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1. Introduction
abstract
Escherichia coli O157:H7 and Salmonella spp. often contaminate fresh beef. In Japan, an E coli outbreak caused by raw beef made 181 people ill and 5 individuals dead in 2011. Responding to this outbreak, an effective sterilization method for fresh beef is expected to be developed. In this study, ε-polylysine combined with CO2-packaging method was examined for controlling these pathogens in fresh beef. At an incubation temperature of 4  C, approximately 4.3 log and 2.4 log reduction in bacterial numbers were observed after 7-day incubation for E. coli O157:H7 and Salmonella, respectively, in ε-polylysine-added beef. When effectiveness of CO2-packaging combined with ε-polylysine was investigated, CO2 did not have additional inhibiting effect on bacterial growth compared to only-ε-polylysine-treated samples when incubated at 4  C. However, effectiveness of CO2 was observed when incubated at 10  C where approximately 2.9 log and 4.4 log reduction in E. coli cell numbers were observed in only-ε-polylysine treated samples and polylysine- and CO2-treated group, respectively, and approximately 1.7 log and 3.5 log reduction in Salmonella cell numbers were observed in only-ε-polylysine-treated samples and polylysine and CO2-treated group, respectively. This study confirmed that ε-polylysine or ε-polylysine combined with CO2 packaging are effective in preventing foodborne diseases caused by raw beef.
  2013 Elsevier Ltd. All rights reserved.
over 2 min to a depth of 1 cm from the surface”. However, points of
concern are that the sterilization method must only be performed
Enterohemorrhagic Escherichia coli O157:H7 is an exceptionally potent pathogen that causes food poisoning even at doses as low as 10 CFU (Food and Drug Administration, 2012). This leads to severe abdominal pain and bloody stools, and sometimes even hemolytic uremic syndrome or encephalopathy, which may occasionally lead to death. In Japan, a food poisoning outbreak occurred in April 2011 due to enterohemorrhagic E. coli contamination at a grilled meat chain restaurant (Matano et al., 2012). The contaminated food item yukhoe (a Korean dish in which beef is eaten raw) made 181 people ill and 5 individuals dead. Responding to this outbreak, new regu lations for fresh meat were enforced by the Ministry of Health, Labour and Welfare in which “A piece of meat to be eaten raw should be sealed and heat sterilized at a temperature of 60  C for
by trained personnel, and more meat is shaved off than the pre existing methods in which the thin surface area has been trim med without heat sterilization. Nevertheless, other effective ster ilization methods are yet to be established.
Salmonella spp. is also pathogenic bacteria that inhabit the in testines of livestock and cause food poisoning as well. Contami nation occurs during dissection of the livestock and processing, either through direct contact or through tools and the hands of the workers. Therefore, it increases the risk of food poisoning to eat fresh meat without sufficient heat sterilization. The number of bacteria required for the onset of a disease is approximately 105 CFU, which causes symptoms such as severe abdominal pain, diarrhea, fever, and vomiting, following an incubation period of 12e48 h. There are occasional foodborne outbreaks of enter ohemorrhagic E. coli (Centers for Disease Control and Prevention, 2012b; Frank et al., 2011; McCollum et al., 2012) and Salmonella
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Table 1

Bacterial strains used in this study and their growth on ε-polylysine-added medium.
et al., 2012; Raguenaud et al., 2012) in the West, making these bacteria significant in global public health issues.
Polylysine (ε-polylysine, (S)-poly(imino(2-amino-1-oxo-1,6- hexanediyl))) is a basic polypeptide of linearly bonded L-lysine that can be isolated from the culture medium of Streptomyces albulus, an actinomycete. Polycations adsorb onto the surface of microbial cell membranes and show extensive antimicrobial ac tivity against gram-positive and gram-negative bacteria, as well as yeasts and molds (Shima, Matsuoka, Iwamoto, & Sakai, 1984). Polylysine shows antimicrobial activity over a comparatively wide pH range. Additionally, it is exceptionally soluble in water, heat stable, and does not affect the food taste much (Yoshida & Nagasawa, 2003). In 2004, it was designated as generally recog nized as safe (GRAS) by the United States Food and Drug Administration.
Research into the practical uses of polylysine includes the one for E. coli O157:H7 and S. Typhimurium in roast beef (Chang, Lu, Park, & Kang, 2010), and as an additive in the manufacture of chicken nuggets, where it was reported to be more effective at reducing Salmonella bacteria numbers than heat treatment alone (Moschonas et al., 2012). However, there have been no reports of the use of polylysine with raw meats. Despite the deadly outbreak, the demand for safe raw meats has not been weakened. Therefore, the present study investigated the antimicrobial effectiveness of polylysine against enterohemorrhagic E. coli O157 and Salmonella in raw meat to establish a practical method of controlling the food borne pathogens without affecting the food taste.
2. Materials and methods
2.1. Materials for minimum inhibitory concentration (MIC) measurements
For the measurement of the MIC for enterohemorrhagic E. coli, 3 strains of O157 (ATCC 43889, ATCC 43890, and ATCC 43894), and 5 strains of non-O157 (ATCC 11775, IAM 1264, IAM 12057, IAM 12058, and IAM 12060) were used (Table 1). Seven strains of Salmonella, of which serotypes are frequently isolated in beef in the U.S. (S. Typhimurium ATCC 13311, S. Braenderup T11, S. Infantis T12, S.
Thompson T18, S. Montevideo T20, S. Hadar T24, and S. Anatum T31) (Food Safety and Inspection Service, 2011) were also used since a large portion of retailed beef is imported from the U.S. Each strain of E. coli and Salmonella stored in the laboratory at  80  C were cultivated overnight at 37  C in 10 ml trypticase soy broth (Becton Dickinson, Franklin Lakes, NJ) with 0.6% yeast extract (TSB YE). The culture medium was then transferred as 10-ml aliquots into new 10 ml TSB-YE preparations and again cultured overnight at 37  C.
Mueller-Hinton agar (Oxoid, Hampshire, UK) was autoclaved and stored at 55  C, mixed with filter-sterilized ε-polylysine solu tion (SAN KEEPER No.381, containing 50% ε-polylysine, San-Ei Gen F.F.I., Osaka, Japan), which was diluted with sterile distilled water so that the final concentrations of ε-polylysine were 500e2500 ppm in the agar, and then dispensed into sterile dishes to produce slabs.
2.2. MIC measurements
The 5-ml aliquots of 109 CFU/ml bacterial suspensions of each strain described above were dripped on the Mueller-Hinton agar
Fig. 1. Growth of E. coli after the addition of 3000 ppm ε-polylysine (-). Beef samples inoculated with 3 strains of E. coli were incubated at 4  C for 7 days. Polylysine was substituted with sterile distilled water in the controls (>). When colonies were not detected, the 2 log CFU/g was counted (i.e., the detection limit).
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Fig. 2. Growth of Salmonella upon addition of 8000 ppm ε-polylysine (-). Beef sam ples inoculated with 3 strains of Salmonella were incubated at 4  C for 7 days. Poly lysine was substituted with sterile distilled water in the controls (>).
containing ε-polylysine. After they were cultured at 37  C for 48 h, the MICs were determined. All experiments were performed 3 times.

2.3. Bacterial inoculation experiment
Three strains of E. coli O157:H7 (ATCC 43889, ATCC 43890, and ATCC 43894), and 3 strains of Salmonella whose MIC measurement results showed a comparatively strong resistance to ε-polylysine (S. Typhimurium ATCC 13311, S. Montevideo T20, and S. Anatum T31) were used for the analysis (Table 1).
Food samples were purchased in the size of 600e700 g at retail stores and used for experimentation on the same day. To protect against the effects of other bacterial species in the sample, trim ming was performed, which produces sterilized meat. Trimming was carried out by aseptically removing the cooked surface portion after spraying 70% ethanol onto the surface of the specimen, standing for 2 min, followed by heating for 1 min in a water bath at 85  C. The internal, unheated portion was aseptically cut into 25-g blocks and used immediately in the experiment.
On the surface of the 25-g blocks of beef, 109 CFU/ml prepara tions of E. coli O157:H7 and Salmonella bacterial suspensions were added in 10-mL aliquots at 2 locations. Three strains were dripped onto the blocks (to a total of 6 locations), which were then left in a safety cabinet for 15 min. Then they were immersed in a filter sterilized polylysine solution (3000 ppm or 5000 ppm for E. coli, and 8000 ppm for Salmonella) at 4  C for 40 min, and stored for up to 7 days. Following polylysine treatment, the numbers of E. coli and Salmonella were determined after 1, 3, 5, and 7 days, with CHRO Magar O157 agar (Becton Dickinson) and MLCB agar (Nissui Phar maceutical, Tokyo, Japan), respectively.
2.4. Modified atmosphere packaging
The specimens were treated with 2000 ppm and 8000 ppm of polylysine for E. coli and Salmonella, respectively. The 2000 ppm was chosen for E. coli since 3000 ppm lowered the cell number to nearly the detection limit (Fig. 1). Then the specimens were placed in sterile dishes, and gas exchange was performed using 100% CO2. Then the specimens were kept at 4  C or 10  C for 7 days in anaerobic jars. The specimens in the control section as well as the polylysine-treated sections without gas exchange were kept under air conditions. Following the gas exchange, specimens were collected after 30 min, and 1, 3, 5, and 7 days, the numbers of E. coli O157:H7 and Salmonella at each sampling period were determined. These experiments were performed 3 times.
Fig. 3. Growth of E. coli after the addition of 2000 ppm ε-polylysine (-) or ε-polylysine with CO2 (:). Beef samples inoculated with E. coli were incubated at 4  C (A) and 10  C (B) for 7 days. Polylysine was substituted with sterile distilled water in the controls (>). When colonies were not confirmed, the 2 log CFU/g was counted (i.e., the detection limit).
2.5. Statistical analysis
Experiments were all performed 3 times, and the average values were calculated. Statistical analysis was carried out using Excel Statistics ver. 6.0 (ESUMI Co., Ltd.). A Duncan’s significance test was performed to compare the number of E. coli among specimen groups. Significance levels were set to p < 0.05 or p < 0.01.
3. Results
3.1. MIC
A clear difference in MIC was not observed between E. coli se rotypes, with 600e900 ppm for non-O157 strains and 600e 700 ppm for O157 strains. The MIC for Salmonella spp. was found to be <500 ppm for S. Infantis; 1000 ppm for S. Braenderup and S. Thompson; 1500 ppm for S. Typhimurium, S. Montevideo, and S. Anatum; and 2500 ppm for S. Hadar; thus, differences were observed in the MICs among serotypes (Table 1).
3.2. Antimicrobial effectiveness against E. coli O157:H7 in beef
For the sterile distilled water-treated controls, an approximately 0.5 log reduction in bacterial numbers was observed immediately after immersion in sterile distilled water, and slight, continuous reduction was observed thereafter. After 7 days, a 1.2 log reduction in bacterial numbers was observed. On the other hand, in the polylysine-treated group, one day following immersion in 3000 ppm polylysine solution, an approximately 4.3 log reduction in the bacterial numbers was observed, with a level of 102 CFU/g maintained until day 7 (Fig. 1). Immersion in a 5000 ppm solution resulted in a 4.4 log reduction in bacterial numbers after one day. Subsequently, for the 7-day experimental period, bacterial numbers were under the detection limit of the assay (data not shown).
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observed immediately after the treatment. For both the polylysine treated group and polylysine with CO2-treated group, there was a slight reduction in bacterial numbers where no significant differ ences were found among the groups (p < 0.05; Fig. 4A).
For the control group kept at 10  C, an approximately 0.7 log
reduction was observed in bacterial numbers immediately following immersion in sterile distilled water. However, a continuous increase in numbers followed, with bacterial numbers constituting a 0.9 log increase compared to the inoc ulum by day 7. For both the polylysine-treated group and poly lysine with CO2-treated group, immediately following the treatment, an approximately 2 log reduction was observed in bacterial numbers. Subsequently, the polylysine with CO2-treated group showed a further decrease, whereas the bacterial numbers of the group treated solely with polylysine increased. By day 7, an approximately 2 log difference was noted among the groups (p < 0.01; Fig. 4B).
4. Discussion
The present study shows the sensitivity of E. coli and Salmonella
to polylysine as reflected by the MIC measurements. No clear dif ferences between the MIC of polylysine on O157 and non-O157 E. coli strains were observed. Generally, the biochemical proper
Fig. 4. Growth of Salmonella after the addition of 8000 ppm ε-polylysine (-) or ε-polylysine with CO2 (:). Beef samples inoculated with Salmonella were incubated at 4  C (A) and 10  C (B) for 7 days. Polylysine was substituted with sterile distilled water in the controls (>).
3.3. Antimicrobial effectiveness against Salmonella in beef
For the sterile distilled water-treated controls, an approximately 0.5 log reduction in bacterial numbers was observed immediately after immersion in sterile distilled water, and for the following 7 days, no significant change in bacterial numbers was detected. For the polylysine-treated group, an approximately 1.5 log reduction was observed immediately following immersion in 8000 ppm polylysine, with an approximately 2.4 log reduction by day 7 (Fig. 2).
3.4. Antimicrobial effectiveness of modified atmosphere packaging against E. coli O157:H7
For both the polylysine-treated group and polylysine with CO2- treated group at 4  C, 3.8 and 3.9 log reductions were observed, respectively, immediately after the treatment. Subsequently, for both the polylysine-treated group and polylysine with CO2-treated group, only a slight change in bacterial numbers was observed, with no significant differences between the two groups (p < 0.05; Fig. 3A).
For the control group kept at 10  C, an approximately 0.9 log reduction in bacterial numbers was observed immediately after immersion in sterile distilled water. Thereafter, there was a continuous increase in bacterial numbers, with a 1.5 log increase compared to the original inoculum on day 7. For both the polylysine-treated group and polylysine with CO2-treated group, approximately 4.0 and 3.9 log reductions were observed, respec tively, immediately after the treatment. Thereafter, an approxi mately 1 log increase in bacterial numbers on day 7 for the group treated with polylysine alone, which was not detected in polylysine with CO2-treated group. Differences among the groups were found to be significant (p < 0.01; Fig. 3B).
3.5. Antimicrobial effectiveness of modified atmosphere packaging against Salmonella
For both the polylysine-treated group and polylysine with CO2- treated group, a 1.5 log reduction in bacterial numbers was
ties conferring survivability on beef (Ansay, Darling, & Kaspar, 1999), resistance to antimicrobials (Marshall, Niebuhr, Acuff, Lucia, & Dickson, 2005), and resistance to heating and freezing (Keeling, Niebuhr, Acuff, & Dickson, 2009) are not different be tween the O157 and non-O157 strains (reviewed by Mathusa, Chen, Enache, & Hontz, 2010). These trends were also observed from the results of the present study. On the other hand, it does appear that the MIC for Salmonella differs among serotypes. Gruzdev, Pinto, and Sela (2011) investigated the differences in resistance to stresses such as sodium hypochlorite, hydrogen peroxide, and citric acid in S. Enteritidis, S. Hadar, S. Typhimurium, S. Newport, and S. Infantis serotypes. They reported differences among serotypes, with S. Hadar being the most resistant, which were in agreement with the results for polylysine in the present study. Polylysine has a wide antimicrobial spectrum. However, it seems that in light of the variable resistance level among target organisms, as well as among serotypes, special caution should be taken in choosing the con centration of polylysine.
Prior to the food inoculation experiment, the optimum con centration and immersion time for polylysine additives were examined using beef lumps. With the background that the lowest temperature at which E. coli O157:H7 could grow is 8  C (Palumbo, Call, Schultz, & Williams, 1995), the present study was carried out at a temperature of 10  C. Furthermore, because no differences were observed between the MIC of O157 and non-O157 strains, as pre viously mentioned, the non-pathogenic non-O157 strain (ATCC 11775) was used. Results comparing the 10-, 40-, and 60-min im mersion times suggested that the number of E. coli bacteria after 5 days of incubation did not significantly vary between the 40- and 60-min immersion times (data not shown). From these results, comparative examinations of 1000 ppm, 3000 ppm, and 5000 ppm polylysine additive concentrations were carried out using 40-min immersion times. The number of E. coli after 5 days of incubation was higher for the 1000 ppm than either the 3000 ppm or 5000 ppm experiments (data not shown); therefore, the subse quent experiments were carried out at 3000 ppm and 5000 ppm. Additionally, to keep bacterial numbers low following immersion in polylysine, the experiments were performed at 4  C, at which growth is impossible. Moreover, because Salmonella had a relatively high MIC compared to E. coli, a higher concentration of polylysine, 8000 ppm was utilized.
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Immediately after treatment using 3000 ppm polylysine, bac terial numbers of E. coli O157:H7 were reduced to 102 CFU/g (Fig. 1), and bacterial numbers dropped below the 102 CFU/g detection limit at 5000 ppm (data not shown). With 8000 ppm treatment for Salmonella, a 2.4 log reduction was observed (Fig. 2). For both E. coli O157:H7 and Salmonella, bacterial growth was inhibited for 7 days thereafter. Therefore, it appears that polylysine is an effective antimicrobial against E. coli O157:H7 and Salmonella on beef.
In Japan, a concentration of 1000e5000 ppm is generally used in cuts of fish for sashimi and sushi (Hiraki et al., 2003); however, a definitive standard has not been established. To investigate the influence of polylysine on the food taste, the 5000 ppm and 8000 ppm polylysine solutions were added to Japanese amberjack sashimi by immersion at 4  C for 40 min, followed by sensory evaluation. Although 5000 ppm of polylysine solution itself has a detectable bitterness, there was no substantial change in the taste of the immersed sashimi; hence, it appears that the use of poly lysine in raw foods would not be problematic. At 8000 ppm, a slight bitterness could be sensed in the immersed sashimi. However, for meats relatively strongly flavored as per yukhoe, it is unlikely to be a problem. Furthermore, it is known that polylysine has a low toxicity and is broken down into lysine by digestive enzymes in the body (Hiraki et al., 2003). Based on these results, the processing performed under the conditions used in the present study seems to be practical. In Japan, there is no data describing the contamination level of enterohemorrhagic E. coli and Salmonella in beef. However, reports from other countries suggest that such contamination is very low ( 100 log CFU/g) (Cagney et al., 2004; Wong, Nicol, Cook, & MacDiarmid, 2007). Considering that the food safety objective of the Japanese Ministry of Health, Labour and Welfare is 0.014 CFU/g (Food Safety Commission of Japan, 2011), the reduction in levels as high as 102 CFU/g is desirable. The results from the present study suggest that this objective can be reached.
In the determination of immersion time and concentration of the additive, the incubation temperature of 10  C resulted in an increase in bacterial numbers. However, the incubation tempera ture of 4  C used in the beef inoculation experiment maintained low bacterial numbers, indicating polylysine can be more effective when the food is stored at low temperature.
Thus far, much research has been carried out using antimicrobial compounds against foodborne pathogens. The ability to use com pounds such as lactic acid, citric acid, nicin, and allyl isothiocyanate directly or as an aerosol has been reported in E. coli O157:H7 (Choi et al., 2012; Seo et al., 2012; Zhao, Zhao, & Doyle, 2009) and Sal monella (Choi et al., 2012; Lu & Wu, 2012; Zhao et al., 2009). However, a small number of surviving or damaged bacteria may recover thereafter. The use of modified atmosphere packaging has been reported to maintain low microbial numbers following ster ilization with antimicrobials (Jin & Lee, 2007; Lee & Baek, 2008; Nilsson, Huss, & Gram, 1997; Rajkovic et al., 2010). However, there are no such reports regarding the application to fresh market beef. Modified atmosphere packaging is a packaging and preser vation technique in which the air of a sealed container is replaced with carbon dioxide, nitrogen, or mixtures of these gases. By inhibiting microbial growth and oxidation of foods, this method increases shelf life (Jiménez, Salsi, Tiburzi, Rafaghelli, & Pirovani, 1999; Murcia, Martınez-Tomé, Nicolás, & Vera, 2003).
Because polylysine is a polycation, its introduction to a high protein food item such as beef not only acts on microorganisms but also absorbs into the proteins of the meat (Hansen, Austin, & Gill, 2001; Potter, Hansen, & Gill, 2005), thus degrading its efficacy as an antibacterial agent. In the present study, therefore, we attemp ted to use 100% CO2 gas exchange packaging following polylysine sterilization to inhibit microbial proliferation. With an incubation temperature of 4  C, the action of polylysine with CO2 treatment
was not found to be significantly different from that of polylysine treatment alone against E. coli O157:H7 and Salmonella (Figs. 3A and 4A). However, in a simulated case of temperature control deficiency at 10  C, both species of bacteria were found to have proliferated after 5 and 7 days when treated with polylysine alone. When polylysine was used along with CO2 exchange, this prolifer ation was inhibited (Figs. 3B and 4B). Thus, the effectiveness of packaging with 100% CO2 in limiting the proliferation of E. coli O157:H7 and Salmonella on beef was elucidated. However, these results could only be confirmed with the incubation temperature of 10  C. It seems likely that the temperature of 4  C inhibited the proliferation of the bacteria, masking the effect of the CO2 and making it difficult to determine the difference between the poly lysine alone group and the polylysine with CO2 group. Previous research also shows that at proliferation inhibiting temperatures of 4  C or 5  C, packaging with CO2 showed no differences between the survivability of E. coli O157:H7, S. Typhimurium, Listeria mon ocytogenes, Staphylococcus aureus, Clostridium perfringens (Dykes, Moorhead, & Roberts, 2001; Kimura & Murakami, 1993; Michaelsen, Sebranek, & Dickson, 2006). However, owing to the ability to proliferate at a preservation temperature of 10  C, the number of bacteria increased in the group that was subjected to polylysine processing alone, while they were inhibited in the group processed with polylysine and CO2.
The mixture of gases used in consumer packed beef distributed in Japan generally consists of 70e80% O2 and 20e30% CO2. In this mixture, high levels of O2 are used to preserve the oxidation of myoglobin into the vivid red oxymyoglobin, whereas the CO2 has a bacteriostatic action, inhibiting the proliferation of microbes. High CO2 concentrations result in the inhibition of microbial prolifera tion, but the red coloration faded into a brown tone; hence, the aforementioned mixture is utilized. In the present study, this color change was also noted following packing in 100% CO2, but it returned to a normal color approximately 30 min after unsealing because the exposure to the air made the myoglobin turn into oxymyoglobin.
In the present study, the antimicrobial effect of polylysine on E. coli O157:H7 and Salmonella on beef was investigated. Addi tionally, in a simulated case of temperature control deficiency, additional modified atmosphere packaging increased the safety of the food. Furthermore, the use of polylysine appears practical, based on its minimal influence on food taste. However, the specimens in the present study differ from actual marketed beef in terms of the amount of bacteria normally present in public facilities as a result of sterilization by trimming. A large number of reports have previously described the inhibition of pathogenic bacteria such as E. coli O157:H7 and L. monocytogenes due to competition for nutrients with other common bacterial species (Babic, Watada, & Buta, 1997; Bredholt, Nesbakken, & Holck, 1999; Carlin, Nguyen-The, & Morris, 1996; Vold, Holck, Waste son, & Nissen, 2000). However, other reports indicate that no such influence exists (Barakat & Harris, 1999) or that common bacterial strains may protect other pathogens (Balamurugan, Nattress, Baker, & Dilts, 2011). Investigations on its antimicro bial effect on non-sterilized beef may be needed in the future. Nevertheless, as the first study to investigate the combined use of polylysine and modified atmosphere packaging as an antimi crobial technique, the present study has gained new knowledge into sterilization of meat to prevent the occurrence of pathogenic bacteria.
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