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Abstract: The effect of environmental factors, including temperature and water activity, has a
considerable impact on the growth dynamics of each microbial species, and it is complicated in
the case of mixed cultures. Therefore, the aim of this study was to describe and analyze the growth
dynamics of Fresco culture (consisting of 3 different bacterial species) using predictive microbiology
tools. The growth parameters from primary fitting were modelled against temperature using two
different secondary models. The intensity of Fresco culture growth in milk was significantly affected
by incubation temperature described by Gibson’s model, from which the optimal temperature
for growth of 38.6 ◦C in milk was calculated. This cardinal temperature was verified with the
Topt = 38.3 ◦C calculated by the CTMI model (cardinal temperature model with inflection), providing
other cardinal temperatures, i.e., minimal Tmin = 4.0 ◦C and maximal Tmax = 49.6 ◦C for Fresco culture
growth. The specific growth rate of the culture under optimal temperature was 1.56 h−1. The addition
of 1% w/v salt stimulated the culture growth dynamics under temperatures down to 33 ◦C but not
the rate of milk acidification. The prediction data were validated and can be used in dairy practice
during manufacture of fermented dairy products.
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1. Introduction

Predictive microbiology is a very useful approach to characterize the growth of microorganisms in
relation to selected environmental factors. The fundamentals for predictive microbiology were derived
in 1949 from the Monod’s definition according to which “the growth of bacterial cultures, despite the
immense complexity of the phenomena to which it testifies, generally obeys relatively simple laws”.
Thus, the responses of a microbial population to environmental factors are reproducible [1]. Predictive
microbiology would not only enable us to focus on foodborne and spoilage microorganisms but it
should also predict the behavior of starter cultures during fermentation, at least of dairy products [2,3].

In milk fermentations, lactic acid bacteria (LAB) are the dominant microbiota. Their metabolic
activity leads to desired degradation of saccharides, lipids, proteins and other milk components
forming a wide range of metabolites, which have a positive effect on the technological and sensory
properties of the final product [4–6]. The products obtained by their use are characterized by increased
hygienic safety, prolonged storage stability and more attractive sensory properties [7]. Another positive
feature of some LAB is their ability to improve or maintain the good health of consumers [8]. It is
also important that LAB have a great ability to enter associative relationships in mixed cultures,
since the symbiotic interrelationships among microbiota are of fundamental importance in food
fermentation. The growth and metabolism of some LAB strains may be stimulated by another LAB
member, particularly under environmental conditions, where one or both bacteria are not able to

Fermentation 2019, 5, 2; doi:10.3390/fermentation5010002 www.mdpi.com/journal/fermentation

http://www.mdpi.com/journal/fermentation
http://www.mdpi.com
https://orcid.org/0000-0001-8681-3616
http://www.mdpi.com/2311-5637/5/1/2?type=check_update&version=1
http://dx.doi.org/10.3390/fermentation5010002
http://www.mdpi.com/journal/fermentation


Fermentation 2019, 5, 2 2 of 10

grow without the other [9,10]. Therefore, the choice of an appropriate active starter culture for
controlled fermentation processes is of utmost importance [11]. Moreover, the growth and metabolism
of microorganisms, alone or in mixed populations, are affected by many intrinsic (e.g., salt addition)
and extrinsic (e.g., temperature) factors. Sensitivity of bacterial cultures to actual salt addition is
strongly dependent on bacterial species and strain, and therefore the salt concentration can have
stimulating or inhibiting effects on bacterial metabolic activity. One of the starter cultures used in
cheese technology, e.g., in Mozzarella type or Cottage cheese production [4,12] is also Fresco DVS 1010
culture consisting of 3 different species—Lactococcus lactis ssp. lactis, able to grow at up to 4% of NaCl,
Lc. lactis ssp. cremoris, able to grow at up to 2% of NaCl and Streptococcus salivarius ssp. thermophilus,
able to grow at 2.5% NaCl [13].

Since the temperature and salt concentration are among the most important factors for bioprocess
control, a description of the effect of temperature and water activity on the microbial growth parameters
is required. That is why this work deals with the quantification of the effect that temperature and
salt addition have on the growth of Fresco DVS 1010 culture. Mathematical modelling coupled with
experimental analysis allows us to understand the growth dynamics of studied mixed culture under
specific conditions. These data will help optimize the process of cheese manufacturing conditions
when a mixed culture of LAB will be used as a starter culture.

2. Materials and Methods

2.1. Microorganisms

Fresco DVS 1010 culture (Fresco culture; Christian Hansen, Hørsholm, Denmark) consisting of
Lactococcus lactis subsp. lactis, Lc. lactis subsp. cremoris and Streptococcus salivarius ssp. thermophilus was
used. This commercial culture was kept frozen at −40 ◦C until use.

2.2. Inoculation and Cultivation Conditions

A few grains of the frozen Fresco culture were inoculated into 100 mL of sterile milk and incubated
at 30 ◦C for 5 h until the stationary phase was reached. Appropriate dilutions of this culture were
used to inoculate 300 mL of pre-tempered ultra-pasteurized milk (1.5 g/L fat content, Rajo, Bratislava,
Slovakia) so that the initial concentration was as close as possible to 104 CFU/mL. The incubation was
performed in three parallel stages under static conditions at appropriately chosen temperatures in the
range from 5 to 47 ◦C.

2.3. The Effect of NaCl Addition on the Growth of Fresco Culture

The effect of NaCl addition (1, 2 and 3%, w/v) was studied in milk (1.5 g/L fat content, Rajo,
Bratislava, Slovakia) at temperatures of 12, 15, 18, 21, 25, 30 and 37 ◦C in three parallel stages. The
conditions of inoculation (initial counts of approximately 103 CFU/mL) were mentioned above.
The value of water activity was controlled by an aw-meter (Aw-Sprint TH500, Novasina, Lachen,
Switzerland).

2.4. Total Counts of Fresco Culture in Growth Media

At chosen time intervals, the number of bacteria in the culture was determined according to EN
ISO 4833-1 [14] on M17 agar (Biokar Diagnostics, Beauvais, France).

2.5. Fitting the Growth Curves and Calculating the Growth Parameters

The growth data of Fresco culture were analyzed, fitted and calculated, using DMFit Excel Add-in
package version 3.5 (ComBase managed by United States Department of Agriculture-Agricultural
Research Service, Washington, DC, USA and University of Tasmania Food Safety Centre Hobart,
Australia) that incorporates the mechanistic modeling technique of Baranyi and Roberts [15].
The counts were plotted against time and fitted to a model for the estimation of the growth rate
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(Gr), the initial (N0) and maximal (Nmax) density. The growth parameters from the individual parallel
experiments were analyzed in the secondary phase of modeling by statistical tools of the Microsoft
Office version 2007 (Microsoft, Redmond, WA, USA) and the Statistica data analysis software system,
version 8.0 (StatSoft, Inc., Tulsa, OK, USA).

2.6. Secondary Models

To empirically describe the influence of selected environmental factor on the data in the whole
temperature range, the cardinal temperature model with inflection (CTMI) was introduced. This model
uses three cardinal temperatures directly included as parameters of the model. Its advantage is the
direct definition of cardinal temperature values for the growth of selected bacteria [16]. The effect of
temperature on the specific growth rate (µ = ln 10 × Gr) is described by the equations:

µ = µopt
a

b ∗ c
(1)

a = (T − Tmax)(T − Tmin)
2, b =

(
Topt − Tmin

)
c =

(
Topt − Tmin

)
(T − Tmin)−

(
Topt − Tmax

)(
Topt + Tmin − 2T

)
where T is actual incubation temperature, Tmin is the notional temperature below which the growth is
not observed, Tmax is the notional temperature above which the growth is not observed and Topt is the
temperature at which the maximal growth (Gropt) is observed [16].

The specific growth rate (µ) was also modeled as a function of the incubation temperature T by
the model introduced by Gibson et al. [17]. Again, the maximal specific growth rate was modeled
as a function of the incubation temperature. For that purpose and inspired by the water activity (aw)
transformation originally introduced by Gibson et al. [17], the following transformation of temperature
(Tw) was applied.

Tw =
√
(Tmax − T) (2)

Tmax was given by the CTMI model and was also confirmed by the estimation from data points
in the high-temperature region as recommended by Ratkowsky et al. [18]. The natural logarithm
of the specific growth rates was modeled by the following quadratic function as introduced by
Gibson et al. [17]:

lnµ = C0 + C1Tw + C2T2
w (3)

The coefficients C0, C1 and C2 were estimated by linear regression. Finally, the optimum value
Topt = Tmax − (C1/C2)

2 for the maximal growth rate was calculated.
The same models were used for the prediction of Fresco culture growth dynamics at selected

NaCl concentrations as a function of temperature.

2.7. Validation of the Models

To validate the mathematical equations describing Fresco culture responses to various
environmental conditions, several mathematical and statistical indices were used. The ordinary
least-squares criterion and regression coefficient (R2) were used to describe the fit of the model
to the data. The variance percentage (%V) as given by Daughtry et al. [19] gives the goodness of the fit
of the model; the root mean square error (RMSE) as given by TeGiffel & Zwietering [20] as well as the
sum of the squared residuals (RSS) as reported Zwietering et al. [21] and standard error of prediction
(%SEP) as reported Zurera-Cosano et al. [22] were used as a measure of “goodness-of-fit”. Finally,
accuracy (Af ), bias (Bf ) and discrepancy (Df ) factors as introduced by Baranyi et al. [23] were used for
internal validation of the models.
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3. Results

To describe the effect of the incubation temperature on Fresco culture growth, experiments were
carried out in the ultra-pasteurised milk. The average initial counts of Fresco culture (N0) in all
experiments were 4.30 ± 0.39 log CFU/mL (%V = 9.0). All growth curves were characterized by a
typical sigmoidal shape and were successfully fitted with the model of Baranyi & Roberts [15] with R2

= 0.994 ± 0.006. The temperature of 5 ◦C was the minimal temperature at which the growth of the
culture was noticed, though the growth was very slow, represented by time to double of 30.6 h where
td = ln2/µ [23]. Further increase in temperature led to more and more intensive growth of bacterial
populations. Comparing the growth rate at 7, 10, 12 and 15 ◦C, the intensity of multiplication increased
about 70%, 38%, 27% and 50% in comparison to growth rate at 5 ◦C. This almost linear trend continued
until 40 ◦C, when the fastest growth of Gr = 0.961 log CFU/mL·h−1 was reached. Further increase
of the incubation temperature had a negative effect on the growth dynamics, since the growth rate
decreased to Gr = 0.582 log CFU/mL·h−1 at 43 ◦C and Gr = 0.349 log CFU/mL·h−1 at 47 ◦C.

Although the growth dynamics were strongly influenced by the incubation temperature;
the growth increment and the final densities of Fresco culture were constant even at low temperatures.
At the lowest temperature, the stationary phase was reached after almost 27 days (674 h); on the
other hand, at 40 ◦C the stationary phase was reached only after 8 h of incubation. It is important to
note that the average counts in the stationary phase of Nmax = 8.85 ± 0.44 log CFU/mL (%V = 4.9)
were reached at all studied temperatures. On the other hand, during the growth of some lactic acid
bacteria as a monoculture, e.g., Lactobacillus rhamnosus GG [24], Lb. acidophilus NCFM Howaru [25] or
Lb. plantarum [26] strong influence of temperature on the final number of bacterial cells was observed.
The cause might be Fresco being a mixed culture, since Champagne et al. [27] noticed about 20%
increase in growth of cells and about 13% higher growth dynamics of Lc. lactis in the presence of
S. thermophilus compared to growth of lactococci alone. On the other hand, growth increment and
growth dynamics of S. thermophilus were not influenced by the presence of Lc. lactis. We supposed that
bacterial partners did not compete for nutrients at the same time. Moreover, thanks to the metabolism
and subsequent production of substrates needed for the growth of the second bacterial partner,
its growth might be stimulated.

3.1. The Effect of Incubation Temperature on Fresco Culture Growth Rate

From the primary growth curves of Fresco culture in milk, the growth rate Gr (expressed as the
logarithm of colony forming units per millilitre and per hour) or the specific growth rate µ (expressed as
reciprocal hours) was derived from 3 replicate curves at each temperature, and values are summarized
in Table 1. Individual data were subsequently used in the secondary phase of predictive modeling and
graphical presentations. Each part of the growth curve was also influenced by environmental factors
or conditions prior to growth analysis, so the secondary models represent an essential approach to
describe the influence of selected factors on microbial growth.

To predict the effect of the incubation temperature on the growth dynamics of Fresco culture in
milk, an empirical CTMI model was used. Since the parameter settings of the CTMI model are based
on their biological interpretation and due to the lack of structural correlation between parameters,
the simple and accurate estimation of cardinal temperature values is allowed [16]. The most optimal
conditions for Fresco culture growth in milk are expected at 38.3 ◦C. Under the optimal temperature
conditions, the 4th parameter of the CTMI model provides the maximal specific growth rate of 1.56 h−1.
This can be used by dairy technologists and microbiologists in dairy practice after its recalculation to
time to doubling time and it is expected to be 26.7 min in milk.
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Table 1. Effect of temperature on the growth and metabolic activity of Fresco culture in milk.

T Gr λ Nmax rpH lagpH

5 0.010 ± 0.001 146.8 ± 8.96 8.94 ± 0.06 −0.033 547.0

7 0.032 ± 0.001 43.0 ± 4.44 8.17 ± 0.02 −0.004 130.0

12 0.071 ± 0.007 3.4 ± 0.17 8.87 ± 0.09 −0.053 54.3

15 0.140 ± 0.011 6.7 ± 1.80 9.26 ± 0.05 −0.048 24.1

18 0.196 ± 0.001 4.2 ± 0.10 8.97 ± 0.03 −0.087 19.9

21 0.257 ± 0.000 - 9.33 ± 0.02 −0.308 17.3

25 0.390 ± 0.008 1.2 ± 0.02 9.27 ± 0.14 −0.324 7.9

31 0.567 ± 0.008 2.2 ± 0.04 9.35 ± 0.05 −0.612 9.7

37 0.722 ± 0.027 0.5 ± 0.05 8.59 ± 0.05 −0.451 4.5

40 0.961 ± 0.217 1.87 ± 0.54 8.68 ± 0.07 −0.234 12.3

43 0.582 ± 0.019 0.8 ± 0.08 8.40 ± 0.21 −0.381 7.5

47 0.349 ± 0.018 - 7.90 ± 0.21 −0.070 -

T—Incubation temperature (◦C), Gr—growth rate (log CFU/mL·h−1), λ—lag phase duration (h), Nmax—counts of
Fresco culture in the stationary phase (log CFU/mL), rpH —rate of pH value decrease (h−1), lagpH—lag of pH value (h).

By using the CTMI model (Figure 1), the other cardinal temperatures were estimated: minimal
temperature (below which no growth occurs) is 4.0 ◦C, maximal temperature allowing growth is
49.6 ◦C. These findings also confirmed that our estimations of the maximal temperature of 49 ◦C based
on the recommendation of Ratkowsky et al. [18] needed for Gibson’s model were sufficiently precise.
With respect to different modeling techniques, the narrow range of each cardinal temperature for
Fresco culture is expected with defined errors in expectation, considering the discrepancies calculated
in the validation process that is an inevitable part of the mathematical prediction of microbial growth
under specific environmental conditions.

The estimation of optimal temperature for growth of Fresco culture was also confirmed by
Gibson’s model with the temperature transformation (Equation (3)). The specific growth rate of Fresco
culture was plotted against calculated Tw values (Equation (2)) and was fitted with a regression model
(Equation (4)) with good fitting in the range beyond Topt (R2 = 0.984).

lnµ = −2.4192 + 1.8916Tw + 0.2929T2
w (4)

Based on this equation, the optimal temperature of Topt = 38.6 ◦C for Fresco culture growth in
milk was calculated, which is in perfect agreement with the optimal temperature calculated by the
CTMI model. From the food practice point of view, predictive microbiology can provide some easily
interpretable data, such as how fast microorganisms grow in a given product or when the stationary
phase will be reached. The prediction of time necessary to increase culture density at the selected
temperature of the process is a main concern for food technologists. That is why the predictions of the
time (tx) needed for increase of Fresco culture in milk regarding x logarithmic counts (x = 1, 2, . . . ) at a
selected temperature can be a useful application of Gibson’s model. In this approach it was assumed
that time tx is inversely related to the growth kinetic (ln µ) described by the model according to the
equation ln tx = x/µ, where µ = exp(−2.4192+1.8916Tw+ 0.2929T2

w).
It is also important to mention the desirable function of lactic acid bacteria, i.e., their inhibitive

potential against some bacteria. During raw milk fermentation, coagulase-positive staphylococci,
pathogenic or saprophytic Escherichia coli are the most frequent undesirable species with highly
adverse health effect on consumers. In our previous works [28–30], we proved that Fresco culture has
strong inhibitive potential against Staphylococcus aureus or Escherichia coli growth in milk co-culture
and did not influence the growth of Geotrichum candidum that might play an important role during
fresh cheese ripening [30].



Fermentation 2019, 5, 2 6 of 10

Fermentation 2018, 4, x 6 of 10 

 

 

 

Figure 1. Plots of the specific growth rates (μ) versus temperature (T) for Fresco culture in milk 
according to (a) Gibson’s model and (b) CTMI model (solid line). Symbols indicate the μ calculated 
from the growth curves at each incubation temperature. The continuous lines indicate the fitted μ 
versus T function according to each model for 0% (■), 1% (♦), 2% (●) and 3% (▲) of salt. 

3.1. The Effect of NaCl on the Growth Dynamics of Fresco Culture 

Besides the growth of Fresco culture in milk without additional salt (aw = 0.995 ± 0.002; %V = 
1.9), the effect of 1% (1 g/100 mL) salt addition (aw = 0.992 ± 0.001; %V = 0.11), 2% (2 g/100 mL) NaCl 
addition (aw = 0.987 ± 0.003; %V = 0.28) and 3% (3 g/100 mL) NaCl addition (aw = 0.979 ± 0.002; %V = 
0.21) was studied at temperatures 12, 15, 18, 21, 25, 30 and 37 °C. All growth curves were again 
characterized by a typical sigmoid shape and were successfully fitted with the model of Baranyi & 
Roberts [15] at R2 = 0.997 ± 0.003. 

The growth dynamics of Fresco culture were stimulated by the 1% salt addition as was seen by 
a higher growth rate as well as by a shorter lag phase duration. However, a further increase in the 
salt concentration in the media led to the deceleration of Fresco culture growth. It is apparent from 
both Gibson’s model (Figure 1a) as well as the CTMI model (Figure 1b). However, this stimulation of 
growth dynamics by 1% salt addition was observed only at temperatures below 33 °C. At 37 °C, 
Fresco culture grew about 20% slower in media with 1% salt addition compared to the control. 
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3.2. The Effect of NaCl on the Growth Dynamics of Fresco Culture

Besides the growth of Fresco culture in milk without additional salt (aw = 0.995 ± 0.002; %V = 1.9),
the effect of 1% (1 g/100 mL) salt addition (aw = 0.992 ± 0.001; %V = 0.11), 2% (2 g/100 mL) NaCl
addition (aw = 0.987 ± 0.003; %V = 0.28) and 3% (3 g/100 mL) NaCl addition (aw = 0.979 ± 0.002;
%V = 0.21) was studied at temperatures 12, 15, 18, 21, 25, 30 and 37 ◦C. All growth curves were again
characterized by a typical sigmoid shape and were successfully fitted with the model of Baranyi &
Roberts [15] at R2 = 0.997 ± 0.003.

The growth dynamics of Fresco culture were stimulated by the 1% salt addition as was seen by
a higher growth rate as well as by a shorter lag phase duration. However, a further increase in the
salt concentration in the media led to the deceleration of Fresco culture growth. It is apparent from
both Gibson’s model (Figure 1a) as well as the CTMI model (Figure 1b). However, this stimulation of
growth dynamics by 1% salt addition was observed only at temperatures below 33 ◦C. At 37 ◦C, Fresco
culture grew about 20% slower in media with 1% salt addition compared to the control. However, 2 or
3% addition of NaCl led generally to a lowering of Fresco culture growth dynamics. Liu et al. [31]
observed slowing of Lc. lactis ssp. cremoris 2260 growth in M17 broth at 22 ◦C by about 33% in media
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with aw = 0.98 compared to media without the salt addition. In the case of our studies, Fresco culture
grew at 21 ◦C about 10% slower in media with aw = 0.977 compared to media without salt addition.
This might be the result of the presence of compatible solutes (carnitine, betaine, proline, etc.) in
milk [32] that protect Fresco culture to withstand unfavorable environmental conditions. Similarly,
Uguen et al. [33] observed slowing of Lc. lactis ssp. lactis ADRIA 85LO30 growth, approximately
3-fold, in the presence of 23.4 g/L of NaCl while the addition of osmoprotective compounds (betaine,
dimethylsulfonioacetate, dimethylsulfoniopropionate, L-carnitine) into the same media with 23.4 g/L
NaCl led to slowing of the growth dynamics but only by about 24%.

Use of lactic acid bacteria starter culture is limited not only by their growth activity but also by
their fast acidification activity that is also influenced by many intrinsic and extrinsic factors. During
growth of Fresco culture in milk, the slowest pH value decline was observed naturally at the lowest
temperatures and at the highest salt addition. At higher incubation temperatures, the rate of pH value
decrease (rpH) was more intensive as can be seen from Tables 1 and 2. However, as the salt concentration
increased, the rate of pH change decreased and the lag phase of pH change was longer, even when
the differences at 1% of salt concentration were not so dramatic. Larsen & Añón [34] noticed that even
though the growth of S. thermophilus ATCC 19258 was not influenced by the presence of glycerol, the
acidification ability was slowed down by about 10% compared to the acidification rate in media without
glycerol. Moreover, Liu et al. [31] observed that by decreasing water activity value from 0.99 to 0.88, the
acidification rate of Lc. lactis ssp. cremoris 2254 was lowered by 13.5 to 42.4%, depending on pH.

Table 2. The effect of temperature and water activity on the growth and metabolic activity of Fresco
culture in milk.

T aw Gr λ Nmax rpH lagpH

12

0.991 0.074 ± 0.000 3.8 ± 0.1 9.36 ± 0.01 −0.175 101.2

0.987 0.064 ± 0.000 7.7 ± 0.2 9.11 ± 0.04 −0.101 112.2

0.981 0.054 ± 0.001 14.0 ± 1.4 9.13 ± 0.13 −0.040 116.3

15

0.993 0.147 ± 0.002 3.5 ± 0.3 9.27 ± 0.03 −0.126 42.0

0.988 0.127 ± 0.003 4.1 ± 0.2 9.21 ± 0.08 −0.113 51.9

0.981 0.105 ± 0.002 6.6 ± 0.0 9.15 ± 0.04 −0.075 63.4

18

0.993 0.175 ± 0.002 0.2 ± 0.5 9.12 ± 0.06 −0.086 23.5

0.989 0.159 ± 0.017 2.0 ± 0.6 9.01 ± 0.06 −0.098 32.3

0.981 0.145 ± 0.002 4.6 ± 0.6 8.61 ± 0.08 −0.056 38.7

21

0.992 0.265 ± 0.001 0.7 ± 0.1 9.33 ± 0.02 −0.209 21.2

0.989 0.253 ± 0.001 1.0 ± 0.0 9.60 ± 0.01 −0.155 21.2

0.977 0.231 ± 0.000 2.1 ± 0.0 9.09 ± 0.06 −0.358 32.4

25

0.992 0.430 ± 0.002 1.2 ± 0.0 9.28 ± 0.00 −0.176 12.3

0.988 0.420 ± 0.008 1.8 ± 0.2 9.32 ± 0.00 −0.172 12.7

0.977 0.342 ± 0.009 1.9 ± 0.1 8.91 ± 0.06 −0.132 18.4

30

0.990 0.570 ± 0.019 0.4 ± 0.2 9.14 ± 0.11 −0.181 9.8

0.981 0.527 ± 0.011 0.1 ± 0.3 9.08 ± 0.26 −0.168 9.0

0.977 0.514 ± 0.010 0.7 ± 0.3 9.17 ± 0.16 −0.182 11.2

37

0.992 0.634 ± 0.014 0.3 ± 0.0 8.98 ± 0.02 −0.297 7.0

0.986 0.629 ± 0.003 0.6 ± 0.0 9.38 ± 0.02 −0.231 8.6

0.980 0.576 ± 0.003 1.2 ± 0.0 8.72 ± 0.04 −0.178 12.1

T—Incubation temperature (◦C), Gr—growth rate (log CFU/mL·h−1), λ—lag phase duration (h), Nmax—counts of
Fresco culture in stationary phase (log CFU/mL), rpH —rate of pH decrease (h−1), lagpH—lag of pH value (h).

3.3. Validation

As there was a lack of comparable growth data for Fresco culture in the literature, only an internal
validation was performed. Obtained validation indices are summarized in Table 3. The accuracy
indices for the model predictions compared to the original data of Fresco culture were from 1.055 to
1.146 for Gibson’s model and from 1.070 to 1.193 for the CTMI model. As proposed by Ross et al. [35],
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the relative error in growth estimates under controlled laboratory conditions was expected to be around
10% per independent variable. Therefore, if the temperature was the only factor, the best expected
accuracy factor was approximately 1.1. For other lactic acid bacteria, we found similar accuracy factors,
e.g., Af of 1.09 1.16 for the growth of Leuconostoc mesenteroides in a broth culture [22], for the growth of
Lactobacillus rhamnosus GG in milk, Af of 1.102–1.201 [36], for the growth of Lactobacillus acidophilus
NCFM in milk and in MRS broth, accuracy factor of 1.188–1.256 [25].

Table 3. The equations of Gibson’s model, the coefficients of the CTMI model and the indices of the
internal validation for Fresco culture growth.

Equation/Coefficients of the Equation

Af Bf %Df R2 %V RSS RMSE %SEP
CTMI model

0 % 1.070 0.995 7.0 0.987 98.3 0.069 0.051 6.1
1 % 1.193 1.156 19.3 0.949 93.3 0.231 0.093 12.3
2 % 1.090 0.987 9.0 0.985 98.0 0.067 0.049 6.9
3 % 1.134 0.904 13.4 0.949 93.1 0.185 0.083 13.3

Gibson’s model lnµ = −0.2929 T2
w + 1.8916 Tw − 2.4192

0 % 1.146 1.010 14.6 0.984 98.3 0.129 0.058 16.1
Gibson’s model lnµ = −0.4165 T2

w + 3.1904 Tw − 5.6855
1 % 1.082 0.999 8.2 0.988 98.6 0.032 0.039 5.2

Gibson’s model lnµ = −0.4447 T2
w + 3.4149 Tw − 6.1585

2 % 1.090 0.999 9.0 0.987 98.5 0.060 0.055 8.0
Gibson’s model lnµ = −0.4522 T2

w + 3.445 Tw − 6.2354
3 % 1.055 0.999 5.5 0.995 99.5 0.008 0.020 3.2

Except for the CTMI model at 1% and 3% of NaCl, all other applied models can be acceptable
with high accuracy since, as proposed by Zurera-Cosano et al. [22], the model can be considered as
good if the bias factor is in the range of 0.95–1.01. The bias factor higher than 1.0 (Gibson’s model at
0% NaCl and CTMI at 1% NaCl) revealed overestimation of the growth rate that would lead to the
slower real growth of Fresco culture in milk than is predicted by the models but with the defined errors
expressed by the discrepancy factors. Taking the %Df and %SEP values into account, the predictions
of growth rate of the culture can still be considered acceptable, since they range from 5.5 to 19.3 % in
the case of %Df and from 3.2 to 16.1% in the case of %SEP. However, the well-thought interpretation
of the obtained data is as important as their achievement.

4. Conclusions

In this work we studied the effect of temperature and salt concentration on the growth of mixed
Fresco culture with the use of predictive models. Based on the models, the cardinal temperatures
for Fresco culture growth were calculated and may be taken into account during dairy product
manufacture and storage to ensure product stability and shelf-life. The addition of salt up to 1%
stimulated the growth of Fresco culture, but not the rate of acidification of milk media. The inhibition
of Fresco culture acidification was not significant and therefore the addition of salt can be used to
inhibit pathogenic bacteria sensitive to lower water activity values. Moreover, all used models are
suitable for the estimation of Fresco culture growth dynamics in dairy products and can be applied to
increase storage stability and sensory attractiveness of products.
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24. MedveĎová, A.; Liptáková, D.; Valík, L. Characterization of the growth of L. rhamnosus GG in milk at
suboptimal temperature. J. Nutr. Food Res. 2008, 47, 60–67.

http://dx.doi.org/10.1016/0168-1605(94)90155-4
http://dx.doi.org/10.1016/j.fbp.2014.09.007
http://dx.doi.org/10.3168/jds.2010-3116
http://www.ncbi.nlm.nih.gov/pubmed/21094727
http://dx.doi.org/10.1016/j.fbio.2017.11.003
http://dx.doi.org/10.2174/1573401313666170405152905
http://dx.doi.org/10.12938/bmfh.33.31
http://dx.doi.org/10.1016/j.idairyj.2016.03.012
http://dx.doi.org/10.1016/S0168-1605(03)00079-5
www.chr-hansen.com/en
http://dx.doi.org/10.1016/j.memsci.2012.02.042
http://dx.doi.org/10.1016/0168-1605(94)90157-0
http://dx.doi.org/10.1006/jtbi.1993.1099
http://dx.doi.org/10.1016/0168-1605(94)90167-8
http://dx.doi.org/10.1006/fmic.1996.0064
http://dx.doi.org/10.1016/S0168-1605(98)00189-5
http://www.ncbi.nlm.nih.gov/pubmed/2059034
http://dx.doi.org/10.1016/j.foodcont.2005.02.003
http://dx.doi.org/10.1016/S0168-1605(99)00035-5


Fermentation 2019, 5, 2 10 of 10

25. Medvedova, A.; Mancuskova, T.; Valik, L. Growth of L. acidophilus NCFM in dependence on temperature.
Acta Aliment. 2016, 45, 104–111. [CrossRef]
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