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Aims: The aims of this study were to investigate the effect of ozone and/or negative air ions

(NAI) on the viability of bacteria.

Methods and Results: Dilute cell suspensions of Pseudomonas fluorescens, Erwinia carotovora

pv. carotovora and Escherichia coli were inoculated onto agar and subsequently exposed to ozone

and/or NAI. Ozone concentration was maintained at 100 ± 5 nl l)1 and NAI at 106 ml)1.

When exposed to a combination of ozone and NAI, viability among all three bacterial species

decreased more rapidly when they were inoculated onto potato dextrose agar (PDA) than onto

nutrient agar (NA). A subsequent test examined the effect of ozone and NAI alone or in

combination on the bacteria inoculated onto PDA only. Treatment with NAI alone had no

killing effect on any of the bacterial species. However, a strong interaction between ozone and

NAI was observed. Pseudomonas fluorescens was most susceptible to the combined treatment.

Cell viability was reduced to 0Æ7% after 6 h, while 76% of the cells remained viable when

exposed to ozone alone. Viability of Erwinia carotovora pv. carotovora was reduced to 4% after

6 h in the combined treatment compared with 69% when exposed to ozone alone. Escherichia

coli was relatively more resistant to the combined treatment; viability was reduced to 40% after

11 h compared with 70% in the ozone alone treatment.

Conclusions: A strong synergism between ozone and NAI on bacterial cell death was found,

but the degree of this effect varied depending on bacterial species.

Significance and Impact of the Study: The synergism of ozone with NAI may provide an

effective method of reducing food-borne disease and decay of fresh produce.

INTRODUCTION

Ozone inactivates micro-organisms through its oxidizing

action and any residual ozone spontaneously decomposes to

nontoxic oxygen, making it a potential antimicrobial agent

for use in the food industry (Hoigne and Bader 1975; Li

et al. 1989; Barth et al. 1995; Song et al. 2000). However,

excessive concentrations of ozone may cause oxidation of

food surfaces resulting in discoloration and deterioration of

flavour (Rice et al. 1982). To date, the effectiveness of ozone

for controlling contaminant microflora on meat, poultry,

eggs, fish, fruits, vegetables and dry food has been variable

(Kim et al. 1999; Hildebrand et al. 2001). Depending on the

ozone generating technology used, varying amounts of other

species, such as negative air ions (NAI) and nitrogen oxides,

may be produced and emitted into the treatment environ-

ment. NAI have been shown to effectively reduce airborne

microbial contamination in dental clinics (Gabbay et al.
1990), to reduce Salmonella contamination in chicken

hatcheries (Gast et al. 1998) and to reduce airborne spread

of viruses in poultry houses (Mitchell and King 1994).

Thus, the presence or absence of additional ion species may

help to explain some of the variable results reported for the

effectiveness of ozone (Forney et al. 2001). There is much

debate on whether NAI have physiological effects on living
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organisms (Krueger and Reed 1976; Charry and Kavet 1987;

Reiter 1993), although recently, Tanimura et al. (1997)

clearly demonstrated that NAI can be bacteriostatic. The

possibility also exists that micro-organisms vary in their

susceptibility to ozone and/or NAI with respect to their

physiological state, substrate, water potential and tempera-

ture. The objective of this study was to investigate the effect

of ozone and/or NAI on the viability of bacteria inoculated

onto different culture media.

MATERIALS AND METHODS

Treatment chamber

A treatment chamber constructed of a wooden frame lined

with 6 mil (0Æ15 mm) polyethylene film (5Æ2 m3) was

situated in a walk-in environmental chamber (Model

GR36, Econaire Systems Ltd, Winnipeg, Manitoba). The

chamber operated at 10 �C and high relative humidity

(92–96% RH) was achieved by periodically misting the walls

with water and maintaining a wet capillary mat on the floor.

An ozone generator (Model SF 300, Aqua-aire, Simpson

Environmental Corp., Ontario), a negative air ion generator

(Model VI-2000, Wein Products, Inc., Los Angeles, CA)

and a small air circulating fan were installed in the chamber.

Ozone concentration was monitored continuously using an

ozone analyser (Model 1180, Dasibi Environmental Corp.

Glendale, CA) and recorded on a data logger (Model 21X,

Campbell Scientific Inc. Logan, UT). Ozone concentration

was maintained at 100 ± 5 nl l)1 by using an electronic

relay in conjunction with programmed ozone set points in

the data logger. The NAI generator was positioned in the

path of the circulating fan so that a continuous concentration

of about 106 NAI ml)1, monitored by an Air Ion Counter

(AlphaLab, Inc., Salt Lake City, UT), was maintained.

Temperature and RH (Model HMP45C, Campbell Scien-

tific Inc. Logan, UT), ozone and NAI were recorded

continuously on the data logger.

Preparation of bacteria

Dilute suspensions (A600 nm ¼ 0Æ04; diluted 1 : 1000) of

Pseudomonas fluorescens, Erwinia carotovora pv. carotovora
(obtained from the culture collection and maintained at the

Atlantic Food and Horticulture Research Centre) or

Escherichia coli (K12, ATCC 10798) were inoculated onto

potato dextrose agar (PDA) or nutrient agar (NA) in Petri

plates using a spiral dilution plater (Spiral Systems Inc.,

Cincinnati, OH). Bacterial densities ranged from 200 to

400 cfu per plate. Following inoculation, the plates with

their lids removed were exposed in the chamber to no ozone

or NAI, ozone alone, NAI alone, or ozone and NAI together.

For each treatment, three plates were removed at intervals

from the chamber and incubated for 48 h at 30 �C, 24 �C, or

35 �C for Ps. fluorescens, Erw. carotovora pv. carotovora, or

E. coli, respectively. For each exposure time, the average

number of colonies from treated plates was divided by the

number of colonies from nonexposed control plates to obtain

a percentage viability value. Each treatment was repeated at

least three times.

Culture media

PDA composition (g l)1): Potato infusion 4Æ0 (from 200 g of

potatoes), D-(+)-glucose 20, agar 15 and pH 5Æ6 ± 0Æ2
(Associate of E Merck, Darmstadt, Germany).

NA composition (g l)1): beef extract 3, peptone 5, agar 15

and pH 6Æ8 (DIFCO Laboratories, Detroit, Michigan).

RESULTS

Post-inoculation standing time before exposure

Cell viability of Erw. carotovora pv. carotovora on PDA

exposed to ozone alone decreased more rapidly when the

cells were exposed immediately after inoculation than when

they were allowed to stand for 45 min before ozone

exposure. After 7 h, cell viability was 34% for the imme-

diate exposure treatment compared with 78% for the

delayed exposure treatment (Fig. 1). Accordingly, bacteria

were placed in the treatment chamber within 20 min of

inoculation in all subsequent experiments.
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Fig. 1 Viability of Erw. carotovora pv. carotovora exposed to

100 ± 5 nl l)1 ozone immediately after inoculation onto PDA or after

45 min (error bars represent the standard error of means, where n ¼ 3).

s, Exposed to ozone after inoculation; d, exposed to ozone 45 min

after inoculation
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Viability varied with culture media

When bacteria were inoculated onto PDA or NA and

exposed to 100 ± 5 nl l)1 ozone and 106 NAI ml)1, cell

death in the three bacterial species occurred more rapidly on

PDA than on NA. On PDA, cell death occurred most

rapidly in Ps. fluorescens followed by Erw. carotovora pv.

carotovora and E. coli (Fig. 2a,b,c).

Effect of ozone and/or NAI on cell viability

When bacterial suspensions were inoculated onto PDA, a

strong synergism between ozone and NAI on cell death was

observed. NAI alone had no effect, but exposure to ozone

plus NAI caused a substantially greater rate of cell death than

ozone alone. The synergistic effect was most pronounced in

Ps. fluorescens with almost complete kill occurring within

4 h, followed by Erw. carotovora pv. carotovora and E. coli,
where almost complete kill occurred within 11 h and 17 h,

respectively (Fig. 3a,b,c).

DISCUSSION

Although microorganisms inherently vary in their sensitivity

to ozone, the environmental factors may also affect the

degree of inactivation of these micro-organisms by ozone or

ozone with NAI. Our study demonstrated that the effect-

iveness of ozone varied considerably with minor changes in

experimental variables. Cells of Erw. carotovora pv. caroto-
vora were more resistant to ozone when the time between

inoculation onto agar and exposure to ozone was delayed by

45 min. The reason for this phenomenon is not known, but

it is possible that the cells were beginning to exude

polysaccharides which may have protected them. Polysac-
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Fig. 2 Effect of 100 ± 5 nl l)1 ozone and 106 NAI ml)1 on viability

of Ps. fluorescens (a), Erw. carotovora pv. carotovora (b) and E. coli (c) on

PDA or NA (error bars represent the standard error of means, where

n ¼ 3). s, NA; d, PDA
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Fig. 3 Effect of 100 ± 5 nl l)1 ozone and/or 106 NAI ml)1 on

viability of Ps. fluorescens (a), Erw. carotovora pv. carotovora (b) and

E. coli (c) on PDA (error bars represent the standard error of means,

where n ¼ 3, 5, or 4, in a, b and c, respectively). s, Ozone; d,

ozone + NAI; h, control; j, NAI
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charide production is known to occur relatively quickly

upon attachment of bacterial cells to substrates (Whitfield

and Keenleyside 1995). The question remains what con-

centration and duration of ozone exposure will kill bacteria

on fruits and vegetables or other foodstuffs which have been

contaminated for long periods of time.

Our results also showed that the bactericidal action of

ozone and NAI was dependent on the medium onto which

the bacteria had been inoculated. Kill rates were higher on

PDA than on NA. The pH and composition of the media

are considered as possible causes of the difference in cell

death. PDA has a pH of 5Æ6 vs 6Æ8 for NA. We adjusted

the pH of PDA from 5Æ6 to 6Æ8 and tested the viability of

Ps. fluorescens in the presence of ozone and NAI. The

viability of cells inoculated onto PDA with a pH of 5Æ6
decreased more rapidly than those inoculated onto PDA

with a pH of 6Æ8 (data not shown). Foegeding (1985) found

that acidic pH enhanced the lethality of ozone toward

spores of Bacillus and Clostridium. Naitoh (1992) reported

that the presence of ascorbic acid or iso-ascorbic acid

improved the inactivation of B. subtilis spores by ozone

treatment. It is possible that differences in the constituents

of PDA and NA also had an effect, but this relationship has

not been explored.

Microorganisms suspended in an otherwise ozone

demand-free medium are the only source of ozone demand.

In water, for example, ozone may react directly with

dissolved substances, or it may decompose to form secondary

oxidants that immediately react with solutes. However, most

micro-organisms are not typically found in free suspension as

discrete particles, especially when they are present on

foodstuffs. Ozone inactivates micro-organisms less effect-

ively when they are on food surfaces than when they are in

low ozone-demand liquid media. Our results imply that the

nature of the substrate and length of colonization time on

foodstuffs would play a significant role in the efficacy of

ozone. Overall, Ps. fluorescens was most sensitive to ozone

plus NAI treatment, followed by Erw. carotovora pv.

carotovora and E. coli. This also implies that some food

contaminants will not be controlled as easily as others.

There has long been a controversy over the effect that

NAI may exert on living organisms (Krueger and Reed

1976). The growth of cultured bacteria was shown to be

retarded and the viability of bacteria and fungal spores in

aerosols was reduced by exposure to concentrations ranging

from 5 · 104 to 5 · 106 NAI ml)1 (Phillips et al. 1964).

Tanimura et al. (1997) demonstrated that a concentration of

106 NAI ml)1 completely inhibited growth of E. coli, but no

inhibition was seen with less than 105 NAI ml)1. Their

results also showed that the cells began to proliferate once

negative ion treatment was discontinued. Our results

showed no killing effects of NAI by themselves within the

exposure period tested. However, it is possible that the

bacteria were inhibited from growing during the NAI

exposure period, but we did not test this aspect nor could we

discern this due to our experimental setup.

We have demonstrated a strong synergism between ozone

and NAI on bacterial cell death. Similar interactions have also

been reported recently. Tanimura et al. (1998) reported that

ozone and NAI were more effective in combination than either

alone. An ozone concentration of only 30 nl l)1 combined

with 3 · 106 NAI ml)1 was 98% effective in killing Staphy-
lococcus aureus on agar after a 3 d exposure. Li et al. (1989)

showed that combinations of ozone and NAI reduced decay of

mandarin oranges. Less than 2% of mandarin oranges decayed

when exposed to 10-min daily treatments of 1–5 ll l)1 ozone

with 104–105 NAI ml)1, compared with 25% decay of

nontreated fruit. In table grapes, Hildebrand et al. (2001)

found that a combination of 0Æ1–0Æ5 ll l)1 ozone with

2 · 104–7 · 104 NAI ml)1 reduced decay by about 40%

when they were held at 10 �C for 3 weeks. Song et al. (2000)

showed that surface mould of onions could be significantly

reduced in commercial storage if they were exposed to an

atmosphere of ozone and NAI. Clearly, the interaction of

ozone and NAI on the preservation of stored fruits and

vegetables holds promise, but additional research is required

since inactivation of microflora on these commodities will

depend on the nature and composition of their surfaces, the

types of microbial contaminants, and the degree of attachment

or association of micro-organisms with the foods. Also,

optimum concentrations of both agents and which commod-

ities can tolerate treatment need to be determined. The short

life of NAI also raises questions of whether they will effectively

infiltrate and redistribute within produce containers.
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