was exceedingly resistant to treatment by the examined solutions, especially to agents I, M and H
(Figure 3).
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Figure 3. Effect of commercial cleaning agents on the removal of the biofilm-derived spores of the
dairy-associated Bacillus in the simplified laboratory system. Sampling plates, each maintaining
approximately 2 million spores of the tested Bacillus strains, were cleaned in the laboratory system.
Caustic soda, sodium hypochlorite and the following cleaning solutions—I, A, M, F, D and H
(compositions and dosages are described in Methods)—were used as the cleaning agents. The cleaning
effect was evaluated by comparing the numbers of viable spores (attached to sampling plates), before
and after cleaning. The results represent the means and standard deviation (SD) of two independent
biological experiments, performed in triplicate. * Statistically significant difference (p < 0.05) between
the reduction in the viable spore counts in a given sample and the reduction in the spore counts for
B. subtilis 3610 (control). ** Statistically significant difference (p < 0.05) between the reduction in the
viable spore counts, after treatment with a given cleaning agent, and the reduction in the spore counts
for the same strain, after incubation with tap water.

As indicated in the previous study [21], the biofilm removal effect of a cleaning agent includes
both the mechanical effect of the liquid circulation and the chemo-biological effect from the active
components, present in the agent. To gain greater insight into the mode of action of the examined
solutions, we calculated their chemo-biological effect in relation to the biofilm-derived spores of the
tested strains. As shown in Figure S2, B. lichenifomis MS310 was significantly more resistant to the
chemo-biological effect of the examined solutions, compared to the other strains. At the same time, in
most cases, B. paralichenifomis S127 was equally susceptible to the chemo-biological effect, compared to
3610. This indicates that the tested strains have varying degrees of resistance to the mechanical and
chemo-biological effects of cleaning agents. Thus, the low susceptibility of MS310 to the examined
solutions results from the increased resistance both to their mechanical and chemo-biological effect
(Figure S3). In the case of S127, a high resistance to the majority of the tested solutions (NaOH, I, F, D)
is caused mainly by the low susceptibility to the mechanical removal of spores, while the persistence
to agents A and H results from a reduced sensitivity to both the mechanical and chemo-biological
impacts (Figure 3; Figure S3).

3.4. Dairy-Associated Bacillus Isolates Demonstrate an Enhanced Resistance to the Disinfecting Effect of the
Tested Agents

Primarily, we determined the ability of the tested agents to remove surface-attached spores,
without affecting the viability (cleaning effect) and/or inactivating the spores (disinfecting effect). For
this, spore suspensions were incubated with each of the tested agents under the conditions of the
laboratory system. We found that the examined agents had different influences on the viability of the
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biofilm-derived spores of the tested strains (Figure 4). Thus, solutions D and M notably reduced the
spore counts of B. subtilis 3610, after 10 min of incubation (Figure 4); there was a 0.5 log reduction in
the viable spores for S127, after incubation with solution I; while none of the tested solutions affected
the viability of the MS310 spores. Interestingly, NaOCl, commonly used as a disinfecting agent, did
not influence the viability of the tested strains at the examined concentration (the dosage widely used
in industrial cleaning agents; Figure 4).

*

**

Figure 4. Effect of the examined cleaning agents on the viability of the biofilm-derived spores of
the tested Bacillus strains. Caustic soda, sodium hypochlorite, and different cleaning solutions—I,
A, M, F, D, and H (compositions are described in Methods)—were added to the tubes, with spore
suspension of the tested Bacillus isolates. Spore suspension, without any detergent, was used as the
control. The effect on spore viability was evaluated by comparing the numbers of viable spores in
the control and after the treatment with the tested agents (following 10 min of incubation at 50 ◦C,
250 rpm). The results represent the means and standard deviation (SD) of two independent biological
experiments, performed in duplicate. * Statistically significant difference (p < 0.05) between the viable
spore counts in a given sample versus the spore counts after cleaning with water (control).

Next, we determined a correlation between the cleaning and disinfecting effects of the tested
detergents. Thus, we defined the ability of a cleaning agent to reduce the number of viable spores after
10 min of a cleaning cycle, as a disinfecting effect. We compared the percentage of the disinfecting effect
to the total chemo-biological effect of a cleaning agent (taken as 100%). The difference between the
total chemo-biological effect of the tested agent and the disinfecting effect was defined as the cleaning
effect [21]. As can be inferred from Figure 5, the ratio between the cleaning and disinfecting effects of
the examined detergents differed for the tested strains. Thus, the removal of the MS310 spores was due
solely to the cleaning effect of the tested solutions. B. paralicheniformis S127 was significantly more
resistant to the disinfecting effect of agents A, M, F, H, and NaOH, compared to B. subtilis 3610, but much
more susceptible to the disinfecting effect of solution I (Figure 5). Overall, the chemo-biological effect
of the tested agents was mostly due to the removal of surface-attached spores (cleaning effect) and not
to disinfecting.
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Figure 5. Correlation between the cleaning and disinfecting effects of the examined agents for each
tested strain. Caustic soda and different cleaning solutions—I, A, M, F, D, and H (compositions are
described in Methods)—were added to the tubes, with spore suspension, of the tested Bacillus isolates
and incubated for 10 min at 50 ◦C, 250 rpm. The ability of a cleaning agent to reduce the number of viable
spores was defined as the disinfecting effect. The percentage of the disinfecting effect was compared to
the total chemical/biological effect of a cleaning agent (taken as 100%). The difference between the total
chemical/biological effect of a cleaning agent and the disinfecting effect was defined as the cleaning effect.
The results represent the means and standard deviation (SD) of two independent biological experiments,
performed in duplicate. * Statistically significant difference (p < 0.05) between the reduction in the
spore counts due to the cleaning or disinfecting effects versus the total chemo-biological effect of a
tested agent. ** Statistically significant difference (p < 0.05) between the reduction in the viable spore
counts in a given sample and the reduction in the spore counts for B. subtilis 3610 (control).

4. Discussion

It becomes increasingly clear that biofilm formation by Bacillus species can facilitate their survival
in the dairy environment [11,21]. Our current study investigated the effect of CIP procedures on strong
biofilm-forming dairy Bacillus, compared to the non-dairy B. subtilis 3610, using differently designed
model systems. As in our previous study [21], we used biofilm-derived spores to simulate the type of
hygiene problem common in practice. Thus, similarly to actual dairy biofilm, biofilm-derived spores
combine the presence of biofilm matrix [21] and a high content of spores [29,30]. Moreover, the resistance
of vegetative cells/spores to cleaning and disinfection can be greatly enhanced by the presence of
EPS [21,31]. At the same time, the presence of spores within the Bacillus biofilm may also modify
biofilm properties, e.g., interaction forces [12].

In the current study, two model systems were used to ensure that the enhanced resistance of
the dairy isolates to cleaning procedures is observed under different experimental conditions, which
are relevant to the industrial CIP systems. Moreover, the design of the CIP system, employed in our
previous study does not allow for the evaluation of the disinfecting effect of the cleaning agents on
Bacillus spores directly in this system [21]. The laboratory system, developed in this study, provides
sufficient conditions both for determining the mechanical, chemo-biological and disinfecting effects of
the cleaning agents.

A first notable finding of the study was the enhanced resistance of the dairy Bacillus to the
mechanical effect of liquid circulation. Thus, the most expressed difference in cleaning susceptibility
between the dairy-associated strains and B. subtilis 3610 was observed at high levels of turbulence
(35- and 125-mm T-junctions, CIP model system; Figure 2). In the case of a lower turbulence (275-mm
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T-junction), the difference between the dairy Bacillus isolates and the non-dairy strain is markedly
decreased, and for some strains, it was insignificant (Figure 2). These results suggest that the protective
effect of Bacillus biofilm matrix is most strongly expressed under a high turbulence of liquid flow.
Previous studies demonstrate that a high turbulence may facilitate the removal of surface-attached
bacteria [21,32–34], but may also increase the rate of attachment by bringing the microbial cells and
the substrate in close proximity [35]. Thus, biofilm formation by the dairy-associated Bacillus can
be detrimental not only in so-called “dead legs” (equipment details, in which the flow of liquid is
significantly less turbulent), but also in main pipelines.

Furthermore, we showed that the biofilm-derived spores of the dairy Bacillus isolates are much
more resistant to commercial cleaning agents, compared to B. subtilis 3610. Presumably, the causes
of this resistance differ between the tested strains. Thus, the biofilm-derived spores of MS310 are,
apparently, less susceptible both to the mechanical and chemo-biological effects of the employed
solutions (Figures S2 and S3). At the same time, B. paralicheniformis S127 has the highest resistance to
the mechanical removal of spores but shows a variable susceptibility to the chemo-biological effect of
the tested agents.

As shown in our previous study [21], the chemo-biological effect of cleaning agents comprises a
disinfecting effect (inactivating bacteria) and/or removal of them from the surfaces of dairy equipment
(cleaning effect). According to our results, the dairy Bacillus isolates are significantly less susceptible to
the disinfecting effect of the tested agents, compared to the non-dairy strain (except solution I in the
case of S127; Figure 4; Figure 5). The observed differences in the mechanical and chemo-biological
effects between the tested strains might be explained by the dissimilarities in the biofilm structure.
For instance, a correlation between colony biofilm phenotype of the tested strains, and their resistance to
the cleaning procedures, was observed (Figure 1). Thus, the dairy-associated Bacillus, characterized by a
mucoid biofilm phenotype, were less susceptible to mechanical and chemo-biological effects during the
CIP procedures. Since biofilm matrix components can be responsible for binding and/or neutralizing
detergents and antimicrobial agents [36,37], differences in the matrix structure/composition can lead
to differences in cleaning and/or disinfection susceptibility. Thereby, the biofilm matrix composition
was shown to affect the susceptibility of food-associated staphylococci to cleaning and disinfection
agents, with polysaccharide matrix-producing strains being more resistant to the lethal effect of
benzalkonium chloride [38]. Likewise, the efficiency of monochloramine disinfection was dependent
on the quantity and composition of EPS in Pseudomonas biofilms. Protein-based EPS-producing
P. putida was less sensitive to monochloramine than polysaccharide-based EPS-producing P. aeruginosa,
since monochloramine had a selective reactivity with proteins over polysaccharides [39]. According to
Bridier et al. (2011) [40], the biofilm of the P. aeruginosa clinical isolate, in which a high delay of
benzalkonium chloride penetration is recorded, was characterized by a large quantity of proteinacious
matrix. Moreover, the authors report that, in P. aeruginosa, resistance to antimicrobial agents is intimately
related to the inherent three-dimensional organization of cells into the exopolymeric matrix. Therefore,
the low sensitivity of the dairy Bacillus isolates to the CIP procedures (compared to B. subtilis 3610)
may be connected to differences in the structure/composition of the biofilm matrix.

Importantly, mucoid colony formation, observed for the dairy Bacillus isolates, was viewed
as a hallmark of poly-γ-glutamic acid (PGA) production in multiple previous studies [17,18].
Significant production of PGA could result in a stronger attachment to surfaces due to its adhesive
properties [41]. To this end, PGA-overproducing derivatives of B. subtilis 3610 (B. subtilis YC295
and B. subtilis YY54) were significantly more resistant to the mechanical effect of water circulation,
compared to the wild type (Figure 6C). Notably, biofilm colonies of these mutant strains were more
mucoid, compared to the WT (Figure 6A). Moreover, the biofilm-derived spores of PGA-overproducing
B. subtilis were surrounded by higher amounts of proteinaceous extracellular matrix, which resembles
the tested dairy Bacillus isolates (Figure 6B). Therefore, the presence of PGA in the biofilm matrix of
the examined bacterial strains may be one of the factors enhancing resistance to the CIP procedures.

16



Foods 2019, 8, 134

We believe that the role of PGA and other presumptive EPS components of the dairy-associated Bacillus
in relation to cleaning and disinfecting agents is an important subject for further investigation.

Relatively low cleaning and, especially, disinfecting effects of the tested solutions (Figure 5) might
lead to undesirable implications regarding the hygiene level in dairy environments. For instance,
the rapid recovery of biofilms after inappropriate disinfectant treatment is often observed. This may be
due to the re-growth of surviving cells, residual biofilm, providing a conditioning layer for further cell
attachment, or the selection of resistant microorganisms that survive and thrive after antimicrobial
treatment [5]. In addition, biofilm cells exposure to low (sub-lethal) concentrations of disinfecting
compounds, including chlorine-based detergents, can stimulate further biofilm development [10,42,43].
Therefore, we speculate that the composition of commercial CIP agents should be revised and evaluated
under the experimental conditions suggested in this study.

Figure 6. PGA-overproducing derivatives of B. subtilis 3610 exhibit increased resistance to the
CIP procedures due to enhanced biofilm formation. (A) Colony biofilm formation by the tested
Bacillus strains in the biofilm-promoting medium, LBGM. The images were taken using a stereoscopic
microscope (Zeiss Stemi 2000-C; Carl Zeiss, Gottingen, Germany). (B) Biofilm-derived spores of the
PGA-overproducing B. subtilis strains are surrounded by high amounts of extracellular matrix. Protein
components of the biofilm matrix were stained red. The samples were analyzed using a confocal laser
scanning microscope (CSLM, Olympus, Japan). Scale: 10 μm. (C) The effect of water circulation on
the removal of biofilm-derived spores of the PGA-overproducing derivatives of B. subtilis 3610 in the
laboratory CIP system. * Statistically significant difference (p < 0.05) between the reduction in the viable
spore counts in a given sample and the reduction in the spore counts for B. subtilis 3610 (control).

5. Conclusions

We demonstrated in this study that the dairy-associated Bacillus isolates are characterized by an
enhanced resistance to different aspects of the CIP procedures, such as the mechanical, chemo-biological,
and disinfecting effects, compared to the non-dairy Bacillus. Such increased resistance can be attributed to
robust biofilm formation by the tested dairy Bacillus. The results of the study underline the importance
of revising the composition of commercial cleaning agents and evaluating their efficiency in relation to
strong biofilm-forming bacteria, relevant to industrial conditions. To this end, the biofilm-derived spores
of the dairy-associated Bacillus, examined in this study, can be used as an appropriate model for assessing
and refining the CIP procedures.

17



Foods 2019, 8, 134

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/4/134/s1,
Figure S1: Effect of the cleaning procedure with tap water on removal of the biofilm-derived spores of the
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Abstract: Mastitis poses a considerable threat to productivity and to animal welfare on modern
dairy farms. However, the common way of antibiotic treatment does not always lead to a cure.
Unsuccessful cures can, among other reasons, occur due to biofilm formation of the causative agent.
This has attracted interest from researchers to introduce promising alternative therapeutic approaches,
such as the use of beneficial lactic acid bacteria (LAB). In fact, using LAB for treating mastitis probably
requires the formation of a beneficial biofilm by the probiotic bacteria. The present study investigated
the ability of five LAB strains, selected on the basis of results from previous studies, to remove and to
replace pathogenic biofilms in vitro. For this purpose, Staphylococcus (S.) aureus ATCC 12,600 and
two strains—S. xylosus (35/07) and S. epidermidis (575/08)—belonging to the group of coagulase
negative staphylococci (CNS) were allowed to form biofilms in a 96-well plate. Subsequently, the LAB
were added to the well. The biofilm challenge was evaluated by scraping off and suspending the
biofilm cells, followed by a plate count of serial dilutions using selective media. All the LAB strains
successfully removed the staphylococcal biofilms. However, only Lactobacillus (L.) rhamnosus ATCC
7469 and L. plantarum 2/37 formed biofilms of their own to replace the pathogenic ones.

Keywords: lactic acid bacteria; biofilm; probiotic potential; staphylococci; mastitis

1. Introduction

Bovine mastitis is among the most prevalent and costly diseases the dairy industry is facing
today. It has a substantial economic impact as a result of reduced milk yield and poor milk quality,
milk losses due to discarded milk after antibiotic treatment, and high costs for drugs and veterinary
services [1]. Furthermore, the outcome of antibiotic therapy, which is the common way of treating
mastitis, is not always satisfactory [2]. According to Anderl et al. [3], the effect of antimicrobials
can be reduced by biofilm formation of the causative agent. Schönborn and Krömker [4] found
Staphylococcus aureus form biofilms in infected udders. In vitro studies suggest that many more
pathogens may cause biofilm-related mastitis [5]. Therefore, novel approaches for treating the disease
are needed. Administering probiotic lactic acid bacteria (LAB) is one of the most interesting alternatives
to antibiotic treatment and has already shown promising results in previous studies [6–8]. The Food and
Agriculture Organization of the United Nations (FAO) defines probiotics as “live microorganisms that,
when administered in adequate amounts, confer a health benefit on the host” [9]. Many LAB have
been given the GRAS (generally recognized as being safe) status by the Food and Drug Administration
(FDA) because they are traditionally used to produce certain foods [9]. Additionally, several members
of this group are regarded as commensals of the udder [10] and are therefore presumably harmless to
consumers and patients.

According to Frola et al. [11], probiotic bacteria are required to form a beneficial biofilm inside
the udder, serving as a barrier against pathogens. The present study investigates the ability of five
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selected LAB strains to disrupt and replace staphylococcal biofilms with beneficial biofilms of their
own in order to exert a probiotic effect.

2. Materials and Methods

2.1. Selection of the Strains

For this study, five LAB strains (Table 1) were selected from the strain collection of the Faculty II,
Department for Bioprocess Engineering and Microbiology of the University of Applied Sciences and
Arts, Hannover, Germany, according to their biofilm-forming ability and their antimicrobial properties.
All the strains had previously shown an ability to inhibit the growth of certain mastitis-causing
pathogens [12]. Furthermore, they were all capable of forming a biofilm with a higher-than-average
biomass (optical density >0.21 at 570 nm after crystal violet staining) in a recent study [13].

Three staphylococci strains that had already been used in previous studies [12] were selected
for the biofilm challenge (Table 1). We chose one S. aureus strain as this pathogen is still one of the
most important mastitis-causing pathogens and is frequently associated with persistent infections in
the udder [14]. The two remaining strains belonged to the coagulase negative staphylococci (CNS)
group, a bacterial group of increasing importance in modern dairy herds despite effective mastitis
management programs. CNS have been found to cause an increased somatic cell count in infected
udder quarters while persisting in the udder for at least 10 months [15]. They are able to induce clinical
mastitis in dairy cattle [15]. However, most of the infections caused by CNS remain subclinical [16].
The two CNS strains used in this study (S. xylosus (35/07 and S. epidermidis (575/08)) were isolated
from the udders of cows with mastitis. S. xylosus and S. epidermidis were among the five most prevalent
CNS species isolated from bovine udders in a previous study [17].

Table 1. Bacterial strains used in this study.

Strain Origin

L. rhamnosus ATCC 7469 American Type Culture Collection
L. plantarum 2/37 Quarter milk samples with normal secretion (somatic cell count <100,000/mL,

no pathogen detected)L. brevis 104/37
L. plantarum 118/37

L. plantarum 6E Bedding sample
S. aureus ATCC 12,600 American Type Culture Collection

S. xylosus (35/07) Quarter milk sample from udders of infected cows
S. epidermidis (575/08)

2.2. Biofilm Assay

In order to examine the ability of the five LAB strains to disrupt staphylococcal biofilms and to
establish probiotic biofilms of their own instead, a method based on Guerrieri et al. [18] was used.
First of all, the staphylococci were allowed to preform biofilms. Subsequently, the LAB were added to
the staphylococcal biofilms in order to perform the biofilm challenge. The biofilm formation of both
species was assessed at three different points in time while incubating the bacteria together.

2.2.1. Preformation of Biofilms by Staphylococci

After transferring the bacteria from the frozen stock culture to the brain heart infusion broth (Carl
Roth GmbH+Co. KG, Karlsruhe, Germany), three consecutive subcultures were made, each being
incubated aerobically at 37 ◦C for 24 h. The optical density of the third subculture was then adjusted to
0.6 at 540 nm wavelength corresponding to 7 log10 cfu/mL, and inocula of 200 μL were transferred to
the wells of polypropylene 96-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany). Biofilms
were grown aerobically at 37 ◦C for 168 h (seven days). After 72 h, 50% of the broth from each well
was replaced by fresh medium. This was performed by removing 100 μL with a pipette. Afterward,
the wells were refilled with 100 μL of fresh broth. Then, the plates were incubated for 48 h under the
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same conditions. Subsequently, 50% of the growth medium was again replaced with fresh brain heart
infusion broth, and the 96-well plates were incubated for a further 48 h.

2.2.2. Biofilm Challenge

For the biofilm challenge, LAB inocula were passaged three times, as previously described for the
staphylococci. For growing LAB, Tween 80-depleted de Man, Rogosa and Sharpe MRS broth was used,
as described by Leccese Terraf et al. [19].

The brain heart infusion broth from the preformed staphylococcal biofilms in the 96-well plates
was completely removed with a pipette and replaced with either 200 μL of LAB inoculum or with fresh
MRS broth. The wells with fresh MRS broth on preformed staphylococcal biofilms served as negative
control. The wells in which LAB were added to the staphylococcal biofilms were the challenge wells.
Additionally, for every LAB strain, one well without a preformed pathogenic biofilm was filled with
200 μL inoculum to serve as positive control, and wells without a preformed biofilm were filled with
pure MRS broth. The plates were incubated aerobically at 37 ◦C for 168 h (seven days). Medium
refreshment was performed after 72 h, 48 h thereafter, and a further 48 h, as previously described for
preformation of the staphylococcal biofilms.

2.2.3. Assessment of Biofilm Formation

Assessment of biofilm formation was carried out along with each medium refreshment for LAB
and staphylococci. First, the medium from the wells was discarded and the wells were washed three
times with 0.85 % NaCl (w/v). After that, a sterile cotton wool swab (MWE, Corsham, Wiltshire, UK)
was used to scrape off the bacterial cells from the well by pressing the swab against the inner surface
and the bottom of the well and rotating it clockwise five times and anti-clockwise a further five times.
The cotton tip of the swab was then broken off and dropped into an Eppendorf tube (Eppendorf AG,
Hamburg, Germany) containing 1 mL of sterile Ringer’s solution (Merck AG, Darmstadt, Germany).
This Eppendorf tube was vortexed for 30 s to detach the bacterial cells from the swab. From this
suspension, tenfold dilutions were made, and the cfu/mL were determined via plate count using
selective media. To detect LAB, MRS agar (Carl Roth GmbH+Co. KG, Karlsruhe, Germany) with a pH
value of 5.5 was used to rule out growth of the staphylococci on this medium. Baird Parker agar (Carl
Roth GmbH+Co. KG) with 5 % egg yolk tellurite emulsion (Carl Roth GmbH+Co. KG) was used to
detect S. aureus, and Chapman agar (Carl Roth GmbH+Co. KG) with 5 % egg yolk emulsion (Carl Roth
GmbH+Co. KG) was used to detect CNS. Exclusive growth of the bacteria on their specific medium
had been confirmed in advance of the assay by performing a plate count from pure overnight cultures.

The whole assay was performed in triplicate.

2.3. Statistical Analysis

Microbial counts (cfu/mL) were converted into logarithmic values. The statistical analysis was
performed with IBM SPSS Statistics 24. In order to examine possible effects of the LAB on biofilm growth
of staphylococci, the data were subjected to a linear mixed model. Results were regarded as significant
when the p-value was below 0.05. The staphylococci species and the LAB strains as well as the incubation
time served as independent variables. The staphylococci cfu/mL were the dependent variable.

3. Results

3.1. Biofilm Assay

Assessment of Biofilm Formation

All three staphylococci strains showed biofilm formation in the control well. Their biofilms
remained detectable until the end of the trial (Figures 1–3). The mean log cfu/mL values from the
control wells seemed to decrease over time. S. aureus ATCC 12,600 revealed the highest mean cfu/mL
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values of the three staphylococci, increasing to approximately 7.6 log cfu/mL in the control after 72 h
of incubation (Figure 1). In contrast, S. xylosus (35/07) showed the lowest staphylococcal cell count,
achieving a mean log cfu/mL of approximately 4.4 in the control after 168 h of incubation (Figure 2).

In the wells containing noninoculated MRS broth, we detected no bacteria throughout the trial.
L. rhamnosus ATCC 7469 showed increasing cfu/mL values in the control wells, starting with

approximately 5 log mean cfu/mL after 72 h of incubation. After 120 h of incubation, this strain
revealed approximately 6 log mean cfu/mL, which remained constant until the end of the trial
(Figures 1–3). In the challenge wells containing L. rhamnosus ATCC 7469, this was the only detected
strain. The mean log cfu/mL values from these wells were similar to those obtained from the control
wells (Figures 1–3). We found no biofilm formation by the three investigated staphylococci in the
challenge wells after L. rhamnosus ATCC 7469 had been added (Figures 1–3).

However, we could still detect biofilm formation by S. aureus ATCC 12,600 and S. xylosus (35/07)
in the challenge well despite the presence of L. plantarum 2/37 after 72 h of incubation during one of
the three assay repetitions (Figures 1 and 2). Biofilm formation by this strain was neither detected
in the challenge nor in the control well after this time span. The first evidence of biofilm formation
by L. plantarum 2/37 was found after 120 h of incubation in the control wells (approximately 1.3 log
cfu/mL) as well as in the challenge wells, where we no longer found biofilms of the three tested
pathogens (Figures 1–3). The mean log cfu/mL values in the challenge wells after 120 h of incubation
(2.5–4 log cfu/mL) were higher than the values obtained from the controls (Figures 1–3). After 168 h
of incubation, L. plantarum 2/37 maintained a biofilm in the challenge wells against all the three
investigated staphylococci and was still present in the control wells, with the calculated values in both
kinds of wells being more similar (4.1–4.8 mean log cfu/mL).

In the challenge wells containing the strains L. brevis 104/37, L. plantarum 118/37, and L. plantarum
6E, no staphylococcal biofilms were found after 72 h of incubation. However, none of them formed a
detectable biofilm of their own either in the control or in the challenge well.

 

Figure 1. Biofilm challenge: Staphylococcus aureus ATCC 12,600 vs. lactic acid bacteria (LAB). Cfu/mL
values are shown transformed by log (± standard error of the mean).
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Figure 2. Biofilm challenge: S. xylosus (35/07) vs. LAB. Cfu/mL values are shown transformed by log
(± standard error of the mean).

 

Figure 3. Biofilm challenge: S. epidermidis (575/08) vs. LAB. Cfu/mL values are shown transformed by
log (± standard error of the mean).

3.2. Statistical Analysis

The statistical analysis revealed a significant reduction in staphylococcal growth by LAB (p < 0.05).
Furthermore, the incubation time significantly affected the reduction (p < 0.05). We observed no
differences between the five investigated LAB strains.
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4. Discussion

The method for evaluating biofilm formation applied in this study represents a culture-based
approach involving specific growth media in order to differentiate between LAB and staphylococci.
According to Jahid and Ha [20], culture-based methods are the most useful technique to differentiate
known strains from mixed-species biofilms. The successful use of Baird Parker and MRS agars to
distinguish S. aureus and LAB populations was already described by Gonzalez et al. [21]. The crystal
violet assay is a common method used to assess biofilm formation. Crystal violet binds nonspecifically
to viable and to dead bacterial cells as well as to matrix components [22]. Therefore, measuring the
optical density after crystal violet staining is a valuable tool to establish the total biomass of a biofilm.
However, it cannot distinguish between different species in a mixed-species biofilm. For this reason,
crystal violet staining was not an option for evaluating the specific share in a biofilm of staphylococci
and LAB. Nevertheless, the LAB strains included in this study were selected on the basis of the
results of a crystal violet assay performed in a previous study [13], where a strong biofilm had formed
on a polypropylene surface after 72 h incubation under the same conditions provided in this study.
Therefore, we assume that it was due to the culture-based method for biofilm quantification that
we found no biofilm formation by three of the LAB strains and not due to the growth conditions.
Fernández Ramírez et al. [22] stated that results of a crystal violet assay might correlate poorly
with those obtained by culture-based methods as not all the stained biomass in a mature biofilm
has to consist of culturable bacterial cells. These findings could explain why we did not observe
biofilm formation by L. brevis 104/37, L. plantarum 118/37, and L. plantarum 6E in the present study.
Furthermore, Klinger-Strobel et al. [23] stated that loss of biomass could occur due to the washing
step commonly performed in crystal violet assays. However, this might account even more for the
culture-based technique applied in our study as the biofilms were washed three times using pipette
suction in order to remove unbound cells prior to scraping off the biofilm by rotating a cotton swab in
the well. The previously performed crystal violet assay involved only one washing step using gently
flowing tap water.

We could not find any biofilm formation by staphylococci in the challenge well after LAB had
been added to it, except for one repetition of the assay during which we detected S. aureus ATCC
12,600 and S. xylosus (35/07) biofilms in the first assessment of the challenge against L. plantarum
2/37. As we found no evidence of LAB and staphylococci being present in the same well at the
same time, we can deduce that there was no formation of mixed-species biofilms containing both LAB
and staphylococci. The staphylococci maintained a strong biofilm in the control well containing MRS
broth where LAB were absent. Therefore, we assume that the LAB were responsible for eradicating
the staphylococcal biofilm from the challenge well, and the effect was not due to the MRS broth.
Furthermore, the statistical analysis revealed a significant growth reduction (p < 0.05).

L. rhamnosus ATCC 7469 appeared to be very effective at removing biofilms formed by
staphylococci. It might be suitable for a probiotic remedy due to its high growth rates and its ability to
form a strong biofilm after a short period of time. According to James et al. [24], high growth rates
may lead to dominance over other biofilm formers when existing in the same habitat. Nonetheless,
this strain showed a below-average adhesion to epithelial cells from the bovine udder in previous
in vitro studies [13], which might interfere with the strain’s ability to form a beneficial biofilm in
the udder under in vivo conditions. L. plantarum 2/37 seems to be a rather slow-growing strain.
As adhesion to the epithelium and subsequent biofilm formation accounts for the ability of a potential
probiotic strain to maintain its presence in the host and its positive effects over time [25], slow formation
of a stable biofilm might be a disadvantage. However, L. plantarum 2/37 did finally form a stable
biofilm and showed a strong adhesion ability to epithelial cells of the bovine udder during previous
investigations [13]. Therefore, this strain might still be a potential candidate for a probiotic remedy.
L. brevis 104/37, L. plantarum 118/37, and L. plantarum 6E revealed the ability to eradicate staphylococcal
biofilms fast and effectively. Nonetheless, these strains were neither able to form a detectable biofilm
of their own in the control nor in the challenge well. The three aforementioned strains showed a strong
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antimicrobial activity, which is in line with the results of Diepers et al. [12]. However, their inability
to form a detectable biofilm of their own might interfere with their probiotic potential, as previously
explained for L. plantarum 2/37.

With regard to mastitis treatment based on LAB, further research is needed, including in vivo
studies, as the bacteria might show a different behavior concerning biofilm formation in a milky
environment [26]. Additionally, their safety for consumers and patients is yet to be verified, since
mastitis by LAB as well as severe infections in humans are described in literature [9,27].

5. Conclusions

The present study focused on the ability of five LAB strains to disrupt and replace pathogenic
biofilms formed by staphylococci with a presumably beneficial biofilm of their own in vitro. The results
recommend two strains—L. rhamnosus ATCC 7469 and L. plantarum 2/37—for further investigations,
focusing on their safety for consumers and patients as well as their beneficial properties on udder
health under in vivo conditions.
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Abstract: Biofilms are aggregates of microorganisms that coexist in socially coordinated micro-niche
in a self-produced polymeric matrix on pre-conditioned surfaces. The biofilm matrix reduces the
efficacy of antibiofilm strategies. DNase degrades the extracellular DNA (e-DNA) present in
the matrix, rendering the matrix weak and susceptible to antimicrobials. In the current study,
the effect of DNase I was evaluated during biofilm formation (pre-treatment), on preformed biofilms
(post-treatment) and both (dual treatment). The DNase I pre-treatment was optimized for P. aeruginosa
PAO1 (model biofilm organism) at 10 μg/mL and post-treatment at 10 μg/mL with 15 min of contact
duration. Inclusion of Mg2+ alongside DNase I post-treatment resulted in 90% reduction in biofilm
within only 5 min of contact time (irrespective of age of biofilm). On extension of these findings,
DNase I was found to be less effective against mixed species biofilm than individual biofilms. DNase I
can be used as potent antibiofilm agent and with further optimization can be effectively used for
biofilm prevention and reduction in situ.

Keywords: biofilms; DNase I; pre-treatment; post-treatment; mixed species biofilm; disintegration of
matrix; antibiofilm methods

1. Introduction

Microorganisms prefer to coexist in an extremely coordinated surface adhered lifestyle, known as
biofilm. Biofilms are a grave concern across various industries like food, textile, paper, oil, aviation,
shipping and even the medical sector. They have accounted for reduced efficacy of heat exchange
processes, corrosion of materials, blocking of membranes and degradation of ship hulls. Biofilms
mediated infections contribute to almost 80% of clinical infections reported globally [1]. In the food
industry, biofilms on food contact surfaces pose a food safety hazard and product quality issues.
Antibiofilm strategies in the healthcare sector include use of antibiotics and/or biocides. However,
in food industry scrapping, hot water treatment, acid/alkali treatments and biocides as a part of
the cleaning regime are used to combat biofilms. As biofilms are notorious for being resistant to
conventional antibiofilm approaches, alternative antibiofilm strategies like using proteases, amylases,
bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) and quorum sensing inhibitors have
been explored [2]. These methods are reportedly more effective for prevention of biofilm formation
and may or may not be effective on pre-formed biofilms [3–5].

For development of an effective antibiofilm strategy, a thorough understanding of the biofilm
formation process (initial adhesion, maturation, quorum sensing and dissemination), a metabolic
state of biofilm inhabitants and composition of biofilm matrix is required. Biofilm inhabitants display
a reduced metabolic rate, enhanced efflux, adaptive and cross-resistances and hence are more resistant
to antimicrobials than their planktonic counterparts [6,7]. In addition, the biofilm matrix acts as
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a protective barrier and reduces the percolation of antimicrobials to a deeper strata of biofilm structure.
The biofilm matrix is composed of 40–95% polysaccharides, 1–60% proteins, 1–40% lipids and 1–10%
nucleic acid [8]. Prevalence of the e-DNA in the biofilm matrix has been reported in biofilms of
several microorganisms, both Gram-positive and Gram-negative. The release of e-DNA is mediated
by autolysis (programmed cell death i.e., suicide and altruistic cell death-fratricide) [9] and through
vacuoles and membrane vesicles [10]. The e-DNA contributes to cell-surface and cell–cell interactions,
horizontal gene transfer, integrity, cohesivity and viscoelasticity of the biofilm matrix and thus plays
a major role in biofilm stability [11].

In view of significance of e-DNA in biofilm matrix and biofilm formation [11], it is indeed
a potential target for development of antibiofilm strategies by using DNA degrading enzymes i.e.,
DNase. Antibiofilm effect of DNase has been studied for organisms such as S. aureus and P. aeruginosa,
E. coli, Acinetobacter baumannii, Haemophilus influenzae and K. pneumoniae. Most of these studies have
been conducted using commercially available DNases like DNase I (derived from bovine pancreas),
DNase 1L2 (human keratinocyte DNase), Dornase alpha (recombinant human DNase), λ exonuclease
(viral DNase), NucB and streptodornase produced by Bacillus licheniformis and Streptococcus spp.,
respectively [12]. Moreover, microorganisms producing nucleases have been shown to form lesser
biofilm than their non-nuclease producing mutants [13]. Addition of L-methionine that induces DNase
secretion by P. aeruginosa, resulted in reduced biofilm formation [14]. The antibiofilm effect of DNase
has been studied with or without antibiotics, dispersinB [15,16] and glutathione [17]. Previous studies
have reported that, in the presence of DNase, a lower concentration of antibiotics was required to
inhibit biofilm formation by Campylobacter jejuni [18,19]. Most of the published studies have used
DNase in growth medium itself i.e., its addition at time point 0 of biofilm formation. In the current
investigation, such a biofilm preventive effect has been described using the term “pre-treatment”.

On the other hand, DNase based treatments of pre-formed biofilms have not been explored much.
There are only a few reports available [20,21], which describe application of DNase in combination
with proteinase K [22,23], EDTA [24] and dextranase [25] on already formed biofilms. Such a biofilm
control/therapeutic effect has been discussed using the term “Post-treatment” in this study. Most
of these studies have been carried out on single species biofilm and thus mixed species biofilms yet
remain to be explored. Moreover, the antibiofilm effect of DNase evaluated on a single organism may
not be directly applicable on in situ biofilms that are formed by mixed species consortia. In purview
of reviewed literature, it appears that a study comparing the effect of DNase on biofilms formed
by different pathogens will be an addition to the existing knowledge. Therefore, in the current
investigation, the antibiofilm efficacy of DNase I treatments (pre and post) were optimized on
P. aeruginosa PAO1 biofilms. Pseudomonas spp. is a concern in food industry due to its inherent
antimicrobial resistance and potential to produce heat stable proteases and lipases [26]. Though
P. aeruginosa is not a typical food related pathogenic organism, its presence in drinking water poses
a health hazard [27]. In addition, P. aeruginosa forms copious biofilm and thus is considered as a model
organism for biofilm formation. In this study, the DNase I treatments optimized using P. aeruginosa
PAO1 were extended to mixed-species biofilm of organisms (Staphylococcus aureus, Klebsiella spp.,
Enterococcus faecalis, Salmonella Typhimurium) that are relevant to food industry.

2. Materials and Methods

2.1. Culture Maintenance

Microorganisms used in the current investigation were Pseudomonas aeruginosa PAO1 (MTCC 3541),
Enterococcus faecalis (ATCC 29212), Salmonella Typhimurium (ATCC 23564) and Staphylococcus aureus
(ATCC 25923). These cultures were obtained either from the Microbial Type Culture Collection (MTCC)
at the Institute of Microbial Technology, Chandigarh, India or American Type Culture Collection
(ATCC), Manassas, VA, USA. One Klebsiella spp. that was isolated from a biofilm sample obtained
from the food industry was also used in this study. The cultures were maintained in tryptone soy broth
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(TSB) or on agar plates and stored as glycerol stocks at −40 ◦C. Culture inoculum for experiments was
prepared by adjusting optical density (OD) of overnight activated culture to 0.5 (c.a., 8 Log cfu/mL)
at 620 nm. All materials and reagents were procured from HiMedia Labs, Mumbai, India, unless
specified otherwise.

2.2. Biofilm Formation Assay

The assay was carried out in accordance with a previously published protocol [28]. Briefly, 200 μL
of TSB per well of sterile 96-well plate made of polystyrene (Axiva Biotech, New Delhi, India) was
inoculated with 20 μL of inoculum and the biofilm was allowed to develop at 37 ◦C/24 h. Later,
the contents of the wells were decanted and wells were washed 3–4 times with sterile PBS (Phosphate
Buffered Saline) to dislodge the loosely adhered cells. The remaining biofilms were vigorously blotted
on stack of paper towels and air dried [29]. The biofilms were stained with 1% crystal violet, rinsed
3–4 times with water in a large Petri dish to remove the excess stain, blotted on stack of paper towels
and air-dried. The crystal violet bound to biofilms was then resolubilized using 33% glacial acetic acid
and absorbance was measured at 595 nm (A595 nm; plotted on the primary y-axis) using a microplate
reader (EPOCH 2c, BIOTEK, Winooski, VT, USA). As a negative control, uninoculated wells containing
TSB were treated similarly and readings obtained were subtracted from the test readings.

2.3. Optimization of DNase I Concentration for Pre-Treatment

A gradient of DNase I in the range of 0–50 μg/mL was prepared by dissolving lyophilized powder
in nuclease free water and diluting it with 0.15 M NaCl solution to achieve the desired concentrations.
For optimization of DNase I concentration for pre-treatment, biofilms of P. aeruginosa PAO1 were
formed in the presence of different concentrations of DNase I for 24, 48, 72, 96 h and quantified as
A595 nm. As negative control, uninoculated wells containing TSB and diluent were treated similarly
and readings obtained were subtracted from the test readings. Positive control wells containing
inoculated TSB without DNase I were considered as “Control A595 nm”. The biofilm percentage
reduction (BPR was calculated as below and plotted on the secondary y-axis:

BPR =

(
Control A595 nm − test A595 nm

Control A595 nm

)
× 100

2.4. Optimization of Contact Time and Concentration of DNase I for Post Treatment

As described in previous sections, biofilms of P. aeruginosa PAO1 were formed for 24, 48, 72, 96 h.
The contents of the plate were decanted and rinsed using sterile PBS. The wells containing pre-formed
biofilms were refilled with TSB containing DNase I at a concentration optimized for pre-treatment.
The plate was left undisturbed to maintain contact duration of 0, 5, 10, 15, 20, 25, 30, 35, 60, 75 and
120 min. Subsequently, the plate was decanted, rinsed, air-dried, stained, destained and quantified as
A595 nm. Test controls containing only diluents (0.15 M NaCl) were also evaluated for antibiofilm
effects, if any, for respective contact times.

Furthermore, the concentration of DNase I was also optimized in the presence of Mg2+ ions
(10 mM) for a contact time of 15 min. The antibiofilm effect of Mg2+, if any, was also evaluated by
setting up a test control containing only Mg2+ in absence of DNase I.

2.5. Pre-Treatment, Post-Treatment and Dual Treatment of Microbial Biofilms by DNase I

Individual biofilm formation by P. aeruginosa PAO1, E. faecalis, S. Typhimurium, S. aureus and
Klebsiella spp. was done in TSB for 24 h and subjected to pre-treatment, post-treatment and dual
treatment using DNase I (without Mg2+) as described earlier. Biofilm quantification was done in terms
of A595 nm.
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2.6. Pre-Treatment, Post-Treatment and Dual Treatment of Mixed Species Biofilm by DNase I

In order to prepare mixed species consortium, either of the pathogen was added in 2×
concentration than others in a cocktail (for example: in P. aeruginosa PAO1 2× cocktail, the ratio
of test pathogens P. aeruginosa PAO1: S. aureus: Salmonella Typhimurium: E. faecalis: Klebsiella spp. was
2:1:1:1:1). Similarly, 2× cocktails with one of the pathogens as dominant were also prepared, namely,
S. aureus 2×, Salmonella 2×, E. faecalis 2×, Klebsiella spp. 2× and used for biofilm formation for 24
and 48 h. The biofilms were subjected to DNase I pre-treatment, post-treatment and dual treatment
(without Mg2+) and quantified as described in previous sections.

2.7. Statistical Analysis

All the experiments were conducted in triplicate and minimum three trials were carried out for
each experiment. The results were calculated as average values of three readings along with standard
deviation depicted as error bars. The average, standard deviation, for the readings obtained was
determined by using Microsoft Excel Software (Microsoft Office 2010, Redmond, WA, USA). Statistical
tool XL-statistics v4.5 was used for carrying out Student’s t-test (with Bonferroni post hoc analysis) and
Analysis of variance (ANOVA). The statistical tool is a freeware of set of workbooks for Microsoft excel
and available online [29]. ‘Significance’ is expressed at the 5% level (p < 0.05) or mentioned otherwise.

3. Results

3.1. Optimization of Pre-Treatment and Post-Treatment

3.1.1. DNase I Concentration for Pre-Treatment

P. aeruginosa PAO1 biofilm was developed in varying concentrations of DNase I (0–50 μg/mL;
without Mg2+) for 24, 48, 72, and 96 h. The results are expressed in terms of both biofilm quantification
(A595 nm; Figure 1) and biofilm percentage reduction (BPR) (Figure 1). In comparison to control
biofilm (DNase concentration 0 μg/mL), a reduction of 68.6% was observed when biofilm was grown
for 24 h in the presence of 5 μg/mL of DNase I. The BPR observed for biofilms cultivated for 48, 72,
96 h in 5 μg/mL of DNase I was only 36%, 10%, 7%, respectively. On the other hand, when biofilms
were cultivated in the presence of 10 μg/mL DNase I, BPR was found to be 70%, 50%, 48%, 26% for 24,
48, 72, 96 h old biofilms, respectively. Further increase in concentration of DNase I, beyond 10 μg/mL,
did not result in significant difference in BPR (p > 0.05). The susceptibility of 96 h biofilm was least at
all the DNase I concentrations tested. However, the susceptibility of biofilms when cultivated for 48
and 72 h was almost at par (50% biofilm reduction). Based on these findings, 10 μg/mL of DNase I
was selected as the optimal concentration for pre-treatment.

3.1.2. DNase I Contact Time for Post-Treatment

The preformed biofilms of P. aeruginosa PAO1 biofilm were treated with 10 μg/mL of DNase I
(without Mg2+) for varying contact duration ranging from 0 to 120 min. However, the result as
presented in Figure 2a has been shown only until 35 min of contact duration as the observations at
other contact durations were more or less similar. Irrespective of the age of biofilm, BPR observed
was in the range of 45–53% at contact duration of 5 min and 73–77% for contact duration of 10 min
of DNase I treatment. Notably, insignificant difference, irrespective of the age of the biofilms, was
observed in BPR when post-treatment was done for more than 10 min (p > 0.05; Figure 2a). Thus, to be
on the safer side, 15 min of contact duration was selected for post-treatment.

Further efficacy of DNase I for post treatment was evaluated in the presence of Mg2+ ions (10 mM).
It was found that, in the presence of Mg2+, DNase I could effectively reduce P. aeruginosa PAO1 biofilm
by 90% at a concentration of 5 μg/mL irrespective of the age of biofilm (Figure 2b). Increasing the
concentration of DNase I in the presence of Mg2+ did not result in significant difference in biofilm
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reduction (p > 0.05). A control containing only Mg2+ (without DNase I) did not exert any biofilm
reduction effect.
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Figure 1. Effect of DNase I (without Mg2+) pretreatment on P. aeruginosa PAO1 biofilm grown for 24,
48, 72, 96 h in varying concentrations of DNase I (0–50 μg/mL). Biofilm quantification (A595 nm) on
the primary y-axis and biofilm percentage reduction (line graph) on the secondary y-axis. OD: optical
density; BPR: biofilm percentage reduction.

In view of these observations, DNase I concentration in the presence of Mg2+ was optimized
over a range of 0 to 5 μg/mL in steps of 0.5 while keeping the contact duration constant at 15 min.
In this experiment, in addition to polystyrene, antibiofilm efficacy of DNase I was also evaluated on
polypropylene. It was found that 1.5 μg/mL and 2 μg/mL of DNase I could effectively reduce the 24 h
old P. aeruginosa PAO1 biofilm by 80% on polystyrene and 75% on polypropylene, respectively (Figure 2c).
The same assay was reconducted at constant DNase I concentration (1.5 μg/mL for Polystyrene and
2 μg/mL for polypropylene), but, for variable contact time, showed that aforementioned antibiofilm
efficacy could be achieved within only 5 min of contact duration. It is apparent from the above-mentioned
results that Mg2+ ions are essential for antibiofilm efficacy of DNase I.
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Figure 2. Effect of variable time of post-treatment on 24, 48, 72, 96 h old P. aeruginosa PAO1 biofilm
with (a) DNase (10 μg/mL; without Mg2+) and for varying contact time; (b) DNase (10 μg/mL) in the
presence of Mg2+ (10 mM) and for contact time of 15 min; (c) variable DNase (μg/mL) in the presence
of Mg2+ (10 mM) and for contact time of 15 min.

3.2. DNase I Treatment (Pre, Post and Dual) of Individual and Mixed Species Biofilms

The effect of DNase I treatments (without Mg2+) on biofilm formation was evaluated in three
sets of experiments: (Case-A) Individual pathogen: One test pathogen alone was used as inoculum to
form biofilm for 24 h (Figure 3a); (Case-B) Pathogen 2× 24 h: mixed biofilm was formed for 24 h using
all the pathogens at 1× inoculum level except one that was used at the 2× inoculum level. Hence,
five different biofilms that were initiated with inoculum having one organism out of five at the 2×
level and remaining at 1× (Figure 3b); (Case-C) Pathogen 2× 48 h: Similar to case b except the age of
biofilm, which was 48 h (Figure 3c).
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Figure 3. Effect of DNase I (without Mg2+) pre-treatment, post-treatment and dual treatment on
biofilms formed by (a) test organism (individual); (b) test organism 2× mixed species biofilm formed
for 24 h; (c) test organism 2× mixed species for biofilm formed for 48 h.
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The BPR as a result of three treatments (Pre, Post and Dual) seems to be similar for case-A,
as evident by overlapping error bars in Figure 3a and statistical insignificant difference (p > 0.05).
In reference to case-B, overall post-treatment was significantly better than pre-treatment (p < 0.05)
but on par with dual-treatment (p > 0.05) except P. aeruginosa PAO1 2×, Salmonella Typhimurium 2×.
Pre-treatment of Salmonella Typhimurium 2×, E. faecalis 2×, Klebsiella 2× with DNase I resulted in BPR
of 7%, 9% and 15%, respectively. It is interesting to note that using pathogen at 2× inoculum level did
not result in greater biofilm formation than when they were used at 1× inoculum level, not even in the
case of P. aeruginosa PAO1 2×. However, at extended incubation time, control biofilm in case-C was
significantly greater than that of case B (p < 0.05). In terms of BPR data, the efficacy of post-treatment
was found to be reduced (p > 0.05) when pathogen 2× biofilm was grown for 48 h.

4. Discussion

Owing to several roles played by e-DNA in biofilm formation and strengthening of biofilm
matrix, it has recently received much deserved attention by the research community. The current study
involves pathogens like model biofilm forming organism P. aeruginosa PAO1 and other test organisms
viz. Klebsiella spp., S. aureus, E. faecalis and Salmonella Typhimurium. These organisms either display
biofilm mediated pathogenesis, or form enhanced biofilm in the presence of e-DNA, or are of relevance
to the food industry [30]. The effect of DNase I on biofilm formation by test organisms was evaluated
by pre-treatment, post-treatment and dual treatment. Optimization of treatments were done using
P. aeruginosa PAO1 and the effect of the optimized treatments was evaluated on biofilm formation
potential of individual and 24 and 48 h old mixed species biofilm.

The findings indicate that DNase I pretreatment (10 μg/mL) resulted in BPR of 68%. These
findings can be corroborated with a previously published study that reported 40% reduction in
biofilms when grown in the presence of 5 μg/mL DNase for 24 h [31]. Pretreatment of DNase at a
concentration 5 μg/mL has been reported to reduce E. coli and S. aureus biofilm by 47–54% [32]. It can
be concluded that DNase I concentration optimized in the current study for pre-treatment of biofilms
is therefore comparable to the published literature.

Interestingly, we observed an inverse relation between the antibiofilm effect of DNase I
pre-treatment and age of biofilm. Reduced vulnerability of the aged biofilm to DNase I indicates
lower dependence of such biofilms on e-DNA. The mature biofilms might also scavenge the e-DNA
in biofilm matrix to use it as a source of nutrition [8]. Moreover, the presence of DNase I throughout
the process of biofilm formation (as during pre-treatment) may have propelled the biofilm to devise
alternative strategies to compensate for the roles e-DNA plays [33]. The mature biofilm may still
have e-DNA in the matrix but strengthening of the matrix by methods other than e-DNA in mature
biofilms might render DNase ineffective. The results obtained in the current study are in complete
agreement with a very recently published study wherein the antibiofilm effect of DNase was reported
to be diminishing with the advancing age of biofilm [34]. Moreover, the efficacy of DNase is also
dependent on availability of Mg2+ ion as discussed in detail in the following section.

After optimization of pre-treatment, post treatment was optimized at 10 μg/mL DNase I and
contact duration of 15 min that resulted in 73–77% BPR. Most of the published studies have reported
lower BPR at higher DNase concentrations and contact duration. A previously published study has
reported 50% reduction in clinical P. aeruginosa biofilms when post-treated with glutathione and DNase
(40U) [17]. Using DNase concentration almost 200 times higher, only 60% BPR could be achieved
against preformed biofilms of Acinetobacter baumannii [10]. In another study with Helicobacter pylori,
a very high concentration of DNase (1000 μg/mL) was used to achieve 50% BPR [35]. A previous
report has documented 50% reduction in L. monocytogenes biofilm when pre-treated with DNase at
concentration of 100 μg/mL and 75% reduction in case of post-treatment on 72 h old biofilm with
contact duration of 24 h [22]. The basis for higher BPR achieved in this study further alludes that,
in P. aeruginosa PAO1, e-DNA has a very crucial role to play in the process of biofilm formation [11,12].
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Another valuable outcome of the current study is the synergistic effect of Mg2+ ions on efficacy of
DNase I against P. aeruginosa PAO1 biofilms. Introduction of Mg2+ reduced the effective concentration
of DNase I by 85% (reduction from 10 to 1.5 μg/mL) to achieve 80% and 75% BPR on polystyrene and
polypropylene, respectively. We could not come across any study wherein introduction of Mg2+ has led
to such a drastic increase in efficacy of DNase I. However, studies are available wherein introduction
of Mg2+ has been reported to restore the antibiofilm effect of DNase I against P. aeruginosa biofilms [36].
Divalent ion, Mg2+ is a cofactor of DNase I and their addition seems to have improved the efficacy of
the enzyme. These ions, however, have also been reported to reduce the efficacy of antibiotics [37,38].
Therefore, further studies are required for coming up with a strategy encompassing antimicrobials,
DNase and Mg2+ ions for effective control of biofilms.

DNase I pre-treatment, post treatment and dual treatment (combination of pre-treatment and
post treatment) on individual and mixed species biofilm revealed very interesting results. There was
an insignificant difference in the effect of treatments on individual biofilms. The susceptibility of
biofilms to DNase I was organism specific. These findings indicate that the biofilms vary with respect
to their dependence on e-DNA for biofilm formation. To the best of the authors’ knowledge, there is
a lack of reports wherein multiple pathogens have been compared in reference to antibiofilm effect of
DNase I treatments (pre, post and dual); therefore, the findings could not be corroborated.

The optimized DNase I treatments were tested against mixed species biofilms, which is a more
accurate simulation of biofilms in real-life scenarios. The biofilms formed by test organisms individually
were greater than that formed when the respective organism was dominant (2× inoculum) in mixed
species. This observation can be attributed to the competitive and/or antagonistic interaction in
the mixed species biofilm [39]. On the contrary, synergism amongst biofilm inhabitants has also
been reported [30,40]. Overall, in the mixed species biofilm, DNase I was not as effective as against
individual biofilms. The post treatments of mixed species biofilms grown for 24 h led to BPR in
the range of 36–76%, which further declined to 13–53% with the ageing of biofilm for 48 h, except
Kelbsiella 2× biofilms. Overall, mixed species biofilm is explored to lesser extent than individual
biofilms and therefore we could not come across any study, wherein biofilms of more than two
organisms were developed and treated with DNase I. The findings of the current investigation are
slightly better than published studies on dual species biofilm of Candida albicans and S. epidermidis
and C. albicans and Streptococcus gordonii, which have reported BPR of 35% and 25% [41,42]. Others
have reported 45% and 80% reduction in viable cell count in dual species 48 h old biofilm formed by
L. monocytogenes—E. coli and L. monocytogenes—Pseudomonas fluorescens, respectively, when post-treated
with DNase (400 μg/mL, contact duration of 30 min) [43].

The prospect of using DNase I treatment as a part of clean-in-place regimes in the food industry
are bolstered by the fact that it is heat sensitive and would be deactivated during heat treatments
deployed in the food industry [44,45]. Moreover, if ingested along with the food items, acidic pH
prevalent in stomach will degrade the enzyme [45]. DNase I based human therapeutics agents
are also being developed for cystic fibrosis and rapid wound healing [46–48]. DNase I coating on
polymethylmethacrylate biomaterial has been suggested for effective antibiotic delivery [49]. These
reports indicate that time has ripened for the development of DNase based antibiofilm formulations
for the food industry.

5. Conclusions

In general, the findings of the current study indicate that post-treatment with DNase I was superior
to pre-treatment and dual treatment even when applied to solo or mixed biofilms. In addition, DNase
is effective to remove biofilms on various substrates used in the food industry like polypropylene and
polystyrene. DNase itself is not an antimicrobial but can effectively sensitize the biofilm structure for
antimicrobial. DNase can be considered for clean-in-place regimes in food industries in view of its
efficacy in reducing biofilm formation or removing pre-existing biofilms. However, further research
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is required to understand the effect of DNase especially on mixed species biofilm in nature where
conditions are not conducive for DNase.
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Abstract: Salmonella spp. is a major food-borne pathogen around the world. The ability of Salmonella
to produce biofilm is one of the main obstacles in reducing the prevalence of these bacteria in
the food chain. Most of Salmonella biofilm studies found in the literature used laboratory growth
media. However, in the food chain, food residues are the principal source of nutrients of Salmonella.
In this study, the biofilm formation, morphotype, and motility of 13 Salmonella strains belonging to
three different subspecies and isolated from poultry houses was evaluated. To simulate food chain
conditions, four different growth media (Tryptic Soy Broth at 1/20 dilution, milk at 1/20 dilution,
tomato juice, and chicken meat juice), two different surfaces (stainless steel and polystyrene) and two
temperatures (6 ◦C and 22 ◦C) were used to evaluate the biofilm formation. The morphotype, motility,
and biofilm formation of Salmonella was temperature-dependent. Biofilm formation was significantly
higher with 1/20 Tryptic Soy Broth in all the surfaces and temperatures tested, in comparison with
the other growth media. The laboratory growth medium 1/20 Tryptic Soy Broth enhanced biofilm
formation in Salmonella. This could explain the great differences in biofilm formation found between
this growth medium and food residues. However, Salmonella strains were able to produce biofilm
on the presence of food residues in all the conditions tested. Therefore, the Salmonella strain can use
food residues to produce biofilm on common surfaces of the food chain. More studies combining
more strains and food residues are necessary to fully understand the mechanism used by Salmonella
to produce biofilm on the presence of these sources of nutrients.

Keywords: Salmonella; biofilm; morpothypes; stainless steel; food residues; tomato; poultry; milk

1. Introduction

Salmonella spp. are major food-borne pathogens around the world. The Salmonella genus is
composed by two species, S. bongori and S. enterica. Also, the latter is also composed of six subspecies:
S. enterica (I), S. salamae (II), S. arizonae (IIIa), S. diarizonae (IIIb), S. houtenae (IV), and S. indica (VI) [1].
In the year 2015, S. enterica was responsible of 94,625 confirmed cases of salmonellosis and 126 deaths
in the European Union (EU). Although in the last decade the cases of human salmonellosis followed a
negative trend, the last report of the European Food Safety Agency (EFSA) showed a slight increase
in the number of infections [2]. These results reveal the importance of continuing developing new
strategies to avoid the persistence of Salmonella strains through the food supply chain. For this purpose,
it is of great importance to fully understand the survival mechanism of this pathogen in the different
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environments of the food chain. The sources of Salmonella in the food chain are mainly poultry products
such as chicken meat and eggs [2]. However, in the last years, fresh products such as vegetables have
been also responsible of salmonellosis outbreaks due to, among other things, the use of polluted
irrigation water. The presence of Salmonella strains in fresh products is a major public health problem
as preservatives are not commonly used in these products and they are normally consumed raw [3,4].

One of the most important persistence mechanisms of Salmonella is biofilm formation. A biofilm is
defined as a community of microorganisms of the same or different species enclosed in a self-produced
polymeric matrix adhered to different kinds of live or abiotic surfaces [5]. Biofilms cells are
characterized by an increased resistance to environmental stresses (i.e., UV radiation, pH change,
osmotic shock, and desiccation), antimicrobials, biocides, and the host immune system in comparison
with planktonic cells. Extracellular polymeric substances (EPSs) are one of the factors responsible
of this protective effect [6]. The main EPSs in Salmonella biofilms are cellulose and curli fimbriae,
whose combined production is the responsible of the RDAR (red, dry, and rough) morphotype.
Although the relation between Salmonella virulence and RDAR morphotype is still unclear, it is
demonstrated that Salmonella strains showing RDAR morphotype have a great ability to produce
biofilm on abiotic surfaces [5,7]. The production of cellulose and curli fimbriae is closely related to the
csgD and adrA genes. In the first place, the transcription of csgD results in the synthesis of the biofilm
master regulator CsgD that directly activates the curli fimbriae biosynthesis genes and positively
regulates the production of AdrA that activate the synthesis of cellulose through the bcsA gene [5].
S. enterica biofilm formation has been studied in a wide range of strains from different sources and
under multiple environmental conditions being biofilm formation strain-dependent [8,9]. In addition,
temperatures, nutrients, or oxygen levels highly influenced the amount of biofilm formed in Salmonella
strains and the morphotype produced [10,11]. Therefore, the transcription of biofilm-related genes
in S. enterica is closely related to the environmental conditions [12,13]. However, most of the studies
carried out until now used laboratory growth media for biofilm formation studies. The results obtained
in that kind of studies are only approximate because lab media have a well-balanced nutritional
composition and do not represent the complex composition of the food products found in the food
chain. For example, a recent study observed that growth media supplemented with meat juices
residues increased biofilm formation in S. Typhimurium. Therefore, meat juices residues may act as a
surface conditioner to support initial attachment to abiotic surfaces [14].

In this context, the aim of this study is to evaluate how food residues can influence the
biofilm-forming ability of S. enterica strains belonging to three different subspecies and isolated
from poultry houses. A common growth laboratory medium was used as a reference media.
Tomato juice (vegetable industry), chicken juice (meat industry), and milk (dairy industry) were
used as representations of the different products that can be processed in the food industry. In addition,
to represent the different conditions that the strains can find in the different steps of the food chain,
two surfaces (polystyrene and stainless steel) were tested in biofilm assays. Also, the morphotype and
motility of all the strains in all the temperatures tested were determined.

2. Materials and Methods

2.1. Bacterial Strains and Growth Media

A total of 13 Salmonella strains belonging to three different subspecies of S. enterica were used in
this study (Table 1). Salmonella strains were isolated from samples recollected from poultry houses as
previously described [15]. The Kauffman–Whyte typing scheme for the detection of somatic (O) and
flagellar (H) antigens, with standard antisera (Bio-Rad Laboratories, Hercules, CA, USA) was used to
serotype Salmonella strains. Salmonella stock cultures were maintained at −20 ◦C in cryovials (Deltalab,
Barcelona, Spain). These strains were revitalized by transferring one bead into 10 mL of Trypic Soy
Broth (TSB, Oxoid, UK) and incubating for 24 h at 37 ◦C (precultures). To obtain the working cultures,
20 μL of Salmonella strains precultures were transferred into 10 mL of TSB and incubated 24 h at 37 ◦C.
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Four different growth media were used for biofilm assays. TSB at 1/20 (w/w) was used as a growth
laboratory reference media. The nutrient balance of food residues found by Salmonella in the food chain
is not as adequate as common laboratory growth media and therefore can have deficiency of some
important components. In this sense, 1/20 TSB is a nutrient-limited medium that has demonstrated to
be effective in promoting biofilm formation in Salmonella [8,16]. Due to this characteristic, 1/20 TSB
was the growth medium chosen for comparative purposes. To represent possible food residues found
in the food processing industry, tomato and chicken meat juice and UHT milk diluted 1/20 (w/w)
were used in the biofilm assays. These assays were carried out at two different temperatures (6 ◦C and
22 ◦C) and two different surfaces (polystyrene and stainless steel).

2.2. Tomato and Chicken Meat Juice Preparation

Chicken meat juice (CMJ) was obtained as previously described by Birk et al. [17]. Briefly, chicken
was obtained from local supermarkets and frozen for 2 days at −20 ◦C. Then, chicken was placed
in a plastic bucket and thawed overnight. Chicken juice was collected in microtubes of 1.5 mL and
centrifuged at 10,000× g for 10 min to eliminate large particles. The supernatant was filtered using
0.45 μm filter and stored at −20 ◦C until use. To obtain tomato juice (TJ), 50 g of tomato was mixed
with 50 mL of distilled water in a bag and homogenized for 2 min. The liquid obtained was transferred
to 1.5 mL microtubes and centrifuged at 10,000× g for ten minutes and the supernatant was filtered
with 0.45 μm filters and stored at −20 ◦C until use.

2.3. Polystirene Biofilm Formation Assays

The determination of the biofilm formation in polystyrene with the different growth media was
measured at 6 ◦C and 22 ◦C. Assays were carried out according Stepanovic et al. [16] with some
modifications. Briefly, 96-well polystyrene microplates were filled with 200 μL of growth medium,
and 20 μL of Salmonella culture containing 108 CFU/mL after 24 h of incubation was added to each
well. Then, the microplates were incubated under the tested temperatures for 48 h. After incubation,
the liquid of the plate was poured off and the wells were washed three times with 300 μL of distilled
water. Salmonella cells attached to the microplate walls were fixed using 250 μL of absolute methanol
for 15 min and then the plates were emptied and air-dried. The wells were stained with 250 μL for
5 min with 0.1% crystal violet solution. Crystal violet was rinsed off by placing the microplate under
running water. The microplates were air-dried, and the dye bound to the adherent bacterial cells
was resolubilized using 250 μL of 33% glacial acetic acid. The optical density (OD) was measured
at 630 nm with a Plate Reader (das, Roma, Italy). The assays were performed in triplicate in three
independent experiments.

2.4. Stainless Steel Biofilm Formation Assays

Stainless steel coupons (3.5 × 3.5 cm) were used to determine biofilm formation of Salmonella
strains with the different media and temperature tested in this study. The method used was an
adaption based on Stepanovic et al. [16]. Briefly, the stainless steel coupons were placed at the bottom
of 125 mL bottles (Deltalab, Spain) filled with 10 mL of the appropriate medium and 100 μL of
overnight Salmonella culture containing 108 CFU/mL. These bottles were incubated under the tested
temperatures for 48 h. To remove non-adhered cells, the stainless steel coupons were washed with
10 mL of running distilled water, using a 10 mL micropipette. Salmonella attached to the stainless steel
were fixed by immersing the coupons in absolute methanol for 15 min. After that, the coupons were
air-dried and immersed in a 0.1% crystal violet solution for 5 min. The excess crystal violet was rinsed
off by placing the stainless steel coupons under running water and air-drying. Finally, the coupons
were placed in petri dishes containing 10 mL of 33% acetic acid to resolubilize the crystal violet.
Finally, 200 μL of these solutions was poured in a 96-well microplate and the OD was measured at
630 nm with a plate reader (das, Roma, Italy).
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2.5. Determination of Morphotype

The morphotype of the strains was determined at 6 ◦C and 22 ◦C as previously described
by RömLing et al. [18] with some modifications. Briefly, TSB overnight Salmonella cultures were
spread-plated onto Luria-Bertani (LB) plates without salt and supplemented with 40 mg/L of Congo
red and 20 mg/L of Coomassie brilliant blue. The plates were incubated for 96 h and the morphotypes
were determined in each strain at each temperature. The morphotypes in Congo red agar were classified
as RDAR (red, dry, and rough; produce curli fimbriae and cellulose), SAW (soft and white), and SACW
(soft and completely white; produce neither curli fimbriae nor cellulose and colonies were totally white).

2.6. Motility Assays

The motility of each strain in the different atmospheres was tested using a semisolid motility test
medium according Karatzas et al. [19] with some modifications. The medium was composed by 10 g/L
tryptone (Cultimed, Panreac, Barcelona, Spain), 5 g/L NaCl (Panreac, Barcelona, Spain), 4 g/L agar
(Liofilchem, Roseto degli Abruzzi, Italy), 3 g/L beef extract (Oxoid Ltd., Thermo Scientific, Hampshire,
UK), and 0.05 g/L of 2,3,5 triphenyltetrazolium chloride (Sigma-Aldrich, Taufkirchen, Germany),
and was sterilized (15 min at 121 ◦C). Overnight cultures in TSB were transferred to the motility agar
by stabbing. The plates were incubated at 22 ◦C and 6 ◦C for 72 h. Salmonella metabolism produces a
red color when swimming away in the motility agar due to the reduction of 2,3,5 triphenyltetrazolium
chloride to formazan. Finally, the ratio between the inoculum site and the edge of the red circle was
measured as an indication of the motility.

2.7. Statistical Anaylisis

Statistical analyses were carried out with SPSS software for Windows (SPSS Inc., Chicago, IL, USA).
Analysis of variance (ANOVA) was used to study the influence of growth media and temperature of
incubation in the biofilm formation ability of Salmonella strains.

3. Results

A total of 13 strains isolated from poultry houses were used in this study (Table 1).
The morphotype of Salmonella strains was evaluated under two different temperatures (6 ◦C and
22 ◦C). The results showed that Salmonella strains produced different morphotypes at different
temperatures of incubation. All the strains produced the RDAR morphotype at 22 ◦C with the exception
of S. enterica subsp. arizonae strains Lhica 2 and Lhica 6, which produced the SAW morphotype at 22 ◦C.
However, at 6 ◦C, all the Salmonella strains tested in this study produced a morphotype characterized
to be totally white, and therefore this morphotype was called by the authors as soft and completely
white (SACW) (Figure 1).

 

Figure 1. Morphotype Soft and Completely White (SCAW) produced by Salmonella strains at 6 ◦C.
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Table 1. Salmonella enterica strains selected for this study and the morphotype produced under different
incubation temperatures tested in this study (6 ◦C and 22 ◦C).

Morphotype

Serotype/subspecies 6 ◦C 22 ◦C
S. Typhimurium Lhica T1 SACW RADR
S. Typhimurium Lhica T4 SACW RADR
S. Typhimurium Lhica T5 SACW RADR
S. Typhimurium Lhica T6 SACW RADR
S. Enteritidis Lhica ET1 SACW RADR
S. Bardo Lhica B2 SACW RADR
S. Newport Lhica N5 SACW RADR
S. Infantis Lhica I4 SACW RADR
S. Infantis Lhica I5 SACW RADR
S. enterica subsp. arizonae serovar 48:z4,z23,z32:-Lhica AZ2 SACW SAW
S. enterica subsp. arizonae serovar 48:z4,z23:-Lhica AZ6 SACW SAW
S. enterica subsp. salamae serovar 4,12:b:-Lhica SA3 SACW RADR
S. enterica subsp. salamae serovar 6,8:g,m,t:-Lhica SA2 SACW RADR

RDAR, red, dry, and rough; SAW, smooth and white; SACW, soft and completely white.

The motility of Salmonella strains is closely correlated with their ability to produce biofilm. In this
context, the motility of the strains used in this study was evaluated at 6 ◦C and 22 ◦C (Table 2).
The mean motility of the strains was significantly higher (p < 0.05) at 22 ◦C than at 6 ◦C. There were
also significant differences between the strains. At 22 ◦C, the motilities of S. Typhimurium Lhica T5
(25.10 ± 2.10 mm) and S. Enteritidis (25.40 ± 3.20 mm) were significantly higher than the motilities of
the other strains. S. Infantis I5 presented lower motility at 22 ◦C (12.00 ± 1.00 mm). However, strains
S. Infantis Lhica I4 (6.00 ± 0.50 mm) and S. Typhimurium T4 (6.00 ± 2.00 mm) presented higher motility
at 6 ◦C. It is remarkable that no motility was detected in S. Typhimurium T1 and S. Newport N5 at
6 ◦C.

Table 2. Main motility (mm) of Salmonella strains tested in this study at 22 ◦C and 6 ◦C.
Asterisks indicate significant differences (p < 0.05) in each strain between the two temperatures.

Strain Motility (mm) at 22 ◦C Motility (mm) at 6 ◦C

S. Typhimurium Lhica T1 15.50 ± 0.50 0.00 ± 0.00 *
S. Typhimurium Lhica T4 21.00 ± 1.00 6.00 ± 1.00 *
S. Typhimurium Lhica T5 25.10 ± 2.10 0.83 ± 0.29 *
S. Typhimurium Lhica T6 19.66 ± 1.53 2.17 ± 0.29 *
S. Enteritidis Lhica ET1 25.40 ± 3.20 2.00 ± 1.00 *
S. Bardo Lhica B2 19.83 ± 1.26 1.33 ± 0.58 *
S. Newport Lhica N5 19.50 ± 1.50 0.00 ± 0.00 *
S. Infantis Lhica I4 15.50 ± 0.50 6.00 ± 0.50 *
S. Infantis Lhica I5 12.00 ± 1.00 1.23 ± 0.25 *
S. enterica subsp. arizonae serovar 48:z4,z23,z32:-Lhica AZ2 20.07 ± 0.51 0.73 ± 0.40 *
S. enterica subsp. arizonae serovar 48:z4,z23:-Lhica AZ6 19.90 ± 0.79 1.00 ± 0.50 *
S. enterica subsp. salamae serovar 4,12:b:-Lhica SA3 15.33 ± 0.76 0.83 ± 0.57 *
S. enterica subsp. salamae serovar 6,8:g,m,t:-Lhica SA2 15.17 ± 1.04 1.83 ± 0.29 *
Average 18.62 ± 3.97 1.77 ± 1.96 *

Biofilm formation by Salmonella strains used in this study was evaluated under two different
temperatures (6 ◦C and 22 ◦C), two different surfaces (polystyrene and stainless steel), and four
different growth media (1/20 TSB, 1/20 Milk, Tomato juice, and Chicken meat juice). Table 3 shows
the mean OD630 values obtained for each strain in the biofilm assays in polystyrene at 6 ◦C and
22 ◦C. All the strains produced biofilm with 1/20 TSB, 1/20 milk, and CMJ in both temperatures.
However, with TJ not all the strains produced biofilm. The cutoff value of 0.070 was established
to consider biofilm formation by the strains tested. This cutoff value was calculated according the
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OD630 values obtained for the negative control wells (growth medium without strain) in polystyrene
plates. Therefore, the strains that showed OD630 values lower than 0.070 in polystyrene assays were
considered as not biofilm formed in those conditions. It is interesting that at 6 ◦C only one strain
(S. Typhimurium Lhica T6) did not produce biofilm on TJ, and at 22 ◦C a total of five strains did
not produce biofilm on TJ. In both temperatures, the mean OD630 average was significantly higher
(p < 0.05) with 1/20 TSB than with the other growth media.

While there were no significant differences (p = 0.110) in the OD between 1/20 Milk, TJ, and CMJ
at 6 ◦C, the growth medium 1/20 Milk showed significant higher (p < 0.05) OD values than the others
two growth media at 22 ◦C. It is remarkable that both S. enterica subsp. salamae strains showed the
higher OD630 values both in 1/20 TSB and 1/20 Milk media. It is especially interesting in the case of
S. enterica subsp. salamae Lhica SA2 at 6 ◦C, which showed an OD630 value three times higher than
S. Bardo Lhica B2, the non-salamae strain that showed the higher OD630 value.

The OD630 values obtained in stainless steel assays are not directly compared with those of
polystyrene assays. Although the scientific principle is the same for both methods, they have slight
differences in the quantities of reagents used. As in the case of polystyrene, the mean OD630 values were
significantly higher (p < 0.05) with 1/20 TSB in both temperatures (6 ◦C and 22 ◦C). Between the other
three growth media used, there were no significant differences (Table 4) at 6 ◦C and 22 ◦C, with the
exception of TJ at 22 ◦C, where OD630 values were significantly lower (p < 0.05) than CMJ values.

While in polystyrene assays, S. enterica subsp. salamae strains presented the higher OD630 values
in 1/20 TSB, in stainless steel assays the S. Enteritidis Lhica ET1 showed the higher OD630 values.
The OD630 cutoff value established for stainless steel assays was 0.050. Therefore, all the strains were
able to produce biofilm on stainless steel assays. All the strains presented higher OD630 values with
1/20 TSB, with the exception of S. Newport Lhica N5 at 6 ◦C, S. Typhimurium Lhica T6 at 22 ◦C,
and S. enterica subsp. arizonae Lhica AZ6 at 6 ◦C and 22 ◦C, which presented higher values with CMJ.
The incubation temperature also influenced the biofilm formation ability of the Salmonella strains tested
in this study. In polystyrene and also in stainless steel, the mean OD630 values obtained with 1/20 TSB,
1/20 Milk, and CMJ were significantly higher at 22 ◦C than at 6 ◦C (Tables 3 and 4). However, biofilm
formation in TJ was not influenced by temperature in polystyrene and stainless steel.
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4. Discussion

The morphotype produced by Salmonella strains is closely related with the ability to produce
biofilm. In this sense, the Salmonella morphotype RDAR, characterized by the production of cellulose
and curli fimbriae, is produced as a mechanism of resistance to environmental conditions [5].
Thus, it was observed that Salmonella turned off the genetic machinery related with the production of
RDAR morphotype during in vivo infection and turned on this machinery when Salmonella was in
the external environment again [20]. Most studies used temperatures of 28 ◦C or higher to evaluate
the morphotypes produced by Salmonella strains. However, a study carried out by Lamas et al. [10]
with Salmonella strains isolated from poultry observed that the morphotype produced by Salmonella
strains varied with the different temperatures tested. While at 37 ◦C, most of the strains produced the
SAW morphotype, at 20 ◦C most of the strains produced the RDAR morphotype. Nevertheless, it is
also important to evaluate the effect of refrigeration temperatures in biofilm morphotype production.
In this study, it was observed that, with the exception of S. enterica subsp. arizonae strains, all the strains
produced the RDAR morphotype at 22 ◦C. By contrast, at 6 ◦C all the strains used in this study produced
a morphotype not previously described in the literature to the best of our knowledge. This morphotype
is characterized to present as totally white (Figure 1). Due to this characteristic, this morphotype
was described by the authors as soft and completely white (SACW). A direct relationship between
the morphotype produced by Salmonella strains at different temperatures and the biofilm formation
in the different growth media cannot be established because morphotype was determined only in
a specific medium (LB without NaCl and with Congo Red and Coomassie brilliant blue) for this
determination. In addition to temperature, growth media can influence the morphotype produced
by Salmonella strains. It is remarkable that the case of S. enterica subsp. salamae Lhica SA2 produced
more biofilm on polystyrene at 6 ◦C than at 22 ◦C with 1/20 TSB. It is possible that the different food
residues influence the production of cellulose and curli fimbria at refrigerated temperatures. On the
other hand, the production of RDAR is not totally essential for the production of higher amounts of
biofilm. For example, previous studies carried out by Seixas et al. [21] and Solomon et al. [8] found no
differences in the amount of biofilm produced by RDAR and SAW morphotypes. It is possible that
Salmonella strains at refrigerated temperatures activate other genetic mechanisms related with biofilm
formation, as it could be the production of colanic acid or maybe the flagella that plays an essential
role at these temperatures.

Motility mediated by flagella has an important role in Salmonella persistence and colonization.
Also, it has been observed that motility contributes the internalization of Salmonella into host and plant
cells [22,23]. The role of flagella in biofilm formation is not totally clarified, but flagella seems to be
important for the initial attachment step to surfaces and not for biofilm maturation [5]. The results of
this study showed that temperature highly influenced the biofilm formation. With the exception of TJ,
biofilm formation was higher at 22 ◦C than at 6 ◦C in the growth media tested (Tables 3 and 4). In the
same way, the motility was significantly higher at 22 ◦C (Table 2). Low temperatures slow down the
growth of microorganisms and may cause modifications in their metabolism that reduced their ability
to produce biofilm. In this sense, it is possible that low temperatures reduced the synthesis of flagella
in Salmonella cells, resulting in lower motility and lower capacity to attach to surfaces.

Previous studies [9–11,24] used growth laboratory media to perform biofilm assays. In the food
industry, food residues are the principal source of nutrients used by food-borne pathogens. In an attempt
to reproduce real conditions, this study used Salmonella strains isolated from the poultry industry to
compare a common growth medium with different food residues on two common surfaces found in
the food industry, polystyrene and stainless steel. For example, in poultry farms, polystyrene is used
in water suppliers, feeding stations, or in the containers where living broilers are transported to the
slaughterhouses. In food packaging, polystyrene is commonly used in chicken and beef packaging or
in fruit packaging [25]. The results of this study showed that in both polystyrene and stainless steel,
the mean OD630 observed was significantly higher with the 1/20 TSB growth medium in comparison
with the other growth media tested. Therefore, it is possible that the results of biofilm assays performed
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with 1/20 TSB enhanced the biofilm formation of Salmonella strains, and their capacity to produce biofilm
on the presence of food residues is lower in comparison with 1/20 TSB. In contrast with these results,
a research carried out by Li et al. [14] observed that Salmonella strains formed more biofilm with meat
juice than with the common laboratory growth medium Mueller-Hinton (MH) at 37 ◦C in polystyrene
and glass surfaces. These different results could be due to the conditions used in both studies. It has
been observed that high nutrient concentration media, such as MH or TSB without dilution, combined
with temperatures of 37 ◦C results in lower biofilm formation by Salmonella strains [10,26].

Related to this, the temperature is another factor that influences biofilm formation. With the
exception of TJ, the mean OD630 was higher at 22 ◦C than at 6 ◦C in the growth media used in this
study. Lamas et al. [10] observed that 20 ◦C was the temperature at which Salmonella strains produced
more biofilm with the 1/20 TSB growth medium. The same results were observed in this study for the
1/20 Milk and CMJ growth media. However, there were no significant differences in TJ between 6 ◦C
and 22 ◦C. In this sense, Koukkidis et al. [27] observed that salad juices highly influenced growth at
refrigerated temperatures, motility, and biofilm formation in Salmonella. Therefore, it is possible that
other factors influence biofilm formation with these growth media. It is remarkable that, with one
exception, all the strains were able to produce biofilm on polystyrene and stainless steel surfaces with
all the growth media tested in this study. Both polystyrene and stainless steel surfaces are commonly
found in the different steps of the food chain. The combination of food residues and Salmonella cells in
these surfaces could result in biofilm formation and therefore cross-contamination of food products
in contact with these surfaces with Salmonella. These results are a major of concern in public health
and reflect the importance of maintaining adequate hygiene and disinfection methods to avoid the
presence of food-borne pathogens biofilms, both in domestic refrigerators and storage chillers.

Raw milk is characterized for its complex microbial community composed of a wide range of
bacterial genera that are able to form biofilm [28,29]. Although the influence of milk in biofilm
formation has been evaluated in food-borne pathogens, such as Listeria monocytogenes [29] or
Staphylococcus aureus [30], and spoilage bacteria [31], to the best of our knowledge the influence
of milk in Salmonella biofilm formation has still not been evaluated. In this study, all the strains tested
formed biofilm on stainless steel and polystyrene at 6 ◦C and 22 ◦C with 1/20 milk. Also, in polystyrene
at 22 ◦C, the mean OD630 average was significantly higher in 1/20 milk than in other food residue
media. It is also remarkable that the OD630 values obtained for S. enterica subsp. salamae strains at
22 ◦C in polystyrene were three times higher for 1/20 TSB than for the growth media TJ and CMJ.
Therefore, this study demonstrates that Salmonella strains are able to produce biofilm on the presence
of milk in both temperatures and surfaces. These results highlight the importance of good hygiene
and disinfection practices in dairy equipment such as bulk tanks. Quorum-sensing molecules can
increase biofilm formation in Salmonella, and this cell mechanism could play an important role for
bacterial communication in multispecies biofilms [32,33]. Due to the microbiota composition of raw
milk, Salmonella cells can integrate in biofilms formed by other bacterial genera as a response to
quorum-sensing molecules produced by other microorganisms and liberated to the milk.

The strains used in this study were isolated from poultry houses, and all these strains were able
to produce biofilm on all the surfaces and temperatures tested in this study with the growth medium
CMJ. This result indicates that meat juice is a nutrient source for Salmonella in the food processing
environment, allowing their biofilm formation. Different to polystyrene, in the stainless steel surface
the mean OD630 value was higher in CMJ assays than in TJ and 1/20 milk assays at 6 ◦C and 22 ◦C.
Therefore, it is possible that some compounds of CMJ facilitate the Salmonella biofilm formation on this
surface. In this sense, it has been proposed that chicken meat juice used in laboratory could present
residual quorum-sensing molecules that enhance the biofilm formation in food-borne pathogens.
Also, Li et al. [14] observed that aflagellated mutants of Campylobacter and Salmonella increased their
biofilm-forming ability when surfaces were pre-coated with a meat juice layer. Thus, the particles of
meat juice could promote the initial attachment of Salmonella cells to inert contact surfaces and allow
biofilm formation.
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Salmonella strains have been related with fruit, nut, or vegetable outbreaks [34–36]. In this
sense, Salmonella contamination of vegetables can be originated by contaminated composed manure,
soil, animals, or irrigation and wash water [37]. Therefore, the capacity of Salmonella strains from
poultry houses to produce biofilms on the surface of vegetables is a major public health problem.
Different studies have observed that Salmonella is able to produce biofilm on parsley, rocket leaves,
lettuce cucumber, and tomatoes [38]. Koukkidis et al. [27] observed that salad leaf juices enhanced
the motility and biofilm produced by Salmonella. In this study, tomato juice was used as one growth
medium to evaluate the effect of this extract in the ability of Salmonella strains to produce biofilm
on polystyrene and stainless steel. All the Salmonella strains tested in this study produced biofilm
on stainless steel at 6 ◦C and 22 ◦C. However, in polystyrene, five strains did not produce biofilm at
22 ◦C and one strain did not produce biofilm at 6 ◦C. Therefore, TJ seems to favor biofilm formation
in stainless steel more than in polystyrene. Also, it is interesting that there were no significant
differences between 6 ◦C and 22 ◦C in biofilm formation. It is possible that some tomato compounds
improve biofilm formation at low temperatures. In this sense, the previously mentioned study by
Koukkidis et al. [27] also observed that salad leaf juices enhance Salmonella growth at refrigeration
temperatures. In addition, food residues such as carrot can have a protective effect in Salmonella cells’
adherence to stainless steel [39]. The results of this study showed that Salmonella strains isolated from
poultry houses produce biofilm on the presence of tomato residues.

5. Conclusions

Salmonella is one of the principal food-borne pathogens around the world. Authorities of different
countries have adopted control strategies to reduce the prevalence of Salmonella in the food chain.
However, the ability of Salmonella to produce biofilm is one of the main factors that make difficult their
eradication from the food chain. Most of the studies carried out until now evaluated Salmonella biofilm
formation using common laboratory growth media. However, biofilm formation is highly dependent
on environmental conditions, and it is important to use food residues in biofilm assays to obtain
results as close as possible to the real conditions of the food chain. The results of this study clearly
showed that Salmonella strains isolated from poultry houses can produce biofilm both at 22 ◦C and
6 ◦C in stainless steel and polystyrene. Although biofilm formation was observed with all the growth
media used, biofilm formation was significantly higher with the common laboratory growth medium.
In this study, the laboratory growth medium 1/20 TSB was used, which enhances biofilm formation in
Salmonella. This fact explains the high differences found between laboratory growth media and food
residues. However, the effect of food residues in biofilm formation should not be underestimated.
Future studies are necessary to confirm the results obtained in this study and to evaluate the effect of
food residues in transcriptome of Salmonella cells. These data will allow the discovery of metabolic
pathways involved in the interaction between Salmonella cells and food residues. Finally, it is necessary
to develop standardized methods in biofilm assays to make possible the direct comparison of results
obtained from different laboratories.
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Abstract: Foodborne pathogens such as Salmonella that survive cleaning and disinfection during
poultry processing are a public health concern because pathogens that survive disinfectants have
greater potential to exhibit resistance to antibiotics and disinfectants after their initial disinfectant
challenge. While the mechanisms conferring antimicrobial resistance (AMR) after exposure to
disinfectants is complex, understanding the effects of disinfectants on Salmonella in both their
planktonic and biofilm states is becoming increasingly important, as AMR and disinfectant tolerant
bacteria are becoming more prevalent in the food chain. This review examines the modes of action of
various types of disinfectants commonly used during poultry processing (quaternary ammonium,
organic acids, chlorine, alkaline detergents) and the mechanisms that may confer tolerance to
disinfectants and cross-protection to antibiotics. The goal of this review article is to characterize
the AMR profiles of Salmonella in both their planktonic and biofilm state that have been challenged
with hexadecylpyridinium chloride (HDP), peracetic acid (PAA), sodium hypochlorite (SHY) and
trisodium phosphate (TSP) in order to understand the risk of these disinfectants inducing AMR in
surviving bacteria that may enter the food chain.

Keywords: Salmonella; biofilm; disinfectants; poultry; transcriptome; resistance

1. Introduction

Salmonella is a major foodborne pathogen worldwide and is highly associated with contaminated
poultry products. In the United States alone, the Centers for Disease Control and Prevention (CDC)
estimates that Salmonella causes approximately 1.2 million foodborne illnesses, 23,000 hospitalizations
and 450 deaths per year [1]. In addition to causing foodborne illness, Salmonella isolates from
poultry products and processing plants have been found to be both tolerant to disinfectants and
resistant to antibiotics despite not being challenged with antibiotics during poultry production
and/or processing [2–5]. Furthermore, studies have shown positive correlations between tolerance to
disinfectants and resistance to antibiotics in poultry products [4,5]. Growing concerns over disinfectants
conferring cross-protection to antibiotics has increased focus on understanding the mechanisms of
antimicrobial resistance (AMR) in bacteria, and specifically foodborne pathogens [6]. The present review
aims to understand how commonly used disinfectants such as hexadecylpyridinium chloride (HDP),
peracetic acid (PAA), sodium hypochlorite (SHY) and trisodium phosphate (TSP) may confer AMR in
Salmonella in order to evaluate the risk of these disinfectants increasing AMR in surviving Salmonella.

Biofilms are organized structures of bacterial cells that produce a self-encasing polymer
extracellular matrix and can adhere to biotic (living) and abiotic (inert/nonliving) surfaces [7].
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As opposed to the more commonly studied and well understood planktonic (free-floating) form,
biofilms are the predominant form of bacterial growth. It is estimated that 80% of all infections
in humans are thought to be of biofilm origin [8]. Various abiotic substrates, such as Teflon™,
stainless steel, rubber and polyurethane can support Salmonella biofilm adherence and growth [9,10],
which are regulated by various environmental conditions such as pH, temperature and NaCl
concentration [11]. Within a poultry processing facility setting, Salmonella and Campylobacter biofilm
formation is facilitated by the presence of meat juice on abiotic surfaces under static and flow
conditions [12]. Formation of biofilms provides ecologic advantages to the enclosed bacteria,
including protection from the environment (e.g., temperature, pH and osmotic extremes, UV light
exposure, desiccation), increased nutrient availability, metabolic enhancement, and facilitation of
gene transfer [13]. Additionally, biofilm formation confers increased antimicrobial resistance through
a variety of mechanisms. From a practical perspective, biofilm cells are 10- to 1000-fold less susceptible
to anti-microbial agents than the planktonic form of the same bacterium [8,14,15]. In poultry processing
plants, the use of sub-optimal concentrations of a commonly applied biocide (peracetic acid) has been
demonstrated to facilitate the persistence of Salmonella biofilms [16]. All of these characteristics appear
to be facilitated at least in part by an intercellular communication mechanism known as quorum
sensing—small signal molecules called autoinducers exchanged between bacteria as a function of
population density. These signal molecules can regulate expression of numerous genes, including
those associated with biofilm adherence, metabolism, and virulence. The development of inhibitors of
such factors may be key to controlling biofilm formation and pathogenicity [10,13,17–19].

2. Disinfectants Commonly Used during Poultry Processing

In the most general sense, poultry processing can be divided into two phases—first processing
and second processing (see Figure 1) [20]. First processing consists of carcass receiving to chilling.
This step includes scalding, defeathering and evisceration. Second processing encompasses carcass
chilling to shipping. This step includes packaging and may include carcass/parts processing.

Figure 1. A general schematic overview of commercial poultry processing. The information provided
serves as an example of possible scenarios. However, protocols can vary widely among processing
plants. In addition, the list of antimicrobials approved for on-line reprocessing (OLR) and off-line
reprocessing (OFLR) is dynamic in terms of application and concentration. * At a minimum, sampling for
pathogens must occur at the pre- and post-chill points.

Moreover, during processing, carcasses that are contaminated with fecal matter or digestive
tract content as determined by visual inspection right after evisceration may still pass inspection
if reprocessed properly [21]. Two methods of reprocessing include on-line reprocessing (OLR) and
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off-line reprocessing (OFLR). Processing plants may use either or both forms of reprocessing. In OLR,
contaminated carcasses can be reprocessed manually by trimming away contaminated parts and/or
treated with an antimicrobial along with poultry carcasses that are not contaminated on the main
line. In contrast, OFLR entails taking out contaminated carcasses off the main line where they can be
reprocessed manually by trimming away contaminated parts and/or treated with an antimicrobial,
away from the visually uncontaminated carcasses. Processing plants may use either or both forms of
reprocessing. Then, before carcass chilling, carcasses are visually inspected again for fecal contamination
using guidelines provided by the Food Safety Inspection and Inspection Service Directive in order
to comply with the zero-tolerance standard that requires carcasses to be free of fecal contamination
before entering the chiller tank [22,23]. While disinfectants are used in both first and second processing,
their application, contact time and temperature may differ. Similarly, disinfectants approved for use
during OLR and OFLR may differ in the application, contact time and temperature [24]. For the
purposes of this review, only disinfectants commonly used during poultry processing will be reviewed,
as intervention protocols may vary greatly across poultry processing plants. Popular disinfectants
include hexadecylpyridinium chloride (HDP), peracetic acid (PAA), sodium hypochlorite (SHY) and
trisodium phosphate (TSP) [25,26]. While PAA is the most commonly used disinfectant in both pre- and
post-chill applications, HDP is most commonly used in post-chill applications when drench cabinets
are used [27]. Additionally, both HDP and PAA can be used for OLR and OFLR [24]. SHY and TSP are
also commonly used in post-chill applications [25]. In terms of reprocessing, SHY is only allowed in
OFLR, although when it is used in combination with other disinfectants it can be used in OLR as well.
In contrast, TSP is only allowed in OLR. Figure 1 provides a schematic overview of poultry processing
along with information on HDP, PAA, SHY and TSP.

3. Poultry Processing Methods Conferring Biocide Tolerance

Currently, studies suggest that biocide tolerance provides cross-protection to various antimicrobials,
including antibiotics [28]. Both repeated exposure and sub-inhibitory concentrations of biocides have
been shown to allow bacteria to adapt to biocides resulting in biocide-tolerant, antibiotic-resistance
bacteria [28–30]. As seen in Figure 1, pathogens such as Salmonella may undergo repeated exposure to
disinfectants during poultry processing especially if they are allowed in OLR and OFLR. In addition,
challenging Salmonella with sub-inhibitory concentrations of disinfectants at the processing plant can
occur due to the presence of high loads of organic material, inadequate distribution, high prevalence of
biofilms, inadequate mixing, preparation, and concentration of biocides. Chicken carcasses have high
amounts of organic material that can inactivate certain classes of disinfectants, including quaternary
ammonium compounds (HDP) and halogens (SHY) [31]. Additionally, Salmonella can adhere to
areas that are not easily accessible to disinfectants, in places such as crevices and feather follicles on
poultry skin [31,32].

With respect to biofilms, the extracellular matrix limits access to stressors, thereby providing
some protection against disinfectants and antibiotics that allow Salmonella to persist on biotic (e.g., live
birds) and abiotic (e.g., stainless steel) surfaces [6]. While biofilms are more prevalent than the
easier-to-kill planktonic form in processing plants, the common methodology for evaluating the
efficacy of disinfectants requires identifying the inhibitory concentration and or log reduction of the
bacteria in their planktonic form [33]. Therefore, if the tests used to determine effective disinfectant
concentrations are done on planktonic bacteria, it is possible that the concentrations are sub-inhibitory
in the processing plant. Shah et al. demonstrated that when Salmonella Typhimurium was preadapted
to cold stress, it was tolerant to subsequent acid stress [34]. Therefore, it is possible that Salmonella
passing the chilling stage may also be harder to kill and require a higher concentration of disinfectant
at the post-chill tank.

Overall, processing methods may be priming bacteria to stressors found throughout the
slaughtering process resulting in surviving bacteria that are tolerant to biocides and resistant to
antibiotics. Therefore, it is becoming increasingly important to understand how methods of pathogen
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control in food processing can be improved in terms of reducing tolerance to disinfectants and resistance
to antibiotics. The specific mechanisms that can confer biocide tolerance and antibiotic resistance in
bacteria exposed HDP, PAA, SHY and TSP will be discussed next.

4. Proposed Mechanisms of Bacterial Resistance to Antimicrobials Induced by Disinfectants
Used During Poultry Processing

Cross-resistance, or resistance to a variety of substances via a physiological adaptation, as opposed
to genetic linkage as is the case with co-resistance, is an important mechanism of bacterial resistance
to antimicrobials [28]. Examples of cross-resistance mechanisms include reduced cell permeability,
production of neutralizing enzymes, target alteration and overactive efflux pumps which can pump
out a broad-spectrum of substances including antibiotics, biocides and other inhibitors out of the cell
and create multidrug resistant (MDR) bacteria [6,35].

In particular, overactive efflux pumps and changes to the outer membrane have been proposed
as broad-spectrum mechanisms conferring tolerance and/or resistance to antimicrobials in Salmonella
after exposure to HDP and TSP [4,36] (Table 1). To evaluate these proposed mechanisms, Mavri et al.
exposed TSP- and HDP- adapted Campylobacter jejuni and Campylobacter coli (Gram-negative bacteria like
Salmonella, which share a superfamily of efflux pumps known as Resistance-Nodulation-Division [37,38])
to efflux pump inhibitors and evaluated their outer membrane proteins [30]. Results showed
that TSP- adapted Campylobacter jejuni and Campylobacter coli had a weaker adaptive resistance to
TSP and weak cross-resistance to antibiotics compared to HDP-adapted Campylobacter jejuni and
Campylobacter coli [30]. The authors proposed that different efflux systems play a role in cross-resistance
due to different modes of action of the disinfectants resulting in different levels of cross-resistance [30].
Additionally, TSP caused greater reduction in outer membrane protein (OMP) content than HDP,
resulting in the most damaging effects on bacterial cells [30]. It was also noted that some strains
of Campylobacter displayed increased susceptibility to biocides after repeated exposure—Mavri et al.
proposed that some cell envelope modifications may actually promote biocide uptake [30]. Along with
linking efflux pumps to cross-resistance, this study revealed that mechanisms involved in biocide
(e.g., triclosan, benzalkoniumchloride, hexadecylpyridinium chloride, chlorhexidine diacetate and
trisodium phosphate) adaptation are unique for various strains of Campylobacter as opposed to it having
only one species-specific mechanism [30]. These findings suggest that utilizing a serotype-specific or
even a strain-specific approach to select disinfectants is becoming increasingly important.

In addition to AMR and MDR, efflux pumps have also been associated with increased invasion
in Salmonella [43]. For example, in addition to regulating resistance to fluroquinolones in Salmonella,
the acrAB operon—part of the AcrAB-Tolc multidrug efflux pump—has also been shown to be
upregulated during sub-inhibitory exposure to the bile salt sodium deoxycholate (DOC), particularly
during exponential growth [43,44]. DOC at high concentrations exhibits biocidal-like activity including
disruption of cell membranes, denaturation of proteins and oxidative DNA damage [44]. By adapting
to DOC, Salmonella Typhimurium can then proliferate and continue to invade the host, while strains
lacking AcrAB-Tolc were unable to adapt to DOC [44]. From a food safety perspective, cross-resistance
imposes a food safety hazard in that repeated exposure to biocides can potentially induce biocide
tolerance, AMR and increased virulence in bacteria entering the food chain [28].
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In contrast to the increased susceptibility of Campylobacter to biocides after exposure, SHY has
been shown to induce biofilm production in Pseudomonas aeruginosa (Table 1), also a Gram-negative
bacteria like Salmonella [42]. As discussed previously, biocide tolerance and antibiotic resistance can be
attributed to biofilms, as the extracellular matrix provides the cells protection against disinfectants and
antibiotics [6], while the clustering of cells may facilitate the transfer of antimicrobial resistance genes
via horizontal gene transfer [45]. Extracellular DNA may also play a role in the proliferation of biofilms
in Salmonella and other bacteria: Staphylococcus epidermidis biofilm has been shown to have a strong
binding affinity to vancomycin thereby limiting access to cells [46,47]. Additionally, RNA-sequencing
analysis of planktonic and biofilm Salmonella, indicates that gene expression patterns differ between
the two forms under the same acid stress [48,49]. Furthermore, RNA-sequencing suggests that in
Salmonella Typhimurium the same environmental stressors results in upregulation of virulence genes in
the planktonic form—priming that population for host invasion rather than for environmental survival
as it does for the biofilm counterpart [50]. More studies that investigate the transcriptome or resistome
of bacteria challenged with disinfectants are needed. From a Hazard Analysis and Critical Control
Points (HACCP) perspective, utilizing RNA-sequencing could be used to determine critical food safety
parameters in a food system environment with the ultimate goal of identifying conditions in food
production that mitigate transcription of genes associated with AMR and virulence. From a practical
perspective, integrating Whole Genome Sequencing (WGS) and RNA-seq of selected isolates collected
during routine surveillance in the processing facility could be used as a way to validate and optimize
disinfectant selection.

Unlike HDP, SHY and TSP, PAA does not have a proposed mechanism for conferring antibiotic
resistance or even tolerance (Table 1). Because PAA has two distinct modes of action due to being an
organic acid and an oxidant, it is theorized that a cell is less likely to develop tolerance or resistance
mechanisms against PAA or antibiotics [40]. This provides valuable information in that in addition to
being effective for the control of both Salmonella and Campylobacter [51], PAA also seems like it is less
likely to induce AMR and may even decrease it. One approach could be to utilize PAA at the last step
of cleaning and disinfection with the goal of reducing incidence of AMR.

5. Antimicrobial Resistance Profiles of Foodborne Pathogens Challenged with Disinfectants

Table 2 provides AMR profiles for HDP, PAA, SHY and TSP, which demonstrates that biocides
can differ in the way they induce AMR across different organisms. PAA-challenged E. coli resulted in
an overall decrease in antimicrobial resistance gene classes [52]. This is in line with the theory that PAA
is less likely to induce AMR. HDP-challenged Salmonella strains showed a decrease, an increase or both
in resistance to certain antibiotics after repeated exposure relative to the wildtype, resulting in mixed
effects (Table 2). This emphasizes the importance of testing disinfectants with different serovars and
not just single strains of a species as described for Campylobacter [30]. One study by Molina-Gonzalez
et al. suggests that SHY and TSP can induce AMR when Salmonella Enteritidis, Salmonella Kentucky
and Salmonella Typhimurium are exposed to those disinfectants at sub-inhibitory concentrations [36].
Although the experiments from Table 2 cannot be compared directly due to differences in experimental
design and analysis, they all provide evidence in support of the conclusion that that proper utilization
of disinfectants should include consideration of those biocides that are less likely to increase AMR
and biocide tolerance. Therefore, utilizing a serotype-specific approach when selecting disinfectants
should be considered by poultry processing facilities.
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6. Biofilm Detection

Generally, biofilm-producing strains have been identified quantitatively by microtiter-plate
assays or qualitatively by the Congo red agar or test tube methods, both of which use a phenotypic
approach [53,54]. Genotypic identification of biofilm-producing strains relies on molecular methods to
detect biofilm-associated genes by conventional PCR, qPCR or multiplex PCR [10,55]. The csgD gene
in Salmonella Typhimurium has been identified as a central biofilm regulator gene in which bistable
expression allows for either increased virulence or persistence in the environment [50]. Additionally,
genes associated with curli, fimbriae, cellulose such as csgD, csgB, adrA, and bapA have been utilized to
detect Salmonella biofilms on eggshells. Furthermore, genes related to flagella adhesion, metabolism,
regulation/stress response and proteic envelop/secretion can be used to classify biofilm formation
capacity and flagellar motility [18].

By using a broad set of phenotypic and genotypic techniques such as the ones mentioned above,
it is now well understood that Salmonella biofilms are associated with persistence both inside and outside
the host including on poultry carcasses and processing plants even after cleaning and disinfection [7,56].
Sensory inspections of open surfaces such as visual, tactile and olfactory observations such as greasy
surfaces allow for quick identification of obvious issues in the sanitation process. However, it is
important to note that bacterial counts are not correlated with visual inspections [57]. Additionally,
while food contact surfaces have become well-established sources of contamination and recontamination
in food processing settings [58,59], Arnold and Silvers [60] found that microbial attachment and biofilm
formation vary depending on surface type (e.g., stainless steel, conveyor belting, polyethylene and
picker-finger rubber). Interestingly, contrary to previous studies that examined planktonic bacteria,
picker-finger rubber commonly used in defeathering machines were shown to inhibit microbial
contamination and biofilm formation [60]. However, more testing on different combinations of strains
observed at the processing plant need to be conducted since it has been shown that microbial attachment
and biofilm properties may behave differently depending on the combination of strains that make up
the bacterial community [61]. Therefore, based on these considerations, careful and robust assessments
of open surfaces at the processing plant should be considered even when it has been well established
that Salmonella and Campylobacter have been isolated from poultry production and processing [9,57].

In summary, poultry processing plants should consider taking measures to detect and characterize
biofilms from their specific facility to optimize the prevention and management of biofilms. Fortunately,
there are now direct and indirect approaches that can be applied at the food processing plant to detect
the presence of biofilms through direct observation on open surfaces and to quantify cells isolated
from biofilms found at the food processing plant. Direct methods directly observe biofilm colonization,
whereas indirect methods start with detaching biofilm from food-contact surfaces before quantifying
them [57]. Commercially available and easy-to-use tools that detect the presence of biofilms include
BioFinder (Barcelona, Spain) [62], REALCO Biofilm Detection Kit (Louvain-la-Neuve, Belgium) [63],
TBF® 300 (Valencia, Spain) and TBF® 300S [64]. TEMPO® system (Marcy l’Etoile, France) allows for
quantification via the most probable number (MPN) technique and is also commercially available [65].
Table 3 summarizes biofilm detection methods used in food processing settings. These tools could
help improve the eradication of biofilms and can be used to evaluate current cleaning procedures [57].
At the same time, lack of consensus across detection methods should be taken into consideration and
a combination of methods for detection and enumeration may need to be implemented [66].
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Table 3. Direct and indirect biofilm detection and enumeration methods for food processing settings.

Test Type Method References

Direct

BioFinder Qualitative Direct observation of color change due
to dying of biofilm components. [62]

Contact plates Quantitative
Sterile agar plate is placed on surface of
interest and biofilm is detected via
conventional culture methods.

[67]

Direct epifluorescence
microscopy Quantitative Automatic cell quantification using

computer software on digital images. [68]

REALCO Biofilm
Detection Kit Qualitative Direct observation of color change due

to dying of biofilm components. [63]

TBF® 300/ TBF® 300S Qualitative Direct observation of color change due
to dying of biofilm components. [64]

Indirect

BacTrac 4300 Quantitative Total viable counts calculated via
impedance. [69,70]

Plate count Quantitative Culture plating to determine the
number of colony forming units (CFU). [57]

TEMPO® Quantitative
Cell counts from biofilms are calculated
using most probable number (MPN)
system based on fluorescence.

[65]

Abcam XTT tetrazolium
salt and resazurin assay kit Quantitative

Metabolic assays combined with
spectrophotometry can be used to
quantify biofilm.

[57,71,72]

7. Biofilm Characterization

In addition to taking measures to detect biofilm-producing bacteria, another important step
for processing plants to consider is the characterization of biofilms present at the processing plant.
Biofilm characterization can help improve food safety as several differences in biocide susceptibility,
pathogenicity and persistence in the environment between biofilms and planktonic bacteria have
been identified.

Minimum inhibitory concentration (MIC) and minimum biofilm eliminating concentrations
(MBEC) assays have traditionally been used to determine the efficacy of antibiotics on planktonic
and biofilm bacteria, respectively [73]. However, these assays can also be used to determine the
efficacy of other biocides such as disinfectants [33]. Furthermore, results from these assays can be
used to directly compare planktonic and biofilm bacterial forms. As an example, Chylkova, Cadena,
Ferreiro and Pitesky [33] found that acidified calcium hypochlorite (aCH) and PAA were ineffective
against Salmonella biofilms at contact and concentrations commonly used during poultry processing
whereas HDP remained effective, based on MIC and MBEC assays. Similarly, PAA has been found
to be inefficient at eliminating Salmonella biofilms from polypropylene and polyurethane surfaces
which are common surface types used in poultry processing plants [16]. Sarjit and Dykes [74] found
that trisodium phosphate (TSP), unlike sodium hypochlorite (SHY), was an effective sanitizer against
biofilms on stainless steel, glass and polyurethane surfaces. In contrast, Korber et al. [75] observed
Salmonella biofilm cells from glass surfaces were less susceptible to TSP. Differences in biofilm response
to disinfectants and surfaces indicate further testing is necessary to further elucidate biofilm formation
at the processing plant.

In addition to phenotypic differences as shown by differences in biocide susceptibility, genotypic
differences between planktonic and biofilm bacterial cells have also been shown. Wang et al. [76]
found that planktonic and biofilm Salmonella Typhimurium cells isolated from raw chicken meat
and contact surfaces from poultry processing plants showed distinct gene expression patterns.
Specifically, genes from gene ontology groups related to membrane proteins, cytoplasmic proteins,
curli productions, transcriptional regulators, cellulose biosynthesis and stress response proteins were
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differentially expressed suggesting they may play a role in biofilm maturation. Furthermore, virulence
and persistence genes have been shown to be differentially expressed in planktonic and biofilm
Salmonella Typhimurium cells with planktonic cells expressing genes associated with virulence and
biofilms expressing genes associated with environmental persistence [50]. These results are in line with
results from Borges et al. [77] in which Salmonella Typhimurium biofilm production was not associated
with in vivo pathogenicity index (PI). However, there was an association between biofilm formation
and PI in Salmonella Enteritidis at 28 ◦C [77]. Interestingly, in microaerobiosis and anaerobiosis
conditions, Salmonella Typhimurium grown in chicken residue displayed downregulation of biofilm
associated genes (e.g., csgD and adrA) and upregulation of virulence genes (e.g., hilA and invA) on
stainless steel [78]. Contrastingly, biofilm formation was upregulated in aerobiosis [78]. Results showed
that oxygen levels could have an effect on biofilm formation. Similarly, a study by Wang et al. [79]
showed that growth media could also have an effect on biofilm gene expression with biofilm grown in
laboratory trypticase soy broth (TSB) expressing upregulation of biofilm formation genes and biofilm
grown on meat thawing loss broth (MTLB) expressing inhibited gene expression.

It is well known that there is a correlation between Salmonella biofilm formation and persistence
in factory environments; however, several studies have shown that different serovars of Samonella have
different capacities to make biofilm under different environmental conditions [80–82]. For example,
when studying Salmonella Enteritidis, Infantis, Kentucky and Telaviv serotypes at different temperatures,
a shift in biofilm formation capacities was observed with most of the serotypes becoming strong
biofilm producers at 22 ◦C [82]. In contrast, at 37 ◦C, only some of the Salmonella Enteritidis and
Infantis serovars were considered strong biofilm producers. In addition to temperature, pH and NaCl
concentrations have been shown affect Salmonella strains ability to form biofilm [80]. Conditions that
were unfavorable and increased biofilm formation in most of the Salmonella strains were pH 5.5, 0.5%
NaCl and 25 ◦C [80]. Surface materials also lead to differences in microbial adhesion with polyurethane
displaying more irregular adhesion than polypropylene [16]. Moreover, no viable cells were isolated
from polypropyle after treatment with sanitizers commonly used in Brazilian poultry processing
plants. Overall, these results show that environmental conditions, growth media and strains can
influence Salmonella biofilm formation thus highlighting the importance of mimicking food processing
conditions during biofilm and disinfectant efficacy testing.

In summary, the persistence and complexity of Salmonella biofilms in food processing plants
suggest that protocols used to control and eliminate biofilms should be constantly evaluated and
modified accordingly. This is especially relevant when considering that many of the cleaning products
used in the food industry are not optimized for the elimination of biofilms [83] and an estimated 65% of
human bacterial infections are caused by biofilms [84]. It is also important to note that in vitro efficacy
testing of disinfectants should be done on mature biofilms as that is the bacterial form and stage most
commonly found in food processing environments particularly food-contact surfaces [85]. Likewise,
testing conditions should mimic poultry processing conditions in order to improve the applicability of
the results as strain, environmental conditions and growth mediums have been shown to influence
biofilm formation. Furthermore, alternative biofilm eradication methods that act specifically on
biofilms should also be considered, such as lactic acid bacteria, phagetherapy, crude essential oils,
quorum sensing inhibitors and bacteriocins [10,86]. However, it should also be noted that the most
effective strategy would be to prevent biofilm formation in the first place [10].

8. Conclusions

While more research is needed to further our understanding of AMR profiles from pathogens
isolated from poultry processing facilities, this review suggests that understanding what AMR
mechanisms are activated by disinfectants can provide poultry processing facilities insights as to which
disinfectants to use at a particular facility. Therefore, active monitoring of pathogens present at the
grow-out facility and utilizing that information to strategize which disinfectants to employ at the
processing plant (i.e., serotype-specific approach) should be considered. The efficacy of disinfectants on
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biofilms in addition to planktonic bacteria should be frequently tested in order to monitor for changes in
susceptibility to disinfectants and prevent the use of sub-inhibitory concentrations. Using disinfectants
that differ in their modes of action throughout poultry processing is also advisable as this can potentially
reduce the ability of the bacteria to adapt and become tolerant to biocides and antimicrobials. The effect
of the disinfectants on the transcriptome or resistome of the pathogen in question may be the key to
furthering our understanding of AMR. Alternative approaches to the control of planktonic bacteria and
biofilm formation that do not rely on the use of traditional biocides, such as enzymes, bacteriophages
and quorum sensing inhibitors may be valuable to controlling microbial contamination without
inducing AMR, and thus may be the new horizon of antimicrobial food safety [7,9,10,13,87].
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Abstract: Although many efforts have been made to control Listeria monocytogenes in the food
industry, growing pervasiveness amongst the population over the last decades has made this
bacterium considered to be one of the most hazardous foodborne pathogens. Its outstanding
biocide tolerance capacity and ability to promiscuously associate with other bacterial species forming
multispecies communities have permitted this microorganism to survive and persist within the
industrial environment. This review is designed to give the reader an overall picture of the current
state-of-the-art in L. monocytogenes sessile communities in terms of food safety and legislation,
ecological aspects and biocontrol strategies.
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1. Listeria monocytogenes, a Food Safety Concern

Listeria monocytogenes is a ubiquitous pathogen that can stem from a febrile gastroenteritis to
a severe invasive illness (listeriosis), leading to septicaemia, encephalitis, endocarditis, meningitis,
abortions and stillbirths, among others syndromes [1,2]. The incidence of listeriosis is low amongst
the general population, with 0.46 and 0.24 cases per 100,000 population in 2015 in the European
Union and the United States respectively [3,4]. However, L. monocytogenes was responsible for many
foodborne outbreaks with high hospitalisation and mortality rates worldwide, especially affecting
pregnant women, the elderly and individuals with compromised immune systems. In particular,
L. monocytogenes caused more foodborne outbreaks between 2005 and 2015 in the EU (83) than in
the US (47), resulting in 757 and 491 cases, respectively [5–13]. In contrast, a higher number of cases
required hospitalisation in the US (428) than in the EU (332), leading to more deceases (82 and 61
deaths respectively) and a higher mortality rate (24 and 16% of deceases related to foodborne outbreaks
in the US and in the EU, respectively).

In spite of modifications to legal regulations, ready-to-eat (RTE) meats and dairy products are
still the predominant vehicles involved in the main listeriosis outbreaks which have occurred since
2008, as well as other “low risk” products such as fruit and vegetables (Table 1). In addition to this,
no consensus has been achieved among international food authorities in regards to the microbial
criteria for L. monocytogenes [14]. As a matter of example, The United States Department of Agriculture
(USDA) and the Food and Drug Administration (FDA) implemented a “zero tolerance” policy for
L. monocytogenes contamination of RTE food products [15,16]. In contrast, the European Commission
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Regulation No. 2073/2005 (amended by EC No. 1441/2007) permits levels of L. monocytogenes up to
100 CFU/g in RTE foods placed on the market during their shelf-life, except in those intended for
infants or for special medical purposes, in which must be absent in 25 g of product [17,18]. Canada,
Australia and New Zealand also permit levels of L. monocytogenes lower than 100 CFU/g for RTE foods
in which the growth of this pathogen is limited throughout the stated shelf-life, but it must be absent
in 25 g of those which can support its growth [16,19,20]. According to the Chinese Centre for Food
Safety (CFS) levels of L. monocytogenes of 10–100 CFU/g are allowed in RTE commercialised in China,
except in those refrigerated (not frozen) in which it must be absent in 25 g of product [21,22]. In Brazil,
the use of L. monocytogenes as microbial criteria is limited to cheese, in which it must be absent in
25 g of product [23]. Curiously, many food companies follow the national regulations for products
commercialised in their own country, but not foreign regulations for products that they export, leading
to products with different standards of quality and safety. These actions can involve eventual problems
of cross-contamination between the processing chains and a serious risk to consumers due to this lack
of universal legislation. Therefore, an international consensus in microbial criteria for foodstuffs must
be reached.

Table 1. Main outbreaks of foodborne listeriosis since 2008.

Year Country Food Product Cases Hospitalisations Deaths Ref.

2008 Canada Delicatessen meat 57 47 24 [24]
2009–2010 Austria, Germany and Czech Republic “Quargel” cheese 34 34 8 [25]
2009–2012 Portugal Fresh cheeses 30 30 11 [26]

2010 Texas (US) Diced celery 10 10 5 [27]
2011–2012 28 US states Cantaloupes 147 143 33 [28]

2012 14 US states Brand ricotta salata cheese 22 20 4 [29]
2012 Spain Latin-style fresh cheese 2 2 2 [30]

2013–2014 Switzerland RTE salad 32 32 4 [31]
2013–2014 Denmark RTE meat products 41 41 17 [32]
2014–2015 12 US states Caramel apples 35 34 7 [33]

2015 10 US states Soft cheeses 30 28 3 [34]
2016 9 US states Packaged salads 19 19 1 [3]
2016 4 US states Frozen vegetables 9 9 3 [13]

RTE: ready-to-eat.

In the food industry, L. monocytogenes can persist for months or even years on floors and
equipment and in drains of food-processing facilities [35,36]. This is mainly due to its ability to survive
under food-related conditions that are stressful for other bacteria, such as refrigerated temperatures,
desiccation, heat and high salt content [37–40], and its ability to form biofilms [41,42]. The application
of ineffective cleaning and disinfection procedures in food-processing environments, particularly in
locations of difficult access, also increases the risk of establishment and growth of L. monocytogenes
and, thus, generate continuous food product contamination [43,44]. The identification of particular
niches in a food-processing facility, the validation of the efficacy of sanitation procedures applied and
the continuous monitoring of the presence and reestablishment in food-processing environments are
therefore required to improve the control of L. monocytogenes.

Livestock and produce farms are considered potential primary sources for the introduction
of human pathogenic L. monocytogenes into the food chain and food-processing plants. In fact,
L. monocytogenes was detected in cattle, silage, animal feeds, manure and growing grass, among
others [45–48]. Nevertheless, soil, water and vegetation of natural and urban environments can also
serve as reservoirs of L. monocytogenes [49–51].

L. monocytogenes involved in most human listeriosis cases has been isolated from RTE foods
post-processed in retail facilities [52,53]. The application of inadequate post-processing procedures such
as improper manipulation (e.g., bacterial transfer from operator’s hands and gloves, cutting boards or
scales among others) or the use of contaminated slicing machines were the main cause of contamination
in RTE foods [53–56]. In addition, L. monocytogenes is also found on non-food contact surfaces such
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as floors, drains, sinks, and walk-in cooler shelves of retail facilities [57,58]. L. monocytogenes can
also proliferate due to temperature fluctuations in coolers during distribution and commercialisation
of food products [59]. Moreover, this pathogen is detected in domestic environments [60–62] and
public restaurants [63–65]. Several listeriosis outbreaks are also associated with foods purchased
from or provided in hospitals and health care centres [66–68]. A limited knowledge of food safety, as
well as an inappropriate attitude and hygiene of food handlers can directly affect the quality of the
product [69,70]. Therefore, guidelines for prevention of L. monocytogenes contamination and persistence
should be widely spread.

2. Efficacy of Food Industry Sanitisers against L. monocytogenes

According to published data, in Europe, around five trillion euros are invested annually for
the implementation of hygienisation systems in food-related industrial environments. Nevertheless,
the levels of bacterial contamination in processed food products is still a major issue of concern, with
the increasing incidence of L. monocytogenes being remarkable if we take into account the notified cases
of listeriosis [71]. The current tolerance to disinfectants in L. monocytogenes has been a topic of concern
in the context of the food industry and public health regarding foodborne pathogens. The presence of
high bacterial concentrations and the interference with organic matter due to insufficient cleaning prior
to disinfection diminishes the activity and thus the efficacy of disinfectants commonly used in industrial
premises [72]. This does not necessary mean that the quantity used is lower, but that the effective
concentration of the antimicrobial is less than expected, compared to the initial amount deployed.
However, anthropologic factors such as failure in dosage or inadequate rinsing are also responsible for
the generation of tolerances due to the formation of areas in which sub-lethal concentrations of the
disinfectant are present [73]. Additionally, it has also been stated that tolerance to certain disinfectants
may contribute to the persistence of L. monocytogenes in the food industry [74].

In this section, the behaviour and further tolerance mechanisms to quaternary ammonium,
chlorine and acid compounds in L. monocytogenes, are reviewed.

2.1. Quaternary Ammonium Compounds

Among biocides, quaternary ammonium compounds (QACs) are undoubtedly, one of the most
commonly used disinfectants in the food industry efficient against bacteria, algae, fungi, spores, viruses
and mycobacteria even at low concentrations [75]. QACs are active in the membrane of bacteria, casing
disruption in the phospholipid bilayer and subsequent cellular content leakage causing eventual
bacterial death [75]. They are stable, surface-active agents presenting low toxicity and little affected by
organic matter, which make them very adequate for food industry purposes.

The described mechanisms underneath tolerances to QACs are diverse and are strongly influenced
by the environment and the genetic background of each particular strain [76]. Considering the
latter, a study carried out by Liu et al. [77] demonstrated how the presence of antimicrobials’
sublethal concentrations can increase the possibility of oxidative stress of the cell due to an increasing
concentration of free radicals in the cytoplasm. As a result, this can promote the activation of various
genetic cascades like the apparition of de novo mutations due to the triggering of the SOS-response [78].
The overuse (or misuse) of QACs, may enhance the selection of new genetic elements that can be
horizontally transferred [78,79]. This fact poses an additional element for the development of new
forms of tolerances in L. monocytogenes, thus dwindling the number of options for treatment in
industrial contexts that could finally enhance the biofilm formation to this pathogen [74].

Active efflux pumps are considered so far, the main mechanism for L. monocytogenes tolerance
to QACs. This was early described by Aase et al. [80], demonstrating an extrusion of ethidium
bromide outside the cell in BAC resistant and BAC adapted strains, which not only indicated the
presence of an efflux pump but also that this mechanism is intrinsic to L. monocytogenes and can
be activated by a sublethal exposure to BAC. Subsequent studies demonstrated that these efflux
pumps are chromosomically encoded and that the exposure to QACs leads to an overexpression of
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them [76]. Despite the general agreement on this major strategy for QAC tolerance, there is still some
controversy about the origin of the genetic determinants coding for efflux pumps. As a matter of
example, Dutta et al. [79] demonstrated that in BAC-tolerant L. monocytogenes from various sources,
the bcrABC cassette was present in 98.6% of isolates. Contrarily, Ebner et al. [81] identified the qacH
as the main genetic determinant in BAC resistant isolates from different food matrices, and the lack
of correlation between this genotype, the isolation source, the biofilm formation capability and the
serotype. More recently, a new efflux pump, emrE, has been described in L. monocytogenes conferring
cross-resistance to BAC and other antimicrobials [82].

Genetic mobile elements also play an important role in the dissemination of resistance genes
among L. monocytogenes. Among, bcrABC-carrying isolates, it has been proposed that the transmission
and subsequent integration into the chromosome, together with other resistance genes, has been
mediated via transposon-containing plasmids [79]. In addition to this, Müller et al. [83] have described
in L. monocytogenes the structure of Tn6188, harbouring the qacH gene. Ulterior investigation regarding
this mobile element, has demonstrated that cells expressing qacH-encoded efflux pumps, showed
increased MICs to BAC and other QACs, and also a decreased susceptibility to ethidium bromide [84].

Moreover, in L. monocytogenes, biofilm formation itself is a cause of increased tolerance to QACs
due to the alterations in the membrane fluidity of the cell [85]. These alterations are mainly because of a
decrease in the proportion of iso-C15 and anteiso-C15 branched-chain fatty acids (BCFA) together with
an significant increase in the quantity of saturated fatty acids (SFA) [86]. Consequently, the membrane
hydrophobicity is increased, thus promoting further adherence to surfaces [87]. Similar modifications
have been described in cells exposed to sublethal concentrations of BAC [73] or to cold stress [87].

2.2. Chlorine-Based Compounds

Chlorines are cheap and straightforwardly used antimicrobials active against bacteria, fungi and
algae. Different chlorine-based compounds such as sodium hypochlorite, chlorine dioxide gas or
aqueous chlorine dioxide have been proven to be active against L. monocytogenes [88].

Due to their fast-oxidising nature, they interact with cellular membranes or penetrate directly
into the cell forming N-chloro groups that react with the cellular metabolism due to the interference
with key enzymes [89]. With this regard, Valderrama et al. [90] found a L. monocytogenes reduction of
about 4 log CFU/mL in brine chilling solutions treated with 3 mg/mL chlorine dioxide with just 90 s
contact time. Nevertheless, in L. monocytogenes, proper chlorine efficacy seems to be age-dependent
since the thickness of the cell wall in young cultures is higher, thus protecting the cells from these
sanitisers. In this line, El-Kest and Marth [91] demonstrated that a solution of 1 mg/mL of free chlorine
during 10 min sufficed to reduce 4.27 orders of magnitude in 48-h-old L. monocytogenes Scott A cultures,
whereas in 24-h-old cultures the reduction was only of 2.88 orders of magnitude.

Tolerance development against chlorine-based sanitisers has been described so far to be unlikely
in L. monocytogenes cell suspensions [92,93]. However, Lundén et al. [94] showed that continuous
transfers culture in increasing concentrations of sodium hypochlorite can promote the increase in MIC
values of this disinfectant. Additionally, decreased activity of chlorine-based sanitisations have been
observed not because of intrinsic factors but to interactions with external elements such as organic
matter [91,92,95] or divalent cations [90].

In L. monocytogenes biofilms, the efficacy of chlorine solutions has been proven to greatly depend on
the biofilm substrate. Hence, Bremer et al. [96] observed a significant higher proportion of eliminated
cells of L. monocytogenes when grown on stainless steel coupons compared to those grown on polyvinyl
chloride surfaces. These results were also in concordance with those obtained by Pan et al. [97]
demonstrating higher tolerance to chlorine treatments in those biofilms grown in Teflon compared
to those on stainless steel. Moreover, it has been observed that the adaptation of planktonic cells
and subsequent sessile growth on stainless steel makes biofilms to be more tolerant to chlorine,
independently of the subtype, cellular density of the biofilm and its morphology [98]. Additionally,
some authors also described a cross-resistance in favour of tolerance to chlorine in L. monocytogenes
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biofilms previously treated with peroxide-based products, thus indicating that the mechanisms
responsible for oxidising agents’ tolerance may have a common nature in L. monocytogenes [97].

The effects of chlorination in L. monocytogenes multispecies biofilms have also been investigated.
Norwood et al. [99] showed that this pathogen is able to endure concentrations higher than 1000 ppm
of free chlorine in a continuous co-culture with Staphylococcus xylosus and Pseudomonas fragi on stainless
steel. In contrast, other authors have found that in co-culture with Flavobacterium spp., a slightly
acidic solution containing 400 ppm of free chlorine is enough to reduce the load both bacteria up to
undetectable levels [96].

2.3. Acid Compounds

Acids are strong oxidisers able to interfere with cellular phospholipid bilayers and cytosolic
material causing irreversible damage (e.g., disruption of proton motive force) and subsequent death
to cells [100,101]. However, L. monocytogenes is able to adapt to low pH environments generated
by natural processes (e.g., lactic fermentation) or artificially induced (e.g., acidification of water for
cleaning systems) by means of different mechanisms. This not only allows this pathogen to survive in
the environment, but could also increases its virulence since it further helps the bacterium to survive
into the gastrointestinal tract and macrophage phagosome [102].

In spite of the fact that acid adaptation is a transient state in L. monocytogenes [103], it enhances
the survival of this pathogen in the food industry, while also providing the bacterium with higher
protection against other environmental insults [103]. Following this line, Phan-Thanh et al. [104]
demonstrated that pre-exposure to mild acidic conditions (pH 5.5, 2 h) increased its endurance against
lethal acidic, temperature (52 ◦C), salinity (25–30% NaCl) and alcoholic (15%) shocks. These effects
are even more evident when the acid adaptation takes places gradually [102,105]. Additionally,
it has been demonstrated that sublethal acid adaptation deeply alters the intracellular protein pattern
expression, being more evident as the pH decreases [104,106], and that this differential pattern is
strain-dependent [104].

There are different ways described in the literature in which L. monocytogenes can adapt to acidic
conditions, all of them focused on the maintenance of the intracellular homeostasis. Among them,
the glutamate decarboxylase (GAD) system is considered one of the major mechanisms [107]. This
involves the GAD enzyme, which promotes the irreversible conversion of cytosolic glutamate to a
neutral compound, the γ-aminobutyrate (GABA), by irreversible decarboxylation of the first [103].
The synthesis of GABA has a dual protective role: firstly, it consumes an intracellular proton during
the process, with the subsequent increase of the pH inside of the cell [103]. Additionally, the extrusion
of GABA outside the cell via a glutamate:GABA antiporter, contributes to the slight neutralisation of
the pH outside the cell and the restarting of the metabolic pathway [102]. In food systems, it has been
demonstrated that in glutamate-rich products, the survival rate of L. monocytogenes is significantly
improved [107]. In addition to glutamate:GABA antiporter, other proton pumps such as F0F1-ATPase
have also been proposed as active mechanisms to maintain homeostasis in acidified environments [108].

Similarly with exposure to QACs, acidic conditions modify the composition of the cytoplasmic
membrane, altering the iso- and anteiso-BCFAs ratio. Giotis et al. [109] tested the response of
L. monocytogenes 10403S to mild acid conditions, demonstrating that the total anteiso/iso ratio increased
as the culture pH decreased. This was further demonstrated by Zhang et al. [110] in L. monocytogenes
cultured in presence of various organic acids, concluding not only that the relative proportions of
BCFAs were significantly altered but also that the mechanism underneath this adaptation was shared.

In biofilms, the acid-tolerance in L. monocytogenes seems to be strain dependent. In this
line, Ibusquiza et al. [111] showed that the resistance threshold to peracetic acid between three
different strains depended not only on the strain, but also the age of the biofilm and the substrate
where the biofilms were grown on. These results were in accordance with those obtained by
Lee et al. [112,113]. Furthermore, in addition to its overall resistance, biofilm formation is also affected
when L. monocytogenes is exposed to acid compounds generally enhancing its adherence [114,115]
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even though there is evidence that early exposure to acidic conditions does not modify the ulterior
biofilm formation capacity [116]. Additionally, accompanying strains, such as lactic acid bacteria, can
exert a protective effect to L. monocytogenes in mixed-species biofilms, increasing its tolerance to acidic
sanitisers [117].

3. Microbial Interactions and Resistance of L. monocytogenes Mixed-Species Biofilms

It is accepted that bacteria live in nature associated with another species forming structured
multispecies biofilms [118]. Their life in communities makes unavoidable interspecies interaction and
its impacts biofilm ecology.

Microbial communities can be defined as multispecies associations with complex structures that
normally suppose important ecological advantages to the individual species present. In fact, it is
accepted that biofilms represent a microbial phenotype with an explicit organisation level in which
microorganisms are involved in intracellular interactions that can be competitive, cooperative or even
neutral, depending on the microbial species involved and the environmental conditions [119].

Interspecies interactions are especially relevant in L. monocytogenes considering it is considered a
poor biofilm former when compared to other bacterial species [120]. Several previous studies have
addressed the influence of the accompanying microbiota in the number of adhered viable cells of
L. monocytogenes in the corresponding mixed biofilm. There is a risk associated with the increased
attachment of L. monocytogenes on food processing surfaces precolonised by other bacterial genera.
In general, the number of adhered L. monocytogenes was increased, decreased or unaltered depending
on the accompanying bacterium [121]. As an example, Norwoord and Gilmour [122] demonstrated
that higher L. monocytogenes numbers in monocultures compared with the multispecies biofilms formed
after its association with Staphylococcus xylosus and Pseudomonas fragi. Rodríguez-López et al. [123]
explored the association capacity of ten different accompanying strains with L. monocytogenes when
forming dual-species biofilms. Outcomes demonstrated a deleterious effect of several accompanying
strains on L. monocytogenes present on biofilms in 4 out of 10 different combinations checked. On
the contrary, in other studies it has been showed that accompanying strains increase the level of
adherence of L. monocytogenes in the mixed biofilm [123–126]. In summary, literature highlights that
phenomena of adhesion/aggregation between different bacterial genera cannot be predicted since
different environmental conditions can be encountered within the different niches.

Generally, previously reported studies consider that the amount of adhered viable cells in biofilms
is directly related with its resistance to antimicrobials [127,128]. Nevertheless, in L. monocytogenes,
viable biomass present in the biofilm does not give any certain indication about the difficulty of
this pathogen to be eliminated from a given contamination site. In fact, a study carried out by
Midelet et al. [129] demonstrated that interaction of L. monocytogenes with Kocuria varians results in
higher density of the first but made its detachment easier.

The specific location of L. monocytogenes in the mixed microbial communities seems to be crucial
when thinking on the effective elimination of the cells from contaminated surfaces or foods. Sasahara
and Zottola [130] described initially interactions between Pseudomonas sp. and L. monocytogenes in
biofilms and claimed on the need of a primary coloniser such as Pseudomonas sp. for L. monocytogenes
to attach. Curiously, subsequent confocal microscopic studies highlight that L. monocytogenes locates at
the bottom layers of the dual biofilms with Pseudomonas fluorescens. Moreover, the authors argue that
L. monocytogenes cells have to make their way towards the biofilm bottom across the matrix [131].

Specific interspecies interactions existing in nature inside the biofilm are difficult to understand
because it is impossible to empirically reproduce the strategies adopted by each species of the bacterial
community to finally enhance the fitness of the biofilm consortium [119]. In spite of this, several
advances have been achieved, mainly referred to the role of the accompanying microbiota.

As part of biofilm fitness, resident microbiota could protect L. monocytogenes to external stimuli
such as food processing and/or disinfection conditions. This has been a matter of concern for biofilm
researchers in the last decades. However, due to the complexity associated with the experimental
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work within biofilms, most of the published articles had been carried out with dual-species biofilms,
which can be considered an excessive simplification of the realistic situation. Lactobacillus plantarum
protected L. monocytogenes from the action of BAC and peracetic acid (PAA) [117]. Similarly,
Saá Ibusquiza et al. [132] also showed that the presence of Pseudomonas putida increased the resistance
of several strains of L. monocytogenes to BAC and PAA.

On the other hand, a recent study carried out by Papaioannou et al. [133] demonstrated, using a
more realistic approach, that L. monocytogenes adhesion to stainless steel decreased (<102 CFU/cm2)
due to co-culture with indigenous microbiota commonly found in fish industry such as Pseudomonas
spp., Enterobacteria or sulfide-producing bacteria. Furthermore, they postulated that this adhesion
impairment was possibly one of the causes of an observed increased sensitivity to two common
industrial disinfectants (Hypofoam and Divosan).

In spite of the difficulty associated with this type of studies, advances in microscopic and high
throughput sequencing methodologies will permit to go deeper in the knowledge of species interactions
in order to improve the hygienic design and the control of foodborne pathogens.

4. Biosanitation of L. monocytogenes Biofilms Using Lactic Acid Bacteria and Bacteriocins

The removal of microorganisms from food premises cannot be currently conceived without the
use of conventional biocides. However, this practice has not been completely successful, and some
issues have arisen. For instance, the emergence of resistant (or tolerant) strains [134,135] and a highly
decreased effectiveness in the presence organic material [136] or in “harbourage sites” [121].

Huge efforts have been therefore conducted to search for new strategies of control of foodborne
pathogens, with particular reference to L. monocytogenes [137–139]. This search has also included
cost-effectiveness, environmentally friendly nature and low toxicity to humans as further major
requirements. As a result, a number of promising alternatives have been identified, such a lactic acid
bacteria (LAB), bacteriocins or bacteriophages, enzymes and surfactants (mainly as anti-adhesion and
detachment agents), essential oils, electrolysed oxidising water and ozone, photocatalysts, ionising
and UV radiation or ultrasonication, among others.

It is widely known that the microbiota present in food facilities can enhance or inhibit the
colonisation of surfaces by L. monocytogenes [119,125,140]. Accordingly, Fox et al. [141] proposed to
influence the microbiome in favour of antilisterial species as a strategy to reduce the presence of
L. monocytogenes. However, the microorganisms are, in general, undesirable in food premises, since
they may promote food spoilage or cause food safety problems. This is may not be the case for LAB,
particularly for those having probiotic properties.

Many different LAB and several bacteriocins are known to be highly active against Gram-positive
bacteria, particularly against L. monocytogenes [142,143]. In addition, the presence of antilisterial
structural bacteriocins genes in LAB has been recently reported [144]. Accordingly, several studies
have examined the potential of LAB and their bacteriocins as a tool for the control of biofilms of
L. monocytogenes in food facilities. This last section of this review is intended to briefly outline some of
the most significant results of these studies.

4.1. Preventing Biofilm Formation

Nisin is, without any doubt, the most studied bacteriocin. Moreover, among bacteriocins, only
nisin has been granted a generally recognised as safe (GRAS) status by the FDA and approved for use
as a food additive (additive number E234) within the European Union. Initial studies were, therefore,
focused on the effectiveness of nisin and nisin-producing Lactococcus lactis subsp. lactis strains against
biofilms. An early study by Bower et al. [145] already showed that nisin films adsorbed on silica
surfaces inhibited the growth of L. monocytogenes. In addition, high nisin concentrations were found to
be lethal to attached cells.

Since then, a number of studies have evaluated the potential of several bacteriocins to prevent
adhesion and biofilm formation of L. monocytogenes on different plastic and metallic substrates,
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specifically nisin [146–148], enterocins [148,149] and sakacin 1 [150]. Although these studies were
conducted using from pure bacteriocins to cell-free extracts, results clearly show that bacteriocins may
delay but not prevent biofilm formation completely. In fact, only enterocin AS-48 (conditioned on
polystyrene surfaces) was reported to be able to completely inhibit biofilm formation for at least 24 h,
but longer times of study were not tested [149]. Similarly, Winkelströter et al. [150] also observed a
noticeable inhibition of initial stages of biofilm formation for up to 24 h in the presence of a cell-free
neutralised supernatant of Lactobacillus sakei 1 (containing non-purified sakacin 1), but regrowth of
biofilms took place subsequently, which was attributed to a possible lack of competition for nutrients
or a selection of bacteriocin-tolerant phenotypes.

The effect of Lactococcus lactis CNRZ 150, a nisin-producing strain, against the attachment of
L. monocytogenes was also examined [151]. These authors underlined an additional advantage of using
bacteriocin-producing LAB over bacteriocins, that is, competitive inhibition limiting nutrient supply
and, accordingly, two different approaches were addressed. The first, “deferred adhesion” (later
defined as exclusion mechanism), consists of testing the effect of pre-formed L. lactis biofilms. In the
second, “simultaneous adhesion” (later, competition mechanism), the effect is tested by co-culturing
L. lactis and L. monocytogenes. In both scenarios, attachment of L. monocytogenes and subsequent biofilm
formation was effectively prevented.

Considering that it is highly likely that L. monocytogenes encounters resident biofilms rather than
solid abiotic surfaces in food-processing environments [152], the effectiveness of LAB against the
attachment of L. monocytogenes has been interchangeably tested in terms of exclusion or competition
mechanisms in many subsequent studies. This effect has been defined as competitive exclusion.
As a result, a high number of different strains has been shown to be highly effective: Enterococcus
durans [153,154], Enterococcus faecium [146], L. lactis [153–155], Lactobacillus plantarum and Enterococcus
casseliflavus [156], Leuconostoc mesenteroides [157], L. sakei [150,158], Pediococcus acidilactici, Lactobacillus
amylovorus and Lactobacillus animalis [159], Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus
paracasei and Lactobacillus rhamnosus [160], and Lactobacillus paraplantarum [161], among others.

Generally, bacteriocin-producing strains have been found to be more effective than
non-bacteriocin-producing strains against biofilm formation by L. monocytogenes. This was clearly
found for E. faecium [146], L. mesenteroides [157] and L. sakei [150]. However, the effectiveness of LAB
can be also due to other antimicrobial metabolites, such as lactic acid and other organic acids which
also decrease pH, as well as biosurfactants that can additionally prevent adhesion [155,162].

Additionally, competition for adhesion sites and nutrients was also shown to inhibit biofilm
formation [163,164]. Interestingly, a study performed by Habimana et al. [164] showed by
confocal laser-scanning microscopy of dual-species biofilms formed by co-culture with L. lactis that
L. monocytogenes cells were located in the bottom layers of biofilms, entirely covered by L. lactis.
In addition, modelling revealed that L. monocytogenes would be, in their own words, smothered by
competitors and forced into a survival lifestyle, rather than into proliferation or colonisation processes.
This inhibition would mainly occur during the initial phases of biofilm formation, essentially due to
longer generation time and latency of L. monocytogenes. A similar effect had been already detected
by Leriche et al. [151], who found that L. monocytogenes became permanent resident in dual-species
biofilms when the inoculum size was high (108 CFU/mL), even though high densities of L. lactis were
able to outcompete and prevent L. monocytogenes to resume growth on surfaces. In keeping with these
studies, it is worth to indicate that L. monocytogenes was found to be more resistant to disinfection in
dual-species biofilms with L. plantarum than in single-species biofilms, particularly when outnumbered
by L. plantarum, which seems to indicate a protective effect of the latter [117].

4.2. Removal of Biofilms

In line with these above mentioned studies, different comparative studies have shown that
the effectiveness of LAB against pre-formed biofilms of L. monocytogenes (approach known as
displacement mechanism) is significantly lower than on adhesion and biofilm formation by competitive
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exclusion [158–160]. That is, acting early would seem to be most appropriate to prevent biofilm
formation. A similar conclusion can be drawn by comparing results from two different studies
conducted by Zhao et al. [153,154], despite the effectiveness of displacement being considerably
increased by extending treatments with LAB for up to 3 weeks.

Similarly, nisin was found to act rather slowly and, more importantly, with a limited effectiveness
against pre-formed biofilms of L. monocytogenes [111,155]. This was attributed to a reduced ability to
diffuse into the matrix and reach cells. Subsequent studies have confirmed that nisin does not seem to
be practical as a surface sanitiser on its own [165,166]. Biofilms were also highly resistant to treatments
with enterocin [149] and a semi-purified curvacin extract of L. sakei [158]. Concentrated cell-free
supernatants from several bacteriocin-producing LAB did not have strong effects on pre-formed
biofilms of L. monocytogenes either [167]. On the contrary, an important effect on biofilms was recently
claimed for both nisin and enterocin [148], but rather high cell densities could be still clearly observed
by scanning electron microscopy following treatments.

4.3. Combined Treatments

L. monocytogenes can develop tolerance and even resistance to bacteriocins if exposed to
sub-inhibitory concentrations [168,169], and this decreases substantially the efficacy of treatments.
Thus, Bower et al. [145] had already shown that coating surfaces with nisin did not inhibit the adhesion
of nisin-resistant L. lactis. Combining LAB or bacteriocins with other antimicrobial factors may provide
a greater effect, something that has been widely known for a long time. Thus, Leriche et al. [151] had
already suggested the use of hurdle technology-like approaches to overcome bacteriocin resistance.
Some studies have tested this strategy on biofilms of L. monocytogenes.

Of note, the treatment of floor drains of food-processing facilities with one strain of L. lactis
subsp. lactis and other of E. durans greatly reduced the contamination with L. monocytogenes [154,170].
This combination should reduce the likelihood that L. monocytogenes developed tolerance to nisin too.
Thus, most drains were found to remain free of detectable L. monocytogenes for several weeks after
completing treatments.

Remarkably, bioencapsulation of thermally-treated fermentates of two strains of Carnobacterium
maltaromaticum and one of Enterococcus mundtii, plus a relatively high nisin concentration, in an alginate
matrix supported by a mesh-type fabric was highly effective against biofilms of L. monocytogenes [171].
Bioencapsulation allows bacteriocins to be slowly released, which seems to be more effective than
large doses [172], as long as the emergence of resistance does not occur. This biocontroller eliminated
L monocytogenes from biofilms formed in floor gutters in a fish processing plant after only 48 h of
contact time, but was rather ineffective against biofilms formed on plastic surfaces (i.e., Teflon and
rubber), where they were thinner and the attachment was stronger than on stainless steel. Importantly,
conventional biocides did not reduce the effectiveness of the biocontroller. They were thus used jointly
to achieve maximum effectiveness.

As an alternative to combine different LAB, some researchers have proposed to combine
bacteriocins with different modes of action. This involved merging nisin—a class I bacteriocin—with
enterocin—belonging to class IIb—, a bacteriocin produced by enterococci, was highly active against
biofilms of nisin-resistant L. monocytogenes. Four-fold less of both bacteriocins were required and,
importantly, no cross-resistance was detected [148]. On the contrary, cross-resistance for nisin and
class IIa bacteriocins has been detected [173,174]. Nonetheless, previous studies demonstrated that
some enterocins can present cytotoxicity upon epithelial cells [175], hence, whether they can be safe
for use in food environments still remains to be clarified.

Combining bacteriocins with conventional biocides also seems an attractive strategy to reduce the
likelihood of colonisation by resistant variants. Thus, the combination of enterocin AS-48 with different
commercial sanitisers (quaternary ammonium compounds, bis-phenols or guanides) was found to
be much more effective than any single treatment, but this effect was not observed with oxidising
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agents [149]. This approach would also allow conventional biocides to be used in lower amounts while
increasing efficacy, which is highly important to reduce toxicity to humans and in the environment.

4.4. Final Considerations

A controlled application of LAB seems a very promising approach to prevent or even remove
L. monocytogenes from food facilities basically as a result of a high competitive potential for adhesion
sites and nutrients, and the production of some growth-inhibiting compounds, majorly bacteriocins.
Moreover, the ability of LAB to spread and colonise surfaces can make them highly suitable as an
alternative treatment for difficult-to-reach locations, where L. monocytogenes is not easily removed by
routine cleaning and disinfection.

LAB have been safely used by humans for centuries in food production and preservation.
However, they have no legal status for use as biosanitisers in the food industry. Accordingly,
some issues have arisen concerning the use of some LAB. Prerequisites for a safe use need to be
clearly defined.

Ideally, bacteriocin-producing LAB with no cross-resistance should be strategically combined to
increase efficacy and prevent the emergence of bacteriocin-resistant phenotypes. In this sense, studies
intended to validate different combinations of LAB should be encouraged. However, LAB generally
join pre-existing polymicrobial biofilms in food processing environments rather than forming new
structures. Consequently, this coexisting microbiota as well as temperature (which fluctuates rather
significantly), the surface or soiling, among other factors, can eventually affect attachment, growth and
bacteriocin production of each LAB, and therefore the effectiveness of treatments. Treatments should be
therefore optimised individually. Unfortunately, only a small number of studies have addressed in situ
testing [154,170,171], which makes it highly likely that applications are far from being straightforward.
The design of strategies for in situ application of LAB in the food industry is thus needed.

5. Conclusions and Future Perspectives

There is no doubt that the recalcitrance of L. monocytogenes in foodstuffs is greatly influenced
by the ubiquitous presence of its biofilm among food contact and non-food contact surfaces within
food-processing premises [121]. Despite the great advances that have been made over the last few
decades in the field of food safety, several outbreaks (Table 1) with high rates of morbidity and
mortality, especially within the so-called YOPI (young, old, pregnant, immunosupressed) group, are
still reported [71,176].

Understanding the various genetic and physiological underlying mechanisms leading to
antimicrobial resistance as well as the influence on L. monocytogenes of pre-existing resident/transient
microbiota and vice versa, are nowadays considered as key factors to developing fast, efficient, safe and
cost-effective treatments in order to improve the environmental control of this foodborne pathogen.

Additionally to biocontrol as presented in this review, there is a significant amount of ongoing
investigation developed by several groups focused on the design of ad hoc antibiofilm strategies
such as enzymes [177], bacteriophages [178] or combined strategies [179]. Nevertheless, the rapid
adaptation undergone by the different members of sessile communities makes us always being one step
behind. Hence, the development of preventive rather than disinfecting strategies based on case-by-case
approaches appears as wide field of research to go in-depth to eventually ensure the quality and safety
of foodstuffs consumed in the society.
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