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Abstract  17 

The aim of this study was to investigate the synergistic effect of chitosan and bacteriocins against 18 

Escherichia coli and Salmonella in media and in lean beef. The inhibitory effects of chitosan and 19 

bacteriocins against E. coli AW1.7 and S. enterica Typhimurium in media were determined by a 20 

critical dilution assay. The efficacy a bacteriocin-producing strain of Carnobacterium 21 

maltaromaticum and high molecular weight chitosan (HMWC) in inactivation of E. coli AW1.7 22 

and S. Typhimurium was evaluated on beef. Current interventions applied in the beef industry, 23 

steaming coupled with lactic acid, were used as reference. HMWC demonstrated higher 24 

antibacterial activity than water soluble chitosan (WSC) or chitosan oligosaccharides (COS) in 25 

media, and the addition of partially purified bacteriocins from C. maltaromaticum UAL307 26 

increased the activity of the chitosan in vitro. The hurdle combinations associated with HMWC 27 

inactivated E. coli AW1.7 and S. enterica Typhimurium more effectively on lean beef when 28 

compared to steam or steam coupled with lactic acid. When used on beef, addition of bacteriocins 29 

and chitosan did not increase the antibacterial efficacy. Cell counts of S. enterica were further 30 

reduced during storage in presence of C. maltaromaticum and chitosan; however, this decrease 31 

was not dependent on bacteriocin production. In conclusion, addition of chitosan alone or in 32 

combination with C. maltaromaticum UAL 307 as protective culture significantly reduces cell 33 

counts of E. coli and Salmonella on beef. Results will be useful to improve pathogen intervention 34 

treatments in beef processing.  35 
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1. Introduction  39 

Salmonella enterica and virulent strains of Escherichia coli, especially Shiga-toxin producing E. 40 

coli (STEC), are foodborne zoonotic agents associated with outbreaks worldwide and pose a threat 41 

to public health (EFSA, 2010; Nguyen and Sperandio, 2012). Cattle are a main vehicle for 42 

transmission of STEC but they also transmit Salmonella (Nguyen and Sperandio, 2012; 43 

Wingstrand and Aabo, 2014). Contamination of muscle tissues occurs primarily with the dehiding 44 

and evisceration steps during the beef slaughter process (Aslam et al., 2004; Barkocy-Gallagher et 45 

al., 2001). In North America, beef carcasses are routinely decontaminated by pasteurization with 46 

steam or hot water, and by spraying with lactic acid and / or peroxyacetic acid (Gill, 2009). Despite 47 

multiple pathogen intervention technologies E. coli and Salmonella continue to cause outbreaks 48 

associated with beef (CDC, 2014). The continued presence of Salmonella and STEC on fresh beef 49 

may relate to recontamination of carcasses during handling and cutting (Gill, 2009), or to strain-50 

to-strain variation of the resistance of E. coli and Salmonella to heat and acid (Dlusskaya et al., 51 

2011; Foster, 2004; Liu et al., 2015, Mercer et al., 2017). The burden of foodborne disease caused 52 

by STEC and Salmonella necessitates novel tools to ensure the safety of beef and beef products.  53 

Chitosan, poly-(β-(1→4)-glucosamine, is a partially or fully deacetylated derivative of chitin and 54 

exhibits antimicrobial activity when the amino group is protonated, i.e. at a pH below the pKA of 55 

6.2 – 7.0 (Devlieghere et al., 2004; Tsai and Su, 1999). The antimicrobial activity of chitosan 56 

relates to its polycationic properties, which enable electrostatic interactions with negatively 57 

charged structures of the cell envelope, including the cytoplasmic membrane and the 58 

lipopolysaccharide (LPS) in the outer membrane of Gram negative organisms (Devlieghere et al., 59 

2004; Helander et al., 2001; Mellegard et al., 2011). Chitosan has GRAS approval in the U.S.A. 60 

(FDA, 2011) and is an effective preservative in meat or meat products when applied at 61 
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concentrations of 1 – 10 g/L (Kanatt et al., 2013; Sagoo et al., 2002; Surendran-Nair et al., 2016). 62 

Chitosan seems particularly effective when used in combination with other preservative agents 63 

including heat, antimicrobial phenolic compounds (Surendran-Nair et al., 2016), or citrus extracts 64 

(Vardaka et al., 2016). The outer-membrane permabilizing activity of chitosan may also support 65 

synergistic activity of chitosan with bacteriocins of lactic acid bacteria.  66 

Bacteriocins produced by lactic acid bacteria (LAB) are ribosomally synthesized peptides that 67 

have antimicrobial activity in nanomolar concentrations (Drider et al., 2006). Bacteriocins are 68 

classified into Class I peptides, which undergo post-translational modifications, and unmodified 69 

Class II peptides (Alvarez-Sieiro et al., 2016). Class I bacteriocins include lantibiotics, e.g. nisin, 70 

and cyclic bacteriocins, e.g. carnocyclin A; Class II bacteriocins include the pediocin-like 71 

bacteriocins that exhibit activity against Listeria monocytogenes (Alvarez-Sieiro et al., 2016). 72 

Food applications of purified compounds or food-grade bacteriocin producing protective cultures 73 

inhibit foodborne pathogens as well as spoilage organisms (Drider et al., 2006; Perez et al., 2014). 74 

However, bacteriocins of lactic acid bacteria are inactive against Gram-negative bacteria because 75 

the outer membrane prevents access to the cellular target, the cytoplasmic membrane (Gänzle et 76 

al., 1999a; Stevens et al., 1991). Chemical or physical treatments that disrupt the outer membrane 77 

may allow the use of bacteriocins for control of Gram-negative pathogens in food (Cutter et al., 78 

1995; Martin-Visscher et al., 2011). The outer-membrane permeabilizing activity of chitosan 79 

sensitises E. coli and Salmonella to nisin (Cai et al., 2010); however, this synergistic effect has not 80 

been validated in food applications, and was not verified for bacteriocins other than nisin.  81 

The aim of this study was to determine the single and combined antimicrobial activity of chitosan 82 

and bacteriocins in media, and to verify the activity in a model meat system mimicking pathogen 83 

intervention technologies that used in beef processing. The heat resistant E. coli AW1.7 and 84 
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Salmonella enterica Typhimurium TA2442 were used as target organisms; nisin and bacteriocin 85 

cocktails purified from two strains of Carnobacterium maltaromaticum were evaluated to 86 

represent Class I and Class II bacteriocins. 87 

 2. Material and methods 88 

2.1 Bacterial strains and culture conditions. 89 

Escherichia coli AW1.7, a heat resistant beef isolate (Dlusskaya et al. 2011) and Salmonella. 90 

enterica Typhimurium TA2442, obtained from the Salmonella genetic stock centre (Calgary, AB, 91 

Canada) were aerobically grown in Luria-Bertani broth (LB; Difco; Becton, Dickinson and 92 

Company, Sparks, MD, USA) at 37 °C for 18 h. E. coli AW1.7 and S. Typhimurium were 93 

enumerated on LB agar (Difco) to detect all viable cells, or on violet red bile agar (VRBA, Difco) 94 

to enumerate cells of E. coli AW1.7 and S. Typhimurium cells without sublethal injury. 95 

Carnobacterium divergens LV13, a bacteriocin sensitive indicator strain, C. maltaromaticum 96 

UAL307, a strain used in commercial biopreservatives and producing piscicolin 126, 97 

carnobacteriocin BM1, and carnocyclin A (Martin-Visscher et al., 2011), and C. maltaromaticum 98 

UAL8 producing carnobacteriocin A, BM1 and B2 (Allison et al.,1995) were routinely grown in 99 

All Purpose Tween (APT) broth (Difco) at 25°C. APT agar was used to enumerate viable 100 

carnobacteria. For purification of bacteriocins from cultures of C. maltaromaticum UAL307, the 101 

strain was cultured in Casamino Acid (CAA) medium containing the following per litre: 15 g 102 

casamino acid; 5 g yeast extract; 2 g K2HPO4; 2 g C6H14N2O7; 0.1 g MgSO4; 0.05 g MnSO4; 103 

pH=6.5 at 25°C for 21 to 24 h.  104 

2.2 Chemicals and preparation. 105 

High molecular weight chitosan (HMWC) was supplied by Yuhan Ocean Biochemistry Co. Ltd. 106 

(Tauzhou, China). The degree of deacetylation and molecular weight of HMWC were 92% and 107 
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210 kDa, respectively. Water soluble chitosan (WSC) was prepared by enzymatic hydrolysis of 108 

HMWC with neutral protease from Ningxia Xiasheng Industry Co. Ltd. (Ningxia, China). The 109 

degree of deacetylation (DD) of WSC was 92% as determined by titration (Tolaimate et al., 2000). 110 

The degree of polymerization (DP) as determined by size exclusion chromatography on a Superdex 111 

Peptide column (GE Healthcare) ranged from 4- to 50 units. Chitosan oligosaccharides (COS) with 112 

a degree of deacetylation of 100% and a DP of 2-6 were obtained from GlycoBio (Dalian, China). 113 

HMWC, WSC or COS were dissolved in 1% (w/v) acetic acid (Fisher Scientific, Canada), the pH 114 

was adjusted to 5.4 with 10 M NaOH, and the concentration was adjusted to 1% (w/v). HMWC 115 

stock solution with pH 5.4 was stored at 4 ℃ for use within one week; WSC or COS stock solutions 116 

were prepared on the day or use. 117 

A nisin preparation containing 2.5% nisin and 97.5% NaCl and milk solids was obtained from MP 118 

Biomedicals (Montreal, Canada). A nisin stock solution containing 125 mg/L nisin was prepared 119 

by dissolving 25 mg commercial nisin preparation and 37.5 mg NaCl in 4.8-4.85 mL 0.02 M HCl 120 

(Sigma-Aldrich, USA), followed by adjustment of the pH to 5.4 with NaOH solution and 121 

adjustment of the total volume to 5 mL with water. The nisin solution was sterilized by filtration. 122 

2.3 Partial purification of bacteriocins and determination of bacteriocin activity.  123 

The bacteriocins produced by C. maltaromaticum UAL307 were purified as described (Balay et 124 

al., 2017) with some modifications. C. maltaromaticum UAL307 was grown in 1 liter of Casamino 125 

Acid (CAA) medium. After 21 to 24 h of incubation, the culture including cells and supernatant 126 

was applied to a column (2.5×50 cm) containing 60 g/L of Amberlite XAD-16 N resin (Sigma-127 

Aldrich, Saint Louis, MO, USA), equilibrated with 0.1% (v/v) trifluoroacetic acid (TFA), at a 128 

flow rate of 5 mL/min at 6°C. The column was successively washed with 500 mL of H2O, 500 mL 129 

of 20% (v/v) ethanol, and 500 mL of 40% (v/v) ethanol all at 10 mL/min. Bacteriocins were eluted 130 
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with 1 liter of 70% isopropyl alcohol, acidified to pH 2 at 5 mL/min. This fraction was concentrated 131 

to around 24 mL using a Buchi® rotary evaporator (Brinkman Instruments, Westbury, NY, USA) 132 

at 30°C under vacuum and loaded onto three Water-Pak 12 cc C18 cartridges. The three cartridges 133 

were each washed with 20 mL H2O, 20 mL 30% (v/v) ethanol, 20 mL 20% (v/v) isopropanol at a 134 

flow rate of 5 mL/min. Bacteriocins were eluted from each cartridge with 40 ml of 70% (v/v) 135 

isopropanol, pH 2. The active fractions collected from each of the 3 cartridges were combined and 136 

concentrated under vacuum to a volume of about 5 mL. All fractions were assayed for 137 

antimicrobial activity with C. divergens LV13 as the indicator strain. The activity was determined 138 

by a critical dilution assay (Eloff, 1998) with some modification. In brief, serial two-fold dilutions 139 

of each fraction with APT broth were prepared on 96-well microtiter plates (Corning, USA). 140 

Overnight cultures of C. divergens LV13 in APT broth were subcultured and incubated at 25 °C 141 

for 12 h, diluted ten-fold and used to inoculate the microtiter plates. After incubation of the plates 142 

for 18 h, 40 µl of a 0.2 g/L p-iodonitrotetrazolium violet (INT) (Sigma-Aldrich) solution in water 143 

was added to each well and the plate was incubated for 3 h at 25 °C. The wells without bacterial 144 

growth remained colorless; one activity unit (AU) was defined as the highest dilution of each 145 

fraction that inhibited growth of C. divergens.  146 

2.4 Determination of inhibitory activity of different antimicrobials against E. coli AW1.7 and S. 147 

Typhimurium. 148 

The inhibitory effects of chitosan, nisin, or purified bacteriocins against E. coli AW1.7 and 149 

S. Typhimurium were determined by a critical dilution assay as described (Gänzle et al., 1999a) 150 

with some modifications. In brief, two-fold serial dilutions of HMWC WSC, or COS were 151 

prepared with MES-buffered nutrient broth (NB-MES) in 96-well microtiter plates (Corning, 152 

USA); 2D “checkerboard” dilutions to determine the combined activity of chitosan and 153 
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bacteriocins were prepared as described (Gänzle et al., 1999a). E. coli AW1.7 and S. Typhimurium 154 

were sub-cultured twice in nutrient broth (NB) and incubated at 37 °C for 8-10 h and 12 h, 155 

respectively. The cultures were diluted ten-fold with NB-MES, and 50 µl of these diluted cultures 156 

were added to the microtitre plates. The plates were incubated for 16–20 h at 37 ℃, the optical 157 

density was measured at 630 nm using a microtiter reader (Varioskan Flash, Thermo Electron 158 

Corporation, Canada), and the MIC of chitosan, nisin, or purified bacteriocins was assessed as 159 

concentration in mg/L or AU/mL inhibiting growth of the indicator strains by 50%.  160 

2.6 Preparation of meat samples 161 

Frozen lean beef was obtained as vacuum packaged and frozen bulk product. To obtain aseptic 162 

cuts of beef, frozen beef was tempered at 4C for 12 h and cut into 2.5 cm and 7.5 cm steaks. These 163 

steaks were flamed with ethanol to sterilize the surface, triple wrapped in plastic bags and stored 164 

at -20C. To prepare meat cylinders, frozen steaks were tempered at room temperature for 1 to 2 165 

h. A sterilized circular corer with a diameter of 2.0 cm (surface area of 3.14 cm2) was hammered 166 

into the partially frozen meat. The core of meat was aseptically sliced into cylinders around 5 mm 167 

thick. Meat cylinders were stored at -20C until use. Total cell counts and coliform cell counts of 168 

the meat cylinders were enumerated on LB agar and VRBA; both cell counts were below the 169 

detection limit of 100 CFU/g.  170 

2.7 Establishment of bench-top steaming apparatus and steaming procedures 171 

The steaming apparatus (Figure 1) consisted of a glass flat bottom flask that was placed on a 172 

magnetic heater to generate stream. A foil-insulated custom-made glass nozzle conducted the 173 

stream to the meat sample. The distance between the steam outlet and the surface of the meat 174 

samples was 2.2 cm.  175 

2.8 Different treatments and microbiological analysis of samples 176 
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Meat cylinders were thawed at room temperature for 1 h. The meat surface was inoculated with 177 

100 l of cultures of E. coli AW1.7 or S. Typhimurium and the surface was air dried 20 °C for 15 178 

min; uninoculated samples without treatment were used as negative control. Positive controls were 179 

inoculated but did not receive any treatment; other samples were steamed for 8 s. Steamed samples 180 

were also treated by adding 200 µL of one or two of the following solutions or organisms: 8% 181 

lactic acid, 1% acetic acid, 1% HMWC solution in 1% acetic acid, bacteriocins partly purified 182 

from cultures of C. maltaromaticum UAL307, culture of C. maltaromaticum UAL8 culture, or 183 

culture of C. maltaromaticum UAL307. When combination treatments of two solutions were used, 184 

100µL of each of the two solutions was added.  185 

After treatment, samples were air dried and incubated for 4 h. Total cell counts, cell counts of 186 

coliform bacteria, and cell counts of carnobacteria were determined by surface plating of 187 

appropriate dilutions on LB agar, VRBA, and APT agar, respectively. Observation of a uniform 188 

colony morphology verified that the colony morphology of carnobacteria enumerated after 189 

refrigerated storage matched the colony morphology of the inocula.  190 

2.9 Microbiological analysis of samples during vacuum-packaged and refrigerated storage. 191 

A second experiment employed the most efficient treatments to observe the antimicrobial 192 

efficacy during 4 weeks of refrigerated storage. Samples inoculated with 100 l of E. coli AW1.7 193 

or S. enterica Typhimurium cultures (around 108 CFU/cm2) were treated as described above, 194 

vacuum-packaged and stored for 32 days (d) at 4C. Uninoculated and untreated inoculated 195 

controls were also prepared as described above. The plate counts of samples were determined at 4 196 

h and 1, 4, 8, 16, 24 and 32 d.  197 

2.10 Statistical analysis.  198 
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All data are expressed as means ± SD. Differences among treatments were tested for significance 199 

by one-way ANOVA with Least Significant Difference (LSD) test using PASW Statistics 18 200 

(SPSS Inc., Chicago, IL, USA) for Windows 8.1. Significance was assessed at an error probability 201 

of 5% (p ≤ 0.05).  202 

3. Results 203 

3.1 Single and combined activity of bacteriocins or chitosan in media.  204 

To assess the activity of bacteriocins, the MIC of nisin and a bacteriocin preparation from 205 

C. maltaromaticum UAL307 were determined with E. coli and S. Typhimurium as indicator strains. 206 

At pH 5.4, the MIC of nisin against E. coli AW1.7 was 10 mg/L whereas S. Typhimurium was 207 

resistant to nisin at a concentration of 20 mg/L. A single chromatographic step achieved partial 208 

purification of bactericoins produced by C. maltaromaticum UAL307 (Balay et al., 2017). Elution 209 

of the column with 70% isopropanol eluted peptides with antimicrobial activity while all other 210 

fractions obtained in the purification procedure exhibited no activity. The activity of the final 211 

bacteriocin preparation was 20480 AU/ml. Assaying the antimicrobial activity of the preparation 212 

against E. coli and S. Typhimurium demonstrated that these two Gram-negative organisms were 213 

about 100 times less sensitive than C. divergens (Fig 1). The MIC of chitosan oligosaccharides 214 

(COS), water soluble chitosan (WSC) and high molecular weight chitosan (HMWC) against E. 215 

coli ranged from 14 to 42 mg/L (Figure 2 and 3); the HMWC was the most active of the three 216 

chitosan preparations. The MIC of COS, WSC and HMWC against S. Typhimurium ranged from 217 

30 to 69 mg/L; again, again, HMWC was the most active compound (Fig 2 and 3).  218 

The combined activity of bacteriocins and chitosan preparations is shown in Figures 2 and 3. Nisin 219 

did not increase the susceptibility of E.coli AW1.7 and S. Typhimurium to chitosan (Fig 2); 220 

however, a synergistic effect was observed for HMWC and bacteriocins from C. maltaromaticum 221 
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UAL307; this synergistic effect was weaker or absent for the COS or WSC (Fig 3). These results 222 

indicate that high molecular weight chitosan permeabilizes the outer membrane of E. coli and S. 223 

Typhimurium to bacteriocins from C. maltaromaticum UAL7.  224 

3.2 Screening the efficient treatments in inactivating E.coli AW1.7 and S. enterica Typhimurium 225 

on fresh lean beef.  226 

An initial experiment explored the effect of steam and lactic acid alone, in combination with 227 

chitosan, or in combination with chitosan and bacteriocin-producing carnobacteria or bacteriocins. 228 

Based on the in vitro screening, HMWC and bacteriocins from C. maltaromaticum UAL307 were 229 

selected to determine their single and combined antimicrobial effects on meat. Surviving cells of 230 

E. coli and S. Typhimurium were enumerated on LB agar and VRBA to quantify viable and 231 

sublethally injured cells. After inoculation, cell counts on the surface of lean beef cylinders ranged 232 

from 6.2 to 6.9 log(CFU/cm2) (Fig 4). Steaming reduced cell counts of S. Typhimurium by 233 

approximately 1 log(CFU/cm2) (Fig. 4) while no significant cell reduction of E.coli was observed 234 

after steaming. Treatment with lactic acid after steaming had no additional antimicrobial effect 235 

(Fig. 4). Likewise, treatments of meat with cultures of C. maltaromaticum or purified bacteriocins 236 

produced from C. maltaromaticum UAL307 were as effective as treatments with steam only (data 237 

not shown). Treatments of meat with chitosan after steaming additionally reduced cell counts of 238 

E. coli and S. Typhimurium by approximately 1 log(CFU/cm2) (Fig. 4). The antimicrobial effect 239 

of steam plus chitosan treatment was not increased by addition of bacteriocin-producing 240 

carnobacteria, or bacteriocins purified from C. maltaromaticum UAL307 (Fig. 4). Different from 241 

in vitro results (Fig. 3), chitosan and bacteriocins displayed no synergistic activity; however, 242 

chitosan addition to meat substantially enhanced the antimicrobial effect of steam treatment.  243 

3.3. Effect of treatment with steam and chitosan on meat microbiota during refrigerated storage.  244 
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Subsequent experiments aimed to determine the influence of intervention treatments with steam 245 

and chitosan on the viability of E. coli and Salmonella during refrigerated storage. Meat was 246 

additionally inoculated with carnobacteria to assess the impact of intervention treatments on non-247 

pathogenic meat microbiota. Results obtained with E. coli AW1.7 are shown in Fig 5. Cell counts 248 

of E. coli were reduced by 1 – 2 log(CFU/cm2) during refrigerated storage; this reduction was 249 

particularly apparent for cell counts on VRBA, which exclude sublethally injured cells (Fig. 5A 250 

and 5C). The effect of streaming on cell counts of E. coli during storage was generally not 251 

significant; likewise, addition of acetic or lactic acids did not influence cell counts after treatment 252 

or after treatment and storage (Fig. 5A and 5C). Treatment with chitosan reduced cell counts by 1 253 

log(CFU/g) and this difference to the steam treated control remained throughout the 32 d of storage 254 

(Fig. 5A and 5C). Inoculation of meat with carnobacteria did not affect cell counts of E. coli during 255 

refrigerated storage (Fig. 5B and 5D); however, chitosan was also effective in presence of 256 

carnobacteria (Fig. 5B and 5D). The overall reduction of cell counts that was achieved by steam 257 

and lactic acid intervention treatments, chitosan addition and refrigerated storage exceeded 3 258 

log(CFU/cm2) (Fig. 5).  259 

The cell counts of S. Typhimurium during refrigerated storage are shown in Figure 6. Comparable 260 

to E. coli, chitosan reduced cell counts by about 1 log(CFU/cm2) while treatments with organic 261 

acids were ineffective (Fig. 6). Different from E. coli, steam treatment significantly reduced cell 262 

counts of Salmonella by about 1 log(CFU/cm2), and cell counts of Salmonella remained stable 263 

throughout refrigerated storage unless carnobacteria and chitosan were both present. In presence 264 

of chitosan and any of the two strains of C. maltaromaticum, cell counts were reduced by 1 – 2 265 

log(CFU/cm2) during refrigerated storage (Fig. 6B and D). The overall reduction of cell counts 266 
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achieved by steam treatment followed by addition of chitosan and carnobacteria exceeded 3 267 

log(CFU/cm2).  268 

Because the presence of carnobacteria influenced survival of Salmonella during refrigerated 269 

storage of beef when chitosan was present, cell counts of carnobacteria were additionally 270 

monitored during refrigerated storage. Cell counts of co-cultures with Salmonella are shown in 271 

Figure 7; cell counts of co-cultures with E. coli were essentially identical (data not shown). The 272 

two strains of C. maltaromaticum also showed a comparable response to treatment and refrigerated 273 

storage (Figure 7 and data not shown). In the absence of chitosan, carnobacteria grew from about 274 

6 log(CFU/cm2) to 7 log(CFU/cm2) (Fig. 7). Chitosan initially reduced cell counts of carnobacteria 275 

by about 99%; however, during refrigerated storage, the surviving cells grew to high cell counts 276 

even in presence of chitosan. 277 

4. Discussion 278 

This study assessed the activity of chitosan in combination with steam pasteurization, acid 279 

interventions, and bacteriocins or bacteriocin producing cultures to reduce beef contamination with 280 

Salmonella and E. coli. The North American beef industry applies steam pasteurization or hot 281 

water washes in combination with application of lactic acid or peroxyacetic acid to reduce carcass 282 

contamination. Steam pasteurization reduces the numbers of E. coli on meat by 0.05 to 2 log 283 

(cfu/cm2) (Corantin et al., 2005; Gill, 2009; McCann et al., 2006; Minihan et al., 2003). The 284 

variable effect of steam or hot water interventions may relate to variations in the intensity of 285 

thermal treatments, differences between lean and adipose tissue, or to strain-to-strain variation of 286 

heat resistance (Dlusskaya et al., 2011). The variable effect of thermal interventions necessitates 287 

improved intervention technologies to reduce the burden of foodborne disease associated with beef. 288 

The present study implemented a lab-scale steam treatment to heat the surface of the meat to >95°C 289 
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for several seconds, thus matching conditions that are typically employed in beef processing (Gill, 290 

2009). E. coli AW1.7 is a heat resistant beef isolate (Dlusskaya et al., 2011) and heat resistance of 291 

the strain is mediated by the locus of heat resistance (LHR) (Mercer et al., 2015). LHR-mediated 292 

heat resistance is observed in approximately 2% of all E. coli and in 4% of E. coli isolated from 293 

beef processing plants (Mercer et al., 2015); LHR-mediated heat resistance also occurs in 294 

Salmonella but with a much lower frequency (Mercer et al., 2017). The bactericidal effect of steam 295 

treatment on E. coli AW1.7 and S. Typhimurium corresponded to the differential heat resistance 296 

of the two organisms. Steam treatment is effective only on the surface of the tissue, therefore, 297 

stream treatments reduced cell counts of the heat sensitive Salmonella by less than 2 log(cfu/cm2) 298 

(Fig. 4 and 7). Interventions with lactic or acetic acids had no effect on cell counts of E. coli or 299 

Salmonella, reflecting the acid resistance of these organisms (Foster, 2004) and the high buffering 300 

capacity of lean tissue.  301 

Bacteriocins from lactic acid bacteria alone or in combination with chitosan may increase the 302 

bactericidal effect of pathogen intervention technologies in beef processing. Bacteriocins from C. 303 

maltaromaticum and nisin inhibited E.coli AW1.7 and S. enterica Typhimurium in media with pH 304 

5.4, in keeping with prior observations that a low pH increases sensitivity of Gram-negative 305 

bacteria (Gänzle et al., 1999b; Martin-Visscher et al., 2011). High proton concentrations, 306 

corresponding to a low pH, displace divalent cations from the LPS binding sites; the resulting 307 

increase in permeability of the outer membrane renders cells more susceptible to hydrophobic 308 

inhibitors including bacteriocins (Vaara, 1992, Gänzle et al., 1999b). The net charge density of 309 

chitosan and the intensity of electrostatic interactions between chitosan and cell surface are crucial 310 

to antibacterial activity; therefore, chitosan is active only when the ambient pH is below its pKA 311 

of 6.5 (Gerasimenko et al., 2004; Kong et al., 2010; Mellegard et al., 2011; Zheng and Zhu, 2003). 312 
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High molecular weight chitosan generally exhibits a higher antibacterial activity than chitosan 313 

oligosaccharides (Mellegard et al., 2011), which was confirmed in the present study. Chitosan with 314 

higher activity also leads to a more intense disruption of outer membrane (OM) of E.coli. 315 

(Mellegard et al., 2011). Perturbation of the outer membrane permeability barrier by chitosan 316 

(Eaton et al., 2008; Helander et al., 2001; Kong et al., 2010) may increase the sensitivity to outer-317 

membrane impermeant inhibitors such as bacteriocins. Synergistic activity of chitosan and nisin 318 

has previously been described in vitro (Cai et al., 2010) but has not been employed to inhibit Gram-319 

negative organisms in food. This study employed NB broth to determine the in vitro synergistic 320 

activity; the low protein content of this medium minimizes interactions of chitosan with media 321 

components. Synergistic activity of chitosan was observed with high molecular weight chitosan 322 

and bactericiocins from C maltaromaticum, in keeping with prior observation that outer membrane 323 

perburbation sensitizes E. coli to carnocyclin A (Martin-Visscher et al., 2011). However, 324 

inconsistent with prior reports (Cai et al., 2010), synergistic activity was not observed with nisin 325 

and chitosan. We employed commercial nisin containing 2.5 % nisin with NaCl and milk proteins. 326 

These ingredients may decrease chitosan activity by neutralizing the positive charges of chitosan 327 

(Devlieghere et al., 2004).  328 

In this study, addition of HMWC after steaming reduced E.coli or Salmonella by around 1 329 

log(cfu/cm2) while treatments with lactic or acetic acids had no additional effect. The overall 330 

bactericidal effect of chitosan on meat, which reduced cell counts by 90%, matched the reduction 331 

of cell count of Salmonella in chicken skin by application of 0.5% chitosan (Menconi et al., 2013) 332 

and the effect of addition of 2% chitosan of cell counts of E. coli in kabab (Kanatt et al., 2013). 333 

Carnobacteria were more sensitive to chitosan application on meat than E. coli or Salmonella (Fig. 334 
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5, 6, and 7); however, chitosan did not prevent growth of carnobacteria to high cell counts during 335 

refrigerated storage.  336 

The application of chitosan in meat was particularly effective in hurdle applications that combined 337 

chitosan with heat and additional antimicrobial agents. Chitosan addition at a level of 0.1% did not 338 

affect survival of enterohaemorrhagic E. coli during refrigerated storage of ground beef; however, 339 

chitosan showed synergistic effects with rutin and resveratrol during cooking of beef patties 340 

(Surendran-Nair et al., 2016). The use of citrus extract in combination with low molecular weight 341 

chitosan showed an additive effect against E. coli and S. enterica populations in fresh turkey meat 342 

stored under vacuum at 4°C or 10°C (Vardaka et al., 2016). A potential synergistic effect of 343 

bacteriocins and chitosan on meat, however, remains unknown. Nisin in raw meat is inactivated 344 

by addition of glutathione (GSH) (Rose et al., 1999); moreover, nisin exhibited no synergistic 345 

activity with chitosan. Meat applications combining chitosan and bacteriocins thus focused on 346 

bacteriocins of C. maltaromaticum and application of bacteriocin-producing cultures on meat. Cell 347 

counts on LB and VRBA differed by less than 1 log(cfu/cm2) after treatment of meat with steam 348 

and chitosan, indicating that outer membrane perturbation by chitosan, which was demonstrated 349 

in vitro (Helander et al., 2001), is not observed on meat. Accordingly, the application of 350 

bacteriocins did not reduce cell counts of E. coli and Salmonella, and did not enhance the 351 

bactericidal effect of chitosan (Fig. 4, 5, and 7).  352 

The present study evaluated the use of the bacteriocin-producing cultures C. maltaromaticum 353 

UAL8 and UAL307 as an alternative strategy to control enteric pathogens in combination with 354 

chitosan. Application of 2% chitosan reduced cell counts of E. coli and Salmonella during 355 

refrigerated storage of vacuum packaged turkey meat (Vardaka et al., 2016), but the effect of 356 

spoilage microbiota was not considered. Remarkably, refrigerated storage differentially affected 357 
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E. coli and Salmonella, chitosan, and protective cultures. Cell counts of E. coli were reduced during 358 

refrigerated storage; the reduction was irrespective of the presence of chitosan or carnobacteria. In 359 

contrast, cell counts of Salmonella remained stable during storage unless carnobacteria and 360 

chitosan were both present (Fig. 5, 6 and 7). In both cases the combined bactericidal effect of steam 361 

treatment, chitosan, and protective cultures reduced cell counts by 3 log(cfu/cm2). This represents 362 

a substantial improvement to current or proposed intervention technologies (Gill, 2009; Surendran-363 

Nair et al., 2016). It remains unknown whether the effect of carnobacteria relates to competition 364 

for nutrients and acid formation, or to a specific effect of the bacteriocins that are produced during 365 

storage (Holzapfel et al., 1995).  366 

In conclusion, chitosan exhibited bactericidal activity against Salmonella and E. coli on beef. 367 

Chitosan exhibited no synergistic activity with bacteriocins on meat, however, chitosan together 368 

with bacteriocin-producing protective cultures reduced cell counts of Salmonella. The use of 369 

chitosan and protective cultures in addition to steam treatment was significantly more effective 370 

than the use of steam alone or in combination with lactic acid, and thus may provide novel solutions 371 

for improved meat safety. The application is particularly promising for production of ground beef 372 

and mechanically tenderized beef, where internal contamination with pathogenic bacteria may 373 

occur (Gill et al., 2005; Phebus et al. 2000). 374 

Acknowledgements 375 

The Alberta Livestock and Meat Agency is acknowledged for funding (Grant No. 2013F030R). 376 

Ziyi Hu and Michael Gänzle acknowledge financial support from the China Scholarship Council 377 

and the Canada Research Chairs Program, respectively.  378 

 379 

References 380 



42 

18 
 

Allison, G. E., Worobo, R. W., Stiles, M. E. and Klaenhammer, T. R. 1995. Heterologous 381 

expression of the lactacin F peptides by Carnobacterium piscicola LV17. Appl. Environ. 382 

Microbiol. 61, 1371-1377. 383 

Alvarez-Sieiro, P., Montalbán-López, M., Mu, D. and Kuipers, O. P. 2016. Bacteriocins of lactic 384 

acid bacteria: extending the family. Appl. Microbiol. Biotechnol. 100, 2939-2951. 385 

Aslam, M., Greer, G. G., Nattress, F. M., Gill, C. O. and McMullen, L. M. 2004. Genotypic 386 

analysis of Escherichia coli recovered from product and equipment at a beef-packing plant. J. Appl. 387 

Microbiol. 97, 78-86. 388 

Balay, D.R., Dangeti, R.V., Kaur, K., and McMullen, L.L. 2017. Purification of leucocin A for use 389 

on wieners to inhibit Listeria monocytogenes in the presence of spoilage organisms. Int. J. Food 390 

Microbiol. 255, 25-31.  391 

Barkocy-Gallagher, G. A., Arthur, T. M., Siragusa, G. R., Keen, J. E., Elder, R. O., Laegreid, W. 392 

W. and Koohmaraie, M. 2001. Genotypic analyses of Escherichia coli O157:H7 and O157 393 

nonmotile isolates recovered from beef cattle and carcasses at processing plants in the Midwestern 394 

states of the United States. Appl. Environ. Microbiol. 67, 3810-3818. 395 

Cai, J., Yang, J., Wang, C., Hu, Y., Lin, J. and Fan, L. 2010. Structural characterization and 396 

antimicrobial activity of chitosan (CS‐40)/nisin complexes. J Appl Polym Sci 116, 3702-3707. 397 

Centre for Disease Control and Prevention (CDC). 2014. Multistate outbreak of Shiga toxin-398 

producing Escherichia coli O157:H7 infections linked to ground beef (Final Update). Available 399 

at: http://www.cdc.gov/ecoli/2014/O157H7-05-14/index.html. 400 

http://www.cdc.gov/ecoli/2014/O157H7-05-14/index.html


42 

19 
 

Corantin, H., Quessy, S., Gaucher, M. L., Lessard, L., Leblanc, D. and Houde, A. 2005. 401 

Effectiveness of steam pasteurization in controlling microbiological hazards of cull cow carcasses 402 

in a commercial plant. Can. J. Vet. Res. 69, 200-207. 403 

Cutter, C. N. and Siragusa, G. R. 1995. Treatments with nisin and chelators to reduce Salmonella 404 

and Escherichia coli on beef. J. Food Prot. 58, 1028-1030. 405 

Devlieghere, F., Vermeulen, A. and Debevere, J. 2004. Chitosan: antimicrobial activity, 406 

interactions with food components and applicability as a coating on fruit and vegetables. Food 407 

Microbiol. 21, 703-714. 408 

Dlusskaya, E. A., McMullen, L. M. and Gänzle, M. G. 2011. Characterization of an extremely 409 

heat-resistant Escherichia coli obtained from a beef processing facility. J. Appl. Microbiol. 110, 410 

840-849. 411 

Drider, D., Fimland, G., Hechard, Y., McMullen, L. M. and Prevost, H. 2006. The continuing story 412 

of class IIa bacteriocins. Microbiol. Mol. Biol. Rev. 70, 564-582. 413 

Eaton, P., Fernandes, J. C., Pereira, E., Pintado, M. E. and Malcata, F. X. 2008. Atomic force 414 

microscopy study of the antibacterial effects of chitosans on Escherichia coli and Staphylococcus 415 

aureus. Ultramicroscopy 108, 1128-1134. 416 

Eloff, J. 1998. A sensitive and quick microplate method to determine the minimal inhibitory 417 

concentration of plant extracts for bacteria. Planta Med. 64, 711-713. 418 

European Food Safety Authority (EFSA). 2010. The Community Summary Report on Trends and 419 

Sources of Zoonoses, Zoonotic Agents and Food-borne Outbreaks in the European Union in 2008. 420 

EFSA Journal, 8, 1496. 421 



42 

20 
 

FDA, Agency Response Letter GRAS Notice No. GRN 000397. Available at : 422 

https://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/NoticeInventory/ucm287638.ht423 

m 424 

Foster, J. W. 2004. Escherichia coli acid resistance: tales of an amateur acidophile. Nat. Rev. 425 

Microbiol. 2, 898-907. 426 

Gänzle, M. G., Hertel, C. and Hammes, W. P. 1999a. Resistance of Escherichia coli and 427 

Salmonella against nisin and curvacin A. Int. J. Food Microbiol. 48, 37-50. 428 

Gänzle, M. G., Weber, S. and Hammes, W. P. 1999b. Effect of ecological factors on the inhibitory 429 

spectrum and activity of bacteriocins. Int. J. Food Microbiol. 46, 207-217. 430 

Gerasimenko, D., Avdienko, I., Bannikova, G., Zueva, O. Y. and Varlamov, V. 2004. Antibacterial 431 

effects of water-soluble low-molecular-weight chitosans on different microorganisms. Appl. 432 

Biochem. Microbiol. 40, 253-257. 433 

Gill, C. O. 2009. Effects on the microbiological condition of product of decontaminating 434 

treatments routinely applied to carcasses at beef packing plants. J. Food Prot. 72, 1790-1801. 435 

Gill, C., McGinnis, J., Rahn, K., Young, D., Lee, N. and Barbut, S. 2005. Microbiological 436 

condition of beef mechanically tenderized at a packing plant. Meat Sci. 69, 811-816. 437 

Helander, I. M., Nurmiaho-Lassila, E. L., Ahvenainen, R., Rhoades, J. and Roller, S. 2001. 438 

Chitosan disrupts the barrier properties of the outer membrane of gram-negative bacteria. Int. J. 439 

Food Microbiol. 71, 235-244. 440 

Holzapfel, W., Geisen, R. and Schillinger, U. 1995. Biological preservation of foods with reference 441 

to protective cultures, bacteriocins and food-grade enzymes. Int. J. Food Microbiol. 24, 343-362. 442 



42 

21 
 

Kanatt, S. R., Rao, M., Chawla, S. and Sharma, A. 2013. Effects of chitosan coating on shelf-life 443 

of ready-to-cook meat products during chilled storage. LWT-Food science and technology 53, 444 

321-326. 445 

Kong, M., Chen, X. G., Xing, K. and Park, H. J. 2010. Antimicrobial properties of chitosan and 446 

mode of action: a state of the art review. Int. J. Food Microbiol. 144, 51-63. 447 

Liu, Y., Gill, A., McMullen, L. and Gänzle, M. G. 2015. Variation in heat and pressure resistance 448 

of verotoxigenic and nontoxigenic Escherichia coli. J. Food Prot. 78, 111-120. 449 

Martin-Visscher, L. A., van Belkum, M. J., Garneau-Tsodikova, S., Whittal, R. M., Zheng, J., 450 

McMullen, L. M. and Vederas, J. C. 2008. Isolation and characterization of carnocyclin a, a novel 451 

circular bacteriocin produced by Carnobacterium maltaromaticum UAL307. Appl. Environ. 452 

Microbiol. 74, 4756-4763. 453 

Martin-Visscher, L. A., Yoganathan, S., Sit, C. S., Lohans, C. T. and Vederas, J. C. 2011. The 454 

activity of bacteriocins from Carnobacterium maltaromaticum UAL307 against gram-negative 455 

bacteria in combination with EDTA treatment. FEMS Microbiol. Lett. 317, 152-159. 456 

McCann, M., Sheridan, J., McDowell, D. and Blair, I. 2006. Effects of steam pasteurisation on 457 

Salmonella Typhimurium DT104 and Escherichia coli O157: H7 surface inoculated onto beef, 458 

pork and chicken. J. Food Eng. 76, 32-40. 459 

Mellegård, H., Strand, S., Christensen, B., Granum, P. and Hardy, S. 2011. Antibacterial activity 460 

of chemically defined chitosans: Influence of molecular weight, degree of acetylation and test 461 

organism. Int. J. Food Microbiol. 148, 48-54. 462 



42 

22 
 

Menconi, A., Hernandez-Velasco, X., Latorre, J. D., Kallapura, G., Pumford, N. R., Morgan, M. 463 

J., Hargis, B. and Tellez, G. 2013. Effect of chitosan as a biological sanitizer for Salmonella 464 

Typhimurium and aerobic Gram negative spoilage bacteria present on chicken skin. Int. J. Poultry 465 

Sci. 12, 318. 466 

Mercer, R. G., Walker, B. D., Yang, X., McMullen, L. M. and Gänzle, M. G. 2016. The locus of 467 

heat resistance (LHR) mediates heat resistance in Salmonella enterica, Escherichia coli and 468 

Enterobacter cloacae. Food Microbiol. 64, 96-103. 469 

Mercer, R.G., Zheng, J., Garcia-Hernandez, R., Ruan, L., Gänzle, M.G., McMullen, L.M. 2015. 470 

Genetic determinants of heat resistance in Escherichia coli. Front. Microbiol. 6, 932 471 

Minihan, D., Whyte, P., O'Mahony, M. and Collins, J. 2003. The effect of commercial steam 472 

pasteurization on the levels of Enterobacteriaceae and Escherichia coli on naturally contaminated 473 

beef carcasses. Zoonoses and Public Health 50, 352-356. 474 

Nguyen, Y. and Sperandio, V. 2012. Enterohemorrhagic E. coli (EHEC) pathogenesis. Front. Cell. 475 

Infect. Microbiol. 2, 90. 476 

Perez, R. H., Zendo, T. and Sonomoto, K. 2014. Novel bacteriocins from lactic acid bacteria (LAB): 477 

various structures and applications. Microb. Cell. Fact. 13 Suppl 1, S3  478 

Phebus, R., Thippareddi, H., Sporing, S., Marsden, J. and Kastner, C. 2000. Escherichia coli 479 

O157: H7 risk assessment for blade-tenderized beef steaks. Cattlemen’s Day 2000, 117-118. 480 

Rose, N., Sporns, P., Stiles, M. and McMullen, L. 1999. Inactivation of nisin by glutathione in 481 

fresh meat. J. Food Sci. 64, 759-762. 482 



42 

23 
 

Sagoo, S., Board, R. and Roller, S. 2002. Chitosan inhibits growth of spoilage micro-organisms in 483 

chilled pork products. Food Microbiol. 19, 175-182. 484 

Stevens, K. A., Sheldon, B. W., Klapes, N. A. and Klaenhammer, T. R. 1991. Nisin treatment for 485 

inactivation of Salmonella species and other gram-negative bacteria. Appl. Environ. Microbiol. 57, 486 

3613-3615. 487 

Surendran-Nair, M. S., Lau, P., Belskie, K., Fancher, S., Chen, C., Karumathil, D. P., Yin, H., Liu, 488 

Y., Ma, F. and Upadhyaya, I. 2016. Potentiating the heat inactivation of Escherichia coli O157:H7 489 

in ground beef patties by natural antimicrobials. Front. Microbiol. 7, 15. 490 

Tolaimate, A., Desbrieres, J., Rhazi, M., Alagui, A., Vincendon, M., and Vottero, P. 2000. On the 491 

influence of deacetylation process on the physicochemical characteristics of chitosan from squid 492 

chitin. Polymer. 41, 2463–2469.). 493 

Tsai, G. J. and Su, W. H. 1999. Antibacterial activity of shrimp chitosan against Escherichia coli. 494 

J. Food Prot. 62, 239-243. 495 

Vaara, M. 1992. Agents that increase the permeability of the outer membrane. Microbiol. Rev. 56, 496 

395-411. 497 

Vardaka, V. D., Yehia, H. M. and Savvaidis, I. N. 2016. Effects of Citrox and chitosan on the 498 

survival of Escherichia coli O157: H7 and Salmonella enterica in vacuum-packaged turkey meat. 499 

Food Microbiol. 58, 128-134. 500 

Wingstrand, A. and Aabo, S. 2014. MICROBIOLOGICAL SAFETY OF MEAT | Salmonella spp. 501 

In: Dikeman, M. and Devine, C. (Eds.), Encyclopedia of Meat Sciences (Second Edition). 502 

Academic Press, Oxford, pp. 367-375. 503 



42 

24 
 

Zheng, L. and Zhu, J. 2003. Study on antimicrobial activity of chitosan with different molecular 504 

weights. Carbohydr. Polym. 54, 527-530. 505 

506 



42 

25 
 

Figure 1. Schematic diagram of the bench-top steaming apparatus used in this work.  507 

Figure 2. Effect of nisin on the activity of chitosan-oligosaccharides (▲), water-soluble chitosan 508 

() and high-molecular weight chitosan (●) against E.coli AW1.7 (A) and S. enterica 509 

Typhimurium (B). Error bars indicate the means ± standard deviation of triplicate independent 510 

experiments. 511 

Figure 3. Effect of bacteriocins produced by C. maltaromaticum UAL 307 on the activity of 512 

chitosan-oligosaccharides (▲), water-soluble chitosan () and high-molecular weight chitosan 513 

(●) against E.coli AW1.7 (A) and S. enterica Typhimurium (B). Data to the right of the axis 514 

break indicate the MIC of bacteriocins in absence of any chitosan preparation. Data are shown as 515 

means ± standard deviation of triplicate independent experiments. 516 

Figure 4. Cell counts of lean, aseptic beef cylinders inoculated with E. coli (Panel A) or 517 

Salmonella (Panel B) after different pathogen intervention treatments as indicated. Cell counts 518 

were enumerated on LB agar (white bars) and VRBA agar (grey bar). Steam, treatment for 8 sec, 519 

lactic acid, application of 8% lactic acid; chitosan, surface application of 1% high molecular weight 520 

chitosan in 1% acetic acid; UAL307, inoculation with C. maltaromaticum UAL307 after steaming; 521 

inoculation with C. maltaromaticum UAL8 after steaming; Bacteriocin, purified bacteriocins 522 

produced by C. maltaromaticum UAL307 (1280 AU/mL). Data indicate means ± standard 523 

deviation of two or three independent experiments. Cell counts that are different from the cell 524 

counts of samples treated with only steam are indicated by an asterisk (P<0.05).  525 

Figure 5. Cell counts of E.coli on vacuum packaged lean beef cylinders during storage at 4 °C. 526 

The counts of E.coli were enumerated on LB agar (Panels A and B) or on VRBA (Panels C and 527 

D). Beef cylinders shown in Panels A and C were inoculated only with E. coli; samples shown in 528 

panels B and D were inoculated with C. maltaromaticum UAL307 () or UAL8 (○) after steaming. 529 
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Panels A, C: Before packaging, beef cylinders were not treated (control, ), or treated with steam 530 

for 8 sec (○) in combination with the following additions: acetic acid (●); lactic acid (■); or 1% 531 

HMWC (▲). Panels B, D: Treatment with steam for 8 sec, followed by inoculation with C. 532 

maltaromaticum UAL307 (); C. maltaromaticum UAL8 (■); C. maltaromaticum UAL307 with 533 

1% HMWC (○); or C. maltaromaticum UAL8 with 1% HMWC (●). Data indicate means ± 534 

standard deviation of two or three independent experiments. For treatments that were significantly 535 

more lethal than steam and storage for the same time (P<0.05), the corresponding symbol is 536 

indicated at the upper x-axis. 537 

Figure 6. Cell counts of S. enterica on vacuum packaged lean beef cylinders during storage at 538 

4 °C. The counts of S. enterica were enumerated on LB agar (Panels A and B) or on VRB agar 539 

(Panels C and D). Beef cylinders shown in Panels A and C were inoculated only with S. enterica; 540 

samples shown in panels B and D were inoculated with C. maltaromaticum UAL307 () or UAL8 541 

(○) after steaming. Panels A, C: Before packaging, beef cylinders were not treated (control, ), or 542 

treated with steam for 8 sec (○) in combination with the following additions: acetic acid (●); lactic 543 

acid (■); or 1% HMWC (▲). Panels B, D: Treatment with steam for 8 sec, followed by inoculation 544 

with C. maltaromaticum UAL307 (); C. maltaromaticum UAL8 (■); C. maltaromaticum 545 

UAL307 with 1% HMWC (○); or C. maltaromaticum UAL8 with 1% HMWC (●).Data indicate 546 

means ± standard deviation of at least two independent experiments. For treatments that were 547 

significantly more lethal than steaming and storage for the same time (P<0.05), the corresponding 548 

symbol is indicated at the upper x-axis. 549 

Figure 7. Cell counts of Carnobacterium on vacuum packaged lean beef cylinders inoculated with 550 

S. enterica and C. maltaromaticum UAL307 or C. maltaromaticum UAL8 during storage at 4 °C 551 

for 32 days. Carnobacteria were selectively enumerated on APT agar. Beef cylinders were 552 
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inoculated with S. enterica, treated with HMWC (black symbols) or not (open symbols), steamed 553 

for 8 sec, followed by inoculation with C. maltaromaticum UAL307 (,■) or C. maltaromaticum 554 

UAL8 (○,●). Data indicate means ± standard deviation of at least two independent experiments. 555 

Comparable cell counts of carnobacteria were obtained from beef cylinders inoculated with E. coli 556 

(data not shown).  557 
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Figure 4.    
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Figure 5.  

 

A

C
e

ll 
c
o

u
n
ts

 (
lo

g
(c

fu
/c

m
2

))

3

4

5

6

7

B
3

4

5

6

7

C

0 6 12 18 24 30

3

4

5

6

7

D

0 6 12 18 24 30

3

4

5

6

7

Time at 4 oC (d)  



42 

33 
 

Figure 6.  
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