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ABSTRACT
Salmonella has been shown to have a niche in human, domestic food animal, and
pet populations. A less studied niche of the organism is in wildlife populations. This
study was conducted to determine the prevalence and spatial distribution of Salmonella
enterica infection in the Pennsylvania raccoon (Procyon lotor), a common wildlife
mammal known to have overlapping habitats with human and domestic food animal
species. In this study, a total of 371 raccoon intestinal samples were obtained by the
Pennsylvania Game Commission from trapped and road killed raccoons between May
and November 2011 and tested for Salmonella infection. Salmonella was isolated from
57 raccoons (15.4%) in 36 counties (55%) across Pennsylvania. The five most
commonly isolated serovars were S. Newport (22.8%), S. Enteritidis (15.8%), S. Bareilly
(8.8%), S. Braenderup (8.8%), and S. Typhimurium (8.8%).
Pulsed Field Gel Electrophoresis (PFGE) analysis of the Salmonella isolates and
subsequent comparison to the Pennsylvania Department of Health human Salmonella
PFGE database revealed 34 unique PFGE pulsotypes in raccoons, of which 33 raccoon
samples matched 16 previously identified human Salmonella pulsotypes . When
investigated further, it was found that seven of these samples had a direct match to 56
human reported cases of salmonellosis by month and region location. The findings of this
study show that several PFGE pulsotypes of Salmonella serotypes were observed to be
shared between humans and raccoons in Pennsylvania indicating raccoons as a potential
reservoir for Salmonella.

iv

TABLE OF CONTENTS
LIST OF FIGURES ............................................................................................................... vi
LIST OF TABLES ................................................................................................................. vii
ACKNOWLEDGEMENTS ................................................................................................... viii

Chapter 1. INTRODUCTION.......................................................................

1

Chapter 2. LITERATURE REVIEW.................................................................

4

Raccoon ecology ..................................................................................

4

Impact of raccoons in our environments .............................................

5

Raccoons as a reservoir for zoonotic pathogens .................................

6

Public Health and economic significance of Salmonella infection .....

7

Public Health significance of antibiotic resistance in bacteria ..........

8

Salmonella surveillance systems ..........................................................

9

The Salmonella organism ....................................................................

10

Salmonella serotyping .........................................................................

10

Pulsed Field Gel Electrophoresis in Salmonella surveillance .............

11

Pathogenesis and clinical manifestations of non-typhoidal Salmonella

13

Wildlife as Salmonella reservoirs .......................................................

14

Chapter 3. MATERIALS AND METHODS………………………………….

16

Sample source and collection technique ...........................................

16

Isolation and presumptive identification of Salmonella ......................

17

Serotyping of Salmonella isolates ........................................................

18

Antibiotic susceptibility testing ...........................................................

19

Genotypic analysis of Salmonella isolates ..........................................

19

v

Chapter 4. RESULTS ................................................................................

22

Isolation frequency in raccoon population .....................................

22

Distribution by time .........................................................................

23

Distribution by location ...................................................................

23

Antibiotic resistance ........................................................................

24

PFGE genotypic analysis of raccoon Salmonella isolates ............

24

Chapter 5. DISCUSSION ............................................................................

39

Chapter 6. CONCLUSION ………………………………………………...

45

Chapter 7. REFERENCES ………………………………………………...

46

Chapter 8. APPENDIX .................................................................................

54

Appendix A Salmonella enterica isolation protocol from raccoon
fecal samples .....................................................................

54

Appendix B Salmonella enterica Positive raccoon isolate
information .......................................................................

56

Appendix C Salmonella enterica Positive raccoon serotype
information .......................................................................

59

Appendix D Raccoon and human matching PFGE data from the
Pennsylvania Department of Health .................................

63

vi

LIST OF FIGURES
Figure 1. Topographical Map of Pennsylvania with Salmonella enterica
Positive Raccoon Locations 2011...........................................................................

35

Figure 2. Raccoon Positive Salmonella enterica Isolates in a
Regional Map of Pennsylvania ...............................................................................

36

Figure 3. Raccoon Salmonella enterica Serotypes found in each Region of
Pennsylvania ............................................................................................................

37

Figure 4. PFGE Dendrogram of Raccoon Isolates…………………………………

38

vii

LIST OF TABLES
Table 1. Frequency of Salmonella Isolation in Raccoons...........................................

27

Table 2. Prevalence of Salmonella Serotypes in Pennsylvania
Raccoons………………………………............................................................

28

Table 3. Time Distribution of Salmonella enterica Detection in Raccoons.............

29

Table 4. PA County Associated Raccoon Salmonella Prevalence.............................

30

Table 5. Regional Prevalence of Salmonella Serovars of Raccoons in Pennsylvania

31

Table 6. Antibiotic Resistance among Raccoon Isolates...........................................

32

Table 7. PFGE Pulsotypes found in Raccoons.........................................................

33

Table 8. Raccoon-Human PFGE Pulsotype Matches...............................................

34

viii

ACKNOWLEDGEMENTS
First and foremost, I would like to express my deepest gratitude to my thesis
advisor, Dr. Bhushan Jayarao for granting me the opportunity to grow as a researcher and
scientist within his laboratory while I persevered to achieve my lifelong goal of being
accepted into veterinary school. I owe much of my recent success to his generosity and
support, and will forever remember his kindness. Without his guidance this research and
thesis would not have been possible. I thank Dr. Jayarao for giving me the freedom to
explore my own potential during this master’s program. I truly believe that this is one of
his greatest qualities as an advisor and mentor, for it allows students to gain greater
confidence in their own abilities and talents.
I would like to thank Dr.Walt Cottrell for his gracious guidance and support
throughout my thesis work. He was instrumental in obtaining samples for my research
and kindly offered his support throughout my time at Penn State. I would also like to
thank Dr.Subhashinie Kariyawasam for kindly offering her services on my thesis
committee and for always being accessible as a secondary advisor. Like Dr.Jayarao, I will
also remember her for her kindness and willingness to help me in whatever way possible.
I am very grateful to those who helped me through the experimental research of
my masters’ program; Dr.Thomas Denagamage and Dona Wijetunge for their expertise in
PFGE analysis, the bacteriology group at the ADL for their expertise in Salmonella
isolation, Dave Walton for his patience and support with GIS technical guidance, and
Carol Sandt for her cooperation with the PA DOH data analysis. A hearty thank you goes
to Lynn Rockwell who served as a technical editor for this thesis.

ix

I am forever grateful to my parents, family, and to Scott for their inspiration and
unending encouragement throughout this program, and for always reminding me to have
fun throughout the journey. I could not have done this without their love and support.
And last but not least, I would like to thank my lab-mates and friends for making these
past two years a great and enjoyable learning experience. I hope that we may stay in
touch and remain friends for many years to come.

1

Chapter 1
INTRODUCTION

Zoonotic diseases are those diseases that are naturally transmitted between
vertebrate animals and humans (CDC, 2011). Emerging Infectious Diseases (EIDS) are
considered as “those infections that have newly appeared in the population, or have
existed but are rapidly increasing in incidence or geographic range” (Morse,1995). There
are approximately 200 known zoonotic diseases, and as many as 60.3% of the EID’s are
due to zoonotic pathogens (CDC,2011). It has been reported that 54.3% of EID’s are
caused by bacterial zoonoses (Jones et al., 2008). Of even greater significance, 72% of
the emerging infectious diseases that afflict the human population originate in wildlife
(Jones et al., 2008). Many of the EIDs identified over the last two decades originated
from an animal reservoir, SARS, Monkey pox, Nipah, and Hendra viruses and West Nile
virus.
With increased numbers of reported outbreaks and isolated cases in humans and
animals, the medical and veterinary community has focused its attention on addressing
this serious public health issue. Disease surveillance in wildlife is seen as an important
component of reducing the emergence and re-emergence of zoonotic diseases in humans.
In the past 20 years, wildlife diseases have become more evident and had a more
apparent impact on the human population for several reasons. Global movement of
people and improved modes of travel have allowed the emergence of diseases which may
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have previously remained geographically isolated (Morse, 1995). Increased agricultural
and urban development encroaching on rural areas has led to wildlife habitat
fragmentation and deforestation (Daszak et al., 2000). These ecological changes bring
animal and human habitats closer together, forcing wildlife to coexist in human populated
areas (Ditchkoff et al., 2006). Increased interaction between species inevitably heightens
the risk of zoonotic disease transmission. One notable wildlife species that has adapted
well to the encroaching urban sprawl in the United States, and which could pose a public
health concern is the northern raccoon, Procyon lotor.
Raccoons, a common urban and suburban neighborhood pest, carry diseases with
the potential to infect humans (Bigler et al.,1974). In Pennsylvania a commonly
researched disease in raccoons is rabies due to the endemic problem and obvious species
concern with over 53% of rabies cases in the state being due to raccoons (PA DOH,
2011). However, a less commonly studied pathogen in this species which has the
potential to infect humans and cause gastroenteric disease is Salmonella.
To date there has been only one other study completed in Pennsylvania detecting
the Salmonella pathogen in the raccoon species. Recently, Dr. Justin Compton from Dr.
Jayarao’s research group at Penn State conducted an indicator study to determine the
prevalence of asymptomatic Salmonella infection in raccoons in the western region of the
state. Dr. Compton’s study discovered a prevalence of multiple Salmonella serotypes in
raccoons as well as PFGE pulsotypes that matched Pennsylvania pulsotypes of human
salmonellosis cases with respect to month and location. The study indicated that raccoons
serve as asymptomatic reservoirs of Salmonella in the western part of Pennsylvania, with
the possibility of serving as a vector to a human transmissible disease.
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The objective of my study was to expand upon the previous findings of Compton
et al. 2007 by studying raccoons in the entire state of Pennsylvania. The previous study
included information from only six Pennsylvania counties. This study focuses on a
sample population from a much larger area of 65 counties to determine whether
Salmonella is prevalent in other regions of the state in addition to the Western
Pennsylvania region. Spatial information regarding the location of raccoon asymptomatic
Salmonella infections in Pennsylvania was obtained through GPS tracking, allowing for a
more complete depiction of the Salmonella reservoir in this Mid-Atlantic state than
previously studied. Comparison of PFGE pulsotypes to the Pennsylvania Department of
Health database was again included to determine the possible public health significance
of raccoon infection to the inhabitants of the State. We anticipate that the findings of our
study will add considerably to the existing literature by clarifying some of the
epidemiologic features of asymptomatic Salmonella infection in raccoons and its public
health significance.
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Chapter 2
LITERATURE REVIEW

Raccoon Ecology
The northern raccoon, Procyon lotor, is an omnivorous mammal in the family
Procyonidae that also includes the coatis, kinkajous, olingos, ringtails, and cacomistle
species (Kern, 1991). Raccoons are native to North and Central America, but have been
introduced into some European and Asian countries (Carraway, 2008). These animals are
considered an invasive alien species of Japan, causing considerable damage to
agriculture, property, and native bird habitats since the 1970’s (Kato et al., 2009). The
adult raccoon is a medium sized mammal exhibiting a bear like posture and weighing
between 10 and 30 pounds. Raccoons range from 28 to 38 inches in length and are
recognized by their masklike facial appearance and striped tails (Kern, 1991). These
animals can adapt to survive in many environments, and have been found to thrive in
rural, suburban, and urban areas (Zeveloff, 2002). In Pennsylvania, raccoons are most
commonly found in wooded areas with high populations found near water sources such
as streams and lakes, where food and natural resources are abundant (Fergus, 2012). For
this reason, raccoons are also often found in agricultural areas near crop fields (Beasley et
al., 2007; Compton et al., 2007). Their home ranges can vary and adult raccoons have
been documented to travel between one and 150 miles depending on food availability and
mating season (Zeveloff, 2002). Compton et al. documented increased home ranges in
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rural raccoons during the fall and winter months due to declining local resources after
row crop harvest (Compton et al., 2007). Raccoons in suburban areas have been shown to
have smaller home ranges due to year round abundant food resources mostly associated
with trash, pet food, or bird feeders (Compton et al., 2007). The mating season in
Pennsylvania is between January and February and litters of three to five young are born
between March and April after a two month gestational period (Fergus, 2012). The
average lifespan of a raccoon in the wild is between three and five years; however
domesticated raccoons have been reported to live over ten years (Rosatte, 1998).

Impact of Raccoons in our Environments
Raccoons frequent residential areas and cultivated farmland, creating dens in
human-made structures such as attics, garages, sewers and barns, thus making them a
notorious nuisance species among communities and farmers (Clark, 1994). In Western
Pennsylvania, it was found that the second most commonly used den type of raccoons in
suburban landscapes were human structures such as garages and sheds proximal to
garbage and garden food sources (Compton et al., 2007). Many studies have documented
economic crop losses due to the scavenging habits of the northern raccoon species,
especially in corn production (Rivest and Bergeron, 1981; Conover and Decker, 1991;
Beasley et al., 2008). Compton et al. also documented scavenging of corn crops in
Pennsylvania raccoons (Compton et al., 2007). In a national assessment of perceived
wildlife-caused losses to agriculture, 47% of U.S. field crop producers documented crop
losses due to wildlife, with omnivores such as raccoons being the second highest predator
after deer (Wywialowski, 1994). Another study in Indiana showed a direct relationship
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between raccoon abundance and crop damage (Beasley et al., 2008). The raccoon
presence has also created a reactive management concern among urban areas due to
property damage from scavenging and denning locations. Studies have proposed
management ideas including trapping, repellents, and direct removal (Clark, 1994).
In some states raccoons have accounted for 60-70% of urban wildlife problems
and wildlife control calls (Huxoll et al., 2010). Raccoon populations have been found at
high densities in urban and suburban areas due to the abundance of artificial feeding
sources, frequenting trash disposal sites and parks (Prange et al., 2003).

Raccoons as a Reservoir for Zoonotic Pathogens
This interaction with human habitats has raised the concern of increased risk of
zoonotic disease transmission between raccoon populations and domestic animal and
human populations. Raccoons are known to harbor a multitude of viral, parasitic, and
bacterial zoonotic pathogens including rabies, Baylisascaris procyonis, Leptospira,
Staphylococcus aureus, and Salmonella. An important factor in the possible acquisition
of these pathogens from raccoons is the multiple routes of exposure and modes of
transmission from animal to human population. The aforementioned diseases all can be
directly transmitted through various routes of exposure. The rabies virus, enzootic to
Pennsylvania since the 1970’s and a serious statewide public health threat, is transmitted
from raccoons to humans via salivary contact usually through animal bites (WilliamsWhitmer and Brittingham, 1996). Baylisascaris procyonis, a common roundworm of
raccoons which can be shed in feces, is also of concern to humans. Human infection via
accidental contact with contaminated feces has been documented, resulting in neurologic
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disease and often death in children (Wise et al. 2005). Leptospirosis, a bacterial disease
which can cause significant production losses in food animals and illness in humans, can
be transmitted via raccoon urine in the environment (Mikaelian et al., 1997).
Staphylococcus aureus infection, a current pathogen of public health concern due to
methicillin resistant strains, has recently been documented in raccoons and has the
possibility of infection through epidermal trauma such as scratches (Hamir, 2010). This
could be a concern for wildlife rehabilitators or domestic pets that come in close contact
with raccoons. Salmonella is an additional bacterial pathogen that can be transmitted
through contact with contaminated raccoon feces. This bacterium has the potential to
survive long-term in the environment, and thus carries possible significance in any
overlapping raccoon and human habitats (Compton et al., 2007). The prevalence of
zoonotic disease in raccoons and likelihood of exposure to these diseases through direct
contact with the animal or its feces emphasizes the significance of the species as a
possible threat to human health.

Public Health and Economic Significance of Salmonella Infection
Salmonellosis is one of the emerging foodborne infectious diseases that has
become a major health concern in many countries over the last few decades and is
continuously one of public health interest in the United States (Herikstad et al., 2002).
Globally, Salmonella causes approximately 93.8 million gastroenteritis cases per year
with 80.3 million cases being foodborne (Majowicz et al., 2010 ). There are an estimated
1.2 million annual cases of reported salmonellosis in the U.S. with over 400 human
deaths due to acute salmonellosis (CDC, 2011). In the United States alone, the annual cost
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of salmonellosis in medical expenses and loss of productivity, is estimated to be $3.3
billion dollars with19,000 hospitalizations, displaying the significant economic burden of
the pathogen on our society (Batz et al., 2011).

Public Health Significance of Antibiotic Resistance in Bacteria
The increased use of antibiotics both in the human health and animal production
worlds since the 1950’s has made antibiotic resistance a hot topic in public health.
Antibiotics are now cheaper than ever and often over prescribed among doctors and
overused by patients (Wise et al.,1998). Antibiotics are also heavily used in agriculture
not only for therapeutic use on food animals, but as growth promoters to help farmers
increase the feed conversion ratio in their herds (Gilchrest et al., 2007). A common fear
among scientists and health officials is that the long term use of these antibiotics will lead
to genetic proliferation of antimicrobial resistant bacteria in food products from herd
animals or in their waste production (Mathew et al., 2007). And with the rise of certain
antibiotic resistant bacteria in hospitals such as methicillin resistant Staphylococcus
aureus, health officials worry that current antibiotic therapies will soon become
ineffective against pathogens (Chambers, 2001). Multiple studies have illustrated a
connection between antibiotic use in food animals and antibiotic resistant organism
prevalence in their associated environments, showing that this is a valid concern (Vidovic
and Korber, 2006; McEwen and Fedorka-Cray, 2002). Due to this fear, much research
has focused on the antimicrobial resistance of bacteria such as Salmonella in humans,
animals, as well as in our food products and environment (Hoelzer et al.,2010; Oloya et
al.,2009). Surveillance systems such as the National Antimicrobial Resistance Monitoring
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System (NARMS) have been created to monitor resistance of regularly laboratory
isolated enteric pathogens from animals, retail meat, and humans (NARMS, 2012).

Salmonella Surveillance Systems
Since Salmonella-associated disease has become a public concern over the past
decade, the need for Salmonella surveillance systems has also been recognized by
worldwide public health organizations. This has resulted in surveillance systems on the
global, national, and statewide levels. The World Health Organization (WHO) initiated
the WHO Global Salm-Surv program in 2000 which promotes training for surveillance,
detection, and response to Salmonella outbreaks (CDC, 2006). The Centers for Disease
Control and Prevention (CDC) works on a national level using multiple surveillance
systems including NSSS, eFORS, PulseNet, and NARMS to collect infection and
outbreak data (Swaminathan et al., 2006). The National Salmonella Surveillance System
(NSSS) was created in 1962 and obtains case information from state public health
laboratories. The electronic Foodborne Disease Outbreak Reporting System (eFORS) is
the method of reporting by state and local health officials. PulseNet, created in 1996, is a
standardized database network of PFGE molecular fingerprinting completed by public
health laboratories and coordinated by the CDC. PulseNet provides laboratories with a
standardized protocol for molecular fingerprinting of Salmonella isolates for outbreak
investigations. Surveillance on the national level is obtained through state public health
systems. Public health laboratories collect Salmonella suspect isolate submissions from
local clinical human or animal diagnostic laboratories and then confirm the submissions
using Kaufmann-White serotyping and further characterize the isolates based on the CDC
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PulseNet PFGE method and state PFGE databases. Public health laboratories then send
serotype and PFGE prevalence reports to the CDC using PulseNet (CDC, 2011).

The Salmonella Organism
The Salmonella bacteria itself is a gram negative flagellated bacilli that is
facultatively anaerobic. This bacterium which belongs to the Enterobacteriaceae family is
a non-spore former; however, its facultative anaerobic growth and chemoorganotrophic
nutritional requirements allow it to thrive in many environments (Dworkin and Falkow,
2006). Bacteria of the genus Salmonella are divided into two species S. enterica and S.
bongori, comprised of over 2,400 serotypes (Brenner et al., 2000). Approximately 60%
of these serotypes are within the subspecies S. enterica subsp. enterica (I) which most
commonly affects warm blooded animals (Popoff and Le Minor,1997). Salmonella under
the S. bongori species are associated with cold-blooded animals and rarely infect humans
(Dworkin and Falkow, 2006).

Salmonella Serotyping
One of the most popular subtyping methods used for Salmonella surveillance is
serotyping. Serotyping determines the antigenic makeup of the Salmonella organism
based on the differentiation of three surface antigens; the Somatic O antigen, flagellar H
antigen, and polysaccharide Vi antigen (Gianella 1996, Murray et al., 2007). All of these
antigens are diagnostically detected through the use of antisera-antigen reaction
observations. The Kaufmann-White antigenic naming scheme based on these three
antigenic factors is used by public health facilities across the world, including the World
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Health Organization (WHO), the CDC, and the American Society for Microbiology (Su
and Chiu, 2007). The O antigen of Salmonella is a carbohydrate antigen consisting of
four to six sugar subunits. The H antigen of the flagellum consists of flagellin protein
subunits (CDC 2011). The Vi antigen, aptly named for its relation to the virulence of the
organism, is a capsular antigen found in only three serovars including S. ser. Typhi, S.
ser. Paratyphi C, and S. ser. Dublin (Todar, 2008). The most common O group antigens
associated with human infections of salmonellosis are A, B, C1, C2, D, and E. Therefore,
Salmonella surveillance systems worldwide most commonly use antisera tests associated
with these six groups when testing samples.

Pulsed Field Gel Electrophoresis in Salmonella Surveillance
Surveillance of Salmonella outbreaks and illnesses in the U.S. includes not only
serotyping of the bacteria, but also further discrimination by molecular subtyping
methods. Although serotyping has been a frequently used subtyping method for over 80
years, the method does not allow for discrimination between bacterial strains with the
same serotype or fingerprinting of the bacteria. When an increase in foodborne outbreaks
of certain Salmonella serotypes such as S. Enterica and S.Typhimurium arose in the
1980’s in the northeastern US, the need for discrimination between bacterial strains in
outbreak investigations became apparent (Salem Imen et al., 2012). Thus, multiple
subtyping methods were created. Phage typing and plasmid profiling were two early
methods of discrimination; however, these methods were limited due to the fact that
analysis was based on entities that could undergo losses or conversions (Salem Imen et
al., 2012). More discriminatory DNA based methods such as amplified fragment length
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polymorphism (AFLP), restriction fragment length polymorphism (RFLP), Ribotyping,
Multiplex PCR, multilocus sequence typing (MLST), multi-virulence locus sequence
typing (MVLST), and PFGE were then established. Multiple studies have compared these
methods and evaluated their usefulness, discriminatory power, and convenience (Foley et
al., 2006; Wattiau et al., 2011; Hyeon et al., 2013). However, PFGE is considered the
gold standard for molecular subtyping among public health officials and epidemiologists
due to its popularity in the 1990’s and creation of the CDC’s standardized protocol and
surveillance reference network called PulseNet (Swaminathan et al., 2001). Pulsed-field
gel electrophoresis has remained the gold standard for lack of a clearer ideal typing
method (Wattiau et al., 2011).
The PFGE method works by digesting genomic bacterial DNA into large
fragments using restriction enzymes and then subsequently comparing these fragment
banding patterns on an electrophoretic gel. Due to the large size of these genomic
fragments (up to 12 Mbp), a novel mode of electrophoresis was created to allow the DNA
to unravel and separate in the agarose gels. This method relies on the orientation change
and migration of DNA through agarose, based on the response to periodic directional
changes in electric field pulses (Herschleb et al., 2007). The most popular PFGE
apparatus used among laboratories is the contour-clamped homogenous electric field
(CHEF Mapper) system that uses electrodes clamped to specific voltages and arranged in
a hexagonal orientation allowing for a uniform electric field switch of 120˚ angle
between pulses (Maule, 1998). Sample preparation is also unique in that DNA is
encapsulated in low-melting point agarose gel plugs, thus protecting the shearingsusceptible restricted DNA fragments. Bacterial cell plugs undergo multiple lysis and
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buffer washes to remove unwanted proteins. Once plugs undergo an incubation step with
the restriction enzyme, restricted DNA fragments can be fractionated using the PFGE
CHEF mapper system, gel stained for visualization of bands, and band analysis
completed using comparison software. The PFGE system allows for high reproducibility
between national health laboratories due to the use of standardized protocols of the CDC,
and has been extremely useful in Salmonella outbreak surveillance and characterization
of Salmonella serotypes in humans, domestic animals, and wildlife (Swaminathan et al.,
2001).

Pathogenesis and Clinical Manifestations of Non-typhoidal Salmonella
Gastroenteritis disease is the most common clinical condition of non-typhoidal
Salmonella enterica infection in humans. Infection begins with Salmonella colonization
of the gut following oral ingestion of bacteria through contaminated food or accidental
fecal oral ingestion. Colonization of the gut is established if bacteria are able to survive
the acidic environment of the stomach. Once in the small intestine and colon, the bacteria
can adhere and enter the intestinal cells such as microfold cells (M cells) and enterocytes
through bacterial- mediated endocytosis (Ohl and Miller, 2001). A type III secretion
system allows for translocation of bacterial effector proteins into the host which can alter
host cell signaling pathways and lead to the acute intestinal inflammatory response and
clinical symptoms that define the enteric disease (Srikanth and Cherayil, 2007) The
symptoms of this self-limiting disease often include abdominal cramps, diarrhea, nausea,
vomiting, or fever and typically resolve spontaneously after two to seven days (Giannella,
1996). More severe cases are usually seen among the young, elderly, and
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immunocompromised patients, with very severe cases leading to severe dehydration and
possibly death (Cummings et al., 2012)

Wildlife as Salmonella Reservoirs
Although there have been no studies directly proving the transmission of
Salmonella between wildlife species and domestic animal or humans, there have been
many studies suggesting that transmission is entirely possible (Coulson et al.,1983;
Gorski et al., 2011; Refsum et al., 2002). Many of these studies have recovered
Salmonella serotypes and PFGE pulsotypes from wild animal feces such as white tailed
deer (Renter et al., 2006), hedgehogs (Refsum et al., 2002), passerines (Hernandez et al.,
2012), skunks (Gorski et al., 2011), and raccoons (Compton et al., 2007) and found
identical pulsotypes in either human, domestic pet, domestic food animal, or
environmental samples. This suggests occurrence of bacterial transmission either by
direct contact with animals or indirect contact with environmental contaminants. Since
direct contact with wildlife is usually uncommon among humans, indirect contact with
wildlife environmental contaminants is more likely the source of transmission and
infection. Reports have shown that wild animals such as rodents and passerines (perching
birds) can act as asymptomatic carriers of Salmonella and shed the bacteria in the
environment (Coulson et al. 1983; Refsum et al., 2002). The bacteria are also found in
asymptomatic carriers among domestic food animals such as poultry and cattle. In
poultry, Salmonella can remain in the digestive and reproductive tracts for months
without causing any clinical symptoms (Barrow et al., 1987). The bacteria can then be
shed by these asymptomatic carriers and contaminate and persist in the environment.
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Salmonella Newport from cattle manure has been shown to amplify in soil and persist in
the environment for up to 158 days (You et al., 2006). Other studies have shown the
ability of Salmonella spp. to persist in the environment for more than a year even under
nutrient starvation and osmotic stress (Williams and Benson, 1978; Gupte et al., 2003).
Salmonella spp. have also been detected in fresh water sources thought to be
contaminated by natural or applied manure from nearby agricultural fields (Jenkens et al.,
2008,Gorski et al., 2011). With the bacteria prevalent in the environment, wildlife
animals such as raccoons could then act as a vector to human infection due to their
overlapping habitats. Compton et al. (2007) has demonstrated this possibility in raccoons
in Western Pennsylvania by discovering matching Salmonella PFGE pulsotypes between
raccoons and human salmonellosis cases. Not only were isolates genotypically identical,
but they also matched by time and location further proving the possibility of zoonotic
transmission between species and suggesting public health significance (Compton et al.,
2007).
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Chapter 3
MATERIALS AND METHODS

Sample Source and Collection Technique
A total of 371 raccoon intestinal samples were obtained from the Pennsylvania
Game Commission from trapped and road killed raccoons. Acquisition of these samples
was organized by Dr.Walter Cottrell. Samples were collected from 65 out of the 67
counties of Pennsylvania between the months of June to December of 2011. Entire
intestinal tracts were removed from recently deceased raccoon specimens, bagged, and
labeled with sample information including; 1) collector name, 2) date collected, 3)
County, 4) GPS location, 5) age, 6) sex, and 7) additional information regarding the
sample, if any, such as road killed, trapped raccoon, etc. Upon collection, the samples
were immediately transported to the laboratory and frozen at -20°C. The frozen samples
were thawed at room temperature and processed for collection of intestinal fecal contents.
Fecal samples were then removed from each intestine and transferred to 50 ml tubes
using aseptic techniques. Each fecal sample was given an identification number and
stored at -20°C until further analysis. Cotton tipped applicators were used to swab
intestinal tracts lacking observable feces and frozen at -20°C.
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Isolation and Presumptive Identification of Salmonella
Frozen fecal samples were thawed at room temperature for bacterial isolation.
Approximately 0.5g of feces was transferred to a 15 ml conical tube containing 4.5 ml of
Buffered Peptone Water (BPW) (Oxoid Ltd. Basingstoke, Hampshire, England) for the
pre-enrichment and recovery of Salmonella from the frozen samples. Tubes were then
vortexed briefly and incubated for 24 hours in a 37°C incubator. Pre-enriched sample (0.5
ml) was transferred to new 15 ml conical tubes containing 4.5 ml Tetrathionate broth
(TTB) (Becton, Dickinson and Co. Sparks, MD). Enriched samples were vortexed
thoroughly and incubated at 37°C for 24 hours. Concurrently, 0.5 ml of the BPW/feces
mixture was also pipetted into new 15 ml conical tubes containing 4.5 ml of Rappaport
Vassiliadis (RV) broth (BD). These tubes were thoroughly vortexed and incubated at
42°C for 24 hours.
Enriched samples from TTB and RV broth were vortexed to resuspend settled
organics and bacteria. A 10 uL loopful of each broth mixture was then streaked by
triphasic method separately onto Xylose Lysine Tergitol 4 (XLT-4) agar and Brilliant
Green (BG) Agar plates (Remel, Lenexa, KS). Plates were inverted and incubated at
37°C for 24 hours. Black colored colonies with hydrogen sulfide producing morphology
were considered as suspect Salmonella isolates and were then subcultured onto
MacConkey (MAC) Agar plates, Triple Sugar Iron Agar (TSI) slants, and Lysine Iron
Agar (LIA) slants (Remel). Slants were both streaked and stabbed to allow for the proper
discriminatory biochemical reactions. Tube caps were also loosened to allow for oxygen
transfer. Tubes and plates were incubated at 37°C for 24 hours.
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A sample was considered positive for Salmonella based on the following criteria:
1) growth of non-lactose fermenting clear-white colonies on MacConkey agar,
2) production of an alkaline over acid morphology of TSI and LIA slants, with H2S
production in the butt of the slant. The identity of presumptive Salmonella positive
samples was then confirmed by the combined positive agglutination by Salmonella O
Antiserum Poly A-I & Vi (BD) plate agglutination testing, negative result for the
Dryslide Oxidase test (BD), and Salmonella spp. identification by API 20E identification
panel (Biomerieux, Durham, NC) according to manufacturer instructions. Confirmed
positive Salmonella samples were then saved in a 20% glycerol solution of tryptic soy
broth and stored at -20°C. Positive samples were also grown onto Triptic soy agar (TSA)
slants to be sent for future serotyping by an external laboratory.

Serotyping of Salmonella isolates
Samples were serotyped for O groups in-house by plate agglutination testing
using Salmonella group B, C1, C2, poly C, D, E, and K antisera (BD) on blood agar
cultivated colonies. The serogroup of each sample was identified if a positive
agglutination reaction occurred in the respective antisera. Samples were also subcultured
onto TSA slants and sent to the Salmonella Reference Center at The University of
Pennsylvania for serotyping of flagellar H groups.
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Antibiotic Susceptibility Testing
Antibiograms were obtained for the positive Salmonella isolates by collecting
antibiotic susceptibility data using the Sensititre automated system (Trek Diagnostic
Systems, Cleveland, Ohio). Bacterial cultures used for the susceptibility tests were
obtained on MacConkey agar. An inoculum with a turbidity of 0.5 McFarland was
prepared for each sample using Mueller Hinton Broth tubes. An autoinoculator was then
used to inoculate Sensititre Companion Plate Format (Compan1F) plates (Trek
Diagnostic Systems). Plates were incubated for 19 hours and growth was read
automatically by an ARIS Autoreader. Minimal Inhibitory Concentration (MIC) values
and breakpoint concentrations used were based on the Clinical Laboratory Standard
Institute (CLSI) formerly (NCCLS) M100(27) and M31(28) references (CLSI, 2008).
The Compan1F plates included susceptibility testing to the following
antimicrobics: amikacin, amoxicillin/clavulanic acid, ampicillin, cefazolin, cefovecin,
cefoxitin, cefpodoxime, ceftiofur, cephalothin, chloramphenicol, clindamycin,
doxycycline, enrofloxacin, erythromycin, gentamicin, imipenem, marbofloxacin,
oxacillin + 25 NaCl, penicillin, rifampin, ticarcillin, ticarcillin/clavulanic acid, and
trimethoprim/sulphamethoxazole.

Genotypic Analysis of Salmonella Isolates
Genotyping of the confirmed Salmonella isolates was completed using the
molecular epidemiology gold standard PFGE technique. The PulseNet standardized
laboratory PFGE protocol for Salmonella was used with minor modifications (CDC,
2009). Bacterial colonies were grown overnight at 37°C on TSA plates to obtain late log
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phase growth. Bacterial plugs were made using Seakem Gold Agarose and cell
suspension buffer consisting of Tris-EDTA (TE) buffer and proteinase K (Sigma
Aldrich). Cells were lysed using a cell lysis buffer consisting of sodium dodecyl sulfate
(SDS) and proteinase K. Plugs were then systematically washed using a six phase water
and TE buffer wash cycle to remove cellular debris and allow for optimum digestion and
clear gel photography. Plugs were then stored at 4°C overnight in round bottom snap cap
tubes to inhibit any plug breakage.
Restriction endonuclease digestion was performed on 1 mm plug slices using an
XbaI restriction enzyme mix (Promega, Fitchburg, WI). A 1% Seakem gold agarose gel
was cast using a 0.5x TBE buffer. Each gel could hold up to 11 sample plug slices with
Salmonella ser. Braenderup standards used at lanes 1, 5, 10, and 15 to allow for proper
band alignment analysis on the Gelcompar II software (Applied Maths, Austin, Texas).
Gels were run in a 0.5x TBE buffer for 19 hours at 14°C in the Chef Mapper
System(BioRad, Hercules, CA). Following electrophoresis, the gel was stained with EtBr
for 60 minutes on a rotator. The gel was subjected to two destaining cycles of 10 minutes
each. Gels were photographed using the Alpha Imager System (Protein Simple, Santa
Clara, California).
Gel picture TIFF files were then uploaded to the Gelcompar II analysis software
for dendrogram comparison. Clonal relatedness of band fingerprint profiles was analyzed
using the unweighted pair group method with arithmetic averages (UPGMA) clusters
based on Dice coefficient of each band. TIFF files were also sent to the PA Department
of Health PFGE Molecular Microbiology section for comparison of samples to their
existing Salmonella pulsotype database using Bionumerics software (Applied Maths,
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Austin, TX). Pulsotype identities were given to those samples matching the respective
fingerprints in that database. Raccoon samples having no match in the PA Department of
Health database were given a Pennsylvania State University (PSU) identification.
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Chapter 4
RESULTS

Isolation Frequency in Raccoon Population
Salmonella enterica was found to be present in the raccoon population studied.
Salmonella of various serovars were isolated from 57 of the 371 isolates, approximately
15.4% of the raccoon sample population. Salmonella was prevalent in 5.5% of the
juvenile raccoon population (n=110), 20.4% of the adult raccoon population (n=204), and
4.8% of the raccoons of unknown age (n=21) (Table 1). Salmonella was prevalent in
13.9% of the female raccoon population studied (n=154), 17.2% of the male raccoon
population (n=204), and 4.8% of the raccoons of unknown sex (n=21).
Of the Salmonella species isolated during this study, 14 different serotypes
(Table 2) were found in the raccoons of PA including two unnamed group E1 serovars
and one unnamed group b serovar. Three of the positive isolates were untypeable due to
rough cultures. The five most commonly isolated serovars were S. Newport (22.8%), S.
Enteritidis (15.8%), S. Bareilly (8.8%), S. Braenderup (8.8%), and S. Typhimurium
(8.8%). S. Newport and S. Enteritidis, the most common isolated serovars, are commonly
associated with foodborne infections (FSIS, 2011).
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Distribution by Time
This specific study obtained samples between the months of May 2011November 2011 (Table 3). The majority of the samples were obtained during the summer
and fall seasons between June and October of 2011. Salmonella was most prevalent in
raccoons during the month of June with a positive isolation rate of 22.4%. However,
Salmonella serotype prevalence was most diverse during the month of September,
obtaining nine different serotypes during that sampling period.

Distribution by Location (ArcGIS maps)
In this study it was found that Salmonella enterica is prevalent in raccoons in
every region of Pennsylvania (Figures 1and 2). Salmonella was isolated from 36 of the 67
counties (samples were obtained from 65 counties), showing the bacterial presence in at
least 55% of the counties in Pennsylvania (Table 4). Beaver, Blair, Clarion, Delaware,
Fayette, Union, and Westmoreland counties had the most positive cases of Salmonella in
raccoons. A majority of the 14 isolated serotypes were found in several counties, and, in
some cases, different regions of Pennsylvania (Table 5). Serotypes S. Berta, S. Infantis,
unnamed group E1, and unnamed group B were serotypes found in one county only.
Most of the serotypes found in multiple regions of Pennsylvania were not localized to any
one region (see Figure 2 for regions), but were isolated from various areas with no
observed pattern (Figure 3). One serovar, S. Thompson, was unique in that it was found
only in the Northern regions of Pennsylvania. S. Typhimurium was another
geographically limited serovar found only in the western and central regions of
Pennsylvania.
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Antibiotic resistance
Samples were tested for antimicrobial resistance to 22 different antibiotics using
Sensititre Compan1F plates. Susceptibility to all antibiotics was observed for all but one
raccoon Salmonella sample. This S. Newport sample was found to be resistant to both
first and second generation cephalosporin beta-lactam antibiotics including cefazolin,
cephalothin, and cefoxitin (Table 6). The resistant sample was obtained from Bedford
County, PA in August of 2011. This was the only positive sample obtained from Bedford
County.

Pulsed Field Gel Electrophoresis Genotypic Analysis of Raccoon Salmonella Isolates
Pulsed-field gel electrophoresis was completed for genotypic analysis of all
confirmed raccoon Salmonella isolates. Samples were compared to the PA Department of
Health Salmonella database to obtain identification of PFGE profiles. Fifty-six of the 57
samples were able to be profiled by PFGE. One sample, 243, was untypeable by PFGE
analysis, possibly due to DNA degradation (Fawley and Wilcox, 2002). Thiourea was
added to the running buffer solution to aid in inhibiting DNA degradation; however,
addition of thiourea did not resolve the picture and sample 243 remained untypeable by
PFGE.
Of the 56 typeable PFGE isolates, there were 33 raccoon samples which matched
a total of 16 different known human pulsotypes (Table 7). The samples that did not match
previously isolated human pulsotypes of Pennsylvania were given their own PSU ID
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based on clonal relatedness generated from a dendrogram of Dice similarity coefficient
(Figure 4). Samples with 100% similarity to each other were given the same
identification. There were 23 unmatched raccoon isolates that corresponded to 18
different pulsotypes and therefore were given the new PSU ID pulsotype names. In total
there were 34 unique PFGE Salmonella pulsotypes identified this way.
Of the 34 unique pulsotypes identified, 21 pulsotypes were represented by a
single raccoon isolate. Thirteen pulsotypes were associated with two or more raccoon
isolates. Each pulsotype was found in no more than four raccoons during this study.
Pulsotypes were isolated from 34 different counties. Two or more pulsotypes of varying
serotypes were isolated from 14 counties: Allegheny, Beaver, Berks, Blair, Chester,
Clarion, Delaware, Fayette, Forest, Lawrence, Lebanon, Mercer, Union, and
Westmoreland. Seven counties, Beaver, Blair, Clarion, Delaware, Fayette, Union, and
Westmoreland had the most diverse range of pulsotypes prevalent with three different
pulsotypes of varying serotypes identified. Fayette County showed the most diverse range
of pulsotypes within one serogroup, presenting three pulsotypes ;JJPX01.0025, PSU2,
and PSU3, all of S. Newport serotype.
The most frequently isolated pulsotypes in raccoons which corresponded to the
PA Department of Health Salmonella database were Salmonella Enteritidis pulsotype
JEGX01.0004 and Salmonella Newport pulsotype JJPX01.0005 (Table 7). Both of these
pulsotypes have been associated with salmonellosis outbreak investigations in the U.S.
(CDC, 2010; FDA, 2012).
There were multiple different pulsotypes isolated from raccoons which were
associated with the same Salmonella serovar, showing diversity among the serogroups
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across Pennsylvania. There were eight different pulsotypes associated with Salmonella
Newport, 5 different pulsotypes associated with Salmonella Typhimurium, four different
pulsotypes associated with Salmonella Braenderup, and three different pulsotypes
associated with Salmonella Enteritidis.
All samples were compared to cases of salmonellosis documented in the PA
Department of Health Salmonella database, using time and location. For a match in
location, isolates had to be found in the same region. For a match in time, isolates had to
be collected within three months of each other. There were two pulsotypes that had
significantly higher human matches based on both time and location. These were
pulsotypes JEGX01.0004 and JEGX01.0034 of the S.Enteritidis serovar with 122 and 21
matches to human cases respectively (Table 8).When samples were further investigated
to find isolate matches by exact month and regional location, there were 47 human cases
of pulsotype JEGX01.0004 associated salmonellosis matching four raccoon isolates.
Three of these four raccoon isolates were from adjacent Southeastern counties Lancaster
and Berks. Pulsotype JEGX01.0034 in three raccoons was found to have nine matches to
human salmonellosis cases. Two of these three raccoon isolates were from adjacent
western Clarion and Armstrong counties. Clonal relatedness comparison by Dice
Similarity Coefficient showed that 58% of raccoon isolates in this study (n=33) showed
100% similarity with one or more isolates.
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Table 1. Frequency of Salmonella Isolation in Raccoons
Age /Sex

No. Positive Isolates

Total (%)

Juvenile

6

110 (5.5)

Adult

50

245 (20.4)

Unknown

1

21 (4.8)

Female

21

151 (13.9)

Male

35

204 (17.2)

Unknown

1

21 (4.8)
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Table 2. Prevalence of Salmonella Serotypes in
Pennsylvania Raccoons

S.enterica Serovars

No.
Positive
Isolates

% of Positive
Isolates

S. Bareilly

5

8.8

S. Berta

1

1.8

S. Braenderup

5

8.8

S. Enteritidis

9

15.8

S.Hartford

3

5.3

S.Infantis

1

1.8

S.Muenchen

3

5.3

S.Newport

13

22.8

S.Paratyphi B

3

5.3

S.Thompson

3

5.3

S.Typhimurium

5

8.8

group C2 untypeable

3

5.3

unnamed group E1

2

3.5

unnamed group B

1

1.8

Total

57
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Table 3. Time Distribution of Salmonella enterica Detection in Raccoons

Month

No. of
Samples

Pos.
Samples

%
Positive

May

1

0

0

June

48

11

22.9

Salmonella enterica Serovars

Braenderup, Enteritidis, Newport,
unnamed monophasic group B

July

55

10

18.2

August

77

11

14.3

Braenderup, Bareilly, Enteritidis,
Newport, Thompson, Typhimurium
Bareilly, Braenderup, group C2
untypeable, Hartford, Newport,
Paratyphi b, Thompson, unnamed
group E1

16.3

Bareilly, Berta , C2 untypeable,
Enteritidis, Hartford, Muenchen,
Newport, Thompson, Typhimurium
Enteritidis, Muenchen, Newport,
Paratyphi, Typhimurium, unnamed
group E1,

September

92

15

October

87

9

10.3

November

4

0

0

Unknown

7

1

14.3

Total

371

57

Newport
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Table 4. PA County Associated Raccoon Salmonella Prevalence

Total

PA County

No. of Salmonella Positive Samples

Adams
Allegheny
Armstrong
Beaver
Bedford
Berks
Blair
Bradford
Bucks
Butler
Chester
Clarion
Cumberland
Dauphin
Delaware
Erie
Fayette
Forest
Franklin
Indiana

1
2
1
3
1
2
3
1
1
1
2
3
1
1
3
1
3
2
1
1

Jefferson
Lancaster
Lawrence
Lebanon
Lehigh

1
1
2
2
1

Luzerne
Mercer
Potter
Schuylkill
Snyder
Somerset
Tioga
Union
Venango
Washington
Westmoreland
36

1
2
1
1
1
1
1
3
1
1
3
57
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Table 5. Regional Prevalence of Salmonella Serovars of Raccoons in Pennsylvania

No. Positive
Isolates

% of Positive
Isolates

S. Bareilly

5

S. Berta

S. enterica Serovars

Counties Affected

Regions Affected

8.8

Delaware, Jefferson,
Mercer, Tioga, Union

Northwest,
Northcentral, Southeast

1

1.8

Chester

Southeast

S. Braenderup

5

8.8

Beaver, Delaware,
Forest, Lebanon, Snyder

S. Enteritidis

9

15.8

S. Hartford

3

S. Infantis
S. Muenchen

Armstrong, Berks,
Bradford, Bucks,
Clarion, Lancaster,
Lebanon, Union

Northwest,
Northcentral,
Southwest,
Southcentral, Southeast

5.3

Chester, Erie, Lawrence

Northwest, Southeast

1

1.8

Clarion

Northwest

3

5.3

Butler, Lehigh, Potter

Northcentral, Northeast,
Southwest

Northwest, Southwest,
Southcentral, Southeast

Southwest

S. Newport

13

22.8

Clarion, Dauphin,
Delaware, Fayette,
Lawrence, Mercer,
Schuylkill, Washington

S.Paratyphi B

3

5.3

Beaver, Indiana,
Westmoreland

S.Thompson

3

5.3

Forest, Luzerne, Union

S.Typhimurium

5

8.8

group c2 untypeable

3

unnamed group E1
unnamed group B
Total

Northwest,
Northcentral,
Southwest,
Southcentral, Southeast

Northwest,
Northcentral, Northeast

Allegheny, Blair,
Franklin, Venango,
Westmoreland

Northwest, Southwest,
Southcentral

5.3

Beaver, Somerset,
Westmoreland

Southwest

2

3.5

Blair

Southcentral

1

1.8

Cumberland

Southcentral

57
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Table 6. Antibiotic Resistance Among Raccoon Isolates

Class
Aminoglycoside

Antibiotic
Amikacin
Gentamicin
Ansamycin
Rifampin
Beta- lactam inhibitors
Amoxicillin/Clavulanic Acid
Imipenem
Ticarcillin/Clavulanic Acid
1st generation Cefazolin
Cefovecin
nd
2 generation Cephalothin
Cefoxitin
Ceftiofur
Cefpodoxime
Fluoroquinolone
Enrofloxacin
Marbofloxacin
MLSK
Penicillin

Phenicol
Sulfonamide
Total

Clindamycin
Erythromycin
Ampicillin
Oxacillin +25 NaCl
Penicillin
Ticarcillin
Chloramphenicol
Trimethoprim/Sulphamethoxazole

No.
Resistant
Samples
0
0
0
0
0
0
1*
0
1*
1*
0
0
0
0
0
0
0
0
0
0
0
0
3*

* All observed resistance was from the same raccoon sample: an S. Newport isolate, Bedford County, PA
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Table 7. PFGE Pulsotypes found in Raccoons

Total

Pulsotype

Serotypes

JBPX01.0104
JEGX01.0004
JEGX01.0005
JEGX01.0034
JFXX01.0444
JHAX01.0010
JHAX01.0045
JJ6X01.0159
JJPX01.0005
JJPX01.0025
JJPX01.0062
JJPX01.0161
JJPX01.2301
JKXX01.0056
JP6X01.0236
JPXX01.0899
PSU1
PSU2
PSU3
PSU4
PSU5
PSU6
PSU7
PSU8
PSU9
PSU10
PSU11
PSU12
PSU13
PSU14
PSU15
PSU16
PSU17
PSU18
34

Braenderup
Enteritidis
Enteritidis
Enteritidis
Infantis
Hartford
Hartford
Muenchen
Newport
Newport
Newport
Newport
Newport
Paratyphi b
Thompson
Typhimurium
untypeable
Newport
Newport
unnamed group E
unnamed group E
Newport
Berta/Enteritidis
Bareilly
Braenderup
Braenderup
Bareilly
Bareilly
unnamed group B
Typhimurium
Typhimurium
Typhimurium
Typhimurium
Braenderup

No.
Samples
2
4
1
3
1
2
1
1
4
1
1
3
2
3
3
1
3
1
2
1
1
1
2
1
1
1
2
1
1
1
1
1
1
1
56
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Table 8. Raccoon –Human PFGE Pulsotype Matches

Pulsotype

Serotype

# of
Samples

Match by
Location

Match
by Time

Match
both
Time
and
Location

Match
by
exact
month
and
location

JBPX01.0104

Braenderup

2

2

0

0

0

JEGX01.0004

Enteritidis

4

179

238

122

47

JEGX01.0005

Enteritidis

1

9

20

2

0

JEGX01.0034

Enteritidis

3

45

25

21

9

JFXX01.0444

Infantis

1

0

1

0

0

JHAX01.0010

Hartford

2

1

2

1

0

JHAX01.0045

Hartford

1

2

1

1

0

JJ6X01.0159

Muenchen

1

0

0

0

0

JJPX01.0005

Newport

4

2

1

2

0

JJPX01.0025

Newport

1

0

1

0

0

JJPX01.0062

Newport

1

0

0

0

0

JJPX01.0161

Newport

3

0

2

0

0

JJPX01.2301

Newport

2

0

0

0

0

JKXX01.0056

Paratyphi b

3

1

2

1

0

JP6X01.0236

Thompson

3

0

2

0

0

JPXX01.0899

Typhimurium

1

0

0

0

0
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241

295

150

56

Total

Figure 1.
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Figure 2.
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Figure 3.
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Figure 4. PFGE Dendrogram of Raccoon Isolates

Sample No.
116
119
120
353
211
247
125
64
330
36
41
22
26
112
328
134
300
268
343
242
348
282
129
65
12
239
329
369
381
3
4
5
325
341
123
124
294
206
46
96
73
74
101
238
241
197
236
245
333
127
284
256
215
295
306
77

PFGE Profile
PSU1
PSU1
PSU1
JJPX01.0062
JJ6X01.0159
JJ6X01.0159
JJPX01.0119
JJPX01.0025
JJPX01.0005
JJPX01.0005
JJPX01.0005
JJPX01.0119
JJPX01.0119
PSU2
JJPX01.0161
PSU3
PSU3
JHAX01.0010
JHAX01.0010
JHAX01.0045
JJ6X01.0159
PSU4
PSU5
PSU6
JEGX01.0004
JEGX01.0004
JEGX01.0004
JEGX01.0004
JEGX01.0005
JEGX01.0034
JEGX01.0034
JEGX01.0034
PSU7
PSU7
JKXX01.0056
JKXX01.0056
JKXX01.0056
PSU8
PSU9
PSU10
JBPX01.0104
JBPX01.0104
JFXX01.0613
PSU11
PSU11
JP6X01.0236
JP6X01.0236
JP6X01.0236
PSU12
PSU13
PSU14
JPXX01.0899
PSU15
PSU16
PSU17
PSU18

Serotype
Untypeable
Untypeable
Untypeable
Newport
Muenchen
Muenchen
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Newport
Hartford
Hartford
Hartford
Muenchen
Unnamed e
Unnamed e
Newport
Enteritidis
Enteritidis
Enteritidis
Enteritidis
Enteritidis
Enteritidis
Enteritidis
Enteritidis
Berta
Enteritidis
Paratyphi B
Paratyphi B
Paratyphi B.
Bareilly
Braenderup
Braenderup
Braenderup
Braenderup
Infantis
Bareilly
Bareilly
Thompson
Thompson
Thompson
Bareilly
Unnamed b
Typhimurium
Typhimurium
Typhimurium
Typhimurium
Typhimurium
Braenderup
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Chapter 5
DISCUSSION

The results of this study show that raccoons in 35 of 65 counties of Pennsylvania
are asymptomatic carriers of different Salmonella serotypes. Compton et al. (2007)
reported a Salmonella isolation rate of 7.4% from raccoons sampled in Mercer, Beaver,
and Allegheny Counties of Pennsylvania. In our study, Salmonella was isolated from
15.4% of raccoons sampled, which suggests that Salmonella is more widely prevalent in
Pennsylvania raccoons than previously reported. Our results are more comparable to an
earlier study where Salmonella was isolated in 16% of Florida raccoons (Bigler et al.,
1974). The prevalence of Salmonella in raccoon feces was higher than reported in other
wildlife species such as white tailed deer and wild birds, which was reported as 1%
(Renter et al., 2006; Hamer et al., 2012). We observed Salmonella infection in both
juvenile and adult raccoons showing the susceptibility of all ages to the bacteria.
Salmonella was, however, isolated at a much higher rate from the adult raccoon
population compared to juveniles. Males also showed a higher rate (17.2%) of infection
than females (13.9%). Previous studies have shown that male raccoons often have larger
home ranges than females due to mating behavior of the species (Johnson, 1970;
Chamberlain et al., 2003). We suspect that the higher rates of Salmonella in the males
and adults generally can be associated with larger home ranges and with mating behavior.
In breeding adults, interaction among the animals facilitates bacterial transmission and
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infection. For males larger home ranges could result in greater chances of encountering
Salmonella in the environment.
This study, like that of Compton et al. (2007), showed that Pennsylvania raccoons
are infected with many different Salmonella serotypes. These serotypes have been
associated with other species and environmental samples, suggesting that the most likely
source of infection for raccoons is through contact and consumption of contaminated
water, soil, or food sources. Other studies have shown that raccoons are intermittently
colonized with Salmonella suggesting that colonization is based on dietary exposure
(Jardine et al., 2011). It is interesting that three of the five most commonly isolated
serotypes in this study; S.Newport, S.Enteritidis, and S.Typhimurium are also some of the
most frequently isolated serotypes associated with human foodborne salmonellosis cases.
Since zoonotic transmission of Salmonella is common (Braden, 2006), raccoons pose a
public health risk for humans as reservoirs of infection. The widespread prevalence of
Salmonella infection in raccoons which we observed across all regions of Pennsylvania
suggests that the public health threat is not restricted to Western Pennsylvania, but
applies to the whole state of Pennsylvania.
Salmonella Newport was the most frequently isolated serovar of raccoons in this
study. This serotype has been associated with outbreaks in cattle and dairy farms and has
shown to persist in the environment for up to 10 months (Rankin et al., 2002). Cattle can
serve as asymptomatic carriers of Salmonella and persistently shed Salmonella organism
in feces, making manure a possible source of contamination for raccoons (McGuirk and
Peek, 2003). With the spread of manure on fields as a crop fertilizer, raccoons could be
infected during scavenging of food resources. Conversely, raccoon Salmonella carriers
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could act as a source of contamination of crops during scavenging. Outbreaks of S.
Newport have also been associated with contaminated field crops such as tomatoes with
the source of contamination being contaminated irrigation water used on fields (Greene et
al., 2007). Thus raccoons could also encounter S. Newport infection through consumption
of contaminated water or fresh produce. S. Newport has also been found in outbreaks
associated with mangos, cantaloupes, oysters, chicken, potato salad, and hamburger,
suggesting that raccoons could also be infected through consuming contaminated human
trash (CDC, 2013).
Raccoons could acquire S.Enteritidis infection by similar means. S.Enteritidis
infection is the most common cause of human foodborne salmonellosis in the U.S. and
has persisted as a global pandemic since the 1980s (FSIS, 2011; Davies and Breslin,
2003). S.Enteritidis routinely contaminates chicken eggs and is currently the only
serotype found to be associated with human illnesses due to egg contamination (GuardPetter, 2001). In the U.S. 80% of S.Enteritidis outbreaks are associated with egg shell
contamination (Braden, 2006). Poultry can be asymptomatically infected with
S.Enteritidis, harboring the bacteria in their reproductive and intestinal tracts and,
thereby, contaminating eggs. Chickens have also been shown to shed the Salmonella
organism in feces, creating an environmental source of contamination (Poppe et al.,
1992). Raccoons denning in hen houses, or scavenging poultry eggs could have an
increased risk of S.Enteritidis infection and subsequently serve as vectors of disease
transmission to humans.
S.Typhimurium is another serotype associated with human salmonellosis
infection, and was the most commonly isolated serotype between 1997-2007 in the U.S.
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(CDC, 2013). In 2009, it was the second most commonly isolated serotype in the U.S
(CDC, 2013). S. Typhimurium outbreaks have been linked to ground beef, cantaloupe,
tomatoes, and peanut butter but have also been linked to contamination of various species
of wildlife, indicating the potential for raccoons to act as an intermediate host of
S.Typhimurium infection, especially when scavenging garbage with contaminated food
(CDC, 2013). Wildlife such as wild passerines, wild gulls, and wild hedgehogs have been
implicated in human outbreaks of S. Typhimurium (Handeland et al., 2002).
S.Typhimurium infection in raccoons has been previously documented in urban and rural
raccoons, and our study further implicates the species as a reservoir of this serotype
(Compton et al., 2007; Jardine et al., 2011).
An important part of this study was identifying PFGE pulsotypes for the raccoon
Salmonella isolates to further discriminate between serotypes and allow for
comprehensive epidemiologic analyses of Salmonella infection. Pulsotype JEGX01.0004
was frequently found in raccoons. This pulsotype has been the most common pulsotype
of the Salmonella Enteritidis serotype found in the PulseNet database indicating its
worldwide prevalence (CDC, 2010). This pulsotype has been implicated in multiple
outbreaks associated with contaminated egg shells and poultry farm environments, again,
suggesting poultry as a source of contamination for raccoons (White et al., 2007; Allard
et al., 2013; Shariat et al., 2012). Pulsed-field gel electrophoresis pulsotype JJPX01.0005
serotype Newport was also frequently isolated in raccoons. This pulsotype has been
indicated in outbreaks associated with cantaloupe producing farms indicating that fresh
produce could also be a source of contamination for raccoons (FDA, 2013).
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Possibly the most significant finding from this study was that certain raccoon
pulsotypes matched pulsotypes in human salmonellosis cases. Salmonella Enteritidis
pulsotypes JEGX01.0004 and JEGX01.0034 were found not only in both raccoons and
humans, but found during the same month and same location, indicating a likely
epidemiologic connection. We found that it is possible for raccoons and humans to harbor
identical Salmonella pulsotypes, supporting the likelihood of zoonotic transmission
between species.
Zoonotic transmission between wildlife and domestic species has been previously
recorded, reinforcing our hypothesis that, since raccoons serve as reservoirs for the
Salmonella pathogen, they could also serve as a vector for disease transmission. Skov et
al. (2008) found transmission between wildlife such as wild birds and rodents and
production animals such as cattle and pigs, suggesting that raccoons denning or
scavenging near farms could act as vectors of disease. Wild birds have been indicated in
transmission of Salmonella to domestic sheep and cattle through contaminated drinking
water, illustrating the potential for wildlife such as raccoons to contaminate drinking
water of domestic species (Refsum et al., 2002). Previous knowledge of Salmonella
outbreaks, animal reservoirs, shedding potential, and environmental persistence of
Salmonella bacteria help to suggest the environment as a mode of infection of raccoons
and transmission between species. Since raccoons can harbor human associated
Salmonella serotypes and pulsotypes , our study suggests that raccoons can be
asymptomatic carriers of the infection and zoonotic transmission could pose a public
health threat, especially in areas where wildlife and human habitats overlap. Future
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research should include studying overlapping environments to further understand how
transmission could be taking place between human and animal environments.

45

Chapter 6
CONCLUSION

The findings of our study clearly show that raccoons can pose a serious public
health hazard as disseminators of Salmonella in and around their environment they
habitat. Comprehensive urban, semi-urban and rural public health disease control and
prevention programs should include raccoons as potential source not only for rabies but
also Salmonella. Typically dead racooons, road kills, or raccoons with neurologic signs
are euthanized and submitted for rabies examination. It is also recommended that all
raccoons submitted for diagnostic testing be examined for Salmonella, as this will allow
public health agencies to create a database and determine the prevalence and spatial
distribution of Salmonella serotypes in wildlife. Further, this kind of unique surveillance
will greatly benefit the identification of emerging antibiotic resistant Salmonella before it
establishes in the population. Our study serves as a model that can be used to conduct
surveillance in a variety of species that have habitats close to human populations and
domestic animals. This study expands on the earlier study conducted by Compton et al.
(2007) and provides a more comprehensive picture of asymptomatic Salmonella
infection in Pennsylvania raccoons and confirming the possibility of zoonotic
transmission to humans in the state of Pennsylvania. The findings of this study highlight
the importance of wildlife disease surveillance and its application in prevention and
control of zoonotic diseases such as salmonellosis.
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APPENDIX A

Salmonella enterica Isolation Protocol from Raccoon Fecal Samples (n=371)
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Salmonella enterica BACTERIAL ISOLATION PROTOCOL

Day 1. Pre-enrichment

Incubate 0.5g of feces in 4.5ml of Buffered Peptone Water (BPW) at 37˚C for 24 hours.
Day 2. Selective Enrichment
0.5ml of BPW/Feces mixture added to 4.5ml of Tetrathionate broth(TTB) incubated at 37˚C for
24hours
0.5ml of BPW/Feces mixture added to 4.5ml of Rappaport Vassiliadis(RV) broth, incubated at
42˚C for 24 hours
Day 3 Selective Diagnostic Isolation
Streak one loopful of TT mixture onto XLT-4 agar and Brilliant Green agar plates by triphasic
method. Incubate at 37˚C for 24 hours
Streak one loopful of RV mixture onto XLT-4 and Brilliant Green agar plates by triphasic
method. Incubate at 37˚C for 24 hours.
Day 4 Selective Subculture
Subculture suspect positive H2S producing colonies from XLT-4 agar plates onto MacConkey
agar plates
Subculture suspect positive colonies onto Triple Sugar Iron slants incubate at 37˚C for 24 hours
Subculture suspect positive colonies onto Lysine Iron Agar slants incubate at 37˚C for 24 hours
Day 5 Serological Confirmation
Reculture suspect positive colonies from maconkey agar onto blood agar and incubate at 37˚C for
24 hours
Day 6 Serological Confirmation and API Identification
Serotype colonies from blood agar by slide agglutination with poly O antisera
Identify colonies genus by API20E strip – incubate strip at 37˚C for 18-24 hours
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APPENDIX B

Salmonella enterica Positive Raccoon Isolate Information (n = 57)
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Sample
Number
3
4
5
12
22
26
36
41
46
64
65
73
74
77
96
101
112
116
119
120
123
124
125
127
129
134
197
206
211
215
236
238
239
241
242
243

Age
A
A
A
A
A
A
A
A
A
A
A
A
J
A
A
A
A
A
A
A
A
A
J
A
J
J
A
A
A
J
A
A
A
A
A
J

Sex
M
M
M
M
M
F
M
F
M
F
F
M
F
M
F
M
F
F
M
F
M
F
M
M
F
M
M
M
M
M
M
M
F
F
M
M

County
Armstrong
Bucks
Clarion
Lancaster
Mercer
Lawrence
Washington
Clarion
Beaver
Fayette
Bedford
Delaware
Snyder
Lebanon
Forest
Clarion
Fayette
Beaver
Somerset
Westmoreland
Westmoreland
Indiana
Allegheny
Cumberland
Blair
Adams
Luzerne
Tioga
Potter
Franklin
Union
Union
Union
Mercer
Lawrence
Jefferson

Date_Collected
6/23/2011
6/13/2011
6/15/2011
7/5/2011
6/11/2011
6/14/2011
6/20/2011
6/13/2011
6/29/2011
6/24/2011
7/15/2011
8/4/2011
7/18/2011
8/3/2011
6/10/2011
7/23/2011
7/15/2011
8/24/2011
8/5/2011
9/16/2011
8/10/2011
8/25/2011
8/12/2011
6/23/2011
8/29/2011
7/26/2011
8/15/2011
9/6/2011
9/14/2011
9/21/2011
7/15/2011
7/21/2011
7/23/2011
9/2/2011
8/25/2011
8/18/2011

Date
Sample
Raccoon Location
Processed
Description
8/30/2011
8/30/2011
8/30/2011
8/30/2011 injured on roadway
8/30/2011
8/30/2011
8/30/2011
8/30/2011 Road kill
8/30/2011
8/30/2011
8/30/2011
8/30/2011
8/30/2011
8/30/2011
9/1/2011
9/1/2011
9/23/2011
9/23/2011
9/23/2011
9/23/2011
9/23/2011
9/23/2011
9/23/2011
9/23/2011
9/23/2011
9/23/2011
10/4/2011
10/21/2011
10/21/2011
10/21/2011
10/23/2011
10/23/2011
10/23/2011
10/25/2011
10/25/2011
10/25/2011
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245
247
256
268
282
284
294
295
300
306
325
328
329
330
333
341
343
348
353
369
381

A
A
U
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

M
F
U
M
M
F
M
F
F
F
M
M
M
M
M
F
F
M
M
F
M

Forest
Butler
Venango
Erie
Blair
Blair
Beaver
Westmoreland
Fayette
Allegheny
Chester
Delaware
Berks
Schuylkill
Delaware
Bradford
Chester
Lehigh
Dauphin
Berks
Lebanon

* A = Adult
J = Juvenile
U = Unknown
F = Female
M = Male

9/18/2011
10/1/2011
7/15/2011
9/15/2011
10/24/2011
10/13/2011
10/19/2011
10/20/2011
9/14/2011
9/30/2011
9/21/2011
Unknown
10/26/2011
9/24/2011
10/27/2011
10/5/2011
9/20/2011
9/25/2011
10/1/2011
9/20/2011
9/24/2011

10/25/2011
10/25/2011
10/25/2011
10/27/2011
11/3/2011
11/3/2011
11/17/2011
11/17/2011
11/17/2011
11/17/2011
12/8/2011
12/8/2011
12/8/2011
12/8/2011
12/8/2011
1/4/2012
1/4/2012
1/4/2012
1/4/2012
1/4/2012
1/4/2012
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APPENDIX C

Salmonella enterica Positive Raccoon Serotype Information (n=57)
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Sample
No.

O
9,12
9,12
9,12
9,12
6,8
6,8
6,8
6,8

H1
gm
gm
gm
gm
eh
eh
eh
eh

46 C1
64 C2
65 C2

6,7
6,8
6,8

eh
eh
eh

73 C1

6,7

eh

74 C1

6,7

eh

77 C1

6,7

eh

96 C1

6,7

eh

101 C1
112 C2

6,7
6,8

eh
eh

1,2
1,2
1,2
1,2
enz
15
1,2
1,2
enz
15
enz
15
enz
15
enz
15
enz
15
1,2

116 C2

6,8

nil

nil

119 C2

6,8

nil

nil

120 C2

6,8

nil

nil

3
4
5
12
22
26
36
41

Serogroup
D1
D1
D1
D1
C2
C2
C2
C2

123 B

4,5,
12

124 B
125 C2

4,5,
12
6,8

H2

PaDOH
Serotype
Enteritidis
Enteritidis
Enteritidis
Enteritidis
Newport
Newport
Newport
Newport

PFGE
JEGX01.0034
JEGX01.0034
JEGX01.0034
JEGX01.0004
JJPX01.0119
JJPX01.0119
JJPX01.0005
JJPX01.0005

S.Braenderup
S.Newport
S.Newport

Newport

JJPX01.0025

S.Braenderup

Braenderup

JBPX01.0104

S.Braenderup

Braenderup

JBPX01.0104

Infantis

JFXX01.0613

NBC Serotype
S.Enteritidis
S.Enteritidis
S.Enteritidis
S.Enteritidis
S.Newport
S.Newport
S.Newport
S.Newport

S.Braenderup
S.Braenderup
S.Braenderup
S.Newport
Grp C2
untypeable
Grp C2
untypeable
Grp C2
untypeable

b

unnamed
monophasic
group b

b
eh

unnamed
monophasic
group b
S.Newport

1,2

paratyphi B.
Var. L+,
tartrate +
java
paratyphi B.
Var. L+,
tartrate +
java
Newport

JKXX01.0056

JKXX01.0056
JJPX01.0119
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127 B

4,5,
12

b

129
134
197
206
211
215
236
238
239
241
242
243
245
247
256

6,8
6,7
6,7
6,8
4,12
6,7
6,7
9,12
6,7
6,7
6,7
6,7
6,8
4,12

eh
y
y
eh
i
y
y
gm
y
y
y
y
eh
i

E
C2
C1
C1
C2
B
C1
C1
D1
C1
C1
C1
C1
C2
B

1,2
1,5
1,5
1,2
1,2
1,5
1,5
1,5
1,5
1,5
1,5
1,2
1,2

268 C1

282 E
284 B

294 B
295 B
300 C2
306
325
328
329
330
333
341

B
D1
C2
D1
C2
C1
D1

4,5,
12

4,5,
12
4,5,
12
6,8
4,5,
12
9,12
6,8
9,12
6,8
6,7
9,12

i

1,2

unnamed
monophasic
group b
unnamed
group E1
salmonella
S.Newport
S.Bareilly
S.Bareilly
S.Newport
S.typhmurium
S.Bareilly
S.Bareilly
S.Enteritidis
S.Bareilly
S.Bareilly
S.Bareilly
S.Bareilly
S.Newport
S.Typhmurium
Rough strain
untypeable
unnamed
group E1
salmonella

i
eh

1,2
1,2

S.Typhmurium
S.Newport

i
fgt
eh
gm
eh
y
gm

1,2

S.Typhmurium
S.Berta
S.Newport
S.Enteritidis
S.Newport
S.Bareilly
S.Enteritidis

1,2
1,2
1,5

JP6X01.0236

Muenchen

JJ6X01.0159

Thompson

JP6X01.0236

Enteritidis

JEGX01.0004

Hartford

JHAX01.0045

Thompson
Muenchen
Typhimurium

JP6X01.0236
JJ6X01.0159
JPXX01.0899

Hartford

JHAX01.0010

paratyphi B.
Var. L+,
tartrate +
java

JKXX01.0056

Newport
Enteritidis
Newport

JJPX01.0161
JEGX01.0004
JJPX01.0005

S.Typhmurium
unnamed
monophasic
group b

b

Thompson
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343
348
353
369
381

C1
C2
C2
D1
D1

6,7
6,8
6,8
9,12
9,12

y
eh
eh
gm
gm

1,5
1,2
1,2

S.Bareilly
S.Newport
S.Newport
S.Enteritidis
S.Enteritidis

Hartford
Muenchen
Newport
Enteritidis
Enteritidis

JHAX01.0010
JJ6X01.0159
JJPX01.0062
JEGX01.0004
JEGX01.0005
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APPENDIX D

Raccoon and Human Matching PFGE Data from the Pennsylvania Department of Health

PFGE-XbaI

2011-08. Southeast
2011-05. Southcentral

JJ6X01.0159

M11013301001A

Muenchen

PSU-R242

2011-06. Southeast

M11016417001A

JHAX01.0045

2011-09. Southeast
Hartford

2011-09. Northwest

PSU-R343

2011-08. Southeast

M11021610001A
PSU-R268

2011-09. Northwest

PSU-R245
JHAX01.0010

2011-07. Northcentral

PSU-R236
Hartford

2011-08. Northeast

PSU-R197

2011-09. Southcentral

M11023715001A

JP6X01.0236

2011-07. Northcentral

PSU-R74
Thompson

2011-08. Southeast

JBPX01.0104

2011-04. Southeast

Braenderup

M11010256001A
PSU-R73

2011-07. Northwest

2011-07. Southwest

M11019766001A
PSU-R101

2011-10. Southwest

PSU-R294
JFXX01.0613

2011-08. Southwest

PSU-R124
Infantis

2011-08. Southwest

PSU-R123

2011-08. Northwest

JKXX01.0056

2011-09. Southcentral
Paratyphi B var. L(+) tartrate + (Java)

M11020769001A

2011-12. Southcentral

M11030794001A
PSU-R381

2011-06. Northwest

PSU-R5
JEGX01.0005

2011-06. Southeast
Enteritidis

2011-06. Southwest

PSU-R4

2011-06. Southwest

M11016637001A
PSU-R3

2011-09. Southeast

PSU-R369
JEGX01.0034

2011-10. Southeast

PSU-R329
Enteritidis

2011-07. Northcentral

2011-11. Southeast

PSU-R239

JEGX01.0004
2011-07. Southeast

Enteritidis

PSU-R12

M11028674001A
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PSU-R256

M11010602001A

PSU-R328
Typhimurium

JPXX01.0899

2011-07. Northwest

2011-04. Southwest

Southeast

2011-09. Southcentral

JJPX01.0161

M11024420001A

Newport

2011-10. Southcentral

PSU-R353

2011-07. Southwest

JJPX01.0062

M11017756001A

Newport

2011-06. Southwest

PSU-R64

2011-09. Southeast

M11024824001A

JJPX01.0025

2011-06. Northwest

PSU-R26
Newport

2011-06. Northwest

PSU-R22

2011-05. Northwest

JJPX01.0119

M11012320001A

Newport

2011-08. Southwest

PSU-R125

2011-10. Southwest

M11026341001A

JJPX01.2301

2011-06. Northwest

PSU-R41
Newport

2011-06. Southwest

PSU-R36

2011-12. Northwest

JJPX01.0005

M11030037001A

Newport

2011-09. Southeast

2011-05. Southwest

M11012736001A
PSU-R330

2011-10. Southwest

PSU-R247
JJPX01.0005

2011-09. Northcentral

PSU-R211
Newport

2011-09. Northeast

PSU-R348

JJ6X01.0159

2011-05. Southcentral

Muenchen

2011-06. Southeast

M11013301001A

JHAX01.0045
2011-08. Southeast

Hartford

PSU-R242

M11016417001A
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