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Abstract

:

(1) Background: L. monocytogenes is a food pathogen of great importance, characterized by a high mortality rate. Quaternary ammonium compounds (QACs), such as benzalkonium chloride (BC), are often used as disinfectants in food processing facilities. The effectiveness of disinfection procedures is crucial to food safety. (2) Methods: A collection of 153 isolates of L. monocytogenes from meat processing industry was analyzed for their sensitivity to BC using the agar diffusion method. Genes of interest were detected with PCR. (3) Results: Genes emrC, bcrABC, and qacH were found in 64 (41.8%), 6 (3.9%), and 1 isolate (0.7%), respectively, and 79 isolates (51.6%) were classified as having reduced sensitivity to BC. A strong correlation between carrying QACs resistance-related genes and phenotype was found (p-value < 0.0001). Among 51 isolates originating from bacon (collected over 13 months), 48 had the emrC gene, which could explain their persistent presence in a processing facility. Isolates with the ilsA gene (from LIPI-3) were significantly (p-value 0.006) less likely to carry QACs resistance-related genes. (4) Conclusions: Reduced sensitivity to QACs is common among L. monocytogenes from the meat processing industry. Persistent presence of these bacteria in a processing facility is presumably caused by emrC-induced QACs resistance.
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1. Introduction


1.1. Listeria Monocytogenes and Food Safety


Food is essential to life, and owing to this fact, food safety is considered to be a basic human right [1]. The major challenges of providing non-harmful food include its microbiological safety, especially in the context of bacteria, as they cause more foodborne incidents than other microbe groups, e.g., viruses or protozoa. Bacterial genera responsible for most foodborne infections include Salmonella, Vibrio, E. coli, Shigella, Brucella, Campylobacter, and Listeria [1]. Among those foodborne pathogens, Listeria monocytogenes presents the highest death toll, estimated to reach approximately 13–15% in the United States [2,3], or even up to 20–30% for those who contract listeriosis [4,5,6,7]. These bacteria are responsible for 19% of the total deaths caused by consumption of contaminated food products in the USA [8], and due to high mortality and high hospitalization rate of affected patients, L. monocytogenes causes tremendous annual economic losses, reaching almost USD 2.8 billion. That constitutes 18% of the total economic burden caused by major foodborne infectious agents associated with illnesses acquired through food products [2,3].



L. monocytogenes is a ubiquitous bacterium which can be found in water, soil, decaying vegetation, and even the human digestive tract [9]. It is characterized by easy adaptation to environmental conditions, including its ability to grow in a wide range of temperatures (0 °C–45 °C) and pH (4.3–9.6), toleration of high salt concentrations (up to 10.0% NaCl), and low water activity (Aw to 0.90) [6]. These features facilitate survival and multiplication in food processing facilities [5], leading to its wide distribution and, in some cases, persistence in food processing environments [10]. Foods associated with high rates of L. monocytogenes infections include raw and processed food of both animal and plant origins, for example: raw sprouts, unpasteurized milk, soft cheeses, cold deli meats, cold hot dogs, as well as smoked seafood [9].



The presence of L. monocytogenes in food products is strictly regulated in many countries. In the United States, absence of L. monocytogenes in ready-to-eat food is required, whereas in European Union, as well as in Canada and Australia/New Zealand, absence is required in foods intended for infants and special medical purposes. In other foods, the bacteria may not exceed 100 CFU/g throughout its shelf-life [11]. Hence, effective and efficient elimination of L. monocytogenes from food processing environments is crucial in order to comply with legal regulations and to provide safe food products. Quaternary ammonium compounds (QACs), such as benzalkonium chloride (BC), are widely used for disinfection procedures in food processing facilities due to their efficacy against a variety of bacteria, fungi, and viruses; noncorrosive properties; and biodegradability [12,13,14,15].



However, resistance of L. monocytogenes to QACs can occur, as sanitizers may exert selective pressure, causing QACs-resistance associated genes to be maintained or acquired [5]. Among those genes, there are bcrABC, qacH, emrE, emrC, qacC, and qacA, which have been identified as the most common in the genomes of L. monocytogenes in the USA [16]. Proteins encoded by these five genes all belong to the small multidrug resistance family [12,14,17,18,19]. However, other factors, such as mdrL [20], which, on the other hand, falls into the major facilitator superfamily [17], or fepR [21], which is a transcriptional regulator [22], have also been identified as being involved in diminished BC sensitivity.



Furthermore, not only does QACs resistance reduce the effectiveness of disinfection procedures, but it is also a proven factor leading to cross-resistance of L. monocytogenes to antibiotics, such as chloramphenicol, ciprofloxacin, clindamycin, kanamycin, novobiocin, penicillin, streptomycin, and trimethoprim [23,24,25]. Hence, the cross-resistance phenomenon poses a threat to the effectiveness of antibiotic treatment of listeriosis. On the other hand, L. monocytogenes isolates well-adapted to food-processing environments, characterized by higher occurrence of genes involved in stress resistance and tolerance to disinfectants, are usually hypovirulent and less likely to cause an infection [26].




1.2. Aim of the Study


The main aim of this study was to analyze the occurrence of common genes responsible for resistance to QACs (bcrABC, emrC, and qacH) among 153 L. monocytogenes isolates originating from meat products and meat processing plants in Poland and to find differences between the isolates in the collection in terms of their sensitivity to BC.



The additional aim of this study was to correlate presence of Listeria Pathogenicity Island 3 (LIPI-3) in the genomes of collected bacteria to the QACs sensitivity phenotype and QACs resistance-related genes in order to verify a hypothesis of diminished virulence potential among QACs-adapted isolates.





2. Results


The results of sensitivity testing of the isolates to BC are presented in Figure 1 in the form of a histogram. The histogram shows the distribution of particular sizes of the clearing zones achieved around the spot of BC solution (6 mg/mL) placement in an agar diffusion assay. Additionally, five gene profiles achieved for the three QACs-resistance associated genes are indicated on the bars with colors, according to the legend.



In the histogram, there is a clear bimodal distribution, indicating the existence of two subpopulations within the collection of isolates. The subpopulation represented by the bars on the left side of the chart (from 11 to 15 or 16 mm) is characterized by a reduced susceptibility to BC compared to the subpopulation on the right side (from 16 or 17 mm to 20 mm). Based on the histogram distribution, the clearing zone diameter equal to or lower than 15 mm was a criterion applied to characterize isolates with reduced sensitivity to BC. Isolates with a zone diameter equal to or higher than 17 mm were considered sensitive, whereas isolates characterized by a clearing zone diameter of 16 mm were considered to present an intermediate response.



With those criteria applied, more than half, namely, 79 isolates (51.6%) of the total isolates showed reduced sensitivity to BC, which indicates prevalence of reduced sensitivity to QACs among L. monocytogenes isolates originating from the food industry. Summarized results of the phenotypic analysis are presented in Table 1.



In terms of genes related to QACs resistance, the gene emrC was the most prevalent and was present in 64 isolates (41.8%), followed by the bcrABC gene, which was present in 6 isolates (3.9%). The gene qacH was present in one isolate (0.7%). Overall, the collection was characterized by five different gene profiles based on the detection of those three genes. The most prevalent gene profile was emrC−/bcrABC−/qacH− (represented by green bars in Figure 1), and 84 isolates (54.9%) had that genotype. The second most prevalent was emrC+/bcrABC−/qacH− (represented by red bars), and 62 isolates (40.5%) were characterized by that genotype. The gene bcrABC alone was detected in five isolates (3.3%) (represented by turquoise bars), and in one isolate (0.7%) together with the emrC gene (represented by an orange bar). The gene qacH was present in only 1 isolate (0.7%), which also had the emrC gene (represented by a purple bar).



The correlation between carrying at least one of the QACs-resistance related genes and the presented phenotype is very strong (chi-square p-value < 0.0001). Among 71 isolates considered to be sensitive, 70 isolates (98.6%) did not have any analyzed QACs resistance-related genes. Interestingly, the one remaining isolate (1.4%) carried not only one, but two genes (gene profile emrC+/bcrABC−/qacH+), which, on the contrary, would suggest a strong tolerance to QACs. This one isolate (represented by a purple bar in Figure 1) originated from a meat processing environment (conveyor belt).



Among 79 isolates characterized by a reduced sensitivity to BC, 67 (84.8%) had at least one QACs-resistance associated gene, and the remaining 12 isolates (15.2%) did not have any analyzed QACs resistance-related genes. In our earlier studies, we have demonstrated that 10 isolates in this collection were characterized by a reduced sensitivity to ciprofloxacin [27]. Interestingly, all 10 of those isolates fall within the group of those 12 isolates with reduced sensitivity to BC, but which do not harbor any analyzed QACs-resistance related genes. That suggests the existence of a common mechanism for QACs and ciprofloxacin resistance, which is not related to any of genes included in the study herein.



A clear pattern between an isolate origin and their QACs resistance gene profile can be observed. In the collection, there were 51 isolates originating from bacon (collected over the period of 13 months), and 48 of them had the emrC gene. All those 48 isolates had reduced sensitivity to BC in the phenotypic analysis. Resistance to QACs could be a potential reason for the persistent presence of L. monocytogenes in bacon samples, as their eradication from the processing plant could be impaired. Apart from bacon samples, 13 environmental samples (out of which 9 originate from sewage drain swabs) and 8 sausage samples had isolates with at least one QACs resistance-related gene. A bar chart showing the sources of the isolates along with their gene profiles is presented in Figure 2.



The ilsA gene, the first one from LIPI-3, was the only virulence-associated one included herein, as the collection has been pre-characterized in our previous work. We demonstrated that all 153 isolates harbored at least one variant of 12 analyzed virulence-associated genes, including all from LIPI-1, internalins, and others [28]. The ilsA gene analyzed herein was present in 18 isolates (11.8%).



Overall, the analyses of genes included in the study allowed us to differentiate seven groups of isolates with different gene profiles. Summarized results of the genetic analyses are presented in Table 2.



The ilsA gene was detected both in isolates without any QACs resistance genes (15 isolates) and in isolates with the emrC gene (3 isolates). Isolates carrying the ilsA gene were statistically significantly (chi-square p-value 0.006) less likely to carry any QACs resistance-related genes. This result supports a hypothesis about diminished virulence potential among QACs-adapted isolates. However, there was no statistical significance between carrying the ilsA gene and the presented phenotype (chi-square p-value 0.294), as the ilsA gene was detected in six isolates classified as sensitive, one isolate classified as intermediate, and eleven isolates with reduced sensitivity to BC.




3. Discussion


The most common QACs resistance-associated gene was emrC, detected in 64 (41.8%) isolates in this paper. In other studies, this gene was also identified, albeit less frequently. For example, analysis of a set of 25,083 publicly available L. monocytogenes genomes from the United States revealed that approximately 0.04% of isolates have that gene [16]. This analysis, however, included samples from various sources, including, e.g., human or aquatic animals, where selective pressure for QACs resistance genes is weaker than in food processing environments, where disinfection procedures are often performed. On the other hand, in an analysis of 4969 genomes of L. monocytogenes collected from United States food processing facilities, the gene emrC was not detected in any case [29]. However, in the study which included 13 Listeria isolates from a meat processing facility in Ireland, the gene emrC was present in two persistent isolates and one “presumed non-persistent” L. monocytogenes isolate [13]. Similarly, in a study from Poland, where 48 L. monocytogenes isolates from ready-to-eat meat and meat processing environments were examined, three isolates harbored ermC [30]. These results indicate that emrC is more common in Europe than in the United States. Overrepresentation of emrC in our collection is probably a result of issues with persistent presence of L. monocytogenes in a bacon-producing factory, presumably due to emrC-induced QACs resistance.



The gene bcrABC, which was present in six isolates (3.9%), was the second most common in our study. In many studies examining QACs resistance determinants, this gene is the most frequently identified. For example, in an already mentioned study which analyzed publicly available L. monocytogenes genomes from the United States, the bcrABC was identified in as much as 28.6% of samples [16], and in a study which included only food processing samples, it was present in nearly half (46%) of all isolates [29]. In Canadian studies, 41.5% (out of 1279 analyzed) L. monocytogenes isolates from various foods and food manufacturing environments harbored the bcrABC gene [31]. In Europe, bcrABC was identified in 3 out of 13 Listeria isolates from an Irish meat processing facility [13] and 1 out of 48 from Polish meat products and meat processing plants [30]. Contrarily to emrC, the results indicate more frequent presence of bcrABC in the United States than in Europe.



The gene qacH was the least frequent and was present in one isolate (0.7%) in our study. In some publications, this gene is reported to be identified very frequently, e.g., in 40% of the Listeria isolates from dairy products and the cattle environment in Egypt [32] or even up to 83% of L. monocytogenes in strains isolated from fish, fish products, and food-producing factories in Poland [33]. However, studies on bigger sample collections have found that this gene is present in 1.76% of L. monocytogenes from United States [16], in approximately 5% of isolates from food processing facilities in the United States [29], and in 1.09% of L. monocytogenes contamination in food manufacturing environments in Canada [31]. Hence, the prevalence of qacH reported herein is low.



Among the 12 isolates (15.2%) with reduced sensitivity to BC, whose phenotypes were not explained by the detection of any QACs resistance-related genes, there were 10 isolates presenting reduced sensitivity to ciprofloxacin, which have been identified in earlier studies [27]. That suggests a cross-resistance between QACs and ciprofloxacin. Indeed, QACs adaptation is known to increase minimal inhibitory concentrations (MICs) of L. monocytogenes to ciprofloxacin, which has already been reported in literature [20,23,24]. Furthermore, to some extent, other genes, such as emrE, qacC, qacA, mdrL, and fepR [14,16,20,21], may have played a role in the diminished sensitivity of isolates to BC; however, those genes were not analyzed herein.



In terms of phenotypic analysis, in order to determine the response of L. monocytogenes to BC, authors usually evaluate the MICs of the isolates and interpret the results based on predetermined cutoff points. For example, in a study investigating L. monocytogenes from food and the food environment in Brazil, all 82 isolates were classified as having reduced susceptibility to BC, as their MICs varied from 16 to 128 µg/mL and the predetermined cutoff point was 10 µg/mL [34]. In another study, out of 77 L. monocytogenes from meat-processing facility, 17 were considered to be resistant to BC. The cutoff point of 12.5 µg/mL was applied based on the differences between MICs achieved in that study [35].



However, protocols other than assessing MICs are also applied. For example, an analysis of the sensitivity of isolates from six different turkey-processing plants in the United States was performed by spotting a bacterial suspension onto a blood agar containing BC at a concentration of 10 µg/mL. Based on this assay, 57 out of 123 isolates were identified as resistant [36]. A similar methodology was used to determine the sensitivity of 287 L. monocytogenes strains isolated from fish, fish products, and food-producing factories in Poland. Namely, bacterial suspensions were spotted on blood agar containing 5, 10, and 20 µg/mL of BC. Strains were classified as resistant if confluent growth was recorded on agar containing ≥10 µg/mL of BC. Based on the analysis, 40% of the isolates were considered resistant in that study [33].



In general, the common occurrence of isolates with reduced sensitivity to BC among L. monocytogenes originating from food products and processing environments has been observed by many authors. Although our results are not related to any particular concentrations, differences in the sensitivity of the collected isolates to BC were found. A high initial concentration of BC (6 mg/mL) allows the disinfectant to diffuse and create a concentration gradient in the agar medium. The achieved clearing zones enabled straightforward differentiation of the collected isolates.



In terms of the virulence of food-associated L. monocytogenes isolates, similarly to the prevalence of QACs resistance-related genes, it varies depending on the analyzed collection. The collection of the isolates analyzed herein was already studied in a publication in which their virulence potential was assessed based on the presence of genes of interest. The paper showed that all 153 isolates harbored a variant of 12 virulence-associated genes, including all from LIPI-1; four internalins, including inlA-inlB locus; and others [28]. Hence, the presence of ilsA from LIPI-3 was the only analysis included herein, and it allowed the virulence potential of the isolates to be differentiated to some extent. The prevalence of LIPI-3 in L. monocytogenes genomes varies greatly depending on the analyzed sample, sometimes even reaching 100% of isolates [37,38]. However, in the vast majority of papers, the results fall between 5% and 50% [6].



In conclusion, the prevalence of particular QACs resistance-related genes, as well as the prevalence of LIPI-3 in genomes of L. monocytogenes, are different in every publication, as every collection originates from different sources, different geographical areas, and is gathered during different time frames. All published results add up to a more complete picture, which allows for the tracking of global trends in terms of the prevalence of particular genes. Due to the frequent use of QACs in the food industry, genes responsible for QACs resistance are common among L. monocytogenes originating from food products and production environments. Based on the results published herein, such conclusions can also be drawn.




4. Materials and Methods


4.1. Isolates


A collection of 153 L. monocytogenes isolates was used in this study. Isolates originated from Polish meat processing plants (45 environment isolates) and meat products (108 isolates). Food isolates were isolated from bacon (51 isolates), chicken meat (21 isolates), sausage (11 isolates), smoked fish (10 isolates), and other sources (15 isolates), including, e.g., beef, pork, and fish. The isolates were collected over a period of 13 months, from October 2020 to November 2021. Isolates preserved as glycerol stocks stored at −80 °C were used for phenotypic analyses, and their DNA was used for genetic analyses. Detailed information about the collection process and DNA extraction procedure has already been published [39].




4.2. Phenotypic Analysis


The sensitivity of the collected isolates to BC was assessed using an agar diffusion method similar to a well-known disc diffusion method commonly applied to antibiotic sensitivity testing. However, the substance was placed directly onto the agar medium in the form of a drop of the tested solution without using discs containing the tested antimicrobial agent. This technique has already been described in the literature in the context of testing the sensitivity of Listeria spp. to bacteriocins [40]. The detailed methodology applied for this study is described below.



Isolates preserved in the form of glycerol stocks stored at −80 °C were used to inoculate brain heart infusion (BHI; Oxoid, Warsaw, Poland) agar medium with a sterile microbiological loop. Inoculated plates were then incubated at 37 °C for 16 h and stored at 7 °C for up to three weeks (21 days) for further use. A single colony was picked from the agar plate and used to inoculate 5 mL of BHI broth, which was then incubated at 37 °C for 18 h. After incubation, the culture was centrifuged (5 min with approx. 1700 g-force) and re-suspended in sterile deionized water (2.5 mL). This suspension was used to establish a 0.5 McFarland density in 3 mL of sterile deionized water, in which a cotton swab was then immersed and used to surface-inoculate a sterile BHI agar plate. The inoculation was performed by gently rubbing the whole agar surface in three directions.



A 10 µL drop of water-dissolved and filter-sterilized BC (Sigma-Aldrich, Poznań, Poland) solution with a concentration of 6 mg/mL was placed on the inoculated agar surface using an automatic pipette. A drop of water (10 µL) was applied as a negative control on the same petri dish, at a distance from the BC drop. Plates were left at room temperature (22 °C) for an hour to allow for the absorption of the drops into the agar medium. Then, plates were incubated at 37 °C for 18 h. After incubation, the diameter of the clearing zones around the spot of BC solution drop placement was measured in three technical replicates, and the average diameter was calculated. The experiment was performed in two independent replicates. The final result of this assay is an average diameter from two replications, expressed in mm and rounded out to the nearest integer. Sterility controls were performed with every batch of samples.




4.3. Genetic Analyses


Genetic analyses were performed with PCR using primers described in the literature [12,32,41,42]. Three genes associated with resistance and reduced sensitivity to QACs were analyzed, as well as the ilsA gene, the first gene on the LIPI-3. Primers used in the study were synthesized to order by Genomed S.A. (Warsaw, Poland). PCR reactions were performed in a T-Gradient thermocycler (Biometra, Göttingen, Germany) with the conditions given below in Table 3. The genes ilsA, emrC, and bcrABC were analyzed in reactions using 0.2 U RUN polymerase (A&A Biotechnology, Gdańsk, Poland), with dedicated buffer, 0.2 mM nucleotide mix (A&A Biotechnology), and 0.5 µM of primers. The gene qacH was detected using StartWarm HS-PCR Mix (A&A Biotechnology) with 1.0 µM of primers. Matrix DNA was added in the amount of 10 ng, whereas in negative controls, water was used instead of the matrix DNA. Reactions were performed in 10 µL of final volume.



PCR products were separated in agarose gels and visualized with ethidium bromide. One randomly chosen sample for each gene was purified using the Clean-Up Concentrator kit (A&A Biotechnology) and sequenced by Genomed S.A. company. The sequences were then analyzed using BLAST 2.15.0 [43,44].




4.4. Data Analyses


Data were analyzed using MS Office Excel 2019 Software. The chi-square test was used to verify the significance of data independence.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antibiotics13080749/s1.





Author Contributions


Conceptualization, I.K.; methodology, I.K.; validation, I.K.; formal analysis, I.K.; investigation, I.K.; resources, I.K. and A.O.-S.; data curation, I.K.; writing—original draft preparation, I.K.; writing—review and editing, I.K. and A.O.-S.; visualization, I.K.; supervision, A.O.-S.; project administration, I.K.; funding acquisition, I.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Faculty of Food Science and Nutrition of Poznań University of Life Sciences, Poznań, Poland, Grant for young researchers, grant number: 506.771.03.0 (funding for year 2023).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article (and Supplementary Material), further inquiries can be directed to the corresponding authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Fung, F.; Wang, H.-S.; Menon, S. Food Safety in the 21st Century. Biomed. J. 2018, 41, 88–95. [Google Scholar] [CrossRef] [PubMed]

	



Erickson, M.C.; Doyle, M.P. The Challenges of Eliminating or Substituting Antimicrobial Preservatives in Foods. Annu. Rev. Food Sci. Technol. 2017, 8, 371–390. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.Y.; Henao, O.L.; Griffin, P.M.; Vugia, D.J.; Cronquist, A.B.; Hurd, S.; Tobin-D’Angelo, M.; Ryan, P.; Smith, K.; Lathrop, S.; et al. Infection with Pathogens Transmitted Commonly Through Food and the Effect of Increasing Use of Culture-Independent Diagnostic Tests on Surveillance—Foodborne Diseases Active Surveillance Network, 10 U.S. Sites, 2012–2015. MMWR Morb. Mortal. Wkly. Rep. 2016, 65, 368–371. [Google Scholar] [CrossRef] [PubMed]

	



Kaptchouang Tchatchouang, C.-D.; Fri, J.; De Santi, M.; Brandi, G.; Schiavano, G.F.; Amagliani, G.; Ateba, C.N. Listeriosis Outbreak in South Africa: A Comparative Analysis with Previously Reported Cases Worldwide. Microorganisms 2020, 8, 135. [Google Scholar] [CrossRef] [PubMed]

	



Osek, J.; Lachtara, B.; Wieczorek, K. Listeria Monocytogenes—How This Pathogen Survives in Food-Production Environments? Front. Microbiol. 2022, 13, 866462. [Google Scholar] [CrossRef] [PubMed]

	



Wiktorczyk-Kapischke, N.; Skowron, K.; Wałecka-Zacharska, E. Genomic and Pathogenicity Islands of Listeria Monocytogenes-Overview of Selected Aspects. Front. Mol. Biosci. 2023, 10, 1161486. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Q.; Gooneratne, R.; Hussain, M.A. Listeria Monocytogenes in Fresh Produce: Outbreaks, Prevalence and Contamination Levels. Foods 2017, 6, 21. [Google Scholar] [CrossRef]

	



Scallan, E.; Hoekstra, R.M.; Angulo, F.J.; Tauxe, R.V.; Widdowson, M.-A.; Roy, S.L.; Jones, J.L.; Griffin, P.M. Foodborne Illness Acquired in the United States--Major Pathogens. Emerg. Infect. Dis. 2011, 17, 7–15. [Google Scholar] [CrossRef]

	



Rogalla, D.; Bomar, P.A. Listeria Monocytogenes. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020. [Google Scholar]

	



Osek, J.; Lachtara, B.; Wieczorek, K. Listeria Monocytogenes in Foods-From Culture Identification to Whole-Genome Characteristics. Food Sci. Nutr. 2022, 10, 2825–2854. [Google Scholar] [CrossRef]

	



Jordan, K.; McAuliffe, O. Listeria Monocytogenes in Foods. In Advances in Food and Nutrition Research; Elsevier: Amsterdam, The Netherlands, 2018; Volume 86, pp. 181–213. ISBN 978-0-12-813977-6. [Google Scholar]

	



Elhanafi, D.; Dutta, V.; Kathariou, S. Genetic Characterization of Plasmid-Associated Benzalkonium Chloride Resistance Determinants in a Listeria Monocytogenes Strain from the 1998–1999 Outbreak. Appl Environ. Microbiol 2010, 76, 8231–8238. [Google Scholar] [CrossRef]

	



Palaiodimou, L.; Fanning, S.; Fox, E.M. Genomic Insights into Persistence of Listeria Species in the Food Processing Environment. J. Appl. Microbiol. 2021, 131, 2082–2094. [Google Scholar] [CrossRef] [PubMed]

	



Kovacevic, J.; Ziegler, J.; Wałecka-Zacharska, E.; Reimer, A.; Kitts, D.D.; Gilmour, M.W. Tolerance of Listeria Monocytogenes to Quaternary Ammonium Sanitizers Is Mediated by a Novel Efflux Pump Encoded by emrE. Appl. Environ. Microbiol. 2016, 82, 939–953. [Google Scholar] [CrossRef] [PubMed]

	



Tezel, U.; Pavlostathis, S.G. Quaternary Ammonium Disinfectants: Microbial Adaptation, Degradation and Ecology. Curr. Opin. Biotechnol. 2015, 33, 296–304. [Google Scholar] [CrossRef] [PubMed]

	



He, Y.; Xu, T.; Li, S.; Mann, D.A.; Britton, B.; Oliver, H.F.; den Bakker, H.C.; Deng, X. Integrative Assessment of Reduced Listeria Monocytogenes Susceptibility to Benzalkonium Chloride in Produce Processing Environments. Appl. Environ. Microbiol. 2022, 88, e0126922. [Google Scholar] [CrossRef]

	



Xu, D.; Li, Y.; Zahid, M.S.H.; Yamasaki, S.; Shi, L.; Li, J.; Yan, H. Benzalkonium Chloride and Heavy-Metal Tolerance in Listeria Monocytogenes from Retail Foods. Int. J. Food Microbiol. 2014, 190, 24–30. [Google Scholar] [CrossRef] [PubMed]

	



Müller, A.; Rychli, K.; Muhterem-Uyar, M.; Zaiser, A.; Stessl, B.; Guinane, C.M.; Cotter, P.D.; Wagner, M.; Schmitz-Esser, S. Tn6188—A Novel Transposon in Listeria Monocytogenes Responsible for Tolerance to Benzalkonium Chloride. PLoS ONE 2013, 8, e76835. [Google Scholar] [CrossRef] [PubMed]

	



Roedel, A.; Dieckmann, R.; Brendebach, H.; Hammerl, J.A.; Kleta, S.; Noll, M.; Al Dahouk, S.; Vincze, S. Biocide-Tolerant Listeria Monocytogenes Isolates from German Food Production Plants Do Not Show Cross-Resistance to Clinically Relevant Antibiotics. Appl. Environ. Microbiol. 2019, 85, e01253-19. [Google Scholar] [CrossRef] [PubMed]

	



Yu, T.; Jiang, X.; Zhang, Y.; Ji, S.; Gao, W.; Shi, L. Effect of Benzalkonium Chloride Adaptation on Sensitivity to Antimicrobial Agents and Tolerance to Environmental Stresses in Listeria Monocytogenes. Front. Microbiol. 2018, 9, 2906. [Google Scholar] [CrossRef] [PubMed]

	



Bolten, S.; Harrand, A.S.; Skeens, J.; Wiedmann, M. Nonsynonymous Mutations in fepR Are Associated with Adaptation of Listeria Monocytogenes and Other Listeria Spp. to Low Concentrations of Benzalkonium Chloride but Do Not Increase Survival of L. Monocytogenes and Other Listeria Spp. after Exposure to Benzalkonium Chloride Concentrations Recommended for Use in Food Processing Environments. Appl. Environ. Microbiol. 2022, 88, e00486-22. [Google Scholar] [CrossRef]

	



Douarre, P.-E.; Sévellec, Y.; Le Grandois, P.; Soumet, C.; Bridier, A.; Roussel, S. FepR as a Central Genetic Target in the Adaptation to Quaternary Ammonium Compounds and Cross-Resistance to Ciprofloxacin in Listeria Monocytogenes. Front. Microbiol. 2022, 13, 864576. [Google Scholar] [CrossRef]

	



Bland, R.; Waite-Cusic, J.; Weisberg, A.J.; Riutta, E.R.; Chang, J.H.; Kovacevic, J. Adaptation to a Commercial Quaternary Ammonium Compound Sanitizer Leads to Cross-Resistance to Select Antibiotics in Listeria Monocytogenes Isolated From Fresh Produce Environments. Front. Microbiol. 2021, 12, 782920. [Google Scholar] [CrossRef] [PubMed]

	



Kode, D.; Nannapaneni, R.; Bansal, M.; Chang, S.; Cheng, W.-H.; Sharma, C.S.; Kiess, A. Low-Level Tolerance to Fluoroquinolone Antibiotic Ciprofloxacin in QAC-Adapted Subpopulations of Listeria Monocytogenes. Microorganisms 2021, 9, 1052. [Google Scholar] [CrossRef] [PubMed]

	



Kode, D.; Nannapaneni, R.; Chang, S. Low-Level Tolerance to Antibiotic Trimethoprim in QAC-Adapted Subpopulations of Listeria Monocytogenes. Foods 2021, 10, 1800. [Google Scholar] [CrossRef] [PubMed]

	



Quereda, J.J.; Morón-García, A.; Palacios-Gorba, C.; Dessaux, C.; García-del Portillo, F.; Pucciarelli, M.G.; Ortega, A.D. Pathogenicity and Virulence of Listeria Monocytogenes: A Trip from Environmental to Medical Microbiology. Virulence 2021, 12, 2509–2545. [Google Scholar] [CrossRef] [PubMed]

	



Kawacka, I.; Pietrzak, B.; Schmidt, M.; Olejnik-Schmidt, A. Listeria Monocytogenes Isolates from Meat Products and Processing Environment in Poland Are Sensitive to Commonly Used Antibiotics, with Rare Cases of Reduced Sensitivity to Ciprofloxacin. Life 2023, 13, 821. [Google Scholar] [CrossRef] [PubMed]

	



Kawacka, I.; Olejnik-Schmidt, A. High Prevalence of Virulence-Associated Genes and Length Polymorphism in actA and inlB Genes Identified in Listeria Monocytogenes Isolates from Meat Products and Meat-Processing Environments in Poland. Pathogens 2024, 13, 444. [Google Scholar] [CrossRef]

	



Daeschel, D.; Pettengill, J.B.; Wang, Y.; Chen, Y.; Allard, M.; Snyder, A.B. Genomic Analysis of Listeria Monocytogenes from US Food Processing Environments Reveals a High Prevalence of QAC Efflux Genes but Limited Evidence of Their Contribution to Environmental Persistence. BMC Genom. 2022, 23, 488. [Google Scholar] [CrossRef] [PubMed]

	



Kurpas, M.; Osek, J.; Moura, A.; Leclercq, A.; Lecuit, M.; Wieczorek, K. Genomic Characterization of Listeria Monocytogenes Isolated From Ready-to-Eat Meat and Meat Processing Environments in Poland. Front. Microbiol. 2020, 11, 1412. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, A.L.; Carrillo, C.D.; DeschÊnes, M.; Blais, B.W. Genomic Markers for Quaternary Ammonium Compound Resistance as a Persistence Indicator for Listeria Monocytogenes Contamination in Food Manufacturing Environments. J. Food Prot. 2021, 84, 389–398. [Google Scholar] [CrossRef]

	



El-Zamkan, M.A.; Hendy, B.A.; Diab, H.M.; Marraiki, N.; Batiha, G.E.-S.; Saber, H.; Younis, W.; Thangamani, S.; Alzahrani, K.J.; Ahmed, A.S. Control of Virulent Listeria Monocytogenes Originating from Dairy Products and Cattle Environment Using Marine Algal Extracts, Silver Nanoparticles Thereof, and Quaternary Disinfectants. Infect. Drug Resist. 2021, 14, 2721–2739. [Google Scholar] [CrossRef]

	



Chmielowska, C.; Korsak, D.; Szuplewska, M.; Grzelecka, M.; Maćkiw, E.; Stasiak, M.; Macion, A.; Skowron, K.; Bartosik, D. Benzalkonium Chloride and Heavy Metal Resistance Profiles of Listeria Monocytogenes Strains Isolated from Fish, Fish Products and Food-Producing Factories in Poland. Food Microbiol. 2021, 98, 103756. [Google Scholar] [CrossRef] [PubMed]

	



Jaskulski, I.B.; Scheik, L.K.; Kleinubing, N.; Haubert, L.; Kroning, I.; Lopes, G.V.; Silva, W. Listeria Monocytogenes from Food and Food Industry Environments with Reduced Susceptibility to Benzalkonium Chloride, Sodium Hypochlorite, and Peracetic Acid. FEMS Microbiol. Lett. 2023, 370, fnad019. [Google Scholar] [CrossRef] [PubMed]

	



Minarovičová, J.; Véghová, A.; Mikulášová, M.; Chovanová, R.; Šoltýs, K.; Drahovská, H.; Kaclíková, E. Benzalkonium Chloride Tolerance of Listeria Monocytogenes Strains Isolated from a Meat Processing Facility Is Related to Presence of Plasmid-Borne bcrABC Cassette. Antonie Van Leeuwenhoek 2018, 111, 1913–1923. [Google Scholar] [CrossRef] [PubMed]

	



Mullapudi, S.; Siletzky, R.M.; Kathariou, S. Heavy-Metal and Benzalkonium Chloride Resistance of Listeria Monocytogenes Isolates from the Environment of Turkey-Processing Plants. Appl. Environ. Microbiol. 2008, 74, 1464–1468. [Google Scholar] [CrossRef] [PubMed]

	



Moura, A.; Lefrancq, N.; Wirth, T.; Leclercq, A.; Borges, V.; Gilpin, B.; Dallman, T.J.; Frey, J.; Franz, E.; Nielsen, E.M.; et al. Emergence and Global Spread of Listeria Monocytogenes Main Clinical Clonal Complex. Sci. Adv. 2021, 7, eabj9805. [Google Scholar] [CrossRef] [PubMed]

	



Guidi, F.; Lorenzetti, C.; Centorotola, G.; Torresi, M.; Cammà, C.; Chiaverini, A.; Pomilio, F.; Blasi, G. Atypical Serogroup IVb-v1 of Listeria Monocytogenes Assigned to New ST2801, Widely Spread and Persistent in the Environment of a Pork-Meat Producing Plant of Central Italy. Front. Microbiol. 2022, 13, 930895. [Google Scholar] [CrossRef] [PubMed]

	



Kawacka, I.; Olejnik-Schmidt, A. Genoserotyping of Listeria Monocytogenes Strains Originating from Meat Products and Meat Processing Environments. ŻNTJ 2022, 2, 34–44. [Google Scholar] [CrossRef]

	



Richard, C.; Brillet, A.; Pilet, M.F.; Prevost, H.; Drider, D. Evidence on Inhibition of Listeria Monocytogenes by Divercin V41 Action. Lett. Appl. Microbiol. 2003, 36, 288–292. [Google Scholar] [CrossRef]

	



Kropac, A.C.; Eshwar, A.K.; Stephan, R.; Tasara, T. New Insights on the Role of the pLMST6 Plasmid in Listeria Monocytogenes Biocide Tolerance and Virulence. Front. Microbiol. 2019, 10, 1538. [Google Scholar] [CrossRef]

	



Clayton, E.M.; Daly, K.M.; Guinane, C.M.; Hill, C.; Cotter, P.D.; Ross, P.R. Atypical Listeria Innocua Strains Possess an Intact LIPI-3. BMC Microbiol. 2014, 14, 58. [Google Scholar] [CrossRef]

	



Morgulis, A.; Coulouris, G.; Raytselis, Y.; Madden, T.L.; Agarwala, R.; Schäffer, A.A. Database Indexing for Production MegaBLAST Searches. Bioinformatics 2008, 24, 1757–1764. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Schwartz, S.; Wagner, L.; Miller, W. A Greedy Algorithm for Aligning DNA Sequences. J. Comput. Biol. 2000, 7, 203–214. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 13 00749 g001] 





Figure 1. Histogram showing the distribution of the diameters of clearing zones around the BC solution (6 mg/mL) drop along with gene profile information. 
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Figure 2. Bar chart showing the sources of the isolates included in the study along with gene profile information. 
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Table 1. Classification of the response of the isolates to BC based on the agar diffusion analysis.
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	Response to BC
	Number of Isolates (%)





	Sensitivity
	71 (46.4%)



	Intermediate
	3 (2.0%)



	Reduced sensitivity
	79 (51.6%)










 





Table 2. Summary of gene profiles prevalence in analyzed collection.
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Gene Profile

	
Number of Isolates (%)




	
emrC

	
bcrABC

	
qacH

	
ilsA






	
−

	
−

	
−

	
−

	
69 (45.1%)




	
+

	
−

	
−

	
−

	
59 (38.6%)




	
−

	
−

	
−

	
+

	
15 (9.8%)




	
−

	
+

	
−

	
−

	
5 (3.3%)




	
+

	
−

	
−

	
+

	
3 (2.0)%




	
+

	
−

	
+

	
−

	
1 (0.7)%




	
+

	
+

	
−

	
−

	
1 (0.7)%











 





Table 3. Detailed information about PCR conditions.
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	Gene
	Primers
	Amplicon Size [bp]
	Cycling Conditions
	Reference





	bcrABC
	F: CATTAGAAGCAGTCGCAAAGCA

R: GTTTTCGTGTCAGCAGATCTTTGA
	1100
	94 °C 5 min;

(94 °C 30 s; 57 °C 50 s; 72 °C 60 s) × 30;

72 °C 5 min
	[12]



	emrC
	F: TTATTCCATTTTATTACTGGCAATG

R: CGTATTTATATTTAACACTAGCCA
	387
	94 °C 2 min;

(94 °C 15 s; 50 °C 30 s; 72 °C 30 s) × 36;

72 °C 5 min
	[41]



	qacH
	F: ATGTCATATCTATATTTAGC

R: TCACTCTTCATTAATTGTAATAG
	366
	95 °C 5 min;

(95 °C 25 s; 48 °C 40 s; 72 °C 40 s) × 35;

72 °C 5 min
	[32]



	ilsA
	F: CGATTTCACAATGTGATAGGATG

R: GCACATGCACCTCATAAC
	280
	94 °C 5 min;

(94 °C 30 s; 52 °C 30 s; 72 °C 60 s) × 30;

72 °C 5 min
	[42]
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