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Abstract

:

Pseudomonas spp. are the most commonly found bacteria in food-processing environments due to properties such as a high growth rate at low temperatures, a high tolerance of antimicrobial agents, and biofilm formation. In this study, a set of Pseudomonas isolates originating from cleaned and disinfected surfaces in a salmon processing facility were screened for biofilm formation at 12 °C. A high variation in biofilm formation between the isolates was observed. Selected isolates, in both planktonic and biofilm states, were tested for resistance/tolerance to a commonly used disinfectant (peracetic acid-based) and antibiotic florfenicol. Most isolates showed a much higher tolerance in the biofilm state than in the planktonic state. In a multi-species biofilm experiment with five Pseudomonas strains with and without a Listeria monocytogenes strain, the Pseudomonas biofilm appeared to aid the survival of L. monocytogenes cells after disinfection, underscoring the importance of controlling the bacterial load in food-processing environments.
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1. Introduction


Bacteria within the genus Pseudomonas are Gram-negative, rod-shaped, and non-spore-forming obligate aerobes [1]. Members of this highly diverse genus, which has more than 200 described species, have been found in a wide range of environments [2]. They are non-fastidious, have broad temperature tolerance for growth [3], are highly tolerant of various antimicrobial agents [4,5,6,7], and innately produce biofilms [8,9]. Due to their ubiquitous nature, they have frequently been detected in food-processing environments [10,11]. In our recent study [12], we found them to be the most abundant genus in a salmon-processing facility after cleaning and disinfection.



The genus Pseudomonas contains many psychrotrophic and psychrophilic species [13], and with a high growth rate at low temperatures, they are likely to outcompete other bacteria. Therefore, even the initially low numbers of Pseudomonas spp. in refrigerated food products could cause food spoilage during cold storage due to their rapid growth, and Pseudomonas spp. have been suggested to be the predominant spoilage organisms found in aerobically stored and chilled fish products [14,15]. Many Pseudomonas strains have been shown to exhibit a high tolerance of disinfectants and are therefore often predominant in food-processing environments after cleaning and disinfection [7,11,16,17,18,19].



The use of disinfectants comprising peracetic acid (PAA) and hydrogen peroxide (H2O2) has increased in recent years because they have been shown to be highly efficient, broad-spectrum, and environmentally friendly [20,21,22], as after use, PAA can be decomposed into harmless components relatively quickly [23]. As the disinfection routines in food-processing facilities generally do not completely sterilize the processing surfaces, low numbers of bacteria remain after disinfection. The disinfection procedure acts as a selective pressure, favoring the most tolerant cells, which, in turn, proliferate and can potentially contaminate the food product [7].



Many Pseudomonas spp. have been shown to carry multidrug-efflux-pump systems, which provide them with a high tolerance of a wide range of antimicrobial agents [5,24,25,26]. A positive correlation between the tolerance of different antimicrobial agents, both disinfectants and antibiotics, has been demonstrated [27,28,29]. This indicates that the survival of the bacteria exposed to sub-lethal concentrations of disinfectants could co-select for both disinfectant- and antibiotic-resistant properties. Pseudomonas spp. from food-processing environments have been found to express high levels of resistance to different antibiotics [5,26,30]. The antibiotics of special interest in the salmon-processing environment are those that are commonly used in aquaculture, such as florfenicol and oxolinic acid [31]. Resistance against florfenicol is found to be relatively high (18.5–26.4%) in isolates collected from the sediments at fish farm sites in Chile [32]. The lower usage of antibiotics in Norwegian aquaculture as compared to that in Chile can lead to the assumption that the resistance level in Norway is low [31,33]. However, to our knowledge, no studies have been conducted that describe florfenicol resistance in bacteria associated with farmed-salmon environments in Norway, except our recent study of antibiotic resistance in Pseudomonas spp. by disk-diffusion assay [30].



Strains of Pseudomonas spp. have been shown to be efficient producers of biofilm, including several protective extracellular matrix components [9,34]. The bacteria living within the biofilm could be exposed to high concentrations of antimicrobials for prolonged periods of time, but they survived due to the sheltering effect of the biofilm matrix. This may have provided favorable conditions for the development of resistance and increased tolerance [35].



Several studies indicate that interspecies interactions in a biofilm could serve as an accelerator for horizontal gene transfer as well as facilitate adaptation to environmental conditions and the subsequent decreased susceptibility to antimicrobials [34,35,36]. Additionally, it has been indicated that multi-species, Pseudomonas-dominated biofilms could host and shelter pathogens, such as Listeria monocytogenes. Fagerlund et al. [37] showed that L. monocytogenes, when paired with P. putida and P. fluorescens, survived cleaning and disinfection (C&D) routines together better than with other representative isolates in a meat-processing environment. Therefore, the Pseudomonas genus has been of special interest as colonizers in food-processing environments, as a food-spoilage organism, and as protectors of food-borne pathogens.



The aims of this study were to (i) investigate the biofilm-forming capability of Pseudomonas isolates at a low temperature, relevant to the salmon-processing industry; (ii) study their tolerance, in both planktonic and biofilm states, of relevant disinfectants and antibiotics; and (iii) examine if a multi-species biofilm of several indigenous Pseudomonas strains could aid in the survival of the pathogenic bacteria L. monocytogenes.




2. Materials and Methods


2.1. Sampling, Isolation, and Identification of Isolates


All isolates analyzed in this study were collected in a salmon-processing facility, on the same occasions as described in our previous study [12] (Table S1). Samples were collected early in the morning, before the start of production, on cleaned and disinfected food-contact surfaces. The detection of Pseudomonas spp. was performed by spread-plating on Pseudomonas CFC selective agar (PA) (CM0559 and SR0103, Oxoid Ltd., Basingstoke, UK) with a following incubation at 25 °C for 48 h. Colonies growing on this agar were considered to be presumptive Pseudomonas sp. Pure cultures were made by picking colonies and re-propagating them at least twice before they were frozen in tryptic soy broth (TSB) with 20% glycerol at −80 °C. Identification of the isolates was carried out by sequencing the rpoD housekeeping gene, or 16S rRNA gene, as described in a previous study [30].



The isolate of Listeria monocytogenes used in the multi-species biofilm experiment was detected in the same salmon-processing plant during routine controls. This isolate was selected for the experiment as it was found to be of sequence type (ST) 8 [38]. This sequence type has been known to persist in food-processing environments and has been associated with food-borne outbreaks of listeriosis from salmon products [39,40].




2.2. Biofilm-Forming Capability Testing by Microtiter Biofilm Assay


A total of 36 isolates from our collection did not grow sufficiently at 12 °C and were omitted from the screening. Therefore, a set of 186 isolates were screened for their biofilm-forming capabilities at 12 °C by an in vitro microtiter biofilm assay using 96-well microtiter plates with peg lids (Nunc™ MicroWell™ and Immuno™ TSP Lids, Thermo Scientific) (illustrated in Figure S1). A standardized inoculum of each isolate was prepared by adding colony material to glass tubes pre-filled with 0.9% NaCl to obtain a cell density with the same transmittance as McFarland Standard 1.0 [41]. From the standardized cell suspension, 0.5 mL were inoculated in 14.5 mL ½ TSB (tryptic soy broth) (15 g TSB + 2.5 g NaCl per 1 L broth). To verify the actual cell concentration in each inoculum, serial dilutions were prepared and plated on plate count agar (PCA) plates in triplicate by the microspot technique [42]. Each inoculum was transferred to four wells in a 96-well plate with a peg lid and incubated at 12 °C for 48 h with gentle shaking at 70 rpm.



The optical density at 650 nm (OD650) of the planktonic growth was measured before and after incubation. To measure the biofilm formation, the peg lid was transferred to a new 96-well plate containing recovery medium (½ TSB with 1% Tween 20 (0777-1L, VWR Chemicals, Radnor, PA, USA)) and the biofilm was detached from the pegs by sonication (Branson 5800 Ultrasonic Cleaner, Branson Ultrasonics Co., Brookfield, CT, USA) at 40 kHz for 15 min. The OD650 in the wells was measured after sonication.



Biofilm formation for each isolate was calculated based on OD measurements as follows: The level of detection (LoD) was defined as meancontrol + 3 × SDcontrol and was calculated separately for each plate. Isolates with a mean OD650 (planktonic) ≤ LoD were characterized as having too poor growth under the given conditions, and their biofilm capability could not be evaluated. OD650 (planktonic) and OD650 (biofilm) for each isolate were calculated by subtracting the LoD of the respective plate from the mean OD650 for the isolate. Because there was a large difference in growth among the isolates under the given conditions, their biofilm-forming capacities were calculated as percentages: (mean OD650 (biofilm) − LoD)/(mean OD650 (planktonic)-LoD) × 100. Based on this calculation, the isolates were characterized as strong, medium, or weak biofilm producers if the biofilms were >10%, 6–10%, or 0–5%, respectively. If the OD650 (biofilm) was below LoD, no biofilm was detected.




2.3. Antimicrobial Susceptibility Testing in Microtiter Plates


Among the 186 isolates, 11 Pseudomonas isolates (LJP040, LJP042, LJP316, LJP321, LJP760, LJP788, LJP841, LJP863, LJP882, LJP895, and LJP906), one Serratia isolate (LJP847), one Aeromonas isolate (LJP900), and one L. monocytogenes isolate (MF4624) [43] were selected for further characterization of in vitro susceptibility to two specific antimicrobial agents. One was the disinfecting agent peracetic acid (PAA) in the form of a commercial product, Aqua DES Foam PAA (H661, Aquatiq Chemistry AS, Lillehammer, Norway). The commercial disinfectant contained 5% peracetic acid, 20% hydrogen peroxide, and 10% acetic acid. The other was the antibiotic florfenicol (F1427, Sigma, Saint Louis, MO, USA), which was the most commonly used antibiotic in Norwegian salmon farming [31]. The selection was based on differences in species classification and biofilm-forming capabilities. The selected isolates were tested in the presence of the antimicrobial agents in order to determine the minimum inhibitory concentration (MIC), the minimum bactericidal concentration (MBC), the minimum biofilm eradication concentration (MBEC), and the log10-reduction, according to the procedure described by Harrison et al. [44] and the MBEC™ Assay Procedural Manual, version 1.1 (Innovotech, Inc., Edmonton, AB, Canada), with minor adjustments. The procedure is described briefly here and illustrated in Figure S2.



Inoculum preparation and verification were conducted, as described previously, to a cell density equal to McFarland standard 1.0, followed by plating for the verification of viable cells. Inoculums of each isolate were transferred to 3 full columns each in a 96-well plate with a peg lid and incubated at 12 °C with gentle shaking (70 rpm) for 48 h. After incubation, the peg lid with biofilm formation was transferred to a challenge plate that contained a gradient of a single antimicrobial agent. The challenge conditions used were 15 min for Aqua Des Foam PAA and 24 h for florfenicol, both at 12 °C. During this exposure time, the biofilm on the peg lid shed cells into the broth in the challenge plate. The challenge plate was subsequently separated from the peg lid and used to determine the MIC and MBC. The biofilm on the peg lid was detached from the pegs by sonication (Branson 5800 Ultrasonic Cleaner, Branson Ultrasonics Co., Brookfield, CT, USA) at 40 kHz for 15 min and recovered in a new 96-well plate with recovery medium. The plate with the recovered cells from the biofilm was used to determine MBEC and log10-reduction.



Tenfold serial dilutions were prepared, and plating for viable cell count was conducted on PCA using the microspot technique. Plates were incubated at 15 °C for 48 h before counting.




2.4. Survival of Listeria Monocytogenes in Multi-Species Pseudomonas Biofilm


An investigation of survival in single- and multi-species Pseudomonas biofilms after disinfection under industry-relevant conditions of the disinfectant Aqua DES Foam PAA was performed on a selection of 5 Pseudomonas isolates. Of these isolates, three belonged to the P. fluorescens group (LJP040, 042, 321), one to P. putida (760), and one to P. lundensis (788). Selection criteria were different species assignments, biofilm-forming properties, and tolerance properties. Additionally, the fate of L. monocytogenes in the multi-species biofilm was also investigated. The methods for biofilm growth and disinfection survival were inspired by the biofilm experiment described by Heir et al. [45], with some adjustments to suit our purposes (Figure 1).



Freshly grown colonies of the 6 selected isolates were transferred into separate sterile glass tubes containing 10 mL of 0.9% NaCl and standardized to the McFarland equivalence turbidity standard 3.0 [41]. A mixed culture of the five Pseudomonas isolates was prepared using an equal volume of each standardized suspension. A cell suspension of L. monocytogenes was also prepared and standardized to McFarland 3.0. From these cell suspensions, a set of 3 inoculum solutions were prepared: 400 µL of Pseudomonas mixed suspension in 19.6 mL ½ TSB w/1% NaCl; 40 µL of L. monocytogenes in 19.96 mL ½ TSB w/1% NaCl; and 400 µL of Pseudomonas mixed suspension and 40 µL of L. monocytogenes in 19.56 mL ½ TSB w/1% NaCl.



Sterile stainless-steel coupons (25 mm × 5 mm × 1 mm, AISI 316) were aseptically placed in the inoculum solutions, with 4 coupons in each culture (L. monocytogenes (Lm), Pseudomonas spp. mix (Ps), and the combined solution (PsLm)) in addition to a negative control. The bacteria were given 3 h at room temperature (approx. 23 °C) to attach to the coupons. Each inoculum solution was enumerated immediately after bacteria were added by serial dilutions in 96-well plates and microspots on tryptic soy agar (TSA), brilliance Listeria selective agar (BLA) and Pseudomonas selective CFC agar (PA). The TSA and PA plates were incubated at 25 °C for 24 h, while the BLA was incubated at 37 °C for 24 h.



Inoculated coupons were transferred with sterile forceps into 5 mL Eppendorf Tubes® (Cat. no.: 0030119401, Eppendorf AG, Hamburg, Germany) pre-filled with 3 mL ½ TSB and incubated with gentle shaking (70 rpm) at 12 °C for 72 h. After 72 h of incubation (day 3), enumeration of planktonic cell growth was performed for all samples, including negative controls, and two coupons from each set were disinfected. Coupons were rinsed carefully in 0.9% NaCl before being submerged in a 1% solution of the disinfectant for 15 min. To test bacterial growth and survival in biofilm, one untreated and one disinfected coupon from each culture were transferred into 0.9% NaCl for rinsing before they were transferred into Eppendorf Tubes® containing 3 mL of recovery medium (½ TSB w/1% Tween 20). Samples were sonicated for 15 min at 40 kHz and 24 °C in an ultrasonic bath.



All coupons were transferred to new Eppendorf Tubes® and provided with fresh growth medium. Samples were incubated for another 72 h at 12 °C with shaking at 70 rpm.



After 144 h of inoculation (day 6), samples from all suspensions, including negative controls, were enumerated as previously described. All remaining coupons were sonicated, and the recovery solutions were enumerated. All disinfected coupons were stored for an additional period (4 days, total of 7 days after disinfection) after enumeration to test for survival under the initial detection limit (<10 CFU/mL). Regrowth was recorded as a positive result, and the number of days after treatment was registered. The whole experiment was performed in triplicate, with fresh culture medium and bacterial solutions each time.




2.5. Biofilm Disinfection: Survival and Growth


A simplified version of the multi-species biofilm experiment was conducted in 18 parallels to acquire a more confident basis for the evaluation of the survival of biofilm cells after disinfection. Bacterial solutions were standardized and inoculum solutions prepared, as previously described. The inoculum solutions of each culture (Lm, Ps, and PsLm) were added in the wells of 6-well plates (6 wells with each solution), and one stainless-steel coupon was added in each well before incubation at 12 °C for 72 h with shaking at 70 rpm. After 72 h of incubation, all coupons were disinfected as described previously, provided with new growth media (½ TSB) in new 6-well plates, and incubated at 12 °C with shaking at 70 rpm. Each well was closely examined for any increase in turbidity at least once a day for 7 days after disinfection treatment. Additionally, 72 h after disinfection, viable cell counts were analyzed in all suspensions by the traditional plate spreading technique on agar plates (TSA, BLA, and PA). Selective agar media (PA and BLA) were used to differentiate populations in co-culture. Samples that were negative on the first assessment were tested again 144 h (6 days) after disinfection.





3. Results


3.1. Biofilm-Forming Capabilities


A total of 186 presumptive Pseudomonas isolates collected from a salmon-processing plant were screened for biofilm formation at 12 °C. Of these, only 69% were classified as Pseudomonas, while the rest belonged to Aeromonas, Acinetobacter, Morganella, Serratia, Shewanella, Stenotrophomonas, and Pseudoalteromonas. Ten isolates showed poor growth in a planktonic state and under the given conditions; therefore, their biofilm-forming capabilities were not evaluated. This included all isolates of Pseudoalteromonas spp. Of the remaining 176 isolates, 11% (n = 19) were characterized as good biofilm producers, 26% (n = 45) as medium biofilm producers, 34% (n = 59) as weak biofilm producers, and for the remaining 30% (n = 53), no biofilm was detected (Table S2). Among the Pseudomonas isolates, 12% (n = 15) were characterized as strong biofilm producers, 29% (n = 37) as medium biofilm producers, 27% (n = 34) as weak biofilm producers, and for the remaining 30% (n = 39), no biofilm was detected.




3.2. Antimicrobial Susceptibility in Selected Isolates


All the tested isolates exposed to Aqua Des Foam PAA showed MIC values below 1%, except one isolate (LJP042) that had an MIC value of 2% (Table 1). All isolates had MBC values of 1% or lower, while 4 isolates had an MBEC value of 2%, and an additional 4 isolates had an MBEC value of 1%.



For the antibiotic florfenicol, the MIC values ranged from 19 µg/mL to 300 µg/mL for most isolates. Similarly, isolate LJP042 had the highest MIC value, as it was still growing at the highest concentration tested (2400 µg/mL), while another isolate, LJP040, had an MIC value of 2400 µg/mL. The MBC values ranged between 4.68 µg/mL (L. monocytogenes MF4524) and 600 µg/mL. A total of 4 isolates had MBEC values of >2400 µg/mL.



The mean log-kill of the biofilm cells after exposure to Aqua Des Foam PAA showed less than 1.0 log CFU/mL reduction for 9 isolates when exposed to the user concentration (1.0%) of the disinfectant (Figure 2). At a 2% concentration of the disinfectant, 7 isolates showed a reduction of more than 5 log10, while 6 isolates and L. monocytogenes MF4524 were still not reduced by 5 log10 units. At a 4% concentration of the disinfectant, 13 isolates were completely inactivated. Only one isolate (LJP042) survived, but it was reduced by 7 log units as compared to the growth controls.




3.3. Survival and Growth Dynamics of L. monocytogenes and Pseudomonas spp. in Multi-Species Biofilm


In the multi-species biofilm experiment, viable cell counts for each single- and multi-species culture were analyzed in planktonic state, in biofilm, and in disinfected biofilm after 72 h (day 3) and 144 h (day 6) (Figure 3).



The viable cell counts after 72 h were 9.1 log, 9.0 log, and 9.2 log CFU/mL in planktonic state and 6.9 log, 5.5 log, and 7.1 log CFU per coupon of biofilm growth for Ps, Lm, and PsLm, respectively. After 144 h of incubation with a renewal of the growth medium on day 3, the viable cell counts in planktonic state were 9.1 log, 8.9 log, and 9.3 log CFU/mL, with biofilm populations of 6.6 log, 6.5 log, and 6.8 log CFU/mL for Ps, Lm, and PsLm, respectively.



In its planktonic state, L. monocytogenes grew considerably less in co-culture with Pseudomonas spp. (PsLm) compared with a L. monocytogenes monoculture. Based on viable cell counts, L. monocytogenes accounted for approximately 0.8% of the total population in planktonic PsLm at day 3. On day 6, L. monocytogenes in planktonic state had decreased to approximately 0.6% of the total population. In co-culture biofilm, L. monocytogenes accounted for 0.9% of the PsLm population on day 3, while on day 6, this had increased to approximately 2.6% of the population.



Viable cell counts in disinfected biofilm were analyzed by plating the recovered cells immediately after sonication. No growth was observed in any of the disinfected coupons, indicating that the number of surviving cells was below the detection limit (30 viable cells/coupon). After the re-incubation of these cell suspensions for three additional days, only the PsLm culture exhibited regrowth in two replications.




3.4. Survival in Disinfected Multi-Species Biofilm


Based on the inconsistent results of the multispecies biofilm disinfection experiment, where survival after disinfection was observed for 2 out of the 3 PsLm cultures, a simplified version of the experiment was carried out in 18 parallels. The biofilms of L. monocytogenes, Pseudomonas spp. Mix, and a combination were grown on stainless-steel coupons for 3 days before disinfection of the coupons, followed by a transfer into fresh growth medium and further incubation. The cultures were visually inspected for new growth by observing visible increases in turbidity once per day. No increased turbidity was observed in any of the cultures one day after disinfection. On the second day, 4 of the 18 Ps cultures and 7 out of the 18 PsLm cultures showed visible growth, while on the third day, 13 of the Ps cultures and 9 of the PsLm cultures showed visible growth. On day 3 after disinfection, all cultures were plated on TSA, BLA, and PA to test for growth. In this viable cell count test, 10 out of the 18 PsLm cultures showed growth of L. monocytogenes (Figure 4).





4. Discussion


In this study, 186 bacterial isolates from Pseudomonas CFC agar were screened for biofilm-forming capability at 12 °C and graded as strong, medium, weak, or not biofilm-producers. This screening revealed that among the Pseudomonas isolates, 12% were characterized as strong biofilm producers, 29% as medium biofilm producers, and 27% as weak biofilm producers. These findings corresponded to previous studies where Pseudomonas spp. had been found to be good biofilm producers [8,46]. Liu et al. [47] reported that certain strains of Pseudomonas produced biofilm faster at low temperatures (4–10 °C) than at 30 °C. In this study, we used an incubation temperature of 12 °C to simulate the conditions in a salmon-processing facility, and this probably induced efficient biofilm formation in many of the Pseudomonas isolates. In this experiment, 29% of the Pseudomonas isolates did not produce any detectable biofilm. This did not appear to be related to the species, as we observed diverse species assignments among the non-biofilm group, weak-biofilm group, and medium-biofilm group. Furthermore, we observed that 57% of the Pseudomonas isolates with no biofilm formation also had poor general growth under the selected conditions, indicating that the possible biofilm might be below the detection limit of this method. The screening of the biofilm-forming capabilities was conducted by measuring the optical density at 650 nm (OD650) and classifying the isolates as strong, medium, or weak biofilm producers. We set our own limits based on the OD650 (biofilm) relative to OD650 (planktonic) and calculated as previously explained. This means that these characterizations are only relative to the isolates in this study. The OD measurement has some limitations that are important to be aware of. Firstly, the size and shape of the cells, in addition to intra-species aggregation and flocculation, will affect the OD measurement. Another limitation is the sensitivity of the OD measurement, as previously reported by Biesta-Peters et al. [48].



Good cleaning and disinfection routines in food-processing facilities are of high importance, and it is essential that the disinfectants are efficient. The goal of disinfection routines is not necessarily to sterilize the surface but, instead, to keep total bacterial contamination to a minimum and eradicate pathogens. When considering the efficiency of a disinfectant, it must provide a minimum of a 5 log10-reduction in cell numbers of the specific test organisms, usually performed on bacteria in a planktonic state [49,50].



Among the isolates tested for tolerance to a PAA-based disinfectant and antibiotic used in fish farming, the Pseudomonas isolates showed higher tolerance to both the disinfectant and the antibiotic as compared to the bacteria of the other genera. This was especially evident for bacteria in a biofilm state. Interestingly, the variations in the tolerance patterns between isolates were high, even in different isolates of the same species, indicating that antimicrobial tolerance was not necessarily a strain-specific property. This experiment showed that all the tested isolates had MIC and MBC values below the user concentration of 1%, except for a P. fluorescens isolate (LJP042), which had an MIC value of 2%. Both the MIC and MBC values were measured on planktonic state bacteria. The MIC values for disinfectants are of less relevance for the food industry because the disinfected surfaces are usually rinsed with water to prevent disinfectant residue in the food products, and the resident bacteria on the surfaces will therefore not be exposed to the disinfectant for a prolonged period. On the contrary, the MBC and MBEC values are of high interest, as these could better reflect the scenario in a food-processing facility with a short exposure time. In our experiment, 4 isolates had an MBEC value of 2.0%, and an additional 4 isolates had an MBEC value of 1.0%. This indicates that they are likely to survive the disinfection procedure applied in a food-processing facility (1.0% disinfectant, exposure time 15 min).



To reach the 5 log10-reduction of the bacteria, different combinations of the disinfectant concentration and exposure times could be used. In this experiment, the exposure time of the biofilm cells to the disinfectant was 15 min. At a 1.0% concentration, only 1 isolate was reduced by 5 log10 units. At a 2.0% concentration, 7 isolates were sufficiently reduced, while at a 4.0% concentration, all isolates were reduced by a minimum of 5 log10 units. However, a single P. fluorescens isolate (LJP042) still had some viable cells. The manufacturer’s recommendation for the disinfectant was a concentration of 1.5–3.0% with an exposure time of 5–15 min, while the salmon-processing facility had chosen a strategy of 1.0% for 15–20 min for daily routines, with higher concentrations occasionally. The results from the susceptibility experiment indicated that the highest concentrations recommended by the manufacturer were sufficient to eradicate most bacteria, also in a biofilm state. However, it must be mentioned that the biofilms in this experiment were single-species biofilms that had been allowed to establish over just 24 h. A multi-species biofilm established over a longer time period has other attributes that could lend it more resistance [37,51]. Fagerlund et al. [37] demonstrated that C&D routines could induce a shift in the bacterial composition in complex multi-genus biofilms, while biofilms only exposed to water remained stable in composition, which could have further implications on biofilm survival and pathogen transmission.



The facility’s strategy of using lower concentrations of the disinfectant than recommended must also be addressed. Our results demonstrated that at 1.0% concentration, the reductions in 9 of the isolates were less than 1 log10-unit. This strategy not only results in surviving bacteria but also provides a selective pressure that favors the more tolerant individuals. Previous studies indicate that exposing bacteria to sub-lethal concentrations of a disinfectant can cause co-selection of antibiotic-resistant bacteria and also induce increased tolerance to certain antibiotics [28].



Florfenicol is the most frequently used antibiotic in Norwegian aquaculture [31] and is used to treat infections caused by Aeromonas salmonicida and Pseudomonas anguilliseptica in both salmon and lumpfish, among others [52,53]. The development of resistance in aquaculture-related bacteria is therefore of high interest. In contrast to disinfectants, antibiotics are meant to have a longer exposure time; hence, the longer exposure time (24 h) for florfenicol. Additionally, the MIC values are more relevant than the MBC and MBEC values as the MIC values are measured after a long exposure time. The susceptibility tests with florfenicol showed MIC values throughout the whole spectrum of the concentrations that were tested. The remarkable high tolerance of the isolate LJP042 (MIC >2400 µg/mL) and the isolate LJP040 (MIC = 2400 µg/mL) has, to our knowledge, not been reported earlier. Both Miranda and Rojas [32] as well as Adesoji and Call [54] reported high MIC values (>512 to >1024 µg/mL) for florfenicol among Pseudomonas spp., associated with Chilean salmon farms, while Ho et al. [55] reported MIC values between 0.78 and >100 µg/mL. All the Pseudomonas isolates included in this study had previously been characterized as resistant to florfenicol by the disk diffusion method in our recent study [30].



The MBEC values for florfenicol in the studied isolates were generally high, with 4 isolates showing an MBEC value > 2400 µg/mL and 2 isolates with an MBEC value of 2400 µg/mL. Generally, our isolates had much higher MBEC values than MIC values, which supported the findings in previous studies where bacteria had drastically increased their tolerance to antibiotics in biofilms as compared to their response in planktonic states [56,57]. This was particularly expressed in the isolate LJP863, which had relatively low MIC and MBC values (75 µg/mL and 19 µg/mL, respectively) but an MBEC value of >2400 µg/mL. In addition, isolate LJP760 had a relatively low MIC value (150 µg/mL). This isolate was characterized as susceptible to florfenicol in a disk diffusion assay [30]. With an MBEC value of >2400 µg/mL, the protective effect of the biofilm was demonstrated. It was, however, observed that the colonies produced by the cultures exposed to a high concentration of florfenicol were smaller after exposure than the colonies produced by cultures exposed to lower concentrations. This indicated that florfenicol caused a growth delay in the cells recovered from the exposed biofilm, which can be explained by the bacteriostatic effect of florfenicol. A similar phenomenon had been observed in P. fluorescens isolates exposed to gradually higher concentrations of the disinfectants dodecyl-dimethylammonium chloride (DDAC) and coco-trimethylammonium chloride (CTC) [7].



In the multi-species biofilm experiment, we observed that L. monocytogenes grew considerably less dense in co-culture with Pseudomonas spp. (PsLm) as compared to monoculture (Lm) in planktonic state. This could be explained by Pseudomonas spp. having a higher growth rate than L. monocytogenes under the applied conditions. In the PsLm culture, L. monocytogenes accounted for approximately 0.8% of the total population on day 3 and 0.6% on day 6. In the PsLm biofilm, L. monocytogenes accounted for 0.9% of the PsLm population on day 3, which then increased to 2.6% of the population on day 6. This increase indicated that L. monocytogenes had the potential to persist in such biofilms, though in lower numbers than its cohabitants. Fagerlund et al. [37] demonstrated the same tendency after L. monocytogenes had been grown in multi-species biofilms on conveyor belt coupons. The L. monocytogenes biovolume increased from day 4 to day 7 of their experiment as compared to the biovolumes of the multi-species biofilms. In the same study, by confocal laser scanning microscopy (CLSM), they also documented that L. monocytogenes was present as single cells or small clusters dispersed in the multispecies biofilm and that the density of these cells was higher towards the inner layer of the biofilm. A number of possible mechanisms involved in the increased tolerance to disinfectants and how this can aid the survival of, e.g., pathogens have been discussed by Bridier et al. [51]. Based on the increase of L. monocytogenes in the biofilm over time and the simultaneous decrease of L. monocytogenes in suspension seen in our study, we suspect that L. monocytogenes migrated to the inner layers of the biofilm over time and, as a result of this, is more sheltered against the disinfectant.



To assess the efficiency of the disinfectant Aqua DES Foam PAA, the biofilms of the different cultures, Ps, Lm, and PsLm, were exposed to a 1% concentration of the disinfectant for 15 min. The viable cell counts from the disinfected biofilms were analyzed by plating the recovery suspension immediately after disinfection and sonication. No growth was observed in any of the disinfected coupons at this point. However, after re-incubation of these recovery suspensions for 3 days with the steel coupon still present, regrowth occurred in the PsLm culture in one of the replicates. This indicated that either some cells had survived the disinfection but the numbers were below the detection limit of 30 viable cells/coupon or the cells had entered a viable but not culturable (VBNC) state. After plating on selective agar 3 days post-disinfection, we found that both Pseudomonas spp. and L. monocytogenes had survived the treatment. Similar results, with regrowth only in the mixed culture, were observed in a similar preliminary experiment. To further investigate the inconsistent disinfection survival characteristics, a simplified version of the experiment was conducted with a higher number of parallels. In this experiment, no viable cells could be detected by spread-plating immediately after disinfection. However, substantial regrowth after two, three, and four days could be observed by the visually increased turbidity in several specimens. None of the single-species biofilms of L. monocytogenes survived the disinfection treatment, but in total, 15 of the 18 Pseudomonas spp. biofilms and 13 of the 18 PsLm biofilms survived the treatment. L. monocytogenes survived in 10 of the PsLm biofilms. This supported the hypothesis that the properties of Pseudomonas spp. in biofilm formation and tolerance towards disinfectants also aided pathogens such as L. monocytogenes in surviving the disinfection treatment.



Despite this strong indication, there were some inconsistencies in the results. A total of 3 out of the 18 Ps cultures and 5 of the 18 PsLm cultures did not survive the disinfection treatment. In addition, we observed a variation in the colony morphology after spread-plating, suggesting that different strains of Pseudomonas sp. dominated in different parallel cultures. This indicated that there were additional factors affecting the survival of the biofilm beyond those investigated in this study. These factors could be that the steel coupons had microscopic irregularities, scars, or scratches on their surfaces, enabling the bacterial cells to evade disinfection. As well, this could be likely in real-world food-processing environments. The topography of the biofilm can also vary between cultures, providing differences in the diffusion of the disinfectant. It is likely that a combination of the above-mentioned factors gives small margins for survival in biofilm after disinfection.



This experiment demonstrated that a commonly used disinfection strategy was sufficient for reducing biofilm populations to a level below detection limits. However, we observed a substantial level of regrowth after 48–96 h, indicating that the biofilm populations were not totally eradicated. The study also demonstrated how an often-overlooked bacterial genus such as Pseudomonas could indirectly threaten food safety by sheltering low numbers of pathogens in its biofilm matrix.



When performing these experiments, we attempted to provide conditions as close as possible to a real-world scenario. However, there were some crucial differences between the disinfection process in this study and the cleaning and disinfection procedures in real life. In the food-processing facilities, mechanical forces, including swabbing and scrubbing surfaces, and chemical cleaning agents are used. These actions were not conducted in our experiments. However, swabbing and scrubbing may not be applied to all surfaces consistently, and some surfaces and areas could be overlooked due to human error or difficult access. Therefore, the conditions in the experiments were not unrealistic.




5. Conclusions


Species of the genus Pseudomonas are commonly found in food environments, and some of them are recognized as important food spoilage bacteria. However, in terms of food safety, members of this genus have often been overlooked as they are not directly associated with food-borne infections in humans.



In this study, we demonstrated the variation in biofilm-forming capacity at given conditions in different isolates originating from a salmon processing facility. We also demonstrated the variation in tolerance to the PAA-based disinfectant, Aqua Des Foam PAA, regularly used in food processing facilities, and one antibiotic relevant to aquaculture, revealing that many Pseudomonas isolates have a high inherent tolerance to the disinfectant, especially in biofilm state. The resistance to florfenicol was also high in several isolates, with MIC values of 2400 μg/mL and higher. Ultimately, we showed how the biofilm-forming and disinfectant tolerance of Pseudomonas spp. can aid the survival of Listeria monocytogenes. By doing so, Pseudomonas spp. residing in the food processing environment indirectly threatens food safety.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/microorganisms11061414/s1, Figure S1: Biofilm screening procedure; Figure S2: Procedure for analyzing MIC, MBC, MBEC and log kill; Table S1: Table of isolates; Table S2: Isolates and their biofilm-forming capabilities.





Author Contributions


Conceptualization, G.M.B.T. and L.M.; methodology, G.M.B.T. and L.M.; formal analysis, G.M.B.T., T.R. and M.H.; writing—original draft preparation, G.M.B.T.; writing—review and editing, G.M.B.T., T.R., M.H. and L.M.; visualization, G.M.B.T., T.R., M.H. and L.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Norwegian University of Science and Technology (NTNU). Gunn Merethe B. Thomassen was supported by a Ph.D. grant from NTNU, as part of the OPTiMAT project.




Data Availability Statement


The data presented in this study are available in this article and the Supplementary Material.




Acknowledgments


The authors wish to thank the projects master students for their valuable contribution to this work. The authors also thank the provider of the MF4624 Listeria monocytogenes isolate.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Palleroni, N.J. Pseudomonas. In Bergey’s Manual of Systematics of Archea and Bacteria; Trujillo, M.E., Dedysh, S., DeVos, P., Hedlund, B., Kämpfer, P., Rainey, F.A., Whitman, W.B., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015. [Google Scholar]

	



Peix, A.; Ramírez-Bahena, M.H.; Velázquez, E. The current status on the taxonomy of Pseudomonas revisited: An update. Infect. Genet. Evol. 2018, 57, 106–116. [Google Scholar] [CrossRef]

	



Kumar, H.; Franzetti, L.; Kaushal, A.; Kumar, D. Pseudomonas fluorescens: A potential food spoiler and challenges and advances in its detection. Ann. Microbiol. 2019, 69, 873–883. [Google Scholar] [CrossRef]

	



Moore, E.R.B.; Tindall, B.J.; Martins Dos Santos, V.A.P.; Pieper, D.H.; Ramos, J.-L.; Palleroni, N.J. Nonmedical: Pseudomonas. In The Prokaryotes: A Handbook on the Biology of Bacteria Volume 6: Proteobacteria: Gamma Subclass; Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, K.-H., Stackebrandt, E., Eds.; Springer: New York, NY, USA, 2006; pp. 646–703. [Google Scholar]

	



Heir, E.; Moen, B.; Åsli, A.W.; Sunde, M.; Langsrud, S. Antibiotic resistance and phylogeny of Pseudomonas spp. isolated over three decades from chicken meat in the Norwegian food chain. Microorganisms 2021, 9, 207. [Google Scholar] [CrossRef]

	



Quintieri, L.; Fanelli, F.; Caputo, L. Antibiotic resistant Pseudomonas spp. spoilers in fresh dairy products: An underestimated risk and the control strategies. Foods 2019, 8, 372. [Google Scholar] [CrossRef]

	



Langsrud, S.; Sundheim, G.; Borgmann-Strahsen, R. Intrinsic and acquired resistance to quaternary ammonium compounds in food-related Pseudomonas spp. J. Appl. Microbiol. 2003, 95, 874–882. [Google Scholar] [CrossRef]

	



Mann, E.E.; Wozniak, D.J. Pseudomonas biofilm matrix composition and niche biology. FEMS Microbiol. Rev. 2012, 36, 893–916. [Google Scholar] [CrossRef] [PubMed]

	



Tolker-Nielsen, T.; Søren, M. The Biofilm Lifestyle of Pseudomonads. In Pseudomonas; Ramos, J.-L., Ed.; Springer: Boston, MA, USA, 2004; pp. 547–571. [Google Scholar]

	



Stellato, G.; Utter, D.R.; Voorhis, A.; De Angelis, M.; Eren, A.M.; Ercolini, D. A few Pseudomonas oligotypes dominate in the meat and dairy processing environment. Front. Microbiol. 2017, 8, 264. [Google Scholar] [CrossRef]

	



Møretrø, T.; Moen, B.; Heir, E.; Hansen, A.Å.; Langsrud, S. Contamination of salmon fillets and processing plants with spoilage bacteria. Int. J. Food Microbiol. 2016, 237, 98–108. [Google Scholar] [CrossRef] [PubMed]

	



Thomassen, G.M.B.; Krych, L.; Knøchel, S.; Mehli, L. Bacterial community development and diversity during the first year of production in a new salmon processing plant. Food Microbiol. 2023, 109, 104138. [Google Scholar] [CrossRef] [PubMed]

	



Molin, G.; Ternström, A. Numerical taxonomy of psychrotrophic pseudomonads. J. Gen. Microbiol. 1982, 128, 1249–1264. [Google Scholar] [CrossRef] [PubMed]

	



Boziaris, I.S.; Parlapani, F.F. Chapter 3—Specific Spoilage Organisms (SSOs) in Fish. In The Microbiological Quality of Food; Woodhead Publishing: Sawston, UK, 2017; pp. 61–98. [Google Scholar]

	



Macé, S.; Cornet, J.; Chevalier, F.; Cardinal, M.; Pilet, M.-F.; Dousset, X.; Joffraud, J.-J. Characterisation of the spoilage microbiota in raw salmon (Salmo salar) steaks stored under vacuum or modified atmosphere packaging combining conventional methods and PCR–TTGE. Food Microbiol. 2012, 30, 164–172. [Google Scholar] [CrossRef]

	



Bagge-Ravn, D.; Ng, Y.; Hjelm, M.; Christiansen, J.N.; Johansen, C.; Gram, L. The microbial ecology of processing equipment in different fish industries-analysis of the microflora during processing and following cleaning and disinfection. Int. J. Food Microbiol. 2003, 87, 239–250. [Google Scholar] [CrossRef] [PubMed]

	



Langsrud, S.; Moen, B.; Møretrø, T.; Løype, M.; Heir, E. Microbial dynamics in mixed culture biofilms of bacteria surviving sanitation of conveyor belts in salmon-processing plants. J. Appl. Microbiol. 2016, 120, 366–378. [Google Scholar] [CrossRef] [PubMed]

	



Møretrø, T.; Langsrud, S. Residential bacteria on surfaces in the food industry and their implications for food safety and quality. Compr. Rev. Food Sci. Food Saf. 2017, 16, 1022–1041. [Google Scholar] [CrossRef]

	



Caraballo Guzmán, A.; González Hurtado, M.I.; Cuesta-Astroz, Y.; Torres, G. Metagenomic characterization of bacterial biofilm in four food processing plants in Colombia. Braz. J. Microbiol. 2020, 51, 1259–1267. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, C.D.; Fletcher, G.C. Assessing manufacturers’ recommended concentrations of commercial sanitizers on inactivation of Listeria monocytogenes. Food Control 2012, 26, 194–199. [Google Scholar] [CrossRef]

	



Antonelli, M.; Turolla, A.; Mezzanotte, V.; Nurizzo, C. Peracetic acid for secondary effluent disinfection: A comprehensive performance assessment. Water Sci. Technol. 2013, 68, 2638–2644. [Google Scholar] [CrossRef]

	



Freitas, B.d.O.; Leite, L.d.S.; Daniel, L.A. Chlorine and peracetic acid in decentralized wastewater treatment: Disinfection, oxidation and odor control. Process Saf. Environ. Prot. 2021, 146, 620–628. [Google Scholar] [CrossRef]

	



Monarca, S.; Richardso, S.D.; Feretti, D.; Grottolo, M.; Thruston, A.D., Jr.; Zani, C.; Navazio, G.; Ragazzo, P.; Zerbini, I.; Alberti, A. Mutagenicity and disinfection by-products in surface drinking water disinfected with peracetic acid. Environ. Toxicol. Chem. 2002, 21, 309–318. [Google Scholar] [CrossRef]

	



Poole, K.; Krebes, K.; McNally, C.; Neshat, S. Multiple antibiotic resistance in Pseudomonas aeruginosa: Evidence for involvement of an efflux operon. J. Bacteriol. 1993, 175, 7363–7372. [Google Scholar] [CrossRef]

	



Ramos, J.L.; Duque, E.; Godoy, P.; Segura, A. Efflux pumps involved in toluene tolerance in Pseudomonas putida DOT-T1E. J. Bacteriol. 1998, 180, 3323–3329. [Google Scholar] [CrossRef] [PubMed]

	



Meng, L.; Liu, H.; Lan, T.; Dong, L.; Hu, H.; Zhao, S.; Zhang, Y.; Zheng, N.; Wang, J. Antibiotic resistance patterns of Pseudomonas spp. isolated from raw milk revealed by whole genome sequencing. Front. Microbiol. 2020, 11, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Fernández Márquez, M.L.; Burgos, M.J.; Pulido, R.P.; Gálvez, A.; López, R.L. Biocide tolerance and antibiotic resistance in Salmonella isolates from hen eggshells. Foodborne Pathog. Dis. 2017, 14, 89–95. [Google Scholar] [CrossRef]

	



Nasr, A.M.; Mostafa, M.S.; Arnaout, H.H.; Elshimy, A.A.A. The effect of exposure to sub-inhibitory concentrations of hypochlorite and quaternary ammonium compounds on antimicrobial susceptibility of Pseudomonas aeruginosa. Am. J. Infect. Control 2018, 46, e57–e63. [Google Scholar] [CrossRef] [PubMed]

	



Wales, A.D.; Davies, R.H. Co-Selection of resistance to antibiotics, biocides and heavy metals, and its relevance to foodborne pathogens. Antibiotics 2015, 4, 567–604. [Google Scholar] [CrossRef]

	



Thomassen, G.M.B.; Reiche, T.; Tennfjord, C.E.; Mehli, L. Antibiotic Resistance Properties among Pseudomonas spp. Associated with Salmon Processing Environments. Microorganisms 2022, 10, 1420. [Google Scholar] [CrossRef]

	



NORM/NORM-VET 2020: Usage of Antimicrobial Agents and Occurence of Antimicrobial Resistance in Norway; Norwegian Institute of Public Health: Oslo, Norway, 2021.

	



Miranda, C.D.; Rojas, R. Occurrence of florfenicol resistance in bacteria associated with two Chilean salmon farms with different history of antibacterial usage. Aquaculture 2007, 266, 39–46. [Google Scholar] [CrossRef]

	



Miranda, C.D.; Godoy, F.A.; Lee, M.R. Current status of the use of antibiotics and the antimicrobial resistance in the Chilean salmon farms. Front. Microbiol. 2018, 9, 1–14. [Google Scholar] [CrossRef]

	



Wagner, E.M.; Pracser, N.; Thalguter, S.; Fischel, K.; Rammer, N.; Pospíšilová, L.; Alispahic, M.; Wagner, M.; Rychli, K. Identification of biofilm hotspots in a meat processing environment: Detection of spoilage bacteria in multi-species biofilms. Int. J. Food Microbiol. 2020, 328, 108668. [Google Scholar] [CrossRef]

	



Bridier, A.; Sanchez-Vizuete, P.; Guilbaud, M.; Piard, J.C.; Naïtali, M.; Briandet, R. Biofilm-associated persistence of food-borne pathogens. Food Microbiol. 2015, 45, 167–178. [Google Scholar] [CrossRef]

	



Giaouris, E.; Heir, E.; Desvaux, M.; Hébraud, M.; Møretrø, T.; Langsrud, S.; Doulgeraki, A.; Nychas, G.-J.; Kačániová, M.; Czaczyk, K.; et al. Intra- and inter-species interactions within biofilms of important foodborne bacterial pathogens. Front. Microbiol. 2015, 6, 841. [Google Scholar] [CrossRef] [PubMed]

	



Fagerlund, A.; Møretrø, T.; Heir, E.; Briandet, R.; Langsrud, S. Cleaning and disinfection of biofilms composed of Listeria monocytogenes and background microbiota from meat processing surfaces. Appl. Environ. Microbiol. 2017, 83, e01046-17. [Google Scholar] [CrossRef]

	



Thomassen, G.M.B.; Krych, L.; Knøchel, S.; Mehli, L. ON-rep-seq as a rapid and cost-effective alternative to whole-genome sequencing for species-level identification and strain-level discrimination of Listeria monocytogenes contamination in a salmon processing plant. MicrobiologyOpen 2021, 10, e1246. [Google Scholar] [CrossRef] [PubMed]

	



Fagerlund, A.; Langsrud, S.; Schirmer, B.C.T.; Møretrø, T.; Heir, E. Genome analysis of Listeria monocytogenes sequence type 8 strains persisting in salmon and poultry processing environments and comparison with related strains. PLoS ONE 2016, 11, e0151117. [Google Scholar] [CrossRef]

	



EFSA; ECDC. Multi-country outbreak of Listeria monocytogenes sequence type 8 infections linked to consumption of salmon products. EFSA Support. Publ. 2018, 15, 1496E. [Google Scholar] [CrossRef]

	



McFarland, J. The Nephelometer: An instrument for estimating the number of bacteria in suspensions used for calculating the opsonic index and for vaccines. J. Am. Med. Assoc. 1907, 49, 1176–1178. [Google Scholar] [CrossRef]

	



Harrigan, W.F. Laboratory Methods in Food Microbiology, 3rd ed.; Academic Press: Cambridge, MA, USA, 1998; p. 532. [Google Scholar]

	



Møretrø, T.; Schirmer, B.C.T.; Heir, E.; Fagerlund, A.; Hjemli, P.; Langsrud, S. Tolerance of L. monocytogenes to quaternary ammonium compounds may enhance growth in the food industry. Int. J. Food Microbiol. 2017, 241, 215–224. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, J.J.; Stremick, C.A.; Turner, R.J.; Allan, N.D.; Olson, M.E.; Ceri, H. Microtiter susceptibility testing of microbes growing on peg lids: A miniaturized biofilm model for high-throughput screening. Nat. Protoc. 2010, 5, 1236–1254. [Google Scholar] [CrossRef]

	



Heir, E.; Møretrø, T.; Simensen, A.; Langsrud, S. Listeria monocytogenes strains show large variations in competitive growth in mixed culture biofilms and suspensions with bacteria from food processing environments. Int. J. Food Microbiol. 2018, 275, 46–55. [Google Scholar] [CrossRef]

	



Maes, S.; Heyndrickx, M.; Vackier, T.; Steenackers, H.; Verplaetse, A.; Reu, K.D. Identification and spoilage potential of the remaining dominant microbiota on food contact surfaces after cleaning and disinfection in different food industries. J. Food Prot. 2019, 82, 262–275. [Google Scholar] [CrossRef]

	



Liu, Y.-J.; Xie, J.; Zhao, L.-J.; Qian, Y.-F.; Zhao, Y.; Liu, X. Biofilm formation characteristics of Pseudomonas lundensis isolated from meat. J. Food Sci. 2015, 80, M2904–M2910. [Google Scholar] [CrossRef] [PubMed]

	



Biesta-Peters, E.G.; Reij, M.W.; Joosten, H.; Gorris, L.G.M.; Zwietering, M.H. Comparison of two optical-density-based methods and a plate count method for estimation of growth parameters of Bacillus cereus. Appl. Environ. Microbiol. 2010, 76, 1399–1405. [Google Scholar] [CrossRef]

	



Bland, R.; Brown, S.R.B.; Waite-Cusic, J.; Kovacevic, J. Probing antimicrobial resistance and sanitizer tolerance themes and their implications for the food industry through the Listeria monocytogenes lens. Compr. Rev. Food Sci. Food Saf. 2022, 21, 1777–1802. [Google Scholar] [CrossRef] [PubMed]

	



EPA. roduct Performance Test Guidelines Ocspp 810.2300: Sanitizers for Use on Hard Surfaces—Efficacy Data Recommendations [EPA 712-C-07-091]. 2012. Available online: https://www.regulations.gov/document/EPA-HQ-OPPT-2009-0150-0022 (accessed on 11 July 2022).

	



Bridier, A.; Briandet, R.; Thomas, V.; Dubois-Brissonnet, F. Resistance of bacterial biofilms to disinfectants: A review. Biofouling 2011, 27, 1017–1032. [Google Scholar] [CrossRef] [PubMed]

	



Kverme, K.O.; Haugland, G.T.; Hannisdal, R.; Kallekleiv, M.; Colquhoun, D.J.; Lunestad, B.T.; Wergeland, H.I.; Samuelsen, O.B. Pharmacokinetics of florfenicol in lumpfish (Cyclopterus lumpus L.) after a single oral administration. Aquaculture 2019, 512, 734279. [Google Scholar] [CrossRef]

	



Samuelsen, O.B.; Hjeltnes, B.; Glette, J. Efficacy of orally administered florfenicol in the treatment of furunculosis in Atlantic salmon. J. Aquat. Anim. Health 1998, 10, 56–61. [Google Scholar] [CrossRef]

	



Adesoji, A.T.; Call, D.R. Molecular analysis of florfenicol-resistant bacteria isolated from drinking water distribution systems in Southwestern Nigeria. J. Glob. Antimicrob. Resist. 2020, 23, 340–344. [Google Scholar] [CrossRef]

	



Ho, S.P.; Hsu, T.Y.; Che, M.H.; Wang, W.S. Antibacterial effect of chloramphenicol, thiamphenicol and florfenicol against aquatic animal bacteria. J. Vet. Med. Sci. 2000, 62, 479–485. [Google Scholar] [CrossRef]

	



Ceri, H.; Olson, M.E.; Stremick, C.; Read, R.R.; Morck, D.; Buret, A. The Calgary biofilm device: New technology for rapid determination of antibiotic susceptibilities of bacterial biofilms. J. Clin. Microbiol. 1999, 37, 1771–1776. [Google Scholar] [CrossRef]

	



Olson, M.E.; Ceri, H.; Morck, D.W.; Buret, A.G.; Read, R.R. Biofilm bacteria: Formation and comparative susceptibility to antibiotics. Can. J. Vet. Res. 2002, 66, 86–92. [Google Scholar]








[image: Microorganisms 11 01414 g001 550] 





Figure 1. Flowchart of the biofilm disinfection experiment. Freshly grown colonies of L. monocytogenes and Pseudomonas spp. isolates were suspended in a 0.9% NaCl solution and standardized to McFarland 3.0. Stainless steel coupons were submerged in the cell suspensions for 3 h at room temperature. Inoculum solutions: Lm = L. monocytogenes; Ps = Pseudomonas spp. Mixture; PsLm = L. monocytogenes and Pseudomonas spp. co-culture. Inoculated coupons were transferred to Eppendorf Tubes®, containing 3 mL ½ TSB, and incubated for 72 h at 12 °C with gentle shaking (70 rpm). After incubation, half of each set was disinfected (1% Aqua DES Foan PAA disinfectant, 15 min). One disinfected and one not disinfected coupon of each set was incubated again (under the same conditions). Enumeration of viable cells was performed by the microspot technique for inoculum, planktonic cells, and detached biofilm at the start, on days 3 and 6. 
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Figure 2. Log10-reduction of 14 isolates (LJP040, LJP042, LJP316, LJP321, LJP760, LJP788, MF4624, LJP841, LJP847, LJP863, LJP882, LJP895, LJP900, and LJP906) after exposure to (A) the disinfectant Aqua Des Foam PAA at different concentrations for 10 min and (B) the antibiotic florfenicol at different concentrations for 24 h. 
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Figure 3. Viable cell counts from multi-species cultures for planktonic growth and biofilm growth. The values are shown as an average between three technical replications. Ps denotes the Pseudomonas culture consisting of 5 different strains; Lm denotes the L. monocytogenes in a single culture; and PsLm denotes the combined culture of Pseudomonas mix and L. monocytogenes. 
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Figure 4. Test for survival on disinfected stainless-steel coupons. Steel coupons inoculated with L. monocytogenes (Lm), a mix of 5 Pseudomonas spp. (Ps), and a combination (PsLm) were added in 5 mL ½ TSB to the wells of 6-well plates and incubated at 12 °C for 72 h (3 days) before disinfection. The bar graph shows the number of biofilm cultures that still contained viable cells after the disinfection. All 18 cultures of L. monocytogenes died after disinfection. Of the 18 Pseudomonas spp. cultures, 15 still contained viable cells after disinfection. In the cultures with both Pseudomonas spp. and L. monocytogenes, 13 cultures contained viable cells of Pseudomonas spp., and ten cultures contained viable L. monocytogenes cells after disinfection. 
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Table 1. Overview of the measured MIC, MBC, and MBEC values for the 14 isolates after exposure to Aqua Des Foam PAA for 15 min at 12 °C and to florfenicol for 24 h at 12 °C. The marking “-” indicates that the OD was below the limit of detection.
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Isolate ID

	
Predicted Species

	
Biofilm Capability

	
Aqua Des Foam PAA (%)

	
Florfenicol (µg/mL)




	
MIC

	
MBC

	
MBEC

	
MIC

	
MBC

	
MBEC






	
LJP042

	
P. fluorescens

	
Strong

	
2.0

	
0.5

	
2.0

	
>2400

	
600

	
>2400




	
LJP316

	
P. fluorescens

	
Medium

	
0.25

	
0.25

	
0.5

	
300

	
300

	
2400




	
LJP321

	
P. fluorescens

	
Medium

	
0.25

	
0.25

	
0.5

	
300

	
300

	
2400




	
LJP760

	
P. putida

	
Low

	
0.25

	
1.0

	
2.0

	
150

	
150

	
>2400




	
MF4624

	
L. monocytogenes

	
-

	
-

	
0.06

	
-

	
-

	
4.68

	
-




	
LJP040

	
P. fluorescens

	
No

	
0.25

	
0.5

	
2.0

	
2400

	
300

	
600




	
LJP788

	
P. lundensis

	
Low

	
0.25

	
1.0

	
2.0

	
300

	
300

	
>2400




	
LJP863

	
Pseudomonas sp.

	
Low

	
0.06

	
0.25

	
1.00

	
19

	
75

	
>2400




	
LJP906

	
P. fluorescens

	
No

	
0.06

	
-

	
1.00

	
75

	
19

	
150




	
LJP882

	
P. libanensis

	
No

	
0.06

	
-

	
0.50

	
300

	
600

	
600




	
LJP841

	
Pseudomonas sp.

	
Medium

	
0.06

	
0.25

	
1.00

	
300

	
600

	
600




	
LJP895

	
P. veronii

	
Strong

	
0.06

	
-

	
0.25

	
19

	
75

	
75




	
LJP847

	
S. liquefaciens

	
No

	
0.06

	
0.13

	
0.50

	
300

	
600

	
300




	
LJP900

	
A. hydrophila

	
Medium

	
0.13

	
0.13

	
1.00

	
-

	
19

	
75
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