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A B S T R A C T

Salmonella is capable of surviving in a low moisture environment for long periods. Once adapted to the xeric
conditions, the thermal resistance of Salmonella is enhanced. Cocoa powder is a low water activity (aw) food
(LawF) that is an essential component in a wide variety of desserts and ready-to-eat (RTE) foods and drinks. The
aim of this study was to evaluate the desiccation and thermal resistance of Salmonella in cocoa powder, as well as
to examine the suitability of Enterococcus faecium NRRL B-2354 as a surrogate for Salmonella during cocoa
powder thermal processing. Natural unsweetened cocoa powder was inoculated with a 3-strain Salmonella
cocktail or E. faecium and was equilibrated to aw 0.30 and 0.45 at room temperature, then subjected to iso-
thermal treatments at 70–80 °C or 12-month storage at RT (room temperature, 22.0 ± 0.5 °C, aw 0.30). At 70
and 80 °C, D-values of both Salmonella and E. faecium increased with decreasing aw. D-values of Salmonella at aw
0.30 cocoa powder were 46.2 ± 4.7, 20.5 ± 1.7, and 11.5 ± 0.9min at 70, 75 and 80 °C, respectively. Higher
heat resistance of E. faecium in aw 0.30 cocoa powder was observed with D-values of 59.9 ± 5.0, 28.9 ± 1.8,
and 16.1 ± 1.4min at 70, 75, and 80 °C, respectively. However, E. faecium demonstrated less heat resistance
than Salmonella when aw was increased to 0.45. D-values for Salmonella at aw 0.45 were 31.6–7.0 min at 70–80 °C
compared to 25.8–4.7 min for E. faecium. During 12 months of storage at RT, surviving E. faecium population in
aw 0.30 cocoa powder was higher than that of the Salmonella cocktail; the population decreased by 1.39 and 3.75
logs, respectively. These findings indicate that the suitability of E. faecium as a surrogate organism for Salmonella
is influenced by aw of cocoa powder. The aw correlates with thermal inactivation rates in both Salmonella and E.
faecium, and should be considered as a significant contributor to the thermal resistance of Salmonella in cocoa
powder.

1. Introduction

Salmonella is one of the most challenging foodborne pathogens in
the food industry, due to its virulence and thermal resistance in low
moisture foods. Infections by this pathogen have led to numerous ill-
nesses and deaths (Fabrega and Vila, 2013). According to the United
States Centers for Disease Control and Prevention (CDC, 2016), be-
tween 1998 and 2016, there were 3260 reported outbreaks of salmo-
nellosis resulting in 78,158 illnesses and 113 deaths (CDC, 2016).
Combined with non-reported food outbreaks and illnesses, it has been
estimated that Salmonella is responsible for approximately 19,000
hospitalizations and 380 deaths annually in the U.S. alone (Scallan
et al., 2011). In Canada, 50% of bacterial foodborne outbreaks were

directly associated with Salmonella infection (Kozak et al., 2013). The
number of outbreaks and recalls due to Salmonella contamination has
increased over last two decades (CDC, 2013; Crim et al., 2014; Huang
et al., 2016; Marder et al., 2017).

Low water activity (aw) foods (LawF) and food ingredients are
characterized by aw<0.60, a aw low enough to inhibit the growth of
most microbes. However, low aw doesn't guarantee microbial safety of
food products. Outbreaks of salmonellosis caused by consumption of
LawF such as chocolate (Craven et al., 1975; D'Aoust, 1977; D'Aoust
et al., 1975), tree nuts and their products (CDC, 2007; Kirk et al., 2004),
powdered milk (CDC, 1993), cereal (CDC, 1998; Rushdy et al., 1998),
and other foods (Imanishi et al., 2014; Koch et al., 2005) have occurred
all over the world. Salmonella can survive in a low-aw environment for

https://doi.org/10.1016/j.fm.2019.01.005
Received 9 June 2018; Received in revised form 7 January 2019; Accepted 11 January 2019

∗ Corresponding author. School of Food Science, Washington State University, Pullman, WA, 99164-6120, USA.
E-mail address: meijun.zhu@wsu.edu (M.-J. Zhu).

Food Microbiology 82 (2019) 135–141

Available online 12 January 2019
0740-0020/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/07400020
https://www.elsevier.com/locate/fm
https://doi.org/10.1016/j.fm.2019.01.005
https://doi.org/10.1016/j.fm.2019.01.005
mailto:meijun.zhu@wsu.edu
https://doi.org/10.1016/j.fm.2019.01.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fm.2019.01.005&domain=pdf


several years, which is equivalent to or in excess of the recommended
shelf-life of many LawF (Abd et al., 2012; Blessington et al., 2013;
Kimber et al., 2012; Santillana Farakos et al., 2013; Uesugi et al., 2006).
The adaptation of Salmonella in response to xeric stress yields an in-
creased propensity for survival when exposed to thermal treatment. As
a result, Salmonella has been recognized as a major threat to LawF mi-
crobial safety. The U.S. Food and Drug Administration (FDA) has re-
quested data and models on survival of Salmonella to develop a quan-
titative assessment of the risk of human salmonellosis in tree nuts
(Santillana Farakos et al., 2016).

Cocoa is the fermented dried seed of the cocoa tree, Theobroma
cacao (McShea et al., 2009). Cocoa powder is rich in polyphenols with
known health benefits and inherent antimicrobial properties (Calatayud
et al., 2013; Kajiya et al., 2004). Cocoa powder is a key ingredient in
chocolate confections and drink mixes. Salmonella might be introduced
during processing, storage or transportion steps of cocoa powder pro-
duction (Lima et al., 2012). Salmonella survives in the chocolate filling
of cookie and cracker sandwiches (Beuchat and Mann, 2015) or cho-
colate (Tamminga et al., 1977) stored at ambient temperature for long
durations. The D-values of Salmonella in molten milk chocolate pro-
ducts at 70 °C were up to 17.5 h (Goepfert and Biggie, 1968), high-
lighting the need to understand the inactivation kinetics of Salmonella
in cocoa powder.

Salmonella contamination is a significant concern for cocoa powder
due to the ability of this organism to survive in LawF as well as a large
number of salmonellosis outbreaks linked to LawF, including chocolate
products. Surrogate organisms, which are similar but avirulent (Sinclair
et al., 2012), are commonly utilized to evaluate the effectiveness of
thermal processing. Enterococcus faecium NRRL B-2354 (E. faecium is
used hereafter) has been widely used as a surrogate for Salmonella in
validation of LawF thermal processing, such as thermal treatments for
almonds (ABC, 2014), extrusion of carbohydrate-protein meal
(Bianchini et al., 2014), and radio-frequency treatment of wheat flour
(Liu et al., 2018b). The survival of microbes in LawF during thermal
processing is complex and varies with food matrix, aw, and micro-en-
vironments of LawF (Beuchat et al., 2013; Koseki et al., 2015; Li et al.,
2014; Tiganitas et al., 2009; Vogel et al., 2010). It is imperative to
systematically evaluate and compare the thermal resistance of E. fae-
cium and Salmonella over different aw and temperatures to validate
thermal processing procedures of LawF.

This study aimed to evaluate impacts of aw on the survival of
Salmonella in cocoa powder at three different process temperatures (70,
75, and 80 °C) and two aw levels (0.30 and 0.45, at 22 °C), and to further
examine the suitability of E. faecium as a surrogate for Salmonella during
thermal processing of cocoa powder. Additionally, the survival of both
strains during extended storage at ambient temperature was further
examined.

2. Materials and methods

2.1. Bacterial strains and lawn preparation

Outbreak strains Salmonella Enteritidis PT30 (raw almond), S.
Tennessee K4643 (peanut butter), and S. Agona 447967 (toasted oats
cereal) were used in the formulation of a 3-strain cocktail. S. Enteritidis
PT30 was acquired from Dr. Linda Harris at the University of California,
Davis. S. Tennessee K4643 and S. Agona were obtained from Dr. Nathan
Anderson at Food and Drug Administration, Illinois. E. faecium NRRL B-
2354 was obtained from the culture collection of the National Center
for Agricultural Utilization Research (NRRL), USDA Agricultural
Research service (Peoria, IL). All strains were maintained at −80 °C in
Trypticase Soy Broth (TSB, Becton, Dickinson and Company, Sparks,
MD) supplied with 0.6% Yeast Extract (Fisher Scientific, Pittsburgh, PA)
(TSBYE) and 20% (v/v) glycerol. Each strain was cultured in TSBYE
individually by static incubation at 35 ± 2 °C for 24 h. The overnight
bacterial cultures were 1:1000 subculture in TSBYE at 35 ± 2 °C for

additional 24 h, statically. Three hundred microliters of the bacterial
sub-cultures were plated on 100×15mm TSAYE plates (TSBYE with
1.5% agar) and incubated at 35 ± 2 °C for 24 h. Bacterial lawns from
TSAYE plates were washed and collected using sterile Phosphate
Buffered Saline (PBS, pH7.4) and centrifuged at 8000×g, 4 °C for
15min. The resulting pellet was suspended in sterile PBS to achieve
1011 CFU/ml. The prepared Salmonella cultures were combined in equal
volumes to obtain the 3-strain cocktail. The population of the inoculum
(3-strain Salmonella cocktail or E. faecium) was confirmed by enu-
meration.

2.2. Cocoa powder inoculation and water activity (aw) equilibration

Natural unsweetened 100% cocoa powder (The Hershey Company,
USA) was purchased from a local grocery store, which contains
57.36 ± 0.68% carbohydrate, 25.91 ± 0.09% protein, 6.50 ± 0.48%
fat, 6.22 ± 0.03% ash and 4.00 ± 0.62% moisture as analyzed per
AOAC standard methods. Detection of cocoa background flora was
performed by taking three random 1.0 g samples diluted in 9.0 ml of
sterile PBS, plating appropriate serial dilutions on TSAYE then in-
cubating at 35 ± 2 °C for 48 h. Forty grams of cocoa powder was in-
oculated with 400 μL of a 3-strain Salmonella cocktail or E. faecium
strain to achieve ∼109 CFU/g of cocoa powder inside a stomacher bag
(Fischer Scientific), which was then mixed by hand vigorously to ensure
homogenous dispersion of inoculum.

Inoculated cocoa powder was divided into two 150mm petri dishes
(Fisher Scientific), in an even layer before being placed in aw-equili-
bration chamber (Custom-designed at Michigan State University) set at
the target aw (0.30 and 0.45), and equilibrated for a minimum of 4 days
at room temperature (RT, 22.0 ± 0.5 °C). The aw of the respective
cocoa powder samples was measured by a aw meter (Aqualab Series 3,
Decagon Devices, Inc., Pullman, WA). Samples were used for thermal
inactivation after reaching the target aw± 0.02. All aw was measured at
RT.

Cocoa powders inoculated with individual E. faecium or 3-strain
Salmonella cocktails were enumerated immediately following inocula-
tion and a 4 days post-equilibration. Enumeration was achieved by
combining 1.0 g of inoculated cocoa powder, in a 2 oz. Whirl-Pak® bag
(Nasco, Ft. Atkinson, WI), with 9.0ml sterile PBS, homogenizing for
2min at 230 rpm in a stomacher (Seward Stomacher® Circulator 400,
Worthing, UK), and serially diluting 10-fold in sterile PBS. The appro-
priate serial dilutions were then plated in duplicate onto TSAYE plate
and incubated at 35 ± 2 °C for 24–48 h.

2.3. Thermal inactivation

Following equilibration to target aw, 0.4 0 ± 0.02 g of inoculated
cocoa powder was loaded into thermal death treatment (TDT) alu-
minum test cells designed by Washington State University (Chung et al.,
2008). The TDT test cells were hermetically sealed and subjected to
isothermal treatments (70, 75, or 80 °C) in an ethylene glycol bath
(Isotemp Heat Bath Circulator, Fisher Scientific). The temperature of
the ethylene glycol bath was recorded by Omega Precision RTD tem-
perature recorder (OM-CP-RTDTemp2000, Omega Engineering Inc.,
Norwalk, CT). TDT test cells with T-type thermocouples at the geo-
metrical center were used to measure heat penetration and come up
time (CUT, the time required for sample core temperature to reach with
0.5 °C of the set temperature). The resulting CUT for cocoa powder was
1.5 min, and heat treatment timing started after reaching CUT. Test
cells from respective treatments were collected at the selected time
points, then immediately chilled in an ice-water bath for 2min. All tests
were conducted in triplicate and repeated three times independently.

2.4. Enumeration of viable bacteria

Heat-treated cocoa powder was transferred from TDT test cells to a
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2 oz. Whirl-Pak® bag (Nasco, Ft.) and diluted 1:10 with sterile PBS, then
homogenized for 2min at 230 rpm in a stomacher. The recovered bac-
terial suspensions were 10-fold serially diluted and appropriate dilu-
tions were plated on TSAYE plates in duplicate, and then incubated at
35 ± 2 °C for 24–48 h.

2.5. Salmonella and E. faecium storage survival in cocoa powder

Following equilibration at aw 0.30 ± 0.02, inoculated cocoa
powder was aliquoted and sealed in moisture barrier bags (Dri-Shield
3000®, Desco Industries, Inc) and held at RT for up to 1 year. Survival
was analyzed on a bi-weekly or monthly basis per the method described
above. The aw of samples inside each moisture barrier bag was mon-
itored at each sampling day. Two sets of biologically independent in-
oculated cocoa powder were prepared. For each independent set, there
were three samples at each storage sampling time.

2.6. D-value and z-value analysis

Two primary models, the first-order kinetic model/log-linear model
(Equation (1)) and Weibull model (Equation (2)), were used for analysis
and comparison of the thermal inactivation curve (Peleg, 2006).
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where N0 is the initial bacterial population, N is the bacterial popula-
tion at time (t); t is the time of the isothermal treatment (min) after the
come-up to the specified treatment temperature; D is the time in min
required to reduce the microbial population by 90% at a selected
temperature (°C); δ is a scale parameter in the Weibull model; and α is
the shape parameter, with α=1 for linear or α ≠ 1 for non-linear.

D-value, thermal resistance in log-linear model, was estimated from
the thermal inactivation curve using a log-linear regression analysis and
is reported in min. The parameter δ and α were estimated from Weibull
model (Equation (2)). The z-values were determined from the regres-
sion of log D-value versus temperature and were calculated as
z= slope−1 for the linear trend lines. Data were analyzed through the
Integrated Pathogen Modeling Program (IPMP) (Huang, 2014).

The goodness-of-fit of the models was quantified by the root mean
square error (RMSE) obtained from IPMP, accuracy factor (Af)
(Equation (3)) and bias factor (Bf) (Equation (4)) (Baranyi et al., 1999):
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where Log (N/N0)pred is the predicted log reduction from IPMP, Log (N/
N0)dara is the measured reduction of bacteria during treatment, and n is
the total number of observations. The smaller the Af and Bf value, the
more effective is the model fitness (Baranyi et al., 1999).

3. Results

3.1. Stability of Salmonella and E. faecium during equilibration and
extended storage

To evaluate strain variability, the survival of three individual
Salmonella strains and E. faecium during desiccation was determined.
Following four days post-inoculation at RT, 0.68, 0.75, 0.58 and 0.56

Log10 CFU/g reductions were determined for S. Enteritidis PT30, S.
Tennessee K4643, S. Agona 447967 and E. faecium, respectively, in-
dicating these strains had a similar stability in aw 0.30 cocoa powder
during 4 days of equilibration in the moisture chamber (Fig. 1).

During 4-day equilibration at aw 0.30, there were 0.87 and 0.29 Log
CFU/g reductions of Salmonella cocktail and E. faecium, respectively
(Fig. 2A). The population of Salmonella cocktail and E. faecium re-
mained at similar levels as the initial inoculation level during the first
month of RT storage. Both Salmonella cocktail and E. faecium survived
in aw 0.30 cocoa powder during 1-year RT storage with ∼1.39 Log

Fig. 1. The survival of Salmonella and E. faecium NRRL B-2354 strains in aw
0.30 cocoa powder stored at room temperature. PT30: Salmonella Enteritidis
PT30; K4643: S. Tennessee K4643; 447967: S. Agona 447967. Mean ± SEM,
n=3.

Fig. 2. The survival of the Salmonella cocktail and E. faecium NRRL B-2354 in
aw 0.30 cocoa powder during 12-month of storage at room temperature. A. 7-
day post-inoculation; B. Survival and aw measurement over 12-month. The
average aw of cocoa powder during 12-month storage is 0.31 ± 0.02.
Experiments were repeated independently twice.
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CFU/g reduction in E. faecium and 3.75 Log CFU/g reduction in Sal-
monella (Fig. 2B).

3.2. Thermal inactivation of Salmonella cocktail and E. faecium in cocoa
powder

Microbial survival data from isothermal inactivation (Fig. 3) were
analyzed using both Weibull and log-linear models (Table 1). Overall,
both models fit Salmonella and E. faecium thermal inactivation data with
similar RMSE, Af and Bf. Given that the Weibull model yielded no sig-
nificant improvement in fit over the log-linear model, the log-linear
model was used for subsequent analyses and comparisons among
treatments.

The resulting D-values for Salmonella determined in cocoa powder
at aw 0.30, calculated from the slope of the trend lines of 70, 75, and
80 °C, were 46.2 ± 4.7, 20.5 ± 1.7, and 11.5 ± 0.9min, respectively
(Table 1 & Fig. 3A). The resistance of E. faecium to thermal inactivation
in cocoa powder at aw 0.30 was higher when compared to Salmonella.
The D-values for E faecium in aw 0.30 cocoa powder at 70, 75, and 80 °C
were 59.9 ± 5.0, 28.9 ± 1.8, and 16.1 ± 1.4min, respectively
(Table 1 & Fig. 3A). Moreover, as temperature increased, D-values for
Salmonella decreased at a greater rate when compared to E. faecium
(Fig. 3A).

Salmonella in aw 0.45 cocoa powder exhibited a higher resistance to
thermal inactivation at all inactivation temperatures comparative to E.

faecium. The D-values for Salmonella in aw 0.45 cocoa powder at 70, 75,
and 80 °C were 31.6 ± 3.3, 16.9 ± 2.0, and 7.0 ± 0.9min, respec-
tively (Fig. 3B), compared to the D-values of 25.8 ± 1.3, 13.7 ± 0.6,
and 4.7 ± 0.6min for E. faecium, respectively (Fig. 3B). At all three
temperatures used for heat inactivation, both Salmonella and E. faecium
showed a higher thermal resistance in cocoa powder equilibrated at aw
0.30 than those equilibrated at aw 0.45.

The z-values for Salmonella in cocoa powder at aw 0.30 to 0.45 were
16.9 ± 1.9 and 17.5 ± 2.7 °C, respectively (Table 1, Fig. 4). The z-
values of E. faecium decreased from 15.2 ± 2.5 to 13.0 ± 1.3 °C as aw
increased from 0.30 to 0.45 (Table 1, Fig. 4).

4. Discussion

LawF are traditionally considered safe, yet there are significant oc-
currences of foodborne pathogen outbreaks linked to LawF. According
to CDC reports, from 2006 to 2017, there were 59 Salmonella outbreaks
linked to a variety of fruits, shelled eggs, sprouts, tree nuts, organic
shakes and meals, peanut butter products, frozen and raw fish, chicken,
turkey, cheese, ground beef, pork, and cereals (CDC, 2017). Amongst
these outbreaks, approximately one third of reported Salmonella out-
breaks were associated with LawF (CDC, 2017). Multiple Salmonella
strains, including S. Eastbourne (Craven et al., 1975), S. Napoli (Gill
et al., 1983), S. Nima (Hockin et al., 1989), S. Typhimurium (Kapperud
et al., 1990), and S. Oranienburg (Werber et al., 2005), were linked to
chocolate outbreaks worldwide, clearly demonstrating a need to eval-
uate and validate thermal processing of cocoa powder against potential
Salmonella contamination and outbreaks.

Pathogen reduction procedures for the manufacture of cocoa
powder includes alkalization, heating up to 100 °C, and roasting of
whole cocoa beans or nibs for 5–35min at temperatures between 110
and 140 °C, which are considered the main kill steps for Salmonella
(Beckett, 2008; ICMSF, 2005; Lima et al., 2012). However, pathogenic
bacteria including Salmonella might survive during roasting, or be in-
troduced post process, during storage or transportation steps of cocoa
powder production. In current industry practice, after roasting, no other
heat treatment steps are applied to cocoa powder until it is used as an
ingredient for chocolate, chocolate drinks, and other formulated pro-
ducts containing chocolate (Beckett, 2008; Lima et al., 2012). Conching
at 50–70 °C during chocolate manufacturing alone is not sufficient to
eliminate Salmonella contamination (Krapf and Gantenbein-Demarchi,
2010; Nascimento Mda et al., 2012). To sufficiently develop and im-
plement appropriate procedures as part of a risk-based preventative
control measure, it is key to understand the thermal inactivation ki-
netics of Salmonella at common thermal processing conditions and
further validate E. faecium as a surrogate for thermal processing of
cocoa powder.

4.1. Salmonella thermal resistance in cocoa powder

The survival of Salmonella in cocoa powder during thermal in-
activation is inversely related to aw. Similar phenomena were reported
in previous studies on the thermal inactivation kinetics of Salmonella in
LawF such as wheat flour (Liu et al., 2018a), pet foods (Ceylan and
Bautista, 2015), skim milk powder (Laroche et al., 2005), and peanut
paste (Kataoka et al., 2014). A similar relationship between aw and
thermal resistance has also been observed in Listeria monocytogenes in
wheat flour (Taylor et al., 2018). The underlying mechanisms of the
increased thermal resistance of Salmonella, once adapted to low aw
environments, have yet to be elucidated.

Besides aw, thermal resistance of bacteria is also affected by many
other factors including bacteria strain (Goepfert and Biggie, 1968),
bacterial growth stage (Ng et al., 1969; Rolfe et al., 2012), food physical
structure (Mogollon et al., 2009), fat content (Juneja and Eblen, 2000),
and carbohydrates (He et al., 2011). D-values of S. Typhimurium in
molten milk chocolate at 70–90 °C were nearly 2-fold of those of S.

Fig. 3. The death curves of the Salmonella cocktail and E. faecium NRRL B-2354
in cocoa powder at aw 0.30 (A) and 0.45 (B) at selected temperatures.
Experiments were independently repeated thrice. The aw was measured at RT.
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Senftenberg 775W (Goepfert and Biggie, 1968). D70- and D80- values of
Salmonella in molten chocolate were much higher than respective D-
values of Salmonella strains in cocoa powder obtained in this study
(Goepfert and Biggie, 1968). The observed difference could be due to
combination of strain, food matrix, aw, and food physical state. E. fae-
cium showed a much higher resistance in wheat flour compared to
cocoa powder at both aw 0.30 and 0.45; D75- and D80- in wheat flour
were about 2 times those in cocoa powder (Liu et al., 2018a). At aw 0.30
and 0.45, D75- and D80- values for Salmonella in cocoa powder were
comparable to those in wheat flour (Liu et al., 2018a). Higher fat
content can also increase thermal tolerance of Salmonella (Hiramatsu
et al., 2005; Juneja and Eblen, 2000). However, Salmonella adapted to
peanut butter with lower fat content and higher carbohydrate content
had higher heat resistance compared to those in peanut butter with
high fat and low carbohydrate levels (He et al., 2013). Given that cocoa
powder has a higher fat content than wheat flour (3.3% fat) (Liu et al.,
2018a), other factors besides fat might be responsible for the difference
in thermal resistance.

4.2. Suitability of E. faecium as a surrogate for Salmonella

The Food Safety Modernization Act final rule for Preventive
Controls for Human Food (FDA, 2015) mandates that a food company
must implement and validate interventions to prevent or control iden-
tified significant hazards, such as Salmonella in many LawF. Due to its
non-pathogenic characteristics and higher heat and acid resistance
(Kopit et al., 2014), E. faecium has been used extensively as a surrogate
for Salmonella in LawF thermal validation. When compared to Salmo-
nella, E. faecium exhibits a higher heat resistance during the processing
of various LawF, such as the extrusion processing of carbohydrate-pro-
tein meal (Bianchini et al., 2014), thermal heating of low-aw pet food
(Ceylan and Bautista, 2015) and peanut paste (Kataoka et al., 2014),
and radio-frequency processing (Liu et al., 2018b) or thermal treatment
of wheat flour (Liu et al., 2018a).

In cocoa powder with aw 0.30, D-values of E. faecium at all test
temperatures were higher than those of Salmonella. Ratios of D-values
of E. faecium and Salmonella ranged between 1.3 and 1.4, indicating E.
faecium is a suitable surrogate for Salmonella during thermal processing
of cocoa powder at aw 0.30. However, when the initial aw is increased
to 0.45, the D-value of Salmonella exhibited a higher resistance than
those of E. faecium in cocoa powder at all target temperatures, with the
ratios of D-value of E. faecium and S. Enteritidis at 0.67–0.81. This in-
dicates that E. faecium may not be an ideal surrogate for Salmonella
when aw is increased beyond a certain level in cocoa powder. D80-va-
lues of Salmonella in a confectionery formulation (87.5% carbohydrate,
1% fat and 3% protein) with aw 0.57 were higher than that of E. faecium
(Rachon et al., 2016). In the Log10 D-values versus temperature plot of
this study, the line of Salmonella intersects with the line of E. faecium at
approximately 70 °C at aw 0.45, indicating the point at which the
suitability of E. faecium as bacterial surrogate changes. Temperatures
below this point such as 60 °C, showed a higher thermal resistance in E.
faecium (data not shown).

4.3. Salmonella stability in unsweetened cocoa powder

During 1-year RT storage in aw 0.30 cocoa powder, a 3.75 log re-
duction of Salmonella in cocoa powder during storage was observed.
Similarly, during a 12-month RT storage, Salmonella inoculated on al-
mond kernels and in shell pistachios at aw 0.40 decreased approxi-
mately 2.4 and 1.8 log, respectively (Kimber et al., 2012). A 2.5 log
reduction of Salmonella also occurred on inoculated almond kernel
stored at RT for 1 year (Uesugi et al., 2006). In peanut paste with 47%
fat and aw 0.30, a 1.3 to 1.8 log reduction of Salmonella was observed

Table 1
Thermal inactivation data for Salmonella and E. faecium NRRL B-2354 in cocoa powder.

Initial sample aw Log-Linear Model Weibull Model

Temp (°C) D-value (min) 95% CI upper limit of D-value RMSE z-value (°C) Af Bf δ (min) α RMSE Af Bf

0.30 Salmonella 70 46.2 ± 4.7 55.5 0.86 16.9 ± 1.9 1.70 0.82 19.3 ± 0.0 0.60 ± 0.18 0.82 1.57 1.17
75 20.5 ± 1.7 23.9 0.91 1.51 0.84 12.4 ± 0.1 0.76 ± 0.18 0.91 1.52 1.14
80 11.5 ± 0.9 13.3 0.82 1.44 0.91 3.2 ± 0.0 0.58 ± 0.15 0.78 1.32 1.00

E. faecium 70 59.9 ± 5.0 69.9 0.56 15.2 ± 2.5 1.99 0.76 72.9 ± 9.7 1.39 ± 0.25 0.55 2.20 0.63
75 28.9 ± 1.8 32.4 0.51 1.61 0.81 38.6 ± 0.4 1.37 ± 0.20 0.50 1.23 1.04
80 16.1 ± 1.4 19.0 0.66 1.44 0.91 11.1 ± 0.1 0.79 ± 0.19 0.65 1.32 1.00

0.45 Salmonella 70 31.6 ± 3.3 38.2 1.13 17.5 ± 2.7 2.15 0.77 27.8 ± 0.3 0.91 ± 0.23 1.13 1.99 0.79
75 16.9 ± 2.0 20.9 1.10 2.00 0.85 11.3 ± 0.0 0.78 ± 0.26 1.10 1.78 1.08
80 7.0 ± 0.9 8.8 0.78 2.00 1.01 4.8 ± 0.0 0.79 ± 0.37 0.79 1.52 0.88

E. faecium 70 25.8 ± 1.3 28.4 0.67 13.0 ± 1.3 1.66 1.09 30.9 ± 0.1 1.13 ± 0.13 0.67 1.66 1.03
75 13.7 ± 0.6 14.9 0.48 1.38 0.83 12.0 ± 0.1 0.92 ± 0.10 0.48 1.36 0.86
80 4.7 ± 0.6 5.8 1.11 1.82 1.45 2.6 ± 0.0 0.76 ± 0.34 1.11 1.48 1.25

RMSE: the root mean square error; aw: water activity. Upper limit of the 95% prediction interval (PI) for the D-value was calculated from the regression line
equation + 2 RMSE. Mean ± SEM, n = 3.

Fig. 4. Log D (decimal reduction time to achieve 90% population reduction at
the selected temperatures) values of the Salmonella cocktail and E. faecium
NRRL B-2354 in aw 0.30 and 0.45 cocoa powder at different temperature. The
aw was measured at RT.
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over 12-month RT storage dependent on Salmonella strain (Kataoka
et al., 2014). However, a 7-week 25 °C storage resulted in a 6.0-log
reduction of S. Montevideo or S. Heidelberg inoculated on aw 0.43
cocoa powder using slant-grown inoculum (Juven et al., 1984), much
less stable than Salmonella cocktail in aw 0.30 cocoa powder determined
in this study. These data highlight important roles of aw in Salmonella
survival in cocoa powder. Additionally, strain variability, inoculation
method, food matrix, and possibly cocoa powder source might also
contribute to the difference in desiccation stability of Salmonella in
cocoa powder during prolonged ambient storage. Salmonella was more
stable in pine nuts compared to pecan and hazelnuts at each aw and
storage temperature combination (Farakos et al., 2017). Lawn-grown
Salmonella displayed much higher stability in cocoa butter oil than
those inoculated with liquid inoculum; within the same inoculation, S.
Oranienburg was more stable than S. Enteritidis PT30 in cocoa butter
oil over 21 day storage at both 5 and 21 °C (Komitopoulou and
Penaloza, 2009). The ability of Salmonella to survive in LawF is also
dependent on storage temperature. Salmonella survived better in su-
crose stored at 5 °C than those stored at 25 °C regardless of aw (Beuchat
et al., 2017). Salmonella were more stable in pine nuts, pecan and ha-
zelnuts stored at 4 and 10 °C than those stored at 25 °C, and there was
less than1.5-log CFU/g reduction over 1-year storage at 4 and 10 °C
(Farakos et al., 2017). Salmonella retains a higher viability in dried
fruits (Beuchat and Mann, 2014), almond (Kimber et al., 2012; Uesugi
et al., 2006), pistachios (Kimber et al., 2012), infant formula (Koseki
et al., 2015) stored at 4 or 5 °C compared to ambient storage tem-
perature. Similarly, Shiga toxin producing E. coli retains a higher via-
bility in chocolate (∼aw 0.40) stored at 10 °C compared to RT storage
(Baylis et al., 2004). Our data suggest that E. faecium is an appropriate
surrogate for Salmonella in cocoa powder during RT storage; there was a
3.75 and 1.39 Log reduction of Salmonella and E. faecium in aw 0.30
cocoa powder, respectively, over 1-year RT storage.

5. Conclusions

Both Salmonella and E. faecium survived in aw 0.30 cocoa powder
over 1-year RT storage. E. faecium had a higher desiccation stability in
aw 0.30 cocoa powder compared to Salmonella. There was 1.39 log
reduction of E. faecium during 12 months of storage at RT compared to
a 3.75 log reduction of the Salmonella cocktail stored at the same
condition and environment. Thermal resistance, as indicated by the D-
values, of both Salmonella and E. faecium increased as sample aw de-
creased from 0.45 to 0.30. However, E. faecium showed higher D-values
in aw 0.30 cocoa power compared to Salmonella, but at aw 0.45 cocoa
powder, E. faecium had lower D-values than Salmonella. These data
provide technical information for Salmonella inactivation validation
during cocoa powder production. Data also highlight that precaution is
needed when adopting E. faecium as a Salmonella surrogate for LawF
thermal process validation.
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