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Abstract

This study was designed to elucidate the effect of ozone exposure on the bacteria counts and oxidative properties of

ground Hanwoo beef contaminated with Escherichia coli O157:H7 at refrigeration temperature. Ground beef was inocu-

lated with 7 Log CFU/g of E. coli O157:H7 isolated from domestic pigs and was then subjected to ozone exposure (10×10
-6 kg O

3 
h-1) at 4°C for 3 d. E. coli O157:H7, total aerobic and anaerobic bacterial growth and oxidative properties including

instrumental color changes, TBARS, catalase (CAT) and glutathione peroxidase (GPx) activity were evaluated. Ozone

exposure significantly prohibited (p<0.05) the growths of E. coli O157:H7, total aerobic and anaerobic bacteria in ground

beef samples during storage. Ozone exposure reduced (p<0.05) the CIE a* value of samples over storage time. The CIE L*

and CIE b* values of the samples fluctuated over storage time, and ozone had no clear effect. Ozone exposure increased the

TBARS values during 1 to 3 d of storage (p<0.05). The CAT and GPx enzyme activities were not affected by ozone exposure

until 2 and 3 d of storage, respectively. This study provides information about the use of ozone exposure as an antimicrobial

agent for meat under refrigerated storage. The results of this study provide a foundation for the further application of ozone

exposure by integrating an ozone generator inside a refrigerator. Further studies regarding the ozone concentrations and

exposure times are needed.
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Introduction

The food industry is developing sanitizing methods to

produce safe food products. Many methods have been

used by food industry, such as washing with acid and

salts (Latha et al., 2009), the use of chlorine dioxide (Lu

and Wu, 2012; Sheen et al., 2011) and irradiation with

gamma-rays (Jouki, 2013). Recently, attention has focu-

sed on ozone because of its powerful sanitizing effect;

this gas can be applied in the food industry to eliminate

bacteria and to inactivate viruses, fungi and mycotoxins

(Cardenas et al., 2011). The use of ozone has increased

due to its designation as Generally Recognized as Safe

(GRAS) by the Ministry of Food and Drug Safety (MFDS)

in 1997 (Kim et al., 1999).

In the early 19th century, ozone was commercially used

for the deodorization of industrial waste and the disinfec-

tion of drinking water (Uradzinski et al., 2005). Ozone

has broad-spectrum antimicrobial activity in water and

wastewater and is regarded as a potential bactericidal and

virucidal agent (Greene et al., 2012). Bacterial inactivation

by ozone is a complex process. However, ozone has been

well established to disrupt the cell membrane and cell

wall constituents of bacteria, leading to cell lysis (Greene

et al., 2012). Ozone also may affect membrane-bound en-

zymes and damage proteins and DNA (Komanapalli and

Lau, 1996). The disruption or lysis of cell walls by ozone

is a faster bacterial inactivation mechanism than inactiva-

tion by disinfectants, which require time to permeate the

cell membrane (Pascual et al., 2007).

Many studies have reported the effects of ozone on

foodborne pathogens, such as Salmonella, Listeria mono-

cytogenes, Staphylococcus aureus (Restaino et al., 1995),

Pseudomonas fluorescens and Leuconostoc mesenteroi-

des (Kim and Yousef, 2000). Ozone is used in a wide

variety of agricultural products, such as vegetables, fruits

and fish (Greene et al., 2012). However, only a limited
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number of studies have reported the effect of ozonation

on meat products. Sekhon et al. (2010) studied the effect

of ozone on the volatile composition of dry-cured ham.

Stivarius et al. (2002) reported on the effect of beef trim-

ming decontamination with ozone on ground beef, and

Cardenas et al. (2011) reported the action and effects of

short-duration ozonation on beef quality attributes.

The use of ozone as an antibacterial agent in meat prod-

ucts is a challenge for the meat industry due to its high

oxidative properties. Ozone damages fatty acids in the

cell membrane and damages cellular proteins through

oxidation (Sekhon et al., 2010). Greene et al. (2012) have

reported that the ozonation of lipids leads to the forma-

tion of peroxides, and Cataldo (2003) have reported that

ozone oxidizes aromatic amino acids. Moreover, the

instability of ozone, which can be decomposed in water

into strong pro-oxidants such as hydroxyl, hydroperoxy

and superoxide radicals, may result in the lipid oxidation

of food (Greene et al., 2012). Cells respond to oxidative

stress caused by ozone by stimulating the expression of

antioxidant enzymes such as catalase, glutathione peroxi-

dase (GPx) and superoxide dismutase (SOD) (Frischer et

al., 1997; Lee et al., 2003). However, information regard-

ing the effect of ozone on the oxidative properties of meat

is limited.

This study was conducted to evaluate the effects of

ozone exposure on the oxidative properties and bacterial

growth on ground beef inoculated with the Escherichia

coli O157:H7. The oxidative properties of the samples

were evaluated through the measurements of TBARS,

instrumental color changes and catalase and GPx enzyme

activities during refrigerated storage.

Materials and Methods

Sample preparation

The longissimus dorsi muscle of Hanwoo (Korean na-

tive cattle) was obtained from local markets on the day of

the experiment in the air packaging state. The muscle was

prepared by removing fat and the surface of the meat that

was directly exposed to air during air packaging in the

markets. The muscle was ground through a 3 mm plate

using a meat grinder (DFG 450, Daehan Food Machine

Co., Ltd., Korea). Approximately 20 g of sample weighed

on a sterilized petridish (Ø60 mm × 15 mm; SPL Life

Sciences, Korea) was used for inoculation.

The inoculated and non-inoculated samples were placed

in an air chamber (contains normal air composition, ±21%

of oxygen, ±78% nitrogen and < 1% of other gases), or

ozone chamber. The chambers (L×W×H = 25×20×20 cm)

were cleaned with 70% ethanol to eliminate potential

contaminants prior to the ozonation assay. The chamber

was equipped with an ozone generator (NOAH environ-

mental clean, Korea) that produced a continuous flux of

ozone (10×10-6 kg O
3 

h-1). The ozone generator generates

electric tension to produce ozone and negative ions. Dur-

ing the experiment, the ozone generator was set to on for

15 min and off for 45 min using an automatic timer plug

(Theben 0260.0, Germany). Both the air and ozone cham-

bers were placed in a refrigerator at 4°C for 3 d. Quality

assessment was conducted on every day of storage.

Preparation of bacteria

The E. coli O157:H7 used in this study was kindly pro-

vided by Bayer Korea (Korea) and isolated from domes-

tic pigs. E. coli O157:H7 was grown at 37°C in Luria-

Bertani (LB) broth (Difco, USA) overnight, washed two

times with 0.1% sterile peptone water and measured for

optical density (OD). The colony forming units (CFU) of

E. coli O157:H7 were then evaluated on Sorbitol MacCo-

nkey agar (Becton Dickinson, USA).

Microbiological analysis

Ground Hanwoo beef samples (n=32) were divided into

4 groups to evaluate the antimicrobial activity of ozone at

4°C for 4 d. Two groups were inoculated with 100 µL of

E. coli O157:H7 (107 CFU/mL), which was applied to the

meat surface and spread with sterile spatulas. Subseque-

ntly, the inoculated and non-inoculated groups were each

placed in either an air or ozone chamber.

To determine the CFU of the meat samples, duplicate

samples were taken every 24 h. Each sample (1 g) was

diluted with 9 mL of 0.1% sterile peptone water and

homogenized for 2 min in a Stomacher (Lab blender 400

Seward Laboratory, UK). Decimal dilutions were then

performed, and diluted samples were plated on Sorbitol

MacConkey agar (Becton Dickinson) for total E. coli and

Plate Count Agar (PCA; Difco) for total aerobic and an-

aerobic bacteria. The plates were incubated aerobically at

37°C for 24 h to enumerate the E. coli and total aerobic

bacteria. For anaerobic bacteria enumeration, the PCA

plates were placed on an anaerobe container (BD GasPak

EZ, USA). The container was incubated at 37°C for 24 h.

Instrumental color

Changes in the color of the surface of the ground Han-

woo beef during ozonation were monitored by measuring

CIE L* (lightness), CIE a* (redness) and CIE b* (yellow-
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ness) using a color difference meter (CR-400, Konica

Minolta Sensing Inc., Osaka, Japan) and an illuminant C.

The color instrument was calibrated using white plates

(Y=93.6, x=0.3134 and y=0.3194) before measurement.

The instrumental color measurements were directly per-

formed on the surface of the samples immediately after

the samples were taken out of the chamber.

Thiobarbituric acid reactive substances (TBARS)

TBARS is a strong objective predictor of lipid oxida-

tion prior to the rancidity of meat (McMillin, 2008). The

TBARS analysis was performed according to the method

by Sinnhuber and Yu (1977). Each 0.5 g of sample was

mixed with 3 drops of antioxidant solution (3% BHA-

54% propylene glycol-3% BHT-40% Tween20), 3 mL of

TBA solution and 17 mL of 25% (w/v) trichloroacetic

acid (TCA). The sample mixture was incubated in a water

bath at 100°C for 30 min. After cooling, 5 mL of the mix-

ture was removed and centrifuged at 3,500 rpm for 30

min. The absorbance of the supernatant was measured at

532 nm using a spectrophotometer (UVmini-1240, Shi-

madzu, Japan). The results were calculated as mg of mal-

onaldehyde (MA) per kg of sample.

Determination of antioxidant enzyme activity

Catalase. The activity of catalase was measured ac-

cording to a method described by Aebi (1984) with mod-

ification. A 5 g sample was homogenized with 25 mL of

50 mM sodium phosphate buffer (pH 7.0) using a homog-

enizer (Ultra-Turrax T25 basic, IkaWerke GmbH & Co.,

Germany) at 13,500 rpm for 15 sec in an ice bath. The

homogenate was centrifuged at 3,000 rpm at 2°C for 15

min, and the supernatant was removed and filtered with

Whatman filter paper No. 1. Then, 100 µL of supernatant

was mixed well with 2.9 mL of 30 mM H
2
O

2
, and dec-

rease in absorbance was recorded at 240 nm every 30 sec

for 3 min. The catalase activity was calculated as follows:

The number 3.45 corresponds to the decomposition of

3.45 micromoles of hydrogen peroxide in a 3.0 mL reac-

tion mixture to produce a decrease in the A240 nm from

0.45 to 0.40 absorbance units. T-min corresponds to the

time in minutes required for the A240 to decrease from

0.45 to 0.40 absorbance units, and 0.1 represents the vol-

ume of meat extract (in mL). The catalase activity was

expressed as units/g sample.

Glutathione peroxidase (GPx). For the measurement of

GPx activity, 5 g of sample was homogenized in 25 mL

of 50 mM of phosphate buffer and 1 mM EDTA using a

homogenizer at 13,500 rpm for 30 sec. The homogenate

was centrifuged at 3000 rpm for 10 min at 4°C followed

by filtration of the supernatant using Whatman filter paper

No 1. Then, 100 µL of the supernatant was incubated with

4900 µL of assay mixture containing 5 units/mL glutathi-

one reductase (Sigma G3664) in phosphate buffer, 10 mM

glutathione (Sigma G4251), 1.5 mM NADPH (Sigma N

1630), 1.5 mM H
2
O

2
 (Sigma H1009) and 100 mM NaN

3
.

The GPx activity was measured by recording the decrease

in the absorbance of the incubation mixture at 340 nm

over 3 min. The GPx was expressed as units/g sample.

Statistical analysis

All values are reported as the mean±standard deviation

for each treatment group. Analysis of variance (ANOVA)

was performed using the General Linear Model (GLM)

procedure of SPSS, version 19.0 (SPSS, 2010), followed

by Duncan’s multiple range tests. The level of signifi-

cance was established at p<0.05.

Results and Discussion

Microbiological analysis

Samples of ground Hanwoo beef were inoculated with

E. coli O157:H7 to evaluate the effect of ozone exposure

at refrigeration temperature for 3 d, because this bacteria

recently has caused major outbreaks worldwide (Table 1).

The CFU values of all the samples at each time point

were reduced by ozone exposure compared with non-

ozone exposure.

The initial concentrations of E. coli O157:H7 in the ino-

culated beef samples were 4.47 Log CFU/g. No growth

of E. coli O157:H7 was observed in the non-inoculated

beef samples. The E. coli O157:H7 counts in the inocu-

lated samples that were exposed to ozone were reduced

by 0.53 Log CFU/g on 1 d, compared with those with-

out ozone exposure. This result agrees with a previous

study showing that 12×10-6 kg O
3
 h-1 of ozone treatment

reduced the CFU by 0.65 Log CFU/g in a circular beef

sample cut from a carcass at 5°C on 1 d after the samples

were inoculated with 50 µL of 108 CFU/mL of E. coli

O157:H7 (Cardenas et al., 2011). Although CFU reduc-

tion by the effect of ozone exposure was clear on 1 d,

CFU were gradually increased from 2 d. This effect seems

to be caused by the limit of ozone exposure. Ozone ex-

posure could eliminate only the E. coli O157:H7 conta-

Catalase activity Units per g/meat( )  =

3.45 dilution factor of 6( )×

t  min 0.1×
-----------------------------------------------------------------
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mination on the surface of the beef sample, not that inside

the sample.

The CFU changes in the total aerobic and anaerobic

bacteria were also evaluated on 3 d. They showed similar

reduction patterns in the samples with ozone exposure.

However, a significant reduction was shown in the total

aerobic bacterial count of the ozone-exposed samples on

3 d compared with the non-ozone exposed samples. Com-

pared with the non-inoculated samples, the total aerobic

and anaerobic bacterial counts in the E. coli O157:H7

inoculated samples increased less over time. Even though

ozone exposure could not significantly decrease CFU in

the ground beef samples, it could clearly prohibit the

bacterial growth during 3 d of storage. This finding in-

dicates that ozone exposure continuously eliminated E.

coli O157:H7 on the surface of the beef samples and it

can be an antibacterial agent for meat products in refrig-

erator because the most of initial contamination of patho-

gen occurs in the surface of meat products.

Instrumental color

Color is the most important factor influencing the pref-

erence of consumers with respect to meat, and a red color

is usually associated with the freshness of meat (Mancini

and Hunt, 2005). The effects of gaseous ozone treatment

and inoculation on the surface color of ground Hanwoo

beef are presented in Table 2. There was no significant

difference (p>0.05) in CIE a* between the inoculated and

non-inoculated samples during storage except on 0 d,

when the CIE a* of the E. coli O157:H7-inoculated sam-

ples was significantly lower (p<0.05) than that of the

non-inoculated samples. The initial CIE a* of the E. coli-

inoculated samples was lower than that of the non-inocu-

lated samples. The lower value of CIE a* might be rela-

ted to the 100 µL of peptone water per gram of sample

that was added during the inoculation. The water might

cover the surface of the meat, reducing the contact bet-

ween the myoglobin in the meat and the oxygen in the air.

Oxygen is required for myoglobin to remain in its oxy-

genated form (oxymyoglobin), which produces the bright

cherry color in meat (Mancini and Hunt, 2005). The ins-

trumental color measurement was performed 30 min after

the inoculation. During this time, the myoglobin of the

non-inoculated samples reacted with oxygen to form oxy-

myoglobin, whereas that of the inoculated samples did

not due to the presence of water on the surface.

Ozone exposure significantly decreased CIE a* (p<0.05)

from 24 to 72 h of storage regardless of the E. coli O157:

H7 inoculation status. Our results are in accordance with

those of Cardenas et al. (2011), who found lower CIE a*

values of beef exposed continuously to ozone for 24 h.

An ozone-induced decrease of CIE a* during the storage

of beef steak and ground beef was also reported by Unda

et al. (1989) and Stivarius et al. (2002), respectively. The

decrease in CIE a* was due to the oxidation of myoglobin

and oxymyoglobin to metmyoglobin by the ozone expo-

sure. Ozone and other reactive oxygen species (ROS) are

strong oxidants that initiate lipid and myoglobin oxida-

tion (Bekhit et al., 2013). The oxidation of myoglobin

produces metmyoglobin, which caused the discoloration

of meat that is characterized by lower redness (Mancini

and Hunt, 2005). The decreases in CIE a* in the samples

exposed to ozone (Table 1) was coupled to increases in

the TBARS values (Table 2). Similar findings of increa-

sed lipid oxidation and decreased CIE a* due to the for-

mation of metmyoglobinin meat under oxidized condi-

Table 1. Effect of ozone exposure on the E. coli O157:H7, total aerobic and anaerobic bacteria counts (log CFU/g) of ground

Hanwoo beef inoculated with E. coli O157:H7

Bacteria
Inoculation with

E. coli O157:H7

Ozone

treatment

Storage (d)

0 1 2 3

E. coli O157:H7 Yes
No 4.47±0.06B 5.47±0.15aA 5.97±0.85aA 5.55±0.41aA

Yes 4.47±0.06A 3.94±0.33bB 4.29±0.29bA 4.64±0.69bA

Total aerobic bacteria

No
No 4.31±0.10D 4.86±0.08cC 5.34±0.08cB 6.70±0.03bA

Yes 4.31±0.10B 4.32±0.04dB 4.77±0.21dB 5.67±0.11cA

Yes
No 6.55±0.22C 7.41±0.38aA 7.43±0.15aA 7.15±0.22aB

Yes 6.55±0.22 6.54±0.13b 6.32±0.28b 6.69±0.13b

Total anaerobic bacteria

No
No 4.44±0.14C 3.80±0.71bC 5.11±0.20cB 6.25±0.23cA

Yes 4.44±0.14B 3.46±0.31bC 4.49±0.41cB 5.56±0.29dA

Yes
No 6.69±0.19B 7.10±0.20aAB 7.44±0.03aA 7.10±0.16aAB

Yes 6.69±0.19 6.73±0.51a 6.65±0.20b 6.65±0.24b

Mean values±standard deviation.
a-dMeans in the same column followed by different superscript letters in lower-case are significantly different (p<0.05).
A-DMeans in the same row followed by different superscript letters in upper-case are significantly different (p<0.05).
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tions have been reported (Jayasingh et al., 2002; Kim et

al., 2010). Lipid oxidation is a promoter of myoglobin

oxidation (Lin and Hultin, 1977). Faustman et al. (1989)

noted that lipid oxidation, which results in the production

of free radicals, is closely coupled to pigment oxidation.

The inoculation with E. coli reduced the CIE L* of the

samples from 1 d of storage (p<0.05). Ozone exposure

did not affect the CIE L* of the samples throughout stor-

age time. A lower CIE b* was found on the surface of the

samples exposed to ozone regardless of the E. coli inocu-

lation status.

Lipid oxidation

The effect of E. coli O157:H7 inoculation and ozone

exposure on lipid oxidation (TBARS) is presented in Table

3. TBARS, expressed as mg of malondialdehyde (MA)/kg

of meat, is a strong objective predictor of the perception

of rancidity (McMillin, 2008). Our study reported that the

TBARS values ranged from 0.67 mg MA/kg on d 0 to 0.84

mg MA/kg on 3 d of storage. According to Tarladgis et

al. (1960), values of 0.6 mg MA/kg are considered to in-

dicate fresh meat. Our initial sample appeared to be not

fresh enough, as reflected by the TBARS value on 0 d

being over the limit. However, the TBARS values of the

samples during 3 d of ozone exposure were regarded as

acceptable. A TBARS value of 2 mg MA/kg was consid-

ered to be the limiting threshold for oxidized meat accept-

ability (Campo et al., 2006).

Table 2. Effect of ozone exposure on the instrumental color of ground Hanwoo beef inoculated with E. coli O157:H7 at refrigera-

tion temperature

Bacteria
Inoculation with

E. coli O157:H7

Ozone

treatment

Storage (d)

0 1 2 3

Lightness (CIE L*)

No
No 44.2±1.6B 46.1±1.7bB 45.8±2.7aB 51.8±4.8aA

Yes 44.2±1.7C 48.8±2.5aA 46.0±2.3aBC 48.7±2.83abA

Yes
No 44.5±1.3B 45.3±2.1bB 44.7±2.0abB 47.6±2.8bA

Yes 44.5±1.3B 45.5±3.3bB 43.7±1.5bB 47.6±2.1bA

Redness (CIE a*)

No
No 16.4±1.3aA 14.4±1.3bB 16.79±1.5aA 7.8±2.3bC

Yes 16.4±1.3aA 11.3±1.3cB 11.3±1.6bB 6.7±0.7bC

Yes
No 13.9±1.3bB 15.9±1.2aA 16.8±1.0aA 9.6±1.4aC

Yes 13.9±1.3bA 11.2±1.6cC 12.3±0.5bB 6.7±0.8bD

Yellowness (CIE b*)

No
No 8.7±0.54bAB 7.5±0.8bB 9.5±0.8aA 4.9±1.6bC

Yes 8.7±0.54bAB 6.8±0.9bC 7.9±1.4bB 5.7±1.3abC

Yes
No 9.5±1.22aA 8.6±0.8aAB 9.5±0.8aA 6.0±1.3abB

Yes 9.5±1.22aA 7.7±1.3bB 9.0±0.7aA 6.2±1.0aC

Mean values±standard deviation.
a-cMeans in the same column followed by different letters in superscript lower-case are significantly different (p<0.05).
A-CMeans in the same row followed by different letters in superscript upper-case are significantly different (p<0.05).

Table 3. Effect of ozone exposure on TBARS, catalase activity and glutathione peroxidase activity of ground Hanwoo beef inocu-

lated with E. coli O157:H7 at refrigeration temperature

Bacteria
Inoculation with

E. coli O157:H7

Ozone

treatment

Storage (d)

0 1 2 3

TBARS

(mg MA/kg sample)

No
No 0.66±0.02B 0.71±0.01cAB 0.72±0.02cA 0.74±0.01bA

Yes 0.66±0.02B 0.76±0.03bA 0.75±0.01bA 0.79±0.06abA

Yes
No 0.67±0.05B 0.72±0.02cA 0.73±0.02cA 0.74±0.02bA

Yes 0.67±0.05B 0.81±0.02aA 0.80±0.02aA 0.84±0.05aA

Catalase/CAT activity

(U/g sample)

No
No 449.2±27.7A 438.8±24.6A 411.2±42.9abB 403.6±28.07abB

Yes 449.2±27.7A 426.4±24.4B 397.4±31.2bC 373.6±41.78bC

Yes
No 449.2±27.7A 447.1±49.1A 422.2±23.9aB 416.7±43.40aB

Yes 449.2±27.7A 431.9±40.3A 399.5±27.7bB 377.7±56.35bC

Glutathione peroxidase

(GPx) activity

(U/g sample)

No
No 1.26±0.10A 1.24±0.11A 1.23±0.15A 0.86±0.22abB

Yes 1.26±0.10A 1.25±0.11A 1.17±0.28A 0.71±0.33bB

Yes
No 1.26±0.10A 1.26±0.11A 1.27±0.14A 0.92±0.17aB

Yes 1.26±0.10A 1.21±0.13A 1.18±0.15A 0.80±0.23abB

Mean values±standard deviation.
a-cMeans in the same column followed by different letters in superscript lower-case are significantly different (p<0.05).
A-CMeans in the same row followed by different letters in superscript upper-case are significantly different (p<0.05).
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Ozone exposure promoted lipid oxidation regardless of

the inoculation status. The TBARS values of both non-

inoculated and E. coli O157:H7-inoculated samples expo-

sed to ozone were significantly higher (p<0.05) than those

of samples without ozone exposure. Ozone promotes lipid

oxidation in meat. The action of ozone on oxidants causes

irreversible damage to the fatty acids in the cell mem-

brane and cellular protein through oxidation (Beuchat,

1992; Luck and Jager, 1998; Sekhon et al., 2010). Ozone

(O
3
) is categorized as a non-radical derivative ROS that is

mainly responsible for the initiation of the oxidation reac-

tion of foods, particularly in lipids, where it destroys es-

sential fatty acids (Choe and Min, 2005). Moreover, ozone

gas is unstable and decays naturally into diatomic oxygen

(Finch and Fairbairn, 1991). During continuous exposure,

the oxygen generated by ozone degradation might inc-

rease. Many studies have reported on the effect of oxygen

on the promotion of the lipid oxidation in meat (Kim et

al., 2010; Li et al., 2012; Vitale et al., 2014). Among

samples exposed to ozone, a higher TBARS (p<0.05) was

found in E. coli O157:H7-inoculated samples than in

non-inoculated samples. The higher population of bacteria

counted on E. coli O157:H7-inoculated samples than on

non-inoculated samples (Table 1) seemed to escalate the

lipid oxidation. The influence of microbial populations on

the accumulation of lipid oxidation products was also

reported by Rhee et al. (2006) for beef.

Activity of catalase (CAT) and glutathione peroxi-

dase (GPx)

The effects of the ozone treatment on the CAT and GPx

activities are presented in Table 3. The CAT activity of

the non-inoculated samples exposed to ozone decreased

significantly (p<0.05) from 1 d of storage but decreased

starting from 2 d of storage in other samples. The dec-

rease in CAT activity was greater in those samples under

ozone exposure than in those with no ozone exposure,

which had relatively stable CAT activity. The relatively

stable CAT activity of beef muscles under aerobic condi-

tions was also reported by Renerre et al. (1996). Pradhan

et al. (2000) found stable CAT activity in ground beef

during 6 d of aerobically refrigerated storage. There were

no effects of E. coli O157:H7- inoculation and ozone on

CAT activity on 0 d and 1 d of storage (p>0.05). E. coli O

157:H7 inoculation did not affect the CAT activity (p>

0.05). Ozone exposure significantly reduced the CAT ac-

tivity (p<0.05) starting from 2 d of storage regardless of

the E. coli O157:H7 inoculation status. Whiteside and

Hassan (1988) reported catalase inactivation caused by

the exposure to ozone gas. They also noted that the inac-

tivation of catalase by ozone depended on the time expo-

sure and pH level. Lee et al. (2003) suggested that the

inactivation of catalase by ozone was primarily due to

damages in protein moieties, which subsequently led to

heme release.

The GPx activity of all samples was stable from 0 to

2 d of storage regardless of E. coli O157:H7 inoculation

status and ozone exposure. On 3 d of storage, a signifi-

cant decrease (p<0.05) in GPx activity occurred in all

treatments. There was no significant (p>0.05) effect of E.

coli O157:H7 inoculation and ozone on the activity of the

GPx enzyme from 0 to 2 d of storage. On the last day of

storage, ozone exposure significantly decreased the GPx

activity regardless of the E. coli O157:H7 inoculation sta-

tus. These results indicate that GPx was more resistant to

ozone than CAT. This result is in accordance with that of

Lee et al. (2003). CAT and GPx, together with superoxide

dismutase (SOD), are known to act to prevent the accu-

mulation of lipid oxidation products (Decker and Xu,

1998; Terevinto et al., 2010). As the activity of CAT and

GPx was reduced by ozone, these enzymes lost their abil-

ities, which resulted in increased lipid oxidation rates.

This outcome can be an additional explanation for the

higher TBARS values found in samples under ozone

exposure (Table 3).

Conclusion

Ozone exposure (10×10-6 kg O
3 

h-1) significantly redu-

ced the growth of E. coli O157:H7 in E. coli O157:H7-

inoculated ground beef samples during 3 d of storage.

Similar results were also found for total aerobic and total

anaerobic bacteria, in which the ozone exposure reduced

the bacterial counts. Ozone exposure promoted lipid oxi-

dation regardless of the inoculation status. The TBARS

values of both non-inoculated and E. coli O157:H7-inoc-

ulated samples exposed to ozone were significantly higher

than those of samples without ozone exposure. However,

the TBARS values of samples were regarded as accept-

able until the end of storage. Ozone also promoted the

oxidation of myoglobin and oxymyoglobin to metmyo-

globin. As a result, lower levels of redness were observed

in samples under ozone exposure. The CAT and GPx

activities decreased with increasing storage time. Ozone

exposure slightly reduced the CAT activity from 2 to 3 d

of storage and the GPx activity on 3 d of storage.
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