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ABSTRACT

EFFECTS OF PRODUCT STRUCTURE, TEMPERATURE, WATER ACTIVITY, AND
STORAGE ON THE THERMAL RESISTANCE OF SALMONELLA ENTERITIDIS PT 30 IN
LOW-MOISTURE FOODS

By

Pichamon Limcharoenchat

The elevated and dynamic thermal resistance of Salmonella on/in low-moisture foods is
an emerging challenge for the food industry. Therefore, the overall goal of this study was to
improve the validation process for low-moisture foods by providing new knowledge about the
effects that product structure and water activity have on Salmonella thermal resistance in or on
low-moisture foods. The specific research objectives were: (1) To quantify the effect of inoculation
protocol on the thermal resistance of Salmonella Enteritidis PT 30 in fabricated low-moisture foods
(almond, wheat, and date products), (2) To evaluate the effects of long-term storage on the survival
and thermal resistance of Salmonella Enteritidis PT 30 on almonds, and (3) To develop Salmonella
thermal inactivation models that account for the effects of product structure, temperature, and

water activity (for almond, date, and wheat products).

For pre- and post-fabrication protocols, samples were inoculated before and after product
fabrication. Salmonella exhibited greater thermal resistance on almond and date products (almond
meal, almond butter, and date paste) inoculated using the pre-fabrication method as compared to
the post-fabrication method. However, the opposite was true for wheat products (meal and flour).
Differences in the food product composition may have contributed to these findings. Based on

these results, the pre-fabrication method was chosen for all further experiments in this dissertation.



In the long-term storage study, Salmonella populations decreased by ~3 log CFU/g after
103 weeks of storage. However, Salmonella thermal resistance did not significantly change during

long-term storage.

Primary (log-linear and Weibull) and secondary (Bigelow-type) inactivation models for
Salmonella were fit to isothermal inactivation data from eight different products, accounting for
product structure (kernels/pieces/meal/flour/butter/paste), temperature (70-90°C), and water
activity (0.25-0.65 aw). Overall the log-linear model was the most-likely-correct model, and the

Bigelow-type secondary models therefore were incorporated into the log-linear model.

Among all products, Salmonella was most heat resistant in 0.25 aw almond meal (Dgo°c =
75.2 min), and least resistant in 0.65 aw date paste (Dso.c = 0.7 min). Decreasing aw increased
thermal resistance. Additionally, Salmonella thermal resistance was generally greater on fabricated
than whole products. However, these differences were relatively small for wheat products.
Salmonella resistance on fabricated wheat products actually was lower than on wheat kernels at
0.45 and 0.65 aw. Variability in some of these effects across products might be attributable to
compositional factors (e.g., sugar or moisture content), temperature-induced shifts in sorption
isotherms or physical properties, or variable effects of particle sizes and microenvironment within

the fabricated products.

Overall, the primary-secondary inactivation models fit the various data sets well (RMSE
from 0.51 to 1.08 log) and therefore are potential tools to predict Salmonella thermal inactivation
for these products. Ultimately, this dissertation shows that low-moisture process validation
protocols should account for inoculation methods and specific product structures, both of which

can significantly affect process outcomes.
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1 INTRODUCTION

1.1 Problem Statement

Outbreaks of salmonellosis and recalls associated with low-moisture foods have increased
in recent years. From 1996 to 2009, Salmonella cases increased by more than 20% in the United
States, and the ability of outbreak detection by the PulseNet system (Pulsed-field gel
electrophoresis: PFGE) increased illnesses reported by almost 10% (Scharff et al., 2016). The
PulseNet system has helped improve the detection of outbreaks, but at the same time recalls have
also increased during this period. In 2015, the U.S. Food and Drug Administration (FDA) reported
that over 30 Salmonella-linked recalls were attributed to low-moisture food products (U.S. Food
and Drug Administration, 2016a). Additionally, low-moisture food products, such as poppy seeds
(U.S. Food and Drug Administration, 2016b) and ginger powder (U.S. Food and Drug
Administration, 2017), were recalled in 2016 and 2017 due to Salmonella contamination. The
Center for Disease Control and Prevention (CDC) reported multistate outbreaks of Salmonella in
sprouted nut butter spreads (Centers for Disease Control and Prevention, 2016a) and pistachios
(Centers for Disease Control and Prevention, 2016b) in 2016. Two people from the pistachio

outbreaks were hospitalized.

Outbreaks of salmonellosis linked to low-moisture foods, including almonds, have
occurred throughout the world (Isaacs et al., 2005). Peanut butter (Centers for Disease Control and
Prevention, 2007), wheat flour (McCallum et al., 2013), unsweetened cereal (Russo et al., 2013),
and chocolate (Werber et al., 2005) are all additional examples. Further, 75 people in New Zealand
were infected by consuming contaminated raw flour from an uncooked baking mixture from
October 2008 to January 2009 (McCallum et al., 2013). Moreover, a variety of low-moisture foods,

such as bleached flour, raw macadamia nuts, pistachios, almond butter, and ginger powder were
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recalled due to contamination from Salmonella (U.S. Food and Drug Administration, 2014b, 2015,

2016; U.S. Food and Drug Administration, 2015, 2017).

Compared to other pathogenic organisms in food products, Salmonella in low-moisture
foods is highly resistant to lethal treatments and able to survive long periods (Blessington et al.,
2012; Kimber et al., 2012). Also, this pathogen can remain viable in water for up to a week and in
soil for over a year (Adams and Moss, 2008). For example, Salmonella Montevideo survived on
red winter wheat during 28 weeks of storage at a relative humidity of 13% (Crumrine and Foltz,
1969). In a date paste, Salmonella decreased during storage, but was still detected after 8 months

at 4°C (Beuchat and Mann, 2014).

Standard hygiene and sanitation practices are designed to prevent and control Salmonella
from contaminating incoming raw materials and ingredients. Environmental monitoring and
control also are important steps to minimize pathogens in food products (Chen et al., 2009b). For
example, environmental contamination and substandard sanitation were the likely origin of a
Salmonella outbreak traced to a peanut butter factory (Sheth et al., 2011; Viazis et al., 2015). In
the case of cereal products linked to Salmonella Agona outbreaks, the pathogen was detected in

environmental samples within the production facility (Russo et al., 2013).

Outbreaks of salmonellosis not only affect people’s health, but also affect the economy via
loss of product in the market, recall costs to the manufacturer, lost productivity, and a decrease in
sales. The U.S. Department of Agriculture’s Economic Research Service (USDA-ERS) estimated
the medical costs due to salmonellosis at $3.7 billion per year (U.S. Department of Agriculture,
2014). Salmonella was the leading cause of medical costs from foodborne outbreaks in the United
States in 2015 (News desk, 2015), with an estimated cost of illness for Salmonella infection at

$1,792 per case (Scharff et al., 2016). Based on one estimate, Weise (2009) reported that the 2009
2



outbreak/recall due to Salmonella in peanut butter cost $1 billion, with the Kellogg Company alone
estimated to have lost $70 million in that recall, which was one of the largest food recalls in the
history of the United States. Such recalls can also negatively affect customer confidence in food

safety and therefore reduce sales of the products affected.

Food product characteristics, such as water content and water activity, are important factors
that impact Salmonella survival [See Chapter 2 for detailed in discussion]. Salmonella thermal
resistance in low-moisture food products, such as wheat flour and peanut paste, increases as water
activity decreases (Kataoka, 2014; Smith and Marks, 2015). He et al. (2013) reported that
Salmonella thermal resistance in peanut butter at 90°C was significantly reduced when the water
activity increased. For different food products at the same water activity levels, thermal resistance
also can be affected by chemical composition and the type of product. For example, Salmonella
thermal resistance in all-purpose flour is significantly lower than in peanut butter at 0.45 aw
(Syamaladevi et al., 2016a); however, slight changes of fat content in different peanut butter

products did not affect the heat resistance of Salmonella (Kataoka, 2014).

Limited studies have shown that other factors can affect Salmonella thermal resistance in
low-moisture foods, such as sodium chloride concentration, type of sugar, and fat content (D'Souza
et al., 2012; Kataoka, 2014; Mattick et al., 2001; Shrestha and Nummer, 2016). However, no
known prior studies have evaluated the effect of varying physical structures of low-moisture foods
on Salmonella thermal resistance. In contrast, there have been several such studies with high-
moisture foods (Mogollon et al., 2009; Tuntivanich et al., 2008; Velasquez et al., 2010), which
reported that physical structure did impact Salmonella thermal resistance in raw pork, beef, and
turkey. Thermal resistance of Salmonella in whole-muscle beef and turkey was 50% greater than

in ground products of equivalent composition at 55, 60, and 62.5°C (Mogollon et al., 2009;



Tuntivanich et al., 2008). Similarly, Salmonella thermal resistance in ground pork was 0.64 to 2.96
times lower than in whole muscle pork cooked at 55 to 63°C (Velasquez et al., 2010). Although
these were all high-moisture food systems, the results do suggest that product structure (given
equivalent chemical composition, moisture content, and temperature) might also affect Salmonella

thermal resistance in other food materials, such as low-moisture foods.

Currently, there is no known prior research regarding the effects of product structure (in
combination with water activity and temperature) on Salmonella thermal resistance in low-
moisture food products. Specifically, if product structure affects the thermal response of
Salmonella in low-moisture foods, then this could have a significant impact on food safety,
especially because product structure has not typically been considered as a contributing factor in

inactivation models or process validations.
1.2 Research Goal, Objectives, and Hypotheses

The overall goal was to improve pasteurization validations for low-moisture foods by
providing new knowledge about the effects of product structure and water activity on Salmonella

thermal resistance in or on low-moisture foods (almond, date, and wheat products).
The specific research objectives were:

1. To quantify the effect of inoculation protocol on the thermal resistance of Salmonella
Enteritidis PT 30 in fabricated low-moisture foods (almond, wheat, and date
products).

2. To evaluate the effects of long-term storage on the survival and thermal resistance of

Salmonella Enteritidis PT 30 on almonds.



3. To develop Salmonella thermal inactivation models that account for the effects of
product structure, temperature, and water activity (for almond, date, and wheat

products).

The hypotheses of this research were that: (1) Inoculation protocols impact Salmonella
thermal resistance on or in almond, date, and wheat products, (2) Thermal resistance of Salmonella
on almond kernels does not change during long-term storage (up to 2 years), (3) Salmonella
thermal resistance on or in almond, date, and wheat products increases with decreasing water
activity, regardless of product structure, and (4) Product structure of almond, date, and wheat

products significantly affects the Salmonella thermal resistance.



2 LITERATURE REVIEW
Low-moisture foods come in a variety of categories, such as nuts, fruits, and wheat
products. Among various factors previously assessed, three were found to have the greatest impact
on Salmonella thermal resistance: water activity (Syamaladevi et al., 2016b), inoculation protocol
(Hildebrandt et al., 2016), and temperature (Smith et al., 2016). This review highlights previous
literature that has conveyed basic information on low-moisture foods, and, more specifically, on
product factors (water, physical, and chemical properties) that have the largest impact on both the

survival and thermal inactivation of Salmonella in low-moisture systems.

2.1 Low-Moisture Foods of Interest

To date, prior studies on Salmonella thermal resistance in low-moisture foods have
typically included only one specific food category such as peanut butter (Li et al., 2014a), almonds
(Abd et al., 2012), or wheat flour (Syamaladevi et al., 2016a), but have not encompassed
comparisons on the basis of physical structure. In this dissertation, low-moisture foods (almond,
date, and wheat products) were chosen to represent high-fat, high-sugar, and high-starch products,

respectively, in thermal inactivation studies.

2.1.1 Almonds

Almonds (Prunus dulcis) are an increasingly popular food in the United States. The
California almond crop was valued at $5.2 billion during 2016-2017, with $4.4 billion exported in

2016 (Almond Board of California, 2017).

Almonds are harvested with mechanical tree shakers, shelled, sized, stored, and processed
(Almond Board of California, 2018a). In the United States (California), almond pasteurization is

required via an Agriculture Marketing Order, and the mandatory treatment criterion is a minimum
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4-log reduction of Salmonella on almonds (Federal Register/Vol. 72, No. 61/Friday, March 30,
2007/Rules and Regulations, Pages 15021-15036) (U.S. Department of Agriculture, 2007).
Pasteurization methods that have been approved by the FDA include oil roasting, dry roasting,
blanching, stream processing, and propylene oxide (PPO) gas treatment (Almond Board of

California, 2018b).

2.1.2 Dates

In the United States, dates (Phoenix dactylifera) are mainly produced in California and
were valued at $67 million in 2016 (U.S. Department of Agriculture, 2017). During 2016-2017,
the import value of fresh dates was $47 million and the United States also exported $52 million of

fresh dates (U.S. Department of Agriculture, 2018).

Dates are harvested, cleaned, and sorted by size, skin condition, moisture content, and color
(Riggs, 2015). There are no requirements for date pasteurization. Dates usually are directly
transported to open-air markets after processing in the Middle East and North Africa. In addition,

fumigation is used to eliminate insect pests in the industry (Chao and Krueger, 2007).

2.1.3 Wheat

Wheat (Triticum) is widely used in baked goods, such as cakes, flat breads, and cookies.
In the United States, the U.S. produced and exported wheat to countries such as Japan, Mexico,
and Nigeria (U.S. Wheat Associates, 2016). The estimate wheat export value for 2017 was $896

million (U.S. Wheat Associates, 2018).

Wheat milling is a major value-added contributor to the food industry in the United States

(North American Miller's Association, 2016). Generally, the process of milling wheat includes



cleaning, separating, grinding, sieving, and bleaching. No requirements exist for wheat
pasteurization. In some cases, the wheat flour will be enriched with vitamins or other nutrients to

improve its nutritional quality (North American Miller's Association, 2016).

2.2 Salmonella

Salmonella spp. is a Gram-negative, facultative rod-shaped bacterium, that can cause
foodborne infections (Adams and Moss, 2008). People infected with Salmonella may experience
fever, nausea, diarrhea, vomiting, abdominal pain, and, in severe cases, even death (U.S. Food and

Drug Administration, 2014a).

In this dissertation, Salmonella Enteritidis (SE) phage type 30 (PT 30) was used for
experiments. This strain was responsible for a large outbreak of salmonellosis associated with
almonds that occurred in Canada during 2000 to 2001 (Isaacs et al., 2005) and was also associated
with a salmonellosis outbreak linked to raw almonds in 2004 (Centers for Disease Control and
Prevention, 2004). Thermal resistance of Salmonella is influenced by serovar (Doyle and
Mazzotta, 2000; Santillana-Farakos et al., 2014a) and therefore using a single serovar/strain with

a given study simplified the analyses of key treatment effects.

2.3 Salmonella Survival in a Low-Moisture System

Salmonella can survive for long periods in dry locations and in low-moisture food products
(Adams and Moss, 2008). The persistence of Salmonella in dry environments can affect
Salmonella control strategies. Even though the number of microorganisms might decline over
time, in some cases the rate of reduction depends on multiple factors, such as product formulation,

storage temperature, and the cleaning process (Chen et al., 2009a, b).



Low-moisture foods, such as almonds, wheat flour, and peanut butter, do not support the
growth of Salmonella; however, contamination of low-moisture products can occur at multiple
points during pre- and post-harvest-processing (Scott et al., 2009). Contamination can also be
caused by poor sanitation practices, poor equipment design, unsuitable maintenance procedures,
and poor ingredient storage conditions (Scott et al., 2009). As an example, wheat grain and flour
from wheat mills were monitored for yeast, mold, and pathogens in baseline testing between 2006
and 2007 in Queensland, Australia, where Salmonella was detected in wheat that was contaminated

with soil, stone, and other environmental contaminants (Eglezos, 2010).

In survival/storage studies, Salmonella populations on almonds declined 1.8 log CFU/g
and 2.1 log CFU/qg after 24 and 48 weeks of storage (23°C), respectively (Abd et al., 2012; Uesugi
et al., 2006). Salmonella populations on in-shell pecans also decreased by 2.49 log CFU/g after
being stored at 21°C for 78 weeks (Beuchat and Mann, 2010). At 25°C, the population of
Salmonella in hazelnuts, pecans, and pine nuts decreased by 1 log after 24, 34, and 52 weeks of
storage, respectively (Santillana-Farakos et al., 2017). Salmonella populations in date paste
declined 2.08 log CFU/qg after 242 days of storage at 4°C, and by < 1 log CFU/g after 84 days of
storage (25°C). In contrast, Salmonella populations in date paste homogenates with water actually

increased by 2.74 log when stored at 25°C for 2 days (Beuchat and Mann, 2014).

Water activity (aw) impacts the survival of Salmonella. In whey protein powder, Salmonella
Montevideo and Salmonella Typhimurium survived better at 0.18 aw than at 0.54 aw after 6 months
of storage (36°C) (Santillana-Farakos et al., 2014a). Increasing the water activity in nut products
(hazelnuts, pecans, and pine nuts) decreased the survival of Salmonella after 52 weeks of storage
(25°C) (Santillana-Farakos et al., 2017). Additionally, peanut paste with a low water activity (0.30

aw) led to greater Salmonella survival when compared to the same product at 0.60 aw after 12



months of storage at 20°C (Kataoka, 2014). However, a 9% difference in fat content in peanut

paste samples did not affect the survival of during long-term storage (Kataoka, 2014).

The change in aw and moisture content during storage of low-moisture foods has been
reported in very few microbial studies survived. Kimber et al. (2012) reported that the aw and
moisture content (MC) of almonds in sealed plastic bags fluctuated (4-6% MC and 0.30-0.60 aw)
during 7 months of storage at -19, 4, and 24°C. The MC of peanuts and pecans also increased by
1.2% and 1.0%, respectively, when stored in sealed plastic bags at 4°C (Brar et al., 2015). When
stored at ambient temperature in a sealed container for a full year, the MC of raw peanuts and
pecans (Brar et al., 2015) and walnut kernels (Blessington et al., 2012) was stable in a sealed
container when stored for a full year (3.8% MC for peanuts, 2.6% MC for pecans, and 3.0% MC

for walnut kernels).
2.4 Factors that impact Salmonella Thermal Resistance in Low-Moisture Foods

Many factors affect Salmonella thermal resistance, including aw (He et al., 2011; He et al.,
2013), fat content (Kataoka, 2014), and salt content (Shrestha and Nummer, 2016). In this section,
the selected factors in this dissertation (i.e., water activity, temperature, and inoculation method)

are discussed relative to the pathogen response during processing.
2.4.1 Water activity

By definition, the aw of a food product is the ratio between the vapor pressure of the food
and vapor pressure of pure water (Barbosa-Canovas, 2007). It can be calculated by the following

equation:

a, = () (1)

bw/
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where p,, is the equilibrium partial vapor pressure in the system, pg is the partial equilibrium

vapor pressure of pure liquid water, and T is the temperature at which the sample is measured.

Ay is the most important factor in controlling the growth of Salmonella in food products.
Salmonella does not grow at aw lower than 0.94 (Adams and Moss, 2008). Scott et al. (2009)
reported that the controlled aw in the industry was below 0.85 aw; therefore, the prevention of

Salmonella growth in low-moisture systems is typically based on controlled aw.

Ay also impacts Salmonella thermal resistance in low-moisture foods (Syamaladevi et al.,
2016b). When the water activity of a food matrix is reduced, Salmonella thermal resistance can
increase greatly. Villa-Rojas et al. (2013) showed that the D7o-c for Salmonella Enteritidis PT 30
on almond kernels at 0.601 aw (15.5 min) was higher than the Deg°c at 0.946 aw (0.42 min). He et
al. (2013) reported increased thermal resistance of Salmonella (Enteritidis, Typhimurium, and
Tennessee) in peanut butter when the water activity decreased from 0.80 to 0.20 aw, when heated
at 90 and 126°C. Salmonella (Agona, Montevideo, and Typhimurium) was more thermally
resistant in inoculated whey protein powder at 0.18 aw than at 0.54 aw when both products were
vacuum sealed and heated at 70°C for 48 h (Santillana-Farakos et al., 2014a). Initial water activity
(from 0.10 to 0.70 aw) also impacted the viability of Salmonella cerevisiae in wheat flour and skim

milk powder during hot air treatment (150 and 200°C) (Laroche et al., 2005).

The different water activity levels (0.30 and 0.60 aw) did appear to affect Salmonella
thermal resistance in inoculated wheat flour samples. The thermal resistance of Salmonella in
rapidly-desiccated flour (0.60 aw to 0.30 awin <4 min) and rapidly-hydrated flour (0.30 aw to 0.60
aw in 2.5 min) were similar when compared to the heat resistance in flour that was slowly
equilibrated (4-6 days) to the same aw value (Smith and Marks, 2015). Therefore, the speed of aw

change did not impact Salmonella thermal resistance.
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Few studies have reported the impact that moisture content has on the heat tolerance of
Salmonella. Beuchat and Mann (2011b) reported that Salmonella declined faster on pecan
nutmeats when the initial MC was higher (2.8 vs. 11.2%) in hot air treatments (15 min at 90 and
120°C). Additionally, MC correlated with the inactivation kinetics of Salmonella during a moist-
air heating process and was reported to be a better parameter in calculating process validations

(Garcés-Vega, 2017).

The relationship between aw and MC is described by moisture-sorption isotherms.
Adsorption isotherms generally yield a lower moisture content than desorption isotherms at a given
water activity, possibly due to the food structure, type of food, or the process temperature (Okos
et al., 2007). The difference in the equilibrium moisture content between the adsorption and
desorption isotherms at a given relative humidity or water activity is called “Hysteresis” (Okos et
al., 2007). This hysteresis pattern occurs in low-moisture foods such as almond kernels
(Pahlevanzadeh and Yazdani, 2005), wheat flour (Moreira et al., 2010), and dates (Chukwu, 2010).
Therefore, the sorption stage of low-moisture foods may also need to be considered in thermal
inactivation processes, since aw may not sufficiently describe the water effect on thermal resistance

(Garcés-Vega, 2017).

2.4.2 Temperature

Temperature is probably the most important parameter in thermal process validation in
low-moisture foods (Chen et al., 2009b). Numerous studies have reported the effect of temperature
on Salmonella inactivation in/fon various of low-moisture products, such as Salmonella
Typhimurium DT2104 in low-aw (high-sugar) broths (Mattick et al., 2001), Salmonella cerevisiae

on wheat flour and skim milk powder (Laroche et al., 2005), Salmonella cocktails in peanut butter
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(He et al., 2013; Ma et al., 2009; Shachar and Yaron, 2006), Salmonella cocktails on pecans
(Beuchat and Mann, 2011a, b), Salmonella Enteritidis PT 30 on almonds (Abd et al., 2012; Harris
et al., 2012), and Salmonella cocktails in dried fruits (Beuchat and Mann, 2014). Various

approaches to modeling this affect are described below in section 2.6.

2.4.3 Inoculation method

Previous reports of bacterial survival or inactivation in low-moisture foods are based on a
range of inoculation methods. Ideally, the inoculation methods should yield bacterial responses
that reflect actual contamination and processing scenarios. For inoculum preparation, Salmonella
strains have been grown in tryptic soy broth (TSB) (Danyluk et al., 2005; Ma et al., 2009; Smith
and Marks, 2015) or brain heart infusion (BHI) broth (He et al., 2011; He et al., 2013). Bacteria
were harvested and re-suspended in peptone water (Laroche et al., 2005), a binary water/glycerol
solution (Smith and Marks, 2015), or peanut oil (for peanut butter) (He et al., 2011; He et al.,
2013). The means of dispersing the inoculum in the food matrix was product dependent and
included hand mixing (Syamaladevi et al., 2016a), machine stomaching (Smith and Marks, 2015),
misting or transfer from sand (Beuchat and Mann, 2014), a mortar for food powder (Laroche et
al., 2005), or a sterile wooden tongue depressor for nut butter products (Burnett et al., 2000; Ma et
al., 2009). Initial pathogen inoculation levels in samples have been highly variable, ranging from
4.510 9.0 log CFU/g for peanut butter (Kataoka, 2014; Keller et al., 2012; Ma et al., 2009; Shachar

and Yaron, 2006).

The impact of certain aspects of inoculation protocols on Salmonella thermal resistance in
low-moisture foods has been reported in few studies. Ma et al. (2009) found that Salmonella

thermal resistance in peanut butter increased with increasing incubation time during inoculum
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preparation. Similarly, Keller et al. (2012) reported that Salmonella growth procedures, including
temperature and growth media, also impacted Salmonella thermal resistance in peanut butter.
More recently, Hildebrandt et al. (2016) used five different methods for inoculating Salmonella
into wheat flour, with significantly different survival Kinetics obtained at the same water activity
(0.45 aw) and temperature (80°C) . Additionally, a mist-inoculation procedure was shown to result
in lower Salmonella survival than did a sand-inoculation procedure for stored dried fruit (Beuchat

and Mann, 2014).

Many studies have examined thermal resistance of bacteria; however, very few have
assessed the thermal resistance of the same Salmonella strains in the same product at the same aw
and temperature, such that variability in inoculation methods can affect results and impede cross
study comparison. For example, at the same aw (~0.40-0.45) and temperature (90°C), the thermal
resistance of Salmonella Tennessee in peanut butter, when inoculated by adding strains directly
into the matrix (He et al., 2013), was five times lower than in another study (Li et al., 2014a) where
the strains were suspended in peanut oil prior to introduction into the peanut butter. Consequently,
increasing evidence suggests that the inoculum preparation and methodologies are likely key
factors affecting thermal resistance and therefore any process validation relying on the resulting

inactivation data or parameters.
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2.5 Changes in Physical and Chemical Properties during Fabrication and Heating

2.5.1 Microenvironment

Fabrication changes the product structure, potentially leading to different
microenvironments. For example, fabricating almond into almond butter may form a two-phase
system (oil and water) (Li et al., 2014b). Salmonella may survive and exhibit different thermal
resistance in each phase. Shachar and Yaron (2006) reported that Salmonella was less thermally
resistant in water than in the oil phase, probably because the high fat content protects Salmonella

cells at high temperature.

Li et al. (2014b) reported Salmonella survival and thermal resistance in peanut butter and
nonfat dry milk powder mixture. Salmonella was inoculated into peanut butter and milk powder
before mixing. Salmonella populations in milk powder declined faster than in peanut butter (4-log
reduction) after 5 weeks of storage at 25°C. Salmonella populations also had higher rate of
reduction in milk powder as compared to peanut butter after heating at 90°C for 10 min (3- and
5- log reduction) (Li et al., 2014b), indicating that the microenvironment impacted Salmonella
behavior. Also, the attachment and adherence of cells on/in selected low-moisture products after
fabrication may have impacted pathogen behavior and thermal processing (Gurtler et al., 2014).
These results indicate that the microenvironment around Salmonella (i.e., location, or attachment)

may be one reason for different thermal resistances after product fabrication.
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2.5.2 Thermal treatment

2.5.2.1 Calorimetry for heat transfer

Differential scanning calorimetry (DSC) can be used to evaluate many of the thermally
induced physical changes that take place, such as fat crystallization in edible oil (Tan and Man,
2000), phase transitions of date palm (Zaitoon et al., 2016), or wheat grain cooking (Jankowski
and Rha, 1986). During heating, the physical state of some products may change due to, for
example, the denaturation of proteins. Amirshaghaghi et al. (2017) reported an irreversible
denaturation of almond proteins after heating above 80°C. According to Jankowski and Rha
(1986), dry grain and starch showed similar biphasic thermal transitions characterized by peaks at
64.5°C and 86°C. DSC also was used to determine phase transitions of dates for improving storage
conditions to extend shelf-life (Zaitoon et al., 2016). Glass transition temperature decreased as the
moisture content of dates increased. Physical changes during thermal treatment may also have

impact Salmonella thermal resistance.

2.5.2.2 Water activity at high temperatures

Water activity plays an important role in the heating process. Syamaladevi et al. (2016a)
reported that the relationship between aw and temperature varied widely among different low-
moisture products. When the temperature increased from 25 to 80°C, the aw of wheat flour
increased from 0.45 to 0.80 aw, but the peanut butter aw decreased from 0.45 to 0.04 aw. The Dsgo°c
of Salmonella in wheat flour and peanut butter was 6.9 and 17 min, which corresponds with aw
changes at high temperature. Therefore, these aw effects likely have an impact on the tested and

reported thermal resistance of Salmonella.
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2.5.3 Primary model

Various mathematical models have been developed to describe microbial growth and
inactivation processes. During thermal processing, the purpose of the inactivation model is to

understand and predict the thermal resistance and survival of bacteria (McKellar and Lu, 2004).

The first-order, log-linear model is a well-known primary model that describes first-order
reaction kinetics in heat processing. Log-linear inactivation kinetics have been used to estimate D-

values (time required for a log reduction), by the following equation:

N t
logN—0 = - — (2)

D(T)
where N and No are the bacterial populations (CFU/g) at times t and 0, respectively; t is the period
of time of the isothermal treatment; and D(T) is the time (min) required to reduce the microbial

population by 90% (1-log reduction) at a specified temperature (McKellar and Lu, 2004).

However, some studies of thermal inactivation in low-moisture foods reported survival
curves that did not follow log-linear kinetics (Abd et al., 2012; Ma et al., 2009). In those cases, the

Weibull model has been applied as shown below:
N _ t\P
IOgN—0 = — (E) (3)

where N and No are the populations (CFU/g) at times t and O, respectively; t is the time of the

isothermal treatment; p is the shape factor, and 6 is the location factor (Peleg, 2006).
2.5.4 Secondary models

Secondary models have been developed to account for the effects of environmental factors

such as temperature, pH, and product aw, on primary model parameters (Gaillard et al., 1998). For
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this research, product structure, water activity, and temperature are factors that may impact
Salmonella thermal resistance; therefore, the secondary model will be applied to evaluate the

combined effects of temperature, water activity, and product structure.

However, product structure is not a continuous variable that can be applied within
secondary models. The Bigelow-type model is a common secondary model that has been used to
describe the effects of temperature and water activity on the D-value. The Bigelow-type model is

based on the model structure of Gaillard et al. (1998) and can be written as:

T—Tre Aw— Qw,re
108 Dr g, = log Dyey — (F22L) — (- Cerer) @)

ZT Zay,

where Drer is the time required to reduce the microbial population by 90% (1 log reduction) at
T=Trerand aw = aw,ef ; T is temperature (°C); Trer is the optimized reference temperature (°C); aw,ref
is the optimized reference water activity (aw is between 0 to 1); zt and zaw are temperature (°C)

and water activity changes required for increasing or decreasing the D-value by a log cycle.
2.5.5 Model selection

Error measurements have been used to evaluate the appropriateness and effectiveness of
models. Model errors can be described by the coefficient of determination (R?) or, root mean
squared error (RMSE):

2
R2 —1— Z(IOngredicted_IOgNobserved) (5)
= Z
Z(log Npredicted— log Naverage)

RMSE = \/Z(longredicted_ log Nobserved)2 (6)

n-m
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where Npredicted and Nobserved are the bacterial populations (CFU/Q) at predicted and observed times;
Naverage IS the average population (CFU/g) from time 0O to t; n is the number of observation points;

and m is the number of model parameters.

Additionally, models applied to a single data set can be compared via the Corrected Akaike

Information Criterion (AIC.) (Motulsky and Christopoulos, 2004):

2K(K+1)
n—-K-1

AlC. =nxn (Z)+2K + @)

where n is the number of data; SS is the sum of squared residuals; and K is the number of

parameters plus 1. A lower AIC. indicates the more-likely-correct model.
2.5.6 Modeling Salmonella inactivation in low-moisture foods

Models for thermal inactivation of bacteria in low-moisture foods have been developed for
specific conditions, such as sucrose solution effects of aw on the thermal inactivation of Listeria
monocytogenes (Sanchez-Zapata et al., 2011), the inactivation kinetics of Salmonella Enteritidis
PT 30 on ground almond kernels under dry conditions (Villa-Rojas et al., 2013), or the combined
effects of temperature, pH, and water activity on heat resistance of Bacillus cereus spores (Gaillard

etal., 1998).

Aw is one of the most influential factors used in model development for low-moisture
foods. Smith and Marks (2015) assessed the thermal resistance of Salmonella Enteritidis PT 30 on
wheat flour subjected to rapid aw changes (Smith and Marks, 2015). In this study, the aw of the
samples was rapidly decreased from 0.60 aw to 0.30 aw or increased from 0.30 aw to 0.60 aw. A log-
linear model was used to estimate the parameters that described Salmonella inactivation. However,

for each of the models (0.60 aw to 0.30 aw and 0.30 aw to 0.60 aw), the R? values were low (0.42
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and 0.73), respectively. The study by Smith et al. (2016) also supports the importance of water
activity by evaluating thermal resistance of Salmonella Enteritidis PT 30 on wheat flour with
primary (log-linear and Weibull type) and secondary models (second-order response surface,
modified Bigelow, and combined effects) . The log-linear and the modified Bigelow-type models

were the best models, based on RMSE and AIC. values.

Mattick et al. (2001) reported the heat tolerance of Salmonella serovars at 50 to 80°C and
water activities of 0.65 to 0.90 aw using a Weibull model. Secondary inactivation models were
evaluated by comparing regression coefficients and analyzing P values. However, the generated
thermal inactivation models underpredicted the thermal death rate in low-moisture foods,

suggesting that additional factors should be included.

Villa-Rojas et al. (2013) used a polynomial secondary model to assess the effect of
temperature and aw on Salmonella thermal inactivation. The first-order kinetics model had good
correlation coefficients (0.82 to 0.92), but the Weibull model was better (0.93 to 0.99). Use of
Mafart’s modified Bigelow model as a secondary model resulted in a good fit for both D and & (R?
=0.927 and 0.818). Therefore, the thermal inactivation of Salmonella Enteritidis PT 30 on almond

kernels could be described by the Weibull distribution model.

Santillana-Farakos et al. (2013) evaluated the log-linear model, Geeraerd-tail model,
Weibull model, Biphasic-linear model, and Baranyi model by using the F-value, the root mean
squared error (RMSE), and the adjusted coefficient of determination (Rﬁdj). The Weibull model
best described Salmonella survival kinetics in low-moisture foods. Additionally, Santillana-
Farakos et al. (2013) developed a secondary model for predicting the effects of aw, water mobility,

and temperature on the survival of Salmonella in whey protein powder. This secondary model was
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also evaluated for other low-moisture foods, such as cereal, nuts, and peanut butter (Santillana-

Farakos et al., 2014b).

Li et al. (2014a) also used the Weibull model to assess Salmonella thermal inactivation in
foods of modified composition - peanut butter and peanut butter spread. Results suggested that the
effect of temperature can be described by a log-linear model, and the survival curves can be

described by the Weibull model.

2.6 Conclusion

The impact of the inoculation procedure on Salmonella thermal resistance for fabricated
products (such as powders and pastes) has already been demonstrated, but has never been
evaluated with differing inoculation steps (before and after fabrication process). Factors, such as
water activity, product structure, and temperature, have an impact on Salmonella thermal
resistance in low-moisture foods, and must also be evaluated to understand bacterial behavior
during thermal pasteurization processes. Based on the overall literature review, this dissertation
represents the first study known to quantify and report how product structure affects the thermal
resistance of Salmonella. Lastly, the evaluation of Salmonella thermal resistance during long-term
storage periods will be important to confirm the relevance of thermal inactivation parameters to

real-world process validations.

Ultimately, thermal inactivation models can be used to improve food safety validation
methods for low-moisture foods. Moreover, the behavior of Salmonella in low-moisture foods, at
different temperatures, product structures, and water activities, can be used to improve current

inactivation processes and process validation methodologies.
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3 INOCULATION PROTOCOLS INFLUENCE THE THERMAL RESISTANCE OF
SALMONELLA ENTERITIDIS PT 30 IN FABRICATED ALMOND, WHEAT, AND
DATE PRODUCTS

Inoculation methods representing two contamination scenarios were assessed. Surface
contamination can occur before, after, or even during processing and fabrication of low-moisture
products. This experiment was designed to quantify the effect of inoculation protocol (pre- and
post-fabrication) on the thermal resistance of Salmonella Enteritidis PT 30 in fabricated low-
moisture foods (almond, wheat, and date products). This chapter was accepted for publication by

the Journal of Food Protection.

3.1 Materials and Methods

Overall, the experimental design consisted of inoculating almond meal, almond butter,
wheat meal, wheat flour, and date paste via two different inoculation protocols (pre-fabrication
and post-fabrication). Thereafter, the thermal resistances of Salmonella in these samples were
compared by performing isothermal heat treatments in triplicate. In general terms, the pre-
fabrication protocols entailed inoculation of intact natural products (i.e., whole almond kernels,
wheat kernels, and date pieces), which would correspond to environmental, in-field, or
preprocessing contamination, and then those products were processed to produce meal, flour,
butter, or paste. In contrast, the post-fabrication protocols entailed inoculation of the fabricated
products after they were already produced, which would correspond to an in-plant or
postprocessing contamination event. All known prior thermal inactivation studies with fabricated

low-moisture products have been conducted using post-fabrication inoculation protocols.
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3.1.1 Almond meal and almond butter

Almonds (Nonpareil, size 27/30, Select Harvest, Turlock, CA) were sourced from a retail
supplier, vacuum-packed (350 g per bag), and stored at ~2.5°C for up to a year. Almond meal and
almond butter were fabricated using a food processor (model FP21, Hamilton Beach Brands, Inc.,
Glen Allen, VA). To produce almond meal, whole almonds (100 g) were ground at the lowest
speed setting for 45 s and sieved through US standard sieves no. 20 and 80 (W.S. Tyler, Inc.,
Mentor, OH), capturing the material between the two sieves as the meal. Almond butter was
produced by similarly grinding 200 g of almonds for 15 min total, while adding dry ice pellets
(~30 mL) every 2 min to maintain product temperature below 40°C (confirmed via a handheld

infrared thermometer, model 566, Fluke Corporation, Everett, WA).

3.1.2 Wheat meal and wheat flour

Organic soft white whole wheat kernels (Triticum aestivum, Eden Foods Inc., Clinton, MI)
were stored in their original package at room temperature (~20°C) for up to 6 months. Wheat meal
and wheat flour were fabricated by milling whole wheat kernels (50 g) for 45 s in a coffee mill
(model 501, Jura-Capresso Inc., Montvale, NJ). Fabricated wheat samples were sieved through US
standard sieves no. 20, 80, and 200. Ground product passing through a no. 20 sieve, but not through
a no. 80 sieve, was called wheat meal, whereas ground product passing through a no. 80 sieve, but

not through a no. 200 sieve, was termed wheat flour.

3.1.3 Date paste

Dates (medjool, jumbo) were purchased from a retail supplier (Nuts.com, Cranford, NJ)

and stored in their original package at ~2.5°C for up to a year. Date paste was fabricated by feeding
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dates through a meat grinder plate with holes 1 cm in diameter (model K5-A, KitchenAid, Benton
Harbor, MI). The resulting paste was then fed through the grinder two more times to ensure
homogeneity, which was determined by sampling inoculated date paste and enumerating for

Salmonella survivors in five subsamples per replication (~1 g each).

3.1.4 Inoculation and equilibration

The general inoculation preparation method was derived from the procedures of Danyluk
et al. (Danyluk et al., 2005). Salmonella enterica serovar Enteritidis PT 30, previously obtained
from Dr. Linda Harris (University of California, Davis), was kept frozen at -80°C in a concentrated
culture containing 20% glycerol. The frozen culture was subjected to two successive 24 h (37°C)
transfers in TSB (Difco, BD, Franklin Lakes, NJ) 17% (m/m) containing 0.6% yeast extract (Difco,
BD). Thereafter, a plate (150 by 15 mm) of Trypticase soy agar (TSA; Difco, BD) containing 0.6%

yeast extract (TSAYE) was spread for confluent growth and incubated for 24 h (37°C).

For pre-fabrication inoculation of almond and wheat products, the lawn cultures were each

harvested in 10 mL of 0.1% peptone water. Thereafter, 8 mL of the liquid suspension (~107°to

10° CFU/mL) was added directly to 100 g of either almond or wheat kernels and mixed in a sterile

plastic bag for 1 min. These wet inoculated samples were placed on filter paper (P8, Fisher

Scientific, Pittsburgh, PA) in an open plastic container, dried (~3 h) in a biosafety cabinet, and

then placed in an equilibration chamber (described in the “‘Equilibration’” section) until they
reached the target aw (0.40 £ 0.02). After equilibration, the samples were processed into meal,

flour, or butter and were re-equilibrated as described below.
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For post-fabrication inoculation of almond and wheat samples, the Salmonella inocula (8
mL, grown and harvested as described above) were pelleted by centrifugation (model Sorvall RC
6 plus, SS-34 rotor, Thermo Fisher Scientific, Waltham, MA) at 2,988 x g for 15 min. To minimize
the change in aw during inoculation (and to prevent physical changes caused by the addition of
water to the meals and powder), the Salmonella pellet was introduced into 50 g of almond meal,
almond butter, wheat meal, or wheat flour and hand-mixed for 3 min in a sterile 24-0z (710-mL)
plastic bag (Nasco, Fort Atkinson, WI). Inoculated samples then were equilibrated (as described

below) until they reached the target aw (0.40 + 0.02).

In the pre- and post-fabrication protocols, date samples were inoculated using cell pellets
that were produced by the same method as the post-fabrication protocol (described above) for
almond and wheat samples. Based on preliminary tests, the inoculum was nonhomogeneous
distributed by directly introducing the pellet into the date paste, because the highly viscous or
semisolid structure of the paste impeded uniform distribution of the solid pellet. Therefore, the
pellets were resuspended in 2 mL of 0.1% peptone water and homogenized using a vortex (model

G-560, Scientific Industries Inc., Bohemia, NY). This highly concentrated suspension for

inoculation contained ~10* CFU/mL.

For pre-fabrication inoculation, whole dates were each cut into 12 pieces (~1.8 g each) for

faster equilibration. Each date piece was spot-inoculated (200 uL of total inoculum across 12

pieces) on the date skin, dried for >20 min in a biosafety cabinet, and then conditioned to ~0.45

awin an equilibration chamber (described below) for up to 1 week. Date paste was fabricated by

grinding the inoculated date pieces, as previously described. If the aw after grinding was not 0.45
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+ 0.02, the paste was returned to the chamber and re-equilibrated to the target aw (0.45). However,
if the number of days the product spent re-equilibrating as paste exceeded the number of days spent
originally equilibrating as inoculated pieces, the product was considered unusable and was

discarded, in order to control the overall treatment for both the intact dates and paste.

For post-fabrication inoculation, dates were passed once through the grinder (previously
described), after which 600 pL of the concentrated Salmonella suspension was added to 60 g of
ground dates. The inoculated date paste was then passed through the grinder four more times to

evenly distribute the inoculum prior to equilibration to 0.45 + 0.02 aw in the equilibration chamber.

3.1.5 Equilibration

Samples were placed in custom-designed equilibration chambers (Smith and Marks, 2015)
to adjust and control the sample aw. Controlled-humidity air (£ 0.2%) obtained by mixing air
passed through a desiccant column (dry air) or a water column (wet air) was monitored and
controlled by a humidity sensor (DHT 22, Adafruit Industries, New York, NY) and a
microcomputer. Batches of samples (~300 g of almonds, 100 g of wheat, and 50 g of dates) were
equilibrated to 0.40 + 0.02 (almonds and wheat) or 0.45 + 0.02 (dates) aw. Total equilibration times
were 6-9 days for the almond meal, wheat meal, and wheat flour, and 11-14 days for the almond

butter and date paste.

3.1.6 Water activity measurement

Water activity of representative samples (pulled after mixing the bulk inside the
equilibration chamber) was measured daily using a water activity meter (AqualLab 3TE, Decagon

Devices, Pullman, WA) to confirm that the target aw was reached.

26



3.1.7 Thermal treatment

After equilibration to the target aw, samples (~0.7 g of almond meal, 1.2 g of almond butter,
0.6 g of wheat meal, 0.5 g of wheat flour, and 1.2 g of date paste) were loaded into sealed aluminum
test cells (Chung et al., 2008) in the equilibration chamber to prevent aw changes. Sample thickness
in the aluminum test cells was less than 1 mm. Samples were heated in an isothermal water bath
set at 80.5°C (GP-400, Neslab, Newington, NH). Come-up time for the product to reach the target
temperature (79.5°C) was measured in six replicates for each sample type, using a test cell with a
T-type thermocouple probe positioned at the geometric center of the sample, and was averaged for
use in all further experiments. After reaching the come-up time (2.0 £0.1 min for almond meal,
2.8 £0.1 min for almond butter, 1.3 £0.1 min for wheat meal, 1.4 £0.3 min for wheat flour, and 2.5
+0.1 min for date paste), the initial (time zero) sample was removed, and subsequent samples were
pulled at pre-determined time points and immediately cooled in an ice bath to halt further bacterial

inactivation.

3.1.8 Recovery and enumeration

Samples were aseptically removed from the test cells, diluted (1:10 dilution) in 0.1%
peptone water, and homogenized by stomaching for 3 min (Model 1381/471, NEU-TEC Group
Inc., Farmingdale, NY). Serial dilutions in 0.1% peptone water were plated in duplicate on
MTSAYE (TSAYE supplemented with 0.05% of ammonium ferric citrate and 0.03% of sodium
thiosulfate pentahydrate; Fisher Chemical, Fair Lawn, NJ), which was a non-selective differential
medium. The plates were incubated for 48 h at 37°C prior to counting the black colonies as
Salmonella. Preliminary tests with uninoculated samples yielded no such colonies for any of the

materials used in this study.
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Figure 3.1 Inoculation steps for pre- and post-fabrication protocols.
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3.1.9 Statistical analyses

Initial Salmonella populations and initial aw values from the pre-fabrication and post-
fabrication methods were compared using the paired t-test (Microsoft Excel 2013 software,
Microsoft Inc., Seattle, WA). For the pre-fabrication method, aw and Salmonella populations on
the initial inoculated samples (kernels/fruits) and final samples (meal/butter/paste/flour) also were

compared via a paired t-test.

Reproducibility for each product was determined by calculating the standard error of

replication as follows:

S 050
O'T-ep _ \/ j=1 1(3’1] i) (8)

mn—m

where m is the number of data points over time for each survival curve, n is the number of

replications for each observation point, and y is the Salmonella population (log CFU/g).

After pooling all triplicate data (Appendix A) within each treatment, the inactivation model
parameters were estimated using nlinfit (nonlinear regression routine in the statistical toolbox) in
MATLAB (version R2016a, MathWorks Inc., Natick, MA) for the log-linear and Weibull models.

The log-linear model was estimated by the following equation:
logl = — — 9)

where N and No are the populations (CFU/g) at times t and 0, respectively, t is the time of the
isothermal treatment (min), and D(T) is the time (min) required to reduce the microbial

population by 90% at a specified temperature (T, °C).
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The Weibull model parameters were estimated, according to the following equation

(Peleg, 2006):
14
logNi0 = — (E) (20)

where p is the shape factor, and 8 is the location factor (min). The estimated time for a 1 log-

reduction (min) in each sample was calculated by the following equation (van Boekel, 2002):

t = & (—In(10"%)p) (12)
where d is the number of decimal reductions (i.e., d =1 for a 1 log reduction).

The Corrected Akaike Information Criterion (AIC.) (Motulsky and Christopoulos, 2004)
was calculated to select the most-likely-correct model, with the lower AIC. indicating the more-

likely-correct model:

2K(K+1)

AIC, =n-In (2)+ 2K + 252

(12)

where n is the number of data points; SS is the sum of squares of residuals, and K is the number
of parameters plus 1. The relative probability of each model being the correct model also was

calculated as follows (Motulsky and Christopoulos, 2004):

<A1Cc,log—linear model~A1Ccweibull model)
2

(13)

Relative likelihood of loglinear over Weibull model =

AICc,log—linear model~ACcweibull model)

1+e< 2

Model parameters for pre- and post-fabrication samples of each product were also

compared using the paired t-test (Microsoft Excel 2013).
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3.2 Results and Discussion

3.2.1 Sample preparation and water activity control

For the pre-fabrication methods, Salmonella Enteritidis PT 30 populations on the products
after fabrication (i.e., meal, butter, flour, paste) were not significantly different from the
populations on the intact products prior to fabrication (i.e., almonds, wheat kernels, date pieces)

(P > 0.05). Additionally, the pre- and post-fabrication products had similar aw values (P > 0.05).

In a comparison of initial Salmonella Enteritidis PT 30 populations between the pre- and
post-fabrication protocols before heating (Table 3.1), initial populations in date paste were
statistically equivalent for the pre- and post-fabrication methods (P > 0.05, 7.6 to 7.7 log CFU per
sample). Additionally, separate subsampling tests yielded good homogeneity for both date

preparation methods (x 0.2 and £ 0.3 log CFU/g for pre- and post-fabrication, respectively).

Salmonella populations for almond and wheat products in the pre-fabrication method were
significantly lower (P < 0.05) than those for the post-fabrication method (Table 3.1), because the
Salmonella Enteritidis PT 30 concentration in the pellet inoculum for post-fabrication was higher
than in the liquid inoculum for pre-fabrication. For date paste, the initial pre- and post-fabrication
populations of Salmonella Enteritidis PT 30 were similar (P > 0.05) and were lower than the other
product types because the inoculum contained fewer cells. However, prior results have shown that
initial inoculation level does not affect thermal resistance of Salmonella Enteritidis PT 30 in low-
moisture products (Hildebrandt et al., 2016); therefore, comparisons of thermal resistance between

pre- and post-fabrication samples should not be affected by these differences in initial population.
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Table 3.1 Salmonella population (z standard deviation) and water activity (+ standard deviation)
of almond meal, almond butter, date paste, wheat meal, and wheat flour subjected to pre-

fabrication and post-fabrication inoculation protocols before heating

Salmonella population (log CFU/qg) Water activity
Products Pre-fabrication Post-fabrication
Pre-fabrication Post-fabrication
Protocol Protocol

Almond meal 80 + 034 92 + 028% 0410 + 0.014” 0.393 +* 0.003%
Almond butter 7.7 + 024 9.3 + 0.3 0414 * 0.012% 0.406 =+ 0.004%
Date paste 77 + 024 76 + 02” 0450 + 0.015" 0.456 =+ 0.019%
Wheat meal 88 + 014 9.7 + 0.8 0406 + 0.009” 0.405 * 0.005%
Wheat flour 9.0 * 0.1A 9.7 + 0.1 0392 * 0017 0.400 * 0.012~

Within a row (and same measurement), means with a common superscript letter were not

significantly different (o = 0.05).

3.2.2 Model selection

Model parameters (Table 3.2) for the log-linear and Weibull models were estimated using
Salmonella Enteritidis PT 30 survival data (Figure 3.2). AIC. analysis (Table 3.2) gave the most-
likely-correct model for each product type. The Weibull model was more likely correct for pre-
fabrication almond meal (% likelihood > 99.99%), pre-fabrication almond butter (% likelihood >
99.99%), post-fabrication almond butter (% likelihood > 99.99%), pre-fabrication wheat meal (%
likelihood > 90%), pre-fabrication wheat flour (% likelihood > 96%), and post-fabrication wheat

flour (% likelihood > 84%). However, the log-linear model was more likely correct for post-
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fabrication almond meal, pre- and post-fabrication date paste, and post-fabrication wheat meal (%
likelihood, ~70 to 98%). Because the Weibull model was not the most-likely-correct model for all
products and was dependent on product type and inoculation protocol, both the Dgoc value and the
Weibull-estimated time for a 1-log reduction were calculated and compared for all products (Table

3.2).
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Table 3.2 Standard errors of replications, Dgo-c values (£ standard error) determined by non-linear regression of the Salmonella survivor

curves, and 6 (£ standard error) and p ( standard error) Weibull parameters for the almond meal, almond butter, date paste, wheat meal,

and wheat flour (~0.40 — 0.45 aw) subjected to pre-fabrication and post-fabrication inoculation protocols.

Log-linear model Weibull model
Relative
likelihood of
Standard log-linear
error of RMSE RMSE Estimated time over
replications (log (log for one-log Weibull
(log D-value CFU/ 3 CFU/ reduction model
Products CFU/g) (min) 0) AlC, (min) p 9) AlC, (min) (per AIC)
Almond meal
Pre-fabrication 0.33 498 + 21~ 0418 -541 296+ 454 061 + 0.074 0.308 -72.9 29.6 + 534 0.0001
Post-fabrication 0.85 334 + 178 0729 -186 341+ 64~ 102 =+ 0.158 0.740 -144 341 + 6.84 0.8870
Almond butter
Pre-fabrication 0.90 429 + 26 0694 -20.7 85+ 35 037 + 006 039 -57.4 85 + 3.0° ~0.0000
Post-fabrication 0.49 183 + 1.08 1.132 2.0 47+ 154 057 =+ 006~ 0477 -32.0 34 + 097 ~0.0000
Date paste
Pre-fabrication 0.31 35 + 054 0322 -725 3.3+ 06° 111 + 0.38* 0.327 -66.8 3.3+ 047 0.9436
Post-fabrication 0.79 12 + 0.1B 0.696 -205 11+ 0.28 130 + 0.37% 0.699 -18.8 14 + 0.3B 0.6995
Wheat meal
Pre-fabrication 0.80 103 + 0.3 0422 -597 58+ 074 069 =+ 0.05 0279 -64.0 58 + 0.8 0.1043
Post-fabrication 0.33 195 =+ 0.88 0.652 -357 75+ 164 060 =+ 0.05% 0373 -42.3 75 + 16~ 0.0367
Wheat flour
Pre-fabrication 0.54 89 + 044 0619 -36.4 51+ 12~ 071 + 0.090 0524 -286 51+ 12° 0.9802
Post-fabrication 0.74 15.1 + 0.78 0.978 -7.6 47+ 1.7A 059 + 0.08¢ 0.726 -10.9 47 + 144 0.1572

Within a column (and within the same product), means with common superscript letters were not significantly different (o = 0.05).
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Figure 3.2 Isothermal (80°C) Salmonella survival curves and log-linear model fit after pre-
fabrication and post-fabrication inoculation of: (A) almond meal and almond butter at 0.40 aw, (B)

date paste at 0.45 aw, and (C) wheat meal and wheat flour at 0.40 aw.
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3.2.3 Replication error

Replication errors (Table 3.2) for each product were calculated to quantify consistency of
the experiments. The highest standard error of replication (0.90 log CFU/g) was for pre-fabrication

almond butter, which may have been affected by oil separation during the equilibration process.

3.2.4 Product effects

Based on the pre-fabrication Dgo-c values, Salmonella Enteritidis PT 30 thermal resistance
in almond products was approximately four times greater (P < 0.05) than in wheat products, which
was approximately three times greater (P < 0.05) than in date products. For the post-fabrication
results, the same general rank ordering was true (P < 0.05), except for a smaller difference between
almond and wheat products. This observation is consistent with prior Salmonella Enteritidis PT 30
studies, which have reported larger D-values for high fat products (e.g., Dgs-c of 16 min for peanut

butter (Ma et al., 2009) as compared to a Dso-c 0f 5 min for wheat flour (Smith et al., 2016).

3.2.5 Structure effects

Salmonella Enteritidis PT 30 thermal resistance was significantly greater in almond butter
than in almond meal (P < 0.05) for the post-fabrication protocol. In addition, Salmonella Enteritidis
PT 30 thermal resistance in wheat meal was significantly (P < 0.05) greater than in wheat flour for
both inoculation protocols. Surface interactions between product particles and Salmonella cells
during fabrication may have impacted Salmonella Enteritidis PT 30 attachment differently in
almond and wheat products (due to significantly different composition between these products),
resulting in different impacts on thermal resistance; however, the fundamental mechanisms

causing these differences are not yet conclusively known.
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3.2.6  Almond products

The Dgo-c for pre-fabrication almond meal (49.8 min) was higher (P < 0.05) than that for
post-fabrication almond meal (33.4 min). Villa-Rojas et al. (2013) reported a much lower Dgo-c of
1.63 min for almond meal at 0.60 aw compared to this study, which would be expected to be due
to the differences in aw. Additionally, this may have been impacted by differences in inoculum

preparation, in that the prior study used phosphate buffer as the liquid suspension.

In almond butter, the pre-fabrication Dgo-c for Salmonella Enteritidis PT 30 (42.9 min) was
two times greater than for post-fabrication (18.3 min). During the milling process, almond oil was
expressed, and bacteria were presumably forced into the oil droplets. It can be assumed that the
internal shear force during hand mixing (post-fabrication) was much lower than for mechanical
stomaching (pre-fabrication); therefore, the fraction of Salmonella Enteritidis PT 30 cells entrained
in the oil phase likely increased during fabrication, leading to greater thermal resistance in pre- as
opposed to post-fabrication almond butter. This enhanced survival is supported by the published
literature indicating that high fat content protects bacterial cells at high temperature (Shachar and

Yaron, 2006).

Thermal resistance of Salmonella has been assessed in peanut butter, but not in almond
butter. Based on the log-linear model, Ma et al. (2009) and He et al. (2011) and (2013) reported a
Ds3zoc of Salmonella Tennessee in regular peanut butter of 16 min at 0.45 aw, and a Dgo-c for a
Salmonella cocktail on regular and low-fat peanut butter of 3.5 and 2.6 min, respectively, at 0.40
aw. Therefore, Salmonella strain, temperature, and fat content can be assumed to affect thermal
resistance of Salmonella in nut butter products during processing (He et al., 2011; Ma et al., 2009;

Shachar and Yaron, 2006).
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The Weibull distribution also has been previously used to model Salmonella inactivation
in peanut butter. Ma et al. (2009) and He et al. (2013) reported the Weibull parameters and
estimated times for 1 log-reduction of 1.92 min at 83°C, and 6.62 min at 90°C. Weibull parameters
from Li et al. (2014a) yielded an estimated time for one log-reduction (80°C) of a Salmonella
cocktail (Thompson, Newport, Typhimurium, Copenhagen, Montevideo, and Heidelberg) in
regular peanut butter (0.45 aw) of 1.9 min, which was lower than in pre-fabrication (8.5 min) and

in post-fabrication (3.4 min) almond butter in this study.

3.2.7 Date products

Thermal resistance of Salmonella Enteritidis PT 30 in post-fabrication inoculated date
paste was the lowest amongst all the products (Dsoc ~1.2 min). Salmonella cells originally
inoculated onto the date surface (pre-fabrication protocol) were more thermally resistant than those
inoculated directly into the date paste (post-fabrication protocol). In the pre-fabrication method,
the inoculated dates were equilibrated before grinding and re-equilibrated after grinding, but the
post-fabrication samples were equilibrated in paste form. This difference in equilibration
procedures, necessitated by the different fabrication procedures, may partially explain the observed

differences in Salmonella Enteritidis PT 30 thermal resistance.

Date paste also has a very high sugar content (~66%) (U.S. Department of Agriculture,
2016). Although previous studies on Salmonella thermal resistance in date paste are lacking,
Mattick et al. (2001) reported the Weibull parameters for high sugar content broths (0.65 aw) at
80°C. Their estimated time for a 1-log reduction of Salmonella Typhimurium was 3.6 min, which
was higher than that for post-fabrication inoculated date paste (1.5 min) in this study, but on the

same order of magnitude.
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3.2.8 Wheat products

Thermal resistance of Salmonella Enteritidis PT 30 in wheat meal and wheat flour showed
an opposite result from the almond and date products, with resistance greater in post- as opposed
to pre-fabrication samples. In the pre-fabrication protocol, wheat meal and flour particle surfaces
that previously were internal in the intact wheat kernel would have been cross-contaminated from
the inoculated external surfaces during grinding and handling. However, in the post-fabrication
protocol, all wheat meal and flour particle surfaces had equal probability of being contaminated
when the inoculum was added to the powders and mixed. This difference between the two
protocols therefore may have influenced the extent of Salmonella Enteritidis PT 30 attachment to
any given particle surface, which could have affected thermal resistance in a manner that would

have been different than in the almond products, given the significantly different compositions.

According to Smith et al. (2016), Salmonella Enteritidis PT 30, which was inoculated via
a similar method as the present post-fabrication protocol, exhibited a Dgo-c of 5.5 min in wheat
flour at 0.43 aw, which was lower than that for post-inoculation wheat flour at 0.4 aw (15.1 min).
They also used commercial white wheat flour, which may have altered the heat resistance, due to
differences in composition (i.e., lower lipids content) and particle-cell interactions (Smith et al.,
2016). Syamaladevi et al. (2016a) also assessed thermal inactivation of a Salmonella cocktail in
wheat flour at 80°C (inoculated post-fabrication). At 0.45 aw, the Dgoec was 6.9 min, which was
lower than for the post-fabrication method used in this study (15.1 min). The Syamaladevi et al.
(2016a) experiment was similar to this study, except for the inoculum preparation. These results
support the premise that inoculation procedures impact thermal resistance of Salmonella in wheat

flour (Hildebrandt et al., 2016).
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3.3 Conclusion

The results have shown that thermal resistance of Salmonella Enteritidis PT 30 depends on
the inoculation protocol, product type, and product structure. In all known prior studies with
fabricated products (e.g., peanut butter (He et al., 2013; Ma et al., 2009), wheat flour (Hildebrandt
etal., 2016; Smith and Marks, 2015), and dried fruits (Beuchat and Mann, 2014)), post-fabrication
inoculation protocols were applied to inoculate products, determine inactivation Kinetics, and
validate the processes. This suggests that some published data may not accurately reflect actual
scenarios where a raw material is contaminated and then fabricated into an ingredient or finished
product, which may influence thermal resistance. These results also suggest that pre-fabrication
contamination events may be of greater concern in process validation. Additional tests are being
conducted to quantify Salmonella thermal resistance in different product matrices at various aw

levels and to model Salmonella behavior in a range of low-moisture foods.
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4  SURVIVAL AND THERMAL RESISTANCE OF SALMONELLA ENTERITIDIS PT 30
ON ALMONDS AFTER LONG-TERM STORAGE
Salmonella in low-moisture foods can survive for long periods. However, the thermal
resistance of Salmonella on almonds after long-term storage has been reported for only one
thermal process (hot oil treatment). In this study, the effects of long-term storage on the survival

and thermal resistance of Salmonella Enteritidis PT 30 on almonds were evaluated.

4.1 Materials and Methods

4.1.1 Almond kernels

Nonpareil almond kernels (size 27/30, Select Harvest, Turlock, CA) were vacuum

packaged (350 g/bag) and stored at ~2.5°C.

4.1.2 Inoculation preparation

The Danyluk et al. (Danyluk et al., 2005) inoculation procedure was followed with slight
modifications described below. Salmonella enterica serovar Enteritidis phage type 30 (obtained
from Dr. Linda Harris, University of California, Davis) was stored at -80°C in Trypticase Soy
Broth (TSB; Difco, BD, Franklin Lakes, NJ) supplemented with 20% (vol/vol) glycerol. The
original culture was transferred to a tube of TSB containing with 0.6% yeast extract (TSYBE)
(Difco, BD) for 24 h (37°C), transferred to another tube of TSYBE and incubated for an additional
24 h (37°C), and then transferred to a plate (150 by 15 mm) of Trypticase Soy Agar (TSA, Difco,
BD) containing 0.6% yeast extract (TSAYE) to obtain confluent growth after 24 h (37°C). The

lawn culture was harvested using 10 ml of 0.1% peptone water (Buffered Peptone Water; Difco,
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BD) per lawn plate for 5 plates in totals, and the inoculum was collected in a sterile plastic bottle

before inoculating the almond kernels.

4.1.3 Almond inocualtion

Prior to inoculation, the refrigerated almond kernels were held at room temperature for 30
min. The almonds (500 g) were hand-mixed with 40 ml of the inoculum (~107°to 10° CFU/ml) in
a sterile plastic bag for 1 min, removed and placed in a single layer on filter paper (P8, Fisher
Scientific, Pittsburgh, PA), and dried for ~3 h in a biosafety cabinet before being moved into a

humidity-controlled equilibration chamber.

4.1.4 Water activity equilibration

Custom-designed equilibration chambers were used to maintain the humidity conditions
during equilibration of the inoculated almonds prior to long-term storage and thermal treatment
(Smith and Marks, 2015). The humidity (45 £ 0.2%) was maintained by passing air through either
a dry column (desiccant beads) or wet column (DI water), monitoring the chamber with a humidity
sensor (DHT 22, Adafruit Industries, New York, NY), and controlling the mix via solenoid values
controlled by a microcomputer (Arduino Mega 2560, Turin, Italy). In the chamber, the almonds
were spread in a single layer on perforated metal shelves and equilibrated for ~7 days to 0.45 £
0.02 aw, which was confirmed by a water activity meter (AquaLab 4TE, Decagon Devices,

Pullman, WA).
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4.1.5 Long-term storage

Inoculated almonds from the same batch were randomly separated into two groups (I and
I1) of 250 g each, placed into steel cans (16 oz., Uline, Pleasant Prairie, W1), sealed with electrical
tape (3M Co., Ltd, Two Harbors, MN), and stored in an insulated container at room temperature
(23 £ 0.2°C). Group | subsamples were removed at 0, 7, 15, 27, and 68 weeks to quantify
Salmonella survival and thermal resistance (described below). Group Il subsamples were removed
at 70 and 103 weeks for the same analyses. Each group consisted of samples from three different
initial inoculations. For group |, after each storage period, a random subsample was removed from
each replicate to measure aw. If the aw was out of the target range for testing (0.45 = 0.02 aw), the
entire group | sample was unpacked from the storage container and placed in the equilibration
chamber (5-7 days) until the target aw was achieved. Then, a subsample (~15 g/replicate) was
randomly removed for the thermal inactivation test, and the remaining unused almonds were
placed back into storage as described above. For group I1, the almonds remained in the sealed steel
cans, which were not opened until weeks 70 and 103. The group Il samples were tested using the
same methodology as group I, but they were not re-equilibrated in the chambers prior to thermal

treatment.

4.1.6 Thermal treatment

Single almonds were vacuum-packaged as a thin layer (< 1 mm) in plastic bags (4 oz.,
Nasco, Fort Atkinson, W1), with a total of 9 bags per replicate (1 bag for 1 experimental time-point
in each treatment). Before performing the thermal inactivation experiments, the thermal come-up
time was established by inserting thin-wire thermocouples (T-type, 36 gauge, OMEGA

Engineering Inc., Stanford, CT) underneath the skin of six replicates of individually vacuum-
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packaged almonds, to determine the time for the almond surface temperature to reach within 0.5°C
of the 80°C target temperature in a water bath (GP-400, Neslab, Newington, NH). For the
experiments, the initial (time zero) samples were removed from the water bath after the come-up
time (2.7 = 0.4 min) had been reached. Subsequently, almonds were removed at 8 additional time
points up to 96 min of heating, and the bags were immediately submerged in an ice bath for >1

min.

4.1.7 Enumeration

The cooled samples were aseptically unpacked and diluted (1:10) in 0.1% peptone water,
stomached for 3 min (Model 1381/471, NEU-TEC Group Inc, Farmingdale, NY), serially diluted,
and plated on modified TSAYE supplemented with 0.05% of ammonium ferric citrate and 0.03%
of sodium thiosulfate pentahydrate (Fisher Chemical, Fair Lawn, NJ). The Salmonella survivors
(differentiated by black colonies) were enumerated after incubating for 48 h at 37°C. Salmonella
survivor data points were omitted if the average count of the duplicate plates was not within 25-

250 colonies (Tomasiewicz et al., 1980).

4.1.8 Statistical analyses

The Salmonella survival data from groups | and Il were compared within each group. The
variation in aw and Salmonella survival (log CFU/g) during storage was evaluated by analyses of
variance (ANOVA) with Tukey means comparison, using Minitab (version 18, Minitab Inc., State
College, PA). Survivor data at the different storage periods were also compared by using analysis

of covariance (ANCOVA) in MATLAB within a group.
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Additionally, log-linear and Weibull models were fit to pooled triplicate survivor data
(Appendix B) by using nlinfit (nonlinear regression routine in the statistical toolbox) in MATLAB

(version R2016a, MathWorks Inc., Natick, MA).

The log-linear model parameters were estimated by using the following equation;

t
logN = — ﬁ-l_ log N, (14)

where N and No are the populations (CFU/g) at times t and O, respectively; t is the time of the
isothermal treatment (min); and D(T) is the time (min) required to reduce the microbial population

by 90% at a specified temperature (T, °C).

The Weibull model parameters were estimated according to the following equation (Peleg,

2006):
P
logN = — (g) + log N, (15)

where p is the shape factor, and 6 is the location factor (min).

The Weibull model parameters were also compared (for different storage time within each

group) using the 95% confidence interval (ClI) results.

The Corrected Akaike Information Criterion (AIC.) (Motulsky and Christopoulos, 2004)
was calculated to select the most-likely-correct model, with the lower AIC. value indicating the

more-likely-correct model:

2K (K+1)

Al =n-in (2)+ 2k + 252

(16)
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where n is the number of data points, SS is the sum of squares of residuals, and K is the number
of parameters plus 1. The relative probability of each model being the correct model also was

calculated as follows (Motulsky and Christopoulos, 2004):

(Alcc,log—linear model~AICcWeibull model>
2

(17)

Relative likelihood of log — linear over Weibull model =

e
(Alcc,log—linear model~ACcweibull model>
1+e z

4.2 Results and Discussion

4.2.1 Water activity and moisture content of stored almonds

After 6 weeks of storage, the aw of some of the group I replicates (Table 4.1) were lower
than the initial range (0.45 *+ 0.02 aw), giving an average aw of 0.43 aw (P < 0.05); therefore, the
samples were re-equilibrated at 45% RH for 5-7 days, and the aw was measured again before
performing any further thermal treatments. All of the group | sample replicates were re-

equilibrated (0.45 £0.02 aw) prior to running any thermal treatments.

In contrast, the group Il samples at 70 weeks were in the target aw range (0.45 +£0.02) and
were not different (P > 0.05) from the initial aw value (week 0). At week 103, the aw of the almonds
(~0.471 aw) was higher (P < 0.05) than week 0 (~0.452 ay), but not significantly different (P >
0.05) to week 70 (~0.460 aw). Therefore, the stored almonds from week 103 were thermally treated

without re-equilibration, similar to the week 70 samples.
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Table 4.1 The aw (x standard deviation), and Salmonella Enteritidis PT 30 survival (+ standard
deviation) for whole almonds after 0 (groups I and 1), 7 (1), 15 (1), 27 (1), 68 (I), 70 (1) and 103

(1) weeks of storage at room temperature (and prior to re-equilibration).

Salmonella survival

Storage time (weeks) aw (log CFU/g)
0 (1and 1) 0.452 + 0.005~ 85 + 0.2A
7(1) 0.428 + 0.002° 85 + 0.2~
15 (1) 0.417 =+ 0.0018 85 + 0.1~
27 (1) 0.417 + 0.003® 7.8 * 0.28
68 (1) 0.463 + 0.003~ 6.2 = 0.3¢
70 (I1) 0.460 + 0.002~® 73 + 0.1°
103 (1) 0.471 =+ 0.0028 6.2 = 0.3¢

Within a column (and within the same group), means with same superscript were not significantly

different (a = 0.05).

Although the aw of the stored samples did change significantly in a few cases in this study,
the changes were relatively small (< 0.04 aw). In contrast, prior studies involving unsealed and
sealed storage reported aw changes of 0.30 (Zhang et al., 2017) to 0.40 aw (Keller et al., 2013) and
0.20 aw (Kimber et al., 2012), respectively. The type of containers and storage conditions (sealed

or unsealed) clearly impacted aw changes during storage.

In terms of moisture content, the two storage groups were not significantly different (P >
0.05) at week 68(1) and 70(11) (3.9 and 3.8% MC, respectively), and the re-equilibration process
did not have an impact on the moisture content of the almonds. Brar et al. (2015) reported that the
moisture content of raw peanuts and pecan kernels remained stable after 52 weeks of storage at
22°C in sealed containers, whereas Kimber et al. (2012) reported a slight change in moisture
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content during 28 weeks of storage (1% MC). As expected, the moisture content of the stored

group Il almonds at week 70 and 103 was also stable at 3.8% (P > 0.05).

4.2.2 Survival of Salmonella Enteritidis PT 30 after storage at room temperature

For the group | samples, Salmonella Enteritidis PT 30 populations (Table 4.1) were stable
until 15 weeks of storage, but then decreased after 27, and 68 weeks of storage. For the group 11
samples, the Salmonella Enteritidis PT 30 populations also decreased (P < 0.05) after 70 and 103
weeks of storage. Salmonella Enteritidis PT 30 populations were higher for the group Il samples

at 70 weeks of storage (P < 0.05) than for group | samples at 68 weeks of storage.

After 68 weeks of storage, the Salmonella Enteritidis PT 30 populations in the group |
samples decreased 2.3 log CFU/g from initial counts, and at 70 weeks the group Il samples
decreased by 1.2 log CFU/g. In previous studies, the reduction of Salmonella Enteritidis PT 30 on
almond kernels in sealed plastic bags (primary) and plastic tubs (secondary) (Abd et al., 2012) and
sealed plastic bags (Kimber et al., 2012) were similar at 48 (2.1 log CFU/g; 23°C) and 50 weeks
(2.3 log CFU/g; 24°C), respectively. However, Uesugi et al. (2006) reported a 3.4 log CFU/g
reduction of Salmonella Enteritidis PT 30 on almond kernels after 68 weeks of storage at 23°C in
sealed plastic bags, which was greater than for group I in the present study at 68 weeks (2.3 log
CFU/qg reduction) and group Il at 70 weeks (1.2 log CFU/g reduction), which were in sealed tin
cans. In addition, Brar et al. (2015) reported that Salmonella cocktail populations on pecans
decreased by 0.4 log CFU/qg after 10 weeks of storage in sealed plastic bags (22°C) and in another
study were 1 log reduction lower after 10 weeks of storage in controlled glass or plastic desiccator

jars (0.57 aw; 25°C) (Santillana-Farakos et al., 2017). These results indicate that storage conditions
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and container types are factors that likely impact Salmonella survival during long-term storage

(Abd et al., 2012; Brar et al., 2015; Kimber et al., 2012).

In addition, homogeneity of the Salmonella Enteritidis PT 30 population after long-term
storage was tested at week 74. Ten almonds from each replicate (30 samples in total per group)
were randomly pulled from both groups. The mean populations for the group 1 (5.8 £ 0.7, 6.4 £
0.8, and 5.6 £1.0 log CFU/g; means = SD of three replicates) were lower (P < 0.05) than in the
group Il samples (6.1 £0.9,6.8 £0.3, 7.0 £ 0.2 log CFU/g). The environmental condition of group
I was modified several times during the re-equilibration process, leading to a difference in aw

values between the two groups which may have affected Salmonella survival (Finn et al., 2013).

4.2.3 Reduction of Salmonella Enteritidis PT 30 during thermal come-up

Salmonella Enteritidis PT 30 populations decreased (P < 0.05) after thermal come-up at
week 0, 15, and 103 (Figure 4.1); however, the reduction of Salmonella populations during thermal

come-up did not change (P > 0.05) with increasing storage time (0.9 + 0.4 log CFU/qg).
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Figure 4.1 Survival (log CFU/g) of Salmonella Enteritidis PT 30 (mean values of triplicates +
standard deviation) on whole almonds (~0.45 aw) after O (1 and I1), 7 (1), 15 (1), 27 (1), 68 (1),
70 (I1) and 103 (11) weeks of storage at room temperature, and after reaching the come-up

temperature in thermal inactivation trial (~80°C).

4.2.4 Thermal resistance of Salmonella Enteritidis PT 30 heated at 80°C

Salmonella Enteritidis PT 30 inactivation data (Figure 4.2) were used to estimate
parameters of the log-linear and Weibull models. Results (Table 4.2) indicate that the log-linear
model was the more-likely-correct model for 5 out of 7 data sets, but the relative likelihood was

fairly low (54 — 81%); therefore, both models are presented.

However, the shape factor (p-value) at week 27 and 103 were not significantly different (P

> 0.05) than zero, indicating the Weibull model was not a good choice in these cases.
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Figure 4.2 The survival (log CFU/g) of Salmonella Enteritidis PT 30 (mean values of triplicates
and log-linear model) during isothermal heating (~80°C) of whole almonds (~0.45 aw) after O (I

and 1), 7 (1), 15 (), 27 (1), 68 (1), 70 (1) and 103 (I1) weeks of storage at room temperature.

When the slope of the Salmonella Enteritidis PT 30 survival data (Figure 4.2) was
compared using ANCOVA within the same group, thermal resistance of Salmonella Enteritidis PT
30 did not change for the group | samples during the entire storage period (P > 0.05). In the group
I samples, thermal resistance of Salmonella Enteritidis PT 30 was lower (P < 0.05) in 70 week as
compared to 0 week samples, but the 103 week samples were not different (P > 0.05) compared to
the 70 week samples. It should be noted that the raw Salmonella populations data were determined
from single kernels, which affects variability. The variances of group Il individual kernel
population data at 74 weeks were 0.2 to 0.9 log CFU/g, and the standard error of Dgoec at 103

weeks was * 8.4 min (37.1% of Dgo-c).
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Table 4.2 The Dsoc, and 6 and p Weibull parameter values (+ standard errors) from the Salmonella Enteritidis PT 30 survivor curves

for whole almonds (~0.45 aw) after O (groups I and 1), 7 (1), 15 (1), 27 (1), 68 (I), 70 (I1) and 103 (I) weeks storage at room temperature.

Log-linear model Weibull model
Relative
Storege Dovalue® RMSE o RMSE likelihood of
(weeks) (min) (log AIC, (min) p* (log AIC, log-linear over
CFU/qg) CFU/qg) Weibull model
(per AIC,)
O(land ) 270 + 40A 0.77 -4.9 99 + 72A 060 + 0.17A 0.72 5.8 0.39
7(1) 242 + 42A 0.58 -14.3 118 + 80A 059 + 0228 0.55 -14.0 0.54
15 (1) 224 + 40A 0.71 49 53 + 46~ 048 + 0.15AB 0.59 -8.7 0.13
27 (1) 261 + 9.7A 0.89 25 49 + 101~ 044 + 030AB™ 0.85 38 0.66
68 (1) 209 + 33A 0.38 21.2 150 + 62~ 071 + 023AB 0.37 -18.8 0.77
70 (11) 135 + 2.28B 0.76 -6.0 107 + 62~ 085 + 030A 0.78 -3.2 0.81
103 (11) 226 + 84AB 0.92 1.4 58 + 11.4A 035 + 030A™ 0.92 3.3 0.72

* Within a column (and within the same group), means with common superscript letters were not significantly different (o = 0.05).

** This value is not significantly different (o = 0.05) from zero.
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When comparing the two groups, the thermal resistance of Salmonella Enteritidis PT 30

was higher (P < 0.05) for group | samples at 68 weeks compared to group Il samples at 70 weeks.

In prior studies, Abd et al. (2012) reported that the thermal resistance of Salmonella
Enteritidis PT 30 during oil roasting of almonds (121°C) did not change after 48 weeks of storage
at 23°C . While the relative humidity during storage was <40%, the moisture content and water
activity of the samples were not monitored. However, the thermal resistance of Salmonella
Enteritidis PT 30 on almonds after long-term storage at room temperature remained unchaged

overall (P > 0.05) in both studies.

4.3 Conclusion

This study suggests that re-equilibrating almonds (group 1) multiple times may have
increased the rate of reduction of Salmonella populations during long-term storage. Overall, the
findings support the hypothesis that thermal resistance of Salmonella on almonds does not change
during storage, even after approximately two years. These results indicate that the validation of
thermal pasteurization processes for almonds should not be affected by storage age of the almonds

subjected to the process, which is important information for commercial operations.

53



5 EFFECTS OF PRODUCT STRUCTURE, TEMPERATURE, AND WATER ACTIVITY
ON THE THERMAL RESISTANCE OF SALMONELLA ENTERITIDIS PT 30
Factors that have an impact on Salmonella thermal resistance in low-moisture foods, such
as temperature and aw, have never been compared for multiple product structures within the same
type of product, such as almond meal and almond butter. In order to account for the effects that
product structure, temperature, and aw have on Salmonella thermal inactivation, multiple primary

and secondary models were fit to inactivation data from almond, date, and wheat products.
5.1 Materials and Methods

The experimental design consisted of almond, date, and wheat products that were
inoculated with Salmonella, fabricated into different structural forms after equilibration to 0.25,
0.45, and 0.65 aw, and isothermally processed at three temperatures between 70-90°C. Salmonella

thermal inactivation models then were developed from the data.

5.1.1 Wheat products

Organic soft white whole wheat kernels (Triticum aestivum, Eden Foods Inc., Clinton, MI)
were stored in paper bags at room temperature (~20°C) for up to a year. Wheat meal and wheat
flour were also produced from these wheat kernels after inoculation (See inoculation below) and
equilibration (See equilibration below) to 0.25, 0.45, and 0.65 aw. The wheat meal and flour
products were produced from the inoculated and equilibrated kernels using a coffee grinder (model
BCG1110B, KitchenAid, Benton Harbor, MI) inside an equilibration chamber (describe below) at
the corresponding aw setpoint, in order to prevent aw changes during grinding. Wheat meal was
produced by grinding the wheat kernels (50 g) for 25 s, with a pause every 10 s, to limit increases

in product temperature. Wheat flour was produced using the same method as for wheat meal, but
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was processed for 60 s of total time instead of 25 s. The size distribution for wheat meal and wh