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Abstract

Salmonella enterica from low-moisture food has been found to have a higher thermal tol-
erance than from high-moisture food. However, the molecular mechanism underlying
the association of thermal tolerance of this pathogen with low-moisture foods, such as
peanut butter and peanut spread, has not been fully elucidated. We previously found
that mutants of S. Tennessee with a defective gene encoding a cell membrane lipoprotein
(Lpa) or cell division protein (ZapC) formed significantly (p ≤ 0.05) less biofilm than the
wildtype strain. To assess the possible role of these genes in the thermal tolerance of S.
Tennessee, this study compared the surviving populations of the wildtype S. Tennessee
and its mutants defective in Lpa or ZapC in different types of peanut products (regular,
reduced-fat, and natural) at 74 ◦C for 0, 2.5, 5, 10, 15, 20, 30, 40, or 50 min. Results showed
that mutants with a defective lpa or zapC significantly affected the survival of Salmonella
in peanut products during heat treatments. Significantly, a higher reduction in Salmonella
population was observed in regular peanut butter, followed by natural and reduced-fat
peanut spreads. The study provides new insight into one of the molecular mechanisms
underlying the thermal tolerance of Salmonella enterica.

Keywords: heat tolerance; Salmonella; biofilm; peanut butter; peanut spread

1. Introduction
Low-moisture foods have been recognized as a novel vehicle for transmitting food-

borne pathogens in recent years [1]. Low-moisture conditions, in general, do not support
the growth of foodborne bacterial pathogens. However, cells of some pathogens, like
Salmonella, could survive in low-moisture foods during long-term storage. These pathogens
have been found to have enhanced tolerance to heat treatment compared to those from
high-moisture environments (aw > 0.9) [2–5]. Peanut butter, one of the low-moisture
foods, was first linked to an outbreak of salmonellosis in 2007 [6]. Since then, outbreaks of
Salmonella infection associated with peanut product consumption occurred again in 2008,
2009, and 2022 [7].

Commercial peanut butter production involves several key steps including roasting,
blanching, and grinding, followed by tempering, cooling, and packaging [8–10]. After
roasted peanuts are ground and milled to peanut paste, additional ingredients such as
salt, sugar, and stabilizers are added [11]. To homogenize and prevent the peanut butter
from separating, stabilizers are added at a temperature higher than their melting points,
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ranging from 60 to 74 ◦C [10]. The grinding process raises the peanut butter temperatures
to 71–77 ◦C for approximately 20 min [4]. These temperatures might not be sufficient to
eliminate pathogens like Salmonella due to the thermal tolerance of pathogen cells [4,12–14].

Both intrinsic (strain variability, cell surface structure, and biofilm-forming ability) and
extrinsic factors (food composition and water activity) could impact the thermal tolerance
of Salmonella in low-moisture foods. Peanut butter is a concentrated colloidal suspension of
lipids and water, which may impact Salmonella survival during heat treatment. Other food
components, such as glycerol, and sucrose, are also among factors affecting Salmonella heat
tolerance [15–18].

The ability of Salmonella to survive thermal treatment is associated with the expression
of certain genes. For example, the expression of rpoS, encoding for sigma factor RpoS, and
fimbria genes were upregulated in S. Typhimurium after exposure to mild heat treatment at
42 ◦C [19]. According to Gruzdev et al. [20], subjecting S. Typhimurium to desiccation stress
induced the expression of heat shock proteins DnaK, GroEL, and IbpA. These proteins act
as chaperones to stabilize cellular proteins, preventing protein denaturation during heat
treatment [20].

Other than molecular regulation, another intrinsic factor, cells’ ability to form biofilms,
could reduce heat conductivity, protect cells from thermal stress, and enhance bacterial
tolerance to heat treatment. Mutant Escherichia coli deficient in the expression of colanic
acid, one of the essential bacterial extracellular structures involved in biofilm formation,
had increased susceptibility to heat treatment [21]. Biofilm-forming S. Enteritidis strains
were found to be significantly more tolerant of heat treatment than the non-biofilm-forming
strains in wheat flour [22]. Furthermore, cells embedded in biofilms had enhanced heat
tolerance compared to planktonic cells [23].

In a previous study, we acquired several knock-off mutants from wildtype S. Tennessee,
the peanut butter outbreak strain [24]. Two of the mutants had a defective gene encoding
for a bacterial cell membrane lipoprotein or cell division protein. The mutants were found
to accumulate significantly (p ≤ 0.05) less biofilm mass on polystyrene tissue culture plates
compared to their wildtype parent [24]. However, there is scarce information on the
relationship between these biofilm-formation-associated genes and Salmonella survival
during thermal treatment. The goal of this study was to evaluate whether the two knock-off
mutants obtained from our previous study had a differential heat tolerance compared to
their wildtype parent in peanut butter and peanut spread at 74 ◦C for various lengths
of time.

2. Materials and Methods
2.1. Salmonella Culture and Growth Conditions

Bacterial isolates used in this study are listed in Table 1. Salmonella enterica serovar
Tennessee from the 2017 peanut butter outbreak was the wildtype parent strain. S. Ten-
nessee mutants used in the study included L7 and S32, and, as described previously, each
mutant had a defective gene that encodes for a bacterial cell membrane lipoprotein or cell
division protein [24]. The wildtype strain was grown in Luria Bertani with no salt (LBNS;
Becton Dickinson, Sparks, MD, USA), whereas the mutants were grown in the same broth
supplemented with kanamycin (50 µg/mL) and nalidixic acid (30 µg/mL) at 25 ◦C for
48 h. Each culture was transferred to fresh broth at two consecutive 48 h intervals. The
antibiotics used in this study were purchased from Alfa Aesar (Ward Hill, MA, USA).
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Table 1. Bacterial strains used in the study.

Strains Features Source

Wildtype S. Tennessee The peanut butter associated
outbreak strain: amps, kans, nalr [6]

Mutants
ST-L7 With a mini Tn10 insertion:

amps, kanr, nalr, defective in lpa [25]

ST-S32 With a mini Tn10 insertion:
amps, kanr, nalr, defective in zapC [25]

Note: s, sensitive; r, resistant.

2.2. Peanut Products

Commercially available regular peanut butter, reduced-fat peanut spread, and natural
peanut spread were purchased from a retail supermarket (Walmart, Bentonville, AR, USA).
The nutrient profiles of peanut butter and peanut spreads used in the current project are
shown in Table 2. According to the Code of Federal Regulations Title 21, peanut butter
must contain at least 90% peanuts and less than 55% fat, and additional ingredients, such as
seasoning and hydrogenated oil stabilizer, can be added [25]. The peanut product that does
not conform to the standard identity for peanut butter is recognized as “peanut spread” [26].
All three products had a water activity of 0.35.

Table 2. Nutrient profile of peanut butter (regular) and peanut spreads (reduced-fat, natural).

Product
Nutrition Facts (% Daily Value)

Protein Lipid Carbohydrate Sodium

Regular 7 21 3 6
Reduced-fat 7 16 5 8

Natural 7 20 3 3

2.3. Inoculation of Peanut Products with Salmonella

Wildtype S. Tennessee and its mutants (L7 and S32) were freeze-dried as described
previously [27]. Briefly, cell cultures grown in LBNS broth with or without the antibiotics at
37 ◦C for 24 h were centrifuged at 5000× g for 5 min. The pelleted cells were re-suspended in
sterile phosphate-buffered saline (PBS; pH 7.4) and spun down under the same conditions.
The resulting pellets were re-suspended in 10% sterile skim milk (Walmart, Bentonville,
AR, USA). The cell suspensions were distributed into sterilized 10 mL glass tubes (Fisher
Scientific, Asheville, NC, USA) and placed in a freezer at −20 ◦C for 24 h. The frozen
samples were placed in a Free Zone Benchtop Freeze Dry System (Labconco, Kansas City,
MO, USA) for lyophilization, at a condenser temperature of −40 ◦C and a chamber pressure
of <0.05 mbar, overnight. The lyophilized cultures were stored at −20 ◦C until use.

The peanut butter and peanut spreads were pre-heated at 37 ◦C for 3 h before inocu-
lation to reduce product viscosity and enhance uniform mixing. Precisely, 150 g of each
peanut product was placed into a sterilized 250 mL glass beaker, and a pre-determined
amount of each freeze-dried S. Tennessee culture was added to the product to achieve a
6-log CFU/g inoculation level. The peanut product and Salmonella culture were mixed
using a KitchenAid® hand mixer at room temperature for 10 min. Inoculated peanut
products (5 g per sample) were placed into a sterilized aluminum foil bag (2.8 × 5.1 inch,
EONJOE/Amazon). The sample bags containing the peanut products were flattened into a
thin layer and sealed using a Foodsaver® heat sealer (Food Saver, Boca Raton, FL, USA).
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2.4. Heat Treatment

The three peanut products described above were inoculated with wildtype S. Ten-
nessee, mutant L7, or S32 with a targeted inoculation level of 6 log CFU/g. This level
of inoculation allowed us to observe the heat inactivation differences between different
bacterial inocula. The inoculated products were submerged in a water bath (Precision
Scientific Group, Chicago, IL, USA) at 74 ◦C. Samples were collected after the samples were
heated for 0, 2.5, 5, 10, 15, 20, 30, 40, or 50 min. The heating temperatures were monitored
using the SL4TH-A Button Temperature and Relative Humidity logger (Signatrol Ltd.,
Gloucestershire, UK). After the heat treatments, the samples were removed from the water
bath, drained for 2 s, and placed in an ice bucket to lower the temperature of the samples.
Ten ml of PBS was added to each bag to achieve a 2-fold dilution. The samples were then
mixed vigorously by pummeling in a stomacher at high speed for 2 min. The suspensions
were serially diluted in 9 mL PBS, surface plated on bismuth sulfite agar (BSA; Becton
Dickinson, Sparks, MD, USA), and TSA supplemented with or without the antibiotics.
The reduction in the population of Salmonella (logNt/N0) in various samples was docu-
mented, where Nt and N0 are the Salmonella cell counts (log CFU/g) at treatment time t
and 0, respectively.

2.5. Data Analysis

All experiments were replicated in two independent experiments, with duplicates
of each sample included. The significant difference in cell population reduction between
the wildtype Salmonella and its mutants in peanut products during the heat treatment was
analyzed using Fisher’s Least Significant Difference test (SAS, Institute, Version 9.4, Cary,
NC, USA). The population reduction in Salmonella cells as affected by different treatment
times was also analyzed using the same test. The significant difference was determined at
a 95% confidence interval.

3. Results
Table 3 shows the mean cell population reduction in the wildtype and mutant

Salmonella recovered from different sampling points or peanut products. On average,
Salmonella cells in the reduced-fat peanut product had the highest tolerance to the heat treat-
ment, followed by the natural and regular types of products, as the mean cell population
reductions were 1.41, 1.69, and 1.83 log CFU/g in the reduced-fat peanut butter, natural,
and regular products, respectively. Overall, the population of Salmonella decreased as
heating time increased. The mean reduction in the population of wildtype (1.43 log CFU/g)
was significantly (p ≤ 0.05) lower than the population reductions in L7 and S32 (1.80 and
1.70 log CFU/g) on TSA. L7 had a significantly higher population reduction compared to
S32 according to the enumeration results from TSA, but the population reductions in the
two mutants from BSA were insignificantly (p > 0.05) different.

The mean reductions in each Salmonella culture in individual types of peanut product
from all sampling intervals are shown in Table 4. On TSA, all three tested cultures had
significantly (p ≤ 0.05) higher population reduction in the regular peanut butter and
natural peanut spread than the reduced-fat peanut spread, except for S32 which had a
significantly higher population reduction in the reduced-fat peanut spread than the natural
peanut spread. The mean reductions in the population of L7 and S32 were insignificantly
(p > 0.05) different in the regular peanut butter and reduced-fat peanut spread when
cells in these samples were enumerated on TSA, and these reductions were significantly
higher than the population reduction in the wildtype. In natural peanut spread, L7 had a
significantly higher population reduction than S32, and both mutants had a significantly
higher population reduction than the wildtype. Similarly, when cells were enumerated on
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BSA, L7 and S32 had a significantly higher population reduction than the wildtype in all
types of peanut products except for S32 in the natural peanut spread.

Table 3. Average cell population reduction in Salmonella cultures in different peanut products after
being heated at 74 ◦C for various lengths of time.

Main Effects
Reduced Populations (log CFU/g)

Tryptic Soy Agar Bismuth Sulfite Agar

Culture
Wildtype 1.43 C 1.60 B

L7 1.80 A 1.96 A
S32 1.70 B 1.92 A

Product
Regular 1.83 A 2.09 A

Reduced-fat 1.41 C 1.62 C
Natural 1.69 B 1.76 B

Heating time
(min)

0 0.00 F 0.00 I
2.5 1.14 E 1.25 H
5 1.52 D 1.63 G

7.5 1.54 D 1.77 F
10 1.57 D 1.82 EF
15 1.77 C 2.01 D
20 1.88 C 1.94 DE
30 2.09 B 2.25 C
40 2.40 A 2.68 B
50 2.50 A 2.87 A

Means of the same variables followed by the same letters within the same column are insignificantly (p > 0.05)
different. L7 and S32: mutants.

Table 4. Mean population reductions in peanut products inoculated with individual Salmonella
cultures from all sampling intervals.

Mean Population (log CFU/g)

Tryptic Soy Agar Bismuth Sulfite Agar

Culture
Product Wild Type L7 S32 Wild Type L7 S32

Regular 1.63 Ab 1.98 Aa 1.88 Aa 1.71 Ac 2.38 Aa 2.17 Ab
Reduced-fat 1.13 Bb 1.55 Ba 1.54 Ca 1.42 Bc 1.57 Cb 1.88 Ba

Natural 1.53 Ac 1.87 Aa 1.68 Bb 1.66 Ab 1.91 Ba 1.72 Cb
Means from the same growth medium followed by the same lowercase letters within the same row and by the
same uppercase letters within the same column are insignificantly (p > 0.05) different. L7 and S32: mutants.

Detailed changes in the population reduction in each culture inoculated in differ-
ent types of peanut products at various sampling times on TSA and BSA are shown in
Figures 1A and 1B, respectively. The population of Salmonella cells sharply decreased at the
beginning of the heating process (2.5 min), followed by a slower reduction pace with an
asymptomatic tail. When cells were enumerated on TSA, mutants L7 and S32 consistently
had higher population reductions than the wildtype at every sampling time until the end of
the 40 min treatment (Figure 1A). Reductions in the population of L7, S32, and the wildtype
from TSA were 1.36, 1.15, and 0.92 log CFU/g, respectively, at the 2.5 min sampling point,
and the population reductions continuously increased up to 2.78, 2.39, and 2.34 log CFU/g
at the 50 min sampling point. On BSA similarly, mutant strains were consistently more
sensitive to the heat treatments compared to the wildtype during the 50 min of treatment
(Figure 1B).
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Figure 1. (A) Mean cell population reductions in all three peanut products inoculated with each
Salmonella culture at different sampling points. (B) Mean Salmonella population reductions in all three
peanut products at different sampling points.

4. Discussion
It was found in the current study that L7 and S32 had significantly (p ≤ 0.05) higher

population declines compared to the wildtype when exposed to heat treatment at 74 ◦C for
50 min (Table 4). Since L7 and S32 carried a defective gene for a cell membrane lipoprotein
or cell division protein, these results revealed an association between the two proteins with
biofilm formation, as shown in our previous study [24], but also with Salmonella survival
under heat treatment in low-moisture food like peanut butter and peanut spreads.

Bacterial lipoproteins are crucial cell membrane proteins anchored to either the inner
or outer membrane [28] and have been shown to have a myriad of physiological roles,
including cell membrane maintenance, nutrient uptake, cell adhesion, conjugation, and
antibiotic resistance [29,30]. Thus, the correct localization of lipoproteins is essential to
maintain cell membrane integrity and bacterial pathogenicity. The localization of most
bacterial lipoproteins is mediated by the lipoprotein outer membrane localization (Lol) path-
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way [31]. Mutation of lolB in Xanthomonas campestris has been shown to result in damage to
cell membrane integrity and enhanced heat sensitivity compared to the wildtype [32].

The cell division process is one of the fundamental processes for bacterial prolifera-
tion [33]. ZapC, a cell division-related protein, is responsible for the stabilization of the
Z-ring structure, an essential apparatus for the development of the septum [34]. A muta-
tion at ZapC of E. coli resulted in Z-ring mislocalization and alteration of cell morphology,
leading to the formation of elongated and filamentous cells [35,36]. Furthermore, a de-
fective LocZ in Streptococcus pneumoniae caused misplacement of the Z-ring structure and
cell morphology deformation, leading to asymmetric cell division and the generation of
unequally sized daughter cells [11]. The LocZ mutant had been shown to have significantly
lower growth than the wildtype at elevated temperature (40 ◦C) compared to the growth at
optimal temperature (37 ◦C). However, whether elongated or unequally sized, daughter
cells of S. Tennessee had different heat tolerance than normal cells, which calls for further
investigation. It is worth noting that these cited mechanisms are inferred rather than
confirmed in S. Tennessee.

We found that the population reduction curves demonstrated an increasing downward
concave as heating time increased, meaning that Salmonella cells reduced rapidly at the
beginning of the heating process (2.5 min), followed by a slower reduction rate thereafter
(Figure 1). The shape of the thermal inactivation curve could be affected by bacterial
strain and the food matrix involved, as well as the condition of thermal treatment [37]. A
similar shape of thermal inactivation curve was observed when Salmonella cells in peanut
butter were heated at 70 to 90 ◦C for up to 50 min [4,13,14]. The rapid decline followed
by a slow reduction in population could be partially attributed to cell variability in heat
sensitivity within a population and bacterial adaptation to heat treatment at a later stage
of the heating process. Shachar and Yaron [14] described that the heterogeneous nature of
the peanut butter matrix could have been attributed to the decreased heat sensitivity over
time by exposing cells to different local environments. In our study, when peanut butter
was inoculated with wildtype strain and heated at 74 ◦C, a 1.3-log reduction was observed
during the first 5 min (Figure 1A), which is comparable to the observation of a previous
study where a reduction of 1.4 log CFU/g was reported when peanut butter inoculated
with Salmonella cells was heated at 70 ◦C [14]. The 4 ◦C difference in heating temperature
between the two studies did not result in significant differences in the reported results.

In the current study, we observed that Salmonella cells were most resistant to heat in
reduced-fat peanut spread, followed by natural peanut spread and regular peanut butter
(Table 4). Consistent with several previous studies [13,14,16], the results suggest that the
composition of peanut butter could be an important factor influencing the heat resistance
of Salmonella. Shachar and Yaron [14] and Li et al. [13] found that low moisture and low fat
content of peanut products provided a protective effect on Salmonella from heat stress. The
two main factors of peanut products, high fat and low moisture, are known to contribute
to the endurance of Salmonella cells to heat treatment, but the observed high tolerance to
heat by Salmonella in reduced-fat peanut spread suggests that fat content is not the only
factor affecting bacterial heat resistance. Reduced-fat peanut spread contains a relatively
higher amount of carbohydrates (5% daily value) than the other products (3% daily value)
used in the study. A similar observation was made previously: Salmonella survival in
high-carbohydrate peanut butter was enhanced compared to the low-carbohydrate peanut
butter [13,14]. Li et al. [13] suggested that carbohydrates including simple sugar may
protect Salmonella cells from dehydration, thus elevating the heat resistance of the pathogen.
In addition, we observed that Salmonella survival during heat treatment was also higher
in the natural peanut spread, which has a lower sodium content, than the regular peanut
butter. He et al. [15] reported that the population reduction in Salmonella in peanut butter
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with 0.25% salt was greater than in peanut butter without salt. However, this observation
is generally in disagreement with another study reporting that sodium chloride in the
medium has a protective effect for Salmonella [38]. Different compositions in peanut butter
may have synergistic or antagonistic effects affecting the thermal tolerance of Salmonella.
Additional studies are needed to verify the finding of the current study, that the thermal
resistance of Salmonella is enhanced if a peanut product is low in fat, high in carbohydrates,
or low in sodium.

5. Conclusions
Low-moisture environment tends to make bacterial cells more persistent to various en-

vironmental stressors including thermal treatment. Cells that survived thermal treatments
may survive in shelf stable food for an extended period of time, jeopardizing consumer
safety. The current study used two knock-off mutants, L7 and S32, with defective genes
that have previously been shown to have a critical role in biofilm formation, to elucidate the
mechanism of thermal resistance of S. Tennessee in peanut products. The study observed
that the thermal resistance of L7 and S32, with a defective gene encoding for lipoprotein or
cell division protein, exhibited significantly (p ≤ 0.05) lower thermal resistance compared
to the wildtype in peanut butter and peanut spreads. The thermal resistance of Salmonella in
the peanut products was affected by heating time and product composition. The population
reduction in Salmonella in the reduced-fat peanut spread was significantly lower than in the
natural peanut spread and regular peanut butter. However, future study is called for to
verify the impact of product composition on bacterial thermal tolerance. But the current
observation emphasizes that biofilm-associated proteins are a resistance factor employed
by bacteria to maintain cell membrane integrity and cell morphology during heat stress.
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