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Abstract

:

Microbial interactions play an important role in initial cell adhesion and the endurance of biofilm toward disinfectant stresses. The present study aimed to evaluate the effect of microbial interactions on biofilm formation and the disinfecting activity of an innovative photocatalytic surfactant based on TiO2 nanoparticles. Listeria monocytogenes, Salmonella Enteritidis, Escherichia coli, Leuconostoc spp., Latilactobacillus sakei, Serratia liquefaciens, Serratia proteomaculans, Citrobacter freundii, Hafnia alvei, Proteus vulgaris, Pseudomonas fragi, and Brochothrix thermosphacta left to form mono- or dual-species biofilms on stainless steel (SS) coupons. The effectiveness of the photocatalytic disinfectant after 2 h of exposure under UV light on biofilm decontamination was evaluated. The effect of one parameter i.e., exposure to UV or disinfectant, was also determined. According to the obtained results, the microbial load of a mature biofilm depended on the different species or dual species that had adhered to the surface, while the presence of other species could affect the biofilm population of a specific microbe (p < 0.05). The disinfectant strengthened the antimicrobial activity of UV, as, in most cases, the remaining biofilm population was below the detection limit of the method. Moreover, the presence of more than one species affected the resistance of the biofilm cells to UV and the disinfectant (p < 0.05). In conclusion, this study confirms that microbial interactions affected biofilm formation and decontamination, and it demonstrates the effectiveness of the surfactant with the photocatalytic TiO2 agent, suggesting that it could be an alternative agent with which to disinfect contaminated surfaces.
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1. Introduction


The theory that microbes can adhere to a surface was proposed in the early 1930s [1,2]. The history of this phenomenon had been well reviewed earlier [3]. The formation of a biofilm, i.e., cells enclosed in an extracellular polymeric matrix, alters cellular metabolism and, subsequently, a cell’s phenotype [4,5,6,7,8,9]. Biofilms have been detected on various industrial and non-industrial surfaces, and their composition and structure are affected by the different microorganisms that comprise their community [4,10,11,12,13]. Data on microscopic observations presented in the late 1960s revealed that the stability of one microbe strengthens the stability of the other species within a biofilm [14]. Considering the ability of microbes to communicate and co-exist in an environment, researchers noted that microbial interactions led to the development of biofilm communities [6,15,16,17,18,19,20,21].



The formation of a biofilm is of high importance in food-related environments, as the transmission of microorganisms in food may cause foodborne illness or food losses [9,22,23,24]. Indeed, the removal of Escherichia coli, Listeria monocytogenes, Salmonella spp., and Campylobacter jejuni from the industry is crucial [25,26,27]. The concern in this regard is the effective removal of the persistent, i.e., the remaining, microbiota after cleaning/disinfection [8,28,29,30,31]. However, the presence of more than one remaining species must be considered, as single-culture biofilms have been found to be more sensitive to disinfectants including peracetic acid and benzalkonium chloride [32]. Nowadays, new strategies have been developed to prevent the colonization and inhibit the growth of microorganisms, including nanotechnology and the use of essential oils, anti-quorum compounds, enzymes, etc. [16,33]. From the perspective of nanotechnology, nanoparticles can exhibit antibiofilm activity because of their penetration through a matrix [34,35,36]. The food industry seems to prefer the use of titanium dioxide nanoparticles (TiO2) as disinfectants compared to other metal oxides [37,38]. So far, the results have highlighted the ability of these nanoparticles to inactivate various microorganisms [35,39,40,41,42]. The combined action of TiO2 with ultraviolet light (UV) has been shown previously [40,43,44]. Kim et al. [40] observed that UV irradiation increases the effects of nanoparticles on the survival of Listeria monocytogenes, Salmonella choleraesuis, and Vibrio parahaemolyticus planktonic cells, and these effects were dependent on the time of UV exposure.



To date, limited information has been provided in the literature regarding the effectiveness of this technology in more realistic environments where microbial interactions can occur. Thus, the aim of this study was to investigate the impact of microbial interactions on biofilm formation and the resistance of biofilm cells to an innovative photocatalytic surfactant based on TiO2 nanoparticles. Thus, various foodborne pathogens (e.g., Listeria monocytogenes, Salmonella enterica, and Escherichia coli) and food spoilage bacteria (e.g., Pseudomonas fragi, Enterobacteriaceae, Brochotrix thermosphacta, Leuconostoc spp., and Latilactobacillus sakei) were left to form mature biofilms (mono- or dual-species biofilms). These species/strains were selected as representative species that may pose threats of foodborne outbreaks or the spoilage of foods, while the inquiry into their combination was intended to better simulate the environment wherein a pathogen co-exists with other microorganisms. The impact of pathogen–pathogen and pathogen–spoilage bacteria interactions on biofilm formation and resistance to three disinfection strategies, namely, exposure to ultraviolet, an innovative surfactant based on TiO2 nanoparticles, and their combination (the photocatalytic application of the surfactant), was examined through a multifactorial experiment incorporating 196 cases (49 microbial combinations × 4 treatments, including a control). This experimental procedure was designed to obtain better insights into the adaptability of food-related microorganisms in industrial environment surfaces and their resistance to disinfectants in vitro, which, hopefully, will provide important data regarding biofilm disinfection within food-processing environments.




2. Materials and Methods


2.1. Bacterial Strains and Inocula Preparation


The bacterial strains used in the present study to create mono-species and dual-species biofilms have been deposited in the Food Microbiology Culture Collection (FMCC) of the Laboratory of Microbiology and Biotechnology of Foods at the Agricultural University of Athens. Each strain and source of isolation are listed in Table 1. All strains were stored at −80 °C in Tryptic Soy Broth (TSB) (LABM, Bury, UK) containing 20% (v/v) glycerol (APPLICHEM, Darmstadt, Germany) until further use.



Prior to each experiment, the cultures were activated by adding 10 μL stock culture (−80 °C) to 5 mL of TSB and incubated at temperatures, namely, 25 °C (Brochothrix thermosphacta and Pseudomonas fragi), 30 °C (Leuconostoc spp. and Latilactobacillus sakei), and 37 °C (L. monocytogenes, S. Enteritidis, E. coli, Serratia liquefaciens, Serratia proteomaculans, Citrobacter freundii, Hafnia alvei, and Proteus vulgaris), specifically applied for each groups of microorganisms (pre-culture). After 24 h, 10 μL of each pre-culture was transferred to 10 mL of TSB and incubated under the same conditions for 24 h, 18 h, or 16 h depending on the microorganism (Pseudomonas, lactic acid bacteria, and Br. thermosphacta or Enterobacteriaceae, or pathogens, respectively) in order to prepare the active cultures. To remove any residue of the growth medium, the active culture was centrifuged at 5000× g at 4 °C for 10 min (Thermo Fisher Scientific, Waltham, MA, USA). For the single-strain inocula, the cells were washed twice with 10 mL of ¼ strength Ringer solution and finally resuspended in ¼ strength Ringer solution so that they could be used as inocula for the biofilm development assays. To obtain mixed-strain inocula after the end of the second centrifugation procedure, the cells of different strains of each microorganism were mixed. Finally, successive decimal dilutions were made in ¼ strength Ringer sterile solution to create the final mixed-strain-cultured inocula (106 cfu/mL final population).




2.2. Biofilm Formation on Stainless-Steel Surface


Attachment of inocula on stainless-steel (SS) coupons (3 × 1 × 0.1 cm) was performed at 15 °C for 3 h after inoculation of bacterial suspensions on 4.5 mL ¼ strength Ringer’s solution (in the case of mono-species cultures) or 4 mL of ¼ strength Ringer’s solution (in the case of mixed-species cultures) according to the method reported by Giaouris et al. [48]. After this step, SS coupons were aseptically transferred into tubes containing 5 mL ¼ strength Ringer’s solution and shaken manually for a few seconds to remove the cells that were loosely attached on SS surface. Finally, the SS coupons were immersed in 5 mL of TSB medium and left to form biofilms at 20 °C for 6 days, for which the medium was renewed after every 48 h.




2.3. Disinfection of Stainless-Steel Surface


A ready-to-use titanium-dioxide (TiO2)-nanoparticle-based surfactant (Moulas Scientific, Attica, Greece) was used as a disinfectant of the SS coupons. According to the manufacturer, TiO2 powder was mixed with acetone (<1%), water, and Triton X-100 (2 drops) under continuous stirring to prepare a final solution of 59.58% (w/v) (according to the method reported by Tsoukleris et al. [49]). For disinfection procedure, each coupon was rinsed with 5 mL of sterile ¼ strength Ringer solution on each side in order to remove the cells that were loosely attached on SS surface (according to the method reported by Giaouris et al. [48]) and placed into a sterile petri dish. Prior to the application of UV irradiation, a volume of 500 μL TiO2 solution was spread with the use of a pipette on SS coupons’ surface. After 2 h of exposure to UV, the SS coupons were inverted, and the same procedure was followed to disinfect the other side of the SS coupon. In the case of control samples, the biofilm population of each microbial combination was estimated after removing the loosely attached cells [48] without any further treatment. Additionally, UV-treated samples, i.e., SS coupons exposed to UV treatment without the addition of TiO2 solution, and TiO2-treated samples, i.e., the coupons treated with TiO2 without exposure to UV, were also included in this study.




2.4. Quantitation of Viable Biofilm Cells Using the Bead-Vortexing Method


Determination of biofilm populations formed on the surface of SS coupons was performed before (control samples) and after disinfection according to the bead-votexing method [50,51]. The media PALCAM Agar (Palcam, Biokar Diagnostics, Allonne, France, with selective supplement BS00408); TBX (OXOID, Hampshire, UK); Xylose Lysine Deoxycholate (XLD, Oxoid); Streptomycin Thallous Acetate-Actidione Agar (STAA, Biolife, Milano, Italy); VRBGA (VRBGA, OXOID, Hampshire, UK); De Man, Rogosa, and Sharpe agar (MRS ISO, LABM, Bury, UK); and Pseudomonas Agar Base with selective supplement (PAB, Biolife, Milano, Italy) were used for the enumeration of L. monocytogenes, E. coli, S. enteritidis, Br. thermosphacta, Enterobacteriaceae, lactic acid bacteria (LAB), and Ps. fragi, respectively. The selectivity of the used growth media was examined via inoculation of the bacterial species tested in this study. The results were expressed (log CFU/cm2 ± SD) as mean values of the six replicates (at least), which were performed per case.




2.5. Statistical Analysis and Data Visualization


A total of 196 different cases were tested in this study by means of the exposure of 49 microbial combinations to 4 treatments (including a control). One- and two-way ANOVA tests were performed to estimate the significant differences (p < 0.05) between the populations of the different microbes under mono- and dual-species biofilms of each tested condition i.e., biofilm formation (Biofilm), exposure to TiO2-nanoparticle-based surfactant (TiO2 for 2 h—TiO2_Treatment), exposure to UV for 2 h (UV_Treatment), or exposure to the photocatalytic TiO2-nanoparticle-based surfactant (TiO2 plus UV for 2 h—TiUV_Treatment). The packages ggplot2, ggpubr, tidyverse, broom, AICcmodavg, and multcompView of R studio (2021.09.2 + 382) were used for the statistical analysis and visualization of the results. The significant differences between the population of each pathogen or spoilage microbial species under mono-species culturing and in different microbial combinations, i.e., dual-species cultures based on the specified tested condition (Biofilm, UV_Treatment, or TiUV_Treatment), were estimated and represented by different letters (i.e., a, b, c, d, e, f, g, h, and i) in Figure 1, Figure 2 and Figure 3.





3. Results and Discussion


The presence of microorganisms on food-processing surfaces and environments poses the risk of the contamination of products, which may lead to reductions in the shelf-life of products, food losses, and the presence of spoilage and/or pathogenic microorganisms in food [52,53]. It has been reported that different factors alone or synergistically affect the adherence of cells to and the formation of biofilms on a surface, including the surfaces’ material, the temperature, the availability of nutrients, and the presence of other microbial species [8,54,55,56,57,58]. The ability of microorganisms to form biofilms in these environments and the difficulties that may arise in removing these communities from industrial surfaces [27,59] are of great importance for the food industry. In the present study, the influence of the microbial interactions of pathogenic and spoilage bacteria on the population of biofilms and their decontamination by an innovative, TiO2-nanoparticle-based surfactant was evaluated. The species examined in this study (Table 1) were chosen as they represent commonly detected pathogenic and spoilage bacteria in industrial food ecosystems. These microbial species were left to form mature biofilms (6 days) on stainless-steel surfaces at 20 °C to better stimulate the conditions in an industrial environment, especially in cases where a surface is not properly disinfected. The occurrence of the latter concern can be attributed to the difficulty of reaching several spots with the disinfection procedure applied and the presence of scratches, fissures, and angles that enable the trapping of microorganisms [60].



Figure 1, Figure 2 and Figure 3 illustrate that all the microorganisms were able to form mature biofilms under mono- or dual-species conditions. Numerous studies have been conducted to describe the ability of pathogenic microorganisms, including L. monocytogenes, E. coli, and Salmonella, to adhere to food-processing surfaces [54,61,62,63,64,65,66,67]. According to the present study, the biofilm population enumerated on stainless steel surfaces was dependent on the strain or species left to form the biofilm on mono-species or dual species biofilm (p < 0.05). In Figure 1, it is shown that the L. monocytogenes dual-strain biofilm population was affected by the presence of Serratia liquefaciens and Citrobacter freundii. In the case of the E. coli biofilm, the presence of most of the Enterobacteriaceae and both strains of LAB was observed to affect the E. coli population (p < 0.05). The influence of the pathogens on the formation of biofilms by the rest of the tested microorganisms was also shown in this study. In brief, L. monocytogenes affected the biofilm population of Br. thermosphacta strain B-434, Ltb. sakei, and Ser. liquefaciens. Similarly, E. coli influenced the biofilm cell density of Br. thermosphacta strains. Moreover, the Br. thermosphacta B-434, Ltb. sakei, Ps. fragi, Serratia species, and Proteus vulgaris biofilm populations were affected by the presence of Salmonella Enteritidis. Interestingly enough, the biofilm population of Salmonella Enteritidis was not affected by the presence of other species (Figure 1). Similar results have been previously reported regarding the inability of Listeria to affect the biofilm population of Salmonella and vice versa [50], and no cause of bulk environmental samples on Salmonella biofilm cells [68]. The observation that microbial interactions may affect (increase or reduce) or fail to affect the biofilm formation of a specific microorganism has been reported previously [32,33,69,70,71,72,73,74]. Moreover, the role of microbial interactions in biofilms formed by food-related microorganisms has been shown [75,76,77,78]. Particularly, the biofilm cells of those pathogenic species were found to be reduced by the presence of Lactococcus lactis, Ltb. sakei, and Latilactobacillus curvatus [79], while Lactococcus lactis or Flavobacterium spp. affected the adhesion ability of L. monocytogenes [69,70]. In a recent study, a pseudomonads population was found to increase the cell density of Listeria biofilms [80], while the biofilm cell density of various Pseudomonas strains was increased when co-cultured with E. coli and differentially affected by the presence of Salmonella Typhimurium [81]. Furthermore, Habimana et al. [82] found that the presence of Acinetobacter calcoaceticus enhanced the biofilm capacity of E. coli. The observed inability of H. alvei to affect the biofilm formation of Salmonella has been reported previously [83].



Regarding the disinfection procedure, the resistance to all different disinfection treatments was dependent on the different tested microbial combinations (p < 0.05). The disinfection of biofilms with TiO2 for 2 h did not reduce the biofilm populations significantly (below the detection limit of the method); however, the remaining population was affected by the microbial combinations in most of the cases. On the contrary, exposure to UV reduced the populations of the biofilm cells in most cases, reducing such populations below the detection limit of the method in some cases. Moreover, the use of the disinfectant strengthened the antimicrobial activity of UV irradiation (Figure 1, Figure 2 and Figure 3). In brief, the exposure of biofilm communities for 2 h to TiO2 and UV was found to be an effective decontamination procedure in most cases (Figure 1 and Figure 3). The effectiveness of the use of TiO2 nanoparticles for microbial inactivation has also been previously reported [37,39,40,41,42,84,85,86,87,88,89,90,91,92,93]. The results of the present work complement the observations of a previous research study wherein the combined use of UV irradiation with TiO2 nanoparticles was found to be a promising procedure for the decontamination of biofilms formed by Listeria [84], as various pathogenic and spoilage bacteria were tested. It seems that the examined photocatalytic TiO2-nanoparticle-based surfactant could be a promising disinfectant with which to ensure not only food safety but also food quality by preventing its contamination by spoilage bacteria. It must be noted that the decontamination activity of the examined surfactant could be attributed to the photocatalysis of TiO2, as the exposure only to TiO2 for 2 h did not reduce the biofilm populations significantly. In addition, it could be hypothesized that the low concentration of the rest of the ingredients of the surfactant, i.e., acetone and Triton X-100, was not able to present or presented only weak antibacterial activity. The weak antimicrobial activity of the latter toward Bacillus and Escherichia has been observed before [94].



The increased resistance of species to different disinfectants as a result of the presence of other microorganisms [32,48,50,95,96,97] has to be taken into account. In the present study, the presence of Salmonella Enteritidis, Serratia proteomaculans, C. freundii, Leuconostoc spp., Ltb. sakei, and Ps. fragi was found to increase the resistance of Listeria biofilm cells to UV disinfection for 2 h, but none of the microbial combinations were found to affect the resistance of Listeria biofilm cells to exposure to TiO2 and UV for 2 h (Figure 1). A higher sensitivity of the single-species biofilms of the L. monocytogenes and L. plantarum cultures to disinfectants compared to the dual-species biofilm was mentioned before [32]. In another study, the resistance of L. monocytogenes to benzalkonium chloride was not affected by the presence of Pseudomonas putida cells [48]. In this study, the effect of microbial interactions on the resistance to the UV treatment (p < 0.05) of the E. coli biofilm was more obvious than on the effect induced by TiO2 and UV exposure for 2 h (p < 0.05). Moreover, the resistance of the Salmonella biofilm cells to UV treatment was affected by the presence of most of the tested species, while resistance to TiO2 and UV exposure for 2 h was affected by two species (C. freundii and Leuconostoc spp.) (Figure 1). In contrast to these results, the Listeria–Salmonella interactions did not influence the antimicrobial resistance of either species [50]. In Figure 2 and Figure 3, the effects of L. monocytogenes on the resistance of Br. thermosphacta strain B-432, Ltb. sakei, H. alvei, and Proteus vulgaris to UV exposure are shown. In brief, L. monocytogenes was found to increase the resistance of these microorganisms to UV exposure, although no significant differences were observed regarding the resistance of the rest of the tested microorganisms influenced by the presence of Listeria cells (Figure 2 and Figure 3). In a previous study, an increased level of resistance of Ps. putida to benzalkonium chloride was observed in a dual-species biofilm with L. monocytogenes [48]; however, the increased resistance Ps. fragi cells to different treatments in a dual-species biofilm was not observed in this study (Figure 2). In addition, E. coli influenced the resistance of Br. thermosphacta strain B-432, Ser. liquefaciens, Ser. proteomaculans, C. freundii, and H. alvei to UV exposure (Figure 2 and Figure 3). Similarly, an increased level of resistance of LAB and all spoilage Enterobacteriaceae to UV treatment was observed in the dual-species biofilm with Salmonella (Figure 2 and Figure 3). No biofilm cells of Brochothrix, LAB, Ps. fragi, or Enterobacteriaceae were enumerated after the single-species communities’ exposure to TiO2 and UV for 2 h (Figure 2 and Figure 3). Similarly, the presence of the three pathogens did not affect the resistance of Brochothrix, LAB, or Ps. fragi to TiO2 and UV after 2 h of exposure (Figure 2). However, L. monocytogenes was found to increase the resistance of C. freundii and H. alvei to exposure to TiO2 and UV for 2 h (Figure 3). Interestingly enough, Salmonella also increased the resistance of two strains, namely, C. freundii and H. alvei, to TiO2 and UV for the 2 h treatment (Figure 3). Moreover, the presence of E. coli cells was found to affect the resistance of Ser. Proteomaculans, H. alvei, and Proteus vulgaris to the TiO2 and UV treatments (Figure 3). In another study, the sensitivity of Proteus vulgaris, E. coli, and Pseudomonas aeruginosa, Streptococcus pneumonia, and Staphylococcus aureus to synthetic TiO2 nanoparticles was estimated [98]. The observation made by Fu et al. [99], wherein the sensitivity of Gram-positive microorganisms to exposure to TiO2 is more pronounced than in Gram-negative ones, was also confirmed in this study, as biofilm populations were only enumerated for Enterobacteriaceae members (pathogenic or non-pathogenic species) after treatment with TiO2 and UV for 2 h (Figure 1, Figure 2 and Figure 3). However, opposite results were reported in a recent study, wherein the antibiofilm activity of green-synthesized TiO2 nanoparticles was found to be more effective in C. freundii than in Streptococcus cells [100]. Moreover, the higher resistance of Listeria planktonic cells to a TiO2 photocatalyst compared to Salmonella cells [40] was not confirmed in this research.




4. Conclusions


From all the above, it seems that microbial species prefer to gather together on a surface than be found free in a natural environment. Moreover, it was highlighted once again that the presence of more than one species affected both cells’ biofilm formation ability and their resistance to ultraviolet radiation and a disinfectant. This information is of great importance, as mixed communities are present in the environment. In addition, the observation that the UV treatment was insufficient in terms of sanitizing the surfaces where a mature biofilm had been formed by pathogens, especially in mixed communities, must be taken into account. However, in this study, it was shown that the examined agent, i.e., the photocatalytic TiO2-nanoparticle-based surfactant, enhanced the effectiveness of UV with respect to the disinfection of biofilms formed by various microorganisms, suggesting that this could represent an alternative way of disinfecting contaminated surfaces. Further studies are needed to explore this phenomenon in depth (including gene expression studies, an analysis including real food or the food industry, etc.) as these results present an intriguing case that may provide powerful solutions regarding biofilm disinfection within food-processing environments.
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Figure 1. Dual-strain and dual-species biofilm populations (log cfu/cm2) of Listeria monocytogenes (Red), Escherichia coli (Green), and Salmonella Enteritidis (Βlue) without treatment (Biofilm) (Control), after exposure to UV for 2 h (UV_Treatment) and to the photocatalytic TiO2-nanoparticle-based surfactant (TiO2 plus UV for 2 h—TiUV_Treatment). The error bars represent the standard deviation of six replicates. The different letters (i.e., a, b, c, d, e, f, g, h, and i) represent the significant differences (p < 0.05) between the population of each pathogen under mono-species culture and different microbial combination cultures (dual-species) based on the specified tested condition (Biofilm or UV_Treatment or TiUV_Treatment). 
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Figure 2. Mono- and dual-species biofilm populations (log cfu/cm2) of Brochothrix thermosphacta (purple), lactic acid bacteria (LAB) (coral), and Pseudomonas fragi (olivegreen) without treatment (Biofilm) (Control), after exposure to UV for 2 h (UV_Treatment) and to the photocatalytic TiO2-nanoparticle-based surfactant (TiO2 plus UV for 2 h—TiUV_Treatment). The error bars represent the standard deviation of six replicates. The different letters (i.e., a, b, c, and d) represent the significant differences (p < 0.05) between the population of each species under mono-species culture and different microbial combination cultures (dual-species) based on the specified tested condition (Biofilm or UV_Treatment or TiUV_Treatment). 
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Figure 3. Mono- and dual-species biofilm populations (log cfu/cm2) of Enterobacteriaceae without treatment (Biofilm) (Control), after exposure to UV for 2 h (UV_Treatment) and to the photocatalytic TiO2-nanoparticle-based surfactant (TiO2 plus UV for 2 h—TiUV_Treatment). The error bars represent the standard deviation of six replicates. The different letters (i.e., a, b, c, d, e, f, and g) represent the significant differences (p < 0.05) between the population of each microbe under mono-species culture and different microbial combination cultures (dual-species) based on the specified tested condition (Biofilm or UV_Treatment or TiUV_Treatment). 
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Table 1. Pathogenic and spoilage bacterial strains used in the present study.
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Species

	
FMCC CODE *

	
Strain

	
Sources






	
Listeria monocytogenes

	
B-129

	
21350

	
Frozen meal (meat-based)




	
Listeria monocytogenes

E. coli O157:H7

	
B-128

	
21085

	
Soft Cheese




	
B-18

	
NCTC 13127

	
Human feces




	
E. coli O157:H7

Salmonella enterica ser. Enteritidis

	
B-289

	
ATCC 35150

	
Human feces




	
B-56

	
WT

	
Provided by Prof L. Cocolin




	
Salmonella enterica ser. Enteritidis

	
B-287

	
P167807

	
Provided by Surrey University




	
Brochothrix thermosphacta

	
Β-432

	
20A3

	
Pork [45]




	
Brochothrix thermosphacta

Serratia liquefaciens

	
B-434

	
4A1

	
Pork [45]

Minced beef [46]




	
Β-292

	
VK6




	
Serratia proteomaculans

	
Β-293

	
VK17

	
Minced beef [46]




	
Citrobacter freundii

	
Β-294

	
VK19

	
Minced beef [46]




	
Hafnia alvei

	
Β-295

	
VK20

	
Minced beef [46]




	
Proteus vulgaris

	
Β-306

	
VK101

	
Minced beef [46]




	
Leuconostoc spp.

	
Β-233

	
-

	
Minced beef [47]




	
Latilactobacillus sakei

	
Β-226

	
-

	
Minced beef [47]




	
Pseudomonas fragi

	
Β-209

	
DSM–3456

	
Unknown








* FMCC: Food Microbiology Culture Collection, Laboratory of Microbiology and Biotechnology of Foods, Agricultural University of Athens.
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