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ABSTRACT

Salmonella is a leading cause of foodborne illness associated with low-moisture foods. In addition to being able to
survive in low-moisture environments during long storage, Salmonella has shown sharply increased thermal
tolerance making it difficult to control in low-moisture foods. This research utilized soy protein powder as a food
career to study the thermal resistance of Salmonella under a wide range of temperatures and a,. Salmonella
inoculated soy protein powder samples were pre-equilibrated to a,, from 0.13 to 0.82 at room temperature, then
subjected to heat treatment (60-99 °C) under isothermal conditions. The a,, of soy protein powders at 25 to 99 °C
were measured using high-temperature a,, cells with humidity sensors. The D-values as a function of high-
temperature a,, from 0.25 to 0.70 showed a semi-log relationship under each treatment temperature level from
70 to 99 °C. Slightly downward trends were observed when the high-temperature a,, was above 0.70, showing
increased effectiveness of thermal inactivation. Results from this study provide insights to assist the design of

thermal treatments for control of Salmonella in intermediate- and low-moisture foods.

1. Introduction

Salmonella is a common cause of foodborne illness in the U. S. (CDC,
2016). Water activity (a,y) below 0.83 is a natural barrier for Salmonella
growth, due to the lack of sufficient available water to sustain growth.
But Salmonella can survive for years in intermediate-moisture (a,, 0.60
to 0.83) and low-moisture foods (a, below 0.60) (Erickson, 1982;
Gould, 1996; Haas & Herman, 1978; Karel, 1973; Ozturk, Kong, &
Singh, 2020; Sperber, 1983). Salmonella outbreaks in low-moisture
foods such as almonds, peanut butter, rice cereal, spices, infant formula,
and oat cereal have caused significant public health concern (CDC,
1998; CDC, 2004; CDC, 2008; CDC, 2009; Chen, Wei, Irmak, Chaves, &
Subbiah, 2019; Portela et al., 2019).

Previous published studies related the thermal resistance of
Salmonella to the a,, of food samples measured at room temperature,
although the food products were treated at elevated temperatures
(Syamaladevi, Tang, & Zhong, 2016a). Smith, Hildebrandt, Casulli,
Dolan, and Marks (2016) modeled the effect of room-temperature a,,
(0.30-0.70) influence on the thermal resistance of Salmonella in wheat
flour at three temperatures (75, 80, and 85 °C). Garces-Vega, Ryser, and
Marks (2019) studied the relationships of room temperature a,, and
moisture content to the inactivation kinetics of Salmonella in almonds.
The a,, at treatment temperature was seldom taken into consideration
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when evaluating the inactivation efficiency of Salmonella in low-
moisture foods. Recent studies show that the a,, at treatment tem-
peratures is one of key factors influencing the thermal resistance of
Salmonella in low-moisture foods such as wheat flour, almond flour, and
whey protein (Liu, Tang, Tadapeneni, Yang, & Zhu, 2018; Xu et al.,
2019). The value of a,, equals to the vapor pressure of a food sample to
the vapor pressure of pure water under the same pressure and tem-
perature (Scott, 1953). It is a thermodynamic value that varies in dif-
ferent foods and temperatures (Jin, Tang, & Sablani, 2019; Scott, 1953;
Syamaladevi et al., 2016a). For example, a,, of high-carbohydrate corn
starch increased from initial 0.52 to approximately 0.67 as temperature
increased from 25 to 80 °C, while a,, of high-fat coconut powder re-
mained constant at 0.52 over the same temperature change (Jin et al.,
2019). It has been hypothesized that when bacterial cells were exposed
to the micro-environment in the food during thermal treatments, the
cells rapidly adjusted their moisture content in response to their micro-
environment a,, (Syamaladevi et al., 2016). Thus, the a, of food at
treatment temperatures, rather than the a,, of the food at room tem-
perature, closely reflects the micro-environmental conditions influen-
cing the thermal resistance of Salmonella in intermediate- and low-
moisture foods. Quantifying the a,, change at elevated temperatures
and studying the influence of high-temperature a,, on thermal re-
sistance of Salmonella in food systems is highly desirable for future
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development of effective thermal treatments.

Liu et al. (2018) reported a semi-log trend between the D-values
(time required to achieve one log reduction of microorganism at a given
temperature) of Salmonella and the high-temperature a,, of wheat flour
and silicon dioxide at 80 °C. Although wheat flour and silicon dioxide
represented two totally different low-moisture matrices, the D-values of
S. Enteritidis in these two matrices were not significantly different at
the selected high-temperature a,, (Liu et al., 2018). Xu et al. (2019)
reported a similar log-linear relationship between logarithmic D-values
of S. Enteritidis and high-temperature a,, in wheat flour, almond flour
and whey protein powder. The influence of food compositions on the
obtained D-values was likely caused by the different high-temperature
a, change in those food samples.

This research selected the soy protein powder as the carrier to in-
vestigate the relationships between the high-temperature a,, and D-
values for Salmonella over a wide range of treatment temperatures. Data
from this study should provide insights on processing safety of inter-
mediate and low-moisture foods under thermal treatments.

2. Material and method
2.1. Food material

The soy protein (GNC, Pittsburgh, PA) was specifically selected to
represent a high-protein model food. It consisted of 93.1 g protein, 4.5 g
ash, and 2.4 g fat per 100 g dry solids (Jin et al., 2019). The absence of
Salmonella in the source soy protein was assessed by taking ten 10 g
samples randomly and soaking into 90 mL tryptic soy broth with 0.6%
yeast extract (TSBYE; Difco, BD, Franklin Lakes, NJ) for 1 h. Dilutions
were plated onto tryptic soy agar with 0.6% yeast extract (TSAYE;
Difco, BD) with 0.05% ammonium ferric citrate (Sigma-Aldrich, St.
Louis, MO) and 0.03% sodium thiosulfate pentahydrate (Sigma-Al-
drich) (Smith et al., 2016). Salmonella can show black colonies on this
differential media (STSAYE).

2.2. Determination of a,, at different temperatures

Soy protein powder was vacuum dried at 25 °C under 10 kPa for ten
days in a vacuum oven to reach the final a,, of less than 0.1 at 25 °C.
Dried powders were then conditioned in a humidity controlled glove
box (Smith et al., 2016) pre-equilibrated to relative humidity of 10%,
20%, 30%, 40%, 50%, 60%, 70%, and 80% at room temperature. The
value of a, in the conditioned food samples equaled to the value of
relative humidity divided by 100. The a,, of samples at 25 °C were
measured by a calibrated a,, meter (Aqualab, Meter Group, Inc.,
Pullman, WA) to confirm the equilibrium. The moisture content (X,,) of
samples at each initial a,, level was measured by a halogen moisture
analyzer (Mettler-Toledo, LLC, Columbus, OH). The a,, of samples at
different temperatures between 25 and 99 °C were measured by a high-
temperature water activity test cell in about 5 °C increment (METER
Group, Inc., Pullman, WA). Details of the cell are described in
Tadapaneni, Yang, Carter, and Tang (2017). Briefly, a high-temperature
cell consisted of an aluminum cup, and a capacitance-based relative
humidity and temperature sensor (Honeywell HumidIlcon™, Morris-
town, NJ) installed in a lid. This cell provided reliable high-temperature
values of a,, in food samples in an enclosed environment during thermal
treatments (Tadapaeni et al., 2017).

In the current study, each conditioned sample was sealed into the
high-temperature water activity cell, and the cell was immersed into the
glycol bath (Isotemp 5150 H11, Fisher Scientific, Waltham, MA) setting
at different temperatures to reach an equilibrium state (approximately
30 min). Two replicates were performed at each conditioned a,,.

2.3. Bacterial strain

Salmonella Agona 447967 was chosen for its high thermal resistance
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and frequent outbreak in intermediate and low-moisture foods (Taylor,
Barnett, del Rosario, Williams, & Barth, 1998; CDC, 2008; Jin et al.,
2018; Verma et al., 2018; Dangel et al., 2019). This strain was obtained
from U. S. Food and Drug Administration Arkansas Regional Laboratory
(Jefferson, AR), and stored as frozen culture at - 80 °C. The working
culture was streaked on TSAYE at 37 °C for 24 h and then kept at 4 °C.

2.4. Inoculum preparation

One single colony of S. Agona from the working culture was asep-
tically inoculated into 10 mL TSBYE and incubated at 37 °C for 24 h. A
100 pL of culture was spread plated on TSAYE and incubated at 37 °C
for 24 h. The bacterial lawn was harvested by adding 1 mL of buffered
peptone water (BPW, Difco, BD) per plate.

2.5. Sample preparation

S. Agona was inoculated into vacuum dried soy protein with a ratio
of 1 mL (Salmonella, ~11 log CFU/mL): 300 g (soy protein). The in-
oculated soy protein powder was mixed by alternately hand massaging
for 3 min and stomaching (Stomacher 400 Circulator, Seward
Laboratory System Inc., Norfolk, UK) for 3 min with 230 strokes/min,
three times each. The inoculated soy protein powder was then condi-
tioned for 2 days in the humidity controlled glove box pre-equilibrated
to the target relative humidity of 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, respectively, at room temperature. The equilibrium a,, of
inoculated food samples after conditioning was measured at 25 °C by a
water activity meter (Aqualab, Meter Group, Inc., Pullman, WA, USA).

2.6. Thermal treatment

A custom test cell with a thermocouple (Type T, OMEGA
Engineering, INC., Stamford, CT) secured in the sample center was
immersed into a glycol bath to measure the come-up time of a soy
protein sample at each target temperature. The improved design of TDT
cells, as described in Jin and Tang (2019), were loaded with inoculated
soy protein powder (0.5 g per cell) in the humidity control glove box,
and sealed by a tightening fixture. The test cells were treated in the
glycol bath at minimum four different temperatures, depending on
sample initial a,, (see Table 1). At least five time intervals after the
come-up time were selected for each temperature. After different in-
tervals, three test cells were immediately immersed into the ice water to
cool down the food samples in the cells. The soy protein samples were
serially diluted in BPW. Aliquots were spread plated on sTSAYE in
duplicate. The plates were incubated at 37 °C for 24 h. The tests were
replicated three times.

2.7. Data analyses

The microbial counts were expressed as log CFU/g. Statistical ana-
lysis was performed in Microsoft Excel (16.10, Microsoft, WA, USA).
Linear regression was used to fit the Salmonella inactivation data to a
log-linear model:

N —t
log( Ng) =5 o
where N and N, are surviving population (CFU/g) at times ¢ (min) and 0
(after come-up time), respectively. D is the time (min) required to kill
90% of a microorganism in a population at a specific temperature (°C).

The z7-value for a fixed room-temperature a,, was calculated using
the Bigelow secondary model:

1
logD = logD,.,f — —(T — T,
g 8 Dref ZT( ref) (2)

where D, is the time needed to achieve 1-log reduction of microbial
population at reference temperature T, zr is temperature change
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Table 1
D-values and z;-values of Salmonella at different temperature and a,,.

a, at 25 °C  a, at treatment Treatment temperature (° D-value 95% CI lower 95% CI upper RMSE zr-value (° 95% CI lower 95% CI upper
temperature C) (min) limit limit Q) limit limit

0.13 0.25 80 155.2 140.6 170.8 0.56 12.5 11.8 13.3

0.13 0.27 85 50.2 46.4 53.8 0.36

0.13 0.30 90 18.2 17.1 19.4 0.24

0.13 0.31 95 8.3 8.0 9.0 0.23

0.13 0.32 99 4.7 4.2 5.0 0.34

0.22 0.36 80 93.9 90.5 104.1 0.30 13.2 12.7 13.7

0.22 0.38 85 33.4 315 35.7 0.27

0.22 0.40 90 15.9 14.5 16.6 0.29

0.22 0.42 95 6.4 5.9 6.6 0.24

0.22 0.43 99 3.5 3.2 3.6 0.25

0.30 0.47 80 65.1 61.7 68.6 0.22 13.1 12.2 14.2

0.30 0.48 85 21.1 19.8 22.3 0.26

0.30 0.50 90 7.8 7.3 8.1 0.21

0.30 0.51 95 4.2 3.9 4.5 0.25

0.30 0.52 99 2.2 2.0 2.3 0.30

0.41 0.52 75 99.9 97.3 107.1 0.25 11.6 11.0 12.2

0.41 0.53 80 48.7 46.7 51.5 0.25

0.41 0.55 85 14.6 13.56 15.2 0.24

0.41 0.57 90 4.9 4.6 5.2 0.28

0.41 0.58 95 2.2 2.1 2.3 0.19

0.50 0.58 70 152.6 140.8 159.8 0.26 11.2 10.5 12.1

0.50 0.59 75 77.2 72.7 81.8 0.29

0.50 0.60 80 28.6 26.8 30.7 0.29

0.50 0.61 85 7.5 7.1 7.9 0.23

0.50 0.62 90 29 2.7 3.1 0.24

0.61 0.68 70 90.5 85.9 94.8 0.22 10.8 10.2 11.6

0.61 0.68 75 39.1 38.0 44.1 0.33

0.61 0.69 80 11.1 10.5 11.7 0.24

0.61 0.70 85 4.0 3.7 4.2 0.27

0.70 0.74 70 71.4 67.6 77.8 0.26 8.0 7.9 8.2

0.70 0.75 75 17.5 16.6 18.3 0.20

0.70 0.76 80 4.0 3.8 4.3 0.28

0.70 0.76 85 1.0 0.9 1.1 0.31

0.82 0.84 60 161.7 152.3 171.8 0.23 6.7 6.3 7.0

0.82 0.85 65 39.9 37.6 42.3 0.23

0.82 0.85 70 6.3 5.9 6.8 0.32

0.82 0.86 75 1.0 0.9 1.0 0.24

zr-value: the temperature change required to cause a 90% reduction in D-value. The z-values were estimated based on the treatment temperatures at each a,, levels
at 25 °C. CI: confidence interval. RMSE: root mean square error.
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Fig. 1. The a,, values of soy protein powder at different temperatures and different moisture content X,, (g HO/g dry solid). n = 2, lines are the linear regressions of
the data.
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required to cause a 90% reduction in D-value. The zr-values were es-
timated based on the treatment temperatures at each a,, levels at 25 °C.

The z,, for a fixed temperature was calculated by using the flowing
equation:

logD = log Dy — —(al — Quy ref)

Zaw 3
where Dy is the time needed to achieve a 1-log reduction of microbial
population at a,, ref, Zaw iS aw change required to cause a 90% reduction
in D-value. The z,,-values at each treatment temperature levels were
estimated based on the room-temperature (25 °C) a,, and high-tem-
perature a,,, respectively.

The root mean square error (RMSE) was used to estimate model
error:

RMSE = \/Z aog(N/No)predicted — log(N/ND)Observe 22
nop @

where N and N, are microbial populations at times t and 0, n is the total
number of observations, and p is the number of model parameters. The
RMSE and confidence interval (CI) were analyzed through the Minitab
(19.2.0.0, Minitab Inc., PA, USA).

3. Results and discussion
3.1. a, at different temperatures

The a,, changes in soy protein powder samples at different tem-
peratures are shown in Fig. 1. The a,, increased with increasing tem-
perature at each fixed moisture content (X, g H>O/g solids). The
sample of low X,, had more significant a,, increase with temperature.
For example, the a,, of the sample with X,, 0.050 increased from 0.13 to
0.32 as temperature increased from 25 to 99 °C, while the a,, of the
sample with X, 0.212 increased from 0.82 to 0.92. Similar trends
showing the temperature influence on the a,, have also been reported
for wheat flour, non-fat milk powder, corn starch, and cheese powder
(Jin et al., 2019; Tadapaneni et al., 2017).

3.2. Thermal resistance of Salmonella

The Salmonella in the source soy protein was lower than the de-
tectable limit of 1.7 log CFU/g in this study. The initial inoculation of
Salmonella was larger than 7 log CFU/g. Homogeneity was achieved
with a standard deviation of inoculated Salmonella population less than
0.3 log CFU/g. The come-up time for the protein powder in the new
TDT cells when heated to the temperature ranges from 60 to 99 °C was
in each case less than 1 min, and was conservatively chosen as 1 min.

Representative results from isothermal inactivation of Salmonella in
soy protein powders are shown in Figs. 2 and 3. The trend lines are
fitted curves based on the log-linear model (Eq. (1)). As expected, high
temperature resulted in more rapid inactivation of Salmonella. For ex-
ample, the inactivation of Salmonella increased with increasing thermal
temperature from 80 to 99 °C for the inoculated soy protein powder
conditioned to a,, 0.22 at room temperature (Fig. 2). High a,, could also
led to a large microbial reduction, as the survival of Salmonella de-
creased from high-temperature a,, 0.27 to 0.76 at the same thermal
temperature of 85 °C (Fig. 3). Similar phenomena were also reported in
wheat flour, almond flour, and silicon dioxide (Liu et al., 2018; Villa-
Rojas et al., 2013; Xu et al., 2019).

3.3. Changes of D-values with high-temperature a,,

The D-values of Salmonella obtained from the isothermal inactiva-
tion experiments using Eq. (1) are summarized in Table 1. Both the low
temperatures and low high-temperature a,, led to large D-values. For
example, the D-value for the same high-temperature a,, of 0.58 was
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2.2 min at 95 °C, and it increased almost 70 times (152.6 min) at 70 °C.
The D-value at 85 °C was 4.0 min at high-temperature a,, of 0.70; it
increased 12.5 times (50.2 min) at high-temperature a,, of 0.27. High
temperature combined with high a,, could more readily cause protein
unfolding, enzyme inactivation, ribosomal RNA and DNA destruction,
and cytoplasmic membrane damage of Salmonella (Mackey, Miles,
Parsons, & Seymour, 1991; Nguyen & Corry, 2006). Thus, the thermal
inactivation of bacteria cells is more effective under high a,, environ-
ment (Lee & Kaletunc, 2002; Mackey et al., 1991).

Bacterial spores had higher thermal resistance than vegetative cells,
due to the lower molecular flexibility of protein structures in spores
(Potts, 1994; Sunde, Setlow, Hederstedt, & Halle, 2009). Similar to
spores, it was hypothesized that the vegetative bacterial cells in low a,,
environment also had similar adaptation mechanisms (Esbelin, Santos,
& Hébraud, 2018). For example, some non-spore forming bacteria in
low a,, environment had lower molecular mobility (Csonka & Hanson,
1991; Finn, Condell, McClure, Amézquita, & Fanning, 2013), more
stabilized ribosomal units (Gruzdev et al., 2012), and filaments to
against thermal damage (Stackhouse, Faith, Kaspar, Czuprynski, &
Wong, 2012), compared with the cells in the intermediate and high a,,
environment. When bacterial cells are heated in the intermediate and
high a,, environment, water molecules could vibrate, break disulfide
and hydrogen bonds in the surrounding protein, alter the three-di-
mensional configuration, prevent protein functioning, and lead to a
rapid inactivation of cells (Earnshaw, Appleyard, & Hurst, 1995). Fur-
ther research on the thermal resistance of bacteria as influenced by the
molecular mobility is desired.

3.4. zr-values and 2q,-values

The influence of treatment temperature on D-values of Salmonella in
soy protein samples preconditioned to different room-temperature a,,
levels are summarized in Fig. 4. The sensitivity of D-value to tem-
perature change is characterized by z7 using Eq. (2). The zr is the in-
verse of the slope for each curve in Fig. 4. As shown in Table 1, the z-
value decreased from 8.0 to 6.7 °C as room-temperature a,, increased
from 0.70 to 0.82. Similar trends were found in Villa-Rojas et al. (2013)
that the z-value for S. Enteritidis PT 30 decreased from 8.4 to 6.6 °C
with increasing room-temperature a,, from 0.72 to 0.89 in almond
flour.

The z-values between room-temperature a,, 0.13 to 0.61 were all
above 10 °C, and were much larger than the zr-values between a,, 0.70
to 0.82 (below 10 °C) (Table 1). This trend was reflected in Fig. 4, the
slopes of the curves became less steep between room-temperature a,,
0.13 and 0.61, indicating an increase in zr-value at low a,,. Similar
result was found in Jin et al. (2018) that the z-value for S. Agona in a
cracker dough matrix at room temperature a,, of 0.50 was 11.5 °C.
Villa-Rojas et al. (2013) reported the z-value of 10.4 °C for S. En-
teritidis PT 30 in the almond kernel flour which was conditioned at a,,
0.60 at room temperature. Tsai et al. (2019) reported that the z;-values
of Salmonella cocktail (S. Enteritidis PT 30, S. Tennessee K4643, and S.
Agona 447967) were 16.9 and 15.2 °C in cocoa powder at room-tem-
perature a,, 0.3 and 0.45, respectively. Salmonella cells in low a,, en-
vironment showed similar z7-value to spores, such as Clostridium botu-
linum, which had an approximate z-value of 10 °C or larger (Diao,
André, & Membré, 2014). It was hypothesized that vegetative cells such
as Salmonella in a low a, environment may behave like spores
(Syamaladevi et al., 2016b). The desiccated Salmonella cells had lower
molecular mobility and were less sensitive to temperature change.
When a,, increased from 0.70 to 0.82, which was in the intermediate-
moisture state, the food environment could provide relatively more free
water for vegetative cells than low-moisture foods. It is possible that
vegetative cells had higher molecular mobility in the intermediate-
moisture environment. This explained the lower z-values (below 10 °C)
of Salmonella at higher a,, levels (above 0.70). Similarly, the z;-value
for Salmonella Typhimurium in chocolate syrup with the a,, of 0.84 was
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Fig. 2. Thermal inactivation of Salmonella in soy protein powder equilibrated to a,, 0.22 at 25 °C, and treated at 80, 85, 90, 95, and 99 °C.

7.6 °C, which was also lower than 10 °C (Sumner, Sandros, Harmon,
Scott, & Bernard, 1991).

The D-values of Salmonella as function of high-temperature a,, ex-
hibited a semi-log relationship between the high-temperature a,, from
0.25 to 0.70 (Fig. 5). Similar semi-log phenomena of the D-values of
Salmonella were also reported in wheat flour, almond flour, and whey
protein at 80 °C (Xu et al., 2019). A slightly downward trend was found
above the high-temperature a,, of 0.70. This suggested that Salmonella

were more easily inactivated when the product high-temperature a,,
was larger than 0.70. The high-temperature a,, below 0.70 and above
0.70 might be considered differently, when designing thermal treat-
ments. For example, the D-value of Salmonella decreased almost a
hundred times from 99.9 to 1.0 min, if the high-temperature a,, in-
creased from 0.52 to 0.86 at 75 °C. Thus, increasing high-temperature
a,y of a food product or the relative humidity of the treatment en-
vironment could lead to a more rapid inactivation of bacteria cells. But

Time (min)

50 100

Log CFU/g

-5

150 200 250

Water activity
° 0.13
x 0.22
o 0.30
+ 0.41
a 0.50
¢ 0.61

- 0.70

Fig. 3. Thermal inactivation of Salmonella in soy protein powder equilibrated to a,, 0.13, 0.22, 0.30, 0.41, 0.50, 0.61, and 0.70 at 25 °C, and treated at 85 °C.
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Fig. 4. Log D-value of Salmonella in soy protein powder equilibrated to a,, 0.13, 0.22, 0.30, 0.41, 0.50, 0.61, 0.70, and 0.82 at 25 °C, and treated under a wide range

of temperatures.

it is worth noting that additional dehydration process may be needed
after the thermal process to maintain the quality and shelf life of low-
moisture foods.

As the small vegetative cells are exposed in the high-temperature a,,
micro-environment during heat treatment, the high-temperature a,,
instead of room-temperature a,,, should be more closely related to the

thermal resistance of Salmonella cells in the intermediate- and low-
moisture foods. It is consistent with the results of larger zr-value under
lower room-temperature a,, in Table 1. For example, at room-tem-
perature a,, of 0.61, the high-temperature a,, was between 0.68 and
0.70 under the heating temperature from 70 to 85 °C. And at room-
temperature a,, of 0.70, the high-temperature a,, was between 0.74 and

Fig. 5. The log-scale D-values of Salmonella and high-temperature a,, at 70, 75, 80, 85, 90, 95, and 99 °C.
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Table 2

Zaw-values between 70 and 99 °C based on room-temperature (25 °C) a,, from
0.13 to 0.61 and its corresponding high-temperature a,, from 0.25 to 0.70,
respectively.

Temperature (° C) Room-temperature (25 °C) a,, High-temperature a,,

Zaw  95% 95% R? 24, 95% 95% R?

CI CI CI CI

lower  upper lower  upper

limit limit limit limit
70 0.49 0.34 0.90 0.90 0.44 0.30 0.82 0.90
75 0.48 0.39 0.64 093 0.39 0.31 0.50 0.94
80 0.45 0.41 0.50 097 0.41 0.36 0.47 0.94
85 0.44 0.41 0.47 099 0.39 0.35 0.44 0.96
90 0.45 0.40 0.50 0.97 0.40 0.34 0.47 0.94
95 0.48 0.43 0.54 0.97 0.49 0.40 0.62 0.91
99 0.51 0.42 0.66 094 0.61 0.49 0.80 0.93

Za-value: the a, change required to cause a 90% reduction in D-value. R*:
coefficient of determination.

0.76 at the same temperature range. Higher high-temperature a,, could
provide more free water in the food environment. Salmonella thus
showed less thermal resistance with a lower zr-value of 8.0 °C at room-
temperature a,, of 0.70, compared with a higher thermal resistance and
zr-value of 10.8 °C at room-temperature a,, of 0.61.

The z,,-values based on room-temperature (25 °C) a,, from 0.13 to
0.61 and its corresponding high-temperature a,, from 0.25 to 0.70,
respectively, were calculated using Eq. (3) and summarized in Table 2.
The z,,-values based on high-temperature a,, were relatively un-
changed (between 0.39 and 0.41) with treatment temperature in-
creasing from 75 to 90 °C. Similar phenomena was also found in the z,,-
values based on room-temperature a,, (between 0.44 and 0.48) under
the same temperature range. Different Salmonella serotypes had dif-
ferent high-temperature z,,-values. For example, the z,,-value of S.
Enteritidies PT 30 in wheat flour and whey protein powder was 0.32 at
80 °C (Xu et al., 2019). It was lower than the z,,-value of 0.45 for S.
Agona in soy protein powder at the same temperature, indicating a
more significant a,, change influence on the thermal resistance of S.
Enteritidies PT 30 compared with S. Agona.

This research provides insights into the impact of a,, at treatment
temperature on thermal resistance of Salmonella. The experimentally
determined relationships between thermal resistance of Salmonella and
a, at treatment temperature can be used for the prediction of
Salmonella inactivation in intermediate- and low-moisture foods during
heat process.

4. Conclusions

Thermal resistance of Salmonella is highly dependent on treatment
temperature and the high-temperature a,, of the food environment. The
D-values and high-temperature a,, showed a semi-log relationship be-
tween the high-temperature a,, from 0.25 to 0.70 at any given tem-
perature between 70 and 99 °C. D-values decreased more sharply when
a,, increased above 0.70. The high-temperature a,, at 0.70 might
therefore be a threshold above which a thermal treatment for
Salmonella became more effective. Understanding the correlation be-
tween the high-temperature a,, and thermal resistance of Salmonella
could lead to better design of heat treatments for pathogen control in
low-moisture foods.
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