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A B S T R A C T

Salmonella spp. is known to survive in intermediate– and low–moisture foods. Bakery products such as cream-
filled brioche (aw 0.82–0.84), depending mainly on the aw of the fillings and the baking they receive for food
preservation, may support survival of the pathogen. The study aimed to model the inactivation of osmotically
adapted and non–adapted Salmonella in cream–fillings (praline and biscuit) and cream-filled brioche at different
storage temperatures. All matrices were inoculated with ca. 6.0 log CFU/g of osmotically adapted and non–-
adapted five–strain cocktail of Salmonella (Typhimurium, Agona, Reading, and Enteritidis) and stored aero-
bically in 120mL screw-capped containers at 15, 20, and 30 °C. Adaptation of Salmonella was induced in
cream–fillings (praline and biscuit) with aw adjusted to 0.88, by adding sterile water to each of the original
fillings (aw 0.78–0.83) and incubating at 37 °C for 1 h. Survival of Salmonella was assessed at regular time
intervals throughout storage using thin layer agar method to enhance the recovery of injured cells (n=4).
Inactivation curves were fitted best with the Weibull model using the freeware GInaFit tool and the estimated δ
and β values were used to calculate the time for 4D reduction–t4D. Results showed that inactivation of Salmonella
increased with temperature, while osmotic adaptation enhanced its survival in a food matrix–related manner.
Higher survival rates of adapted cells were observed in cream–fillings (t4D: 79.9 ± 27.1 days on biscuit and
150.3 ± 19.6 days on praline) compared to brioche (t4D: 61.3 ± 0.9 days on biscuit and 52.5 ± 4.6 days on
praline) at 20 °C. Secondary (linear) modelling of t4D showed that the survival of Salmonella was affected by
temperature and osmotic adaptation. Model simulation of pathogen inactivation in independent trials on
cream–fillings agreed well with observed data. In conclusion, the present data could be used as a means to
identify areas for improving the performance of existing models quantifying the survival of Salmonella in bakery-
confectionary products with intermediate aw.

1. Introduction

Intermediate–(IMF) and low–moisture foods (LMF) are defined as
foods with water activity (aw) 0.65–0.90 and< 0.65, respectively
(FAO, 2003; Smith et al., 2004). For many years, IMF and LMF have
been considered as safe, hypothesizing that they constitute a retarding
environment for the growth of foodborne pathogens (Pena-Meléndez
et al., 2014). However, this assumption became disputable when sev-
eral studies reported the increased ability of pathogens like Salmonella
to survive in such food products after extended storage. In fact, a sig-
nificant number of reported outbreaks has been associated with Sal-
monella contamination in IMF and LMF such as halva (Aavitsland et al.,

2001; de Jong et al., 2001), tahini (CDC, 2012, 2013; Unicomb et al.,
2005), chocolate (Bean and Post, 2014; Thompson et al., 2007), bread
and bakery products filled with or without creams (Evans et al., 1996;
Harvey et al., 1961; Kimura et al., 2005; Staff and Grover, 1936). The
need to assess the risk of Salmonella survival in such products becomes
more urgent, considering that the majority of IMF and LMF are ready-
to-eat products of long shelf-life and that the infectious dose of Sal-
monella is low (i.e., 2 to 3 CFU/g in chocolate) (Kapperud et al., 1990;
Santillana Farakos et al., 2013).

Over the last few years, sweet bakery products such as croissant or
brioche-type products filled with various kind of creams are highly
popular to the consumers and especially the children. Except for their
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moderate aw (0.82–0.84), which classifies them into IMF, other intrinsic
factors of these products, such as fat (ca. 15–16%) and/or sugars con-
tent (ca. 18–19%) (Table 1), intensify the need to study the survival of
Salmonella, since these additional factors may protect the bacterium
during its subsequent passage through the host gastrointestinal tract,
thereby affecting the likelihood of illness, caused even by low numbers
of the pathogen (FAO/WHO, 2016). In fact, Salmonella has been re-
ported to survive in high-sugar and fat confectionery products for at
least 182 days during storage at 25 °C (Beuchat and Mann, 2015) and
over 12-months during storage at 20 °C (Kataoka et al., 2014). More-
over, as Li et al. (2014) highlighted, the presence of different compo-
nents, such as in our case, flour, water, fat, sweet or savory cream–-
fillings, chocolate chips, can impact the survival of Salmonella even
after a thermal process (i.e., baking). Specifically, components in multi-
ingredient (complex) foods usually have dissimilar physicochemical
properties, thus forming different local microenvironments (favorable
or non-favorable) for pathogen survival in each food matrix (Li et al.,
2014). In fact, based on estimates by the European Food Safety Au-
thority, during the period 2004–2009, Salmonella caused about 85% of
the 279 outbreaks associated with multi-ingredient foods that undergo
a thermal process such as flour-based bakery foods, chocolate, and
confectionery (EFSA, 2012).

Given that implementation of good sanitary practices may eliminate
the in–factory presence of Salmonella, a potential source of con-
tamination may be the raw materials (Finn et al., 2013). However,
according to the technology of cream filled brioche–type products, all
ingredients are subjected to thermal process with temperature reaching
ca.>90–100 °C in the center of the product for 2–3min according to
the manufacturer, since they are part of brioche dough, except for the
filling, which constitutes a post-baking process. Considering the above,
it is necessary to assess the risk of Salmonella to survive not only in the
final product during its shelf-life, but also in the cream–filling. Beuchat
and Mann (2015) showed that Salmonella can survive for at least
182 days in low-aw fillings (peanut butter cream: at aw= 0.27; choco-
late cream: at aw= 0.31) of cookie and cracker sandwiches during
storage at 25 °C, highlighting the need to assure a Salmonella–free
cream filling. However, there is limited information available related to
the safety of intermediate–aw multi-ingredient foods and their compo-
nents.

Moreover, Salmonella might be exposed to various stresses in pro-
cessing plants and environment before contaminating the final product
(Osaili et al., 2008). In fact, when a potential exposure of Salmonella to
osmotic stress takes place through IMF or LMF, cross-protection to si-
milar or heterogeneous stresses may occur, enhancing their survival.
Hence, in case of adopting the scenario of Salmonella cross-con-
tamination from the cream–fillings to the final product and taking into
consideration the stability of cream–fillings (ca. 6months shelf-life), the
pathogen osmotic or matrix adaptation, and how that may affect its
survival in the final product, is a critical parameter for investigation.
Therefore, the objective of the present study was to model the in-
activation of osmotically adapted and non–adapted cells of Salmonella
in two types (praline or biscuit) of: i) cream–fillings and ii) cream-filled
brioche (final product) during storage at different temperatures.

2. Materials and methods

2.1. Salmonella strains

A five-strain cocktail of Salmonella enterica subp. enterica was used
in the present study. In particular, Salmonella strains corresponded to
serotype Typhimurium (4/74; Calf bowel, DT 193; human isolate),
Agona (23; isolated from feeds), Reading (655; isolated from feeds), and
Enteritidis (PT4; isolated from feeds). All strains were obtained from
the microorganism collection of the Laboratory of Quality Control and
Hygiene in Agricultural University of Athens and were maintained at
−20 °C in Tryptic Soy Broth (TSB) (LAB M, Lancashire, UK) supple-
mented with 20% v/v glycerol.

2.2. Food matrices

The experiments were carried out in two types of freshly produced
brioche filled with praline or biscuit cream as well as in their respective
cream–fillings, which were kindly provided by a commercial Greek
bakery company. Cream–fillings were obtained in bulk packages, while
brioche were delivered in packages of 75 g and stored at room tem-
perature as the bakery company recommended for max. 1 day. The
technological characteristics of all food matrices used in the present
study are shown in Table 1.

2.3. Preparation of non–osmotically adapted Salmonella cells

All strains were maintained on slants of Tryptic Soy Agar (Lab M,
Lancashire, UK) at 4 °C and sub-cultured once a month. Single colony of
each strain was grown separately in 10mL TSB at 37 °C for 24 h and
subsequently, 100 μL of each overnight culture were transferred to fresh
TSB for 18 h incubation at 37 °C. Following activation stage, strains
were harvested by centrifugation (3000g for 15min at 4 °C) (Megafuge
1.0R, Heraeus, Buckinghamshire, England), washed twice, re–-
suspended in 10mL of ¼ strength Ringers' solution (LAB M, Lancashire,
UK), and finally mixed in equal volumes, resulting in a ca. 9.0 log CFU/
mL inoculum cocktail. The level of the inoculum was determined by
plating 0.1mL from appropriate decimal dilution of the cocktail on
selective medium Xylose Lysine Deoxycholate (XLD) (LAB M,
Lancashire, UK). The plates were incubated at 37 °C for 24 h.

2.4. Selection of adaptation medium–preparation of osmotically adapted
Salmonella cells

With regard to osmotic adaptation, the selection of the adaptation
medium was set as the first target of the study. Thus, a pre-experiment
was carried out testing a common laboratory medium used for growth
of Salmonella like TSB and two types of cream–fillings (biscuit and
praline) (see Section 2.2). Aw of all matrices was adjusted to 0.88 and
0.95 using glycerol (as described below), corresponding to growth-in-
hibiting and growth-permitting conditions for Salmonella, respectively,
thus resulting in six adaptation media. It is well-known that no growth
of Salmonella may occur in aw < 0.85 (Lund and Eklund, 2000), while
values of aw as low as 0.93 are sufficient to support growth of the pa-
thogen (Beuchat, 2009). The steps followed for modifying aw of TSB

Table 1
The technological characteristics of the studied brioche and their respective cream–fillings (praline and biscuit).

Food matrix Type aw pH Fat (%) Sugars (%) Preservatives Shelf-life

Cream–filling Biscuit 0.82–0.83 5.9–6.1 17.0 41.0 Potassium sorbate
2000 ppm

6 monthsa

Praline 0.78–0.81 6.1–6.3 16.1 41.4
Brioche Biscuit 0.82–0.84 5.9–6.1 15.4 18.9 Calcium propionate

800 ppm
60 daysb

Praline 0.82–0.84 6.1–6.3 16.3 18.3

a Under aerobic conditions at room temperature.
b Under MAP (10% O2: 10% CO2: 80% N2) at room temperature.
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and biscuit or praline cream–fillings and the subsequent adaptation
procedure of the pathogen in the latter substrates is summarized in
Table 2. Specifically, with regard to TSB, glycerol was added at a final
concentration of 25% and 15% v/v to reach aw 0.88 and 0.95, re-
spectively. On the other hand, the initial aw of praline (0.80) and biscuit
cream–fillings (0.83) was adjusted to 0.95 by adding 45% and 50% v/v
sterile distilled water, respectively, while aw 0.88 was achieved by
adding 10% v/v sterile water on both cream–fillings. Aw adjustment
took place in 50mL sterile screw-capped plastic containers, followed by
manual homogenization with a sterile spatula. The adjusted aw levels of
TSB (after sterilization) and cream–fillings were verified using a digital
aw meter (Hydrolab rotronic, Basserdorf, Switzerland). In all adaptation
media, the Salmonella cocktail was added so as to obtain a final con-
centration of 8.0 log CFU/g, following incubation at 37 °C for 1 h. Ap-
proximately 50 g of each original cream–filling were weighted in
120mL sterile screw-capped plastic containers. Aliquots of 0.5 mL
non–adapted (controls; see Section 2.2) or osmotically adapted cells in
TSB (aw 0.88 and 0.95) or 0.5 g osmotically adapted cells in cream–-
filling (aw 0.88 and 0.95) were used to inoculate the original cream–-
fillings followed by manual homogenization with a sterile spatula. The
final population of Salmonella in cream–fillings was ca. 6.0 log CFU/g.
All samples were stored at 25 °C (close to room temperature as re-
commended by the manufacturer) under aerobic conditions (containers
were loosely capped) in high precision (± 0.5 °C) incubation chambers
(MIR-153, Sanyo Electric Co., Osaka, Japan). Two independent storage
experiments were performed and duplicate samples were used for each
trial (n=4).

The highest survival of Salmonella on the original biscuit cream–-
filling during storage at 25 °C (Fig. 1(a)) was observed in cells adapted
in aw 0.88 biscuit cream, followed by, in decreasing order, non-adapted
cells (controls), cells adapted in aw 0.95 biscuit cream, cells adapted in
aw 0.88 TSB, and finally, cells adapted in aw 0.95 TSB. Moreover,
controls and cells adapted in praline cream–filling of aw 0.88 or aw 0.95
showed the highest survival at 25 °C of Salmonella when subsequently
inoculated in the original praline–filling (non aw–modified) (Fig. 1(b)).
According to preliminary tests, and in order to use an adaptation
medium of the same aw, biscuit and praline cream–fillings with aw
adjusted to 0.88 were selected for the main experiment, hypothesizing
that the potential contamination originated from the cream–filling, the
only ingredient injected into brioche after the baking process.

2.5. Inactivation of osmotically adapted and non–adapted Salmonella cells
in brioche and cream–fillings during storage at different temperatures

Brioche were first homogenized (under sterile conditions) and then
inoculated, since brioche is considered to be a multi-ingredient food
matrix (i.e., dough, chocolate chips, and cream–fillings). The homo-
genization took place, in order to eliminate the potential impact of the
variability in the physicochemical properties of the site, where

inoculum could reside. Conversely, the inoculum was added directly in
the cream–fillings, as they constitute an apparently homogenous ma-
trix. Approximately 500 g of each cream–filling or homogenized
brioche were weighted in sterile containers or in sterile stomacher bags,
respectively. Five grams (5 g) of each cream–filling (as described in
Section 2.4) inoculated with the osmotically adapted Salmonella cock-
tail, were added on the respective homogenized brioche and cream–-
filling, while in case of non–osmotically adapted cells (as described in
Section 2.3) aliquots of 5mL were inoculated on the surface of all food
matrices. Cream–fillings were manually homogenized with a sterile
spatula, while smashed brioche were manually kneaded in order to
obtain the best dispersion of the inoculum. The initial inoculum was 6.0
log CFU/g of food substrate. As Osaili et al. (2017) noticed, such high
inoculation levels may not be reflective of actual contamination levels.
However, they do help to more precisely and quantitatively delineate
the decline of pathogens after exposure to environmental factors that
are critical during processing. Ten grams (10 g) of all samples were
weighted in 120mL sterile screw-capped plastic containers and subse-
quently stored at 15, 20, and 30 °C, under aerobic conditions, as de-
scribed in Section 2.4, in high precision (± 0.5 °C) incubation cham-
bers (MIR-153, Sanyo Electric Co., Osaka, Japan). Two independent
storage experiments (from different batches) were performed and du-
plicate samples were used for each trial (n=4).

Table 2
Steps followed for modifying aw (0.95 and 0.88) in TSB and cream–fillings
along with the adaptation procedure of initial Salmonella strain cocktail (ca. 9.0
log CFU/mL).

aw level aw modifying and cells adaptation procedure

0.95 Re-suspension of cell biomass in 10mL TSB aw 0.95
Addition of 1 mL inoculuma + 4mL distilled sterile water in 5 g of
biscuit cream–filling
Addition of 1mL inoculuma + 3.5mL distilled sterile water in 5.5 g of
praline cream–filling

0.88 Re-suspension of cells biomass in 10mL TSB aw 0.88
Addition of 1 mL inoculuma in 9 g of biscuit cream–filling
Addition of 1 mL inoculuma in 9 g of praline cream–filling

a In TSB and biscuit or praline cream–fillings followed by incubation at 37 °C
for 1 h.
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Fig. 1. Effect of TSB (-Δ-), biscuit and praline cream–filling (-○-) of aw 0.95
(continuous line) and 0.88 (dotted line) as osmotic and matrix adaptation
media of Salmonella spp. on the subsequent survival of the organism in
cream–fillings (biscuit and praline) stored aerobically at 25 °C. Two in-
dependent storage experiments were performed and duplicate samples were
used for each trial (n=4).
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2.6. Microbiological analysis

On various days during storage at 15, 20, and 30 °C, 90mL of sterile
buffered peptone water were added aseptically to the plastic containers
containing 10 g of food substrate and the samples were then homo-
genized by manual shaking for at least 60 s. Following homogenization,
decimal dilutions in ¼ strength Ringer's solution were prepared.
Aliquots of 0.1mL and/or 1mL of diluted sample were spread on TSA
plates. Following incubation at 37 °C for 2 h, a second layer (8mL) of
XLD was applied to TSA plates, and the plates were further incubated at
37 °C for 24 h (thin agar layer method) in order to enhance recovery of
sub-lethally injured cells (Kang and Fung, 1999). Colonies with typical
Salmonella morphology were counted. Average numbers of colonies per
plate were used to calculate the viable-cell concentrations, expressed as
log CFU/g. Total viable counts (TVC) were estimated on TSA after in-
cubation at 30 °C for 72 h. The enumeration limit was 1.0 log CFU/g.
The pH values of samples were recorded at every sampling by using a
digital pH meter (pH 526, Metrohm Ltd., Switzerland) via immersion of
pH electrode in the homogenate.

2.7. Primary modelling

Survival curves of Salmonella were generated by plotting bacterial
population (log CFU/g) against storage time. Survival data were fitted
to Log-linear with tail (Geeraerd et al., 2000), as well as Weibull in-
activation model (Mafart et al., 2002) using the excel-based freeware
GInaFit tool Version 1.6 (Katholieke Universiteit Leuven, Leuven, Bel-
gium) (Geeraerd et al., 2005). Root Mean Squared Error (RMSE) was
used in order to determine the primary model that best described the
data. As already shown in previous studies (Ma et al., 2009; Abd et al.,
2012), survival curves of Salmonella in low–aw foods often did not
follow log–linear kinetics and show significant asymptotic tails. In fact,
previous studies have shown Weibull model (Eq. (1)) as the most sui-
table model for describing Salmonella survival in LMF or IMF
(Santillana Farakos et al., 2014). In the present study, experimental
data fitted best to Weibull model, resulting in lower RMSE values than
the log-linear model (data not shown). Thus, Weibull model was se-
lected to determine the inactivation kinetic parameters (delta, δ; β
values) of Salmonella.

= − ⎛
⎝

⎞
⎠

log (N ) log (N ) t
δt 0

β

(1)

where Nt is the bacterial population any time t, N0 is the initial bacterial
population, delta (δ) is the time of first decimal reduction, t is storage
time, parameter β characterizes the shape of the curve (β > 1 produces
curves of upward convexity, β < 1 describes curves of downward
concavity and β=1 corresponds to a straight line).

The estimated δ and β values were then used to calculate the time
for four (4) decimal reductions (t4D) via Eq. (2), which derived by set-
ting the difference between Log (Nt) and log (N0) equal to 4 in Eq. (1).

= ∗t δ 44D
1

β (2)

2.8. Secondary modelling

In order to model the effect of storage temperature on the in-
activation of Salmonella in both cream–fillings and brioche products, a
linear regression model was used. Natural logarithm transformations of
δ and t4D were selected among square root and no transformation for
reducing the variance of the response variable and provided the best fit
(Eqs. (3) and (4)). a0, a1, b0 and b1 are the constants to be estimated,
and T is the temperature (°C) (independent or input variable). In par-
ticular, a0 and b0 parameters correspond to the slope of the linear re-
gression, indicating the dependence of inactivation kinetics (ln (δ) and
ln (t4D), respectively) on temperature, while a1 and b1 correspond to

the ln (δ) and ln (t4D) values, respectively, when T=0 °C. Even
though, T=0 °C is unlikely to occur regarding the particular products
and therefore, is non-realistic, a0 and b0 indicate the beginning of the
regression and are essential parameters to describe the linear model.

= ∗ +ln (δ) a T a0 1 (3)

= ∗ +ln (t ) b T b4D 0 1 (4)

To evaluate the performance of the models, the following statistical
indicators were used: adjusted regression coefficient (R2

adj) and F-test.
The higher the R2

adj, the better the fit of the model. Moreover, if the p
value of the F-test (significance F) is< 0.05, then the model success-
fully describes the survival data.

2.9. Evaluation of models performance

The developed inactivation models were validated by obtaining
survival data of adapted Salmonella (in duplicate) on biscuit and praline
cream–fillings at 25 °C and storage time (from 0 to 30 days) within the
range of the modeled data. For validation purposes, though, the average
β was used among temperatures within each product, assuming that it
sufficiently accounts for the small variations among β values (σ≤ 0.2)
at different storage temperatures and thus, accepting that inactivation
curves of Salmonella spp. were of similar shape. Nevertheless, in order
to describe the potential variation of the predicted δ values caused by
the variation of β values, three predicted δ values were estimated using
a) the average beta value for a given food matrix as well as b) β+stdev
and c) β-stdev. The performance of the developed model was assessed
by using the accuracy (Af) (Eq. (5)) and the bias (Bf) factors (Eq. (6))
(Ross, 1996; Baranyi and Pin, 1999).

=
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2.10. Statistical analysis

Data analysis was performed by using SPSS statistical software
program (SPSS for Windows version 16, SPSS Inc., USA). One-way
analysis of variance (ANOVA) with Duncan post-hoc multiple compar-
isons test was used in order to assess the effect of storage temperature as
well as the previous osmotic adaptation of Salmonella on the inactiva-
tion kinetic parameters (δ and t4D). Differences were considered sig-
nificant at p < 0.05.

3. Results and discussion

Kinetics of inactivation revealed that the survival of Salmonella was
temperature dependent, regardless of food matrix and cells status (os-
motically adapted or non–adapted). Specifically, inactivation rates of
Salmonella were decreased as the storage temperature was increasing
from 15 °C to 30 °C (Fig. 2(a)–(d)), suggesting that temperature was the
controlling factor of the observed non-thermal inactivation as docu-
mented by Ross et al. (2008). This principle was also reflected in the δ
and t4D, which significantly decreased (p < 0.05) as temperature in-
creased, indicating that less time is required for the first and four
decimal reductions respectively, at all studied assays (Table 3). With
regard to storage of biscuit and praline brioche at 20 °C, the population
of Salmonella decreased to the enumeration limit (1.0 log CFU/g) after
48 days (non–adapted) and 61 days (adapted), indicating that a few
cells of osmotically adapted Salmonella may be capable of surviving
during the 60-days shelf-life of brioche at room temperature (25 °C)
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(Fig. 2(c) and (d); Table 1). However, it must be also taken into account
that the shelf-life was estimated under modified atmosphere packaging
(10% O2: 10% CO2: 80% N2). Previous studies have reported that

Salmonella may better survive under limited oxygen levels (Christian
and Stewart, 1973; Flowers, 2004). During storage at 30 °C, it took only
2 weeks for the pathogen to reach the enumeration limit
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Fig. 2. Survival curves of osmotically non–adapted (dotted lines) and adapted Salmonella spp. (in biscuit and praline cream–fillings of aw 0.88) (continuous lines)
after subsequent inoculation in homogenized brioche and their respective, original cream–fillings (non aw–modified) during storage at 15, 20, and 30 °C for up to
82 days (mean of samplings± standard deviation; lines represent the statistical fit of the Weibull model). Two independent storage experiments were performed and
duplicate samples were used for each trial (n=4).
*Enumeration limit was 1.0 log CFU/g.

Table 3
Estimated parameters (δ, t4D, and β) (mean ± stdev) derived from fitting the Weibull model to the recorded data describing the inactivation of osmotically adapted
and non–adapted cells of Salmonella spp. inoculated in cream–filling and brioche (biscuit and praline), stored at 15, 20, and 30 °C.

Food matrix Cells treatment Temperature (°C) δ ± stdev (days) t4D ± stdev (days) β ± stdev

Biscuit filling Non – adapted 15 16.1 ± 0.7a 115.2 ± 22.9a 0.7 ± 0.1
20 11.2 ± 4.0ab 45.1 ± 4.5b 1.0 ± 0.2
30 3.5 ± 1.1b 12.5 ± 0.4c 1.1 ± 0.2

Adapted 15 15.0 ± 0.3a 208.7 ± 130.5a 0.6 ± 0.2
20 9.5 ± 3.1ab 79.9 ± 27.1b,⁎ 0.7 ± 0.0
30 4.1 ± 1.6a 15.1 ± 4.0c 1.1 ± 0.1

Praline filling Non – adapted 15 21.0 ± 1.5a 228.2 ± 13.3a 0.6 ± 0.0
20 9.2 ± 0.1b 74.9 ± 10.8b 0.7 ± 0.1
30 4.7 ± 2.2b 19.4 ± 4.00c 1.0 ± 0.2

Adapted 15 23.6 ± 8.3a 495.6 ± 358.9a,⁎ 0.5 ± 0.2
20 12.1 ± 1.6ab 150.3 ± 19.6a,⁎ 0.6 ± 0.0
30 2.8 ± 1.9b 35.1 ± 0.1b,⁎ 0.5 ± 0.2

Biscuit brioche Non – adapted 15 23.2 ± 4.1a 96.7 ± 16.0a 1.0 ± 0.2
20 10.8 ± 2.0b 40.8 ± 2.6b 1.0 ± 0.1
30 3.2 ± 1.4c 11.7 ± 0.2c 1.1 ± 0.4

Adapted 15 20.3 ± 3.8a 141.3 ± 14.5a,⁎ 0.7 ± 0.0
20 14.9 ± 4.9ab 61.3 ± 0.9b,⁎ 1.0 ± 0.2
30 3.6 ± 0.2b 16.3 ± 5.3c 1.0 ± 0.2

Praline brioche Non – adapted 15 14.9 ± 1.4a 106.6 ± 7.9a 0.7 ± 0.0
20 11.0 ± 3.8ab 42.2 ± 3.2b 1.0 ± 0.2
30 2.9 ± 0.8b 15.2 ± 0.7c 0.8 ± 0.2

Adapted 15 17.5 ± 0.7a 123.8 ± 14.3a 0.71 ± 0.0
20 12.1 ± 0.9b 52.5 ± 4.6b,⁎ 1.0 ± 0.0
30 2.1 ± 0.1c 15.3 ± 1.9c 0.7 ± 0.0

δ and t4D values within the same food matrix and cells treatment having different letter are significantly different from each other (p < 0.05).
Star (*) indicates statistical significance (p < 0.05) between adapted and non – adapted samples at the same food matrix and temperature.
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(t4D= 12–16 days), regardless of cells pre-treatment and food matrix
(Fig. 2(c) and (d); Table 3). In cream–fillings, Salmonella showed a
significantly lower inactivation rate (p < 0.05) in praline compared to
biscuit (Fig. 2(a) and (b)). In fact, t4D on praline cream–filling reached
values ca. 2–fold higher than on biscuit (p < 0.05), especially as sto-
rage temperature decreased (Table 3). Specifically, at 20 °C, the esti-
mated values of t4D were 150.3 ± 19.6 days (ca. 5months) and
74.9 ± 10.8 days (ca. 2.5 months) for the adapted and non–adapted
cells, respectively (Table 3), suggesting that a potential exposure of
Salmonella to osmotic stress may result in prolonged survival of the
pathogen, even at the end of the shelf-life of praline cream–filling
(Table 1). Experimental-wise, we used a high initial inoculation level
(ca. 106 CFU/g), in order to enable the assessment of the increase in
time to kill of adapted as compared to non-adapted cells. The results
clearly suggest the development of adaptive osmotic tolerance of Sal-
monella as a result of residence in osmotically stressful habitats. Sub-
sequently, these results, also indicate that a few Salmonella cells in a
processing environment, may develop adaptive stress tolerance upon
exposure to food-related stresses, such as acid-, osmotic- and heat-
stress, as well as preservatives, thus representing an important source of
risk by persistent cells. Such persistent cells that could also proliferate
under favorable conditions in their adaptation niches, may constitute a
reservoir of Salmonella, with inherent resistance to osmotic stress. Apart
from stressing the potential of emergence of persistent strains derived
from osmotically stressful habitats, this information could be also used
to set (or revise) a performance criterion for Salmonella, expressed as
log reductions in the final product. Concomitantly, the industry could
update the product formulations (e.g., aw of cream fillings), the pro-
cessing parameters (e.g., of dough baking), or the shelf-life of final
product to achieve such a criterion. The direct comparison of our results
with previous data was difficult due to the lack of studies for Salmonella
inactivation on IMF, as compared to abundant information in the be-
havior of the bacterium under low moisture foods. However, previous
studies have also reported that the pathogen can persist for long storage
periods in low–aw substrates such as sucrose (aw=0.24–0.54), tahini
(aw= 0.17–0.23), peanut butter (aw=0.22–0.33), almonds
(aw= 0.36–0.45), and pistachios (aw=0.43–0.49), especially when
storage takes place under refrigerated temperatures compared to room
temperature (Burnett et al., 2000; Beuchat et al., 2017; Kimber et al.,
2012; Osaili et al., 2017). Overall, the results indicated that the osmotic
adaptation of Salmonella in cream–filling of aw 0.88 may enhance its
subsequent survival in temperature–related manner.

With regard to the effect of adaptation on Salmonella survival in
brioche and cream fillings, inactivation rates were lower for osmotically
adapted cells compared to non–adapted, regardless of food matrix and
storage temperature (Fig. 2(a)–(d)). In terms of δ and t4D, the influence
of osmotic adaptation was more pronounced as the storage temperature
decreased, especially in cream–fillings compared to brioche (Table 3).
In fact, during storage at 15 and 20 °C, the t4D values for adapted cells
was 1.5 to 2–fold higher (p < 0.05) than the respective values for
non–adapted cells, at all food matrices, while at 30 °C the inactivation
rates were similar (p≥ 0.05), except for praline filling (p < 0.05)
(Table 3). On the contrary, the recorded differences of δ between
adapted and non–adapted cells at the same storage temperature and
product were of lower magnitude and, in fact, not even significant
(p≥ 0.05) (Table 3). The latter indicates that osmotic adaptation of
Salmonella may result in the development of resistant sub-population(s)
that manage to survive subsequent exposure to lethal osmotic stress in
the food environment. Even though the effect of osmotic adaptation
may not be evident in the beginning of storage (no significant differ-
ences between δ values), it may result in prolonged survival of Salmo-
nella during storage as manifested by the increased t4D values of
adapted cultures. Our results are in agreement with Beuchat and Mann
(2015), who also reported that inactivation of Salmonella was more
rapid if cells had not been exposed to a low–aw environment before
their exposure to subsequent low–aw fillings (chocolate cream–aw 0.30

and peanut butter-based filling–aw 0.27). Osaili et al. (2017) showed
that the populations of Salmonella spp. in halva (aw 0.18) after exposure
to desiccation stress, were similar compared to controls during a 12–
and 9– month storage at 10 and 25 °C, respectively. Such differences
could be potentially attributed to the conditions of osmotic adaptation
protocol (i.e., time, level of aw, type of humectant) (Pena-Meléndez
et al., 2014), as well as to the food composition.

Comparing the two food matrices, lower inactivation rates were
observed in cream–fillings compared to brioche, in all cases
(Fig. 2(a)–(d)). Pre-exposure of the pathogen to cream fillings of ad-
justed aw at 0.88 may have induced a combination of osmotic- and
matrix-specific adaptation, considering that both cream fillings and
brioche are complex foods. In fact, they are characterized by different
intrinsic factors that could affect survival of Salmonella, such as com-
position, microstructure, as well as the preservatives used in each
product. Cream fillings and brioche dough include potassium sorbate
and calcium propionate respectively. Considering the above, the os-
motic and matrix adaptation of Salmonella taken place in cream fillings,
could enhance subsequent survival of the pathogen to a similar matrix
(cream fillings) but not in the homogenized brioche products. In fact,
during storage at 20 °C i.e., close to the recommended storage tem-
perature, biscuit and praline cream–fillings showed the highest survival
rates of adapted Salmonella (t4D: 79.9 ± 27.1 days and
150.3 ± 19.6 days, respectively) compared to biscuit and praline
brioche (61.3 ± 0.9 days and 52.5 ± 4.6 days, respectively). In par-
ticular, Salmonella in praline cream–filling survived in significantly
higher populations (p < 0.05) compared to the other three studied
food matrices, at all storage temperatures (Fig. 2(a)–(d)). This could be
partially attributed to the lower initial aw of praline (0.78–0.81) com-
pared to the other studied food matrices (Beuchat and Mann, 2015)
(Table 1), as well as the fact that praline acquires a higher pH (6.1–6.3)
compared to biscuit (5.9–6.1) that may also favor the survival of Sal-
monella (Table 1). Other intrinsic factors of the studied food matrices
like fat (15–17%) and/or sugars content (ca. 18–19% in brioche; ca.
41% in cream–filling) may protect Salmonella against the acidic con-
ditions of the stomach, potentially increasing the likelihood of illness in
case of consuming low numbers of the pathogen (FAO/WHO, 2016).
Previous studies have reported that Salmonella is capable of surviving in
high–sugar (Beuchat and Mann, 2015; Nummer et al., 2012) and
high–fat confectionery products (Kataoka et al., 2014). S. Typhimurium
was found to survive in peanut butter fondant candy for a minimum
period of 12months (Nummer et al., 2012), while S. Enteritidis sur-
vived in halva for at least 8 months (Kotzekidou, 1998). Given the ab-
sence of the competitive effect of indigenous flora (data not shown), the
observed inactivation of Salmonella was collectively attributable to the
other intrinsic factors such as aw, pH, fat, and sugars content (Wu et al.,
2017).

In an effort to compare the data of the present study with existing
predictive models, the recorded inactivation curves of Salmonella (os-
motically adapted and non–adapted cells) per food matrix were com-
pared to simulation curves retrieved by existing polynomial models of
ComBase (www.combase.cc) and the non-thermal inactivation model of
Pin et al. (2011) in GroPIN modelling software (http://www.aua.gr/
psomas/gropin/), under the closest possible experimental conditions to
those applied here. Specifically, simulation curves were generated by
taking into account the parameters of: i) pH (5.9–6.3) and aw
(0.78–0.84) per food matrix (Table 1), ii) storage temperature (20 °C),
and iii) initial population of Salmonella (N0=6.0 log CFU/g). Models
from both databases underestimated the survival of Salmonella in both
food matrices (Fig. 3(a)–(d)); however, the predicted inactivation curve
of Salmonella retrieved by the model of Pin et al. (2011) was closer to
the experimental data of the present study, especially in the case of
brioche. With regards to ComBase, the recorded underestimation may
potentially be attributed to the fact that inactivation curves are derived
from in vitro models that, inevitably, do not take into account matrix-
related parameters of the particular products, which apparently
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improved survival of Salmonella compared to laboratory broths. In ad-
dition, it is conceivable that the bacterial cultures used for generating
the data of the in vitro models, were not osmotically adapted as in the
present study. Thus, the latter observations collectively underline the

need for updating the current non–thermal inactivation models, which
are commonly based on laboratory media and non–adapted overnight
cultures.

From the aspect of modelling, and considering the aforementioned
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Fig. 3. Observed inactivation of Salmonella spp. of (a) biscuit cream–filling, (b) praline cream–filling, (c) biscuit brioche, and (d) praline brioche stored under aerobic
conditions at 20 °C co-plotted with the simulated survival of the pathogen by previously existed polynomial models of ComBase and GroPIN (Pin et al., 2011) under
the same experimental conditions of initial inoculum (6.0 log CFU/g), pH (5.9–6.3), aw (0.78–0.84), and storage temperature (20 °C).

Table 4
Estimated parameters of secondary linear model for ln (δ) and goodness-of-fit indices (R2

adj; F-significance) for inactivation of osmotically adapted and non–adapted
cells of Salmonella spp. inoculated in cream–filling and brioche (biscuit and praline), stored at 15, 20, and 30 °C.

ln (δ)

Parameter Biscuit cream–filling Praline cream–filling Biscuit brioche Praline brioche

Non–adapted Adapted Non–adapted Adapted Non–adapted Adapted Non–adapted Adapted

a1 4.40 ± 0.37 4.03 ± 0.38 4.41 ± 0.44 5.44 ± 0.63 5.10 ± 0.39 4.86 ± 0.34 4.52 ± 0.38 5.20 ± 0.29
a0 (°C−1) −0.10 ± 0.01 −0.08 ± 0.01 −0.09 ± 0.01 −0.15 ± 0.02 −0.13 ± 0.01 −0.11 ± 0.01 −0.11 ± 0.01 −0.14 ± 0.01
R2
adj 0.889 0.842 0.832 0.847 0.920 0.919 0.898 0.962

F-significance 0.0031 0.0063 0.0071 0.0058 0.0016 0.0016 0.0026 0.0003

Table 5
Estimated parameters of secondary linear model for ln (t4D) and goodness-of-fit indices (R2

adj; F significance) for inactivation of osmotically adapted and non–adapted
cells of Salmonella spp. inoculated in cream–filling and brioche (biscuit and praline), stored at 15, 20, and 30 °C.

ln (t4D)

Parameter Biscuit cream–filling Praline cream–filling Biscuit brioche Praline brioche

Non–adapted Adapted Non–adapted Adapted Non–adapted Adapted Non–adapted Adapted

b1 6.82 ± 0.23 7.74 ± 0.59 7.71 ± 0.31 8.41 ± 0.62 6.57 ± 0.18 7.06 ± 0.27 6.43 ± 0.24 6.80 ± 0.19
b0 (°C−1) −0.14 ± 0.01 −0.16 ± 0.02 −0.16 ± 0.01 −0.16 ± 0.02 −0.13 ± 0.00 −0.14 ± 0.01 −0.12 ± 0.01 −0.13 ± 0.00
R2
adj 0.975 0.890 0.964 0.871 0.983 0.966 0.963 0.981

F-significance 0.0002 0.0030 0.0003 0.0041 0.0001 0.0003 0.0003 0.0001
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literature limitations, linear regression model was used in order to
describe the effect of storage temperature on inactivation of osmotically
adapted and non–adapted cells of Salmonella in the present food ma-
trices (i.e., cream–fillings and brioche). As already mentioned in ma-
terial and methods, the goodness of fit was determined by the estimated
parameters of R2

adj and F-test. The secondary models for ln (δ) and ln
(t4D) showed R2

adj of 0.83–0.96 and 0.87–0.98, respectively, depending
on the food matrix (Tables 4 and 5), while the significance of F-test
was< 0.05 for all fitted models. Predictive modelling revealed that
survival of Salmonella is dependent on storage temperature and cells
status (osmotically non– or adapted) (Figs. 4 and 5). As mentioned
above, the organism was inactivated faster at elevated storage tem-
peratures (Figs. 4 and 5). The developed secondary models for Salmo-
nella inactivation showed that osmotically adapted cells had higher ln
(t4D), compared to non–adapted cells (Fig. 5). The maximum differences
for the predictions curves of ln (t4D) between osmotically adapted and
non–adapted pathogen cells were observed on praline cream–filling,
followed by biscuit cream–filling, biscuit brioche, and finally, praline
brioche (Fig. 5(a)–(d)).

Both cream–fillings showed lower inactivation rates (expressed as
increased δ and t4D) compared to brioche, thus it was decided to be
tested for the validation experiments as the worst case scenario of
contamination. The observed inactivation data of adapted Salmonella
cells showed good agreement with model simulations on both
cream–fillings (Fig. 6), with the simulated inactivation curve being
slightly lower than the recorded data on biscuit cream–filling
(Fig. 6(a)). On the contrary, model predictions were higher than the
observations on praline cream–filling (Fig. 6(b)). Bias factors (0.96 on
biscuit cream–filling and 1.03 on praline cream–filling) were both close
to 1, indicating no substantial bias of the model and fail-safe predic-
tions, respectively (Mataragas et al., 2008). Ross (1999) has reported
that models with Bf values from 1.00 to 1.05 or 1.06 to 1.15 are con-
sidered adequate or acceptable, respectively. Moreover, accuracy fac-
tors (Af) showed good agreement between predictions and observations
(1.07 on biscuit cream–filling and 1.05 on praline cream–filling) at both
studied cream–fillings. In general, a good agreement between predic-
tions and observations was obtained with the Salmonella inactivation
model for both cream–fillings, suggesting that it may be a useful tool for
food safety.

4. Conclusions

Overall, Salmonella response in cream–fillings and brioche may be
affected by food matrix, storage temperature, as well as potential prior
adaptation of pathogens' cells. The take away message of the present
study is summarized in that: i) the insufficient control of aw may in-
crease the risk of Salmonella survival in food products, and ii) the ex-
isting non–thermal inactivation models in laboratory media do not take

into account potential adaptation of cells, neither matrix-assisted sur-
vival or adaptation, thereby, underestimating the actual pathogen re-
sponse in IMF food matrices. Hence, the data from the present study
could be used as a means to identify areas of improving the perfor-
mance of existing models quantifying the behavior of the pathogen in
bakery-confectionary products.

Acknowledgements

The authors gratefully acknowledge ΕLBISCO INDUSTRIAL &
COMMERCIAL FOOD S.A. for supplying cream–fillings and brioche
used throughout the study.

References

Aavitsland, P., Alvesike, O., Guérin, P.J., Stavnes, T.L., 2001. International outbreak of
Salmonella Typhimurium DT104—update from Norway. Euro Surveill. 5 (33)
Available at: http://www.eurosurveillance.org/content/10.2807/esw.05.33.01701-
en, Accessed date: 2 October 2018.

Abd, S.J., McCarthy, K.L., Harris, L.J., 2012. Impact of storage time and temperature on
thermal inactivation of Salmonella Enteritidis PT 30 on oil-roasted almonds. J. Food
Sci. 77, M42–M47.

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

Bean, D.C., Post, L.S., 2014. Chocolate and confectionary. In: Gurtler, J.B., Doyle, M.P.,
Kornacki, J.L. (Eds.), The Microbiological Safety of Low Water Activity Foods and
Spices. Springer, New York, pp. 269–293.

Beuchat, L.R., 2009. Behavior of Salmonella in Foods With Low Water Activity.
Presentation at IAFP Rapid Response Symposium “Salmonella in Peanut Butter
Products: Understanding the Risk and Controlling the Process”. (Arlington, VA, 26
March 2009).

Beuchat, L.R., Mann, D.A., 2015. Survival of Salmonella in cookie and cracker sandwiches
containing inoculated, low–water activity fillings. J. Food Prot. 78, 1828–1834.

Beuchat, L.R., Mann, D.A., Kelly, C.A., Ortega, Y.R., 2017. Retention of viability of
Salmonella in sucrose as affected by type of inoculum, water activity, and storage
temperature. J. Food Prot. 80, 1408–1414.

Burnett, S., Gehm, E., Weissinger, W., Beuchat, L., 2000. Survival of Salmonella in peanut
butter and peanut butter spread. J. Appl. Microbiol. 89, 472–477.

Centers for Disease Control and Prevention (CDC), 2012. Multistate outbreak of
Salmonella serotype Bovismorbificans infections associated with hummus and tahini -
United States, 2011. Available at: http://www.cdc.gov/mmwr/preview/mmwrhtml/
mm6146a3.htm, Accessed date: 2 October 2018.

Centers for Disease Control and Prevention (CDC), 2013. Salmonella Montevideo and
Salmonella Mbandaka infections linked to tahini sesame paste. Available at: http://
www.cdc.gov/salmonella/montevideo-tahini-05-13/, Accessed date: 2 October 2018.

Christian, J.H.B., Stewart, B.J., 1973. Survival of Staphylococcus aureus and Salmonella
Newport in dried foods, as influenced by water activity and oxygen. In:
Microbiological Safety of Food. Proceedings of the 8th International Symposium on
Food Microbiology. Academic Press, London, pp. 107–119.

European Food Safety Authority, 2012. BioHazard Panel. Scientific opinion on public
health risks represented by certain composite products containing food of animal
origin. EFSA J. 10 (5), 2662.

Evans, M.R., Tromans, J.P., Dexter, E.L.S., Ribeiro, C.D., Gardner, D., 1996. Consecutive
Salmonella outbreaks traced to the same bakery. Epidemiol. Infect. 116 (2), 161–167.

FAO, 2003. Handling and preservation of fruits and vegetables by combined methods for
rural areas. Available at: http://www.fao.org/docrep/005/y4358e/y4358e00.htm,
Accessed date: 2 October 2018.

FAO/WHO, 2016. Code of Hygienic Practice for Low-moisture Foods CAC/RCP 75

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 10 20 30 40 50

Sa
lm

on
el

la
sp

. (
lo

g 
CF

U
/g

)

Storage �me (days)

Biscuit cream-filling

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 10 20 30 40 50

Sa
lm

on
el

la
sp

. (
lo

g 
CF

U
/g

)

Storage �me (days)

Praline cream-filling

Predic�ons
Observa�ons
Predic�ons β + stdev
Predic�ons β - stdev

(a) (b)Af = 1.07
Bf = 0.96

Af = 1.05
Bf = 1.03

Fig. 6. Model simulation of adapted Salmonella spp. inactivation in (a) biscuit and (b) praline cream–fillings during storage at 25 °C for 30 days and comparison with
observed data.

A.E. Kapetanakou, et al. International Journal of Food Microbiology 296 (2019) 48–57

56



(2015). Adopted in 2015. Revised 2016. pp. 1–21.
Finn, S., Condell, O., McClure, P., Amézquita, A., Fanning, S., 2013. Mechanisms of

survival, responses, and sources of salmonella in low-moisture environments. Front.
Microbiol. 4, 1–15.

Flowers, R.S., 2004. Salmonella. In: Bacteria Associated With Foodborne Diseases.
Institute of Food Technologists, pp. 3–6. Available at: http://www.ift.org/
Knowledge%20Center/Read%20IFT%20Publications/Science%20Reports/Scientific
%20Status%20Summaries/Bacteria%20Associated%20with%20Foodborne
%20Diseases.aspx, Accessed date: 26 May 2010.

Geeraerd, A.H., Herremans, C.H., Van Impe, J.F., 2000. Structural model requirements to
describe microbial inactivation during a mild heat treatment. Int. J. Food Microbiol.
59 (3), 185–209.

Geeraerd, A.H., Valdramidis, V.P., Van Impe, J.F., 2005. GInaFiT, a freeware tool to assess
non-log-linear microbial survivor curves. Int. J. Food Microbiol. 102, 95–105.

Harvey, R.W.S., Price, T.H., Davis, A.R., Morley-Davies, R.B., 1961. An outbreak of sal-
monella food poisoning attributed to bakers' confectionery. J. Hyg. 59, 105–108
(Camb.).

de Jong, B., Andersson, Y., Giesecke, J., Hellström, L., Stamer, U., Wollin, R., 2001.
Salmonella Typhimurium outbreaks in Sweden from contaminated jars of helva (or
halva). Euro Surveill. 5 (29) Available at: http://www.eurosurveillance.org/content/
10.2807/esw.05.29.01715-en, Accessed date: 2 October 2018.

Kang, D.H., Fung, D.Y.C., 1999. Thin agar layer method for recovery of heat-injured
Listeria monocytogenes. J. Food Prot. 62, 1346–1349.

Kapperud, G., Gustavsen, S., Hellesnes, I., Hansen, A.H., Lassen, J., Hirn, J., Jahkola, M.,
Montenegro, M.A., Helmuth, R., 1990. Outbreak of Salmonella typhimurium infection
traced to contaminated chocolate and caused by a strain lacking the 60-megadalton
virulence plasmid. J. Clin. Microbiol. 28, 2597–2601.

Kataoka, A., Enache, E., Black, D.G., Elliott, P.H., Napier, C.D., Podolak, R., Hayman,
M.M., 2014. Survival of Salmonella Tennessee, Salmonella Typhimurium DT104, and
Enterococcus faecium in peanut paste formulations at two different levels of water
activity and fat. J. Food Prot. 77, 1252–1259.

Kimber, M.A., Kaur, H., Wang, L., Danyluk, M.D., Harris, L.J., 2012. Survival of
Salmonella, Escherichia coli O157:H7, and Listeria monocytogenes on inoculated al-
monds and pistachios stored at −19, 4, and 24°C. J. Food Prot. 75, 1394–1403.

Kimura, A.C., Palumbo, M.S., Meyers, H., Abbott, S., 2005. A multi-state outbreak of
Salmonella serotype Thompson infection from commercially distributed bread con-
taminated by an ill food handler. Epidemiol. Infect. 133 (5), 823–828.

Kotzekidou, P., 1998. Microbial stability and fate of Salmonella Enteritidis in halva, a low-
moisture confection. J. Food Prot. 61, 181–185.

Li, H., Fu, X., Bima, Y., Koontz, J., Megalis, C., Yang, F., Fleishman, G., Tortorello, M.L.,
2014. Effect of the local microenvironment on survival and thermal inactivation of
Salmonella in low- and intermediate-moisture multi-ingredient foods. J. Food Prot.
77, 67–74.

Lund, B.M., Eklund, T., 2000. Control of pH and use of organic acids. In: Lund, B.M.,
Baird-Parker, T.C., Gould, G.W. (Eds.), Microbiological Safety and Quality of Food.
Aspen Publishers, Gaithersburg, MD, pp. 175–199.

Ma, L., Zhang, G., Gerner-Smidt, P., Mantripragada, V., Ezeoke, I., Doyle, M.P., 2009.
Thermal inactivation of Salmonella in peanut butter. J. Food Prot. 72, 1596–1601.

Mafart, P., Couvert, O., Gaillard, S., Leguerinel, I., 2002. On calculating sterility in
thermal preservation methods: application of the Weibull frequency distribution
model. Acta Hortic. 566, 107–114.

Mataragas, M., Stergiou, V., Nychas, G.E., 2008. Modeling survival of Listeria mono-
cytogenes in the traditional Greek soft cheese Katiki. J. Food Prot. 71, 1835–1845.

Nummer, B.A., Shrestha, S., Smith, J.V., 2012. Survival of Salmonella in a high sugar, low
water-activity, peanut butter flavored candy fondant. Food Control 27, 184–187.

Osaili, T.M., Shaker, R.R., Abu Al-Hassan, A.S., Ayyash, M.M., Forsythe, S.J., 2008. Effect
of desiccation, starvation, heat and cold stresses on the thermal resistance of
Enterobacter sakazakii in rehydrated infant milk formula. J. Food Sci. 73,
M354–M359.

Osaili, T.M., Al-Nabulsi, A.A., Nazzal, D.S., Shaker, R.R., 2017. Effect of storage tem-
peratures and stresses on the survival of Salmonella spp. in halva. Lett. Appl.
Microbiol. 403–409.

Pena-Meléndez, M., Perry, J.J., Yousef, A.E., 2014. Changes in thermal resistance of three
Salmonella serovars in response to osmotic shock and adaptation at water activities
reduced by different humectants. J. Food Prot. 77, 914–918.

Pin, C., Avendaño-Perez, G., Cosciani-Cunico, E., Gómez, N., Gounadakic, A., Nychas, G.-
J., Skandamis, P., Barker, G., 2011. Modelling Salmonella concentration throughout
the pork supply chain by considering growth and survival in fluctuating conditions of
temperature, pH and aw. Int. J. Food Microbiol. 145, S96–102 (Suppl).

Ross, T., 1996. Indices for performance evaluation of predictive models in food micro-
biology. J. Appl. Bacteriol. 81, 501–508.

Ross, T., 1999. Predictive Food Microbiology Models in the Meat Industry. Meat and
Livestock, Australia, Sydney.

Ross, T., Zhang, D., McQuestin, O.J., 2008. Temperature governs the inactivation rate of
vegetative bacteria under growth-preventing conditions. Int. J. Food Microbiol. 128,
129–135.

Santillana Farakos, S.M., Frank, J.F., Schaffner, D.W., 2013. Modeling the influence of
temperature, water activity and water mobility on the persistence of Salmonella in
low-moisture foods. Int. J. Food Microbiol. 166, 280–293.

Santillana Farakos, S.M., Schaffner, D.W., Frank, J.F., 2014. Predicting survival of
Salmonella in low–water activity foods: an analysis of literature data. J. Food Prot.
77, 1448–1461.

Smith, J.P., Daifas, D.P., El-Khoury, W., Koukoutsis, J., El-Khoury, A., 2004. Shelf life and
safety concerns of bakery products—a review. Crit. Rev. Food Sci. Nutr. 44, 19–55.

Staff, E.J., Grover, M.L., 1936. An outbreak of Salmonella food infection caused by filled
bakery products. Food Sci. 1 (5), 465–479.

Thompson, S.S., Miller, K.B., Lopez, A.S., 2007. Cocoa and coffee. In: Doyle, M.P.,
Beuchat, L.R. (Eds.), Food Microbiology: Fundamentals and Frontiers, 3rd ed. ASM
Press, Washington, DC, pp. 837–850.

Unicomb, L.E., Simmons, G., Merritt, Τ., Gregory, J., Nicol, C., Jelfs, P., Kirk, M., Tan, A.,
Thomson, R., Adamopoulos, J., Little, C.L., Currie, A., Dalton, C.B., 2005. Sesame
seed products contaminated with Salmonella: three outbreaks associated with tahini.
Epidemiol. Infect. 133, 1065–1072.

Wu, S., Ricke, S.C., Schneider, K.R., Ahn, S., 2017. Food safety hazards associated with
ready-to-bake cookie dough and its ingredients. Food Control 73, 986–993.

A.E. Kapetanakou, et al. International Journal of Food Microbiology 296 (2019) 48–57

57


