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Abstract This study was performed to develop predictive
models for the growth kinetics of Listeria monocytogenes
in Ready-to-Eat (RTE) lettuce treated with or without
alkaline electrolyzed water. Firstly, growth curves of
L. monocytogenes in treated and untreated RTE lettuce
were obtained at several isothermal conditions (4, 10, 15,
20, 25, 30, and 35°C) and were then fitted into Gompertz
model with a high correlation coefficient (R2 > 0.99).
Growth parameters such as growth rate (GR) and lag time
(LT) estimated by Gompertz model were found mostly
have significant difference (P < 0.05) with those predicted
by Combined database for predictive microbiology (Com-
Base). Moreover, increased GR and decreased LT were
observed with increasing storage temperatures from 4 to
35°C and untreated lettuce showed lowest GR or longest
LT, and followed by treated lettuce and ComBase, respec-
tively. Furthermore, square root equation was employed to
establish the secondary models for the GR to evaluate the
effect of different storage temperatures on the growth rate
of L. monocytogenes in untreated lettuce and treated let-
tuce. After that, verification of the developed models has
been carried out using several mathematical or statistical
indicators such as R the average mean square error
(MSE), bias factor (By) and accuracy factor (Ay). It showed
that R values were close to 1 (>0.95), and MSE calculated
from models of untreated and treated lettuce were 0.0011
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and 0.0008, respectively. Also, By values of 0.980 and
1.034 and A values of 1.107 and 1.118 were all in the
acceptable range. This demonstrated that overall predic-
tions showed good agreement with the experimental val-
ues, indicating success at providing reliable predictions of
L. monocytogenes growth in RTE lettuce.
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Introduction

Listeria monocytogenes is an opportunistic intracellular
pathogen that has become an important cause of human
foodborne infections worldwide. It causes listeriosis in
humans characterized by invasive and non-invasive illness,
associated with the highest mortality of 20-30% and has
likelihood to cause several problems especially in pregnant
women, neonates, the elderly, and immunosuppressed indi-
viduals (Vlaemynck et al. 2000). L. monocytogenes is a
foodborne pathogen of particular concern for manufactur-
ers of refrigerated Ready-to-Eat (RTE) foods because of its
wide distribution in the environment, and unlike most
foodborne pathogens, L. monocytogenes multiplies readily
in refrigerated foods that have been contaminated (Koseki
and Isobe 2005a).

Ready-to-eat vegetables have gained great acceptance
by consumers, and they are regarded as important com-
ponents of healthy diets. Among them, RTE lettuce is one
of the most popular RTE vegetables, and it is very familiar
in salads which are consumed in increasing amounts due to
their perception as being a “healthier” food (Dupont et al.
2000). Actually, there is no listeriosis cases reported in
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connection with lettuce for more than 25 years (Hanning
et al. 2008). However, lettuce is also regarded as a potential
source of foodborne listeriosis as a result that retail lettuce
has the highest incidences of Listeria compared with other
RTE vegetables (Gombas et al. 2003). In respect that the
extended consuming of this product together with the
reasons above, justify the need for studying the behavior of
L. monocytogenes on RTE lettuce.

The electrolyzed water (EW) has a strong bactericidal
activity, and is rapidly transformed into chlorine, oxygen,
and water when it encounters microbes and other organ-
isms. It is produced by electrolysis of a 0.1% sodium
chloride solution, utilizing an EW generator that contains
an electrolytic cell. Acidic electrolyzed water (ACEW) that
contains hypochlorous acid, a form of chlorine, and has a
low pH (approximately 2.0), is produced at the anode side
of cell. At the cathode side of electrolytic cell, alkaline
electrolyzed water (AIEW), with a high pH (approximately
11.6), is produced. Inactivation of various pathogenic
microorganisms by AC-EW has been reported by several
researchers (Kim et al. 2000; Koseki et al. 2004; Park et al.
2001). Miyashita et al. (1999) reported antioxidative effects
of AIEW on highly unsaturated fats and oils. However, the
effective use of AIEW has not yet been investigated with
respect to practical usage as a washing or sanitizing agent
(Koseki et al. 2004).

Predictive microbiology is always employed to predict
the microbial behaviour in foods over time as a function of
different effect factors (McMeekin et al. 1997). Primary
models describe growth or survival kinetics over time under
various conditions, while secondary models describe the
effect of environmental factors on the growth kinetic
parameters (e.g., growth rate (GR), the lag time (LT) and
maximum population density (MPD) of the primary model
(Whiting 1995). Predictive models are regarded as valuable
tools in planning Hazard Analysis Critical Control Point
(HACCP) programs and making decisions and regulating
plans and policies for the food industry, as they provide the
first estimates of expected changes in microbial populations
when exposed to a specific set of conditions (Whiting 1995).
Normally, temperature is the one of the most essential
environmental factors that affects microbial growth in food
and it constantly changes during the processing, storage, and
distribution of food products. Predictive models are useful
tools for assessing and controlling food safety, particularly
when the models are able to cope with dynamic conditions
such as changing temperatures.

This study was performed to develop predictive models
of L. monocytogenes growth kinetics in RTE lettuce treated
with or without AIEW, and to compare GR and LT obtained
at different storage temperatures with ones calculated from
ComBase, Furthermore, the antimicrobial effect of AIEW as
a sanitizer was examined.
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Materials and methods
Bacterial culture

Three strains (Scott A, ATCC 19116 and ATCC 19118) of
L. monocytogenes were used throughout this study. All
strains were stored at —70°C in tryptic soy broth (TSB,
Difco, Sparks, MD, USA) with a 0.6% yeast extract (YE,
Difco, USA) containing 20% glycerol. The strains were
activated by transferring 10 pl of the stock culture into
10 ml of TSBYE, and then incubated at 35°C for 24 h,
allowing the cultures to reach the late stationary phase.
This was followed by a consecutive transfer in the medium
and incubation under the conditions just indicated. Fol-
lowing the incubation, the cells were harvested by centri-
fugation for 10 min at 5,000 x g and washed twice in
sterile 0.1% (w/v) buffered peptone water (Difco, USA)
and resuspended. After this, the three strains of L. mono-
cytogenes were combined in a cocktail with roughly equal
number in the final population and adjusted with final
inoculum level of 7 log CFU/ml.

Inoculation of lettuce

Ready to Eat Iceberg lettuce (Lactuca sativa var. capita)
was purchased from a local supermarket in Chunchon,
Korea. Discolored and wilted portions were trimmed and
the lettuce leaves were cut into 3 by 3 cm pieces using a
sterile knife. Sliced lettuce was stored at 5°C and used
within 24 h. For inoculation, the 1 mL portion of mixed
strain cocktails (7.0 log CFU/ml) of each bacterial species
was transferred in 2 L of sterile distilled water. Pieces of
sliced lettuce (500 g) were dipped into the 2 L inoculum
solution for 3 min and dried for at least 1 h on absorbent
paper. This procedure resulted in initial pathogen inoculum
levels of approximately 3.0 log CFU/g of lettuce. Inocu-
lated sliced lettuce without sanitizing treatment was used as
a positive control. Also, combined database for predictive
microbiology (ComBase) was used to compare with the
growth parameters such as growth rate (GR) and lag time
(LT) of L. monocytogenes in the lettuce treated with or
without AIEW as a function of storage temperature.

Treatment with AIEW and storage of samples under
constant temperature

Electrolyzed water (EW) was produced from 0.1% NaCl
solution using a flow-type electrolysis generator A2 (EN’S &
ST’S, Seoul, Korea) set at 16 A, consisting of acidic elec-
trolyzed water (ACEW) and alkaline electrolyzed water
(AIEW). When stable amperage was reached after 15 min,
ACEW and AIEW were collected from the anode compart-
ment and the cathode compartment. For the sample treatment,
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only AIEW was used in this study. Preliminary experiments
were carried out to determine the dipping time (0.5, 1, 3, 5,
and 10 min) of AIEW treatments which suggested that 3 min
dipping was the most satisfied (data not shown). The inoc-
ulated sliced lettuce samples (100 g each) were treated with
2,000 mL of the AIEW for 3 min in a water bath (Vision
Scientific Co. Ltd, Bucheon, Korea). After dipping, the
treatment solutions were removed by gentle pressing with
cheesecloth, and the treatments were used for microbial
analysis. Untreated lettuce was used as control. From each
untreated and treated sample, 10 g was aseptically placed in
sterile plastic barrier bags. Duplicate packed samples were
prepared and stored at different storage temperatures (4, 10,
15, 20, 25, 30, and 35°C) for periodic enumeration of L.
monocytogenes. Sampling was generally carried out at dif-
ferent intervals due to different temperatures; lower tem-
peratures resulted in longer sampling intervals, while shorter
intervals were chosen for higher temperatures. Each exper-
iment was replicated three times and every interval test
consisted of two plates.

Microbiological analysis

Treated or untreated lettuce samples (10 g) were mixed in a
stomacher bag (Nasco Whirl-Pak, Janesville, WI) with
sterile peptone water (1:10, w/w), which contained 0.1 N
sodium thiosulfate to neutralize residual ozone, and
homogenized for 2 min in a stomacher (Lab-belender 400,
Seward, London, UK). This mixture was serially diluted
and inoculated into Oxford agar (BD Diagnostics) to enu-
merate L. monocytogenes. All inoculated plates were
incubated at 37°C for 24 h. After incubation, colonies of
L. monocytogenes were enumerated and expressed as log
colony forming units per gram (log CFU/g).

Model development and verification

At each storage temperature, the mean values of the
microbial counts obtained from the three replicated
experiments over time were used to generate growth curves
using Sigma Plot (version 8, Systat Software, Inc., Rich-
mond, CA, USA). The growth parameters were estimated
for fitting the data to the modified Gompertz equation
(Eq. 1) using GraphPad prism software (version 4, Graph-
Pad Software, Inc., San Diego, CA, USA) to generate the
growth rate (GR: log units/hour) and lag time (LT: log
units/hour) from each growth curve.

y = Aexp[—exp{ue/A(Z— 1) + 1}] (1)

The GR values were used to develop square root equation
as a secondary model employing SPSS 13.0 package
program (Statistical package for the social science,

Chicago, IL, USA) using the equation described below
(Ratkowsky et al. 1982, 1983).

Vk =b(T — Tp) (2)

where k is the rate of growth, b is the regression constant, T
is the temperature (°C), and Tj is a theoretical minimum
temperature for growth. The goodness-of-fit of the models
was evaluated by coefficients of determination (Rz). The
performance of the predictive equations was assessed by
the mean square error (MSE), bias factor (By), and accuracy
factor (Ay) as follows;

2
MSE = Z (:uobserved - :upredicted) /n (3)
<E 10g (Kopserved/ Hpredicted) / ")
By =10\~ (4)
<E |10g (:uprcdiclcd/ :u&)bacncd) / ”)
Af = 10 \ = (5)

n = the number of observations; fiyreqiciea = the predicted
growth rate; Uopservea = the observed growth rate. The
lower MSE the better the adequacy of the model to
describe the data (Adair et al. 1989). The bias and accuracy
factors can equally well be used for any time-based
response e.g., lag time, time to an n-fold increase, death
rate, etc. (Ross 1996).

Results and discussion
Primary modeling of L. monocytogenes growth

According to our preliminary data (not presented), the
washing with AIEW at room temperature for 3 min
reduced total aerobic bacteria on lettuce by 0.9 log CFU/g
(data not shown), whereas AIEW treatment showed a little
reduction on lettuce inoculated with L. monocytogenes
(Fig. 1). The experimental data of the growth of L. mon-
ocytogenes on untreated lettuce and treated lettuce at dif-
ferent storage temperatures (4, 10, 15, 20, 25, 30, and
35°C) are shown in Fig. 1 with fitted growth curves pro-
duced using the modified Gompertz model which provided
a good statistical fit to the data (R*>>0.99). The initial
populations of L. monocytogenes cocktails used in the
experiment were 3 log CFU/g in all samples. It was
observed that L. monocytogenes grew very slowly at 4°C
on both untreated lettuce and treated lettuce, whereas the
growth of L. monocytogenes became gradually fast, and the
rates of growth were lower in treated lettuce than in
untreated lettuce as temperature increased.

The growth rate (GR) and lag time (LT) of L. mono-
cytogenes in every sample were summarized in Table 1,
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Fig. 1 The observed growth of
L. monocytogenes on untreated
lettuce and treated lettuce at
different storage temperatures:
4, 10, 15, 20, 25, 30, and 35°C.
The growth curves were
obtained using the modified
Gompertz model

together with ones calculated from ComBase. As expected,
higher incubation temperatures provided higher growth
rate. Although there was no significant difference between
the GR obtained from treated lettuce at 30 and 35°C and
untreated lettuce at 25, 30, and 35°C, the GR values
increased with a rise in temperature. As shown in Table 1,
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there was no significant difference between lag time
obtained from both treated and untreated lettuce by
Tukey’s multiple range test (P > 0.05), with an exception
of 10°C. ComBase is one of the most well-known predic-
tive software packages all over the world kindly developed
by the Food Standards Agency and the Institute of Food
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Table 1 Growth rate (GR) and lag time (LT) of Listeria monocytogenes inoculated on the lettuce treated with or without alkaline electrolyzed
water (AIEW) and calculated from combined database for predictive microbiology (ComBase)

Temperature (°C)

Growth rate (log CFU/h)™P

Lag time (h)™®

Untreated lettuce

Treated lettuce

4 ND¢ ND

10 B0.064 4+ 0.005a B0.064 & 0.007a
15 A0.120 + 0.009ab A0.129 + 0.012ab
20 A0.165 + 0.015b A0.189 + 0.012b
25 A0.255 + 0.024c A0.268 + 0.031¢
30 A0.288 + 0.022¢ A0.336 + 0.026d
35 A0.306 + 0.041c A0.348 =+ 0.038d

ComBase® Untreated lettuce Treated lettuce ComBase
0.014 ND ND 21.1
A0.053 B71.530 £+ 3.71b B65.300 £ 2.75b A5.69
A0.127 B12.340 &+ 1.93a B7.345 £ 1.73a A2.37
B0.252 B8.648 £ 2.22a B7.750 £ 1.86a Al1.20
B0.410 B10.390 + 2.04a B8.982 £ 1.62a A0.73
B0.549 B8.290 £ 1.67a B7.658 £ 1.97a A0.55
B0.605 B8.312 £ 1.55a B7.377 £ 0.85a A0.50

? Within the same column, values not preceded by the same letter are significantly different (P < 0.05)

® Within the same row, values not followed by the same capital letter are significantly different (P < 0.05)

¢ Data from the ComBase

4 No prediction

Research from the United Kingdom, the USDA Agricultural
Research Service and its Eastern Regional Research Center
from the United States and the Food Safety Centre in
Australia. Growth Predictor (version 1.01) was freely
downloaded from the internet which consists of thousands
of microbial growth and survival curves that have been
collated in research establishments and from publications.
Thus, the growth models of ComBase were chosen for
comparative growth study with untreated and treated let-
tuce. There was a significant difference (P < 0.05) between
the growth rates obtained from experiment on lettuce and
predicted from ComBase, especially when the temperature
was up to 35°C, the GR obtained from ComBase was
0.605, while the observed GR on untreated and treated
lettuce was only 0.348 and 0.306, respectively. Whereas no
significant difference was found between the GR obtained
from untreated and treated lettuce, but higher GR in treated
lettuce was observed than that in untreated lettuce. The
most likely reason for this was the tenacious vitality of the
bacteria. Treatment with sanitizer killed some bacteria, but
as soon as the remaining bacteria adapted to the new
environment, they grew more rapidly. However, it is observed
from Fig. 1 that the number of bacteria on treated samples
was always significantly lower than control; also the time
required to arrive at the final stationary phase was pro-
longed after treatments, in other words, the RTE lettuce
treated with AIEW can be stored for a longer time com-
pared with control. Similar conclusions have been pub-
lished in inoculated lettuce with E. coli treated with
alkaline electrolyzed water by Ding et al. (2009). Actually,
there were not many literatures with regard to AIEW, and
very few effective applications of AIEW have been
examined with respect to the use of electrolyzed water as a
sanitizing agent (Koseki et al. 2004). Koseki et al. (2004)
demonstrated that the maximum reduction of AIEW on

lettuce was 1.8 log CFU/g, while Park et al. (2005) found
the efficacy of AIEW for L. monocytogenes was only
1.10 log CFU/g on shell eggs. Nevertheless, in this study,
about 1 log CFU/g reduction was obtained at 15, 20, 25,
30, and 35°C.

Secondary modeling of L. monocytogenes growth

The square root model was developed for the GR to take
into account the effect of temperature on the growth
kinetics of L. monocytogenes on untreated and treated
lettuce with AIEW. The square root models developed for
GR are shown in Table 2. The regression coefficient (R?) is
often used as an overall measure of the prediction attained
and it measures the fraction of the variation about the mean
that is explained by a model. R* values of predicted models
for untreated and treated lettuce were 0.96 and 0.95,
respectively. The higher the value (0 < R* < 1), the better
is the prediction by the model. In the meantime, authors
have mentioned that the lower the MSE of the model is, the
better the adequacy of the model to describe the data will
be (Adair et al. 1989). As presented in Table 2, MSE

Table 2 The square root models developed for GR of L. monocyt-
ogenes on untreated lettuce and treated lettuce and several mathe-
matical or statistical indices for verification of developed models

Square root equation R* MSE* BY  Af

Untreated GR = (0.014T + 0.143)*> 0.96 0.0011 0.980 1.107
lettuce

Treated GR = (0.012T + 0.154)> 0.95 0.0008 1.034 1.118
lettuce

# Mean square error
® Bias factor
¢ Accuracy factor
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values calculated for secondary models were 0.0011 and
0.0008, indicating that the developed secondary models
can describe the experimental data adequately.

Many authors reported that predicted GR showed a good
prediction with their models, but the precision on predicted
LT was often described as low. In our results, the square
root models developed for the LT showed low R* and high
MSE (data not shown). Schaffner (1995) reported that
many of the models did not predict well at lag times. Also,
even previous results showed that square root models
predicted lag time with a very high average error (36-40%)
(Delignette-Muller et al. 1995). One possible reason for
this apparent discrepancy might be that GR is an autono-
mous feature, which is characterizing only the bacteria
and the actual environment, whereas lag time is a non-
autonomous feature and depends on the physiological state
of the bacterial cells, which cannot be predicted from other
independent data and LT is inherently more difficult to
predict than the growth rate (Baranyi et al. 1995).

Verification

The developed models were verified using the bias (By) and
accuracy factor (Af) as an objective indication of model
performance (te-Giffel and Zwietering 1999). These factors
were shown to be valuable tools for the evaluation of the
performance of other predictive models (Dalgaard and
Jorgensen 1998; Ross 1996; te-Giffel and Zwietering
1999). The By and A¢ of square root models developed for
GR were shown in Table 2. The B¢ for the untreated and
treated lettuce was 0.980 and 1.034, respectively. Ross
(1996) recommended that By in the range 0.9—1.05 could be
considered as good, the B range of 0.7-0.9 or 1.06-1.15
was considered as acceptable and less than 0.7 or >1.15
was considered as unacceptable. According to this stan-
dard, the B; values obtained in this study are within the
good range. However, as the By can not provide the indi-
cation of the average accuracy of estimates (te-Giffel and
Zwietering 1999), so the accuracy factor can be calculated
since it averages the distance between each point and the
line of equivalence as a measure of how close, on average,
predictions are to be observations (Ross 1996). The model
has high performance and accuracy if the value of A¢is 1,
and a larger value of Af results in lower accuracy of the
average estimate. As shown in Table 2, The A; for the
untreated and treated lettuce was 1.107 and 1.118,
respectively. The results indicate that on average, the
predictions differ from observations by 10.7% and 11.8%,
respectively. Compared with other publications (Dalgaard
and Jorgensen 1998; Ross 1996), the A; of our models was
more close to 1, suggesting better prediction accuracy in
most cases. Also, the average deviation of our models was
in the acceptable range. Thus, the developed growth model
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can be considered to provide reliable prediction of
L. monocytogenes in lettuce.
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