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A B S T R A C T

Edible oils have long been considered to have a protective effect on bacteria from thermal inactivation, but the
mechanism for this effect remains unclear. Our recent study suggests that the water activity (aw) of oil decreases
exponentially with increasing temperature. Therefore, in thermal processing, the aw of the bacteria inside oil
may also decrease making the bacteria more resistant to heat. To validate this hypothesis, the equilibrium aw of
bacteria (Enterococcus faecium NRRL B2354, or E. faecium) in peanut oil samples, with different initial aw (0.93,
0.75, 0.52 & 0.33) at room temperature, were measured at elevated temperatures up to 80 °C. Meanwhile, the
thermal resistances of E. faecium in these samples were also tested at 80 °C. Results indicate that the aw of the
bacteria-in-oil systems changed in the same manner as that of pure peanut oil; it decreased exponentially with
temperature from 0.93, 0.75, 0.52 & 0.33 (at ~23 °C) to 0.36, 0.30, 0.21 & 0.13 (at 80 °C), respectively. This
confirmed that bacterial cells experienced desiccation in oil during the thermal treatments. The thermal death
rates of E. faecium in peanut oil samples followed first-order kinetics. The D80 value (time needed to achieve 1-
log reduction at 80 °C) increased exponentially with the reduced aw at 80 °C, from 87 min at aw 0.36 to 1539 min
at aw 0.13. A graphical comparison (logD80 vs. high-temperature aw) showed a similarity between the thermal
resistance of E. faecium in oil and that in dry air, which supports the hypothesis that oil protects bacteria from
thermal treatments through desiccation.

1. Introduction

Outbreaks in recent years indicate that contamination of Salmonella
spp. is still a risk in high-fat low-moisture products, such as nut butter
and spreads (Cavallaro et al., 2011; Nascimento et al., 2018; Sheth
et al., 2011; U.S. CDC, 2013, 2016). The U.S. Food and Drug Admin-
istration recommends a 5-log reduction of Salmonella for peanut-de-
rived ingredients (Food & Administration, 2009). So far, thermal pro-
cessing is the most effective and commonly used method to achieve that
goal.

Proper thermal process design requires knowledge of the thermal
death kinetics of the target pathogen in the product (Silva & Gibbs,
2012). In previous studies, Salmonella spp. have exhibited very high
heat tolerance in peanut butter (He, Guo, Yang, Tortorello, & Zhang,
2011; He, Li, Salazar, Yang, Tortorello, & Zhang, 2013; Kenney &
Beuchat, 2004; Li, Huang, & Chen, 2014; Ma, Zhang, Gerner-Smidt,
Mantripragada, Ezeoke, & Doyle, 2009; Shachar & Yaron, 2006). The
low water activity (aw) of peanut butter and the protection from the
high oil content (about 50% in peanut butter) were believed to be the

major causes of the enhanced thermal resistance of Salmonella. How-
ever, it is not clear how oil enhances the heat tolerance of bacteria, and
under what circumstances will the protection becomes stronger or
weaker. With these questions unanswered, the protective effect of oil
toward bacteria could be a potential risk for the safety control of high-
fat low-moisture food products.

The protective effect of oil occurs when bacteria are heated in lipid
materials, which leads to an enhanced thermal resistance as compared
to bacteria suspended in buffers or high-moisture food systems (Molin &
Snygg, 1967; Senhaji & Loncin, 1977). This effect has been observed on
a variety of bacterial strains (spores and vegetative cells) within non-
aqueous menstruum like edible oils (pure or blends), glycerin, triolein,
and others (LaRock, 1975; Molin & Snygg, 1967; Mverance & LaRock,
1973). It was also reported that adding a small amount of water into the
oil could reduce this protective effect, but the role of water content is
unclear (LaRock, 1975; Molin & Snygg, 1967). Revealing the me-
chanism of this protective effect of oil could benefit both academia and
the food industry in further understanding the thermal death me-
chanism of microorganisms and better process design for pathogen
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control of low-moisture products containing high-fat content.
Our recent study (Yang, Guan, Sun, Sablani, & Tang, 2020) provides

both experimental evidences and theoretical support that the aw of
peanut oil decreases exponentially as temperature increases. It is also
well-known that desiccated bacteria are more resistant to heat
(Goepfert, Iskander, & Amundson, 1970; Murrell & Scott, 1966). Hence,
we hypothesize that the low aw environment in oil at elevates tem-
peratures causes desiccation of bacteria cells and enhances their re-
sistance to thermal inactivation. Senhaji (1977) proposed a similar
hypothesis for Bacillus spores in soybean oil associated with canning.
However, in that study, the effect of changing aw in oil samples on the
thermal resistance of Bacillus spores was not directly measured at a
given temperature. Rather, the researcher first extrapolated the effect of
aw on the thermal resistance of bacteria from tests on inoculated oil
samples with added water to adjust aw at high temperatures; and
second, tested inoculated oil samples either floating on a bed of water
or agitated with water during thermal treatments. No qualitative re-
lationship was established between the aw of the oil samples and the
thermal resistance of the tested bacteria in oil.

It has not been experimentally verified if the aw of a bacteria-in-oil
system would change with temperature equally as the aw of pure oil.
When the temperature is elevated, aw of the oil decreases sharply, but
the aw of bacterial cells may increase due to the increased water mo-
bility in these cells at elevated temperatures (Syamaladevi, Tang, &
Zhong, 2016). Theoreticall, the difference in aw between oil and bac-
teria will drive water molecules out of bacteria cells into the oil matrix.
This process will stop once thermal dynamic equilibration is achieved,
thus is when the aw of bacteria and oil become equal. The equilibrium
aw depends on the total mass of the bacteria and water holding capacity
of oil. Yang et al. (2020) developed a method to measure the water
activity of pure oil through the equilibrium relative humidity (RH) in a
small headspace, which was used in this study to measure the equili-
brium aw of the bacteria-in-oil system at elevated temperatures. If the
equilibrium aw of inoculated oil samples behaves similarly as pure oil,
that is, reduces sharply with temperature, then the desiccation of bac-
terial cells can be confirmed.

E. faecium has been identified as a valid surrogate of Salmonella in
several low-moisture foods (Almond Board of California, 2014; Ceylan
& Bautista, 2015; Liu, Rojas, Gray, Zhu, & Tang, 2018) and has shown
stronger thermal resistance compared to Salmonella spp. in peanut
butter (Kataoka, Enache, Black, Elliott, Napier, Podolak, & Hayman,

2014). It can be a model bacterium for this study because its thermal
death times were measured at 80 °C in hot air at different RH conditions
in a recent study (Liu, Tang, Tadapaneni, Yang, & Zhu, 2018). The study
shows the effect of desiccation in the air on the heat tolerance of this
bacteria. By correlating the thermal resistance of E. faecium in peanut
oil with the measured aw of oil (at the treatment temperature), the ef-
fect of desiccation in oil can be compared with that in the air to de-
termine if they have the same impact on the bacteria.

The objectives of this research were: 1) to verify the desiccation
effect of oil on bacteria at elevated temperatures by measuring the
equilibrium aw of bacteria-in-oil systems, and 2) to directly quantify the
influence of the aw of oil on the thermal resistance of E. faecium and
determine if desiccation is the major cause for the protective effect of
the oil.

2. Materials and methods

2.1. Preparation of bacterial inoculum

The inoculum preparation followed the lawn-based method that was
used previously in low-moisture food studies (Hildebrandt, Marks,
Ryser, Villa-Rojas, Tang, Garces-Vega, & Buchholz, 2016; Xu, Yang, Jin,
Barnett, & Tang, 2020). In brief, E. faecium NRRL B2354 (from Dr.
Linda Harris, University of California, Davis, CA) was stored as stock
cultures on Trypticase soy agar (Difco, BD, Franklin Lakes, NJ) with
0.6% yeast extract (Difco, BD) (TSAYE). For each biological in-
dependent set of experiments, a single colony of E. faecium was sub-
jected to two consecutive transfers of 9 ml Trypticase soy broth (Difco,
BD) with 0.6% yeast extract (TSBYE) and each incubated at 37 °C for
24 h. One milliliter of culture was spread on each of three
150 × 15 mm plates of TSAYE and incubated for 24 h at 37 °C. The
bacterial lawn from each plate was harvested with 9 ml of sterile 2%
buffered peptone water (Difco, BD) with a sterile plate spreader. Bac-
teria suspensions from three TSAYE plates were combined and cen-
trifuged at 3000g for 15 min to obtain a pellet.

2.2. Inoculation and drying

After removing the supernatant, a small amount of DI water (0.3 ml)
was added to the centrifugal tube and vortexed for 2 min using a high
shear vortex mixer to separate the bacterial pellet. Then, 30 ml of sterile
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(treated for 20 min in autoclave) peanut oil (Ventura Foods, LLC. Brea,
CA) was added to the inoculum and homogenized with a 5-min vortex
to achieve ~109 CFU/ml of E. faecium in the oil (Fig. 1a). The oil sample
was dehydrated for better preservation by conditioning in an air-tight
glass jar containing magnesium chloride salt slurry to provide a con-
stant RH (33%) at room temperature (~23 °C) (Fig. 1b). Post-inocula-
tion drying was commonly used to condition the low-moisture food.
However, the mass diffusivity of water molecules in oil is small, which
leads to extended time for conditioning as well as sedimentation of
bacterial cells (Hilder & van den Tempe, 1971). To accelerate the water
vapor equilibration and prevent clotting of cells, the 30 ml of inoculated
peanut oil was transferred to a 100 ml sterile flask with a magnetic stir
bar (3 cm long) rotating at about 800 rpm. A 5-volt fan was placed in
the headspace of the jar to speed-up the mass transfer within the air by
creating forced convection. The sample was dried at 33% RH in the
glass jar for at least 72 h.

2.3. Sample conditioning

After drying in the first jar, the inoculated oil sample in the flask
was taken out. The outside of the flask was washed with DI water to
remove residual salt, and the flask was then placed in a second jar for
conditioning at 53%, 75%, or 94% RH (± 1%) at 23 °C(Fig. 1b). The
RH in the second jar was maintained, respectively, by a saturated so-
lution of magnesium nitrate, sodium chloride, or potassium nitrate
(Greenspan, 1977). These RH levels were selected to cover a wide range
with similar intervals of aw for the sample. At least 12 h were required
for each sample to reach the equilibrium state of the desired RH con-
dition.

2.4. Water activity measurement at elevated temperatures

The water activities of inoculated peanut oil samples, conditioned at
different RHs, were measured at elevated temperatures using the
method described in Yang et al. (2020). Briefly, 105 g of a pre-condi-
tioned sample was transferred into a 100 ml glass bottle (Pyrex round
media bottle, Corning Inc., NY) to occupy the most space in the bottle
and allow the RH to be measured with a sensor in a small headspace
(Fig. 1c). The sensor (Honeywell HumidIconTM HIH 8000 Series,
Morristown, NJ) read both temperature and RH of the headspace air.
Before the measurement, each sensor was calibrated against set tem-
peratures at 30 and 80 °C using an oil bath, and against four standard
solutions (METER Group, Pullman WA), with aw of 0.25, 0.50, 0.76 and
0.92, respectively, at 23 °C (Tadapaneni, Yang, Carter, & Tang, 2017).

During the measurement, a magnetic stirrer, spinning at approx.
400 rpm, created forced convection in the oil to accelerate the thermal
dynamic equilibration between the oil and the headspace air (Fig. 1c).
The sample was kept at room temperature (~23 °C) for 3 h and then
heated to 44, 63, and 82 °C in sequence within a convection oven, each
temperature change followed with a 2 h holding session. The RH &
temperature of the headspace were recorded every 10 s via computer.
The equilibrium RH & temperature were taken as equal to the aw and
temperature of the oil sample.

The tests were conducted in three replicates with freshly condi-
tioned samples and pre-calibrated sensors.

2.5. Isothermal treatment

After conditioning, the oil samples with E. faecium of ~108 CFU/ml
were heated isothermally at 80 °C in capillary tubes to examine the
survival populations of E. faecium at different lengths of heat treatment
(Fig. 1d). The capillary tubes with a 1 mm inner diameter (100 mm
long, 0.25–0.4 mm wall thickness; Kimbel Chase, Vineland, NJ) were
used for the treatments, for a short come-up time and to minimize the
air space which could lower the aw of the sample according to Yang
et al. (2020). In brief, 70 μl of the sample was slowly injected into a

sterile glass capillary tube with a pipette and adjusted to the center
position by leaning the tube. Both ends of the capillary tube were sealed
by holding the tip of the glass tube over a flame until it melted. While
applying the glass to the flame, only the tip was exposed, and the rest of
the tube was covered in a wet paper towel to prevent heat exposure of
the sample. The isothermal treatment was conducted using an oil bath
(Neslab GP-400, Newington, NH) filled with ethylene glycol (VWR 264
International, Radnor, PA). Two replicated samples were fully im-
mersed in the ethylene glycol maintained at 80 °C for each of 8 pre-
determined time lengths after the come-up time (time required for the
sample in a capillary tube to reach 79.5 °C). The come-up time was 5 s,
measured with a fine (0.5 mm) T-type thermocouple (Omega En-
gineering, Inc., Stamford, CT) located at the center of a capillary tube
filled with non-inoculated peanut oil. To ensure repeatability, each of
four aw levels was tested with three replicated sets of experiments each
conducted with independent inoculation, drying, conditioning, and
thermal treatment.

2.6. Recovery and enumeration

After the thermal treatment, each sample was immediately chilled
by immersing in ice water. The oil in the capillary tube was transferred
to a sterile test tube by breaking both ends of the glass with a sterile
wire cutter and blowing out the contents with a plastic dropper. 10 ml
of sterile BPW plus 0.1% (v/v) of Tween 80 (emulsifier) was added to
the test tube and sealed hermetically (0.7:100 dilution). For homo-
genization, the tube was subjected to a 10 min vortex at 3,200 rpm
(Fisherbrand mini vortexer, Waltham, MA). The liquid suspension was
subjected to appropriate serial dilutions, then plated in triplicate on
differential media for E. faecium (TSAYE supplemented with 0.05%
ammonium iron (Ш) citrate and 0.025% esculin) and grown at 37 °C for
48 h. To enumerate colonies of E. faecium, all colonies with a black
center were counted. The mean colony-forming unit (CFU/ml) of each
sample was converted into a logarithmic form for further analysis.

2.7. Data analysis

The measured aw of inoculated peanut oil samples were compared
with the model established for pure peanut oil (Yang et al., 2020):

= −a x e·w T( 1714 2.7) (1)

where x is the mole fraction of water in the water-in-oil solution, its
value was determined by fitting Eq. (1) to the experimental data; T is
the absolute temperature of the sample in K.

The dry basis moisture content (MC) of each sample was calculated
from the mole fraction of water, x, according to its definition using the
following equation:

=
−

MC x M
x M

·
(1 )

water

oil (2)

where Mwater is the molar mass of water (18.015 g/mol); and Moil is the
average molar mass of peanut oil which is about 881 g/mol (Yang et al.,
2020).

The thermal resistance of E. faecium from each trial was quantified
by D-value, the thermal death time in min, which is described as (Peleg,
2006):

⎜ ⎟
⎛
⎝

⎞
⎠

= −N
N

t
D

log
0 (3)

where N and N0 are the populations (CFU/ml) at time t and t0 respec-
tively; t0 is the come-up time which equals 5 s.

Parameters for the best fits were obtained using Visual Basic
(Microsoft Excel 16.0, Seattle, WA). The coefficient of determination
(R2) and root mean squared error (RMSE) were used to quantify the
goodness of fit of the model. Levene’s test was used to test if the results
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have equal variances. Also, One-way ANOVA and Fisher least sig-
nificant difference (LSD) tests were conducted using Minitab (18.1) to
analyse the difference between the means. All differences were con-
sidered significant if the probability was less than 0.05.

3. Results and discussion

3.1. Inoculation and conditioning

The mean (± standard deviation) initial population of E. faecium
across all inoculated samples was 8.6 ± 0.1 log CFU/ml before drying.
The mean E. faecium population after drying and RH conditioning
dropped to 7.7 ± 0.8 log CFU/ml. A similar level of decrease in the
population was also observed in other studies on low-moisture foods
(Liu, Tang, Tadapaneni, Yang, & Zhu, 2018; Xu, Tang, Jin, Song, Yang,
Sablani, & Zhu, 2019), it could be the result of dehydration of bacteria
during the conditioning. Overall, the inoculation method developed in
this study provided a stable inoculation of E. faecium in oil which is
easier to apply as compared to the method using freeze-dried inoculum.

3.2. Desiccation of bacteria in peanut oil

The measured aw of E. faecium inoculated peanut oil samples are
shown in Fig. 2. At room temperature (22.0–24.8 °C), the measured aw
of these samples were 0.93 ± 0.03, 0.75 ± 0.01, 0.52 ± 0.01 &
0.33 ± 0.01, which were equal to the aw of the respective salt slurries
used for conditioning. As the temperature increased from 23 to 80 °C,
the aw of these samples dropped exponentially to 0.36, 0.31, 0.21, and
0.13, respectively. These data points overlap (RMSE ranged from 0.008
to 0.021) with the predicted curves using Equation (1) that describes
changes of the aw in pure peanut oil with temperature. This indicates
that the aw in inoculated oil samples changed in a similar manner as
that in pure peanut oil. According to Syamaladevi, Tang, et al. (2016),
the water vapor equilibration between a single bacterium and the

environment may happen within seconds. Therefore, the aw of bacterial
cells in oil can be considered equivalent to the aw of the oil matrix, and
it changes simultaneously with temperature. This confirms that the
desiccation of bacteria in oil happens in thermal treatments.

The fitted mole fractions of water, x, for these four groups of sam-
ples with initial aw of 0.93, 0.75, 0.52, and 0.33 were 0.041, 0.035,
0.024 & 0.015, respectively, and their corresponding moisture contents
(dry basis), MC, were calculated (using Equation (2)) as 0.088%,
0.075%, 0.050%, & 0.032%. These values indicate that a small change
in the moisture content of oil may result in a large variation in the aw of
the oil.

3.3. First-order thermal death kinetics of E. faecium

In Fig. 3, the mean survival populations (log CFU/ml) of E. faecium
in peanut oils with different aw are plotted against the lengths of the
heat treatments at 80 °C. Each group includes data from three biolo-
gically independent experimental sets. A significant linear relationship
(P < 0.05) was observed between the log-reduction and the thermal
treatment time for each data set where the coefficient of determination
(R2) for the linear model ranges from 77 to 96%, and the RMSE (log
CFU/ml) ranges from 0.20 to 0.63. A semi-log linear thermal death
curve is typical in the isothermal treatment of a single bacterial strain,
and it normally indicates consistency in the thermal resistance of bac-
teria and a homogenous heating environment (Moats, 1971).

The D-value of each data set was calculated as the negative inverse
slope of the linear regression curve using Equation (3) (Table 1). One-
way ANOVA test was used to analyze the log D-value under the impact
of aw. The log D-values were found normally distributed with equal
variances (standard error: 0.10–0.14), and a significant effect of the aw
of the oil was observed (P < 0.05).
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3.4. Effect of water activities and D-values of E. faecium

The D-value of E. faecium in oil increased sharply with the reducing
aw at 80 °C (Table 1). Specifically, when treated at 80 °C in the peanut
oil with high-temperature aw of 0.36, 0.31, 0.21, and 0.13, the D80-
values of E. faecium were 87, 137, 525 and 1539 min, respectively. The
corresponding times required to achieve a 5-log reduction of E. faecium
in these oil samples were calculated and are included in Table 1. Based
on Table 1, it would take about 7.2 (± 2.0) hours for a thermal
treatment at 80 °C to achieve a 5-log reduction of E. faecium in peanut
oil preconditioned to 93% RH at 23 °C. If the oil was exposed to 33%
RH before the thermal treatment, it would take 128.2 (± 29.0) hours
(approx. 18 times more) to achieve the same level of inactivation of E.
faecium. We must clarify that these calculations are not for re-
commendations to process a specific food product, but rather to show
the high thermal resistance of E. faecium (a surrogate of Salmonella spp.)
in oil sample and the large variations in the thermal resistance corre-
sponding to different aw.

The D-value of E. faecium was found to increase exponentially with
the decrease in aw of oil measured at 80 °C (Fig. 4). A linear relationship
was observed between log D-value and aw with zaw = 0.17, that is a
0.17 increase in aw would cause a 1-log decrease in D-value of E. fae-
cium. The D80-values of E. faecium were several orders of magnitude
higher in peanut oil (observed in this study) than in hot water or buffer,

which was between 0.16 and 2.45 min (data extrapolated from
Sörqvist, 2003; Harris, Uesugi, Abd, & McCarthy, 2012, assuming z =
9.6 °C). Such large differences between the D-value of E. faecium in oil
and buffer can be ascribed to the vast differences in aw of those two
media. A similar observation was also noted in a recent study on the
thermal resistance of Salmonella in three powdered foods (Xu, Tang,
Jin, Song, Yang, Sablani, & Zhu, 2019). The researchers also reported
an exponential relationship between the D-value of bacteria and the
high-temperature aw of the food matrix within the range of aw from
0.32 to 0.89.

In a recent study (Liu, Tang, Tadapaneni, Yang, & Zhu, 2018), E.
faecium was heated at 80 °C at various controlled RHs between 0.18 and
0.72. A semi-log relationship was observed between the D-value of E.
faecium at 80 °C and the RH at the same temperature. In Fig. 4, the logD
values of E. faecium from our observations were plotted against the aw
of peanut oil measured at both room temperature and 80 °C to compare
with data from Liu, Tang, Tadapaneni, Yang, and Zhu (2018). When
using room temperature aw as the indicator, the thermal resistance of E.
faecium was much larger in oil compared to that in the air of different
RHs. But the data points moved to Liu et al.’s curve after plotting
against the high-temperature-aw and overlap at two points (aw 0.36 and
0.31). The similarity in the thermal resistance of E. faecium in peanut oil
and when treated at controlled RHs indicates a similarity in the pro-
tective mechanism- desiccation of bacteria.
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Fig. 3. Survival populations (log CFU/ml, mean ± SE) of E. faecium in peanut oil with different water activities after isothermal treatments, at 80 °C, for different
amount of time (n = 6). The equilibrium water activities of the bacteria-in-oil system, at 23 (aw.23) and 80 °C (aw.80), are labeled beside each curve.

Table 1
Thermal death parameters (mean ± SE) of E. faecium in peanut oil at 80 °C, corresponding to the equilibrium water activities of peanut oil (n = 3).

Conditioning RH at 23 °C equilibrium aw at 80 °C Mean D80-value (min) Mean Log D80 Time to achieve a 5-log reduction of E. faecium (h)

33% 0.13 1539 ± 347 3.17 ± 0.10C 128.2 ± 29.0
53% 0.21 547 ± 118 2.71 ± 0.11B 45.6 ± 9.9
75% 0.31 140 ± 43 2.11 ± 0.14A 11.7 ± 3.6
94% 0.36 87 ± 24 1.91 ± 0.11A 7.2 ± 2.0

Variations in grouping letters indicate a significant difference (P < 0.05).

R. Yang, et al. Food Research International 137 (2020) 109519

5



Overall, the above results support Senhaji’s hypothesis (1997) that
desiccation in oil, due to the decrease in aw of oil with temperature, is
the main cause for the protective effect of oil on the thermal resistance
of bacteria in oil.

The theory of oil protection can be a powerful tool explaining some
phenomenon noted by previous researchers. For example, adding a
small amount of water to oil was found to sharply reduce the thermal
resistance of the bacteria in oil (Ababouch & Busta, 1987; Molin &
Snygg, 1967; Senhaji & Loncin, 1977). This can be explained by the
increased aw of oil at the treatment temperature, as indicated in Figs. 2
and 4. In fact, a very small amount of water added to the oil could easily
exceed the water solubility of oil at room temperature. Over-saturated
water molecules will not dissolve but may suspend as unstable small
globules (Du, Mamishev, Lesieutre, Zahn, & Kang, 2001). These glo-
bules could be dissolved as the water solubility of oil raises in thermal
treatments, contributing to a higher aw of oil which would result in
lower resistance of bacteria in oil.

In a complex food matric, like peanut butter, the oil may be bound
to proteins or starch, or as emulsified tiny oil globules and larger free oil
globules/layers. The aw of the oil globules is not simply dependent on
the oil itself but is also influenced by the surrounding components, like
proteins or carbohydrates, through moisture diffusion. Thus, the role oil
content plays in peanut butter for the protection of bacteria from
thermal treatment can be complicated. Further understanding in the aw
of peanut butter and how it changes with temperature may help to
establish a valid thermal inactivation model for safety assurance.

4. Conclusion

In summary, we observed a sharp decrease in the aw of bacteria (E.
faecium) inside peanut oil at elevated temperatures. The equilibrium aw
of the bacteria-in-oil system was found to be a key factor in the thermal
resistance of the bacteria in oil. This effect of aw on the bacterial
thermal resistance was quantitatively similar to the effect of the relative
humidity of hot air, indicating that desiccation is the main cause of the

protective effect of the oil. This finding improves the fundamental un-
derstanding of the thermal death mechanism of bacteria in oil and helps
design reliable killing steps of pathogens in oil-rich low-moisture foods.

CRediT authorship contribution statement

Ren Yang: Methodology, Conceptualization, Investigation, Formal
analysis, Writing - original draft, Project administration. Jie Xu:
Investigation, Validation, Writing - review & editing. Stephen P.
Lombardo: Methodology, Writing - review & editing. Girish M.
Ganjyal: Formal analysis, Writing - review & editing. Juming Tang:
Conceptualization, Resources, Supervision, Writing - review & editing,
Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgment

This research was funded by the USDA Agricultural and Food
Research Initiative (AFRI) CAP grant 2015-68003-23415.

References

Ababouch, L., & Busta, F. F. (1987). Effect of thermal treatments in oils on bacterial spore
survival. Journal of Applied Bacteriology, 62(6), 491–502. https://doi.org/10.1111/j.
1365-2672.1987.tb02681.x.

Almond Board of California, 2014. Guidelines for Using Enterococcus Faecium NRRL B-
2354 as a Surrogate Microorganism in Almond Process Validation. Available at:
http://www.almonds.com/sites/default/files/content/attachments/guidelines_for_
using_enterococcus_faecium_nrrl_b-2354_as_a_surrogate_microorganism_in_almond_
process_validation.pdf. Accessed 17 June 2020.

Cavallaro, E., Date, K., Medus, C., Meyer, S., Miller, B., Kim, C., & Flint, J. (2011).

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

lo
gD

80
°C

Water Activity

E. faecium in RH 
controlled air
Liu et al., 2018

Fig. 4. Thermal resistance (log D80°C, mean ± SE) of E. faecium in 1) peanut oil vs. room-temperature-aw of oil (empty circles) (n = 3); 2) peanut oil vs. high-
temperature-aw of oil (80 °C) (solid dots) (n = 3); 3) hot air with controlled relative humidity (grey diamonds) (Liu, Tang, Tadapaneni, Yang, & Zhu, 2018).

R. Yang, et al. Food Research International 137 (2020) 109519

6

https://doi.org/10.1111/j.1365-2672.1987.tb02681.x
https://doi.org/10.1111/j.1365-2672.1987.tb02681.x
http://www.almonds.com/sites/default/files/content/attachments/guidelines_for_using_enterococcus_faecium_nrrl_b-2354_as_a_surrogate_microorganism_in_almond_process_validation.pdf
http://www.almonds.com/sites/default/files/content/attachments/guidelines_for_using_enterococcus_faecium_nrrl_b-2354_as_a_surrogate_microorganism_in_almond_process_validation.pdf
http://www.almonds.com/sites/default/files/content/attachments/guidelines_for_using_enterococcus_faecium_nrrl_b-2354_as_a_surrogate_microorganism_in_almond_process_validation.pdf


Salmonella typhimurium infections associated with peanut products. New England
Journal of Medicine, 365(7), 601–610. https://doi.org/10.1056/NEJMoa1011208.

Ceylan, E., & Bautista, D. A. (2015). Evaluating Pediococcus acidilactici and Enterococcus
faecium NRRL B-2354 as thermal surrogate microorganisms for Salmonella for in-
plant validation studies of low-moisture pet food products. Journal of Food Protection,
78(5), 934e939. https://doi.org/10.4315/0362-028X.JFP-14-271.

Du, Y., Mamishev, A. V., Lesieutre, B. C., Zahn, M., & Kang, S. H. (2001). Moisture so-
lubility for differently conditioned transformer oils. IEEE Transactions on Dielectrics
and Electrical Insulation, 8(5), 805–811. https://doi.org/10.1109/94.959706.

Goepfert, J. M., Iskander, I. K., & Amundson, C. H. (1970). Relation of the heat resistance
of Salmonellae to the water activity of the environment. Applied Environmental
Microbiology, 19(3), 429–433.

Greenspan, L. (1977). Humidity fixed points of binary saturated aqueous solutions.
Journal of Research of the National Bureau of Standards, 81(1), 89–96. https://doi.org/
10.6028/jres.081A.011.

Harris, L. J., Uesugi, A. R., Abd, S. J., & McCarthy, K. L. (2012). Survival of Salmonella
Enteritidis PT 30 on inoculated almond kernels in hot water treatments. Food
Research International, 45(2), 1093–1098. https://doi.org/10.1016/j.foodres.2011.
03.048.

He, Y., Guo, D., Yang, J., Tortorello, M. L., & Zhang, W. (2011). Survival and heat re-
sistance of Salmonella enterica and Escherichia coli O157: H7 in peanut butter.
Applied. Environmental. Microbiology, 77(23), 8434–8438. https://doi.org/10.1128/
AEM.06270-11.

He, Y., Li, Y., Salazar, J. K., Yang, J., Tortorello, M. L., & Zhang, W. (2013). Increased
water activity reduces the thermal resistance of Salmonella enterica in peanut butter.
Applied. Environmental. Microbiology, 79(15), 4763–4767. https://doi.org/10.1128/
AEM.01028-13.

Hildebrandt, I. M., Marks, B. P., Ryser, E. T., Villa-Rojas, R., Tang, J., Garces-Vega, F. J., &
Buchholz, S. E. (2016). Effects of inoculation procedures on variability and repeat-
ability of Salmonella thermal resistance in wheat flour. Journal of Food Protection,
79(11), 1833–1839. https://doi.org/10.4315/0362-028X.JFP-16-057.

Hilder, M., & van den Tempe, M. (1971). Diffusivity of water in groundnut oil and par-
affin oil. Journal of Applied Chemistry and Biotechnology, 21(6), 176–178. https://doi.
org/10.1002/jctb.5020210608.

Kataoka, A. I., 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. Journal of Food Protection, 77(8), 1252–1259. https://doi.
org/10.4315/0362-028X.JFP-13-553.

Kenney, S. J., & Beuchat, L. R. (2004). Survival, growth, and thermal resistance of Listeria
monocytogenes in products containing peanut and chocolate. Journal of Food
Protection, 67(10), 2205–2211. https://doi.org/10.4315/0362-028X-67.10.2205.

LaRock, P. A. (1975). Effect of water on the thermal death of a hydrocarbon bacterium in
a nonaqueous fluid. Applied Microbiology, 29(1), 112–114.

Li, C., Huang, L., & Chen, J. (2014). Comparative study of thermal inactivation kinetics of
Salmonella spp. in peanut butter and peanut butter spread. Food Control, 45, 143–149.
https://doi.org/10.1016/j.foodcont.2014.04.028.

Liu, S., Rojas, R. V., Gray, P., Zhu, M. J., & Tang, J. (2018). Enterococcus faecium as a
Salmonella surrogate in the thermal processing of wheat flour: Influence of water
activity at high temperatures. Food microbiology, 74, 92–99. https://doi.org/10.1111/
1750-3841.13412.

Liu, S., Tang, J., Tadapaneni, R. K., Yang, R., & Zhu, M. J. (2018). Exponentially increased
thermal resistance of Salmonella spp. and Enterococcus faecium at reduced water ac-
tivity. Applied and Environmental Microbiology, 84(8), e02742–e2817. https://doi.org/
10.1128/AEM.02742-17.

Ma, L., Zhang, G., Gerner-Smidt, P., Mantripragada, V., Ezeoke, I., & Doyle, M. P. (2009).
Thermal inactivation of Salmonella in peanut butter. Journal of Food Protection, 72(8),
1596–1601. https://doi.org/10.4315/0362-028X-72.8.1596.

Moats, W. A. (1971). Kinetics of thermal death of bacteria. Journal of Bacteriology, 105(1),
165–171.

Molin, N., & Snygg, B. (1967). Effect of lipid materials on heat resistance of bacterial

spores. Applied Microbiology, 15(6), 1422–1426.
Murrell, W. G., & Scott, W. J. (1966). The heat resistance of bacterial spores at various

water activities. Microbiology, 43(3), 411–425.
Mverance, & LaRock, P. (1973). Thermal death of a hydrocarbon bacterium in a non-

aqueous fluid. Journal of Bacteriology, 116(3), 1287–1292.
Nascimento, M. S., Carminati, J. A., Silva, I. C. R. N., Silva, D. L., Bernardi, A. O., &

Copetti, M. V. (2018). Salmonella, Escherichia coli and Enterobacteriaceae in the peanut
supply chain: From farm to table. Food Research International, 105, 930–935.

Peleg, M. (2006). Advanced quantitative microbiology for foods and biosystems: Models for
predicting growth and inactivation. Boca Raton, FL: CRC Press.

Senhaji, A. F. (1977). The protective effect of fat on the heat resistance of bacteria (II).
International Journal of Food Science & Technology, 12(3), 217–230. https://doi.org/
10.1111/j.13652621.1977.tb00103.x.

Senhaji, A. F., & Loncin, M. (1977). The protective effect of fat on the heat resistance of
bacteria (I). International Journal of Food Science & Technology, 12(3), 203–216.
https://doi.org/10.1111/j.13652621.1977.tb00102.x.

Shachar, D., & Yaron, S. (2006). Heat tolerance of Salmonella enterica serovars Agona,
Enteritidis, and Typhimurium in peanut butter. Journal of Food Protection, 69(11),
2687–2691. https://doi.org/10.4315/0362-028X-69.11.2687.

Sheth, A. N., Hoekstra, M., Patel, N., Ewald, G., Lord, C., Clarke, C., & Zink, D. (2011). A
national outbreak of Salmonella serotype Tennessee infections from contaminated
peanut butter: a new food vehicle for salmonellosis in the United States. Clinical
Infectious Diseases, 53(4), 356–362. https://doi.org/10.1093/cid/cir407.

Silva, F. V., & Gibbs, P. A. (2012). Thermal pasteurization requirements for the in-
activation of Salmonella in foods. Food Research International, 45(2), 695–699.

Sörqvist, S. (2003). Heat resistance in liquids of Enterococcus spp., Listeria spp., Escherichia
coli, Yersinia enterocolitica, Salmonella spp. and Campylobacter spp. Acta Veterinaria
Scandinavica, 44(1), 1.

Syamaladevi, R. M., Tang, J., & Zhong, Q. (2016). Water diffusion from a bacterial cell in
low-moisture foods. Journal of Food Science, 81(9), R2129–R2134. https://doi.org/
10.1111/1750-3841.13412.

Tadapaneni, R., Yang, R., Carter, B., & Tang, J. (2017). A new method to determine the
water activity and the net isosteric heats of sorption for low moisture foods at ele-
vated temperatures. Food Research International, 102, 203–212. https://doi.org/10.
1016/j.foodres.2017.09.070.

U.S. Centers for Disease Control and Prevention. (2013). Multistate Outbreak of
Salmonella Montevideo and Salmonella Mbandaka Infections Linked to Tahini
Sesame Paste (Final Update). Available at: https://www.cdc.gov/salmonella/
montevideo-tahini-05-13/index.html. Accessed 18 Nov. 2019.

U.S. Centers for Disease Control and Prevention. (2016). Multistate Outbreak of
Salmonella Paratyphi B variant L(+) tartrate(+) Infections Linked to JEM Raw
Brand Sprouted Nut Butter Spreads (Final Update). Available at: https://www.cdc.
gov/salmonella/paratyphi-b-12-15/index.html. Accessed 18 Nov. 2019.

U.S. Food and Drug Administration. (2009). Guidance for Industry: Measures to Address
the Risk for Contamination by Salmonella Species in Food Containing a Peanut-
Derived Product as an Ingredient. Available at: https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/guidance-industry-measures-address-
risk-contamination-salmonella-species-food-containing-peanut. Accessed 16 Oct.
2019.

Xu, J., Tang, J., Jin, Y., Song, J., Yang, R., Sablani, S. S., & Zhu, M.-J. (2019). High
temperature water activity as a key factor influencing survival of Salmonella
Enteritidis PT30 in thermal processing. Food Control, 98, 520–528. https://doi.org/
10.1016/j.foodcont.2018.11.054.

Xu, J., Yang, R., Jin, Y., Barnett, G., & Tang, J. (2020). Modeling the temperature-de-
pendent microbial reduction of Enterococcus faecium NRRL B-2354 in radio-frequency
pasteurized wheat flour. Food Control, 107, Article 106778. https://doi.org/10.1016/
j.foodcont.2019.106778.

Yang, R., Guan, J., Sun, S., Sablani, S. S., & Tang, J. (2020). Understanding water activity
change in oil with temperature. Current Research in Food Science. https://doi.org/10.
1016/j.crfs.2020.04.001.

R. Yang, et al. Food Research International 137 (2020) 109519

7

https://doi.org/10.1056/NEJMoa1011208
https://doi.org/10.4315/0362-028X.JFP-14-271
https://doi.org/10.1109/94.959706
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0025
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0025
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0025
https://doi.org/10.6028/jres.081A.011
https://doi.org/10.6028/jres.081A.011
https://doi.org/10.1016/j.foodres.2011.03.048
https://doi.org/10.1016/j.foodres.2011.03.048
https://doi.org/10.1128/AEM.06270-11
https://doi.org/10.1128/AEM.06270-11
https://doi.org/10.1128/AEM.01028-13
https://doi.org/10.1128/AEM.01028-13
https://doi.org/10.4315/0362-028X.JFP-16-057
https://doi.org/10.1002/jctb.5020210608
https://doi.org/10.1002/jctb.5020210608
https://doi.org/10.4315/0362-028X.JFP-13-553
https://doi.org/10.4315/0362-028X.JFP-13-553
https://doi.org/10.4315/0362-028X-67.10.2205
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0065
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0065
https://doi.org/10.1016/j.foodcont.2014.04.028
https://doi.org/10.1111/1750-3841.13412
https://doi.org/10.1111/1750-3841.13412
https://doi.org/10.1128/AEM.02742-17
https://doi.org/10.1128/AEM.02742-17
https://doi.org/10.4315/0362-028X-72.8.1596
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0090
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0090
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0095
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0095
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0100
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0100
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0105
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0105
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0110
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0110
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0110
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0115
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0115
https://doi.org/10.1111/j.13652621.1977.tb00103.x
https://doi.org/10.1111/j.13652621.1977.tb00103.x
https://doi.org/10.1111/j.13652621.1977.tb00102.x
https://doi.org/10.4315/0362-028X-69.11.2687
https://doi.org/10.1093/cid/cir407
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0135
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0135
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0140
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0140
http://refhub.elsevier.com/S0963-9969(20)30544-5/h0140
https://doi.org/10.1111/1750-3841.13412
https://doi.org/10.1111/1750-3841.13412
https://doi.org/10.1016/j.foodres.2017.09.070
https://doi.org/10.1016/j.foodres.2017.09.070
https://www.cdc.gov/salmonella/montevideo-tahini-05-13/index.html
https://www.cdc.gov/salmonella/montevideo-tahini-05-13/index.html
https://www.cdc.gov/salmonella/paratyphi-b-12-15/index.html
https://www.cdc.gov/salmonella/paratyphi-b-12-15/index.html
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-measures-address-risk-contamination-salmonella-species-food-containing-peanut
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-measures-address-risk-contamination-salmonella-species-food-containing-peanut
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-measures-address-risk-contamination-salmonella-species-food-containing-peanut
https://doi.org/10.1016/j.foodcont.2018.11.054
https://doi.org/10.1016/j.foodcont.2018.11.054
https://doi.org/10.1016/j.foodcont.2019.106778
https://doi.org/10.1016/j.foodcont.2019.106778
https://doi.org/10.1016/j.crfs.2020.04.001
https://doi.org/10.1016/j.crfs.2020.04.001

	Desiccation in oil protects bacteria in thermal processing
	Introduction
	Materials and methods
	Preparation of bacterial inoculum
	Inoculation and drying
	Sample conditioning
	Water activity measurement at elevated temperatures
	Isothermal treatment
	Recovery and enumeration
	Data analysis

	Results and discussion
	Inoculation and conditioning
	Desiccation of bacteria in peanut oil
	First-order thermal death kinetics of E. faecium
	Effect of water activities and D-values of E. faecium

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	References




