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A B S T R A C T

The control of Salmonella in low water activity foods poses a challenge for the food industry because of its
thermal resistance. The use of surrogate bacteria in a food plant is considered a critical component to validate
processing steps. The objective of this study was to evaluate the use of Pediococcus acidilactici ATCC 8042, a
generally recognized as safe bacterium (GRAS), as potential surrogate for Salmonella in commercial toasted oats
cereal (TOC) and peanut butter. P. acidilactici was compared to a five-serovar cocktail of Salmonella and
Enterococcus faecium NRRL-B2354, separately. Cultures were inoculated into TOC and thermal kinetic para-
meters (δ, β) were determined at 80, 85, 90, and 95 °C using the Weibull model. In peanut butter, δ and β
parameters were obtained at 63, 68, 73, and 77 °C. In TOC, the δ values (initial decimal reduction time) of P.
acidilactici were 63 and 7min at 80 and 95 °C, respectively, and at all four temperatures they were not sig-
nificantly different from δ values of E. faecium. The δ value of Salmonella at 80 °C (139min) was two-fold greater
than the other two bacteria's values (p < 0.05). In peanut butter, δ values of P. acidilactici ranged from 31min at
63 °C to 2.6min at 77 °C, and at all temperatures they were not significantly different from E. faecium's δ values.
In peanut butter, all Salmonella cocktail's δ values were significantly smaller than P. acidilactici's with values of
2 min at 63 °C and 0.4min at 77 °C. These results indicated that P. acidilactici was as heat tolerant as E. faecium in
these food matrices. However, the thermal inactivation kinetic parameters suggested that P. acidilactici can only
be considered a Salmonella surrogate in TOC at temperatures above 85 °C. Because of its greater thermal tol-
erance in peanut butter, P. acidilactici may be used as Salmonella surrogate if an additional safety factor is
recommended.

1. Introduction

Salmonella contamination of low water activity foods (aw≤0.6) is a
major concern for the food industry. While low water activity inhibits
all microbial growth in food, it does not prevent contamination, which
can cause illness. Salmonella contamination of almonds, peanut butter,
breakfast cereal, and other products has caused large-scale outbreaks
(Beuchat and Mann, 2015; CDC, 2009, 2007; 2004; Russo et al., 2013).
Extruded toasted oat cereals were associated with two outbreaks due to
Salmonella Agona contamination (CDC, 2008, 1998) These outbreaks
have shown Salmonella's potential to cause illness in foods that were
previously thought to be low risk. Since low water activity foods can be
ready-to-eat, the need for Salmonella control in those foods is essential.

Salmonella survives multiple harsh environmental conditions, in-
cluding desiccation. Desiccated Salmonella is more resistant to sub-
sequent stressors such as UV, sanitizers, bile salts, and heat (Gruzdev
et al., 2011). Salmonella inoculated into a low water activity food, such

as wheat flour, is much more resistant to heat inactivation than it is in
ground beef. As a comparison, Salmonella has a D-value of 20.7min at
70 °C in wheat flour and a D-value of under 1min in ground beef at the
same temperature (Fudge et al., 2016; Juneja et al., 2014). This large
change in heat resistance illustrates the effect of low water activity on
enhancing thermal tolerance.

With the recent implementation of the Food Safety Modernization
Act's Preventive Controls Rule, thermal inactivation controls must be
validated through performing studies in the facility or relating the
control to published scientific evidence (Buchanan and Williams,
2013). Validating a control in a facility is a viable method; however,
pathogenic testing strains cannot be used in a food processing facility.
In lieu of using pathogenic strains, a surrogate bacterium can be a vi-
able alternative. Bacterial surrogates are non-pathogenic strains that act
similarly to a target pathogen in the same food matrix and environ-
mental conditions (Sinclair et al., 2012). An ideal surrogate has similar
survival and growth characteristics to the target, is easy to use, easy to
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store, and genetically stable (Sinclair et al., 2012). For Salmonella, En-
terococcus faecium NRRL-B2354, has been approved by the Almond
Board of California for use in validating almond thermal processing
processes (Stevenson et al., 2014). While E. faecium is nonpathogenic, it
is not a GRAS microorganism. Using a GRAS microorganism as a sur-
rogate may have the potential to be widely used in a food facility.

While not officially adopted by another commodity group, E. fae-
cium has been investigated as a surrogate for Salmonella in other food
matrices. These matrices have included high water activity foods, such
as milk and ground beef, and low water activity foods, such as peanut
paste and oat flour (Annous and Kozempel, 1998; Enache et al., 2015;
Ma et al., 2007). The ability of E. faecium to model the inactivation of
Salmonella species across varied food matrices shows potential for uti-
lization in other foods. It was reported that Pediococcus acidilactici ATCC
8042 had similar survival and thermal inactivation characteristics to
Salmonella in beef jerky and dry pet food (Borowski et al., 2009; Ceylan
and Bautista, 2015). Unlike E. faecium, P. acidilactici is a GRAS status
microorganism, which may allow for simpler adoption by industry
(FDA, 2013).

Given the need for validation processes for low water activity foods
and Salmonella's increased thermal resistance in a desiccated state, the
use of surrogates in low water activity foods could be useful for vali-
dation. E. faecium NRRL-B2354 and P. acidilactici ATCC 8042 have been
shown to be surrogates for Salmonella in some low water activity foods.
The objective of this study was to evaluate the use of P. acidilactici
ATCC 8042 as surrogate for Salmonella in two low water activity foods,
toasted oats cereal and peanut butter comparing it to a cocktail of
Salmonella serovars and to E. faecium NRRL-B2354.

2. Materials and methods

2.1. Bacterial culture preparation

The strains used in this research and their sources can be found in
Table 1. Stock cultures were either prepared from frozen glycerol stocks
from the Center for Food Safety's (CFS) culture collection or from lyo-
philized cultures from ATCC. Working cultures were cultivated at 37 °C
in a shaker culture overnight. Salmonella cultures and E. faecium were
grown in tryptic soy broth (TSB, BD, Franklin Lakes, NJ). Pediococcus
acidilactici was grown in De Man, Rogosa, and Sharpe (MRS) broth
(Research Products International, Mount Prospect, IL). All strains were
frozen at −80 °C in a 20% glycerol stock. To test the Salmonella
working stocks, they were streaked onto xylose lysine deoxycholate
agar (BD) monthly.

2.2. Inoculation and thermal inactivation of toasted oats cereal

Inoculation methods were adapted from Chick (2011) (Chick,
2011). Salmonella serovars (Enteritidis, Agona, Typhimurium,

Tennessee, and Newport), E. faecium, and P. acidilactici, were grown
overnight individually in 40mL of TSB or MRS broth media at 37 °C
with shaking. For Salmonella, 8 mL of each strain culture were mixed to
a final volume of 40mL. Cocktail or individual cultures (40mL) were
mixed with 20 g of commercially available extruded toasted oats cereal
(TOC; ingredients according to the manufacturer's label: whole grain
oats, modified corn starch, sugar, salt, tripotassium phosphate, wheat
starch, vitamin E) and 360mL sterile water in stomacher bags for 1min.
TOC samples had an initial (immediately after opening the package) aw
value ranging from 0.18 to 0.30. The inoculated TOC were strained
with sterile metal strainer and spread across sterile metal trays. Trays
were placed in a 37 °C incubator and dried for 18–24 h. The dried TOC
were ground with a sterile mortar and pestle, and then placed in petri
dishes for water activity equilibration. The ground TOC were stored in a
desiccator with a saturated magnesium chloride solution (Sigma Al-
drich, St. Louis, MO) to equilibrate the samples to a water activity of
0.33 for 7–14 d. Water activities were read using an AquaLab (Decagon,
Pullman, WA) before thermal kinetics parameters were determined.

Samples of ground, inoculated TOC (approx. 0.05 g) were trans-
ferred to 0.2mL sterile PCR tubes. The samples were placed in a heating
block (Digital Dry Bath, Thermo Scientific, Pittsburgh, PA) for thermal
inactivation. The times that the tubes took to reach the desired tem-
perature (come up time) were consistently 46 ± 3 s. At pre-determined
time points, nine samples were removed, placed in an ice bath and held
in a 10% bleach solution for 10 s. The tubes were blotted dry with paper
towels. The contents of three tubes were fully emptied with sterile small
spatulas into 10mL tubes of buffered peptone water (BPW). This cre-
ated three biological replicates per time point. Subsequent dilutions
were performed in 9mL BPW, and 0.1 mL was plated in duplicate onto
the appropriate solid media. Plates were incubated at 37 °C for 18–24 h.
Thermal inactivation kinetics were determined at 80, 85, 90, and 95 °C.
Each experiment was performed independently at least twice.

2.3. Inoculation and thermal inactivation of peanut butter

Peanut butter inoculation methods were adapted from Ma et al.,
2009 (Ma et al., 2009). A Salmonella cocktail (Enteritidis, Agona, Ty-
phimurium, Tennessee, and Heidelberg) and the two potential surro-
gates were grown overnight in a total of 100mL broth cultures at 35 °C
in a shaker culture. The inocula were prepared by washing the bacteria
with phosphate buffered saline (PBS, pH 7.4), followed by centrifuga-
tion (900×g, 10min) twice. The washed cells were resuspended in
600 μL of PBS. These cell suspensions were used as inocula. Sixty grams
of commercial creamy peanut butter (ingredients: roasted peanuts,
sugar, molasses, hydrogenated rapeseed and soybean oils, mono and
diglycerides, salt) were weighed into sterile stomacher bags. Bags were
suspended in a water bath (Precision Instruments, Sarasota, FL) at 50 °C
and held until the peanut butter reached 50 °C. Temperature was
monitored by a thermocouple in a bag of uninocculated peanut butter.
Before inoculation, bags were removed from the water bath and cooled
to 37 °C. The inocula were added and mixed with a sterile spatula for
4min. The inoculated peanut butter samples were then mixed in a
stomacher (Seward, Worthing, UK) for 2min. Peanut butter samples
were stored at room temperature in sealed bags for 3–7 d. Water ac-
tivity was determined before use in thermal kinetics trials. Samples
with a water activity above 0.5 were discarded to reduce variability
among measurements due to different water activity.

For thermal inactivation, three 1-g samples were weighed into
200mL sterile stomacher bags and flattened into a rectangle, approxi-
mately 3× 6 cm. The bags were suspended into a hot water bath, taken
out at pre-determined time points, and held in an ice bath for 1min.
Samples were stomached for 2min at 260 rpm in 9mL of BPW with
0.1% Tween 80, then serially diluted in 9mL BPW and plated in du-
plicate with volumes of 0.1 mL onto the appropriate media. Plates were
incubated at 37 °C for 18–24 h. Thermal inactivation curves were per-
formed at 63, 68, 73, and 77 °C. Temperature was monitored by placing

Table 1
Bacterial strains used in this research.

Strain Source Food source

Salmonella Enteritidis 2415 CFSa Almonds
Salmonella Agona F5567 CFS Cereal
Salmonella Typhimurium ATCC 14028 ATCCb NAc

Salmonella Tennessee K4643 CFS Peanut Butter
Salmonella Newport MH57137 CFS NA
Salmonella Heidelburg MH27651 CFS NA
Enterococcus faecium NRRL-B2354 (ATCC 8459) ATCC NA
Pediococcus acidilactici ATCC 8042 ATCC NA

a Culture Collection, Center for Food Safety, University of Georgia, Griffin,
GA.

b American Type Culture Collection.
c Not applicable.
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a bag of uninoculated peanut butter in the water bath and reading the
temperature with a thermocouple. Each full set of heating experiments
were conducted at least two times.

2.4. Data analysis

All data were generated from at least two independent experiments.
Thermal inactivation parameters were analyzed using the Weibull
model of inactivation (Mafart et al., 2002). Microsoft Excel (Microsoft,
Redmond, WA) the add-in GInaFit was used to find the thermal kinetics
parameters (Geeraerd et al., 2005). The Weibull model produces two
values, the δ value and the β value. The δ value represents the time for
the initial one log reduction in the population (van Boekel, 2002). The β
value represents the shape parameter, a mathematical description of the
shape of the curve (van Boekel, 2002). The R2 value and root mean
square error values (RMSE) were used to analyze the fit of the model.
To compare between the Salmonella cocktail and the two surrogates, a
one-way ANOVA, followed by Tukey Kramer HSD was performed on
the δ and β values using JMP (SAS, Cary, NC). Statistical significance
was determined at a 95% confidence level (p < 0.05). Once δ values
were determined, z-values were calculated, and the regression coeffi-
cient determined. The z-value is the number of degrees (C) needed to
change the δ value by one log. This calculation was be done through
mathematical equation or estimation using a graph. The equation used
was z = (T1-T2)/(Log(δ1)-Log(δ2)).

3. Results

3.1. Thermal inactivation in TOC

At 80 °C, the populations of Pediococcus and Enterococcus declined
more rapidly than the viable count of Salmonella, but the final reduction

after 3 h was approx. 1.6 Log CFU/g for all three bacteria (Fig. 1). At
higher temperatures, the initial reduction for the three organisms was
very similar within the first 30min, but after longer incubations, the
count of P. acidilactici had slightly lower counts than the other two
bacteria (Fig. 1). When the thermal inactivation kinetic parameters
were calculated, the δ value of Salmonella was at least two-fold larger
(p < 0.05) than those of E. faecium and P. acidilactici at 80 °C (Table 2).
The β value of Salmonella at 80 °C was also different as well. In the
Weibull model, the shape of the curve can be concave (β < 1) or
convex (β > 1) (van Boekel, 2002). At 80 °C, the β value of Salmonella
was 1.36, indicating a convex curve. The β values of E. faecium and P.
acidilactici were 0.71 and 0.56, respectively, that corresponded to a
concave curve.

At 85 °C, the δ value of Salmonella inactivation was larger than the
other two bacteria, but none of these differences was statistically sig-
nificant (Table 2). At 95 °C, there was a marked reduction in δ values
compared to the δ values at 90 °C. However, the inactivation of all three
bacteria had similar δ values, with a one-way ANOVA (p≥0.05) re-
sulting in no significant difference among them. Similarly, there were
no significant differences among the β values at 85, 90 and 95 °C. Z-
values were calculated based on δ values for each bacterium and ranged
from 9.3 to 15.6 for E. faecium and P. acidilactici, respectively (Table 3).
E. faecium's regression coefficient (R2) of z-value calculation were the
only R2 values smaller than 0.9.

3.2. Thermal inactivation in peanut butter

The range of temperatures used with peanut butter was markedly
lower than with TOC to obtain measurable values of kinetic parameters
(63–77 °C). The mean water activity of peanut butter samples measured
right before thermal treatments was 0.39 ± 0.03. At 63 °C, the P.
acidilactici and E. faecium counts were reduced by 1.5 and 1.1 Log CFU/

Microbial Counts (Log CFU)

Microbial Counts (Log CFU)

Time (min)

Fig. 1. Thermal death curves of Salmonella, E. faecium NRRL-B2354, and P. acidilactici ATCC 8042 at 80, 85, 90, and 95 °C in toasted oats cereal. Salmonella was a
mixture that included five serovar strains (Agona, Typhimurium, Tennessee, Enteritidis and Newport).
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g by 120min, but Salmonella's count reduction was almost 2.5 Log CFU/
g (Fig. 2). At 73 °C, the two Gram-positive bacteria had approx. the
same 2.0 Log CFU/g reduction after 90min, and the Salmonella count

was reduced by almost 2.9 Log CFU/g. At all four temperatures the
reductions in Salmonella counts were always greater than Enterococcus
and Pediococcus.

The thermal treatment of peanut butter samples inoculated with the
Salmonella cocktail had smaller δ values than the two Gram-positive bac-
teria at all temperatures, but only at 73 °C the difference (1.5 vs. 15.5min)
with P. acidilactici was statistically significant (Table 4). At 63, 68 and
77 °C, the δ values of P. acidilactici inactivation were more than 15, 3 and
5-fold greater than those of Salmonella, but they were not significant. At
63 °C, E. faecium had a δ value almost 47-fold larger than the Salmonella
cocktail (p < 0.05) and at 77 °C, this difference was more than 20 times
greater. Only at 68 °C, there was a significant difference between the E.
faecium and P. acidilactici β values. The z-values calculated from δ values
ranged from 7.6min for Salmonella to 13.2min for P. acidilactici (Table 3).
The 63 °C Salmonella δ value was not included in the z-value calculation, as
it was 2.0min at 63 °C and 6.0min at 68 °C.

Fig. 2. Thermal death curves of Salmonella, E. faecium NRRL-B2354, and P. acidilactici ATCC 8042 at 63, 68, 73, and 77 °C in peanut butter. Salmonella was a mixture
that included five serovar strains (Agona, Typhimurium, Tennessee, Enteritidis and Heidelberg).

Table 2
Thermal kinetics parameters of Salmonella, E. faecium NRRL-B2354, and P. acidilactici ATCC 8042 at 80, 85, 90, and 95 °C calculated with the Weibull model in
toasted oats cereal. Salmonella was a mixture that included five serovar strains (Agona, Typhimurium, Tennessee, Enteritidis and Newport).

Temperature Bacteria δ value (min) ± SDa β value ± SDa R2 adjusted value RMSE

80 °C Salmonella 139.6 ± 17.2A 1.36 ± 0.07A 0.96 0.10
E. faecium 69.5 ± 7.0B 0.71 ± 0.2A, B 0.95 0.16
P. acidilactici 63.2 ± 3.2B 0.56 ± 0.005B 0.87 0.23

85 °C Salmonella 86.8 ± 47.2A 0.50 ± 0.18A 0.92 0.11
E. faecium 45.5 ± 14.7A 0.33 ± 0.11A 0.93 0.11
P. acidilactici 27.0 ± 4.0A 0.52 ± 0.1A 0.91 0.28

90 °C Salmonella 23.4 ± 7.4A 0.51 ± 0.02A 0.93 0.15
E. faecium 41.1 ± 8.1A 0.26 ± 0.03A 0.97 0.06
P. acidilactici 24.7 ± 2.0A 0.56 ± 0.1A 0.84 0.41

95 °C Salmonella 7.8 ± 2.9A 0.31 ± 0.06A 0.87 0.28
E. faecium 3.3 ± 2.5A 0.19 ± 0.02A 0.94 0.07
P. acidilactici 7.0 ± 2.8A 0.36 ± 0.01A 0.92 0.22

a Means with different capital letters are significantly different (p < 0.05) for each temperature.

Table 3
Z-values of Salmonella, E. faecium NRRL-B2354, and P. acidilactici ATCC 8042 in
toasted oats cereal and peanut butter. Salmonella was a mixture that included
five serovar strains (Agona, Typhimurium, Tennessee, Enteritidis and Newport).

Bacteria Food matrix

Toasted oats cereal Peanut butter

Z-value (°C) r2 Z-value (°C) r2

Salmonella 11.2 0.97 7.6 0.99
E. faecium 9.3 0.74 13.2 0.96
P. acidilactici 15.6 0.91 11.4 0.79
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4. Discussion

Low water activity foods, such as toasted oats cereal and peanut
butter, were identified as Salmonella vehicles of concern. Due to the
implementation of the Food Safety Modernization Act's Preventive
Controls Rule, there is a need for validating thermal controls in low
water activity foods. Bacterial surrogacy is a viable option for this,
especially given Salmonella's increased thermal resistance in low water
activity foods. This study aimed to evaluate the use of a potential
Salmonella surrogate, P. acidilactici ATCC 8042 comparing it also to E.
faecium NRRL-B2354 in commercial toasted oat cereal and peanut
butter.

For TOC, our findings suggested that P. acidilactici as well as E.
faecium may be used as a Salmonella surrogate at temperatures between
85 and 95 °C. At 80 °C, Salmonella's δ value was significantly higher than
both surrogate bacteria's and the β value was significantly higher than
P. acidilactici. Salmonella's β value at 80 °C was above one, which was
unique to that treatment. The β value in the Weibull model describes
the shape of the curve. This instance is above one, which means the
shape is convex, and the surviving cells have a greater probability of
death than the initial population (van Boekel, 2002). When the curves
were concave, it meant that the remaining microbial population had a
decreased probability of death, compared to the initial population.
Because of the differences in shape (β) and the time for the initial 1
Log/CFU reduction (δ) between Salmonella and both E. faecium and P.
acidilactici at 80 °C they would not perform satisfactorily as surrogates.

For 85–95 °C, there were no significant differences among the δ and
β values of Salmonella and the two Gram-positive bacteria. While the δ
values for Salmonella were consistently larger than for both surrogates,
they were not significantly different. The β values were not significantly
different among the strains at 85–95 °C either. Interestingly, while
Salmonella had consistently higher δ values, it did not have the highest
z-value. Because of the sufficient similarities, we concluded that P.
acidilactici ATCC 8042 could have potential as a surrogate for the
thermal inactivation of Salmonella in toasted oats cereal at temperatures
between 85 and 95 °C.

Comparing the inactivation rates obtained with the two matrices
there were large differences of for all three bacteria. Salmonella's in-
activation in TOC at the lowest temperature (80 °C) was more than 200-
fold slower (δ= 139.6min) than in peanut butter at 77 °C, the highest
temperature tested (δ= 0.4min) (Tables 2 and 4). If the same com-
parison is made for E. faecium and P. acidilactici, the differences were
not as high (7.8- and 24-fold, respectively), but still significantly
smaller. Variations in thermal tolerance of Salmonella due to different
food matrices has been previously recognized and the effect of fat
content has been speculated as a factor that may contribute to reduce its
ability to survive a heat shock (Santillana Farakos et al., 2014). In our
study, the marked differences observed between TOC and peanut butter

may also be due to different matrix composition, but the influence of
heat treatment methodology cannot be completely ruled out. The dif-
ferent rheogical characteristics of these two foods led us to use different
heat treatment studies. The inactivation in a powder such as ground
TOC employed small plastic tubes in a dry heating block according to
our methods previously published (Forghani et al., 2018; Maserati
et al., 2017). In contrast, because peanut butter had a very different
composition and texture, we decided to use the previously published
protocol by Ma et al. (2009) that immersed the material in a water bath
in a thin film inside of a plastic bag.

Studies investigating the use of E. faecium as a surrogate in almonds,
oat flour, pet food, and peanut paste have all reported that E. faecium
had greater heat resistance than Salmonella (Ceylan and Bautista, 2015;
Enache et al., 2015; Sanghyup et al., 2011; Verma et al., 2018). Similar
to previous studies, we also observed consistently higher δ values of E.
faecium in peanut butter. As a potential surrogate, having a greater
tolerance than the target organism can offer an additional safety factor
that may address the potential variation in thermal tolerance of Sal-
monella strains and anticipate potential natural environmental factors
that may enhance their thermal tolerance.

At all temperatures tested in peanut butter (63–77 °C), P. acidilactici
had larger δ values than Salmonella. At 63 and 77 °C, E. faecium had a
significantly greater δ value than Salmonella. At 73 °C, P. acidilactici also
had a significantly greater δ value than Salmonella. There were no
significant differences between the β values of either Gram-positive
bacteria and Salmonella. While there were significant differences be-
tween the δ values of one surrogate and Salmonella at most tempera-
tures studied, the potential surrogate was the more heat resistant bac-
teria tested. Since the potential surrogate was more resistant, it could
serve as a conservative estimate for the thermal inactivation of
Salmonella in peanut butter. Our findings indicated that P. adidilactici
ATCC 8042 could be used as surrogate for Salmonella in peanut butter at
63–77 °C if a safety factor is desirable in validation testing.

Several studies have investigated the thermal inactivation of
Salmonella in peanut butter and there is at least one that explored the
possibility of using E. faecium NRRL-B2354 as a surrogate organism in
this food matrix (Kataoka et al., 2014; Ma et al., 2009; Shachar and
Yaron, 2006). The δ values measured at 73 and 77 °C in this study (1.5
and 0.4min, respectively) were very similar to those calculated in a
study that used three serovars at 70 and 80 °C (0.25 and 1.1min, re-
spectively) (Shachar and Yaron, 2006). At 77°C, Ma et al. (2009) re-
ported 1-Log CFU/g inactivation times slightly greater (3.5–5.2min)
than our δ values they tested three groups of Salmonella serovars. A
more recent study compared the inactivation of E. faecium NRRL-B2354
to individual strains of S. Tennessee and S. Typhimurium in peanut
butter (Kataoka et al., 2014). In that report, kinetic parameters were
not calculated, but it was observed that the count of E. faecium was
reduced 1.4 Log CFU/g at 75 °C after 50min. In our results, this strain

Table 4
Thermal kinetics parameters of Salmonella, E. faecium NRRL-B2354, and P. acidilactici ATCC 8042 at 63, 68, 73, and 77 °C calculated with the Weibull model in peanut
butter. Salmonella was a mixture that included five serovar strains (Agona, Typhimurium, Tennessee, Enteritidis and Newport).

Temperature Bacteria δ value (min) ± SDa β value ± SDa R2 adjusted value RMSE

63 °C Salmonella 2.0 ± 0.2A 0.19 ± 0.04A 0.96 0.14
E. faecium 94.2 ± 26.0B 0.16 ± 0.1A 0.93 0.09
P. acidilactici 31.1 ± 7.0A, B 0.27 ± 0.04A 0.93 0.13

68 °C Salmonella 6.0 ± 2.0A 0.27A, B 0.90 0.27
E. faecium 27.0 ± 7.3A 0.18 ± 0.07A 0.91 0.14
P. acidilactici 21.1 ± 0.9A 0.46 ± 0.02B 0.99 0.05

73 °C Salmonella 1.5 ± 0.5A 0.25 ± 0.05A 0.88 0.32
E. faecium 13.0 ± 3.4A, B 0.37 ± 0.07A 0.94 0.17
P. acidilactici 15.5 ± 5.9B 0.45 ± 0.05A 0.94 0.19

77 °C Salmonella 0.4 ± 0.1A 0.22 ± 0.05A 0.89 0.28
E. faecium 8.9 ± 0.9B 0.38 ± 0.02A 0.95 0.15
P. acidilactici 2.6 ± 1.9A, B 0.27 ± 0.1A 0.87 0.33

a Means with different capital letters are significantly different (p < 0.05) for each temperature.
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was reduced approx. 1.7 and 2.0 Log CFU/g at 73 and 77 °C, respec-
tively.

While there were some differences between the E. faecium and P.
acidilactici strains and Salmonella, there was only one difference be-
tween the two surrogates. The close relationship between the thermal
kinetics parameters of E. faecium NRRL-B2354 and P. acidilactici ATCC
8042 suggested the potential for the use of P. acidilactici as a surrogate
for Salmonella in other low water activity foods. Unlike E. faecium
NRRL-B2354, P. acidilactici ATCC 8042 has GRAS status, which may
allow for easier deployment for use as a surrogate.

This study investigated the potential for P. acidilactici ATCC 8042 to
serve as a surrogate for Salmonella and generated additional data on E.
faecium NRRL-B2354 for possible application in two low water activity
foods, toasted oats cereal and peanut butter. The next phase of this
study is to validate the surrogates’ use through using processing
equipment, such as extruders or heated mixers. A second potential
study would be to expand the products used and validate the use of both
surrogates in other low water activity foods.
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