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Sodium plays a critical role in the microbiological stability of cooked meat products, yet regulatory and con-
sumer pressure to reduce sodium intake creates formulation challenges where safety margins are poorly defined.
This study quantified the effect of sodium concentration (196-980 mg/100 g), pH, and water activity on the
growth dynamics of lactic acid bacteria (Leuconostoc sp.) and Salmonella enterica serovar Typhimurium in a
cooked meat analogue — designed to allow independent control of physicochemical variables — and integrated
these relationships into a predictive microbiology framework for reduced-sodium formulation design. Primary
modeling using the Baranyi-Roberts model best described experimental growth curves, and secondary modeling
via a modified Norrish equation quantified the effect of environmental factors on maximum specific growth rate
(Mmay)- Global sensitivity analysis identified ymq, and maximum population density as the dominant sources of
variability in model predictions. Increasing sodium concentration significantly reduced pmax in both organisms,
with LAB exhibiting greater tolerance than Salmonella. Multi-criteria optimization identified ~500 mg sodium/
100 g as the microbiologically safe optimum — representing a ~ 41% reduction relative to internationally
comparable regulatory limits for cooked ham (846 mg/100 g)— while preserving inhibitory conditions against
pathogens. Independent validation in cooked ham confirmed model accuracy with deviations below 5% for
growth rate and 2% for shelf-life, predicting a shelf-life of ~18 days. This framework provides an organism-
specific, quantitative basis for designing reduced-sodium cooked meat products with defined microbiological
safety margins, directly applicable to reformulation strategies in industry and regulatory contexts.

1. Introduction 2000 mg/day (“FDA,” 2021; World Health Organization, 2012), and

regulatory agencies in the United States and the European Union have

The food industry faces the challenge of balancing sensory quality,
food safety, and consumer health in processed foods (Aaslyng et al.,
2014; Calderon, 2021; Wang et al., 2023). Sodium is a key ingredient
in processed meats, enhancing flavor and acting as a preservative
(Barcenilla et al., 2022; Galvao et al., 2014; Matthews and Strong,
2005). However, excessive sodium intake is associated with public
health concerns such as hypertension and cardiovascular diseases
(Aaslyng et al.,, 2014; Barcenilla et al., 2022; Galvao et al., 2014;
Matthews and Strong, 2005; Wang et al., 2023).

As a result, international and national regulations have progressively
limited sodium concentrations in processed foods. The World Health
Organization recommends reducing population sodium intake to below
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implemented voluntary and mandatory sodium reduction targets for
processed meat products (FDA [WWW Document], 2021). In Colombia,
the Ministry of Health and Social Protection, through Resolution 2013 of
2020, established maximum sodium levels for certain processed prod-
ucts by 2024, including ham (846 mg/100 g), mortadella (912 mg/100
g), and sausage (857 mg/100 g) (Colombia. Ministerio de Salud y
Proteccion Social, 2020) - limits comparable to those adopted in other
regulatory frameworks worldwide. These requirements challenge the
meat industry globally to ensure microbiological safety and product
quality while meeting sodium reduction targets (Barcenilla et al., 2022;
Calderén, 2021; FDA [WWW Document], 2021).

Sodium reduction in cooked meat products poses a complex
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technological challenge, as sodium not only influences organoleptic
properties but also acts as a barrier against spoilage and pathogenic
microorganisms (Calderon, 2021; Chen et al., 2023; De Oliveira et al.,
2015; Doyle and Glass, 2010; Galvao et al., 2014; Rodriguez et al.,
2022; Solomando et al., 2023; Wang et al., 2023). Lactic acid bacteria
(LAB) and Salmonella spp. are particularly relevant for ensuring both
product safety and shelf-life. LAB dominates meat matrices across
technological processes and storage conditions, and their versatility al-
lows growth under diverse environments, including variations in sol-
utes, pH, and temperature (Li et al., 2023; Yang et al., 2020; Yang et al.,
2018). While LAB contribute to biopreservation through acidification
and antimicrobial compound production, they can also act as significant
spoilage organisms in meat products. However, the dominant spoilage
microbiota depends on product formulation, storage atmosphere, and
packaging conditions — for instance, Pseudomonas spp. typically prevail
under aerobic storage, whereas LAB often dominate in vacuum- or
modified-atmosphere-packaged meats (Kokkosi et al., 2024; Rood et al.,
2025; Xu et al., 2021).

At the same time, controlling Salmonella in meat products is critical
because it represents a significant public health risk ICONTEC, 2008; da
Silva et al., 2022; Soro et al., 2023). While Listeria monocytogenes is also a
relevant pathogen, particularly in ready-to-eat and refrigerated foods,
Salmonella remains the leading cause of foodborne outbreaks associated
with raw and processed meats worldwide. These pathogens can with-
stand adverse conditions, including hyperosmotic stress, highlighting
the importance of understanding their response to sodium reduction in
meat products (Bamidele et al., 2023; Barcenilla et al., 2022; Calle et al.,
2021; Thomas et al., 2020; Werlang et al., 2021).

Characterizing microbial growth under different sodium conditions
enables the implementation of preventive and corrective measures that
ensure product safety and quality (Gutiérrez-Chocoza et al., 2023;
Hansen et al., 2021; Huang, 2017; Huang, 2013). In this context, pre-
dictive microbiology has emerged as a valuable tool for forecasting LAB
and Salmonella population dynamics in response to sodium variation in
cooked meat products (Antunes-Rohling et al., 2019; Gutiérrez-Chocoza
et al., 2023; Hansen et al., 2021; Huang, 2017; Huang, 2013; Werlang
et al., 2021). Predictive mathematical models have been successfully
applied to study bacterial viability in meat products and its relationship
with key physicochemical parameters such as temperature, humidity,
pH, water activity (ay), and other growth-limiting factors, including
oxygen, solutes, acidity, and pressure. These models allow correlations
between physicochemical parameters and microbial stability during
shelf-life (Engstrom et al., 2020; Gutiérrez-Chocoza et al., 2023; Hansen
et al., 2021; Koseki et al., 2021).

This study aimed to characterize the growth dynamics of LAB and
Salmonella under different sodium concentrations in a cooked meat
analogue, using predictive microbiology tools to describe and compare
their behavior. The modeling framework was applied to identify sodium
levels that ensure microbial safety while meeting regulatory and tech-
nological requirements and was further validated in cooked ham.

2. Materials and methods

All abbreviations and mathematical symbols are defined in Supple-
mentary File S1. The experimental and modeling approach comprised
three stages: (i) data generation, including strain selection, inoculum
preparation, and cooked meat analogue formulation; (ii) model devel-
opment, involving primary, secondary, and dynamic modeling with
parameter estimation and sensitivity analysis; and (iii) application and
validation, including sodium concentration optimization and shelf-life
estimation in cooked ham.

2.1. Growth matrices, microbial strains and inoculum preparation

Lactic acid bacteria (LAB) and Salmonella spp. were used. LAB: Leu-
conostoc sp., donated by Zenui® (Medellin, Antioquia, Colombia),
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isolated from cooked meat products at the end of shelf-life and identified
using the automated Vitek® system (Biomérieux). Salmonella enterica
subsp. enterica serovar Typhimurium ATCC 14028™ is a well-
characterized international reference strain widely used in predictive
microbiology, food safety, and challenge-test studies due to its repro-
ducibility and physiological stability under controlled experimental
conditions. Strains were stored at —18 °C: Salmonella in BHI broth
(Merck) with 70% BHI and 30% glycerol; LAB in MRS broth (Merck)
with 70% MRS and 30% glycerol.

For inoculum preparation, activated strains were plated on TSA
(Salmonella) or MRS agar (LAB). Colonies were suspended in 0.1% sterile
peptone water to 0.5 McFarland (~107 CFU/mL). Successive dilutions
were performed to reach a final inoculum of ~10? CFU/mL, corre-
sponding to 1% inoculation of the samples. The inoculum was asepti-
cally added to the samples and homogenized under sterile conditions
prior to storage.

Importantly, inocula were intentionally prepared from agar-grown
cultures and inoculated at low cell densities to represent low-level
initial contamination and microbial populations developing during
refrigerated storage of cooked meat products, rather than optimal
exponential-phase laboratory cultures. Consequently, the initial physi-
ological state of the cells reflects an adaptation phase to the food matrix
and storage conditions, consistent with applied food systems.

The reproducibility of the inoculum preparation procedure was
assessed statistically for both microorganisms (See Supplementary File
S2).

2.2. Cooked meat analogue preparation

A cooked meat analogue was formulated in the laboratory using a
mixture of glucose (20 g/L), casein (10-15 g/L), meat extract (10 g/L),
meat peptone (5 g/L), sodium chloride (5 g/L), yeast extract (4 g/L),
triammonium citrate (2 g/L), magnesium sulfate (0.2 g/L), and agar-
agar (15 g/L). The composition was then adjusted to match the pro-
tein, moisture, and total solids content specified in the Colombian
Technical Standard NTC 1325:2008, while excluding preservatives and
high sodium levels (Bradford, 1976; ICONTEC, 2009). This simplified
formulation was intentionally designed to isolate the effect of sodium
concentration on microbial behavior; therefore, the predictive frame-
work should be interpreted within the context of preservative-free
cooked meat systems (ISO 20976-1) (ISO, 2019).

2.3. Experimental procedure

A categorical factorial design (triplicate) was applied using meat
analogue formulations containing 196, 740, and 980 mg sodium/100 g.
These concentrations were selected to represent low-, intermediate-, and
high-sodium processed meat conditions, using sufficiently separated
sodium levels to facilitate discrimination of microbial kinetic responses
across the evaluated range. Samples were sterilized at 121 °C for 15 min
and inoculated independently with LAB and Salmonella at 102 CFU/g.

Products were stored at 0-6 °C under refrigerated conditions repre-
sentative of commercial cold storage, with sampling every three days to
enumerate microbial counts on TSA for Salmonella (ISO 6579:2017)
(ISO, 2017a) and MRS for LAB (ISO 15214:1998) (ISO, 1998) (Buelvas
Salgado, 2013; Castro et al., 2008). In parallel with microbiological
sampling, pH was measured in triplicate at each time point using a
calibrated penetration pH electrode (ISO 2917:1999) (ISO, 1999). Water
activity (aw) was determined using a dew-point water activity meter
(AquaLab Series 4, Decagon Devices, USA) at 25 °C + 0.5 °C in tripli-
cate, in accordance with ISO 18787:2017 (ISO, 2017b). The influence of
sodium concentration on apparent maximum specific growth rate
(Mmax), PH, and a,, was assessed using statistical models (Statgraphics
Centurion XIX, Statgraphics Technologies, USA).
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2.4. Model validation in cooked meat products

Two batches of traditional cooked ham were prepared by Zeni®
(Medellin, Antioquia, Colombia) following NTC 1325:2008 (ICONTEC,
2008) at the sodium concentration predicted as optimal. Upon receipt,
samples were inoculated with LAB and Salmonella as described in the
inoculum preparation section. Samples were stored under refrigeration
(0-6 °C), and microbial counts were determined in triplicate every three
days. Model predictions were compared with experimental data using
the bias factor (Bf) and accuracy factor (Af), with values close to 1
indicating good predictive performance (Baranyi and Roberts, 1995).

|pred—obs|
Af =102 n )

red—obs
Bf =10 @

Here, obs is the observed value, pred the predicted value, and n the
number of observations.

Shelf-life was further estimated using the primary optimized model,
based on the predicted maximum specific growth rate (imay) (Baranyi
and Roberts, 1995). This approach provided a quantitative estimate of
the time required for microbial counts to reach the spoilage threshold
under the tested storage conditions.

2.5. Predictive modeling

2.5.1. Primary growth models

Five primary microbial growth models were evaluated to describe
LAB and Salmonella kinetics under different sodium concentrations. The
mathematical expressions of the models are summarized in Table 1.

Equations adapted from (Baranyi and Roberts, 1995; Buelvas
Salgado, 2013; Castro et al., 2008; Gonzalez et al., 2022; Mai et al.,
2022).

Here, P(t) is the bacterial population density (log CFU/g) at time t, Py
is the initial population density, Py is the maximum population density
(log CFU/g), 4 (hours) is the lag phase, pmax is the maximum specific
growth rate (b)), and the remaining parameters define model-specific
shape and transition functions. In the Baranyi-Roberts model, parame-
ters such as m and qp are associated with the smoothness of phase
transitions and the physiological adaptation state of the microbial
population during the lag-to-exponential growth transition. A complete
description of abbreviations, mathematical notation, and model pa-
rameters is provided in Supplementary File S1. Model selection was
based on goodness-of-fit criteria and the capacity of the model to
adequately reproduce the different microbial growth phases under the
evaluated experimental conditions.

Table 1
Primary microbial growth models to describe the kinetics of LAB and Salmonella
under different sodium concentrations.

Model Equation
Modified P(t) =Py +
Gompertz (Bras — PoJesp{ — e[ 1] b
Prax — Po
Logistic (Pmax — Po)
P(t) =Py +———mx "0 (4)

O = POt e (et — 1))
Stannard P(t) = Po(1 + exp[ — (Umex + K)(t —P)]) (5)
Richards Prmax — Po

P(t) = Py + 6)

(14 VexXpl — fmgelt — )] )V

Baranyi-Roberts 1
y PO) = P+ e AC) 0] 1+ €5plm

Prax — Po
A
)
. = 1 exp(— Vt) +qo
with A(t) =t+ Vln (71 Y ) )
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2.5.2. Secondary models

To describe the effect of sodium on the maximum microbial growth
rate (Umax), an exponential decay model proposed by Norrish (Norrish,
1966) was used. The Norrish model was selected because it provides a
parsimonious yet biologically meaningful description of the inhibitory
effect of solutes such as sodium on microbial growth. This exponential
decay function has been widely applied in predictive microbiology to
represent the relationship between water activity, solute concentration,
and imay, providing both empirical accuracy and ease of integration into
secondary models.

Zp(pH, Gy fngy) = A xp( ~ B [Na' ") ®)

Here, Zp represents the experimentally estimated response variable
modelled as a function of sodium concentration, specifically the
maximum specific growth rate (ymay), pH, or water activity (ay). The
predicted pmax values obtained from the secondary model were sub-
sequently incorporated into the optimization framework and dynamic
population simulations. A is a scale parameter, B is a stability constant,
and [Na'] represents sodium concentration (mg/100 g).

A structural modification was applied by normalizing the indepen-
dent variable using a scale-range transformation (Rodriguez Gonzalez
and Ugalde Saborio, 2021) and incorporating an asymptotic term (C)
to allow the function to approach a non-zero value at extreme sodium
concentrations (Amrane, 2001).

[Na*]?~[Na* *min
B [Na*>max—[Na*?min
Zp[ptmax] = A exp +C 9)

2.5.3. Dynamic population model

To explore potential population-level interaction dynamics in
reduced-sodium cooked meat systems, we implemented a dynamic
population model integrating Lotka—Volterra interaction terms into a
primary growth framework. Kinetic parameters were experimentally
estimated from independent monoculture experiments and subse-
quently incorporated into the dynamic simulations. This approach ex-
tends beyond single-population primary models by enabling exploratory
evaluation of potential interspecific effects, such as competitive pressure
and population displacement, at the simulation level (Caballero et al.,
2024). Therefore, the model was intended as an exploratory interac-
tion framework rather than as a mechanistic coculture model directly
parameterized from mixed-culture experiments.

Microbial growth and interactions between lactic acid bacteria (LAB)
and Salmonella spp. were described as follows:

dpP; Pi-q; P; + B-P;

L= . 1-— _ K:(P: — Pres:

dt ”ma)q(l I qi) ( Pmux.i ) Kl(Pl esl) (10)
dg; -

dt - :uma.xiql (11)

Where, i indicates the microbial population (LAB or Salmonella), P is
the bacterial population density (log CFU/g), Ppnax is the maximum
population density (log CFU/g), Py is the residual population density
(log CFU/g), K is the death rate (™, Imax is the maximum growth rate
(h™1), g is the physiological state variable associated with microbial
adaptation, and f represents the interaction coefficient between mi-
crobial populations.

2.6. Model fitting and validation

Model parameters were estimated in Python 3.12 using NumPy and
SciPy. For primary models, the least squares function with Trust Region
or Levenberg-Marquardt algorithms were applied, while secondary
models were fitted with curve fit. The best-fitting model was selected
according to the lowest mean squared error (MSE) and highest coeffi-
cient of determination (R?):
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n (obs — pred)®
MSE = Zi:l n—gq 12)

R > (pred — obs’)?

= ‘ 13
X (obs — obs")? 13)

Here, obs = observed value, obs* = average observed value, pred =
predicted value, n = number of observations, ¢ = number of parameters.

2.7. Sensitivity analysis

Global sensitivity was evaluated using the Morris method (Wang
et al., 2023) to quantify the influence of model parameters. Each input
was perturbed by +10% of its nominal value, and the resulting
elementary effects (A) were computed as the change in the model output
divided by the perturbation step. Sensitivity was summarized with two:

N
1 :;Z}_:1|Aj| a4

1 r
o=\ @ k) (1)

where 4; denotes the j-th elementary effect and r the number of per-
turbations. The mean of the absolute effects (4*) reflects the overall
importance of each parameter, whereas the standard deviation (o)
captures interactions or non-linear effects.

This formulation justifies the use of dispersion plots (u*, ), which
allow a visual classification of parameters according to their relative
influence and interaction strength. The analysis was implemented in
Python™ 3.12 using the SALib library (sample.morris function).

2.8. Optimization of sodium concentration

The minimum sodium concentration that simultaneously reduced
the estimated growth potential of LAB and Salmonella was determined
using a multivariable optimization framework based on desirability
functions. Python™ 3.12.0 was employed with the scipy.optimize library,
using the minimize_scalar function with the Brent method (Barcenilla
et al., 2022), and numpy.searchsorted algorithm for grid adjustment.

For each microorganism, an individual desirability function (d;) was
constructed under minimization criteria:

1,
o Si if p‘max,i(x) <L
d; (p'rnaxi(x)) = w 5 ifL; < Pmax i(x) < Ui (16)
. Ui-L if pmax,i(x)t >0
07

Here, maxi(x) is the estimated maximum specific growth rate at
sodium concentration x, Li and Ui are the experimental lower and upper
bounds, and s; is a shape parameter.

The global desirability was then calculated as the geometric mean of
the individual desirabilities:

n 1/n
D(x) = (Hdi(umm)) =2 a7

where n = 2 corresponds to LAB and Salmonella. The optimal sodium
concentration was identified as:

x" = arg, maxD(x) 1s)

Maximization of D(x) was restricted to the experimental sodium
concentration range (Veatch, 2021). When the optimum did not coin-
cide with an experimental grid point, the numpy.searchsorted function
was applied to assign the nearest sodium level.
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3. Results and discussion
3.1. Physicochemical characterization of the meat analogue

The physicochemical characterization of the laboratory-prepared
meat analogue is summarized in Supplementary File S3. Protein con-
tent (11.4% w/w) complied with the Colombian technical standard
(NTC 1325:2008, >11%), while moisture (93.8% w/w) slightly excee-
ded the standard limit (<92.0%). The baseline sodium concentration
(196 mg/100 g) was substantially lower than the maximum values
established by the Colombian Ministry of Health (Resolution 2013 of
2020; e.g., 846 mg/100 g for ham)- a limit comparable to those estab-
lished in other regulatory frameworks worldwide, consistent with the
objective of evaluating sodium-reduced cooked meat matrices.

Despite the slight deviation in moisture, the analogue provided a
controlled and reproducible experimental matrix in which sodium
concentration could be manipulated as an independent variable while
holding other compositional factors constant. This design choice is
critical for isolating the specific contribution of sodium to microbial
growth dynamics, as confounding effects from protein, fat, or carbohy-
drate variation are minimized. Similar approaches have been reported
by (Wang et al., 2022) and (Fraqueza et al., 2021), who documented
significant shifts in meat product microbiota associated with variations
in salt concentration, supporting the use of standardized analogues as a
valid platform for predictive microbiology studies in reduced-sodium
systems.

3.2. Effects of sodium concentration and microorganism type

Analysis of variance revealed that sodium concentration significantly
affected all measured response variables: maximum growth rate (pmax, P
= 0.002), pH (p < 0.0001), and water activity (ay, p = 0.0001).
Microorganism type also influenced pimax (p = 0.011) and pH (p <
0.0001), but not a,, (p = 0.059), and the interaction between sodium
concentration and microorganism type was significant for all three
variables. Full ANOVA tables and interaction plots are provided in
Supplementary File S4 (Tables S4.1 and S4.2).

The maximum specific growth rate (4mqy) decreased progressively as
sodium concentration increased from 196 to 980 mg/100 g, with LAB
exhibiting slightly higher values than Salmonella, suggesting greater
osmotic tolerance in LAB. This differential response is consistent with
(Gonzalez et al., 2022) and (Xing et al., 2023a), who described con-
trasting salt stress responses across bacteria with different metabolic
strategies, and with (Li et al., 2021), who reported alterations in lag
phase and exponential growth of E. coli BW25113 under NaCl stress.
(Yang et al., 2018) and (Werlang et al., 2021) further highlighted that
sodium effects are influenced by interactions with environmental and
physiological variables, supporting the concept that osmotic stress re-
sponses are species-dependent. These findings also support future
studies extending the proposed predictive framework to relevant ready-
to-eat meat pathogens such as Listeria monocytogenes, particularly under
reduced-sodium refrigerated storage conditions.

pH was primarily determined by microorganism type rather than
sodium concentration. LAB acidified the medium substantially, reaching
average values near pH 5.7, while Salmonella maintained a less acidic
environment near pH 7.3. This contrast reflects the fermentative meta-
bolism of LAB and its associated organic acid production, as opposed to
the respiratory metabolism of Salmonella (Diaz-Montes, 2023; Kim et al.,
2021; Yang et al.,, 2018). The pronounced acidification by LAB at
reduced sodium concentrations is particularly relevant from a food
safety perspective, as it suggests a potential bioprotective effect that
could partially compensate for the loss of sodium as a hurdle. However,
excessive acidification may also influence sensory attributes such as
flavor and overall product acceptability, which should be evaluated in
future studies.

Water activity decreased progressively from 0.985 to 0.958 as
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sodium concentration increased from 196 to 980 mg/100 g, irrespective
of microorganism type, consistent with the well-established role of NaCl
as a water activity depressant (Diaz-Montes, 2023; Koutsoumanis et al.,
2004; Werlang et al., 2021). This reduction in free water availability
creates a progressively more restrictive environment for microbial
growth, particularly for organisms with limited osmotolerance. Taken
together, these results indicate that sodium concentration modulates
microbial growth both directly — through osmotic stress on pix — and
indirectly, through its effect on the physicochemical environment in
which microbial activity occurs. However, the persistence of microbial
growth at the highest sodium concentration evaluated suggests that
sodium reduction strategies may require combination with additional
preservation hurdles to ensure effective microbial control.

3.3. Primary modeling of microbial growth

The growth of LAB and Salmonella under sodium concentrations of
196, 740, and 980 mg/100 g was fitted to five primary models: modified
Gompertz, Logistic, Stannard, Richards, and Baranyi-Roberts. Model
performance was evaluated using R? and MSE (Supplementary
Tables S5.1 and S5.2 in File S5).

The Baranyi-Roberts model provided the best fit across all sodium
concentrations and both organisms. For LAB, it yielded R? > 0.98 and
MSE < 0.07, outperforming the Gompertz and Logistic models (R? <
0.99 and < 0.86; MSE > 0.01 and > 0.36, respectively). For Salmonella,
Baranyi-Roberts also achieved the highest accuracy (R? > 0.94, MSE <
0.03). This superior performance reflects the model's capacity to capture
all four growth phases — lag, exponential, stationary, and decline —
including the transition dynamics that simpler models such as Gompertz
and Logistic tend to misrepresent (Huang et al., 2023; Juneja et al.,
2025). Similar findings have been reported in complex food systems
by (Huang et al., 2023) and (Juneja et al., 2025), confirming the broad
applicability of Baranyi-Roberts for describing microbial kinetics under
variable environmental conditions.

Kinetic parameters estimated by the Baranyi-Roberts model are
presented in Table 2. In both organisms, maximum growth rate (pmax)
decreased as sodium concentration increased, confirming stronger
growth inhibition at higher salinity and consistent with the osmotic
stress physiology described by (Li et al., 2021). For LAB, the parameter
m increased with sodium concentration, indicating a progressively
smoother — and longer — transition from the adaptation to the expo-
nential phase under high-salt conditions. At 196 mg/100 g sodium, both
LAB and Salmonella exhibited rapid growth and short lag phases,
whereas at 740-980 mg/100 g, growth rates decreased markedly and
lag phases were extended (Fig. 1). However, residual Salmonella growth
was still observed at 980 mg/100 g sodium, suggesting that sodium
concentration alone may not be sufficient for complete microbial inhi-
bition and that additional preservation hurdles could be required in
reduced-sodium cooked meat systems.

LAB consistently exhibited higher ymq, and shorter lag phases than
Salmonella across all sodium levels, suggesting greater physiological
adaptability to osmotic gradients. This is consistent with differential
osmotic adaptation strategies reported for these organisms in other
matrices (Buelvas Salgado, 2013; Gonzdlez et al., 2022; Xing et al.,
2023b).

Table 2
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3.4. Secondary modeling of microbial growth

The effect of sodium concentration on pnmax, pH, and water activity
was described using a modified Norrish equation. The evaluated sodium
concentrations provided broad separation across the reduced-sodium
range, allowing clearer discrimination of sodium-dependent kinetic re-
sponses. Although the secondary models were constructed from three
sodium levels, the fitted equations showed high goodness-of-fit values
(R? > 0.9890, MSE ~ 0) within the evaluated range, supporting the
suitability of the proposed formulation for describing the observed
experimental trends. Estimated parameters for each organism are sum-
marized in Table 3.

Differences in the scale parameter (A) and stability coefficient (B)
between organisms reflected distinct physiological responses to sodium
concentration (Fig. 2). For both LAB and Salmonella, ypq, (panel a) and
ay (panel b) decreased progressively with increasing sodium concen-
tration, consistent with the well-established inhibitory role of sodium on
microbial growth through osmotic stress and reduction of free water
availability. LAB displayed higher A values and stronger response gra-
dients across the evaluated sodium range, suggesting differential adap-
tive responses to physicochemical variation. In contrast, Salmonella
showed more stable parameter values, indicating a more consistent but
less flexible inhibitory response.

pH responses diverged markedly between microorganisms (panel c):
in LAB, pH increased with sodium concentration, possibly reflecting
changes in acid production under osmotic stress conditions; in Salmo-
nella, pH decreased, indicating a contrasting physiological response.
This divergence reinforces the observation from Section 3.2 that pH
dynamics in cooked meat systems are influenced predominantly by
microorganism type rather than sodium concentration alone and un-
derscores the importance of incorporating organism-specific secondary
models when predicting microbial behavior in reduced-sodium
formulations.

3.5. Dynamic population model

The dynamic population model integrated the kinetic parameters
estimated from the primary and secondary modeling stages into a
population-level interaction framework applicable to cooked meat sys-
tems. In this hierarchical approach, microbial growth kinetics were first
described using the Baranyi-Roberts model, after which the influence of
sodium concentration on microbial behavior was incorporated through
the secondary model and subsequently used in the dynamic simulations.
The physiological state variable q, inherited from the Baranyi-Roberts
formulation, was retained in the coupled dynamic framework to account
for microbial adaptation and lag-phase behavior during the initial stages
of growth. Because the interaction framework was constructed from
monoculture-derived kinetic parameters, lag-associated dynamics were
independently estimated for each population and were not interpreted
as coculture-specific adaptation effects.

An  integrated  Baranyi-Roberts/Lotka—Volterra  framework
(Caballero et al., 2024) was used to simulate the population dynamics of
LAB and Salmonella in cooked meat analogue under sodium concentra-
tions of 196, 740, and 980 mg/100 g. This coupled approach allowed
simultaneous description of individual growth kinetics — maximum

Kinetic parameters estimated by the Baranyi-Roberts model for LAB and Salmonella under different sodium concentrations. Py: initial population density (log CFU/g);
Prnax: maximum population density (log CFU/g); pimax: maximum specific growth rate (h™1); go: physiological adaptation parameter.

Microorganism [Na*] (mg/100 g) Py Prmax Hmax v m Qo

LAB 196 1.3085 9.1723 0.8498 0.0091 0.0115 0.0500
740 1.5008 7.0669 0.0132 0.0445 0.7724 0.0368
980 1.5646 5.2766 0.0049 0.0412 2.4136 0.0001

Salmonella 196 1.8294 8.9247 0.0228 0.0147 0.3240 0.0006
740 1.5432 7.3718 0.0109 0.0120 0.7247 0.0031
980 1.5509 4.9636 0.0099 0.0072 0.1653 0.8984
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Fig. 1. Growth kinetics of lactic acid bacteria (LAB) and Salmonella spp. in a cooked meat analogue at different sodium concentrations (196, 740, and 980 mg/100 g),
fitted with the Baranyi—Roberts model. (a) Lactic acid bacteria (LAB). b) Salmonella spp. Symbols represent experimental data, and dashed lines correspond to model

predictions.

Table 3

Estimated parameters of the modified Norrish equation for LAB and Salmonella and statistical indices (R?, MSE). A, B, and C correspond to fitted coefficients of the
modified Norrish equation associated with scale, stability, and offset terms, respectively.

Microorganism Variables A B 9 R? MSE
LAB fimax 0.8500 8.3272 ~0.0002 1.0000 0.0000
aw 206.9689 0.00020 ~4.7902 x 10° 0.9899 0.0000
pH 4.8837 2.4115 1.0085 1.0000 0.0000
Salmonella max 0.0235 2.9007 ~0.0581 1.0000 0.0000
aw 0.9879 2.0498 ~0.1477 1.0000 0.0000
pH 7.4524 27359 ~0.0693 1.0000 0.0000
1.0, .
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Fig. 2. Secondary models describing the effect of sodium concentration on microbial growth parameters using the modified Norrish equation. Main effect plots for

(a) maximum growth rate (imay), (b) water activity (a,,), and (c) pH as a function of normalized sodium concentration [Na*]? (mg/100 g). Dashed lines represent
model predictions; symbols denote experimental data (@ LAB; Wl Salmonella).

population density (Pmax), residual population density (Pr.), and
maximum specific growth rate (punax) — together with exploratory
interaction coefficients () and environmental inactivation rates (K). All
kinetic parameters were expressed in h~! units throughout the modeling

framework.
Adjusted parameter estimates

exhibited a marked sodium-dependent response across all fitted pa-

rameters. LAB exhibited a marked

Pmax

are summarized in Table 4. LAB

sodium-dependent response: both

and jimax decreased progressively with sodium concentration

(Table 4), and a post-maximum decline phase was resolved at 196 and
740 mg/100 g but not at 980 mg/100 g, where growth was strongly
suppressed throughout the experimental period.

For Salmonella, pimqy also decreased with increasing sodium concen-
tration (0.01925, 0.01779, and 0.00728 h_l), confirming a dose-
dependent inhibitory effect of sodium on pathogen growth. However,
Prax values approached the imposed biological upper bound (~9.0 log
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Adjusted parameters of the dynamic population model for LAB and Salmonella in cooked meat analogue. P, maximum population density (log CFU/g); Pys: residual
population density (log CFU/g); fimax: maximum specific growth rate (h™'); K: death rate (h™') and  the interaction coefficient between microbial populations.

Microorganism [Na™] (mg/100 g) Ppax Py Hmax p K R? MSE
196 7.400 3.977 0.0525 2.50 0.0759 0.9956 0.0128

LAB 740 6.270 4.037 0.0232 1.14 0.0415 0.9871 0.0267
980 6.000 - 0.00821 5.00 - 0.9594 0.0417
196 8.995 - 0.01925 0.003 - 0.9638 0.0878

Salmonella 740 9.000 - 0.01793 0.005 - 0.9861 0.0244
980 8.965 - 0.007275 5.00 - 0.9844 0.0042

CFU/g) under all sodium conditions, indicating limited parameter
identifiability due to the absence of a fully developed stationary phase
during the experimental period. No death phase was detected for Sal-
monella under any condition. Model performance was satisfactory
overall, with R? values ranging from 0.96 to 1.00 and MSE values be-
tween 0.004 and 0.088 log CFU/g.

The interaction component of the coupled framework was used as an
exploratory simulation tool to evaluate potential population-level
competition scenarios under reduced-sodium conditions. Because the
present study was based exclusively on monoculture experiments, the
coefficients were not interpreted as experimentally validated measures
of microbial competition. he asymmetric g estimates (LAB: 2.50 and
1.14; Salmonella: 0.003 and 0.005 at 196 and 740 mg/100 g) suggest a
directional influence within the model structure, though both f values
reached the upper bound at 980 mg/100 g, likely reflecting compen-
satory fitting under strong growth suppression. All § coefficients should
be interpreted as exploratory parameters, not experimentally validated
competition measures.

Sodium concentration modulated population dynamics in a dose-
dependent manner for both organisms (Fig. 3), with LAB showing a
progressive shift from active growth-and-decline to full suppression, and
Salmonella sustaining growth across all conditions at progressively
reduced rates. These simulations suggest that sodium stress differen-
tially influences microbial persistence and hypothetical interaction dy-
namics in cooked meat systems. From a food safety perspective, LAB-
associated population pressure could potentially contribute as an addi-
tional hurdle in reduced-sodium formulations, complementing the
direct inhibitory effect of sodium on pathogen growth. However,
because the interaction structure was not experimentally parameterized
from coculture observations, the simulated interaction patterns should
be interpreted as exploratory hypotheses requiring validation through
controlled coculture experiments.
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Fig. 3. Simulated population dynamics of lactic acid bacteria (LAB) and Sal-
monella spp. in a cooked meat system stored under refrigerated conditions
(0-6 °C) using an integrated Baranyi-Roberts/Lotka-Volterra model. Dashed
lines represent LAB model predictions; solid lines represent Salmonella model
predictions. Symbols indicate experimental monoculture data at sodium con-
centrations of 196, 740, and 980 mg/100 g.

3.6. Sensitivity analysis

3.6.1. Primary model: Baranyi-Roberts

Global sensitivity analysis of the Baranyi-Roberts model was per-
formed using the Morris method, evaluating the effect of +10% per-
turbations on each parameter. Results are summarized in Fig. 4, showing
deviations in predicted population P(t) and Morris plots of mean
elementary effect (p*) versus standard deviation () for LAB (panels a, b)
and Salmonella (panels c, d).

For LAB, Ppay, Po, and pimax exerted the strongest influence on model
predictions and showed evidence of nonlinear interactions with other
parameters, consistent with their direct biological roles in defining
population ceiling, initial inoculum response, and metabolic rate
(Baranyi and Roberts, 1995; Gonzalez et al., 2022). For Salmonella, the
most influential parameters were Ppgy, Pmax, and m, with Ppgy and pmax
also exhibiting interaction effects. In both organisms, V and qo displayed
negligible sensitivity and no interaction patterns, confirming their role
as numerical adjustment parameters without primary biological inter-
pretation (Baranyi and Roberts, 1995; Gonzalez et al., 2022). These
findings are consistent with (Latimer et al., 2002) and (Caballero et al.,
2024), who similarly identified growth-related parameters as the
dominant sources of variability in microbial predictive models. Practi-
cally, these results indicate that accurate estimation of yimgyx and Py is
critical for reliable predictions in reduced-sodium cooked meat systems,
and these parameters were therefore prioritized in subsequent second-
ary modeling and optimization steps.

3.6.2. Secondary model: Modified Norrish

Fig. 5 shows the sensitivity analysis of the modified Norrish equa-
tion, parameters A (scale) and B (sodium stability) were the strongest
determinants of predicted outputs (imax, 3w, and pH) for both LAB and
Salmonella, with both parameters displaying interaction -effects.
Parameter C exhibited low sensitivity and no interaction patterns,
indicating a marginal role that simplifies model calibration without
compromising predictive accuracy (Chuang and Toledo, 1976; Maneffa
et al., 2017).

Parameter comparisons between organisms revealed higher A and B
values in LAB, consistent with greater osmotic stability and adaptive
capacity relative to Salmonella — a finding that reinforces the differen-
tial responses documented in Sections 3.2 and 3.4. High model perfor-
mance (R2 > 0.989, MSE < 0.0001) confirmed that the modified Norrish
equation accurately captured the effect of sodium on both microbial
growth and the surrounding physicochemical environment in a species-
specific manner. Similar results were reported by (Buelvas Salgado,
2013), who described the combined effects of sodium and temperature
on LAB growth in cooked meats and highlighted synergistic interactions
between sodium and environmental conditions, reinforcing the utility of
this formulation for predicting microbial responses in reformulated food
systems (Alfaro-Vives and Mas-Diego, 2022; Diaz-Montes, 2023;
Koutsoumanis et al., 2004; Wang et al., 2023; Werlang et al., 2021).

3.6.3. Population dynamic model

Sensitivity analysis of the integrated Baranyi-Roberts/Lot-
ka-Volterra model identified PraxraB, BraBs Pmax,SALM> Mmax,14B> KraB,
and Pressarm as the parameters with the greatest influence on predicted
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bacterial populations over time (Fig. 6). These parameters also demon-
strated nonlinear effects and interactions, particularly within the Sal-
monella-associated variables, reflecting the complex feedback between
competitive pressure and pathogen persistence. In contrast, Prerap
showed minimal influence and no interactions, consistent with the near-
zero residual populations observed for LAB across all sodium conditions
(Table 4).

These results match those of (Caballero et al., 2024), who identified
maximum population density and competition-related parameters as
key determinants of LAB-Salmonella interactions, and collectively
confirm that carrying capacity, growth rates, and interaction coefficients

are the primary drivers of population dynamics in reduced-sodium
cooked meat systems. Together, the sensitivity analyses across all three
model levels provide a coherent picture: pmax and population ceiling
parameters consistently dominate model behavior, while adjustment
parameters such as V, qp, and C contribute minimally — a finding that
streamlines future model recalibration efforts when applying this
framework to other sodium concentrations or meat formulations.
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3.7. Optimization of sodium concentration and validation of the model
for shelf-life estimation in cooked meat products

Multi-criteria optimization using the desirability function identified
470.7 mg/100 g as the optimal sodium concentration for simultaneous
minimization of LAB and Salmonella growth, calculated as the geometric
mean of individual desirability functions within the experimental so-
dium range (Fig. 7). For practical implementation, this value was stan-
dardized to 500 mg/100 g — representing a ~ 41% reduction relative to
the Colombian regulatory limit for cooked ham (846 mg/100 g, Reso-
lution 2013 of 2020) — a level that maintains microbiological control
efficiency while facilitating industrial processing.

Model validation was conducted using two batches of cooked ham
formulated at 500 mg/100 g sodium. Predicted pimq, values from the
modified Norrish model showed high agreement with experimental
observations, with percentage differences of 3.39% for LAB and 4.14%
for Salmonella (Table 5), confirming the transferability of the secondary
model from the meat analogue to a real product matrix. These results are
comparable to those reported by (Buelvas Salgado, 2013), who validated
predictive models for Leuconostoc mesenteroides growth in vacuum-
packed ham and obtained similar levels of predictive accuracy.

Comparison between experimental data from two batches and the
model-simulated curve for LAB and Salmonella; Relationship between
predicted and observed values for LAB (block a) and Salmonella (block
b), respectively.

Predicted growth rates were subsequently used as inputs for the
Baranyi-Roberts and dynamic population models. For LAB, adjustment
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Fig. 7. Desirability-based optimization of sodium concentration in cooked
meat products. Global desirability as a function of sodium concentration
([Na™], mg/100 g). The dashed line indicates the optimal sodium concentra-
tion, and black points represent the experimental sodium levels evaluated.
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Table 5
Maximum growth rate (Jimay) estimation of LAB and Salmonella in cooked ham
with sodium adjusted to 500 mg/100 g.

Microorganism Jimax observed (h™1) Jimax predicted (h™1) % Difference
LAB 0.1149 0.1110 3.39
Salmonella 0.0169 0.0162 4.14

factors of Af = 1.3813 and Bf = 0.9936 were obtained; for Salmonella, Af
= 1.4443 and Bf = 1.0212 (Fig. 8). Bf values close to 1 indicate unbiased
predictions, while Af values reflect the average spread of predictions
around observations — values below 2.0 are generally considered
acceptable for predictive models in food systems (Perez-Rodriguez and
Valero, 2013; Rood et al., 2025). These results confirm the model's ca-
pacity to reproduce microbial growth dynamics under the sodium con-
ditions tested.

Shelf-life estimation based on a LAB spoilage threshold of 6.5 Log
CFU/g — a microbiological criterion frequently associated with sensory
deterioration in refrigerated meat products (Casaburi et al., 2015;
Nychas et al., 2008) — predicted 437.1 h (18.2 days), compared with the
experimentally observed 432 h (18.0 days), a deviation of only 1.19%.
This level of accuracy demonstrates that the framework reliably predicts
microbial shelf-life trends in sodium-reduced cooked ham under the
evaluated experimental conditions without requiring additional empir-
ical calibration for each formulation.

3.8. Study limitations and future directions

The present framework was developed under controlled experi-
mental conditions designed to isolate the effect of sodium concentration
on microbial growth dynamics in cooked meat systems. Therefore, some
limitations should be considered when interpreting the applicability of
the model under industrial conditions.

The microbiological evaluation included a single reference strain of
Salmonella enterica subsp. enterica serovar Typhimurium ATCC 14028™
and one representative LAB isolate (Leuconostoc sp.). Although suitable
for controlled predictive microbiology studies, additional strains, strain
cocktails, and other relevant microorganisms such as Listeria mono-
cytogenes or Pseudomonas spp. should be incorporated in future studies to
better represent industrial microbial diversity.

In addition, the experimental system was based on a laboratory-
prepared cooked meat analogue formulated to independently evaluate
sodium concentration while minimizing confounding compositional
effects. Although this approach enabled robust parameter estimation,
the analogue may not fully reproduce the physicochemical complexity
of industrial meat products, including the presence of additional pres-
ervation hurdles such as lactates, sorbates, nitrites, organic acids, or
modified-atmosphere packaging systems.

The framework was also evaluated under relatively stable refriger-
ated conditions (0-6 °C), whereas real distribution chains frequently
involve temperature fluctuations and abuse scenarios. Future studies
should therefore incorporate dynamic temperature conditions, sto-
chastic modeling approaches, coculture validation experiments, and
sensory evaluation to further expand the industrial applicability of the
proposed framework.

4. Conclusions

This study demonstrates that predictive microbiology provides a
feasible and quantitatively robust framework for designing reduc-
ed-sodium cooked meat products without compromising microbiolog-
ical safety. The Baranyi-Roberts model outperformed alternative
primary models in describing LAB and Salmonella growth kinetics, and
its integration with the modified Norrish secondary model accurately
captured the physicochemical drivers of microbial behavior. Multi-
criteria optimization identified 500 mg sodium/100 g as a practical
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Fig. 8. Validation of model predictions in cooked ham formulated with 500 mg/100 g sodium.

optimum (~41% reduction relative to the Colombian regulatory limit),
which was successfully validated in cooked ham with deviations below
5% for growth rate and 2% for shelf-life prediction.

Global sensitivity analysis identified pi;;q, and maximum population
density parameters as the dominant sources of model variability. In
addition, the dynamic modeling framework suggested sodium-
dependent population interaction patterns between LAB and Salmo-
nella, with LAB showing greater persistence under reduced-sodium
conditions, potentially relevant for future bioprotective strategies in
cooked meat systems.

Overall, the proposed framework provides a quantitative and trans-
ferable basis for sodium-reduction strategies in processed meat products
and may support future developments in predictive microbiology and
food safety optimization under industrial conditions.

Declaration of generative Al and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work the author(s) used Claude (An-
thropic, claude.ai) in order to support programming and script devel-
opment, code review, and text editing assistance during manuscript
preparation. After using this tool/service, the author(s) reviewed and
edited the content as needed and take(s) full responsibility for the
content of the published article.

10

CRediT authorship contribution statement

Juan David Velasquez-Florez: Writing — original draft, Software,
Methodology, Investigation, Formal analysis, Conceptualization. Cata-
lina Quevedo-Ospina: Writing — original draft, Methodology, Investi-
gation, Formal analysis, Conceptualization. Leon F. Toro-Navarro:
Writing — review & editing, Writing — original draft, Supervision,
Investigation, Funding acquisition, Formal analysis, Conceptualization.

Funding

The authors acknowledge the support of the Committee for Research
Development (CODI) at the University of Antioquia (Grant No. 2023-
64411).
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.



J.D. Velasquez-Florez et al.
Acknowledgments

We thank Zeni S.A.S. (Medellin, Colombia) for providing the strains
and meat products. We also acknowledge the Biotransformation
Research Group and the BIOALI Food Research Group at the University
of Antioquia for facilities and equipment

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2026.111902.

References

Aaslyng, M.D., Vestergaard, C., Koch, A.G., 2014. The effect of salt reduction on sensory
quality and microbial growth in hotdog sausages, bacon, ham and salami. Meat Sci.
96, 47-55. https://doi.org/10.1016/j.meatsci.2013.06.004.

Alfaro-Vives, O.G., Mas-Diego, S.M., 2022. Analisis de sensibilidad de los parametros del
modelo Pro-Alga para la simulacién del crecimiento de Chlorella vulgaris.
Tecnologia Quimica 42, 40-55.

Amrane, A., 2001. Batch cultures of supplemented whey permeate using Lactobacillus
helveticus: unstructured model for biomass formation, substrate consumption and
lactic acid production. Enzyme Microb. Technol. 28, 827-834. https://doi.org/
10.1016/50141-0229(01)00341-6.

Antunes-Rohling, A., Artaiz, A., Calero, S., Halaihel, N., Guillén, S., Raso, J., Alvarez, 1.,
Cebrian, G., 2019. Modelling microbial growth in modified-atmosphere-packed hake
(Merluccius merluccius) fillets stored at different temperatures. Food Res. Int. 122,
506-516. https://doi.org/10.1016/J.FOODRES.2019.05.018.

Bamidele, O.P., Adeyanju, A.A., Wokadala, O.C., Mlambo, V., 2023. African fermented
fish and meat-based products. In: Indigenous Fermented Foods for the Tropics,
pp. 117-131. https://doi.org/10.1016,/B978-0-323-98341-9.00025-6.

Baranyi, J., Roberts, T.A., 1995. Mathematics of predictive food microbiology. Int. J.
Food Microbiol. 26, 199-218. https://doi.org/10.1016/0168-1605(94)00121-L.

Barcenilla, C., Alvarez-Ordéfez, A., Lopez, M., Alvseike, O., Prieto, M., 2022.
Microbiological Safety and Shelf-Life of Low-Salt Meat Products-A Review. Foods 11,
2331. https://doi.org/10.3390/foods11152331.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.
72, 248-254. https://doi.org/10.1016/0003-2697(76)90527-3.

Buelvas Salgado, G.A., 2013. Desarrollo y validacion de modelos matematicos
predictivos del crecimiento microbiano para estimacion de la vida til en jamon
lonchado empacado al vacio (Magister en Ciencia y Tecnologia de Alimentos).
Universidad Nacional de Colombia, Medellin.

Caballero, V., Maughan, L., Bolton, D., Celayeta, J.M.F., 2024. Modelling the dynamics of
microbial populations and Salmonella spp. in milk kefir. Food Bioprod. Process. 145,
217-225. https://doi.org/10.1016/j.fbp.2024.04.002.

Calder6n, J.J., 2021. EFECTO DEL LACTATO DE SODIO COMO ANTIMICROBIANO
NATURAL EN LA MORTADELA. UNIVERSIDAD AGRARIA DEL ECUADOR,
GUAYAQUIL-ECUADOR.

Calle, A., Fernandez, M., Montoya, B., Schmidt, M., Thompson, J., 2021. Uv-c led
irradiation reduces salmonella on chicken and food contact surfaces. Foods 10.
https://doi.org/10.3390/foods10071459.

Casaburi, A., Piombino, P., Nychas, G.-J., Villani, F., Ercolini, D., 2015. Bacterial
populations and the volatilome associated to meat spoilage. Food Microbiol. 45,
83-102. https://doi.org/10.1016/j.fm.2014.02.002.

Castro, G., Valbuena, E., Sanchez, E., Brinez, W., Vera, H., Leal, M., 2008. Comparacion
de modelos sigmoidales aplicados al crecimiento de lactococcus lactis subsp. Lactis.
Revista Cientifica XVIII, 582-588.

Chen, R., Liu, X.C., Xiang, J., Sun, W., Tomasevic, 1., 2023. Prospects and challenges for
the application of salty and saltiness-enhancing peptides in low-sodium meat
products. Meat Sci. 204, 109261. https://doi.org/10.1016/J.
MEATSCI.2023.109261.

Chuang, L., Toledo, R.T., 1976. PREDICTING THE WATER ACTIVITY OF
MULTICOMPONENT SYSTEMS FROM WATER SORPTION ISOTHERMS OF
INDIVIDUAL COMPONENTS. J. Food Sci. 41, 922-927. https://doi.org/10.1111/
j-1365-2621.1976.tb00753_41_4.x.

Colombia. Ministerio de Salud y Proteccion Social, 2020. Resolucion 2013 de 2020
(Noviembre 20): por la cual se establece el reglamento técnico que define los
contenidos maximos de sodio de los alimentos procesados priorizados en el marco de
la Estrategia Nacional de Reduccién del Consumo de Sodio y se dictan otras
disposiciones.

De Oliveira, T.L.C., de Castro Leite, B.R., Ramos, A.L.S., Ramos, E.M., Piccoli, R.H.,
Cristianini, M., 2015. Phenolic carvacrol as a natural additive to improve the
preservative effects of high pressure processing of low-sodium sliced vacuum-packed
turkey breast ham. LWT Food Sci. Technol. 64, 1297-1308. https://doi.org/
10.1016/J.LWT.2015.06.011.

Diaz-Montes, E., 2023. Efecto de pmdx de cepas Leuconostoc mesenteroides en
fermentaciones simuladas. ICBI 11, 76-82. https://doi.org/10.29057 /icbi.
v11iEspecial.10035.

Doyle, M.E., Glass, K.A., 2010. Sodium Reduction and Its Effect on Food Safety, Food
Quality, and Human Health. Compr. Rev. Food Sci. Food Saf. 9, 44-56. https://doi.
org/10.1111/J.1541-4337.2009.00096.X.

11

International Journal of Food Microbiology 459 (2026) 111902

Engstrom, S.K., Cheng, C., Seman, D., Glass, K.A., 2020. Growth of Listeria
monocytogenes in a Model High-Moisture Cheese on the Basis of pH, Moisture, and
Acid Type. J. Food Prot. 83, 1335-1344. https://doi.org/10.4315/JFP-20-069.

FDA [WWW Document], 2021. El sodio en su dieta. URL https://www.fda.gov/food/nutr
ition-education-resources-materials/el-sodio-en-su-dieta (accessed 3.26.23).

Fraqueza, M.J., Laranjo, M., Elias, M., Patarata, L., 2021. Microbiological hazards
associated with salt and nitrite reduction in cured meat products: control strategies
based on antimicrobial effect of natural ingredients and protective microbiota. Curr.
Opin. Food Sci. 38, 32-39. https://doi.org/10.1016/j.cofs.2020.10.027.

Galvao, M.T.E.L., Moura, D.B., Barretto, A.C.S., Pollonio, M.A.R., 2014. Effects of
micronized sodium chloride on the sensory profile and consumer acceptance of
turkey ham with reduced sodium content. Food Sci. Technol. 34, 189-194. https://
doi.org/10.1590/50101-20612014005000009.

Gonzalez, R.E., Tarén Dunoyer, A., Pérez Mendoza, J., 2022. Modelo de crecimiento
microbiano para predecir el comportamiento de Salmonella spp. en queso costenio
colombiano. Inf. tecnol. 33, 225-234. https://doi.org/10.4067/50718-
07642022000100225.

Gutiérrez-Chocoza, M.A., Lopez-Romero, J.C., Garcia-Galaz, A., Gonzélez-Rios, H., Pena-
Ramos, A., Juneja, V.K., Pérez-Baez, A.J., Valenzuela-Melendres, M., 2023. Modeling
the effects of temperature and pH on Listeria monocytogenes growth in Mexican-
style pork chorizo. Applied Food Research 3, 100336. https://doi.org/10.1016/j.
afres.2023.100336.

Hansen, T.B., Abdalas, S., Al-Hilali, I., Hansen, L.T., 2021. Predicting the effect of salt on
heat tolerance of Listeria monocytogenes in meat and fish products. Int. J. Food
Microbiol. 352, 109265. https://doi.org/10.1016/j.ijfoodmicro.2021.109265.

Huang, L., 2013. Optimization of a new mathematical model for bacterial growth. Food
Control 32. https://doi.org/10.1016/j.foodcont.2012.11.019.

Huang, L., 2017. Dynamic kinetic analysis of growth of Listeria monocytogenes in a
simulated comminuted, non-cured cooked pork product. Food Control 71, 160-167.
https://doi.org/10.1016/j.foodcont.2016.06.043.

Huang, Z., Huang, Y., Dong, Z., Guan, P., Wang, X., Wang, S., Lei, M., Suo, B., 2023.
Modelling the growth of Staphylococcus aureus with different levels of resistance to
low temperatures in glutinous rice dough. LWT 173, 114263. https://doi.org/
10.1016/J.LWT.2022.114263.

ICONTEC, 2008. NTC 1325:2008. Industrias alimentarias. Productos carnicos procesados
no enlatados.

ICONTEC, 2009. NTC 1663:2009. Carne y productos carnicos. Métodos de determinacion
del contenido de humedad. (Método de referencia y método de rutina).

I1SO, 1998. I1SO 15214:1998. Microbiology of food and animal feeding stuffs —
Horizontal method for the enumeration of mesophilic lactic acid bacteria — Colony-
count technique at 30 degrees C.

IS0, 1999. ISO 2917:1999. Meat and meat products — Measurement of pH — Reference
method.

ISO, 2017a. ISO 6579:2017. Microbiology of the food chain — Horizontal method for the
detection, enumeration and serotyping of Salmonella.

ISO, 2017b. ISO 18787:2017. Foodstuffs — Determination of water activity.

ISO, 2019. ISO 20976-1. Microbiology of the Food Chain—Guidelines for Conducting
Challenge Tests of Food and Feed Products—Part 1: Challenge Tests to Study the
Growth Potential, Lag Time and the Maximum Growth Rate.

Juneja, V.K., Osoria, M., Kapoor, H.K., Gupta, P., Salazar, J.K., Shrestha, S., Bag, S.K.,
Mishra, A., 2025. A predictive growth model of Staphylococcus aureus during
temperature abuse conditions. Food Res. Int. 206, 116032. https://doi.org/10.1016/
j.foodres.2025.116032.

Kim, J.-Y., Bae, Y.-M,, Lee, S.-Y., 2021. Combined effect of various salt concentrations
and lactic acid bacteria fermentation on the survival of Escherichia coli 0157:H7 and
Listeria monocytogenes in white kimchi at different temperatures. Food Sci.
Biotechnol. 30, 1593-1600. https://doi.org/10.1007/s10068-021-00979-9.

Kokkosi, E.K., Mylonaki, E.N., Karabagias, V.K., Andritsos, N.D., Giannakas, A.E.,
Karabagias, 1.K., 2024. Shelf life extension of Gyros pork meat using plant extracts
with antioxidant and antimicrobial activities. Food Biosci. 62, 105542. https://doi.
0rg/10.1016/j.fbio.2024.105542.

Koseki, S., Koyama, K., Abe, H., 2021. Recent advances in predictive microbiology:
theory and application of conversion from population dynamics to individual cell
heterogeneity during inactivation process. Curr. Opin. Food Sci. 39, 60-67. https://
doi.org/10.1016,/J.COFS.2020.12.019.

Koutsoumanis, K.P., Kendall, P.A., Sofos, J.N., 2004. Modeling the Boundaries of Growth
ofSalmonella Typhimurium in Broth as a Function of Temperature, Water Activity,
and pH. J. Food Prot. 67, 53-59. https://doi.org/10.4315/0362-028X-67.1.53.

Latimer, H.K., Jaykus, L.-A., Morales, R.A., Cowen, P., Crawford-Brown, D., 2002.
Sensitivity analysis of Salmonella enteritidis levels in contaminated shell eggs using
a biphasic growth model. Int. J. Food Microbiol. 75, 71-87. https://doi.org/
10.1016/s0168-1605(02)00004-1.

Li, F., Xiong, X.-S., Yang, Y.-Y., Wang, J.-J., Wang, M.-M., Tang, J.-W., Liu, Q.-H.,
Wang, L., Gu, B., 2021. Effects of NaCl Concentrations on Growth Patterns,
Phenotypes Associated With Virulence, and Energy Metabolism in Escherichia coli
BW25113. Front. Microbiol. 12, 705326. https://doi.org/10.3389/
fmicb.2021.705326.

Li, Yingchang, Zhao, N., Li, Yuanyuan, Zhang, D., Sun, T., Li, J., 2023. Dynamics and
diversity of microbial community in salmon slices during refrigerated storage and
identification of biogenic amine-producing bacteria. Food Biosci. 52, 102441.
https://doi.org/10.1016/J.FBI0.2023.102441.

Mai, X., Wang, W., Zhang, X., Wang, D., Liu, F., Sun, Z., 2022. Mathematical Modeling of
the Effects of Temperature and Modified Atmosphere Packaging on the Growth
Kinetics of Pseudomonas Lundensis and Shewanella Putrefaciens in Chilled Chicken.
Foods 11, 2824. https://doi.org/10.3390/foods11182824.


https://doi.org/10.1016/j.ijfoodmicro.2026.111902
https://doi.org/10.1016/j.ijfoodmicro.2026.111902
https://doi.org/10.1016/j.meatsci.2013.06.004
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0010
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0010
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0010
https://doi.org/10.1016/S0141-0229(01)00341-6
https://doi.org/10.1016/S0141-0229(01)00341-6
https://doi.org/10.1016/J.FOODRES.2019.05.018
https://doi.org/10.1016/B978-0-323-98341-9.00025-6
https://doi.org/10.1016/0168-1605(94)00121-L
https://doi.org/10.3390/foods11152331
https://doi.org/10.1016/0003-2697(76)90527-3
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0045
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0045
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0045
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0045
https://doi.org/10.1016/j.fbp.2024.04.002
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0055
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0055
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0055
https://doi.org/10.3390/foods10071459
https://doi.org/10.1016/j.fm.2014.02.002
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0070
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0070
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0070
https://doi.org/10.1016/J.MEATSCI.2023.109261
https://doi.org/10.1016/J.MEATSCI.2023.109261
https://doi.org/10.1111/j.1365-2621.1976.tb00753_41_4.x
https://doi.org/10.1111/j.1365-2621.1976.tb00753_41_4.x
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0085
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0085
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0085
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0085
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0085
https://doi.org/10.1016/J.LWT.2015.06.011
https://doi.org/10.1016/J.LWT.2015.06.011
https://doi.org/10.29057/icbi.v11iEspecial.10035
https://doi.org/10.29057/icbi.v11iEspecial.10035
https://doi.org/10.1111/J.1541-4337.2009.00096.X
https://doi.org/10.1111/J.1541-4337.2009.00096.X
https://doi.org/10.4315/JFP-20-069
https://www.fda.gov/food/nutrition-education-resources-materials/el-sodio-en-su-dieta
https://www.fda.gov/food/nutrition-education-resources-materials/el-sodio-en-su-dieta
https://doi.org/10.1016/j.cofs.2020.10.027
https://doi.org/10.1590/S0101-20612014005000009
https://doi.org/10.1590/S0101-20612014005000009
https://doi.org/10.4067/S0718-07642022000100225
https://doi.org/10.4067/S0718-07642022000100225
https://doi.org/10.1016/j.afres.2023.100336
https://doi.org/10.1016/j.afres.2023.100336
https://doi.org/10.1016/j.ijfoodmicro.2021.109265
https://doi.org/10.1016/j.foodcont.2012.11.019
https://doi.org/10.1016/j.foodcont.2016.06.043
https://doi.org/10.1016/J.LWT.2022.114263
https://doi.org/10.1016/J.LWT.2022.114263
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0150
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0150
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0155
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0155
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0160
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0160
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0160
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0165
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0165
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0170
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0170
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0175
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0180
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0180
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0180
https://doi.org/10.1016/j.foodres.2025.116032
https://doi.org/10.1016/j.foodres.2025.116032
https://doi.org/10.1007/s10068-021-00979-9
https://doi.org/10.1016/j.fbio.2024.105542
https://doi.org/10.1016/j.fbio.2024.105542
https://doi.org/10.1016/J.COFS.2020.12.019
https://doi.org/10.1016/J.COFS.2020.12.019
https://doi.org/10.4315/0362-028X-67.1.53
https://doi.org/10.1016/s0168-1605(02)00004-1
https://doi.org/10.1016/s0168-1605(02)00004-1
https://doi.org/10.3389/fmicb.2021.705326
https://doi.org/10.3389/fmicb.2021.705326
https://doi.org/10.1016/J.FBIO.2023.102441
https://doi.org/10.3390/foods11182824

J.D. Velasquez-Florez et al.

Maneffa, A.J., Stenner, R., Matharu, A.S., Clark, J.H., Matubayasi, N., Shimizu, S., 2017.
Water activity in liquid food systems: A molecular scale interpretation. Food Chem.
237, 1133-1138. https://doi.org/10.1016/j.foodchem.2017.06.046.

Matthews, K., Strong, M., 2005. Salt - Its role in meat products and the industry’s action
plan to reduce it. Nutr. Bull. 30, 55-61. https://doi.org/10.1111/J.1467-
3010.2005.00469.X.

Norrish, R.S., 1966. An equation for the activity coefficients and equilibrium relative
humidities of water in confectionery syrups. Int J of Food Sci Tech 1, 25-39. https://
doi.org/10.1111/j.1365-2621.1966.tb01027.x.

Nychas, G.-J.E., Skandamis, P.N., Tassou, C.C., Koutsoumanis, K.P., 2008. Meat spoilage
during distribution. Meat Sci. 78, 77-89. https://doi.org/10.1016/j.
meatsci.2007.06.020.

Perez-Rodriguez, F., Valero, A., 2013. Predictive Microbiology in Foods. Springer New
York, New York, NY. https://doi.org/10.1007/978-1-4614-5520-2.

Rodriguez Gonzalez, J., Ugalde Saborio, E., 2021. Impacto de la estandarizacion y
escalado: factor para prediccién de costos en proyectos a través de una red neuronal
artificial. Ingeniare. Rev. chil. ing. 29, 265-275. https://doi.org/10.4067/50718-
33052021000200265.

Rodriguez, V.B., Chacén-Villalobos, A., Araya-Quesada, Y., 2022. Effects of a natural
preservative from sugarcane, and sodium lactate, on characteristics and acceptance
of pressed ham. UNED Research Journal 14, e4200. https://doi.org/10.22458/URJ.
V1412.4200.

Rood, L., Hunt, 1., Gole, V., Bowman, J.P., Ross, T., Yang, S.W.T., Pagnon, J.,
Kocharunchitt, C., 2025. The shelf-life of vacuum-packed pork primals at different
storage temperatures. Meat Sci. 225, 109809. https://doi.org/10.1016/j.
meatsci.2025.109809.

da Silva, J.L., Vieira, B.S., Carvalho, F.T., Carvalho, R.C.T., Figueiredo, E.E. de S., 2022.
Salmonella behavior in meat during cool storage: a systematic review and meta-
analysis. Animals 12. https://doi.org/10.3390/ani12212902.

Solomando, J.C., Vazquez, F., Antequera, T., Folgado, C., Perez-Palacios, T., 2023.
Addition of fish oil microcapsules to meat products — Implications for omega-3
enrichment and salt reduction. J. Funct. Foods 105, 105575. https://doi.org/
10.1016/J.JFF.2023.105575.

Soro, A.B., Ekhlas, D., Shokri, S., Yem, M.M., Li, R.C., Barroug, S., Hannon, S., Whyte, P.,
Bolton, D.J., Burgess, C.M., Bourke, P., Tiwari, B.K., 2023. The efficiency of UV light-
emitting diodes (UV-LED) in decontaminating Campylobacter and Salmonella and
natural microbiota in chicken breast, compared to a UV pilot-plant scale device.
Food Microbiol. 116, 104365. https://doi.org/10.1016/J.FM.2023.104365.

12

International Journal of Food Microbiology 459 (2026) 111902

Thomas, K.M., de Glanville, W.A., Barker, G.C., Benschop, J., Buza, J.J., Cleaveland, S.,
Davis, M.A., French, N.P., Mmbaga, B.T., Prinsen, G., Swai, E.S., Zadoks, R.N.,
Crump, J.A., 2020. Prevalence of Campylobacter and Salmonella in African food
animals and meat: A systematic review and meta-analysis. Int. J. Food Microbiol.
315, 108382. https://doi.org/10.1016/J.IJFOODMICRO.2019.108382.

Veatch, M.H., 2021. Linear and Convex Optimization: A Mathematical Approach, 1st ed.
Wiley. doi:https://doi.org/10.1002/9781119664079.

Wang, J., Huang, X.H., Zhang, Y.Y., Li, S., Dong, X., Qin, L., 2023. Effect of sodium salt
on meat products and reduction sodium strategies — A review. Meat Sci. 205,
109296. https://doi.org/10.1016/J.MEATSCI.2023.109296.

Wang, Q., Li, X., Xue, B., Wu, Y., Song, H., Luo, Z., Shang, P., Liu, Z., Huang, Q., 2022.
Low-salt fermentation improves flavor and quality of sour meat: Microbiology and
metabolomics. LWT 171, 114157. https://doi.org/10.1016/j.1wt.2022.114157.

Werlang, G.O., Vieira, T.R., Cardoso, M., Costa, E. de F., 2021. Application of a predictive
microbiological model for estimation of Salmonella behavior throughout the
manufacturing process of salami in environmental conditions of small-scale Brazilian
manufacturers. Microb. Risk Anal. 19, 100177. https://doi.org/10.1016/J.
MRAN.2021.100177.

World Health Organization, 2012. Guideline: Sodium intake for adults and children.
World Health Organization.

Xing, S., Zhang, X., Guan, H., Li, H., Liu, W., 2023a. Predictive model for growth of
Leuconostoc mesenteroides in Chinese cabbage juices with different salinities. LWT
173, 114264. https://doi.org/10.1016/j.1wt.2022.114264.

Xing, S., Zhang, X., Guan, H., Li, H., Liu, W., 2023b. Predictive model for growth of
Leuconostoc mesenteroides in Chinese cabbage juices with different salinities. LWT
173, 114264. https://doi.org/10.1016/j.1wt.2022.114264.

Xu, M.M., Kaur, M., Pillidge, C.J., Torley, P.J., 2021. Evaluation of the potential of
protective cultures to extend the microbial shelf-life of chilled lamb meat. Meat Sci.
181, 108613. https://doi.org/10.1016/j.meatsci.2021.108613.

Yang, X., Zhu, L., Zhang, Y., Liang, R., Luo, X., 2018. Microbial community dynamics
analysis by high-throughput sequencing in chilled beef longissimus steaks packaged
under modified atmospheres. Meat Sci. 141, 94-102. https://doi.org/10.1016/J.
MEATSCI.2018.03.010.

Yang, X., Luo, X., Zhang, Y., Hopkins, D.L., Liang, R., Dong, P., Zhu, L., 2020. Effects of
microbiota dynamics on the color stability of chilled beef steaks stored in high
oxygen and carbon monoxide packaging. Food Res. Int. 134, 109215. https://doi.
org/10.1016/j.foodres.2020.109215.


https://doi.org/10.1016/j.foodchem.2017.06.046
https://doi.org/10.1111/J.1467-3010.2005.00469.X
https://doi.org/10.1111/J.1467-3010.2005.00469.X
https://doi.org/10.1111/j.1365-2621.1966.tb01027.x
https://doi.org/10.1111/j.1365-2621.1966.tb01027.x
https://doi.org/10.1016/j.meatsci.2007.06.020
https://doi.org/10.1016/j.meatsci.2007.06.020
https://doi.org/10.1007/978-1-4614-5520-2
https://doi.org/10.4067/S0718-33052021000200265
https://doi.org/10.4067/S0718-33052021000200265
https://doi.org/10.22458/URJ.V14I2.4200
https://doi.org/10.22458/URJ.V14I2.4200
https://doi.org/10.1016/j.meatsci.2025.109809
https://doi.org/10.1016/j.meatsci.2025.109809
https://doi.org/10.3390/ani12212902
https://doi.org/10.1016/J.JFF.2023.105575
https://doi.org/10.1016/J.JFF.2023.105575
https://doi.org/10.1016/J.FM.2023.104365
https://doi.org/10.1016/J.IJFOODMICRO.2019.108382
https://doi.org/10.1002/9781119664079
https://doi.org/10.1016/J.MEATSCI.2023.109296
https://doi.org/10.1016/j.lwt.2022.114157
https://doi.org/10.1016/J.MRAN.2021.100177
https://doi.org/10.1016/J.MRAN.2021.100177
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0305
http://refhub.elsevier.com/S0168-1605(26)00283-7/rf0305
https://doi.org/10.1016/j.lwt.2022.114264
https://doi.org/10.1016/j.lwt.2022.114264
https://doi.org/10.1016/j.meatsci.2021.108613
https://doi.org/10.1016/J.MEATSCI.2018.03.010
https://doi.org/10.1016/J.MEATSCI.2018.03.010
https://doi.org/10.1016/j.foodres.2020.109215
https://doi.org/10.1016/j.foodres.2020.109215

	Sodium reduction in cooked meat products without compromising microbiological safety: A predictive microbiology framework f ...
	1 Introduction
	2 Materials and methods
	2.1 Growth matrices, microbial strains and inoculum preparation
	2.2 Cooked meat analogue preparation
	2.3 Experimental procedure
	2.4 Model validation in cooked meat products
	2.5 Predictive modeling
	2.5.1 Primary growth models
	2.5.2 Secondary models
	2.5.3 Dynamic population model

	2.6 Model fitting and validation
	2.7 Sensitivity analysis
	2.8 Optimization of sodium concentration

	3 Results and discussion
	3.1 Physicochemical characterization of the meat analogue
	3.2 Effects of sodium concentration and microorganism type
	3.3 Primary modeling of microbial growth
	3.4 Secondary modeling of microbial growth
	3.5 Dynamic population model
	3.6 Sensitivity analysis
	3.6.1 Primary model: Baranyi-Roberts
	3.6.2 Secondary model: Modified Norrish
	3.6.3 Population dynamic model

	3.7 Optimization of sodium concentration and validation of the model for shelf-life estimation in cooked meat products
	3.8 Study limitations and future directions

	4 Conclusions
	Declaration of generative AI and AI-assisted technologies in the manuscript preparation process
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	datalink3
	Acknowledgments
	Appendix A Supplementary data
	References


