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Abstract - SCIENTIFIC

Low water activity foods (LWAF), specifically nuts and dried fruits, have been generally
considered safe because they do not support the growth of foodborne pathogens. However, many
pathogens have been noted to survive in LWAF for considerable periods of time, and a number
of recent outbreaks and recalls have implicated various types of nuts and dried fruits. The Food
Safety Modernization Act requires food processors to develop preventive control plans that make
ready-to-eat LWAF safer for consumers. The presented research was designed to investigate
several aspects of LWAF safety by evaluating a steam process as a strategy to remove pathogen
contamination from LWAF, modeling the inactivation of such treatments, and studying the
thermal resistances of two E. coli strains in low-water activity solutions. Low-temperature,
vacuum-assisted steam (vacuum-steam) was evaluated as a potential intervention and preventive
control to remove pathogens from the surface of LWAF without using high-heat treatments that
could damage product quality. The presented work examined the efficacy of vacuum-steam
(<85°C) as a means to decontaminate the surface of whole macadamia nuts, dried apricot halves,
and raisins from Salmonella spp., Listeria monocytogenes, and Shiga toxin-producing
Escherichia coli (STEC) contamination. The low-temperature steam treatments successfully
reduced all pathogens by >4 log CFU/g from the surfaces of the foods. Additionally,

Pediococcus acidilactici, proved to be a surrogate organism for these pathogens and could be



used to challenge and validate similar treatments within processing plants. The data were fit to
models, which showed that food type significantly impacted the fit, with the Weibull model best
describing bacterial inactivation kinetics on raisins and macadamia nuts, and the Gompertz
model best describing reductions on the apricot halves. The models were challenged for
validation of their abilities to predict times required for 3-log reductions using internal and
external datasets, determining the usefulness to industry members who wish to design similar
thermal treatments for LWAF. Comparing predicted values from internally constructed models
to observed values generated from external data, models were shown to be limited in scope and
application and could only be applied to pathogen inactivation on different LWAF or thermal
processes in certain circumstances. First-order and Weibull model predictions of bacterial
reductions on dried apricots had varied success in predicting times for 3-log reductions on other
thermally treated LWAF. However, the models of bacterial reductions on thermally treated
macadamia nuts frequently overestimated the times required for 3-log bacterial reductions for
other LWAF. In an effort to understand the effect that reduced water activity has specifically on
STEC, two strains were investigated for induced thermal resistance due to osmotic stress.
Thermal resistance of STEC strains (0121:H19 and O157:H7) were evaluated on the basis of
strain variation, culture preparation, and water activity (D- and z-values). At the lowest treatment
temperature (56°C), 0121 displayed greater heat resistance than 0157, and the broth-grown
samples exhibited greater heat resistance than the lawn-grown cells, but significant differences
were not observed at higher temperatures. Samples in reduced-water activity solutions displayed
reduced thermal resistance at 56°C, but the z-values were 29-43% higher than those of high-
water activity samples. While water activity has been shown to impact thermal resistance of

pathogens, comparisons of STEC thermal resistance according to the D- and z-values revealed



that other factors also play roles in pathogen thermal resistance on LWAF. Results from the
collection of experiments conclude that efficacy of thermal treatments is impacted by the
physiological state of the cells, stress experienced in the food matrix, and characteristics of the

food, including water activity and composition.
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Abstract - PUBLIC

Consumers expect foods they purchase to be safe to consume by themselves and family
members, particularly those that are ready-to-eat with no additional cooking requirements. Many
of these foods are low-water activity foods (LWAF), like nuts and dried fruits, with very little
water content that could be used by bacteria. These foods may be preferred snack foods due to
their affordability, long shelf lives, and health benefits over other types of snack foods. Until
recently, LWAF were generally considered safe because they do not support the growth of
foodborne pathogens due to the lack of moisture or water within the food. However, a number of
recent outbreaks related to various types of nuts and dried fruits have proven that many
pathogens can survive in dried foods, even if not actively growing, for considerable amounts of
time. Designed to address these types of food safety issues, the Food Safety Modernization Act
recognizes risks associated with foods and responded with regulations requiring food processors
to take steps to make ready-to-eat LWAF, like nuts and dried fruits, safer for consumers. A
popular strategy is to treat foods with heat to destroy pathogens, however the quality attributes of
some nuts and dried fruits could be damaged by high-heat treatments like roasting. An
alternative process uses a vacuum to form steam at lower temperatures, allowing for efficient
heat transfer through water droplets to the surface of the foods, thus causing less damage to the

foods without introducing too much moisture. This research evaluated how this process could be



used by food processors to remove harmful bacteria from the surfaces of whole macadamia nuts,
dried apricot halves, and raisins. Results indicated that the low-temperature steam treatments
successfully reduced Salmonella, Listeria monocytogenes, and Shiga toxin-producing
Escherichia coli (STEC) by >4 log CFU/g (>99.99%) from the surfaces of the foods.
Additionally, a nonpathogenic lactic acid bacterium, Pediococcus acidilactici, exhibited similar
or greater heat tolerance, which would allow food processors to use it as a substitute, or
surrogate, for in-plant studies without introducing harmful bacteria into the food processing
environment. Mathematical models were used to describe the trends of bacterial death due to the
steam treatments, and the results indicated that the type of food significantly impacted the
reduction of bacteria. The models were tested using additional data collected within our own
laboratory, as well as others. Results indicated that some of the models could be used as
predictors of bacterial death for similar LWAF but can only be applied with caution and
consideration for the type of food and process. Additionally, two different E. coli strains
associated with outbreaks (0121:H19 and O157:H7) were investigated to understand impacts of
strain variation, growth method, and water activity on thermal resistance. Some differences in
heat resistance were observed between the strains and between the growth methods.
Additionally, the reduced water activity seemed to decrease the bacteria’s ability to withstand
some heat treatments. Overall, thermal resistance studies indicated that several factors, in
addition to water activity, impact pathogens’ development of resistance to heat treatments. The
experiments’ results show that there are complex relationships between bacteria and the food
they inhabit. Food processors must consider these relationships in order to design the best

thermal processes to make LWAF safe for consumers.
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Chapter 1 Introduction & Significance

Objectives

The objectives of the presented research were to 1) evaluate the efficacy of lab-scale,
low-temperature, vacuum-assisted steam as an intervention to reduce Salmonella spp., Shiga
toxin-producing E. coli (STEC), and L. monocytogenes from macadamia nuts, apricot halves,
and raisins; 2) investigate P. acidilactici as a potential surrogate for these pathogens and the
vacuum-steam process on the chosen LWAF; 3) build models to describe pathogen inactivation
during the steam process and explore the respective limitations; and 4) investigate impacts of the

water activity of a food matrix on thermal resistance of pathogens.

Justification

Foodborne illnesses originate from all sectors of the food system. More than 50% of
outbreaks can be assigned to known food sources, and of these, nearly all of them are attributed
to aquatic animals, land animals, or plant groups (Richardson et al., 2017). Within the plant
category, a number of fruits and vegetables are frequently dried and considered to be low water
activity foods (LWAF). Because LWAF do not support the growth of foodborne pathogens,
consumption of LWAF (aw <0.86) has not previously been considered to be associated with
increased risk of foodborne illness. While LWAF do not present the same amount of risk as
some other foods, a number of outbreaks involving LWAF have encouraged further investigation
into their safety (CDC, 2012; CDC, 2018a; CDC, 2018b; CDC, 2019a; CDC, 2019b; CFIA,
2011; FDA, 2016b; FDA, 2017a; Finn et al., 2013; Painter et al., 2013). Between 2007-2012
globally, there were 41 outbreaks associated with LWAF that caused 7,315 illnesses from

pathogens including Shiga toxin-producing Escherichia coli (STEC) and Salmonella spp.



(Farakos and Frank, 2014). Growth of microorganisms is limited in LWAF by the small amount
of free water available for biological use, but Salmonella, as well as other pathogens, can persist
for long periods of time if contamination occurs (Forghani et al., 2018; Keller et al., 2015; Suehr
etal., 2019).

Dried fruits and nuts, in particular, are broadly distributed for inclusion into other
products, as well as considered ready-to-eat (RTE) by consumers. Macadamia nuts, raisins, and
dried apricots, for example, are common ingredients in trail mixes, bakery products, or RTE
without alteration. The impact of an outbreak implicating these types of foods would be far-
reaching, involving recalls of a broad array of products produced by multiple companies that
could lead to consumer illnesses. From 2015-2018, macadamia nuts were recalled for presence
of Listeria monocytogenes, Salmonella spp., and STEC (FDA, 2015a; FDA, 2015b; FDA, 2015c;
FDA, 2016b; FDA, 2017b; FDA, 2018b). Dried fruits have also been recalled in the past for
pathogen contamination (Callejon et al., 2015; FDA, 2018a; FDA, 2019b; FSN, 2018; FSN,
2019). Although nuts and dried fruits will not promote the growth of human pathogens, some are
considered raw, agricultural products and all are prone to pre- and post-harvest environmental
contamination.

The risk of foodborne illnesses associated with LWAF that are also considered RTE
cannot be overlooked. However, determining the safety of some dried fruits and nuts can be
challenging, since many are imported from different regions with unknown or variable
processing histories (Bourdoux et al., 2016). Nevertheless, the Food Safety Modernization Act
(FSMA) requires all processors to identify possible risks, coupled with the implementation of
relevant interventions through the Preventive Control Rule (FDA, 2016a). Preventive controls

should reduce risks by preventing contamination events or reducing the impact of a



contamination event through some type of process or intervention. To improve LWAF safety,
various processing techniques have been investigated, particularly to address RTE products. In

this project, one such strategy will be explored by evaluating the efficacy of vacuum-steam.

Use of Low-Temperature, Vacuum-Assisted Steam (Chapter 3)

Bacterial Reductions from VVacuum-Steam

In an effort to comply with the FSMA regulations, post-harvest pasteurization strategies,
such as high-heat treatments, propylene oxide, or radiation have been explored for treating
LWAF (Ban and Kang, 2016; Brar et al., 2015; Danyluk et al., 2005; Farakos et al., 2017;
Karagoz et al., 2014; Saunders et al., 2018). However, these processes may come at large
expense, be inefficient for LWAF, or potentially damage the quality or desirable characteristics
of the food. The use of low-temperature, vacuum-assisted steam should be explored as a process
control for Preventive Control Plans, as it has been documented to be successful in removing
pathogens from LWAF such as nuts, grains, and spices, as the steam can access and transfer heat
to the small crevices and nonuniform surfaces (Chang et al., 2010; Newkirk et al., 2018; Shah et
al., 2017). Using a vacuum to create negative pressure, steam is formed at temperatures below
100°C. Lower treatment temperatures of vacuum-steam can maintain the quality attributes of the
food (Duncan et al., 2017). For foods like macadamia nuts, raisins, and dried apricot halves, a
low-temperature treatment to remove pathogens without harming the foods’ characteristics
would be valuable to food processors.

Macadamia nuts, raisins, and dried apricot halves were mist-inoculated with a cocktail of
eight pathogens and a non-pathogenic microorganism. A mist inoculation was deemed most
appropriate for the food matrix, as the high inoculum level was ideal for demonstrating large

bacterial reductions and the foods required little time to dry to initial water activity levels. The



method has also been shown to have high retention on similar foods following drying back to
original water activity levels (Beuchat and Mann, 2014).

Inoculum used to contaminate foods included L. monocytogenes 1/2a (FSL R2-499,
sliced turkey isolate), 1/2b (FSL R2-502, chocolate milk isolate), and 4b (ScottA, milk outbreak
isolate). There are no known outbreaks of L. monocytogenes associated with a LWAF, so strains
were chosen on the basis of known resistances or disease implications rather than as isolates
from LWAF. Each strain was selected for having a known history of causing human illnesses
from a contaminated RTE food. Salmonella serovars chosen for the presented experiments
(Montevideo [1449, peppercorn-associated outbreak], Newport [allspice isolate], and Tennessee
[K4643, peanut butter outbreak]) were isolated from LWAF for potential tolerance or resistance
to desiccation. Other experiments using these serovars also noted desiccation resistance during
storage on peppercorns, cashews, macadamia nuts (Bowman et al., 2015; Saunders et al., 2018).
STEC strains were chosen based on demonstrated abilities to cause human illnesses, as well as
represent diverse characteristics based on associated outbreaks. E. coli 0121:H19 (FNW19M81,
wheat flour outbreak isolate) was chosen to represent a strain with potential desiccation and
thermal resistance, since it was isolated from a LWAF and likely endured long-term storage and
possible thermal treatments. E. coli O157:H7 F4546 (alfalfa sprout outbreak isolate) was also
used, as it has generally only been investigated in the context of produce.

Relevant Hypotheses:

Ho1: Characteristics of the food products will not affect the efficacy of the vacuum-
steam treatments, and the same treatment (time and temperature) will be

adequate to significantly reduce each type of pathogen (STEC, Salmonella, and



L. monocytogenes) from each food type (macadamia nuts, dried apricot halves,
and raisins).

Haz1: Characteristics of the food products will affect the efficacy of the vacuum-steam
treatments, and different treatments (time and temperature) will be required to
significantly reduce pathogens (STEC, Salmonella, and L. monocytogenes) from

each food type (macadamia nuts, dried apricot halves, and raisins).

Ho2: There will not be significant differences between the bacterial log reductions of
the pathogens resulting from the vacuum-steam.
Haz2: There will be significant differences between the bacterial log reductions of the

pathogens resulting from the vacuum-steam.

Pediococcus acidilactici as a Surrogate Microorganism for Pathogens during
Vacuum-Steam Processes

Any new process or intervention should be validated in-plant to be certain the preventive
control is effective in reducing or eliminating pathogens from foods. To prevent contamination
of food products with the introduction of pathogens, non-pathogenic bacteria, referred to as
surrogates, should be used. Many types of surrogates are used for in-plant validations, but they
must be chosen to appropriately represent the pathogen targeted by the steam intervention and be
comparable or more resistant to the treatment (Hu and Gurtler, 2017). When selecting a
surrogate, the processing method, type of applied stress (thermal, osmotic, etc.), and
characteristics of the food must be considered. Enterococcus faecium NRRL B-2354 has been
used on several different LWAF as a surrogate for thermally treated foodborne pathogens, but

some studies have shown it to be either less resistant or excessively resistant than the target



pathogens, leading to under- or over-processing of the food (Verma et al., 2018). Pediococcus
acidilactici ATCC 8042 has more recently been investigated as a possible surrogate to be used
on LWAF for various types interventions and may be more suitable for low-temperature thermal
treatments (Ceylan and Bautista, 2015; Saunders, 2017; Saunders et al., 2018).

Relevant Hypotheses:

Hos: Pediococcus acidilactici will not be an appropriate surrogate for the pathogens
on LWAF treated with vacuum-assisted steam by having less survival compared
to the pathogens.

Has: Pediococcus acidilactici will be an appropriate surrogate for the pathogens on
LWAF treated with vacuum-assisted steam by having greater survival compared

to the pathogens.

Modeling Bacterial Inactivation Trends from Vacuum-Assisted Steam

As a supplement to in-plant validations, mathematical models that can describe pathogen
inactivation based on process parameters, such as time and temperature, can be useful for food
processors. Models can be used to optimize a process, as well as predict the response of a
microbial population to a treatment (Marks, 2019). First-order models describe linear bacterial
reductions or inactivation and are often used to determine D-values (time required for a 1-log
CFU/g reduction of a microorganism at a constant temperature). These experiments are usually
highly controlled and specifically applied to single strains or uniform food matrices. First-order
models generally assume the population of microorganisms is homogenous and consistent in its
response to the heat (Blackburn et al., 1997).

The physiological state of the cells, composition of the food matrix, and other processing

parameters can greatly impact the linearity of inactivation curves (Bevilacqua et al., 2015). If the



true inactivation trends are non-linear, first-order inactivation curves could be dangerously
applied to overestimate pathogen reduction. Using non-linear models allow for visualization of
heterogeneous microbial populations. Non-linear inactivation can be described by models such
as the Weibull or Gompertz, which depict shouldering, tailing, or curvature that are indicative of
variable levels of susceptibility and resistance of the microorganisms. These types of models
may be more appropriate in describing the unique and complex relationships between the food
matrix, bacteria, and treatment effects.
Relevant Hypotheses:
Hoa: A single model will adequately describe the inactivation of all pathogens on each
of the different LWAF treated with vacuum-steam, indicating little variation.
Haa4: A single model will not adequately describe the inactivation of all pathogens on
each of the different LWAF treated with vacuum-steam, and different models
will need to be fit to appropriate describe all trends, indicating substantial

variation.

Exploration of Model Flexibility and Limitations (Chapter 4)

Detailed models that incorporate multiple process parameters can be accurate predictors
of pathogen reduction, but if the model is not robust enough or has not been validated for
additional use, it should not be applied to different microorganisms, food matrices, or processes.
Most models do not account for non-isothermal conditions of a food matrix or food processing
environment, which limits the accuracy and applicability of a model to an actual food processing
scenario (Marks, 2019). Parameters used to validate or evaluate the accuracy and bias of models
can help indicate if models are influenced by the nature of the microorganism being inactivated,

the properties of the food, or the treatment conditions themselves (Farakos et al., 2013). While



the primary models may be appropriate for describing the inactivation of pathogens under
specific circumstances, they should only be applied to other microorganisms or conditions if
appropriately validated.

Challenging the model with external data or in-plant validations helps determine the
limitations of the model. The use of independently gathered data is key to validating models, but
the availability of relevant datasets is limited. The presented research used both internally and
externally acquired datasets to determine if the constructed models could accurately predict
bacterial reductions from other similar thermally treated LWAF by comparing predicted and
observed inactivation.

Relevant Hypotheses:

Hos: Primary models constructed from whole foods treated with vacuum-steam will
not accurately predict bacterial reduction on other foods from similar thermal
treatments.

Has: Primary models constructed from whole foods treated with vacuum-steam will
accurately predict bacterial reduction on other foods from similar thermal

treatments.

Impacts of Reduced Water Activity on Thermal Resistance of Shiga Toxin-

Producing E. coli (Chapter 5)

Thermal resistance of pathogens is greatly impacted by a number of environmental
characteristics (relative humidity, temperature, pressure, composition of matrix, etc.).
Recognized as one of the most influential factors on the thermal resistance of pathogens, water
activity must be considered carefully when determining appropriate treatment parameters to
reduce pathogens on foods (Syamaladevi et al., 2016). Furthermore, characteristics of the

pathogen, such as genetics or cell history can also affect thermal resistance. Many studies that



examine thermal resistance relative to reduced water activity offer conclusions impacted to
unknown extents by the aforementioned variables.

Inoculation procedures have been investigated for the purposes of understanding how
best to conduct applied experiments with LWAF, specifically in terms of physiological cell state,
as the propagation method may stress cells in ways that lead to resistance against osmotic or
thermal stress (Bowman et al., 2015). Additionally, noted examples of increased heat resistance
of pathogens isolated from LWAF is of great interest and value to LWAF processors (Lang et al.,
2017; Laroche et al., 2005). Because the food microenvironment is extremely complex, it is
difficult to isolate the impact of water activity alone on pathogen thermal resistance. Experiments
have examined the inoculation method as it pertains to survival or thermal resistance on LWAF
but have not exclusively studied the impact of culture preparation method on thermal resistance.

Two STEC strains were examined to identify differences in thermal resistance,
specifically as effected by culture preparation and reduced water activity. Experiments were
conducted to determine D- and z-values from thermal treatment of STEC O121:H19 and
0157:H7 when the strains were grown in broth or as a lawn on agar plates. Strains were also
thermally treated in reduced water activity solutions to examine how low and intermediate water
activities impact thermal resistance.

Hos: There will be no differences between the D- and z-values of the two STEC
strains at the same temperature.
Has: There will be observed differences between the D- and z-values of the two STEC

strains at the same temperature.



Ho7: Culture preparation method of the pathogens will not impact the D- and z-values
of the two STEC strains.
Haz: Culture preparation method of the pathogens will impact the D- and z-values of

the two STEC strains.

Hos: Suspensions of cells in low- and intermediate-water activity solutions will not
result in significant differences of the D- and z-values of the two STEC strains
relative to a high-water activity solution.

Has: Suspensions of cells in low- and intermediate-water activity solutions will result
in significant differences of the thermal resistance of the two STEC strains

relative to a high-water activity solution.

Summary

The complexities of a LWAF matrix, as well as the physiological state and response of
foodborne pathogens create many challenges for food processors. Choosing an intervention is
complicated by issues such as the thermal resistance of pathogens and the possibility of quality
degradation. Many experiments seek to determine how foodborne pathogens are impacted by the
LWAF in terms of thermal resistance and the effectiveness of interventions that can reduce
pathogen contamination while maintaining desirable characteristics of the food.

In summary, the presented research will contribute to overall knowledge about pathogen
survival on LWAF, as well as provide resources that can help LWAF processors design and
optimize a novel intervention: low-temperature, vacuum-assisted steam. VVacuum-steam can
provide pathogen reductions on foods that could be damaged by high-heat treatments, which
could prevent the degradation of product quality and thus the loss of profit. Furthermore, the use

of this intervention could prevent recalls and outbreaks of LWAF, the cost of which could be

10



devastating. The models generated in this work accurately described the inactivation trends of
STEC, L. monocytogenes, and Salmonella on raisins, whole macadamia nuts, and dried apricot
halves, but these models, as well as others should not be applied to other foods or processes
without extensive validation. While in-plant validations using a surrogate organism, such as
Pediococcus acidilactici, is the surest way of determining the effectiveness of an intervention,

robust models could provide guidance by estimating pathogen reductions.
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Chapter 2 Literature Review

1. Background and Significance

There are over 48 million estimated cases of foodborne illness in the United States per
year, with approximately 3,000 cases resulting in death (CDC, 2019a). Of those foodborne
ilnesses, Salmonella spp. is responsible for more than 1 million cases and 27% of foodborne
iliness-related deaths. Additionally, it is estimated that Salmonella-associated outbreaks and
illnesses result in approximately $3.7 billion annually, taking into account hospitalizations and
treatment, work absences, and death (USDA ERS, 2015). While Listeria monocytogenes causes
far fewer illnesses than Salmonella spp., it is still responsible for nearly 20% of deaths related to
foodborne illnesses (CDC, 2016; Scallan et al., 2011). High percentages of hospitalizations due
to listeriosis also creates a high economic burden of more than $2.6 billion (USDA ERS, 2015).
Similarly, while numbers of reported and laboratory-confirmed cases of Shiga toxin-producing
E. coli (STEC) O157:H7 are much lower than those of Salmonella (5,283 STEC cases vs. 41,930
Salmonella cases), STEC infections account for more than 59% of hospitalizations for foodborne
illnesses, compared to 27% for Salmonella infections (Scallan et al., 2011). Combined, the
annual economic burden in the United States of these three pathogen genera is greater than $6.3
billion, which includes healthcare costs, lost wages, etc. (USDA ERS, 2015). Furthermore,
infections of these three particular pathogen groups can lead to complications like meningitis,
kidney failure, or sepsis, or even cause or chronic conditions such as arthritis, kidney disease, or
recurring inflammation.

1.1. Low-water activity food safety

The numbers of reported foodborne illnesses in the US and worldwide are staggering, and

it should be noted that foodborne illnesses are drastically underreported (Mead et al., 1999). The
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complexities of surveillance and underreporting create challenges for scientists and regulatory
agencies when assessing risk or resolving outbreaks. However, recent advances in outbreak
detection, including advanced subtyping and whole genome sequencing, have provided stronger
evidence for epidemiologists to connect outbreak pathogens to particular food vehicles. In some
cases, the foods associated with these outbreaks were not previously considered high-risk foods
and assumed to be safe, such as in the cases of caramel apples and other ready-to-eat products
(Buchanan et al., 2017). Similarly, low-water activity foods (LWAF) are not generally identified
to be associated with high risks of foodborne illnesses, since the lack of available water for use
of microorganisms will restrict the growth of pathogens, as long as the water activity is
maintained below 0.86. However, illnesses and outbreaks that result from many different food
commodities other than those identified as high-risk heightens awareness of potential
contamination hazards associated with Salmonella, L. monocytogenes, and STEC contamination
on LWAF.

Salmonella contamination caused a staggering 94% of LWAF recalls and 53% of the
7,315 worldwide LWAF outbreaks between 2007-2012. These statistics reasonably influence
processors’ production design to target Salmonella as a threat to LWAF production (Scott et al.,
2009). However, STEC and L. monocytogenes have also been responsible for recalls of LWAF
in the past, some of which were connected to illnesses and outbreaks. E. coli O157:H7 was the
source of several recalls and outbreaks in LWAF, and resulted in many illnesses, and
hospitalizations from the contamination of raw cookie dough (CDC, 2019b). Raw flour was
assumed, though not confirmed, to be the most likely contaminant. Additionally, recalls and

outbreaks have been associated with flour, raw shelled walnuts, in-shell hazelnuts, organic cacao
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nibs, and hazelnut and mixed nut products (CDC, 2012; CFIA, 2011; FDA, 2017; Painter et al.,
2013).

Moreover, Listeria presence has been detected on LWAF in the past and resulted in
recalls of walnuts, peanut butter, pine nuts, snack mixes, popcorn flavorings, RTE sandwiches,
and other commaodities (Farakos and Frank, 2014; FDA, 2019b). In 2015, as well as more
recently in 2019, stone fruits (peaches, plums, pluots, and nectarines) were recalled for possible
L. monocytogenes-contamination due to in-house testing results (FDA, 2019a). In this case, as in
several other recalls and outbreaks like ice cream or caramel apples, L. monocytogenes
contamination was unexpected by consumers and experts, as these foods are generally not
identified as high-risk (Buchanan et al., 2017; Glass, 2015; Jackson et al., 2015). The notion that
LWAF pose no risks for Listeria-associated outbreaks and recalls is obsolete, and risk
assessments will surely be updated in the future to investigate the risks of LWAF as vehicles for
foodborne pathogens like L. monocytogenes. The incidence of Listeria and STEC contamination
may be much lower than that of Salmonella, but the dire consequences of listeriosis or STEC-
associated infections make the pathogens key focuses for the presented research.

1.2. Risks associated with LWAF

LWAF are often considered RTE foods themselves or are incorporated as ingredients in
other products that may be RTE, as in the case with trail mixes. RTE foods do not require further
processing, giving consumers the notion that the food is without risk. However, some LWAF are
raw and minimally processed, despite the fact that they may originate from agricultural
environments, where they are susceptible to environmental contamination. In addition to
Salmonella and L. monocytogenes contamination, LWAF may be at risk for post-harvest

contamination by various pathogens during processing, packaging or transport. In 2007 alone,
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there were 45 STEC illnesses associated with attributed to consumption of contaminated rice,
seeds, nuts, and almonds among other commaodities (EFSA, 2009). In 2011, the deadliest
outbreak of pathogenic E. coli and deadliest outbreak in Europe occurred when contaminated
fenugreek sprout seeds caused more than 4,000 illnesses and over 50 deaths (EFSA, 2011).
Although the fenugreek sprout seeds were a raw agriculture product, it is notable that the
pathogen, which was not previously classified as a major contaminant of LWAF, survived long-
term in the low-water activity environment.

Several studies have investigated prevalence of pathogens on LWAF, particularly nuts, to
evaluate both contamination level and likelihood. Prevalence studies of Salmonella spp. on nuts
showed estimates of 0.04-6.90% ranging from <0.003 to 0.092 MPNJ/g, the largest of both
prevalence and contamination levels belonging to macadamia nuts (Zhang. G. et al., 2017). A
similar study specifically examining almonds found prevalence to be 0.87% % 0.2% with
Salmonella-contamination levels at 1.2-1.9 MPN/g (Danyluk et al., 2007). Prevalence studies
investigating E. coli contamination on nuts, particularly O157:H7, have not found conclusive
evidence of contamination (Davidson et al., 2015; Eglezos, Huang, and Stuttard, 2008).
However, recalls, as well as outbreaks, would suggest that contamination occurs even if at low,
irregular levels that challenge the capabilities of testing methods. Because there have been no
cases of listeriosis associated with LWAF, risk assessments have been focused on other RTE
foods that have been sources of documented L. monocytogenes-related outbreaks. However, their
ability to survive in dried foods with low water activities should not be overlooked (Beuchat et
al., 2013; Brar et al., 2015). Risks assessments focused on the bacterium have noted fresh
produce as potential vehicles of contamination (Hitchins and Whiting, 2001). Furthermore, the

recalls of stone fruits due to possible L. monocytogenes contamination prompt considerations of
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risks that the pathogen could also be present on dried stone fruits (FDA, 2019a; Jackson et al.,
2015). The high sugar content and low water activity of dried stone fruits would certainly
prevent active growth of L. monocytogenes and other pathogens, but if contamination were to
occur, survival may be possible if not likely.

1.3. Efforts to increase LWAF safety

The recently enacted Food Safety Modernization Act (FSMA) now mandates preventive
controls to mitigate risks of pathogen contamination through implementation of good agricultural
and manufacturing practices, as well as control procedures that result in a significant reduction of
frequently occurring pathogens. In response, processors of LWAF have turned to thermal and
gas fumigation as a strategy to reduce bacterial contamination, such as roasting or the use of
sulfur dioxide or propylene oxide (PPO). These strategies may not always be the best suited
means of decontamination for certain LWAF if they change the quality of the product.
Additionally, Salmonella, as well as E. coli and Cronobacter sakazakii, have been known to be
more thermally resistant to dry heat treatments when on a LWAF, adding another layer of
complication (Grasso et al., 2014; Juneja and Eblen, 2000; Lang et al., 2017; Laroche and
Gervais, 2003; Laroche, Fine, and Gervais, 2005). The ability of some pathogens to survive in
the low water activity environments and delicacy of some food products highlight the need for
processors and researchers to develop protocols that can eliminate the threat of contamination,
while preserving the integrity of the product.

Steam treatments may be an appealing method to processors because a dry heat treatment
is generally less efficient than moist heat. Dry heat treatments may require longer treatment
times or higher temperatures, which can be very damaging to certain product qualities (Denyer,

Hodges, and Gorman, 2011; Fudge et al., 2016). A vacuum-assisted, low-temperature steam
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treatment can be an effective treatment to achieve an acceptable reduction. Vacuum-assisted
steam can be used from 60-100°C when steam is injected into a chamber that is placed under a
vacuum. The negative pressure allows steam to form at lower temperatures, thus preserving
certain qualities of foods that could be degraded at higher temperatures. The steam can penetrate
small cavities, completely filling the space in the chamber, and efficiently transferring heat to
decontaminate the surfaces of foods or objects within.

A number of studies have investigated vacuum-assisted steam as a treatment for LWAF,
particularly spices, grains, and nuts. Shah et al. showed successful reductions (> 3 log CFU/g) of
Salmonella and E. coli O157:H7 from 75°C steam treatments on whole flaxseed, quinoa, and
sunflower kernels after 1 min (2017). Also investigating vacuum-steam pasteurization, Newkirk
et al. showed 5-log reduction of Salmonella from 85°C steam treatments on whole black
peppercorns and cumin seeds after 1 min (2018). Salmonella were also successfully reduced (5
log CFU/qg) from almond surfaces using a 95°C steam treatments for 35 sec (Chang et al., 2010).
Low-temperature, vacuum-assisted steam under 85°C may be successful in reducing pathogen
contamination, but quality aspects of the foods may be damaged, which would require further
sensory studies in the future (Chang et al., 2010; Duncan et al., 2017). Further discussion of

vacuum-steam treatments can be found in section 4.1. of this review.

2. Survival of microorganisms on LWAF

2.1. Interactions of foodborne pathogens with the food1

1 Acuff, J. C. and Ponder, M. A. (2019). “Interactions of foodborne pathogens with the food matrix.” In Food Safety
Engineering. Edited by Demirci A, Feng H. Springer, Boca Raton. In Press.
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Presence of unbound or free water is a key indicator of microbial growth in foods. Water
activity (aw), or the ratio of free, unbound water compared to pure water can be an important
indicator of microbial safety. Water activity can be reduced whether through the introduction of
osmolytes such as sugars or salts, or by removal of water through drying or desiccation. Reduced
water activity results in localized increases to osmotic pressure that causes diffusion of water
across the cytoplasmic membrane or cytoplasm shrinkage when the microenvironment exposes
cells to a lower gas phase (Burgess et al., 2016). A higher aw will provide microorganisms with
enough water to carry out normal metabolic functions, resulting in growth, and may be at risk for
association with foodborne outbreaks because they can stimulate and sustain the growth of
pathogens. Foods with lower water activities, however, may not support active growth of
organisms, but can still support survival of some organisms. Many Gram-negative foodborne
pathogens, like E. coli, Salmonella, and Vibrio spp. require at least 0.95 aw for growth (Maserati
et al., 2017). Other organisms, such as Staphylococcus aureus and Listeria monocytogenes can
grow at lower aw of 0.86 and 0.92, respectively (Nolan, Chamblin, and Troller, 1992; Sperber,
1983).

Reduced water activity has historically been used to prevent proliferation of pathogens,
but growth is not necessary for persistence of foodborne pathogens. Human illnesses are
increasingly associated with low water activity foods (LWAF) because many organisms,
particularly Salmonella spp., can survive for long periods of time in LWAF. Often, outbreaks
associated with LWAF indicate a low infectious dose of the contaminant, and it is believed that
these organisms maintain their virulence even under stress (Andino and Hanning, 2015). This

can make LWAF vehicles for disease, despite the stress placed on bacterial cells, and provide
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incentive to understand how desiccation stress impact microorganisms when water activity in
food is manipulated.

Reduction of water activity can be achieved through desiccation or the addition of salt or
sugar, which function to increase localized osmolyte concentrations and decrease water available
for biological use. The removal of water limits the cells’ abilities to carry out normal metabolic
functions for growth. During desiccation or drying processes, energy is transferred from the
environment to the food, in the form of heat, and in turn, moisture from the food is evaporated
into the environment (Raponi et al., 2017). Enzymatic reactions are limited at low aw, and the
rate of reactions decreases while energy is funneled into pathways that promote survival or
persistence, including those that increase nutrient sources and trans fatty acids proportions in the
cell membrane (Burgess et al., 2016; Cronan, 2002; Deng et al., 2017). Cells must adapt to
desiccation or else damage to the cell membrane, DNA, and metabolic functions occurs
(Venkitanarayanan, et al. 2017). Despite the extreme circumstances, however, many pathogens
can survive at aw<0.87, though growth may not occur.

Pathogens have varying limits for growth at certain aw, but the method of lowering the aw,
whether by desiccation or addition of solutes, may impact the organisms’ reactions and
adaptations. L. monocytogenes is capable of growth and survival through a variety of strategies
in approximately 0.93 aw achieved through an 11% NaCl solution (1.9 M), such as the expression
of genes under the control of o8 that impact the structure of the cell wall (Ribeiro et al., 2014).
Although these displays of resistance to salt stress were conducted in vitro, the stress responses
are likely maintained and applied even within the food matrix. While some organisms have novel
mechanisms of resistance against salt, most organisms are susceptible to high concentrations.

Salt is commonly used to lower the aw of Gouda cheese, and combined with lactic acid
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production, inhibit growth of L. monocytogenes (Wemmenhove et al., 2016). On the surface of
vacuum packaged hams with 2.35% NaCl (0.99 aw), L. monocytogenes has been shown to grow
in filaments (Liu et al., 2014). Listeria on the surface of ham responds to reduced osmotic
pressure by down regulating genes involved in cell division. Other foodborne bacteria including
strains of E. coli and Salmonella enterica have been shown to form filaments under osmotic
stress typically at the lower threshold associated with microbial growth. Filament formation in
hyperosmotic and high-aw environments can confer protection if the cells are later faced with
certain desiccation stresses (Stackhouse et al., 2012). Upon rehydration, the increased biomass
could result in a massive surge of cell numbers, heightening the risk of foodborne illness.

As a reaction to low water activities, cells may use the solutes within the food as part of
their defense and resistance. When certain disaccharides are present (trehalose and sucrose), they
can confer some protection during desiccation by taking the place of the lost water, as well as the
formation of glass structures within the cytoplasmic membrane (Garcia, 2011). The soluble
sugars become more concentrated from the removal of water to the point that they essentially
crystallize, causing vitrification, or the formation of glasses within the cell. Glasses form to
prevent the destruction of cell layers and maintain the membrane’s structure, as well as
physically block chemical reactions from occurring that could lead to cell degradation, thus
promoting a state of dormancy (Burgess et al., 2016; Koster, 1991). Cells may enter states of
dormancy where they are more difficult to cultivate and recover on media due to injury, but can
still be resuscitated, as was seen in high-protein, dried milk powder contaminated with
Cronobacter sakazakii and Salmonella Typhimurium (Lang et al., 2017).

Comparisons of low- and intermediate-water activity foods provide insight into

pathogens’ abilities to survive in desiccated states. Following inoculations of peanut butter
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(intermediate-water activity) and nonfat dry milk powder (low-water activity), greater survival
was observed on peanut butter (Li et al., 2014). The rate of aw reduction also plays an important
role in both altering the food environment and damaging pathogens during desiccation. Slower
drying rates are associated with increased lethality compared to faster drying rates (Raponi et al.,
2017). Salmonella survival on inoculated ginger root was increased when drying was performed
at a high rate (aw reduction from 0.99 to 0.1 in 4 hours) compared to a slower reduction in aw
(0.99 to 0.4) over a longer period of time (Gradl et al., 2015). During storage of the dried ginger
at ambient temperature (25°C), it was noted that Salmonella survived longer (365 days) when the
relative humidity and aw were kept low (33% and 0.35 aw, respectively), as opposed to 25 days
when the relative humidity and aw were higher (97% and 0.85 aw). Similar trends of higher levels
of survivability were noted in loose-leaf teas that were stored at low relative humidity (<30%)
than high relative humidity (>90%). Salmonella has been shown to survive as high as 7-8 log
CFU/g on peppermint, chamomile, and green tea leaves for over 6 months at low relative
humidity (Keller et al., 2015). It may be inferred that certain cellular processes are arrested due
to the low-water activity responses, leading to heightened use of survival strategies. Clearly,
temperature, relative humidity, and rates of desiccation widely vary between food-drying
processes and understanding how each parameter affects a pathogen’s survival and resistance to
damage is vital for the food industry.

Desiccation of foods is often used for a processing control or preservation, but there are
many observed accounts of increased thermal resistance of Salmonella serovars in low water
activity foods, such as dried milk powder, flour, cocoa, etc. (Burgess et al., 2016). These
particular findings lead to concerns about low water activity foods that are minimally processed

by low heat treatments, since desiccation and osmotic stress are often used to control foodborne
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pathogens (Capozzi et al., 2009). Low heat treatments may not be sufficient in eliminating
populations that have acquired resistance from overcoming desiccation.

2.2. Cross-Protection

Cross protection is a phenomenon that has been observed on occasions when a
microorganism’s exposure and resistance to a particular stress provides additional protection or
resistance to another stress. Protein moonlighting may occur during these circumstances, in
which a protein functions in multiple ways to respond to various stresses (Venkitanarayanan et
al., 2017). Resistance to low water activity and desiccation has also been associated with
resistance to thermal treatments, but there are many varying parameters that may influence these
conclusions.

Thermal resistance of pathogens in LWAF has also been observed, prompting questions
regarding cross-protection from the impacts of water activity on thermal resistance. Salmonella
in particular has been seen to have notable thermoresistance in LWAF. For example, only 3.2-
log reductions of certain Salmonella serovars (Agona, Enteritidis, and Typhimurium) were
achieved after a 90°C treatment of peanut butter for 50 min (Shachar and Yaron, 2006).
Additionally, Salmonella survived in dried milk powder for 10 h at 76°C (McDonough and
Hargrove, 1968). Archer et al. demonstrated that reducing the water activity of wheat flour
increased the D-value of Salmonella Weltevreden substantially (1998). While several examples
of increased thermal resistance have been revealed, there is still some debate as to how the cells
develop heat resistance. The cell history and adaptation, microenvironment (food or other
substance), and cultivation or culture preparation method all likely play roles in the development

of heat resistance through cross-protection.
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It has been noted in many instances that L. monocytogenes may gain resistance to certain
conditions, such as antimicrobials or pH adjustments, when exposed to sublethal stressors
(Poimenidou et al., 2016). Sublethal stressors could include forced osmotic or pH changes to the
environment or changes in temperature (Skandamis et al., 2008). One study noted that cold
shock reduced thermal resistance of L. monocytogenes on tomatoes, lettuce, and tryptic soy broth
(TSB), but increased tolerance to osmotic or acid stress in some cases (Poimenidou et al., 2016).
Salmonella and E. coli O157:H7 have also displayed the ability to develop resistance to various
sublethal stressors (Burgess et al., 2016).

The presented research examines the different effects LWAF and intermediate-water
activity food (IWAF) may have on thermal resistance, since the conditions may stress
microorganisms to varying degrees. The variation in water activity, moisture content, or other
composition characteristics could cause certain pathogens to develop more thermal resistance
than others. The water activity of macadamia nuts and raisins are relatively comparable at
approximately aw 0.5-0.6, respectively. Alternatively, the water activity of other dried fruits,
including apricot is slightly higher at aw 0.65-0.70. This higher water activity of dried fruit with a
moisture content around 30% may impact survival of microorganisms, specifically foodborne
pathogens, and subsequent reactions to thermal treatments.

Raisins, apricot halves, and macadamia nuts were chosen for presented experiments
because they are marketed as RTE, but they may be subject to contamination. Raisins and
apricots, which are often sundried, may be untreated entirely following the drying process. Sun
drying has not been proven to be an adequate intervention for pathogen reduction, and the
prolonged exposure to the environment may actually increase the likelihood of contamination

incidents (Bourdoux et al., 2016). Macadamia nuts are the second most popularly consumed tree
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nut in the United States after almonds and are high in both fat and expense compared to other
nuts (Brezna, Piknova, and Kutcha, 2009; Lee et al., 2011). Macadamia nuts are dried while still
within the kernel, which holds approximately 30% moisture, for about 3 weeks until the moisture
content lowers to 1.5% and the kernel can be easily removed from the nut (“Processing
Macadamia Nuts,” 2020). If the drying process is slow enough, it could allow pathogens that
contaminated the kernel to acclimate and adapt as the moisture content and water activity slowly
decreases.

For experiments, foods with additives should be avoided, such as citric acid, additional
sugars, or sulfur dioxide. Citric acid, an organic acid, can be used as an antimicrobial. Additional
sugar coatings could interfere with inoculation of pathogens on the product. Sulfur dioxide is
used as an antioxidant and for antimicrobial purposes, particularly in dried fruits that are prone to
discoloration from browning reactions (Ough and Were, 2005). Sulfur dioxide has been seen to
be inhibitory to Gram-negative organisms, such as E. coli and Pseudomonas, even more so than
Gram-positive organisms, which has been demonstrated by the use of sulfites in meat products.
Bound sulfur dioxide is less antimicrobial, but free, unbound residues may continue to have
antimicrobial effects on organisms, thus interfering with the observation of the effects of steam
on the inoculated pathogens. Sulfur dioxide levels have been seen to be especially bacteriostatic
to many lactic acid bacteria, so it could be possible that the surrogate, Pediococcus acidilactici,

would be especially inhibited by these residues or be reduced to a viable but nonculturable state.

3. Organisms

3.1. Salmonella
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Salmonella spp. are a diverse genus of Gram-negative rods that are responsible for
causing salmonellosis. Salmonella infections can lead to intense gastroenteritis, which may
include symptoms of nausea, vomiting, abdominal cramps, and fever. The infection typically
persists 4 to 7 days and is generally self-limiting, though individuals can require treatment or
hospitalization for dehydration (CDC, 2018b). Salmonella infections are usually acquired
through the consumption of contaminated foods or through contact with pets and wildlife that
may carry the bacterium (Maurer, 2017). The pathogen can be easily spread from food handlers
through poor hygiene.

Both the food microenvironment and the human Gl tract place Salmonella cells under
great amounts of stress, eliciting stress responses that repair and protect cellular components and
DNA (Horn and Bhunia, 2018). When Salmonella is ingested, it colonizes the intestine and
invades intestinal epithelial cells, allowing access to macrophages using the Type 111 Secretion
system or through phagocytosis. The pathogen survives in the Salmonella-containing vacuole,
where there is protection from antibacterial attacks from the human immune response.
Salmonella may also further replicate intracellularly within the vacuole if nutrients are available.
To survive intracellularly, Salmonella Pathogenicity Islands encode for factors that enable
processes, ion transporters, nutrient uptake, and extracellular surface structures like flagella and
fimbriae that may aid in adhesion and other survival strategies. This action furthers the
propagation and spread of the pathogen throughout the body, prompting an immune response
(Ibarra and Steele-Mortimer, 2009).

Because of the association of Salmonella with wildlife or other animals, the pathogen is
often associated with raw meat and poultry. However, recent analyses of outbreak data indicate

that fresh produce pose a greater threat for Salmonella contamination than previously assumed.
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Meat, poultry, and egg products combined were associated with approximately 50% of
salmonellosis cases, while fruits, vegetables, and other forms of produce were responsible for
approximately 47% of Salmonella-related illnesses in 2016 (IFSAC, 2018). Salmonella is surely
not confined to a single category of food but should rather be considered an environmental
contaminant with access to raw foods prior to harvest, as well as to processed foods through
worker transmission. Salmonella also possesses abilities to survive desiccation and dehydration,
which results in persistence on foods that may not be considered “raw” by a consumer and would
not receive an additional kill-step once purchased. This may be the case for many LWAF, such
as dried fruits and nuts.

The majority of outbreaks associated with LWAF result from Salmonella contamination.
Widespread contamination and circumstantially low infectious doses make Salmonella a
formidable opponent to LWAF safety. Because of the high association of Salmonella with
outbreaks of LWAF, their persistence in LWAF and mechanisms to resist desiccation stress,
osmotic stress, and thermal stress have been extensively studied (Burgess et al., 2016).
Salmonellae are known to gather compatible solutes that prevent the destruction of cellular
membrane components when the water activity surrounding the cells is lowered (Rychlik and
Barrow, 2005). A number of proteins are involved in the uptake of osmoprotectants, but
Salmonella can also enter dormant state in which the cell is physiologically inactive or minimally
active in genome transcription (Deng et al., 2012; Rychlik and Barrow, 2005). In these cases, the
cells may be viable but nonculturable (VBNC), which presents additional challenges in terms of
estimating pathogen reduction due to thermal interventions and prompts additional consideration
of recovery methods used in laboratory experiments (Gruzdev, Pinto, and Saldinger, 2012;

Podolak et al., 2010).
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The infectious dose for Salmonella varies depending on the food and at-risk populations.
The typical infectious dose for a healthy, fit human is assumed to be between 3-5 log CFU/g, as
evidenced by volunteer studies (Kothary and Babu, 2001). However, LWAF outbreaks have
been associated with cases where a low infectious dose is believed to cause the outbreak (Finn et
al., 2013). Small concentrations (as few as 10-100 organisms) of contamination have been
detected on chocolate products that were linked to outbreaks (Greenwood and Hooper, 1983;
Kapperud et al., 1990; Werber et al., 2005). These low numbers of cells detected likely result
from post-processing contamination and pose significant threats to consumers. Rare instances of
low infectious doses could illustrate how composition of the food matrix could impact the
persistence and survival of pathogens. Specifically, a high-fat food, like chocolate, could provide
greater protection for the cells.

3.2. Listeria monocytogenes

L. monocytogenes, the causative agent of listeriosis, is a ubiquitous organism in the
environment that creates many challenges for the food industry. Food processors must conform
to the “zero tolerance” policies in the United States for RTE foods. L. monocytogenes naturally
exists in the environment and must overcome a number of harsh conditions, such as starvation,
oxidative stress, and temperature stress to survive. These conditions force the organism to
employ genes that trigger repair enzymes meant to help the cells maintain homeostasis while
under sublethal stresses. Little research has been conducted to investigate mechanisms of
desiccation tolerance of L. monocytogenes, but their ability to survive in a desiccated
environment has been observed (Hansen and VVogel, 2011). Furthermore, L. monocytogenes is a
known biofilm-producer, which has also been shown to enhance desiccation tolerance.

Additionally, L. monocytogenes strains have been compared on the basis of different stress
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responses, including desiccation, and learned that the serotypes with increased desiccation
tolerance did not contain a fully expressed inlA (Internalin A; Hingston et al., 2017).

Additionally, the organism can develop cross-adaptation or cross-protection, in which
exposure to one stress may provide strength against another stress in the future, or there may also
be overlap of expression of stress response genes (Hansen and VVogel, 2011). Minimally
processed foods pose special threats of creating cross-adaptation events in pathogens (Falerio,
2017). These threats are especially relevant when considering a low-temperature thermal
treatment on a low-water activity food. It was observed that decreasing the water activity from aw
0.69 to aw 0.57 of black peppercorns increased thermal resistance of L. monocytogenes to a mild
steam treatment, indicating stress responses were triggered (Zhou et al., 2019).

A “zero tolerance policy” in the USA on RTE products was enacted due to the heavy
consequences of listeriosis for at-risk populations, which prompts product recalls when L.
monocytogenes is detected on foods or in food contact zones (Archer, 2018). Immunocompetent
individuals generally experience non-gastrointestinal symptoms that present in a flu-like manner,
or mild gastroenteritis, which likely contributes to underreporting illnesses. However, young
children, elderly individuals, and other immunocompromised populations can develop meningitis
or septicemia. Furthermore, pregnant women are at risk of miscarriages due to listeriosis, as the
organism can pass the blood-brain and placental barriers with little response from the immune
systems due to the lowered cellular immunity. These results of listeriosis lead to high
hospitalization rates (80%) and represent nearly 30% of foodborne-associated fatalities in the US
(Silk et al., 2012; Mead et al., 1999).

L. monocytogenes is an invasive organism with abilities to cross the blood-brain barrier

and placental barrier. During an infection, the organism travels from cell-to-cell, so a cell
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mediated response from the host is necessary for defense against the infection. A typical humoral
immune response is ineffective against L. monocytogenes, as the cell-to-cell infection allows the
bacterium to avoid antibodies and continue invading and replicating intracellularly (Vazquez-
Boland et al., 2001; Ward et al., 2004). L. monocytogenes begins an infection by making contact
with and invading the mammalian cell using inlA, which is a surface protein that promotes
invasion through a phagosome (Ragon et al., 2008; Farber and Peterkin, 1991). Listeriolysin O
(hly), along with the help of plcB, a membrane-hydrolyzing enzyme, lyses the host phagosome,
which releases L. monocytogenes into the cytoplasm of the host cell where it may replicate. The
mpl-actA-plcB operon is directly responsible for producing the proteins that aid in successful
cell-to-cell invasion (Vazquez-Boland, et al., 2001). The bacterium uses the ActA protein (actA)
to polymerize the host cell’s actin, which propels it into the adjacent cell so that it may further
the infection. Furthermore, the functionality of these genes have been observed to impact
virulence.

Listeria spp. are serotyped and categorized based on O (somatic) and H (flagellar)
antigens, but there is great diversity amongst these identified serotypes. Furthermore, the
majority of illnesses are caused specifically by four serotypes: 1/2a, 1/2b, 1/2c, and 4b, which are
members of lineages | and Il (Ragon et al., 2008; Farber and Peterkin, 1991; McLauchlin, 1990).
Within these serotypes, however, there are variations in the level of virulence. For example,
many serotypes isolated from food are found to contain premature stop codon mutations in inlA,
which impacts the organisms’ virulence. This has specifically been seen in L. monocytogenes
1/2a, which is not linked to as many clinical cases or outbreaks in the United States as is L.
monocytogenes 4b (Buchanan et al., 2017; van Stelten et al., 2010). Although these serotypes

have been commonly identified as the source of illnesses and outbreaks, there have not been any
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identified serotypes associated specifically with LWAF outbreaks, so prevalence of particular
disease-causing strains on dried or low-moisture foods have not been established.

L. monocytogenes has been the source of illness in a variety of RTE foods, such as ice
cream and caramel apples (Glass et al., 2015). In these instances, it was speculated that
contamination occurred during processing, and no additional steps were taken to ensure the
safety of the product (Buchanan et al., 2017). Because L. monocytogenes is considered to be
ubiquitous in the environment, it has been associated with outbreaks of fresh produce such as
pre-cut celery, cantaloupe, and mung bean sprouts that resulted in staggering numbers of
hospitalizations and deaths in 2010, 2011, and 2014 (CDC, 2018a). Additionally, stone fruits that
were recalled in 2014 due to suspected presence of L. monocytogenes were tested and matched to
isolates found in patients with listeriosis. Although stone fruits may be dehydrated to be sold as a
dried fruit product, sun drying is not currently considered to be an effective and validated Kill-
step. Ergo, it may be necessary to treat dried fruits with the consideration that they may have
been contaminated pre-processing. Although L. monocytogenes outbreaks are often associated
with refrigerated, ready-to-eat products, such as soft cheeses, deli meats, and produce, there have
been outbreaks resulting from unlikely food sources or RTE foods that were not previously
identified as high-risk foods (CDC, 2018a). Listeria contamination of dried foods is an emerging
and increasing trend for food recalls in both the US and Europe. As age expectancies rise,
coupled with the rising popularity of dried food consumption, more listeriosis cases associated
with a variety of foods should be anticipated (Ly, Parreira, and Farber, 2019).

3.3. Shiga Toxin-Producing Escherichia coli (STEC)

Shiga Toxin-producing Escherichia coli (STEC) are the causative agent for foodborne

illnesses resulting from environmental contamination. Cattle and other ruminants serve as
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asymptomatic reservoirs where STEC can colonize in the gastrointestinal system (Moxley and
Acuff, 2014). Shedding through feces occurs frequently, and contaminated water and soil, as
well as field workers, can introduce the pathogen to the food system.

Disease due to STEC can cause a variety of symptoms in individuals. Some illnesses
result in severe abdominal cramping, vomiting, and bloody diarrhea. These infections are often
mild enough to be self-limiting. Some infections, however, develop into haemorrhagic colitis
(HC) or haemolytic uremic syndrome (HUS), which can lead to kidney failure, particularly in at-
risk populations, such as young children or elderly individuals. The most commonly recognized
STEC, in addition to O157:H7, are the “Big 6,” which include 026, 045, 0103, O111, O121,
and O145. While many serotypes of STEC can lead to serious disease, O157:H7 is often
associated with HUS (Gould et al., 2013; Thorpe, 2017). Nevertheless, recognition of other
serotypes that have also been observed to result complications such as HUS is rising. Incidence
of non-0157 infections rose from 0.12 to 0.95 cases per 100,000 in the United States from 2001-
2010. However, O157-associated infections decreased from 2.17 to 0.95 cases per 100,000 (Crim
etal., 2015).

Enterohemorrhagic E. coli (EHEC) strains are extremely diverse and heterogeneous, but
the methods of host cell invasion are generally universal due to the locus of enterocyte
effacement (LEE) pathogenicity island (Paton and Paton, 1998; Thorpe, 2017). LEE
pathogenicity islands are responsible for encoding the virulence factors that are expressed to
allow attachment and invasion of host cells. When the bacteria are ingested, they invade the
intestinal mucosa. After the pathogen makes contact with the host cell, the Type Il Secretion
System passes Tir into the host cell. The pathogen uses intimin, which is produced by the eae

gene, to interact with Tir to form attaching and effacing (A/E) lesions. A/E lesions provide an
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intimate association between the host cell and pathogen. In response to the presence of H7
flagellin, lipopolysaccharide (LPS) membrane, and the release of Stx, the host cell triggers
inflammatory responses from the immune system to fight against the infection. However, in
addition to promoting attachment and invasion, the T3SS targets host cell pathways and proteins
to disable certain immune responses in order to persist the infection and prevent cellular defense
strategies. Specifically, the T3SS produces effectors that aid in degrading the host cell proteins,
which typically provide cytoskeleton organization, MAPK signaling pathways, apoptosis
signaling pathways, and other inflammatory responses (Zhang, Y., Pearson, and Hartland, 2017).
This antagonistic action prevents host cells from addressing the infection and limiting the spread
of disease.

The grave consequences that an arise from an STEC infection, such as HUS, HC, and
resulting organ failure lead to high hospitalization and fatality rates. Certain STEC, namely the
“Big 6” and O157:H7 were declared adulterants in the early 1990’s in ground beef products
following a large outbreak (Bottemiller, 2011). While ground beef and other raw meat products
are commonly associated with STEC due to their natural reservoir in ruminants, the bacteria are
known to contamination many other types of foods, namely produce. Any agricultural product
exposed to environmental conditions is subject to STEC contamination, as seen with their
association with recalls and outbreaks involving nuts (FDA, 2017; FDA, 2018).

STEC are known to survive in desiccated states or under osmotic stress in certain
conditions, such as at refrigeration temperature (4°C), or in the presence of compatible solutes
(Hiramatsu et al., 2005; Welsh and Herbert, 1999). They have also been associated with
outbreaks involving raw flour and recalls due to the presence on nuts, further demonstrating

desiccation resistance (CDC, 2019b; FDA, 2018). In some cases, STEC have developed thermal
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resistance in the low-water activity environment induced by addition of solutes (Blackburn et al.,
1997). Survival in low-water activity environments through desiccation or hyperosmolarity is
associated with RpoS, as well as other proteins that are active in response to stress (Gunasekera,
Csonka, and Paliy, 2008; Hengge-Aronis et al., 1992; Stasic, Wong, and Kaspar, 2012).
Accumulation or synthesis of compatible solutes, such as trehalose, have also been associated
with desiccation tolerance by using the osmoprotectants to maintain membrane stability and
integrity (Zhang and Yan, 2012).

3.4. Pediococcus acidilactici

Pediococcus acidilactici, a non-pathogenic, Gram-positive, lactic acid bacterium, is a
possible surrogate organism for pathogens on foods treated with specifically low-temperature
thermal processes. It is well known for its use in the grain and meat industry as a starter culture
and fermenter, but it is also increasingly studied for demonstrated resistance to certain food
processing interventions, such as mild heat treatments (Abbasiliasi et al., 2017; Saunders, et al.,
2018). Pediococcus has a wide growth range (30-50°C) and can tolerate temperatures below
90°C (Ceylan and Bautista, 2015; Riebel and Washington, 1990). Although the bacteria have a
wide temperature range, it still requires water activity levels of aw 0.9 or above, which suggests it
would not be a spoilage threat to LWAF. Additionally, the microorganism is not commonly
associated with the aforementioned foodborne pathogens and would not be considered an
indicator organism, but rather could be used as a surrogate (Busta et al., 2003). Use of
Pediococcus acidilactici as a surrogate for low-temperature, vacuum-assisted steam is further
discussed in section 4.4.

While Enterococcus faecium NRRL 2354 has been popularly studied and approved as a

surrogate for a number of different food products, including almonds, there have been foods and
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intervention conditions in which it has been deemed less resistant than target pathogens (ABC,
2014; Rachon, Pefialoza, and Gibbs, 2016; Tsai et al., 2019). In one notable study directly
comparing the use of Pediococcus acidilactici and E. faecium as surrogates for Salmonella on
thermally treated pet food, it was noted that Pediococcus more closely resembled the Salmonella
cocktail than E. faecium, designating it a more appropriate choice of surrogate when
investigating thermal treatments of LWAF (Ceylan and Bautista, 2015). Using an excessively
resistant surrogate, such as E. faecium in these particular circumstances, could result in over-
processing, thus damaging the sensory characteristics of the food. For the low-temperature

treatments of LWAF, Pediococcus may be a better choice of surrogate.

4. Relevant Research Methods

4.1. Low-Temperature, Vacuum-Assisted Steam

As minimally pocessed, organic, RTE foods gain popularity, food industries must
creatively employ interventions that can enhance food safety while still maintaining the product
integrity desirable by consumers. While interventions such as radiation or propylene oxide have
been noted as effective in reducing pathogen populations from the surface LWAF, they cannot
be used if the product is to maintain USDA organic status (CFR, 2020; Danyluk, Uesugi, and
Harris, 2005; Karag6z, Moreira, and Castell-Perez, 2014). Vacuum-steam pasteurization as an
intervention is more efficient in transferring heat than heated air and could be used to treat
organic LWAF (Saunders et al., 2018). Examples of heightened thermal resistance have been
noted in low-water activity environments, but the introduction of small amounts of moisture
through the vacuum-steam treatments may make bacteria more susceptible to thermal

inactivation. With the use of a vacuum, a negative-pressure environment can be created in the
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chamber, thus allowing steam to form at temperatures <100°C, which may cause less damage to
the food products compared to superheated steam treatments (Grasso et al., 2014).

Vacuum-steam has been successful in inactivating pathogens, such as Salmonella spp. on
cumin and whole peppercorns (Newkirk et al., 2018; Zhou et al., 2019), cashews and macadamia
nuts (Saunders, 2017), and (Shah et al., 2017); E. coli O157:H7 from black peppercorns (Zhou et
al., 2019, Shah et al., 2017), whole flax-seed, quinoa, sunflower kernels, and milled flaxseed
(Shah et al., 2017); and L. monocytogenes from black peppercorns (Zhou et al., 2019).
Macadamia nuts were vacuum-steamed by Saunders, but only for the inactivation of Salmonella
spp. (2017). An intermediate-water activity food, such as dried fruit, has not been investigated
(2017). Each study determined vacuum-steam treatments (<90°C) to reduce pathogens by
varying amounts (4-5 log CFU/g), but the treatments were determined to be successful overall.
While quality was not a focal point of any study, the introduction of low amounts of moisture
and mild heat could cause impacts to the shelf lives or quality of product, which should be
investigated further (Duncan et al., 2017).

4.2. Inoculations and Bacterial Strains

Both wet and dry inoculation strategies have been used in studies to investigate pathogen
reduction on LWAF. In the case of wet inoculation methods, the products are inoculated at high
concentrations resulting in moderate changes to the water activity, and then dried back to their
original water activity levels, as seen in several studies involving LWAF (Channaiah et al., 2017;
Brar et al., 2015). These methods attempt to limit the amount of moisture introduced to the
LWAF while still achieving even distribution of cells in the matrix, and then take steps to
remove the added moisture. Dry-inoculation methods more closely mimic the physiological state

of a pathogen when it exists for extended periods of in a low water activity environment. Studies
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that pursue this type of inoculation first inoculate a powder, which is then transferred to the food
(Hildebrandt et al., 2017). However, high target inoculation levels can be difficult to achieve
with dry transfer methods, which hinder project objectives of quantifying large bacterial log
reductions. A high-level inoculation, as opposed to a low-level inoculation, represents a worst-
case scenario of contamination. Additionally, in the context of vacuum-steam, the minimum
length of cycles for sampling is limited, in that there is a residual heating time that cannot be
avoided while the vacuum is released from the chamber. Ergo, lower inoculation levels risk
inabilities to approximate significant bacterial reductions. It has been hypothesized that lower
contaminating populations are more realistic, and that there may be increased variability in
smaller populations that should be considered (Aspridou and Koutsoumanis, 2015), but studies
examining inoculation procedures of Salmonella on wheat flour showed no difference in D-value
between low- and high-level inoculations (~3 and 8 log CFU/g) (Hildebrandt et al., 2016).

A method that compromises some advantages of both wet and dry inoculations could be
accomplished by misting a liquid inoculum onto the product. Misting or spraying an inoculum
has been used to inoculate many different food types, such as beef subprimal cuts, flour, walnuts,
and a number of dried fruits (Beuchat and Mann, 2014; Channaiah et al., 2017; Erickson et al.,
2014; Kirsch et al., 2017; Lang, Harris, and Beuchat, 2003). Beuchat and Mann observed the
survival and stability of a Salmonella cocktail when mist-inoculated onto dried fruits and stored
at different temperatures for extended periods of time (Beuchat and Mann, 2014). They noted
high inoculation levels (6.6-7.0 log CFU/g) with relatively high retention rates at 4°C, recovering
5.2 log CFU/g on raisins after 6 days of storage. They also compared their mist-inoculum results
to a dry-inoculation process, using inoculated sand to coat the dried fruits. However, their

retention levels were much lower (2.2-3.4 log CFU/qg). In a baking validation study, flour was
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mist-inoculated with a 3-strain Salmonella cocktail. The dried flour retained approximately 8.0 +
0.3 log CFU/g and could be stored for 7 days (Channaiah et al., 2017).

For studies with intentional application to the food industry, a mixed inocula containing
multiple species and strains, or cocktail, can be helpful in providing information that would
represent multiple contamination scenarios. Additionally, a heterogenous bacterial cocktail
allows for side-by-side comparison of reductions due to vacuum-steam treatments. In choosing
strains to include in the cocktail, connection to the food itself is a valuable trait, as well as ability
to cause disease. For vacuum-steam treatments of LWAF, strains with known heat resistance or
ability to survive in a desiccated state should be considered, such as E. coli O121 isolated from
the Gold Medal all-purpose wheat flour outbreak in 2016 (FNW19M81). Having been isolated
from flour, it is likely that the pathogen survived in the a low-water activity environment for a
relatively long period of time and may also have withstood some level of thermal treatment.
While investigating the outbreak strain, experiments showed that the STEC survived in wheat
flour for two years, without significant decreases between 6 months to 2 years (Gill et al., 2020).
E. coli O157:H7 F4546 (alfalfa sprout outbreak isolate) has primarily been studied in relation to
produce, exploring its capabilities of attachment to and internalization by fresh produce, as well
as resistance to common chemical washes. It has only been briefly explored for its thermal
resistance but is known for causing disease (Topalcengiz and Danyluk, 2017). Salmonella
serovars Montevideo (1449, peppercorn-associated outbreak), Newport (allspice isolate), and
Tennessee (K4643, peanut butter outbreak) have been investigated for desiccation resistance
during storage on peppercorns, cashews, macadamia nuts, as well as thermal resistance
(Bowman et al., 2015; Saunders et al., 2018). There are no known outbreaks of listeriosis

associated with LWAF, but some studies have investigated osmotic stress resistance and
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desiccation tolerance of foodborne and clinical isolates. For example, Zoz et al. noted that 1/2b
serotypes displayed heightened desiccation resistance regardless of the food with which it was
associated (2017).

4.3. Injury-Recovery Methods

Application of stress to bacteria can cause sublethal injury to cells, damaging cellular
components without completely inactivating the cell (Wesche et al., 2009). Food processing
techniques, in particular thermal treatments, can cause injury to cells that may result in
phenotypic changes or inability to grow in detectable manners. However, virulence and ability to
cause disease may remain. This phenomenon could result in underestimation of pathogen risk in
foods that are minimally processed. To address this occurrence, laboratory methods have been
developed to repair cells that may initially be unculturable due to sublethal stress. In particular,
studies have shown that cells can be resuscitated on nonselective agar plates during temporary
incubation, followed by a thin, selective agar overlay that selects for the pathogen (Kang and
Fung, 2000; Yan, Gurtler, and Kornacki, 2006). These studies showed significantly higher
recovery of bacterial populations than those from selective plating alone, highlighting the need to
consider injury-recover methods when designing research methods.

4.4. Analyses and Modeling

Surrogate Determination

Surrogate organisms are nonpathogenic and useful for depicting or representing
pathogens’ responses to applied stresses. Surrogates can be used in place of pathogens when
challenging or validating processing interventions or storage conditions. For in-plant validations,
surrogates are recommended to mimic the most resistant pathogen to the applied conditions

(NACMCEF, 2010). For experiments intending to determine if a microorganism can be
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appropriately used as a surrogate, side-by-side comparisons with the pathogen is desired.
Coinoculations of pathogens and potential surrogate on the food are best for offering direct
comparisons (Saunders et al., 2018). ANOVA, pairwise comparisons, and one-to-one ratio plots
can be used to determine significant differences between the pathogen and surrogate.

4.5. Modeling

Mathematical modeling has been adopted by food engineers and food microbiologists to
describe food processing techniques and behavior of microorganisms as they either grow,
survive, or are inactivated. Using models, food processing systems can be improved in order to
provide more confidence of the product’s safety (Marks, 2008). Models have also been useful in
describing growth of microorganisms in various environmental conditions. Furthermore, models
can be employed for predictions of microbial inactivation or growth.

Primary models describe growth or inactivation under defined parameters. In the pursuit
of investigating objectives proposed for the presented research, primary models will be focused
on describing time of inactivation under constant temperatures. Several models will be
investigated, including the first-order model, Weibull model, and Gompertz model. The first-
order model describes linear inactivation, while the other two allow for nonlinear trends.

The first-order model makes generic assumptions about the microorganisms’ behavior.
Specifically, for this study’s purposes, the first-order model assumes that the bacterial population
is homogenous and behaves uniformly. For example, each bacterial cell would have the same
probability of being inactivated by time at a certain temperature as any other cell in the
population (van Boekel, 2002). First-order models are commonly used to determine D- and z-

values, or decimal reduction times, which can be very useful in comparing resistance of
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microorganisms to thermal treatments. The first-order model can be described in the following

manner (Peleg, Normand, and Corradini, 2005):

(1) logN; — logN, = —kt

where Nt is the surviving bacterial population at time, t; No is the initial bacterial population; and
k is the inactivation rate (log CFU/g min-1).

While first-order models have been employed to describe many bacterial inactivation
scenarios, their usefulness is limited in many scenarios. Under many conditions, it should be
recognized that population homogeneity is likely very rare. Rather, bacterial populations are
heterogenous with slight differences in resistances between cells. This information cannot always
be captured with a linear inactivation trend. Rather, models that can describe shouldering
(sublethal treatment or initial resistance to the treatment) or tailing (lingering population,
acquired resistance, or genetic differences) may more accurately describe inactivation kinetics
(Bevilacqua et al., 2015).

The Weibull model allows for either a shouldering or tailing population, which is
determined by the shape of the curve. The Weibull was developed to describe “time to failure” in
mechanical and engineering systems, but the concept also applies to bacteria in terms of “time to
inactivation” when the bacteria are subjected to a constant stress (van Boekel, 2002). The

Weibull model can be defined as the following (Peleg, 2003):

(2) logN, — logN, = —k - tF
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where k is a rate parameter (k = £’/ loge10) for the reduction and £ indicates whether the shape is
a concave upward (<1), downward (>1), or linear (=1) inactivation curve. The concave shape (3
< 1) indicates a form of adaptation to the thermal inactivation or a higher level of resistance by
select cells, whereas a convex shape (B > 1) represents exponential die-off as the thermal
treatment persists. The Weibull model has been used to describe survival or thermal inactivation
of Salmonella spp. in milk, tree nuts, and powders among many others (Bermudez-Aguirre and
Corradini, 2012; Chen and Hoover, 2004; Farakos, Hicks and Frank, 2013; Farakos, Pouillot,
and Keller, 2017).

The Gompertz model can also describes nonlinear inactivation but can account for both
shouldering and tailing of the bacterial population with a sigmoid-shaped curve. In describing
inactivation, the curve initially depicts resistance to the treatment, followed by exponential
inactivation and somewhat linear inactivation, lastly followed by a tailing population that is
somewhat resistant to the treatment and is not fully inactivated. In its original form, the

Gompertz is described in the following manner (Zwietering et al., 1990):

(3) logN; — logN, = a - exp[—exp(b — ct)]
where a, b, and ¢ are parameters derived to fit the shape of the sigmoidal curve with no
biological meaning. A modified version of the Gompertz can be more appropriately used by
microbiologists in the following format that provides biological connections to the sigmoidal

curve (Zwietering et al., 1990):

(4) logN, — logNy, = A -exp {—exp [“%'e()\ —t) + 1]}
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where p,, (log CFU/g min-1) is the maximal value of inactivation, A is the lag time (min), and A
is the asymptote. The Gompertz model is often used to describe growth, but similar to the
presented research was used by Linton et al. to describe thermal inactivation of L.
monoctyogenes Scott A in laboratory media (Linton et al., 1995).

To evaluate the fit of the models, a correlation coefficient (Rz2) can appropriately be used
for linear models. However, nonlinear models should not use the Rz, but rather the root-mean-
square error (RMSE) and Akaike information criterion (AIC). These metrics can provide
standardized evaluations of the models, along with attention to the confidence and prediction
intervals, which describe the certainty of the models in describing and predicting future values
(Marks, 2008). In addition to determining the aforementioned values, the limit of detection
should also be determined and evaluated for its possible effects on the shape of the inactivation
curve.

Before commissioning models to predict inactivation of microbial populations, they
should be validated using other datasets to determine the robustness and flexibility (Marks,
2008). Independent data is most valuable for validation, but access to independent datasets may
be limited. Comparing predicted and observed values and the resulting error can guide
assessments on the model’s flexibility and accuracy. Models will be challenged by comparing
the fit when the foods or treatment conditions are altered.

As a growing field of food microbiology, the need for shared data in order to properly
validated food processing models is vital. Combase, an online resource used to share datasets on
the quantitative and predictive food microbiology, along with other databases serve as a platform
for microbiologists to post and acquire external datasets. These platforms can aid in the

formation of food safety plans and validation of intervention processes if employed correctly.
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Experimental datasets resulting from the presented research can be added to Combase to further

these endeavors.
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Abstract:

Salmonella, Shiga toxin-producing Escherichia coli (STEC), and Listeria monocytogenes
have been isolated from low water activity foods (LWAF), where they may survive for extended
periods. The ready-to-eat nature of many LWAF, such as dried fruits and nuts, warrants effective
post-harvest thermal treatment for the reduction of pathogens such as low-temperature, saturated
steam, also known as vacuum-assisted steam pasteurization. The objective of this study was to
determine reductions of Salmonella, STEC, L. monocytogenes, and a possible surrogate
(Pediococcus acidilactici) on dried apricot halves, whole macadamia nuts, and raisins after
treatment with vacuum-assisted steam at three temperatures (62°C, 72°C, or 82°C) and multiple
timed intervals. Bacterial inactivation was variable between commodities, with higher
temperatures and longer times necessary to achieve comparable reductions of pathogens on
apricot halves and macadamia nuts compared to raisins. Reductions of the tested pathogens were
comparable; therefore, one species was not more resistant than the others. Pathogens were
reduced by 5-log CFU/g on apricot halves after 20 min at 72°C and after 5 min at 82°C. Longer
treatment times were necessary to achieve reductions of each pathogen on macadamia nuts.
Pathogens were reduced by nearly 5 log CFU/g on macadamia nuts after 38 min at 72°C (4.6-6.5
log CFU/qg) and after 12 min at 82°C (4.9-5.7 log CFU/g). Reductions of pathogens on raisins
were achieved at lower temperatures than necessary for the other foods. A 5-log reduction for
each of the pathogens (CFU/Qg) on raisins occurred after 20 min at 62°C and after 5 min at 72°C.
Overall, the reductions of the pathogens exceeded those of P. acidilactici on both the dried fruits
and macadamia nuts. Statistically significant differences, indicating greater confidence as a
conservative surrogate, were observed at lower treatment temperatures. Inactivation kinetics
were modeled for each pathogen on each food type and temperature. Bacterial survival was best

described by the Weibull model for raisins and macadamia nuts, while the Gompertz model best
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described reductions on apricot halves according to Akaike information criterion (AIC) and root-
mean-square error (RMSE) evaluations. Thermal inactivation kinetic models and 5-log reduction
parameters can help food processors design and evaluate similar vacuum-assisted steam
interventions to comply with FSMA regulations and preventive control plans. However, results
or model predictions should not be extrapolated to assume the safety of other types of foods.

Key words: Vacuum-steam pasteurization, low-water activity foods, Salmonella, Escherichia
coli, Listeria monocytogenes, inactivation kinetic model
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1. Introduction

The amount of water available for biological use is a limiting factor for growth of
microorganisms in foods. Low- (LWAF, aw <0.60) and intermediate- (IWAF, aw 0.60-0.85) water
activity foods do not promote growth of human pathogens, though some organisms like
Salmonella and Shiga toxin-producing E. coli (STEC) can survive for extended periods
(Forghani et al., 2018; Keller et al., 2015; Suehr et al., 2019). From 2007-2012, there were 7,315
illnesses (within 41 outbreaks) reported worldwide that were associated with LWAF
consumption including, but not limited to, peanut butter, spices, confectionary products, and tree
nuts (CDC, 2012; CDC, 2018a; CDC, 2018b; CDC, 2019a; CDC, 2019b; CFIA, 2011; Farakos
and Frank, 2014; FDA, 2016b; FDA, 2017a; Finn et al., 2013; Painter et al., 2013). In addition to
the LWAF implicated in outbreaks, the detection of human pathogens including Salmonella,
STEC, and L. monocytogenes have led to the recall of over 1,000 LWAF across the European
Union from 2012-2019, and nearly 100 different recall events in the United States from 2017-
2019 (FDA, 2019b; RASFF, 2019). Tree nuts, chiefly almonds, walnuts and hazelnuts, have
been implicated numerous times in outbreaks and recalls due to contamination by Salmonella,
STEC, and L. monocytogenes and many studies have sought to understand survival and identify
effective treatments for pathogen reduction (FDA, 2015a; FDA, 2018a). Macadamia nuts are
emerging as an under-recognized vehicle, with several recalls in 2015-2018 due to detection of
L. monocytogenes, Salmonella, and STEC contamination (FDA, 2015a; FDA, 2015b; FDA,
2015c; FDA, 2016b; FDA, 2017b; FDA, 2018b). Dried fruits are also emerging as an under-
recognized source of foodborne illness. A number of dried fruits including dates, dried coconut,
and dried fruit mixes have been associated with outbreaks (Callejon et al., 2015; FDA, 2018a;
FDA, 2019b; FSN, 2018; FSN, 2019). However they are largely unexplored in terms of pathogen

prevalence, survival, or effective treatments for pathogen reduction.
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Many LWAF, such as nuts and dried fruits, are considered ready-to-eat, but are also still
raw or minimally processed, agricultural products. Production methods of these foods vary
greatly, but contamination with human pathogens may be introduced through water, animal
contact, and workers. While implementation of Good Agricultural Practices (GAPS) may reduce
these events, enforcement may pose a challenge (Bourdoux et al., 2016; FAO, 2011; Munck et
al., 2019). In addition, post-harvest contamination may also occur prompting researchers and the
industry to identify methodologies that may reduce human pathogens on LWAF (Ban and Kang,
2016; Brar et al., 2015; Farakos et al., 2017; Jeong et al., 2011; Limcharonenchat et al., 2018).
Drying methods for fruits (sun drying, microwave and infrared drying, freeze-drying, convective
and heated-air drying) vary depending on the product, region, and style (FAO, 2011; Omolola et
al., 2017). Effectiveness of the initial drying method for pathogen reduction has been
demonstrated for only a limited number of products (Bourdoux et al., 2016). While convective,
heated-air drying is effective for pathogen reductions on dried fruit, it is costly compared to sun
drying and as a result, is less commonly used in some parts of the world (Nijhuis et al., 1998).
Sun drying, a popular method, is not an effective technique for pathogen reductions, and
exposure to the additional vehicles and permissive growth temperatures may result in additional
contamination or potentially increase the microbial load (Bourdoux et al., 2016; Eze and Agbo,
2011; Karabulut et al., 2007; Wachukwu et al., 2003). Salmonella has been isolated from various
dried fruits, but other than dates, the prevalence of pathogen contamination on other stone fruits,
fresh or dried, is largely underexplored (Beuchat and Mann, 2014; Limcharoenchat et al., 2018;
Whitthuhn et al., 2005). Recently, stone fruits (peaches, plums, pluots, and nectarines) have been

recalled due to possible L. monocytogenes-contamination (FDA, 2019a; Jackson et al., 2014). If
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contamination occurs pre-harvest, and the organisms survives drying, then stone fruits such as
apricots, may increase consumer risk for foodborne illness.

Safety evaluations of imported RTE LWAF (dried fruits and nuts) can be challenging
because they may have unknown and variable processing histories based on region and financial
capabilities. Due to several large-scale outbreaks of salmonellosis on almonds, mandatory
pasteurization rules were enacted in 2007 that required 4-log reductions of Salmonella from
almond surfaces. The Preventive Control Rule of the Food Safety Modernization Act (FSMA)
now requires all processors to identify possible risks and to outline and implement strategies that
control or eliminate consequences of contamination events (FDA, 2016a). Pre- and post-harvest
contamination risks have led researchers to investigate post-harvest pasteurization strategies such
as propylene oxide, radiation, and thermal treatments to reduce presence of Salmonella, as well
as to identify surrogate organisms for process validations (Ban and Kang, 2016; Brar et al., 2015;
Danyluk et al., 2005; Farakos et al., 2017; Karagoz et al., 2014; Saunders et al., 2018). High-
heat, thermal interventions such as roasting are objectional for dried fruits or some types of nuts
as they may alter the color, smell, and textures in ways that consumers may find undesirable.
Low temperature saturated steam pasteurization, also known vacuum-assisted steam
pasteurization, is desirable because it delivers larger amounts of heat in a shorter period of time
compared to roasting, dry air convection, or other thermal processes. Low-temperature, vacuum-
assisted steam treatments have been shown to be effective for reduction of human pathogens on
LWAF with nonuniform surfaces, such as nuts, grains, and spices due to the process’s ability to
transfer heat through small crevices and wrinkles while preserving qualities of the products
acceptable to consumers (Chang et al., 2010; Duncan et al., 2017; Newkirk et al., 2018; Shah et

al., 2017).
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While low temperature saturated steam pasteurization has been verified to inactivate
Salmonella on various commodities, it is still necessary for companies to perform process
validations because temperatures, time and packaging configurations may vary. It is therefore
important to identify a nonpathogenic surrogate microorganism, whose inactivation parameters
are comparable to the target pathogens so that commercial facilities can validate their individual
low temperature steam pasteurization processes using the surrogate microorganisms instead of
pathogenic strains, reducing likelihood of facility contaminations. The almond industry relies on
the use of Enterococcus faecium NRRL B-2354, whose heat resistance is slightly greater than
Salmonella, to validate steam processing in a variety of packages (Stevenson et al., 2014).
Another lactic acid bacterium, Pediococcus acidilactici ATCC 8042, was demonstrated to
possess greater heat resistance compared to various strains of S. enterica in thermally processed
dry pet foods, formed jerky and nuts at a variety of temperatures, suggesting it may also serve as
a conservative surrogate for processing of other low water activity food (Borowski et al., 2009;
Ceylan and Bautista, 2015; Saunders, 2017).

The objectives of the presented research were to 1) evaluate the efficacy of lab-scale,
low-temperature, vacuum-assisted steam to reduce pathogen loads (multiple strains of
Salmonella, STEC and L. monocytogenes) from the surface of LWAF and IWAF (raisins, apricot
halves, and whole macadamia nuts), 2) determine if Pediococcus acidilactici could serve as a
surrogate organism for validations of similar processes, and 3) fit models to data to provide
guidance to those developing similar vacuum-assisted steam intervention strategies. For
consideration as a surrogate on these dried fruits and nuts processed with low-temperature steam,

Pediococcus needed comparable or greater survival compared to the target pathogens. Only
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bacteria with consistently greater survival compared to the target pathogens should be considered

conservative surrogates to use in place of pathogens within a processing facility.

2. Materials and Methods
2.1. Inoculum preparation

Bacterial strains were chosen to represent isolates from LWAF when available or various
clinical isolates of relevant concern. The following strains were used: E. coli 0121:H19
(FNW19M81, 2016 wheat flour outbreak isolate [FDA]) and O157:H7 F4546 (alfalfa sprout
outbreak isolate); L. monocytogenes 1/2a FSL R2-499 (sliced turkey isolate), 1/2b FSL R2-502
(chocolate milk isolate), and 4b (ScottA, 1985 milk outbreak isolate); Salmonella enterica
serotype Montevideo (1449, 2010 black pepper outbreak isolate), Newport (2010 allspice
isolate), and Tennessee (K4643, 2007 peanut butter outbreak clinical isolate); and the
nonpathogenic bacterium, Pediococcus acidilactici (ATCC 8042). Strains were stored in Tryptic
Soy Broth (TSB; BD, Sparks, MD) with glycerol at -80°C prior to experiments. Each strain was
streaked individually onto respective selective agars. STEC strains were streaked onto
MacConkey with Sorbitol Agar (SMAC, BD, Sparks, MD), Salmonella onto Xylose Lysine
Tergitol Agar (XLT4, Criterion, Hardy Diagnostics, Santa Maria, CA) with supplement (BD,
Sparks, MD), L. monocytogenes onto Modified Oxford Agar (MOX, Acumedia, Neogen,
Lansing, MI) with L. monocytogenes supplement (Dalynn Biologicals, Calgary, AB), and
Pediococcus acidilactici onto Bile Esculine Azide Agar (BEA, Criterion, Hardy Diagnostics,
Santa Maria, CA). Isolated colonies of pathogens were transferred to TSB, while Pediococcus
was transferred to Lactobacillus MRS Broth (BD, Sparks, MD) for overnight cultures.

The bacteria were cultured on individual 100-mm petri dishes of Tryptic Soy Agar (TSA,

BD, Sparks, MD) using cotton swabs (Fisherbrand, Fisher Scientific, Pittsburg, PA) saturated
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with the broth overnight cultures to create lawns. Following 24-h incubation at 37°C, lawns were
harvested with L-spreaders (Fisherbrand) using 1 mL of 0.1% peptone per plate. Scraped cells
were collected and combined to form a cocktail containing ca. 10 log CFU/mL of each strain,

which were enumerated to confirm equal amounts.

2.2. Food inoculations

Seedless Thompson Organic Sundried Raisins were purchased from a U.S. grocery store
with national distribution. Turkish Organic Apricot Halves and Organic Macadamia Nuts (raw)
were purchased online (Nuts.com, Cranford, NJ). Organic foods were chosen to ensure no added
sulfites or salts would confound effects of the treatments. Foods were steam-sterilized at 85-
88°C to eliminate the high background numbers of native microorganisms and then dried to the
original water activity prior to inoculation (aw 0.684, 0.581, and 0.563 for, apricots, macadamia
nuts, and raisins, respectively). Foods were spread into a single layer in plastic tubs (1.5 gal,
Rubbermaid, Atlanta, GA), placed inside a biohazard bag within a biosafety cabinet, and
inoculum (1 mL/40 g) was misted using a plastic spray bottle (Up & Up™, 12 oz., 063-03-0244)
so that final concentrations on foods were ~7-8 log CFU/g. Tubs were left in the biosafety
cabinet with lids askew until the foods were dried to original water activity levels (measured

with AQUALAB 4TE, Meter Group, Pullman, WA) and used in experiments within 24 hours.

2.3. Low-temperature, vacuum-assisted steam treatments

The general design of the vessel and its prior use was reported by Newkirk et al., 2018.
Some adjustments to the system were made to connect to a medium-pressure steam line, which
provided continuous steam (Figure 3.6). A steam reducing station with a regulator (Watson

McDaniel, 1-2 in O-Series, Pottstown, PA) was installed to lower the gauge pressure of the
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steam to <69 kPa. The steam chamber, a 25-QT canner cooker (All American®, 25 QT. #925,
Manitowoc, WI) was altered to allow steam to be added through the top at a controlled rate with
a valve.

Samples of inoculated foods (30 g) were placed in silicone baking cups (Wilton®, Stock
415-9424, Naperville, IL) customized with 6.35-mm holes (0.25 in), spaced approximately 20
mm apart to improve steam flow (30 holes in total). Steam could reach the product from above
and through the sides. Surface temperature was monitored through the process for each of the
products. Thermocouples (Type K, Omega, Norwalk, CT) were placed to reflect the surface
temperature of the particles in the relative “cold spot” of the sample within three locations of the
chamber. The scaffold holding the samples was lowered into the steam chamber, sealed, and
placed under negative pressure with a vacuum pump (Rotary Vane Pump, Edwards Limited,
A652-01-880, Burgess Hill, UK).

Once the pressure was lowered to -88 kPa (-26 in Hg), steam was injected into the
chamber until the surface temperature of the product, read by the inserted thermocouples,
reached the desired treatment temperature (62, 72, or 82°C; £1.5°C), at which point the timed
treatment began. Apricot halves were treated at 72°C for 0, 0.5, 1, 2, 5, 8, 14, and 20 min and
82°Cfor0,0.5, 1,15, 2,25, 3.5, and 5 min. Macadamia nuts were also treated at 72°C and
82°C but for longer treatments than apricot halves at 0, 1, 8, 14, 20, 28, and 38 minand 0, 1, 2,
3.5, 5, 8, and 12 min, respectively. Raisins required lower treatment temperatures for 5-log
reductions. At 62°C, the treatment cycles were 0, 0.5, 1, 2, 5, 8, 14, and 20 min. For 72°C, the
treatment cycles were 0, 0.5, 1, 1.5, 2, 2.5, 3.5, and 5 min. Temperature profiles representative of
typical vacuum-assisted steam treatments for 62, 72, and 82°C are in Supplemental Materials

(Figures 3.7-3.9). Come-up times (amount of time required to inject steam to raise products to
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the target treatment temperature), treatment time, residual heating times (time spent restoring the
pressure to atmosphere levels and removing the sample), and maximum and minimum
temperatures can be found in Supplemental Materials (Table 3.3).

Order of the timed treatment cycles for each temperature was randomly assigned, and
three or more replications were performed for each treatment. Two samples were processed in
each treatment: one for bacterial enumeration and the other for water activity measurement.
Apricot halves, macadamia nuts, and raisins were processed separately. Non-treated control
samples that were inoculated but not vacuum-steam-treated were also enumerated to ensure
consistent inoculation levels (~7-8 log CFU/g) and to show that inactivation is due to steam

processing.

2.4. Enumeration

When each cycle concluded, the sample was removed from the chamber and transferred

into sample bags (Whirl-Pak®, Nasco, Fort Atkinson, WI) with 90 mL of chilled, sterile 0.1%
peptone that were kept refrigerated no longer than 2 hours before enumeration. Samples were
hand-massaged with medium force for at least 60 sec until the foods were fully washed (nuts) or
hydrated and deteriorating (dried fruits), serially diluted, and spiral plated (Dilucupe Whitley
WASP Touch, Microbiology International, Don Whitley Scientific Limited, West Yorkshire,
UK) on BEA agar and two plates of TSA. The two plates of TSA were overlaid after four hours
of incubation with selective agars to allow for injury-recovery. Plates overlaid with MOX and
XLT4 were incubated at 37°C for 24 hours. BEA plates were incubated for 48 hours at 37°C.
STEC colonies on XLT4 agar appeared whitish-yellow, while Salmonella colonies appeared

black or yellow with black centers. L. monocytogenes colonies on MOX agar were small and
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gray with a blackened halo. Pediococcus colonies appeared white on BEA agar. Results were
recorded with an automatic reader (ProtoCOL SR/HR, Version 1.47.0, Cambridge, UK).

Samples with no growth observed on plates were enriched with TSB, incubated
overnight, and then streaked onto selective agars incubated at 37°C for 24 h to attain a positive or
negative result, providing a 0.6-log CFU/g limit of detection (LOD). Samples with no initial
growth, but positive enrichment results, were assigned a conservative estimate of 0.5 log CFU/g.
Only samples with no growth on plates and negative enrichment results were considered to be
0.0 log CFU/g. Bacterial log reductions were calculated by subtracting the survivors of each

treatment (log CFU/g) from organisms present on the 0-min treatment (log CFU/Qg).

2.5. Water activity and proximate analyses

Trials were conducted for proximate analyses of dried fruits and nuts of before treatment
and after the longest treatments for each temperature to analyze impacts on water activity,
moisture (AOAC 934.01), crude protein (AOAC 2001.11), and crude fat composition (AOAC

2003.06).

2.6. Experimental design and statistical analyses

Raisins (n=17), apricot halves (n=17), and macadamia nuts (n=15) were treated with
timed cycles at low and high temperatures, and each time/temperature combination was
replicated 3-5 times. ANOVA, followed by pairwise comparisons (Tukey’s Honestly Significant
Difference (HSD)) was used to determine significant differences between the log reductions
calculated for each treatment time compared to the 0-min treatment, as well as significant
differences in log reductions between the organisms within each treatment. R (Version 3.6.1) and

RStudio, Inc. (Version 1.1.456, Boston, MA) with the agricolae package were used for
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conducting statistical analyses. The significance level of p < 0.05 was chosen. Water activity and
proximate measurements were analyzed using Wilcoxon ranked sum and exact tests due to
smaller sample sizes, with a significance level set to p < 0.05 (JMP® Pro 14.0, SAS Institute

Inc., v. 9.4, Cary, NC).

2.7. Model development and validation

Survivability models were fit to each dataset of food, temperature, and organism using
log reductions calculated from final and initial bacterial concentrations and converted to
fractional survival. Replicates of each treatment were pooled and the nistools package in R were
used for model fitting. First-order models were fit and D-values were calculated based on the
inactivation rate. Weibull and Gompertz models were also fit to the data to provide more robust
fits than the first-order models and D-values (Bermldez-Aguirre and Corradini, 2012).

The log-linear or first-order model parameters were estimated from the compiled data

using the equation provided by Peleg et al. (2005):

(1) logN; — logN, = —kt

where Nt is the surviving bacterial population at time, t; No is the initial bacterial population; and
k is the inactivation rate (log CFU/g min-1).

D-values were calculated from the inverse of the first-order k, and R2 values were used to
measure the fit of the first-order linear regression models. Akaike’s Information Criteria (AIC)
and root mean squared error (RMSE) were calculated and used to evaluate all three models.

The Weibull model was used as an alternative to identify inactivation trends that were not

first-order or linear (Peleg, 2003):
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(2) logN, — logN, = —k - tP

where k is a rate parameter for the reduction and g indicates whether the shape is a concave
upward (<1), downward (>1), or linear (=1) inactivation curve.
The Gompertz model describes inactivation trends that present as a sigmoidal curve with

the following equation (Zwietering et al., 1990):

(3) logN; — logN, = a - exp[—exp(b — ct)]
where a, b, and c are parameters derived to fit the shape of the sigmoidal curve with no
biological meaning.
A modified Gompertz equation was used to model data in the presented research and was
derived by Zwietering et al. (1990) with the aim of providing biological meaning to the

sigmoidal curve:

(4) logN; — logN, = A -exp {—exp [%()\ —-t) + 1]}

where p,, (log CFU/g min-1) is the maximal value of inactivation, A is the lag time (min), and A

is the asymptote.

3. Results

3.1. Bacterial reductions post vacuum steam pasteurization
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Average bacterial log reductions for each treatment time and temperature combination
were calculated separately for each food and microorganism. The log CFU/g of the 0-min
treatment was considered the starting concentration and can be viewed in Supplemental
Materials (Table 3.3).

For apricot halves processed at 72°C, it required >8 min of treatment to result in
statistically significant bacterial reductions compared to the 0-min treatment. 5-log reductions for
each pathogen on dried apricot halves occurred during 20-min treatments of 72°C (Figure 3.1a).
Similarly, 82°C treatments resulted in 5-log CFU/g pathogen reductions for 5-min treatments,
which were statistically different from 0-min treatments (Figure 3.1b).

Low-temperature steam processing of macadamia nuts at 72°C resulted in significant
bacterial reductions for >14-min treatments. The longest 72°C treatment performed, 38 min,
resulted in a 5-log reduction of E. coli and nearly 5-log reductions of L. monocytogenes and
Salmonella (Figure 3.2a). Bacteria on products treated at 82°C experienced significant reductions
compared to a 0-min treatment after 3.5 minutes of processing. After the 12-min treatment, a 5-
log reduction of E. coli and L. monocytogenes occurred, while Salmonella was reduced just
under 5 log CFU/g (Figure 3.2b).

Treatment of 82°C were excessive to achieve 5-log reductions of the pathogens on
raisins, so 62°C treatments were used. Vacuum-steam treatments of raisins at 62°C resulted in
significant pathogen reductions for treatments >5 min compared to the 0-min treatment, with 5-
log reductions of pathogens occurring at 20 min (Figure 3.3a). Significant pathogen reductions
occurred after 3.5-min treatments of 72°C compared to the 0-min treatment, with 5-log

reductions of all pathogens at 5-min treatments (Figure 3.3b).
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3.2. Surrogate comparison

Pathogens and Pediococcus were coinoculated on the foods, which allowed direct
comparisons between bacterial reductions. Bacterial reductions were compared against one
another using pairwise comparisons within individual treatments (Tukey’s HSD). At shorter time
intervals, the inactivation of the pathogens and surrogate were sometimes comparable. As the
time interval increased, the reductions of the bacterial pathogens were significantly larger than
those of Pediococcus on the dried fruits at the lower tested temperatures. For example, after the
72°C 14- and 20-min treatments of apricot halves, the pathogens’ reductions were significantly
larger than those of Pediococcus (Figure 3.1a; p < 0.05). The same was true for raisins treated at
62°C for 8-20 min (Figure 3.3a). However, for macadamia nuts treated at the lower temperature
of 72°C, only E. coli reductions were significantly greater than Pediococcus reductions (Figure
3.2a). When higher temperatures were used the bacterial reductions of the pathogen and
Pediococcus increased. As a result, while the average reductions of the pathogens on raisins and
macadamia nuts treated with higher temperatures (72°C and 82°C, respectively) were larger, but
not significantly different from those of Pediococcus (Figure 3.2b, 3.3b). Only apricots treated at
82°C showed reductions of pathogens that were significantly greater than those of Pediococcus
(Figure 3.1b).

One-to-one (1:1) ratio plots were also constructed of the log reductions for each pathogen
vs. the log reductions of Pediococcus for the different food types and treatment temperatures to
provide direct comparisons (Figure 3.4a-f). There were few instances when the reduction of
Pediococcus was greater than those of the pathogens, and these generally occurred more
frequently at the higher temperatures (Figure 3.4b, d, f), although Figure 3.4a also shows a few
points where the pathogen reductions were slightly less than Pediococcus reductions. These three

points were due to an abnormally large reduction of Pediococcus during a particular replicate,
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which is reflected in the large standard deviation reported in Table 3.4. At no point, however,
was the reduction of Pediococcus statistically significantly greater than those of the pathogens
(Figures 3.1-3.3). Lastly, as seen throughout the plots, no single pathogen stood out as
consistently more heat resistant than the others.

The shaded 95% confidence and prediction intervals in each panel reflect the range of the
expected mean log reductions which was impacted by the overall variation of the vacuum-
assisted steam process. In general, trends showed that steam treatments of higher temperatures
with short times (Figure 3.4b, d, f) yielded wider confidence intervals than lower-temperature
steam treatments with a number of points lying outside the prediction intervals. Furthermore, the
confidence intervals of the higher temperatures commonly showed greater and more frequent

overlap with the 1:1 ratio line.

3.3. Model evaluation

Coefficients for each model parameter for each food type, organism, and temperature
treatment are reported in Tables 3.1-3.2 alongside AIC, RMSE, and Rz values of the first-order
models. Table 3.1 includes D-values calculated from the inactivation rates determined from the
first-order models. For pathogens on raisins, De2°c = 3.00-3.12 min and D72°c = 0.72-0.77 min.
For pathogens on apricots, D72°c = 2.29-2.53 min and Dsz2°c = 0.64-0.66 min. For pathogens on
macadamia nuts, D7z2°c = 5.44-7.54 min and Dsz2°c = 1.85-2.27 min. Although the R2 shown in
Table 3.1 values were generally acceptable for each first-order model (0.83-0.95), this model
was not best suited for any dataset compared to the nonlinear models based on RMSE and AIC.

The Weibull and Gompertz models allowed for characterization of non-linear inactivation
of microorganisms, the former describing the inactivation rate curve as having either a concave

or convex shape, and the latter providing shouldering (lag) and/or tailing with exponential,
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nearly linear inactivation. High inoculation levels (~7-8 log CFU/g) and low LOD (0.6 log
CFU/q) for the log bacterial counts allowed confidence that the curve inflections were not
impacted by the LOD or complete die-off. Overall, based on the RMSE and AIC, the bacterial
inactivation on raisins and macadamia nuts datasets were best fit to the Weibull model, with the
shape parameter (f<1), indicating a concave, upward curve (Table 3.2). Only 15% (6 out of 40)
of the shape parameter (B) confidence intervals included 1, boosting confidence in the concave
upward curve trend.

All but one of the apricot halves’ datasets were best described by the Gompertz model,
with a few exceptions (noted by * in Table 3.2). For this instance, the confidence intervals of the
lag time parameter (A) were quite large compared to the other datasets’ lag time parameters. The
lag time parameter distinguishes the Gompertz model from the Weibull by depicting a delay in

the exponential population reduction.

3.4. Water activity and proximate analyses

Water activity levels were measured for each temperature and time combination of the
foods. Moisture, protein, and fat were measured for non-inoculated samples. On average, aw of
apricot halves increased significantly (p=0.0119) from 0.684 + 0.044 (SD) to 0.769 + 0.033 and
0.783 = 0.038 after 72°C and 82°C treatments, respectively. Percent moisture also significantly
increased (p=0.002) from an initial 29.1 + 1.6% to 31.8 + 1.1%. Neither crude protein (2.8 +
0.5% to 2.6 £ 1.1%; p > 0.05) nor crude fat (<1.0%) were significantly impacted.

On average, aw of macadamia nuts significantly increased (p=0.0005) from an initial
0.581 + 0.025 t0 0.870 + 0.031 and 0.885 £ 0.016 for 72°C and 82°C treatments, respectively.

Percent moisture increased insignificantly (p > 0.05) from 13.2 £+ 1.8% to approximately 14.0 =
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1.3%. Crude protein (9.6 £ 0.2% to 9.2 + 0.4%) and crude fat (49.3 + 1.9% to 56.3 + 4.3%) were
not significantly altered (p > 0.05).

On average, aw of raisins increased significantly (p=0.0048) from an initial 0.563 + 0.001
to an average of 0.701 £ 0.023 and 0.685 + 0.018 for 62°C and 72°C treatments, respectively. A
significant increase (p=0.0048) in moisture was noted from an initial 18.2 + 2.5% to
approximately 25.0 + 0.4%. Neither protein (3.3 £ 0.5% to 3.5 £ 0.2%) nor fat (<1.0%) were

significantly impacted (p > 0.05).

4. Discussion

The main objectives of this research were to evaluate the efficacy of low-temperature,
vacuum-assisted steam in reducing pathogens and a potential surrogate from dried fruits and
macadamia nuts. Compared to heated air, steam offers more efficient heat transfer on LWAF for
pathogen reduction (Newkirk et al., 2018). Pulling a vacuum prior to injecting low-temperature
steam to remove air allowed the creation of a negative pressure in the chamber so that steam
could be formed and stay at lower temperatures (<90°C) to preserve quality aspects of the food.
The introduction of moisture and mild heat in the presented research was observed to have some
impacts on moisture content and water activity of the foods, so additional drying steps following
thermal treatments would be recommended. While it would be unlikely for the pathogens used in
the present studies to grow at the resulting water activity there are examples of molds that grow
in this range and may compromise product quality. Salmonella spp. have been shown to persist
in raisin homogenate at lower water activities, but only grew at a much higher water activity (aw
0.997; Beuchat and Mann, 2014), further highlighting the need for a drying step. It was beyond
the scope of the present study to examine other changes to product quality and shelf life. Future

work should measure other quality indicators (color and appearance, lipid oxidation, sensory,
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total microbial counts, yeast and mold counts throughout storage) to determine if the food

products are affected in ways that harm resale value.

4.1 Steam treatment bacterial reductions

Currently, the U.S. Food and Drug Administration (FDA) requires processes that result in
a 4-log reduction of Salmonella from California-grown almonds (CFR, 2007). For other products
lacking risk assessments or prevalence studies, demonstration of 5-log reductions of the most
resistant pathogen is suggested. The results of the present study similarly support a higher log
reduction (4-5 log CFU/qg) as a guideline to reduce risk to consumers, as shorter time intervals
with reductions of 1-3 log CFU/g were associated with greater variability in reductions and could
fail to return the expected reduction. Steam movement and heat transfer to the product were not
directly measured, however the product surface temperatures were monitored using
thermocouples for each replicate and used to standardize treatments. While some variability is
introduced by thermocouple placement, other factors, such as how steam moves through the
product, may also contribute to variability. In a similar study, Shah et al. (2017) used vacuum-
assisted steam (75-85°C) to pasteurize flaxseed, quinoa, and sunflower kernels and showed
similar variability in reductions of Salmonella and E. coli O157 ranging from 0.1-1.4 log CFU/g
depending on temperature and treatment time. Ergo, treatments that yielded larger reductions can
provide more confidence in product safety. Although a risk assessment may indicate that
reasonable pathogen contamination would only require smaller bacterial reductions, it may be
more difficult for processors to assert confidence in milder treatments if process variation occurs.

From the first-order models, D-values were calculated and provided valuable
information for comparison to similar work examining inactivation trends of pathogens on dried

fruits. Other studies specifically examined D-values of Salmonella serovars Typhimurium
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DT104 and PT 30 on dried date fruits and found the Dso°c to be 3.5-3.6 min (Limcharoenchat et
al., 2018; Mattick et al., 2001). These were much higher Dsz°c and D72°c values of Salmonella
than what was observed for the dried fruits in the presented study (Ds2°c = 0.64 min on apricots,
D72°c = 0.77 min on raisins). One explanation for this may be the larger size of dates compared
to raisins or the higher sugar content in dates (67.5%) compared to apricots (37.5%). High sugar
content could contribute to the thermal resistance of the Salmonella by serving as a protectant
for the bacteria to resist desiccation stress by forming glasses that can prevent membrane
degradation (Burgess et al., 2016). The method of heat transfer may have also resulted in
differences in D-values. In the present study, low-temperature, saturated steam was used, which
efficiently transfers heat to the surface associated microorganisms compared to isothermal
treatments (Limcharoenchat et al., 2018; Mattick et al., 2001).

For process validations, it is recommended that the most resistant pathogen to the
selected intervention be identified and targeted for the reduction (NACMCF, 2010). Salmonella
is frequently the target pathogen for thermal inactivation studies, process interventions, and
validations on dried products due to its frequent association with outbreaks in LWAF. However,
recent outbreaks associated with other pathogens on dried products, notably STEC on flour and
nuts, warrant investigation of these isolates for their potential thermal resistance. In some cases,
thermoresistance of Salmonella and other pathogens have been shown to be greater in LWAF
compared to high-water activity and high-humidity conditions (Casulli et al., 2018; He et al.,
2013). The designation of Salmonella as the most thermoresistant pathogen should be based on
research, as examples of other pathogens with similar or greater thermotolerance have been
described (Lang et al., 2017; Shah et al., 2017). This may be highly dependent on the food and

its characteristics, such as water activity. In a study comparing thermotolerance of pathogens
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(Salmonella and L. monocytogenes) on low moisture foods, the Dso°c was greater for Salmonella
than L. monocytogenes in the LWAF (chicken meat powder, confectionary mix, pet food; aw
<0.6), but the two pathogens had comparable Dso°c in the IWAF (culinary seasoning; aw 0.65;
Rachon et al., 2016). Vacuum-steam pasteurization used in the presented research increased the
water activity of all foods, including the LWAF (raisins and macadamia nuts), to intermediate
levels (aw 0.6-0.85), which could have contributed to the comparable reductions for each of the
pathogens when inoculated on the same food.

In addition to water activity, inactivation trends of different pathogens may be influenced
by inoculum preparation (Enache et al., 2015), food physical structure (Mogolldn et al., 2009)
and composition (Rachon et al., 2016). Pathogens in the presented research displayed increased
heat resistance on foods with high fat content (macadamia nuts), compared to foods with little or
no fat (dried fruits). Macadamia nuts with >50% fat content required longer treatment times (38
min at 72°C, 12 min at 82°C) to achieve large pathogen reductions. Foodborne pathogens were
also reported to have enhanced thermal tolerance in other foods with notably high fat contents
including, ground beef (19%) and meat powder (25%) compared with lower fat products
(Rachon et al., 2016; Smith et al., 2001). Furthermore, models for predicting survival in non-fat
food systems have been shown to be more accurate than for low fat foods (12% fat), adding to
the conclusion that fat content can influence pathogen inactivation (Farakos et al., 2013;
Podolak, 2010). In peanut butters with 33% fat content, increasing the carbohydrate
compositions was associated with greater survival of Salmonella at 90°C and 126°C, indicating
other food components may also be important to consider in terms of pathogen inactivation (He

etal., 2013).
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4.2 Surrogate comparison

In-plant validation is the most effective way to evaluate the efficacy of an intervention
intended to increase product safety, but due to concerns about cross-contamination of products,
human pathogen introduction to food processing plants should be avoided. In place of these
pathogens, surrogates, non-pathogenic bacteria with greater resistance to the intervention than
the target pathogen, may be used. When selecting a surrogate, inactivation rates, intervention
method, food type and characteristics, target reduction, and correlation to the target pathogen
must all be considered (Hu and Gurtler, 2017). Enterococcus faecium NRRL B-2354 is a popular
surrogate for Salmonella on LWAF, but some studies have shown E. faecium to be less resistant
to certain thermal treatments or display inactivation trends too dissimilar from the targeted
pathogens (Verma et al., 2018). E. faecium was not deemed a suitable surrogate for Salmonella
spp. on cocoa powder or a confectionary mix due to its greater susceptibility to the heat, but was
excessively more heat resistant than both Salmonella and L. monocytogenes cocktails in a
culinary seasoning mix, dried meat powder, and pet food (Rachon et al., 2016; Tsai et al., 2019)
highlighting the necessity of verifying the behavior of the surrogate on the target food and using
the target process. Pediococcus acidilactici ATCC 8042, a lactic acid bacterium, has also been
used as a surrogate for pathogens, namely Salmonella, on LWAF. Several studies have noted it
as a more suitable surrogate than E. faecium for Salmonella on thermally treated pet food (76.7-
87.8°C), PPO-treated macadamia nuts, and vacuum-steam-treated macadamia nuts (Ceylan and
Bautista, 2015; Saunders, 2017; Saunders et al., 2018). Differences in suitability as a surrogate
may be observed due to differences in characteristics of the food or the processes used for
inactivation.

Pediococcus was selected for the present study based on preliminary work on that

identified P. acidilactici as a more comparable surrogate to S. enterica on vacuum steam treated
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macadamia nuts compared to E. faecium (Saunders et al., 2018). The suitability of Pediococcus
acidilactici as a surrogate was demonstrated by comparable reductions and inactivation trends,
and in several cases, statistically lower reductions than those of the pathogens (Figures 3.1-3.3).
On macadamia nuts, the Pediococcus reductions were consistently lower than those of the
pathogens. When 5-log reductions of the pathogens occurred, the Pediococcus average
reductions ranged from 2.4-4.9 log CFU/g. At temperatures of 62-72°C, the reductions of
Pediococcus were often significantly smaller compared to the pathogens, providing greater
confidence that a reduction of the surrogate would assure the reduction of pathogens on raisins,
apricots, and macadamia nuts at these temperatures (Figures 3.1a, 3.2a, 3.3a). At the highest
treatment temperatures (72°C for raisins and 82°C for apricot halves and macadamia nuts), rapid
reductions of Pediococcus occurred that were more comparable to the target pathogens. As a
result, the reductions of Pediococcus and the pathogens were sometimes not significantly
different statistically. Even still, when the inactivation of pathogens and Pediococcus on
individual samples were directly compared using 1:1 ratio plots, the majority of points fell below
the 1:1 ratio line (Figure 3.4a-f), showing increased reduction of pathogens than surrogate.
Furthermore, nearly all points fell within the 90% confidence intervals, indicating that it could be
considered a suitable surrogate (Figure 3.4). In a few instances at shorter treatment times,
reductions of pathogens were less than that of Pediococcus (points above the 1:1 ratio line,
Figure 3.4), but these points generally represented < 3-log CFU/g reductions, which would not
be considered adequate treatments for safety. As demonstrated in the presented research,
surrogate efficacy is highly dependent on food type and process conditions, stressing the

importance of specific process validations to meet FSMA regulations.
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4.3 Model evaluation

Traditionally, first-order inactivation has been used to describe effects on pathogens
during thermal treatments. However, treatment parameters (sublethal temperatures, dry vs. moist
heat), as well as the foods’ properties in terms of size, water activity, or composition could
impact inactivation trends. In general, the first-order model cannot always successfully fit data
when the environment or microorganisms are more complex, so nonlinear models can be helpful
in describing the complex relationship between the microorganisms and the food matrix
(Bevilacqua et al., 2015; Rachon et al., 2016). Non-linear Weibull and Gompertz models
provided a better fit for the survival data based on the RMSE and AIC. Specifically, the upward,
concave inactivation trend of the Weibull model, best fit to the raisins and macadamia nuts.
These inactivation curves indicated rapid inactivation upon reaching the target treatment
temperature, with a decreasing inactivation rate throughout the treatment. Other studies
investigating inactivation kinetics of pathogens have also proposed the Weibull model to
describe the reduction of pathogens on LWAF (Farakos et al., Keller, 2017; Mattick et al., 2001,
Villa-Rojas et al., 2013). Notably, the shape and scale parameters of the Weibull models for most
datasets were highly correlated (0.856-0.988). This indicates that while the model fits the data
well and can appropriately be used for predictions, the high correlation prevents determining the
impact of each individual parameter on the model.

In contrast to the macadamia nuts and raisins, the modified Gompertz model best
described the apricot halves datasets. The sigmoidal shape depicted by the modified Gompertz
model with biologically meaningful parameters accounts for a lag time, followed by rapid,
exponential inactivation, ending with a slowed rate of reduction. There was little or no
correlation between the three parameters of the Gompertz model. Although the Gompertz model

has been primarily used to describe growth, the modified model with adjustments to describe
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reduction of bacterial populations in the presented research successfully describes the bacterial
inactivation on certain food commaodities. Figure 3.5 provides examples to highlight the contrast
in the different inactivation kinetics modeled by the Weibull and Gompertz based on food
commodity.

The variation of best-fit models in the present study seemed primarily influenced by food
rather than organism, leading to the hypothesis that the physical size or compositional properties
of the foods (such as sugar and fat content) impacted the efficacy of the vacuum-assisted steam.
A few datasets did not “fit the pattern” correlating food type and model. These exceptions (Table
3.2) can be understood by noting the confidence intervals of the parameters that influence the
shape of the curves. It is highly recommended that detailed models for specific processes and
foods be established. A single model likely cannot accurately predict inactivation kinetics across

food categories or apply to different treatment parameters.

5.0 Conclusions

Low-temperature, vacuum-assisted steam pasteurization offers a strategy to improve the
safety of dried fruits and nuts in relatively short time periods, depending on the temperature.
Future studies should be performed to determine changes to quality and sensory properties. This
research demonstrates that P. acidilactici ATCC 8042 can serve as a surrogate for certain strains
of STEC, L. monocytogenes, and Salmonella on low-temperature, vacuum-assisted steam-
treated whole macadamia nuts, apricot halves and raisins with comparable processing
parameters as described in this study. The Gompertz and Weibull models most closely represent
the survival of STEC, L. monocytogenes, and Salmonella subjected to low-temperature vacuum-
assisted steam; however, the choice of model was highly influenced by food type. Processors

may be able to use these models for developing low-temperature, vacuum-assisted steam
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processes or predicting reductions from similar processes, but results should not be extrapolated
to other types of dried fruits or nuts, or other types of thermal processing, as it may result in an
unsafe product. In-plant validations with an appropriate surrogate to confirm model predictions

are highly recommended.
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Figure 3.1. Bacterial reductions (log CFU/g + standard deviation) on apricot halves resulting
from 72°C (a) and 82°C (b) vacuum-steam treatment of various times. Asterisk (*) next to
treatment times indicate significant differences of bacterial reductions from the reductions of a 0-
min treatment, while lowercase letters above bars indicate significant differences between
organisms within a treatment from pairwise comparisons (p<0.05). Lack of letters indicate no
significant difference between organisms within the treatment.
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Figure 3.2. Bacterial reductions (log CFU/g + standard deviation) on macadamia nuts resulting
from 72°C (a) and 82°C (b) vacuum-steam treatment of various times. Asterisk (*) next to
treatment times indicate significant differences of bacterial reductions from the reductions of a O-
min treatment, while lowercase letters above bars indicate significant differences between
organisms within a treatment from pairwise comparisons (p<0.05). Lack of letters indicate no
significant difference between organisms within the treatment.
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Figure 3.3. Bacterial reductions (log CFU/g + standard deviation) on raisins resulting from 62°C
(a) and 72°C (b) vacuum-steam treatment of various times. Asterisk (*) next to treatment times
indicate significant differences of bacterial reductions from the reductions of a 0-min treatment,
while lowercase letters above bars indicate significant differences between organisms within a
treatment from pairwise comparisons (p<0.05). Lack of letters indicate no significant difference
between organisms within the treatment.
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Figure 3.5. Inactivation kinetics of L. monocytogenes, Salmonella, and Pediococcus on apricots
(@), macadamia nuts (1), and raisins (X), respectively, when treated with 72°C vacuum-steam
treatment. Lines shown are Gompertz and Weibull models that were best fit to the datasets.

90



Tables

Table 3.1. First-order model inactivation rate coefficients (k [log CFU/g min-1]), De2°c, D72°c, or
Dszec values (min), and statistical results (R2, RMSE [log CFU/g], AIC) for each food, organism,
and treatment combination.

Food Temp Organism k D-value Ro RMSE AIC
Apricot 72 E. coli -0.41 2.43 0.94 1.00 70.96
L. mono -0.40 2.53 0.89 1.32 84.46
Ped. -0.21 4.70 0.87 0.80 60.21
Sal. -0.44 2.29 0.89 1.45 89.01
82 E. coli -1.57 0.64 0.90 1.35 85.66
L. mono -1.51 0.66 0.91 1.22 80.51
Ped. -1.16 0.86 0.93 0.82 61.68
Sal. -1.57 0.64 0.89 1.43 88.24
MacNut 72 E. coli -0.18 5.44 0.95 0.85 60.96
L. mono -0.14 7.29 0.94 0.67 49.60
Ped. -0.10 10.32 0.89 0.69 51.30
Sal. -0.13 7.54 0.94 0.68 50.51
82 E. coli -0.54 1.85 0.90 1.14 83.72
L. mono -0.52 1.94 0.92 0.99 73.57
Ped. -0.37 2.73 0.91 0.76 62.49
Sal. -0.44 2.27 0.90 0.95 73.95
Raisins 62 E. coli -0.33 3.04 0.95 0.71 85.30
L. mono -0.32 3.12 0.94 0.77 90.58
Ped. -0.13 7.96 0.91 0.39 38.36
Sal. -0.33 3.00 0.95 0.71 84.39
72 E. coli -1.31 0.76 0.91 0.98 109.40
L. mono -1.39 0.72 0.83 1.55 143.92
Ped. -0.90 1.11 0.91 0.69 82.58
Sal. -1.31 0.77 0.87 1.23 126.72
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Table 3.2. Weibull (k (log CFU/g min-1) and ) and Gompertz (A, um [log CFU/g min-1], A [min]) model parameter coefficients and
statistical results (RMSE [log CFU/g], AIC) for each food, organism, and treatment. Best values are bolded. Notable deviances from
the observed trends related to food type are marked with (*).

Weibull Gompertz

Food Temp Organism Kk S RMSE AIC ‘ A UM A RMSE AIC
Apricot 72 E.coli -096 0.69 0.79 60.85 -7.22 -0.62 0.54 0.78 60.78
L.mono -124 058 0.98 70.89 -6.41 -0.70 0.23 0.92 68.66

Ped. -0.71 055 0.64* 50.62* -3.67 -0.27 -1.00 0.71 56.64

Sal. -1.39 057 1.04 73.99 -7.13  -0.79 0.36 0.88 66.91

82 E.coli -215 075 1.28 83.75 -6.45 -4.33 0.99 0.96 71.04

L.mono -219 0.70 1.09 75.95 -6.07 -3.18 0.63 0.89 67.23

Ped. -1.60 0.74 0.75 58.18 -5.38 -1.50 0.15 0.73 57.65

Sal. -2.37 0.67 1.27 83.58 -5.94 -11.07 134 0.80 62.03

MacNut 72 E.coli -0.69 0.60 0.64 48.43 -6.68 -0.21 -1.19 0.78 58.66
L.mono -0.69 051 0.40 26.99 -481 -0.15 -2.26 0.55 42.61

Ped. -0.46 053 061 46.36 -3.66 -0.10 -2.69 0.67 51.70

Sal. -059 055 048 35.89 -459 -0.16 -1.53 0.60 46.31

82 E.coli -1.23 0.63 0.98 76.49 -5.20 -1.00 0.49 0.96* 76.62
L.mono -1.21 0.61 0.78 62.54 -5.01 -094 043 0.76*  62.04*

Ped. -0.73 0.68 0.69 58.63 -3.71 -0.57 0.34 0.72 61.81

Sal. -0.86 0.70 0.88 71.03 -4.48 -0.68 0.35 0.92 74.13

Raisins 62 E.coli -0.74 0.70 0.59 71.06 -7.45 -0.35 -0.56 0.65 79.75
L.mono -0.81 0.66 0.58 69.97 -6.04 -0.40 -0.28 0.61 75.61

Ped. -0.33 0.64 0.33 27.84 -2.72 -0.13 -1.08 0.36 35.59

Sal. -056 081 0.67 80.87 -7.71  -0.38 0.37 0.69 84.53
72 E.coli -1.71 078 094 106.73 -6.54 -1.51 0.05 0.96 109.88
L.mono -253 049 124 128.35 -492 -2.36 0.01 1.24* 129.19

Ped. -1.13  0.82 0.67 81.32 -4.24  -1.15 0.18 0.69 84.27
Sal. -194 0.67 1.13 120.93 -5.67 -1.61 -0.03 1.15 123.49
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Table 3.3. Temperature profile parameters averaged across each treatment combination.

Food Treatment Treat_ment (_Zome-up ﬁe:;ﬂt;gl Maximum  Minimum
Temp (°C) (min) Time (sec) (sec) Temp (°C) Temp (°C)
Apricot 72 0 62.3 11.0 725 69.6
Halves 0.5 47.3 3.0 73.4 69.7
1 50.3 2.3 73.5 70.5
2 48.7 3.3 73.4 70.5
5 48.0 3.3 73.5 70.5
8 50.3 2.7 73.2 70.4
14 55.3 5.7 73.6 70.2
20 46.7 2.7 73.8 70.4
82 0 72.3 9.7 82.8 79.2
0.5 68.3 1.7 83.9 79.6
1 69.7 2.7 83.8 80.5
1.5 65.0 2.7 83.8 80.6
2 82.7 1.3 83.3 80.6
2.5 65.0 4.0 83.5 79.4
35 72.3 3.7 83.4 80.8
5 70.0 3.0 83.2 80.5
Macadamia 72 0 40.0 12.0 72.2 69.5
Nut 1 38.0 1.0 73.9 70.7
8 34.0 1.3 73.2 70.8
14 37.3 1.0 72.9 70.6
20 32.3 1.7 73.0 70.6
28 33.3 4.1 73.6 70.4
38 33.3 2.3 73.7 70.5
82 0 45.8 14.0 83.3 78.7
1 40.7 1.3 83.7 80.5
2 39.7 1.3 83.0 80.7
35 39.7 1.3 82.9 80.6
5 42.3 1.7 82.9 80.8
8 44.8 3.4 83.3 80.7
12 41.3 2.0 83.5 80.4
Raisins 62 0 46.3 17.7 64.5 64.5
0.5 45.3 6.0 63.4 63.4
1 44.0 7.3 62.9 62.9
2 67.6 7.6 65.1 62.7
5 48.7 8.0 63.0 60.5
8 45.8 6.8 63.6 60.4

93



14 50.8 6.3 63.4 60.6
20 52.3 14.5 63.5 60.8

72 0 50.7 17.7 72.1 69.3
0.5 50.8 5.5 73.1 73.1
1 39.5 5.8 73.2 73.2
1.5 71.5 8.0 73.1 70.7
2 45.0 6.3 73.1 70.7
2.5 59.5 6.8 73.1 70.5
3.5 41.8 5.8 72.9 70.8
5 59.3 7.8 73.6 70.6

Table 3.4. Average bacterial reductions of Shiga toxin-producing E. coli, L. monocytogenes,
Salmonella, and Pediococcus acidilactici on apricot halves, macadamia nuts, and raisins treated
for various lengths at 62, 72, and 82°C.

Reduction + standard deviation (log CFU/q)

Food Temp (°C) Tr(era;]tir:)e nt E. coli L. mono Salmonella  Pediococcus
Apricot 72 0.5 0.1+£07 0.2+0.6 02+04 0.1+£0.7
Halves 1 0.8+0.38 1.0+£0.6 1.2+0.6 0.7+£0.6
2 1.6+1.0 1.9+1.0 1.9+0.6 15+1.0

5 24+1.0 27+1.3 27+1.1 1.6+0.6

8 49+1.1 54+13 6.2+1.3 24+0.6

14 6.1+£0.6 58+0.9 6.8+0.8 28+1.0

20 7.2+04 6.5+£0.9 6.9+0.7 3.8+0.5

82 0.5 1.2+04 1.2+0.6 1.2+0.3 1.2+£0.3

1 1.0+0.5 1.1+0.3 1.0+0.4 1.2+0.3

15 1.6+0.3 1.8+0.5 1.8+0.2 1.6+0.4

2 45+0.9 53105 54+1.0 32+0.5

2.5 5521 49+1.2 57172 3.1+£05

35 6.7+0.4 55+0.9 6.2+0.3 47+18

5 6.0+ 0.5 6.1+0.3 58+0.1 49104

Macadamia 72 1 09+0.3 09+0.1 0.7+£0.3 08+04
Nut 8 25+0.6 20+0.3 1.9+0.7 1.3+0.3
14 35+04 28+0.3 27+0.2 2.0+0.6

20 3.8+0.6 28105 28105 20+£0.8

28 49+14 3.6+£0.7 3.6+1.0 2.4+0.8

38 6.5+0.9 48+05 46 +0.6 35+£1.2

82 1 03+0.7 04+0.1 03+0.2 02+04
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2 1.8+£0.9 20+£0.8 1.4+0.7 12+04
3.5 3.0£0.6 25+£0.8 22+1.0 1.7x1.0
5 41+£1.0 42+1.0 3415 3.0£13
8 44+15 41+1.0 3.3+£0.9 2805
12 57+1.1 54+0.7 49+12 41+07

Raisins 62 0.5 05x04 0503 04x0.3 02x0.1
1 1.1+£0.6 09x0.6 09x0.7 04x04
2 1.3+£0.7 1.3+£0.5 1.1+04 06x04
5 2205 21+0.2 1.9+0.6 1.0£0.2
8 3.1+0.7 3.3+x11 2809 12+04
14 45+0.3 48+0.7 49+09 1.7x0.3
20 6.3+1.1 57x0.7 6.3£1.0 24 +£0.6

72 0.5 0.8x1.0 11+14 1.0+£0.7 02x04

1 1.7£0.6 2613 1.6x0.7 1.1x+05
15 2.6x0.7 3816 3.1+18 1.8x0.7
2 2712 3.3+13 30+16 2107
2.5 3.3x£1.0 4219 34x+1.2 24+1.0
3.5 50x£13 50x£0.8 50£12 3.1+£0.6
5 58x15 52+0.7 5410 41+£12

1. High pressure steam line 1

2. Steamtrap

3. Steamregulator

4. Valved manifold

5. Steam sterilizer

6. Pressuregauge

7. T-typethermocouples

8. Ventto condenser

9. Mesh scaffold

10. Heating tape

11. Vacuum system

12. Data logger

Figure 3.6. Schematic of equipment design for vacuum-assisted steam delivery.
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Figure 3.7. Temperature profile example of 62°C vacuum-steam cycle on raisins.
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Figure 3.8. Temperature profile example of 72°C vacuum-steam cycle on raisins.
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Abstract:

Mathematical models can describe inactivation kinetics of thermally treated
microorganisms. These models can be used by processors to optimize interventions and
potentially predict times necessary for substantial pathogen inactivation. The presented research
sought to compare bacterial inactivation models of thermally treated whole macadamia nuts and
dried apricot halves to bacterial reductions on other thermally treated low-water activity foods
(LWAF), with the purpose of determining model validity and application. First-order, Weibull,
and Gompertz models were constructed of Shiga toxin-producing Escherichia coli, Listeria
monocytogenes, Salmonella, and Pediococcus acidilactici on whole macadamia nuts, dried
apricot halves, and respective smaller pieces, treated with 72 and 82°C vacuum-assisted steam.
These models were compared to one another to determine each model’s ability to predict times
for 3-log reductions of the other microorganism, food, and temperature models. Additionally,
external, independent datasets of similarly treated LWAF were acquired from literature, and
times for 3-log reductions were extrapolated and compared. There was notable success of the
internally constructed models, particularly first-order models, of macadamia nuts and dried
apricots in predicting bacterial reductions of other steam-treated products (internal data).
However, limited accuracy was observed in predicted times extrapolated from the external
datasets. Trends observed in heatmaps of relative error indicated that accuracy was dictated by
food category and treatment. Furthermore, non-pathogenic microorganisms, Pediococcus
acidilactici and Enterococcus faecium were shown to be sufficient in predicting fail-safe times
for reductions of multiple pathogens, proving to be adequate surrogates for pathogens and
thermal processes in many cases. However, the two surrogates were not interchangeable.
Overall, the presented work highlighted that primary inactivation models can accurately describe

pathogen inactivation from thermal processes, but they can only be applied for predictions in
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specific circumstances. Future work should build on these models and quantify the impacts of
processing conditions and food composition on inactivation trends.

Highlights:
e Primary models constructed for LWAF were used to predict bacterial inactivation.
e Models were only accurate predictors for bacterial inactivation in certain conditions.
e Models of surrogate organisms could be used to predict inactivation of several pathogens.
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1. Introduction

Low-water activity foods (LWAF) are responsible for thousands of recalls in the United
States and Europe each year, as well as dozens of outbreaks of associated foodborne illnesses
(CDC, 2012; CDC, 2018a; CDC, 2018b; CDC, 2019a; CDC, 2019b; CFIA, 2011; FDA, 2019;
RASFF, 2019). While Salmonella is responsible for many of these recalls and outbreaks, Shiga
toxin-producing Escherichia coli (STEC) and Listeria monocytogenes are also associated with
numerous recalls. In terms of the overall burden of foodborne illness, LWAF are not considered
high-risk foods compared to other foods more frequently associated with outbreaks, likely due to
certain inherent characteristics that do not promote microbial growth. LWAF are categorized
based on the lack of available water for microbial growth, but the ability of pathogens to persist
for months to years on LWAF has caused scientists to investigate further the risks associated
pathogen contamination on LWAF (Forghani et al., 2018; Forghani, 2019; Keller et al., 2015;
Suehr et al., 2019).

The Risk-Based Preventive Controls for Human Food rule of the Food Safety
Modernization Act (FSMA) recognizes the possibility of pathogen contamination of human
foods and subsequent risk of consumption, and therefore requires food processors to develop and
implement preventive controls (FDA, 2016). Thermal interventions are a key preventive control
or strategy for food processors seeking to reduce or eliminate pathogens from foods or
processing environments. In-plant validation is the best method to evaluate interventions using
specific equipment, in situ processing conditions, and standard product volumes. These
investigations provide valuable information and confirmation of effectiveness, but they can be
costly and require resources or expertise that are not always accessible to food processors. It has
been suggested that predictive microbiology modeling may be able to serve as a guideline to or

substitute for “practical experimentation” in the food industry, such as in-plant validations, but
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limitations of models must be recognized and understood for proper use of these empirical
kinetic models (Marks, 2008; Membré and Lambert, 2008).

The earliest inactivation kinetic models in the food industry sought to describe thermal
death of microorganisms with thermal resistance, namely Clostridium botulinum spores, in
relation to canning sterility (Bigelow and Esty, 1920; Bigelow, 1921). These types of models,
classified as primary models, represent the concentration or number of microorganisms in a
population for a measured period of time (Bevilacqua et al., 2015). Primary models have been
paramount in the development of predictive microbiology in their descriptions of how
populations change or respond to their environment over time (McMeekin et al., 1997). Most
commonly, primary models may be used to describe growth, survival, or inactivation in
isothermal conditions. Linear thermal lethality curves gave rise to first-order kinetic models and
D-values. These parameters have been used to describe and compare thermal resistances of many
foodborne pathogens, such as Salmonella, Shiga toxin-producing Escherichia coli, and Listeria
monocytogenes in a variety of conditions that aim to mimic food matrices (Enache et al., 2011;
Jackson et al., 1995; Mattick et al., 2001). Over time, investigations have revealed that not all
inactivation trends are linear, which gave rise to the application of nonlinear models to microbial
inactivation, to describe shouldering and tailing trends (Marks, 2008; Peleg, 2003).

While primary models, particularly those developed by using an actual food matrix, can
provide descriptive accounts of bacterial inactivation for food processors, they are specific and
can only be applied in certain circumstances. These circumstances are dictated by the
experimental parameters that may heavily influence results, such as heating mechanisms
(thermal cells, water baths, steam), inoculation strategies (dry vs. wet), media or food matrices,

target pathogens, and recovery techniques. Standard methods designed to account for variation in
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conditions or experimental methods do not currently exist, which impact processors’ abilities to
apply the kinetic models in different processing environments or conditions (Marks, 2008). For
these reasons, challenge and validation are vital for assessing the performance and applicability
of models that are meant to be applied for predictions. Both internal and external datasets can be
used for challenge and validation. Validation with internal datasets using similar treatments
allow for control of processing parameters, whereas validation using external datasets allow for
independent evaluation of the model’s applicability.

The objective of this study was to validate and explore the application of primary Kinetic
models for inactivation of Salmonella, Shiga toxin-producing Escherichia coli (STEC), and
Listeria monocytogenes, as well as a non-pathogenic microorganism (Pediococcus acidilactici)
on vacuum-steam-treated whole macadamia nuts and dried apricot halves. Predictions of 3-log
reductions were made from these models and compared against 3-log reductions of the same
microorganisms on smaller particles (pieces) of vacuum-steamed macadamia nuts and dried
apricots that were predicted based on models of internal data. The comparison of these internal
model predictions limited the influence of food composition or process differences on the
analyses. Additional consideration was given to determine if the model predictions of reduction
for the non-pathogenic surrogate (Pediococcus) could yield similar or larger predictions
compared to reductions of pathogens. The models were also compared and challenged with
extrapolated and calculated 3-log bacterial reductions from data acquired from external,
independent studies of other thermally treated LWAF (found in the literature) to determine if the

models were valid under different conditions.

2. Materials & Methods

2.1. Vacuum-steam data collection experiments
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As described in Chapter 3, whole macadamia nuts and dried apricot halves were
inoculated with three pathogens and one non-pathogenic microorganism and treated with low-
temperature, vacuum-assisted steam. Using thermocouples, the surface temperature of the
sample was monitored, and steam was injected at various intervals to maintain a targeted
temperature, making the treatment conditions isothermal. Inactivation models were fit to the
datasets based on bacterial log reductions resulting from treatments at constant temperatures. The
same processes were used on smaller pieces of macadamia nuts and dried apricots, which
allowed for side-by-side comparison of model performances.

2.1.1. Strain preparation and food inoculation

Organic, raw whole macadamia nuts and organic Turkish dried apricot halves were
purchased wholesale online (Nuts.com, Cranford, NJ). Foods were inoculated with a cocktail of
the following bacterial strains: E. coli 0121:H19 (FNW19M81, wheat flour isolate from 2016
outbreak [FDA]) and O157:H7 F4546 (alfalfa sprout isolate from outbreak); L. monocytogenes
1/2a FSL R2-499 (sliced turkey isolate), 1/2b FSL R2-502 (chocolate milk isolate), and 4b
(ScottA, milk isolate from 1985 outbreak); Salmonella enterica serotype Montevideo (1449,
black pepper isolate from 2010 outbreak), Newport (2010 allspice isolate), and Tennessee
(K4643, peanut butter clinical isolate from 2007 outbreak); and the nonpathogenic bacterium,
Pediococcus acidilactici (ATCC 8042). Inocula were prepared, mixed, and misted onto the
whole macadamia nuts and dried apricot halves as described in Chapter 3.

Smaller pieces of macadamia nuts (5-10 mm) were also purchased (Nuts.com, Cranford,
NJ), inoculated, and steamed in the same manner as whole macadamia nuts and apricot halves. In
the case of apricot pieces, the halves were inoculated, dried, and then cut into pieces (8-10 mm)

to avoid inoculum internalization through freshly cut surfaces.
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2.1.2. Low-temperature, vacuum-assisted steam treatments

A laboratory-scale, low-temperature, vacuum-assisted steam delivery system was
engineered in a Biosafety Level-2 pilot plant. Newkirk et al., 2018 reported the general design
and use of the system, which included a canner cooker (25-QT canner cooker; All American®,
25 QT. #925, Manitowoc, WI) with a customized, valve-controlled steam inlet. Amendments
were made to connect the system to a medium-pressure steam line and a regulating reducing
station that lowered steam to <69 kPa. The steaming, sampling, enumeration, and injury-
recovery methods are described in detail in Chapter 3.

Foods were steamed separately from one another. Apricot halves and pieces were treated
at 72°C for 0, 0.5, 1, 2, 5, 8, 14, and 20 min and 82°C for 0, 0.5, 1, 1.5, 2, 2.5, 3.5, and 5 min.
Macadamia nut pieces were also treated at 72 and 82°C for the same time intervals. Whole
macadamia nuts, however, were treated for longer treatments than the dried fruit and nut pieces
at0, 1, 8, 14, 20, 28, and 38 min (72°C) and 0, 1, 2, 3.5, 5, 8, and 12 min (82°C) to achieve
comparable reductions.

2.1.3. Experimental design and model development

Apricot halves (n=17), apricot pieces (n=17), whole macadamia nuts (n=15), and
macadamia nut pieces (n=17) were treated with timed cycles at low and high temperatures, and
each time/temperature combination was replicated 3-5 times. Order of steam cycles was
randomly determined in advance.

Bacterial log reductions were calculated from initial and final bacterial concentrations
(log CFU/qg) of each treatment and converted on the basis of survival. Datasets of survivability
for each of the pathogens treated with both temperatures on the whole macadamia nuts and

apricot halves were evaluated by fit to three models that have been used to describe bacterial
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inactivation on foods: first-order, Weibull, and Gompertz. Replicates of each treatment were
pooled and the nlstools and nisMicrobio packages in R (Version 3.6.1) and RStudio, Inc.
(Version 1.1.456, Boston, MA) were used for model construction.

The first-order model parameters were estimated from the compiled data using the
equation provided by Peleg, Normand, and Corradini (2005):

(1) logN;— logN, = —kt

where Nt is the surviving bacterial population at time, t; No is the initial bacterial population; and
k is the inactivation rate (log CFU/g min-1).

The Weibull model was used as an alternative to identify inactivation trends that were not
first-order or linear (Peleg, 2003):

(2) logN, — logN, = —k - tF

where k = k /1oge10 and is a rate parameter for the reduction, and £ indicates whether the shape
is a concave upward (< 1), downward (>1), or linear (=1) inactivation curve.

The Gompertz model describes inactivation trends that present as a sigmoidal curve with
the following modified equation provided by (Zwietering et al., 1990):

(3) logN;— logNy, = A -exp {—exp [% A=t + 1]}

where p,, (log CFU/g min-1) is the maximal value of inactivation, A is the lag time (min), and A
is the asymptote.

Akaike’s Information Criteria (AIC) and root mean squared error (RMSE) were
calculated and used to evaluate all three models for their fit to the whole macadamia nut and
dried apricot datasets, as well as the pieces datasets.

2.2. Model challenge and validation

2.2.1. Models challenged using internal data
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Primary models constructed according to section 2.1.3. were used to predict the times
necessary to achieve 3-log reductions of bacteria on the whole macadamia nuts and dried apricot
halves. The times were then compared to observed times necessary to result in 3-log reductions
of the microorganisms on the smaller pieces of macadamia nuts and dried apricots. Raw error
(min) was calculated as the difference between the predicted and observed times. Also calculated
was relative error, as described later in section 2.2.3., which was a ratio of the raw error to the
predicted times necessary for 3-log reductions on smaller pieces of the same food.

D- and z-values are commonly used to compare thermal resistance of microorganisms
and have been used to predict inactivation of pathogens in foods. Experiments explained in
Chapter 5 determined D- and z-values of STEC (0121:H19 and O157:H7) in reduced-water
activity solutions (aw 0.75 and 0.50) using the capillary tube method and isothermal treatments of
56, 59, and 62°C (Sharma et al., 2005). The reduced-water activity solutions (26% NaCl, aw
0.75; 82% glycerol, aw 0.50) were deemed comparable to macadamia nut and dried apricot water
activity (aw 0.68 and 0.58, respectively). Using the z-values, D72°c and Dsz°c were calculated and
used to extrapolate times necessary for 3-log reductions. The times for 3-log reductions of STEC
according to primary models of dried apricot and macadamia nut pieces (section 2.1.3.) were
compared side-by-side to those of STEC in reduced-water activity solutions and presented as a
comparison of thermal resistance of STEC in reduced-water activity environments and LWAF.

2.2.2. Models challenged using independent data

To determine if the primary models constructed according to section 2.1.3., of whole
macadamia nuts and dried apricot halves could predict time necessary for 3-log bacterial
reductions on other thermally treated LWAF, predicted and observed values were calculated and

compared. While the primary models were not deterministic by definition, the predicted values
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were point estimates. The predicted times according to the internally constructed primary models
were compared against additional, independent data of thermally treated LWAF, which were
considered “observed” values. Foods were compared on the basis of water activity and similarity
of thermal treatments for direct comparisons and validation. Descriptions of each external dataset
and respective data are outlined in Table 4.1. In one case, the external data reported were
estimated times for 3-log reductions from a Weibull model of Salmonella Typhimurium DT104
on dried apricot paste (aw 0.64; Mattick et al., 2001). The samples were treated within a sealed
bag in a 74°C water bath, while an inoculated sugar solution of comparable water activity was
heated directly. While the sugar solution was a vastly different type of inoculated sample, the
water activity made the food an accurate comparison to the apricot paste and apricot halves. For
another external dataset, D- and z-values were reported, which were used to extrapolate times for
3-log reductions of Salmonella Enteritidis PT30 on LWAF (almonds) treated with 70 and 80°C
water (Harris et al., 2012). Other datasets of LWAF treated at similar temperatures, ranging from
70-80°C provided first-order and Weibull model parameters, which were used to extrapolate
times for 3-log bacterial reductions (Daryaei et al., 2018, Rachon et al., 2016). Foods examined
were a collection of powders of similar water activity to macadamia nuts and dried apricots.
Savory seasoning (aw 0.633), pet food (aw 0.547), and confectionary mix (aw 0.565) were
inoculated with STEC, L. monocytogenes, Salmonella, and Enterococcus faecium NRRL B-
2354, sealed in thermal-death-time disks, and treated within an 80°C oil bath.

Consideration was given to studies examining thermal reduction of pathogens from
LWAF using vacuum-steam processes. However, in the studies available and known to the
authors, these datasets were not within the scope of the presented work due to a limited amount

of reported data or temperatures beyond 82°C, which made predictions of 3-log reductions at
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comparable temperatures impossible. Gompertz models were not challenged with additional
external data (beyond data internally collected for macadamia nut and apricot pieces), as no
known datasets existed from similar thermal inactivation of pathogens on LWAF.

2.2.3. Evaluation of model performance

Raw error was calculated to quantify the difference between the predicted and observed
values in minutes. Relative error was calculated to determine the fail-safe and fail-dangerous
zone, as well as the acceptable zone for validation to determine if the model would be acceptable
for additional usage using the following formula (Oscar, 2005):

RE = (observed — predicted)/predicted
with the targeted range for validation of accuracy between -0.30 — 0.15. If the fail-safe value was
beyond 30% (-1.0 to -0.30) or the fail-dangerous value was beyond 15% (>0.15) more than the
predicted value, the model was not considered validated for accuracy of predictions of the
respective dataset (Oscar, 2005). However, fail-safe predictions between -1.0 to -0.30 were
considered as safe, albeit excessive predicted times necessary for 3-log reductions.

To observe trends holistically and visually, heat maps of the relative error between each
combination of internal and external 3-log reduction times were constructed. The maps indicated
with color gradients the similarities of predicted (vertical axis) and observed (horizontal axis)
values based on the fail-safe (blue) and fail-dangerous (red) interval. Heat maps compared the

relative error or every possible combination of internal and external model predictions.

3. Results and Discussion

3.1. Vacuum-steam bacterial reductions and primary models
Log bacterial reductions were used to generate primary kinetic models of vacuum-steam-

treated whole macadamia nuts and dried apricot halves, as well as pieces (Table 4.2). RMSE and
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AIC were used to determine which models described or fit best each bacterial inactivation trend
on each food type. For both dried apricot halves and pieces, the Gompertz model, in general, best
described the bacterial inactivation. Bacterial inactivation on whole macadamia nuts and pieces
were best fit to a Weibull model with upward concavity. The fits of the first-order models were
not vastly different than those of the Weibull and Gompertz, but they were not ranked as best fit
in any case.
3.2. Comparison of reductions on LWAF and reduced-water activity solutions (D- and z-values)
As described in Chapter 5, D- and z-values of STEC (0121:H19 and O157:H7) in
reduced-water activity solutions (intermediate, aw 0.75; low, aw 0.50) were determined using
isothermal treatments (56, 59, and 62°C) and the capillary tube method. From these values, D72°c
and Ds2°c were calculated and used to extrapolate 3-log reductions at temperatures comparable to
vacuum-steam temperatures, as described in section 2.2.1. (Table 4.3). D-values were also
calculated from first-order models of the apricot and macadamia nut pieces and compared to
those extrapolated from the STEC in reduced-water activity solutions. In this way, the
inactivation kinetics of STEC under osmotic stress and isothermal treatments were compared to
desiccation stress and non-isothermal treatments. Similarly, Mattick et al. constructed
inactivation models that compared the death rates of Salmonella Typhimurium DT104 in a sugar
solution (aw 0.64) to a food of comparable water activity (2001). The sugar solution was directly
heated with a submerged coil, while the inoculated foods were homogenized, spread into a single
layer sealed in a bag, and placed in a heated water bath. Overall, their results showed that
predictions from the sugar solutions overestimated the time needed to achieve 3-log reductions

of Salmonella on various LWAF at temperatures between 55 and 74°C.

116



In contrast, the extrapolated times necessary for a 3-log reduction according to the
calculated D72°c and Dsz°c in the presented work vastly underestimated the actual times of 3-log
reductions on the LWAF (apricot halves and macadamia nuts; Table 4.3). The STEC strains
displayed slower rates of inactivation on the dried foods compared to within the solutions. This
may have been due to the differences in composition of the reduced-water activity solutions
compared to the food matrices, cell desiccation during the drying step of the inoculated foods, or
the heat transfer differences between the liquid samples in capillary tubes and steamed food
samples. These results highlight that caution should be used in applying conclusions made from
data acquired from laboratory media to a food matrix. Inappropriate extrapolation could result in
under-processed foods with remaining pathogen populations.

3.3. Whole macadamia nuts and apricot halves models challenged with internal food pieces data

The primary models constructed according to section 2.1.3. of dried apricot and
macadamia nuts (whole and pieces) were compared to determine if they could be applied in
predicting times for 3-log reductions of one another. Relative error was calculated for each
combination of model, food, and microorganism, which is displayed in the form of heat maps
(Figures 4.4-4.9). Each heat map depicts a range of fail-safe (blue) to fail-dangerous (red)
relative error values, with the inner cells (within bolded lines) showing internal data and outer
cells showing results of external data that will be discussed in section 3.4. At both 72 and 82°C,
first-order model predictions between apricot halves, apricot pieces, and macadamia nut pieces
were relatively similar and showed that times required to reduce bacteria by 3-log were close to
one another (indicated by blue and white colors). However, because whole macadamia nuts
required longer treatments compared to the other products, the apricot halves, apricot pieces, and

macadamia nut pieces models could predict appropriate treatment times for the whole nuts.
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Similar observations were made for both the Webiull and Gompertz model predictions. Also
notable were the capabilities of pathogen models to predict times for 3-log reductions of other
pathogens, and the fail-safe predictions made by Pediococcus models on each food type for each
pathogen.

Processors may design treatments and validations around reducing a particular target
pathogen presumed to be most resistant to the treatment. However, our results indicated that the
pathogens behaved similarly to one another, meaning a single, particularly resistant pathogen
may not always be realistic. The heat maps prove that models of Pediococcus acidilactici could
accurately predict times for reductions of multiple pathogens on the vacuum-steamed LWAF,
making it an appropriate surrogate organism. For example, the Gompertz Pediococcus
inactivation models on apricot halves predicted fail-safe times for 72 and 82°C steam treatments
for 3-log reductions of every pathogen on apricot halves, apricot pieces, and macadamia nut
pieces (Figures 4.8-4.9). The same was observed in other models, as well. Food composition has
been observed to impact pathogen thermal resistance to varying degrees, so thermal interventions
designed to target multiple pathogens based on the conservative surrogate model could be more
widely applied (Juneja & Eblen, 2000).

In order to specifically determine if the whole macadamia nut and apricot halves models
could be validated to predict the times for 3-log bacterial reductions on pieces of the same food,
raw and relative error were calculated for specific models. The raw error was calculated to
highlight the exact differences between predicted and observed times for 3-log bacterial
reductions using each model (Figures 4.1-4.3). Relative error was calculated according to section
2.2.3 to compare predicted and observed values of respective whole and pieces models to

indicate which predictions were within the fail-safe and fail-dangerous intervals (-0.30-0.15;
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Tables 4.4-4.6). The interval was used as an indicator of accuracy and to determine if a model
could be validated for use for the same food with smaller particle sizes. First-order models of
dried apricot halves were accurate predictors of 3-log reductions of respective bacteria on apricot
pieces 100% of the time (Figure 4.1, Table 4.4). The Weibull models accurately predicted
reductions on apricot pieces 63% of the time (Figure 4.2, Table 4.5), while the Gompertz model
accurately predicted times for 3-log reductions only 50% of the time (Figure 4.3, Table 4.6).
These predictions, particularly from the first-order model, provided insight into the relative
flexibility of the models constructed to describe bacterial inactivation on apricot halves. The
dried apricot pieces were inoculated and steamed in identical manners, which was reflected in
the similar inactivation curves and extrapolated times for 3-log reductions by the first-order
models.

In contrast, for macadamia nuts, there was no instance in which the primary models
constructed for whole macadamia nuts accurately predicted the time for 3-log reductions of
bacteria on macadamia nut pieces (Figures 4.1-4.3, Tables 4.4-4.6), with the relative error
consistently <-0.30, indicating extreme fail-safe predictions. However, in each of these cases, the
fail-safe predicted times would result in a presumably safer product, though over-processing
could be of some concern. The reason for excessively longer treatments is not fully understood,
since product composition and handling were designed to be as identical as possible. The whole
macadamia nuts and pieces had comparable composition, as confirmed by proximate analyses,
and the size of the particles was the only known difference in physical characteristics, other than
a slight difference in inoculation of macadamia nut pieces. Whereas the apricot halves were
inoculated and then cut into smaller pieces, the macadamia nut pieces were purchased as smaller

particles meant for baking, which were then inoculated. It is likely that the difference in size
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between the large and small counterparts impacted the flow of steam throughout the sample, as
well as the conductive properties of the sample, which would also impact pathogen inactivation.
3.4. Comparison of models using external, independent data of thermally treated LWAF

External, independent data was also used to challenge the models’ abilities to predict
times required for 3-log reductions of bacteria on other LWAF to determine the accuracy or
flexibility of the constructed models, as described in section 2.2.2. Data was acquired for
almonds, apricot paste, sugar solutions with reduced water activity, savory seasoning powder, pet
food, and a confectionary mix that were inoculated with various pathogens and thermally treated
using a variety of methods (Daryaei et al., 2018; Harris et al., 2012; Mattick et al., 2001; Rachon
et al., 2016). Descriptions of reported data are in Table 4.1.

Heat maps (Figures 4.4-4.7) provided comparisons of each model’s ability to predict 3-
log reductions for all other food types, pathogens, and thermal processes based on relative error.
Specifically, the comparisons involving external data are displayed in the outermost cells. Heat
maps of the first order models (Figures 4.4-4.5) indicated that the models constructed internally
could accurately and safely predict the thermal treatment times required for 3-log reductions of
Salmonella on almonds and an STEC cocktail on pet food and seasoning powder, noted by the
blue-white gradient. However, the internally constructed models could not safely predict
required times for reductions of Salmonella on confectionary mix and seasoning powder, as
indicated by the red gradient. The internally constructed Weibull models accurately predicted
safe treatment times at 72°C (Figure 4.6) required for 3-log reductions of Salmonella in apricot
paste and a sugar solution of a comparable water activity. However, times predicted for the
confectionary seasoning inoculated for confectionary mix inoculated with L. monocytogenes

were beyond the fail-dangerous interval in many of the cases. At 82°C, the many of the predicted
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times from the Weibull models (Figure 4.7) fit to internal data of macadamia nuts and dried
apricots were lower (fail-dangerous) than the observed or extrapolated times required for 3-log
bacterial reductions on other LWAF. However, 50% of the whole macadamia nut models’
predictions were considered fail-safe. Direct comparisons that determine whether or not
internally constructed models could be validated for accurate predictions of other thermally
treated LWAF are listed in Tables 4.4-4.5.

One of the externally acquired datasets investigated thermal inactivation of Enterococcus
faecium NRRL B-2354 on several LWAF (Rachon et al., 2016). Their purpose was to determine
if the non-pathogenic microorganism could serve as a surrogate for pathogens on thermally
treated powders and culinary mixes. Similarly, the presented study included Pediococcus
acidilactici in the inoculation of LWAF for the same objective. The extrapolated and observed
times for 3-log reductions of these two surrogate organisms on LWAF were compared directly
according to first-order and Weibull models (Tables 4.4-4.5). It was determined that the models
of Pediococcus on thermally treated LWAF could not yield accurate predictions of thermal
inactivation of E. faecium on other thermally treated LWAF. Rather, E. faecium required much
longer treatments to achieve 3-log reductions. Both Pediococcus and E. faecium have been
considered appropriate surrogates for certain pathogens, foods, and processes, but several studies
have noted that E. faecium occasionally requires excessive treatments (Rachon et al., 2016; Tsai
etal., 2019; Verma et al., 2018). In many cases, the times predicted for a 3-log reduction of
Pediococcus were slight overestimations than what was observed for 3-log reductions of
pathogens from external LWAF datasets, as seen by the heat maps (Figures 4.4-4.7). Similarly,
the times predicted by E. faecium were overestimations for 3-log inactivations of pathogens on

other LWAF. If the inactivation trend of the surrogate is not comparable to that of the target
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pathogen, under- or over-processing of the food may occur. While the two non-pathogenic,
surrogate organisms could not be used interchangeably to predict times for 3-log reductions, both
surrogates were capable of prediction inactivation of multiple pathogens for different treatments,
which was evident by the trends depicted by heat maps. Consideration of this point is key when
choosing a surrogate, as well as recognition that surrogate organisms can behave differently and
are not interchangeable, as observed when comparing the aforementioned research.

In summary, the internally constructed models of bacterial inactivation on dried apricots
and macadamia nuts were able to predict fail-safe times required for 3-log reductions for one
another. These results indicate that not only could the Pediococcus models on LWAF be used for
predicting reductions of multiple pathogens on various foods, the internally constructed models
of each of the pathogens were not vastly dissimilar. LWAF processors may find this valuable if
treating a variety of foods. Furthermore, interventions could be designed to target several
different pathogen genera. Internally constructed models had varied success in predicting fail-
safe times for bacterial reductions on other thermally treated LWAF from external datasets.
Similarly, externally developed models had varied success in predicting reductions observed
according to the internal datasets of vacuum-steamed dried apricots and macadamia nuts.
Experiments that yielded the external data used for comparison implemented a variety of heating
methodologies, such as hot water, sealed bags within a water bath, and thermal cells within an oil
bath. These resulted in differences of heat transfer, which surely impacted the efficacy of the
thermal treatments and resulting parameters (and respective confidence intervals) of the kinetic
models.

In addition to the variety of heating mechanisms used in the included study, the

differences between food matrices likely contributed to the differences in reduction. The food
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microenvironment is complex, and composition has been noted to impact inactivation, such as
fat content or type of solute, which can enhance or reduce thermal stress (Goepfert et al., 1970;
Juneja & Eblen, 2000, Mattick et al., 2001). Models that describe pathogen inactivation on low-
water activity foods (LWAF) have the additional difficulty of capturing and describing the
degree of increased thermal resistance due to the desiccation stress that has been noted for many
foodborne pathogens (Archer et al., 1998; Grasso, Stam, Anderson, & Krishnamurthy, 2014;
Lang, et al., 2017; Laroche & Gervais, 2003; Laroche et al., 2005). The foods used in external
experiments ranged from powders, pastes, and nuts. For each these experiments, both inoculation
and recovery methods were equally diverse, and it is unlikely that any single model could truly
account for each of these experimental variables. As described by the trends noted in the heat
maps and the model fits, pathogen inactivation trends seemed to be driven by the type of food,
with influence of thermal treatment and experimental methods. These results indicate that
treatment parameters and food composition require further investigation for their effects on
pathogen response to thermal treatments.

Some criticisms of primary models point out the limited application, as they may
sometimes be used to provide point estimates of inactivation without taking into account
variability associated with the food processing environment (such as changes to pH, temperature,
or water activity) or the heterogenous nature of contaminating populations (Aspridou et al., 2019,
van Boekel, 2008). While the primary models constructed of macadamia nuts and dried apricots
(whole and pieces) were not consistently accurate predictors for times necessary for 3-log
bacterial reductions from thermally treated LWAF, the data presented indicated some success
and that food type likely had great impacts on the inactivation trends and predictions. Secondary

models, as opposed to primary models, use data from both primary models and environmental
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factors to describe the effects of processing conditions on the model parameters (Bevilacqua et
al., 2015; Marks, 2008). For example, the effects of changes in temperature on bacterial response
can be illustrated through the determination of a z-value derived from multiple D-values. Other
environmental factors, such as pH, pressure, or water activity, can also be incorporated into
secondary models, as well as properties inherent to the foods, like size or composition. While
these types of models may be more robust, they require extensive data collection followed by
validation (van Doornmalen and Kopinga, 2008). The information presented in the current study
can guide researchers in building secondary models by comparing pathogen inactivation under
various circumstances, highlighting variables that may drive the inactivation and efficacy of the
thermal treatments. Future work should continue to build on the presented models or others to
characterize bacterial inactivation, measuring the effects of various manipulated variables like

temperature or food composition.

4. Conclusions

The presented study showed that bacterial inactivation using vacuum-assisted steam on
macadamia nuts and dried apricots could be described with first-order, Weibull, and modified
Gompertz models. The models for these datasets fit well, according to the RMSE and AIC.
However, the prediction capabilities were limited. First-order inactivation models of
microorganisms on apricot halves predicted the respective inactivation on apricot pieces very
successfully, but the Weibull and Gompertz models provided fewer accurate predictions,
overestimating or underestimating the inactivation several times. The models of bacterial
reductions on whole macadamia nuts overestimated the required time to achieve a 3-log
reduction of the bacteria on macadamia nut pieces in all instances. While an overestimation

would be considered fail-safe, vacuum-steam processing the macadamia nut pieces for the
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predicted times could result in over-processing of the food, though these effects are unknown.
Using externally acquired data from the literature, it was also seen that the primary models of
bacterial inactivation on whole macadamia nuts and dried apricot halves were often unsuccessful
at predicting times for 3-log pathogen reductions. In a few cases, the models overestimated the
required processing times. These results highlight the caution of applying empirical models of

pathogen inactivation on food matrices to other processes or foods.
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Figure 4.1. Comparisons of predicted vs. observed times for 3-log reductions made by first-order models of Salmonella, Pediococcus, L.
monocytogenes, and E. coli on whole macadamia nuts (predicted) vs. macadamia nut pieces (observed) and apricot halves (predicted) vs. apricot
pieces (observed) vacuum-steamed at 72 and 82°C. * indicates relative error values within the acceptable range (-0.30-0.15).
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Figure 4.2. Comparisons of predicted vs. observed times for 3-log reductions made by Weibull models of Salmonella, Pediococcus, L.
monocytogenes, and E. coli on whole macadamia nuts (predicted) vs. macadamia nut pieces (observed) and apricot halves (predicted) vs. apricot
pieces (observed) vacuum-steamed at 72 and 82°C. * indicates relative error values within the acceptable range (-0.30-0.15).
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Figure 4.3. Comparisons of predicted vs. observed times for 3-log reductions made by Gompertz models of Salmonella, Pediococcus, L.
monocytogenes, and E. coli on whole macadamia nuts (predicted) vs. macadamia nut pieces (observed) and apricot halves (predicted) vs. apricot
pieces (observed) vacuum-steamed at 72 and 82°C. * indicates relative error values within the acceptable range (-0.30-0.15).
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aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

bData acquired from Daryaei et al., 2018 of STEC reduction on savory seasoning treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-
values and used as the observed value.

cData acquired from Daryaei et al., 2018 of STEC reduction on pet food treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and
used as the observed value.

dData acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a confectionary mix treated with 70 and 80°C. A
3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and used as the observed value.

eData acquired from Harris et al., 2012 of Salmonella Enteritidis PT30 reduction on almond kernels treated with 70 and 80°C hot water.

Figure 4.4. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on first-order
model parameters of externally acquired data of thermally treated LWAF at 72°C. Area within the bold lines reflects internal generated data
compared using the same vacuum-steam process. The acceptable relative error ranged from -0.30 (fail-safe; blue) to 0.15 (fail-dangerous; red).
Externally acquired data is blocked and on the outside of the graph.
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aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

pData acquired from Daryaei et al., 2018 of STEC reduction on savory seasoning treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-
values and used as the observed value.

cData acquired from Daryaei et al., 2018 of STEC reduction on pet food treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and
used as the observed value.

dData acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a confectionary mix treated with 70 and 80°C. A
3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and used as the observed value.

eData acquired from Harris et al., 2012 of Salmonella Enteritidis PT30 reduction on almond kernels treated with 70 and 80°C hot water.

iData acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium B-2354, and Salmonella reduction on savory seasoning treated with 80°C. A 3-log reduction
at 72 and 82°C was predicted using the reported D- and z-values and used as the observed value.

Figure 4.5. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on first-order
model parameters of externally acquired data of thermally treated LWAF at 82°C. Area within the bold lines reflects internal generated data
compared using the same vacuum-steam process. The acceptable relative error ranged from -0.30 (fail-safe; blue) to 0.15 (fail-dangerous; red).
Externally acquired data is blocked and on the outside of the graph.
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aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

bData acquired from Daryaei et al., 2018 of STEC reduction on savory seasoning treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-
values and used as the observed value.

cData acquired from Daryaei et al., 2018 of STEC reduction on pet food treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and
used as the observed value.

dData acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a confectionary mix treated with 70 and 80°C. A
3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and used as the observed value.

eData acquired from Harris et al., 2012 of Salmonella Enteritidis PT30 reduction on almond kernels treated with 70 and 80°C hot water.

iData acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium B-2354, and Salmonella reduction on savory seasoning treated with 80°C. A 3-log reduction
at 72 and 82°C was predicted using the reported D- and z-values and used as the observed value.

Figure 4.5 cont. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on first-
order model parameters of externally acquired data of thermally treated LWAF at 82°C. Area within the bold lines reflects internal generated data
compared using the same vacuum-steam process. The acceptable relative error ranged from -0.30 (fail-safe; blue) to 0.15 (fail-dangerous; red).
Externally acquired data is blocked and on the outside of the graph.
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aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

blndependent data acquired from Mattick et al., 2001 of Salmonella Typhimurium DT104 reduction on apricot paste treated at 74°C.

cIndependent data acquired from Mattick et al., 2001 of Salmonella Typhimurium DT104 reduction in a sugar solution treated at 74°C.

dIndependent data acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a confectionary mix treated with 70
and 80°C. 3-log reductions were predicted using the reported shape and scale parameters.

Figure 4.6. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on Weibull
model parameters of externally acquired data of thermally treated LWAF at 72°C. Area within the bold lines reflects internal generated data
compared using the same vacuum-steam process. The acceptable relative error ranged from -0.30 (fail-safe) to 0.15 (fail-dangerous). Externally
acquired data is blocked and on the outside of the graph.
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aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

vIndependent data acquired from Daryaei et al., 2018 of STEC reduction on savory seasoning treated with 80°C. A 3-log reduction was predicted using the reported shape and scale
parameters.

cIndependent data acquired from Daryaei et al., 2018 of STEC reduction on pet food treated with 80°C. A 3-log reduction was predicted using the reported shape and scale
parameters.

dIndependent data acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a savory seasoning and
confectionary mix treated with 70 and 80°C. 3-log reductions were predicted using the reported shape and scale parameters.

Figure 4.7. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on Weibull
model parameters of externally acquired data of thermally treated LWAF at 82°C. Area within the bold lines reflects internal generated data
compared using the same vacuum-steam process. The acceptable relative error ranged from -0.30 (fail-safe) to 0.15 (fail-dangerous). Externally
acquired data is blocked and on the outside of the graph.
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aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

bIndependent data acquired from Daryaei et al., 2018 of STEC reduction on savory seasoning treated with 80°C. A 3-log reduction was predicted using the reported shape and scale
parameters.

cIndependent data acquired from Daryaei et al., 2018 of STEC reduction on pet food treated with 80°C. A 3-log reduction was predicted using the reported shape and scale
parameters.

dIndependent data acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a savory seasoning and
confectionary mix treated with 70 and 80°C. 3-log reductions were predicted using the reported shape and scale parameters.

Figure 4.7 cont. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on Weibull
model parameters of externally acquired data of thermally treated LWAF at 82°C. Area within the bold lines reflects internal generated data
compared using the same vacuum-steam process. The acceptable relative error ranged from -0.30 (fail-safe) to 0.15 (fail-dangerous). Externally
acquired data is blocked and on the outside of the graph.
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Apricot Halves a Whole Macadamia Nuts a Apricot Pieces a Macadamia Nut Pieces a
Eco Lmo Ped Sal Eco Lmo Ped Sal Eco Lmo Ped Sal Eco Lmo Ped Sal
Eco 0.00 -0.15 122 -0.22 145 233 5.01 2.46 022 -0.01 1.60 0.07 0.64  0.40 0.50 0.76
Lmo 0.18 0.00 1.62 -0.08 189 292 3.08 0.43 0.17 2.06 0.26 0.93 0.65 0.77 1.07
Ped | -055 -0.62 0.00 0.10 050 1.71 056 | -045 -055 0.17 | -052 -026 -0.37 -032 -0.21

Apricot
Halves a

Sal 0.09 185 0.00 215 3.27 344 056 027 233 037 111 080 0.93 1.26
.S Eco -0.09 0.00 0.36 145 041  -050 -060 006 -0.56 -033 -043 -0.39 -0.28
§_§ Q:“ Lmo -0.33 -026 000 081 0.04 | -0.63 -0.22 -051 -058 -055 -0.47
= § Z| Ped -0.63 -059 -045 0.00 @ -0.42 -0.57
= Sal -0.36 -029 -004 074 0.00 -0.25 -0.53

Eco | -0.18 -0.30 0.83 -0.36 1.02 174 39 185 000 -0.19 114 -012 035 015 024 045

-§§ Lmo | 001 -014 124 -021 148 236 508 250 023 000 163 008 066 042 052 0.78
2—;—_’ Ped | -0.62 -0.15 -0.06  0.28 131 033 | -058 -0.62 000 | -059 -037 -046 -042 -0.32

Sal | -006 -021 108 -027 129 211 463 224 014 -007 143 000 053 031 041 064

.g é‘ Eco | -0.39 -048 0.35 | -053  0.49 1.03 2.67 111 -026 -040 058  -035 000 -015 -0.08 0.07
R Lmo | -029 -039 058 -044 075 138 3.29 147 -013 -029 086 -024 017 000 0.07 0.25
§ % Ped | -0.33 -044 048 @ -048 063 121 300 130 -019 -034 073 -029 009 -0.07 000 0.17
=z Sal | -043 -052 026  -056 040 0.89 242 097 -031 -044 048 -039 -0.07 -020 -014 0.00

aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

Figure 4.8. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on internally
constructed Gompertz model parameters of thermally treated LWAF at 72°C. The acceptable relative error ranged from -0.30 (fail-safe) to 0.15 (fail-
dangerous).
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Apricot Halves a Whole Macadamia Nuts a Apricot Pieces a Macadamia Nut Pieces a
Eco Lmo Ped Sal Eco Lmo Ped Sal Eco Lmo Ped Sal Eco Lmo Ped Sal
Eco | 000 -0.07 029 -004 111 1.20 - 198 003 -002 032 000 -002 -012 153 022
Lmo | 0.07 000 038 003 126 135 219 011 005 041 007 005 -0.06 171 031

Ped | -023 -028 000 -026 064 070 197 131 -020 -024 002 -023 -024 -032 096 -0.06

Apricot
Halves a

Sal 002 035 000 120 129 | 800 211 003 037 002 -0.08 164 027
R Eco -0.39 000 004 081 041 -0.38 020 = -0.42
g5 3| Lmo 0.41 004 000 075 036 -0.40 015  -0.44
S 52| Ped 045 -043 000 -0.22 -0.34
= sal 029 026 029 000 -0.15 -
_ | Eco 104 112 188 000 -005 027 -003 -005 -015 145 018
8¢ | mo 115 1.23 203 005 000 034 00l 000 -011 157 024
82 | Pe 061 067 191 127 -021 -025 000 -024 -025 -033 092 -0.07
sal 112 120 199 004 001 032 000 -002 -012 153 022
g4 | Eeo 115 124 204 005 000 034 002 000 -010 158 024
§8 | Lmo 140 1.49 239 017 012 050 013 012 000 187 039
ST | Ped 016 -013 052 018 2059 061" -0.48 061061 0Es" 0.0
2Z | sal 073 080 214 144 -015 -019 008 -018 -020 -028 107  0.00

aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

Figure 4.9. Heat map of relative error between predicted and observed times required for 3-log reductions of microorganisms based on internally
constructed Gompertz model parameters of thermally treated LWAF at 82°C. The acceptable relative error ranged from -0.30 (fail-safe) to 0.15 (fail-
dangerous).
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Tables

Table 4.1. External datasets acquired for independent validation and comparison against internally constructed models.

Thermal Food _\N_ater Organism Reported Data Internal Comparison Dataset Reference
Treatment activity (aw)
80°C Savory seasoning 0.63 STEC D- and z-values E. coli, Apricot halves (72, Daryaei et al., 2018
82°C)
80°C Pet food 0.55a STEC D- and z-values E. coli, Whole macadamia nuts  Daryaei et al., 2018
(72, 82°C)
80°C Savory seasoning 0.66 L. mono, D- and z-values L. mono, Salmonella, Rachon et al., 2016
Salmonella, Pediococcus; Apricot halves
E. faecium (72, 82°C)
80°C Confectionary mix 0.57 L. mono, D- and z-values L. mono, Salmonella, Rachon et al., 2016
Salmonella, Pediococcus; Whole
E. faecium macadamia nuts (72, 82°C)
70,80°C  Almond kernels 0.55 Salmonella D-values Salmonella, Whole macadamia  Harris et al., 2012
nuts (72, 82°C)
74°C Apricot paste 0.64 Salmonella Time for 3-log Salmonella, Apricot halves Mattick et al., 2001
reduction (72°C)
74°C Sugar solution 0.64 Salmonella Time for 3-log Salmonella, Apricot halves Mattick et al., 2001
reduction (72°C)
80°C Savory seasoning 0.63 STEC Weibull parameters  E. coli, Apricot halves (82°C) Daryaei et al., 2018
80°C Pet food 0.55 STEC Weibull parameters  E. coli, Whole macadamia nuts  Daryaei et al., 2018
(82°C)
80°C Savory seasoning 0.66 L. mono, Weibull parameters L. mono, Salmonella, Rachon et al., 2016
Salmonella, Pediococcus; Apricot halves
E. faecium (82°C)
80°C Confectionary mix 0.57 L. mono, Weibull parameters L. mono, Salmonella, Rachon et al., 2016
Salmonella, E. Pediococcus; Whole
faecium macadamia nuts (82°C)

aEstimated (value not reported).
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Table 4.2. First-order (k [log CFU/g min-1]), Weibull (k (log CFU/g min-1) and ) and Gompertz (A, um [log CFU/g min-1], A [min]) model parameter
coefficients and statistical results (RMSE [log CFU/g], AIC) for organisms (STEC, Salmonella, L. monocytogenes, and Pediococcus acidilactici) on
dried apricot halves, whole macadamia nuts, dried apricot pieces, and macadamia nut pieces treated with 72°C and 82°C vacuum-steam.

First-Order Weibull Gompertz

Food  Temp Bacteria k Dwval RMSE AIC k B RMSE  AIC A M yl RMSE  AIC
72 E.coi -041 243 100 7096 | -096 069 079 6085 | -7.22 -062 054 078  60.78

L.mono -0.40 253 132 8446 | -1.24 058 098 7089 | 641 -070 023 092  68.66

Ped. 021 470 080 6021 | -0.71 055 064 5062 | -367 -027 -1.00 071  56.64

Apricot Sal. 044 229 145 8901 | -139 057 1.04 7399 | -713 -079 036 088  66.91
Halves g2 E.coi  -157 064 135 8566 | -215 075 128 8375 | 645 -433 099 096  71.04
L.mono -151 066 122 8051 | 219 070 109 7595 | 607 -318 063 089  67.23

Ped. 116 086 082 6168 | -160 074 075 5818 | -538 -1.50 015 073  57.65

Sal. 157 064 143 8824 | 237 067 127 8358 | 594 -1107 134 080  62.03

72 E.coi -018 544 085 6096 | -069 060 064 4843 | -668 -021 -1.19 078 5866

L.mono -0.14 729 067 4960 | 069 051 040 2699 | -481 -015 -226 055 = 4261

Ped. 010 1032 069 5130 | 046 053 061 4636 | -3.66 -0.10 -269 067 5170

I\x\;';gc'iz Sal. 013 754 068 5051 | 059 055 048 3589 | -459 -016 -153 060  46.31
mia Nuts 82 E.coli ~-054 18 114 8372 | -123 063 098 7649 | -520 -1.00 049 096  76.62
L.mono -052 194 099 7357 | -1.21 061 078 6254 | -501 094 043 076  62.04

Ped. 037 273 076 6249 | 073 068 069 5863 | 371 -057 034 072 6181

Sal. 044 227 095 7395 | 08 070 088 7103 | 448 -068 035 092 7413

72 E.coli 039 254 092 8873 | -0.77 075  0.83 8270 | -7.88 -049  0.33 0.87  86.83

L.mono 038 265 1.03 9542 | -1.00 064 077 7786 | -633 -060 030 075  77.45

Ped. 021 481 059 5974 | 031 08 058 6041 | -526 -023 070 061  64.24

Apricot Sal. 039 259 094 8698 | 095 067 071 7109 | 692 -054 017 074 7374
Pieces 82 E.coli  .160 062 126 10549 | -1.89 087 1.26  106.14 | -6.78 -404 099 092  87.50
L.mono  .156 064 145 11386 | -2.14 075 137 11138 | -6.00 -1062 137 062  63.47

Ped. 111 090 084 7775 | -1.16 097 085 7966 | -475 -239 091 071  69.78

Sal. 160 062 138 11075 | 213 077 131 10863 | 6.28 -7.74 129 070 7031

Macada- /2 E.coi 033 301 08 7351 | -089 064 068 6185 |-11.12 -031 -08 079 7113
mia Nut L.mono 024 411 093 7849 | -1.15 043 050 4429 | -3.87 -039 -1.28 064 5892
Pleces Ped. 024 423 104 8486 | -1.11 043 072 6463 | -3.80 -037 -1.28 082  72.93
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Sal.
82 E. coli
L. mono
Ped.
Sal.

-0.27
-1.30
-1.41
-0.80
-1.03

3.69
0.77
0.71
1.25
0.97

0.89
0.99
1.20
0.84
1.07

75.78
79.30
92.86
72.69
86.32

-1.08
-2.15
-2.42
-1.50
-1.91

0.49
0.61
0.57
0.50
0.51

0.57
0.77
0.94
0.64
0.86

51.55
66.39
79.65
58.32
74.71

-6.00
-5.44
-5.75
-3.03
-4.02

-0.25
-1.85
-2.03
-1.55
-1.55

-2.87
0.01
-0.01
0.18
-0.07

0.70
0.81
0.96
0.59
0.89

64.66
70.07
82.12
54.35
77.78

Best fit values are bolded.
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Table 4.3. Predictions of 3-log STEC reductions based on D- and z-values acquired from thermally treated reduced-water activity solutions compared
to reductions of an STEC cocktail on dried apricot halves and whole macadamia nuts.

3-log reduction at 3-log reduction at

Sample z-valuer = 200C (min) s 82°C (min) a
aw 0.75 0121 8.040 0.336 0.019
0157 8.81 1 0.489 0.036
aw 0.68 STEC Cocktail d N/D+ 7.63 1.87
aw 0.50 0121 8.54 ¢ 0.302 0.020
0157 7,82 0.223 0.012
aw058 STEC Cocktaile  N/D- 9.03 230

* z-values were not determined (N/D) for dried apricots or macadamia nuts because only two temperatures were used in vacuum-steam experiments.
aValues extrapolated from z-values and D-values calculated for 72 and 82°C.

bCalculated from Dsec, Dso°c, Ds2°c, of 0121:H19 (11.85, 4.36, 1.97 min) and O157:H7 (11.35, 6.01, 2.22 min) in intermediate-water activity solution.
cCalculated from Dsec, Dso°c, Ds2°c, of 0121:H19 (7.70, 4.25, 1.49 min) and O157:H7 (8.24, 4.09, 1.41 min) in low-water activity solution.
dCalculated from vacuum-steam treatments of inoculated dried apricot pieces.

eCalculated from vacuum-steam treatments of inoculated whole macadamia nut pieces.
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Table 4.4. Comparisons of times (min) for 3-log reductions of E. coli, Salmonella, L. monocytogenes, and Pediococcus acidilactici on thermally
treated low-water activity foods based on first-order models. Foods were compared based on similar water activity and comparisons were evaluated
based on relative error with acceptable fail-safe, fail-dangerous range of -0.30-0.15.

Primary Model Predictionsa Pieces Primary Model Observationsa Independent Data Observationss
TSmp Organism Food 3-log re_d uction Food regt-Jlgt?on Raw !Error Relative Food redsllltggon ERri\(l)vr Relative
(°C) (min) (min) (min) Error (min) (min) Error
72 E. coli 7.28 7.63 0.35 0.05 Savory seasoningc 7.78 0.50 0.07
L. mono 7.59 7.95 0.36 0.05
Ped. 14.10 14.43 0.33 0.02
Sal. Apricot 6.88 Apricot 7.78 0.90 0.13
82 E. coli Halves 1.91 Pieces 1.87 0.04 -0.02 Savory seasoning c 0.99 0.92 -0.48
L. mono 1.99 1.92 0.07 -0.03 Savory seasoning d 7.97 5.98 3.01
Ped. 2.59 2.70 0.11 0.04 Savory seasoning d 17.34 14.75 5.69
Sal. 191 1.87 0.04 -0.02 Savory seasoning d 5.73 3.82 2.00
72 E. coli 16.33 9.03 7.30 -0.45 Pet food e 3.45 12.88 -0.79
L. mono 21.87 12.32 9.55 -0.44 Confectionary mix 47.35 25.48 1.16
Ped. 30.95 12.68 18.27 -0.59
Sal. Whole 22.61 Macadamia 11.08 11.53 -0.51 Almonds g 3.60 19.01 -0.84
82 E. coli Macadamia 5.54 Nut Pieces 2.30 3.24 -0.58 Pet food e 0.74 4.80 -0.87
L. mono Nuts 5.82 2.13 3.69 -0.63 | Confectionary mix:  6.738 0.92 0.16
Ped. 8.18 3.75 4.43 -0.54 Confectionary mix 21.70 13.52 1.65
Sal. 6.81 2.92 3.89 -0.57 Confectionary mix 24.04 17.23 2.53
Almonds g 2.25 4.56 -0.67

aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

bIndependent data observations of 3-log reductions of bacteria from extrapolations from reported data or model parameters per section 2.2.2.

Bolded values represent comparison data accurately predicted by models based on relative error within the acceptable range (-0.30-0.15) per section 2.2.3.

cData acquired from Daryaei et al., 2018 of STEC reduction on savory seasoning treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-
values and used as the observed value.

dData acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on savory seasoning treated with 80°C. A 3-log
reduction at 72 and 82°C was predicted using the reported D- and z-values and used as the observed value.

eData acquired from Daryaei et al., 2018 of STEC reduction on pet food treated with 80°C. A 3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and
used as the observed value.

iData acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a confectionary mix treated with 70 and 80°C. A
3-log reduction at 72 and 82°C was predicted using the reported D- and z-values and used as the observed value.

gData acquired from Harris et al., 2012 of Salmonella Enteritidis PT30 reduction on almond kernels treated with 70 and 80°C hot water.
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Table 4.5. Comparisons of times (min) for 3-log reductions of E. coli, Salmonella, L. monocytogenes, and Pediococcus acidilactici on thermally
treated low-water activity foods based on Weibull models. Foods were compared based on similar water activity and comparisons were evaluated
based on relative error with acceptable fail-safe, fail-dangerous range of -0.30-0.15.

Primary Model
Predictionsa

Pieces Primary Model Observationsa

Independent Data Observationss

3-log 3-log . 3-log Raw .
-Efgp Organism Food reduction Food reduction Ra(vr\rl] :ir)ror Rgﬁgye Food reduction Error Rglﬁg;/e
(min) (min) (min) (min)
72 E. coli 5.24 6.09 0.35 0.05
L. mono 4.61 5.55 0.36 0.05 - - - -
Ped. 1351 14.29 0.33 0.02
Sal. ) 3.84 _ 557 0.90 0.13 Apricot pastec 1.00 2.84 -0.74
Apricot Apncot 0.04 -0.02 Sugar solutiond 2.50 1.34 -0.35
Halves Pieces
82 E. coli 1.56 1.70 0.07 -0.03 Savory seasoninge 3.49 1.93 1.24
L. mono 1.57 157 0.11 0.04 Savory seasoning g 5.63 4.06 2.59
Ped. 2.34 267 0.04 -0.02 Savory seasoning g 25.41 23.07 9.86
Sal. 1.42 1.55 7.30 -0.45 Savory seasoning g 5.60 4.18 2.94
72 E. coli 11.43 6.69 9.55 -0.44
L. mono 17.51 9.41 18.27 -0.59 Confectionary mix g 14.40 3.01 -0.17
Ped. Whole 34.21 10.06 11.53 -0.51 - - -—-- -
Sal. Macada- 19.09 m?gzﬁ:{ 8.07 3.24 -0.58
82 E. coli I{I“L:?s 4.16 Pieces 173 3.69 -0.63 Pet food s 2.35 1.81 -0.44
L. mono 4.41 1.46 4.43 -0.54 Confectionary mix g 3.23 1.18 -0.27
Ped. 7.82 3.96 3.89 -0.57 Confectionary mix g 9.78 1.96 0.25
Sal. 6.02 2.43 0.35 0.05 Confectionary mix g 26.04 20.02 3.33

aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.

blndependent data observations of 3-log reductions of bacteria from extrapolations from reported data or model parameters per section 2.2.2.

Bolded values represent comparison data accurately predicted by models based on relative error within the acceptable range (-0.30-0.15) per section 2.2.3.
cIndependent data acquired from Mattick et al., 2001 of Salmonella Typhimurium DT104 reduction on apricot paste treated at 74°C.

dIndependent data acquired from Mattick et al., 2001 of Salmonella Typhimurium DT2104 reduction in a sugar solution treated at 74°C.

eIndependent data acquired from Daryaei et al., 2018 of STEC reduction on savory seasoning treated with 80°C. A 3-log reduction was predicted using the reported shape and scale
parameters.

findependent data acquired from Daryaei et al., 2018 of STEC reduction on pet food treated with 80°C. A 3-log reduction was predicted using the reported shape and scale
parameters.

glndependent data acquired from Rachon et al., 2016 of L. monocytogenes, Enterococcus faecium NRRL B-2354, and Salmonella reduction on a savory seasoning treated with 70
and 80°C. 3-log reductions were predicted using the reported shape and scale parameters.
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Table 4.6. Comparisons of times (min) for 3-log reductions of E. coli, Salmonella, L. monocytogenes, and Pediococcus acidilactici on thermally
treated low-water activity foods based on Gompertz models. Foods were compared based on similar water activity and comparisons were evaluated

based on relative error with acceptable fail-safe, fail-dangerous range of -0.30-0.15.

Primary Model Predictionsa

Data Observationsb

Tem . 3-log reduction 3-log reduction | Raw Error  Relative
e C)p Organism Food g(min) Food g(min) (min) Error
72 E. coli 5.34 6.49 1.15 0.22
L. mono 4,53 5.28 0.75 0.17
Ped. 11.85 13.87 2.02 0.17
sal. . Apricot Halves 4.16 Apricot Pieces 571 1.55 0.37
82 E. coli 1.68 1.74 0.06 0.03
L. mono 1.57 1.65 0.08 0.05
Ped. 2.17 2.21 0.04 0.02
Sal. 1.61 1.68 0.07 0.04
72 E. coli 13.09 8.76 4.33 -0.33
L. mono 17.77 7.48 10.29 -0.58
Ped. 32.10 8.03 24.07 -0.75
Sal. Whole 18.48 Macadamia nut 9.38 9.10 -0.49
82 E. coli Macadamia Nuts 3.55 pieces 1.65 1.90 -0.54
L. mono 3.69 1.48 2.21 -0.60
Ped. 6.44 4.25 2.19 -0.34
Sal. 5.01 2.05 2.96 -0.59

aPrimary model predictions made for 3-log reductions of bacteria from models constructed per section 2.1.3.
bData observations of 3-log reductions of bacteria on apricot pieces and macadamia nut pieces from models constructed per section 2.1.3.
Bolded values represent comparison data accurately predicted by models based on relative error within the acceptable range (-0.30-0.15) per section 2.2.3.
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Abstract:

Bacterial exposure to sublethal stress may provide cross-protection, increasing time
necessary to achieve thermal destruction of some foodborne pathogens. On low-water activity
(aw) foods, thermal resistance of foodborne pathogens is reported to increase; however, it is
unclear if enhanced thermal resistance is due to exposure to low-aw alone, or if additional aspects
of the food microenvironment impact thermal inactivation. This study investigated impacts of
culture preparation method and water activity on thermal resistance of two Shiga toxin-
producing Escherichia coli (STEC; O121:H19, 0157:H7) challenged with isothermal conditions.
Broth and agar (lawn cultures) were compared as culture preparation methods. To compare
impacts of water activity on STEC thermal resistance, cells were suspended in high- (broth aw
0.99), intermediate- (26% NaCl, aw 0.75), and low- (82% glycerol, aw 0.5) aw solutions. Dse-c,
Dsoec, and De2oc were determined for each isolate. Dse°c of broth- and lawn-cultured O121:H19
(34.25 and 17.78 min) were significantly greater than those of O157:H7 (26.57 and 10.76 min),
and broth cultures were significantly more resistant than lawn cultures (p < 0.05). Dsg°c and
Ds2°c for both strains in broth cultures were also higher than lawn culture counterparts, but
differences were insignificant. Across both strains, Dse°c of the high-aw were significantly higher
than those of the intermediate- (0121 = 11.85 min; 0157 = 11.35 min) and low- (0121 = 7.70;
0157 = 8.24 min) aw samples, but D-values of reduced-aw cultures were not significantly
different from one another. The z-values were not different between the STEC strains, with only
some differences between high-aw and reduced-aw samples. These results highlight that
bacterium genetics, culture method, and reduced-water activity through osmolyte addition have
different implications for STEC thermal resistance, emphasizing the importance of challenge

studies applied directly on foods.
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Highlights

e Culture preparation method influenced thermal resistance at lower temperatures.
e STEC 0121 was more heat resistant at low temperatures in broth than O157.
e Water activity alone did not increase the thermal resistance of two STEC strains.

e D-value experiments can be heavily influenced by multiple experimental variables.
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1. Introduction
Low-water activity (aw) food (LWAF) products, defined by having aw <0.6, comprise a

substantial amount of the food industry (28). Intermediate-water activity foods (IWAF; aw 0.6-
0.85) also make up a category of popularly consumed, ready-to-eat (RTE) foods, such as dried
fruits. Below aw <0.85, pathogenic bacteria cannot grow, but contaminating microorganisms may
survive in the low-water activity environment (4). Although LWAF are not currently regarded as
high-risk foods, a number of high-profile outbreaks implicating dried products have raised
concerns regarding pathogen survival on dried foods (9, 10, 48). While Salmonella spp. have
known abilities to withstand low-water activity conditions for extended periods of time and have
been associated with many LWAF outbreaks, several strains of Shiga toxin-producing
Escherichia coli (STEC) have been noted as culprits of LWAF outbreaks and recalls in products
like hazelnuts, nut butter, and flour (10). Due to the serious nature of an STEC infection, these
pathogens should be seriously considered for further investigations as possible contaminants of
LWAF. Food processors must address these risks by exploring possible sources of pathogen
exposure and interventions that reduce contamination.

Thermal treatments may be employed to remove pathogen contamination. For foods with
higher water activity levels, a “time-temperature” combination can be more easily determined
than those with low water activity due to the more consistent heat transfer through water
molecules (28, 38). There have been many recorded instances of increased pathogen thermal
resistance (Salmonella spp., Cronobacter sakazakii, and E. coli) in LWAF compared to high-
water activity foods or solutions, further complicating the issue of determining adequate thermal
treatment parameters (1, 19, 26, 27, 29, 30). Water activity of foods can be altered by addition of

solutes, leading to osmotic stress, or by drying (the removal of water through evaporation),
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resulting in desiccation. Both methods of reducing water activity are frequently used in food
processing for preservation and safety of foods, but the bacterial responses to osmotic and
desiccation stress may vary (7, 16, 49).

In addition to the water activity of the suspension or food, the physiological state of the
cells at the time of a thermal treatment likely plays an important role in thermal resistance.
Culture preparation methods (available nutrients, temperature, solid vs. liquid media, selective
pressures) have been shown to impact stress resistance (2, 15, 17, 24, 36). When E. coli K12 was
grown and maintained under glucose-starved conditions, subsequent increased thermotolerance
was observed (39). Also, Salmonella spp. grown on Tryptic Soy Agar (TSA) exhibited greater
survival on spices during storage than when prepared in Tryptic Soy Broth (TSB) (6), but no
differences in thermal resistance were noted between cultures grown on the two different media
(15). Concerning adaptation of Salmonella, desiccation and biofilm formation are known to
prompt cross-protection against other stressors such as low-pH gastric enzymes and thermal
treatments, like vacuum-assisted steam (2, 35, 47). Because Salmonella has been most frequently
associated with outbreaks and recalls of LWAF, the majority of studies investigate Salmonella
responses and thermal resistance in LWAF matrices. While there have been studies that examine
STEC for its thermal resistance following desiccation, thermal resistance as a result of osmotic
stress as it relates to LWAF has not been fully elucidated (22). Accordingly, assumptions that
thermal resistance develops from growth or survival in a low-water activity food or solution may
overlook other stressors, such as desiccation, that could contribute to results.

The presented research sought to compare thermal inactivation Kinetics of two outbreak-
associated isolates of STEC, O121:H19 (flour) and O157:H7 (alfalfa sprouts) grown using two

different culture preparation methods (broth and lawn). Additionally, cells were suspended in
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solutions of various water activity levels (aw 0.99, 0.75, and 0.50) to investigate the impacts of
osmolyte-induced reduced water activity on thermal resistance during isothermal treatments in

the absence of a LWAF matrix.

2. Materials and Methods
Culture Preparation. Two strains of Shiga toxin-producing E. coli, 0121:H19 (FNW19M81,

2016 wheat flour outbreak isolate [FDA]) and O157:H7 F4546 (1997, alfalfa sprout outbreak
isolate) were chosen for the presented research. Strains were kept frozen in TSB + glycerol (BD,
Sparks, MD) at -80°C until cultured onto Sorbitol MacConkey Agar (SMAC, BD, Sparks, MD)
and incubated at 37°C for 24 h. Isolated colonies of each strain were transferred to 10 mL TSB in
sterile, 15-mL conical tubes and incubated at 37°C for 24 h to create overnight cultures.

Sample Preparation. For each replication, broth and lawn cultures of comparable age were
prepared to be used simultaneously. Lawns were prepared on TSA and harvested with 0.1%
peptone (11). Overnight TSB cultures were grown as described above for broth samples.
Capillary tubes (75 mm x 1.2 mm; Fisherbrand) were filled with either broth or lawn cultures,
flame-sealed, and maintained at 4°C until use within two hours. Starting concentrations of broth
and lawn cultures were 8.6-9.7 log CFU/mL and 10.4-11.1 CFU/mL, respectively.

Samples evaluating thermal resistance in reduced water activities were made from broth
overnight cultures. Cultures were centrifuged (4,000 x g, 10 min) and the pellets were
resuspended with low- (aw 0.50 + 0.04; 82% glycerol, %w/v) and intermediate- (aw 0.75 + 0.02;
26% NaCl, %w/v) water activity solutions. Capillary tubes were filled with each solution, sealed
by flame, and tubes were maintained at 4°C until used within two hours. Starting concentrations

for the reduced-water activity samples were 5.9-7.3 log CFU/mL. Each experiment included a
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non-treated sample to check inoculation levels. An additional non-treated, post-experiment
sample was enumerated for experiments using reduced-water activity solutions to ensure osmotic
stress did not cause bacterial reductions during the length of the experiments.

Thermal Inactivation Experiments. Thermal inactivation studies were conducted using a water
bath at three low temperatures (56, 59, and 62°C + 0.2°C) to best visualize the decimal
reductions. To ensure consistency in temperature and exposure time across samples, sets of each
strain in separate capillary tubes were treated together in the same replicate (5 capillary tubes of
each strain per set). Capillary tubes were fully submerged in the water, and a single tube,
designated as the 0-min sample, was immediately removed and considered to be the initial
bacterial concentration after exposure to the thermal treatment. Samples were removed at
predetermined time intervals. Upon removal, samples were placed in an ice water bath to end the
thermal treatment, sanitized, rinsed, and crushed as described by Sharma et al. (41). Conical

tubes with the samples were vortexed extensively, serially diluted, and spiral plated (100 pL)

onto TSA (Dilucupe Whitley WASP Touch, Microbiology International, Don Whitley Scientific

Limited, West Yorkshire, UK). After 4-h incubation at 37°C, TSA plates were overlaid with
SMAC for selective recovery of injured E. coli cells. Colonies counts were recorded using an
automatic reader (ProtoCOL SR/HR, Version 1.47.0, Cambridge, UK).

Analyses and Experimental Design. At least three independent replications were performed for
each experiment. Within each replicate, log bacterial reductions were calculated by subtracting
each remaining concentration (log CFU/g) from the initial concentration at 0 min (log CFU/qg).
Reductions were graphed against time, and D-values, or decimal reductions (min), were
calculated from the inverse of the linear slope. For each experiment, log D-values for all three

temperatures within a replication were plotted against temperature and the z-value, or
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temperature required to make a 10-fold change of the D-value (°C), was calculated from the
inverse of the linear slope. Correlation coefficients (Rz2) were used to evaluate goodness of fit.
Average D- and z- values were compared using ANOVA and Tukey’s Honest Significant
Difference with JMPe Pro 14.0.0 (SAS Institute Inc., Cary, NC) with a significance level of p <
0.05. Comparisons of D- and z-values determined significant differences of thermal resistance
between strains, culture preparation method, and water activities. Broth experiment D- and z-
values were compared against those for lawn experiments, between and within STEC strains. D-

and z-values of each water activity were also compared between and within STEC strains.

3. Results

Inactivation kinetics (D- and z-values) were calculated for STEC O157:H7 and
0121:H19 cells immersed in solutions within capillary tubes subjected to isothermal conditions
in a circulating heated water bath (Table 5.1). Log D-values were used to calculate z-values
(Figures 5.1 and 5.2). Thermal inactivation experiments comparing D- and z-values for lawn-
and broth-grown samples (aw 0.99) were conducted simultaneously (Table 5.1). At 56°C with 12-
min sampling intervals, average D-values of broth cultures for both strains were significantly
greater (approximately 2x) than those of lawn cultures, and the D-values of 0121 for both broth
and lawn samples were significantly greater than those of 0157 (p < 0.05; Table 5.1). Dso°c and
Ds2°c were determined from 5- and 1-min sampling times, respectively. Statistical analyses
showed no significant differences between the Dseec and De2°c of the two strains (p > 0.05).
Based on the log D-values, z-values were calculated and ranged from 4.33-5.75°C, with high
correlation coefficients (R2; 0.95-0.98). The calculated z-values were slightly higher for broth

cultures compared to lawn cultures, but the differences were not significant (p > 0.05).
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Experiments examining effects of reduced water activity used broth-grown cells
resuspended in intermediate- (aw 0.75) and low- (aw 0.50) water activity suspensions and
compared against the high-water activity (aw 0.99, broth) results. These samples were treated at
the same temperatures as experiments comparing broth and lawn samples but used different
sampling intervals. Dse-c of low and intermediate samples ranged from 7.70-11.85 min and were
not significantly different from one another for either strain (Table 5.1; p > 0.05). In contrast,
these D-values were significantly lower by approximately 3-fold (p < 0.05) than those of the
high-water activity samples (aw 0.99, broth). Dseec and Ds2°c of low and intermediate cultures
were not significantly different from each other or high-water activity samples for either strain.
The z-values of 0121 at intermediate- and low-water activity were higher (29% and 33%,
respectively), though not significantly (p > 0.05), than those for the high-water activity samples.
The z-value of the O157 low-water activity sample was 36% higher than that of the high-water
activity sample, though not significantly different (p > 0.05), but the intermediate sample’s z-

value was significantly higher than that of the high-water activity sample by 43% (p < 0.05).

4. Discussion

In the present study, we compared thermal resistances (D- and z-values) of two STEC
strains (0121:H19 and O157:H7) based on culture preparation method (broth or lawn) and water
activity of solutions during isothermal treatments. STEC O121:H19 strain was selected because
it was isolated from a LWAF outbreak (wheat flour, 2016), which prompted the hypothesis that
it may have increased resistance to low-water activity stress, with potential cross-protection
against thermal treatments. STEC O157:H7 was isolated from produce (alfalfa sprouts, 1997),

and was not presumed to have increased resistance against thermal or osmotic stress.
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Many studies that report D-values of pathogens in relation to low-water activity
environments or foods are highly variable, which could be due in part to cultivation methods, as
well as prior cell history. Culture preparation influences the physiological state of cells. Lawn-
based or colonial growth has been noted to slightly slow cell growth rate, compared to planktonic
growth, because access to nutrients and substrates is limited to only a portion of the colony
forming unit (43). Propagation methods and resulting physiology have been studied for impacts
on thermal resistance and survival in low-water activity environments (31). TSA-grown lawns of
confluent growth result in a more stable, desiccation-resistant inoculum on LWAF compared to
broth-grown cells (6, 50). Regarding thermal resistance, however, we observed greater thermal
resistance of broth cultures (p < 0.05) compared to lawn cultures during isothermal treatments.

In addition to culture preparation, prior cell history, could impact conclusions made
regarding thermal resistance of a microorganism in a low-water activity environment. Inherent
genetic differences between microorganisms or adaptation of the microorganism to a particular
stress, such as osmotic, desiccation, or thermal stress, may alter the cell’s physiology and stress
response. For example, Enache et al. noted that there was no difference between thermal
resistance of TSA- or TSB-grown Salmonella, but Enterococcus faecium NRRL B-2354 was
more thermoresistant when grown in TSB than on TSA, which was similarly observed in the
presented study (15). The results indicate that both culture preparation and genetic differences
may impact development of thermal resistance. Our experiments showed that 0121 displayed
greater heat resistance than O157 at 56°C, particularly in broth-grown samples. Historically, E.
coli O157:H7 has been attributed with the majority of STEC infections, but an increasing
number of non-O157-associated illnesses are occurring, prompting comparative research

between serotypes (8, 14, 37, 44). While the two strains used in this study do not currently have
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published whole genome sequences, it has been reported that variation in stress response genes
among STEC serotypes has been observed (32). In addition, Suehr et al. found O121:H19 to
have increased desiccation tolerance compared to O157:H7, and even more so when acid-
adapted, alluding to genomic differences between the serotypes that alter stress tolerance (46).

Increased thermal resistance has been observed in pathogens on LWAF (1, 49). Reduced
water activity can result from desiccation and the evaporation of water, or the addition of solutes
to cause an osmotic shift, in which cells are surrounded by an aqueous environment rather than a
gas phase void of free water molecules (7). Furthermore, addition of solutes to reduce the water
activity can cause the accumulation of protective compatible solutes, which can increase the
cells’ resistance to some stressors, including heat (3, 47). These conditions and stressors elicit
different stress response genes, which may impact whether or not microorganisms exhibit
increased thermal resistance, possibly through cross-protection (13, 20, 40, 42, 45). This cross-
protection may be induced by overlap of gene expression in response to the two stressors
(osmotic and thermal), which has been observed in E. coli K12 (21). Also, Listeria
monocytogenes exhibited increased thermal resistance (8-fold) when shocked with 9% NaCl
solutions, and even greater thermal resistance (22-fold) when grown in the hyperosmotic
solution, indicating that the osmotic stress exposure impacted the pathogen’s thermal resistance
(25). In contrast, the presented research indicated decreased thermal resistance (lower D-values)
of STEC when exposed to osmaotic stress in the intermediate- and low-water activity solutions
compared to the high-water activity solution.

Although thermal resistance of STEC was not induced by a reduced water activity in the
presented study, it is possible that the types of solute used (NaCl and glycerol) influenced this

result. The type of solute can significantly impact how the cell adjusts to the reduced water
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activity (33). When comparing several different sugar suspensions with reduced water activity,
Salmonella serotypes exhibited greater thermal resistance in sucrose solutions, as opposed to
solutions with fructose, glycerol, and sorbitol (18). When using NaCl (0.5-8.5%) to decrease the
water activity of TSB, strains of E. coli O157:H7 displayed increased D-values at temperatures
of 54.5-64.5°C, as well as an increase in the z-values (5). In the presented work, NaCl was also
used to reduce the water activity with much greater concentrations (26%, aw 0.75). Although
some studies have shown increased D-values when reduced-water activity solutions were used as
the matrix, our results showed decreased the D-values for both strains in the 26% NaCl and 82%
glycerol solutions. However, the z-values increased, indicating increased resiliency to the
temperature changes and heat treatment (5). Other studies also observed D-values for both
serotypes investigated in the presented work, but several of these studies used neutral buffered
solution suspensions in the experiments and reported much lower Dss< of <2.0 min (8, 34). The
use of tryptic soy broth as the medium in the presented study may have contributed to the higher
D-values determined, as the nutrients in the broth may have offered some protection from the
isothermal treatments. Solutes vary in their protective capabilities for microorganisms against
thermal treatments and changes in temperature (33). In the same way, the food matrix
components also greatly impact the efficacy of a thermal treatment to inactivate microorganisms.
The added complexities of the food composition, as well as the non-isothermal nature of food
processing treatments make vital the careful consideration of the risks of applying laboratory-
acquired thermal resistance data to food systems (23).

Studies investigate causes of microbial thermal resistance in LWAF using a wide variety
of techniques, methods, and equipment, which certainly impact results and conclusions to

unpredictable degrees (4). For example, when investigating differences in thermal resistance
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strains of Salmonella as impacted by high- and low-water activity, increased resistance to the
isothermal treatments in a low-water activity solution was only observed at higher temperatures
(>70°C; 33). However, there was no difference in thermal resistance of the pathogen in the
different solutions at lower temperatures (<65°C), indicating temperature intensity impacts
thermal resistance at a low water activity (33). Furthermore, while higher temperatures may
induce thermal resistance associated with low water activity, observable differences between the
heat resistance of pathogens may diminish. For example, E. coli 0157:H7 were significantly
more resistant to isothermal 56°C treatments in apple juice compared to non-O157 serotypes, as
indicated by D-values, but significant differences between the serotypes were not observed at
higher temperatures of >60°C (14). In the presented study, the only differences in D-values
observed between the 0121:H19 and O157:H7 were at the lowest tested temperature (56°C). In
addition to the impacts of the intensity of thermal treatments on observed differences in thermal
resistance between microorganisms, heating methods can significantly impact results. Closed
systems, such as the heating method used in the presented study, prevented evaporation due to
rising temperatures and reduction of water activity, which may be seen in open systems. Thermal
resistance data acquired from closed, isothermal treatments should not be compared to data
acquired from studies using inoculated foods and open, non-isothermal conditions (12).

The presented research sought to identify the impact of reduced water activities on
thermal resistance without the added complexity of a food matrix or desiccation. Our results
indicated that osmotic stress alone does not result in enhanced thermal resistance of STEC
compared to high-water activity solutions. Evaluating thermal resistance of pathogens with D-
and z-values can be valuable for LWAF processors implementing thermal treatments, as there are

many recorded instances of increased thermotolerance with reduced water activities. However,
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this data, along with other results, should be used with discernment, as all results from laboratory
studies are likely impacted by experimental factors influencing cell stress responses and cross-
protection. Specifically, isothermal resistance data gathered on a laboratory scale is not directly

applicable to a non-isothermal food system with complex components.
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Figure 5.1. Averaged log D-values of STEC O121 lawn ( A), broth and high-water activity (aw
0.99 e), intermediate-water activity (aw 0.75 @), and low-water activity (aw 0.50 o).
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Figure 5.2. Averaged log D-values of STEC O157 lawn ( A), broth and high-water activity (aw
0.99 e), intermediate -water activity (aw 0.75 @), and low-water activity (aw 0.50 o).
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Tables

Table 5.1. Calculated D-values (min £+ SD) and z-values (°C + SD) for each experiment using
lawn and broth culture preparation methods and reduced-aw solutions of E. coli 0121:H19 and
O157:H7.

Dseec (min) Dseec (min) Ds2°c (min) z-value (°C) R20f z

E. coli 0121

Lawn 1778 £2.70a 2.38+0.43a 0.74+£0.24 ab 4.33+0.36a 0.98

Broth (aw 0.99) 34.26 +4.02bA 4.79+141aA 223+12la A 575+0.47aAB 0.95

aw 0.75 1185+3.77 ¢ 436+028 A 197+042 A 8.04+1.70 asc 0.99

aw 0.5 770£132 ¢ 425+049 A 149+£005 A 854+1.02 BcC 0.96
E. coli 0157

Lawn 10.76 £0.51¢ 341+1.08a 0.54+£0.045p 467 £0.044 0.97

Broth (aw 0.99) 26.57+2.86d8 4.59+1.13aAa 172+0.74abA 5.04+0.98aa 0.97

aw 0.75 11.35+230 ¢ 6.01+1.03 A 2224065 A 881+230 c 0.97

aw 0.5 824+205 ¢ 4.09+103 A 141+027 A 7.82+0.21 asc 0.99

Lowercase connecting letters within a column indicate significant differences between D- and z- values of culture
preparation method (p<0.05). Uppercase connecting letters within a column indicate significant differences between
D- and z- values of water activities (p<0.05).
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Chapter 6 Conclusions & Future Directions

The overarching goals of the presented studies were to provide information on thermal
inactivation strategies of pathogens on low-water activity foods (LWAF), as well as particular
factors that impact the efficacy of thermal treatments. The microbiological safety of LWAF is
complex because many of these foods are raw or minimally processed and considered ready-to-
eat by consumers, so typical kill steps, such as cooking are not performed. However, pathogen
contamination and long-term survival are possible. Salmonella spp. been the focus of much of
the LWAF safety research due to their high association with LWAF outbreaks and recalls, but
other pathogens, such as Shiga toxin-producing E. coli (STEC) and Listeria monocytogenes are
now known to survive desiccation and also exhibit potential thermotolerance in LWAF. Our
research further supports the need for investigation of the risks posed by additional foodborne
pathogens on LWAF, as similar thermal resistance between Salmonella, STEC, and L.
monocytogenes were observed.

A common trend noted in research for the last many years is the connection between
increased thermal resistance and LWAF or environments. It has been assumed that the stress
placed on cells by a low water activity leads to cross-protection against thermal stress. However,
it is not fully understood if water activity alone causes the observed thermal resistance, or if
other factors impact this response. To further investigate this idea, D- and z-values were
determined for two STEC (0121:H19 and O157:H7) in high-, intermediate-, and low-water
activity solutions that were thermally treated. The high-water activity solution yielded
significantly higher D-values than those of reduced-water activity solutions, indicating that the
osmotic stress alone applied in the intermediate- and low-water activity solutions did not cause

the STEC to display increased thermal resistance. Additionally, the strains were compared
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because O121:H19 was hypothesized to have increased inherent thermal resistance in a low-
water activity environment since it was isolated from a LWAF. This strain was significantly
more resistant to some thermal treatments at the high-water activity level compared to O157:H7.
Lastly, two different growth methods (broth vs. lawn) were compared for their potential impacts
on thermal resistance, which revealed that the broth (planktonic growth) cultures had greater
thermal resistance than the lawn (colonial growth) cultures. These thermal resistance studies
highlight the many variables that can impact thermal resistance. There are examples of observed
thermal resistance of pathogens on LWAF, but this is likely due to a number of factors, such as
desiccation, adaptation or prior exposure to stress, or inherent resistances due to its genome.

As a practical and applied approach to address the possible thermal resistances of
pathogens in LWAF, the use of low-temperature, vacuum-assisted steam was explored as an
intervention on raisins, macadamia nuts, and dried apricot halves when contaminated with
STEC, L. monocytogenes, and Salmonella. The vacuum-assisted steam was successful in
reducing pathogen load up to 5 log CFU/g in many cases at temperatures ranging from 62-82°C.
The pathogens were reduced similarly to one another, meaning a single pathogen did not stand
out as having greater resistance to the treatments. The main differences observed in the efficacy
of the steam were as a result of the food type: raisins required lower temperature treatments (62
and 72°C; 20 and 5 min, respectively) than apricot halves (72 and 82°C; 20 and 5 min,
respectively) for 5-log reductions. Macadamia nuts required higher temperatures (72 and 82°C)
and only resulted in 4-5-log reductions of pathogens at longer treatment times compared to the
apricot halves (up to 38 min). The vacuum-steam was effective in reducing pathogens from the
surface of LWAF, but the variation of treatment times required for significant reductions was

influenced by food type. These results emphasize that caution should be used by food processors
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who wish to thermally treat multiple types of foods together, for instance, in a trail mix, and that
validation of effectiveness on the target commodity is needed. Particle sizes of the foods likely
impacted the movement of steam and subsequent heat transfer. Food composition, such as fat
and water activity, can also impact the cellular response to the thermal treatment. These factors
should be further investigated to determine the degrees of impact on the treatment process by
developing methods to measure relative heat transfer of the steam throughout the LWAF sample
during vacuum-steam treatments and testing the vacuum-steam on other food types with varying
composition.

In accordance with the Risk-Based Preventive Controls for Human Food rule of the Food
Safety Modernization Act, food processors must develop and validate preventive controls and
interventions to address risks associated with the food product. In-plant validations serve as the
best method for proving process efficacy in reducing pathogens, which require surrogate
organisms that mimic the inactivation of target pathogens. Pediococcus acidilactici was
proposed as a non-pathogenic surrogate organism for the pathogens on these foods when treated
with low-temperature, vacuum-assisted steam. At the respective lower treatment temperatures for
each food, the Pediococcus reductions were significantly lower than pathogen reductions,
indicating that it is a conservative surrogate for the pathogens under those conditions. At the
respective higher temperatures, the non-pathogenic lactic acid bacterium was not significantly
more resistant to the treatments compared to the pathogens, and there were a few instances where
the reductions of a pathogen were slightly higher than those of Pediococcus. However, in no
scenario was this difference significant. Overall, Pediococcus was determined to be a suitable
surrogate for STEC, L. monocytogenes, and Salmonella on vacuum-steam-treated raisins, apricot

halves, and whole macadamia nuts, particularly at lower treatment temperatures. Enterococcus
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faecium NRRL B-2354 has also been commonly used as a surrogate organism on LWAF, but
several instances have shown the microorganism to be excessively more heat resistant than target
pathogens, which could lead to over-processing of foods. Pediococcus, however, behaved very
similarly to the test pathogens. We recommend that Pediococcus be further investigated as a
surrogate for pathogens on other LWAF and thermally challenged by other low-temperature
treatments.

In addition to the use of surrogate organisms with in-plant validations, predictive models
can provide information that supports and optimizes the efficacy of interventions. Thermal
inactivation of pathogens can be fit to models that describe inactivation trends. If constructed and
used properly, the models may provide expected predictions of pathogen reductions based on
treatment conditions, such as temperature and time. Based on data gathered from the vacuum-
steam treatments of the raisins, apricot halves, and whole macadamia nuts, primary models were
constructed to observe if inactivation trends varied by microorganism or food type. First-order,
Weibull, and Gompertz models were specifically investigated, which provided both linear and
nonlinear fits. The first-order model was not best suited for any circumstance to describe
inactivation trends, while the Weibull and Gompertz exhibited acceptable fits and best described
the raisins/whole macadamia nuts and apricot halves, respectively. No differences in fit were
observed based on microorganism, confirming that the pathogen inactivation trends were similar.
The inactivation trends of Pediococcus were similar, but with less reduction, further confirming
that the non-pathogenic microorganism could serve as an appropriate surrogate.

Similar vacuum-assisted steam experiments were also conducted on macadamia nut
pieces and dried apricot pieces to explore the flexibility and limits of the primary models

constructed from the larger foods, hypothesizing that the use of smaller food particles would
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alter the efficacy of the treatments by impacting the flow of steam. Analyses showed that the
first-order models generated for the dried apricot halves were acceptable in accurately predicting
3-log reductions of all pathogens on dried apricot pieces 100% of the time. Weibull and
Gompertz models accurately predicted reductions 63% and 50% of the time for apricot pieces. In
contrast, models of bacterial inactivation on whole macadamia nut models were entirely
unsuccessful in accurately predicting 3-log reductions on macadamia nut pieces. However, the
majority of these were fail-safe predictions that overestimated the time necessary for 3-log
bacterial reductions. External datasets were also acquired of LWAF that were also thermally
treated (almonds, powders, apricot paste, etc.), but the models for bacteria on whole macadamia
nuts and apricot halves could not accurately predict bacterial log reductions on these foods and
treatments in most cases. In many cases, the predictions recommended treatments that resulted in
excessive treatments presumably safer products. While predictive models have been suggested
for use in place of in-plant validations due to expense and required expertise, it should be noted
that though models may exhibit good fit for specific circumstances, they must first be validated.
This validation would require challenge of the models with external data and analysis of
uncertainty to determine the likelihood that pathogen inactivation be overestimated.
Overestimation of bacterial reductions may be costly and result in over-treated products, which
could damage product quality and profit. However, a graver outcome would be an
underestimation, resulting in pathogen survival that can lead to foodborne illnesses. In order to
use models as a form of process validations and in place of in-plant validations, the prediction
intervals should be considered, along with the development of secondary models that incorporate

relevant environmental and processing factors.
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The presented research demonstrated effectiveness of low-temperature, vacuum-assisted
steam on a variety of food products as an intervention to reduce pathogen reduction. While this
process has been utilized commercially for some food products, the process should be further
explored and optimized for large batches for foods like raisins, dried apricots, and macadamia
nuts, or other foods that should not be excessively heated. Commercial steam processes may treat
40-60 kg of product in sealed metal vats at a time, so potential “cold spots,” times for effective
heat transfer, and product heat insulation should be evaluated for various food types. While the
models constructed by the presented research fit the datasets well and described the thermal
inactivation of pathogens on these specific LWAF, they could only be used to accurately predict
pathogen reduction for a limited set of other circumstances. In many of these cases, however, the
primary models developed in the presented study overestimated the times needed for 3-log
reductions on other thermally treated foods, which would presumably result in a safer product.
However, the presented analyses indicated that while the two surrogate organisms examined
(Pediococcus acidilactici and Enterococcus faecium) could not be used interchangeably for
estimating pathogen reduction, their model parameters could accurately and safely predict
reductions of multiple thermally treated pathogens. This particular discovery could be useful for
processors who wish to target multiple pathogens with vacuum-assisted steam interventions.

Because steam efficacy was observed in the presented research to be impacted by food
type, future directions investigating this process should expand into more food groups that would
allow better understanding of how certain food characteristics, such as moisture, fat, and water
activity impact the efficacy of steam treatments. Additional treatment temperatures could also
allow for the construction of more robust secondary models that could expand application to

other LWAF or treatments. These applications could guide the LWAF industry to design steam
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treatments that are efficient in removing pathogens from the surface of certain foods, or perhaps
even a mixture. Optimizing a vacuum-steam process to treat multiple food products would meet
FSMA regulations and save in economic costs by combining products and reducing the
likelihood of costly recalls associated with untreated LWAF. Generally, low-water activity
conditions are presumed to cause an increase in bacterial thermal resistance. However, the
mechanisms of this cross-protection are not fully understood. Inherent resistance of particular
strains or serovars, as well as thermal resistance due to cross-protection from other stressors
could be further explored to determine their impact on thermal resistance. Laboratory methods
should be closely examined for their potential impacts on results, as well as how the results can
be applied to large-scale food processing. LWAF are complex food matrices because of the
multiple stresses (desiccation and osmotic stress) that may be placed on microorganisms and the
subsequent responses and physiological states of the cells. These stressors should be further
explored to elucidate risks associated with LWAF, as well as better understand the impacts the
LWAF environment has on microorganisms’ abilities to contaminate, persist, and resist thermal

intervention.
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Chapter 7 Appendix

Combined average log bacterial reductions of low-temperature, vacuum-assisted
steam on raisins, apricot halves, apricot pieces, whole macadamia nuts, and

macadamia nut pieces.

Table 7.1. Average bacterial reductions (Log CFU/g) of E. coli, Listeria monocytogenes,
Pediococcus, and Salmonella on raisins (“Raisins”), apricot halves (“Apricot”), apricot pieces
(“ApriPie”), whole macadamia nuts (“MacaNut”), and macadamia nut pieces (“MacaPie”).

Temperature Treatment  Reduction

Food (°C) Organism (min) (log CEU/g) St. Dev.
-1 -0.5 0.3

0 0 0

0.5 0.1 0.7

1 0.8 0.8

Apricot 72 E. coli 2 1.6 1.0
5 2.4 1.0

8 4.9 11

14 6.1 0.6

20 7.2 0.4

-1 -0.6 0.2

0 0.0 0.0

0.5 0.2 0.6

1 1.0 0.6

Apricot 72 L. monocytogenes 2 1.9 1.0
5 2.7 1.3

8 5.4 13

14 5.8 0.9

20 6.5 0.9

-1 -0.3 0.2

0 0.0 0.0

0.5 0.1 0.7

1 0.7 0.6

Apricot 72 Pediococcus 2 15 1.0
5 1.6 0.6

8 2.4 0.6

14 2.8 1.0

20 3.8 0.5

Apricot 72 Salmonella - 08 04
0 0.0 0.0
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0.5 0.2 0.4

1 1.2 0.6

2 1.9 0.6

5 2.7 1.1

8 6.2 1.3

14 6.8 0.8

20 6.9 0.7

-1 -1.4 0.4

0 0.0 0.0

0.5 1.2 0.4

1 1.0 0.5

Apricot 82 E. coli 1.5 1.6 0.3
2 4,5 0.9

2.5 55 2.1

35 6.7 0.4

5 6.0 0.5

-1 -1.6 0.3

0 0.0 0.0

0.5 1.2 0.6

1 1.1 0.3

Apricot 82 L. monocytogenes 1.5 1.8 0.5
2 5.3 0.5

2.5 4.9 1.2

35 55 0.9

5 6.1 0.3

-1 -0.8 0.4

0 0.0 0.0

0.5 1.2 0.3

1 1.2 0.3

Apricot 82 Pediococcus 15 1.6 0.4
2 3.2 0.5

2.5 3.1 0.5

3.5 4.7 1.8

5 4.9 0.4

-1 -1.9 0.3

0 0.0 0.0

Apricot 82 Salmonella 0.5 12 03
1 1.0 0.4

1.5 1.8 0.2

2 5.4 1.0
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2.5 5.7 1.2

35 6.2 0.3

5 5.8 0.1

-1 -0.7 0.2

0 0.0 0.0

0.5 0.3 0.4

1 0.7 0.4

ApriPie 72 E. coli 2 1.4 0.3
5 2.9 0.8

8 3.1 0.3

14 6.2 1.7

20 7.1 1.3

-1 -0.8 0.4

0 0.0 0.0

0.5 0.4 0.3

1 0.7 0.5

ApriPie 72 L. monocytogenes 2 1.2 04
5 3.2 0.9

8 4.2 1.6

14 5.6 11

20 6.5 0.3

-1 -0.7 0.4

0 0.0 0.0

0.5 0.2 0.3

1 04 04

ApriPie 72 Pediococcus 2 0.7 0.3
5 15 0.4

8 1.4 0.2

14 3.0 0.9

20 4.1 1.3

-1 -1.3 0.3

0 0.0 0.0

0.5 0.4 0.4

1 0.6 0.3

ApriPie 72 Salmonella 2 1.5 0.5
5 3.2 1.2

8 3.7 1.0

14 6.1 0.9

20 6.7 0.8

ApriPie 82 E. coli -1 -1.4 0.5
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0 0.0 0.0

0.5 0.2 0.5

1 0.9 0.8

1.5 1.7 0.4

2 4.4 1.2

2.5 5.2 1.7

35 6.6 0.9

5 6.7 1.0

-1 -1.5 0.3

0 0.0 0.0

0.5 0.3 0.4

1 0.9 0.7

ApriPie 82 L. monocytogenes 15 1.4 05
2 5.3 1.0

2.5 6.0 0.7

35 5.9 0.3

5 6.0 0.7

-1 -1.3 0.4

0 0.0 0.0

0.5 0.1 0.3

1 0.4 0.2

ApriPie 82 Pediococcus 15 1.2 0.3
2 3.0 0.8

2.5 3.3 1.4

35 4.2 1.1

5 4.9 0.3

-1 -1.9 0.2

0 0.0 0.0

0.5 0.2 0.4

1 1.0 0.7

ApriPie 82 Salmonella 1.5 1.6 0.4
2 5.0 1.3

2.5 5.8 1.0

35 6.5 0.1

5 6.2 0.4

-1 -04 0.3

0 0.0 0.0

MacaNut 72 E. coli 1 0.9 0.3
8 25 0.6

14 3.5 0.4
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20 3.8 0.6

28 4.9 1.4

38 6.5 0.9

-1 0.1 0.4

0 0.0 0.0

1 0.9 0.1

MacaNut 72 L. monocytogenes 8 2.0 03
14 2.8 0.3

20 2.8 0.5

28 3.6 0.7

38 4.8 0.5

-1 -1.0 0.3

0 0.0 0.0

1 0.8 0.4

MacaNut 72 Pediococcus 8 1.3 0.3
14 2.0 0.6

20 2.0 0.8

28 24 0.8

38 3.5 1.2

-1 -0.6 0.1

0 0.0 0.0

1 0.7 0.3

MacaNut 72 Salmonella 8 1.9 0.7
14 2.7 0.2

20 2.8 0.5

28 3.6 1.0

38 4.6 0.6

-1 -1.0 0.4

0 0.0 0.0

1 0.3 0.7

MacaNut 8 £ coli 2 18 0.9
3.5 3.0 0.6

S 4.1 1.0

8 4.4 1.5

12 5.7 1.1

-1 -0.7 0.6

0 0.0 0.0

MacaNut 82 L. monocytogenes 1 0.4 0.1
2 2.0 0.8

3.5 2.5 0.8
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5 4.2 1.0

8 4.1 1.0

12 5.4 0.7

-1 -1.4 0.2

0 0.0 0.0

1 0.2 0.4

MacaNut 82 Pediococcus 2 12 04
3.5 1.7 1.0

5 3.0 1.3

8 2.8 0.5

12 4.1 0.7

-1 -1.2 0.3

0 0.0 0.0

1 0.3 0.2

MacaNut 82 Salmonella 2 14 0.7
35 2.2 1.0

5 3.4 1.5

8 3.3 0.9

12 4.9 1.2

-1 -04 0.8

0 0.0 0.0

0.5 0.7 0.3

1 0.9 0.4

MacaPie 72 E. coli 2 1.7 0.1
5 2.7 0.5

8 3.3 0.5

14 35 0.3

20 6.7 0.9

-1 -0.1 0.8

0 0.0 0.0

0.5 0.6 0.8

1 1.2 0.5

MacaPie 72 L. monocytogenes 2 1.8 0.4
5 2.4 0.3

8 2.9 0.5

14 3.0 0.5

20 4.4 0.3

-1 -0.6 0.4

MacaPie 72 Pediococcus 0 0.0 0.0
0.5 0.4 0.8
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1 1.3 0.8

2 1.9 0.7

5 2.2 0.8

8 2.8 0.9

14 3.1 1.1

20 4.2 0.6

-1 -0.6 0.5

0 0.0 0.0

0.5 0.9 0.2

1 1.0 0.5

MacaPie 72 Salmonella 2 1.8 0.2
5 25 0.6

8 2.8 0.2

14 3.0 0.6

20 5.2 0.7

-1 -1.4 0.8

0 0.0 0.0

0.5 1.1 0.7

1 1.6 0.9

MacaPie 82 E. coli 1.5 3.3 0.5
2 3.9 0.6

2.5 35 0.8

35 4.5 0.3

5 5.7 1.4

-1 -0.6 0.2

0 0.0 0.0

0.5 1.2 0.3

1 2.0 1.8

MacaPie 82 L. monocytogenes 15 3.6 1.1
2 3.7 0.9

2.5 4.2 1.3

35 5.0 1.1

5 5.9 0.8

-1 -1.7 0.4

0 0.0 0.0

0.5 0.5 0.7

MacaPie 82 Pediococcus 1 1.4 1.0
1.5 2.1 0.2

2 2.3 0.5

2.5 2.7 0.2
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3.5 3.1 0.8

5 3.0 0.9

-1 -1.4 0.3

0 0.0 0.0

0.5 1.2 0.6

1 1.4 0.8

MacaPie 82 Salmonella 1.5 28 0.3
2 2.9 0.9

2.5 3.1 0.8

3.5 35 1.0

5 4.3 1.7

-1 -0.2 0.5

0 0.0 0.0

0.5 0.5 0.4

1 1.1 0.6

Raisins 62 E. coli 2 1.3 0.7
5 2.2 0.5

8 3.1 0.7

14 4,5 0.3

20 6.3 1.1

-1 -0.4 0.7

0 0.0 0.0

0.5 0.5 0.3

1 0.9 0.6

Raisins 62 L. monocytogenes 2 1.3 05
5 2.1 0.2

8 3.3 1.1

14 4.8 0.7

20 5.7 0.7

-1 -0.2 0.5

0 0.0 0.0

0.5 0.2 0.1

1 0.4 0.4

Raisins 62 2 0.6 0.4
5 1.0 0.2

8 1.2 0.4

14 1.7 0.3

Pediococcus 20 2.4 0.6

Raisins 62 Salmonella -1 0.4 0.5
0 0.0 0.0
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0.5 0.4 0.3

1 0.9 0.7

2 1.1 0.4

5 1.9 0.6

8 2.8 0.9

14 4.9 0.9

20 6.3 1.0

-1 -1.1 0.4

0 0.0 0.0

0.5 0.8 1.0

1 1.7 0.6

Raisins 72 E. coli 1.5 2.6 0.7
2 2.7 1.2

2.5 3.3 1.0

3.5 5.0 1.3

5 5.8 1.5

-1 -1.3 0.2

0 0.0 0.0

0.5 1.1 1.4

1 2.6 1.3

Raisins 72 L. monocytogenes 1.5 3.8 1.6
2 3.3 1.3

2.5 4.2 1.9

35 5.0 0.8

5 5.2 0.7

-1 -1.1 0.3

0 0.0 0.0

0.5 0.2 0.4

1 1.1 0.5

Raisins 72 Pediococcus 1.5 1.8 0.7
2 2.1 0.7

2.5 2.4 1.0

3.5 3.1 0.6

5 4.1 1.2

-1 -1.4 0.3

0 0.0 0.0

72 Salmonella 0.5 L0 0.7

1 1.6 0.7

1.5 3.1 1.8

Raisins 2 3.0 16
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2.5 3.4 1.2
3.5 5.0 1.2
5 5.4 1.0
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Combined temperature profile parameters averaged across each treatment
combination.

Table 7.2. Temperature profile parameters averaged across each treatment combination for dried
apricot halves, whole macadamia nuts, raisins, dried apricot pieces, and macadamia nut pieces.

Food Treatment T_reatme_nt C_:ome-up ﬁe:;?ilrigl Maximum  Minimum
Temp (°C) Time (min) Time (sec) (sec) Temp (°C) Temp (°C)

Apricot 72 0 62.3 11.0 72.5 69.6
Halves 0.5 47.3 3.0 73.4 69.7
1 50.3 2.3 73.5 70.5

2 48.7 3.3 73.4 70.5

5 48.0 3.3 73.5 70.5

8 50.3 2.7 73.2 70.4

14 55.3 5.7 73.6 70.2

20 46.7 2.7 73.8 70.4

82 0 72.3 9.7 82.8 79.2

0.5 68.3 1.7 83.9 79.6

1 69.7 2.7 83.8 80.5

1.5 65.0 2.7 83.8 80.6

2 82.7 1.3 83.3 80.6

2.5 65.0 4.0 83.5 79.4

35 72.3 3.7 83.4 80.8

5 70.0 3.0 83.2 80.5

Whole 72 0 40.0 12.0 72.2 69.5

Macadamia 1 38.0 1.0 73.9 70.7
Nuts 8 34.0 13 73.2 70.8

14 37.3 1.0 72.9 70.6

20 32.3 1.7 73.0 70.6

28 33.3 4.1 73.6 70.4

38 33.3 2.3 73.7 70.5

82 0 45.8 14.0 83.3 78.7

1 40.7 1.3 83.7 80.5

2 39.7 1.3 83.0 80.7

35 39.7 1.3 82.9 80.6

5 42.3 1.7 82.9 80.8

8 44.8 3.4 83.3 80.7

12 41.3 2.0 83.5 80.4

Raisins 62 0 46.3 17.7 64.5 64.5
0.5 45.3 6.0 63.4 63.4
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1 44.0 7.3 62.9 62.9
2 67.6 7.6 65.1 62.7

5 48.7 8.0 63.0 60.5

8 45.8 6.8 63.6 60.4

14 50.8 6.3 63.4 60.6

20 52.3 14.5 63.5 60.8

72 0 50.7 17.7 72.1 69.3

0.5 50.8 5.5 73.1 73.1

1 39.5 5.8 73.2 73.2

1.5 715 8.0 73.1 70.7

2 45.0 6.3 73.1 70.7

2.5 59.5 6.8 73.1 70.5

35 41.8 5.8 72.9 70.8

5 59.3 7.8 73.6 70.6

Apricot 72 0 105.5 9.8 72.5 70.7
Pieces 0.5 99.5 2.5 73.3 70.5
1 74.0 2.0 735 70.7

2 90.3 2.0 73.6 70.6

5 72.8 1.8 73.7 70.8

8 89.3 5.0 73.1 66.5

14 73.3 2.0 73.0 69.7

20 93.8 3.3 73.6 70.2

82 0 79.8 11.5 82.8 79.9

0.5 51.8 2.5 83.4 79.0

1 73.3 2.5 83.3 80.6

1.5 50.8 2.5 83.4 80.7

2 47.3 3.0 83.6 80.6

2.5 53.3 2.3 83.3 80.7

35 57.0 4.0 83.4 80.3

5 48.0 3.0 82.9 80.8

Macadamia 72 0 79.8 11.8 72.7 65.7
Nut Pieces 05 32.0 05 73.4 70.7
1 26.7 0.3 73.3 70.7

2 29.7 0.7 73.3 70.8

5 28.3 1.8 73.1 70.2

8 26.3 0.3 73.3 58.1

14 30.7 0.3 75.1 70.7

20 27.0 0.5 72.9 70.7

82 0 31.0 12.3 82.6 76.6

0.5 39.0 0.7 83.2 80.8
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1.5

2.5
3.5

34.3
45.0
34.5
38.0
37.3
30.8

1.0
2.3
0.5
0.7
5.0
0.8

83.4
83.4
83.3
83.1
83.0
83.0

80.5
80.8
80.9
80.5
78.2
80.6
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Bacterial reductions (log CFU/g + standard deviation) on apricot pieces resulting from 72°C and 82°C vacuum-

steam treatment of various times.

1 80 a b 50 . 2
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BE. coliB L. monocytogenes B Pediococcus B Salmonella BE. coli B L. monocytogenes B Pediococcus ® Salmonella

Figure 7.1. Bacterial reductions (log CFU/g + standard deviation) on apricot pieces resulting from 72°C (a) and 82°C (b) vacuum-
steam treatment of various times. Asterisk (*) next to treatment times indicate significant differences of bacterial reductions from the
reductions of a 0-min treatment, while lowercase letters above bars indicate significant differences between organisms within a
treatment from pairwise comparisons (p<0.05). Lack of letters indicate no significant difference between organisms within the
treatment.
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Bacterial reductions (log CFU/g + standard deviation) on macadamia nut pieces resulting from 72°C and 82°C

vacuum-steam treatment of various times.
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Figure 7.2. Bacterial reductions (log CFU/g + standard deviation) on macadamia nut pieces resulting from 72°C (a) and 82°C (b)
vacuum-steam treatment of various times. Asterisk (*) next to treatment times indicate significant differences of bacterial reductions
from the reductions of a 0-min treatment, while lowercase letters above bars indicate significant differences between organisms within
a treatment from pairwise comparisons (p<0.05). Lack of letters indicate no significant difference between organisms within the
treatment.
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Proximate analyses of raisins before and after low-temperature, vacuum-assisted

treatments.
62°C Treatments - aw
Date No Trt 0 0.5 1 2 5 8 14 20
11.14.18 | 0.5623 | 0.7008 | 0.7416 | 0.6985 | 0.6743 | 0.6812 | 0.6741 | 0.6867 | 0.6813
11.28.18 | 0.5622 | 0.7341 | 0.6822 | 0.6885 | 0.6764 | 0.6688 | 0.6672 | 0.6763 | 0.6917 | Avg. of
11.30.18 0.564 0.72 | 0.7415 | 0.6647 | 0.7148 | 0.7106 | 0.6986 | 0.6832 | 0.7033 | Treatments
Average: | 0.5628 | 0.7183 | 0.7218 | 0.6839 | 0.6885 | 0.6869 | 0.6800 | 0.6821 | 0.6921 0.6942
St. Dev. | 0.0010 | 0.0167 | 0.0343 | 0.0174 | 0.0228 | 0.0215 | 0.0165 | 0.0053 | 0.0110 0.0228
72°C Treatments - aw
Date No Trt 0 0.5 1 15 2 2.5 3.5 5
11.28.18 | 0.5622 0.718 | 0.7235 | 0.6841 | 0.6722 | 0.6906 | 0.6813 | 0.6694 | 0.6766
11.30.18 0.564 | 0.6746 | 0.671 | 0.7086 | 0.6895 | 0.7026 | 0.6687 | 0.6751 | 0.6637 | Avg. of
12.05.18 | 0.5677 | 0.6746 | 0.671 | 0.7086 | 0.7026 | 0.6687 | 0.6751 | 0.6637 | 0.6895 | Treatments
Average: | 0.5646 | 0.6891 | 0.6885 | 0.7004 | 0.6881 | 0.6873 | 0.6750 | 0.6694 | 0.6766 0.6843
St. Dev. | 0.0028 | 0.0251 | 0.0303 | 0.0141 | 0.0152 | 0.0172 | 0.0063 | 0.0057 | 0.0129 0.0176
% Moisture
Date No Trt | 62-20 | 72-5
18.5 25.6 25.4
18.2 245 23.9
14.9 Avg. of
7.16.19 21.1 25.8 24.8 | Treatments
Average: 18.2 25.3 24.7 25.0
St. Dev. 2.5 0.7 0.8 0.6
% Protein
Date No Trt | 62-20 | 72-5
2.86 3.29 3.42
2.93 3.37 3.39
3.26 Avg. of
07.16.19 3.98 3.44 3.86 | Treatments
Average: 3.3 3.4 3.6 3.5
St. Dev. 0.5 0.1 0.3 0.2
% Fat
Date No Trt | 62-20 | 72-5
0.219 0.128 | 0.141
0.195 0.094 | 0.161
0.149 0.239 0.911 | Auvg. of
07.16.19 0.16 Treatments
Average: 0.2 0.2 0.4 0.3
St. Dev. 0.0 0.1 0.4 0.3
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Proximate analyses of dried apricot halves before and after low-temperature,

vacuume-assisted treatments.

72°C Treatments - aw

191

Date No Trt 0 0.5 1 2 5 8 14 20
03.13.19 | 0.7016 | 0.7426 | 0.7709 | 0.8654 | 0.8156 0.751 | 0.7686 | 0.8069 | 0.8356
03.15.19 | 0.7167 | 0.7352 | 0.7638 | 0.7549 | 0.7717 | 0.7448 | 0.7612 | 0.758 | 0.7438 Avg. of
03.19.19 | 0.6337 0.781 | 0.7629 | 0.7693 | 0.7423 | 0.7734 | 0.7606 | 0.732 0.732 | Treatments
Average: | 0.6840 | 0.7529 | 0.7659 | 0.7965 | 0.7765 | 0.7564 | 0.7635 | 0.7656 | 0.7705 0.7685
St. Dev. | 0.0442 | 0.0246 | 0.0044 | 0.0601 | 0.0369 | 0.0150 | 0.0045 | 0.0380 | 0.0567 0.0329
82°C Treatments - aw
Date No Trt 0 0.5 1 15 2 2.5 3.5 5
03.13.19 | 0.7016 | 0.8302 | 0.8373 | 0.7717 | 0.8408 | 0.8201 | 0.8446 | 0.7583 | 0.8573
03.15.19 | 0.7167 | 0.7439 | 0.7382 | 0.782 | 0.7812 | 0.7512 | 0.7587 | 0.7526 | 0.7994 | Awvg. of
03.19.19 | 0.6337 0.783 | 0.7115| 0.773 | 0.7506 | 0.7711 | 0.7778 | 0.7874 | 0.7699 | Treatments
Average: | 0.6840 | 0.7857 | 0.7623 | 0.7756 | 0.7909 | 0.7808 | 0.7937 | 0.7661 | 0.8089 0.7830
St. Dev. | 0.0442 | 0.0432 | 0.0663 | 0.0056 | 0.0459 | 0.0355 | 0.0451 | 0.0187 | 0.0445 0.0378
% Moisture
Date No Trt | 72-20 | 82-5
03.08.19 29.8 31.4 32.3
03.08.19 30.4 30.8 32.9
03.08.19 29.3
7.16.19 26.7 315 315
7.16.19 30.9 30.3 Avg. of
7.16.19 32.6 33.8 | Treatments
Average: 29.1 31.4 32.2 31.8
St. Dev. 1.6 0.7 1.3 1.1
% Protein
Date No Trt | 72-20 | 82-5
03.08.19 2.98 1.61 2.38
03.08.19 2.58 2.6 4,55
03.08.19 3.42
7.16.19 2.27 2.01 1.77
7.16.19 1.75 1.75 Avg. of
07.16.19 2.16 2.58 | Treatments
Average: 2.8 2.0 2.6 2.3
St. Dev. 0.5 0.4 1.1 0.9
% Fat
Date No Trt | 72-20 | 82-5
7.16.19 0.178 0.1 0.134
7.16.19 0.046 0.116 | 0.485 Avg. of
7.16.19 0.041 0.281 0.119 | Treatments
Average: 0.1 0.2 0.2 0.2
St. Dev. 0.1 0.1 0.2 0.2




Proximate analyses of dried apricot pieces before and after low-temperature,

vacuume-assisted treatments.

72°C Treatments - aw

Date No Trt 0 0.5 1 2 5 8 14 20
04.25.19 | 0.6969 | 0.7916 | 0.7874 | 0.7829 | 0.8062 | 0.7974 | 0.7554 | 0.7819 | 0.7731
04.30.19 | 0.7024 | 0.7783 | 0.7825 | 0.7764 | 0.796 | 0.8052 | 0.8257 | 0.853 | 0.7707 Avg. of
05.02.19 | 0.7286 | 0.7889 | 0.8202 | 0.825 | 0.8587 | 0.8291 | 0.8349 | 0.7745 | 0.8495 | Treatments
Average: | 0.7093 | 0.7863 | 0.7967 | 0.7948 | 0.8203 | 0.8106 | 0.8053 | 0.8031 | 0.7978 0.8019
St. Dev. | 0.0169 | 0.0070 | 0.0205 | 0.0264 | 0.0336 | 0.0165 | 0.0435 | 0.0433 | 0.0448 0.0287
82°C Treatments - aw
Date No Trt 0 0.5 1 15 2 2.5 3.5 5
04.25.19 | 0.6969 | 0.7833 | 0.8098 | 0.8048 | 0.7999 | 0.8025 | 0.7624 | 0.7855 | 0.807
04.30.19 | 0.7024 | 0.795 | 0.7853 | 0.7944 | 0.7802 | 0.7951 | 0.7919 | 0.7744 | 0.7707 | Awvg. of
05.02.19 | 0.7286 | 0.8279 | 0.8114 | 0.8077 | 0.8277 | 0.8189 | 0.828 | 0.8228 | 0.8106 | Treatments
Average: | 0.7093 | 0.8021 | 0.8022 | 0.8023 | 0.8026 | 0.8055 | 0.7941 | 0.7942 | 0.7961 0.7999
St. Dev. | 0.0169 | 0.0231 | 0.0146 | 0.0070 | 0.0239 | 0.0122 | 0.0329 | 0.0254 | 0.0221 0.0185
% Moisture
Date No Trt | 72-20 | 82-5
07.16.19 24.7 29.7 30.1
07.16.19 25.3 30.2 29.7 | Avg. of
07.16.19 26.3 33.6 31.9 | Treatments
Average: 25.4 31.2 30.6 30.9
St. Dev. 0.8 2.1 1.2 1.6
% Protein
Date No Trt | 72-20 | 82-5
07.16.19 1.69 1.88 2.11
07.16.19 3.56 2.25 2.56 | Avg. of
07.16.19 3.48 2.65 2.93 | Treatments
Average: 2.9 2.3 25 2.4
St. Dev. 1.1 0.4 0.4 0.4
% Fat
Date No Trt | 72-20 | 82-5
07.16.19 0.087 0.1| 0.059
07.16.19 0.046 | 0.134| 0.126| Avg.of
07.16.19 0.041| 0.287 | 0.329 | Treatments
Average: 0.1 0.2 0.2 0.2
St. Dev. 0.0 0.1 0.1 0.1
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Proximate analyses of whole macadamia nuts before and after low-temperature,

vacuume-assisted treatments.

72°C Treatments - aw
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Date No Trt 0 1 8 14 20 28 38
05.16.19 | 0.5485 | 0.8291 | 0.8234 | 0.8652 | 0.8956 | 0.8917
05.21.19 0.595 | 0.8771 | 0.8495| 0.8981 | 0.8546 | 0.9126
05.23.19 | 0.6144 | 0.8706 | 0.8869 | 0.8706 | 0.8774 | 0.8675 | 0.9433 | 0.8763
05.28.19 | 0.5796 | 0.8157 0.8769 | 0.9042 Avg. of
05.28.19 | 0.5664 | 0.8413 0.8383 | 0.8466 | Treatments
Average: | 0.5808 | 0.8468 | 0.8533 | 0.8780 | 0.8759 | 0.8906 | 0.8862 | 0.8757 0.8701
St. Dev. | 0.0254 | 0.0264 | 0.0319 | 0.0176 | 0.0205 | 0.0226 | 0.0531 | 0.0288 0.0306
82°C Treatments - aw
Date No Trt 0 1 8 14 20 28 38
05.16.19 | 0.5485 | 0.8697 | 0.8813 | 0.8993 | 0.8957 | 0.8705 | 0.8497
05.21.19 0.595 | 0.8678 | 0.8858 | 0.8929 | 0.8879 | 0.8779 | 0.8922 | 0.9004
05.23.19 | 0.6144 | 0.8822 | 0.9053 | 0.888 | 0.8929 | 0.8913 | 0.8708 | 0.874
05.28.19 | 0.5796 | 0.8525 0.9075 | 0.9096 Avg. of
05.28.19 | 0.5664 | 0.8778 0.8883 | 0.8572 | Treatments
Average: | 0.5808 | 0.8700 | 0.8908 | 0.8934 | 0.8922 | 0.8799 | 0.8817 | 0.8853 0.8846
St. Dev. | 0.0254 | 0.0114 | 0.0128 | 0.0057 | 0.0040 | 0.0105 | 0.0221 | 0.0241 0.0162
% Moisture
Date No Trt | 72-38 | 82-12
7.16.19 12.2 14.4 16
7.16.19 12.1 13.3 14.8 Avg. of
7.16.19 15.2 12.6 12.9 | Treatments
Average: 13.2 13.4 14.6 30.9
St. Dev. 1.8 0.9 1.6 1.6
% Protein
Date No Trt | 72-38 | 82-12
7.16.19 9.54 9.54 9.66
7.16.19 9.89 8.56 9.46 Avg. of
7.16.19 9.51 9.15 8.88 | Treatments
Average: 9.6 9.1 9.3 9.2
St. Dev. 0.2 0.5 0.4 0.4
% Fat
Date No Trt | 72-38 | 82-12
7.16.19 47.2 49.1 55.9
7.16.19 49.8 56.9 53.2 | Avg.of
7.16.19 50.8 62.5 60.1 | Treatments
Average: 49.3 56.2 56.4 56.3
St. Dev. 1.9 6.7 3.5 4.8




Proximate analyses of macadamia nut pieces before and after low-temperature,
vacuume-assisted treatments.

72°C Treatments - aw

Date No Trt 0 0.5 1 2 5 8 14 20
06.11.19 | 0.6187 | 0.8576 0.842 | 0.8533 | 0.8507 | 0.8714 | 0.8602 | 0.8741 | 0.8962

06.13.19 | 0.6575 | 0.8788 | 0.8854 | 0.8837 | 0.8928 | 0.8882 | 0.8758 | 0.9055 | 0.9031 | Auvg. of
06.18.19 | 0.6225 | 0.8861 | 0.8816 | 0.8814 | 0.8675 | 0.8898 | 0.8656 | 0.8976 | 0.9398 | Treatments

Average: | 0.6329 | 0.8742 | 0.8697 | 0.8728 | 0.8703 | 0.8831 | 0.8672 | 0.8924 | 0.9130 0.8803

St. Dev. | 0.0214 | 0.0148 | 0.0240 | 0.0169 | 0.0212 | 0.0102 | 0.0079 | 0.0163 | 0.0234 0.0210

82°C Treatments - aw

Date No Trt 0 0.5 1 15 2 2.5 3.5 5
06.11.19 | 0.6187 | 0.897 | 0.8726 | 0.8995 | 0.9071 0.88 | 0.8728 | 0.882 | 0.8693
06.13.19 | 0.6575 | 0.9029 | 0.9066 | 0.9127 | 0.9019 | 0.9031 | 0.8969 0.88 | 0.8914 | Auvg. of
06.16.19 | 0.6225 | 0.8715| 0.8877 | 0.867 | 0.895| 0.8811 | 0.8908 | 0.8936 | 0.8692 | Treatments
Average: | 0.6329 | 0.8905 | 0.8890 | 0.8931 | 0.9013 | 0.8881 | 0.8868 | 0.8852 | 0.8766 0.8888
St. Dev. | 0.0214 | 0.0167 | 0.0170 | 0.0235 | 0.0061 | 0.0130 | 0.0125 | 0.0073 | 0.0128 0.0139
% Moisture
Date No Trt | 72-20 | 82-5
7.16.19 15.2 14.6 16
7.16.19 14.7 12.6 15| Awvg. of
7.16.19 13 14.9 13.3 | Treatments
Average: 14.3 14.0 14.8 15.8
St. Dev. 1.2 1.3 1.4 3.4
% Protein
Date No Trt | 72-20 | 82-5
7.16.19 53 56.6 55
7.16.19 45.9 57 51.3 | Auvg. of
7.16.19 54.2 56.5 52.9 | Treatments
Average: 51.0 56.7 53.1 56.9
St. Dev. 4.5 0.3 1.9 5.5
% Fat
Date No Trt | 72-20 | 82-5
7.16.19 9.04 9.34 8.76
7.16.19 9.9 8.91 9.3 | Avg.of
7.16.19 9.27 9.18 8.77 | Treatments
Average: 94 9.1 8.9 8.8
St. Dev. 0.4 0.2 0.3 0.5
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Code written in R for data compilation, model construction, analyses, and

temperature profile compilation.

#Combining data; raw plate counts to usable datasets for
analyses#

#Library imports
rm(list = 1s())
library(tidyverse)
library(tidyselect)
library(readxl)
library(rpart)
library(rpart.plot)
library(plotrix)
library(pracma)
library(BBmisc)

# setwd(”../../../Dropbox/vacuum decontam/R_Code”)

### user entered data###

dilutionFactor <- 4

d1CFUpermL <- 1 # detection limit, >0 to prevent -Inf logReduct
PlateCountData <- ”../Foods”

savePlotToDisk <- FALSE

today <- Sys.Date()

# combinedDataOutputFileName <- paste(”Combined ”, today,”.csv”,
sep="")

combinedDataOutputFileName <- ”"Combined 20190716.csv”
combinedEnrichFileName <- “"CombinedEnrich 20190716.csv”
finalCombinedDataFileName <- "FinalCombinedData 20190716 .csv”

#Combined data includes UniquelID assignment, addition/replacements of
enriched samples, and removal of excluded samples.
HH#HHHHHHHHHHHHHHHHHHHHHHHHHH

#Describing how information will be extracted from the file
names#

getOfficialOrgName <- function(filename) {
orgname <- “”
if (str_detect(filename, "Eco”)) {
orgname <- “E. coli”

if (str_detect(filename, ”"Sal”)) {

orgname <- “Salmonella”
if (str_detect(filename, “"Lmo”)) {
orgname <- “L. monocytogenes”

if (str_detect(filename, "Ped”)) {
orgname <- “Pediococcus”

return(orgname)

}

getAbbreviatedOrgName <- function(filename) {
if (str_detect(filename, "Eco”)) {
return ("Eco”)

}

if (str_detect(filename, “Sal”)) {
return (”Sal”)

}
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if (str_detect(filename, “Lmo”)) {

return (“Lmo”)

}

if (str_detect(filename, “Ped”)) {
return (”“Ped”)

}

return(””)

}

orgcount <- function(filename) {
# Get the official orgname from the filename
orgname <- getOfficialOrgName(filename)

#Describing how the raw data table files will be read in;
filtering and massaging the data files for further use#

# Read raw data
x <- read.csv(filename, skip=28, header=FALSE, as.is=TRUE,
stringsAsFactors=FALSE)

# Read in first 3 columns (since no changes are needed)
x <- x[,1:3]
X <- cbind(substr(filename, 10, 16), substr(filename, 17, 18), orgname, Xx)

# Add column names
names(x) <- c(”Food”, “Temperature”, ”“Organism”, “Treatment”, “PlateCount”,
"CFUpermL”)

# Remove plate reader errors
x <- filter(x, !'str_detect(Treatment, ”“Previous”))

# Transform micro-lingo to numeric data

x$Treatment <- ifelse(str_detect(x$Treatment, “NoTrt”), “-1", x$Treatment)

x$CFUpermL <-ifelse(x$CFUpermL<=0, d1lCFUpermlL, x$CFUpermL)

# Add treat time and logCFUpermL columns

X <- mutate(x,treatTime=Treatment, logCFUpermL =
round(logl10(dilutionFactor*CFUpermL), digits = 1))

#Creating a unique ID that will be assigned to each data point#

uniqueld = paste(substr(filename, 10, 16),
“_", substr(filename, 17, 18), ”"_",
substr(filename, 24, 31), "_",
getAbbreviatedOrgName (filename), “_",
x$Treatment, sep="")

x <- mutate(x, uniquelId = uniquelId)

X <- mutate(x, repDate = substr(uniqueld, 12, 19))

return(x)

#Importing files and performing tasks as described above#

# Program starts running here. We import all files into a data structure
# file function from https://stat.ethz.ch/R-manual/R-
devel/library/base/html/list.files.html
# take each folder and get all the file names in the folder and assign it to
this variable
filenames <- list.files(path = PlateCountData, full.name = TRUE)
for (J in 1:length(filenames)) {
glimpse(filenames[J]1)
# x1 1s the data from current file we are importing
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x1 <- orgcount(filenames[]])

# When we’re on the first file, initialize a new data structure and add
file 1
if (3 = 1) {
# comb is the data structure
comb <- x1
}
# For all other files, just add it to the data structure
else {
comb <- rbind(comb, x1)
}

}

# Print the data structure to the terminal
glimpse(comb)

write.csv(comb, paste(”Output/”,combinedDataOutputFileName, sep=""),
row.names=FALSE)

#Combining the dataset from the plate counts with the Excel data
sheet constructed manually for the enrichments#

#Read in the Enrichments file saved in Supplemental_Data
Enrichments <- read_excel(”../Supplemental_Data/Enrichments.xlsx”)

filter (Enrichments, Treatment != treatTime)

Combined <- read.csv(paste(”Output/”,combinedDataOutputFileName, sep=""),
stringsAsFactors = FALSE)
Combined <- mutate(Combined, Updated=FALSE)

CombinedEnrich <- Combined

CombinedEnrich <- full_join(CombinedEnrich, Enrichments,
by=c(”"uniqueId”="uniquelID”))

names (CombinedEnrich)

# Date is in the enrichment files but not the original combined file
CombinedEnrich$Food.x <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$Food.x, CombinedEnrich$Food.y)
CombinedEnrich$Temperature.x <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$Temperature.x, CombinedEnrich$Temperature.y)

CombinedEnrich$Organism.x <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$Organism.x, CombinedEnrich$Organism.y)
CombinedEnrich$Treatment.x <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$Treatment.x, CombinedEnrich$Treatment.y)
CombinedEnrich$PlateCount.x <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$PlateCount.x, CombinedEnrich$PlateCount.y)
CombinedEnrich$CFUpermL <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$CFUpermL, “NA”)

CombinedEnrich$treatTime.x <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$treatTime.x, CombinedEnrich$treatTime.y)
CombinedEnrich$logCFUpermL <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$logCFUpermL, CombinedEnrich$EnrichLogCFU)
CombinedEnrich$repDate <- ifelse(is.na(CombinedEnrich$Date),
CombinedEnrich$repDate, CombinedEnrich$Date)

CombinedEnrich$Updated <- ifelse(is.na(CombinedEnrich$Date),

CombinedEnrich$Updated, TRUE)

write.csv(CombinedEnrich, paste(”Output/”, combinedEnrichFileName, sep=""),
row.names=FALSE)

#Remove columns that are no longer needed from when the Enrichment file was
joined.
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finalData <- select(CombinedEnrich, -Date, -Organism.y, -Treatment.y, -
PlateCount.y,
-treatTime.y, -EnrichLogCFU, -Temperature.y, -Food.y, -
Temperature.y)
finalData <- rename(finalData, Organism=Organism.x,
Treatment=Treatment.x,
PlateCount=PlateCount.x,
treatTime=treatTime.x,
Temperature=Temperature.x,
Food=Food.x)
write.csv(finalData, paste(”Output/”,finalCombinedDataFileName, sep=""),
row.names=FALSE)

#Analyses: log reductions, model parameters#

# Library imports

rm(list = 1s())

#
install.packages(c(”"plyr”,”tidyverse”, "tidyselect”, “readxl”, "rpart”, "rpart.pl
ot”,”rattle”,”plotrix”,

# “"ggplot2”,“minpack.lm”,“nlstools”,”nlsMicrobio”, "pheatmap”,”RColorBrewer”))
library(plyr)

library(tidyverse)

library(tidyselect)

library(readxl)

library(rpart)

library(rpart.plot)

library(rattle)

library(plotrix)

library(ggplot?2)

library(minpack.lm)

library(nlstools)

library(nlsMicrobio)

library(pheatmap)

library(RColorBrewer)

# !l NOTE: RSE are in units of the predicted wvariable
# 11! compare only within same model for now

### user input
inputFile <- ”“"FinalCombinedData 20190716.csv”

outputFile <- paste(”RevisedCombinedEnrich jca ”, Sys.Date(), ”“.csv”, sep="")
summaryLogReductFile <- paste(”summaryLogReduction jca ”, Sys.Date(), ”.csv”,
sep="")

savePlotToDisk <- TRUE
specify_decimal <- function(x, k) trimws(format(round(x, k), nsmall=k))

# select which models to fit
useFirstOrderAll <- TRUE
useWeibullAll <- TRUE
useGompertzAll <- TRUE

#Defining how the model parameters will be calculated#

HHHHHHHHHHHHHFHHHHHHHHH A A HHHHHHHHHHHHHHHHHHHHHH
### first order model for 1 experiment using all points
HHHHHHHHHHHFHFHFHHHHHHHHAAAHAHHHHHHHHHHHHHHHHHHHHH
firstOrderAll <- function(org, food, temper, dfExper) {
# note: no intercenpt in model

1lrRes <- lm(fracSurv~treatTime-1, data=dfExper)

aic <- AIC(lrRes)

# organism, food, temperature, n

# slope,
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# slope LCL, slope UCL, Rsqg, RSE

dfResultFirstOrderAll <- data.frame(org, food, temper, nrow(dfExper),
coef(lrRes)[11,
confint(lrRes)
confint(lrRes) [
summary(eres)$r squared
summary(lrRes) $sigma,
aic,
row.names=NULL, stringsAsFactors=FALSE)

[ ]

return(dfResultFirstOrderAll)
}
HAHHHH AR HHHHHHHHHHHHHHHHH AR HHHHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHFHHHHHHHHH A A HHHHHHHHHHHHHHHHHHHHHH
### Weibull model for 1 experiment using all points
HHHHHHHHHHHFHFHFHHHHHHHAAAAAHHHHHHHHHHHHHHHHHHHHH
weibullAll <- function(org, food, temper, dfExper) {
dfExper$logFracSurv <- -1 * dfExper$newlLR
nlrW <- nlsLM(newLR~-k*treatTimera, start=list(k=1, a=1), data=dfExper)
k <- coef(nlrW)[1]
a <- coef(nlrW)[2]
cli <- confint(nlrW)
klcl <- ci[1.,1]
kucl <- ci[1,2]
alcl <- ci[2,1]
aucl <- ci[2,2]
n <- nrow(dfExper)
correlAK <- summary(nlrW, correlation=TRUE)$correlation[1,2]
RSE <- summary(nlrW)$sigma
aic <- AIC(nlrwW)
# organism, food, temperature, n
# k, k LCL, k UCL,
# a, a LCL, a UCL,
# a-k correlation, RSE)
dfResultWeibullAll <- data.frame(org, food, temper, n,
k, klcl, kucl,
a, alcl, aucl,
correlAK, RSE, aic,
row.names=NULL, stringsAsFactors=FALSE)

return(dfResultWeibullAll)
}
HAARHHHHARAHHHH AR A HHHH AR AHHH AR RAHHHH AR A B AR AR HHH

HHHHHHHHHFHFHFHFHFHHHAHAAAAAHHHHHHHHHHHHHHHHHHHHH
### Gompertz model for 1 experiment using all points
HUHHHHHHHHHHFHHHHHHHH AR H R R R R B HHHHHHHHH
gompertzAll <- function(org, food, temper, dfExper) {

# mu is the maximal value of inactivation

# lambda is the lag time

# a is the asymptote

### for test run

### org = vOrg[i0rg]

### food = vFood[jFood]

HH#H temper = vTemper[kTemper]
H#t# dfExper = dfExper

dfExper$logFracSurv <- -1 * dfExper$newlR

e <- exp(1)

# dfExper$logFracSurv <- dfExper$newLR

nlrG <- nlsLM(logFracSurv~a*exp(-exp((mu*e)/a*(lambda-treatTime)+1)),
start=list(a=-7, mu=-0.5, lambda=0.5), data=dfExper)

a <- coef(nlrG)[1]

mu <- coef(nlrG)[2]

lambda <- coef(nlrG)[3]

ci <- confint2(nlrG)
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alcl <- ci[1.1]

aucl <- ci[1,2]

mulcl <- ci[2.1]

muucl <- ci[2,2]

lambdalcl <- ci[3,1]

lambdaucl <- ci[3,2]

n <- nrow(dfExper)

RSE <- summary(nlrG)$sigma

aic <- AIC(nlrG)

correl_amu <- summary(nlrG, correlation=TRUE)$correlation[2,1]
correl_alambda <- summary(nlrG, correlation=TRUE)$correlation[3,1]
correl_mulambda <- summary(nlrG, correlation=TRUE)$correlation[3,2]

dfResultGompertzAll <- data.frame(org, food, temper, n,

a, alcl, aucl,

mu, mulcl, muucl,

lambda, lambdalcl, lambdaucl,

correl_amu, correl_alambda,

correl_mulambda,

RSE, aic,

row.names=NULL, stringsAsFactors=FALSE)
return(dfResultGompertzAll)

}
HHHHHHHHHHHHHAH A A A A AR R R R R R R R R R R R R R R
HEHHHHHHHHHFHAHAHAAAAAAAAAAA AR HH AR R HHHHHHH

#Grouping all the data appropriately so log reductions can be
calculated#

# program starts here

X <- read.csv(paste(”Output/”, inputFile, sep=""), stringsAsFactors=FALSE)
glimpse(x)

CombinedEnrich <- x

startData <- CombinedEnrich %>%
group_by(Food, Organism, repDate, Temperature) %>%
filter(treatTime==0) %>%
ungroup ()

glimpse(startData)

for (i in 1:nrow(startData)) {
exper <- filter(CombinedEnrich,
Food==startData$Food[i],
Organism==startData$Organism[i],
repDate==startData$repDate[i],
Temperature==startData$Temperature[i])
StartAt0 <- filter(startData,
Food==startData$Food[i],
Organism==startData$Organism[i],
repDate==startData$repDatel[i],
Temperature==startData$Temperature[i]) $logCFUpermL
# glimpse (exper)
# glimpse (StartAtO0)
exper <- arrange(exper, treatTime)
for (J in 1:nrow(exper)) {
exper$newLR[J] <- (StartAt0 - exper$logCFUpermL[]])
# check. both these are logs, so log subtraction used

exper$fracSurv[j] <- exper$logCFUpermL[]j] - StartAtO
if (i==1) |

newCombined <- exper
} else {

newCombined <- rbind(newCombined, exper)
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}
}

glimpse (newCombined)
write.csv(newCombined, paste(”Output/fracSurv”, outputFile, sep=""),
row.names=FALSE)

HHHHHHHHHHBHHHHHHHHHHHHHH AR A RS SRR S HHH RS A B RS HHHH S B RS H R HHHHH
### summary statistics table of log reductions
HHAHAHAHAHAHAHAHAHAHAHAHAH A HAHAHAHAH A HAH A HAH A HAH A HAH A HAH A H A H A HEH

#Summary statistics: mean, st. dev., min, and max calculated for
all log reductions#

summaryLR <- newCombined %>%
group_by(Organism, Food, treatTime, Temperature) %>%
summarise(logReduct=mean(newLR, na.rm=TRUE),
sdLR=sd(newLR, na.rm=TRUE),
minLR=min(newLR, na.rm=TRUE),
maxLR=max(newLR, na.rm=TRUE),
n=n()) %>%
ungroup ()
summaryLR
write.csv(summaryLR, paste(”Output/fracSurv”, summaryLogReductFile, sep=""),
row.names=FALSE)
HHHHHHHHHHFHFHFHFHHHHH A A A A AR R R R HHHHHHHHHHHHHFHFFFH A HH

HHHHHHHHHHHHBHAHHHHHHHHHH AR HHHHHHHBH AR HHH A HEH S S HHH A HHH S HHHHHH
### all models with all individual points used
HHHHUHHHHHHHHH SR B RS H AR HHH SR H RSB SRR S SRR RS S HH S SRR S S SRR S HRH S HH

#For loop to construct models for all experiments#

vOrg <- unique(newCombined$Organism)
vFood <- unique(newCombined$Food)
vTemper <- unique(newCombined$Temperature)
# 10rg <- 1; jFood <- 1; kTemper <- 1
for (iOrg in 1:length(vOrg)) {
for (jFood in 1:length(vFood)) {

for (kTemper in 1:length(vTemper)) {
dfExper <- filter(newCombined,
treatTime!=-1,
Organism == vOrg[iOrg],
Food == vFood[jFood],
Temperature == vTemper[kTemper])

if (nrow(dfExper) > 0) {
if (useFirstOrderAll) ({
dfFOResult <- firstOrderAll(vOrg[iOrg],
vFood[jFood],
vTemper[kTemper],

dfExper)
if (10rg==1 & jFood==1 & kTemper==1) {
FirstOrderAllPoints <- dfFOResult

} else {
FirstOrderAllPoints <- rbind(FirstOrderAllPoints,
dfFOResult)
}
}
if (useWeibullAll) {
dfWeibullResult <- weibullAll(vOrg[iOrg],
vFood[jFood],
vTemper[kTemper],
dfExper)
if (1i0rg==1 & jFood==1 & kTemper==1) {
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WeibullAllPoints <-

} else {

WeibullAllPoints <-

dfWeibullResult)

}
}

if (useGompertzAll) {

dfGompertzResult <-

GompertzAllPoints <-

} else {

GompertzAllPoints <-

dfGompertzResult)

}

}

if (useFirstOrderAll) {

names (FirstOrderAllPoints) <-

write.csv(FirstOrderAllPoints,

paste(”Output/fracSurv/FirstOrderAllPoints ”,

" csv”, sep=""),
row.names=FALSE)
}

if (useWeibullaAll) {

names (WeibullAllPoints) <- c(”Organism”,
w k”, "W k LCL”,
W a”, "W a LCL”,
W a-k correlation”,

write.csv(WeibullAllPoints,

”

”

”

c(”Organism”,
"FO k",
"FO Rsq”,

dfWeibullResult

rbind(WeibullAllPoints,

"Food”,

gompertzAll (vOrg[i0rg],

vFood[jFood],
vTemper[kTemper],
dfExper)

if (iOrg==1 & JjFood==1 & kTemper==1)

“Food”,
"FO LCL k”,
"FO RSE”,

paste(”Output/fracSurv/WeibullAllPoints ”,

sep=””),

}

if (useGompertzAll) {

row.names=FALSE)

names (GompertzAllPoints) <- c(”Organism”,

lambda correl”,

write.csv(GompertzAllPoints,

paste(”Output/fracSurv/GompertzAllPoints

sep=""),
row.names=FALSE)

}

HEHHHHHHHHHHHHH AR A A A A A AR AR R R R R R R R R R R R R R R R R R R

"G
"G
"G
"G

qe

A”, "G A LCL”",

mu”, “G mu LCL”,
lambda”,

a-mu correl”,

RSE”,

### merge all the model parameter data

"G AIC”)

“"Food”,

”

{

dfGompertzResult

rbind(GompertzAllPoints,

Temperature”

"FO UCL k”,
"FO AIC")

“Temperature”,
"W k UCL”",
"W a UCL”,
"W RSE”,

”

Sys.Date(),

”

"Temperature”, “n

"G A UCL”,

“G mu UCL”,
"G lambda LCL”",

"G a-lambda correl”,

”

’

Sys.Date(),

#Merging all the model parameters into one data table for

comparisons#
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”

”

Sys.Date (),

”
’

"W AIC”)

.csv”,

’

"G lambda UCL”,

"G mu-

” csv”,



combinedModels <- full_join(FirstOrderAllPoints, WeibullAllPoints,

by=c(”Organism”, “Food”, “Temperature”, “n”) )
combinedModels <- full_join(combinedModels, GompertzAllPoints,
by=c(”0Organism”, “Food”, "Temperature”, “n”) )

glimpse(combinedModels)
write.csv(combinedModels,
file=paste(”Output/fracSurv/combinedModelsAllPoints ”,
Sys.Date(), ".csv”, sep=""),
row.names=FALSE)

### comparison

plot(combinedModels$ FO k°, combinedModels$ W k',
xlab="First order k”, ylab="Weibull k”, pch=19)

abline(a=0, b=1)

grid()

plot(combinedModels$ W k°, combinedModels$ W a ,
xlab="Weibull k”, ylab="Weibull a”, pch=19)

#Graphing the models#

HEHAHHHHAHHHHHAHBHHAHHHHHHHHHH A HHH AR B HHAHHHA A BB HH AR B R A BB HH
### individual experiments with model predictions
# 10rg <- 1; jFood <- 1; kTemper <- 1
tm <- seqg(0,40,by=0.1)
for (i0Org in 1:length(vOrg)) {
for (jFood in 1:length(vFood)) {
for (kTemper in 1:length(vTemper)) {
dfExper <- filter(newCombined,
treatTime!=-1,
Organism == vOrg[iOrgl,
Food == vFood[jFood],
Temperature == vTemper[kTemper])
if (nrow(dfExper) > 0) {
# plot the data points on logscale
if(savePlotToDisk) {
fn <- paste(”Output/fracSurv/graphs/”,vOrg[iOrg], vFood[jFood],
vTemper[kTemper], ”.tiff”, sep="")
tiff(filename = fn, width=8, height=6, units="in”,
comp="1zw"”, res=300)

}

plot (dfExper$treatTime, dfExper$fracSurv, pch=19, col="black”,
main=paste(vOrg[i0Org], vFood[jFood], vTemper|[kTemper]),
xlab="Time (min)”, ylab="Population Reduction (log CFU/g)”,
cex.lab=1.25, cex.axis=1.15, cex=1.5)
params <- filter(combinedModels,
Organism == vOrg[iOrg],
Food == vFood[jFood],
Temperature == vTemper|[kTemper])

FOPred <- params$ FO k™ *tm

lines(tm, FOPred, 1lwd=3, col="red”)

WPred <- params$ W k *tmAparams$ W a°

lines(tm, WPred, lwd=3, lty=2, col="blue”)

GPred <- params$'G A" * exp(-exp((params$ G mu’ * exp(1)) / params$'G

A" *(params$ G lambda -tm)+1))
lines(tm, GPred, lwd=4, lty=3, col="green”)
legend(”bottomleft”,
legend=c(paste(”First Order, RSE=",

specify_decimal (params$ FO RSE",3),
", AIC=",
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specify_decimal (params$ FO AIC ,1), sep=""),
paste(”"Weibull, RSE=",
specify_decimal (params$ W RSE", 3),
", AIC=",
specify_decimal (params$ W AIC ,1), sep=""),
paste(”Gompertz, RSE=",
specify_decimal (params$ G RSE", 3),
" ATC="
specify_decimal (params$ G AIC , 1), sep="")),
col=c(”red”, "blue”, “green”),
lty=c(1,2,3), lwd=c(2,2,3))
if(savePlotToDisk) dev.off()
}
}
}
}

#Graphing the models for publication so that each type of model
is represented on a single graph#

HHHHHHHHHHBHHHAHHHHHHBHHHHHHHHHH B HHH AR AR S EH SR AR HEH SR HHHHH
# Combined graphs for publication

# Utility method to filter data by food, organism, and temperature
getFoodData <- function(food, rawData) {
foodData <- filter(rawData,
treatTime!=-1,
Organism == food[2],
Food == food[1],
Temperature == food[3])

return (foodData)

}

apricot <- c(”Apricot”, "E. coli”, "72")
macanut <- c(”MacaNut”, ”“Salmonella”, "72")
raisins <- c(”Raisins”, ”"Pediococcus”, "72")

# Get the data for each food

apricotData <- getFoodData(apricot, newCombined)
macanutData <- getFoodData(macanut, newCombined)
raisinsData <- getFoodData(raisins, newCombined)

# Save graph file

if(savePlotToDisk) {
fn <- paste(”Output/fracSurv/Graphs/CombinedGraphForPub.tiff”, sep="")
tiff(filename = fn, width=8, height=6, units="in”, comp="lzw”, res=300)

}

# Food and Organism (points)
par(family = “"Times New Roman”)
plot(macanutData$treatTime, macanutData$fracSurv, pch=0, col="black”,
main=paste(”Model Fits at 72°C"),
xlab="Time (min)”, ylab="Population Reduction (log CFU/g)”,
x1lim=c(1,39), ylim=c(-8,0),
cex.lab=1.1, cex.axis=1.05, cex=1.0)
points(apricotData$treatTime, apricotData$fracSurv,
points(raisinsData$treatTime, raisinsData$fracSurv,

"p”, pch=20, col="black”)
"p”, pch=4, col="black”)

# Models (lines)
plotModelline <- function(modelType, allModelData, experiment, color,
lineType) {

temperatureSequence <- seq(0, 40, by=0.1)
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if (str_detect(modelType, “gompertz”)) {

params <- filter(allModelData, Organism == experiment[2], Food ==
experiment[1], Temperature == experiment[3])
params <- select(params, - FO k°,-"FO LCL k',-"FO UCL k*,-"FO Rsg ,- FO
RSE", - "FO AIC",
-"Wk',-"WkLCL ,-"WkUCL ,-"Wa ,-WaLCL ,-"Wa UCL ,-"W a-k
correlation’,-"W RSE ,- "W AIC’)
modelData <- params$ G A’ * exp(-exp((params$ G mu' * exp(1)) / params$ G

A" *(params$ G lambda’ -temperatureSequence)+1))
lines(temperatureSequence, modelData, lwd=2, lty=lineType, col=color)

}

else if (str_detect(modelType, “weibull”)) {

params <- filter(allModelData, Organism == experiment[2], Food ==
experiment[1], Temperature == experiment[3])
params <- select(params, - FO k°,-"FO LCL k',-"FO UCL k',-"FO Rsg ,- FO
RSE", - "FO AIC",
-"GA,-"GAILCL,-"GAUCL ,-"Gmu ,-"Gmu LCL ,-"G mu UCL ,-'G
lambda™, -G lambda LCL',-'G lambda UCL",-"G RSE",-"G AIC")

modelData <- params$ W k' *temperatureSequence’rparams$ W a’
lines(temperatureSequence, modelData, lwd=2, lty=lineType, col=color)

}
}

# Model lines

plotModelline(”"gompertz”, combinedModels, apricot, “black”, 1)
plotModelline(”"weibull”, combinedModels, macanut, “black”, 2)
plotModelline(”“weibull”, combinedModels, raisins, “black”, 3)

# Legend
experimentlLabels <- c(expression(”Apricots”~paste(italic(”"E. coli”)~"-
Gompertz”)),

expression(”MacNuts”~paste(italic(”Salmonella”)~"- Weibull”)),

expression(”Raisins”~paste(italic(”Pediococcus”)~"- Weibull”)))
legend(”topright”, legend=experimentlLabels, lty=c(1,2,3), lwd=c(2,2,2))

# Save graph file

if(savePlotToDisk) {
dev.off()

}

#Comparing the model fits#

HUHHHHHHHHHHFHFHHHHHHH AR R R B R R HHHHHHHH S H
### misc graphs
plot(FirstOrderAllPoints$ ' FO AIC', WeibullAllPoints$ W AIC",
col="blue”, pch=17,
main="AIC comparison”, xlab="First order regression AIC”,
ylab="Nonlinear regression AIC”)
points(FirstOrderAllPoints$ FO AIC , GompertzAllPoints$ G AIC’,
col="red”, pch=19)
abline(a=0,b=1)
legend(”topleft”, legend=c(”"Weibull”, “Gompertz”),
pch=c(17,19), col=c(”"blue”,”red”))

glimpse(FirstOrderAllPoints)

glimpse(WeibullAllPoints)

par(mfrow=c(3,1))

plot(FirstOrderAllPoints$ FO AIC , WeibullAllPoints$ W AIC",
col="blue”, pch=19,
xlab="First order regression AIC”,
ylab="Weibull regression AIC”")

abline(a=0,b=1)

plot (FirstOrderAllPoints$ FO AIC", GompertzAllPoints$ G AIC,
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col="red”, pch=19,
xlab="First order regression AIC”,
ylab="Gompertz regression AIC”)
abline(a=0,b=1)
plot(WeibullAllPoints$ W AIC , GompertzAllPoints$ G AIC',
col="green”, pch=19,
xlab="Weibull regression AIC”,
ylab="Gompertz regression AIC”)
abline(a=0,b=1)
par(mfrow=c(1,1))

#Conducting ANOVA for log reductions that compares each
treatment to the 0-min treatments, and compares each
microorganism within treatments#

rm(list = 1s())
library(tidyverse)
library(tidyselect)
library(readxl)
library(rpart)
library(rpart.plot)
library(plotrix)
library(ggplot2)
library(minpack.lm)
library(dplyr)
library(digest)
library(agricolae)

x <- read.csv(”Output/RevisedCombinedEnrich 20190716 .csv”,
stringsAsFactors=FALSE)
glimpse(x)

vOrg <- unique(x$Organism)
vFood <- unique(x$Food)
vTemper <- unique(x$Temperature)
i0rg<-1; jFood<-1; kTemper<-1
cat(””, file="Output/ANOVA_Treatment.txt”, sep="\n")
x$Treatment<- as.factor(x$Treatment)
for (jFood in 1:length(vFood)) {
for (kTemper in 1:length(vTemper)) {
for (iOrg in 1:length(vOrg)) {
dfExper <- filter(x,
Treatment!=-1,
Organism == vOrg[iOrg],
Food == vFood[jFood],
Temperature == vTemper|[kTemper])
if (nrow(dfExper) > 0) {
xaov <- aov(newLR~Treatment, data=dfExper)

cat(paste(”\n\n”, vOrg[iOrg], vFood[jFood], vTemper[kTemper], ”“\n”),
file="Output/ANOVA_Treatment.txt”, sep="\n”", append=TRUE)
cat(capture.output (summary(xaov)), file="Output/ANOVA_Treatment.txt”,

sep="\n", append=TRUE)
cat(capture.output (HSD.test(xaov, “Treatment”, group=TRUE,
console=TRUE) ), file="Output/ANOVA_Treatment.txt”, sep="\n”", append=TRUE)

}
}
}
}

x <- read.csv(”Output/RevisedCombinedEnrich 20190716.csv”,
stringsAsFactors=FALSE)
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glimpse(x)

vIreatment <- unique(x$Treatment)
vFood <- unique(x$Food)
vTemper <- unique(x$Temperature)

iTreatment<-1; jFood<-1; kTemper<-1
cat(””, file="Output/ANOVA_Organism.txt”, sep="\n")
for (jFood in 1:length(vFood)) {
for (kTemper in 1:length(vTemper)) {
for (iTreatment in 1:length(vTreatment)) {
dfExper <- filter(x,
Treatment!=-1,
Treatment!=0,
Treatment == vTreatment[iTreatment],
Food == vFood[jFood],
Temperature == vTemper[kTemper])

if (nrow(dfExper) > 0) {
xaov <- aov(newLR~Organism, data=dfExper)
cat(paste(”\n\n”, vTreatment[iTreatment], vFood[jFood],

vTemper[kTemper], “\n”), file="Output/ANOVA_Organism.txt”, sep="\n",
append=TRUE)
cat(capture.output (summary(xaov)), file="Output/ANOVA_Organism.txt”,

sep="\n", append=TRUE)
cat (capture.output (HSD.test(xaov, “Organism”, group=TRUE,
console=TRUE) ), file="Output/ANOVA_Organism.txt”, sep="\n", append=TRUE)
}
}
}
}

#Reading in temperature profiles based on manually determined
start and stop times#

# Instructions for Temperature Profiles

#

# Reading in the file:

# "Vacuum decontam” -> “R_Code” -> “Analyses” -> “"Temp Files” ->
"TempProfileTimes.x1lsx”

#

# Read "File Folder” column to locate folder

# Read “"File Name” column to pick a specific file (.csv) within the folder
#

# Temperatures to be read are listed in the column designated by/matching the
“Channel” column (either Channel 2 or Channel 3).

#

# Temp profile starts the amount of time listed in “TempRiseTime” column
before the time listed in ”“Start” column.

# Temp profile ends the amount of time listed in “ResidualTime” column after
the time listed in “End” column.

#

# Locate max temp recorded in the profile.

# Locate min temp recorded in the profile specifically between the ”“Start”
and “"End” times.

#
# Need two output files:
# "AllTempProfiles” - columns needed: File Folder, File Name, Food, Temp

(62, 72, or 82), Treatment, Channel, Start, End, TempRiseTime, ResidualTime,
Max Temp, Min Temp

# “AverageTemp” - columns needed: Food, Temp (62, 72, or 82), Treatment,
Average TempRiseTime + St. Dev., Average ResidualTime + St. Dev., Average Max
+ St. Dev., Average Min + St. Dev.

rm(list = 1s())
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library(plyr)

library(tidyverse)

library(tidyselect)

library(readxl)

library(lubridate)

# library(chron)

X <- read_excel(”./Analyses/Temp files/TempProfileTimes.xlsx”)
toDisk <- TRUE

glimpse(x)

nFiles <- nrow(x)

for (i in 1:nFiles) {
nameFolder <- x$FileFolder[i]
nameFile <- x$FileName[i]

# startTime <- parse_date_time(x$Start[i], "%y-%m-%d H:M:S")
dfTemper <- read.csv(paste(”./Analyses/Temp files/”, nameFolder, ”/”,
nameFile, ”.csv”, sep=""),

skip=4, header=FALSE, stringsAsFactors=FALSE)
dfTemper <- dfTemper[-nrow(dfTemper), ]
dfTemper <- dfTemper[,-ncol(dfTemper) ]

names (dfTemper) <-c(”“ToD”, ”“SampleNumber”,
“Channel1”, ”“Channel2”, ”“Channel3”,
“Channel4”, ”“Channelb5”, ”“Channel6”,
“ColdJunction1”, “ColdJunction2”,
“ColdJunction3”, “ColdJunction4”)
dfTemper <- dfTemper %>%
mutate (vecTime=parse_date_time(dfTemper([,1]1, "H:M:S"))

# glimpse(dfTemper)

startTime <- parse_date_time(x$Start[i], “"%y-%m-%d H:M:S")
year(startTime) <- 0; month(startTime) <- 1; mday(startTime) <- 1
# startTime

temperProfileStart <- startTime - seconds(x$secondsRise[i])

# temperProfileStart

endTime <- parse_date_time(x$End[i], "%y-%m-%d H:M:S”)
year(endTime) <- 0; month(endTime) <- 1; mday(endTime) <- 1
# endTime

temperProfileEnd <- endTime + seconds(x$secondsResid[i])

# temperProfileEnd

# NOTE: the filter for the statistics runs from
# startTime, not temperProfileStart
dfTemperProfile <- dfTemper %>%
filter(vecTime >= startTime,
vecTime<=temperProfileEnd)
# glimpse(dfTemperProfile)

dfTemperProfileGraph <- dfTemper %>%
filter(vecTime >= temperProfileStart,
vecTime<=temperProfileEnd)

useChannel <- x$Channel[i]
vecTemper <- as.numeric(dfTemperProfile[,useChannel+2])
minTemper <- min(vecTemper)
maxTemper <- max(vecTemper)
newAllTempProfileRow <- c(x$FileFolder[i],
x$FileName[i],
x$Food[1i],
x$Tref[i],
x$Treatment[1],
x$Channel[i].,
strftime(x$Start[i], format = "%H:%M:%S”,
tz="UTC"),
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strftime(x$End[i], format = "%H:%M:%S",
tz="UTC"),

x$secondsRise[i],

x$secondsResid[i],

strftime(temperProfileStart, format =
"%H %M %S, tz="UTC”"),

strftime(temperProfileEnd, format = "%H:%M:%S”,
tz="UTC"),

maxTemper,
minTemper,
use.names=FALSE)

if (i==1)

allTempProfiles <- newAllTempProfileRow
} else {

allTempProfiles <- rbind(allTempProfiles, newAllTempProfileRow)

}
if (toDisk) f{
tiff(filename=paste(”./Analyses/temperature output/”,
x$FileFolder[i]l, ” 7,

v n

x$FileName[i], ,

x$Food[i], ” ”,
x$Tref[1], ".tiff”, sep=""),
width=6, height=6, units="in”, res=300, compression="1lzw”")

}

vecTemperGraph <- as.numeric(dfTemperProfileGraph[,useChannel+2])
plot (dfTemperProfileGraph$vecTime, vecTemperGraph,
xlab="Time”, ylab="Temperature”,
main=paste(x$FileName[i],
x$Food[i],
x$Tref[i], sep=" "))
abline(v=startTime, lty=2)
if (toDisk) dev.off()

#Combining all the temperature profile summaries into one Excel
file, in which the averages for treatments were calculated#

allTempProfiles <- as.data.frame(allTempProfiles)
colnames(allTempProfiles) <- c(”FileFolder”, “FileName”, ”“Food”,
"Tref”, “Treatment”, “Channel”,
“StartTime”, "EndTime”,
“SecondsRise”, ”“SecondsResidual”,
"ProfileStart”, "ProfileEnd”,
"MaxTemper”, “MinTemper”)
write.csv(allTempProfiles, “allTempProfiles.csv”, row.names=FALSE)
HEHAHHHAHHHHHHAHBHAHAHHHHAHBHHH AR HH AR AR HHA AR R HHH
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D- and z-values of each experiment.

Table 7.3. Decimal reduction times (min) for E. coli O121 broth cultures at 56, 59, and 62°C.

0121 Broth
R1 R2 R3 R4 Avg. Dval | St. Dev. 0121 Broth

56C 38.02| 34.72| 61.35| 30.03 34.26 4.02 | Temp | Log D-val | St. Dev.
Logh6| 1580| 1541 | 1.788| 1.478 56 1.53 0.05
59C 3.53 6.31 7.66 4.54 4.79 141 59 0.72 0.15
Logh59| 0547| 0.800| 0.884| 0.657 62 0.32 0.21
62C 1.09 3.50 2.27 2.11 2.23 1.21

Log62| 0.036| 0544 | 0.356 | 0.325

*Cells highlighted in orange were omitted and an additional replication was performed due to an experimental error.

Table 7.4. Decimal reduction times (min) for E. coli O121 lawn cultures at 56, 59, and 62°C.

0121 Lawn
R1 R2 R3 R4 Avg. D val | St. Dev. 0121 Lawn

56C 19.46 | 19.23 | 33.00 | 14.66 17.78 2.70 | Temp | Log D-val | St. Dev.
Log 56C 1289 | 1284 | 1519 | 1.166 56 1.25 0.07
59C 2.30 2.55 2.43 2.28 2.38 0.43 59 0.38 0.02
Log 59C 0.362 | 0.407 | 0.385| 0.357 62 -0.15 0.11
62C 0.61 1.02 0.66 0.59 0.74 0.24

Log 62C | -0.216 | 0.008 | -0.179 | -0.232

*Cells highlighted in orange were omitted and an additional replication was performed due to an experimental error.

Table 7.5. Decimal reduction times (min) for E. coli O156 broth cultures at 56, 59, and 62°C.
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0157 Broth
R1 R2 R3 R4 Avg. D val | St. Dev. 0157 Broth

56C 26.53 | 22.83| 29.76 | 27.17 26.57 2.86 | Temp | Log D-val | St. Dev.
Log 56C 1424 | 1359 | 1474 | 1434 56 1.42 0.05
59C 3.24 6.00 4.56 4.56 4.59 1.13 59 0.65 0.11
Log 59C 0511 | 0.778 | 0.659 | 0.659 62 0.20 0.22
62C 0.80 2.43 1.46 2.18 1.72 0.74

Log 62C | -0.097 | 0.386 | 0.164 | 0.339




Table 7.6. Decimal reduction times (min) for E. coli O157 lawn cultures at 56, 59, and 62°C.

0157 Lawn
R1 R2 R3 Avg. D val | St. Dev. 0157 Lawn

56C 10.24 | 10.80| 11.25 9.07 10.76 0.51 | Temp | Log D-val | St. Dev.
Log 56C 1.010 | 1.033 | 1.051| 0.957 56 1.03 0.02
59C 3.02 4.94 3.25 2.44 341 1.08 59 0.52 0.13
Log 59C 0480 | 0.694| 0512 | 0.387 62 -0.27 0.03
62C 0.53 0.50 0.60 0.51 0.54 0.04

Log 62C | -0.273 | -0.297 | -0.225 | -0.294

Table 7.7. Decimal reduction times (min) for E. coli O121 in low-water activity solution (aw
0.50) at 56, 59, and 62°C.

0121 Glycerol 0.50 aw

R1 R2 R3 Avg. Dval | St. Dev. 0121 Glycerol
56C 782 | 6.33| 896 7.70 1.32 | Temp | Log D-val | St. Dev.
Log56C | 0.893 | 0.802 | 0.952 56 0.88 0.06
59C 369 | 461 | 444 4.25 0.49 59 0.63 0.05
Log59C | 0.567 | 0.664 | 0.647 62 0.17 0.01
62C 1.53 1.50 1.44 1.49 0.05
Log62C | 0.186 | 0.176 | 0.159

Table 7.8. Decimal reduction times (min) for E. coli O121 in intermediate-water activity solution
(aw 0.75) at 56, 59, and 62°C.

0121 NaCl 0.75 aw

R1 R2 R3 Avg. D val | St. Dev. 0121 NaCl
56C 1098 | 1597 | 8.59 11.85 3.77 | Temp | Log D-val | St. Dev.
Log56C | 1.040 | 1.203 | 0.934 56 1.06 0.12
59C 453 | 452 | 4.04 4.36 0.28 59 0.64 0.03
Log59C | 0.656 | 0.655 | 0.606 62 0.29 0.09
62C 244 | 166 | 1.80 1.97 0.42
Log62C | 0.388 | 0.219 | 0.255
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Table 7.9. Decimal reduction times (min) for E. coli O157 in low-water activity solution (aw
0.50) at 56, 59, and 62°C.

0157 Glycerol 0.50 aw

R1 R2 R3 Avg. Dval | St. Dev. 0157 Glycerol
56C 6.60 | 7.59 | 10.54 8.24 2.05 | Temp | Log D-val | St. Dev.
Log56C | 0.820 | 0.880 | 1.023 56 0.91 0.10
59C 313| 394 | 518 4.09 1.03 59 0.60 0.11
Log59C | 0.496 | 0.596 | 0.714 62 0.14 0.08
62C 1.16 1.37 1.70 141 0.27
Log62C | 0.064 | 0.136 | 0.231

Table 7.10. Decimal reduction times (min) for E. coli O157 in intermediate-water activity
solution (aw 0.75) at 56, 59, and 62°C.

Table 7.11. Calculated z-values (°C) based on the log D-values for each culture.

z-values calculated from each replication (°C)

Average | St. Dev R2
0121 Broth 5.75 0.47 0.95
0121 Lawn 4.33 0.36 0.98
0157 Broth 5.04 0.98 0.97
0157 Lawn 4.67 0.04 0.97
0121 aw 0.5 8.54 1.02 0.96
0157 aw 0.5 7.82 0.21 0.99
0121 aw 0.75 8.04 1.70 0.99
0157 aw 0.75 8.81 2.30 0.97
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0157 NaCl 0.75 aw

R1 R2 R3 Avg. D val | St Dev. 0157 NaCl
56C 10.22 | 14.01 9.83 11.35 2.30 | Temp | Log D-val | St. Dev.
Log 56C 1.010 | 1.146 | 0.993 56 1.05 0.08
59C 6.96 | 4091 6.17 6.01 1.03 59 0.77 0.08
Log 59C 0.843 | 0.691 | 0.790 62 0.33 0.13
62C 2.90 1.61 2.14 2.22 0.65
Log 62C 0.462 | 0.207 | 0.331
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