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Abstract

Aims: This study evaluated the combined effects of ozone and heat treatment

to inactivate Escherichia coli O157:H7 and Salmonella Typhimurium in three

types of apple juice of different soluble solids content.

Methods and Results: Three types of apple juice (18, 36, 72 °Brix) inoculated
with pathogens were subjected to ozone (3�0 l min�1 flow rate and

2�0–3�0 g m�3 concentration) and heat treatment (25, 45, 50 and 55°C)
simultaneously for 20, 40 and 60 s. Initial populations of pathogens in inoculated

apple juice were approximately 105–106 CFU ml�1. Heat treatment alone (25,

45, 50 and 55°C) for 1 min reduced populations of E. coli O157:H7 by 0 to

4�75 log CFU ml�1 in three types of apple juice. The combination of ozone and

heat treatment for 1 min at 25 and 45°C reduced E. coli O157:H7 by 0�93–
3�87 log CFU ml�1 and below the detection limit (>1 log CFU ml�1) at 50 and

55°C. A similar tendency was observed for S. Typhimurium. In several instances,

results showed a synergistic effect of ozone and heat treatment. Colour values

were not changed during ozone and heat treatment.

Conclusion: These results show that the combination of ozone and heat

treatment can be used as a potential inactivation intervention for E. coli O157:

H7 and S. Typhimurium in apple juice.

Significance and Impact of the Study: The combination of ozone treatment

and mild heat can be used as an alternative intervention for pasteurization of

varying soluble solids content apple juice in food industries.

Introduction

Humankind has enjoyed apples since ancient times. Not

only because of their taste, sweetness and texture, but

also for their health benefits, as shown in phrase ‘an

apple a day keeps the doctor away’. Because apples have

antioxidant activity and a cholesterol lowering effect,

apple consumption can reduce the risk of cancer, heart

disease, asthma and type II diabetes. Also, they have the

positive effects of increasing lung function and weight

loss (Boyer and Liu 2004). These healthful benefits also

operate when apple juice is consumed. Apple juice con-

tains antioxidants, iron, vitamin C and low levels of

sodium, cholesterol and fat (Patil et al. 2010). It is also

reported that apple juice has beneficial effects on degen-

erative diseases and protective effects against cardiovascu-

lar diseases and cancer (Torres et al. 2011). Also, apple

juice consumption has increased continuously for more

than 30 years (USDA 2012).

However, several outbreaks have been caused by patho-

gens in fruit juices. In 1996, there was a large outbreak of

Escherichia coli O157:H7 traced to unpasteurized com-

mercial apple juice, resulting in 56 illnesses, 25 hospital-

izations, 14 people developing the haemolytic uremic

syndrome and one death (Cody et al. 1999). From 1995

to 2005, there were 21 outbreaks associated with juice

products; ten of these were caused by apple juice

(Vojdani et al. 2008). Furthermore, Salmonella showing
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increased heat and acid resistance was isolated from

unpasteurized juice (Sharma et al. 2005).

For storage and transportation, juice is usually con-

densed to a high solids content. Juice concentrates have

low pH, which is an extreme challenge for pathogen sur-

vival. However, pathogens can contaminate juices during

extraction and postprocessing (Enache et al. 2006). There

was one study which confirmed the survival of pathogens

in juice of high solids content (Oyarz�abal et al. 2003).

Because of juice concentrate’s low pH, pathogens can

adapt to an acidic environment. Acid-adapted pathogens

also exhibit enhanced heat resistance and increased

D-value. Thus, it is extremely hard to kill pathogens in

juice concentrate by thermal treatment (Mazzotta 2001;

Enache et al. 2006). Therefore, an improved method is

needed to kill pathogens in high solids content juices.

Ozone is a triatomic allotrope of oxygen with blue col-

our and has great oxidation potential (Patil et al. 2009).

Because of this oxidation potential, ozone attacks numer-

ous components of micro-organisms. Scott and Lesher

(1963) reported that ozone attacked the double bonds of

lipids in the cell membrane, so cell leakage or cell lysis

occurred. Also, ozone inactivates enzymes by the oxida-

tion of sulfhydryl groups produce DNA lesions and inhib-

its transcriptional ability (Chang 1971; Mura and Chung

1990). In 2001, the gaseous and aqueous phases of ozone

were approved by the FDA as a direct food additive for

the treatment, storage and processing of foods (Khadre

et al. 2001). This approval led many food researchers to

apply ozone to fruit juices to inactivate pathogens

(Williams et al. 2004; Patil et al. 2009; Choi et al. 2012).

The recent concept of hurdle technology for inactivat-

ing pathogens in apple juice needs to be investigated.

Williams et al. (2004) reported that ozone treatment of

apple juice with mild heat (50°C) reduced foodborne

pathogens more rapidly than ozone treatment alone.

Sung et al. (2014) reported that the combination of mild

heat and ozone treatment had a great antimicrobial effect

on pasteurized apple juice. But, to date, there has been

no study exploring the bactericidal effect of the combina-

tion of ozone and heat treatment on juices of different

°Brix levels. Therefore, this study evaluates the bacterici-

dal effect of the combination of ozone and heat treatment

on three concentrations of apple juice (18, 36 and 72

°Brix). To confirm quality changes occurring during the

combination treatment, colour values were measured.

Materials and methods

Preparation of bacterial strains and inoculums

Strains of E. coli O157:H7 (ATCC 35150, ATCC 43889,

ATCC 43890) and Salmonella Typhimurium (ATCC

19585, ATCC 43971, ATCC 700408) were obtained from

the bacterial culture collection of Seoul National Univer-

sity (Seoul, Korea). Stock cultures were maintained by

combining 0�7 ml of 24 h cultures in tryptic soy broth

(TSB; Difco, Becton Dickinson, Sparks, MD) and 0�3 ml

of 50% glycerol and storing at �80°C. Working cultures

were streaked onto tryptic soy agar (TSA; Difco), incu-

bated at 37°C for 24 h, and stored at 4°C before use.

Each strain of E. coli O157:H7 and S. Typhimurium was

incubated in 5 ml of TSB at 37°C for 24 h, harvested by

centrifugation at 4000 g at 4°C for 20 min and washed

twice with sterile 0�2% peptone (Bacto, Sparks, MD)

water. The final pellets, corresponding to approximately

108–109 CFU ml�1, were obtained through resuspension

in sterile 0�2% peptone water. The cell concentration was

determined by plating aseptically on TSA and incubating

at 37°C for 24 h. Mixed culture cocktails were prepared

by blending equal volumes of each test strain.

Sample preparation and inoculation

Apple juice (72 °Brix) was purchased at a local supermar-

ket (Chung-Book, Korea) and stored at 4°C before use.

Thirty-six and 18 °Brix apple juices were prepared by

diluting 72 °Brix apple juice with sterile distilled water.

Soluble solids content was measured by a digital refrac-

tometer (Atago Co., Ltd., Tokyo, Japan). Two hundred

ml of apple juice was dispensed into a 500-ml bottle and

0�2 ml of antifoam B Emulsion (Sigma-Aldrich, St. Louis,

MO, USA) was added to apple juice to prevent excessive

foaming. Then, 0�1 ml of mixed culture cocktail (E. coli

O157:H7 and S. Typhimurium) was inoculated into apple

juice when the preset temperature (25, 45, 50 and 55°C)
in the shaking water bath stabilized. Apple juice was sha-

ken vigorously by hand for 10 s for equilibration of inoc-

ulum in apple juice. The final cell concentration in apple

juice was approximately 105–106 CFU ml�1.

Ozone and heat treatment

The apparatus used in this study was the same as the one

used in our previous study (Fig. 1) (Sung et al. 2014). An

ozone generator (Ozonetech Co., Ltd., Daejeon, Korea)

was used to produce gaseous ozone from ambient air at

generation rates of 2�0–3�0 g m�3 and a flow rate of

3�0 l min�1. The concentration of ozone was continuously

monitored with an ozone monitor (Okitrotec, Tokyo,

Japan). Ozone was directly injected into 500 ml bottles

containing juice samples through a delivery tube and a

perforated tube for sparging. When target temperatures

(25, 45, 50 and 55°C) were attained in a shaking water

bath, 0�1 ml of mixed culture cocktail was inoculated into

apple juice and heat treatments were performed. Juice
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samples treated with heat alone were designated as the

heat treatment group. Apple juice samples treated at 25°C
without or with ozone were designated as controls for

confirming the effect of heat or ozone at 25°C, respec-
tively. Treatment times were 20, 40 or 60 s for all samples.

Juice samples were treated by mixing at 150 rev min�1 in

a shaking water bath during the entire treatment time for

even distribution of inoculum and dispersal of ozone. All

experiments were performed in a fume hood. An ozone

decomposer was used for decomposition of excess ozone.

Bacteriological analysis

After treatment, sample aliquots (1 ml) were transferred

into test tubes containing 9 ml of D/E neutralizing broth

(Difco, Becton Dickinson) and homogenized using a vor-

tex mixer (VM-10, Daihan Scientific Co., Ltd., Wonju,

Korea) for bacteriological analysis of pathogens. Samples

were 10-fold serially diluted with 9 ml of sterile 0�2%
peptone, and 0�1 ml of samples was spread-plated onto

selective media. Sorbitol MacConkey agar (SMAC; Difco)

and xylose lysine desoxycholate agar (XLD; Difco) were

used as selective media for enumeration of E. coli O157:

H7 and S. Typhimurium, respectively. Where low popu-

lations of surviving cells were anticipated, 1 ml aliquots

of the original homogenate in D/E neutralizing broth

were equally distributed onto four plates of each selective

medium and spread-plated. All plates were incubated at

37°C for 24 h and colonies enumerated. The detection

limit was 1�0 log CFU ml�1.

Colour measurement

Colour of apple juice was measured using a Minolta

colorimeter (model CR400; Minolta Co., Osaka, Japan).

The L-, a- and b- values which indicate lightness, redness

and yellowness, respectively, were measured to investi-

gate the colour changes of apple juice after each heat

and/or ozone treatment. Untreated apple juice was used

as the control. Before measurement, treated juice was

cooled to about 15°C by dipping the bottle in crushed

ice. Two ml of sample was poured into the bottom

half of the measurement equipment. The measuring

head of the colorimeter was placed on top of the mea-

surement equipment. All measurements were conducted

in triplicate.

Statistical analysis

All experiments were duplicate-plated and replicated

three times. All data were analysed with one-way ANOVA

using Statistical Analysis System (SAS Institute, Cary,

NC) and Duncan’s multiple range test to investigate

whether there were significant differences (P < 0�05) in

mean values of micro-organism populations and

colours. Microbial counts were transformed to log10
values for analysis. One log was used for calculations

where populations were reduced to under the detection

limit.

Results

Initial populations of E. coli O157:H7 and S. Typhimuri-

um in inoculated apple juice were approximately

105–106 CFU ml�1, and the detection limit was

1�0 log CFU ml�1. The combination of ozone and heat

treatment exhibited a great effect in reducing E. coli

O157:H7 and S. Typhimurium in apple juice. Figure 2

through 7 represent the populations of surviving E. coli

O157:H7 and S. Typhimurium in each of three different

concentrations (18, 36, 72 °Brix) of apple juice after

treatments, respectively.

Ozone detector

POWER ppm

g/m3

FLOW

FLOW

P-ADJ

PI

Ozone generatorWater bath

Juice

Oxygen
tank

Figure 1 Schematic diagram of the ozone

treatment apparatus at Seoul National

University (Seoul, Republic of Korea) (Sung

et al. 2014).
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Figures 2–4 show the bactericidal effect of the combi-

nation treatment of ozone and heat against E. coli O157:

H7 in apple juice of 18, 36, 72 °Brix. The levels of surviv-

ing pathogens were reduced in all treated apple juice

samples as treatment temperature increased from 25

to 55°C. When 18 °Brix apple juice was treated with

heat alone (45, 50 and 55°C) for 1 min, populations of

E. coli O157:H7 were decreased by 1�34, 2�36 and

4�75 log CFU ml�1, respectively. The combined treatment

of heat with ozone for 1 min inactivated E. coli O157:H7

by 1�65 and 3�87 log CFU ml�1 at 25 and 45°C, respec-
tively. In the case of the combination treatment at 50 and

55°C, surviving populations were reduced to below the

detection limit (1�0 log CFU ml�1). In 36 °Brix apple

juice, pathogen populations were reduced by 1�56, 2�58
and 3�40 log CFU ml�1 after heat treatment for 1 min at

45, 50 and 55°C, respectively. Populations were reduced

by 0�93 and 2�49 log CFU ml�1, respectively, when ozone

and heat (25 and 45°C) were simultaneously applied to

apple juice for 1 min. Pathogens were reduced to

below the detection limit after combination treatments at

50 and 55°C for 1 min. The surviving populations of

E. coli O157:H7 in 72 °Brix apple juice were reduced

by 1�66, 4�18 and 4�38 log CFU ml�1 at 45, 50 and

55°C, respectively. Regarding the combination treatment

for 1 min, populations were decreased by 1�13 and

2�49 log CFU ml�1 at 25 and 45°C, respectively, and to

below the detection limit at 50 and 55°C.
The reduction of S. Typhimurium in 18, 36 and 72

°Brix apple juice after the combination treatment of

ozone and heat is shown in Figs 5–7. The reduction

trend was similar to that of E. coli O157:H7. Levels of

surviving populations were decreased by 1�40, 3�95 and

>5�05 log CFU ml�1 in 18 °Brix apple juice after 1 min

heat treatment at 45, 50 and 55°C, respectively. In apple

juice treated with ozone for 1 min, S. Typhimurium was

decreased by 1�38 and 2�64 log CFU ml�1 at 25 and

45°C, respectively. After ozone treatment at 50 and

55°C, populations were reduced to below the detection

limit. In 36 °Brix apple juice, heat treatment of 45, 50

and 55°C for 1 min inactivated 1�60, 3�03 and

3�35 log CFU ml�1 of this pathogen, respectively. The

combined treatment of heat with ozone for 1 min inac-

tivated 0�74 and 2�83 log CFU ml�1 of S. Typhimurium

at 25 and 45°C, respectively. Populations were reduced

to below the detection limit at 50 and 55°C. Surviving
populations of S. Typhimurium in 72 °Brix apple juice

were reduced by 2�09, 4�11 and 3�81 log CFU ml�1 after

heat treatment at 45, 50 and 55°C for 1 min, respec-

tively. In the case of the combination treatment for

1 min, populations were decreased by 1�17 and

2�80 log CFU ml�1 at 25 and 45°C and to below the

detection limit at 50 and 55°C.

The Hunter colour values of apple juice of 18, 36

and 72 °Brix treated with heat alone or with the

combination of ozone and heat are shown in
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Figure 2 Inactivation of Escherichia coli O157:H7 in 18 °Brix apple

juice treated with the combination of ozone and heat. (a) ● 25°C; ○
25°C + ozone; ▼ 45°C; M 45°C + ozone, (b) ● 25°C; ○
25°C + ozone; ▼ 50°C; M 50°C + ozone, (c) ● 25°C; ○
25°C + ozone; ▼ 55°C; M 55°C + ozone.
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Tables 1–3. In all treated apple juice samples of 18,

36 and 72 °Brix, L-, a- and b- values were not

significantly different (P > 0�05) from those of the

control. The combination treatment of both heat and

ozone did not significantly affect the colour value of

apple juice.
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Figure 3 Inactivation of Escherichia coli O157:H7 in 36 °Brix apple

juice treated with the combination of ozone and heat. (a) ● 25°C; ○
25°C + ozone; ▼ 45°C; M 45°C + ozone, (b) ● 25°C; ○
25°C + ozone; ▼ 50°C; M 50°C + ozone, (c) ● 25°C; ○
25°C + ozone; ▼ 55°C; M 55°C + ozone.
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Figure 4 Inactivation of Escherichia coli O157:H7 in 72 °Brix apple

juice treated with the combination of ozone and heat. (a) ● 25°C; ○
25°C + ozone; ▼ 45°C; M 45°C + ozone, (b) ● 25°C; ○
25°C + ozone; ▼ 50°C; M 50°C + ozone, (c) ● 25°C; ○
25°C + ozone; ▼ 55°C; M 55°C + ozone.
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Discussion

Apple juice is of low pH (3�1–4�4), and thus formerly was

considered to be hostile to the survival of foodborne

pathogens (Mattick and Moyer 1983). But several studies

have confirmed numerous outbreaks associated with the

consumption of apple juice (Goverd et al. 1979; Steele
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Figure 5 Inactivation of Salmonella Typhimurium in 18 °Brix apple

juice treated with the combination of ozone and heat. (a) ● 25°C; ○
25°C + ozone; ▼ 45°C; M 45°C + ozone, (b) ● 25°C; ○
25°C + ozone; ▼ 50°C; M 50°C + ozone, (c) ● 25°C; ○
25°C + ozone; ▼ 55°C; M 55°C + ozone.
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Figure 6 Inactivation of Salmonella Typhimurium in 36 °Brix apple

juice treated with the combination of ozone and heat. (a) ● 25°C; ○
25°C + ozone; ▼ 45°C; M 45°C + ozone, (b) ● 25°C; ○
25°C + ozone; ▼ 50°C; M 50°C + ozone, (c) ● 25°C; ○
25°C + ozone; ▼ 55°C; M 55°C + ozone.
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et al. 1982; Parish 1997; Sivapalasingam et al. 2004; Rangel

et al. 2005; Vojdani et al. 2008). Conventional heating is

the usual intervention performed for pasteurization of

Table 1 Hunter’s colour L (lightness), a (redness) and b (yellowness)

values of 18 °Brix apple juice treated simultaneously with gaseous

ozone and mild heat

Treatment

Parameter*

L a b

Control 25�02 � 0�24 0�27 � 0�06 3�89 � 0�61
25°C 25�35 � 0�36 0�30 � 0�04 4�11 � 0�60
25°C, ozone 25�39 � 0�07 0�28 � 0�06 4�10 � 0�33
45°C 25�08 � 0�01 0�27 � 0�02 3�96 � 0�43
45°C, ozone 25�24 � 0�08 0�30 � 0�07 3�40 � 0�24
50°C 25�20 � 0�32 0�38 � 0�03 3�22 � 0�40
50°C, ozone 25�44 � 0�08 0�31 � 0�04 3�46 � 0�76
55°C 25�19 � 0�10 0�34 � 0�02 3�09 � 1�12
55°C, ozone 25�05 � 0�34 0�44 � 0�24 3�37 � 0�73

*Mean values � standard deviation. Mean values in the same column

did not differ significantly (P > 0�05).

Table 2 Hunter’s colour L (lightness), a (redness) and b (yellowness)

values of 36 °Brix apple juice treated simultaneously with gaseous

ozone and mild heat

Treatment

Parameter*

L a b

Control 25�81 � 0�32 0�29 � 0�09 4�36 � 0�30
25°C 25�57 � 0�24 0�29 � 0�07 4�61 � 0�15
25°C, ozone 25�53 � 0�22 0�31 � 0�13 4�55 � 0�31
45°C 25�41 � 0�21 0�24 � 0�11 4�67 � 0�22
45°C, ozone 25�65 � 0�19 0�29 � 0�12 4�43 � 0�57
50°C 25�63 � 0�46 0�28 � 0�06 4�76 � 0�09
50°C, ozone 25�26 � 0�15 0�25 � 0�06 4�77 � 0�16
55°C 25�42 � 0�11 0�29 � 0�02 4�57 � 0�05
55°C, ozone 25�25 � 0�45 0�32 � 0�05 4�24 � 0�24

*Mean values � standard deviation. Mean values in the same column

did not differ significantly (P > 0�05).

Table 3 Hunter’s colour L (lightness), a (redness) and b (yellowness)

values of 72 °Brix apple juice treated simultaneously with gaseous

ozone and mild heat

Treatment

Parameter*

L a b

Control 27�52 � 0�14 0�30 � 0�04 4�06 � 0�06
25°C 27�65 � 0�41 0�27 � 0�03 4�01 � 0�08
25°C, ozone 27�93 � 0�88 0�25 � 0�05 4�20 � 0�16
45°C 28�11 � 0�90 0�30 � 0�10 4�15 � 0�19
45°C, ozone 28�24 � 1�26 0�34 � 0�16 3�91 � 0�11
50°C 27�90 � 0�72 0�34 � 0�06 3�60 � 0�78
50°C, ozone 27�69 � 1�24 0�28 � 0�16 3�90 � 0�47
55°C 27�81 � 0�82 0�28 � 0�07 3�73 � 0�32
55°C, ozone 27�38 � 0�77 0�25 � 0�08 3�87 � 0�50

*Mean values � standard deviation. Mean values in the same column

did not differ significantly (P > 0�05).
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Figure 7 Inactivation of Salmonella Typhimurium in 72 °Brix apple

juice treated with the combination of ozone and heat. (a) ● 25°C; ○
25°C + ozone; ▼ 45°C; M 45°C + ozone, (b) ● 25°C; ○
25°C + ozone; ▼ 50°C; M 50°C + ozone, (c) ● 25°C; ○
25°C + ozone; ▼ 55°C; M 55°C + ozone.
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apple juice. But thermal treatment leads to quality deterio-

ration of apple juice. Natural flavouring compounds found

in apple juice are destroyed by conventional heat treat-

ment. During high-temperature short-time (HTST) treat-

ment more than 50% of acetic acid, hexanal, ethyl acetate,

ethyl butyrate, methyl butyrate and 1-hexanal are lost.

Also, 36% of butyl hexanoate and 22% of hexyl acetate are

lost to evaporation (Aguilar-Rosas et al. 2007). Moreover,

during HTST treatment, turbidity and lightness of cloudy

apple juice are increased (Krapfenbauer et al. 2006).

Because conventional heating has many disadvantages,

numerous other nonthermal treatments have been evalu-

ated for inactivation of pathogens in apple juices. Yuste

and Fung (2004) used nisin and cinnamon to rapidly

reduce S. Typhimurium and E. coli O157:H7 in apple

juice. Buchanan et al. (1998) used gamma irradiation for

inactivating E. coli O157:H7 in apple juice and reported

that the D-value of apple juice is in the range of

0�26–0�35 kGy. Also, dense phase carbon dioxide (Liao

et al. 2007), high hydrostatic pressure (Teo et al. 2001),

ultraviolet (Gachovska et al. 2008; Keyser et al. 2008) and

pulsed electric fields (Evrendilek et al. 1999; Gachovska

et al. 2008) were also tested to control pathogens in apple

juice.

Ozone is one of the most popular nonthermal treat-

ments to reduce pathogens in foods. There are studies

which confirm the antimicrobial effect and influence of

ozone on quality in juice. Patil et al. (2009) reported the

bactericidal effect of ozone treatment on model orange

juice. There was a 6 log CFU ml�1 reduction of E. coli

during 60 s ozone treatment with 0�12 l min�1 flow rate

and 0�075–0�078 mg ml�1 of ozone concentration.

Steenstrup and Floros (2004) reported the effect of ozone

(860 ppm) and low temperature on inactivation of E. coli

O157:H7 in apple cider. D-values of E. coli O157:H7 ran-

ged from 0�6 to 1�5 min at 20 and 5°C. Anthocyanin and

ascorbic acid degradation of strawberry juice by ozone

treatment was also reported (Tiwari et al. 2009c).

In this study, it was tested the effect of ozone treat-

ment with a mild heat for inactivation of pathogens in

apple juice. The combination of ozone and heat treat-

ment showed great efficacy for reducing pathogens in

apple juice with different soluble solids content. Williams

et al. (2004) reported inactivation of E. coli O157:H7 and

Salmonella in orange juice by applying ozone at various

treatment temperatures. Mild heat treatment combined

with ozone showed a much better bactericidal effect than

ozone treatment alone. To reduce pathogen levels to

below the detection limit, more than 240 min was

required for E. coli O157:H7 and Salmonella at 4°C but

at 50°C, 45 min for E. coli O157:H7 and 15 min for Sal-

monella was necessary. This tendency was also observed

in our study. When juices were treated with ozone alone,

0�74 to 1�73 log CFU ml�1 reductions occurred after

1 min. But ozone treatment combined with heat at 50 or

55°C reduced pathogens to under the detection limit

after <1 min.

Choi et al. (2012) reported on the efficacy of ozone to

inactivate pathogens in apple juice of different levels of

soluble solids (°Brix). When 18 and 36 °Brix apple juice

was treated with ozone, E. coli O157:H7 was reduced to

under the detection limit after 10 min. S. Typhimurium

and Listeria monocytogenes also showed a similar ten-

dency. But in the case of 72 °Brix apple juice concentrate,

ozone produced 0�41–1�73 log reductions of all 3 patho-

gens during 10 min of treatment. This indicates that

ozone treatment alone is not suitable for high solids con-

tent juice pasteurization. However, in this study, using

the combination of ozone and heat treatment, we were

able to reduce pathogens to under the detection limit

after 1 min treatment in 72 °Brix apple juice. The combi-

nation of ozone and heat treatment can be used as a pas-

teurization intervention for high solids content juices.

The results of this study demonstrated that ozone com-

bined with heat shows great antimicrobial effect when

applied to apple juice of different solids content. Espe-

cially in some cases, we obtained a greater effect than

expected. Tables 4 and 5 show the comparison of the

sum of reductions and the combination effect on E. coli

O157:H7 and S. Typhimurium. The combined treatment

showed a synergistic effect on E. coli O157:H7 at 45 and

50°C in 18 °Brix apple juice and at 50°C in 36 °Brix
apple juice, respectively. In the case of S. Typhimurium,

the combined treatment showed a synergistic effect at

50°C in 36 °Brix apple juice. The combined treatment

did not show any synergistic effect on E. coli O157:H7

and S. Typhimurium in 72 °Brix apple juice.

During heat treatment alone, large pathogen reductions

occurred. The reason was due to the low pH of apple

juice. The pH values of apple juice were 2�35 (72 °Brix),
2�39 (36 °Brix) and 2�51 (18 °Brix). When pathogens

were inoculated into 18, 36 and 72 °Brix apple juice and

held for 1 min, populations of pathogens were not signif-

icantly changed (data not shown). In low pH foods,

pathogens are easily reduced by heat treatment if they are

not adapted to an acidic environment. Beuchat et al.

(1986) reported that D-values of L. monocytogenes Scott

A at 50°C was over 60 min in pH 5�6 cabbage juice and

25�0 min in pH 4�6 cabbage juice. Because of the combi-

nation of low pH and heat treatment, pathogens experi-

enced shock and died. Eighteen °Brix apple juice

underwent a larger reduction of pathogens following heat

treatment than did 36 and 72 °Brix juice. This is due to

water activity. Mattick et al. (2000), reported that Salmo-

nella shows higher heat resistance in TSB at aw 0�91 than

TSB at aw 0�95. Heat treatment alone of 36 and 72 °Brix
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apple juices also showed large reductions. This is due to

the inoculation method. When we inoculated pathogens

into apple juice, we used a mixed cocktail culture sus-

pended in sterile 0�2% peptone water. Due to the high

water activity of the surrounding environment immedi-

ately after inoculation, pathogens were readily killed by

heat and low pH. Actually, in the majority of cases, most

pathogen reductions resulting from heat treatment hap-

pened within 20 s of treatment, which included the shak-

ing time required for equilibration of inoculum and

juice. After 20 s, pathogens showed increased heat resis-

tance in most cases.

Generally, food scientists used to believe that juice

was safe from foodborne pathogens due to the low pH

of juice. But, unfortunately, there are several studies

which confirm the survival of pathogens in juice (Ryu

and Beuchat 1998; Oyarz�abal et al. 2003). Pathogens

can survival in acidic fruit juice because of acid adap-

tation. Escherichia coli O157:H7 and S. Typhimurium

cells can develop adaptive mechanisms by undergoing

genetic and physiologic changes that allow the cells to

stay viable in acidic juice (Foster and Hall 1990; Lin

et al. 1996). Acid adaption of pathogens shows cross-

protection against thermal treatment (Ryu and Beuchat

1998). In actuality, the presence of pathogens in acidic

juice triggers the acid adaptation phenomenon, which

can produce a different response to treatment. In this

study, we did not confirm the effect of acid adaptation

of pathogens on combined treatment of heat and

ozone. But Gabriel (2012) reported that the effect of

physicochemical combination on decimal reduction

times showed that acid-adapted E. coli O157:H7 had no

cross-protection effect against thermal treatment in

liquid medium (pH 3�0, 55 °Brix at 55°C). In this

respect, we can postulate that acid-adapted pathogens

in apple juice with high soluble solids content do not

show any cross-protection effect.

Ozone has a high oxidation potential, so it can be used

as a decolorizing agent. Ozone oxidizes or breaks -C=C-
bonds, the -N=N- bonds, and heterocyclic and aromatic

rings (Strickland and Perkins 1995). These lead to colour

changes of food during ozone treatment. During ozone

treatment, colour changes of blackberry juice (Tiwari

et al. 2009a), grape juice (Tiwari et al. 2009b), apple juice

(Torres et al. 2011) and orange juice (Tiwari et al. 2008)

were reported. However, in this study, no significant

Table 4 Comparison of reductions of Escherichia coli O157:H7 in apple juice by heat or ozone alone and the combined treatment

°Brix

Treatment

temperature (°C) Heat Ozone (at 25°C) Sum Combination

18 45 1�34 � 0�12 1�65 � 0�38 2�99 � 0�38B 3�87 � 0�52A
50 2�36 � 0�14 1�65 � 0�38 4�02 � 0�30B 5�07 � 0�12A
55 4�75 � 0�52 1�65 � 0�38 6�40 � 0�22A 5�12 � 0�08B

36 45 1�56 � 0�69 0�93 � 0�44 2�49 � 0�35A 2�49 � 0�43A
50 2�58 � 0�39 0�93 � 0�44 3�51 � 0�20B 4�49 � 0�19A
55 3�40 � 0�49 0�93 � 0�44 4�33 � 0�34A 4�48 � 0�12A

72 45 1�66 � 0�39 1�13 � 0�55 2�78 � 0�26A 2�49 � 0�20A
50 4�18 � 0�23 1�13 � 0�55 5�31 � 0�12A 5�04 � 0�21A
55 4�38 � 0�13 1�13 � 0�55 5�51 � 0�17A 5�04 � 0�21B

Mean values � standard deviation. Means with the same upper-case letter in the same row are not significantly different (P > 0�05).

Table 5 Comparison of reductions of Salmonella Typhimurium in apple juice by heat or ozone alone and the combined treatment

°Brix

Treatment

temperature (°C) Heat Ozone (at 25°C) Sum Combination

18 45 1�40 � 0�11 1�38 � 0�45 2�78 � 0�34A 2�64 � 0�25A
50 3�95 � 0�20 1�38 � 0�45 5�33 � 0�33A 5�03 � 0�20A
55 5�05 � 0�15 1�38 � 0�45 6�44 � 0�30A 4�95 � 0�14B

36 45 1�60 � 0�47 0�74 � 0�35 2�34 � 0�23A 2�83 � 0�59A
50 3�03 � 0�27 0�74 � 0�35 3�77 � 0�43B 4�56 � 0�08A
55 3�35 � 0�29 0�74 � 0�35 4�10 � 0�40A 4�61 � 0�15A

72 45 2�09 � 0�31 1�17 � 0�46 3�26 � 0�29A 2�80 � 0�46A
50 4�11 � 0�41 1�17 � 0�46 5�28 � 0�45A 5�08 � 0�24A
55 3�81 � 0�41 1�17 � 0�46 4�98 � 0�30A 5�08 � 0�24A

Mean values � standard deviation. Means with the same upper-case letter in the same row are not significantly different (P > 0�05).
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changes of L-, a- and b- values were observed in apple

juice. Colour changes of fruit juices by ozone treatment

can be affected by parameters such as treatment time,

concentration of ozone and flow rate of ozone. Particu-

larly, in this study, treatment time was shorter than that

of other investigations.

In conclusion, this study validates the possibility of the

combination of ozone and heat treatment as a novel

technology for inactivating foodborne pathogens in apple

juice of different solids content (°Brix). We found the

combination effect and, in some cases the synergistic

effect, when apple juice was treated with ozone and heat.

Also, following treatment, there were no significant dif-

ferences in colour values. The combination of ozone and

heat treatment could be applied by the apple juice indus-

try to control E. coli O157:H7 and S. Typhimurium.

However, further investigations taking place in an indus-

trial environment under varying conditions need to be

performed to confirm the feasibility of this combination

treatment.
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