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SCIENTIFIC ABSTRACT

Current methods to reduce the native microbiota and potential pathogens on spices
include steam treatments and ethylene oxide (EtO) fumigation. The objectives of this research
were to identify the effectiveness of a lab-scale steam apparatus and a commercial EtO process
on the inactivation of Salmonella enterica or Enterococcus faecium NRRL B-2354 inoculated
whole black peppercorns and cumin seeds.

Peppercorns and cumin seeds were inoculated with Salmonella or Enterococcus and
processed in a lab-scale steam apparatus at 16.9 PSIA and two references temperatures (165°F
and 180°F) and in a commercial ethylene oxide fumigation chamber using a standard
commercial EtO fumigation process. Cells were enumerated by serial dilution and plating onto
TSA with a thin overlay of selective media.

Inoculation preparation influenced inactivation of Salmonella on peppercorns with
greater reductions reported for TSA-grown cells compared to within a biofilm. To achieve an
assured 5-log reduction of TSA-inoculated Sa/monella on peppercorns exposure for 125s and
100s at 165°F and 180°F, respectively is required. For cumin seeds temperatures of 165°F for
110s were needed or 65s at 180°F to assure 5 log reduction. EtO fumigation significantly
reduced both microorganisms on both spices (p<0.05), however significant variation existed
between bags in the same process run. Reductions of Enterococcus were comparable or less than

that of Sa/monella under the majority of conditions, however a direct linear relationship cannot



be used to compare the microbes. This study demonstrates that the effectiveness of Enterococcus

faecium NRRL B-2354 as a surrogate for Salmonella can vary between spices and processes.
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PUBLIC ABSTRACT

Spices are used widely throughout the world to enhance the flavor of food. In the past
couple of decades, however, outbreaks have been associated with the consumption of Salmonella
contaminated spices. The majority of spices consumed in the United States are imported from
countries with tropical climates. Most large spice producers follow guidelines to ensure that
their product is safe. However, contamination by human pathogens may still occur prompting
the need for interventions that improve the quality and safety of spices. Current methods to
reduce microorganisms in spices include steam treatment, and ethylene oxide fumigation. The
effectiveness of steam and ethylene oxide fumigation for reducing Sa/monella on whole black
peppercorns and cumin seeds was investigated. Furthermore, a surrogate, Enterococcus faecium
NRRL B-2354 was compared to Salmonella to determine the potential of using this harmless

microorganism to validate the effectiveness of steam and ethylene oxide processes within food

plants where foodborne pathogens cannot be used.
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CHAPTER 1: INTRODUCTION AND JUSTIFICATION

Culinary traditions, methods, and flavors vary widely between cultures across the world.
One thing in common, however, is that they all utilize spices to enhance the flavor in food. In
many cultures, spices are considered ready-to-eat and are added to foods after cooking.

Spices have been linked to many outbreaks of Salmonellosis, which can cause serious
and sometimes fatal infections in young children, the elderly, or people with weakened immune
systems. Several outbreaks linked to the consumption of Salmonella contaminated spices have
occurred (40, 107, 160). A recent outbreak associated with contaminated black pepper occurred
between July 1, 2009 and April 28, 2010, when 272 people from 44 states had been infected with
Salmonella Montevideo after consuming salami containing the contaminated spice (40). Since
then, at least 49 recalls of spices sold by wholesale clubs, grocery stores, and of other food
products containing spices have occurred due to reasons such as Salmonella and undeclared
allergen contamination (63). Such recalls pose a challenge for the food industry because it can
be very difficult to trace back more than one or two levels in the spice chain (18).

The United States does not have the tropical climate necessary for most spice growth;
therefore, the majority of spices consumed in the United States are imported from countries such
as Indonesia, Mexico, China, and India. Most large spice producers base their food safety and
hygiene practices based on specifications from third party auditors such as the Global Food
Safety Initiative (GFSI), and International Standardization Organization (ISO) 22000, which
encompasses food safety management, and guidance documents. The American Spice Trade
Association (ASTA), a trade organization has also created benchmark guidelines for suppliers
and manufacturers. However, small spice producers might not follow these recommendations

and these spices may be unwittingly obtained in a global marketplace. Quality standards in place
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by the U.S. Food and Drug Administration (FDA), called food defect action levels, indicate that
black peppercorns are allowed to contain an average of 1% or more pieces by weight of each of
the following: insect filth and/or insect mold, mammalian excreta, and foreign matter. Cumin
seeds, on the other hand, are allowed to contain an average of 9.5% or more ash and/or 1.5% or
more acid insoluble ash (60). If the product exceeds these levels, the FDA will then consider it
adulterated and subject to enforcement action (60). An ongoing recall of ground cumin and
cumin-containing foods due to undeclared peanuts or almonds is currently under investigation. It
is hypothesized that the spice was intentionally adulterated with these nut products to increase
the product volume for economic gain (8). Food agencies in the United States, Europe, and
Canada have been trying track the source of the contamination, however, the more intermediates
the spice passes through, the more difficult it is to find the offender.

Due to the potential for not only pathogen contamination but also food fraud, companies
purchasing these spices are seeking additional verification of safety including having them
processed using methods such as steam, ethylene oxide fumigation, or irradiation to further
reduce the risk of pathogen contamination. There is published literature on these methods with
other low water activity products but information on the effectiveness of steam and ethylene
oxide on the inactivation of Sa/monella on spices is scarce (44, 51, 106, 109, 155, 161). The
goal of this research is to determine how these methods can further reduce the risk of pathogen
contamination of spices.

Objectives of this research were the following:

1. Identify the effectiveness of a lab-scale steam apparatus at inactivating

Salmonella enterica on whole black peppercorns and cumin seeds at one



pressure (16.9 PSIA) and two commonly used reference temperatures (165°F
and 180°F).

Determine if a commercial ethylene oxide fumigation process is able to achieve
a 5-log reduction of Salmonella enterica on whole black peppercorns and
cumin seeds.

Determine if Enterococcus faecium is a compatible surrogate for the

inactivation of Salmonella on spices using these two processes.

The null hypotheses include the following:

1.

The custom-built steam apparatus will not be effective at inactivating
Salmonella enterica on whole black peppercorns and cumin seeds at the
specified pressure and temperatures.

A commercial ethylene oxide process is not able to achieve a 5-log reduction
of Salmonella on whole black peppercorns and cumin seeds.

Enterococcus faecium is not a compatible surrogate for the inactivation of

Salmonella using a lab-scale steam apparatus and ethylene oxide fumigation.



CHAPTER 2: LITERATURE REVIEW
Spices

Spices are defined by the United States Food and Drug Administration (FDA) as, “Any
aromatic vegetable substance in the whole, broken, or ground form, except for those substances
which have been traditionally regarded as foods, such as onions, garlic, and celery; whose
significant function in food is seasoning rather than nutritional; that is true to name; and from
which no portion of any volatile oil or other flavoring principle has been removed” (62). During
ancient times, spices were used as medicines, perfumes, and cosmetics but were finally
introduced in western cooking in the 1% century AD (162).

Spices are often considered to be the foundation of the modern world. They were
introduced in North America toward the end of the nineteenth century and beginning of the
twentieth when Europeans started migrating to the new world (59). Due to a large variety of
cultures and customs, the demand for spices grew rapidly and United States quickly became one
of the largest importers of spices. Spices are typically fumigated with methyl bromide to
eradicate pests (131), shipped into the United States in the whole form in various containers
including bulk shipping containers or burlap sacs, and are then inspected by the FDA for
wholesomeness and cleanliness on the docks. The spices are then stored by the importer and
eventually sold to spice companies throughout the country (59). The company is then in charge
of processing and packaging the spices for retail distribution.

Most of the spices imported into the United States originate from the eastern hemisphere
from nations such as India, China, and Indonesia. However, Central and South America as well

as the West Indies are also contributing high quantities to the world market (59). The most



popular types of spices imported into the United States include black and white pepper followed
by mustard seed, capsicum, cassia, paprika, coriander, ginger, and oregano (59).

Black Peppercorn

Piper nigrum L., also known as black pepper, is a tropical vine that originated on the
Malabar coast of south-western India (47). Throughout history, this spice has been considered
one of the most precious of them all. In fact, it used to be so expensive that it was substituted for
money. Pepper is a round, berry-like fruit that grows in tropical climates (4). The vines that the
fruit grows on can grow as tall as 20 feet high (59). The leaves on the vines are almond-shaped
with a long, dangling string of pendant berries called drupes. They change from green to red in
color as they ripen. To produce black peppercorns, the fruit is harvested when fully grown but
still green and shiny (4). Cultivation practices include picking the fruit and drying them in the
sun until the berries turn black. Alternatively, the berries are picked and blanched using boiling
water and then dried out in the sun for several days so that they turn black in color. Once dried,
the fruit is known as a peppercorn. The flavor has been described as warm, sweetly spicy,
woody, fruity, musty, with a pleasantly warm aftertaste (59). Pepper is easily incorporated into
sweet and savory dishes, which is why the spice is so popular. The climate in the United States is
not able to support the growth of Piper nigrum L. Therefore, all of the black (and white) pepper
consumed in the U.S. is dependent upon imports exclusively (59).

Cumin

The spice, cumin, is made from the dried seed of the herb Cuminum cyminum, a plant in
the Apiaceae family (59). It is mostly grown in warm climates but can also grow as far north as
Norway (47). It is currently cultivated in Argentina, China, Cyprus, Denmark, India, Iran,

Lebanon, Malta, Mexico, Morocco, Russia, Sicily, Syria, and Turkey (59). The herb grows to a
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height of about 24 inches and has fine leaves with white or rose-colored flowers (59). The seed
that is produced from this herb is a yellow-brown color, long, skinny, oval-like shape, with
multiple vertical ridges and a short stem. Cumin seeds are known for their warm, spicy,
aromatic, and pharmaceutical taste (59). The two largest importers of cumin seeds are the United
States and EU countries (162).

Microbiological Quality and Safety of Spices

Spices have been used throughout history as a way to enhance the flavor in foods and for
their antimicrobial properties and preservative characteristics. Since the beginning of the spice
trade, this commodity has been traded as dry product for easy transportation and storage.
However, spices grown in humid tropical regions are difficult to dry and have limited availability
of equipment for mechanical drying (133). Drying and storage can reduce the number of
vegetative cells and cause die-off that is enhanced by oxidation (58). The remaining microbiota
consists mostly of spore-forming bacteria and molds (80). For this reason, the microbiological
quality of spices is often dependent upon the hygienic situation of the region where they are
produced and handled (58).

The original background microbiota, proliferation, and die-off all contribute to the
number of viable cells on spices post harvest (58). Sources of contamination in spices include but
are not limited to: dust and soil, and fecal matter from birds, rodents, and other animals.
Likewise, microbial counts of spices can differ depending on storage conditions and moisture
content. Spices and herbs have a wide range of microbial contamination (120). The majority of
the microbial population that survives on spices are spore formers and yeasts or molds due to
their ability to tolerate desiccation environments (58). Of the spore formers, the Bacillus species

is the most commonly identified (58). Spore-forming bacteria such as Bacillus cereus and
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Clostridium perfringens that can cause gastroenteritis when consumed in large numbers are
frequently found in spices (52, 53, 97, 120, 126, 132). However, a large variety of non spore-
forming bacteria can be present in spices (58, 120). Coliforms, a group of bacteria that may
indicate fecal contamination, are the most common non-spore forming bacteria found on spices,
although they are typically found in numbers less than 10 per gram. Aspergillus spp., Penicillium
spp., and Fusarium spp., Alternaria spp., Rhizopus spp., and Mucor spp. are some of the most
common mold species found on spices (58).

Some of the spices most commonly associated with high levels of native microbiota
include black pepper, turmeric, the capsicum spices, coriander, and allspice (19, 53, 66, 96).
Background microbiota of whole black peppercorns and cumin seeds are listed in Table 1. Out
of about 130 pepper samples, over 90 percent contained aerobic plate counts at least 6-logs
CFU/g or greater and mold counts between 3-5 logs CFU/g (80, 120). Although not as high as
black pepper, cumin seeds also have a moderately high level of background microbiota. Out of
27 cumin samples, over 50 percent had aerobic plate counts of 5-6 logs CFU/g and mold counts
between 2-4 logs CFU/g (80, 120). Black peppercorns and cumin seeds sampled from Mexican
markets both contained high levels (5-7 logs CFU/g) of aerobic bacteria (67). Likewise, in India,
6 samples of both black pepper and cumin seeds were evaluated to determine their microbial
status. For black peppercorns, 83 percent of the samples were in between 6.1 and 9.0 log CFU/g
whereas 44 percent of cumin seeds samples were within the same range (17).

The bacteria Salmonella is not found as frequently in spices. However, in recent years,
spices have been noted as a vehicle of human illness because of this bacterium. Salmonella is the
most common bacterial pathogen linked to outbreaks and product recalls of spices (3). Black

peppercorns (n=87) were sampled for Salmonella and resulted in a fairly high frequency of 8.2%.
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These results are contrary to previous studies that reported a low frequency of Sa/monella
contaminated spices (85, 104). Contamination caused by this bacterium is a major concern

because the product is normally consumed raw and added to foods after the food is cooked.

Table 1. Distribution (%) of Aerobic Plate Counts (APC) and yeast and mold
counts of black peppercorns and cumin seeds (80, 120).

SRR NN RN SN
Via|o [+ [n [o]A V [ fen [T 0|0
Spice | No. Tested | Aerobic Plate Count (Log CFU/g) | No. Tested | Yeast & Mold Count (Log CFU/g)
Black 14 2| 4 [43[51] 118 30 [10{22[1110{17
Pepper
Comin |, 410 [37)4415 23| 35 [13]35] 8 |9
Seeds
Salmonellosis

Salmonellosis is an infection caused by the pathogenic bacteria Salmonella. These
bacteria are Gram-negative, facultatively anaerobic, straight, small rods that are usually motile
with peritrichous flagella (20). In developed countries, Salmonellosis is recognized as one of the
most prevalent foodborne illnesses associated with outbreaks and sporadic cases (20). The
Centers for Disease Control and Prevention (CDC) estimates that Salmonella causes 1.2 million
illnesses, as well as 19,000 hospitalizations and 380 deaths in the United States every year (42).

Salmonellosis arises because Salmonella causes an infection which means that the
bacteria grows and multiplies in the host’s body. As a gastrointestinal pathogen, it is able to
penetrate the intestinal barrier and function as an intracellular pathogen in phagocytic cells (45).
Symptoms of Salmonellosis include diarrhea, fever, and abdominal cramps within 12 to 72 hours
after infection and can last for 4-7 days. Hospitalization of patients with Salmonellosis is

typically due to dehydration from diarrhea. In developed countries, patients with Salmonellosis
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typically recover with treatment methods such as fluid and electrolyte replacement. The use of
antibiotics can actually increase the time that the organism is excreted so they are not
recommended as a method for treatment (20). Immunocompromised individuals are particularly
at risk because Salmonella can overcome the body’s natural defense systems and reach the blood
stream, resulting in severe illness.

Between the years 2007 and 2010, three large-scale Salmonellosis outbreaks in the
United States were attributed to the consumption of Salmonella contaminated spices (41, 77,
143, 156). These outbreaks occurred within a 40 month period (January 2007-April 2010) (157).
Between January 2007 and December 2007, there were 69 cases of Sa/monella Wandsworth
illness that spread across 23 states (157). It was confirmed that the illness was due to the
consumption of seasoning mix containing broccoli powder, parsley powder, and other spices
used to coat a puffed snack product (143). Between December 2008 and April 2009, 87 cases of
Salmonella Rissen illness occurred across five states. Epidemiologic investigations, traceback
investigations, and product sampling determined that the culprit was contaminated white pepper
consumed in restaurants and hospitals (2, 77). Lastly, between the years of July 2009 and April
2010, there were 272 confirmed cases of Salmonella Montevideo illness from 44 states (41, 70).
Epidemiological and traceback investigations determined that the outbreak was linked to the
consumption of ready-to-eat salami products that contained Sa/monella Montevideo
contaminated black pepper and red pepper (41, 70).
Salmonella survival at low water activity

The drying of food is a traditional preservation method that inhibits the growth of
microorganisms. Water activity (ay) is a quantitative measurement used to determine the shelf

life of a product (64) on a scale of 0 to 1.0. This term denotes the vapor pressure of a substance
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compared to the vapor pressure of pure water at the same temperature. In other words, it is the
amount of free or unbound water in a product that is available for microbial growth. There is no
clear definition of low water activity foods. Some foods are considered to have a low water
activity if they have an a,, below 0.7 (137) while others use <0.85 to define low water activity
foods (22). The ay, of a food product is dependent upon the storage conditions and food
composition (64). Common examples of low water activity foods include chocolate, peanut
butter, preserved meat, powdered infant formula, soup mixes, and spices. It is sometimes
inaccurately assumed that these foods are low risk because they are unable to support microbial
growth. However, these food commodities remain very susceptible to contamination and have
been implicated in many foodborne outbreaks (37, 38, 39, 46, 93, 134, 141).

In general, growth of pathogenic bacteria should not occur below a water activity of 0.85
(58). Although, growth of halophilic bacteria can occur at ay, as low as 0.75 (22). In a desiccated
state, metabolism is greatly reduced which means that growth does not occur but vegetative cells
and spores can be viable for months and sometimes years (22). Sa/monella has proven that is
able to grow at an a,, as low as 0.93 (21) and is also able to survive for months or even years in
certain low moisture foods (123). In ground black pepper specifically, the a,, threshold for
growth of Salmonella is 0.9793 + 0.0027 at 35°C (90).

The survival of Salmonella during storage conditions has been investigated (90). Ground
black pepper was inoculated with approximately 8 logs CFU/g and stored at 25 and 35°C at high
(97% RH) and ambient (equal to or less than 40% RH). At high relative humidity, no Salmonella
was detected after 100 days and 45 days at 25 and 35°C, respectively. However, the ground
pepper stored in ambient humidity conditions showed an initial decrease of Salmonella by 3-4
log CFU/g and then remained stable for over 8 months at 25 and 35°C (90). Likewise, almond
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kernels were inoculated with Salmonella Enteritidis (PT) 30 to 7.1 or 8.0 log CFU per almond
and stored for 171 and 550 days, respectively, at various temperatures (154). On average, the
calculated reduction of Salmonella was 0.25 + 0.05 log CFU/month at 23°C. Halva, a
confectionary product with a a,, of 0.18, contains tahini, sugar, citric acid, and soapwort root
extract. Salmonella cannot multiply in the product because of the very low water activity.
However, Salmonella Enteritidis survived in vacuum-packed halva stored for 8 months under
refrigeration (103). In another instance, the survival of Salmonella in peanut butter and peanut
butter spread was investigated (35). Peanut butter and peanut butter spread was inoculated with
5.7 log CFU/g of Salmonella and stored at 21 and 5°C. After 24 weeks, Salmonella was reduced
by 4.1 to 4.5-log at 21 °C and 2.9 to 4.3-log at 5°C.

Not only can Sal/monella survive in low water activity foods but it has also demonstrated
that it can survive on common contact surfaces in food processing environments such as stainless
steel, plastic, paper, and cement (15, 75, 78, 84, 112, 167). The combination of these facts poses
very large threats for the food industry.

Heat resistance of Salmonella

Processing methods such as mild heat treatment is very effective at inactivating
Salmonella in high-a,, foods. However, low water activity foods pose a challenge because as the
ay of a food decreases, the heat resistance of Salmonella increases (35, 79, 92, 114). The extent
of heat resistance of pathogens in low-a,, foods is difficult to predict because it varies greatly
between pathogen and type of solute present (28, 54, 69, 138). The thermal resistance of
Salmonella can be greatly influenced by both intrinsic and extrinsic properties of a food. For this
reason, it is difficult to compare the heat resistance of Salmonella in different food commodities,

especially if there are variations in processing parameters. However, understanding how
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Salmonella responds to heat in various foods can help predict how it might respond in the target
food.

Chocolate and chocolate candies have a water activity of about 0.4-0.5, so low that
organisms subjected to heat are essentially experiencing dry heat (123). In one instance, the heat
resistance of Salmonella in milk chocolate exhibited D-values of 4.5, 4.6, and 6.6 hours at 71°C
for Salmonella Eastbourne, Salmonella Senftenberg, and Sa/monella Typhimurium, respectively
(108). Likewise, in molten chocolate, Sa/monella Typhimurium had a D-value of 6.6 hours and
13.6 hours at 71.1 and 65.6°C, respectively (71). These two studies (71, 108) illustrated that
Salmonella Typhimurium is more heat resistant than Salmonella Senftenberg 775W in milk
chocolate and the increase in D value is associated with the low a,, of chocolate.

The heat resistance of Sa/monella serovars Agona, Enteritidis, and Typhimurium was
demonstrated when Shachar and Yaron (139) inoculated peanut butter at 4 and 8 logs CFU/g and
incubated in water baths at 70, 80, and 90°C for 5 to 50 minutes at each of the temperatures.
Results indicated that there was no significant difference in heat resistance between the
Salmonella serovars (P > 0.05). Furthermore, the serovars were so heat resistant that there was
only a 3.2-log reduction after remaining in the 90°C water bath for 50 minutes. Shachar and
Yaron (139) were able to predict that more than 260 minutes (> 4 hours) were needed to reduce
Salmonella by 7 logs at 70°C and more than one hour was needed at 90°C. Therefore, some
treatments used in the industry for example, 70°C for 20 minutes, do not provide a sufficient
inactivation of Sa/monella in peanut butter. The authors believe that the combination of high fat
content and low a,, in peanut butter provide a protective element for Sa/monella and therefore

make it more heat resistant (139).
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Almonds are traditionally roasted by using high temperature or long roasting time (123).
Commercial oil roasting of almonds requires that almonds remain at temperatures higher than
260°F (126.7°C) for longer than 2 minutes to achieve a 5-log reduction of Salmonella in almonds
(1). The effect of steam treatment on the reduction of Salmonella serovar Enteritidis on the
surface of raw almonds was investigated (106). The surface of the raw almonds (cultivars
“‘Nonpareil” and ‘Mission”) were inoculated and then treated with steam (93°C + 1°C) for 5, 15,
25, 35, 45, 55, and 65 s. The effect of steam treatment improved with increasing treatment time.
After 65 seconds of treatment, reductions in populations of Salmonella Enteritidis were 5.7 log
CFU/g and 5.8 log CFU/g for ‘Nonpareil’ and ‘Mission’ cultivars, respectively. Likewise, a
higher D-value of 16.1 seconds was calculated for Salmonella Enteritidis inoculated Mission
almonds versus 12.2 seconds for the Nonpareil cultivar; indicating that varietal differences in the
almonds resulted in differences in the inactivation of Sa/monella. These results suggest that
varietal differences should also be considered when inactivating Salmonella on almonds using
steam.

Considerations for strain selection and inoculation procedures for process validation

Process validation involves the collection and evaluation of data that establishes scientific
evidence that a process is consistently and repeatedly able to deliver a safe, quality product.
Steps required for process validation include: identifying the pathogen of concern, identifying
preventative control(s), identifying the most resistant pathogen, determining the level of control
necessary, assessing the impact of the food matrix on the inactivation of the pathogen,
determining an approach and the efficacy of the preventative control(s), and defining the critical

limits of the proposed process (124). Strain selection is a critical part of process validation as
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there can be differences in behavior and response to stress. Sa/monella serovars vary in
responses to environmental and process conditions (9, 111, 123, 158).

Temperature, water activity, substrate, culture media, serotype, and strain are factors that
can influence the survival of Salmonella in low water activity foods (137). Likewise, additional
factors could include the addition of solutes to the matrix, acidity, growth medium, stage of
growth of the cells, stress prior to heating, and species and strain (123). Assuming log-linear
kinetics can be applied to inactivate Sa/monella, survival numbers can be estimated (137).
However, survival curves of Salmonella in low-a,, foods typically do not follow log-linear
kinetics. Instead, they show significant asymptotic tails (7, 111). Santillana Farakos et al. (136)
used the Weibull model to examine the survival of Salmonella in low water activity foods at
temperatures ranging from 21 to 80°C and a,, levels below 0.6. This model was useful at
predicting the survival of Sa/monella in other low-a,, foods. It was also determined that the food
composition, ay, and temperature influenced the survival of Salmonella. To validate previously
developed models, 1,064 data points were collected from Sa/monella survival literature and fit
into a log-linear model and Weibull model (137). Results demonstrated that temperature, ay,
product and serotype all influenced time required for first log-decimal reduction.

The reduction of Sal/monella can be influenced by the water activity of a food product.
Sucrose solution at various ay levels (0.98 to 0.83) was inoculated with Salmonella
Typhimurium and heated at 65.6°C for the same time intervals (149). The decimal reduction time
of Salmonella Typhimurium at a,, of 0.98 and 0.83 was 0.29 min and 40.2 min, respectively.
Salmonella serovars also influence heat resistance under similar conditions. The rates of
inactivation of three Salmonella strains of various serotypes (Enteritidis, Typhimurium, and

Heidelberg) were compared with that of three strains of Sa/monella Tennessee (111). A 5-log
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reduction was achieved for the mixture of Sa/monella Tennessee strains when the peanut butter
remained at 90°C for 41 + 3 min. On the other hand, only 26 + 2 min was required for the other
Salmonella isolates (111). Likewise, in milk chocolate, Salmonella Eastbourne, Salmonella
Senftenberg, and Salmonella Typhimurium had D-values of 4.5, 4.6, and 6.6 hours at 71°C,
respectively (105).
Inoculation strategies

Inoculation methods in a process validation study are important because they provide a
high initial cell concentration to demonstrate the potential to achieve the desired reduction. The
goal when determining inoculated strategies is to imitate potential contamination conditions of
the product under investigation. Wet inoculation techniques are frequently used on a laboratory-
scale because they are easy to control and produce high yields. However, in spice validation
studies, such strategies are impractical because dry transfers during storage, transport, and
processing of spices are probable sources for the contamination of spices (34).

Wet Inoculations

Studies have shown that such preparation methods of inoculum (liquid, biofilm inclusion,
agar) can influence the bacterial stress response and the recoverability of Sa/monella cells (13,
56, 73, 89, 154). Salmonella enterica (serotypes Typhimurium, Enteritidis, Newport, and
Infantis) dried on polystyrene 96-well plates exhibited better dehydration tolerance over 12
weeks when the inoculum was grown on Luria-Bertani (LB) agar plates compared to cells grown
in broth (73). Likewise, tryptic soy agar (TSA) grown cells of Salmonella Enteritidis PT 30
inoculated onto whole almond kernels were more resistant to desiccation compared to tryptic soy
broth (TSB) grown cells with reductions of 1.7 and 3.7 CFU per almond for agar grown and

broth grown inocula, respectively (154).
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Biofilm inclusion inoculation methods have demonstrated improved survival of
Salmonella compared to cells grown in liquid media (34). Salmonella Tennessee cells cultured
using the biofilm inclusion method had better recovery of cells after desiccation and gastric
passage compared to cells grown in broth (13). The ability of Salmonella to form biofilms
contributes to its resistance and persistence which makes it very important in processing
environments (145). Biofilms are an extracellular matrix that can house single, or multiple
bacterial species (13). This matrix is comprised mostly of water and the rest is various
extracellular polymers including polysaccharides and glycoproteins (68). The formation of a
biofilm enables Salmonella to protect itself against thermal processing and sanitation (36).
Furthermore, previous research has shown that Sa/monella has an increased tolerance to
desiccation, is more stable, and can be recovered in greater numbers from spices when in a
biofilm compared to other methods (13). The ability for Salmonella to form a biofilm helps
protect the organism against hostile conditions (142). Furthermore, this ability most likely
enhances survival of Salmonella at water activity levels lower than those hypothesized by the
food industry (13). Inactivation resistance of Sa/monella is important to consider when
determining inoculation strategies for process validation studies. A worse case scenario is ideal
because inactivation data will provide a conservative estimate of reduction for the industry.

Dry Inoculations

Post-harvest cross contamination is likely to occur between dried surfaces and spices.
Cross-contamination of foods and equipment can be attributed to the transfer of dry particles in
the air, contaminated equipment, and pests (22, 55). For this reason, wet inoculation may not

simulate the physiological and transfer potential in real world situations relevant in spice
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validation studies. The development of dry inoculation methods could provide true
contamination conditions and reduce the effects of additional moisture.

The introduction of liquid to spices can have an impact on the spice flavor and
microbiology quality. Furthermore, it can cause a change in surface properties and water activity
(161). This is a challenge when using low water activity foods because the intentional
manipulation of water activity cannot always be reversed. In one instance, water was
incorporated into dry products that were unable to achieve the original un-wetted water activity
when re-dried (121). The volatile compounds associated with spices are susceptible to
adulteration or leaching when exposed to liquid. Antimicrobials can also leach out of the spice,
which can impact surface microbiota and create an artificially high presence of antimicrobials on
the surface (127).

There are a variety of dry inoculation applications including the use of inoculated chalk
on pecans, inoculated talc in peanut paste, and inoculated sand on walnuts and almonds (25, 29,
56). The use of chalk can provide adequate recoverability of Salmonella, however this method
presents difficulty with the separation and collection of chalk residues post inoculation (25).
Salmonella serovars Anatum, Enteritidis, Oranienburg, Sundsvall, and Tennessee were
inoculated onto chalk and then transferred onto pecans to provide an initial recovery of 8.28 log
CFU/g (24). Furthermore, wet inoculated cells were less resistant to stress than dry inoculated
cells. Dry inocula on talc powder (a, < 0.55) containing five strains of Sa/monella Tennessee
provided an initial recovery of greater than 8.3 log CFU/g and demonstrated no significant
difference in recovery 30 days after preparation (56). Salmonella Enteritidis PT 30 was utilized
in two different inoculation methods, wet and dry, to compare the survival of the pathogen on

almond and walnut kernels (29). Sand was inoculated at a level of 10 log CFU/g to achieve
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populations of 7.6-7.7 log CFU/g and then dried before getting transferred onto nut kernels. The
reduction of Salmonella was similar for both of the inoculation methods and both of the nut
kernels during ambient storage conditions (98 days) (29).

Enterococcus faecium as Salmonella enterica surrogate

Surrogate microorganisms are non-pathogenic microorganisms that are used in actual
factory or pilot plant settings to validate the efficacy of a process to inactivate target pathogenic
microorganisms (100). The ideal surrogate is one that is non-pathogenic, models the inactivation
kinetics of the target pathogen, has similar environmental tolerance as the target pathogen, has
stable and consistent growth characteristics, is easily prepared to yield high-density populations,
can remain stable in an inoculum form until used, and is easily enumerated from native
microbiota (124).

The thermal resistance of a target pathogen and the surrogate can be impacted by the
composition of the food (159). Many different microorganisms have been used as surrogates for
Salmonella spp. A popular choice of surrogates in low water activity environments is lactic acid
bacteria. Pediococcus spp. and Pediococcus acidilactici have been used as surrogates in ground-
and-formed beef jerky (32) as well as in whole muscle turkey jerky (164) and dried pet food
(43), respectively. Six different potential surrogates were used in six ground-and-formed beef
jerky commercial process that differ widely in lethality (33). In all six processes, Pediococcus
spp. and Pediococcus acidilactici had appropriate reductions to indicate sufficient lethality (>5.0
log CFU/g) of Salmonella and E. coli O157:H7. A commercial turkey jerky process was used to
demonstrate sufficient lethality of Sa/monella, E. coli O157:H7, and the surrogate, Pediococcus
acidilactici (164). Across all processes, there was no significant difference in the reduction of

the three bacteria, demonstrating that Pediococcus acidilactici is an effective pathogen for in-
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plant validation of turkey jerky processing. The same surrogate was compared to Enterococcus
faecium NRRL B-2354 to demonstrate their potential as surrogates for seven Salmonella
serovars (Anatum, Montevideo, Senftenberg 775W, Tennessee, Schwarzengrund, Infantis, and
Mbandaka) in dried pet food (43). Dried pet food at moisture levels of 9.1, 17.9 and 27.0% was
heated between 76.7 and 87.8°C to determine the D-values of the P. acidilactici, E. faecium, and
Salmonella cocktail. It was determined that the D-values of both P. acidilactici and E. faecium
were higher than those for the Salmonella cocktail, indicating that both P. acidilactici ATCC
8042 and E. faecium NRRL B-2354 can be used as a surrogates for Sa/monella in dry pet foods.
However, at temperatures below 90°C, the use of P. acidilactici is favored over E. faecium
because it has a smaller D-value and lower heat resistance than the latter, therefore, it can be
easier to work with to generate lethality values for validation studies (43).

Enterococcus faecium NRRL B-2354 has been used in the food industry for the past 64
years (101). E. faecium is a Gram-positive cocci, non-spore-former, that can survive in
temperatures between 5-50°C and between pH 4.6-9.9, and is tolerant to high salt and
desiccation conditions (65, 95). Certain strains of E. faecium have been associated with
nosocomial infections; however, recent studies have shown that there is a significant difference
between hospital- and community- associated strains of the bacteria. Therefore, Enterococcus
faecium NRRL B-2354 is considered commensal and non-pathogenic (12, 98).

E. faecium has been used as an appropriate surrogate for Sa/monella in multiple low
water activity foods such as almonds, peanut paste, and extruded carbohydrate-protein meal (26,
32, 83, 88, 148). Almonds were treated using moist-air heating for various time, temperature,
and humidity regimens (83). E. faecium had mean log reductions 0.6 log and 1.4 log lower than

those for Salmonella Enteritidis PT 30. Likewise, the D-values of the surrogate were about 30
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percent larger than those for Sa/monella, indicating that E. faecium NRRL B-2354 is a
conservative surrogate for Sa/monella during the moist-air heating of almonds (83). E. faecium is
used heavily by the Almond Board of California (ABC) in almond process validation studies for
dry-heat processes and moist air or steam processes (83, 148). Peanut paste of four various water
activities (ay 0.3-0.6) and fat levels (47 and 56%) were inoculated with Sa/monella Tennessee,
Salmonella Typhimurium DT104, and Enterococcus faecium to measure their long term survival
(88). The log reductions (CFU/g) of each bacteria were measured monthly over a 1 year period
to determine that E. faecium demonstrated a higher survivability compared to the Salmonella
serovars (88). Enterococcus faecium is also an appropriate surrogate for Salmonella in extruded
carbohydrate-protein meal (26). Extrusions of the meal at different temperatures indicated that
the temperature necessary in order to achieve a 5-log reduction was 73.7°C and 60.6°C for E.
faecium and Salmonella, respectively. Since the inactivation of E. faecium occurred at higher
temperatures than Salmonella, it is acceptable to use as a surrogate for Salmonella in extrusion
processes. Research on the efficacy of Enterococcus faecium NRRL B-2354 as a surrogate for
Salmonella spp. in low a,, foods provided a starting point to determine if it would also be a good
surrogate for the inactivation of Salmonella enterica serovars in whole black peppercorns and

cumin seeds.
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CHAPTER 3: THE INACTIVATION OF SALMONELLA ENTERICA AND SURROGATE
ENTEROCOCCUS FAECIUM ON WHOLE BLACK PEPPERCORNS AND CUMIN SEEDS
USING STEAM

ABSTRACT

The microbiological safety and quality of spices is of concern for regulators and the food
industry. Further processing using the vacuum assisted steam (dry steam) is performed for many
spices to reduce microbial populations and ensure safe products of high quality. The objective of
this research was to compare the effectiveness of a lab-scale steam process for the inactivation of
Salmonella enterica and its surrogate Enterococcus faecium NRRL B-2354 inoculated onto
whole peppercorns and cumin seeds. Whole black peppercorns were inoculated with a cocktail
of Salmonella enterica serovars or E. faecium using agar grown cells or within a biofilm, while
cumin seeds were inoculated using only the TSA-grown inoculation method. The spices were
dried to ay 0.3-0.5, and held 1 day before processing. Cells were enumerated by serial dilution
and plated onto TSA for aerobic plate counts or TSA with a thin overlay of XLT4 for Sa/monella
and BEA for E. faecium. Average log reductions of Sa/monella on peppercorns were 4.8 £ 0.19
and 6.3 £ 0.18 log CFU/g for biofilm inclusion and TSA-grown inoculated spices. Likewise,
average log reductions of E. faecium was 4.7 + 0.19 and 5.3 £ 0.18 for the biofilm inclusion and
TSA-grown inoculation methods, respectively. The average log reduction of Sa/monella and E.
faecium on cumin seeds was 7.3 + 0.21 and 6.7 = 0.21 log CFU/g respectively. Implementation
of validated processing methods that achieve minimum reduction requirements will reduce risk

of pathogen exposure to consumers.
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INTRODUCTION

Spices have been used throughout history not only as a way to enhance the flavor in
foods. The vast majority of spices consumed in the United States are imported from countries
with tropical climates such as India, Mexico, and Vietnam. Microorganisms in spices are
attributed to the soil and plants from which they are grown and that survive during the drying
process (58). Further contamination of spices can occur during the transportation, packing, and
storage of spices.

In the past couple of decades, spices have been linked to many foodborne illness
outbreaks. Fourteen outbreaks associated with the consumption of spices occurred between 1973
and 2010 (61). Out of the 14 outbreaks, 10 of them were caused by Salmonella enterica
serotypes (61). In between the years of 1970 and 2003, 21 recalls of spices took place in the
U.S. due to bacterial pathogens; 20 of those recalls were due to Sa/monella contamination (160).
Symptoms of Salmonellosis include nausea, vomiting, diarrhea, fever, abdominal cramps, chills,
and headache, and can last 4-7 days.

Difficulties in implementation of good agricultural and manufacturing practices in many
developing countries where spices are produced, coupled with enhanced survival in the
desiccated state has prompted the development of post-harvest interventions to inactivate
Salmonella sp. without compromising the quality of the spice. Current practices used by the
industry to reduce microbial populations in spices include chemical fumigation, irradiation, and
steam-based heat treatments (3). Steam-based heat treatments are a popular option of
inactivation because they do not utilize any chemicals; only microscopic water droplets to
improve heat transfer in food (153). Steam pasteurization can be effective because when steam

condenses, a lot of heat is transferred into the target food, which increases the surface
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temperature (81). Furthermore, when the same amount of steam and water are compared at any
given temperature, steam has a greater heat capability that can penetrate small cracks and
crevices that could provide protection for surface attached microorganisms (82, 118). Various
steam treatments have been validated to achieve a 4- to 5-log reduction of Salmonella on
almonds, almonds, and pistachios without impacting the quality of the nuts (14, 44). The types of
steam treatment that are currently utilized for spices are saturated and superheated depending on
the available technology and the product getting treated.

Enterococcus faecium NRRL B-2354 as a surrogate for Salmonella enterica serovars has
proven useful to validate commercial processes for almonds (27, 83, 148, 166), dairy products
(10), juice (122), balanced-carbohydrate protein meal (26), and meat (110).

The objective of the study was to evaluate the effectiveness of a lab-scale steam
processing apparatus using a vacuum-assisted system at inactivating Salmonella enterica on
whole black peppercorns and cumin seeds at one pressure (16.9 PSIA) and two commonly used
reference temperatures (165°C and 180°C). The validity of Enterococcus faecium NRRL B-
2354 as a surrogate for inactivation on whole black peppercorns and cumin seeds using the lab-
scale steam apparatus was also evaluated. In addition, the effect of inoculum preparation on
steam inactivation was also compared for whole black peppercorns.

MATERIALS AND METHODS

Bacterial strains and growth conditions
Three Salmonella enterica serovars were obtained from low-a, foods (Tennessee, K4643 from
peanut butter outbreak associated in 2010, Ball ARL-SE-085 from black pepper in 2011, and
Johannesburg ARL-SE-013 from dried ginger in 2010) and used to inoculate whole black

peppercorns and whole cumin seeds. The survival of Sa/monella under stressful conditions such
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as heat and desiccation can vary greatly among strains within a species. The Sa/monella serovar
Tennessee strain used in this study was isolated from a major outbreak that occurred between
August 2006 and July 2007. The outbreak was traced back to Sa/monella contaminated peanut
butter (ay 0.7) that caused 715 salmonellosis cases spanning across 48 states (140). The strain of
Salmonella serovar Ball was isolated from black pepper that has been associated with the spice
in the EU (11, 156) and provided by the FDA. Salmonella servovar Johannesburg was isolated
from ginger and also provided by the FDA (61). The combination of these strains are expected to
provide an accurate representation of potential contamination that spices could contain and
therefore will provide representative inactivation data that spice processors can utilize.
Enterococcus faecium (NRRL B-2354, ATCC strain #8459) was obtained from American Type
Culture Collection (Manassas, VA). Individual stocks were maintained at -80 °C in glycerol
stocks. Strains were resuscitated by streaking onto Tryptic soy agar (TSA, Becton Dickinson,
Franklin Lakes, NJ) incubated at 37°C for 24 h. One single colony was then transferred onto
Xylose-Lysine-Tergitol 4 (XL T4, Becton Dickinson, Franklin Lakes, NJ) for each Salmonella
strain or Bile Esculine Agar (BEA, Becton Dickinson, Franklin Lakes, NJ) for Enterococcus

faecium and incubated at 37 °C for 24 h. Following incubation, a sterile 1- u L loop was used to

collect a single colony from each plate (one colony of each strain) and each colony was placed in
10 mL Trypic Soy Broth (TSB) (Becton Dickinson, Franklin Lakes, NJ). The individual cultures
were incubated at 180 rpm, 37 °C for 24 h.

Spice varieties and sources
Whole black peppercorns and cumin seeds were provided in bulk by a major national spice

processor. Spices were not further processed before arrival.
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Inoculation Methods
Whole black peppercorns were inoculated using two preparation methods, as previously
described (8). These two methods include inclusion within a native microbiota biofilm
surrounding the whole peppercorn or cells grown on TSA plates that were scraped and applied in
a small volume of liquid to the peppercorns. Similar methods were used for preparation of E.
faecium cells grown on TSA (7). Cumin seeds were inoculated using only the TSA agar grown
cell preparation method due to observed swelling of the cumin seed husk, potentially allowing
the internalization of Salmonella using the biofilm preparation method. After inoculation with
either preparation method, the spices were arranged in a single layer on sanitized 13 in. x 9 in.
aluminum foil covered baking sheets and placed in a biological safety cabinet for 24-48 h until
the spices reached the desired a, at room temperature. Whole peppercorns inoculated using the
biofilm inclusion and TSA-grown methods were air dried within a Biosafety cabinet until
achieving mean a, of 0.51 £ 0.20 and 0.33 £ 0.09, respectively. Cumin seeds were dried down to
a mean a, of 0.38 + 0.12 prior to processing. Water activity of whole peppercorns (5 g) and
cumin seeds (4 g) was determined by using an AquaLab 4TE water activity meter (AquaLab,
Pullman, WA). Once the desired water activity was reached, the spices were placed in sealed
Whirl-Pak bags and held in a desiccator (RH: ~40-45%) containing Drierite desiccant for 24 h
before processing.

Biofilm inclusion (48 h incubation of Salmonella and Enterococcus faecium and
seeds in TSB)
This inoculation methodology was adapted from the method used by Aviles et al. (4) to form
biofilms on spices instead of silica beads. Salmonella strains were incorporated within native

microbiota biofilms on the surface of the spice seeds by immersing seeds in inoculum within
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Tryptic Soy Broth (TSB) and incubating statically for a total of 48 h. To perform this method,
sterile 2L Erlenmeyer flasks were filled with 25 grams of cumin seeds while others were filled
with 60 grams of whole peppercorns, the amount needed to cover the bottom of the flask with a
single layer of spice. The spices were submerged in 150 mL TSB (to a depth of about 1 cm)
along with 5 mL of 24-hour liquid culture (E. faecium or Salmonella cocktail) and swirled to
mix. To create the 24-hour liquid culture, Salmonella inoculated tubes each containing a separate
strain was combined to create the Salmonella cocktail. The flasks were incubated statically at 37
°C for 24 h. The flasks were removed after 24 hours and the TSB was decanted off into a waste
bin by covering the flask with sterile gauze to prevent any spice loss. New TSB (150 mL) was
added back into each flask and then placed back in the incubator at 37 °C for 24 h. After 24
hours, the TSB was decanted off using sterile gauze with as minimal movement as possible.
Sterile 0.1% (w/v) peptone (Sigma-Aldrich, Co., MO) with 0.1% Tween 80 (PW-Tween, Fisher
Scientific, Kansas City, MO) was used to wash the peppercorns removing excess nutrients and
spent media. The flasks were gently swirled to remove any unattached cells and the liquid was
decanted off.

Wet inoculation with Salmonella and E. faecium cells grown on Tryptic Soy Agar
The following method was adapted from the method developed by the Almond Board of
California for inoculation of almonds for process validation (18). Briefly, each strain was spread
onto 1- 150 x 15 mm (BD Falcon, Franklin Lakes, NJ) large Tryptic Soy Agar (TSA) (Becton
Dickinson, Franklin Lakes, NJ) plates and incubated at 37 °C for 24 h. Cells were harvested from
each of the three plates and placed in three separate sterile conical tubes by first applying 5 mL
0.1% (w/v) PT buffer to each plate and scraping colonies into suspension using a sterile cotton

swab, and then 4 mL 0.1% (w/v) PT buffer to get any of the remaining cells. For Sa/monella, the
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suspensions were combined in comparable volumes corresponding to similar CFU of each strain;
creating a 20 mL liquid culture Sa/monella cocktail. For E. faecium, this was not necessary
because only one strain was used. The suspensions were then transferred into 27 oz. sterile
Whirl-Pak bags containing either 50 g of dry whole peppercorns or 50 g of dry cumin seeds and
hand massaged for 1 minute to evenly coat the spice.

Steam processing using a custom pressure apparatus
A custom steam processing apparatus was developed. An aluminum pressure rated steam
sterilizer (All American Model 1925X, Manitowoc, WI) was wrapped in 3” x 120” heating tape
(BriskHeat, Columbus, OH) and attached to a valved manifold. The manifold was connected to
a steam generator (AmeriVap®, Dawsonville, GA), vacuum pump, compressed gas/air and
ambient air supply. The top of the pressure steam sterilizer was modified to accommodate a
braided, jacketed steam hose (Tipco, Chantilly, VA) from the supply manifold, a digital pressure
gauge (Ashcroft model DG-25-3-1-N-1-NA-M02-L-60#&V, Stratford, CT), additional Pressure
Relief Valve, a 4 pair Type T thermocouple hermetic pressure and vacuum rated pass-through set
(PFT2NPT-4T, Omega Engineering, Stamford, CT), and an exhaust line leading to the condenser
and scrubber. A 3 level scaffold system was made out of PVC pipe, which supported the mesh
floors (304 Stainless Steel Mesh, 20x20 mesh, 0.16” wire, McMaster Carr, Atlanta, GA) at each
level. This scaffold system was placed inside of the sterilizer to support the spice product during
processing. Two muslin drawstring sachets (4 x 6 in.) were filled to a depth of 0.20 & 0.049 in.
for whole black peppercorns and 0.21 + 0.043 in. for cumin seeds with inoculated spices (50g
peppercorns and 40g cumin seeds) were placed on the top two levels of the scaffold system.
The heating tape was turned on and set slightly above 350°F. Temperature was measured using
the T-type thermocouples and logged using a data logger, (Omega, model RDXL6SD, Stamford,
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CT) while pressure was measured using the pressure gauge. Preconditioning in absence of
spices was performed first flushing air by a applying a vacuum to 4.7 PSIA followed by using
steam injection until a measured temperature of the air achieved a temperature of 220°F and 16.9
PSIA. A final vacuum was pulled to 4.7 PSIA before opening the lid. Once the temperature
reached this point, the spice rack holding multiple sachets was inserted. Thermocouples were
inserted into the middle of each sachet of spice. Once the lid was closed with the spices inside,
the vacuum was pulled to 4.7 PSIA and steam was inserted until the temperature read close to
185°F. The dwell time then occurred for a specified amount of time. Once the time was up, the
vacuum was pulled to 4.7 PSIA to prevent any condensation from forming in the kettle and the
pressure was slowly released with an air inbleed. The lid of the kettle was quickly taken off, and
the spice rack was removed.

Microbiological detection
Enumeration of total aerobic bacteria, Salmonella or Enterococcus faecium was performed
according to the following method. Spice samples (10 g) were transferred into a sterile filter bag
along with 90 mL of sterile PT and blended in a lab blender (Interscience BagMixer, Guelph,
Ontario) for 60 seconds. The liquid was vacuum filtered through #4 qualitative filter paper
(Whatman, GE Healthcare, Pittsburgh, PA) to remove any spice particles. The filtered
supernatant was serial diluted in sterile PT buffer and enumerated by plating onto TSA in
quadruplicate. Half of the plates were incubated for 3 hours at 25 °C after which an overlay of 7
ml of XL T-4 was applied. The other half of TSA plates provided aerobic plate counts. Spices
inoculated with Enterococcus faecium were enumerated by plating onto selective media BEA in
duplicate and TSA in duplicate for aerobic plate counts. All plates were incubated at 37 °C for

24h before enumeration.
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Data and Statistical analysis
Bacterial counts were log transformed prior to statistical analysis. Log reductions were
calculated based on subtracting the log reduction for each run from the initial log CFU/g. Initial
log counts are reported using the mean log CFU/g and standard deviation while the log
reductions are reported using the mean log reduction CFU/g and standard error. To allow
comparison between inoculation method, biofilm inclusion and TSA-grown inoculated
peppercorns were processed together and compared for three separate runs. Peppercorns and
cumin seeds were processed separately. In all processes, Sa/monella and Enterococcus
inoculated spices were included. Statistical analyses were performed using JMP (version 11,
SAS, Cary, NC) statistical software. A 1-way ANOVA using blocks for each processing day was
performed to compare the average log reduction for Sa/monella and Enterococcus faecium. The
log reduction of biofilm inclusion and TSA-grown inoculated peppercorns was not
compared. For each run, the time in seconds over 165°F and 180°F was determined using the
temperature collected by the data logger. A regression analysis was performed for each spice
inoculated using the biofilm inclusion or TSA-grown methods and treated with steam.
RESULTS

Whole Black Peppercorns Inoculated using Biofilm Inclusion and TSA-grown
Inoculation Methods
Whole black peppercorns inoculated using either the biofilm inclusion method or the TSA-grown
inoculation methods were subjected to various durations of steam treatment. On average, the
initial levels (before treatment) of Sa/monella on whole black peppercorns using the biofilm and
TSA-grown inoculation methods were 6.9 = 0.30 and 9.5 + 0.40 log CFU/g, respectively. The

average initial levels of Enterococcus faecium inoculated peppercorns were 8.3 = 0.79 and 8.9 +
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0.43 log CFU/g for biofilm inclusion and TSA-grown inoculation methods, respectively.
Inactivation of Salmonella on the peppercorns was comparable to Enterococcus faecium when
treated with steam (Figure 1-4). Peppercorns inoculated with Sa/monella serovars using the
biofilm inclusion and TSA-grown inoculated methods had average log reductions of 4.8 + 0.19
and 6.3 + 0.18 log CFU/g, respectively. Using the same inoculation methods, the average log
reductions of Enterococcus faecium were 4.7 + 0.19 and 5.3 £ 0.18 for the biofilm inclusion and
TSA-grown inoculation methods, respectively. Statistical analysis indicated that there was no
significant difference in the log reduction of Sa/monella or Enterococcus faecium biofilm
inclusion inoculated peppercorns (p=0.57). In contrast, there was a significant difference
between the log reduction of Salmonella and E. faecium on peppercorns when inoculated using
the TSA-grown inoculation method (p=0.0007). The mean log reduction of Salmonella was
greater than the log reduction of Enterococcus faecium at 6.3 = 0.18 and 5.3 £ 0.18 log CFU/g,
respectively. Results indicated that there was a significant difference in steam processes between
replicates for both inoculation methods used on whole black peppercorns.

Two common reference temperatures used in the industry during thermal processing are
165°F and 180°F. A reduction of at least 5-log (CFU/g) of biofilm inclusion inoculated
Salmonella on black peppercorns was achieved when temperatures remained over 165 °F for
approximately 250 seconds and over 180 °F for 225 seconds (Figures 3 and 4). A reduction of at
least 5-log (CFU/g) of Enterococcus faecium within a biofilm on peppercorns occurred when the
spices remained over 165°F for approximately 450 seconds and over 180°F for 400 seconds.
Peppercorns inoculated with Salmonella using the TSA-grown inoculation method achieved a

minimum of a 5-log reduction when steam processed over 165°F for 125 seconds and over 180°F
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for 100 seconds. Likewise, an assured 5-log reduction of Enterococcus faecium occurred when
spices were processed over 165°F for 200 seconds and 180°F for 175 seconds.

Initial aerobic plate counts (APC) of whole black peppercorns inoculated with
Salmonella were 7.5 £ 0.27 and 9.6 + 0.43 log CFU/g for biofilm inclusion and TSA-grown
inoculation methods, respectively. Whole black peppercorns inoculated with Enterococcus
faecium had initial APC levels of 8.0 + 0.29 and 9.2 + 0.40 log CFU/g for biofilm inclusion and
TSA-grown inoculation methods, respectively. The average log reduction of APC was 1.5 + 0.20
and 2.4 + 0.08 log CFU/g for biofilm inclusion and TSA-grown inoculated peppercorns,
respectively. An assured 5-log reduction of APC did not occur at either 165°F or 180°F when
for any peppercorns, regardless of inoculation method (Figures 5 and 6).

Cumin Seeds using the TSA-grown Inoculation Method
Cumin seeds inoculated using the TSA-grown inoculation method with both Salmonella and
Enterococcus faecium, were subjected to various durations of steam treatment. The average
starting inoculum of cumin seeds using the TSA-grown inoculation method was 9.16 + 0.54 and
9.01 £ 0.29 log CFU/g for Salmonella and E. faecium, respectively. The initial APC levels for
Salmonella and E. faecium inoculated cumin seeds were 9.00 = 0.26 and 9.22 + 0.18 log CFU/g
respectively. Statistical analysis indicated that there was no significant difference in log
reduction of Salmonella and E. faecium when inoculated onto cumin seeds (p=0.0822) (Figure 7
and 8). The mean log reduction of Sa/monella and Enterococcus faecium on cumin seeds was
7.3+0.21 and 6.7 = 0.21 log CFU/g respectively. The mean log reduction of APC was 5.5 +
0.34 and 5.9 + 0.31 log CFU/g for Salmonella and E. faecium inoculated cumin seeds,

respectively.
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To achieve a 5-log reduction of Salmonella, E. faecium, and APC, cumin seeds needed to
remain over the reference temperature of 165°F in the lab-scale steam apparatus for 110, 110,
and 560 seconds, respectively (Figure 9). When temperatures remained over 180°F, a 5-log
reduction occurred at 65, 80, and 430 seconds for Salmonella, E. faecium, and APC respectively
(Figure 10).

DISCUSSION

The lab-scale steam apparatus designed for this research utilized a vacuum to improve
the penetration of steam into the pores of the spices. Furthermore, the vacuum allowed for an
increase in pressure and temperature in the chamber as well minimized cold pockets, which
provided a more uniform heat distribution throughout the chamber. The system was designed to
create a saturated steam environment. Saturated steam is vapor at the boiling temperature of the
liquid (153) which means that when using water, it is when water vapor is at 100°C. At this
point, the rate of water vaporization is equal to the rate of condensation. If the temperature of the
saturated steam is lowered at constant pressure, condensation will occur. During this phase
change, heat is released. Adding heat to the system during this time will change the temperature,
pressure, or both. Advantages of saturated steam treatment include safe, clean, inexpensive,
pressure can control temperature so temperature can be precisely established in a timely manner,
improved product quality and productivity, and a smaller surface area for heat transfer is needed
so equipment takes up less space (152).

Superheated steam occurs when water vapor is at a temperature higher than the boiling
point (100°C) (153). The degrees that exceed the boiling point are considered the degrees
superheat. Adding heat to superheated steam can increase the superheat at constant pressure or

change the pressure and temperature at constant volume (153). On the other hand, removing the
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heat will cause the temperature to drop to boiling temperature and the vapor will condense. There
is a form between saturated vapor and superheated steam called vapor-liquid mixtures, which
occur when the quality of steam (percentage of vapor-liquid mixture in the form of saturated
vapor) is less than 100%. In this form, water can exist as either saturated liquid or saturated
vapor. Since the steam was less than 100% quality, the steam apparatus used in this study
produced vapor-liquid mixtures.

Studies in the literature focus on the use of either saturated steam or superheated steam.
Therefore, results from this study will be compared to these two forms of steam. The
effectiveness of saturated steam and superheated steam at inactivating Sa/monella Typhimurium
biofilms on PVC was investigated (16). Saturated steam treatment (212°F) for 5-30 seconds
resulted in a 1.35-3.43 log reduction CFU/coupon whereas superheated steam treatment resulted
in a 1.42-5.03 decrease in Sa/monella cells after treatment for 5—30 seconds. More specifically,
a 3.43 log reduction CFU/coupon occurred at 212°F for 30 seconds on PVC material treated with
saturated steam. When the same material was treated with superheated steam, a 5.03 log
reduction CFU/coupon occurred at 347°F after only 20 seconds. The lab-scale steam apparatus
utilizing vapor-liquid mixtures took much longer (about 11.25 times) to achieve a 5-log
reduction CFU/g of Salmonella biofilms on whole black peppercorns, however, the temperature
was about 167°F lower than the temperature of superheated steam. Almonds and pistachios
inoculated with Sa/monella Typhimurium and Sal/monella Enteritidis PT 30 were treated with
saturated steam and superheated steam (14). Saturated steam treatment at 212°F for 15 seconds
resulted in a 3.8 and 2.9 log CFU/g reduction for S. Typhimurium and S. Enteritidis on
inoculated almonds, respectively, whereas superheated steam treatment for the same amount of
time at 392°F resulted in a 6.5 and 6.7 log CFU/g reduction. Pistachios inoculated with S.
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Typhimurium and S. Enteritidis that were treated using superheated steam at 392°F for 30
seconds had a 6.3 and 6.4 log CFU/g reductions whereas saturated steam treatment at 212°F for
the same time interval resulted in a 3.3 and 2.7 log CFU/g reductions, respectively. The
temperature for both the saturated and superheated steam treatments were greater than the
reference temperature used in the lab-scale steam apparatus, however, the time in seconds
required for superheated steam was much less. Since superheated steam takes less time to
achieve a 5-log reduction of Sa/monella serovars on the PVC and nuts, and did not impact the
quality of the nuts, it might be more efficient to use this form of steam compared to vapor-liquid
mixtures for the treatment of spices.

Spices have the potential to be contaminated by Salmonella in the form of a biofilm,
which can increase protection against stress. A biofilm is an extracellular matrix comprised of
mostly water and various polymers (68). When in this form, Sa/monella has an increased
tolerance to desiccation and can be recovered in greater numbers (13). Encasement of
Salmonella within a biofilm can increase resistance to various environmental stresses such as
heat and therefore protect the cells (34). The inactivation of both Salmonella and E. faecium
inoculated onto whole black peppercorns using the biofilm inclusion method was lower than the
inactivation of TSA-grown inoculated cells. Steam treatment to inactivate cumin seeds
inoculated with Salmonella using the biofilm inclusion method was ineffective. In preliminary
experiments, the biofilm inclusion inoculation process caused the cumin seeds to swell. Then,
once the spices were dried, it is hypothesized that the cumin seeds internalized the Salmonella so
that during the steam process, the steam was unable to reach the Sa/monella. In wet conditions
such as those produced during the biofilm inclusion process, Salmonella has demonstrated the

ability to migrate through almond hulls and shells in order to colonize the kernel (49). In another
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low-ay, case, Salmonella infiltrated in-shell pecans to reach the kernel and remain viable after
drying and during subsequent storage (23). The formation of a biofilm and the presumed
internalization of Salmonella increased the ability for the pathogen to protect itself from thermal
inactivation and made the recovery of Salmonella very difficult. Therefore, cumin seeds were
not inoculated using the biofilm inclusion method. Despite the decision to not use the biofilm
inclusion method to inoculate cumin seeds, the data on the inactivation on whole black
peppercorns using this method is valid because a minimum starting inoculum of 7-log CFU/g of
Salmonella was consistently achieved. Furthermore, inactivation of Salmonella could have been
attributed to the physiological differences between cumin seeds and peppercorns. Considering it
is very plausible that Sa/monella can form a biofilm on cumin seeds, future research should
evaluate the inactivation of cumin seeds inoculated using the biofilm inclusion method.

The American Spice Trade Association suggests that the use of E. faecium NRRL B-2354
as a surrogate for Salmonella enterica on spices may be beneficial (3). However, the suitability
of a surrogate microorganism used for a pathogen must be validated for each product and each
process (3). Enterococcus faecium NRRL B-2354 has validated as a surrogate for Salmonella
Enteritidis PT 30 on the surface of almonds subjected to moist air-heating (83). The inoculated
almonds were treated for various time, temperature, and humidity parameters. Enterococcus
faecium had a mean log reduction 0.6 log and 1.4 log lower than those for Salmonella, indicating
that it would be an acceptable surrogate for steam heating (83). Whole black peppercorns
inoculated with Salmonella serovars and Enterococcus faecium NRRL B-2354 using the biofilm
inclusion method did not show a significant difference in reduction using steam and can also be
considered a suitable surrogate under these conditions. Cumin seeds inoculated with Salmonella

and E. faecium using the TSA-grown did not demonstrate a significant difference. However,
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cells inoculated onto whole peppercorns using the TSA-grown method did show a significant
difference. A conservative surrogate should demonstrate a lower log reduction than the target
pathogen. Despite the significant difference in reduction, Sa/monella could serve as a surrogate
for E. faecium using the TSA-grown inoculation method because the reduction of Sa/monella
was larger than that of E. faecium. Based on the findings in this study, Enterococcus faecium
NRRL B-2354 is a conservative surrogate for Sa/monella enterica ser. Tennessee, Ball, and
Johannesburg inoculated whole black peppercorns and cumin seeds undergoing a validated lab-
scale steam processing treatment.

Limitations in the study included the inactivation of Sa/monella inoculated cumin seeds
using the biofilm inclusion method along with the consistency of the lab-scale steam processing
apparatus. Future research should focus on the internalization of Salmonella in spices.
Furthermore, methods to effectively inactivate and recover Salmonella once it has been
internalized should be evaluated. Further research on lab-scale steam processing units could

provide better consistency and results.
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Figure 1. Log reduction (CFU/g) of Salmonella enterica compared to the log
reduction of Enterococcus faecium on whole black peppercorns inoculated using
the biofilm inclusion method
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Figure 2. Linear regression line and R’ value of the log reduction (CFU/g) of
Salmonella enterica compared to the log reduction of Enterococcus faecium on
whole black peppercorns inoculated using the biofilm inclusion method. The gray
area shows the 95% confidence igterval.
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Figure 3. Log reduction (CFU/g) of Salmonella enterica compared to the log
reduction of Enterococcus faecium on whole black peppercorns inoculated using
the TSA-grown inoculation method
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Figure 4. Linear regression line and R’ value of the log reduction (CFU/g) of
Salmonella enterica compared to the log reduction of Enterococcus faecium on
whole black peppercorns inoculated using the TSA-grown method. The gray area
shows the confidence interval.
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Figure 5. Log reduction (CFU/g) of Salmonella enterica and Enterococcus faecium inoculated using
various methods onto whole black peppercorns processed using a lab-scale steam apparatus
associated with varying exposures to temperatures above 165°F. Each bar represents one run.
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Figure 6. Log reduction (CFU/g) of Salmonella enterica and Enterococcus faecium inoculated using
various methods onto whole black peppercorns processed using a lab-scale steam apparatus associated
with varying exposures to temperatures above 180°F . Each bar represents one run.
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Figure 7. Log reduction of Salmonella enterica compared to the log reduction of
Enterococcus faecium on cumin seeds inoculated using the TSA-grown inoculation
method
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Figure 8. Linear regression line and R’ value of the log reduction (CFU/g) of Salmonella
enterica compared to the log reduction of Enterococcus faecium on cumin seeds
inoculated using the TSA-grown method. The gray area shows the confidence interval.
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Figure 9. Log reduction (CFU/g) of Salmonella enterica and Enterococcus faecium inoculated
cumin seeds processed using a lab-scale steam apparatus associated with varying exposures to
temperatures above 165°F . Each bar represents one run.
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Figure 10. Log reduction (CFU/g) of Salmonella enterica and Enterococcus faecium
inoculated cumin seeds processed using a lab-scale steam apparatus associated with
varying exposures to temperatures above 180°F . Each bar represents one run.

Table 1. The cubic R’ value indicating the comparison between the log reduction
(CFU/g) of Salmonella and Enterococcus faecium on inoculated spices treated with

steam usine a cubic model.

Spice Inoculation Method Cubic R? Value
Pepper Biofilm Inclusion
0.643
Pepper TSA-grown
PP s 0.741
Cumin TSA-grown
0.378
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CHAPTER 4: THE INACTIVATION OF SALMONELLA ENTERICA AND SURROGATE,
ENTEROCOCCUS FAECIUM, USING A COMMERCIAL ETHYLENE OXIDE
FUMIGATION PROCESS AND IMPROVED RECOVERY METHODS

ABSTRACT

In recent years, the microbiological safety and quality of spices has caused concern for
regulators and the food industry. Further processing using the chemical fumigant ethylene oxide
(EtO) is performed for many spices to reduce microbial populations and ensure a safe product of
high quality. Whole black peppercorns and cumin seeds were inoculated with a Sa/monella
cocktail or Enterococcus faecium NRRL B-2345 using TSA-grown cells, and the spices were
dried to ay 0of 0.30-0.36. Spices were packaged (5 1b) in polywoven bags (n=3 per spice) and
shipped to a commercial processor for EtO treatment using FDA approved spice treatment
parameters and returned by overnight shipment. Cells were enumerated by serial dilution and
plated onto TSA for aerobic plate counts or TSA with a thin overlay of XLT4 for Sa/monella, or
BEA for E. faecium. Additionally, supplementation with several compounds (sodium pyruvate)
+ yeast extract (0.6%) [NaYe], 3,3’-thiodipropionic acid [TDP], glycerophosphate [GP], ATP,
guanine [Guan], and magnesium [Mg]) previously shown to improve recovery of damaged
Salmonella was performed. EtO fumigation significantly reduced total aerobic plate counts for
whole peppercorns and cumin seeds. While ethylene oxide fumigation significantly reduced the
mean populations of Salmonella and E. faecium on whole black peppercorns and cumin seeds
(p<0.05), the distribution of inactivation of Sa/monella between bags varied between 2.02-8.34
log CFU/g and 2.62-9.85 log CFU/g for black peppercorns and cumin seeds, respectively.
Recovery of Salmonella was significantly reduced when plated onto XL T4 alone compared to

the overlay method with or without supplementation. Enterococcus faecium NRRL B-2354
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demonstrated effectiveness as a surrogate for the inactivation of Salmonella in whole black
peppercorns using ethylene oxide fumigation. However, that was not the case for the inactivation
of Salmonella in cumin seeds.

INTRODUCTION

Spices are used widely for their flavor enhancing characteristics. Typically, the low
water activity of spices restricts the growth of bacteria and fungi that are frequently associated
with the spice (132). Black peppercorns and cumin frequently contain between 2-6 log CFU/g,
these microorganisms are typically indigenous to the soil and plants from which they are grown
and may vary by production region (132). However, the microbiological quality can be further
compromised by cross contamination during production, potentially introducing human
pathogens (58).

Typical cultivation and harvest practices of spices may lead to contamination with
spoilage associated microorganisms or human pathogens resulting in declines in quality of ready
to eat or minimally processed foods. Preventing all sources of contamination is impractical,
therefore it is important to improve detection and validate methods for inactivation of pathogens
on spices. Currently microbial reduction strategies include gas fumigation with ethylene oxide
(EtO) or propylene oxide (PPO), irradiation and steam to reduce microbial load.

Based on data from processors, the American Spice Trade Association (ASTA) estimates
that between 40-85% of spices imported into the U.S. are treated with EtO each year (3).
Ethylene Oxide (C,H4O) is a colorless, flammable gas with a sweet smell. Ethylene oxide is
mixed with non-flammable gases such as nitrogen and carbon dioxide and is used as a fumigant

for sterilizing and disinfecting medical devices and other organic materials (i.e. spices, gums,
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starch, flour, yeast, and milk) (147). Studies using ethylene oxide have proven that it can achieve
a 90% reduction of aerobic bacterial populations on spices (155).

EtO is a direct alkylating agent of cellular constituents (nucleic acids and functional
proteins) of organisms, preventing cellular metabolism and reproduction, resulting in nonviable
microbes (31, 72, 116, 125, 128, 135, 150). Death of Sa/monella serovar Senftenberg 775W, a
serotype known for its extreme resistance to thermal processing, displayed first order kinetics
when exposed to EtO vapor (117). Many factors contribute to the efficacy of the fumigation
treatment: concentration of EtO, temperature, relative humidity of environment, and moisture
content. The Food Quality Protection Act Tolerance Reassessment Decision Document (57) was
developed by the EPA and includes the tolerances for EtO and its reaction product, ethylene
chlorohydrin (ECH) residues, which are 7 and 940 ppm on spices, respectively. All commercial
processors of spices must use process parameters during EtO fumigation that will not result in
exceeding the residual limits set by the EPA. Since 2008, any spice treated by EtO in the United
States must follow the directions on the EtO label (3).

Although EtO has been used for decades, the effectiveness of standard ethylene oxide
process parameters against Salmonella enterica on whole spices is not readily available in
scientific literature. Furthermore, the efficacy of recovery on selective media of Salmonella
enterica cells injured by Eto, has not been reported. Use of overlay methods as well as addition
of nutrients, free radical scavengers and chemical compounds that aid in the repair damaged
cellular components have all been reported to improve recovery of sub-lethally stressed
Salmonella from processed foods (13, 48, 74, 76, 86, 144, 165). Repairing injured cells avoids an
underestimation of microbial populations as the cells may repair themselves if returned to a

favorable environment such as a ready to eat food (129).
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The objective of this research was to examine the effectiveness of commercial treatment
of whole black peppercorns and cumin seeds with ethylene oxide on the survival of total aerobic
bacteria, Salmonella enterica, and Enterococcus faecium NRRL B-2354 as well as the
subsequent recovery of sub-lethally injured Salmonella after processing.

MATERIALS AND METHODS

Bacterial strains and growth conditions
Three Salmonella enterica serovars were obtained from low-a,, foods (Tennessee, K4643 human
isolate from 2010 peanut butter associated outbreak, ,Ball ARL-SE-085 isolated from black
pepper in 2011, and Johannesburg ARL-SE-013 from dried ginger in 2010).. Enterococcus
faecium (NRRL B-2354, ATCC strain #8459) was obtained from American Type Culture
Collection (Manassas, VA). Individual stocks were maintained at -80 °C in glycerol stocks.
Strains were resuscitated by streaking onto Tryptic soy agar (TSA, Becton Dickinson, Franklin
Lakes, NJ) incubated at 37°C for 24 h. One single colony was then transferred onto Xylose-
Lysine-Tergitol 4 (XLT4, Becton Dickinson, Franklin Lakes, NJ) for each Sa/monella strain or
Bile Esculine Agar (BEA, Becton Dickinson, Franklin Lakes, NJ) for Enterococcus faecium and

incubated at 37°C for 24 h. Following incubation, a sterile 1- 1 L loop was used to collect a

single colony from each plate (one colony of each strain) and placed in 10 mL Trypic Soy Broth
(TSB) (Becton Dickinson, Franklin Lakes, NJ). The individual cultures were incubated at 180
rpm, 37°C for 24 h.

Spice varieties and sources
Whole black peppercorns and cumin seeds were provided in bulk by a major national spice
processor. Spices were not processed before arrival.

Wet inoculation with Salmonella and E. faecium grown on TSA
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The following method was adapted from the method developed by the Almond Board of
California for inoculation of almonds for process validation (148). Briefly, each strain was
spread onto 1- 150 x 15 mm (BD Falcon, Franklin Lakes, NJ) large Tryptic Soy Agar (TSA)
(Becton Dickinson, Franklin Lakes, NJ) plates and incubated at 37 °C for 24 h. Cells were
harvested from each of the three plates and placed in three separate sterile conical tubes by first
applying 5 mL 0.1% (w/v) PT buffer to each plate and scraping colonies into suspension using a
sterile cotton swab, and then 4 mL 0.1% (w/v) PT buffer to get any of the remaining cells. For
Salmonella, the suspensions were combined in comparable volumes corresponding to similar
CFU of each strain; creating a 20 mL liquid culture Sa/monella cocktail. For E. faecium, this was
not necessary because only one strain was used. The suspensions were then transferred into 27
oz. sterile Whirl-Pak bags containing either 50 g of dry whole peppercorns or 50 g of dry cumin
seeds and hand massaged for 1 minute to evenly coat the spice. After inoculation, both spices
were arranged in a single layer on sanitized 13 in. x 9 in. aluminum foil covered baking sheets
and placed in a biological safety cabinet for 24-48 h until the spices reached an a,, 0of 0.3-0.5 at
room temperature. Peppercorns and cumin seeds were determined to have an a,, 0of 0.30-0.36
prior to inoculation. Water activity of whole peppercorns (5 g) and cumin seeds (4 g) was
determined by using an AqualLab 4TE water activity meter (AquaLab, Pullman, WA).
Packaging methods
The dried, inoculated spices (40g cumin, 50g peppercorn) were individually packaged within
muslin drawstring sachets (4 x 6 in.) and placed within a larger polywoven polypropylene bag
that was filled with 51lbs of non-inoculated spice. Each polywoven bag (n=3 per spice) contained
sachets of spice inoculated with either Salmonella (n=9) or Enterococcus (n=9). The bags were

packed in insulated boxes and shipped overnight to a commercial processor for EtO treatment.
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Prior to treatment the polywoven bags were removed from the shipment box and placed in a full
size (4-pallet chamber).

EtO treatment
Spices were treated in a commercial facility using the standard operating procedures typically
used by this facility. The 5-1b bags of spices (n=8) were placed into a one pallet capacity
chamber and put through five nitrogen pulse cycles (130°F) to remove oxygen as well as
increase the temperature in the chamber. Following the nitrogen pulses, ethylene oxide (20%
EtO in 80% CO,) was injected into the chamber (130 + 3.53°F) and held for 325 min, at 130 +
7.64°F. The EtO dwell was followed by 21 steam washes (SP=125 £ 7.64°F) and four nitrogen
pulse cycles (SP=125 + 7.07°F) to complete remove residual EtO.

Enumeration methods
Enumeration of total aerobic bacteria, Salmonella or Enterococcus faecium was performed
according to the following method. Spice samples (10 g) were transferred into a sterile filter bag
along with 90 mL of sterile PT and blended in a lab blender (Interscience BagMixer, Guelph,
Ontario) for 60 seconds. The liquid was vacuum filtered through #4 qualitative filter paper
(Whatman, GE Healthcare, Pittsburgh, PA) to remove any spice particles. The filtered
supernatant was serial diluted in sterile PT buffer and enumerated by plating onto TSA in
quadruplicate. Two of the plates were used for aerobic plate counts while the other 2 TSA plates
were overlaid with 7 ml of XLT-4 (Salmonella) (86) or bile esculin azide agar (BEA,
Enterococcus faecium) after a 3 h incubation at 37 °C. All plates were incubated at 37°C for 24

h before enumeration.
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Supplementation to improve Salmonella recovery
Supplements were tested in combination with overlay using the traditional overlay method
described above. TSA was supplemented with sodium pyruvate (Fisher Scientific, Fair Lawn,
NJ) (9.09 mmol) + yeast extract (Becton Dickinson, Franklin Lakes, NJ) (0.6%) [SPY], 3,3’-
thiodipropionic acid (Acros Organics, NJ) (5.6 mmol)[ TDP], glycerophosphate (MP
Biomedicals, Solon, OH) (10 mmol)[GP], ATP (Sigma-Aldrich, St. Louis, MO) (8.34 mmol),
guanine (Sigma-Aldrich, St. Louis, MO) (64.5 mmol)[GU], and magnesium (Sigma-Aldrich, St.
Louis, MO) (52.5 mmol) [MG]. The overlay XL T4 media did not contain any additional
supplements and was applied as described above. All plates were incubated at 37 °C for 24 h
prior to enumeration.

Statistical Analysis
Bacterial counts were log transformed prior to statistical analysis. Statistical analyses were
performed using JMP (version 11, SAS, Cary, NC) statistical software. The effect of EtO
fumigation on the log CFU/g reduction of total bacteria, Sa/monella or E. faecium were
compared within spice using an ANOVA test followed by a Tukey’s post-hoc test. Results are
recorded using the standard deviation. Differences among media and supplements used for
recovery were examined for level of significance by Tukey’s HSD test. P<0.05 were considered
significant.
RESULTS

Total aerobic plate count (APC).

The mean of the initial total aerobic bacteria of non-inoculated spices was 9.35 log CFU/g and
8.73 log CFU/g for whole peppercorns and cumin seeds, respectively when plated on TSA. No

colonies with characteristic black centers indicative of Salmonella appeared on XLT4 plates
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from non-inoculated spices. No dark brown/black colonies indicative of Enterococcus appeared
on BEA plates from non-inoculated spices. EtO fumigation significantly reduced total aerobic
plate counts by 3.42 + 0.38 log CFU/g and 2.87 £ 0.06 log CFU/g for whole peppercorns and
cumin seeds, respectively (results not shown).
Inactivation of Salmonella and E. faecium

While ethylene oxide fumigation significantly reduced the mean populations of Sa/monella and
E. faecium on whole black peppercorns and cumin seeds (p<0.05), the distribution of inactivation
variable between bags (Figures 1 and 2). In general, reductions of Salmonella on peppercorns
(6.62 £ 0.62 log CFU/g) were significantly greater than those for Enterococcus (p=0.05, 2.96 +
0.62 log CFU/g) (Figure 1). For all inoculated peppercorns samples, the inactivation of
Salmonella after EtO treatment was greater compared to E. faecium. Reductions of Salmonella
and Enterococcus on cumin seeds were not significantly different (p=0.33, 4.9 and 4.6 log
CFU/g, respectively) (Figure 2). In bag D, the mean log reduction CFU/g of Enterococcus was
greater than that of Salmonella on cumin seeds subjected to EtO.

Recovery of Salmonella subjected to EtO treatment using overlay and various
supplements
Salmonella inoculated peppercorns treated with ethylene oxide showed no significant differences
between supplements and overlay alone but both supported greater (P < 0.05) recovery of
Salmonella compared to XLT4 alone (Figure 3 and 4). For cumin treated with ethylene oxide
overlay was the best recovery medium (5.82 CFU/g) with GP (5.73 CFU/g) the most effective
supplement (Figure 5 and 6). The overlay was significantly better (P < 0.05) than the least
effective supplement, ATP (5.44 CFU/g). Overlay and all the supplements were superior to
XLT4 alone (4.96 CFU/g).
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DISCUSSION

The FDA considers a 5-log reduction as appropriate for risk management purposes for
some foods such as almonds (50). EtO fumigation was able to achieve an average 5-log
reduction of Salmonella enterica inoculated whole black peppercorns. However, not all sachets
containing the inoculated spices achieved comparable reductions between the replicate
polywoven bags. The sachets were centrally placed in the bags before shipping and were
surrounded by spices on each side. However, the sachets were not anchored in place and may
have shifted during shipping and handling. Instructions were provided to place each 5-1b
polywoven bag flat on the floor of the chamber in a single layer prior to processing. We expect
that the exposure to EtO was not uniform between the polywoven bags and therefore had an
influence on the reduction of Salmonella and Enterococcus faecium.

Ethylene oxide must be able to diffuse into pores and/or through packaging materials to
be effective (113, 130). The main concern when choosing packaging is not only the heat and gas
permeability but also the absorption of EtO and byproducts ethylene glycol and ethylene
chlorohydrin (91). In the medical industry, medical papers and nonwoven materials such as
Tyvek (manufactured by DuPont) or ultra-high molecular weight polyethylene (UHMWPE)) are
used because they are porous and do not absorb EtO residuals due to large surface areas for them
to evaporate off the material (113).

Spices are packaged in bulk for ethylene oxide processing using many different materials
and sizes. There is no guideline or standard for packaging; however, spices should be placed in
breathable packaging that allows for EtO penetration (146). Common materials used for the bulk
packaging of spices include materials such as, high-density polyethylene (HDPE) containers or
drums, burlap bags, woven polypropylene bags, and cardboard boxes. In similar sterilization
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processes using propylene oxide (PPO) fumigation of almonds, it is suggested that bulk
containers such as fiberboard bins and unlined boxes are used because gas cannot penetrate
plastic bags and metal containers (51). The effectiveness of ethylene oxide sterilization is
greatly influenced by the ability for the process to force the gas into the package and contact the
product (113). In these experiments we chose a polypropylene woven bag that has good gas
penetration, the gas needed to then penetrate the surrounding spices and a highly permeable
muslin sachet to contact the inoculated spices within the center of the bags. The differences in
the inactivation between the bags likely reflects different locations within the bags and the
presence of the spice may have influenced the penetration. Upon return some of the sachets
were located at the outer edges of the bags suggesting these sachets were exposed to more gas
than the sachets that remained in the middle of the container. Due to company regulations the
spices had to arrive by shipment and researchers could not be present for placement or
unloading. As a result no data loggers were placed in the product and the temperatures and gas
reported are those measured for the chamber itself.

Surrogate microorganisms are utilized by the industry to validate the effectiveness of
control points (124). Enterococcus faecium NRRL B-2354 has been used as a surrogate for
Salmonella species in products such as extruded carbohydrate-protein meal, dry roasted almonds,
and moist-air convection treated almonds (1, 26, 83). A conservative surrogate should
demonstrate a higher resistance to processing than the target pathogen; therefore a smaller log
reduction would be expected of the surrogate. In this instance, Enterococcus faecium
demonstrated smaller log reductions (greater recovery) than Salmonella when inoculated onto
whole black peppercorns. In contrast, the log reductions were similar and in one replicate larger

for Enterococcus faecium when inoculated onto whole cumin seeds indicating it is lee suited as a

52



surrogate for ethylene oxide treated cumin seeds. Differences in the food matrix can influence
the effectiveness of a surrogate microorganism. In a wheat-based product heated at two different
temperatures (160°F and 200°F), Enterococcus faecium NRRL B-2354 demonstrated a lower
heat resistance than the target pathogen, Salmonella (99, 101, 102). These results indicated that it
would not be an effective surrogate for the inactivation of Salmonella using this thermal process
in wheat-based products. It is important to note that just because whole black peppercorns and
cumin seeds are both spices, they have very different properties. Whole black peppercorns are
spherical black, to dark brown dark berries and are between 4.25 and 6 mm in size, whereas
cumin seeds are oval in shape, have 4-5 ridges, and are typically 5 mm in size (5, 6).

The recovery of Salmonella was improved by application of an overlay approach where
damaged cells were provided a three-hour period to repair some damage before the overlay of
selective media to be applied. Repair of Salmonella injured by ethylene oxide treatments was
not notable concerning supplementation providing better repair than overlay alone. In fact, no
benefit from supplement addition was apparent, as the recovery was comparable to the non-
supplemented overlay for peppercorns and cumin seeds. Glycerophosphate recovered the highest
number of cells on peppercorns and was also the best supplement for cumin seeds. In contrast,
ATP showed limited ability to repair cells injured by ethylene oxide compared to the other
supplements and overlay alone but was still significantly higher than XLT4 alone. Validation
studies generally require a process to elicit a specific log reduction to be considered successful. If
results are obtained using a selective medium like XL T4 a population reduction could be
overestimated by a log or more as shown in Figures 3 and 4. This could lead to an erroneous
declaration that product is safe and may lead to illness as injured cells that cannot resuscitate

themselves on XL T4 will revive themselves if exposed to a nutrient rich environment.
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Supplements were selected based upon the mechanism of action of ethylene oxide. The
high energy molecule readily alkylates DNA, RNA, and proteins, impeding normal metabolic
functions which inhibits reproduction, rendering cells inactive (30). TDP and sodium pyruvate
are known to be antioxidants, scavenging reactive oxygen species that may further damage
injured cells (115). These supplements were shown to provide greater recovery of heat injured
Salmonella in egg albumen (74). Glycerophosphate is a metabolic intermediate included to
support the metabolism of injured cells and has been shown to mediate 90% recovery of
Salmonella injured in hot water bath (48). Guanine, magnesium, and ATP were selected in order
to aid in the repair or creation of DNA and RNA. Magnesium (Mg2+) are important in the
stability and function of ribosomal subunits (94, 163). Tween 80 combined with Magnesium
resuscitated 36% of freeze damaged Escherichia coli. ATP was included because it provides
energy essential to the DNA replication process. Guanine was selected to replace ethylene oxide
adulterated guanine as it has the highest affinity for reaction with EtO (30).

It was expected that the addition of supplements to overlay would facilitate further repair
beyond what was conceded with overlay alone. It has been shown, in an assortment of foods
subjected to heat and cold shock, that supplemented media aids recovery of injured bacterial
cells (48, 74, 115, 119, 151). It has also been noted that overlay techniques can aid the repair of
injured cells (76, 87, 144, 165). In this case, the anticipated synergistic effect was not observed
when combining overlay and supplementation. Perhaps the overlay alone recuperated those
injured cells that were not beyond the point of recovery so that supplements were unnecessary.
Due to the experimental methods used, it cannot be determined if supplementation independently
would have provided the same recovery effects as overlay alone. The EtO mechanism damages

similar cellular components as temperature shock but inactivates them by chemical addition as
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opposed to denaturation and puncturing membranes; this could explain why supplements that
were proficient aids to recovery of temperature injured cells were not as helpful to cells injured
by EtO.

In order to provide appropriate risk management for a process, the FDA suggests
achieving a 5-log reduction of a target pathogen for every sample. Treatment of whole black
peppercorns using ethylene oxide fumigation resulted in a mean 6.6 + 0.62 CFU/g log reduction
of Salmonella enterica. However, a 5-log reduction was not achieved for each sample analyzed
(Figure 1). Likewise, the desired 5-log reduction did not occur with Salmonella inoculated
cumin seeds for every sample (Figure 2). Enterococcus faecium inoculated cumin seeds
demonstrated a greater log reduction CFU/g than Salmonella, indicating that E. faecium is not an
ideal surrogate for EtO treated cumin seeds. There was not a significant difference in the
reduction of Salmonella and E. faecium inoculated whole black peppercorns. The recovery of
Salmonella on whole black peppercorns and cumin seeds treated with EtO fumigation was
improved when supplements were used as compared to XLT4 alone.

Further research on the inactivation of Salmonella enterica inoculated whole black
peppercorns and cumin seeds is necessary. Sachets should be set in place within the polywoven
bags so that they are unable to shift during shipping and handling. The placement of bags in the
EtO chamber during treatment should also be documented. More importantly, the fluid dynamics
of ethylene oxide should be further investigated. Further studies should also explore the specific
damage that cells experience when subjected to such treatments. Subsequently supplements

particular to those damages can be utilized to optimize recovery.
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Figure 1. Log reduction of Salmonella and E. faecium inoculated whole black peppercorns in three

different 5-1b bags (A,B,C) each containing 3 replicates per microbe using EtO fumigation. Each symbol

represents one sachet located within the 51b bag.
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Figure 2. Log reduction of Salmonella and E. faecium inoculated cumin seeds in three different 5-1b
bags (D,E,F) each containing 3 replicates per microbe using EtO fumigation. Each symbol
revresents one sachet located within the 51b bae.
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Figure 3. Comparison of supplements on recovery of Salmonella on peppercorns subjected to
ethylene oxide fumigation (n=4), error bars indicate standard deviation from the mean
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Figure 4. Comparison of supplements on recovery of Salmonella on cumin seeds subjected to
ethylene oxide fumigation (n=4), error bars indicate standard deviation from mean.
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CHAPTER 5: CONCLUSIONS AND FUTURE RESEARCH

The purpose of this research was to determine the effectiveness of a lab-scale steam
apparatus and commercial ethylene oxide fumigation treatment on the inactivation of Salmonella
enterica inoculated whole black peppercorns and cumin seeds. Likewise, the inactivation of
Salmonella was compared to that of a surrogate microorganism, Enterococcus faecium NRRL B-
2354, to determine its validity as a surrogate for the pathogen during these processes. The
research concluded that Salmonella cells inoculated onto whole black peppercorns using the
biofilm inclusion method were more resistance to steam treatment than the TSA-grown
inoculation method. There was no significant difference in the inactivation of Sa/monella and E.
faecium biofilm inclusion inoculated whole black peppercorns. However, there was a significant
different in the log reduction of Salmonella and E. faecium when peppercorns were inoculated
using the TSA-grown method. For cumin seeds, there was no significant difference in the
reduction of Salmonella and E. faecium when treated using the lab-scale steam apparatus. Based
on these results, Enterococcus faecium NRRL B-2354 is a conservative surrogate for Salmonella
enterica serovars inoculated whole black peppercorns and cumin seeds using these parameters
and this lab-scale steam processing equipment.

Whole black peppercorns and cumin seeds were inoculated with a cocktail of Salmonella
enterica serovars and Enterococcus faecium NRRL B-2354 and packaged in 5-1b polywoven
polypropylene bags before being treated using a commercial ethylene oxide fumigation process.
The research concluded that ethylene oxide fumigation significantly reduced the mean
populations of Salmonella and E. faecium on both whole black peppercorns and cumin seeds
(p<0.05). However, the inactivation distribution varied between bags. For all peppercorn

samples, the inactivation of Salmonella was greater than that for E. faecium. The reductions of
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Salmonella and E. faecium on cumin seeds were not significantly different. While inactivation
of Salmonella and E. faecium were similar, the inactivation of E. faecium was not consistently
lower than Sa/monella for cumin seeds, which indicates limitations on its applicability as a
surrogate for all process parameters and spices.

For future research on the inactivation of Sa/monella inoculated spices using a lab-scale
steam apparatus, modifications should be made to the apparatus and steam generator so that a
more consistent process can be achieved. Likewise, an internal pressure gauge connected to a
data logger recording at a minimum of one-second intervals should be used. The internalization
of Salmonella in spices and ways to inactivate the pathogen once it has internalized should also
be studied.

To determine the effectiveness of a commercial ethylene oxide fumigation process on the
inactivation of Salmonella in spices, more replicates should be performed. During these
replicates, inoculated spice bags should be set in place and documented to better understand the
penetration of ethylene oxide into spices. It would also be beneficial to investigate the gas

penetration of common spice bulk packaging materials at various sizes.
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