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Abstract: The objective of this study was to compare one- and two-step kinetic data analysis ap-
proaches to describe the growth of Staphylococcus aureus, Escherichia coli, and lactic acid bacteria Fresco
1010 starter culture in milk under isothermal conditions between 10 and 37 ◦C. The primary Huang
model (HM) and secondary square root model were applied to lag times and growth rates of each
of the population. The one-step approach for single cultures data enabled the direct construction
of a tertiary model combining primary and secondary models to determine parameters from all
growth data, thus minimizing the transfer of errors from one model to another. The statistical indices
showed a significant improvement in the prediction capability provided by this approach. Then,
a one-step approach combining the primary Huang, Giménez, and Dalgaard model (H-GD) with
the secondary square root model was used to simultaneously model the growth of the populations
mentioned above in co-culture under the same conditions. Independent isothermal data sets were
chosen for validation of the growth description of single cultures (HM) and co-culture (H-GD) us-
ing validation factors, including the bias (Bf) and accuracy (Af). For example, the values of Af for
the one-step approach range from 1.17 to 1.20 and 1.04 to 1.08 for single cultures and co-culture,
respectively, demonstrating high accuracy. Thus, this approach may be used for co-culture growth
description in general or specifically, e.g., in various types of lactic acid fermentation, including
artisanal cheese-making technology.

Keywords: S. aureus; E. coli; lactic acid bacteria; one-step modelling in co-culture

1. Introduction

The microbial growth and metabolic activity of participating microbial populations
depend on the actual environmental conditions represented by a group of intrinsic and
extrinsic factors, as well as implicit factors that cover the interaction between the present
microbiota. These are generally considered the key factors contributing to the quality and
safety of raw food materials and final food products. In the case of raw milk cheeses,
such as traditional dairy products in some European regions, including Slovakian ones,
the presence and activity of undesirable microbial populations in raw milk are the factors
limiting cheese safety. Their interactions with lactic acid bacteria (LAB) are the core of
scientists’ interest in preventing undesirable growth during the fermentation of milk and
cheese ripening.

A commercially available LAB culture, Fresco DVS 1010, significantly inhibits S. aureus
and E. coli growth during their cocultivation in milk [1–3], lumpy cheeses [4], and in pasta
filata types of cheese production [5,6]. In addition, the effect of temperature and NaCl
addition on the growth of Fresco culture in milk was described by Medved’ová et al. [7].
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The concern about the presence of S. aureus and E. coli in foods is related to their frequent
occurrence in raw milk and raw milk dairy products. The prevalence of E. coli and S. aureus
in Slovak raw milk cheeses is in the range of 45–87% and 10–13%, respectively [8]. Both
bacterial species are considered important process hygiene indicators as well as indicators
of cheese quality defects; they are also pathogenic organisms with the ability to endanger
the health of consumers. S. aureus has a remarkably wide range of pathogenic factors caus-
ing different infectious diseases; it can produce 26 different staphylococcal enterotoxins
and enterotoxin-like molecules causing food-borne outbreaks. E. coli may be present in
raw milk and other products not only as a saprophytic organism: its pathogenic strains
may occur with low prevalence. Thus, in addition to food-borne diseases, enteric, entero-
hemorrhagic, diarrheal, and other diseases may result from primary or secondary E. coli
contamination in food [9].

The application of mathematical models in predictive microbiology is useful for
describing and predicting microbial growth, interactions between microbes, and their re-
sponses to environmental conditions. Traditionally, a two-step procedure is used for model-
ing microbial growth, inactivation, or survival. According to Whiting and Buchanan [10], af-
ter collecting a sufficient number of usually isothermal curves representing kinetic changes
over time under different environmental conditions, the pertinent kinetic parameters are
calculated using a suitable primary model. Next, considering the effect of environmental
conditions, the kinetic parameters are modeled. Finally, the secondary modeling outputs
are incorporated back into the primary models to predict of microbial behavior over time.
Most of the current freely available prediction tools, also considered tertiary models, were
constructed using this approach [11]. However, according to Huang [12], one major draw-
back of this standard two-step approach is the accumulation and propagation of errors in
each step of data analysis, which may affect the accuracy of prediction.

The traditionally used two-step modelling approach may be significantly improved
by applying one-step data analysis to directly construct the models integrating primary
and secondary models. This minimizes the global error. It is also believed that one-step
data analysis method is superior, providing better fits to the data and producing directly
interpretable regression diagnostics and standard errors [11,13]. Although advanced
knowledge and skills in statistics and computer programming are required to perform data
analysis [12], an increasing number of one-step approaches applied in several growth and
inactivation studies [14–18] have recently been published.

The objective of this study was to apply one- and two-step kinetic data analysis
approaches to describe single-culture growth and, subsequently, to describe the co-culture
growth of S. aureus, E. coli, and LAB in milk under isothermal conditions between 10 and
37 ◦C. The outputs of the evaluated approaches could be used for growth prediction or for
exposure assessments of microbial populations involved in food fermentation.

2. Materials and Methods
2.1. Growth Studies, Data Collection, and Enumeration of Microorganisms

The growth data of S. aureus, E. coli, and LAB in Fresco culture, all in single and
co-culture, were collected from the previously published growth curves [2,3,19] at different
isothermal temperatures (10, 12, 15, 18, 21, 25, 30, 35, and 37 ◦C). Briefly, the S. aureus
2064 and E. coli BR strains were isolated from Slovak ewe’s cheese and traditional Bryndza
cheese, respectively. The isolates were maintained in BHI broth (Sigma Aldrich, St. Louis,
MO, USA) at 5 ± 1 ◦C prior to growth analysis. The mesophilic commercial LAB culture
Fresco DVS 1010 (Christian Hansen, Hørsholm, Denmark), consisting of Lactococcus lactis
subsp. lactis, L. lactis subsp. cremoris, and Streptococcus salivarius subsp. thermophilus, was
used as the third population. The culture was kept frozen at −45 ◦C. S. aureus was enumer-
ated on Baird–Parker agar (Merck, Darmstadt, Germany) according to EN ISO 6888-1 [20]
with aerobic incubation at 37 ± 0.5 ◦C for 48 h; E. coli was enumerated on Chromocult agar
(Merck, Darmstadt, Germany) after 24 h incubation at 37 ± 0.5 ◦C according to National



Appl. Sci. 2021, 11, 8673 3 of 13

Standard Method F23 [21]. The LAB were enumerated on M17 agar (Merck, Darmstadt,
Germany) after 48 h incubation at 30 ± 0.5 ◦C according to EN ISO 15214 [22].

2.2. Mathematical Models

The primary Huang model [23] and secondary square root model applied to growth
rate and lag time were used for comparison of one- and two-step data analysis methods for
the single growth of S. aureus, E. coli, and LAB Fresco culture in milk under suboptimal
temperature conditions (10–37 ◦C). The goodness-of-fit of the tertiary HMs was evaluated
with the global sum of square error (SSE), the adjusted determination coefficient (Radj

2),
and the root mean square error (RMSE), and significant statistical differences between
the two- and one-step approaches for the growth prediction of each microorganism were
determined by post hoc analyses using Tukey’s test [23].

The one-step approach combining the primary Huang, Giménez, and Dalgaard model
(H-GD) [24,25] with the secondary square root model was used for the prediction of the
simultaneous growth of competitive bacterial populations in milk. Its prediction ability and
accuracy were tested with the independent isothermal data sets using validation indices.

2.2.1. Primary and Secondary Models

For the prediction of the microbial growth of S. aureus, E. coli, and LAB as single
cultures in milk, the primary HM [24] was used (Equation (1)):

dx
dt

=

µmax

ln 10
1 + 10−α(t−tλ)

(
1− 10(x−xmax)

)
(1)

t = 0 x = x0,

where µmax is the maximum specific growth rate (h−1), tλ is the lag time (h), α is the
lag phase transition coefficient that takes a value of 4 [24], and concentrations of mi-
croorganisms are expressed in log CFU mL−1, which include x = log N, x0 = log N0, and
xmax = log Nmax representing the real (N), initial (N0), and maximum numbers (Nmax). The
optimized parameters of the HM in its modified form are µmax, tλ, x0, and xmax. Both µmax
and tλ are a function of temperature. The Ratkowsky square root model [26] was used to
determine the relationship between the maximum specific growth rate and temperature
under suboptimal conditions according to the equation:

√
µmax = bT · (T − Tmin) (2)

where the regression coefficient bT (h−1 ◦C−1) is the slope and depends on additional
growth conditions and the microorganism involved, T (◦C) is the temperature, and Tmin is
the theoretical minimum temperature for growth. The square root relation between the lag
time (tλ) parameter and temperature by Whithing and Buchanan [10] was used in the HM
as follows: √

1
tλ

= bλ · (T − Tmin) (3)

where bλ is the regression coefficient.

2.2.2. Modeling Single Cultures

Both one-step and two-step kinetic data analysis methods were applied for the growth
prediction of single cultures of S. aureus, E. coli, and Fresco culture in milk. Using the two-
step approach, each growth curve was analyzed using the HM (Equation (1)) to determine
its parameters. Subsequently, suitable secondary models, Equations (2) and (3), were used
to analyze the effect of temperature on the maximum growth rates and lag times calculated
from the primary model. Once the primary and secondary models were used, all they were
integrated in the prediction tertiary model, in our case, the two-step HM2-S. As the initial
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values x0 were slightly different in the specific temperature experiments, the parameter
vector X0 used for forward prediction contained nine parameters (x0,10, x0,12, x0,15, x0,18,
x0,21, x0,25, x0,30, x0,35, and x0,37). The maximum population density xmax for each single
microorganism was found to be independent of temperature; therefore, the average of the
values estimated at isothermal conditions was used. The growth parameters µmax and tλ

were replaced with square root secondary models (Equations (2) and (3)), respectively).
Subsequently, the tertiary HM2-S for growth predictions of single cultures of S. aureus,
E. coli, and Fresco culture was found to have 13 parameters (Equation (4)).

Applying the one-step integrated method reported by Huang [12,27], all isothermal
growth curves of the given single bacterial populations were simultaneously analyzed
using the HM (Equation (1)) and the secondary square root models (Equations (2) and (3))
in one step, to directly construct the tertiary HM1-S and minimize the global sum of square
error (SSE). By analogy, the HM1-S contains the same 13 parameters (Equation (4)) as the
tertiary HM2-S; 9 different initial values x0 for each incubation temperature, the estimated
average value of xmax, and parameters bT, Tmin, and bλ from both square root models
(Equations (2) and (3)).

pHM = {X0; xmax; bT ; Tmin; bλ} (4)

where pHM is the vector of the parameters for the growth prediction of S. aureus, E. coli, and
Fresco culture.

The goodness-of-fit of the tertiary HM1-S and HM2-S was evaluated with the global
sum of square error (SSE), the adjusted determination coefficient (Radj

2), and the root mean
square error (RMSE) to test the suitability of the models to fit the whole set of observation
points according to Equations (5)–(7), respectively:

SSE =
n

∑
i=1

(
xexp

i − xcal
i

)2
(5)

R2
adj = 1−

SSE
d fE
SST
d fT

(6)

RMSE =

√√√√√ n
∑

i=1

(
xexp

i − xcal
i

)2

n− p
(7)

where xi
exp and xi

cal correspond to the observed and predicted log CFU mL−1 values,
respectively, n is the total number of data points, p is the number of parameters, SST is the
total sum of square errors, df E = n − p and df T = n − 1 are the degrees of freedom.

Statistically significant differences between the one- and two-step approaches for
growth prediction of each microbial population were evaluated by post hoc analyses using
Tukey’s test [23] after obtaining a significant F ratio from the analysis of variance. Tukey’s
procedure uses a single critical range of the mean, expressed as follows:

CRT = q(α, k, d fw)

√
MSSw

n
(8)

where CRT is the critical range for Tukey’s test; q(α, k, dfw) is the studentized range of
Student’s t-statistic for the maximum number of treatment groups being compared, in
which k, the compared groups, is the SSE data sets for two and one-step approaches; dfw is
the degree of freedom within the groups; α is the level of significance; MSSw is the mean
square value from the analysis of variance table; and n is the number of points in each data
set. Any difference between SSE means (∆SSEm) equal to or greater than CRT would be
significantly different at the α level of significance.
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The prediction capability of the tertiary model was tested through the validation bias
(Bf) and accuracy (Af) factors [28], calculated according to Equations (9) and (10), respectively.

B f = 10

n
∑

i=1
(log xcal

i −log x
exp
i )

n (9)

A f = 10

√
n
∑

i=1
(log xcal

i −log x
exp
i )

2

n (10)

Independent data sets of different S. aureus isolates B1 and D1 [29] and E. coli LC [30]
were constructed in our laboratory at different time periods, obtained similarly in milk in
the temperature range of 15–35 ◦C (S. aureus) and 10–37 ◦C (E. coli).

2.2.3. Modeling the Microbial Interaction in Co-Cultures

To directly construct the tertiary model of the simultaneous growth of S. aureus, E. coli,
and LAB in milk, the H-GD model [25], with the competition coefficients and secondary
models (Equations (2) and (3)), was used to describe interspecies competition growth for
all isothermal growth curves. The suggested model, as a system of the ordinary differential
equations with the initial conditions, can be written as follows:

dxEc
dt

=

µEc
max

ln 10
1 + 10−α(t−tEc

λ
)

[(
1− 10(xEc−xmax,Ec)

)(
1− 10(xSa−xmax,Sa)

)(
1− 10(xLAB−xmax,LAB)

)]
IESL (11a)

dxSa
dt

=

µSa
max

ln 10
1 + 10−α(t−tSa

λ
)

[(
1− 10(xSa−xmax,Sa)

)(
1− 10(xEc−xmax,Ec)

)(
1− 10(xLAB−xmax,LAB)

)]
ISEL (11b)

dxLAB
dt

=

µLAB
max

ln 10
1 + 10−α(t−tLAB

λ
)

[(
1− 10(xLAB−xmax,LAB)

)(
1− 10(xEc−xmax,Ec)

)(
1− 10(xSa−xmax,Sa)

)]
ILES (11c)

t = 0 xEc = xEc,0 xSa = xSa,0 xLAB = xLAB,0

where IESL, ISEL, and ILES are the competition coefficients representing the effects of S. aureus
and LAB (Fresco) on E. coli, E. coli and LAB (Fresco) on S. aureus, and E. coli and S. aureus
on LAB (Fresco), respectively.

The following secondary square root models were used to incorporate the temperature
effect on the growth parameter in the above equations

µEc
max = [bT,Ec · (T − Tmin,Ec)]

2; µSa
max = [bT,Sa · (T − Tmin,Sa)]

2; µLAB
max = [bT,LAB · (T − Tmin,LAB)]

2;

tEc
λ =

1

[bλ,Ec · (T − Tmin,Ec)]
2 ; tSa

λ =
1

[bλ,sa · (T − Tmin,Sa)]
2 ; tLAB

λ =
1

[bλ,LAB · (T − Tmin,LAB)]
2 .

The tertiary H-GD model (Equation (11a,b,c)) contains 15 parameters (Equation (12)).

pH−GD =

{
IESL; ISEL; ILES; xmax,Ec; xmax,Sa; xmax,LAB;

bT,Ec; bT,Sa; bT,LAB; Tmin,Ec; Tmin,Sa; Tmin,LAB; bλ,Ec; bλ,Sa; bλ,LAB

}
(12)

where pHM-GD is the vector of the evaluated parameters from the entire growth curves for
the simultaneous competitive bacterial growth in milk at different temperatures and Fresco
inoculum levels.

The tertiary H-GD model was tested for four cases (H-GD1, H-GD2, H-GD3, and
H-GD4). In H-GD1, only the interaction coefficients (IESL, ISEL, and ILES) were evaluated
by applying one-step kinetic data analysis to predict the simultaneous growth of S. aureus,
E. coli, and LAB in milk. The remaining parameters in Equation (12), optimized by nonlinear
regression analysis for the tertiary HM1-S for single cultures, were fixed constant. Then,
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the first six parameters were evaluated pH-GD = {IESL; ISEL; ILES; xmax,Ec; xmax,Sa; xmax,LAB}
in H-GD2. Next, in H-GD3, all parameters (Equation (12)) of the tertiary H-GD model
(Equation (11a–c)) were optimized. Finally, in H-GD4, the interaction coefficients were
excluded (IESL, ISEL, and ILES equal one). The practical usefulness of this model is that all
model parameters for the prediction of the competition between E. coli, S. aureus, and LAB
in milk could be estimated from the individual growth of single species.

The suitability of the tertiary H-GD model to fit the whole set of observation points in
the four cases was evaluated with goodness-of-fit indexes including the global sum of the
square error (SSE) and the root mean square error (RMSE).

The prediction capability of the tertiary H-GD model for three cases with interaction
coefficients (H-GD1, H-GD2, and H-GD3) was also tested through bias (Bf) and accuracy
(Af) factors [28] on the independent data sets not used in the one-step data analysis for the
prediction of the simultaneous competitive growth of E. coli, S. aureus, and Fresco in milk
at different temperatures (10–37 ◦C) and Fresco inoculum levels. The performance of the
H-GD1 model in the present study was also evaluated with the residual error (RE), which
is the value of xexp minus xcal for each observation point of modeling with the independent
validation data sets [31].

The commercial process-engineering software Athena Visual Workbench was used
for parameter evaluation of the primary, secondary, and tertiary models; model prediction;
and modeling the microbial interaction. Microsoft Excel (Microsoft, Redmond, WA, USA)
was used for calculation of the statistical indices SSE, Radj

2, RMSE, RSSE, and CRT, and the
validation factors (bias (Bf) and accuracy (Af)).

3. Results and Discussion

The experimental counts of S. aureus, E. coli, and LAB Fresco in single cultivation as
well as in co-culture were collected from the previously published data [2,3,19] and used to
develop the tertiary mathematical models.

3.1. Comparison of One- and Two-Step Kinetic Data Analysis to Predict the Growth of Single
Cultures in Milk
3.1.1. Two-Step Data Analysis and Evaluation of Model Performance

The effect of temperature on the individual growth of S. aureus, E. coli, and LAB
Fresco in milk at temperatures of 10–37 ◦C was modeled in two steps. Firstly, to determine
the pertinent kinetic parameters, such as µmax, tλ, x0, and xmax, the growth curves were
fitted with the HM (Equation (1)) and expressed as the ordinary differential equation in
its modified form. Then, the suitable secondary models were used to analyze the effect of
temperature on µmax and tλ. The classic method for the two-step method analysis allows the
selection of good input values of parameters; thus, the regression analysis converts easily
and quickly. Estimates of the primary HM and secondary square root models, summarized
in Table 1, were integrated in the tertiary HM2-S and used for forward predictions.

One major drawback of this standard approach is the accumulation and propagation
of errors in each step of data analysis during model development, which may affect the
accuracy of the tertiary model [12]. The goodness-of-fit indices constructed through two-
step data analysis (SSE, RMSE, and Radj

2) are shown in Table 2.
The RMSE values obtained from the tertiary models constructed through two-step data

analysis were 0.449, 0.341, and 0.280 log CFU mL−1 for single cultures of S. aureus, E. coli,
and Fresco in milk, respectively. Adjusted determination coefficients (Radj

2) were greater
than 0.944 for all tertiary HM2-s. For the evaluation of the RMSE values for microbial growth
prediction in milk, Jia et al. [32] mentioned values in the range of 0.4 to 0.8 log CFU mL−1

as being reasonably accurate. Our two-step approach using HM2-s for growth prediction of
all the above populations easily meets this requirement.
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Table 1. Parameters of HM2-S with the 95% confidence limit determined by the two-step analysis
method used for the growth prediction of single cultures of S. aureus (Sa), E. coli (Ec), and Fresco
(LAB) in milk.

Parameter HM2-s
Sa HM2-s

Ec HM2-s
LAB

x0,10
1 [log CFU mL−1] 3.46 ± 0.09 2.99 ± 0.01 4.34 ± 0.10

x0,12 [log CFU mL−1] 2.44 ± 0.18 3.08 ± 0.30 4.21 ± 0.20
x0,15 [log CFU mL−1] 4.15 ± 0.26 2.14 ± 0.39 4.38 ± 0.14
x0,18 [log CFU mL−1] 3.27 ± 0.12 3.45 ± 0.15 4.38 ± 0.10
x0,21 [log CFU mL−1] 3.45 ± 0.13 3.09 ± 0.19 4.19 ± 0.22
x0,25 [log CFU mL−1] 3.22 ± 0.12 3.16 ± 0.21 5.42 ± 0.17
x0,30 [log CFU mL−1] 3.33 ± 0.12 3.30 ± 0.14 4.24 ± 0.09
x0,35 [log CFU mL−1] 3.38 ± 0.19 3.35 ± 0.12 4.23 ± 0.20
x0,37 [log CFU mL−1] 2.75 ± 0.29 3.24 ± 0.30 4.40 ± 0.13

xmax
2 [log CFU mL−1] 8.12 8.36 9.19

bT [◦C−1 h−0.5] 0.0441 ± 0.0032 0.0400 ± 0.0033 0.0362 ± 0.0031
Tmin [◦C] 5.67 ± 1.23 3.09 ± 1.75 −0.11 ± 2.27

bλ [◦C−1 h−0.5] 0.0297 ± 0.0057 0.0507 ± 0.0134 0.0369 ± 0.0081
1 x0 initial concentration of microorganisms (x0 = log N0); the second numerical subscript is the temperature.
2 xmax is the average value of the maximum bacterial counts. The corresponding standard deviations for S. aureus,
E. coli, and LAB Fresco were 0.21, 0.21, and 0.23 log CFU mL−1, respectively. bT and bλ are regression coefficient,
Tmin is theoretical minimum temperature for growth.

Table 2. Goodness-of-fit indices of the tertiary HM2-S constructed through two-step data analysis for
growth prediction of single cultures of S. aureus (Sa), E. coli (Ec), and Fresco (LAB) in milk.

Parameter HM2-s
Sa HM2-s

Ec HM2-s
LAB

SSE [log CFU mL−1]2 37.982 20.887 13.127
RMSE [log CFU mL−1] 0.449 0.341 0.280

Radj
2 0.944 0.969 0.977

Number of data points: nSa = 188; nEc = 180; nLAB = 168. SSE is global sum of square, RMSE is root mean square
error, and Radj

2 is adjusted determination coefficient.

3.1.2. One-Step Data Analysis and Evaluation of Model Performance

Despite the acceptable two-step approach indices, Dolan and Mishra [13] and Jewell [11]
stated that the one-step approach better fits the data than the two-step method, which
produces directly interpretable regression diagnostics and standard errors. Therefore,
one-step data analysis was applied for direct construction of the tertiary HM1-S; however, it
requires advanced knowledge and skills in statistics and computer programming [12]. With
the assistance of the user interface in commercial process-engineering software Athena
Visual Workbench, it was possible to adjust the initial values and visually inspect the
agreement between the test call model data and experimental observations. In our study,
for all cases of the one-step method, we used not only the parameters previously estimated
by the two-step approach, but also the ability of Athena Visual Workbench to fix some
of the parameters as constants as well as to optimize those that were not determined
in the previous nonlinear regression analysis. The inability to estimate the parameters
more reliably may also be caused by an insufficient number of experimental data points
associated with the specific value of the observed factor. Therefore, for successful nonlinear
regression one-step kinetic data analysis, high-quality data are necessary, and the initial
estimated values should be as close to the final values of parameters as possible. However,
according to Huang [12], suitable software with a graphical-user-interface can make it
easier to perform the regression analysis. Finally, the results may be used to improve the
experimental design and data collection.

The estimated parameters of the tertiary HM1-S constructed through one-step data
analysis for single cultures of the strains considered in this study are summarized in Table 3,
and the statistical goodness-of-fit indices are presented in Table 4.
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Table 3. Parameters of HM1-S with a 95% confidence limit determined by the one-step analysis
method used for the growth prediction of single cultures of S. aureus (Sa), E. coli (Ec), and Fresco
(LAB) in milk.

Parameter HM2-s
Sa HM2-s

Ec HM2-s
LAB

x0,10
1 [log CFU mL−1] 3.74 ± 0.05 3.05 ± 0.03 4.33 ± 0.02

x0,12 [log CFU mL−1] 2.14 ± 0.03 3.27 ± 0.03 4.29 ± 0.04
x0,15 [log CFU mL−1] 3.90 ± 0.05 2.77 ± 0.08 4.35 ± 0.03
x0,18 [log CFU mL−1] 3.26 ± 0.02 3.21 ± 0.03 4.30 ± 0.03
x0,21 [log CFU mL−1] 3.51 ± 0.03 3.25 ± 0.03 4.58 ± 0.04
x0,25 [log CFU mL−1] 3.15 ± 0.03 3.13 ± 0.03 5.62 ± 0.04
x0,30 [log CFU mL−1] 2.72 ± 0.05 3.20 ± 0.02 3.91 ± 0.04
x0,35 [log CFU mL−1] 3.71 ± 0.04 3.35 ± 0.04 4.26 ± 0.03
x0,37 [log CFU mL−1] 3.01 ± 0.08 3.04 ± 0.04 4.32 ± 0.07

xmax
2 [log CFU mL−1] 8.08 ± 0.02 8.39 ± 0.02 9.11 ± 0.01

bT [◦C−1 h−0.5] 0.0409 ± 0.0001 0.0421 ± 0.0002 0.0384 ± 0.0002
Tmin [◦C] 5.02 ± 0.01 4.16 ± 0.04 1.11 ± 0.07

bλ [◦C−1 h−0.5] 0.0302 ± 0.0002 0.0493 ± 0.0001 0.0343 ± 0.0009
1 x0 initial concentration of microorganisms (x0 = log N0); the second numerical subscript is the temperature.
2 bT and bλ are regression coefficients, Tmin is theoretical minimum temperature for growth.

Table 4. Goodness-of-fit indices for the growth prediction of single cultures of S. aureus (Sa), E. coli,
(Ec) and Fresco (LAB) in milk by tertiary one-step HM1-S.

Parameter HM2-s
Sa HM2-s

Ec HM2-s
LAB

SSE [log CFU mL−1]2 14.587 9.528 6.786
RMSE [log CFU mL−1] 0.279 0.230 0.201

Radj
2 0.979 0.986 0.988

Number of data points: nSa = 188; nEc = 180; nLAB = 168. SSE is global sum of square, RMSE is root mean square
error, and Radj

2 is adjusted determination coefficient.

The statistical evaluation RMSE, as shown in Table 4, are one-third lower on average
for the one-step approach for single bacterial populations compared to the two-step ap-
proach. Other indices also support the finding that the one-step approach based on primary
HM is superior in the prediction of the growth of all three bacterial populations in this
study compared to the two-step modeling approach. For example, statistical differences
between the modeling of one- and two-step approaches (∆SSEm) for the tertiary HMs were
evaluated by post hoc analysis using Tukey’s test, with the results presented in Table 5.
The means SSE (SSEm = SSE/n) were regarded as statistically significant at the 0.01 level of
significance (p-value < 0.01). The ∆SSE means that differ by a value≥ CRT were considered
as significantly different from each other at the chosen level of significance.

Table 5. Critical range of the SSE means and the differences between each pair of SSE means by
comparing the one- and two-step approaches.

Parameter HM2-1
Sa HM2-1

Ec HM2-1
LAB

CRT 0.0800 0.0458 0.0264
∆SSEm 0.1244 0.0631 0.0377

CRT is the critical range for Tukey’s test, ∆SSEm is statistical difference between the modeling of one- and
two-step approaches.

3.1.3. Model Validation

Based on post hoc analysis using Tukey’s test, HM1-s, was chosen for validation using
independent data sets of different isolates of S. aureus and E. coli obtained at different time
periods and grown similarly in milk at a temperature range of 15–35 ◦C (nSa = 164) and
10–37 ◦C (nEc = 134). The calculated values of Bf and Af through the above-mentioned data
sets are summarized in Table 6.
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Table 6. Bias and accuracy of independent data sets of S. aureus (Sa), E. coli (Ec) during their growth
as single cultures in milk.

Factor HM1-s
Sa HM1-s

Ec

Bf 1.076 0.911
Af 1.170 1.200

Af is the accuracy factor, Bf is the bias factor.

A validation factor Bf equal to one indicates that observations are equally distributed
above and below predictions, producing a perfect agreement. In our validation study,
the Bf for S. aureus indicated a slight overestimation (Bf > 1; fail-safe model), whereas for
E. coli, some underestimation was observed (Bf < 1; fail-dangerous model) of independent
experimental data sets. The accuracy factors for both bacteria grown in milk indicate that,
on average, predictions are approximately 1.2 factors of difference with respect to the
observations. Validation indices Bf and Af close to one generally confirm the acceptable
growth prediction of microorganisms and an acceptable bias factor value for a predictive
model is 0.75–1.25 [33]. From this, it follows that the HM1-s one-step approach tertiary
model exhibits considerable potential as a useful and efficient tool to improve growth
predictions of the single cultures under study and can be employed as a more accurate and
robust alternative method to the traditionally used two-step kinetic data analysis.

3.2. Application of One-Step Kinetic Data Analysis to Predict the Growth of Co-Cultures in Milk

Another challenge to determine the suitability of the one-step modeling approach was
the application to the simultaneous prediction of competitive bacteria growth in milk at dif-
ferent temperatures and LAB Fresco inoculum levels. The H-GD model (Equation (11a–c))
with incorporated interaction coefficients values and secondary square models for µ and
tλ was chosen in this work. The model was tested for four cases, as described above. In
H-GD1, only the interaction coefficients (IESL, ISEL, and ILES) were evaluated. The remaining
parameters were replaced with those optimized by the one-step kinetic data analyses for
single cultures (Equation (12)) and fixed. Similarly, in H-GD2, only the first six param-
eters (IESL; ISEL; ILES; xmax,Ec; xmax,Sa; xmax,LAB) were evaluated; finally, all parameters in
Equation (11a–c) were optimized in H-GD3. The last case, H-GD4 did not consider any
interactions among populations, as the coefficients IESL, ISEL, and ILES were fixed to 1.
The practical usefulness of this option is that all parameters for prediction of the E. coli,
S. aureus, and LAB in co-cultures in milk could be estimated from the individual growth of
a single species.

The results of the one-step model parameter estimations in the four cases of the H-GD
model and their goodness-of-fit indices are summarized in Tables 7 and 8, respectively.

Based on the goodness-of-fit indices of the tertiary H-GD models provided in Table 8,
it logically follows that the lowest values of the global SSE and RMSE were found for
the H-GD3 model case, for which all parameters used (Equation (12)) were optimized.
The global SSE and RMSE of the H-GD models that included the interaction coefficients
(H-GD1, H-GD2, and H-GD3), even H-GD1, in which only three interaction coefficients
were optimized as model parameters, were obviously lower than those of H-GD4, which
indicated significantly improved accuracy between the observed and calculated values, as
well as improved prediction performance [3].

However, it is disputable whether it is necessary to evaluate all parameters of the
H-GD models with interaction coefficients using one-step analysis, as indicated by the
negligible differences between the RMSE values and between the errors of the parameters
estimated. It is clear that the fewer the parameters optimized, the lower the error values of
the parameters. As such, the H-GD1 model with only three parameters optimized appears
to be a good option for growth prediction.
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Table 7. Parameters of the H-GD models with 95% confidence limits determined by the one-step
analysis method used for co-culture growth prediction of S. aureus (Sa), E. coli (Ec), and Fresco (LAB)
in milk.

Parameter H-GD1 H-GD2 H-GD3 H-GD4

IESL 0.760 ± 0.007 0.761 ± 0.007 0.818 ± 0.014 1
ISEL 1.061 ± 0.007 1.060 ± 0.016 0.973 ± 0.020 1
ILES 0.906 ± 0.004 0.921 ± 0.019 0.934 ± 0.033 1

xmax,Ec [log CFU mL−1] * 8.36 7.25 ± 0.57 7.23 ± 0.78 * 8.36
xmax,Sa [log CFU mL−1] * 8.12 7.21 ± 0.72 7.24 ± 1.34 * 8.12

xmax,LAB [log CFU mL−1] * 9.19 8.93 ± 0.07 8.90 ± 0.06 * 9.19
bT,Ec [◦C−1 h−0.5] * 0.0421 * 0.0421 0.0410 ± 0.0007 * 0.0421
bT,Sa [◦C−1 h−0.5] * 0.0409 * 0.0409 0.0411 ± 0.0004 * 0.0409

bT,LAB [◦C−1 h−0.5] * 0.0384 * 0.0384 0.0391 ± 0.0007 * 0.0384
Tmin,Ec [◦C] * 4.16 * 4.16 4.18 ± 8.9 × 10−4 * 4.16
Tmin,Sa [◦C] * 5.02 * 5.02 5.04 ± 9.0 × 10−3 * 5.02

Tmin,LAB [◦C] * 1.11 * 1.11 0.48 ± 3.0 × 10−5 * 1.11
bλ,Ec [◦C−1 h−0.5] * 0.0493 * 0.0493 0.0493 ± 1.1 × 10−5 * 0.0493
bλ,Sa [◦C−1 h−0.5] * 0.0302 * 0.0302 0.0303 ± 2.1 × 10−5 * 0.0302

bλ,LAB [◦C−1 h−0.5] * 0.0343 * 0.0343 0.0343 ± 3.5 × 10−5 * 0.0343
* Parameters optimized by the one-step kinetic data analyses for single cultures. xmax is the average value of the
maximum bacterial counts for S. aureus (Sa), E. coli (Ec), and Fresco (LAB), respectively. bT and bλ are regression
coefficient, Tmin is theoretical minimum temperature for growth.

Table 8. Goodness of fit indexes of the H-GD model cases for growth of a co-culture of S. aureus,
E. coli, and Fresco in milk.

Index H-GD1 H-GD2 H-GD3 H-GD4

SSE [log CFU mL−1]2 176.07 162.95 156.82 427.93
RMSE [log CFU mL−1] 0.390 0.376 0.370 0.608

Number of all data points for co-culture growth S. aureus, E. coli and Fresco n = 1158. SSE is global sum of square,
RMSE is root mean square error.

The prediction ability of the cases of the tertiary H-GD model were tested using the
independent data sets of the simultaneous competitive bacteria growth in milk at different
temperatures and Fresco inoculum levels that were not used in the one-step modeling. The
values of Bf and Af calculated on the above-mentioned independent data sets (n = 136 for
each microorganism) are summarized in Table 9.

Table 9. Bias and accuracy on the independent data sets of co-culture growth of E. coli (Ec), S. aureus
(Sa), and Fresco (LAB) culture in milk.

Index H-GD1 H-GD2 H-GD3

Bf
Ec 1.001 0.990 0.989

Af
Ec 1.070 1.074 1.079

Bf
Sa 0.996 0.987 0.986

Af
Sa 1.073 1.069 1.068

Bf
LAB 1.011 0.998 1,000

Af
LAB 1.035 1.036 1.039

Af is the accuracy factor, Bf is the bias factor.

It is difficult to judge which of the H-GD competition models provides the most
accurate prediction for describing the co-culture growth of E. coli, S. aureus, and Fresco
culture in milk from the results shown in Table 9. All the factors are very close to 1.0 and all
tested model cases have comparable predictive ability. However, the validation factors also
confirm the advantage of the H-GD1 case, in which only the interaction coefficients were
evaluated, and the other parameters (Equation (12)) from one-step kinetic data analysis of
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single cultures were fixed. Referring to the validation data sets, the RMSE of the predictions
of the H-GD1, H-GD2, and H-GD3 options of the one-step approach were 0.325, 0.333, and
0.345, respectively. They are close to the RMSE of the nonlinear regression in Table 8, which
is why the overall predictions may be considered as reasonably accurate.

Based on the results obtained for the pure cultures and simultaneous competitive bac-
teria growth in milk at different temperatures and Fresco inoculum levels, we recommend
the following procedure to predict their competitive growth: Apply one-step analysis to
construct directly the tertiary model to determine the parameters for the prediction of the
growth of single cultures and then, from the practical point of view, only evaluate the
interaction coefficients to describe interspecies competition growth.

The H-GD1 one-step approach model was chosen to visually demonstrate the predic-
tion of the simultaneous growth of E. coli, S. aureus, and a starter culture of LAB Fresco.
As shown in Figure 1, the predicted co-culture growth curves using the H-GD1 model are
sufficiently in agreement with the observed growth curves data in milk. Optimizing the
interaction coefficients provided good performance under all tested conditions. From the
application of this model, we found that the presence of LAB clearly induced the early
stationary phase of E. coli, S. aureus; the larger the initial population of LAB Fresco, the
greater the suppression of E. coli and S. aureus in the co-culture [3]. For example, the
maximum densities reached by E. coli and S. aureus at 12 and 30 ◦C were kept under 5.1 and
3.8 log CFU mL−1 and 5.1 and 5.2 log CFU mL−1, respectively, in co-cultures with Fresco
inoculum at 106 CFU mL−1. Thus, inocula of Fresco higher than 5 log CFU mL−1 managed
to control the outgrowths by E. coli and S. aureus.
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Figure 1. Co-culture growth of E. coli, S. aureus, and four different inocula of LAB Fresco in milk at 12 ◦C (upper left,
N0,LAB ~ 5 log CFU mL−1), 15 ◦C (upper right, N0,LAB ~ 3 log CFU mL−1), 18 ◦C (lower left, N0,LAB ~ 6 log CFU mL−1), and
21 ◦C (lower right, N0,LAB ~ 4 log CFU mL−1). The continuous lines represent the growth predicted by the H-GD1-model
and dots represent the actual logarithmic counts (log N) in selected time intervals.
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The analysis of the residuals between the observed and predicted values in co-culture
growth also showed that 83.1% of the E. coli data (113/136), 96.3% of the LAB Fresco
data (131/136) and 88.2% of the S. aureus data (120/136) were in the range of the narrow
acceptable values, namely, between +0.5 and−0.5 log CFU mL−1 [31]. The above evaluation
of the HGD1 model with one-step kinetic data analysis for co-culture growth shows promise
for isothermal prediction but for applications under dynamic conditions.

4. Conclusions

Four options of a co-culture growth model combining the primary Huang and
Giménez and Dalgaard models were introduced and evaluated within a one-step approach
methodology. The statistical indices showed acceptable results regarding the prediction
capability of the co-culture models, even when the lowest number of parameters (n = 3)
was optimized, and the others were adopted from one-step analysis of the participating
single cultures. Despite the complexity of one-step modeling of bacterial growth in co-
cultures, the outputs may be considered in various types of lactic acid fermentation or in
artisanal cheese-making technology. The models concerned with the individual growth of
bacteria can be used in growth prediction in early stages; the one-step approach involving
co-culture growth interactions can be applied for later phases of the fermentation processes.
The presented approach can be also considered as one of the options for how to incorporate
microbial interactions in exposure assessment.
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