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The effect of ozone (10 and 18 ppm in the gas supply) on the inactivation of Escherichia coli ATCC 11229, Listeria
innocua ATCC 33090 and Saccharomyces cerevisiae KE 162 inoculated in peach juice using a bubble column was
investigated. Microorganism growth dynamics in decontaminated juice during 14 days storage (5 ± 1 °C)
were also assessed. The highest ozone concentration resulted in lower counts of E. coli ATCC 11229 during
most part of the treatment; however, after 12 min exposure, coliform counts were reduced by approximately
4.3 log-cycles in peach juice exposed to both ozone levels. L. innocua ATCC 33090 counts decreased 3.9 and 4.9
log-cycles after a 12-min exposure using 10 or 18 ppm ozone, respectively. For S. cerevisiae KE162, the treatment
was less effective and only 1 log-cycle of reduction was achieved regardless of ozone concentration. Nonlinear
inactivation curves were successfully fitted with Weibull type and modified Coroller models. Growth dynamics
in ozone treated juice during cold storage depended on inoculated microorganism and ozone level applied, but
surviving microorganisms faced more difficulties to grow than in unprocessed juice, especially at the highest
ozone concentration. Ozone exposure (18 ppm) coupled with low temperature storage conditions seemed to
be a good option for preserving peach juice.
Industrial relevance:Ozone processingwhich can be an alternative pasteurization technology has been studied for
obtaining ready-to-drink “fresh-like” juiceswith aminimumof nutritional, physicochemical, functional or organ-
oleptic changes. Present results indicated that ozone exposure in a bubble column could reduce pathogenic mi-
croorganisms' populations and inhibited yeast growth in decontaminated peach juice.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fruit juices are an important source of bioactive compounds (such as
vitamins, phenolic compounds, anthocyanins and carotenoids) which
play an important role in the prevention of heart diseases, cancer and
diabetes (Abeysinghe et al., 2007). Thermal pasteurization is the tradi-
tional method for preservation of fruit juices. However, thermal pro-
cessing may cause changes in bioactive compounds present as well as
organoleptic changes. Alternative pasteurization technologies have
been studied to obtain ready-to-drink “fresh-like” juices with a mini-
mum of nutritional, physicochemical, functional or organoleptic chang-
es (Esteve & Frigola, 2007).

Ozone, a triatomic allotrope of oxygen, is characterized by a high
oxidation potential (reacting up 3000 times faster than chlorine with
organic material) that conveys bactericidal and viricidal properties
(Patil, Valdramidis, Cullen, Frias & Bourke, 2010a). Ozone is extremely
reactive with a half-life in the gaseous phase of about 12 h, but in
ra).
distilled water half-life is reduced to only 20–30 min at 20 °C (Khadre,
Yousef & Kim, 2001). The stability of ozone is greatly dependant on
the amount of ozone-demandingmaterial present, and on other factors,
including temperature and pH (with decreasing stability at increased
temperatures and pH) (Kim, Yousef & Khadre, 2003; Perry & Yousef,
2011). Excess ozone auto-decomposes rapidly to produce oxygen,
leaving no residues in food (Khadre, Yousef and Kim, 2001). Activated
oxygen species resulting from ozone decomposition encompass a num-
ber of oxidative radicals, including the superoxide anion radical, the hy-
droperoxide radical, singlet oxygen, andfinally the hydroxyl radical. The
last is incredibly reactive and much of the antimicrobial activity of
ozone against a broad spectrum of microorganisms has been attributed
to the subsequent reaction of its decomposition products (Korycka-Dahl
& Richardson, 1978; Perry & Yousef, 2011).

The FDA's approval of ozone as a direct additive to food in 2001
led to the application of ozone for processing of various fruit juices,
including apple cider (Steenstrup & Floros, 2004), apple juice (Choi
et al., 2012; Patil, Valdramidis, Tiwari, Cullen & Bourke, 2011; Patil et al.,
2010a), orange juice (Patil, Bourke, Frías, Tiwari & Cullen, 2009; Patil,
Valdramidis, Cullen, Frias & Bourke, 2010b; Tiwari, Muthukumarappan,
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O'Donnell &Cullen, 2008a,b), blackberry juice (Tiwari, O'Donnell, Brunton
&Cullen, 2009a) and tomato juice (Tiwari, O'Donnell, Brunton andCullen,
2009a). Regarding apple juice and cider, guidance for industrywas issued
by the FDA (United States Food, Administration Drug & USFDA.,
2004) establishing processing and compositional factors needed to
be controlled to ensure the efficacy of the ozonation process. In gas
or in aqueous phases, ozone has been also applied in water and waste-
water treatment, washing and disinfection of fruits and vegetables, and
decontamination of meat, poultry, eggs, fish, grains and dry foods
(Dubois et al., 2006; Kim et al., 2003; Muthukumarappan, Halaweish
&Naidu, 2000; Tiwari et al., 2010). Ozone has also been proved effective
to removemycotoxins and pesticide residues, a positive outcomedue to
the health risks associated with these compounds (Cataldo, 2008; Perry
& Yousef, 2011; Tiwari et al., 2010).

Early and more recent literature studies have suggested that micro-
organisms possess various sites or targets for ozone action that lead to
inactivation (Perry & Yousef, 2011). Ozone destroys microorganisms
by reactions with the enzymatic systems and the unsaturated lipids of
the cell membranes as well as with bacterial spore coats (Khadre &
Kim, 2001). Damage to membranes not only results in leakage of
cytoplasm components but also allows ozone to penetrate in the cell,
causing DNA breaks (Ishizaki, Sawadarski, Miura & Shinriqui, 1987;
Komanapali & Lau, 1998). Both, molecular ozone and its decomposition
products (mainly hydroxyl radical)would be responsible for the antimi-
crobial effects.

Effectiveness of ozone against microorganisms depends not only on
the amount used, but also on the residual ozone in themedium. Several
environmental factors, such as medium pH, temperature, humidity, ad-
ditives (surfactants, sugars, etc.), amount of organicmatter surrounding
the cells (Restaino, Frampton, Hemphill & Palnikar, 1995) and solid con-
tent (Choi et al., 2012), also influence its effectiveness. Ozone is readily
soluble in water, and its solubility increases with decreasing tempera-
ture. Ozone is a very reactivemolecule and reactswith nearly all organic
and inorganic compounds; if the ozone demand of themedia increases,
the amount of required ozone (formicrobial inactivation or residue deg-
radation) will increase (Kim, Yousef & Dave, 1999).

In general, the decrease of microorganisms' population during
ozone exposure does not follow first-order kinetics. Cullen, Tiwari,
O'Donnell and Muthukumarappan (2009) reviewed modeling ap-
proaches employed for describing the kinetics of microbial inactivation
taking into account the observed non-linearity. The researchers indicat-
ed the difficulty in predicting the effect of ozone treatment on microor-
ganisms in complex food materials. However they remarked the
usefulness of kinetic models to assess the influence of ozone treatment
parameters, such as ozone concentration, treatment time and gas flow
rate. Recent studies by Patil et al. (2010a,b) have shown that the
Weibull model and the shoulder-log linear model accurately described
ozone inactivation kinetics of E. coli ATCC 25922 and NCTC 12900 in
apple juice. Weibull model also accurately fitted Listeria innocua NTTC
11288 and Listeria monocytogenes ATCC 7644 inactivation curves in or-
ange juice. Other researchers have reported biphasic survival curves for
various microorganisms in ozonized water with or without added or-
ganic material (Restaino et al., 1995).

Fruit juices, acidic products with substantial amounts of fermen-
tative sugars, constitute an ideal environment for spoilage by yeasts,
molds and for those few acid-tolerant bacteria (Stratford, Hofman &
Cole, 2000). Due to acidity, pathogenic bacteria do not grow in fruit
juices but maintain viable for various days (Miller & Kaspar, 1994).
A number of foodborne outbreaks that occurred in the US during
the 1990s were associated with the consumption of unpasteurized
fruit juices (Stratford et al., 2000). One pathogen acid tolerant of
concern is Escherichia coli O157:H7 and several incidents had been
reported from pressed, unpasteurized apple juices. The source of
contamination seemed to be related to fecal material in contact
with apples (McLellan & Splittstoesser, 1996). Although, to date,
L. monocytogenes has not been implicated in any case of juice-borne
illness, it has been isolated in unpasteurized apple juice (pH 3.78)
and apple/raspberry juice blend (pH 3.75) (Sado, Jinneman, Busby,
Sorg, & Omiecinski, 1998). Because of its high-phenotypic similarity
to L. monocytogenes, L. innocua is often used as a nonpathogenic indica-
tor for L. monocytogenesmicroorganisms (Fairchild & Foegeding, 1993).

The objectives of this study were to investigate: 1) the efficacy
of ozone at two concentrations (10 and 18 ppm) at 20 °C for killing
E. coli ATCC 11229, L. innocua ATCC 33090 and Saccharomyces cerevisiae
KE 162 inoculated in peach juice; 2) the suitability of modified
Weibull and Coroller models to characterize the inactivation kinetics;
and 3) the growth dynamics of inoculated microorganisms in ozone
decontaminated peach juice throughout 14 days in cold storage.

E. coli ATCC 11229 was selected as a representative microorganism
for the enterohemorrhagic foodborne pathogen E. coli O157:H7 and
L. innocua ATCC 33090 as an indicator for the common foodborne path-
ogen Listeria monocytogenes, respectively. S. cerevisiae KE162 was se-
lected as a typical spoiler of fruit juices.

2. Materials and methods

2.1. Strains and preparation of inocula

Experiments were performed using E. coli ATCC 11229, L. innocua
ATCC 33090 and S. cerevisiae KE162. Bacterial inocula were prepared
by transferring a loopful of Trypticase Soy Agar Plus 0.6%w/w Yeast Ex-
tract (TSAYE, Biokar Diagnostics, Beauvais, France) slant stock culture to
a 20 mL Erlenmeyer-flask of Trypticase Soy Broth supplemented with
0.6% w/w Yeast Extract (TSBYE; Biokar Diagnostics, Beauvais, France).
It was incubated at 37 °C under agitation for 18 h until it reached sta-
tionary phase. A similar procedure was repeated for the yeast culture,
where the inoculum was prepared by transferring a loopful of a fresh
stock culture maintained in Potato Dextrose Agar (PDA; Britania,
Buenos Aires, Argentina) to a Erlenmeyer-flask containing 20 mL of
Sabouraud Dextrose Broth (Sab; Britania, Buenos Aires, Argentina). In-
cubation was performed at 27 °C for 24 h. All inocula were harvested
by centrifugation (5000 rpm, 5 min) (Labnet centrifuge, New Jersey,
USA), washed twice with saline and re-suspended in peptone water to
give a cell density of about 107 or 109 CFU/mL for yeast and bacteria sus-
pensions respectively. For inoculation, 4.5 mL of the microbial suspen-
sion was added to 450 mL peach juice prior to ozone treatment.

2.2. Preparation of peach juice samples

Ripe peaches (Prunus persica, Pavía cv, 13± 1 °Brix, pH=4.1± 0.2)
were purchased in a localmarket andmaintained at 4–5 °C until use. Be-
fore being processed,whole fruitswere rinsedwith 0.03% sodiumhypo-
chlorite and sterile water to eliminate surface microbial load and gently
dried with sterile cloth. Peaches were hand peeled and cut into slices.
Juice was obtained under aseptic conditions in a 90 % ethanol sanitized
and 10 min UV-C exposed householder juicer (Black and Decker, JE
1500, China), and centrifuged to reduce pulp amounts (2400 rpm,
10 min, 5 °C, Eppendorf, model 5804 R, Hamburg, Germany). The juice
obtained was immediately frozen at −80 °C (Panasonic ultrafreezer,
model MDF-U55V, Japón). Frozen juice samples were ozone processed
within two months of juice preparation.

2.3. Ozone equipment and treatment

Ozone was generated with a corona discharge equipment model
UTK-O-4 (UNITEK, Mar del Plata, Argentina). Pure oxygen was supplied
via an oxygen cylinder (Oxigena Central, Argentina) at 0.62 bar regulat-
ed by a control valve (model LRP-1/4-2.5, Festo, Argentina) and theflow
ratewas controlled at 5 L/min using a rotameter (UNITEK,Mar del Plata,
Argentina). The setup of the ozone processing equipmentwas similar to
that reported by Tiwari, O'Donnell, Patras, Brunton and Cullen (2009b)
and Patil et al. (2010b). The ozone generator was connected to a bubble
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column (0.1m in diameter and0.24m in height)with an inbuilt diffuser
to sparge gaseous ozone into the liquid phase. To investigate the influ-
ence of ozone concentration, the potentiometer of the generator was
adjusted to obtain two levels of ozone in the gas supply, 10 ppm and
18 ppm. Ozone concentration in the gas supply was recorded using an
ozone gas analyzer model UV-100 (Eco Sensors, USA). Excess ozone
was neutralized by diverting the gas stream into a glass Erlenmeyer
containing 2 % w/v potassium iodide solution. Dissolved ozone in the
liquid phase could not be determined through the indigo colorimetric
method or the iodometric method because of the large amount of or-
ganic matter in the peach juice. Ozone processing wasmade at ambient
temperature (20± 1 °C). Protective cloth, gloves andmasks were worn
while running the experiments.

For treatments, 450 mL inoculated peach juice (20 ± 1 °C) was put
inside the bubble column and exposed to both gaseous ozone concen-
trations (10 and 18 ppm). Microbial counts were assessed during
ozone processing. For microbial analysis, treated juice samples (1 mL)
were taken at different times and each sample was mixed with 0.1 mL
neutralizing solution (0.005 M sodium thiosulfate, Anedra, Argentina)
to stop ozone reactions (Kim&Yousef, 2000). All experimentswere per-
formed in triplicate. Juice samples not subjected to ozone treatment
were designated as the control group.

2.4. Microbial analysis

To obtain inactivation curves, triplicates corresponding to a given
treatment time were collected. Peptone water (0.1% w/v) tenfold dilu-
tion aliquots were surface plated by duplicate onto TSAYE for E. coli
ATCC 11229 and L. innocua ATCC 33090 or PDA for S. cerevisiae KE162
using a spiral plater (Autoplate 4000, Spiral Biotech, USA). When
ozone treatment resulted in low counts (longer treatment times), up
to 1mL of fruit juice was directly pour plated into each Petri dish. Plates
were incubated for 72 h at 37 ± 1 °C (for bacteria) or 27 ± 1 °C (for
yeast). A counting grid was used for enumeration of colonies in the
case of spiral plating. Survival curveswere generated fromexperimental
data by plotting log N/N0 (where N is the number of CFU/mL at a given
time and N0 the initial number of CFU/mL) versus treatment time.

For storage studies, control (unprocessed juice) and 12 min-ozone
exposed samples were put on glass jars and stored at 4 °C (±1 °C) in
the darkness during two weeks. Survival of treated inoculated microor-
ganisms along storage was analyzed at 3, 5, 7, 9, 12 and 14 days in
triplicate.

2.5. Mathematical modeling

Survival curves were fitted with the cumulative form of a Weibull
type distribution of resistances (Peleg & Cole, 1998):

S tð Þ ¼ log
N
N0

� �
¼ −b � tn ð1Þ

where S(t) is the fraction of survivors at a given time and b and n are
the scale and the shape parameters, respectively. The b value in the
Weibull distribution function is related to the rate of inactivation of
microbial cells, while n indicates the concavity of the survival curve
(n N 1 indicates a downward concavity and n b 1, an upward concav-
ity; a log linear shape is a special case when n = 1). The values of b
and n were then used to generate the resistance frequency curves
using the following equation:

d∅
dtc

¼ bntn−1
c exp −btnc

� � ð2Þ

where tc is the inactivation time (a measure of the organism's resis-
tance or sensitivity) and d∅

dtc
is theWeibull distribution corresponding

to tc. Other statistical parameters which better explain the observed
frequencies (distribution mode, tcm; mean, tc; variance, σtc
2; and co-

efficient of “skewness”, υ1) were calculated from the following equa-
tions (Peleg & Cole, 1998):
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σ2
tc ¼ Γ nþ 2ð Þ=n½ �− Γ nþ 1ð Þ=n½ �ð Þ2

n o
=b2=n ð5Þ

υ1 ¼
Γ nþ 3=nð Þ=b3=n
h i
Γ nþ 2=nð Þ=b2=n� �3=2 ð6Þ

where Γ is the gamma function. The distribution mode, tcm, repre-
sents the treatment time at which the majority of population dies
or is inactivated. The mean, tc, corresponds to the inactivation time
on averagewith its variance, σtc

2. The “skewness” coefficient, υ1, rep-
resents the skew of the distribution.

A modified 4-parameter version of the previous model proposed by
Coroller, Leguerinel, Mettler, Savy and Mafart (2006), based on mixed
Weibullian distributions of resistances for characterizing two microbial
subpopulations, was also applied:
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N
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where p is a shape parameter, α is the log proportion between the sen-
sitive fraction (f) and the resistant one (1− f), and δ1 and δ2 are the time
for the first decimal reduction of subpopulation 1 and subpopulation 2,
respectively.

2.6. Statistical analysis

Statistical analyses were carried out using InfoStat 2009 (InfoStat
Group, FCA-UNC, Córdoba, Argentina).Model performancewas evaluat-
ed using the root mean square error (RMSE) (Alzamora, Guerrero,
Viollaz & Welti, 2005); the Akaike information criterion (AIC) (Akaike,
1973) and the Bayesian Schwarz criterion (BIC) (Quinn & Keough,
2002):

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
μobserved−μpredicted
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2πσ2

N

 !
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BIC ¼ N ln
2πσ2

N

 !
þ 1

" #
þ P ln Nð Þ ð10Þ

where N is the number of observations; μ is the response value; P is the
number of parameters of the model and σ2 is the variance calculated
from the mean square error (MSE).

The root mean square error (RMSE), which measures the average
deviation between the observed and the fitted values, was used to eval-
uate the performance of models. The other criteria were used to detect
model overfitting. According to Akaike's and Bayesian's theories, the
most accurate and parsimonious model yields the smallest AIC and
BIC values (Quinn & Keough, 2002). Both criteria are closely related
and can measure the efficiency of the parameterized model in terms
of predicting the data but the BIC criterion is a bit more conservative be-
cause the penalty term is larger in BIC than in AIC (Ferrario, Alzamora &
Guerrero, 2013).
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3. Results and discussion

3.1. Kinetics of microorganisms' inactivation

E. coli ATCC 11229, L. innocua ATCC 33090, and S. cerevisiae KE162
counts after 1 h of being inoculated in fresh peach juice without expos-
ing to ozone (controls) showed in average 0.15± 0.05, 0.32 ± 0.03 and
0.39 ± 0.13 log reductions, respectively, revealing that these microor-
ganisms were able to survive at the low pH of peach juice.

Survival curves for E. coli ATCC 11229, L. innocua ATCC 33090, and
S. cerevisiae KE162 in peach juice processed by ozone at both concentra-
tions are presented in Fig. 1. Bacteria inactivation curves were clearly
nonlinear. They exhibited downward concavity, excepting in the case
of L. innocua ATCC 33090 exposed to 18 ppm ozone, where a slight up-
ward concavity was detected The highest ozone concentration resulted
in lower counts of E. coli ATCC 11229 duringmost part of the treatment;
however, after 12 min exposure, coliform counts were reduced by ap-
proximately 4.3 log-cycles in peach juice exposed to both ozone levels
(Fig. 1a). The inactivation curve of E. coli ATCC 11229 treated with
10 ppm ozone showed a lag time of 4 min before death. The lag time
was reduced by approximately 50% when the highest ozone concentra-
tion (18 ppm)was used. The effect of ozone level on lag time before in-
activation had been previously reported by Steenstrup and Floros
(2004), who observed lag time values of 2 min and 3 min in apple
cider when E. coli O157:H7 was subjected to 1000 and 860 ppm of gas-
eous ozone, respectively. Patil et al. (2010a) reported also a 4 min lag
time for E. coliNCTC 12900 in apple juice treated with an ozone concen-
tration equal to 0.048 mg/min/mL.

Treatments with ozone (10 or 18 ppm) for 12 min decreased
L. innocua ATCC 33090 counts by 3.9 and 4.9 log-cycles, respectively
(Fig. 1b). This microorganism presented a 2 min lag time for 10 ppm
ozone concentration; this time was lower than that observed for
E. coli ATCC 11229 treated with the same ozone concentration, indi-
cating that L. innocua ATCC 33090 would bemore sensitive to ozone.
The presence of the lag time in L. innocua ATCC 33090 response is in
agreement with the results reported by other authors, who ob-
served a 2 min lag time for L. innocua NCTC 11288 in orange juice
treated with 0.098 mg/min/mL ozone (Patil et al., 2010b). However,
L. innocua ATCC 33090 survival curve during treatment with 18 ppm
ozone showed a sigmoid inactivation pattern with lack of lag time.

The occurrence of a shoulder on the microbial kinetics had been
discussed by Cullen et al. (2009) and Steenstrup and Floros (2004).
These researchers concluded that a minimum ozonation time and a
minimum ozone concentration were required to observe inactiva-
tion, which results in a lag phase in the survival curves. They also re-
ported that lag time depended on the type of treated microorganism
and it would also occur due to the presence of ozone demanding or-
ganic material in the liquid phase. Peach juice contains various or-
ganic compounds, such as carotenoids, ascorbic acid and amino
acids, that may be oxidized due to direct reaction with ozone or indi-
rect reaction of secondary oxidizing agents; thus the presence of lag
times was expected. As ozone level in the peach juice increased, de-
pending on microorganism sensitivity to ozone, lag phase decreased
or was not detected.

For S. cerevisiaeKE162, ozone treatmentwas less effective, since only
1 log-cycle of reductionwas achieved regardless of ozone concentration
(Fig. 1c). These curves were not modeled since inactivation was scarce.

Relative resistances of assayed microorganisms to ozone were in
agreement with literature results (Cullen et al., 2010): E. coli ATCC
11229, a Gram-negative bacteria, appeared to be more resistant to
ozone than L. innocua ATCC 33090, a Gram-positive bacteria, and both
bacteria were more sensitive than the yeast, S. cerevisiae KE162.

Fig. 1 also shows the fitting of experimental inactivation data
using the cumulative Weibull distribution function (Eq. (1)) and
the modified version of the model proposed by Coroller et al.
(2006) (Eq. (7)). Table 1 showed the estimated parameters from
fitting the models to experimental data. Table 2 enumerated the spe-
cific statistics related to the Weibullian distribution calculated ac-
cording Eqs. (2)–(6). In order to compare the goodness of fit of the
models, Table 3 displays RMSE, AIC and BIC values associated to the
prediction of survival curves.

Weibull type model was appropriate for representing survival
data of both bacteria. High adjusted coefficient of determination
(R2

adj) values were obtained, showing that between 94.1% and
98.7% of the variation in the experimental data could be explained
by the selected model (Table 1). Inactivation curves exhibited n
values N 1 (except L. innocua curve for 18 ppm ozone, that showed
n b 1), as expected according to the downward concavity, more noto-
rious for E. coli ATCC 11229 inactivation at the lowest ozone level.
When n N 1, it is generally assumed that remaining cells become in-
creasingly susceptible to treatment, in other words, there is a cumu-
lative damage making it increasingly difficult for the cells to survive
(van-Boekel, 2002). However, it must be highlighted that the pres-
ence of organic matter is also responsible of the shoulder or lag
time before ozone killing. In the case of L. innocua ATCC 33090 ex-
posed to 18 ppm ozone, an n parameter lower than 1 would indicate
that the weakmembers of the population were destroyed at fast rate,
leaving behind a little fraction of higher resistance survivors. In spite
of ozone organic demand, killing of this bacteria would be detected
from the beginning of the treatment because of its high ozone
sensitivity.

For E. coli ATCC 11229, b parameter varied between 0.003 min−2.96

(10 ppm ozone) and 0.23 min−1.18 (18 ppm ozone); and for L. innocua
ATCC 33090, it varied between 0.21 min−1.19 (10 ppm ozone) and
0.68 min−0.8 (18 ppm ozone), indicating that the inactivation rate of
the microorganisms was strongly influenced by ozone concentration.

The Weibull distribution considers that the individual microor-
ganisms in a population do not have identical resistances and that
microbial sensitivity to lethal agents is distributed (Peleg & Cole,
1998). A single microorganism is either alive or it dies because of le-
thal agents such as heat, disinfectants, pressure, and radiation. It is
unlikely that all cells behave in the same way and the inactivation
time varies to some extent for each microorganism in a population,
even if the population is pure (van-Boekel, 2002). Consequently,
the survival curve could be assumed as the cumulative form of the
underlying distribution of the individual inactivation times (Peleg
& Cole, 1998).

The b and n parameters were used to generate the frequency
distribution of resistances (Fig. 2) and to calculate the associated
statistics: mode, mean, variance and coefficient of skewness
(Table 2). Frequency distribution profiles markedly changed with
ozone level and the microorganism assayed. Frequency distribution
of resistances for E. coli ATCC 11229 treated with 10 ppm ozone was
rather symmetric (coefficient of skewness near to 1) and character-
ized by similar mode (6.2 min) and mean (6.4 min) values (Fig. 2a).
On the contrary, frequency distributions corresponding to E. coli
ATCC 11229 treated with 18 ppm ozone (Fig. 2a) and L. innocua
ATCC 33090 treated with 10 ppm ozone (Fig. 2b) were asymmetric
(coefficient of skewness: 1.8), skewed to the right and character-
ized by a mode lower than the mean (Table 2). Distribution of resis-
tances for L. innocua ATCC 33090 treated with 18 ppm ozone lacked
of mode and was strongly skewed to the right (coefficient of skew-
ness: 2.7), showing that the majority of the microorganisms in the
population were inactivated by ozone at low exposure times
(Fig. 2b). Clearly, L. innocua ATCC 33090 was more sensible that
E. coli ATCC 11229 cells to ozone. It is noteworthy that the greater
the ozone level, the lower the mean for both bacteria, which popu-
lations were more sensitive on average. For L. innocua ATCC 33090,
the distribution of resistances was narrower (lower variance value)
when ozone concentration increased, meaning a more uniform sen-
sitivity of the population to ozone treatment. However, for E. coli
ATCC 11229, the heterogeneity of the response continued being



Fig. 1. Experimental survival curves (points) and fitted values derived fromWeibull (solid line) and Coroller (dashed line) models for (a) E. coli (b) L. innocua and (c) S. cerevisiae treated
with 10 (●) and 18 ppm (○) ozone at 20 °C during 12 minutes; standard deviation (|).
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important as it was reflected by the tails of the distributions and
great variance values.

The Coroller model was also appropriate for representing survival
data as shown by the high R2adj values obtained, ranging between
93.5% and 99.8% (Table 2), and the lowRMSE values (Table 3). Theα pa-
rameter, representing the log relationship between the most sensible
population proportion (f) and themost resistant population proportion
(1− f), was greater than 1 for both microorganism, indicating that the



Table 1
Estimated parameters of Weibull and modified Coroller models corresponding to E. coli ATCC 11229 and L. innocua ATCC 33090 survival in natural peach juice treated with ozone at dif-
ferent concentrations.

Microorganism O3 concentration
(ppm)

b
(min−n)

n
(−)

R2adj α
(−)

δ1
(min)

p
(−)

δ2
(min)

R2adj

E. coli 10 0.003 (0.001) 2.96 (0.19) 0.987 1.62 (0.19) 7.45 (0.12) 4.83 (0.32) 9.83 (0.51) 0.996
18 0.23 (0.06) 1.18 (0.11) 0.967 2.11 (0.08) 4.17 (0.08) 2.82 (0.19) 9.16 (0.27) 0.998

L. innocua 10 0.21 (0.05) 1.19 (0.11) 0.977 1.84 (0.56) 4.22 (0.36) 1.8 (0.4) 8.02 (1.5) 0.982
18 0.68 (0.16) 0.8 (0.1) 0.941 2.35 (0.72) 2.54 (0.59) 1.59 (0.63) 6.57 (2.54) 0.935

(Value): standard error for each parameter.
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majority of population was the sensitive one, which died in the first mi-
nutes during ozone treatment. When the population was exposed to
18 ppm ozone, the proportion of sensitive members in the population
increased.

The times for the first decimal reduction (δ1) decreased about 44%
and 40% for E. coli ATCC 11229 and L. innocua ATCC 33090 respective-
ly, as ozone concentration increased. Furthermore, L. innocua ATCC
33090 presented minor δ1 than E. coli ATCC 11229 when exposing
to both ozone concentrations, indicating that the first microorgan-
ism was more sensible to ozone. The times to first log reduction
values corresponding to the second subpopulations (δ2) also de-
creased as ozone level increased, although in a lesser degree than
δ1 did (about 7% and 18% for E. coli ATCC 11229 and L. innocua
ATCC 33090 respectively).

The models considered represent different types of assumptions
that can be used regarding differences in population resistance to
ozone treatment: (1) a population with a distribution of sensitivities
represented by a unique nonlinear behavior (Weibullian model),
and (2) two subpopulations associated to a double Weibull distribu-
tion of resistances (modified Coroller model). Estimated model pa-
rameters explained, from a different point of view, the influence of
ozone on microbial response. Weibull parameters allow knowing
the frequency distribution of resistances to ozone in the microbial
population, while Coroller parameters give information about the re-
lationship between sensitive and resistant subpopulations.

Statistic criteria to evaluate the fitting capacity of Weibull and
Coroller demonstrated that both models constituted good alternatives
to quantify the microbial response to ozone (R2adj in the range 0.935–
0.996) (Table 3). However, based on the RMSE, AIC and BIC values, the
modified Coroller model showed the best performance in the most
cases, except for the inactivation kinetics of L. innocua treated with
18 ppm ozone, where there was a difference in favor of the Weibull
model in RMSE value. Coroller model had good predictive ability ac-
cording to AIC and BIC criteria, which take both, fit and parsimony,
into account (Coroller et al., 2006)

3.2. Growth dynamics of microorganisms in decontaminated peach juice

Most previous studies in the literature had focused in the inactiva-
tion of microorganisms by ozone but they did not evaluate the behavior
of microorganisms following oxidative stress. However, different
Table 2
Weibullmodel related statisticsa, corresponding to E. coliATCC 11229 and L. innocuaATCC
33090 survival in natural peach juice treated with ozone at different concentrations.

Microorganism O3 concentration
(ppm)

tcm
(min)

tc
(min)

σtc
2

(min2)
υ1
(−)

E. coli 10 6.2 6.4 5.5 1.1
18 0.7 3.3 7.8 1.8

L. innocua 10 0.8 3.5 8.7 1.8
18 – 1.8 5.3 2.7

a Statistics of theWeibullianmodel: tcm, mode;tc, distribution'smean;σtc
2, variance; υ1,

coefficient of skewness.
patterns of microbial response in decontaminated minimally processed
vegetables and in fruit juices have been identified by Gómez-López,
Ragaert, Debevere and Devlieghere (2008) and Ferrario, Alzamora and
Guerrero (2014) respectively, evidencing difficulties to control microbi-
al loads of these products during storage at low temperatures: 1) no de-
contamination occurred but growth rate of microorganisms in treated
samples was slower than that in untreated samples or exhibited a lon-
ger lag phase than that in untreated samples; 2) decontamination oc-
curred and growth rate of microorganisms in treated samples was
slower (or counts decreased) or was equal than that in untreated sam-
ples; and 3) decontamination occurred and microorganisms in treated
samples did not grow or exhibit lag phase; or growth rate was faster
than that in untreated samples.

In this work, growth of inoculated microorganisms during refrig-
erated storage was monitored in peach juice processed with 10 and
18 ppm ozone during 12min (Fig. 3). Microbial behavior during stor-
age was dependent not only on the type of microorganism but also
on the level of ozone applied. E. coli ATCC 11229 populations did
not significantly grow in untreated and treated peach juices until
7 day storage, as it would be expected due to the low temperature
condition (Fig. 3a). At 12 and 14 day storage, growth achieved in
peach juices treated with both ozone levels was lower than 1 log
cycle.

Counts of L. innocua ATCC 33090 slightly increased (≈0.6 log cycles)
after a 2 day lag phase in the untreated juice, while in decontaminated
samples, growth (≈0.3 and 1 log cycles) occurred after a greater lag
phase (5 days). Then L. innocua ATCC 33090 populations remained ap-
proximately constant until the end of storage in ozone processed juices
as well as in control juice (Fig. 3b).

S. cerevisiae KE162 was able to grow in peach juice stored at 5 °C,
showing a similar growth rate in 10 ppm ozone processed juice and
in nondecontaminated juice. Yeast counts increased approximately
by 1 and 2 log cycles at 6 and 8 day storage, respectively. Then they
remained approximately constant by the end of storage (Fig. 3c).
However, following exposure to 18 ppm ozone stress, no spoilage oc-
curred (Fig. 3e). After this lag phase, yeast population gradually in-
creased, with a faster growth rate when compared with the control
juice, although yeast counts at the end of storage remained lower
than those in the untreated juice (Fig. 3e). S. cerevisiae is one of the
most important yeasts causing spoilage of fruit juices and can be con-
sidered as shelf-life indicator (Patil et al., 2011). In spite of the low
effectiveness of ozone for reducing the initial load of the yeast,
ozone treatment at the highest concentration delayed its growth
during refrigerated storage.

According to the response of E. coli ATCC 11229 and L. innocua
ATCC 33090 (indicators for the enterohemorrhagic foodborne path-
ogen E. coli O157:H7 and L. monocytogenes) during storage, 12 min
ozone exposure at the greatest concentration (18 ppm) would be ef-
fective in increasing safety of refrigerated peach juice, and, consider-
ing S. cerevisiae KE162 response, it would extend the shelf-life of the
juice.

Regarding the impact on peach juice quality, we found that ozone
processing using similar doses/conditions than in this work slightly
increased browning and decreased pseudoplasticity of peach juice



Table 3
Minimum RSME, AIC and BIC values for the survival curves of the assayed microorganisms in ozone treated peach juice.

Microorganism O3 concentration
(ppm)

RMSE AIC BIC

Weibull Coroller Weibull Coroller Weibull Coroller

E. coli 10 0.2 0.083 0.96 −15.67 1.86 −14.15
18 0.26 0.061 4.92 −22.58 5.83 −21.07

L. innocua 10 0.21 0.18 0.96 −0.62 1.86 0.89
18 0.38 0.4 13.08 15.06 13.99 16.57
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as well as significantly reduced PPO and POD enzyme activities
(Jaramillo, 2014). These studies also support the suitability of the
ozone treatment for peach juice.

4. Conclusions

Ozone treatment in a bubble column was effective for inactiva-
tion of E. coli ATCC 11229 and L. innocua ATCC 33090 inoculated in
peach juice. Reductions ranged from at least 3.9 up to 4.9 log units
according to ozone level (10 ppm or 18 ppm) and microorganism,
being L. innocua ATCC 33090 more sensitive than E. coli ATCC
11229 at both ozone concentrations. For S. cerevisiae KE162, the
Fig. 2.Weibull frequency distributions of resistances corresponding to survival curves of (a) E
treatment was less effective (only 1 log-cycle of reduction). Non-
linear inactivation curves were successfully fitted with Weibull
type and modified Coroller models, although, based on the RMSE,
AIC and BIC values, the modified Coroller model showed the best
performance in most cases. Model parameters and statistics showed
that, when ozone level increased, the treatment time at which the
majority of population dies and the inactivation time on average de-
creased, while the proportion of ozone sensitive members in the
population increased. Growth dynamics in decontaminated juice
during cold storage was dependant on inoculated microorganism
and on the ozone level applied, but surviving microorganisms face
more difficulties to grow than in unprocessed juice, especially at
. coli and (b) L. innocua treated with 10 (●) and 18 ppm (○) at 20 °C during 12 minutes.



Fig. 3. Evolution of ozone treated (a) E. coli (b) L. innocua and (c) S. cerevisiae in peach juice stored at 5±1 °C during 14 days. Control (●,○); treatedwith 10 ppm (▲) and 18 ppm (empty
triangle) ozone; standard deviation (|).
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the highest ozone concentration. Ozone exposure (18 ppm) coupled
with low temperature storage conditions seemed to be a good option
for preserving peach juice, while it may also offer a promising alter-
native to thermal pasteurization.
More studies, however, are needed to determine how ozone af-
fects organoleptic and nutritional properties as well as bioactive
compounds of peach juice and the response of the indigenous micro-
biota of the juice.
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