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ABSTRACT

Although the rendering process serves as invaluable means for the disposal of
inedible animal by-products, the finished products often harbor pathogenic and
opportunistic microorganisms suchalmonellaand enterococci, respectively. The
temperatures used during the rendering process far exceed the heat tdheeshoddt of
most bacterial species, so cross-contamination from the environment and/drdrom t
incoming raw material is the proposed source of the contamination. Research has
demonstrated that the raw material coming into the rendering facihitghsy
contaminated with pathogenic bacteria includdamonellaWhile not in a rendering
facility, studies have also demonstrated that bacteria susalia®nellacan persist on
food processing equipment and be transferred into the product upon contact. The
objectives of this study were to: 1) isolate and charact8ammonellaand enterococci
from finished animal by-products, 2) produce and optimize a bacteriophage cocktail
againstSalmonella 3) apply the bacteriophages to red8a¢monelldevels on
environmental surfaces found in a rendering facility and in raw offal, and 4) use the
bacteriophage as a feed additive to reduce or pr&adntonellanfection in mice.

To determine the prevalence@dimonellaand enterococci, two hundred finished
meals provided by various rendering facilities across the U.S. wereadalyhile the
animal meals were shown to not be a suitable environment for bacterial growstu(eoi
content 1.9 to 11.5%), these products did contain enterococ&8asmbnella
Enterococci were detected in 83% of the samples and accounted for up to 54% of the

total bacterial count, which ranged from 1.7 to 6.8 log CFU/g. Characterization of the



enterococci isolates revealed that only 3 isolates were resistant tonyama (32

pag/ml). PCR analysis revealed that none of these 3 VRE isolate&wfaexalisor E.
faecium In addition, no VRE isolates were of tilanAor VanBtype, which confer the
highest levels of resistance to vancomy8almonellan = ? ) was isolated from 8.7% of
the finished meal samples. There were&SaBnonellaserotypes identified among the
isolates with 16 pulse field gel electrophoresis (PFGE) patterns. Thetarance

studies revealed that theSalmonellasolates had D-values of 9.27-9.99, 2.07-2.28, and
0.35-0.40 min at 55°C, 60°C, and 65°C, respectively.

As a means to prevent or redi@&monellacontamination, bacteriophages were
isolated from raw chicken offal that would be used for rendering. Bacteriopages
isolated by using th8almonellaspp. isolated previously from the finished meals as the
host bacteria. For further study, five of the isolated bacteriophages (n =ere 3elected
to produce a cocktail for bacteriophage treatment studies. The selection wherbase
which bacteriophage had the highest lytic activity against 5 pre-deter®ahmonella
serotypes, i.e., Enteritidis, Idikan, Johannesburg, Mbandaka, and Typhimurium. Prior to
bacteriophage treatment studies, the optimal bacteriophage cocktail cornme mieet
determined by multiplicity of infection (MOI) optimization. Initial resuihdicated that
an actively growing culture is needed for lytic activity of bacteriopbagéen using an
actively growingSalmonellecocktail, the effectiveness of the bacteriophage cocktail was
shown to increase by raising the MOI from 1 to 10, whereas MOI of 50 didn’t enhance
the lytic activity further. MOI optimization also revealed that resistastrains of the

Salmonellaspp. are selected for quickly (12 h), but that the lytic activity of the



bacteriophage treatment is easily extended through the addition of a different
bacteriophage cocktail at the 12 h mark.

The optimized bacteriophage cocktail was able to successfully rédiroenella
levels on all tested environmental surfaces (HDPE plastic, cement, rulbabdess
steel). Treatment dalmonellecells attached to the environmental surfaces resulted in a
2 log CFU/cn reduction at 40° and 30°C, and ca. 1 log CFU/@duction at 20°C on
all surface materials. The presence of an organic layer on the surfadeihtachi levels
of reduction, indicating the organic material does not interfere with theriogpttage’s
lytic activity. Treatment of the single species biofilm resulted in €3.2L3, and 1 log
CFU/cnf reduction inS.Enteritidis H4717%opulations on all surface materials at 20, 30,
and 40°C, respectively, as compared with ca. 0.5, 1.5-2, and 0.5 log Crgdtrotion
in S.Enteritidis populations of the double species biofilm under the same experimental
condition.

In addition to the surface materials, the bacteriophage cocktail was shown to
reduceSalmonelldevels in raw chicken offal. When treating irradiated raw offal that was
artificially contaminated with th8almonellacocktail (1§ CFU/g), the bacteriophage
cocktail reduce®almonelldevels by ca. 2.0, 2.7, and 2.5 log CFU/g at 20°, 30°, and
40°C, respectively. The bacteriophage was also capable of re@aimgnelldevels to
the same degree, i.e., ca. 2.0, 2.2, and 2.2 log CFU/g at 20°, 30°, and 40°C, respectively,
in the non-sterile raw chicken offal at the presence of background microorganisms.

The bacteriophage cocktail was also evaluated as a feed additive. The

bacteriophage cocktail was lyophilized and added into the animal meals (blood, feather



and poultry), which were artificially contaminated with a five-st@atmonellacocktail

at initial level of ca. 1DCFU/g. A series of dehydration studies revealed that the addition
of dehydrated bacteriophages to finished meals does not reduce the eaiphohella
present upon rehydration; however, there was an observable difference between those
samples containing the bacteriophages and those that did not after 12 h of rehydration,
with those containing the bacteriophages having lower lev&slafionellgca. 2 log

CFUlqg difference ??). Our results also revealed that the bacteriogitkt@ilts stability

was reduced quickly when applied in a dehydrated form. The concentration of the
dehydrated bacteriophage decreased by 1.5 log PFU/g within the rendered maal over
week period at 30°C. However, the stability of the bacteriophage was maintained well
when the bacteriophage was added to the animal feed in liquid form and stored under
refrigeration conditions (4°C). Under these conditions, the bacteriophage cscktail
concentration decreased by 0.23 log PFU/g over a 4 week period.

The liquid bacteriophage was then supplemented into animal feed and given to
mice during an animal trial. The mice that had been given a diet containing the
bacteriophage for a period of a week prio6amonellanoculation were not infected as
evidenced through fecal sampling. These mice she&himonellan their feces over a 4
week period. Mice that had not been given the diet supplemented with the bacteriophage
shedSalmonellan their feces for a period of 2.5 weeks. Histological analysis of the liver
and intestine also indicated no observable signs of inflammation in those micehgiven t
bacteriophages. In mice not receiving the bacteriophage treatment, venbaois, dila

cholangiohepatitis, and monocytes in the portal areas were observed in the liver.



Our results indicate that ti&almonellacontamination of finished rendered meals
is likely the source of cross-contamination between the environment or the inqamving
material and the finished products. The risk for cross-contamination may bededuc
through the use of bacteriophage treatment which was found to reduce ca. 99 to 99.9% of
Salmonelldevels on both the environmental surfaces and raw material. The
bacteriophage cocktail was also found to have the potential to be used as a feed additive
to reduce pathogen levels within an animal host when added to the feed in liquid form

just prior to consumption.

Vi
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CHAPTER ONE
LITERATURE REVIEW
The Rendering Industry: An Overview

In the U.S. alone, approximately 100 million hogs, 35 million cattle, and eight billion
chickens are slaughtered for consumption annually (Meeker and Hamilton, 2006)adkitla
large amount of by-products which include, skin, hair, hides, hoofs, horns, feet, heads, bones, toe
nails, blood organs, glands, intestines, muscle and fat tissue, feathers, stielis@ane
instances an entire carcass. On average, approximately 50% of an andfal fsed
production (meat, milk, and eggs) is not consumed by humans. To break it down further,
“approximately 49% of the live weight of cattle, 44% of the live weight of pigs, 37¥%edie
weight of broilers, and 57% of the live weight of most fish species are mateoiatonsumed
by humans” (Ockerman and Hansen, 1988; Meeker and Hamilton, 2006). The increasing use of
pre-packaged and ready-to-eat (RTE) meat products has further increased theoAmatenial
intake for rendering over the past few years. Currently, the U.S. has an apieoraw material
intake of 54 billion pounds per year as compared with ca. 5 billion pounds of raw material in
Canada. The composition of these raw materials is reported to be 60% water, 208@apbtei
mineral, and 20% fat (Meeker and Hamilton, 2006). These materials spoil quicklyeamdtdy
contaminated with microorganism including those that are pathogenic to humarfsy¢here
rendering is a fast and efficient way of disposing of these materialsiamdaging the
microorganisms from the finished product (Meeker and Hamilton, 2006; Aird and Spragg, 2005).
The rendering process breaks down these animal by-products (those not faritable
human consumption) by physical and chemical manipulation. In general thereraratégories
of rendering systems: wet rendering, batch rendering, dry continuous, and continuous low-
temperature rendering (Ockerman and Hansen, 1988). All rendering methods tee heat

1



thoroughly cook the material followed by moisture removal and fat extraction. Mipertature
used and the length of application are crucial to the quality of the finished pratthotigh
both factors vary depending on the raw material being processed, the renderingipvotess
a set of general steps regardless of the raw material. Initibigvamaterial is transported to an
area in the facility where it is ground and fed onto a conveyer that transpottstite cooker.
The cooking process typically lasts for 40-90 minutes at 115° to 145°C (Meeker andbHamilt
2006). Once the material has been thoroughly cooked, the melted fat is separdted and t
majority of the moisture is removed. This separation of fat is performed in a elessel using
a screw press. The remaining material, “cracklings”, is ground furthdramnddditional
moisture removed (Ockerman and Hansen, 1988). When the “cracklings” have been ground to
sufficient size particles, both the processed protein meal and fatreeteansferred to a storage
facility or shipped out to a consumer (Meeker and Hamilton, 2006).

There are approximately 300 rendering facilities in North Ameriba.réndering facility
processes the inedible animal by-products into many valuable products, tise dérgkich is
meals used as supplements in animal feed. The type of meal is dependent on tateraahiim
is produced from. There is a wide range of meal types which includes meat and bonesiatteal, m
meal, poultry meal, hydrolyzed feather meal, blood meal, and fish meal (Meekeiaanilton,
2006). A breakdown on the application of two meal types (meat and bone meal and blood meal)

is presented in Table 1.1.



Table 1.1 Domestic use of animal proteins by various animal species

Meat and Bone Meal Blood Meal

Species fed Million pounds Percentage Million pounds  Percentage
Ruminants 567.4 10 158.55 70
Swine 737.6 13 45.3 20
Poultry 2439.6 43 22.65 10

Pet food 1304.9 23 - -

Other 624.1 11 - -

Total 5673.5 100 226.5 100

1 (Sparks, 2001)

Rendering Processes

Modern rendering facilities have made vast improvements in the technoldgy a
processes used over the past several years. Current facilities areatedsto as to separate the
incoming raw material from other areas of the facility such as the pnoges®l storage areas.
The rendering process is controlled by a computer system that regulats pleeature, time,
and in some cases pressure during processing. The technology ensures thvatiiddenal
receives sufficient treatment to achieve thermal kill time requiresrienthe pathogenic
microorganisms. In the mean time, it prevents overheating of the mathrcdl will lead to a
decrease in the nutritional value and digestibility of the finished product (Mae&diamilton,
2006).

Essentially there are two major types of rendered processingnadelry rendering. In a
wet rendering system, there is high moisture content in the finished product, whicn may
not be dried. This form of rendering is primarily used for the production of ediblaridtoils.
Early wet rendering systems were of simple design and involved cooking thewfabpen kettle
heated over a wood fire or hot coal. The fat would rise to the top and was skimmed off

(Anderson, 2006). Current methods for wet rendering include loading the raw materaal i



vertical digestor where steam is injected into the material through tloegted plates in the
digestor. This method of rendering is being gradually phased out due to severamlizges
including: long cooking times, labor intensive, and up to 25% of the meal can be lost during
processing (Ockerman and Hansen, 1988).

Dry rendering systems are the most common form of rendering used todagnBeyimg
is accomplished through one of two system designs, batch rendering or continuotisgende
The use of batch cooking rendering systems began to be universally used during paetlater
the twentieth century. A batch system is designed to be “loaded, processedcengage dry,
and then discharged for fat separation” (Anderson, 2006). In a batch system, a batchaiooker
be used to cook, dry, hydrolyze, or process raw material. Originally, large piearimal meat
or offal would be pressure cooked in a batch system prior to drying, which would make the
bones softer and easier to handle. Modern patrticle reduction technology hastetirtheaneed
for pressure cooking, but it is still used in Europe as means to further reduce bovintospongi
encephalopathy (BSE) causing prions. Pressure cooking is being used in thenyatdssr
and feathers to make the associated proteins more digestible. For exaeptessure is needed
to break down the bonds in the keratin proteins found in feathers. While chemicals could break
the bonds post-processing by 100%, the chemicals also destroy the amino acidsdpiroduc
protein degradation (Anderson, 2006). While batch systems do offer the major advantage of
being able to cook, pressurize, and sterilize within the same vesicle, it ladigaatvantages
than continuous rendering systems. These disadvantages include: the meat basewldby/-pr
must be cut and washed which adds ca. 35% to the moisture content, problems processing
gelatinous material, the material is not contained in enclosed vesiclasgntadisceptible to

contamination, labor intensive, and inefficient drying (Ockerman and Hansen, 1988).



Continuous rendering has undergone many structural changes over time. One of the
earliest continuous systems developed was the Anco Strata-Flow systenysiédns was
composed of batch cookers that had been modified and linked together to form a continuous
processing system with each batch cooker responsible for a specific@Egpeatendering
process. Since then, several adaptations have been made to the design includingghe DUK
Carvo-Greenfield, Atlas, and the Stord-Bartz systems (Anderson, 2006). Regafithe
design, the flow of raw material through a continuous rendering systemsartiee Initially, raw
material is transferred into a grinder where the material is ground intbustiiarm particles.

The particles are then transferred into a continuous cooker where theytacktbed 8-145°C

with steam. Once the material has been adequately cooked, the liquid fat and solal arat
separated using a drainer conveyor. The solid material is fed into a scesvigqreduce the fat
content to ca. 10-12%. The solid material is then combined to form the finished meaing@c

and Hansen, 1988; Anderson, 2006). The continuous rendering system is outlined in Figure 1.1

(Anderson, 2006).
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Figure 1.1. Continuous Rendering System Outline
1 Available at: http://nationalrenderers.org/adflets_charts.pdf




Finished Rendered Products

Annually, the U.S. rendering industry produces ca. 11.2 billion pounds of protein and
10.9 billion pounds of fats. About 85% of these products are then used in the production of
animal feed ingredients (Meeker and Hamilton, 2006). The composition of thesedestiants
is defined by the National Research Council (NRC) or the Association of Aand¥aed Control
Officials (AAFCO), which puts out and updated manual annually with feed ingredieigliges
(Aird and Spragg., 2005). Table 1.2 outlines the nutrient composition of commonly used
rendered products. As of 2006, the AAFCO manual referenced ca. 125 individual animal by-
products produced in the U.S. (Meeker and Hamilton, 2006). Some major meal types are
discussed in detail in the following paragraphs.

According to AAFCO, meat and bone meal (MBM) is made from mammalian tissues
including the bone but excluding blood, hide, horn, hooves, stomach or rumen contents, or hair.
MBM must also have a phosphorus content of at least 4% and a calcium level less tima@s2.2 ti
the phosphorus level. If the phosphorus content is less than 4%, the meal is defined amameat m
(Meeker and Hamilton, 2006). In addition, the meal cannot contain more than 12% and 9%
indigestible pepsin residue and crude protein, respectively; however, in otheresosunth as
Australia the amount of indigestible pepsin is slightly higher at ca. 15% (Mae#&eHamilton,
2006; Aird and Spragg., 2005). MBM of poultry origin is used for all species of livestock;
however, ruminants cannot be fed meals that have been made from ruminant asioudlised
by the feed law passed by the FDA in 1997 (title 21, Code of Federal Regulatians, Par
589.2000) to prevent the transference of BSE (Meeker and Hamilton, 2006).

Poultry bone meal (PBM) by definition is composed from the cleaned cargassl|f

including the neck, feet, undeveloped eggs, and intestines. Some feathers are unavoidably



incorporated into the raw material, but in general the product is free of featiker8IBM, the
calcium level in PBM must not exceed the phosphorus level by more than 2.2 times the amount
(Meeker and Hamilton, 20006). The NRC has the calcium content listed at ca. 10.3% and the
phosphorus content at 5.1% (Aird and Spragg., 2005). PBM is usually of high quality with
essential amino acids, vitamins, minerals, and fatty acids, so it has been cgmseahto

produce pet grade feed (Meeker and Hamilton, 2006; Aird and Spragg., 2005).

The feathers not used to produce poultry meal can be used to produce feather meal
(FeM). The largest market for unused feathers is in meal production (OckermaarssehH
1988). A minimum of 75% of the meal’s crude protein must be digestible by pepsin. The
undecomposed feathers are cooked under pressure to break the keratin protein bonds, which
results in a feather meal that is free-flowing and easily digestildd bpecies of livestock
(Meeker and Hamilton, 2006). Typically the finished feather meal far extieedisgestibility
guidelines set by AAFCO, but digestibility in ruminant animals has been shoncréase
through the addition of urea to the meal (Ockerman and Hansen, 1988). A unique aspect of this
meal type is that it is an excellent source for sulfur containing amino paidisularly cystine
(Meeker and Hamilton, 2006); however, it is deficient in lysine, methionine, histidide, a
tryptophan (Ockerman and Hansen, 1988).

In addition to inedible animal parts and feathers, clean (free of hair, urine, aratistom
contents) blood from slaughtered animals can also be used to produce finished, rendered by-
products. Initially, blood is treated by removing a large amount of the moigtuned¢hanical
dewatering or turning the blood into a semi-solid state by coagulatinthistegam. In this
instance, the semi-solid masses are flash dried to rapidly removenhiaireg moisture content.

According to AAFCO guidelines, the minimum biological activity of lysinhim the finished



meal must be at least 80% (Meeker and Hamilton, 2006; Ockerman and Hansen 1988). During
the 1960s and 1970s, blood meal production was limited due to the vat-drying procedures which
significantly lowered the bioactivity of lysine. With newer methods of dryimg (or flash-

drying), blood meal not only has the highest amount of lysine but is the richest sounaieiof p

for animal feed as well (Meeker and Hamilton, 2006). The ring drying systebebashown to
increase the amount of biologically active lysine by ca. 34% and the amount af pso#®5%

in blood meal (Ockerman and Hansen, 1988).

Table 1.2 Nutrient composition of animal protéins

Meat and Bone Blood Feather Poultry
ltem Meal Meaf Meal Meal
Crude Protein % 50.40 88.90 81.00 60.00
Fat % 10.00 1.00 7.00 13.00
Calcium % 10.30 0.40 0.30 3.00
Phosphorus % 5.10 0.30 0.50 1.70
TMEN®kcal/kg 2666 3625 3276 3120
Methionine % 0.70 0.60 0.60 1.00
Cystine % 0.70 0.50 4.30 1.00
Lysine % 2.60 7.10 2.30 3.10
Threonin % 1.70 3.20 3.80 2.20
Isoleucine % 1.50 1.00 3.90 2.20
Valine % 2.40 7.30 5.90 2.90
Tryptophan % 0.30 1.30 0.60 0.40
Arginine % 3.30 3.60 5.60 3.90
Histidine % 1.00 3.50 0.90 1.10
Leucine % 3.30 10.50 6.90 4.00
Phenylalanine % 1.80 5.70 3.90 2.30
Tyrosine % 1.20 2.10 2.50 1.70
Glycine % 6.70 4.60 6.10 6.20
Serine % 2.20 4.30 8.50 2.70

1 (National Research Council 2004)
2 Ring or flash drie

3 TME = true metabolizable energy nitrogen corrected (Dale, 1997)
N



Microbiological Safety of the Rendering Process

In addition to producing a profitable end product, the rendering industry also plays a
major role in removing pathogenic microorganisms from the food chain. The effeeatmént
of pathogenic microorganisms in the incoming animal by-products has been documented by
some research (Troutt et al., 2001).

The incoming raw material serves as a reservoir for many pathdepeigria. Cattle
have been reported with a 23% contamination rateittoliO157:H7 (Smith et al., 2001), a
50% contamination rate withalmonellgTroutt et al., 2001), and a 39% contamination rate with
Cryptosporidium parvurfHuetink, 2001). Poultry has been reported with up to a 100%
contamination rate balmonellagCouncil of Agricultural Science and Technology, 1994).
Swine have been reported to be contaminated Satmonella46%) andYersina enterocolitica
(49%) (Swanenburg et al., 2001; Council of Agricultural Science and Technology, 1994).

One of the major microbial contaminants in finished feeghisnonellaAs mentioned
previously, the rendering process should effectively elimiSateonellaput one of the major
issues facing the rendering industry is cross-contamination from the incamingaterial
(Ockerman and Hansen, 1988). Once the meal is contaminateSaintionellajt is
incorporated into the finished feed given to livestock. This al®almonellao continuosly
enter the food chain. Several studies have been able to link c&amohellanfection in
humans to contaminated animal feed. Boyer et al. (1958) established a linkrbeénagpes of
Salmonellaecovered from humans and animals to feed ingredients and animal feed. A year
later, Watkins et al. (1959) was able to recover 28 different serotyf@adobnellarom 18.5%

of animal by-products sampled. Pomeroy et al. (1961) expanded on Watkins work kyngpllec
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samples from 22 states across the United States. InSataipnellavas identified in 170 of the
980 samples tested with 43 serotypes identified.

The problem wittSalmonellavas further illustrated by Salmonella agonautbreak.
From 1969 to 197(%. agonawas identified as a public health concern in the United States,
United Kingdom, Netherlands, and Israel. In each country, initial detecti®nagfonan fish
meal was followed by the detection of the pathogen in domestic animals and huraakgt(&l.
1973). By 1972S. agonavas the 8 most commonly isolated serotype in the United States.
During a period from March to May of that year, an outbregk. @igonabccurred in Paragould,
Arkansas. In total, seventeen people were infected. The source was tractrlakcal
restaurant which had received poultry products from a Mississippi farm that hadshsee 4l
contaminated witls. agongFranco, 2006).

From 1965 to 1970, the animal health division of the United States Department of
Agriculture (USDA) collaborated with the Federal Drug AdministratiddAl-to sample animal
by-products and finished meals to determine levefSaihonellacontamination. In response to
some of the initial findings, Commissioner Goddard made the decision within the FDA to
include food produced for animal consumption as part of Section 201 (f) of the Federal Food,
Drug and Cosmetic Act in 1967. This meant thalmonellacontamination in animal feed was
now considered an adulterant by definition of the Act (Franco, 1999).

While studies have indicated tHag&lmonellacan be detected in finished animal by-
products, the amount present after processing declines rapidly. Sutton et al. (199%tdeed
that in a sample of MBM stored at 283 Salmonelldevels decrease from 30 CFU/g to below
the detection limit within 2 days of storage. Even wBaimonellas present, animal by-

products still pose less of a risk 8almonellacontamination when compared to meals
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composed of vegetable proteins. Hamilton (2002) determined the incidenceSatmonhellan
animal by-product mealsas higher in the Netherlands, Canada, and the U.S., while the levels
were higher in the vegetable proteins in Germany and the UK. The highest inciakeisder

both proteins were observed in products produced in the U.S. While the animal proteins had a
higher range of incident rates, the risk factor associated with vegetaldmgisthigher due to

the fact that makes up a larger percentage of the finished feed. The prutemls have a risk

factor of 0.9-1.68 and vegetable proteins have a risk factor of 1.743-8.9%64|hoonella

(Hamilton, 2002)

The establishment of linkages between human disease and contaminated animal by-
products along with the FDA'’s incorporation of animal feed into the definition of food l&eé to t
rendering industry began placing a higher emphasis on the biological satetypobtucts they
produce. In 1984, the rendering industry founded the Animal Protein Producers Industty (AP
to regulate biosecurity within the industry, suctSasmonellascreening or developing protocols
such as hazard analysis and critical control plans (HACCP) to ensure tlyeo§#fet product,
and to continuously educate the industry on new issues that may impact their prodacts (Fra
2006).

Since the formation of APPI, vast improvements have been made to the rendering process
and more recent studies have provided data that indicates finished meas afegpfthogenic
bacteria includingalmonellaas it leaves the cooker. Troutt et al. (2001) tested raw products
used in production at 17 rendering facilities in the mid-western United Stateseslitis
showed there were high levels®dimonellaspp, Listeria monocytogenes, Campylobacter
jejuni, andClostridium perfringengontamination. When the processed meals were tested, none

of these pathogens were detected (Table 1.3). In addition to bacteria, virusiss aféectively
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eliminated during the rendering process. The time and temperature usedréydering
industry was always thought to be sufficient to kill viruses within the by-predBatle (1999)
demonstrated this using pseudorabies virus (PRV, a common viral disease in pigy)ce
microorganism. To determine the effectiveness of the rendering processatamal® with
varying degrees of viral contamination were processed and the resulting MBldnalyzed for
the presence of the virus. The results indicated that the virus was unable to sumenel¢nimg

process (Pirtle, 1999).

Table 1.3 Pathogen elimination from finished rendered products

Raw Tissue Finished Product

Pathogen (% positive) (% positive)
Clostridium perfringens 71.4 0
Listeriaspp 76.2 0
Listeria monocytogenes 8.3 0
Campylobactespp 29.8 0
Campylobacter jejuni 20.0 0
Salmonellaspp 84.5 0

Troutt et al. (2007

Two years after the establishment of the APPI (1986) BSE was cedfimthe United
Kingdom and believed to have originated from MBM produced from sheep by-products
(Kimberlin, 1990). This led to the USDA conducting an 8 year study in an attempt to
demonstrate that the rendering process kills the prions responsible for BSEyaac thet
transmitted orally to cattle via consumption of finished MBM. Neonatal calvesfee a diet of
raw brain or finished MBM from sheep infected with scrapie. During the eightpgziod, the
calves were checked for signs of disease, lesions, or prion protein deposittesdsath
scrapie or BSE (Cutlip et al., 2001). The results showed that experimental caérethg MBM
diet did not exhibit any clinical signs or develop lesions associated with BSéditioa,

examination of spinal cord and brain samples did not indicate the presence of anyGaribps (
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et al., 2001). Howevere, a disease found in humans, Creutzfeldt-Jakob disease, linked to the
consumption of cattle suffering from BSE was identified a decade aftertthlediscovery of
BSE. This led to the FDA’s decision to ban the use of feed produced from ruminants as a feed
ingredient for ruminant animals (Franco, 2006).

While there are some risks associated with finished animal by-produatsnttezing
process is still the best means for the disposal of the raw by-products anctiemridiie
rendering industry provides numerous advantages including: infrastructure eva@duaction,
controlled processing, established regulations, and timely processingt@iaghal., 2006). To
validate this claim, the United Kingdom Department of Health (2001) conductedya stud
evaluating the risks involved with various methods of disposal for animal by-prodhbets. T
study determined biological hazards were negligible if the matergtneated by rendering,
incineration, or funeral pyre. While biological hazards were eliminated, natioe and pyres
create chemical hazards associated with burning. The rendering presegewnly means of
disposal that successfully eliminated the biological and chemical hazards. ¥excgption
was BSE, which was found to be a negligible risk to humans if the solid matesialcirzerated

(Hamilton et al., 2006). A summary of the study can be seen in Table 1.4.
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Table 1.4 Potential health risks of various methods of animal by-products disposal
Disposal Options

Disease/Hazardous
Agent Rendering Incineration Landfill Pyre Burial

Campylobacter, E. coli,

Listeria, Salmonella,

Bacillus anthracis, very small very small moderate very small high
C. botulinum,

Leptospira,

Mycobacterium

tuberculosis var bovis,

Yersinia

Cryptosporidium, very small very small moderate very small high
Giardia

Clostridium tetani very small very small moderate very small high
Prions for BSE, scrapie moderate very small moderate moderate high
Methane, CQ very small very small moderate very small high
Fuel-specific chemicals, very small very small very small High very small
metal salts

Particulates, SE NO,, very small moderate very small high very small

nitrous particles

PAHSs, dioxins very small moderate very small high very small
Disinfectants, detergents very small very small moderate moderate high
Hydrogen sulfide very small very small moderate very small high
Radiation very small moderate very small moderate moderate

1 (U.K. Department of Health 200
In addition to potential biological and/or chemical hazards, the other mean ofadlispos
can simply not handle the volume of raw materials. When the by-products are dispiosed of
landfills, an additive such as saw dust is mixed in to reduce high moisture contewt in ra
materials. The addition of saw dust can raise the volume of material by 2586itd ¢hat

disposing of all the animal by-product and mortalities generated in 1 yeat sangume of
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25% of the total landfill space in the United States (Sparks, 2001). Another alefoati

disposal of animal by- products is composting, but composting is limited to small scal
production due to the amount of material need to balance the carbon and nitrogen ratio and
moisture content in the raw by-products and mortalities (Hamilton et al., 2006} &asee

pork industry alone, a space of ca. one trillion cubic feet would be needed to composiuhe a
of material rendered each year (Glanville, 2001). While effectiverairglting biological

hazards, incineration is also limited by the volume of raw by-products produdegezacThe
volume of raw material would require large amounts of fossil fuel which is atd@uoohibitive.

In addition, the ash produced from the raw by-products would have to be disposed of as well
(Hamilton et al., 2006).

This literature review will focus mainly on the microbiological safetyhefrendered
products. Two microbial specigsnterococcuandSalmonellawill be discussed in detail in the
following sections.

Enterococci: General Overview

Enterococci are ubiquitous and found in most environments, but most commonly they
can be isolated from an animal’s alimentary tract, the soil, water, and fogdhdabve acquired
many attributes that ensures their survival in such diverse environmentsngdhadit tolerance
up to 48C (higher in certain species), tolerance of high salt concentrations and a Ingadfra
pH levels. In addition to these characteristics, the enterococci are commotignmngiresistant
which has allowed them to persist with in an animal host (Facklam et al., 2002). The common
presence within the alimentary tract of livestock and its ability to survive iougr
environments makes enterococci a concern for finished rendered mealSalrni@nellathere is

an opportunity for enterococci contamination of rendered animal meals due to cross-
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contamination with the incoming raw material (Ockerman and Hansen, 1988). Oncésigdthe
enterococci can enter the food chain. While most strains of enterococ® leeatable or self-
limiting diseases, there is a major concern for vancomycin resistam@tie(VRE), which

will be discussed in more detail later.

Thiercelin (1899) first reported what is now thought to be enterococci in human fecal
samples. He described the bacterium as appearing in pairs or short chaingsfaratédorder
(1906) identified a bacterium of fecal origltreptococcus faecalisvhich would clot milk.
Thirteen years later. Orla-Jensen (1919) identified an organism withediffiermentation
patterns, which waStreptococcus faeciurA.third bacterium Streptococcus duranef fecal
origin was discovered by Sherman and Wing (1935, 1937) with less fermentation dativity
1967, a new specié&dreptococcus aviumas added to the group by Nowlan and Deibel (1967).
Kalina (1970) proposed a new genus naBrggrococcusshould be established. Genetic
evidence provided by Schleiter and Kilpper-Balz (1984) showedtHaecaliandS. faecium
were significantly different from other member of Bigeptococcugenus resulting in the
formation of the new genuEnterococcus.

Disease, Virulence, and Antibiotic Resistance of Enter ococci

While enterococci do inhabit the gastrointestinal tract of the majority of isrttzey are
still responsible for a wide variety of diseases. Enterococci have been linkeddcarditis
(MacCallum et al., 1899; Rantz and Kirby, 1943; Megran, 1992), respiratory tratiangec
(Rantz and Kirby, 1943), and urinary tract infections (Braude, 1973; Gross et al., 19%GdRic
et al., 2000; Rantz and Kirby, 1943; Rantz, 1942). The most common species associated with
human ilinesses ate. faecalisandE. faeciumhowever, the following species have also been

linked to human diseask:. avium E. casseliflavusE. duransE. gallinarum andE. raffinosus
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(Murray, 1990). Recently, enterococci have been identified as the leading causgicdl site
infections (17.1%), second leading cause of blood stream infections (11.5%), andithe thir
leading cause of nosocomial urinary tract infections (14.3%) (Richards, 20@@)ticular E.
faecalisaccounts for up to 80% of the nosocomial infections resulting from enterococck@Huyc
et al., 1998; Sahm, 2000).

The high incidence of enterococci infections can be partially attributethtge set of
virulence factors. For examplg, faecaliss capable of producing the enzymes cytolysin,
gelatinase, and serine protease which play a role in host tissue degraHanmock and
Gilmore, 2000; Dupont et al., 1998; Burns et al., 1996; Okamoto et al., 1997; Plaut, 1983;
Prokesova et al., 1992; Schultz and Miller, 1974; Sundqvist et al., 1985; Lantz et al., 1991;
Travis et al., 1994). ThEnterococcugenus is also capable of producing an aggregation
substance (Clewell, 1993) and Enterococcal surface protein (Esp) (Shanka@a3lwhich
aid in conjugation and adherence to epithelial cells, respectively. Enterocgcalsnde
surrounded by a capsule allowing them to evade phagocytosis (Gilmore, 2002)c&atelr
also produce large amounts of superoxide. The superoxide fragments the chromosome of
epithelial cells in the colon granting the enterococci entrance into the bl@mdgtieiycke et al.,
1996; Huycke et al., 2001).

In addition to the treatment of human infections, antibiotics have other applicatains s
as animal growth promoters. There are four primary applications for antshioticod animals.
The first is the therapeutic treatment of infections within the animal. 8d¢wnd use is for the
treatment of a healthy animal living in a flock where at least one arsrmmdécted in an effort to

prevent infection. A third use is as a prophylactic way to treat animals to ptegerdcurrence

18



of disease. The final means is as a growth promoter, which prevents the animaMiragrtdna
fight off infection and the growth of the animal will improve (Aarestrup, 2002).

The Union of Concerned Scientists estimated that in the United States 24.6 million
pounds of antimicrobial agents are used on feed animals every year compared to iba 3 mill
pounds used for human treatment (Mellon et al., 2001). Similarly, the European Agency for
Evaluation of Medical products reported that in 1997 that ca. 10 million pounds of antimicrobial
agents were used for feed animals across Europe (EMEA, 1999).

While enterococcal infections are rarely treated in animals, enter@ecpersistently
present within the animal’s intestinal tract. These enterococci aredhstantly exposed to an
antimicrobial agent when it is being used as a growth promoter or prophylactib, eehild lead
to the selection of strains resistant to the antimicrobial agent used (Apr&§02). Starr and
Reynolds (1951) demonstrated this possibility with coliforms in the intestic#s whturkeys
being continually fed feed supplemented with streptomycin. Their resultsteulitee presence
of streptomycin resistant coliforms. Two other studies also demonstratatie¢huse of
tetracycline as a growth promoter selected for resistant stragmswgd D streptococci,
enterococci, within chickens (Barnes, 1958; Elliot and Barnes, 1959).

Due to the overuse of antibiotics as growth promoters, enterococci have developed high
levels of resistance to various classes of antibiotics including aminoglgspshloramphenicol,
glycopeptides, macrolides, streptogramin, and tetracycline. Severakstage idenitified
enterococci resistant to one or more of these classes (Table 1.5).

The antimicrobial agents used for therapy and growth promotion in these feedsanimal
are essentially identical to the classes of antibiotics used for humandrégfarestrup, 2002).

This causes concern that the antimicrobial agents used in growth promotioaudeminea
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decrease in efficiency of those used for human treatment. This concernstvastéd upon in
1969 by the Swann committee (Swann, 1969). The committee developed a report recommending
that any antibiotic used as a method of treatment not be used for growth promoson. Thi
recommendation was partially adopted by the European Union, but the United Statesedonti
using antibiotics such as penicillin in large amounts (Aarestrup, 2002). Theoao@voparcin,
which is in the glycopeptide class, was banned from use as a growth promotemarkbe
1995 due to concerns that it would select for enterococci resistant to vancomycin dnelsthat
resistant strains could then spread to the human population. This led to a complete ban of
avoparcin in all countries within the European Union in 1997. A year later, virginiamgsin w
banned due to cross resistance with quinupristin/dalfopristin. The antibiotics dacitra
spiramycin, and tylosin were also banned as growth promoters in 1998 by the Buopza

(Aarestrup, 2002).
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Table 1.5 Reported cases of antibiotic resistant enterococci in food dnimals

Class Antibiotic Enterococcus spp. Summary Ref.
Aminoglycosides Gentamicin faecalis 22% chicken meat samples Thal et al., 1995
Gentamicin faecalis 11.5% broiler Yoshimura et al., 2000
Kanamycin faecalisandfaecium  30% bovine mastitis Jayorao and Oliver, 1992
Kanamycin faecalis 62% chickens and 36% swine Rollins et al., 1985

Streptomycin
Streptomycin
Streptomycin

faecalisandfaecium
faecalis
faeciumandfaecalis

80% bovine mastitis
64% chickens and 57% swine
14.4% and 67.9% broilers

Jayorao and Oliver, 1992
Rollins et al., 1985
Yoshimura et al., 2000

Chloramphenicol

Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol

faecium
faecalis
faeciumandfaecalis
faecalis

1% broilers and 7% swine
2% broilers and 4% swine
40% raw meat samples Pavia et al., 2000

2.6% broilers Yoshimura et al., 2000

Aarestrup et al., 2000a
Aarestrup et al., 2000a

Macrolide

Erythromycin
Erythromycin
Erythromycin
Tylosin
Tylosin
Tylosin
Tylosin
Tylosin
Tylosin

faecium
faecalis
faeciumandfaecalis
faecalis
faecium
faeciumandfaecalis
faecium
faecium
faecalis

12.7% broilers and 46.7% swind\arestrup et al., 2001
28.1% swine Aarestrup et al., 2001
65.3% and 89.7% broilers Yoshimura et al., 2000
50% poultry Dutta and Devriese, 1982
67% poultry Dutta and Devriese, 1982
65.4% and 89.7% broilers Yoshimura et al., 2000
75.4% broilers and 81.8% swind\arestrup et al., 2000b
82% broilers and swine Butaye et al., 2001

54% broilers and 86% swine Butaye et al., 2001

Streptogramin

Quinupristin/dalfopristin faecium
Quinupristin/dalfopristin faecalis
Quinupristin/dalfopristin faecium
Quinupristin/dalfopristin faecium
Quinupristin/dalfopristin faecium
Quinupristin/dalfopristin faecium

Virginiamycin

faecium

21

79% broilers and 60% swine Aarestrup et al., 2000a
90% broilers and 98% swine Aarestrup et al., 2000a
51.2% poultry cloacal swabs Hayes et al., 2001
93% poultry carcass McDonald et al., 2001
23% 24 day old turkey Welton et al., 1998
100% 130 day old turkey Welton et al., 1998
33.9% broilers and 22.5% swiné\arestrup et al., 2001



Virginiamycin
Virginiamycin

faecium
faecalis

75% broilers and 85% swine
95% broilers and 99% swine

Aarestrup et al., 2000a
Aarestrup et al., 2000a

Tetracycline

Tetracycline
Tetracycline
Tetracycline
Tetracycline
Oxytetracycline
Oxytetracycline

faecium
faecium
faecalis

faeciumandfaecalis

faecium
faecalis

20% broilers and 70% swine
32% broilers and 63% swine
59% broilers and 68% swine
94.8% and 93.6% broilers
92% broilers and 97% swine
79% broilers and 100% swine

Aarestrup et al., 1998
Aarestrup et al., 2000a
Aarestrup et al., 2000a
Yoshimura et al., 2000
Butaye et al., 2001
Butaye et al, 2001

1 (Gilmore, 2002)
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Vancomycin Resistant Enter ococci

Enterococci have also developed high levels of resistance to the glycopeptides.
Resistance was first detecteddnfaeciunclinical isolates from France in 1986 (Leclerq et al.,
1988) and the United Kingdom (Utley et al., 1989). The first detection of glycopeptistames
enterococci (GRE) outside of a clinical setting was the occurrence ofrtAgohenotype of
vancomycin resistance in the sewage and among chickens in the United KingdesnetBa.,

1993). As mentioned previously the use of the growth promoter avoparcin was identified as the
cause of the spread of GRE. Fecal samples collected from farms using avapagrowth
promoter contained high levels of GRE; whereas, samples from farms not usingcevoese

only rarely contaminated with GRE (Aarestrup, 1995; Bayer et al., 1997; Klake 995). The
presence of GRE in food animals has become widespread in Europe (Gilmore, 200Ru@i\ares
(1998a) detected glycopetide resistance in 70% and 20% Bf faeciumsolates collected

from broilers and pigs, respectively, in Denmark. Reports from the Netherlandstimatad

that 34% and 80% of the enterococci isolated from the feces of pigs and broilexgjvelspe

are GRE (Van den Bogaard et al., 1997). While the presence of GRE in Europe has been well
documented, there have been no reports of GRE in the US, where avoparcin is not used (Coque
et al., 1996).

Vancomycin is a glycopeptide antibiotic that is used to treat infectionksimgsiutom
antibiotic resistant gram positive bacteria. The first reported cas@sodmycin resistant
enterococci (VRE) were iB. faeciumsolates collected from patients with leukemia in France
and Patients in England suffering from renal failure (Leclerq et al., 1988y \gttal., 1988).

The occurrence of VRE is not limited to Europe. Fridkin and Gaynes (1999) repotteddha
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20% of enterococci isolates collected in 1998 in the US were VRE. In some ho&pitaéssium
has been reported as resistant to vancomycin over 90% of the time (Kak and Chow, 2002).

The emergence of VRE has been attributed to the widespread use of the antibiotic i
clinical settings and the use of glycopeptides as growth promoters in aeadallhe variety in
VRE genotypes and their sequence variability implies that they did not emexgngte point
mutation (Kak and Chow, 2002). The guanine (G) & cytosine (C) content exhibitadAand
vanBtype VRE exceeds that typically found in eitkerfaecalisor E. faeciumimplying that
VRE probably acquired gene cluster from other microorganisms (Patel,19@rdposed
theory of evolution is that the gene cluster responsible for resistanceanstetred from
vancomycin producing organisms to a specific organism with a similar G & €rdoimhese
organisms then transferred the gene clusters to enterococci. Once enterocoatidthd g
resistance, the occurence of resistance grew due to the abundant usepsgigles. In the US,
the problem is more concentrated in clinical settings. The occurrence oinrMREope is mostly
concentrated in non-human hosts and within healthy humans. The reasons for thesecpatterns
be contributed to the difference in primary use of glycopeptides between the tovsrdg the
US, glycopeptides have primarily been used as human therapy while in Europavbdyeen
largely used as growth promoters in feed animals (Kak and Chow, 2002).

Vancomycin works by inhibiting the synthesis of the cell wall within gpasitive
bacteria. Specifically, the glycopeptides binds to the D-alanine-D-altariménus of the
pentapeptide side chains within the cell wall. Once bound, the drug prevents thefoohat
hydrogen bonds that bind the peptide side chains to each other. This prevents the cngssflinki
the peptidoglycan chains leading to a loss in the structural integrity of thveatlalesulting in

cell death (Arthur and Courvalin, 1993; Reynolds, 1989; Walsh et al., 1996).
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Resistance to vancomycin in enterococci results from a modification in the ctorposi
of the pentapeptide side chains. The D-alanine-D-alanine terminus is replaéelioynus
composed of either D-alanine-D-lactate or D-alanine-D-serine. The sitibstitvith D-lactate
decreases the results in a 1000x decrease in the affinity for vancomyocmtdedass of a
hydrogen bond (Bugg et al., 1991). In contrast, the substitution with D-serine only resuhs i
decrease in affinity for vancomycin (Billot-Klein et al., 1994).

Six gene clusters have been identified as mediators of vancomycinn@sista
enterococci (Table 1.6). Five have been identified as acquired traits,onbigenevanQ is
intrinsic. The mechanisms for resistance are genotypically and phentyygisanct for each
gene cluster involving a complex group of enzymes. These enzymes are respondgdtiecting
the presence of vancomycin, initiating the change in peptidoglycan side chain jmrotuet
resistant state, and to eliminate the normal (sensitive) peptide-side awirsprs (Kak and

Chow, 2002).

Table 1.6 VRE Genotypés
Vancomycin Teicoplanin

Genotype MIC (pg/ml) MIC Expression Precursor Species
vanA 64-1000 16-512 inducible D-Ala-D-Lac E. faecalis, E.
faecium,
and 7 others
vanB 4-1000 <1 inducible D-Ala-D-Lac E. faecalisand
E. faecium
vanC 2-32 <1 constitutive D-Ala-D-Ser E. casseliflavus,
inducible E. gallinarum,

andE. flavescens

vanD 64-128 4-64 constitutive D-Ala-D-LacE. faecium
vankE 16 0.5 inducible D-Ala-D-Ser E. faecalis
vanG <16 <0.5 ? ? E. faecalis

1 (Gholizadeh and Courvalin 2000)
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ThevanAcluster is characterized by high levels of induced resistance to vancomycin
(>64 pg/ml) and teicoplanirr6 pg/ml). Typically, enterococci acquire this gene cluster
through the incorporation of the Tn1546 transposon or from a Tn3 transposon (Arthur, 1993a;
Brisson-Noel et al., 1990). Like thvanAcluster, thevanBcluster also confers high levels of
resistance to vancomycin, bxanBdoes not confer resistance to teicoplanin (Evers et al., 1994;
Evers et al., 1993; Quintilions et al., 1993; Williamson et al., 1989). WarlBis typically
present within the chromosome, it can also be carried on plasmids (Rice et al., 19983.[Studi
Quintilioni et al. (1996; 1994) have demonstrated thav#mBgene cluster can be transferred
between enterococci via the Tn1547 transposon. In addition, Carlos et al. (1998) deetbnstra
that thevanBgene cluster was transmitted simultaneously as induced ampicilBtares via
the Tn5382 transposon. TlianCgene cluster is only found within the motile species of
enterococci and confers low levels of resistance to vancomycin. The speaifis encoding
vanC type resistance are dependent upon the bacterial species. It is eacbgdatdvanC-1
gene inE. gallinarum vanC-2in E. casseliflavusandvanC-3in E. flavescengClark et al.,
1998; Dutka-Malen et al., 1992; Leclerq et al., 1992; Navarro and Courvalin, 1994aribe
gene cluster confers intermediate levels of resistance to both vancangldi@coplanin. Unlike
the previous gene clustekgnDis located on the chromosome and is non-transferable
(Casadewell and Courvalin, 1999; Perichon et al., 1997). BothatittandvanGconfer low
levels of vancomycin resistance, can be transmitted, and are inducible (Fahe$%99;
McKessar et al., 2000).

ThevanAoperon is composed of seven genes (Table 1.7). The first set of gemids (
vanA,andvanX is directly involved in glycopeptides resistance. The secondagRandvang

regulate resistance, while tki@anYgene is responsible for the removal of normal cell wall
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precursors. The function of the seventh geae/ is still unclear (Kak and Chow, 2002).
Resistance is initiated by the transmembrane segmean&protein kinase) which is
responsible for sensing the presence of glycopeptides. After sensirgctheeptidesyanS
undergoes autophosphorylation which results in the transfer of a phosphoryl granRtthe
response regulator. The activatethRthen activatesanH by binding to its promoter region. It
also bind to its own promoter region leading to further transcription of botfatiRandvanS
genes (Arthur, 1992b). The vanH protein then begins the process of D-Ala-D-Lac production by
reducing pyruvate to D-Lac (Arthur, 1992a). The ligase, vanA, then bind the D-Ld2-A&da
The newly formed D-Ala-D-Lac are then bound to UDP-N-acetyl muramide to bporated
into the peptidoglycan layer. The D-Ala-D-Ala components of the tetrapeptie€lsains are
then removed by vanX, a dipeptidase (Reynolds et al., 1994). VanY finishes the process by
removing any remaining D-Ala-D-Ala precursors that were missab¥ (Arthur et al., 1998).
ThevanBoperon has similar components that function the same wawasAnThe
exceptions is thatanBcontains avanWgene instead ofwanZgene, but likeranZits function is
unknown (Quintiliani et al., 1993). TheanD operon differs in the fact that the vanY
carboxypeptidase is sensitive to penicillin and the vanX dipeptidase has littierfuikak and
Chow, 2002)VanEoperons produce D-Ala-D-Ser subunits rather than D-Ala-D-Lawaké\
(Fines et al., 1999; Aries et al., 1999). The less studiaGoperon is composed of 7 open
reading frames which are believed to lead to the production of D-Ala-D-Ser subumitsatter

similar tovanCandvanE (McKessor et al., 2000)
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Table 1.7vanAOperon Genes and their Functibns

Gene Protein Function

vanH dehydrogenase converts pyruvate to lactate

vanA Ligase ligates alanine to lactate to form D-Ala-D-Lac

vanX Dipeptidase breaks the D-Ala-D-Ala dipeptide that may have formed

vanY carboxypeptidase hydrolysis of any D-Ala-D-Ala pentapeptide precursor
vanR response regulator  activates transcription of the resistance pathway

vanS protein kinase senses presence of glycopeptides and phosphorylates VanR
1 (Gholizadeh and Courvalin 20T

Enterococci Non-Human Reservoirs and Occurrencein Rendered Products

Although, enterococci are found in numerous environments, patterns in the distribution of
a particular species do exist (Aarestrup, 2002). Winslow and Palmer (1910) studied the
distribution of streptococci, including enterococci, in humans, horses, and cows in atoeffor
determine the source of fecal contamination in public water supply. While thexeeréain
species found within all three hosts, the most commonly isolated species fronmilaaiiaals
wereE. faecalis, E. faecium, E. hirae, and E. durddther less common enterococcal species
are typically found in a distinct host species, Emferococcus columbdeom pigeons. The
colonization ofEnterococcusvithin chickens has a distinct age dependent pattern. Younger
chicks are mostly colonized Iy, faecalis but as the chicks age tkefaecaliss rapidly
replaced bye. faecium, E. hirae, E. cecoruandE. durans(Devriese et al., 1987, 1991; Kaukus
et sl., 1987). Similar colonization patterns by species have been reported inscatile Rre
ruminant calves typically contata. faecalis, E. faeciunandE. avium which are gradually
replaced bye. cecorumThe overallEnterococcugpopulation level diminishes as the cattle age,
and typically, the feces of adult cattle show little to no presence of enteabspecies

(Devriese et al., 1992).

Enterococci are a common contaminant of animals used to produce rendered animal

meals (beef, poultry, and pork) (Franz et al., 2003). For example, Knudtson and Hartman (1993)
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detected levels of 4-8 log CFU/Emn pig carcasses, withfaecalisandE. faeciumas the
dominant species. While there has been little work in the detection of enterocioshed
rendered animal meal, the common occurrence in the animals used as raal arater
enterococci’s elevated heat tolerance could potentially result in contatranif the finished
meal. Cullen et al. (2003) and Schwalbe et al. (1999) both demonstrated that enterobeci ca
isolated from finished rendered meals. In 2003. The FDA conducted a national survey, and
enterococci was identified in 84% of the meal samples collected with the tHgledof
incidence in MBM andE. faeciunbeing the dominant species (Cullen et al., 2003).
Salmonella: Overview
Salmonellaspp are gram-negative, bacillus shaped, facultative anaerobic, and motile

members of the Enterobacteriacéamily. A list of other biochemical characteristics can be seen

in Table 1.8. TypicallySalmonellaare identified by the fermentation of glucose into gas and
acid on triple sugar iron (TSI) medium and will not utilize sucrose or laatcdiEferential
media (Andrews et al., 1994; D’Aoust and Purvis, 1998). While tySabhonellado not utilize
sucrose or lactose, Le Minor et al. (1974; 1973) have demonstrated in some casesruicrose a
lactose fermentation can be mediated by plasmids.

The nomenclature has changed several times during theep®ury due to biochemical
and serological characteristics as well as DNA homology. Advances dietbetion of the
somatic (O) and flagellar (H) antigens allowed the genus to be split ifgcedif “groups” (Le
Minor, 1981). This antigenic means of classification was first proposed by White in 1926.
White’s system of classification was further expanded upon by Kauffman in 194 the

modern day Kauffman-White classification system which currently insloger 2,541 different
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serovars oBalmonellgPopoff et al., 2004). A complete detailing of the changes in

nomenclature can be seen in Table 1.9.
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Table 1.8 Biochemical characteristicsS#Imonella spp.

Biochemical Test

Glucose Lactose Sucrose Oxidase Catalase Citrate H,S Lysine Ornithine Urea
Result + - - - + + + + + -

1 (D'Aoust and Maurer, 2007)

Table1.9 Taxonomy dalmonelld

Diagnostic basis Features Serovar Nomenclature Reference
Biochemical Five subgenera (1-V) S. typhimurium (Kauffman, 1966)
Biochemical Three species( typhi, S. choleraesuis, S. enteritidisserovar (Ewing, 1972)
S. enteritidi Arizonais separate genus Typhimurium

DNA homology Single speciesS. choleraesu)s S. choleraesuisubsp. (Le Minor et al., 1986)
Seven subspecies (choleraesuis, salamae, Choleraesuis
arizonae, diarizonae, houtenae, serovar Typhimurium

bongori,indica)

DNA homology Single speciesS. enterica S. entericasubsp Enterica (Le Minor and Popoff, 1987)
Seven subspecies (choleraesuis, salamae, serovar
arizonae, diarizonae, houtenae, Typhmuriumor Salmonella
bongori,indica) serovar
Typhimurium

Multilocus enzyme Two speciesS. entericgdsix subspecies] and S. entericasubspEnterica(l) (Reeves et al., 1989)
electrophoresis S. bongon

1 (D'Aoust and Maurer, 2007)
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Salmonella Occurrence and Presencein Rendered Products

Salmonellacontinues to be a prominent foodborne pathogen in the human food chain due
to its widespread distribution in the natural environment, within the meat (beef, pbstiryand
shellfish) industry, and the recycling of inedible animal parts (offal) intmal feed (D’Aoust,
1989; D’Aoust 1994). To address this issue, the Food Safety Inspection Serviceni@stse
USDA published the “Final Rule on Pathogen Reduction and Hazard Analysis and Critical
Control Point (HAACP) Systems” in 1996. This document required the meat industries to
implement HAACP plans and to take regular samplings to detect the indicatoisorgani
Escherichia colbiotype |, while the FSIS collected regular samples to determine if the
implemented HAACP plans were sufficiently reducgmonelldevels. Prior to the release of
the “Final Rule”, data indicated that broiler chickens were contaminatbd&aimonelleca.

24% of the time. In 1999, broil&almonellacontamination levels had been reduced to ca. 11%;
however, the rate has gradually increased since 1999 reaching ca. 16% (D’260& and
Maurer, 2007)

Aside from the raw materials, it is possible for the environmental surfacesitaminate
the final products upon contact. Stainless steel, cement, rubber, and high densitylpokyeth
plastic are materials found inside a rendering facility. Kusumaningram @003) has
demonstrated th&almonellas capable of adhering to stainless steel. While low inoculum levels
of S.Enteritidis (10 CFU/crf) were undetectable on the steel after 1 h. A high inoculum of
Enteritidis (18 CFU/cnf) was detected after 96 h. that the presen@abhonellzon rubber
conveyor belts was documented on a Danish pig farm. A rubber conveyor belt was used to
transport the manure from the piggery to an on-site manure d&imygphimurium isolates

collected from this conveyor belt were identical to Typhimurium isolatésviige detected 20
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months earlier during the first isolation (Sandvang et al., 2000). It is possibteithsirain has

been persistent on the conveyor belt and is continuously passed between the manure dump and
piggery. The presence of food residues increased the survival time of the b&drtaritidis

can be transferred from the steel to food (Kusumaningrum et al., 2003). The stedytte

bacterial transfer to cucumber slices and chicken filets by steel iratalgdafter contamination

or 15 minutes after contamination. Directly after contamination, contammnaties were as

high as 105 £ 28% for cucumber slices and 94 * 42% for chicken filets. When the contamination
was allowed to sit for 15 minutes, the transfer rates were reduced to 90 + 2 1¥éumber

slices and 55 + 21% for the chicken filets.

Salmonellaspp. are capable of producing biofilm on environmental surfaces (Jones and
Bradshaw, 19965almonellaNeltevreden formed biofilms on high density polyethylene plastic,
cement, and stainless steel with the following cell densities: 3.4, 1357 x 16, and 3 x 19
CFU/cnt, respectively (Joseph et al., 2001). The same environmental materials can be found in a
rendering facility; thereforé&salmonellabiofilms can act as a continuous source for cross-
contamination between contact surfaces and products.

A study conducted by Weigel et al. (1999) revealed some potential sources of the
Salmonellacontamination in animal feed on an lllinois swine farm. During the study, one
hundred samples of feed were collected and only 2% were contaminatehimmbnellain
addition to the feed, samples were collected from the worker’s boots, watdéopthedts in the
area, mice on the farm, and flies. The boots of the workers had the highest rate (17.2%f n=93)
Salmonellacontamination, while the flies and the flooring had the lowest levels of contaoninati
at 7.4% (n=95) and 7.9% (n=471), respectively. All of these mentioned factors could the

potentially serve as a source for cross-contamination.
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Salmonellghas been identified as a common contaminant of rendered animal products.
This has been reported in meat (81%) and feather meal (40%) by Hackin@87 @), Loken et
al. (1968), and Beumer (1997) reportamonellacontamination in sampled rendered products
with incidence rates of 17% and 3.2-7.6%, respectively. The FDA conducted two&separat
studies in 1993 and 1994 to test for the presen&e etericayith Salmonellgoositive rates of
56% and 25%, respectively (McChesney et al., 1995; Crump et al., 2002). The Animal Protein
Producers Industry (APPI) has collected weekly samples from the rendestegsing plant and
tested for the presence $&lmonellaThe average incidence rate was reported as 25% (Franco,
2005). During one particular testing year, four serotypes commonly associttédagi borne
illness (Typhimurium, Enteritidis, Agona, and Infantis) were isolated witiptéealence rates of
0.5, 0.5, 3.0, and 3.5% of the samples, respectively. In addition, Heaftraonellanfection has
been linked to the contaminated animal feed (Crump et al., 2002). Knox et al. (1963) established
a connection to §.Heidelberg outbreak from contaminated milk to meat and bone meal used in
the feed supplied to the milk-producing cattle.

Salmonella: Survival Adaptations

Salmonellaspp. are capable of adapting to numerous environmental stresses including
extreme temperatures (high and low), a wide range of pH values, and low wiatbr @&g,)
levels. Some strains &almonellehave been able to grow in environments as high &S &4d
as low as 2C (D’Aoust et al., 1975). Angelotti et al. (1961) detecdadinonellan custard and
chicken a la king that had been heated to“4%.®roffner and Yamamoto (1992) determined
that a strain o6. Typhimurium was capable of mutating to survive &iG4fter prolonged
exposure to thermal stress. The mechanism behind this resistance has not beermedetaut

the mutation has been determined to occur irtttlgene or thenthgene which gives resistance
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up to 48 and 54C, respectively. In addition to these genes, other environmental factoes play
role in the level of heat resistance. For example, heat resistance hahbea to increase as a
result of a decrease in thga the substance (D’Aoust, 1989). Goepfert demonstrated that when
the substrate’s,awas reduced to a level of 0.90 by sucrose or glycerok thgphimuriumhad
D-values at 57.2ZC of 40-55 minutes and 1.8-8.3 minutes, respectively. Other factors that
determine the level of heat resistance acquired include the nutrients laviailtde growth
environment, the phase of growth the cells are in, and the moisture level of the enviibnment
was isolated from (Goepfert et al., 1970; Kirby and Davies, 1990; Ng et al., Saf®pnella
can also become heat resistance through continuous exposure to higher sub-lethatiulespa
heat shock phenomenon. ExposBajmonellecells to temperaturesh0°C for 15-30 minutes
results in the production of heat shock proteins that confer higher levels of hetahiessi
(Humphrey et al., 1993; Mackey and Derrick, 1990; Mackey and Derrick, 1986). The fate of
Salmonellaunder freezing temperatures is dependent on the matrix it is suspended in, the
kinetics of the freezing process, the physiological state of the bacedlsabefore freezing, and
the particular serotype involved (Corry, 1971).

In addition to growing or surviving under temperature extre@aknonellacanadapt to
a wide range of pH levels from 4.5 to 9.5 with an optimal range of 6.5 t8. A.gphimurium
has been shown to acquire high levels of acid tolerance through repeated exposuitg to mil
acidic environments (ph 5.5-6.0). These exposed cells could then be transferred t@ecidiore
environments (pH4.5) resulting in a complex acid tolerance reaction involving the production
of acid shock proteins, new outer membrane proteins, reduced growth rate, and pH homeostasis
which allows the cells to grow in environments with a pH of 3.0-4.0 (Foster and Hall, 1991,

Hickey and Hirshfield, 1990). Three systems have been described that confeemaads
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tolerance tdalmonella sppncluding: pH dependent amgoSindependent log phase acid
tolerance response (ATR), the pH dependentrpo8independent stationary phase ATR, and
the pH independent and rpoS dependent stationary phase ATR.

Salmonella Infection and Disease

Salmonellanfections have a wide array of symptoms depending on the serotype involved
including enteric fever, enterocolitis, and potential systemic infectionsriEféver results from
infection with the typhoid or paratyphoid strains with symptoms including diarrhea, feve
headache, and prostration (D’Aoust, 1991). Those infections caused by non-typhoid strains
typically results in enterocolitis which appears from 8 to 72 hours aftetioriedhese
infections are usually self-limiting resulting in diarrhea and abdominaltpat can last for up to
5 days (D’Aoust, 1989). In certain casgamonellacan result in the following chronic
conditions: aseptic reactive arthritis, Reiter's Syndrome, and ankylqsomglglitis.

McCullough and Eisele (1951) observed that a high levBhbhonellacontamination
(10*-10" CFU/mI) was needed in egg nog to comprise an infectious dose; however, D’Aoust et
al. (1985) and Kapperud (1990) have both demonstrated that 1 to 10 cells can be an infectious
dose in food with a high solid fat content. A lower infectious dose is required in a food substrat
with a high fat content due to the potential protection offered against the avigdmnenent of
the stomach. Once inside the duodenum, the lipids compromising the fat would disperse and the
Salmonellavould be free to attach to the small intestine.

The first step of infection begins wh&almonellacells attach and then enter the
epithelial cells (enterocytes) lining the intestinal tract and the M t&dt overly the Peyer’s
patches. Attachment is brought on by the interaction between type 1 (mannosec3emsipe

3 (mannose resistant) fimbriae adhered to host receptors which are locatedhamrdkidli or to
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the glycocalyx surrounding the surface of the intestinal cells (D’Aoust, 1991sBpokital.,
1994). Upon contact with the epithelial cells, proteinaceous appendages form on ttedurfa
the Salmonellecells (Galan and Ginnochio, 1994; Ginnochio et al., 1994). The production of
these appendages is energy dependent and they are shed once membrane fofilesdaon
the attached epithelial cell (Ginnochio, 1994; Collazo et al., 1995). The attachmeat by th
Salmonelleacells initiates a series of chemical signals between the inv&aiimgonellacell and
the host enterocyte or M cell (Garcia-del Portillo and Finlay, 1994; Ginnochlio £#894). The
invasion (nv) locus stimulates a calciumflux which results in a rearrangement of the
cytoskeleton within the host enterocytes and M cells (Finlay, 1994; Polotsky¥34). The
influx of calcium ions is responsible for actin polymerization (Ruschkowski,et392). In
addition to the calcium influx, th®almonellecells also deliver the following invasion proteins
to the host cells: SipA, SipB, SipC, SptP, SopE2, and SopB (Collazo and Galan, 1997; Collazo et
al., 1995). Like calcium, these proteins stimulate the polymerization of actin icrtafilements
in the vicinity of the invadingalmonellecell (Galan and Zhou, 2000; Ginnochio et al., 1992).
Specifically, SipA and SipC act as catalyst for the polymerization atiR-eato microfilaments
(Hayward and Koronakis, 1999.; Zhou et al., 1999; Zhou et al., 1999a). SopE2 activates the
process of cytoskeleton rearrangement (Stender et al., 2000). The epidiietredrabranes
undergo “ruffling” by which the membrane stretches to surround and engulfabbeatt
Salmonellacell resulting in the bacterial cell entering the host epithelial cglpwiocytosis
(Jones et al., 1993). Once tBalmonellacell has invaded the host cell, SptP results in the
disruption of the host cell cytoskeleton returning into to its original state (Fu dad, G898).
Once inside the cell, tigalmonellecell is initially confined inside a vacuole where it

will initiate its replication (Garcia-del-Partillo and Finlay, 1994). Thewole then is transported
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through the cell, where it will eventually release $a¢monellacells into the lamina propria
(Isberg and Nhieu, 1994; Polotsky et al., 1994). The fimbriae surroundiggbmenella’s
surface allows the cells to attach to host plasminogen which could greathcertha
invasiveness of that strain. Once attached, the plasminogen (zymogen) would litehveded
to its active proteolytic form where it would allow the bacterial cell silyareach through host
tissue barriers and penetrate into the deep tissues of the host (Sjobring et al., 1994)

Within the host cells, thesgalmonellecells are capable of evading the host immune
system by preventing phagosome acidification (Alpuche-Aranda et al., 1994halpmanda et
al., 1992), avoiding lysosome fusion (Buchmeier and Heffron, 1991; Uchiya et al., 1999), or
preventing the maturation of phagolysosomes (Rathman et al., 1997). Evidence has also
demonstrated th&almonellas capable of not only surviving inside phagolysomes but are
capable of replication inside them as well (Oh et al., 1996; Rathman et al., 199&arkptes
Salmonellgproduce several enzymes such as superoxide dismutase, peroxidase, andltatalase t
protect them from the toxic oxygen products formed during the metabolic burst of phagbtyte
total, there are 30 proteins produced in response to these toxic oxygen by-productsafitbpoff
Noral, 1992) Salmonellecells may also have an additional system that protects them from
phagocytic cells referred to as thieoP/phoQegulon (Miller, 1991; Popoff and Noral, 1992). It
is believed that these genes are responsible for producing chemictd aigitd alter the core
antigen component of the lipopolysaccharide (LPS) on the cell’'s outer membeara €¥ al.,
1981) and provide resistance to antimicrobial peptides produced by neutrophils (Sakfer e
1984). ThephoP/phoQgene set is also responsible for the production of a cell surface protease

that degrades the defensins released by phagocytic cells (Guina et al., 2000).
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Salmonella: Traditional Chemical Control Methods

SinceSalmonellas a continuous problem for the food industry, methods of sanitation
have been developed to reduced the risk of contamination in food products. Traditionally these
methods of sanitation have employed the use of chemical disinfectants to claaasstiré
processed food may come in contact with. These chemicals have included chlorine based
compounds, iodine containing compounds, and quaternary ammonium compounds (Cramer,
2006; Hui et al., 2003; Marriot,1994; Guthrie, 1992).

Chlorine based compounds are used as either a liquid chlorine, hypochlorites, chlorine
dioxide, or inorganic and organic chloramines. The exact mechanism behind chlariivét\s a
is not clear but the following mechanism have been suggested: disruption of proteinisynthes
oxidative decarboxylation of amino acids, reactions with the nucleic acids, tsropt
metabolism by degrading enzymes, disruption of DNA, formation of toxic derivatives
cytosine, and creation of chromosomal aberrations (Marriot, 1994). These chloade bas
compounds are corrosive and result in bleaching, so they must be used carefully araisnd met
and material susceptible to bleaching. The biggest drawback to chlorine based conpthends
food industry is their affinity to bind to organic material. Once bound to this organiaah#ter
compounds are inactivated, so higher concentrations in the range of 100 to 150 ppm are required
(Guthrie, 1992). The FSIS has required that animal slaughtering houses spray down the
equipment with a solution containing at least 200 ppm chlorine (Swacina, 1988).

There are three forms of iodine primarily used in food processing samitati,
iodophors, alcohol-iodine solutions, and aqueous iodine solutions. The bactericidal activity has
not been studied in great detail but in general the iodine compounds release triocisliabich

mix with acid to produce hypoiodous acid and diatomic iodine, which are the active
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antimicrobial forms (Marriott, 1994). lodine containing compounds have drawbackardimil
those of chlorine. They are corrosive to metal and have a high affinity for orgat@dah

which results in their inactivation. A positive aspect of these iodine-containingocoms is that
they react with microorganisms rapidly and are effective against a wige chorganisms.
These compounds are always mixed with detergents within an acid medium. The finah solut
should contain between 25 to 50 ppm active iodine (Guthrie, 1992).

The major form of quaternary ammonium compounds is cationic detergents which inhibit
cell metabolic processes by inhibiting enzyme activity and cause theidlactds to leak
resulting in lysis. It is also known that when these compounds are added to a befdoent a
bacteriostatic film that is selective for particular microbes (Mtr 1994). The quaternary
ammonium compounds have the advantage that they are not corrosive, but unlike the previous
two compounds, these quaternary ammonium compounds do not sufficiently work against gram
negative bacteria. These compounds also have some additional limitations in¢heyrignd to
adhere to surfaces requiring excessive rinsing, they react with caletumagnesium (cannot
be used in hard water), and they are incompatible with most soaps and detergents, (Guthri
1992).

Another class of sanitizer is acids. Acids used most frequently for food girages
sanitation are the organic acids, such as acetic, peroxyacetic, lactic, jarogmainformic acids.
These acids destroy the microbial cells by penetrating their cellogrevehd acidify the cell’s
interior. The efficiency of these sanitizers are dose dependent and haveotgatial on
surfaces where they may persist for long periods of time such as statekdg®Marriott, 1994).

The major disadvantage to the use of acid sanitizers is that they are highliweq@aghrie,

1992).
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Bacteriophages. Overview and Discovery

Bacteriophages have been used as a biological control method for various applications
Bacteriophages are viruses which use bacteria as a host for undergooaiogplirhe
bacteriophages attach to specific bacterial cells and releases erslolgeh degrade the
bacterial cell wall. This allows the bacteriophage DNA to enter thevbelre it hijacks the
host’'s metabolic machinery to produce phage particles. The particles thassssifble and
newly formed bacteriophages escape the host through cell lysis. Thesgrmviged
bacteriophages can then repeat this process with additional bacterial hofiagds2007).

Bacteriophages can be divided into five groups: tailed bacteriophages, polyhedral DNA
bacteriophages, polyhedral RNA bacteriophages, flamentous bacteriophages, and pleomorphi
bacteriophages (Ackermann, 2005). Of these the tailed bacteriophages account faoribe maj
with ca. 4,950 different strains being identified (Ackermann, 2001). The tailed babizges
are all within the orde€audoviridaeand are divided into three families based on their tail
structure. These families inclutiéyoviridae(contractile tail) Siphoviridae(long, non-
contractile tail), andPodoviridae(short, non-contractile tail) (Ackermann, 2001).

The tailless bacteriophages only account for 4% of the identified bacteus¢si
(Ackermann, 2001). The first type of tailless bacteriophage is the polyhedralibplcages,
which contain an icosahedral head and have cubic symmetry (Ackermann, 1999). The dolyhedra
bacteriophages includdicroviridae (SSDNA), Corticoviridae(dsDNA), Tectiviridae(dsDNA),
Leviviridae(ssRNA), andCystoviridag({dsRNA) (Ackermann, 2005). The second group of
tailless bacteriophages is the flamentous bacteriophages, which includeniiresfaoviridae
(ssDNA), Lipothrixviridae (dsDNA), andRudiviridae(dsDNA) (Ackermann, 2005). The final

type of tailess bacteriophage is the pleomorphic bacteriophages, which includensilies f
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PlasmoviridagdsDNA) andFuselloviridag(dsDNA) (Ackermann, 2005). Common

characteristics of the different bacteriophages are summarized in Table 1.10.
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Table 1.10 Characteristics of identified bacteriophage gfoups

Nucleic Infection Host-Virus
Shape Family Acid Adsorption Site by Relationship Example Members
Tailed Myoviridae dsDNA  cell wall, capsule, pili, flagella DNA lytic or temperate T4 1243
Siphoviridae dsDNA  cell wall, capsule, pili, flagella DNA lytic or temperate nitda 3011
Podoviridae dsDNA cell wall, capsule, pili, flagella DNA lytic or temperate 7 T 696
Polyhedral  Microviridae ssDNA cell wall DNA lytic @X174 40
Corticoviridae dsDNA cell wall ? Iytic PM2 3
Tectiviridae dsDNA pili, cell wall DNA lytic PRD1 18
Leviviridae SSRNA pili RNA lytic MS2 39
Cystoviridae dsRNA pili, cell wall capsid lytic 6 1
Filamentous  Inoviridae ssDNA pili virion temperate fd 57
Lipothrixviridae = dsDNA pili ? temperate TTV1 6
Rudiviridae dsDNA cell wall ? carrier state SIRV-1 2
Pleomorphic Plasmaviridae = dsDNA plasma membrane DNA temperate L2 7
Fusseloviridae  dsDNA ? ? temperate SSV1 7

1(Ackermann, 2005)
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The idea of using phage as a form of treatment has gained significant inderest a
an alternative to antibiotics. The majority of antibiotics (50-70%) used in thedJnit
States are given to farm animals as a prophylactic, to treat livestockaarawth
promoter (Gustafson, 1991). The overuse of these antibiotics may have contributed to the
decline in efficiency of the antibiotics in humans, but banning their use completgly m
have a negative effect on the health of the animals they have been administergteto (K
and Sulakvelidze, 2005). An alternative method of treatment, such as bacteriophage
therapy, is necessary. The use of phage offers multiple advantages: the hbsitgeci
not likely to select for phage resistant bacterial strains, resisagiatest phage does not
affect the effectiveness of antibiotics given to humans, and phage mixturesezsilpe
modified and rapidly developed against resistant bacteria (Kutter and Sidakyel
2005).

The use of bacteriophage as a therapeutic agent was first realized by Felix
d’'Herelle in 1919. D’Herelle was conducting research to determine if phage could be
used to prevent the natural infection of chicken8&gillus gallinarum The phage
appeared to prevent development of avian typhosis, the disease caBsemliparum
The treatment was then performed in large scale in rural areas of kArfa@eethe
disease had developed into an epidemic. The flocks of chickens that received the phage
treatment “had fewer deaths, the duration of the epidemic was shorter, and second rounds
of infection were prevented” (d’'Herelle, 1921; Kutter and Sulakvelidze, 2005).

D’Herelle also demonstrated that the administration of phage to water buffalo in
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Indochina could prevent infection wittasteurella multocidathe causative agent of
bovine hemorrhagic septicemia (d’Herelle, 1926). The use of bacteriophagesras a fo
of therapy has been investigated well before the introduction of antibiotics. In30g, 19
such therapy was being marketed by American pharmaceutical companias.\Warld
War 1l, the Germans and Soviets were using phage therapy to treat dySemezver,
the advent of antibiotics in the 1940s caused a decline in the need for research with phage
therapy. Today with the prevalence of antibiotic resistant bacteria ois¢he r
bacteriophage research is on the rise as well especially in terms of biegliesenf
food products. Bacteriophages naturally found in the food microbiota are safely
consumed as part of the human diet. It is possible then that bacteriophages candoe used t
reduce or eliminate contamination by foodborne pathogens si8diraenellaDoyle
2007).
Life Cycle of Bacteriophages

Bacteriophages have two alternative life cycles, lysogenic or Igtizoth cycles,
the virus will adhere to specific receptors on the bacterial cell’'s syfdeere it will
penetrate the surface and inject its nucleic acid into the host cell. Orgentitec
material is inside the cell, the bacteriophage will enter one of two ldesyAt this point
the bacteriophage may enter the lysogenic phase by inserting the nidentathe
chromosome of the bacterial host. This state is referred to as a prophage. Theepophag
replicated along with host cell replication so that all progeny will cortles
bacteriophages genetic material as well. The bacteriophage will remtais prophage

form until it is induced to leave the host chromosome, replicate, and lyse theheell
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second route for the bacteriophage is the lytic cycle, which is the focus of thimstudy

discussed in more detail in the following paragraphs (Cowan and Talaro, 2009).
Bacteriophage infection begins with the attachment of the bacteriophage virus to

the bacteria’s surface receptors. Attachment is initiated when thd&as for spikes of

the virus recognize and bind to specific surface receptors of its bactestialrhgram-

negative bacteria numerous components can serve as a surface receptor iankuding

the outer membrane proteins, the lipopolysaccharides, and the oligosaccharides. While

some bacteriophages only require a single attachment type of receptos,satch as T4-

like phages go through a two-part attachment process involving two typespibrecén

the case of the T4-like bacteriophages, at least three of the sikeas fiave to bind to

their surface receptors which trigger the rearrangement of the bageplaties in the

phage allowing the spike to irreversibly bind to the host’s surface (Guttman29G8).
Following attachment, the bacteriophage penetrates the surface of thellhost c

and injects its genetic material into the cell. The “injection” processcinvolves a

series of mechanisms for the transfer of DNA that is specific for emthribphage. The

general process initiates when the tail pins release enzyme thattedovio break

through the cell wall and inner membrane. Once this opening has been made the

bacteriophage’s genetic material is released into the cell. Theibphtge also has

mechanisms that prevent the genome from leaving the capsid prematurely. The giroces

how the DNA enters into the host cell is poorly understood and is dependent on the

bacteriophage involved. For example, DNA enters the host cell from T7 phages as a

result of its transcription. Once inside the cell, the bacteriophage genonseeptible to
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degradation by host cell enzymes, so bacteriophages have evolved mechanismetto prote
their genetic material. One way in which they do this is by circularizing DA
through the use of terminal redundancies (“sticky ends”). Some have incorparated a
irregular nucleotide that is not commonly found in DNA or RNA such as
hydroxymethyldeoxyuridine or hydroxymethyldeoxycytidine which aredoun SP01
and T4 bacteriophages, respectively. As another mechanism, some phages such as the
Streptococci phage SD-1 and the coliphage N4 have evolved so they no longer contain
sites that are commonly recognized by enzymes of their natural hostddagiecies
(Guttman et al., 2005).

Inside the host cells, the bacteriophage genome is recognized by the host RNA
polymerase leading to the initial transcription and translation of “earlggy. The
products of these genes are responsible for blocking host proteases andrestricti
enzymes, terminate host cell metabolism, and denature host proteins. After this i
complete, a second set of “middle genes” is transcribed and translated to produce the
products needed for replication of the bacteriophage genome. Following replicati
final set of “late genes” is transcribed and translated to produce the paigdorents
of the bacteriophage particles. In all of these processes, the bacterioptieyes@luce
sigma factors or DNA binding proteins to reprogram the host cell RNA pohgaeanr
they contain a gene set that is transcribed and translated earlgdbatfor its own RNA
polymerase. Additional adaptations include the degradation of the host DNA and

preventing protein synthesis (Guttman et al., 2005).
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Following replication and the production of components of the bacteriophage
particles, the bacteriophages have to be assembled and the genetid nestdsido be
packaged within the capsid head. The packaging of the capsid protein involves
interactions between scaffolding proteins and structural proteins. At one otttex
icosahedral head there is a portal complex which is the origin site for heatbhss
docking site for packaging enzymes, and the site at which the genome entepsithe ca
At some point during the packaging process, the head expands in order to accommodate
the bacteriophage DNA or RNA (Guttman et al., 2005).

Once the bacteriophages have completely assembled, they must exit the cel
through lysis. The process of lysis is dependent on the bacteriophage type amdgts ti
is crucial (Guttman et al., 2005). If the cell is lysed too soon, there is not enough
bacteriophages to continue the lytic cycle, but prolonging lysis too long resthitsloss
of opportunities for infection (Abedon, 1990). Tailed phages use a two enzyme system
for lysis. They produce pores in the inner cytoplasmic membrane by an enzyme. The
second enzyme, lysin, passes through the pores formed by holin and begins breaking
down the bonds between the layers of peptidoglycan. The tail-less phages produce
individual enzymes that inhibit the host cell enzymes responsible for peptidoglycan

formation (Guttman et al., 2005). The lytic process is illustrated in Figure 1.2
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Figure 1.2 Bacteriophage lytic cycle (Cowan and Talero, 2009)
Bacteriophage Treatment of Raw M eats and Surfaces
While there is a lack of studies investigating phage usage as a treatment method i
animal by-products, several researchers have demonstrated the posgibikigting
bacteriophage mixtures capable of redu@agmonelldevels significantly in the raw
animal meats. One group of researchers found that phage treatment caasignif

reduceS. Enteritidis (SE) levels in poultry products (Higgens et al., 2005). The study
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found that the phage PHL4 €@nd 18° PFU/mI) was capable of reducing SE on the
carcass by 85-93% and in the rinse water by 50-100%. In addition, a 72 phage cocktail
(10’-16° PFU/m) used to treat SE on commercially processed turkey carcessksd

in a 50-60% reduction in SE. Another study demonstrated that SEELOmI)
contamination on chicken skin was significantly reduced by washing the skin With 10
PFU/mI of three wild-type bacteriophage cocktail (Fiorentin et al., 2@0%)ng storage

at 5°C, a significant difference between the mear&athonellgpopulations on the

control and experimental skin was observed on days 3, 6, and Satlmtionella

reduction at 2.27, 4.56, and 4.49 ¥ {CFU / cut), respectively.

Studies have shown bacteriophages to be effective a&ailmbnellaserovars
other than Enteritidis as well. Atterbury et al. (2007) recovered 232 phagepdtdiry
farms, abattoirs, and wastewater from 2004-2005. Among those collected phages, the
three with the broadest range against Enteritidis, Hadar, and Typhimurienselected
for further study. The phage cocktail resulted ih.2 and>2.19 logo CFU reduction in
Enteritidis and Typhimurium cecal colonization, respectively (Atterbuay.e2007).

There are also studies demonstrating the ability of bacteriophage to tieeuce
population of bacterial cells attached to an inert surface. Roy et al. (1993) shelie
effectiveness of phage treatment againgshonocytogenesn their study, a three phage
mixture (H387, H387-A, and 2671) was used to treat stainless steel templates that had
been contaminated with the pathogen. Phage treatment resulted in a 3 log detrease
monocytogengsopulations. The elimination &f monocytogenesom stainless steel

was also investigated by Hibma et al. (1997).

50



Bacteriophage Treatment of Biofilms

Often bacteria are not simply attached to environmental surfaces buthare ra
components of a large microbial network known as a biofilm. A biofilm can be composed
of one or various species of bacteria and their excreted products. The concern for phage
treatment is to ensure that the phage can actually come in direct contact witttéhialba
cells within the biofilm matrix. It has been shown that many biofilms dgtoantain
water filled pathways that can transport the phage into the biofilm’sangard provide
access to the bacteria cells. In addition, a large number of phages are c&pabl
producing polysaccharases or polysaccharide lyases. These enzymes spedifis SO
they are only effective against a range of related polysaccharidaistgidPhages
capable of degrading the exopolysaccharide (EPS) of various gramvedgatteria,
including species that are capable of producing a biofilm, have been isolateeligSut,
2004).

Studies on the effect of phage on biofilm produce&bterobacter agglomerans
revealed that the biofilm can be degraded if two conditions were met (Hughes, 1998a;
Hughes, 1998b). First the bacterium being investigated has to be susceptible to the phage
being used. Second the polysaccharide lyases produced by the phage has to be able to
degrade the biofilm’s EPS. Even when only one of these conditions were met, the phage
still cause a significant amount of biofilm degradation.

The effects of phage treatment on single species biofilms have been well
documented. Doolittle et al. (1996a) discovered that the matrix producedshyaln

biofilm was ineffective in preventing phage T4 from infecting the bacteeitd. To
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confirm their findings, the T4 phage was labeled with fluorescent and chromagenic
probes and introduced to tke colibiofilm. Microscopic observations revealed that the
T4 was infecting th&. colicells and were not inhibited by any of the extracellular
components within the biofilm (Doolittle et al., 1996b). Karunasagar et al. (2007)
demonstrated that phage can be used to rédibce harveyilevels in biofilm formed on
high density polyethylene. When using a phage concentratior? F@&ml,V. harveyi
counts were reduced nearly 1 log CFUaiter 18 h. A higher phage concentration®(10
PFU/mI) reduced th¥. harveyicounts by 1 log every 6 h from 2.19 x°16 9.40 x 16
CFU/cnf in 18 h. Another study determined the effectiveness of phage KH1 aainst
coli O157:H7 biofilm (Sharma et al., 2005). The phage was able to significantly reduce
(P<0.05) bacterial counts in biofilms produced from strain FRIK 816-3 from an initial
concentration of 4.0 log CFU per coupon to 2.8 log CFU per coupon and 2.7 log CFU
per coupon after 24 and 48 h of phage treatment, respectively.

Research on the use of phage for biofilms composed of multiple bacteriakspecie
has not been thoroughly investigated, and some reported less promising results
(Sutherland 2004). Storey and Ashbolt (2001) attempted to treat biofilm composed of
Bacteroides fragili@ndE. coliin an urban water distribution system with phages. The
phages were initially taken in by the biofilm that had formed on stainledsasie
polythene surfaces; however, following the initial treatment, phage numberstbega
decrease rapidly, suggesting that the phages were not infecting the hosthedlistully
has shown that biofilms composed of multiple bacterial species may contain adlditiona

barriers such as bacterial cell co-aggregation (Rickard et al., 2003) thatt ezdgesnt
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must overcome to be successful. Therefore, additional research into developing phage
treatments against biofilms composed of more than one species of bactez@ded. ne
Examples of Salmonella Reduction via Bacteriophage Treatment

Several studies have demonstrated that phage treatment can be veamgeeffect
againstSalmonellacontamination. For example, a study conducted by Modi et al. (2001)
investigated whether the addition of phage SJ2 to the starter culture used i chedda
cheese production would reduce the surviv@alimonella A strain ofSalmonella
Enteritidis that had been associated with an outbreak due to contaminated cheese was
inoculated into the milk post pasteurization &t €&U/ml. The results showed that the
experimental cheese made with pasteurized milk was negati8alfoonella
contamination after 88 days. The experimental cheese produced with raireatidd
with bacteriophage had very Id®®almonellacontamination levels of 50 CFU/g. In
contrast, all cheeses produced without bacteriophag8#iatbnellacounts of 16
CFU/g after 99 days. Whichard et al. (2003) demonstrated that both the wildaty/pe a
large plaque variant of the Felix 01 phage can be used to c8nirgphimurium
contamination on chicken frankfurters. The results indicated both phage strains were
capable of reducing. Typhimurium levels by 1DCFU/g. A study by Leverentz et al.
(2001) demonstrated the potential use of phages for red8eingpnellacontamination
on fresh produce. Their results demonstrated that the phage was capable offreducin
Salmonelldevels on fresh cut honey-dew melon by 3.5 logs at 5°C and 10°C, and a 2.5
log reduction at 20°C. There was no significant reductiddatfonellaon apple slices at

any temperature. Titers of the phage were stable on the honey-dew melon bubnwere
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detectable on the apples after 48h, this is possibly due to the more acidic pH (4.2) of the
apples as opposed to that of the melon (5.8). Pao et al. (2004) studied the effect of two
different phages simultaneously against three serotypgealmionellaOne phage was
effective againss. Typhimurium andS. Enteritidis. The other phage was effective
againstS.Montevideo. Phage treatment was shown to significantly suppress gro®:ith of
Typhimurium andS. Enteritidisin both broccoli and mustard seeds for 24 h. A
combination of the two bacteriophages suppressed the growth of the three senptypes b
0.57 £ 0.04 log (P<0.001) in the broccoli seeds. One desirable aspect of phage treatment
is the host specificity of bacteriophages. In termSalmonellareatment, this host
specificity is a hurdle for reducing contamination levels. There is not &$hglge
capable of lysing all known serovars@dimonellaln fact, a particular phage may not
even be capable of lysing all members of a particular serovar. To overcome this
shortcoming, a “cocktail” of phages must be designed capable of lysiglalbnella
strains of interest (Joerger 2003). The production of an effective phage ctarktail
Salmonellghas been reported previously. For example, Chighladze et al.(2001) reported
to have developed a phage cocktail capable of lysing 232 dd&@&4sonellasolates
composed of 21 serovars with 78 pulse field gel electrophoresis (PFGE) pate=rn ty
(Joerger 2003).
Bacteriophage Therapy in Animals

As previously mentioned, the use of bacteriophages as a therapeutic agent dates

back 1919 with the work of Felix d’'Herelle (Sulakvelidze and Barrow, 2005).

Salmonellosis in mice served as one of the earliest models for bacterioptvagy thkor
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example, Topley et al. (1925) tested the effectiveness of bacteriophaagytimemice
infected withS. Typhimurium. The results indicated that the therapy did not reduce the
mortality rate or shedding of the bacteria in the feces. The ineffectsrdnesg this

study was contributed to the lack of optimization of the bacteriophage. The bactgeopha
used was found not to completely lyse the bacterial strain (Topley and Wilson, 1925).
Fisk’s study (1938) concluded thaalmonellanfection could be prevented through the
use of bacteriophage therapy.

The interest in bacteriophage as a therapeutic agent was renewed by the work of
Smith and Huggins (1982). Their initial studies investigated the effectivehess
bacteriophages specific to the K1 capsule antigen fourttl oaliO18:K1:H7 ColV.

Their results indicated that a single injection of the bacteriophage ¢ wa® more

effective than several antibiotics in protecting mice against infectiadhdtf. coli strain.

In a subsequent study, Smith and Huggins (1983) tested the ability of a bacteriophage to
prevent infection in calves, piglets, and lambEbyoli ©9:K30.99. The mortality rates

for calves, piglets, and lambs infected wihcoliand left untreated were 100, 57, and

25%, respectively; whereas, the mortality rate for those animalsdwdtethe

bacteriophage was 17, 0, and 0%, respectively.

The success of tha vivo studies by Smith and Huggins renewed the interest in
bacteriophage therapy. More recently, Huff et al. (2002) conducted three exypsrime
determine the effect of bacteriophages on respiratory infectioks duli in broiler
chickens. During all three trialg.coliwas administered by air-sac inoculation while the

bacteriophage was administered by either air-sac inoculation or in the dnivikieg
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The results showed that bacteriophage treatment by air-sac inoculatioed &ukeic
mortality rate from 80% to 0% or 30% depending on the concentration of bacteriophage
used. Treatment with the bacteriophage in the drinking water demonstrated the
bacteriophage was only effective when given prior to infection. When given prior to
infection, the bacteriophage was able to reduce the mortality rate from 85%at035%
depending on the concentration of the bacteriophage. Biswas et al. (2002) depunstrat
that other bacteria, such as VRE, can be treated with bacteriophage tlsenaglly &he
bacteriophage was shown to prevent bacteremia caused by VRE infections in mice.
Recent studies have also tested the effectiveness of bacteriophagerageatice
agent againsbalmonellaas well. Berchieri et al. (1991) were able to isolate several
phages with activity again§t Typhimurium. The isolated phages were then orally
administered to chickens infected wahTyphimurium. The addition of the
bacteriophages was shown to significantly reduce the mortality rate. PR2agas one
of the most effective isolates during their study. It decreased the viabkeersiof the
pathogen within the host’s alimentary tract. Bemonellgpopulation was decreased by
1 log in the crop, intestine, and caeca of the chickens within 12 h of phage administration.
Salmonellacounts in the liver were reduced by 0.9 log within 24 h of phage
administration. The results also demonstrated that administering thedjdtige close
to the time of infection was significantly more efficient than delayingdrmphage
administration. This was believed to be due to the natusalofionellavhich is an
intracellular pathogen. In theory, it is more effective to expos8altmonellao the

bacteriophage before it is able to enter the epithelial cells in the intesdictalThis study

56



demonstrated that oral administration of bacteriophage to animals can &adinmomella
contamination levels.
Advantages of Bacteriophage Treatment/T her apy

The use of antibiotics as feed additives has become a major concern for national
health organizations and the livestock industry due to the increase in antibistentes
pathogens in human health that have been linked to those antibiotics used in livestock
feed (Smith et al., 2002). This has led to the banning of many traditional antibiotics as
feed additives. For example, the European Union has banned the use of virginiamycin,
bacitracin zinc, spiromycin, and tylosin phosphate (Ferber, 2003). While the bans may
have decreased the amount of antibiotic use, it also poses health concerns to thk livestoc
which will lead to safety concerns in food products. An alternative treatmems tnath
effective and safe to the animal host and environment is needed to replace thecantibiot
in the feed.

Bacteriophages may be the most environmentally safe alternativebkvaila
considering they are naturally found in the environment and animal hosts. In addition,
they have several advantages over antibiotics. Typically the antibiotidsasdeed
additives are broad spectrum so as to target as many bacterial sppassilsle. The
issue is when resistance arises it can occur in several different dlsspeaies.
Bacteriophages have a high specificity for their host, typically only infipcine
bacterial species or even a few serotypes within a species. An adwaittatiee use of
bacteriophages is that if there is bacteriophages resistance it would only #nese

bacterial species that is their host and would have little to no effect on othe&sspebie
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environment. The resistance mechanism for bacteriophages is not related to the
mechanisms developed in antibiotic resistance, so resistance to a bacgeriwphaot
influence the efficiency of antibiotics that are used for pathogen treaitidi@en
resistance does occur, bacteriophages can be rapidly modified throughgetéataon to
produce a new treatment; whereas, antibiotics may require severabfyezgsarch and
development to produce (Pirisi, 2000). In application, it has been demonstrated that
bacteriophages may be transferred between animal hosts. This transfer padardes
advantage as a prophylactic due to the fact one animal could be administered the
bacteriophage and it would transmit throughout the population on its own (Smith et al.,
1987). A final advantage is that they are self-replicating, so a single dode hast
throughout the course of infection. This advantage would also mean a relatively low
initial dose could be used (Barrow and Soothill, 1997).
Summary

It is well established that finished rendered by-products can be contadwngh
pathogenic bacteria includirgalmonella sppandEnterococcus spfa.he reason behind
this contamination is debatable and is one of the focuses of our study. Although the
material may be contaminated, the rendering process is still the teesatve available
for handling animal by-products, and it provides a valuable source of nutrients needed for
the finished animal feed. Although the benefits of the feed may outweigh the bablogic
risks, there is still concern that the feed serves as a continuous vehicleoiudirig
pathogenic bacteria into the food chain. In this particular study, the focus is on

enterococci an®&almonellaEnterococci typically only cause mild treatable disease, so
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the concern is with VRE which has the capability of transferring the van@omyc
resistance genes to more pathogenic bacteria via conjugation.

Salmonellas one of the leading causes of human food-borne iliness; therefore, its
presence in finished meals is of major concern. The heat used during the rendering
process is sufficient to kill pathogenic bacteria, which leads to the theorh¢hat t
contamination was resulting from cross-contamination within the renderittigyfac
There are several potential sources for cross contamination including thengceam
material and the environmental surfaces found within the facility.

Due the potential for cross-contamination, it is important to develop a method for
reducing bacterial levels that is biologically safe and cost afticgacteriophages could
potentially serve this need to the fact that they are self-producing andfechytlaeir
determined bacterial host. Numerous studies have demonstrated the ability of
bacteriophages as a treatment method for both raw meat and hard surfaces satch as ste
Bacteriophages have also been show to be an effective means of preventing og reducin
infection within an animal host.

The objectives of this study were as follows:
e Determining contamination levels 8almonellesspp andEnterococcuspp

within the finished rendered products provided by U.S. rendering facilities.

e Characterizing and determining heat resistancatrhonellaandEnterococcus
isolated from the animal by-products.

e Screening enterococci isolates for VRE and determining the level staress.
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Developing a bacteriophage cocktail capable of lySianonellahat had been
recovered from finished by-products

Using the produced bacteriophage cocktail to re@atmonelldevels on
environemental surfaces (steel, rubber, HDPE plastic, and concrete) in thef form
attached cells and within a biofilm.

Using the bacteriophage cocktail to redGedmonelldevels in the raw material
used to produce the rendered by-products.

Conducting an animal study to use the bacteriophage cocktail as a feed additive

for therapeutic purposes agaiSstimonellanfection in mice.
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ANALYSIS OF SALMONELLAAND ENTEROCOCCI ISOLATED FROM

RENDERED ANIMAL PRODUCTS

Abstract

The objectives of this study were to determine the current status of @lacteri
contamination in rendered animal products and an&@wh®onellaand enterococci
isolates from the samples. One hundred and fifty samples were provided by various
rendering companies across the U.S., including the following meal typesr feadia,
meat and bone, meat and bone from poultry, poultry, and blood meals. The average pH of
the meals ranged from 6.16 to 7.36, and the moisture content ranged from 1.9 to 11.5%.
The total bacterial counts were in the range of 1.7 to 6.68 log CFU/g with thethighes
blood meal and the lowest in meat mé&aiterococcuspecies were detected in 81.3% of
the samples anaccounted for up to 54% of the total bacterial counts in some samples.
Both blood meal and feather meal were more contaminBted(05) with enterococci
than other meal types, although all blood meals were from a single confpanyonella
was detected in 8.7% of the sampl&s.coliwas not detected in any of the samples, but
coliforms were detected in four samples. Among enterococci isolateswiree
vancomycin resistant. Thirteen serotypeSalmonelladisplayed 16 pulse field gel
electrophoresis (PFGE) patterns. PFGE analysis has indicat&hthmainella
contamination was not persistent in the plant environment over time. D-values for the
Salmonellasolates at 55°C, 60°C, and 65°C were in the ranges of 9.27-9.99, 2.07-2.28,

and 0.35-0.40 min, respectively. These results suggest that the presBatamiellan
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the finished products may be due to post-processing contamination. This study has also
revealed that the rendering industry has microbiologically improved their psoaic

compared to earlier studies.

Introduction

Each year, the U.S. meat industry generates over 2.8 kg 0f animal parts not
typically included in the food supply such as fat and bone trimmings, meat scraps, blood,
offal, and feathers (Franco and Swanson 1996). Annually, the U.S. produces ca. 11.2
billion pounds of protein and 10.9 billion pounds of fats. Approximately 85% of these
products, are then used in the production of animal feed ingredients (Meeker and
Hamilton, 2006). A large portion of these U.S. products are then exported. In 2005, the
amount of exported finished products worldwide was ca. 1.7 million metric tons with 0.8
million metric tons being exported by the U.S. (Swisher, 2006). These by-products are
often contaminated with high numbers of microorganisms and will spoil rapidly
becoming a public health hazard if left untreated. Meat, meat and bone, feathey, poultr
and blood meals are produced by the rendering industry from these by-products of mea
processing plants. Therefore, the rendering industry has played a sigmiieant
recycling inedible parts of food animals into a variety of value-added prodrunatscO
and Swanson 1996). Most importantly, the rendering industry contributes to maintaining
a healthy environment by using processing conditions capable of eliminating péthoge

microorganisms including bacteria and viruses.
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While adding rendered animal meals to feed provides many needed nutrients and
minerals essential for animal growth, animal feed is a source of foodbdhog@as
contributing to human foodborne ilinesses (Crump et al. 2002). Although the rendering
process involves high levels of heat treatment, there is still potential fonidteetl meal
to become contaminated with bacteria. When these contaminated products ase used a
ingredients of animal feed, inoculation of other animals in the food chain can occur and
lead to potential human exposure. A previous study on rendered products revealed
poultry meal containing bacterial populations ranging from 1.6 to 4.02 log CFU/g
(Hofacre et al. 2001). About 85% of the poultry and meat and bone meal samples
contained bacteria resistant to amoxicillin, ampicillin, clavulanic acid apdatothin.

Some of the most commonly isolated bacteria waeiaetobacter colcoaceticus,
Citrobacter freundiiandEnterobacter cloaca&almonellavas also isolated from 14%
of the meat and bone samples (Hofacre et al. 2001).

Enterococci have often been used as probiotics in food production, but also
account for 12% of the nosocomial infections in the U.S. causing bacteremia,
endocartitis, and infections, wiinterococcus faecalsndEnterococcus faecium
causing the majority of these infections (Franz et al. 2003). Enterococcsigtanteto
various stresses including mild heat treatment and are intrinsicaijareso a wide
variety of antibiotics. More specifically, resistance to vancomycin is gimsancern
since vancomycin is considered to be the last resort for enterococci treditanatd et
al. 2006, Wegener 2003). Therefore, it is important to identify potential resexwoirs f

enterococcin an effort to control the possible contamination with this microorganism.
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The purpose of this study is two-fold. First it is necessary to determine if the
rendered meals may serve as a vehicle for bacteria, specikcadiyococcuspp. and
Salmonellaspp. Although early studies have demonstrated that rendered products are
frequently contaminated with bacteria includigterococcuspp. andsalmonellaspp.,
the technological improvements of the rendering process have been made, and an update
study is needed to assess the microbiological quality of these products byr¢skiaged
products directly from the production line to reduce the potential for post-pragessin
contamination. The study then determined whether the contamination is likely to be a

result of insufficient sterilization methods or through post-processing covatom.

Materials and Methods

Analysis of moisture content, pH, and water activity. To determine the
moisture content, approximately 1g of each sample was weighed and dried in a
mechanical convection oven (Blue M Electric Co., Blue Island, IL.) at 105°C for 24 h.
For pH testing, one gram of each sample was mixed with 50 ml of distilled wadter a
analyzed using a pH meter (Orion perpHect Log R meter model 310, Boston, MA.). The
water activity (@) values were determined using a Rotronic-Hygroskop DT (Rotronic
Instrument Corp., Huntington, NY.).

Bacterial enumeration. One hundred and fifty different rendered samples were
provided by twelve rendering companies throughout the U.S from August, 2004 to
February, 2005. The products were separated into six meal types: feathgr=8en

meat meal (n=14), meat and bone meal (MBM) (n=37), meat and bone meal from poultry
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(MBM-P) (n=6), poultry meal (n=51), and blood meal (n=12). Samples were stored at
4°C prior to analysis.

Samples in duplicate were serially diluted using 0.1% sterile peptone water.
Aliquots of each dilution were spread-plated onto Tryptic Soy Agar (TSApBect
Dickinson and company, Sparks, MD.) for total bacterial counts (TBC) and BilarEscul
Agar (BEA, Becton-Dickinson and company) for enterococci counts, separdstgs P
were incubated at 37°C for 24 h. Bacterial counts were reported as CFU/g, and the
detection limit for both TBC and enterococci was 100 CFU/g.

Detection of E. coli/coliforms and Salmonella. Ten grams of each sample in
duplicate were mixed with 90 ml of universal pre-enrichment broth (UPB, Becton-
Dickinson and company) and incubated at 37°C for 24 hEFool/coliforms testing, 1
ml of each enriched sample was placed on a Petrifiné8l/coliforms count plate (3M
Microbiology Products, St. Paul, MN.) and incubated at 37°C for 48 iS&laronella
detection, the enriched sample was inoculated into Tetrathionate Broth (TTBnBec
Dickinson and company) and incubated at 37°C for 24 h, followed by plating onto xylose
lysine tergitol-4 (XLT-4, Becton-Dickinson and company). Presum@alenonella
isolates were then confirmed witlfSalmonelladentification latex test (Oxoid®,
Basingstoke, Hants, UK). The above procedure deviated some from FDA
recommendations due to the quantity of samples received. Standard proceduresrequir

25 g sample, but some samples were not large enough to do so.

Bacterial isolation. Purified isolates from both BEAterococcusn=200) and

XLT-4 (Salmonellan=30)plates were streaked onto TSA, preserved in TSB containing
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20% glycerol, and stored at -80°C. These isolates were used for further itedtidghg
antibiotic and heat resistance determination.

Enterococci spp. confirmation. The prospective enterococci isolates were gram-
stained and then tested for growth at 45°C in TSB, growth in TSB containing 6.5% NaCl,
catalase activity, and pyrrolidonyl arylamidase activity usingRRei¥sks (Remel, Lenexa,
KS.). All isolates that tested positive asEamerococcuspp. were screened for
vancomycin resistance by plating onto BEA supplemented with 6 pg/ml of vancomyc
(Sigma-Aldrich, St. Louis, MO.) and incubating at 37°C for up to 48 h.

Deter mination of minimum inhibitory concentration (MIC) of vancomycin.

The agar dilution assay was used as described by CLSI protocol (CLSI, 1997) using
Mueller Hinton agar (MHA, Becton-Dickinson and company). Plates were pitpar
using the following concentrations of vancomycin: 4, 8, 16, 32, 64, and 128ug/ml.
Enterococci isolates were inoculated onto the MHA plates using a replieageaice
(Sigma). Plates were incubated at 37°C for up to 48 h.

PCR identification of genus and speciesfor potential vancomycin resistance
enterococci (VRE) isolates: The DNA of potential VRE isolates (n=16) were extracted
by boiling method and used for genus confirmation and identifaction of the species
faeciumandE. faecalis The primers, reaction mixtures, and reaction protocol were
performed according to Shank et al. (2008), Sedgley et al. (2005), and Jackson et al.
(2005), respectively. The PCR reaction was conducted in a Biti®gder iQ" (Bio-

Rad Laboratories, Hercules, CA), and the resulting products underwent electropghoresis

a 1.5% agarose gel at 70 v, and stained in ethidium bromide. Images of the gels were
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captured using a GelDoc 2000 (Bio-Rad Laboratories)aecalisATCC 29212FE.
faeciumATCC 51229, andk. coliG5244 were used as controls.

Detection of vanA and vanB genesthrough PCR analysis. The DNA of
potential VRE isolates (n=16) were extracted by boiling method and used to detect t
presence of theanAor vanBgenes. The primers, reaction mixtures, and reaction
protocol were performed according to Dutka-Malen et al. (1995). The PCR reaction was
conducted in a Bio-R&iCycler iQ"™ (Bio-Rad Laboratories, Hercules, CA), and the
resulting products underwent electrophoresis in a 1.5% agarose gel at 70 v,reatlistai
ethidium bromide. Images of the gels were captured using a GelDoc 2000 (Bio-Rad
Laboratories).E. faeciumATCC 51559 (vanA)E. faeciumATCC 51229 (vanB) anH.
coli G5244 were used as controls.

Thermal resistance screening. Bacterial isolatesSalmonellaenterococci, and
VRE) were screened for thermal resistance. All cultures were growSArai37°C for
24 h, and each culture was resuspended in saline and inoculated into TSB at a final
concentration of 5 x FACFU/mI. The inoculated TSB tubes were incubated at 60° and
70°C in a Haake V26 circulating water bath (Thermo Haake GmbH, Karlsruhe,
Germany) foiSalmonellaand enterococci, respectively. Three tubes were removed
simultaneously at pre-determined time intervals and placed immediategninte bath.
After the tubes had cooled, each tube was incubated at 37°C for 24 h and observed for the
presence of growth.

D-value and z-value deter mination. The six most heat resistaalmonella

isolates were inoculated into TSB and incubated at 37°C for 24 h. After incubation, all
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samples were diluted in saline and inoculated into TSB at a final conceméta. 5 x

10° CFU/mI. The inoculated tubes were then incubated separately at 55° (n=6), 60°
(n=10), and 65°C (n=10) in a circulating water bath. The internal temperature obtine br
was monitored by J-type thermocouples (DCC Corporation, Pennsauken, NJ) attached t
a Hotmux data logger (DCC Corporation) and tubes were removed at pre-determined
time intervals. After cooling in an ice bath, the inoculated tubes were thensptea

onto TSA with a Autoplate 4000 (Spiral Biotech Norwood, MA) and incubated at 37°C
for 24 h. The log CFU/ml values were plotted against heating time to determineethe |
of best fit. The formula for D-value calculation was D=t/ (lag-Nog N), where t is

total time, N is the intitial bacterial concentration; il the final bacterial concentration,
and D is the D-value. D-values were determined for each isolate at the thede tes
temperatures. Z-values were determined by plotting log D-valuesg)yxex heating
temperatures (x-axis). The z-value is the temperature change requiredde ttaD-

value by 1 log.

Serotyping and PFGE analysis of Salmonella isolates. Twenty-nineSalmonella
isolates were serotyped by the FDA lab using the Kauffman-Whitsifidasion system,
and thePFGEpatterns of these isolates were analyzed following PulseNet’s standard
PFGE protocol foSalmonellaRibot 2006). Briefly, plugs were prepared by mixing
SeaKem Gold agarose and 1% sodium dodecyl sulfate (SDS$alitironellg(10°
CFU/ml) and proteinase K. Once cell lysis was complete, the plugs undeestittion

digestion byXbal. The plugs were then washed, cast into an agarose gel, and underwent
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electrophoresis using a CHEF Pulse-Field system (Bio-rad). The gataraed with
ethidium bromide and imaged using a Gel Doc system (Bio-Rad).

Statistical analysis. All plate count data were converted intodggalues. The
mean counts and standard deviations were determined for the samples accordilg to m
type as well as by the commercial renderer. The data were subjeetealysis of
variance with a test criterion (F statistic) and type | error conttall® = 0.05. The
Tukey’s multiple comparison procedure of the Statistical Analysis Systa® 2801,

Cary, NC.) was used to compare all pairs of means when the test criteriba &malysis
of variance was significant.
Results

In this study, 150 fresh samples of feather, meat, MBM, MBM-P, and blood
meals were analyzed. Feather, meat, MBM, and poultry meals were providetbagt 4
companies whereas blood and MBM-P were produced by a single company.

The average pH of the meal types ranged from 6.16 to 7.36 (Table 2.1). The pH
of blood meal was higheP(< 0.05) than those of all other meal types. Feather meal
contained the highest amount of moisture (5.99%); whereas, meat meal contained the
lowest amount of moisture (2.5%) (Table 2.1). Both feather and blood meals were higher
(P < 0.05) in moisture content than meat and MBM meal. The water activity of different
types of meal was analyzed; however, theaues in the range of 0.41 to 0.49 were
consistent among the meal types (data not shown).

Total bacterial counts (TBCs) ranged from 1.70 to 6.68 log CFU/g, and

enterococci counts ranged from less than 1.40 to 5.70 log CFU/g. The mean TBCs for
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each meal type ranged from 3.70 to 5.88 log CFU/g; whereas, mean enterococci counts
were in the range of 1.60 3.85 logCFU/g (Figure 2.1). Total bacterial counts were

found to be the highest in blood meal and the lowest in meat meal. Entecmodsi

were also the highest in blood meal but the lowest in the MBM-P. Blood meal was more
contaminatedK < 0.05) with total bacteria than other meal types, and both blood and
feather meals contained higher levéts<(0.05) of enterococci.

Comparisons between meal type and company for TBCs and enterococci counts
are presented in Tables 2.2 & 2.3, respectively. Since 38 out of 150 samples were
received without the company information, those samples were excluded in both Tables
There were difference®(< 0.05) in TBCs for feather, meat, MBM, and poultry meal
types among companies. The feather and poultry meal produced by company F were
contaminated with the highest (P<0.05) levels of total bacteria for that ypeallihere
were also difference$(< 0.05) in enterococciounts in MBM and poultry meal among
companies. All meals (feather, meat, or poultry) produced by company A and F had the
highest levelsR < 0.05) of enterococci contamination. For company H, blood meals
contained higher TBC and higher enterococi counts than the other four meal types they
produce Enterococcuspp.was detected in 122 of 150 samples (81.3%), and accounted
for up to 54% of the total bacterial counts in some samples (Table 2.4). Over 90% of the
blood or feather meals were positive for enterococci.

E. coliwas not detected in any of the samples tested, but coliforms were detected
in a few samples (4 out of 150) of the feather, MBM, and poultry meals (Table 2.4).

Salmonellavas detected in 13 of the 150 samples (8.7%) including feather, meat, MBM,

92



and poultry meals. In general, the poultry meal samples had the highest comdamina
rate (13.7%) foSalmonellgTable 2.4).

Approximately 76% of the 200 isolates collected were confirmed entelosiog
traditionalconfirmationaltests. Vancomycin resistance screening revelaed that of the 152
enterococcussolates only 16 (10.5%) are potentially resistant. These 16 isolates were
confirmed as enterococcby PCR assay. PCR analysis also indicated none of the 16
isolates werd. faecalisor E. faecium(data not shown)rhe results of the agar dilution
test revealed that the MIC of 13 enterococci isolates was 16 pg/ml or kesgas, only
three isolate were able to grow at 32 pg/ml. Since the breakpoint for \325.ig/ml,
three (2%) enterococci isolates were considered VRE in this study (\W988). PCR
analysis of the 16 isolates further revealed that none of the isolates cortavaaXor
vanBthat are traditionally associated with higher levels of vancomycirtaases

After initial thermal resistance screening, S&dimonellasolates were tested
further for D- and z-vlaue determinations. Of those six isolates, five s@sted from
the rendered products consisting of different serotypes as well as aoreddstolate
provided by SC DHEC from a SC boiled peanut outbreak were used to determine D- and
z-values (Table 2.5). There was no differeriee (0.05) between all determined D-values
at each temperature with a maximum range of 0.85 minutes between them. lakg-va
were approximately 7°C.

A total 13 distinguishable serotypes including Senftenberg, Oranienburg, Idikan,
Johannesburg, llla. 42: z4,z23, Banana, Demerara, Putten, Molade, Montevideo,

Mbandaka, Livingstone, and Amsterdam were identified. PFGE analysis was able
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further classify all distinguishable serotypes except those thatSvBemana. There
were 16 PFGE patterns for 12 serotypes, including three tygSehftenberg, two
types ofS.Mbandaka, and two types 8fDemarara.
Discussion

To ensure the microbiological safety of rendering end products, rendering
companies use various forms of heat treatment depending on the meal type. Tisee for
of heat treatment were analyzed in this study. The first method of treagfientrieat,
MBM, MBM-P and poultry meal. This process uses a continuous rendering process,
which heats the raw material in a horizontal, steam-jacketed cylindresgM®e a final
temperature ranging from 121 to 135°C (Franco and Swanson 1996). After the fat is
removed, the meal is dried and packaged (National 2005). In the continuous process of
blood meal, the whole blood is passed through a system of tubes where steam is injected
to coagulate blood solids. After separation, the blood solids are fed into a gas-fired
drying system, direct-contact ring dryer, a steam tube, or rotary @manco and
Swanson 1996). As for feather meal production, the keratin of poultry feathers is first
converted into short chain amino acids by chemical hydrolysis in a batch cooker at
temperatures ranging from 138 to 1@under pressure. The feather meal is then dried
in a manner similar to the way blood meal is (McGovern 2000). In this study, total
bacterial and enterococci counts based on meal type from the highest to loveest wer
blood meal > feather meal > meat meal. This would suggest that the continuous
rendering system for meat, MBM, and poultry meal is more effective than theadse

used for feather and blood meal in eliminating bacteria. Although blood meal samples
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were from a single company (H), both total bacterial and enterococcsaausibod

meal were higher (P<0.05) than those in MBM, poultry, and meat meal produced by this
company. In addition, the microbial contamination levels of raw materialdsmaaféect

the bacterial levels and contents in the finished meal products. A 2001 study indicated
that raw material used for rendered by-product production contains the followatg lev

of pathogensSalmonellaspp. 84.5%Clostridium perfringen§1.4%, Listeria
monocytogene8.3%,Listeriaspp. 76.2%Campylobacter jejur20.0%, and
Campylobactespp. 29.8% (Troutt et al. 2001).

Moisture is one of the key control points for preventing microbial growth of the
rendered product. In both blood and feather meal processing, the moist meals with ca. 50
to 55% moisture are subjected to drying If these meals are not properlyfugied, t
moisture content will remain high and microbial levels may increase dsnead in our
study for both blood and feather meals. Although the moisture levels in animal meals
analyzed in this study were much lower than the minimal moisture level f@riaact
growth, some bacteria espalmonellajf present, may persist for extended period of time
during storage (Doyle et al., 2001;Meat 1997).

The machinery, plant environment and workers can all serve as possible sources
of contamination as well. It is possible for bacteria to form biofilm on the maghi
conveying belts, containers, and floor of the processing plant. Foodborne pathogens such
asE. coliO157:H7 Listeria monocytogenes, Yersinia enterocolitemag Campylobacter
jejuni form biofilms on food surfaces and food contact equipment (Chae and Schraft

2000, Doyle et al. 2001, Kumar et al. 1998). Recontamination can also occur in finished

95



meals during storage within the plant. Therefore, it is important to analyz#dtieteat
the practices of various companies had on the contamination levels of the samples.
Tables 2.2 and 2.3 revealed that all meals produced by company A and F contained
higher P < 0.05) levels of enterococci and total bacteria. Although there were some
significant differences among the companies, it is not possible to discern droparcy
was any less contaminated than the others due to unequal numbers of meal types
provided by each company.

Rendered animal products are frequently contaminatedSaithonella
Epidemiological studies also have linked hur&atmonellaspp. to contaminated animal
feed (Crump et al. 2002). For exampl&.antericaserotype Heidelberg outbreak in
1963 led to 77 infections from milk consumption (Knox et al. 1963). This outbreak was
linked to bovine mastitis caused by the s&aémonellaserotype, whichvas found in
the meat and bone meal fed to the cows. Over a four month feailotonellavas
detected in 81% of the meat meal, 40% of the feather meal, and 84.2% of the broiler
premix (meat meal as a filler) produced in Ontario feed mills (Hackiagy €977).

Loken et al. (1968) tested 1,395 rendered products from seven different plants and
detected the presence®dimonellan 241 (17%) of the samples. The study also tested
the plant with environmental swabs, g@amonellavas isolated from 359/1901 (19%)

of the swabs. In 1993, a FDA study of feed samples from 78 protein-based rendering
plants detecte8almonella enterican 56% of the 101 samples collected (McChesney et
al. 1995). A year later a FDA test of 89 samples dete&ktedterican 25% of the

samples (Crump et al. 2002). Members of the Animal Protein Producers InduREd) (A
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tested samples weekly fBalmonellaor at least 52 tests a year (Franco 2005). On
average, twenty-five percent of the samples tested positigaforonella Results from
197 Salmonellapositive samples during a particular year indicated that the average
MPN/g was 16.3 with a range of 0.2 to 78.0 MPN/g (Franco 2005). (Haimeonella
serovars found in that study, four were associated with food borne iliess (
Typhimurium S.Enteritidis S.Agong andS.Infantis). Unlike samples analyzed by FDA
studies, which had been transported and subjected to secondary contamination, the
present study analyzed the rendered animal products collected at the end of the
processing line. As compared with above surveys, the low contamination rate for
Salmonellg8.6%) and absence Bt coliin 150 meal samples analyzed may suggest that
the rendering industry has made progress toward improving the safety of amimal ¢
products. In addition, samples positive 8almonellavere mostly poultry meal or
feather meal. A possible explanation is that the raw poultry products mayndendgir
numbers ofSalmonellaentering the rendering plants which would require additional heat
exposure compared to the other meal types. Therefore, the initial microdiaf licav
materials should be considered in order to produce microbiological safe meal products.
The overall goal set forth by the FDA Center for Veterinary Medicin®@0 1s for both
animal feed ingredients and the final feed to contain no detectable am@&attnainella
zero tolerance (Meeker 2006).

Cross-contamination may be one of the major reasons for the presence of
Salmonellan the finished products. In this study, 8dlmonellasolates had D-values in

the range of 9 minutes at 55°C, 2 minutes at 60°C, and under 45 seconds at 65°C. The

97



temperatures produce in the batch cookers used for meal processing reaches 121-135°C
and are maintained for 2 to 3 h, which far exceeds the maximum temperature used in this
study. At 65°C all isolates in this study were reduced by 1 log within 45 seconds
indicating that the rendering process should be sufficient in killin§adfhonella
provided that the internal temperature of the by-products reaches or exceaulskihg
temperature. D-values f&@almonellavere reported as 18-594 min at 50°C in corn flour
(van Cauwenberged et al., 1981), 55-345 min at 70°C in wheat flour (Archer at al., 1998),
and 10-115 min at 70°C in meat and bone meal (Liu et al., 1969). Apparently, the D-
values of thesalmonellan this study are lower than those reportedSalmonellan
above dry materials, suggesting that &@monellacontamination in rendered animal
meals is most likely a result of post-processing contamination. The PE&Hssd to
characterize th8almonellasolates within the processing plant. A comparison between
each individual set of PFGE types and what type of product that were isolated from,
where they were collected, and when they were collected revealed thavéisanet a
single type present in a particular plant environment over an extended period of time.
This indicates that the likely source of contamination is the raw animaldojgis due
to the fact it is a consistent incoming new source for contamination.

Enterococcuspp. is widely distributed in the environment and animals.
Enterococci also have been consistently isolated from the carcass qidudiey, and
pork meat (Franz et al. 2003). Knudtson and Hartman (1993) reported that pig carcasses
from three abattoirs were contaminated with enterococci at 4~8 log CFU peniéb c

the carcass surface, with faeciumandE. faecalisas the dominant species. Enterococci
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being found in rendered meals may be less surprising than other bacterialicatibam
due to the fact that enterocoece heat tolerant. A few studies previously reported that
Enterococcuspp. was detected in rendered animal meals (Cullen et al. 2003, and
Schwalbe et al. 1999). A 2003 national survey conducted by the FDA was performed on
122 samples (MBM 72, Blood 16, Bone 2, Feather 10, Poultry 17, and Fish 5) (Cullen et
al. 2003). Of these, 84% of the samples contafrgdrococcuspp. which were
identified asE. faecium(86.5%),E. faecalig7.5%),E. gallinarum(2%), E. hirae(1.5%),
andE. avium(0.5%). The present study revealed a similar contamination rate by
enterococc(81.3%) with a range from below the detection limit (<1.40 log CFU/g) to
5.70 logCFU/g. MIC results revealed that VRE was present in the rendered products but
with low prevalence (2%). In addition, none of the VRE isolates #wefaecalisor E.
faecium.ThevanAandvanBgenes confer high levels of resistare@4{ig/ml) and are
the only two resistance genes that have been associated with plasmids. Duewo the |
MIC for vancomycin, the VRE isolates were assumed not to posseartAer vanB
genes, suggesting a low possibility that there is transference of thenwaein resistance
genes between other species found in the rendered meal (Gilmore 2002). The absence of
thevanAandvanBgene was then confirmed by PCR analysis.

This study has provided some baseline data on microbiological contamination
levels in fresh rendered meals. These results more accurately refinesaidrobial
load in rendered products than previous studies since all samples were taken directl
from the production lines before the rendered meals could be mixed with any ether fe

components in a feed mill. Although avoiding the contamination of finished animal
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meals is difficult in post-production shipment and reformulation, using heat tolerant
enterococci as a marker for bacterial load may help the industry to detefrthmenieal
products have been heated adequately or have been contaminated by raw maitegials or
processing environment. Based on the low thermal resistai8adrobnellasolates

tested in this study, the heat treatment process used by the rendering iapjosans to

be adequate in eliminating bacterial contamination in the product; theredore t
Salmonellacontamination is most likely resulting from post-processing contamination.
Overall, the low prevalence &almonellacontamination and absencekfcoliin all

samples indicate that the rendering industry has microbiologically improvedathects.
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Figure Legend

Fig.2.1: Total bacterial and enterococci counts for six meal types. Repdred see
expressed as the mean * standard deviation. The different letters above @aetubad

to indicate the significan®(< 0.05) differences between the counts of the meal types.
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Table 2.1. Moisture content and pH level per meal type

Meal Type Moisture % (mean + std dev) pH (mean = std dev)
Feather (n=30) 5.99 + 248 6.20 + 0.39
Meat (n=14) 2.50 + 1.49 6.38 + 0.58
MBM (n=37) 2.90+1.28 6.16 + 0.52
Poultry (n=51) 321+1.15 6.41 +0.28
Blood (n=12) 4.94 +2.17 7.36 +1.08
MBM-P (n=6) 4.04 +2.45° 6.37 +0.28

*Means with different superscripts are significantly different (P < 0.05) among tyyszad.
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Table 2.2. Total bacterial counts of rendered animal meals produced by 12 companies

Total bacterial counts (log CFU/qg)

Company Feather (n=30) Meat (n=14) MBM (n=37) MBM-P (n=6) Poultrp D= Blood (n=12)

A 454 +0.71%% 4.78 +0.62 N/A N/A 459 +0.87° N/A

B 3.68 +0.28 4.80 + 0.62 N/A N/A 4,52 +0.65° N/A

C N/A™ N/A N/A 3.98 + 0.64 N/A N/A

D N/A 2.61+0.48 5.04 + 0.64 N/A N/A N/A

E N/A N/A 4.76 £ 0.69 N/A N/A N/A

F 5.38 +0.86 N/A N/A N/A 5.52 +0.38 N/A

G N/A N/A 4.61 +0.34 N/A N/A N/A

H 4.65 +0.52° 3.71 +0.90° 4.11 +0.70° N/A 3.86 + 0.83 5.91+0.79
| N/A N/A 3.98 + 0.69° N/A N/A N/A

J N/A N/A 2.20+0.38 N/A N/A N/A

K N/A 3.99 + 0.21° 5.04 +1.09 N/A N/A N/A

L N/A N/A 4.24 +0.94° N/A N/A N/A
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*The different letters in each column are usedhttidgate the significant differences (P<0.05) betw#ee companies for that given meal type.

**N/A means that there were no samples of that mgrd from the corresponding company

Table 2.3. Enterococci counts of rendered animal meals produced by 12 companies

Enterococci counts (log CFU/Q)

Company Feather (n=30) Meat (n=14) MBM (n=37) MBM-P (n=6) Poultrp D= Blood (n=12)

A 2.94+0.78 3.16 + 0.45 N/A N/A 2.27 +1.26° N/A

B 2.38+0.38 3.10 £ 0.45 N/A N/A 2.95+0.76 N/A

C N/A™ N/A N/A 1.15 +1.03 N/A N/A

D N/A 0.57 +0.84 2.18 +0.90° N/A N/A N/A

E N/A N/A 2.32+1.10° N/A N/A N/A

F 2.83+1.61 N/A N/A N/A 3.35+0.07 N/A

G N/A N/A 2.88 +0.20 N/A N/A N/A

H 2.58 +1.06 1.78 + 1.5% 0.97 + 1.41° N/A 1.16 + 1.38 2.97 £ 1.53
| N/A N/A 1.57 +1.38° N/A N/A N/A

J N/A N/A BLD® N/A N/A N/A
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K N/A BLDA™

L N/A

3.21+0.80

2.63 +1.338

N/A N/A

N/A N/A

* Means with different superscripts are significardifferent (P < 0.05) between the companies fot thiagen meal type.

**N/A means that there were no samples of that mgsd from the corresponding company.

***BL D, Below the minimum detection limit (100 CFy)/

Table 2.4. Percentages of samples of each meal type that was postaérionellaenterococci, and coliforms

% Salmonellan)

% enterococdin)

% coliforms (n)

Feather (n=30) 6.7(2) 96.7(29) 6.7(2)
Meat (n=14) 7.1(1) 64.3(9) 0(0)
MBM (n=37) 8.1(3) 75.7(28) 2.7(1)
Poultry (n=51) 13.7(7) 78.4(40) 2.0(1)
Blood (n=12) 0(0) 91.7(11) 0(0)
MBM-P (n=6) 0(0) 83.3(5) 0(0)
Total (n=150) 8.7(13) 81.3(122) 2.7(4)
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Table 2.5. D-values and z-valuesSz#HImonellasolates

D-value (min) at given temperature

Isolate Serotype 55°C 60°C 65°C z-value (°C)
B111419* Enteritidis 10.12+0.62 2.47 +0.64 0.50+0.12 7.66
23B2 Senftenberg  9.27 + 043 2.07 +0.28 0.36+0.18 7.09
08 Idikan 9.30+1.66 228+0.58 0.36+0.2¢% 7.08
214 Mbandaka  9.76 +1.43 2.19+0.7% 0.43+0.183 7.37
222 Banana 9.47+082 2.08+1.08 035%0.17 6.98
223B Demerara  9.99+022 2.15+1.02 0.40+0.14 7.16

* |solate provided by SC DHEC

** Means with different superscripts are significardifferent (P < 0.05)
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Figure 2.1
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CHAPTER THREE

REDUCTION OFSALMONELLAON ENVIRONMENTAL SURFACES WITH
BACTERIOPHAGE TREATMENT

Abstract

A previous study has suggested that the presersalimionellan animal meal is due to
post processing contamination. The objective of this study was to determingciieaiophage
cocktail could be used to reduce the risk of cross-contamination by re@atmgnelldevels
on environmental surfaces found within a rendering facility. A cocktail of fiveehaphages
was isolated and purified for two domin&dlmonellaserotypes (Enteritidis and Typhimurium)
and three other serotypes (Mbandaka, Johannesburg, and Idikan) that were presalaisty i
from finished rendered products. Th&mdmonellaserotypes were treated with the
bacteriophage cocktail at varying concentrations to determine the optintgilicity of
infection (MOI). The optimized cocktail was then used to treat the att&8diatbnellacocktail
andS. Enteritidis within a single and double species biofimtemplates of steel, plastic, cement
and rubber at 20°, 30°, and 40°C. The bacteriophage cocktail was found to be most effective at a
MOI of 10. Bacteriophage treatment of the surface materials with att&etmonellaesulted
in a ca. 2 log decrease in tBalmonellacount at 40° and 30°C, and ca. 1 log CFU/decrease
at 20°C for all surface materials. Bacteriophage treatment &. theteritidis single-species
biofilm resulted in a ca. 1-2, 2-3, and 1 log CFUWeeduction inSalmonellgpopulations at 20,
30, and 40°C, respectively. Bacteriophage treatment of the double species biofilm at 29, 30, a
40°C resulted in reduction of ti&almonellgpopulations by ca. 0.5, 1.5-2.0, and 0.5 log
CFU/cnf. Overall, the bacteriophage treatment was most effective at 30°C under all tes

conditions. These results demonstrated that a bacteriophage cocktail anglyifieduces levels
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of Salmonellacontamination on environmental surfaces, and may potentially decrease the

incidence of cross-contamination in rendering facilities.

Introduction

Annually, the U.S. rendering industry produces ca. 11.2 billion pounds of protein and
10.9 billion pounds of fats. About 85% of these products are then used in the production of
animal feed ingredients (Meeker and Hamilton, 2006). While rendered by-productaémaye
uses, the primary usage is as an additive to animal feed. The contamination af tanfserve
as a vehicle for pathogenic bacteria, sucBamonellato enter the food chain (Crump et al.,
2003; Knox et al., 1963). This was demonstrated 8yHeidelberg outbreak in 1963 that was
traced back to milk produced from cows infected with the serotype. Microlgalagialysis
revealed that the source of the infection in the cattle was the meat and bonectheal ais

additive in the feed (Knox et al., 1963).

The presence @almonellehasbeen documented in finished rendered by-products as
well as in enivornmental swab samples from the rendering fac{l€ietey et al., 2009; Hofacre
et al., 2001; Loken et al., 1968). Troutt et al. (2001) detected 12 different serotypes of
Salmonellaspp. in raw materials derived from animal production and processing, materials from
the cooking/expelling process, and in final rendered products. Recently, in an anatgsiQfi
rendered animal products collected from 12 processing plants in the U.S., we detected 13
Salmonellaserotypes with an overall contamination rate of 8.7% (Kinley et al., 2009). Four
serotypes, Johannesburg, Oranienburg, Putten, and Senftenberg, detected matchegbtted
by Troutt et al. (2001).

It is likely that the presence 8almonellan rendered animal by-products is due to post-

processing contamination (Kinley, 2009). To prevent cross-contaminati®alimpnellan the
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rendering environment, the most commonly used treatments on surfaces includiesircal
sanitizers (bleach and trisodium phosphate) or in rendered animal meal by dwdoimgat or
biological feed additives such as Sal Curb®, propionic acid, sorbic acid, acetionacierezoic
acid (Larsen et al., 1993).

Bacteriophages, viruses of specific bacterial hosts, have been used as aabicbogiol
method for various applications. Several studies have demonstrated that bacteriogdtagent
can be very effective agairSalmonellacontamination. Modi et al. (2001) demonstrated that the
addition of bacteriophage to a cheddar cheese starter culture signifiealtted the risk of
contamination in the final product. Whichard et al. (2003) reported that Felix 01 bactgaopha
can be used to contr8lL Typhimurium contamination on chicken frankfurters. A study by
Leverentz et al. (2001) reported that bacteriophages re@atanellacontamination on fresh
cut honey-dew melon by 3.5 logs at 5°C and 10°C, and a 2.5 log reduction at 20°C. Additionally,
the simultaneous use of two different bacteriophages againsSalrmenellaserotypes has been
shown to reduc&almonellgpopulations in sprout seeds by ca. 0.5 log (Pao, 2004). Currently,
there is a lack of information on bacteriophage application in rendering envir@onemnt
finished animal by-products.

The purpose of this study was to develop a bacteriophage cocktail capable ofedffecti
reducingSalmonellacontamination on environmental surfaces found within the rendering plant
environment.

Materials and Methods

Bacteriophage isolation. Bacteriophages were isolated from raw chicken offal using 12

Salmonellaserotypes (Senftenberg, Oranienburg, Idikan, Johannesburg, llla. 42: z4, z23,

Banana, Demerara, Putten, Molade, Montevideo, Mbandaka, Livingstone, and Amsterdam)
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previously isolated from finished rendered by-products as host strains. Eactiuadculture

was mixed with the raw material and double strength tryptic soy broth (DSB&BoN-

Dickinson and company, Sparks, MD), and incubated for 24 h at 37°C. The culture was then
centrifuged and the supernatant was filtered using a 0.2 pm syringéilR). The

supernatant was spot plated onto tryptic soy agar (TSA, Becton-Dickinson apadu@grwith

an overlay containing the respect&almonellaserotype used to propagate the bacteriophage.
The resulting plaques were removed using a sterile 1 ml pipette and suspenddd B\te

buffer (5.8g " NaCl, 2g ' MgSOs*7H,0, and 1M pH 2.5 50miYiTris-HCI). The bacteriophages
were purified by repeating the process of suspending the agar pluggdéen3tebuffer for 1 h

and replating on a TSA plate overlayed with the respe8@ahmonellaserotype twice. After
purification, the resulting plagues were suspended in SM buffer and incubated at 4°C for 24 h.
Following incubation, the suspension was removed with a sterile pipette and $¥tenge (0.2
pim). The resulting bacteriophage suspension was stored at 4°C and used to produce stocks.

Bacteriophage FO was kindly provided by the University of Calgary and a stoaksolut
was prepared as described above. The host strain for this bacteriophage dushgyhwas.
Idikan.

Bacteriophage preparation. The host strain for each bacteriophage was grown in tryptic
soy broth (TSB) overnight, and one milliliter of the culture was inoculated into 250 nelsbf fr
TSB. The bacteriophage was added to the TSB at a multiplicity of infectioh) @10.1, and
the suspensions were incubated with agitation (3 rpm) at 37°C for ca. 4-5 h. Chloroform was
added to the suspensions, and then after incubation at 37°C for 10 min, the suspension was
vacuum filtered using a disposable water filtration unit (Nalgene, 0.45um)iltEned solution

was centrifuged at 70,000 x g for 90 min. The pellet was resuspended in 5 ml of SM buffer, and
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incubated at 37°C for 1 h. The filtered bacteriophage solution yielded a titré’ o 10}
PFU/mI.

Transmission electron microscopy: Copper grids (400 mesh, EMS, Hatfield, PA) were
coated with 0.5% formvar dissolved in dichloroethane (Fischer, Fairlong, NJ). Ddsdwgre
placed on parafilm (American National Can, Menasha, WI) and 5 pl of phage solufidn (10
PFU/ml) was pipetted on the surface for 1 min. The liquid was drawn off withgd{ser and
the grid was stained for 30 seconds with 5 ul of 0.5% phosphotungstic acid (PTA; EMS,
Hatfield, PA) or 2% uranyl acetate (UA; EMS, PA). Grids were airddsied viewed on a
Hitachi H-7600 electron microscope (Hitachi, Tokyo, Japan) at 120-keV aatoaevoltage.

Bacteriophage cocktail optimization. Two commonly isolate&almonellaserotypes
(Typhimurium and Enteritidis) and three previously isolated serotypes fimened products
(Idikan, Mbandaka, and Johannesburg) were used for this study. For each of the=s afolat
least one bacteriophage was selected based on a series of host rang8testinall
bacteriophages were spotted onto TSA overlayed with &edrgonellaserotype being tested.
The lytic activity of each bacteriophage was determined by the amousibhserved on the
plate. Before combining the bacteriophage isolates into a cocktail, the MObrfeedemplete
lysis was determined for each bacteriophage individually by platiegessof dilutions of each
bacteriophage onto a TSA plate overlayed with its individual targgdbdonellaserotype. The
lowest concentration of bacteriophage that resulted in complete lysis wasd¢lddn asmpose
the bacteriophage cocktail.

To determine if the cocktail was effective, e&dimonellaserotype was diluted in TSB
and transferred to a 96-well microplate. SM buffer was added to the control grougchnd e

bacteriophage was added to the serotype it was selected for at the prelateishined
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concentration. The microplate was incubated at room temperature and O.Dgseeelia
determined at 600 nm using a pQuant™ spectrophotometer (Bio-Tek Winooski, VT)raeset t
intervals. This procedure was carried out on each serotype and a mixture obtyy@eseusing

the bacteriophage cocktail at MOls of 1, 10, and 50.

Attaching Salmonella to environmental surface materials. Stainless steel, concrete,
high density polyethylene (HDPE) plastic, and rubber were cut into 25eonplates. The
stainless steel templates were washed with acetone, etched by sagrttegdgemplates in 5N
HCI for 15 min, washed with Micro-§0(International Products Association Burlingotn, NJ)
detergent, and rinsed with sterile nanopure water (Joseph et al., 2001). The camgiatege
were cleaned using a scrubbing brush and rinsed with sterile nanopure waterDB&ipldstic
and rubber templates were washed with a detergent and rinsed with sterile naradpure

Each dry template was inoculated with the mixture $aBnonellaserotypes by
spreading the suspension over the entire template surface using arsietlating loop to yield
an initial concentration of ca. 1CFU/cnf. The templates were allowed to air-dry for ca. 6 h at
room temperature inside of a purifier class Il biosafety cabinet (Labdéaasas City, MO). To
remove unattached cells, templates were washed once with 10 ml sterile phbaffbete
saline (PBS). The templates were transferred to petri dishes containirgyeeraf TSB and SM
buffer using sterile forceps.

The effect of nutrient debris on surfaces with attached bacterial callals@studied.
The Salmonellacocktail was mixed into the liquefied raw material (raw chicken offal chiaed
ground with sterile saline 1:1), spread over the templates, and air-drietttaryieaitial

concentration of T0CFU/cnf, as described above.
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Biofilm formation on the environmental surfaces. A green fluorescent protein (gfp)
labeledS.Enteritidis H4717 was used for biofilm studies. This organism contains a plasmid
encoded with ampicillin resistance 100 g/d. produce a single species biofilm, the templates
were submerged in 30 ml of 20% TSB with ampicillin (100 pg/ml) that was inoculatedhsit
S.Enteritidis at a concentration of 2lGFU/ml and incubated at 30°C for 6 days. The templates
were removed every other day, washed with sterile PBS, and placed back m&0fe3 SB.

To produce the multiple species biofilm, the templates were submerged in 30 ml o&6E)% T
which was inoculated with the gfp-label8dEnteritidis H4717 anéseudomonas aeruginoaa

a concentration of PACFU/mI for each culture, and incubated at 30°C for 6 days. The templates
were handled in the same manner as those with the single species biofilm.

Bacteriophage treatment of artificially contaminated environmental surfaces. For
bacteriophage treatment of templates with attached cells, the templaedesusgended in the
mixture of SM buffer and TSB inside a petri dish. The bacteriophage cocktagdaasd to the
solution at a final concentration of lBFU/mI. The control templates were treated with SM
buffer instead of the bacteriophage cocktail. The templates were incubated at 20, 807G
and removed at pre-determined time intervals. At each sampling time, theesuof the
templates were swabbed thoroughly using a sterile cotton swab, and then &dnstersterile
saline. The suspension was centrifuged for 10 min at 5,100 rpm to separate batiefrahc
remaining bacteriophage particles. The supernatant was decanted andllzatiewere
resuspended and serially diluted with sterile saline. All dilutions weral-gppated onto TSA
with an Autoplate 4000 (Spiral Biotech Norwood, MA), and incubated at 37°C for 24 h.

Biofilm templates were analyzed using the same procedure as desdrdwey with one

exception. After the addition of the bacteriophage cocktail, the templatesitherarecubated at
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37°C for 15 min to produce biofilms with absorbed bacteriophage, or the templates wenrg directl
incubated at the test temperatures (unabsorbed bacteriopbalpednellgpopulations were
determined as described above. When analyzing the multiple species biofilmiogrRai
aeruginosaSalmonellavas enumerated with xylose lysine tergitol-4 plates (XLT-4, Becton-
Dickinson and company).

Confocal imaging of the surfaceswith single and multi-species biofilms treated with
bacteriophages. After bacteriophage treatment at 30°C, templates containing biofilm were
viewed using a confocal scanning laser microscope (LSM 510, Karl Zeissa®g equipped
with an argon laser (458, 477, 488, and 514 nm) and two HeNe lasers (543 and 633 nm) along
with untreated templates to visualize the effect the bacteriophage had on tine Gioé PMT1
emmision filters were set at band pass (BP) of 505-520 nm and long pass filtef 88@)nm to
detect the gfp-labeleHalmonellacells.

Chemical treatment of environmental surfacesartificially contaminated with
Salmonella. For comparative purposes, two chemical sanitizers were used to treat the
environmental surfaces containing the attac®akinonellaattachedsalmonellawith organic
material, single-species biofilm, and double-species biofilm. The two chemieee bleach
solution (CloroX), containing 200 ppm sodium hypochlorite, and 12% trisodium phosphate
(TSP). The treatment procedure was performed as described for théopacige treatment,
except chemical sanitizers were substituted for the bacteriophage cocktail

Statistical analysis. All plate count data were converted into log valu€ee mean
Salmonellacounts and standard deviations were determined for control and experimental
samples for each method of treatment at all temperatures. The data vjeceedub analysis of

variance with a test criterion (F statistic) and type | error contfall® = 0.05. The Tukey’s
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multiple comparison procedure of the Statistical Analysis System (SAS 20Q1 NCa) was
used to compare all pairs of means when the test criterion for the analysisioteavas
significant.
Results

Bacteriophages were isolated from raw chicken offal for every Salmonella serotype used (n=12)..
The number of bacteriophages isolated for each serotype is shown in Table 1. Two of those
bacteriophages (JC1 and MbE2) were selected to produce a cocktail based on their lytic activity against
S. Typhimurium, S. Enteritidis, S. Idikan, S. Mbandaka, and S. Johannesburg. The other three
bacteriophages included 2 previously isolated from raw sewage (H3353S6p2 and H4717S5p2) and the
FO bacteriophage. The TEM images of 4 of the bacteriophages (excluding FO) are presented in Fig. 1.
The presence of a contractile tail @226 and H4717S5p2 suggest thathey belong to the family
of Myoviridae Bacteriophage J161 and H3353S6p2 had flexible non-contractile tails and were of
the familySiphoviridae

The MOI optimization study indicated that increasing the MOI from 1 to 10 enhanced the
lytic activity of the bacteriophage; however, a MOI of 50 did not increase (P>0.0&ffitaey
of the bacteriophage cocktail (Fig. 3.2a). MOI optimization also revealedhthabtktail’s lytic
activity was only sustained for a 12 h period. The addition of a different bacteriopiagail
with a MOI of 10 was shown to extend the lytic activity for an additional 12 h (Fig. 3.2b).

An initial trial was conducted to determine the effect of residual bapteage particles
on Salmonelleenumeration following bacteriophage treatment. Following treatment on s&inle
steel at 30°CSalmonellgpopulations were compared when the sample suspension was directly
plated with when it was centrifuged to remove the remaining bacteriophageedults (Table

3.2) showed an insignificant difference (P>0.05) between the two sampling pro¢cédueser,
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to ensure there was no prolonged effect, samples collected during the cudgnteste
centrifuged prior to plating fdsalmonellaenumeration.

The bacteriophage cocktail reduced levels of the attaghkdonellaon all surface
material at all tested temperatures (Fig. 3.3). Bacteriophage &retateduced®almonelldevels
by ca. 1.0, 2.0-2.5, and 1.5-2.0 log CFU@n20, 30, and 40°C, respectively, within 6 h for all
templates. The level of reduction was significant (P<0.05) for all tempesatarall surfaces
(Table 3.3). The presence of an organic layer had no observed effect on the efftbacy of
bacteriophage cocktail (Table 3.$almonellaeduction within the organic layer when treated
with the bacteriophage was also significant (P<0.05) at all temperatures afidsurfaces.

The bacteriophage cocktail was also capable of reducing the am@aitrainella
Enteritidis H4717-gfp within an attached biofilm on all surfaces at thedtésteperatures (Table
3.3). GFP-labele&.Enteritidis H4717 was reduced by ca. 1.5-2.0, 2.0-4.0, and 1.0-1.5 log
CFU/cnf at 20, 30, and 40°C respectively for all templates. As observed with the attached cells
the bacteriophage cocktail reducgamonelldevels (P<0.05) in biofilm at the tested
temperatures. Allowing absorption into the biofilm prior to incubation had no observadaetim
on the efficacy of the bacteriophage (data not shown). The effect of the bacigeiaplktail on
S.Enteritidis H4717-gfp within the biofilm can also be observed in the confocal imaigesg
3.4). On the treated slide (Fig. 3.4(c)) there is less gfp-lalszkdonellecells detected by the
confocal microscope than seen in the control (b) and initial biofilm (a) samples.

The bacteriophage treatmentSdlmonelleembedded in a double species biofilm was not
as effective when compared to the bacteriophage treatment of the singés $pefdm (Fig.

3.4); however, the bacteriophage still significantly reduced the le&Eofteritidis H4717-gfp

(P<0.05) within the biofilm on all surfaces and at all temperat&.&nteritidis H4717-gfpwas
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reduced by ca. 0.5, 1.5-2.0, and 0.5 log CF3/at20, 30, and 40°C, respectively, for all
templates (Table 3.3). As observed with other treatments, the bacteriophlaigd w@s most
effective at 30°C.

Treatment of the attached cells with the chemical sanitizers idBl@ach solution
resulted inrSalmonellacounts below the detection limit (1 CFU/jrwithin 1 and 3 h,
respectively. In the presence of an organic layer, the att&diewnellgpopulations were
reduced below the detection limit within 1 h for TSP. For bleach solution treatmeatywihe an
initial decrease ilsalmonellacounts through 2 h followed by a period of growth through the
remaining 4 h of treatment. TreatmentSafimonellan single and double species biofilm
resulted in counts below the detection limit within 3 h for TSP and within 6 h for bleatiosol
(data not shown).

Discussion

The presence @almonellaspp in finished by-products can be a resulSaiimonella
surviving the heat processing or post-processing contamination. It is documentbd tha
ingredients used to produce rendered by-products are contaminat&halmitnellaand
therefore serve as a potential source of cross contamination in the rendslityy Taoutt et al.,
2001; Loken et al. 1968).

If contaminated, the environmental surfaces (steel, concrete, rubber, and HORE plas
can also contaminate the final products upon contact. Kusumaningrum et al. (2003) repborted tha
Salmonellas capable of adhering to stainless steel, and that the presence of food residues
increased the survival time of the bacteria. For example, when a low inocuufaraéritidis
was spread on the stainless steel with no food particles there was a 2.2 lognedtitiioan

hour as compared with a 1.0 log reduction in the presence of milk residue. Additionally,
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Kusumaningrum et al. (2003) demonstrated thaStimteritidis could be transferred from the
steel to cucumber slices and chicken filets immediately or 15 minutes@fi@mination.
Identical S. Typhimurium isolates were detected on a rubber conveyor belt used to transport
manure 20 months after initial isolation (Sanvang et al., 2000), suggesting thadithe str
persisted on the conveyor belt over this extended period. Loken et al. (1968) desdatedella
in 19% of 1901 swabs collected from the environmental surface of a renderirtg,fadilch
further demonstrates the potential for cross contamination between the enviranoh&ntshed
products.

Traditionally the environments in food processing facilities have been treabed w
chemical sanitizers. These sanitizers have been effective but have somentisgpdvauch as
high cost, corrosiveness to machinery, inactivated by organic materialyaedtby variations
in heat and pH, and posing a potential hazard to the environment and the workers (Matrriott,
1994). This warrants the development of a new means of sanitation in the food processing
industry such as bacteriophage treatment.

The use of bacteriophages offers multiple advantages: the host speciictyiiely to
select for bacteriophage resistant bacterial strains, resistgaiostebacteriophage does not
affect the efficacy of antibiotics given to humans, and bacteriophage migturdse easily
modified and rapidly developed against resistant bacteria (Kutter and Sida&y@005). In
terms ofSalmonellareatment, host specificity can be a hurdle for reducing contaminatios.level
There is not a single bacteriophage capable of lysing all known sero\gZabyadinellaJoerger,
2003). In fact, a particular bacteriophage may not even be capable of lysing allmefridbe
particular serovar. To overcome this shortcoming, a “cocktail” of bacteages must be

designed capable of lysing &almonellastrains of interest (Joerger 2003). The production of an
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effective bacteriophage cocktail fBalmonellahas been previously reported. Chighladze et al.
reported to have developed a bacteriophage cocktail capable of lysing 2325 2vhella
isolates composed of 21 serovars and 78 pulse field gel electrophoresis (Af&SEJberger
2003).

Bacteriophage treatment for pathogen inactivation has been considered ffeatingee
biological control method. While the majority of research invoh&adgmonellareatment with
bacteriophage has focused on live animals and raw meats, it has been demonstrated that
bacteriophage treatment can be successful at controlling contamination on enviabnment
surfaces. Roy et al. (1993) applied a mixture of three bacteriophages (H387, Ha8Y-2671)
to treatL. monocytogeneamn stainless steel resulting in a 3 log reductiob. shonocytogenes
populations. There have been limited reports on the treatm&aldmbnelleon environmental
surfaces by bacteriophages; however, Chigaldze et al. were able to $atlnoaellao below
the detectable limit within 48 h of bacteriophage treatment on inanimate sufaeeger,
2003). In the current study, the bacteriophage cocktail was able to ®alnoenelleby as much
as 2.5 logt 30°C. MOI optimization suggested that in order for bacteriophages to propagate and
lyse the host, the bacterial cells should be actively growing. This could lzredby the
reliance of bacteriophages on host cell machinery for replication (Kutterudald/&lidze,
2005). This could also explain the variation in the efficacy of the bacteriophagedant®iased
on the environmental temperature.

MOI optimization during this study revealed that the bacteriophage cocktail ased w
capable of reducin§almonelldevels at a low ratio (MOI=10), but the lytic effects of the
cocktail diminished after ca. 12 h of treatment (Fig. 3.2a). McLaughlin et al. (2@t}ed that

a single bacteriophage was incapable of eliminagialgnonelladue to selection of resistant
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strains. The presence of a resistant strain withilstimonellaspp offers a possible explanation
for the decreased lytic activity. While a short lytic period is not desirableisistudy, the
addition of a second cocktail composed of 5 different bacteriophages resulted insapkes
Salmonellagrowth for an additional 12 h (Fig. 3.2b).

In the natural environment, bacteria may be attached to environmental sagaces
components of a large microbial network known as a biofilm. A biofilm can be composed of one
or various species of bacteria and their excreted prodsaisionellaspp. are capable of
producing biofilm on surfaces such as plastic, steel, and cement (Jones andvidraéSba
Joseph et al., 2002), which are commonly found in a rendering facility. Biofilms ardiglote
continuous sources for cross-contamination between contact surfaces and the mdaestr
by-products.

In order for a bacteriophage to lyse bacteria within a biofilm the targerizalsave to
be susceptible to the bacteriophage being used. Also, the exopolysaccharider¢gdB&d by
the biofilm must be susceptible to degredation by the polysaccharide depagmeryduced by
the bacteriophage. The effects of bacteriophage treatment on single ppeidras have been
well documented. Using microscopy, Doolittle et al. (1995) discovered that the prattixced
by anEscherichia colbiofilm was ineffective in preventing bacteriophage T4 from infecting the
bacterial cells. Karunasagar (2007) demonstrated that when using #ophetge concentration
of 10° PFU/m,Vibrio harveyicounts were reduced nearly 1 log CFUatfter 18 h on high
density polyethylene (HDPE) plastic. Bacteriophage KH1 was able to saytlff reduce
(P<0.05)E. coliO157:H7 counts in biofilms from an initial concentration of 4.0 log CFU per
coupon to 2.8 log CFU per coupon and 2.7 log CFU per coupon after 24 and 48 h of

bacteriophage treatment, respectively (Sharma et al., 2005). The results fretodyguevealed
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thatSalmonelldevels can also be reduced in a single species biofilm through bacteriophage
treatment. Under optimal conditions (30°C), the bacteriophage cocktail was capadalacihg
S.Enteritidis within the biofilm by ca. 3 log CFU/émWhile the level of reduction observed in
this study is in agreement with other studies, the effect observed duringrée stuidy

occurred within 6 h as opposed to the 18-48 h range reported by previous studies.

Biofilms composed of multiple bacterial species may contain addition&éisasuch as
bacterial cell co-aggregation (Rickard et al., 2003; Sutherland 2004). Storey andt A200D)
attempted to treat biofilm composedBHdcteroides fragili@ndE. coliin an urban water
distribution system with bacteriophages. The bacteriophages were indiahly in by the
biofilm on stainless steel and polythene surfaces; however, following tla iretatment,
bacteriophage populations began to decrease rapidly, suggesting that thediedes were
entering the biofilm matrix but not infecting the host cells. Our current stisdydemonstrates
that the presence of multiple species within a biofilm may create additbian&rs for the
bacteriophage treatment, as the additioR.cderuginosao the biofilm decreased the amount of
Salmonellaeduction as compared with single-species biofilm.

In this study the effectiveness of the bacteriophage cocktail was alpamahto that of
commonly used chemical sanitizers in order to determine if the bacteriohagailcecktd
make an adequate replacement. Bleach solution (200 ppm sodium hypochlorite) and&d SP wer
selected based on a survey of participating rendering facilities (Robg2008). Our results
indicated that both the bleach solution and TSP were more effective at reBattmanella
contamination than the bacteriophage treatngmimonellanactivation by both sanitizers was
achieved within 1 h for both attachment studies and within 3 h for both the single and double

species biofilm. The one exception was that the bleach solution was ineffedteatiag the
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attachedsalmonelleacells in the presence of organic material, which can be explained by the fact
that chlorine based compounds have a high affinity to bind to organic material. Once bound to
organic material the compounds are inactivated (Guthrie, 1992). As compared witbhathemi
sainitizers, bacteriophages are not corrosive to quipment and are not harmful tortenssvi

like many chemical sanitizers do (Kutter and Sulakvelidze, 2005). The bacteris@nagmst
efficient since they are self replicating and only require activelyiggohost cells. Furthermore,

the rendering plant also has a continuous source for new bacteriophages in the incoming raw
material, as a bacteriophage capable of lysin§alinonellaserotypes of interest was easily
isolated from the raw material as demonstrated by this study.

This study has demonstrated that a bacteriophage cocktail can be used to reduce
Salmonellaon the surfaces found within a rendering facility at various temperatures and in
various forms of attachment. Up to 3 log CFUJahSalmonellacan be inactivated by the
bacteriophage cocktail within 6 h of treatment when the temperature wasineriiatween 20
and 40°C. By reducing or eliminating the amoun$afmonellacontamination found within the
rendering environment, the bacteriophage treatment may decrease the Joterribais-
contamination leading to a microbiologically safe animal meal. The tesdttan be used
without any concern for potential hazards to the finished animal meal, rendquiimgnent,
humans, or the animals consuming the finished feed. While more work is needed with multi-
species biofilm, the data presented in this study suggests that bacteriophagerit can be
used by the rendering industry to lower contamination levels of noSatihgonellabut any

pathogens of concern.
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Figure Legend

Fig. 3.1. Transmission electron microscopic images of individual bacteriophagesa)]18226

(b), H3353S6p2(c), and H4717S5p2 (d) observed at 100,000X.

Fig. 3.2. MOI optimization of the bacteriophage cocktail with one application of co(taihd
two cocktails (b). Control (x), MOI 1&), MOI 10 @), and MOI 100¢). “v* on (b) signals the

addition of the 2 cocktail.

Fig. 3.3. Bacteriophage treatmentS#lmonellaattached to concrete (a), plastic (b), rubber (c),
and steel (d) at 20%), 30° (A), and 40°C ¢). Control and treatment were plotted in solid and

dashed lines, respectively.

Fig. 3.4. Confocal images of single and double species biofilm on stainless Steéhad), 6h

of control (b, e), and 6h of bacteriophage treatment (c, f).
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Table 3.1. Bacteriophages isolated from chicken offal

Offal Sample Treatments Serotypes Affected BacteriopbBage |

A Al 5*,6,7,12,16 IAL1, JA1, LAL, OA1, TAl
A2 7,12, 16 LA2, OA2, TA2

B Bl 1,6,7,10,11, 12, 16 AB1, JB1, LB1, MolB1, MonB1, OB1, TB1
B2 1,3,6,7,10,11, 12, 16 AB2, DB2, JB2, LB2, MoIB2, MonB2,

C C1 2,6,7,12,13, 16 BCIC1**, LC1, OC1, PC1, TC1
Cc2 2,3,7,12,13, 16 BC2, DC2, LC2, OC2, PC2, TC2

D D1 1,3,56,7,9,12,13, 16 AD1, DD1, ID1, JD1, LD1, MbD1, OD1, PD1, TD1
D2 1,3,7,9, 12,13, 16 AD2, DD2, LD2, MbD2, OD2, PD2, TD2

E El 1,2,3,6,7,9,12,13,15,16  AE1, BE1, DE1, JE1, LE1, MbE1, OE1, PE1, SE1, TE1

1,2,3,56,7,9,12, 13, 15,

E2 16 AE2, BE2, DE2, IE2, JE2, LER|bE2, PE2, SE2, TE2

F F1 2,3,6,7,12, 16 BF1, DF1, JF1, OF1, TF1
F2 2,3,6,7,12,16 BF2, DF2, JF2, LF2, OF2, TF2

*Salmonella serotpye: 1. S. Amsterdam, 2. S. Barara. Demerara, 4. S. Enteritidis, 5. S. Idik&nS. Johannesburg, 7. S. Livingstone, 8-9. S. bitem
10. S. Molade, 11. S. Montevideo, 12. S. Oranient8. S. Putten, 14-15. S. Senftenberg 16. Sifiypbm

**Bold print indicates the bacteriophage was useudlidg treatment studies
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Table 3.2. Effect of residual bacteriophageSatmonellaenumeration

Time (h) Non-centrifuged Centrifuged
1 2.93*+0.07 3.09+0.07
2 2.76+0.06 2.85+0.08
3 2.69+0.09 2.710.06
4 2.41+0.12 2.52+0.08
5 2.28+0.05 2.37+0.05
6 2.19+0.09 2.24+0.05
+Tog CFUTGrT.

** The letters represent the levels of significant differenced(B5) between the two test groups
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Table 3.3Salmonelldevels following 6 h of bacteriophage treatment (MOI 10) on various sudagddtes as affected by temperature

20°C 30°C 40°C
Contamination Surface Control Treatment Control Treatment Qontro Treatment
Attachment  Concrete 3.67*+0.15 2.50+0.22 3.97+0.16 1.97+0.18 3.92+0.13 2.35+0.18
In bufter Plastic 3.680.22 2.340.18 4.19+0.09 2.11+0.18 3.840.19 2.060.18
Rubber 3.47+0.20 2.29+0.08 4.04+0.14 1.56+0.26 3.90+0.10 2.030.15
Steel 3.550.09 2.25+0.18 4.22+0.11 2.22+0.26 3.92+0.19 2.180.14
Concrete 3.84+0.09 2.65+0.19 4.0620.10 1.79+0.15 4.17+0.12 2.95+0.14

Attachment
in organic layer ~ Plastic 3.56+0.17 2.34+0.12 3.8210.23 1.87+0.14 3.88+0.10 2.41+0.18
Rubber 3.62+0.17 2.59+0.2F 4.43+0.22 1.78+0.26 3.960.23 2.1620.12
Steel 4.03x0.10 2.62+0.18 4.280.08 2.21+0.12 4.030.10 2.39+0.18
Single Species Concrete 5.03+0.10 3.59+0.13 5.46+0.17 2.47+0.18 4.48+0.12 3.30+0.19
Blofiim Plastic 5.02+0.09 3.2410.18 5.79+0.10 2.06x0.15 4.78+0.09 3.19+0.08
Rubber 5.05+0.09 3.43+0.14 5.52+0.12 3.73+0.18 4.47+0.10 3.20+0.14
Steel 4.97+0.14 3.01+0.08 5.63x0.19 2.82+0.18 4.57+0.11 3.3620.17
Double Species Concrete 4.85+0.18 4.50+0.14 5.24+0.12 3.74+0.15 4.8410.16 4.41+0.18
Biofilm Plastic 4.56+0.09 4.20+0.08 4.89+0.16 3.05x0.16 4.53+0.10 4.17+0.13
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WN =

Rubber 4.47+0.71 4.07+0.13 4.97+0.14

Steel 4.78+0.22 4.49+0.13 4.84+0.13

3.44+0.15

3.04+0.08

4.59+0.16

4.43+0.10

4.18+0.08

4.04+0.18

*Salmonella counts CFU/cm’

**The different letters represent significant differences (P<0.05) between the control group and treated group after 6 h incubation

135



Figure 3.1
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Figure 3.2
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Figure 3.4

138



CHAPTER 4

BACTERIOPHAGE TREATMENT OF RAW CHICKEN OFFAL, RENDERED ANIAL

MEALS, AND MICE CHALLENGED WITH SALMONELLAENTERITIDIS

Abstract

The objectives of this study were to determine if a bacteriophage cocktail caigdde
either to reduc&almonellan the raw material used by the rendering industry or as a feed
additive to reduc&almonellanfection in animals. A cocktail of 5 previously isolated
bacteriophages with a multiplicity of infection (MOI) of 10 and 100 was used to teeidd sand
non-sterile raw material contaminated witSamonellacocktail (ca. 18 CFU/g) at 20°, 30°,
and 40°C. The bacteriophage treatment red@adohonelldevels by 2.0, 2.7, and 2.5 log CFU/g
at 20°, 30°, and 40°C in the sterile poultry offal samples, as compared with a 2.0, 2.2, and 2.2 log
CFUlg reduction, respectively, in the non-sterile samples. Bacteriophadiystesting
indicated that the titer of lyophilized bacteriophages mixed in animal meaéaded by 1.5 log
PFU/g at 30°C, while fresh bacteriophage levels decreased by ca. 0.23 lgga®PBERL over 4
weeks. The lyophilized bacteriophage did not redtelenonelldevels in the animal meals
during storage at 30°C, b8almonellagrowth was slowed down during the rehydration step.
During the 4-week trial, the difference $almonelldevels after rehydration for 24 h between
those samples treated with lyophilized bacteriophage and those not treated ramge@{1.5
and 1.0-2.0 log CFU/g when using a MOI of 10 and 100, respectively. The addition of fresh
bacteriophages to the rehydrated meals was able to r8dirnenelldevels by ca. 1.0 log
CFUl/g at 30°C. The bacteriophage was also tested for redBalngpnellanfection of Balb/c
mice. Mice receiving feed supplemented with the bacteriophage cocktail (MOOpshowed

no signs of infections (shedding in feces or histological analysis), whilenmoigeceiving the

139



bacteriophages sh&hlmonellan the feces for a period of 2.5 weeks and histological
examination revealed signs of inflammation in the liver. These results indiaatae
bacteriophage cocktail can be used to significantly reBatmonelldevels in raw chicken offal,
which reduces the probability of cross-contamination, and can be used as an dfedtive

additive if added in liquid form shortly before consumption by animals.

Introduction

In the U.S., approximately, 100 million hogs, 35 million cattle, and 8 billion chickens are
slaughtered for consumption annually, resulting in a large quantity of inedHpletyicts
(Meeker and Hamilton, 2006). On average, approximately 50% of an animal is inedible
(Ockerman and Hansen, 1988; Meeker and Hamilton, 2006). Of the potential treatment methods
(pyre, incineration, landfill, burial, and rendering), the rendering process is thmetilod that
adequately eliminates the biological risks without hazardous environmentatl ifijesker and
Hamilton et al., 2006; U.K. Department of Health, 2001).

The raw material coming into a rendering facility can be highly contandinéth
numerous human pathogens. Troutt et al. (2001) detE€bbstridium perfringensListeriaspp,
Campylobactespp, andSalmonellaspp in 71.4, 76.2, 29.8, and 84.5% of raw poultry offal
samples, respectively. An U.S. federal study conducted between January 1998eantddec
2000 reported the followin§almonellacontamination rates: 20% in broilers, 8.7% swine, and
2.7% for cows and bulls (Rose et al., 2002). The Food Safety Inspection Service (FB4S) of t
USDA reportedsalmonellan ca. 16% of broiler carcasses sampled in 2005 (D’Aoust and
Maurer, 2007)Salmonellacontamination levels ranged from 6.5-7.2 log CFU/g from poultry
feathers and 5.8-6.3 log CFU/g on poultry carcasses (Kotula and Pandya, 1995jo8witet

al. (2003) reported an averagalmonellacontamination rate of 37% on swine carcasses at 5
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different slaughter houses. The rateSalmonellacontamination were as high as 70%
dependent upon the slaughter house and date of sampling.

While the raw material may contaalmonellathe rendering system is adequately
designed to inactivate pathogen contamination from the raw material. The coséer® treat
the incoming material are heated by boiler steam so that the internal aéinpef the raw
material reaches 115 to 145°C (Anderson, 2006). However, Hacking et al. (1992) tedted finis
meat and feather meal from Ontario rendering facilities over a four montd @erd found
Salmonellacontamination rates of 81% and 40%, respectively. In the U.S., a FDA study
conducted by McChesney et al. (1995) dete8@dnonella enterican 56% of the 101 meal
samples tested. Our previous study demonstrate@#hatonellasolates collected from finished
rendered products were heat sensitive with an average D-value of 45 sec at gdeygatal.,
2009), suggesting the finished products may have been contaminat&himibnellgpost-
processing. This study also revealed that a persistent sti@ailmbnellavas not found in the
finished products of a given rendering facility using pulse field gel eldatregpis (PFGE)
analysis (Kinley et al., 2009). This suggests that the cross-contaminatisalisigefrom a new
incoming source such as the raw material.

Regardless of the source, the finished product can serve as a reseiSalnfonella
contamination which will then be incorporated into animal feed and into the food chain.
Epidemiological studies have linked huntaamonellaspp. to contaminated animal feed
(Crump et al. 2002). For exampleSaHeidelberg outbreak in 1963 led to 77 infections from
milk consumption, which was linked to bovine mastitis caused by the Salm®nellaserotype,

whichwas found in the meat and bone meal fed to the cows (Knox et al. 1963).
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Currently, bacterial feed contamination is treated through organic deid/as such as
Sal Curlf. Larsen et al. (1993) demonstrated that the addition of Saf Gugoultry feed
reducedSalmonellaby ca. 2 log CFU/g. Opitz et al. (1993) further demonstrated that when
added into poultry feed Sal Crban significantly (P<0.05) reduce the rat&SoEnteritidis
infection in chicks; however, the levels ®fEnteritidis in the feces of infected chicks (1.18 log
CFU/g) were not significantly less than the control. In addition to Sal*Capitz et al. (1993)
tested the potential of probiotics [Primdlaegg powder, lactose, ahdctobacillus acidophilus
(Lactbid®)] as antiSalmonelldeed additives. They found that none of the tested additives
significantly (P<0.05) reduced the rateEnteritidis infection and reduced levels in those
animals infected, which led them to conclude none of the tested additives should besbetkly r
upon for prevention 0. Enteritidis infection.

An alternative to these chemical-based additives is bacteriophages. GdgasS,
viruses with specific bacterial hosts, have been used as a biological agethdgepacontrol.
Recent studies have indicated that bacteriophages can be used as a theggpedtic a
SalmonellaBerchieri et al. (1991) applied bacteriophages to reduce the leSalmbnellaby 1
log CFU/g within 12 h in the crop, intestine and cecae of chickens.

The objectives of this study were to determine if treatment with a badtagean
reduceSalmonelldevels within the raw material used by the rendering industry and if a
bacteriophage cocktail can potentially be used as a feed additive to Sadommmellgpopulation
upon rehydration of the fead vitro andin vivo.

Materials and M ethods

Bacteriophage cocktail preparation: The bacteriophage cocktail used during this study

was composed of five bacteriophages previously isolated and purified from r&ercbital

142



(n=2), inactivated sludge (n=2), as well as the FO bacteriophage from the inioeGalgary’s
SalmonellaGenetic Stock Centre (Kinley et al., unpublished). The bacteriophage stocks were
prepared and stored in sterile SM buffer (NaCl 5.8, dMgSQy7H,0 2 g I' & Tris-HCI 1 M, pH
2.5, 50 ml™.

Sample preparation: Incoming raw chicken offal was collected from a SC rendering
facility. Upon arrival at the lab, the raw material was mixed withlstealine (1:1), and blended
in a sterile laboratory blender (Waring model 51BL30) at Hi speed for 5 min. Tceeaiem
Salmonellaserial dilutions of sample suspensions were made using sterile saline eaml spr
plated onto xylose lysine tergitol-4 (XLT-4, Becton-Dickinson and company) blédnded raw
material, placed inside 50 ml sterile centrifuge tubes, was then froZ&0f &t for subsequent
bacteriophage treatment.

Bacteriophage treatment of raw materials: Half of the prepared raw samples were sent
to the physics department at Auburn University via overnight delivery, whereviirey
irradiated at 1.5 MRad at 6,133 R/min. Both sterile and non-sterile raw matasiaivided into
8 ml portions in sterile whirl-pak bags in preparation for bacteriophage treatthamhight
cultures of rifampin resistant (100 pg/rBialmonellasolates (Typhimurium, Enteritidis,
Mbandaka, Johannesburg, and Idikan) were added together as a cocktail and then mixed into the
sterile and non-sterile raw material at a final concentration 0€EQ/ml. The bacteriophage
cocktail was then added to each experimental bag at a final concentratirP&ién! or 10
PFU/mI. The same amount of SM buffer was added to the control group in place of the
bacteriophage cocktail. All samples were then incubated at 20, 30, and 40°C for 6 h. Every hour,
raw material suspensions were removed and centrifuged (5,000 rpm) for 10 min and the

supernatant was poured off to separate bacteriophages from the sample. Theeedléhen
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washed once in sterile saline and then suspended in sterile saline. Serial dilet®gpival-
plated with an Autoplate 4000 (Spiral Biotech Norwood, MA) onto XLT-4/rif (100 pg/ml) fo

Salmonellaenumeration at 37° C for 24 h.

Bacteriophage treatment of Salmonellain finished rendered animal meals upon
rehydration: The bacteriophage cocktail aBdlmonellavere suspended in sterile 10% skim
milk and tryptic soy broth (TSB), respectively, and lyophilized using a ViMiddel 7.0 freeze
dryer (SP industries NY) for ca. 24 h. Irradiated (1.5 MRad at 6,133 R/min) blood, feattier
poultry meals were divided into four treatment groups each. Group 1 had lyopBidiednella
cocktail added at a concentration of OFU/g. Group 2 had both lyophilized bacteriophage and
Salmonellacocktails added at concentrations of B6U/g or 16 PFU/g and 10CFU/qg,
respectively. Group 3 had lyophilized bacteriophage cocktail added at a cormemtf a1
PFU/g or 10 PFU/g. Group 4 had no additives. The samples were kept in sterile whirl-pak bags
at 30°C for a period of 1 month.

For the rehydration study, samples from groups 1 and 2 were collected weekly and
suspended into buffered peptone water. Samples from group 3 and 4 were collectediwdeekly a
suspended into buffered peptone water that was inoculated wiakmenellacocktail at a
concentration of 70CFU/mI. The samples were incubated at 30°C for 24 h with samples taken
at pre-determined time intervals. The samples were centrifuged and theasaipewas poured
off to remove bacteriophages from the sample. The pellets were washedrigeddscthe raw
meat samples and then suspended in sterile saline. Serial dilutions wereithaterile saline
and spiral plated onto XLT-4. All plates were incubated at 37°C and enumerated after 24 h.

An additional trial was conducted as described above with lyophilized bactericgtheage

concentration of 0PFU/g. During this additional study, a second bacteriophage cocktail
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(suspended in SM buffer) was added to the experimental groups at a MOI of 10 at the 12h
sampling time.

Stability of lyophilized bacteriophagesin dry meals: In addition to testing the lytic
effectiveness of the lyophilized bacteriophage, the stability of the tgitage cocktail in dry
meals was determined as well. The supernatant removed @alimgnell&enumeration was
added to molten TSA along with tBalmonellacocktail (1§ CFU/ml). The molten TSA was
overlayed onto TSA and incubated for 24 h at 37°C. Following incubation, plaque counts were
made to determine the amount of bacteriophage reduction over the course of the month-long
trial.

The stability of the liquid phage in the dry rodent feed was also determined at
refrigeration temperatures (4°C). The bacteriophage cocktail (1 ml) wlad &ldry, sterile
rodent feed at a concentration of BIFU/g. The feed was kept inside sterile-whirl pak bags at
4°C for 4 weeks. Samples were removed weekly and suspended in sterile saline. The
bacteriophage titer was determined as described above using the agarroeéniad.

In vivo study with Balb/c mice: Female Balb/c mice (4-6 weeks, Harlan Laboratories)
were housed in sterile micro-isolater cages with sterile bedding at theyGaxatll Research
Center (Clemson, SC). The mice (n=10) were divided into two groups equally. Alivaiee
given water containing gentamicin (4 mg/l) to reduce background microbial popul@hie
experimental group were given a dough diet (Bio-Serv) supplemented with thad@wge
cocktail at a MOI of 100. The control mice were given the dough diet with no additives7After
days of acclimation, feed was removed for 24 h. Following this 24 h period, all nmee we
anesthetized with 2.5% isofluorane mixed with 1.5% oxygen and orally administered 0.20 ml of

S.Enteritidis H4717 ( 1DCFU/mouse) using gavage needles. After oral challenge, the mice
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were returned to their respective diets for a period of 4 weeks. Both the weddielzavior of
each mouse was observed for the duration of the experiment. All procedures werecapyprove
Clemson University’s Institutional Animal Care and Use committee.

Analysis of Salmonella levelsin fecal content during mousetrial: Twenty-four hours
after arrival of the mice, one gram of feces from each cage was cbléessptically and
homogenized in sterile saline using a stomacher 400 circulator (Sewasdnfor Samples were
enriched in Rappaport-Vassiliadis (RV) broth for 24 h followed by spread-plating aita@ Xo
ensure the mice were free ®Imonella

Feces samples were collected and homogenized from each cage at 24 h pgast-agec
described above. Homogenized samples were centrifuged at 5,000x rpm and the supernatant
removed. The pellet was washed and resuspended in sterile saline. Sgigisviere made in
sterile saline and spiral-plated onto XLT-4/ 8&lmonelldevels were determined following 24
h incubation at 37°C. Fecal sampling was conducted in the same manner twice weeg§ly durin
the 4 week trial.

Analysis of Salmonella levels and histological analysis of intestinal and liver tissue
collected during the mousetrial: At the end of the 4-week trial, all mice were euthanized using
isofluorane. The liver and intestine were aseptically removed from 2 mieghngeoup.
Approximately 50% of each organ was collected and suspended in sterile saBaérfonella
enumeration, and the remaining tissues were sent to the Clemson Veteragrgdiic Center
(Columbia, SC) for histological analysis.

For enumeration, each tissue sample was weighed out, and one gram samples were

homogenized in sterile saline using a glass tissue grinder. The homogempéessaere then
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used to make serial dilutions in sterile saline. The dilutions were spiratiato XLT-4/rif and
incubated at 37°C for 24 h.

For histological analysis, the tissue samples were fixated in 10% farroalj and
embedded in paraffin. Cross-sections were mounted on glass slides, air dried, addwitaine
hematoxylin and eosin (H&E). Pathological analysis was then performetitmsag samples by
one pathologist.

Statistical analysis. All Salmonellacounts were converted into log valu€ee mean
counts and standard deviations were determined for the samples. The data wetedstd]
analysis of variance with a test criterion (F statistic) and tyyeot controlled aP = 0.05. The
Tukey’s multiple comparison procedure of the Statistical Analysis Systa® 2801, Cary,

NC) was used to compare all pairs of means when the test criterion for ty@saofVariance
was significant.
Results

Salmonellaenumeration from the raw chicken offal revealed a contamination level of ca.
10° CFU/g (data not shown). Treatment of the raw chicken offal was effective at ba@ af M
10 and 100, with no significant difference (P>0.05) in the effectiveness of the twd.(Big
After 6 h of incubation the average differences betvwg&smonelldevels in the bacteriophage
treated (MOI of 10 and 100) and non-treated groups were ca. 2.0, 2.7, and 2.5 log CFU/g in the
sterile chicken offal at 20°, 30°, and 40°C, respectively (Fig. 4.1a, b, ¢). The diffebataesn
Salmonelldevels in the bacteriophage treated (MOI of 10 and 100) and non-treated groups in
non-sterile offal were ca. 2.0, 2.2, and 2.2 log CFU/g at 20°, 30°, and 40°C, respectively (Fig.
4.1d, e, f). In the control groupalmonellagrew ca. 0.5 log CFU/g more in the sterile offal as

compared with the non-sterile offal.
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Experiments were designed to study the suppressive effect of lyophilizeddpdzige
on the growth oSalmonelladuring rehydration of theontaminated animal meals (blood,
feather, and poultry) (Table 4. Halmonellacounts in the rendered meals decreased by ca. 1 log
CFU/g during the 4 week study (Fig. 4.2). During the rehydration step, thgeshan
Salmonellacounts within blood meal in the presence of lyophilized bacteriophage (MOI of 10
and 100) are presented in Table 4.1a. In the blood meal, there was ca. a 1.5, 1.5, 1.0, and 0.8 log
CFUlqg difference between the control and treated (MOI of 10) samples at ivéeks
respectively, as compared with ca. a 2.0, 1.5, 1.5, and 1.0 log CFU/g difference between the
control and treated samples when using a MOI of 100. The effect of the lyogbhilize
bacteriophage o8almonellan both the feather and poultry meal resulted in similar differences
(Tables 4.1b-c).

To determine if the lyophilized bacteriophage can prevent the contamination af anim
meals during the rehydration step, fr&dimonellavas added to the meals containing the
bacteriophages (treatment group®)e level ofSalmonellareduction was similar to those
observed when thBalmonellavas already present in the meal (Table 4.1). In both studies, there
was no significant difference (P>0.05)3almonelldevels between the control and
bacteriophage-treated samples in all meals after 24 h (data not shown).

To determine if a fresh, liquid culture of bacteriophage could reSalreonelldevels in
rehydrated animal meals, a different bacteriophage cocktail (MOI of 10)&lexpa SM buffer
was added directly to the meals following 12 h of rehydration (treatment group 1). The
difference inSalmonellagrowth in the control and treated samples was in the range of 0.7-1.4
log CFU/g after the remaining 12 h of incubation. The fresh bacteriophagead¢daamount

of Salmonellaby ca. 1 log CFU/g in all meal types (Table 4.2).
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Analysis of the stability of the lyophilized bacteriophage cocktail withirdtlydinished
meals at 30°C, revealed that the concentration decreased by ca. 1.5 log PFU/g4vezdke
test period (Fig. 4.3). Stability testing of the fresh bacteriophage ineduteb the animal feed
used for the mice study at 4°C revealed that the bacteriophage concentratianan@eoc
decrease (0.23 log PFU/qg) over the 4-week trial (Fig. 4.4).

To determine the feasibility of using bacteriophage as a feed additiSalfoonella
control, a small animal study was conducted. Our preliminary study suggest8dlthahella
infection in mice follows a dose dependent pattern. At inoculation levels of Selfionella
CFU/mouse, all mice were killed by the end of a two week trial. By reducenmpitial
inoculation level to 5x10CFU/mouse, our animal study revealed thaSatmonellavas
detected in the fecal samples from the experimental group throughout the 4+alebkbwever,
Salmonellavas detected in the fecal samples from the control group up to 2.5 weeks (Table 4.3).
The liver and intestinal tract of both the control and experimental mice weerefffalmonella
4-weeks post-infection as determined by the plate-counting method. The histologlgaisa
gave no indications of inflammation associated \8i#ttmonellanfection in the liver and
intestine of the experimental mice; however, it did reveal venous dilation in thefiitre
control mice. In the liver of one control sample, monocytes were found in the portahatea
cholangiohepatitis was observed. The intestine for the control mice showed nofsigns
inflammation.

Discussion

Salmonellas an important foodborne pathogen affecting the microbial safety of rendered

animal by-products. A study conducted by Watkins et al. (1959) det8atetbnellan 18.5% of

the finished rendered products tested; whereas in our previous Stlisynellavas detected in
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8.7% of the finished rendered samples tested (Kinley et al., 2009). The current study
demonstrated that the level ®&lmonellgresent in finished product decrease at a rate of 1 log
CFU/g per month, suggesting the pathogen can persist for long periods of tmmethase
products. The presence $almonellan the finished products can result from either insufficient
heat processing or post-processing contamination. The previous study by Kille{2609)
suggests that contamination may arise from cross-contaminatioalinenellasolates
collected during that study had a maximum D-value of 45 sec at 65°C, which ist &d8@
lower than the 115-145°C temperatures used during the rendering process (Anderson, 2006).

A likely source for cross contamination is the incoming raw material, whaghhave
already been contaminated with pathogenic bacteria susal@®nellaThe current study has
indicated that the averag@almonellacount from raw chicken offal is ca. 1GFU/g. This level
is in agreement with the 5.8-6.3 log CFU/gSafimonelleon raw broiler carcasses reported by
Kotula and Pandya (1995). Troutt et al. (2001) reported that 84.5% of the raw productedollect
from U.S. rendering facilities were contaminatedSaymonella

Previous studies have revealed that treatment of raw meats is sucagsSalinonella
reduction when using a bacteriophage cocktail. For example, Higgens (2005) datedrikat a
72 phage cocktail was capable of reducnBnteritidis (SE) by as much as 60% on poultry
carcasses. Goode et al. (2003) reported that using a bacteriophage abvekitédI| of 100 or
1000 could decreasgalmonelleby 2 log CFU/crfon chicken skin. Fiorentin et al. (2005)
demonstrated that SE levels in the rinse water of artificially contaeeimdsicken skin (10
CFU/cut) could be significantly reduced (P<0.05) with a bacteriophage caatkéaMOI of
1000. In this study, the maximum observed reductiddaiimonelldevels in raw chicken offal

by bacteriophage treatment was 2.7 log CFU/g at 30° and 40°C. The lack of a significant
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difference between the efficacy of the bacteriophage treatmemi@t af 10 and 100 may
suggest the bacteriophage cocktail reaches maximum efficacy at a MIQITere was also no
notable difference between the treatment of the irradiated offal and théhatfatas not
sterilized, which indicates that a bacteriophage cocktail is host-gpaadiis less affected by
background microorganisms. This study has shown that bacteriophage treatmenteas an
effective way to loweBalmonellacontamination in the raw material, thereby reducing the
probability for cross-contamination in the rendering facility.

Aside from preventingalmonellacontamination in the finished product, the current
study aimed to determine the potential for bacteriophage to be used as a feedabdititiee
finished product is already contaminated v@dimonellaTo accomplish this, we tried to
determine if the bacteriophage cocktail could remain alive within the finigmeléred product.
The results indicated that the bacteriophage levels decrease by 1.5 |ggwRtRY 4 weeks.
This relatively short shelf life means that for lyophilized bacteriophade effective as a feed
additive, the feed would either need to be used shortly after being mixed togigther
bacteriophage or that the bacteriophage would have to be added at a concentratt@edangx
the minimal lytic concentration. For example, in this study the bacteriopbagit was
initially added to the meals at a MOI of 10, but the bacteriophage titers had reduceg quickl
during storage, resulting in a MOI of 1 within two weeks.

In this study, we also determined if bacteriophages within the feed could beatskti
upon rehydration to redu@almonelldevels. The results indicated that the lyophilized
bacteriophages, at a MOI of 10 and 100, was unsuccessful at eliminating the $atwbimella
in the feed during rehydration; however, there was a significant (P<0.05) widéeire

Salmonelldevels between samples containing bacteriophage and those without. The
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bacteriophages did slow the rateSaimonellagrowth (average 2 log reduction as compared
with the control) through 12 h of rehydration. These results suggeSaimadnellecan be
controlled to some extent by bacteriophage treatment when the rendered meal becomes
rehydrated upon animal consumption. While there are no known studies using lyophilized
bacteriophages for pathogen control, Kim et al. (2007) added a bacteriophagée tmcktai
reconstituted infant formula and reported that the bacteriophages were ablgcto re
Enterobacter sakazalkiODegog=0.5)levels by 1 log CFU/g after at 24°C using the bacteriophage
cocktail at a MOI of 1 and 10 for 12 h. In this study, we were able to r&hloenelldevel by
ca. 1 log CFU/g after a 12 h period in the rehydrated meals using freshdpdnztge. The
results suggest that the lyophilized bacteriophage may require a reconedyydle fresh
bacteriophage is already active when it is added to the rehydrated meal.

There have been many studies indicating the potential of bacteriophagespsutier
agents. Initial bacteriophage therapeutic trials date back to the work of deHa&1). He was
able to use bacteriophage treatment to reduce the occurrence of avian typhoskemftitks
across France. D’'Herelle (1926) also demonstrated that water suppléméhtbacteriophage
preventedPasteurella multocidanfection in water buffalo. More recently, Smith and Huggins
(1983) demonstrated that a bacteriophage cocktail could be used to reduce they nadetalue
to E. coli09:K30.99 infection from 100 to 17% in calves. Berchieri et al. (2001) showed that a
bacteriophage cocktail could be used to redaidg/phimurium levels in the intestine, crop, and
cecae by 1 log within 12 h of bacteriophage administration. The study by Beetlab{2001)
and the current study both demonstrate that bacteriophage therapy can be effeetiveing
Salmonellaf given before the pathogenic cells can enter the epithelial cells. binaual trial,

the experimental mice were given the bacteriophage supplemented fedd@ioe®
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inoculation. The results of fecal sampling indicated that the bacteriophageske to prevent
Salmonellanfection immediately after pathogen challenge. Fecal sheddigglofonellan the
control mice indicated th&almonellasuccessfullynfected the host; however, the tissue
analysis indicated that at the end of the 4-week B@linonellavas no longer detected in any of
the mice. Histological analysis did not detect any signs of inflammatiemnogalmonella
infection in the experimental mice; whereas, the control mice had some signamfation
associated witlsalmonellanfection in the liver which suggested the mice were initially
infected.

This study has demonstrated that a bacteriophage cocktail can be used tekffecti
reduceSalmonellgpopulations within the raw material used for rendering at temperatures
ranging from 20-40°C, which reduces the probability of cross-contamination. Thageede
background microorganisms does not significantly affect the efficacyedfabteriophage
treatment. It was also shown that the stability of the bacteriophagead additive is
maintained when the bacteriophage is added n liquid form and stored at refrigeration
temperatures. The study also suggests that the presence of lyophilizedplaatgs in
rehydrated meals does not elimin&@monellagrowth but slows the rate &almonellagrowth
during the rehydration step. By adding fresh bacteriophages to the retydess Salmonella
populations were reduced by ca. 1 log CFU/g, suggesting that fresh bacteriophaoje iz
as a feed additive. This was further supported by the animal study, whereveitéegd
supplemented with fresh bacteriophage prior to inoculation showed no indicatialsnainella
infection. Overall results have demonstrated that fresh bacteriophage mégcheesat

reducingSalmonelldevels at the farm level when added close to the time of consumption;
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however, additional animal testing is needed to optimize bacteriophage treatmoss various
species due to differences in the gastrointestinal systems betweersanimal
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Figurelegends

Fig. 1. Bacteriophage treatment@dimonellan sterile raw chicken offal at 20° (a), 30° (b), and
40°C (c), and non-sterile raw chicken offal at 20° (d), 30° (e), and 40°C (f). Symbols were

Control @), MOI of 10 @), and MOI of 100 4&).

Fig. 2. Stability ofSalmonellan finished rendered meal over at 30°C.

Fig. 3. Stability of lyophilized bacteriophage with MOI of 10 and 100 infinished rendezald m

Symbols were MOI of 10a) and MOI of 100 ¢).

Fig. 4. Stability of bacteriophage in animal feed stored at 4°C.

158



Figure 4.1
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Figure 4.2
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Figure 4.4
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Table 4.1a. Changes 8almonellgpopulations in irradiated blood meal as affected by lyophilized bacteriophage

Lyophilized Salmonella FreshSalmonella
MOI 10 MOI 100 MOI 10 MOI 100
Storage Sampling
(Week) time (h) Control Experimental Control  Experimental Control Experimental Control Experimental
0 5.27+0.20 5.12+0.10 6.00+0.20 5.24+0.21
1 0 4.95+0.23 5.04+0.23 4.86+0.38 4.96+0.14 4.97+0.11 5.10+0.10 5.12+0.04 4.87+0.25

12 8.62+0.18"  7.05+0.17 8.55x0.24 6.40+0.16 9.05+0.19 7.48+0.28 8.64x0.18 6.81+0.1%

2 0 4.72+0.18 4.80+0.26  4.43%0.20 4.62%0.20 5.15%0.06  4.93%0.16  4.91+0.26  5.12+0.08
12 8.35+0.1%  6.71+0.07 8.21+0.17 6.63x0.07 9.12+0.12 7.55+0.18 8.87+0.14 6.93+0.1§

3 0 4.10+0.07 4.49+0.17  4.05x0.01  4.18%0.14 5.05%0.19 5.55+0.06 5.32+0.14  5.07+0.08
12 8.47+0.30  7.31+0.18 8.42+0.2f 7.0220.14 8.7620.22 7.61+0.1F 9.02+0.07 8.22+0.1F

4 0 3.94+0.16 4.02#0.44  3.80+0.18 3.93%0.07 5.36%0.1%.43+0.22 5.17#0.15  5.21+0.22

12 8.51+0.17 7.66x0.38 8.67+0.25 7.28+0.3% 8.91+0.20 8.14+0.1% 8.71+0.04 8.03+0.09

*Salmonelidog CFU/g
**| etters represent different levels of significanoetween the control and experimental samples @tesh groups
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Table 4.1b. Changes Balmonellgpopulations in irradiated feather meal as affected by lyophlized bacteriophage

Lyophilized Salmonella

FreshSalmonella

MOI 10 MOI 100 MOI 10 MOI 100

Storage Sampling

(Week) time (h) Control Experimental Control  Experimental Control Experimental Control Experimental

0 5.07+0.20  4.98+0.21  4.91#0.18  5.16+0.17

1 0 5.32+0.21 4.93+0.23  4.73+0.06  4.88%0.27 5.39%0.16 4.73%0.26  5.06x0.23  4.80%0.20
12 8.4420.24"  6.62+0.13 8.31#0.17 6.27+0.1f 8.87+0.05 7.11+0.16 8.91+0.14 7.04+0.1%

2 0 4.98+0.17 4.80+0.11  4.51+0.30  4.66x0.07 4.88%0.24  5.49+0.19 5.31x0.18 4.97+0.15
12 8.71+0.28  6.88+0.17 8.20+0.2¢ 6.12+0.24 9.14%0.16 7.37+0.07 8.73+0.2¢ 6.90+0.0%

3 0 4.76%0.16 451+0.11  4.17+0.20  4.29%0.30  4.94%0.10 4.96x0.21  4.88+0.16  5.18+0.17
12 8.55+0.28  7.22+0.08 8.27+0.3¢ 6.89x0.03 9.03x0.03 7.19+0.1%4 8.80+0.15 7.96%0.06

4 0 4.37+0.35 4.10+0.10  3.97#0.21  4.04%0.08  5.04#0.11 5.3520.28 5.11+0.33  5.22+0.27
12 8.31+0.17  7.66x0.18 7.96+0.1f 6.55+0.1F 8.7620.19 8.14+0.16 9.11+0.08 8.41+0.18

*Salmonelldog CFU/g

**etters represent different levels of significanisetween the control and experimental samples @uesh groups
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Table 4.1c. Changes $almonellgpopulations in irradiated poultry meal as affected by lyophilized bacteriophage

Lyophilized Salmonella

FreshSalmonella

MOI 10 MOI 100 MOI 10 MOI 100

Storage Sampling

(Week) time (h) Control Experimental Control  Experimental Control Experimental Control Experimental

0 5.1740.14  5.08+0.14  5.32+0.21  5.01+0.11

1 0 5.32+0.18 4.98+0.17  5.04+0.10  4.81%0.06 4.98%0.10 5.66x0.17  5.20+0.18  5.02+0.28
12 7.92¢0.20°  6.44+0.07 8.47+0.1f 6.52+0.18 9.1020.06 7.63+0.07 8.78+0.19 6.92+0.08

2 0 4.93+0.11 4.89+0.18  4.7020.11  4.57%0.18 5.59+0.23  4.89#0.13 5.11+0.04  5.37%0.16
12 7.77¢0.25  6.09+0.16 8.31+0.27 6.08x0.08 8.94+0.18 7.21+0.2% 8.93+0.12 7.100.12

3 0 4.80+0.18 4.72+0.04  4.33%0.16 4.30%0.33  5.61x0.19  4.7620.29  4.92+0.24  5.13+0.09
12 7.94+0.17  6.87+0.17 8.30+0.38 7.06x0.2f 8.87x0.1f 7.78+0.08 8.64+0.08 7.74+0.1§

4 0 4.61+0.07 451+0.08  4.0620.20 4.11+0.08  4.93%0.27 5.41%0.17 5.0720.10  4.85x0.25
12 7.66£0.04  6.93+0.08 8.19+0.24 6.72+0.28 9.03+0.08 8.17+0.1% 9.09+0.1f 8.26+0.18

*Salmonelldog CFU/g

**etters represent different levels of significanisetween the control and experimental samples @uesh groups
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Table 4.2a. Changes 8almonellgpopulations in irradiated blood meal as affected by fresh bacteriophage

Storage Sampling Salmonellglog CFU/q)
(Week) time (h) Control Experimental
0 5.18+0.08 5.02+0.20
1 12 8.42+0.18 7.07+0.08
24 9.26+0.24 6.13+0.1F
2 12 8.29+0.04 7.1420.11
24 9.07+0.10 6.22+0.28
3 12 8.41+0.14 7.3940.21
24 9.19+0.23 6.26+0.07
4 12 8.38+0.08 7.62+0.06
24 8.95+0.10 6.46+0.16

**Letters represent different levels of significanicetween the control and experimental samples
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Table 4.2b. Changes Balmonellgpopulations in irradiated feather meal as affected by fresh bacteriophage

Storage Sampling Salmonellglog CFU/Q)
(week) time (h) Control Experimental
0 5.17+0.17 5.08+0.13
1 12 8.28+0.07 6.96+0.11
24 9.01+0.16 5.97+0.18
2 12 8.50+0.17 7.24+0.13
24 9.1940.07 6.04+0.1F
3 12 8.39+0.07 7.28+0.13
24 9.09+0.08 6.22+0.2%
4 12 8.17+0.13 7.41+0.20
24 8.86+0.10 6.35+0.08

**Letters represent different levels of significanicetween the control and experimental samples
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Table 4.2c. Changes $almonellgpopulations in irradiated poultry meal as affected by fresh bacteriophage

Storage Sampling Salmonellglog CFU/Q)
(Week) time (h) Control Experimental
0 4.97+0.10 5.06+0.11
1 12 8.22+0.10 6.84+0.11
24 9.10+0.1% 5.86+0.14
2 12 8.36+0.04 7.0940.17
24 9.27+0.04 6.17+0.18
3 12 8.16+0.11 7.17+0.07
24 8.99+0.11 6.24+0.18
4 12 8.29+0.17 7.33+0.08
24 9.15+0.03 6.41+0.26

**Letters represent different levels of significanicetween the control and experimental samples
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Table 4.3 Salmonellaenumeration in feces from mice

Treated Untreated

Day Groupl Group2 Group3 Group 4 Group 5

1 BDL BDL BDL  3.86x0.13 4.79+0.13
4 BDL BDL BDL 3.78+0.25  4.08+0.20
8 BDL BDL BDL 2.85+0.11  2.78+0.04
11 BDL BDL BDL 3.45+0.27  3.20+0.08
15 BDL BDL BDL 2.60+0.06  3.00+0.13
18 BDL BDL BDL BDL BDL
22 BDL BDL BDL BDL BDL
25 BDL BDL BDL BDL BDL

* Below the detection limit 20CFU/g
** Salmonelldog CFU/g
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CONCLUSION

In this study we have demonstrated that finished rendered animal mealeare oft
contaminated with pathogenic bacteria sucBamonellaThrough thermal tolerance
testing we were able to determine the most likely cause of such contamisgiost
processing contamination rather than inefficient heat processing. Weller® isolate
and optimize a bacteriophage cocktail that was capable of reds@imgpnelladound on
surfaces (stainless steel, rubber, HDPE plastic, and concrete) common taiagende
facility’s environment as well as in the incoming raw material. On gee# to 99.9%
of Salmonellgpopulations were eliminated by bacteriophage treatment. By doing this, the
use of a bacteriophage cocktail could potentially reduce the probability of cross-
contamination, leading to no contamination in the finished meals. In addition, our results
have demonstrated that a bacteriophage has the potential to be used as a feed additive.
Although the stability of the lyophilized bacteriophage’s in finished mealsle@®ased
when stored at 3C, it was improved when fresh bacteriophage was added to the feed
and stored at°€. In addition to decreased stability, the lyophilized bacteriophage did not
preventSalmonellagrowth but did slowsalmonella’sggrowth within the animal meals
through 12 h. The addition of fresh bacteriophage resulted in ca. a 1 log CFU/g reduction
in Salmonellgpopulations within finished meal, suggesting the bacteriophage’s potential
as a feed additive is increased when using a fresh bacteriophage suspension. The
effectiveness of bacteriophage as a feed additive was further confirmeg daranimal

trial. Mice receiving bacteriophage in their feed showed no signs of mriefictiowing
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Salmonellanoculation. In conclusion, we have demonstrated that a bacteriophage
cocktail can be used to reduce the risalmonellacontamination in the processing

environment, the feed, and upon feed consumption.
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