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The microbiological quality of fermented products such as salami are highly dependent on the interaction of
environmental conditions during its fabrication. These effects may be predicted by mathematical modeling, and
this approach has been adopted in several occasions. The aim of this study was to validate the Gamma concept
model to predict Salmonella behavior during salami manufacturing in environmental conditions found in small
scale Brazilian manufacturer. Furthermore, we simulated the growth and inactivation of Salmonella in salami
considering a Brazilian scenario of contamination level of pork. Salami pieces were elaborated with a cocktail of
five strains of Salmonella and subjected to maturation. For the fitted model construction, temperatures of 30◦ C
during fermentation and 20◦ C during drying were used; while 25◦ C (fermentation) and 18◦ C (drying) were used
in the validation study. Water activity (aw) and pH were analyzed and Salmonella enumerated during maturation
for fitting the curves. Salmonella isolates recovered at the end of the maturation were subjected to macro
restriction profiling (PFGE). The parameters obtained in the fitted Gamma concept model (μopt, δ1, δ2, α) were
used to predict the bacteria behaviour in the validation study. During the maturation, Salmonella concentration
decreased from 7.086 to 3.368 log10 cfu/g (after 941 horas), and from 7.751 to 2.749 log10 cfu/g (after 1121.5
horas) in the fitted model and validation study, respectively. The aw was determinant for starting the microbial
inactivation in the fitted model. Strains belonging to all PFGE-profiles inoculated in the salami pieces were
detected in the end of the maturation. Regarding the simulation in a Brazilian scenario of pork contamination,
the model predicted, in the upper 95% confidence interval, zero log10 cfu/g of Salmonella after 670 h of
maturation. The results indicate that the Gamma concept model provide a robust alternative to predict the
concentration of Salmonella in salami considering the characteristics of production adopted in small industries in
Brazil. The model predicted that in a scenario of higher environmental temperatures (30◦ C fermentation/ 20◦ C
drying) Salmonella absence can be achieved after 15 days.

1. Introduction
Salmonella infection is of significant public health importance
worldwide, and the global human health impact of nontyphoidal sal
monelosis has been estimated in 93.8 million illnesses, of which 80.3
million are foodborne (Majowicz et al., 2010). In the European Union, a
total of 1,581 outbreaks were reported in 2018, causing 11,581 human
cases (EFSA, 2021), underpinning the relevance of S. enterica for the
consumer’s health. In other regions, surveillance information is

heterogeneous and the burden of Salmonella is possibly underestimated
(Pires et al., 2012). The same authors report that in Latin America and
the Caribbean region, only 946 Salmonella outbreaks were compiled in
the Regional Information System between 1993 and 2010, and for
several countries, including Brazil, no outbreak was reported in this
period (Pires et al., 2012). However, according to Brazilian Health Au
thority official data, between 2009 and 2018, a total of 6809 outbreaks
were reported, and Salmonella was the second most frequent cause
identified (Brasil, 2019).
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Although eggs and chicken are usually the most important food
source in Salmonella outbreaks (CDC, 2012; EFSA, 2021; Neto et al.,
2021), pork and products thereof have been estimated to be involved in
up to 7.1% (EFSA, 2021) and 11% (Pires et al., 2012) of the outbreaks.
Pork is usually consumed after cooking, but some products prepared
with pig meat are ready-to-eat foods. Among them, fermented sausages
such as salami are popular ingredients of sandwiches, salads, and snacks
in several countries of Europe and Latin America. Dry fermented sau
sages are considered as generally safe products (Mataragas et al., 2008);
although the presence of Salmonella has been reported in this foodstuff
(Duffy et al., 2001; Pires et al., 2019; Werlang et al., 2019).
Salmonella outbreaks associated with consumption of fermented
sausages have also occurred (Arnedo-Pena et al., 2016; Bremer et al.,
2004), and short-time fermentation or insufficient processing have been
pointed out as important risk factors for the presence of pathogens in
this product (Bremer et al., 2004). S. enterica subsp. enterica serovar
Typhimurium and its monophasic variant are by far the most important
serovars involved in outbreaks associated with pork and pork products
(Arnedo-Pena et al., 2016; Self et al., 2017). S. Derby (Arnedo-Pena
et al., 2016; Bonardi et al., 2017) and S. Infantis (Schroeder et al., 2016;
Self et al., 2017) also stand out as serovars frequently associated with
pork. Moreover, serovars less frequently reported, such as S. Goldcoast
(Bremer et al., 2004) and S. Lichtfield (Canadá, 2019), have also been
isolated from fermented sausage, causing outbreaks. Hence, it is
important to ensure that fermentation and drying during salami pro
duction will be able to reduce microbial risks for the consumers. Such a
process is dependent on intrinsic and extrinsic factors: quality of the
ground meat; curing agents; pH and water activity (aw) reduction due to
fermentation and drying (Holck et al., 2017). In this sense, the multiple
serovars of Salmonella and their difference in resistance to desiccation
(Gruzdev et al., 2012, 2011) may represent an extra challenge for
ready-to-eat products manufacturing.
Predictive microbiology models are a set of mathematical models
aiming to predict the behavior of microorganisms in food (e.g., grow or
inactivation). During the last years, several types of models have been
developed, for instance: polynomial equations, modified-Gompertz and
logistic models, and Artificial Neural Networks (Bonilauri et al., 2019;
Erkmen, 2008; Hwang et al., 2009; Palanichamy et al., 2008). All ap
proaches allow the processors to describe and document the effect of
each step of the process on the food contamination, providing a trans
parent and rational framework (Perez-Rodriguez and Valero, 2013;
Whiting, 1995).
Coroller et al. (2015) proposed a set of models that covered the three
phases: growth, growth limits, and inactivation based on logistic
models, Cardinal, Weibull, and the gamma concept to quantify the
behavior of S. Typhimurium. The so-called Gamma concept model poses
some advantages over the others by using biologically interpretable
parameters making it more suitable for estimating the effect of the
combination of environmental conditions on the microbial growth/i
nactivation rate (Rosso et al., 1995, 1993; Zwietering et al., 1993). The
model was applied to investigate the effects of fermentation and drying
processes on S. Typhimurium inoculated in French dry fermented
sausage with several formulations in terms of the type of starter culture,
sodium chloride concentration, and dextrose and lactose concentration.
The temperature and relative humidity during the process was set ac
cording to the average adopted by the French manufacturers. In this
condition, only the initial concentration of sugar and type of starter
culture influenced the behavior of S. Typhimurium (Coroller et al.,
2015).
Salami manufactured in Brazil has similar ingredients as French
fermented sausages; however, the temperatures adopted for fermenta
tion and drying may be higher in some small local manufacturers
(Bis-Souza et al., 2020; Kunrath et al., 2017; Marangoni and Moura,
2011). Temperature is important in modulating the speed of biochem
ical reactions during fermentation and drying, and in this sense, indi
rectly influences the inactivation of pathogens. Despite the theoretical

increase of the rate of inactivation be proportional with the temperature
enhancement (Corkrey et al., 2012), lower temperatures have been
pointed out to allow reaching conditions more favorable to inactivation
(Coroller et al., 2012). In this scenario, different conditions regarding
temperature might result in a variation in the time needed to manu
facture a safe fermented sausage such as salami.
Thus, the present study aimed at: i) adjusting the Gamma concept
predictive model described by Coroller et al. (2012) for a Salmonella
cocktail behavior during salami manufacturing, adopting a temperature
of 30◦ C during fermentation and 20◦ C for drying (fitted model); ii) to
validate the fitted model setting different environmental conditions
using lower temperatures (25◦ C and 18◦ C for fermentation and drying,
respectively); and iii) using the fitted model to simulate the growth and
inactivation of Salmonella in salami considering concentrations of this
pathogen reported in fresh sausages in Brazil.
2. Materials and methods
2.1. Bacterial strains and inoculum preparation
Five Salmonella strains from the culture collection of the Preventive
Veterinary Medicine Laboratory of the Federal University of Rio Grande
do Sul were used in this study: S. Derby (PL764), S. Infantis (PL7) and S.
Typhimurium (PL1048), all isolated from fresh pork sausage; S. Typhi
murium (PL10) isolated from salami; and S. Typhimurium ATCC 14028.
All strains were recovered and confirmed as described elsewhere (Quinn
et al., 2011).
The selected strains were individually adapted in BHI broth (Oxoid,
Basingstoke, UK) added with 1% glucose, and incubated at 37 ± 2◦ C for
18 h. Afterwards, the Salmonella strains were sequentially grown in 10
and 20 mL of BHI broth incubated at 37 ± 2◦ C for 18 h. After incubation,
the cultures were centrifuged at 3,800 x g for 40 minutes, the super
natant was discarded, and the cell pellet was reconstituted in 2 mL of
0.85% NaCl. The individual bacterial suspensions were adjusted to a
concentration of approximately 10 log10 cfu/mL. The mixed cultures
were prepared by transferring a 2 mL-aliquot of the adjusted suspension
of each strain to a sterile flask.
2.2. Manufacturing and inoculation of salami
The ingredients and batter preparation were based on typical Bra
zilian salami recipes: raw ground pork shoulder (85%); minced bacon
(11%); sodium chloride (2%); spice (0.96%); dextrose (0.90%); sodium
erythorbate and sodium glutamate (0.11%); curing salt [sodium nitrate
and sodium nitrite] (0.03%); and starter culture [ca. 106cfu/g Staphy
lococcus xylosus, Staphylococcus carnosus and Lactobacillus sakei (Lyo
carni SBM-21, Sacco, Campinas, Brazil)] (0.02%). Ingredients (minced
pork and bacon) were tested for Salmonella absence prior the prepara
tion. All ingredients were individually weighed and mixed. The Salmo
nella cocktail was added to the dough at a final concentration of ~107
cfu/ g. The batter was mixed and stuffed into a natural bovine casing
using a manual stuffer and tied. Salami units (approximately 200g) were
hung vertically in a maturation chamber (100 cm × 85 cm × 60 cm)
with temperature and relative humidity (RH) controlled with a Digital
Thermohygrometer (Kasvi, São José dos Pinhais, Brazil), and recorded
in a spreadsheet throughout the maturation period.
2.3. Maturation protocol for the fitted model
The salami units were subjected to fermentation at 30◦ C with relative
humidity (RH) of 95 to 99% until the pH 5.4 was reached. The drying
step was then conducted at 20◦ C and the RH gradually reduced from
95% to 70%. One salami piece was used as destructive samples
throughout the maturation. For microbiology and pH analysis, 23 time
points were analyzed; while, for the aw analysis five time points were
sampled.
2
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2.4. Microbiological analysis

Switzerland), and the measurement was conducted in a Lab Touch - aw
device (Novasina).

The casing of each salami unit was removed, and 25g was added to
225 mL of 1% buffered peptone water (BPW, Merck, Darmstadt, Ger
many) and homogenized (Food Samples Homogenizers, Logen Scienti
fic, Shanghai, China) for one minute. From the initial suspension, serial
dilutions in 9 mL of BPW were performed. For the recovery of injured
and non-injured Salmonella cells the Thin-layer (TAL) agar was used, as
described by (Kang and Fung, 2000). TAL agar was prepared by pouring
Xylose Lysine Deoxycholate (XLD, Oxoid) agar in sterile Petri dishes
followed shortly after its solidification by the addition of an overlay
(circa 3-4 mm) of Tryptic Soy Agar (TSA, Oxoid). From each serial
dilution, 0.1 mL was inoculated in duplicate onto TAL agar plates. After
incubation for 48 h at 35◦ C, Salmonella typical colonies were counted in
TAL plates with ≤ 200 colonies. Three colonies from each of the
duplicate TAL plates were transferred to TSA agar and the phenotypic
confirmation of Salmonella was performed, according to Quinn et al.
(2011). The proportion of colonies confirmed as Salmonella was
considered the actual number of Salmonella colonies in each plate.

2.7. Mathematical model (fitted model)
The growth/inactivation interface was based on the Gamma concept
(Coroller et al., 2015, 2012) considering dynamical conditions of the
environmental factors as pH, water activity (aw), and temperature (T) of
the fitted model. The concentration of bacteria (N) in cfu/g during the
bacterial growth was modeled by:
⎞
( ∫t ∏
k
μopt
γX (xi )ξi dt⎠
N = N0 e

The Salmonella concentration in cfu/g was estimated by a Bayesian
inference model. According to Gonzales-Barron and Butler (2011) the
concentration of microbial counts in food can be estimated by a
Poisson-gamma model, where the number of bacterial cells present in
the aliquot or bacterial count on the Petri dish from replicate k in the

and:

ψi =

γ X (xi ) =

⎪
⎩

(xi − xmin )

xopt − xmin

)(

φ(xi )
∏
2 j∕=i (1 − φ(xi ))

(3)

The function φ(xi ) is:
√̅̅̅̅̅̅̅̅̅̅̅̅ )3
{ (
1−
γ X (xi ) , if X = T
φ(xi ) =
(1 − γX (xi ))3 , if X = Aw or pH

measured for each of the sample k; V is the homogenate volume (250
mL);, dkt is the dilution level at which the respective plate count Ykt was

(

∑
i

time t (Ykt in cfu) should follow a Poisson distribution ykt ∼
(
)
Poisson AVkt dkt qλt .Akt is the sample weigh in grams, which was

n− 1 (

(1)

i=1

where N0 is the concentration of Salmonella at the moment zero μopt is a
parameter to be estimated, and when the product of each function γX (xi )
with ξi is higher than zero growth happens, otherwise the inactivation
takes place, where:
⎧
1, if ψ ≤ 0.5
⎨
ξi = 2(1 − ψ ), if 0.5 < ψ < 1
(2)
⎩
0, if ψ > 1

2.5. Salmonella concentration

⎧
⎪
⎨

0

(4)

And finally:

(xi − xmax )(xi − xmin )n
) (
)(
)), if xmin < xi < xmax
xi − xopt − xopt − xmax (n − 1)xopt + xmin − nxi
.

(5)

0, otherwise

where xmax , xmin and xopt are cardinal values used for growth (Table 1).
The value for n is 2 for temperature and 1 for both aw and pH.
The inactivation is based on the double Weibull model:
( )p ⎞
⎛ ( )p

made; and q represents the aliquot volume poured onto the Petri dish.
The distribution for λt was estimated by the natural conjugate of the
Poisson distribution λt ∼ Gamma(5, 20− 1 *ft ). The values for the pa
rameters used in the gamma distribution were chosen in such a manner
that the prior was moderately informative, with most probability mass
for the expected number of cfus counted after the first dilution (ft )
providing countable bacterial numbers on the plate (Smid et al., 2013).
The median value for each λt distribution was used in the predictive
model. The models were run in 106 iterations in three different chains,
using 6,000 samples for burnin and 250 for thin. All analyses were con
ducted using R statistical software (R Core Team, 2019). Bayesian
models were compiled in OpenBugs using the packages Rjags (Plummer,
2019) and coda (Plummer et al., 2006). The data and the syntax used are
available on the repository: https://github.com/eduardodefreitascosta
/Project_Gamma_concept.

log10(N(ti )) = log10(N0i ) − log10(1 + 10α ) + log10⎝10

ti
δ1i

+α

10

ti
δ2i

⎠
(6)

th

where N0i is the concentration of bacteria at the beginning i period of
time t, α is the logit of the proportion of initial subpopulation of less
resistant bacteria, δ1i e δ2i are the values of decimal decay on the less and
more resistant subpopulation of bacteria on the ith interval of time,
respectively and p is a shape parameter fixed as 2.27.
Each δi is calculated according to:
∑
log10(δi ) = log10(δ* ) −
log10(λX (xi ))
(7)

2.6. pH and aw measurements

X

where δ* is the value if the bacterial resistance under optimal conditions
and λX (xi ) is the effect of each environmental factor (X) on δ* during the
ith time interval. When X represents temperature:

From each salami, samples of 20 g were added to 200 mL of distilled
water and macerated for one minute for pH sampling. The pH of the
mixture was measured in triplicate using a pH meter DM-22 (Digimed,
São Paulo, Brazil). The aw was determined in duplicate by placing 3 g of
manually macerated sample in EPW capsules (Novasina, Lachen,
3
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Table 1.
Environmental factors and their values for growth of Salmonella Typhimurium,
according to Coroller et al. (2015).
Environmental factor
pH

aw
(Water activity)

T

(Temperature
◦
C)

Value

Description

pHmax

10.42

pHmin

3.58

pHopt

7

Maximal pH: the maximal limit value for
bacterial growth to occur
Minimal pH: the minimal limit value for
bacterial growth to occur
Optimal pH: the optimal pH value for the
highest bacterial growth

awmax

1

awmin

0.951

awopt

0.997

Tmax

46.48

Tmin

5.06

Topt

39.3

Table 3.
Empirical probability distribution function used for the initial concentration of
Salmonella in pork used to salami production. Those values were based on
Mürmann, dos Santos, & Cardoso (2009).

Maximal aw: the maximal limit value for
bacterial growth to occur
Minimal aw: the minimal limit value for
bacterial growth to occur
Optimal aw: the optimal aw value for the
highest bacterial growth

Number of samples

logNMPg−

22
31
2
4
2

-1.187
-0.259
0.740
1.740
2.447

1

(median point)

Probability
36.07%
50.82%
3.28%
6.56%
3.28%

Team, 2019). Standard errors were obtained by the matrix of the second
derivative of the log-likelihood using the information matrix I(ϑ) =
}− 1
{
∂2 l(ϑ)
̂ Confidence intervals were calculated
, evaluated in ϑ = ϑ.
T
∂ϑ∂ϑ

Maximal T: the maximal temperature for
bacterial growth
Minimal T: the minimal temperature for
bacterial growth
Optimal T: the optimal temperature for
the highest bacterial growth

asymptotically using a Z distribution and a 95% confidence level. The
fitted model and the validation were compared by the root mean square
error (RMSE). The code sources are available on the repository: htt
ps://github.com/eduardodefreitascosta/Project_Gamma_concept
2.8. Validation study

)
(
⎧
2 Tc − Topt (Ti − T * )
⎪
, if Ti ≤Tc
⎪
⎪
⎨
ZT2
log10 λ(Ti ) = (
)( *
)
)2 (
⎪
⎪
⎪
⎩ Ti − Topt − Tc − Topt 2T − Tc − Topt , if T > T
i
c
ZT
ZT2
When X represents pH:
)3 ( *
)3
(
pHi − pHopt
pH − pHopt
−
log10 λ(pHi ) =
ZpH
ZpH

The validation study used the parameters fitted previously (fitted
model) applying it in an independent set of data. Here, the model is not
generated and fitted again; instead, the estimated parameters in the
fitted model were applied to another scenario standing for a different
maturation time and environmental conditions (pH, aw, and tempera
ture), possible to occur in a local scenario, testing if the fitted model
would respond adequately.
The salami units prepared as described in 2.2 were subjected to
fermentation at 25◦ C and 95-99% RH, and drying at 18◦ C with RH
reduction until 70%. Twenty-five salami units were prepared and
inoculated with the same bacterial strains used before (~107 cfu/g) to
evaluate the growth/inactivation and pH curves. Maturation was carried
out during 1121 h. Microbiological and pH analyses were conducted in
20 different time points throughout the maturation; while aw analysis
was performed in five time points.

(8)

(9)

When X represents water activity:
(
)
aw − awopt 2
log10λ(awi ) =
Zaw

(10)

Values of Topt , T * e Tc are, respectively, the optimum temperature for
a bacterial survivor under acid stress conditions, an arbitrary tempera
ture, and the connection between the linear function and the parabola.
The value of ZT is the variation in the temperature compared to Topt in
which there is a decimal variation on the bacteria resistance. Other
parameters (pHopt , pH* , ZpH , awopt e Zaw ) follow the same interpretation
already explained for temperature; the values used are depicted in
Table 2.
The parameters (μopt , α, δ1 * e δ2 * ) were estimated by minimization of
the squared sum of residuals using the function nlm of R software (R Core

2.9. Macrorestriction profiling of Salmonella strains isolated at the end of
the maturation process
Salmonella strains inoculated in the salami batches that served for the
construction of the fitted model and its validation were characterized
according to their XbaI macrorestriction profile of total DNA, following
the Pulsed-field Gel Eletrophoresis (PFGE) protocol as described in
PulseNet Methods (CDC, 2017). At the end of the drying step, recovered
Salmonella isolates were also subjected to macrorestriction profiling and
compared with the PFGE-profiles of the inoculated strains. For this, ten

Table 2.
Environmental factors and its values for inactivation of Salmonella Typhimurium, according to Coroller et al. (2015).
Environmental factor
pH

aw (water activity)
T (Temperature◦ C)

ZpH1
Zph2
pH*
pHopt
Zaw1
Zaw2
awopt
ZT
T*
Tc
Topt

Value

Description

-2.3
-2.38
6
5.91
0.034
0.039
0.997
24.1
12
22
10.5

The variation in pH from pHopt, which gives a decimal variation of the bacterial resistance of a sub-population 1.
The variation in pH from pHopt, which gives a decimal variation of the bacterial resistance of a sub-population 2.
pH fixed: is a reference pH arbitrarily fixed.
Optimal pH for survival observed in the case of strong acid stress
The variation in aw from awopt, which gives a decimal variation of the bacterial resistance of a sub-population 1.
The variation in aw from awopt, which gives a decimal variation of the bacterial resistance of a sub-population 2.
Optimal aw for survival observed in the case of strong acid stress
The variation in temperature from Topt, which gives a decimal variation of the bacterial resistance.
T fixed: is a reference temperature arbitrarily fixed at 12◦ C.
T connection: is the connection between the linear function and the parabola.
T optimal: is the optimal temperature for survival observed in the case of strong acid stress
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Table 4.
Results of the Bayesian inference to the posterior distribution for the Salmonella concentration (log10 cfu/g) in salami. The time was split into fermentation (white area)
and drying (grey area).

Salmonella typical colonies were picked from each agar plate in different
spots. The colonies were individually transferred to TSA plates, and after
the confirmation of Salmonella identity, were subjected to PFGE. After
electrophoresis, the gel was stained in an ethidium bromide solution
(1µg / mL, Sigma-Aldrich, Saint Louis, USA) for 30 min, and images
were captured under UV light (L-Pix Touch System5, Loccus, Cotia,
Brazil).

3. Results
3.1. Salmonella concentration
All the typical colonies picked from TAL agar were confirmed as
belonging to the genus Salmonella. Thus, the number of typical colonies
was considered the actual number of Salmonella colonies recovered from
the analyzed samples. The number of Salmonella colonies in each sam
pling time point, as well as the sample dilution, in which the counting
was performed, are available in Supplementary material (Table S1).
While its concentration estimated by the Bayesian inference model for
each sampling time point in both tested scenarios is presented in Table 4.
The Bayesian model had a good convergency, and all chains had more
than 10000 iterations. Model’s auto-correlation and Guelman-Rubin
plots are available in Supplementary material (Table S2 and Figures
S1 and S2). At the end of the maturation process, which occurred at hour
941 (fitted model) and 1121 (validation study), the Bayesian inference
indicated that the mean Salmonella concentration was 3.368 log10 cfu/g
(fitted model) and 2.749 log10 cfu/g (validation study) of the cocktail of
Salmonella serovars in the salami pieces.

2.10. Application of the model in a Brazilian scenario of Salmonella
contamination
The concentration of Salmonella in fresh sausages reported by Mür
mann et al. (2009) was adopted as the initial contamination scenario.
Then the fitted model was used to test the efficacy of the fermentation
and dry steps in a real Brazilian scenario of contamination. Thus, the
initial concentration was considered the variability (between salami
variation), and each iteration was a realization of a variable parame
trized by a discrete empirical function (Table 3). The model was simu
lated with 10,000 iterations (i.e., 10000 different possible salami units)
in the R software (R Core Team, 2019). The code sources are available on
the
repository:
https://github.com/eduardodefreitascosta/Project
_Gamma_concept.
5
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Table 5.
Results of the environmental variables (pH, aw, and Temperature) used to fit the Gamma concept model during the fermentation (white area) and drying (grey area).

3.2. Fitted model

at every hour during maturation. The determining factor for finishing
Salmonella growth and beginning inactivation was the aw. Between
hours 21 and 29, the aw achieved 0.9507, and the parameter γ(aw) went
to zero, starting the bacterial inactivation (Fig. 1).
The combination of environmental condition effects on the microbial
growth rate allowed to predict the Salmonella growth from 7.086 log10
cfu/g to 8.324 log10 cfu/g during the first 21 h and the interface of
growth/inactivation (Fig. 2A). Likewise, the interaction of the

The maturation lasted 941 h, including a reduction of pH from 6.693
to 5.4 during the first 66 h, followed by increasing up to 5.832 (end of
maturation) (Table 5). The pH range was always within the cardinal
limits (<3.58 and >10.42).
The aw values acquired in the five sampling points of the fitted model
and subjected to differential equation analysis allowed to determine aw

Fig. 1. Variation of the values of ξ and γX (xi ) over time for Temperature (T) water activity (aw) and pH in the fitted model.
6

G.O. Werlang et al.

Microbial Risk Analysis 19 (2021) 100177

Fig. 2. Observed values (black dots) in fitted model with the respective predicted values (black line) in the curve of Salmonella behavior (left) and linear regression of
observed and predicted values (right). Root Mean Square Error (RMSE) equals 1.67.

environmental factors allowed predicting the tail during the inactiva
tion, ending in 3.368 log10 cfu/g at 941 h of maturation (Fig. 2A). In
general, the predicted and the observed Salmonella concentrations were
similar, and the model was suitable to predict Salmonella behavior
during the salami processing stages (Fig. 2B).
The fitted parameter values are coherent since δ*2 (h) > δ*1 (h); in other
words, the resistance, in optimal survival conditions, of the most resis
tant population is larger than the resistance of the most susceptible
(Table 6).

Table 6.
Parameters μopt , δ*1 , δ*2 and α fitted in the Gamma concept model.
Parameter

Value estimated

IC 95%
Minimal

Maximum

μopt

3.669

2.185

5.155

α

0.124

0.045

0.202

δ*1

6.228

1.652

10.803

39.277

38.311

40.244

δ*2

Table 7.
Results of the environmental variables (pH, aw, and Temperature) used in the validation study Gamma concept model during the fermentation (white area) and drying
(grey area).
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Fig. 3. Variation of the values of ξ and γX (xi ) over time for Temperature (T) water activity (aw) and pH in the validation study.

3.3. Validation study

scenarios and compared to five strains used in the cocktail. The profiles
presented between 10 and 12 bands with sizes between 1135 and 33.3
kb. The distribution of PFGE profiles (Fig. 5) among the 39 Salmonella
colonies analysed was as follows: S. Typhimurium ATCC 14028 (n=15);
S. Infantis PL7 (n=11); S. Typhimurium PL10 (n=5); S. Typhimurium
PL1048 (n= 2) and S. Derby P764 (n= 1). Except for S. Derby P764,
which was found only in the maturation condition of the validation
study, all other PFGE profiles were identified among the Salmonella
colonies analysed in both fitted model and validation study.

In the salami batch subjected to the environmental conditions set for
the validation of the model, pH decreased from 6.506 to 5.294 during
the first 48 h (fermentation), and it kept dropping until reaching pH
5.036 at 233 h (Table 7).
Afterwards, pH increased to 6.063 at the end of the maturation
(1121 h). Here, the pH reached the cardinal value limit but never
exceeded it. The aw was determined at 0.955 at zero hours, achieving
0.951 (minimum cardinal value for aw) between 20 and 26 h, but here,
the interaction of the pH, aw, and temperature drove the ξ to zero be
tween the hours 14 and 20 (Fig. 3).
With lower temperatures in the validation study (25◦ C during the
fermentation and 18◦ C during drying), a lower growth rate of Salmonella
was observed. The estimated concentration of Salmonella increased from
7.751 log10 cfu/g to 8.293 log10 cfu/g during the first 29 h (fermenta
tion). Similarly, the Salmonella reduction was slower in the validation
study, needing 1092 h to drop from 8.293 log10 cfu/g to 2.749 log10 cfu/
g) (Fig. 4A).
The dispersion of the predicted and observed concentration of the
Salmonella also shows this behavior, which decreases the R2 compared to
the fitted model (Fig. 4B). However, the determination coefficient is still
larger than 0.9, indicating a good prediction during the validation study.

3.5. Application of the model in a Brazilian scenario of Salmonella
contamination
The stochastic model accounted for salami variability regarding the
initial concentration of Salmonella. The model estimated a maximum
mean bacterial concentration of 1.160 log10 cfu/g achieved in 21 h with
an upper 95% confidence interval of 3.941 log10 cfu/g. The model
predicted, on average, less than 0 log10 cfu/g after 132 h or 5.5 days, and
in the upper limit 670 h or 28 days (Fig. 6).
4. Discussion
In this study, the Gamma concept model was able to predict the
growth/inactivation of Salmonella in a salami production scenario with
higher temperatures during the maturation than that originally tested by
Coroller et al. (2015). The model demonstrated to be robust, achieving a
good prediction also in the validation study, in which the temperatures
during fermentation and drying were closer to that tested in the original
model (Coroller et al., 2015). The main advantage of adopting the

3.4. PFGE-profile of Salmonella strains isolated at the end of the
maturation
The PFGE profiling was performed in 34 colonies picked from TAL
plates from the last time-point sampling in both tested maturation

Fig. 4. Observed values (black dots) in validation study with the respective predicted values (black line) in the curve of Salmonella behavior (left) and linear
regression (right). Root Mean Square Error (RMSE) equals 0.482.
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Fig. 5. Pulsed Field Gel Electrophoresis profiles of Salmonella strains used in the cocktail and isolated in the end of the maturation cleaved with XbaI restriction
enzyme. Salmonella Braenderup H9812 was used as a size standard.

Gamma concept model is to take into account the combination of
environmental conditions effects on the microbial growth/inactivation
instead of evaluating each effect singly (Akkermans et al., 2018). By
considering the combined effect, the food industry and food safety au
thorities can have at their disposal a more accurate and reliable tool for
the prediction of microbial growth/inactivation as a function of multiple
environmental conditions (Coroller et al., 2015), which may contribute
to improving the food safety.
The use of a cocktail of strains, encompassing important Salmonella
serovars involved in outbreaks and associated with pork, adopted in this
study may also have contributed to improving the prediction model.
Strain selection is crucial when assessing the behaviour of bacterial
pathogens in food products (Lianou and Koutsoumanis, 2013). It has
been recommended that to take into account variations in growth and

survival among strains, at least three strains of a given foodborne
pathogen, preferably originated from the same food product or involved
in outbreaks, should be used in food safety research studies (Scott et al.,
2005). Moreover, it has been demonstrated that mixed populations of
Salmonella were frequently present in naturally contaminated ground
raw mixture and Italian cured salami produced thereof (Bonardi et al.,
2017), highlighting the importance of analysing multiple strains for
adjusting mathematical models.
The total expected Salmonella reduction was 3.718 log10 cfu/g in the
scenario with higher temperature of maturation (30◦ C/20◦ C for 941 h)
and 5.002 log10 cfu/g when the maturation was performed at 25◦ C
(fermentation) and 18◦ C (drying) for 1121 h. The PFGE-profiling of
Salmonella colonies isolated from salami manufactured in both tested
scenarios demonstrated that all strains belonging to the inoculated
9
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Fig. 6. Curve of Salmonella behavior using the initial concentration parameter as uncertainty. The continuous line is the mean concentration, and dotted lines are the
95% confidence interval.

cocktail were present at the end of the maturation process though in
different frequencies. While S. Typhimurium ATCC 14028 and S.
Infantis PL7 accounted for two-thirds of the picked colonies at the end of
the salami maturation, a single S. Derby P764 isolate could be identified
and only in the scenario of the lower temperature of fermentation and
drying. Salmonella Derby and S. Typhimurium are known to be highly
prevalent in swine and frequently isolated from pork and products
thereof (Bonardi et al., 2017; Sévellec et al., 2020); while S. Infantis has
emerged as an important cause of human salmonellosis worldwide
(EFSA, 2021; Self et al., 2017). These facts highlight the importance of
their survival after maturation. While no difference on survival between
S. Typhimurium and S. Derby could be detected in a study conducted
with artificially contaminated Brazilian dry-cured loin (Mutz et al.,
2019), in our study S. Derby apparently belonged to the less resistant
group.
Among the environmental factors, whose effects are included in the
Gamma concept model, the temperature proved to be not critical for the
interface growth/inactivation (i.e., its value never exceeded the cardinal
values). However, at the lower temperature used in the validation study,
slower growth and reduction of the Salmonella population were
observed. Similar results are reported by Hwang et al. (2009), who
observed that S. Typhimurium had a higher reduction rate when
contaminated sausages were stored at 21◦ C and 30◦ C instead of 4◦ C.
Mutz et al. (2019) also demonstrated that S. Typhimurium inoculated in
Brazilian dry-cured loin matrix presented an inactivation of 2.09 log
after exposure at 33◦ C for 41 h, whilst when exposed at 10◦ C for the
same period the reduction was of 1.63 log. Since at the temperatures, in
which fermentation and drying have been performed, no direct lethal
effect on Salmonella can be expected, the effect seems to be exerted by
modulating the biochemical reactions inside the bacterial cell (Mata
ragas et al., 2015).
On the contrary, aw was a critical factor in the model. It was deter
minant for the starting of Salmonella inactivation in the fitted model,
while in the validation study the interaction of aw, pH, and temperature
influenced the inactivation. Regarding the pH, it never reached the
minimum cardinal value in both models, but it is known that the aw
reduction is associated with the decrease in the pH (Miralles et al., 1996;
Santa et al., 2014), reinforcing the importance of considering the
interaction between environmental factors. While pH has been consid
ered less important for Salmonella inactivation, when fermentation takes
place at ≤ 20◦ C (Bonardi et al., 2017; Mataragas et al., 2015), other
studies reported that pH significantly affected the reduction in Salmo
nella populations during fermentation (Bonilauri et al., 2019; Hwang
et al., 2009).
The intensity, the sequence and the duration of individual stresses
are known to affect bacterial resistance (Tiganitas et al., 2009). The
physiological mechanisms accounting for bacterial survival under
sequential exposure to acidic conditions and osmotic stresses may be

related to the high energy needed by the cells to combat the homeostatic
burden posed by applying an additional hurdle (Hwang et al., 2009).
Regarding the diminishment of aw, the ability of cells to accumulate the
compatible solutes required for homeostasis proved to be reduced in
acidic conditions (Tiganitas et al., 2009). Therefore, it is possible to
suppose that even a slow pH decreasing during the salami fermentation
may render the Salmonella cells unable to maintain the levels of solutes
needed to tolerate the osmotic stress of the drying stage. At high tem
peratures, such as those adopted for constructing the fitted model, the
biochemical reactions inside the bacterial cell may be speeded up
(Keerthirathne et al., 2019), enhancing the stress posed by the
decreasing of aw.
Previous studies demonstrated that aw reduction is key for achieving
a safe product (Bonardi et al., 2017; Corbellini et al., 2017; Hwang et al.,
2009; Mataragas et al., 2015). A target value aw ≤0.9 has been proposed
for genus Salmonella control in fermented sausages (Lücke, 2000).
Bonardi et al. (2017) demonstrated that no salami units produced with
contaminated ground meat were positive after achieving aw 0.896. In
our study, aw 0.9 was achieved between the 10th and 12th days of
processing and needed circa three additional days to achieve aw 0.896.
At this time-point, however, the fitted and validation models still esti
mated a presence of circa of 6 log10 cfu/g of Salmonella in the salami.
To better estimate the curve of inactivation, a high Salmonella
inoculum was adopted in our study. In a real scenario, though, it is ex
pected that a lower number of Salmonella would be present in contam
inated ground meat. Bonardi et al. (2017) found Salmonella
concentrations ranging from < 1.3 MPN/g up to 31 MPN/g in contam
inated ground meat used for salami production in Italy. Corbellini et al.
(2017) estimated a maximum of 399 cfu of Salmonella after running
10000 iterations of their modular process risk (MPR) model. Here, the
authors considered a Brazilian scenario of high prevalence of positive
pig carcasses being the source of the ground meat used for salami
production.
Therefore, we further estimated the behavior of Salmonella inacti
vation considering the Brazilian scenario of the initial concentration of
Salmonella described in fresh sausages (Mürmann et al., 2009). Fresh
sausages are manufactured with similar ingredients as salami, but are
not subjected to maturation. By using the fitted model, the increase in
Salmonella concentration during the first day of fermentation was esti
mated to achieve up to 3.941 log10 cfu/g. Moreover, the average bac
terial concentration would reach zero log10 cfu/g around 132 h (5.5
days), with the upper limit around 670 h (28 days). These results are in
line with the study of Corbellini et al. (2017), which pointed out the
need for at least 24 days of salami maturation to achieve a zero risk for
consumers in Southern Brazil. In our model, the salami pieces would
present aw 0.8180 to 0.8423 after 24 days of maturation, which may
represent a product perceived by the consumers as excessively desic
cated. The Brazilian legislation determines a maximum aw of 0.90 for
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salami (Brasil, 2000), which would be achieved between 13 and 15 days
of maturation. According to the sensitivity analysis of the MPR model
proposed by Corbellini et al. (2017), setting the maturation time in 15
days will have a minor influence on the relative risk. Taking into account
the application of the fitted model in the contamination scenario of
Brazilian sausage, the manufacturing at temperatures of 30◦ C (fermen
tation) and 20◦ C (drying) will be able to predict Salmonella absence after
15 days without losing the texture perceived as desirable by the
consumers.

Brasil, 2000. Instrução Normativa No 22 de 31 de Julho de 2000.
Bremer, V., Leitmeyer, K., Jensen, E., Metzel, U., Meczulat, H., Weise, E., Werber, D.,
Tschaepe, H., Kreienbrock, L., Glaser, S., Ammon, A., 2004. Outbreak of Salmonella
Goldcoast infections linked to consumption of fermented sausage, Germany 2001.
Epidemiol. Infect. 132, 881–887. https://doi.org/10.1017/S0950268804002699.
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5. Conclusion
The results support that the Gamma concept model provides a robust
alternative to predict the concentration of Salmonella in salami,
considering the characteristics of production adopted in small industries
in Brazil. The model demonstrated that in a scenario of higher temper
atures (30◦ C fermentation/ 20◦ C drying), aw is an important factor for
inactivation, and Salmonella absence can be predicted after 15 days.
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