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Abstract

:

Most human listeriosis is foodborne, and ready-to-eat (RET) foods contaminated by Listeria monocytogenes during processing are found to be common vehicles. In this study, a total of four L. monocytogens STs (ST5, ST121, ST120, and ST2) have been identified in two RTE food plants from 2019 to 2020 in Shanghai, China. The L. monocytogenes ST5 was predominant in one RTE food processing plant, and it persists in the RTE meat processing plant with continued clone transmission. The genetic features of the four STs isolates were different. ST5 and ST121 had the three genes clpL, mdrL, and lde; however, ST120 and ST2 had two genes except for clpL. SSI-1was present in ST5, ST121, and ST120. Additionally, SSI-2 was present only in the ST121 isolates. ST120 had all six biofilm-forming associated genes (actA, prfA, lmo0673, recO, lmo2504 and luxS). The ST2 isolate had only three biofilm-forming associated genes, which were prfA, lmo0673, and recO. The four ST isolates had different biofilm formation abilities at different stages. The biofilm formation ability of ST120 was significantly higher when grown for one day. However, the biofilm formation ability of ST120 reduced significantly after growing for four days. In contrast, the biofilm formation ability of ST5 and ST121 increased significantly. These results suggested that ST5 and ST121 had stronger ability to adapt to stressful environments. Biofilms formed by all four STs grown over four days can be sanitized entirely by a disinfectant concentration of 500 mg/L. Additionally, only ST5 and ST121 biofilm cells survived in sub-lethal concentrations of chlorine-containing disinfectant. These results suggested that ST5 and ST121 were more resistant to chlorine-containing disinfectants. These results indicated that the biofilm formation ability of L. monocytogenes isolates changed at different stages. Additionally, the persistence in food processing environments might be verified by the biofilm formation, stress resistance, etc. Alternatively, these results underlined that disinfectants should be used at lethal concentrations. More attention should be paid to ST5 and ST121, and stronger surveillance should be taken to prevent and control the clonal spread of L. monocytogenes isolates in food processing plants in Shanghai.
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1. Introduction


Listeria monocytogenes is an important foodborne pathogen, which causes listeriosis [1]. Most human listeriosis is foodborne, and the most popular vectors are ready-to-eat (RTE) foods, such as meat, dairy products, seafood and fresh produce, which are susceptible to contamination by L. monocytogenes strains in factory processing environments [2]. Previous studies suggested that L. monocytogenes strains can be introduced into food processing facilities and food products through raw materials by cross-contamination [3]. Furthermore, several reports have indicated that L. monocytogenes can persist in food processing environments for a long time, even up to ten years [4,5]. Different STs L. monocytogenes have different adaptation abilities to environments [6,7,8]. It has been reported that ST121, ST9, ST8, ST7, ST155, ST177, and ST204 have a special adaptation to environments and food matrices [9,10,11,12]. Among the great diversity of L. monocytogenes strains from food production, ST5 strains have been reported to be contaminated food processing environments [13,14], which is consistent with our previous studies.



In previous study, we characterized L. monocytogenes strains isolated from two RTE meat processing plants in the Shanghai municipal area, China, during 2019–2020 by pulsed-field gel electrophoresis and whole genome sequencing [6]. A total of 29 L. monocytogenes have been isolated. Of the 29 isolates, 21 were from the plant A and eight of 22 isolates were from the plant B. The L. monocytogenes ST5 isolates with the same pulsotype were predominant (72.4%, 21/29), which were identified in processing environments, even in an end-product at plant A. In addition, core genome multilocus sequencing typing identified up to nine allelic differences, with the most closet pairwise differences among these ST5 isolates included 0–16 small nucleotide polymorphisms. Therefore, L. monocytogenes ST5 isolates were thought to persist in plant A and continue clonal transmission from 2019 to 2020. In contrast, no L. monocytogenes ST5 isolates were found in the processing environments of plant B. Other STs isolates (ST120 and ST2) were detected only once in 2019 in plant A and were defined as transient isolates. Three L. monocytogenes ST121 isolates were detected in raw materials from plant B, and there was one L. monocytogenes ST121 strain being isolated from processing facility of plant A in 2020. It has been reported that L. monocytogenes ST121 isolates have persisted in food processing environments for a long time [15]. Therefore, in this study, the four STs (ST5, ST2, ST120 and ST121) were used to compare and analyze the persistent mechanism of L. monocytogenes ST5 isolates in food processing environments.



Whole-genome sequence (WGS) analysis of L. monocytogenes strains has revealed a high degree of similarity in both gene content and tissue structure [16,17,18]. However, many studies have shown that the L. monocytogenes strains were diverse in terms of general virulence, ecology, and physiology [19,20]. These results suggested that a relatively small number of distinct regions might play an important role in the persistence of different L. monocytogenes strains, such as resistance markers on plasmids, prophages (e.g., pLM33), stress-associated genes (e.g., SSI-1, SSI-2), biofilm-forming associate genes (e.g., luxS), and tolerance to disinfectant associated genes (e.g., actA, prfA) [21,22]. Previous surveillance has revealed that the L. monocytogenes ST5 has persisted in an RTE food processing plant during 2019–2020 [6]. Thus, how to control the occurrence of L. monocytogenes in food processing environments has become a major task for food safety. Previously, many studies have focused on the mechanism of survival of L. monocytogenes strains in food processing environments. The prevalence and persistence of L. monocytogenes strains in food processing environments occur mainly due to biofilm formation, persistence, resistance to disinfectants and virulence, and reproducing at low temperatures [7,8]. Therefore, in this study, four STs (ST5, ST120, ST2 and ST121) of L. monocytogenes from the two RTE food processing plants in Shanghai have been analyzed. The aims of this study were (1) to identify the key genome features contributing to persistence in RTE meat processing environments for a long time in China; (2) to assess the ability of resistance in RTE food processing environments by biofilm forming and tolerance to disinfectants; and (3) to provide a basis for measurement to prevent and control the persistence of L. monocytogenes in RTE processing environments.




2. Materials and Methods


2.1. Genomic DNA Extraction and WGS


The four STs L. monocytogenes isolates from two RTE meat processing plants were used in this study, including 16 ST5 isolates from processing environments and end products, four ST121 isolates from raw material and processing environments, one ST2 isolate from accessory material, and one ST120 isolate from raw material.



Four L. monocytogenes isolates were cultured overnight. Genomic DNA was extracted using a DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocol with minor changes. The cells were pre-lysed with lysozyme for 30 min at 37 °C, and the proteinase K treatment was extended to 30 min. DNA concentration, quality, and integrity were identified using a NanoDrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Sequencing libraries were generated using the TruSeq DNA Sample Preparation Kit (Illumina, USA). Then, genome sequencing was conducted using the Illumina Hiseq platform (Illumina). Finally, the reads were trimmed and assembled using the CLC Genomics Workbench v7.0 (CLC Bio, Aarhus, Denmark), and the assembled overlap clusters were exported as raw sequencing reads.



These reads were checked using FastQC version (v) 0.11.2 (Cambridge, London, UK) and trimmed using Trimmomatic v 0.36. Then, the trimmed reads were assembled using BioNumerics v 7.6 (Applied Maths, Kortrijk, Belgium), and the assembled sequence was used for further analysis.




2.2. Serogroup and ST Determination


All five specific genes, including lmo0737, lmo1118, ORF2819, ORF2110, and prs, were used to determine the serogroup of Listeria monocytogenes [23]. The sequence data of the five genes were obtained based on WGS data. Furthermore, the serogroup was identified by BioNumerics software (version 7.6 Applied Maths, Kortrijk, Belgium).



STs were determined using BioNumerics software based on the classical seven housekeeping loci MLST schemes (abcZ-bglA-cat-dapE-dat-ldh-lhkA) [23], and the sequence data of the isolates were obtained from the genomic data.




2.3. Prediction of Stress-Related Genes, Biofilm-Forming Related Genes and Disinfectant Resistant Genes


Genome assemblies were screened for the presence/absence of stress-related genes and biofilm-forming associated genes using DNAstar (7.1). These genes referred to previous studies and were also retrieved from the NCBI [24,25]. All alleles for stress tolerance were recovered from the Listeria database hosted by the Pasteur Institute, Paris, France (https://bigsdb.pasteur.fr/listeria). (accessed on 10 September 2021).




2.4. Prediction of Prophages and Plasmids


To identify putative prophages, the PHASTER (www.phaster.ca) (accessed on 12 September 2021). server was used to search for genome assemblies [25]. The application evaluates prophage regions as “intact”, “questionable”, or “incomplete” based on the criteria, such as the number of coding sequences (CDSs) homologous to some phages and the percentages of CDSs matching a particular phage. Intact and problematic regions with sequence lengths longer than 20 kbp were used for the prophage analysis.



The plasmids were predicated using PlasmidFinder (https://cge.cbs.dtu.dk/services/PlasmidFinder/) (accessed on 12 September 2021) and a minimum nucleotide sequence identity of 90% [26].




2.5. Biofilm-Forming Test


The four STs L. monocytogenes were analyzed in a biofilm-forming test, which were LM19052 (ST5), LM2061 (ST121), LM1964 (ST120), and LM19053 (ST2). Each experiment included three technical replicates and was repeated twice using independent bacterial cultures.



The biofilm formation assay was performed according to the method of Zhang et al. [6]. Stainless steel coupons (304, 1.2 cm × 1.4 cm × 0.1 cm) were immersed in acetone solution for 3 h. After being wiped, these coupons were soaked overnight in 75% (v/v) ethanol and rinsed with distilled water. Finally, they were autoclaved at 121 °C for 15 min before using.



Biofilm was cultured on sterile coupons in tryptic soy broth with yeast extract (TSB-YE). First, the L. monocytogenes were inoculated into 10 mLTSB-YE and incubated overnight at 37 °C. Second, the overnight culture was gradient diluted with TSB-YE to a final concentration of 104 CFU/mL, and then, 2 mL of the dilution was dispensed into a 24-well polystyrene plate (Thermo Scientific™, Waltham, MA, USA) with one clean stainless steel coupon placed in each well. Finally, the samples were then incubated at 25 °C for 1–5 days, and the coupons were removed at regular intervals each day. The cultured stainless steel coupons were washed with 3 mL of 0.85% sodium chloride to remove loose cells and subsequently vortexed for 1 min in a tube containing 10 mL of 0.85% sodium chloride and sterile glass beads to shake off the attached biofilm cells for counting.




2.6. Disinfectant Tolerance


The disinfection of biofilms was performed as previously described with minor modification [27]. After the preparation of a biofilm, either firmly attached or grown as biofilm, as described above, the coupons were removed using sterile tweezers and washed with 3 mL 0.85% sodium chloride to remove loose cells. Then, the coupon was separately placed in a 24-well polystyrene plate for treatment with 2 mL of 125, 250 and 500 mg/L chlorine-containing disinfectant for 30 s and 60 s, respectively at room temperature. A coupon was placed in a 2 mL 0.85% sodium chloride for untreated control. Next, the coupons were placed into glass tubes with 5 mL sodium thiosulfate/neutralization broth (replacing D/E neutralization broth) and glass beads for ten minutes. Finally, after vortexing for 1 min, the liquid was used to enumerate the viable biofilm cells in TSA-YE. Plate counts were converted to logCFU/cm2, and the logarithmic reductions (logCFU/cm2) of live cells after disinfection were calculated by subtracting the survivors’ log in 0.85% sodium chloride (negative control). Each experiment included three technical replicates and was repeated thrice using independent bacterial cultures.




2.7. Statistical Analysis


Experimental data on biofilm formation and disinfectants were analyzed by the analysis of variance (ANOVA) procedure using SPSSTM (IBM® Version 22, Armonk, NY, USA). Tukey’s post hoc test was used to determine the significant differences in mean values with significance considered at p < 0.05.





3. Results


3.1. STs Distribution of L. monocytogenes Strains from RTE Food Processing Plants


The four ST isolates have been identified from the two RTE meat food processing during 2019–2020. The distribution of ST L. monocytogenes isolates in plant A and B was different. In plant A, the ST5 isolates were prevalent, accounting for 91.6% in 2019 and 88.89% in 2020 (Figure 1A,B). ST2 isolates (8.33%) were identified in 2019 and ST121 isolates (1.11%) were identified in 2020 in plant A. Only ST120 and ST121 isolates (one and three L. monocytogenes, respectively) have been identified in plant B (Figure 1C,D).




3.2. Genetic Features of Four STs L. monocytogenes in the Two RTE Meat Food Processing Plants


To investigate the genetic relatedness of L. monocytogenes with the ability of persistence in a food processing plant, the genetic features of four L. monocytogenes belonging to the four STs isolates were analyzed, such as serogroups, stress survival Islet, plasmids, inlA and prophages (Table 1). The four L. monocytogenes isolates were identified as three serogroups, which were ST5-IIb (1/2b, and 3b.7), ST121-IIa (serotypes 1/2a, 3a, and 3c), ST120-IIa (serotypes 1/2a, 3a, and 3c), and ST2-IVb (4b, 4d, and 4e), respectively. The genetic features of the same STs isolates were similar. SSI-1was present in ST5, ST121, and ST120. Additionally, SSI-2 was present only in the ST121 isolates. The three STs (ST5, ST121, and ST120) isolates had intact inlA. However, ST2 had a truncated inlA. Two plasmids were identified; they were pLM33 and pLM5578. The ST2 isolate had the two plasmids, ST5 isolates had pLM33, and ST121 isolates had pLM5578. However, ST120 isolates had no plasmids. Only one intact prophage was identified. The ST5 and ST2 isolates had the same prophage B025_NC_009812.




3.3. Biofilm-Forming Associated Genes and the Biofilm-Forming Ability of Four L. monocytogenes STs Isolates


The scanning of six biofilm-forming-associated genes (actA, prfA, lmo0673, recO, lmo2504 and luxS) revealed that the presence in the four STs isolates was different. ST120 had all six biofilm-forming associated genes, which was followed by ST5 isolates, which had five genes except for actA. The S121 isolates had four biofilm-forming-associated genes except for actA and prfA. The ST2 isolate had only three biofilm-forming-associated genes, which were prfA, lmo0673, and recO. The ST2 had no actA, lmo2504 and luxS genes (Table 1).



As shown in Figure 2, the enumeration of biofilm cells of the four ST isolates was different from time to time (Figure 1). The biofilm cells of the STs isolates increased from the first day to the fifth day, and the enumeration of biofilm cells increased from 4.44 to 6.76 log. The biofilm cells of the ST121 isolates increased from 5.07 to 6.68 log during the five days, except that biofilm cells minor reduced from 5.69 to 5.62 log from the second day to the third day. The biofilm cells of the ST120 isolate increased from 5.52 to 5.97 log during four days and then reduced from 5.97 to 5.58 log in the fifth day. The same trend was found in the ST2 isolate. The biofilm cells of the ST2 isolate increased from 4.99 to 6.31 log during four days and then reduced from 6.31 to 6.10 log on the fifth day.



It can be obtained that the biofilm formation ability of the four STs isolates was different (Figure 3). In the first three days, the enumeration of biofilm cells of ST5 was lower than that of the other three ST isolates, and p-values were 0.002, 0.000, and 0.000 for ST5 relative to ST2, ST120, and ST121, respectively. However, after the third day, the number of biofilm cells of the ST5 isolate increased, which was higher than those of the ST121 and ST120 isolates. On the fifth day, the number of biofilm cells formed by ST5 and ST121 was significantly higher than those of the ST120 and ST2 isolates (p < 0.05), the p-values were 0.012 and 0.000 for ST5 relative to ST2 and ST120, while the p-values were 0.018 and 0.001 for ST121 relative to ST2 and ST120, respectively.




3.4. Disinfection Efficiencies of Chlorine-Containing Disinfectant against Different ST Biofilm Cells and Disinfectant-Resistant Genes


The four different ST isolates had different disinfectant-resistant genes. Three disinfectant-resistant genes had been identified. ST5 and ST121 had the three genes clpL, mdrL, and lde; however, ST120 and ST2 had mdrL and lde but not clpL. All four STs did not have qacH (Table 1).



In this study, three concentrations of chlorine-containing disinfectant were applied: 500 mg/L, 250 mg/L, and 125 mg/L. The biofilm cells growing for 96 h were used for disinfection efficiencies. The initial concentration of biofilm cells of four ST L. monocytogenes was between 6.08 and 6.36 log. The acting time of chlorine containing was 30 s and 60 s, respectively. The disinfection efficiency of different concentrations of chlorine-containing disinfectant to L. monocytogenes biofilm cells was different (Table 2). When the three concentrations (500 mg/L, 250 mg/L, and 125 mg/L) of chlorine-containing disinfectant were used on ST5, the reduction values of biofilm cells were 6.32 log, 4.82 log, and 3.34 log respectively, and the difference in reduction values was significant (p < 0.05). When the three concentrations (500 mg/L, 250 mg/L, and 125 mg/L) of chlorine-containing disinfectant were used on ST121 and ST5, the reduction values of biofilm cells reduced; however, there were no significant differences. When the three concentrations (500 mg/L, 250 mg/L, and 125 mg/L) of chlorine-containing disinfectant were used on ST120, the disinfection efficiency was 100% with reduction values of 6.08 log.



Alternatively, the disinfection efficiency of the same concentration of chlorine-containing disinfectant was different (Table 2). When 500 mg/L chlorine-containing disinfectant was used, the disinfection efficiency of chlorine-containing disinfectant to the four STs biofilm cells was 100%. However, when 250 mg/L chlorine-containing disinfectant was used, the reduction values of ST120 and ST2 biofilm cells were 6.08 log and 6.36 log, respectively, with 100% disinfection efficiency. In contrast, the reduction values of ST5 and ST121 were 4.82 log and 5.84 log. Furthermore, when 125 mg/L chlorine-containing disinfectants were used, only the disinfection efficiency of chlorine-containing disinfectant on ST120 was 100%. The reduction values of ST5 and ST121 biofilm cells were 3.34 log and 4.94 log. Thus, the difference between disinfection efficiency of ST5, ST121 and ST120, ST2 was significant (p < 0.05).





4. Discussion


The complete genome sequences of several L. monocytogenes strains have showed a high degree of similarity in gene content and organization [16,17,18], which suggested that the genomic compositions of different Listeria strains are highly stable, and the number of genes that play essential roles in the ability to adapt to environments may be relatively small [16,17,28]. Mechanisms that promote the persistence of L. monocytogenes isolates in food processing environments include biofilm formation [29,30], resistance to disinfectants [31,32], and stress tolerance mechanisms [33]. Therefore, in this study, these genes, plasmids and prophages have been compared in the 22 STs L. monocytogenes isolates to analyze their capacity in adapting to environments. To date, six genes (mdrL, lde, cassette bcrABC, qacH, emrE, and emrC), located on mobile genetic elements, associated with the efflux system, have been identified in L. monocytogenes in response to disinfectant [34]. The two major efflux pump genes, mdrL and lde, are present in all four ST isolates in this study, which is consistent with previous study; these two efflux pump genes are present in all L. monocytogenes [35]. The other four efflux pump genes are present in four STs in this study. These results suggested that there might be other genes affecting the response to disinfectant action.



SSI-1 was associated with tolerance to acidic, bile, gastric and salt stresses and has been reported to be prevalent in ST9, ST204 and ST321 [34]. In this study, SSI-1 has been identified in ST5, ST121 and ST120. This result suggested that ST5, ST121 and ST120 might be more tolerant of food processing environments than ST2.



The biofilm-forming ability of ST120 was higher than that of the other three STs (ST5, ST121 and ST2) when grown for one day (24 h) (Figure 1). The analysis of biofilm formation-associated genes indicated that ST120 owned all six biofilm-associated genes. However, the other three STs had fewer biofilm formation genes. Furthermore, the three STs isolates do not have actA. The actA gene is present in ST120. This actA gene is known to be responsible for the actin polymerization, which is essential for the movement of L. monocytogenes within the host cell and for the first step of biofilm formation [36,37]. It has been reported that the ST2 isolates have a lower ability of biofilm formation because ST2 isolates had fewer overall biofilm formation-associated genes, especially missing a vital biofilm-forming actA gene [38]. These results indicated that actA might play a vital role in biofilm formation by regulating the movement of L. monocytogenes in host cells in L. monocytogenes. Alternatively, the InlA protein has been reported to be critical for adhesion and host cell invasion, which has been implicated in biofilm formation. Research by Olier at al. proposed that truncation of the InlA-encoding gene inlA significantly enhances biofilm [39]. However, this conclusion is not supported by the observation provided by Wang [30]. Additionally, in this study, ST2 with truncated inlA showed lower biofilm formation ability than that of ST120 when grown over one day; then, it exhibited higher biofilm formation ability than that of the ST120 when grown for four days. These results suggested that inlA and truncated inlA played complex roles in biofilm formation in L. monocytogenes in addition to other factors (e.g., acid, nutrients etc.). These results support the idea that biofilm formation ability is primarily a random process. Additionally, most L. monocytogenes isolates can show stronger biofilm formation ability if present in an appropriate niche at the proper time.



Note that the biofilm-forming ability of ST5-IIb and ST121-IIa increased after being grown for four days. However, the biofilm formation ability of ST2-IVb and ST120-IIa reduced after growing for four days. The poor biofilm-forming ability of IVb L. monocytogenes isolates, where nutrients may be limited, has been reported [38]. In this study, when grown for four days, the nutrients necessary for L. monocytogenes would be limited, and hazards for microorganisms would be increasing. As a result, the unfavorable environment would affect the biofilm-forming ability of L. monocytogenes. Furthermore, only ST5 and ST121 own the clpL gene, which encodes ClpL. The ClpL protein has been found in some Listeria plasmids before [40]. Under various conditions in Streptococcus spp. and Lactobacillus spp., highly similar (approximately 68% amino acid identity) ClpL proteins are involved in stress response and act as a chaperone for the stress response regulator CtsR [41,42,43]. Therefore, ST5 and ST121 would be more tolerant to disadvantageous environments. These results suggest that the ability of tolerance to environments also plays an important role in biofilm formation, affecting the persistence of L. monocytogenes in environments.



It is worthwhile to note the potential persistence of ST121 in food processing environments. ST121 had a similar biofilm formation ability with ST5 and resistance to chlorine-containing disinfectant in this study. Additionally, SSI-1 was predominantly found in food-associated strains of ST121, which were consistent with the results in this study. SSI-2 is involved in the alkaline and oxidative stress response [44]. The ST121 isolates are frequently found to be abundant and persist in food processing environments. They have specific genetic determinants that support persistence and confer adaptation to a taxonomically discriminative niche [45]. Therefore, stronger surveillance should be conducted in food processing plants especially in RTE food processing environments.



In food production environments, bacteria are regularly exposed to cleaning and disinfectants. The efficient cleaning and sanitization processes are essential to prevent food contamination by L. monocytogenes during processing. However, the disinfection process is not always performed adequately. L. monocytogenes isolates are often exposed to sub-inhibitory concentrations of disinfectants due to dilution in the environment and biodegradation, resulting in a gradient of disinfectants concentration. Furthermore, L. monocytogenes isolates residing in food processing environments may adapt to disinfectant after repeated exposure. As a result, the low-level resistance to disinfectants may contribute to its environment adaptation and persistence [46]. Presently, few studies have investigated how different concentrations of disinfectant affect different STs L. monocytogenes isolates. To our knowledge, this is the first study showing the effect of different concentrations of chlorine-containing disinfectant acting on different STs isolates and differences of relative genes among the four ST L. monocytogenes isolates in this study. The three concentrations of chlorine-containing disinfectant (500 mg/L, 250 mg/L, and 125 mg/L) were applied in this study. The 500 mg/L concentration was proposed to be lethal concentration according to the manufacturers. The results showed that only ST2 biofilm cells had been entirely cleaned by all three concentrations of chlorine-containing disinfectants. Conversely, ST5 and ST121 biofilm cells survive significantly after acting with 125 mg/L and 250 mg/L chlorine-containing disinfectant. ST5, ST121 and ST2 have different disinfectant-resistant genes. ST5 and ST121 had all three genes (clpL, mdrL and lde), whereas ST2 had only mdrL and lde. The clpL gene has been involved in stress response under various conditions [41,42,43,47]. These results suggested that the gene clpL might play an essential role in resistance to chlorine-containing disinfectants. Therefore, from a practical perspective, the study emphasizes that disinfectants should be used at the lethal concentrations recommended by the manufacturers. Further studies are required to elucidate the lethal concentration of chlorine-containing disinfectants in food processing environments.




5. Conclusions


The ST5 L. monocytogenes isolates have likely persisted in an RTE meat processing plant for a long time in Shanghai, China. Biofilm formation has contributed to this bacterial persistence. Our results suggested that the biofilm formation ability of L. monocytogenes isolates might be different at different stages. Furthermore, the actA gene might play an important role at the beginning of biofilm formation. However, the biofilm formation ability of ST5 and ST121 isolates, which do not have actA, increased significantly after grown for four days. Simultaneously, ST5 and ST121 biofilm cells have stronger resistance ability to sub-lethal chlorine-containing disinfectants. The result suggested that disinfectants should be used at the lethal concentrations recommended by the manufacturers.



This study helped understand the mechanisms of L. monocytogenes persistence in RTE food processing environments and provided a theoretical reference for taking measures to prevent and control the transmission of L. monocytogenes in food processing environments.
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Figure 1. The distribution of the four STs in two RTE food processing plants in this study. (A): The distributions of four STs in plant A in 2019. (B): The distribution of four STs in plant B in 2019. (C): The distribution of four STs in plant A in 2020. (D): The distribution of four STs in plant B in 2020. Different colors represent different proportions of different ST. 
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Figure 2. Trends of biofilm formation of four ST isolates during five days. Round represents ST120, upside down triangle represents ST121, triangle represents ST5, and square represents ST2. 
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Figure 3. Biofilm formation ability of four ST isolates. The lowercases represent the difference among the same ST at different times. The capitals represent the difference among four ST at the same time. 
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Table 1. Genetic features of four STs L. monocytogenes from the two RTE meat food processing plants from 2019 to 2020.
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ST

	
Serogroup

	
Disinfectant Resistant Genes

	
Stress Survival Ilset

	
inlA

	
qacH,

ermE, ermC

	
Plasmids

	
Intact Prophages

	
Biofilm Formation-Related Genes




	
actA

	
prfA

	
lmo0673

	
recO

	
lmo2504

	
luxS






	
2

	
IVb

	
mdrL, lde

	
-

	
truncated inlA

	
-

	
pLM33 pLM5578

	
B025_NC_

009812

	
−

	
+

	
+

	
+

	
−

	
−




	
5

	
IIb

	
clpL, mdrL, lde

	
SSI-1

	
inlA

	
-

	
pLM33

	
B025_NC_

009812

	
−

	
+

	
+

	
+

	
+

	
+




	
120

	
IIa

	
mdrL, lde

	
SSI-1

	
inlA

	
-

	
-

	
-

	
+

	
+

	
+

	
+

	
+

	
+




	
121

	
IIa

	
clpL, mdrL, lde

	
SSI-1, SSI-2

	
inlA

	
-

	
pLM5578

	
-

	
−

	
−

	
+

	
+

	
+

	
+








Note: “−” means the genetic feature is not present, ”+” means the genetic feature is present.
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Table 2. Disinfection efficiency of chloride-containing disinfectant to four ST isolates.
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Strains

	
Disinfectant Concentration (mg/L)

	
Log Reduction Values (LogCFU/cm2) and Disinfection Efficiency (%)




	
Disinfectant Treatment Time (s)




	
0

	
30

	
60






	
ST120

	
125

	
6.08 ± 0.06 A

	
3.17 ± 0.04 Ba

	
52.04%

	
6.08 ± 0.06 Ba

	
100.00%




	
250

	
4.01 ± 0.04 Bb

	
65.94%

	
6.08 ± 0.06 Aa

	
100.00%




	
500

	
6.08 ± 0.06 Ac

	
100.00%

	
6.08 ± 0.06 Aa

	
100.00%




	
ST121

	
125

	
6.31 ± 0.23 A

	
3.13 ± 0.14 Ba

	
49.69%

	
4.94 ± 0.97 ABa

	
78.27%




	
250

	
3.36 ± 0.04 Ab

	
57.40%

	
5.84 ± 0.71 Aa

	
92.63%




	
500

	
6.31 ± 0.23 Ac

	
100.00%

	
6.31 ± 0.23 Aa

	
100.00%




	
ST5

	
125

	
6.32 ± 0.03 A

	
2.84 ± 0.09 Aa

	
44.93%

	
3.34 ± 0.62 Aa

	
52.85%




	
250

	
3.83 ± 0.12 ABb

	
60.63%

	
4.82 ± 1.28 Abc

	
76.17%




	
500

	
6.32 ± 0.03 Ac

	
100.00%

	
6.32 ± 0.03 Ac

	
100.00%




	
ST2

	
125

	
6.36 ± 0.03 A

	
3.64 ± 0.12 Ca

	
57.27%

	
5.54 ± 1.40 ABa

	
87.04%




	
250

	
6.36 ± 0.03 Cb

	
100.00%

	
6.36 ± 0.03 Aa

	
100.00%




	
500

	
6.36 ± 0.03 Ab

	
100.00%

	
6.36 ± 0.03 Aa

	
100.00%








Note: the capitals represent differences of disinfection efficiency among different STs acted by the same concentrations of chloride-containing disinfectant. The lowercases represent differences of disinfection efficiency of the same ST acted by different concentrations of chloride-containing disinfectant.
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