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1. Introduction

Listeria (L.) monocytogenes is a foodborne pathogen
responsible for an extremely severe infection with high
mortality rate [1]. The L. monocytogenes is more deadly

(10-30%) than other common foodborne bacteria such as
Vibrio (mortality rate of 0.005-0.01%), Salmonella enteri-
tidis (0.38%) and Campylobacter (0.02-0.1%) [1,2]. This
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pathogen is responsible for the foodborne disease of
listeriosis associated with outbreaks from the consumption
of various contaminated foods such as vegetables, dairies,
seafood and ready-to-eat foods [1,2]. Differences in growth
kinetic behaviors in bacterial strains produce significant
variability sources in quantitative microbial risk assess-
ments (QMRA) and predictive microbiology studies [3].
Therefore, findings of microbiological studies on a bacterial
strain cannot be safe extended to other strains [4-7]. Strain
selection is an important step when designing studies to
assess growth dynamics of the pathogens in food products
or culture media. Use of a cocktail of at least 3-5 strains of
the target pathogen is recommended in food safety and
challenge studies. Therefore, microbial growth variability in
strains of a single species is studied [3,5]. However,
challenge studies may be carried out using strains with
robust growth or inactivation behaviors (e.g., resistance of
strains to inactivation process) [4-7]. When assessing
mechanisms of resistance to environmental conditions in
basic investigations, a single strain with described pheno-
typic characteristics is more appropriate. Hence, characteri-
zation of intraspecies variability with regards to phenotypic
responses under various cultural conditions can help select
appropriate strains for challenge studies [4].

Variability of L. monocytogenes strains has been
investigated in several studies [8-11]. For example, De Jesus
and Whiting [9] investigated behaviors of 21 L. mono-
cytogenes strains and reported significant strain and
intralineage variations. Similarly, Uyttendaele et al. [10]
studied various suboptimal growth conditions (temperature,
pH and aw) and showed that L. monocytogenes behaviors in
suboptimal growth environments were strain-dependent.
More recently, Bannenberg et al. [12] investigated varia-
bility of sub-lethally heat-injured lag-phase L. monocy-
togenes strains (n = 23) in half Fraser enrichment broth.
Results showed significant variations in lag phase of 4.7-
15.8 h in the strains. In a study by Lianou et al. [13], effects
of heat and lactic acid stress responses were assessed in
25 L. monocytogenes strains. Study revealed extensive
variations in stress resistance in the serotypes. Most of
previous studies on variability of growth kinetics have
focused on primary modelling, which are able to estimate
microbial growth parameters (e.g., growth rate and lag
phase). In studies on secondary modelling of L. monocy-
togenes, investigating effects of environmental conditions

on parameters estimated by the primary modelling, no
screening steps are described for the strain selection.

Predictive microbiology models, explaining bacterial
behaviors, are categorized as primary, secondary and
tertiary models. Several data collection methods are
available for using in predictive microbiology models,
including viable plate counting, flow cytometry and
turbidimetric methods. From these methods, viable plate
count is the most popular method to estimate growth
parameters. However, this method is extremely laborious,
especially when the growth kinetics of several bacterial
strains in various matrices are studied. Therefore, fast,
inexpensive and high-throughput methods such as time-to-
detection (TTD), which is based on the OD method, can be
used to estimate growth parameters. The TTD method
allows estimation of growth rate and lag time and can be
used as an alternative of primary models when OD data are
available [14]. Using TTD method (Bioscreen C), intra-
species diversity of L. monocytogenes (n = 388) was
reported by Aalto-Araneda et al. [15] at 9.0% NaCl
concentration. The primary models were used without
secondary modeling to estimate the bacterial growth rates.
To the best of the authors’ knowledge, various primary and
secondary models are available to describe L. monocyte-
genes growth parameters; however, a limited number of
studies are available to include the worst-case scenarios
(e.g., the most robust L. monocytogenes strain) in secondary
modeling [16-19]. Therefore, the aim of the present study
was to investigate variability of growth rates in seven strains
of L. monocytogenes and two strains of L. innocua using
TTD method. Furthermore, a bacterial strain with robust
growth kinetic was chosen and secondary models were
developed as a function of NaCl, pH, temperature and
undissociated lactic acid concentrations.

2. Materials and Methods

2.1. Bacterial strains

Originally, L. monocytogenes and L. innocua were
isolated from clinical and seafood samples, including fresh
fish and shrimp samples. Lineage Il strains (serotypes 1/2a,
1/2¢ and 3c) are common in food products, commonly
isolated from listeriosis cases. Serotypes of Lineage Il were
used in this study (Table 1).

Table 1. Listeria monocytogenes and Listeria innocua strains used in the present study

No. Nomenclature Strain PCR serogroup Source

1 6F L. monocytogenes lla Seafood (rainbow trout)
2 21B L. monocytogenes llc Clinical

3 22B L. monocytogenes llc Clinical

4 23F L. innocua - Seafood (Caspian tyulka)
5 24F L. monocytogenes lla Seafood (Caspian tyulka)
6 28F L. innocua - Seafood (Caspian tyulka)
7 28M L. monocytogenes lic Milk

8 66B L. monocytogenes lic Clinical

9 42F L. monocytogenes I1b Seafood (tilapia fillet)

L; Listeria; PCR, polymerase chain reaction
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Strains were cultured in TSB at 37 °C for 24 h. From the
stock cultures, streaks were prepared onto Mueller-Hinton
agar (Liofilchem, Italy) and incubated at 37 °C for 24 h.
Then, strains were inoculated into 10 ml of TSB at 37 °C for
24 h. Bacterial pellets were separated from the culture media
using three times of centrifugation at 9000 rpm for 5 min.
At each centrifugation, supernatant was replaced with
physiological saline serum (+,9% w v NaCl). Inocula were
diluted in physiological serum to achieve 0.08-0.1 OD
(optical density; ca. 8 log CFU ml?) at 600 nm [20]. This
value (8 log CFU mlt) was verified and standardized using
direct plate count. Diluted inocula were used for the
inoculation of all treatments.

2.2. Media preparation and estimation of the growth
rate as a function of pH, NaCl, temperature and strain

Briefly, TTD method was used to estimate Listeria
growth rate. To estimate the growth rates of L.
monocytogenes (seven strains) and L. innocua (two
strains), various concentrations of NaCl (0.5, 2.5, 3.5, 5, 7
and 10%) and pH (4.5, 5.0, 5.5, 6.8 and 7.0 adjusted with
HCI) in 10 ml of TSB were prepared and used for
studying kinetics of the bacterial growth. Inocula with
concentration of 8 log CFU ml* were diluted to similar
levels of NaCl or pH to prepare 6-2 log CFU ml. These
final bacterial concentrations were enumerated using pour
plate method (Mueller-Hinton agar) and the values were
used for the calculation of bacterial kinetics. Aliquots of 400
ul of each bacterial dilution (6-2 log CFU ml?) were
transferred to 96-well honeycomb plates. Two wells were
used for each bacterial dilution. Non-inoculated media were
used as negative control. Honeycomb plates were incubated
using automatic turbidimetric system (Bioscreen C, FB-
1100-C; MBR Company, Helsinki, Finland) [14]. Plates
were agitated at medium intensity. Bioscreen C was used to
monitor the bacterial growth by reading OD at 600 nm at
regular time intervals (15 min) up to a maximum of seven
days depending on treatments. Growth rates were estimated
at 25 °C (as abuse ambient storage temperature) and 37 °C
(as optimum growth temperature) from turbidity growth
curves using TTD method. This method was described as
the time to produce an OD of 0.2 [14]. Then, the growth rate
(1 h't) was calculated as shown in Fig. 1.

2.3. Secondary modeling for the growth rate as a
function of NaCl concentration

In general, the experimental conditions included strains
of six L. monocytogenes strains; NaCl concentrations of 0.5,
2.5, 3.5, 5.0, 7.0 and 10%; temperature of 37 °C; pH 7.26;
and media of TSB. Validation of the model was carried out
using one strain of L. monocytogenes (42F) and two strains
of L. innocua.
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Figure 1. Schematic of time-to-detection method used
for estimating growth rate of L. monocytogenes. Coefficient
of x2.3 was used to convert log CFU ml to In CFU ml*

Secondary models were adjusted to the growth rate data
as a function of NaCl (0.5, 2.5, 3.5, 5.0, 7.0 and 10%) for
the six L. monocytogenes strains. Model fitting perfo-
rmances were compared using goodness-of-fit test (chi-
square test) and adjusted R-squared. Origin 2018 Software
(Origin Lab Corp., USA) was used to fit the secondary
model to data. Residual sum of squares and R-squared were
used to check the model performance.

RSS = Y.(Xobs — Xprd)® Eq. 1

Where, Xobs Was the observed data value and Xprq was the
predicted value from the fit. A value close to 0 showed that
the model included a smaller error and was more useful for
the prediction. Various strains of L. monocytogenes
included variations in their kinetic behaviors. To achieve a
global model, describing effects of NaCl on pmax, the six L.
monocytogenes strains were used in developing the model.
To validate the model for other strains, one L.
monocytogenes (42F) with no uses in modeling process was
used to assess the model. Therefore, bias and accuracy
factors were used for the validation step (egs. 2 and 3).
Moreover, L. innocua, an attractive non-pathogenic bacte-
rium, could be used in the modeling process as an alternative
of L. monocytogenes. To assess usefulness of the final
model for non-pathogenic bacteria, bias and accuracy
factors were calculated for the two strains of L. innocua
(23F and 28F) (Table 1).
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For the generalization and validation of the model as well
as testing its performance, one L. monocytogenes strain
(42F) and two strains of L. innocua were used.

Bias factor — 10(Elog(y predicted/u observed) / n) Eq 2

uwobserved)l /n)

Accuracy factor = 10(E|l°g( m
Eq. 3

2.4. Growth rates of Listeria strains at two levels of pH

General experiment conditions included strains of six L.
monocytogenes; temperature of 37 °C; pH 6.64 and 5.77;
and media of TSB. To find the maximum growth rate in L.
monocytogenes strains, growth rates were compared at two
levels of pH, 5.77 and 6.64 at optimum temperature (37 °C)
in TSB. Strain with the maximum growth rate was selected
for further studies.

2.5. Secondary modeling for the growth rate as a
function of pH and NaCl

Experimental conditions included strain of 28M L.
monocytogenes; NaCl concentrations of 0.5, 2.5, 3.5 and
5%; temperature of 37 and 25 °C; pH 4.5, 5.0, 5.5, 6 and
7.0; and media of TSB. The same strain, 28M strain (the
most robust L. monocytogenes strain), was used for the
validation based on the results from the previous study (see
growth rate of Listeria strains at two levels of pH). A
secondary model was developed for the estimated
growth rate at four levels of NaCl (0.5, 2.5, 3.5 and 5%) and
five levels of pH (4.5, 5.0, 5.5, 6 and 7.0) at 37 and 25 °C.
Origin 2018 Software (Origin Lab Corp., USA) was used for
the modeling. Residual sum of squares (eq. 1) and R-
squared were calculated to check the model performance.
Validation of the model was carried out using 28M train
under various conditions.

2.6. Effects of undissociated forms of lactic acid on
growth rates

Experimental conditions included strain of 28M L.
monocytogenes; 15 various concentrations of lactic acid (0-
1.34 mM ['1); temperature of 25 °C; pH 5.5; and media of
TSB. In this experiment, 15 various concentrations (0-1.34
mM I) of lactic acid (90%; Sigma-Aldrich, Germany) in its
undissociated form were used. The strain of 28M was used
in the experiment. Growth study was carried out in TSB at
25 °C using Bioscreen C (FB-1100-C; MBR Company,
Helsinki, Finland). Ratios between the dissociated and
undissociated forms of lactic acid at pH 5.5 were calculated
using Henderson-Hasselbalch equation (eqg. 4) [21].

[Lactot]
[Hlac] = [—mo(w_p,(a) Eq. 4

Where, pH of TSB was 5.5, pKa (acid dissociation
constant) was the value of lactic acid at 25 °C (3.86), Hlact
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was the concentration of undissociated acid and Lactot was
the total concentration of lactic acid. A spreadsheet was
developed to facilitate the calculation. Eleven and four
concentrations of undissociated acid were used to develop
the secondary model and model validation, respectively.
Bias and accuracy factors were used for the validation step
with the same strain (28M) at various conditions.

3. Results and Discussion

In this study, effects of various environmental conditions
(NaCl, pH, temperature and lactic acid) on the behaviors of
Listeria strains were studied using turbidimetric method,
which produced more than 1500 growth curves used to
estimate Umax in TTD method. The estimated growth rates
were used to develop the secondary model. Moreover, the
lag phase was calculated using TTD method (Supple-
mentary 1).

3.1. Growth rates of Listeria monocytogenes and Listeria
innocua strains

When investigating variations of pmax in bacterial strains,
it is important to assess a large set of strains at short interval
times (e.g., less than 60 min). To address this need, classic
viable count methods may not be feasible because such
methods could be time consuming. To solve this problem,
turbidimetric methods can be used. Various methods for the
estimation of pUmax from absorbance datasets have been
suggested [24, 26-28] and frequently used in studies on
strain variability. In the present study, TTD method was
used for the estimation of growth rates under various
environmental conditions. Table 2 shows the pimax of seven
L. monocytogenes and two L. innocua strains at various
NaCl concentrations (10, 7.5, 5, 2.5 and 0.5 %). The
minimum and the maximum growth rates of L.
monocytogenes were 0 and 1.25 In 1 h?, respectively.
Moreover, NaCl at 10% concentration included inhibitory
effects on all the strains with no visible growth. The great
means of the six strains at 7.5, 5, 2.5 and 0.5% NaCl were
0.27,0.73,1.08 and 1.12 1 h'%, respectively. The intraspecies
variability of pmax in L. monocytogenes strains was shown
using coefficient of variation (CV = 100 x standard
deviation/mean). The CVs of 19.9, 15.3, 9 and 6.5% Of Mmax
in seven L. monocytogenes strains included 7.5, 5, 2.5 and
0.5% NaCl (pH 7.26), respectively. In culture media (0.5%
NaCl), the average pmax (h™*) ranged 1.03-1.23 at pH 7.26 for
L. monocytogenes and 1.32-1.35 at pH 7.26 for L. innocua
strains. Important variability of pmax Was reported under the
highlighted conditions of this study (Table 2, Fig. 1).
Studies have shown the strain variability of foodborne
pathogens, including Escherichia coli [7,22], Staphylo-
coccus aureus [23,24], L. monocytogenes [9,11,25] and S.
enterica [4].
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Table 2. Growth rates (In 1 h't = log 1 h! * 2.3) of seven Listeria monocytogenes and two Listeria innocua strains in various
NaCl concentrations (pH 7.26) at 37 °C in TSB media calculated by time-to-detection method. A total of ten replications (n
=10) of 96-well honeycomb plates were used for each strain (five bacterial dilutions 6-2 log CFU ml in duplicate)

Strain Listeria spp. NaCl (%) Average growth rate (In SD
CFU ht
6F L. monocytogenes 10 NG* NG
6F L. monocytogenes 7.5 0.27 0.02
6F L. monocytogenes 5 0.70 0.02
6F L. monocytogenes 25 1.03 3.929E-05
6F L. monocytogenes 0.5 1.05 0.02
22B L. monocytogenes 10 NG NG
22B L. monocytogenes 7.5 0.34 0.02
22B L. monocytogenes 5 0.69 0.05
22B L. monocytogenes 25 1.04 0.09
22B L. monocytogenes 0.5 1.03 0.02
66B L. monocytogenes 10 NG NG
66B L. monocytogenes 7.5 0.31 0.0005
66B L. monocytogenes 5 0.67 0.04
66B L. monocytogenes 25 0.96 0.03
66B L. monocytogenes 0.5 1.15 0.04
28M L. monocytogenes 10 NG NG
28M L. monocytogenes 7.5 0.31 0.10
28M L. monocytogenes 5 0.98 NG
28M L. monocytogenes 25 1.26 5.742E-05
28M L. monocytogenes 0.5 1.15 0.03
21B L. monocytogenes 10 NG NG
21B L. monocytogenes 7.5 0.23 0.02
21B L. monocytogenes 5 0.71 0.005
21B L. monocytogenes 25 1.15 0.01
21B L. monocytogenes 0.5 1.24 0.01
24F L. monocytogenes 10 NG NG
24F L. monocytogenes 7.5 0.19 0.01
24F L. monocytogenes 5 0.64 0.04
24F L. monocytogenes 25 1.07 0.04
24F L. monocytogenes 0.5 1.14 0.05
42F L. monocytogenes 10 NG NG
42F L. monocytogenes 7.5 0.34 0.03
42F L. monocytogenes 5 0.71 0.01
42F L. monocytogenes 25 1.04 0.02
42F L. monocytogenes 0.5 121 0.02
28F L. innocua 10 NG NG
28F L. innocua 7.5 0.42 0.02
28F L. innocua 5 0.82 0.08
28F L. innocua 25 1.22 0.06
28F L. innocua 0.5 1.36 0.05
23F L. innocua 10 NG NG
23F L. innocua 7.5 0.28 0.01
23F L. innocua 5 0.84 0.003
23F L. innocua 25 1.21 0.02
23F L. innocua 0.5 1.32 0.08

SD, standard deviation; NG, no growth; L, Listeria

As shown in Fig. 2 a, b and c, growth of L.
monocytogenes strains in certain NaCl concentrations was
strain-dependent. For example, populations of 22B and 21B
strains after 12 h of storage in 0.5% NaCl (pH 7.26) were
respectively predicted to increase by 6.9 and 7.7 log CFU
ml-! using Baranyi model and estimated p in TTD method.
However, the variations rise at less favorable environments.
Populations of 24F and 22B strains after 36 h of storage in
7.5% NaCl (pH 7.26) were predicted to increase by 4.57 and
6.89 log CFU mL, respectively. The estimated pmax Values
at 7.5% NaCl were 4-6 times lower than that at 0.5% NaCl.

Appl Food Biotechnol, Vol. 8, No. 3 (2021)

At 7.5% NaCl, the corresponding CV was approximately
20%. The greater variability of pmax in non-optimal growth
environments has been reported by other studies. These
results were similar to those by Lianou et al. [4], who
studied growth rate of S. enterica strains and showed that
strain variability of the estimated pmax increased as the
growth conditions became more stressful. Uyttendaele et al.
[10] reported a CV of 25% for the estimated pmax values of
11 L. monocytogenes strains in culture media at suboptimal
conditions. Equation (5) was developed to predict the
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growth rate of several L. monocytogenes strains as a

function of NaCl concentrations (Fig. 3).
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Figure 2. Growth curves for seven L. monocytogenes strains
(lines with various colors) based on the estimated growth
rate of the strains in TSB at pH 7.26 (a, 7.5% NaCl; b, 5%
NaCl; ¢, 0.5% NaCl). Curves were plotted using Baranyi
and Pin [22] model and the following conditions were
assumed for all strains: (i) physiological state (ho) = 1; (ii)
maximum bacterial population (Nmax) = 8 log CFU ml; and
(iii) initial bacterial population (Ng) = 2 log CFU mlt
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y=A2+(A1—A2)/(1+(:—0))p Eq.5

Where, y was the growth rate (1 h'), x was NaCl (%), Al
=1.130 +0.0061, A2 = -0.257 +0.0358, x0 = 6.528 +0.1187
and p was 3.460 +0.1433. To validate the secondary model,
Eq. (5) was used to predict growth rates of one L.
monocytogenes stain (42F) and two strains of L. innocua,
not used in model preparation. Bias and accuracy factors
were 0.96 and 1.05 for L. monocytogenes (42F) strains,
respectively. These factors were 0.84-0.91 (bias) and 1.11-
1.03 (accuracy) for two strains of L. innocua (23F and 28F).
Results of the testing model are shown in Supplementary 2.
Results showed that slope of the regression line of all strains
was greater than 0.86 (R-squared > 0.98). Moreover, results
showed that the secondary model could successfully predict
the growth rate of L. monocytogenes and L. innocua at sub-
minimal inhibitory (sub-MIC) NaCl concentrations. The
current results demonstrated that the strain variability
increased under non-optimal growth conditions (Fig. 2),
possibly affecting the secondary modeling. Importance of
the strain variability depends on the aim of model developer.
For example, a worst case scenario can be used for the aim
of building models for food safety purposes. However,
predictive models based on worst case scenarios may result
in risk overestimation. When models are used for the
exposure assessment in QMRA, the strain variability is
important and the stochastic models is necessary for
showing the variability, known as biological variability
[29]. For QMRA, uncertainty in bacterial behaviors is
however linked to incorrect experiments or lack of
knowledge, which can be dismissed by additional measure-
ments. Findings of the current study are useful in strain
selection for use in predictive models and challenge studies.
In this study, a secondary model was developed by analy-
zing growth responses of six L. monocytogenes strains and
95% confidence interval was used to show the strain
variability. A similar methodology was used in Membre et
al. [30] study.

In general, L. innocua can be used as an alternate of L.
monocytogenes because of its genetic similarities [31,32].
Regarding safety risks to researchers, the former strain has
been used as a non-pathogenic substitute in various studies
[33-36]. However, results have shown strain variability in L.
innocua strains [37]. In addition to its strain variability,
appropriateness of L. innocua as a L. monocytogenes subs-
titute needs further assessments for phenotypic responses to
various environmental stresses. Due to phenotypic differen-
ces, a review by Milillo et al. [32] highlighted that similar
responses of L. monocytogenes and L. innocua are necessary
before using L. innocua as L. monocytogenes substitute.

Appl Food Biotechnol, Vol. 8, No. 3 (2021)
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Figure 3. Results of modeling growth rate (In 1 h%) of six L. monocytogenes strains at five NaCl (%) concentrations with 95%

confidence interval for the response prediction

Results of the present study showed that the secondary
model developed for L. monocytogenes strains could
successfully predict (R-square = 0.99) the growth rates of
two L. innocua strains at sub-MIC NaCl concentrations.
These findings also demonstrated suitability of L. innocua
as an alternative of L. monocytogenes when assessing
effects of NaCl on the pmax Of L. monocytogenes.

3.2. Growth rates of Listeria strains at two levels of pH

The growth rates of nine Listeria strains at two levels of
pH (5.77 and 6.64) were assessed and results showed that
the 28M strain included the highest growth rate at pH 5.77
(1.811h?Y)and 6.64 (1.94 | h'Y).

3.3. Secondary modelling for the growth rate as a
function of pH and NaCl concentration

Based on its high growth rate, the 28M strain was
selected as the worst case and secondary models were
developed for pmax OF this strain. These models were develo-
ped and validated at four concentrations of NaCl (0.5, 2.5,
3.5 and 5) and five levels of pH (4.5, 5.0, 5.5, 6 and 7.0) at
37 and 25 °C. Equation (6) was developed to estimate the
bacterial growth rate (1 h') at various NaCl concentrations
and pH levels at 37 °C (Fig. 4a).

U=2z0+aXx NaCl+ b X pH + ¢ X NaCl? + d X pH?
(for NaCl < 5%) Eq. 6

Appl Food Biotechnol, Vol. 8, No. 3 (2021)

Where, 20, a, b, ¢ and d were -7.83 £1.37, -0.035 +0.067,
2.69 10.487, -0.0019 +0.015 and -0.193 +0.042,
respectively. The sum of squared deviations for differences
between the current ptmax and predicted pmax Was 0.265. The
model bias and accuracy factors were 0.96 and 1.21 for 28M
strain, respectively. Equation (7) represents results of
modeling at 25 °C for the estimation of growth rates (I h'%)
at four levels of NaCl and five levels of pH (Fig. 4b).

U= z0 +a X NaCl + b x pH + ¢ x NaCl?> + d x pH?
(For NaCl < 5%) Eq. 7

Where, 20, a, b, ¢ and d were equal to -6.724 +1.023, -
0.013 +0.05, 2.36 +0.357, -0.005 +0.0089 and -0.184 +0.03,
respectively. The great mean (£SD) of all environmental
conditions (four NaCl concentrations and five pH levels) for
one strain (28M) was 0.941 +0.49 and 0.486 +0.27 at 37 and
25 °C, respectively. Regarding pmax at 37 °C, the minimum
growth requirements of L. monocytogenes was at pH 4.5 and
5% NaCl concentration. Tienungoon et al. [38] reported a
minimum pH of 4.3 in HCl-acidified media for the growth
of L. monocytogenes.

Moreover, these observations have been reported in
previous studies [39,40]. Van der Veen et al. [39] studied
the growth limits of 138 L. monocytogenes strains at low pH
and high salt concentrations in BHI broth. They reported
that almost all strains could not grow at 30 °C and pH 4.4.
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Figure 4. Secondary model for the estimated growth rate of
four levels of NaCl and five levels of pH in TSB at 37 °C
(@) and 25 °C (b)

Moreover, 87% of the strains showed growth inhibition
at 5.8% NaCl concentrations and pH 4.7.
3.4. Modeling effects of the undissociated form of lactic
acid on growth rate

Figure 5 shows results of modeling the undissociated
form of lactic acid (0-1.34 mM I'Y) in TSB at pH 5.5 and 25
°C. As the undissociated lactic acid level increased, the
maximum growth rate decreased. The best fit to the data was
described by the high R-square (0.98). Equation (8) could
be used to predict the growth rate under various concen-
trations of the undissociated forms of lactic acid at 25 °C.

W=a—b/(1+cxx)i Eq. 8

Where, a, b, c and d were 0.47 £0.46, 0.157 +0.454, -
0.681 £0.134 and 2.26 +5.879, respectively. Results
revealed a good model performance (R?= 0.988) against the
test data, which were not used in the modeling procedure
(data not shown). Bias and accuracy factors of the model
were 0.97 and 1.02 for 28M strain, respectively.
Tienungoon et al. [38] reported that organic acids and
undissociated acid concentrations increased the minimum
pH level; at which, bacterial growth was investigated.
Suggested model for the pmax ofb L. Monocytogenes in
response to undissociated form of lactic acid showed a good
description of the data (Fig. 5). In previous studies, various
secondary models were provided for fitting the growth rate
as a function of pH, temperature and undissociated lactic
acid (Table 3). However, bias factors for all the developed
models of the present study were in the range of 0.75-1.25,
which suggested as a criterion for the successful validation
of bacterial models.

Table 3. Summary of secondary models for fitting the growth rate as a function of pH, temperature and undissociated lactic

acid
No. Model No. of parameters Reference
1 Hmax = otpH2(PH-pHmin) 2 Adams et al. [41]
2 Mmax = Hopt(1-10 PHmin-pH) 2 Presser et al. [42]
3 Mmax = Hopt(1-10 PH""”'_PH)(l-lo PH-pHmax) 3 Biesta-Peters et al. [43], Presser et al. [42]
4 Mmax = Hopt(1- aprPHmin-PH)) 3 Aryani et al. [44]
5 Vimax= or(T-Trmin) 2 Ratkowsky et al. [45]
6 Hmax = |J-opt(1 - [HA]/[HA]max) 2 Le Marc et al. [46]
7 Mmax = HopteXP(-arHal[HA] - [HAmax]) 3 Yeh et al. [47]
232 Appl Food Biotechnol, Vol. 8, No. 3 (2021)
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Figure 5. Modeling growth rates (strain 28M) under various concentrations of undissociated forms of lactic acid

In general, results of this study demonstrated that
variability of the tmax in L. monocytogenes and L. innocua
strains was affected by various NaCl and pH conditions.
Models developed in this study can help food industries
produce safer foods.

4. Conclusion

The effects of various environmental conditions on the
behaviors of Listeria strains revealed the amount of pmax in
L. monocytogenes and L. innocua strains is affecting by
changes of NaCl and undissociated lactic concentration,
temperature and pH conditions. Developed secondary
models base of findings of current study can help for
prediction of growth Kinetic behaviors of these pathogens
for prevention listerial foodborne diseases for producing
safe foods.

5. Acknowledgements

This study was supported by National Nutrition and
Food Technology Research Institute, Shahid Behehsti
University of Medical Sciences.

6. Conflict of Interest
The authors report no conflicts of interest.

References

1. Horan CJ. Listeriosis Outbreaks: Symptoms, Risk Factors and
Treatment. 1™ Edition. Nova Science Publishers. 2019: 10-30.

Appl Food Biotechnol, Vol. 8, No. 3 (2021)

2. Hosseini H, Cheraghali AM, Yalfani R, Razavilar V. Incidence
of Vibrio spp. in shrimp caught off the south coast of Iran.
Food Control. 2004; 15:187-190.
doi: 10.1016/S0956-7135(03)00045-8

. Lianou A, Koutsoumanis KP. Strain variability of the behavior of
foodborne bacterial pathogens: A review. IntJ Food Microbiol.
2013; 167(3): 310-321.
doi: 10.1016/j.ijfoodmicro.2013.09.016

w

SN

. Lianou A, Koutsoumanis KP. Effect of the growth environment
on the strain variability of Salmonella enterica kinetic
behavior. Food Microbiol. 2011; 28(4): 828-837.
doi: 10.1016/j.fm.2010.04.006

Santis EPL. Microbiological challenge testing for Listeria
monocytogenes in ready-to-eat food: A practical approach. Ital
J Food Saf. 2014; 3(4): 231-237.
doi: 10.4081/ijfs.2014.4518

6. Scott VN, Swanson KM, Freier TA, Pruett Jr WP, Sveum WH,
Hall PA, Smoot LA, Brown DG. Guidelines for conducting
Listeria monocytogenes challenge testing of foods. Food Prot
Trends. 2005; 25(11); 818-825.

7. Nauta MJ, Dufrenne JB. Variability in growth characteristics of
different E. coli O157: H7 isolates and its implications for
predictive microbiology. Quantitative Microbiol.1999; 1(2):
137-155.
doi: 10.1023/A:1010087808314

8. Rosenow EM, Marth EH. Growth of Listeria monocytogenes in
skim, whole and chocolate milk and in whipping cream during
incubation at 4, 8, 13, 21 and 35 °C. J. Food Prot.1987; 50(6):
452-459.
doi: 10.4315/0362-028X-50.6.452

9. De Jesus AJ, Whiting RC. Thermal inactivation, growth and
survival studies of Listeria monocytogenes strains belonging to

233



https://doi.org/10.1016/j.ijfoodmicro.2013.09.016
https://doi.org/10.1016/j.fm.2010.04.006
https://dx.doi.org/10.4081%2Fijfs.2014.4518
https://doi.org/10.1023/A:1010087808314
https://doi.org/10.4315/0362-028x-50.6.452

Esmail Abdollahzadeh, et al

10.

11.

12.

13.

14.

15.

16.

17

18.

19.

three distinct genotypic lineages. J Food Prot. 2003; 66(9):
1611-1617.
doi: 10.4315/0362-028x-66.9.1611

Uyttendaele M, Rajkovic A, Benos G, Francois K, Devlieghere
F, Debevere J. Evaluation of a challenge testing protocol to
assess the stability of ready-to-eat cooked meat products
against growth of Listeria monocytogenes. Int J Food
Microbiol. 2004; 90(2): 219-236.
doi: 10.1016/s0168-1605(03)00305-2

Lianou A, Stopforth JD, Yoon Y, Wiedmann M, Sofos JN.
Growth and stress resistance variation in culture broth among
Listeria monocytogenes strains of various serotypes and
origins. J Food Prot. 2006; 69(11): 2640-2647.

doi: 10.4315/0362-028x-69.11.2640

Bannenberg JW, Abee T, Zwietering MH, den Besten HM.
Variability in lag duration of Listeria monocytogenes strains in
half Fraser enrichment broth after stress affects the detection
efficacy using the ISO 11290-1 method. Int J Food Microbiol.
2021; 337: 1-8.

doi: 10.1016/j.ijfoodmicro.2020.108914

Lianou A, Stopforth JD, Yoon Y, Wiedmann M, Sofos JN.
Growth and stress resistance variation in culture broth among
Listeria monocytogenes strains of various serotypes and
origins. J. Food Prot. 2006; 69(11):2640-2647.

doi: 10.4315/0362-028%X-69.11.2640

Baka M, Noriega E, Stamati I, Logist F, Van Impe JF. Critical
assessment of the time-to-detection method for accurate
estimation of microbial growth parameters. J Food Saf. 2015;
35(2): 179-192.
doi: 10.1111/jfs.12170

Aalto-Araneda M, Pontinen A, Pesonen M, Corander J,
Markkula A, Tasara T, Stephan R, Korkeala H. Strain varia-
bility of Listeria monocytogenes under NaCl Stress elucidated
by a high-throughput microbial growth data assembly and
analysis protocol. Appl Environ Microbiol. 2020; 86(6):1-20
doi: 10.1128/AEM.02378-19

Saldana G, Puertolas E, Condon S, Alvarez |, Raso J.
Inactivation kinetics of pulsed electric field-resistant strains of
Listeria monocytogenes and Staphylococcus aureus in media
of different pH. Food Microbiol. 2010; 27(4); 550-558.

doi: 10.1016/j.fm.2010.01.002

. Youart AM, Huang Y, Stewart CM, Kalinowski RM, Legan JD.
Modeling time to inactivation of Listeria monocytogenes in
response to high pressure, sodium chloride and sodium lactate.
J Food Prot. 2010; 73(10); 1793-1802.
doi: 10.4315/0362-028x-73.10.1793

Metselaar KI, Abee T, Zwietering MH, den Besten HM.
Modeling and validation of the ecological behavior of wild-
type Listeria monocytogenes and stress-resistant variants.
Appl. Environ Microbiol. 2016; 82(17): 5389-5401.

doi: 10.1128/AEM.00442-16

Fletcher GC, Youssef JF, Gupta S. Research issues in
inactivation of Listeria monocytogenes associated with New
Zealand Greenshell mussel meat (Perna canaliculus) using
high-pressure processing. J Aquat Food Prod Technol. 2008;
17(2), 173-194.

doi: 10.1080/10498850801937208

20. Abdollahzadeh E, Rezaei M, Hosseini H. Antibacterial
activity of plant essential oils and extracts: The role of thyme
essential oil, nisin and their combination to control Listeria
monocytogenes inoculated in minced fish meat. Food Control.
2014; 35(1): 177-183.

234

21.

22

23.

24.

25.

26.

27.

28.

29.

30

31

32

doi: 10.1016/j.foodcont.2013.07.004

Wemmenhove E, van Valenberg HJ, Zwietering MH, van
Hooijdonk TC, Wells-Bennik MH. Minimal inhibitory
concentrations of undissociated lactic, acetic, citric and
propionic acid for Listeria monocytogenes under conditions
relevant to cheese. Food Microbiol. 2016; 58: 63-67.

doi: 10.1016/j.fm.2016.03.012

. Whiting RC, Golden MH. Variation among Escherichia coli
0157: H7 strains relative to their growth, survival, thermal
inactivation and toxin production in broth. Int J Food
Microbiol. 2002; 75(1-2): 127-133.
doi: 10.1016/s0168-1605(02)00003-x

Dengremont E, Membre JM. Statistical approach for
comparison of the growth rates of five strains of Staphylo-
coccus aureus. Appl Environ Microbiol. 1995; 61(12): 4389-
4395.

Lindqvist R. Estimation of Staphylococcus aureus growth
parameters from turbidity data: Characterization of strain
variation and comparison of methods. Appl Environ
Microbiol. 2006; 72(7): 4862-4870.

doi: 10.1128/AEM.00251-06

Buncic S, Avery SM, Rocourt J, Dimitrijevic M. Can food-
related environmental factors induce different behaviour in
two key serovars, 4b and 1/2a, of Listeria monocytogenes?. Int
J Food Microbiol. 2001; 65(3): 201-212.

doi: 10.1016/s0168-1605(00)00524-9

Baranyi J, Pin C. Estimating bacterial growth parameters by
means of detection times. Appl Environ Microbiol. 1999;
65(2): 732-736.

doi: 10.1128/AEM.65.2.732-736.1999

Augustin JC, Rosso L, Carlier V. Estimation of temperature
dependent growth rate and lag time of Listeria monocytogenes
by optical density measurements. J Microbiol Methods. 1999;
38(1-2): 137-146.
doi: 10.1016/s0167-7012(99)00089-5

Dalgaard P, Koutsoumanis K. Comparison of maximum specific
growth rates and lag times estimated from absorbance and
viable count data by different mathematical models. J
Microbiol Methods. 2001; 43(3), 183-196.
doi: 10.1016/S0167-7012(00)00219-0

Nauta MJ. Modelling bacterial growth in quantitative
microbiological risk assessment: Is it possible?. Int J Food
Microbiol. 2002; 73(2-3): 297-304.

doi: 10.1016/s0168-1605(01)00664-x

. Membre JM, Leporq B, Vialette M, Mettler E, Perrier L, Thuault
D, Zwietering M. Temperature effect on bacterial growth rate:
Quantitative microbiology approach including cardinal values
and variability estimates to perform growth simulations on/in
food. Int J Food Microbiol. 2005; 100(1-3): 179-186.
doi: 10.1016/j.ijfoodmicro.2004.10.015.

. Glaser P, Frangeul L, Buchrieser C, Rusniok C, Amend A,
Baquero F, Berche P, Bloecker H, Brandt P, Chakraborty T,
Charbit A. Comparative genomics of Listeria species. Sci.
2001; 294(5543): 849-852.
doi: 10.1126/science.1063447

. Milillo SR, Friedly EC, Saldivar JC, Muthaiyan A, Obryan C,
Crandall PG, Johnson MG, Ricke SC. A review of the ecology,
genomics and stress response of Listeria innocua and Listeria
monocytogenes. Crit Rev Food Sci Nutr. 2012; 52(8): 712-725.
doi: 10.1080/10408398.2010.507909

Appl Food Biotechnol, Vol. 8, No. 3 (2021)



https://doi.org/10.4315/0362-028x-66.9.1611
https://doi.org/10.1016/s0168-1605(03)00305-2
https://doi.org/10.4315/0362-028x-69.11.2640
https://doi.org/10.1016/j.ijfoodmicro.2020.108914
https://doi.org/10.1111/jfs.12170
https://doi.org/10.1080/10498850801937208
https://doi.org/10.1016/j.foodcont.2013.07.004
https://doi.org/10.1016/j.fm.2016.03.012
https://doi.org/10.1016/s0168-1605(02)00003-x
https://doi.org/10.1128/aem.00251-06
https://doi.org/10.1016/s0168-1605(00)00524-9
https://doi.org/10.1128/AEM.65.2.732-736.1999
https://doi.org/10.1016/s0167-7012(99)00089-5
https://doi.org/10.1016/S0167-7012(00)00219-0
https://doi.org/10.1016/s0168-1605(01)00664-x
https://doi.org/10.1126/science.1063447
https://doi.org/10.1080/10408398.2010.507909

Strain variability of L. monocytogenes

33. Fan L, Song J, McRae KB, Walker BA, Sharpe D. Gaseous
ozone treatment inactivates Listeria innocua in vitro. J Appl
Microbiol. 2007; 103(6): 2657-2663.
doi: 10.1111/j.1365-2672.2007.03522.x

34. Milly PJ, Toledo RT, Chen J. Evaluation of liquid smoke treated
ready-to-eat (RTE) meat products for control of Listeria
innocua M1. J Food Sci. 2008; 73(4): 179-183.
doi: 10.1111/j.1750-3841.2008.00714.x

35. Shi Y, Tang J, Yue T, Rasco B, Wang S. Pasteurizing cold
smoked salmon (Oncorhynchus nerka): Thermal inactivation
kinetics of Listeria monocytogenes and Listeria innocua. J
Aquat Food Prod Technol. 2015; 24(7): 712-722.
doi: 10.1080/10498850.2013.808303

36. Mohan V, Wibisono R, de Hoop L, Summers G, Fletcher GC.
Identifying suitable Listeria innocua strains as surrogates for
Listeria monocytogenes for horticultural products. Front
Microbiol. 2019; 10: 1-14.
doi: 10.3389/fmich.2019.02281

37. Friedly EC, Crandall PG, Ricke S, Obryan CA, Martin EM,
Boyd LM. Identification of Listeria innocua surrogates for
Listeria monocytogenes in hamburger patties. J Food Sci.
2008; 73(4); 174-178.
doi: 10.1111/.1750-3841.2008.00719.x

38. Tienungoon S, Ratkowsky DA, McMeekin TA, Ross T. Growth
limits of Listeria monocytogenes as a function of temperature,
pH, NaCl and lactic acid. Appl Environ Microbiol. 2000;
66(11): 4979-4987.
doi: 10.1128/aem.66.11.4979-4987.2000

39. Van Der Veen S, Moezelaar R, Abee T, Wells-Bennik MH. The
growth limits of a large number of Listeria monocytogenes
strains at combinations of stresses show serotype-and niche-
specific traits. J Appl Microbiol. 2008; 105(5): 1246-1258.
doi: 10.1111/j.1365-2672.2008.03873.x

40. Vermeulen A, Gysemans KP, Bernaerts K, Geeraerd AH, Van
Impe JF, Debevere J, Devlieghere F. Influence of pH, water
activity and acetic acid concentration on Listeria monocyte-

Appl Food Biotechnol, Vol. 8, No. 3 (2021)

genes at 7 °C: Data collection for the development of a
growth/no growth model. Int J Food Microbiol. 2007; 114(3):
332-341.

doi: 10.1016/j.ijfoodmicro.2006.09.023.

41. Adams MR, Little CL, Easter MC. Modelling the effect of pH,
acidulant and temperature on the growth rate of Yersinia
enterocolitica. J Appl Microbiol. 1991; 71: 65-71.
doi: j.1365-2672.1991.th04664.x

42. Presser KA, Ratkowsky DA, Ross T. Modelling the growth rate
of Escherichia coli as a function of pH and lactic acid
concentration. Appl Environ. Microbiol. 1997; 63: 2355-2360
doi: 10.1128/AEM.63.6.2355-2360.1997

43. Biesta-Peters EG, Reij MW, Gorris LGM, Zwietering MH.
Comparing nonsynergistic gamma models with interaction
models to predict growth of emetic Bacillus cereus when using
combinations of pH and individual undissociated acids as
growth-limiting factors. Appl Environ Microbiol. 2010; 76:
5791-5801.
doi: 10.1128/AEM.00355-10

44. Aryani DC, Den Besten HMW, Hazeleger WC, Zwietering MH.
Quantifying strain variability in modeling growth of Listeria
monocytogenes. Int J Food Microbiol. 2015; 208: 19-29.
doi: 10.1016/j.ijfoodmicro.2015.05.006

45. Ratkowsky DA, Olley J, McMeekin TA, Ball A. Relationship
between temperature and growth rate of bacterial cultures. J
Bacteriol. 1982; 149: 1-5.

46. Le Marc Y, Huchet V, Bourgeois CM, Guyonnet JP, Mafart P,
Thuault D. Modelling the growth kinetics of Listeria as a
function of temperature, pH and organic acid concentration. Int
J Food Microbiol. 2002; 73: 219-237.
doi: 10.1016/S0168-1605(01)00640-7

47. Yeh PLH, Bajpai RK, lannotti EL. An improved kinetic model
for lactic acidfermentation. J Ferment Bioeng. 1991; 71: 75-
77.
doi: 10.1016/0922-338X(91)90309-5

235



https://doi.org/10.1111/j.1365-2672.2007.03522.x
https://doi.org/10.1111/j.1750-3841.2008.00714.x
https://doi.org/10.1080/10498850.2013.808303
https://doi.org/10.3389/fmicb.2019.02281
https://doi.org/10.1111/j.1750-3841.2008.00719.x
https://dx.doi.org/10.1128%2Faem.66.11.4979-4987.2000
https://doi.org/10.1111/j.1365-2672.2008.03873.x
https://doi.org/10.1111/j.1365-2672.1991.tb04664.x
https://doi.org/10.1128/AEM.63.6.2355-2360.1997
https://doi.org/10.1016/j.ijfoodmicro.2015.05.006
https://doi.org/10.1016/S0168-1605(01)00640-7
https://doi.org/10.1016/0922-338X(91)90309-5

Applied
®
@
o

Biotechnology

APPLIED FOOD BIOTECHNOLOGY, 2021, 8(3): 225-236

Research Article

pISSN: 2345-5357

Journal homepage: www.journals.sbmu.ac.ir/afb

eISSN: 2423-4214

Saiges 3l ouds ojlwlas fiisicwgisgo b piucd 14 g (o Ol i 9 4950 (50w Juo

\ M . . kS . p . el & & . o kS
YU 010,35 b (omiw ©)9a5 (w9 3l eolaiwl b (95 les (Janomo byl ps )0 (SS9 (S
Sy M T (Ko Loy dezmo L5 (6 )Vl duor Gl (goen s T S o fo Jooly dllas s Lo

Olpl sy (AREEO) (55,5LiS zus s 5 sbjgel alinios lojlo 55 sb,ys bbb ol adl s Sliios dusge-)

Olpl Ol st da s (S pole oRiils ( Slié mlis g 4355 ple aSiiils (euS Slié mlis g slaydsy Dlaasy gl =Y

Ol ol siige aped (S pole oRaily ¢ 5lie slge gl Wlibos 35 e Y
u')’l ‘ulf)f ‘ulf)f t5’“""]9 é.gL;.a 5SS 1‘51" oKasls msm]o éng.n 9 O oaSLisle-¥F
Ol i (liws S oy o gxnl ailie 0aSisly (DL 09,50

i arg
YY) wsily VP sdl e
YoV 4,080 g ygle

T e Tl

Sl o 31y

O

SAESSLSE dosl SESY ®
Loyt

oSl ®

Bl by

J g Oukians 9™

0aSzils ¢ e mbio g psle 09,5
olfils ¢ i mlio g 4355 pole
O s e S psle
Oy

ATV - VY CASYEY D el
AT VY APTEY ¢ 90
1S9 S
hedayat.s.hosseini@gmail.com

° .

ol andllan ;3 08 oo Ll o9 San Sl D3l 55 soge B TIIAE (slaliis Lo (395U 1B g Al
Ll s 5o 0556sS mbee sl oald (gilulaz Lo/ bt digw 99 9 fistepise bplun digm i (SleS )13,

28,8 5 s Sy3e (hoys Ve g Vi TID YID o 10) oy5 5 (Vg FIA DI b F/0) pH il
b3 G59) C i Sadlinl odms; ol 31 ool b (Mmax) (5 55 05y 0325 &5 Ao polia 3 Shg 5 9 g0
Esi) byt 5 3istmgiso byt] Sodigm (sl ()95 i Jlogei 10+ 0902 .l (5] (2905 & G
Aol SaSY 9 Ol axy0 PH 0,5 o slacdale Al lgicas o 5SL sl 4,96 sla Jow 5 oo o dgs

Al 00ld gl ouuid S8

Dl gy A i rome iy Ll s delaals Sjlgan 4 max Sy e 58 8 A g AL
2o, YIB 5 (PH ZVIYE) plab s 0oy + 10 gl 1o istewsise bytud sadign e ,3 03, &5 (CV)
&5 o Bl a5 by Jos cdygos 0 Tpslin L] I g 093 do s Yo g $10 i ias (PH =VITE) alabs S
o3liiul b «3s S oo s | (00 S5t SiSY 5 PH ey, 15wy s Lyl 8 (glo piite 5 03,
55 azmd )0 ol ools anwgi (a5l (il Joe g slaler iz (33l slasbs, b g Origin 2018 581s 5 )
Qg (Jle lorear) g2l 5 alinay Gulul 00l 00l drug (sla Jaw g oy (oS slo LS (gl gy

5l 2l mbis )0 gt 9,5 (polie Sl fistamgise bt/

5,15 e ol HLasl b das pe adlie (o)l 95 gt 45 oS oo pdlel o 55 s @80 o ylad

Sgdisn LIS Cmare (S ,0 b Jiie K8 sl 4 ol 5l a5 Sledlbl lais ' Throughput

Sedien Jitie 138 3y ,bo3l a5 b 1Sk Logas 5 1505 Lo Lole™ FOOODOINE pathogens


mailto:hedayat.s.hosseini@gmail.com

