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ABSTRACT
Trypanosoma cruzi, causative agent of Chagas’ disease, is commonly detected in wildlife

in North America. Twelve species of mammals from six states were tested for antibodies to T.
cruzi using indirect immunofluorescent antibody testing. Culture attempts were conducted on
animals from Georgia and Florida. In general, the highest antibody prevalence rates were found
in raccoons (Procyon lotor) (33-68%), followed by Virginia opossums (Didelphis virginiana)
(28-52%), but antibodies were also detected in small numbers of other animals. Culture-based
prevalence rates for raccoons were greater than those for opossums; however, antibody
prevalences of raccoons and opossums were not different, indicating similar exposure levels.
Several raccoon and opossum population parameters were examined with regards to prevalence
and results indicated that 7. cruzi prevalence varied by host species, host characteristics, and
geographic region. The results of this study provide data to guide future studies on the natural

history of T. cruzi in the United States.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

INTRODUCTION

Trypanosoma cruzi, a hemoflagellate protozoan parasite, is the causative agent of
American trypanosomiasis (Chagas’ disease) in domestic animals and humans. In Central and
South America, the parasite can cause chronic heart disease as well as damage the digestive tract
(TDR 2004). T. cruzi is very commonly reported in cats and dogs in Latin America (Gurtler et
al. 2007), and dogs are considered a domestic reservoir host (Crisante et al. 2006, Estrada-Franco
et al. 2006). It is also reported in many wildlife species in Latin America, where the most
important reservoir is the common opossum (Didelphis marsupialis) (Zeledon et al. 1970). In
North America, it is common in several species of mammalian wildlife, and is being increasingly
diagnosed in domestic dogs and zoo animals, but is still rare in humans. This parasite is
transmitted through the feces of triatomid bugs (Family Reduviidae), also known as Kissing bugs.
The bugs defecate while feeding on the host, and when the host is irritated by and scratches the
bite, the parasite enters the bloodstream and infects the host. Several species of triatomid bugs
are present in the United States and range from California to Maryland southward.

American trypanosomiasis, although a substantial public health problem in Latin
America, is generally not considered a public health threat in the United States due to the lower
risk of infection due to the higher standards of living as well as delayed defecation of North

American triatomid bugs. In the United States, autochthonous human 7. cruzi infection has been



reported seven times (Herwaldt et al. 2000, Dorn et al. 2007, CDC, unpublished). Four of the
seven cases were in children under the age of two (three in Texas and one in Tennessee), the fifth
was a 56-year-old woman in California, the sixth was a 74-year-old woman in Louisiana, and the
seventh in a young child from Texas. The two latter cases were diagnosed in 2006. The low
number of clinical cases in the United States may be misleading, as the exotic nature of the
disease can result in misdiagnosis, as it is not normally included in diagnostic investigations of
cardiac problems (Tippit 1978). Serologic studies have shown that asymptomatic and mild acute
cases do occur and can go undetected and exposure could be as high as 3% in some populations
(Farrar et al. 1963, Woody et al. 1961, Woody et al. 1965, Burkholder et al. 1980). T cruzi is
found in a variety of wild mammal species throughout the United States (John and Hoppe 1986).
These animals do not often exhibit symptoms of disease and serve as reservoirs of the parasite.

T. cruzi infection has been reported from many species of mammals throughout the
southern United States. The most commonly reported mammalian reservoirs are the raccoon
(Procyon lotor) and the Virginia opossum (Didelphis virginiana). Various other mammal
species are also known or suspected reservoirs of the parasite, such as armadillos (Dasypus
novemcinctus), striped skunks (Mephitis mephitis), coyotes (Canis latrans), gray foxes (Urocyon
cinereoargenteus), woodrats (Neotoma Spp.), and various species of mice. The parasite has been
reported from California to Florida and north to Maryland, and is present in all states in the
southern half of the country (John and Hoppe 1986). Several studies have determined 7. cruzi
prevalence in a variety of species in the past, but the majority of these studies used blood culture
to determine prevalence. Another method of 7. cruzi detection involves testing serum for
antibodies to the parasite. While blood culture only detects the parasite during the acute phase of

infection when blood parasitemia is high, serological testing will detect exposure to the parasite



during the chronic phase of infection. To date, large scale serological testing has only been done
on raccoons and, to a limited extent, armadillos, gray foxes, and coyotes.

LITERATURE REVIEW

T. cruzi Life Cycle and Detection

T. cruzi has a life cycle that includes several different morphological forms (Figure 1.1)
(TDR 2004). When a triatomid bug receives a blood meal from an infected host, the bug ingests
the trypomastigote form of the parasite that is circulating in the host’s blood. These
trypomastigotes transform into epimastigotes in the midgut of the bug, where they pass to the
hindgut and reproduce asexually. The epimastigotes attach to the cell walls of the hindgut and
the rectum where they transform into metacyclic (infective) trypomastigotes. When a triatomid
bug bites a mammalian host, it typically defecates on the host, releasing the metacyclic
trypomastigotes in the feces. The parasite then enters the body of the host through the bite
wound or a mucous membrane. The trypomastigotes invade phagocyte cells at or near the site of
entry, then transform into the amastigote form of the parasite. The amastigotes divide within the
cell and form a pseudocyst, where they transform back into trypomastigotes. The pseudocyst
then ruptures and the trypomastigotes are released into the bloodstream. Transmission can also
occur by alternative routes including ingestion of infected bugs, transplacental, transmammary,
and via blood transfusion or organ transplant.

T. cruzi exists within the host in three distinct phases: acute, indeterminate, and chronic
phases (CDC 2004). During the acute phase, the trypomastigote form is circulating in the blood
and the host may exhibit symptoms such as fatigue, fever, swollen lymph glands, or localized
swelling around the point of parasite entry. Approximately 5-10% of infected indivduals will die

from myocarditis or encephalitis during the acute stage. The indeterminate phase begins eight
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to ten weeks after infection and is characterized by the presence of antibodies to 7. cruzi in the
host, but with an absence of symptoms of the acute or the chronic phase (Teixiera et al. 2006).
About one third of those with indeterminate infections will develop chronic Chagas disease.
Chronic Chagas disease is characterized by low parasite counts in the blood, but the possible
presence of pseudocysts in the tissues of the host. The chronic stage is characterized by cardiac
problems such as an enlarged heart or altered heart rate or rhythm, which can lead to heart failure
or cardiac arrest (CDC 2004). Enlargement of the esophagus or bowel can also occur, which can
lead to digestive problems.

Several techniques for determining 7. cruzi prevalence in mammals in the Southeast have
been used in the past. These techniques include direct examination of blood on wet mounts or
blood films, isolation of the parasite from culture of blood or tissue samples taken from the
animal, use of serological testing to detect antibodies for 7. cruzi in serum samples, and the use
of the polymerase chain reaction (PCR) to detect 7. cruzi specific DNA sequences in fresh or
preserved tissue samples (James et al. 2002). The majority of previous studies have used blood
culture or the direct examination of blood to determine parasite prevalence. These techniques
are limited because they only detect the parasite during the early acute phase of the infection.
During the chronic phase of the infection, isolation of the parasite is less likely due to low
circulating parasitemia (Yabsley and Noblet 2002). Serological testing, which is widely used in
South America to study 7. cruzi in humans, can detect antibodies to 7. cruzi from the host during
the chronic phase (Yabsley et al. 2001).

Another method of testing has recently been developed that involves rapid testing using
immunochromatographic dipstick assays. This type of test has been evaluated for use in dogs

(Cardinal et al. 2006) and humans (Luquetti et al. 2003, Ponce et al. 2005) in South America, but



no studies have been conducted on mammalian reservoirs in North America. All of the previous
studies found that the dipstick test has a high specificity and sensitivity and is a cost-effective
method for large 7. cruzi surveys; however, this assay must be validated for use in wild species.
T. cruzi in humans and domestic animals of the United States

Seven autochthonous cases of American trypanosomiasis in humans have been reported
in the United States. The first autochthonous human case was reported in a 10-month-old infant
in Corpus Christi, Texas in July, 1955 (Woody and Woody 1955). The second case was also an
infant from Texas in 1955 (Greer 1956). The third case of 7. cruzi in the United States occurred
in a 56-year-old woman from Lake Don Pedro, California (Navin et al. 1985). A subsequent
seroprevalence survey of residents living near the patient revealed a prevalence of 2.5%. In the
same study, seroprevalence surveys were conducted on residents living in Tuolumne County,
California, which is 20 miles away from the infected patient, as well as residents of the San
Francisco Bay area. The surveys resulted in prevalence rates of 0.7% for residents of Tuolumne
County and 0.2 % for the San Francisco Bay area. The fourth autochthonous case of 7. cruzi
occurred in a seven-month-old child in south Texas, and resulted in fatal myocarditis (Ochs et al.
1996). The fifth reported case occurred in an 18-month old boy from rural Tennessee (Herwaldt
et al. 2000). The child tested positive for 7. cruzi by PCR and DNA hybridization, as did a
Triatoma sanguisuga bug found in the crib with the child. The sixth case came from a 74 year
old woman from New Orleans, Louisiana (Dorn et al. 2007), who reported having been bit many
times by triatomid bugs. The seventh case was diagnosed in a young child from near
Brownsville, Texas with no history of travel outside of the US (CDC, unpublished).

Several serologic surveys of 7. cruzi in humans have been conducted in the southern

United States. One survey of 500 children from the Corpus Christi, Texas area found 9 (1.8%)



positive for T. cruzi antibodies using complement fixation (Woody et al. 1961). Another
serologic survey in south Texas tested 117 individuals who had been bitten by a triatomid bug
vector and found three (2.5%) positives (Woody et al. 1965). Burkholder et al. (1980) found a
seroprevalence rate of 2.4% in humans from the Lower Rio Grande Valley of Texas. A serologic
survey in Georgia on 951 individuals found six (0.6%) positives using complement fixation
(Farrar et al. 1963). Two of the six seropositive individuals suffered from unexplained chronic
heart disease, which may have been due to 7. cruzi infection. Another serologic study in Georgia
found two positive samples from a total of 3,883 serum samples tested, indicating an extremely
low seroprevalence (0.05%) (Farrar et al. 1972). A seroprevalence survey of 50 Centers for
Disease Control and Prevention employees in Atlanta, GA in 1982 found one positive sample
(2%) using the complement fixation test (Navin et al. 1985).

The domestic dog (Canis lupus) has been established as a reservoir host for 7. cruzi in
South America, with prevalences of up to 35% (Tippit 1978). Several studies have also detected
T. cruzi also in domestic dogs throughout the southern United States. Cases of T. cruzi in dogs
have been reported from central Texas (Nabity et al. 2006, Williams et al. 1977), Louisiana
(Snider et al. 1980, Barr et al. 1986, Barr et al. 1989), Oklahoma (Fox et al. 1986), South
Carolina (Nissen et al. 1977), and Virginia (Barr et al. 1995). In San Benito, Texas, three dogs
died from Chagas cardiomyopathy, and a subsequent serologic survey of stray dogs in the area
revealed a seroprevalence rate 28 of 375 (7.5%) (Beard et al. 2003). Duprey et al. (2006) tested
413 foxhounds from 35 states and Canada using the radioimmunoprecipitation assay and found
86 (21%) positive. Although the majority of the positives were from southeastern states, several
positive dogs were from northern states and Canadian provinces indicating that travel history

was an important factor in whether a dog was positive or not but a lack of detailed travel logs



prohibited the use of this data for estimating geographic prevalences in dogs. A serosurvey of
dogs in Houston, Texas revealed a prevalence rate of 2.6% (Shadomy et al., 2004) and an earlier
study in Texas indicated that the T. cruzi seroprevalence from 1987 and 1996 increased from
1.8% to 17.1% (Meurs et al., 1998). Barr et al. (1995) found a seroprevalence rate of 5.4% in
Walker Hounds in Virginia. Tomlinson et al. (1981) tested 365 dogs from several southeastern
states, including Georgia, and found seven (1.9%) to be seropositive for antibodies to 7. cruzi. A
study in Louisiana failed to find a correlation of seroprevalence rates in dogs with known contact
with wild mammalian reservoirs (4.7% prevalence) and those dogs with no known wild host
contact (2.3%) (Barr et al. 1991a).

T. cruzi in wildlife of the United States

T. cruzi has been reported in a variety of mammals in the United States, including
opossums, raccoons, striped skunks (Mephitis mephitis), gray foxes, armadillos (John and Hoppe
1986), coyotes (Grogl et al. 1984), gray foxes (Rosypal et al. 2007) various woodrat species
(Neotoma spp.) (Wood 1952, Burkholder et al. 1980), and various species of mice (Wood 1952
John and Hoppe 1986) (See Table 1.1 and Table 1.2).

Raccoons and opossums are the two most important reservoirs for 7. cruzi. Several
ecological factors may be responsible for the connection between 7. cruzi and these animals
(Olsen et al. 1964). These factors include: 1) similarities between triatomid bug habitats and the
dens of raccoons and opossums, 2) the use of temporary retreats by these animals, thus
increasing the chance of encounter with triatomid bugs, 3) the insectivorous habits of these
animals, which may lead to an oral route of contamination with 7. cruzi, and 4) the high year-
round activity level of these animals in the south, which increases their chance of contact with

bugs.



Historically, most surveys for T. cruzi have been based on culture isolation. Using
culture methods, T. cruzi has been detected from raccoons and opossums throughout the
Southeast, as well as a few reports in other species of mesomammals and rodents (Table 1.1).
Serological testing for 7. cruzi antibodies has been performed on a limited number of species
from geographically restricted areas including raccoons from several states, armadillos from
Louisiana, one skunk in California, and coyotes and other various species from Texas (Table
2.2).

Urban Wildlife and Disease

Raccoons and opossums, the two most important reservoirs of 7. cruzi, are readily adaptable to
urban and suburban environments. They are tolerant of habitat fragmentation and human
presence, and are generalists both in habitat and diet (Prange and Gehrt 2004). Few wildlife
species can survive in drastically altered urban environments, but those that can, such as
raccoons and opossums, benefit from relatively exclusive use of available resources (Riley et al.
1998). Raccoon populations in urban areas are capable of reaching higher densities than rural
raccoon populations (Prange et al. 2003) with urban raccoon densities being 2-400 times greater
than rural population densities (Smith and Engeman 2002, Riley et al. 1998). Also, raccoons in
urban settings have increased reproduction and survival rates compared to their rural
counterparts (Prange et al. 2003). High concentrations in urban areas and willingness to accept
food from humans create a much higher probability for human-raccoon contact than other
wildlife species (Smith and Engeman 2002).

Dense urban wildlife populations represent a public health threat as reservoirs of parasites
and diseases (Prange et al. 2003). These wildlife populations are more likely than their rural

counterparts to be impacted by disease and to maintain pathogens (Riley et al. 1998). A high



parasite.

Table 1.1. Wildlife species found to be naturally infected with Trypanosoma cruzi through culture or direct observation of the

Species Culture Sample  »  Prevalence (%) Location and/or state Reference
Raccoon (Procyon lotor) Blood 54 221 Southeast Georgia Pung et al. 1995
Blood 30 43 St. Catherines Island, Georgia Pietrzak and Pung 1998
Blood 8 63 Tulsa, Oklahoma John and Hoppe 1986
Heart 472 2 Laurel, Maryland Herman and Bruce 1962
Blood 20 15 North Carolina Karsten et al. 1992
Heart, blood 35 14.3 East-central Alabama Olsen et al. 1964
Kidney 608 15 Southwest Georgia and northwest Florida McKeever et al. 1958
Blood 33 12 Florida Schaffer et al. 1978
Blood 10 50 Georgia Schaffer et al. 1978
Blood 25 24 Texas Schaffer et al. 1978
Blood 5 N/A Maryland Walton et al. 1958
Blood 3 66 Tennessee Herwaldt et al., 2000
Virginia Opossum (Didelphis virginiana) Blood 39 15.4 Southeast Georgia Pung et al. 1995
Heart, blood 126 13.5 Alabama Olsen et al. 1964
Heart 219 0 Laurel, Maryland Herman and Bruce 1962
Blood 12 8.3 North Carolina Karsten et al. 1992
Blood 48 33.3 Southern Louisiana Barr et al. 1991b
Kidney 552 16 Southwest Georgia and northwest Florida McKeever et al. 1958
Armadillo (Dasypus novemcinctus) Blood 98 11 Southern Louisiana Barr et al. 1991b
Blood 80 28.8 New Orleans, Louisiana Yaeger 1988
Striped Skunk (Mephitis mephitis) Kidney 306 1.0 Southwest Georgia and northwest Florida McKeever et al. 1958
Southern Plains Woodrat (Neotoma micropus) Blood 30 23.3 South Texas Burkholder et al. 1980
Pocket mouse (Perognathus hispidus) Blood 25 16 South Texas Burkholder et al. 1980
Mexican spiny pocket mouse (Liomys irrorattus) Blood 11 9 South Texas Burkholder et al. 1980
Grasshoppermouse (Onychomys leucogaster) Blood 9 111 South Texas Burkholder et al. 1980
Neotoma spp. and Peromyscus Spp. Blood 410 0.73 California Wood 1952
Neotoma spp. and Peromyscus Spp. Blood 86 4.7 Arizona Wood 1952
Gray Fox (Urocyon cinereoargenteus) Kidney 118 1.7 Southwest Georgia and northwest Florida McKeever et al. 1958
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Table 1. 2. Wildlife species found to have antibodies to Trypanosoma cruzi through serologic testing.

Species Test n Prevalence Location and/or Reference
(%) state
Raccoon (Procyon lotor) Indirect Immunoflouresence 221 47 South Carolinaand Yabsley and
Assay Georgia Noblet 2002
Indirect Immunoflouresence 464 33 Fairfax County, Hancock et al.
Assay Virginia 2005
Indirect Hemagglutination Assay 9 0 South Texas Burkholder et al.
1980
Badger (Taxidea taxus) Indirect Hemagglutination Assay 8 25 South Texas Burkholder et al.
1980
Coyote (Canis latrans) Indirect Immunofluorescent 2 0 South Carolina Rosypal et al.
Antibody Test 2007
Indirect Immunoflouresence 134 14.2 Central and Grogl et al. 1984
Assay southeast Texas
Indirect Hemagglutination Assay 156 12.8 South Texas Burkholder et al.
1980
Striped Skunk (Mephitis Complement Fixation and Direct 1 100 Los Angeles, Ryan et al. 1985
mephitis) Agglutination California
Gray Fox (Urocyon Indirect Immunofluorescent 26 8 South Carolina Rosypal et al.
cinereoargenteus) Antibody Test 2007
Nine-banded Armadillo (Dasypus Direct Agglutination 80 37.5 New Orleans, Yaeger 1988
novemcinctus) Louisiana
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prevalence of T. cruzi in urban wildlife could have public health implications, since the parasite
also infects and can cause disease in humans and domestic dogs.

Only one study to date has researched the difference in T. cruzi prevalence between urban
and rural wildlife populations. Yabsley and Noblet (2002) surveyed 221 raccoons from South
Carolina and Georgia and found 7. cruzi antibodies in 49 of 110 rural-caught raccoons (45%)
versus 55 of 111 nuisance (urban-caught) raccoons (50%). Although more seropositive raccoons
were detected in urban areas, no significant difference was observed between the rural and urban
raccoons. The study used raccoons trapped from several sites throughout Georgia and South
Carolina across several physiographic regions, which makes interpretation of the results difficult.
This study also did not investigate the seroprevalence rates in opossums.

Although human infections of 7. cruzi in the United States have been linked to infected
triatomid bugs, it is possible that humans or domestic animals may become infected through
contact with wild mammalian reservoirs. Humans that come in contact with the blood, urine, or
other fluids from these mammals may become infected through skin abrasions (Olsen et
al.1964). Deane et al. (1986) suggested that direct transmission of 7. cruzi infection may occur
through anal gland secretions of opossums. McKeever et al. (1958) suggested that transmission
may occur though animal to animal contact with urine containing live parasites, especially during
mating. These alternate routes of transmission make it possible for human or domestic animal
infection through contact with an infected animal.
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ABSTRACT

Trypanosoma cruzi, causative agent of Chagas’ disease, is a substantial public health
concern in Latin America. Although rare in humans and uncommon in domestic animals in the
United States, 7. cruzi is commonly detected in some wildlife species including raccoons
(Procyon lotor) and Virginia opossums (Didelphis virginiana). Twelve species of mammals
from six states were tested for antibodies to 7. cruzi using indirect immunofluorescent antibody
testing and culture isolation attempts were conducted on a limited number of animals from
Georgia and Florida. Evidence of T. cruzi was found in every state except California. In general,
the highest prevalence rates were found in raccoons (33-68%) followed by Virginia opossums
(28-52%), but T. cruzi were also detected in small numbers of striped skunks (Mephitis mephitis)
from Arizona and Georgia, bobcats (Lynx rufus) from Georgia, two coyotes (Canis latrans) from
Georgia and Virginia, and a ringtail (Bassariscus astutus) from Arizona. Culture-based
prevalence rates for raccoons were significantly greater than those for opossums(X” = 5.27, P =
0.027); however, antibody prevalences of raccoons and opossums from several populations in
Georgia and Florida were not different indicating exposure rates are similar within a given
population. For both raccoons and opossums, adult animals had a higher prevalence rate
compared with juveniles, females had a higher prevalence rate compared with males, and no
difference was found between animals caught in urban or rural locations. Results indicate that 7.
cruzi prevalence varies by host species, host characteristics, and geographic region and provide

data to guide future studies on the natural history of T. cruzi in the United States.
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INTRODUCTION

Trypanosoma cruzi, a hemoflagellate protozoan parasite, is the causative agent of
American trypanosomiasis (Chagas’ disease) in domestic animals and humans. 7. cruzi is an
important public health concern in Latin America, where 10-12 million people are estimated to
be infected (CDC 2007). In North America, T. cruzi is commonly detected in several species of
mammalian wildlife, and is being increasingly diagnosed in domestic dogs and exotic animals
(Meurs et al. 1998; Kasa et al. 1977, Jaime-Andrade et al. 1997). Autochthonous cases in
humans are rare, with only six cases previously reported (Herwaldt et al. 1998, Dorn et al. 2007);
however, serologic studies indicate many autochthonous cases may not be diagnosed (Woody et
al. 1965, Burkholder 1980, American Red Cross, unpublished data).

The two most commonly reported reservoirs in North America are the raccoon (Procyon
lotor) and the Virginia opossum (Didelphis virginiana). In raccoons, prevalence rates range
from 1.5% in southwestern Georgia and northwestern Florida (McKeever et al. 1958) to 63% in
Oklahoma (John and Hoppe 1986), with rates varying widely depending on the assay used (e.qg.,
serology, culture, or both) and the geographic location. Reported prevalence rates for opossums
have generally been lower, and range from 8% in North Carolina (Karsten et al. 1992) to 33% in
southern Louisiana (Barr et al. 1991). Other wildlife species in the United States that are
naturally infected with the parasite based on either serology or culture include the armadillo
(Dasypus novemcinctus) (Yaeger 1988, Barr et al. 1991), badger (7axidea taxus) (Burkholder et
al. 1980), coyote (Canis latrans), gray fox (Urocyon cinereoargenteus) (McKeever et al. 1958),
striped skunk (Mephitis mephitis) (McKeever et al 1958, Ryan et al. 1985), and various rodent
species (Burkholder et al. 1980).

The majority of previous studies of 7. cruzi in wildlife have focused on blood culture as

the primary method for determining infection status, but this method has been shown to have a
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lower sensitivity than serologic testing (Jansen et al. 1985, Yabsley et al. 2001, Hall et al. 2007).
Since culture of the parasite depends on high numbers of circulating parasites, animals in the
chronic stage of infection, which are seropositive, are less likely to be culture positive. For
example, Hall et al. (2007) tested 50 lemurs from St. Catherine’s Island, GA, for T. cruzi using
culture and serology, and found a 5% prevalence rate with culture and a 50% seroprevalence
rate. Yabsley et al. (2001) tested raccoons from Georgia using both serologic and culture
techniques and found a 30% prevalence rate using culture but a 51% prevalence rate using
serologic testing.

The aim of the current study was to determine the prevalence of 7. cruzi in several
species of mesomammals throughout the United States using serologic testing. In addition, we
wanted to assess the exposure rates of raccoons and opossums from several individual
populations in Georgia and Florida using both culture and serologic methods. Additionally,
several population parameters (e.g., age, sex) of raccoons and opossums were investigated to
assess any effect on 7. cruzi prevalence.

MATERIALS AND METHODS
Sample Collection

Animals were live-trapped in cage traps (Tomahawk Live Trap Co., Tomahawk,
Wisconsin, USA) baited with sardines. Raccoons were anesthetized by intramuscular injection of
either ketamine hydrochloride (25 mg/kg body weight, Aveco Co., Fort Dodge, 1A) plus xylazine
(0.25 mg/kg body weight, Mobay Corp., Animal Health Division, Shawnee, Kansas) or
tiletamine plus zolazepam (Telazol®, 0.6 mg/kg body weight, Aveco Co., Fort Dodge, 1A).
Opossums were anesthetized by intramuscular injection of tiletamine plus zolazepam.

Approximately 10 ml of blood was collected via cardiac puncture from anesthetized animals.
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Whole blood in EDTA was collected for culture and plasma or serum was collected for
serological testing. After blood collection, the animals were euthanized with sodium
pentobarbital (Beuthanasia®-D Special, Schering-Plough Animal Health Corp., Omaha, NE)
administered by intracardiac injection. Additionally, serum or plasma samples from animals that
had been previously collected for other studies and stored at -20 C were tested. Because serum
or plasma was not available from California animals, we conducted serologic testing on frozen
whole blood (EDTA).

Age, sex, and land use at the capture site were assessed to determine effects on
seroprevalence rates for raccoons and opossums from Georgia and Florida. Opossums and
raccoons were classified as juveniles or adults based on weight, tooth wear, and development of
reproductive organs (Grau et al. 1970, Kasparian et al. 2004). Only animals caught in Clarke
County, GA were used to assess land use effects (i.e. animals captured from urban vs. rural
locations) on 7. cruzi prevalence. Trapping locations within Clarke County were classified as
urban or rural based on data from the Georgia Land Use Trends Project (Natural Resources
Spatial Analysis Laboratory, Odum School of Ecology, University of Georgia, unpublished
data).

Serology

Samples from 12 mammal species from six states (Arizona, California, Florida, Georgia,
Missouri, and Virginia) were tested for antibodies to 7. cruzi (Table 2.1) using the indirect
immunofluorescent antibody (IFA) test as described by Yabsley et al. (2001) with the following
modifications. Antigen mixture was prepared from epimastigoes grown in liver infusion tryptose
(LIT) medium. Antigen was placed onto each circle on 12-well test slides (Fisher Scientific,

Rome, Georgia, USA), and allowed to dry at room temperature, and slides were fixed in acetone
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for 10 minutes. Samples were tested at a dilution of 1:40. The diluted sera were incubated on the
test slides for 30 minutes at 37° C. After incubations, the slides were washed twice with
phosphate buffered saline (PBS) and then once with distilled water. A commercial fluorescin-
labeled anti-species 1gG antibody at a 1:50 dilution was then placed on the test slides and the
slides were incubated for 30 minutes at 37° C. After incubation, the slides were washed again,
but the last water wash included 1.65% erichrome black that counterstained the epimastigotes red
to allow for easier visualization under fluorescent microscopy. Secondary antibodies used
include a goat-anti raccoon IgG (Kirkegaard and Perry Laboratories (KPL), Gaithersburg,
Maryland, USA), a goat anti-ferret 1gG (KPL) for fishers (Martes pennanti), ringtails
(Bassariscus astutus), striped skunks, and hooded skunks (Mephitis macroura), a goat-anti dog
(KPL) for gray fox, red fox (Vulpes vulpes), coyotes, and domestic dogs (Canis lupus), a goat
anti-pig for feral swine (KPL), and goat-anti cat (KPL) for bobcats (Lynx rufus). Opossum
serologic testing followed the same procedure, except slides were incubated first with serum
samples, then a rabbit anti-opossum 1gG (Bethyl Laboratories, Montgomery, Texas, USA), and
then a fluorescin-labeled anti-rabbit 1gG (KPL). Slides were examined under an Olympus
microscope. A sample was positive for 7. cruzi antibodies if the epimastigotes appeared green
under fluorescent microscopy, or red with a green outline. Negative samples appeared red.
Culture

Only blood collected aseptically from live animals was used for 7. cruzi culture attempts.
Blood was placed into culture for 7. cruzi within 48 hours of collection. Buffy coats were
collected from whole blood samples and added to 9 ml of LIT medium and stored at 27 C and/or
inoculated on confluent layers of DH82 canine macrophage cells and maintained at 37 C as

described (Hall et al. 2007). To minimize bacterial and fungal growth, 0.4 ml of penicillin
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(10,000U/ml)-streptomycin (L0mg/ml) (Sigma, St. Louis, MO) and 0.4 ml of 5-fluorocytosine
(2.5 mg/ml, Sigma, St. Louis, MO) were added to each culture. Cultures were monitored for
growth of trypanosomes, and if no parasites were observed after six weeks, the samples were
considered negative.
Statistical Analysis

A chi-square analysis was used to assess significant differences between prevalence rates
for different species, as well as differences between culture prevalence and seroprevalence for
raccoons and opossums. It was also used to assess if significant differences in prevalence were
present due to age, sex, or land use for serologic data, as well as if differences in prevalence were
present in different geographic areas.
RESULTS
Serology

Results of IFA testing of twelve species of mammals from six states are shown in Table
2.1. Evidence of T. cruzi was found in every state except California. In general, the highest
prevalence rates were found in raccoons followed by opossums (Table 2.1). Antibodies to T.
cruzi were also detected in small numbers of striped skunks from Arizona and Georgia, bobcats
from Georgia, a coyote from Georgia, and a ringtail from Arizona (Table 2.1). Interestingly,
none of 110 feral swine tested from Ossabaw Island (Chatham Co.), Georgia were positive even
though 31 of 54 (57%) raccoons from the island were positive (Table 2.1).

Culture

Of the 168 raccoons from Georgia and Florida tested by both culture and serology
methods, 50 (30%) were culture positive, and 70 (42%) were seropositive. No difference in
raccoon prevalence was found using the two detection methods (X*= 2.46, P = 0.1168). Of the

83 opossums tested, 11 (13%) were culture positive and a significantly higher number were
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seropositive (28[34%]; X = 6.04, P = 0.014). Significantly more raccoons were infected with T
cruzi compared with opossums based on culture prevalence (X° = 5.27, P = 0.027); however, no
difference was noted based on serologic results between raccoons and opossums (X° = 0.66, P =
0.4166). Interestingly, we observed a marked difference in our ability to isolate 7. cruzi by the
two culture methods, of 10 samples that were ultimately culture-positive for 7. cruzi and were
also cultured in both LIT medium and in DH82 cells, only two were positive by both methods
while eight were only positive by the DH82 method.
Exposure rates among raccoons and opossums in Georgia and Florida

Antibody prevalence rates among raccoons and opossums from seven counties in Georgia
and across four counties in Florida were not significantly different between the two species,
indicating that these species have a similar exposure rate, likely throughout their range in these
states (Table 2.2). No geographic difference was noted in prevalence rates among raccoons and
opossums from the Piedmont and Lower Coastal Plains physiographic regions of Georgia (X =
0.45, P = 0.5023; X° = 2.08, P = 0.1492, respectively). Of the 338 raccoons from the Coastal
Plain physiographic region, 116 (34%) were seropositive, compared with 50 (30%) of 166
raccoons from the Piedmont physiographic region. Of the 264 opossums from the Coastal Plain,
82 (31%) were seropositive, compared with 34 (22%) of 152 opossums from the Piedmont.
Although no differences were noted between prevalences among regions in Georgia,
significantly more raccoons and opossums from northern Florida (Leon and Wakulla counties)
were seropositive compared to the seven Georgia counties (X° = 5.12,P = 0.0237; X* = 4.24, P =

0.0395, respectively) (Table 2.2).
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Population parameters

Although greater numbers of adult animals were infected, no significant difference was
noted between adult or juvenile raccoons or opossums from Georgia, Florida, or Missouri. In
Georgia and Florida, 40% of 133 adult and 27% of 30 juvenile raccoons (X° = 0.88, P = 0.3482)
were seropositive and 33% of 170 adult and 21% of 19 juvenile opossums (X° = 0.62, P =
0.431047) were seropositive. In Missouri, 75% of 85 adult and 43% of 23 juvenile raccoons (X°
=1.79, P =0.1809) were seropositive. In contrast, significantly more females were seropositive
compared with males among 367 raccoons (41% vs. 27%; X = 3.84, P = 0.05) and 317
opossums (37% vs. 21%; X° = 4.89, P = 0.027) from Georgia and Florida. In Missouri, although
more females (44/59, 75%) were seropositive than males (30/49, 61%), this difference was not
significant (X’ =1.79, P = 0.1809).

No significant differences were noted between raccoons and opossums from urban or
rural areas of Clarke County, Georgia (X° = 0.12, P = 0.729; X° = 0.3, P = 0.5839, respectively).
Of 35 raccoons from urban areas, 9 (26%) were seropositive, while 29 of 89 (33%) raccoons
from rural areas were seropositive. Of 35 opossums from urban areas, 9 (26%) were seropositive,
and of 95 opossums from rural areas, 21 (22%) were seropositive.

DISCUSSION

This study presents a serologic survey of 7. cruzi in several mammalian species
throughout the United States. Evidence of 7. cruzi was found in all states except California, and
found in six of the twelve species tested and represents the first report of antibodies in Virginia

opossums, ringtails, and bobcats. Although previously isolated from Virginia opossums, the
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finding of 7. cruzi antibodies suggests that both bobcats and ringtails in North America may be
natural hosts.

The finding of 7. cruzi in Arizona was not surprising; however, we did expect to find a
greater number of seropositive animals. A previous study in Arizona detected 7. cruzi in 4.7%
of woodrats and mice (Neotoma spp. and Peromyscus spp.) using blood smears or xenodiagnosis
(Wood 1952), and since serology has been shown to be more sensitive at detecting infections in
wild animals (Yabsley et al. 2001), we expected a higher prevalence with serologic testing. The
only species tested in relatively high numbers was the striped skunk, of which 9% were
seropositive. Antibodies to 7. cruzi have been detected in a single striped skunk from Los
Angeles, California (Ryan et al. 1985) and Georgia (this study) and striped skunks have been
implicated as suitable reservoir species through experimental studies (Davis et al. 1980).
Although interesting, the positive ringtail was not surprising, due to their close phylogenetic
relationship to raccoons (both Family Procyonidae) and their use of tree cavities and abandoned
housing as den sites (Poglayen-Neuwall and Toweill 1988). These cavities are preferred habitats
for triatomine bug vectors and other potential reservoirs of 7. cruzi. The lack of evidence of T.
cruzi in domestic dogs in Arizona may be due to the small number of dogs tested, since they
have been shown to have relatively low prevalence rates (1.9 — 17.1%) in the southern United
States (Tomlinson et al. 1981, Meurs et al. 1998).

The lack of evidence of 7. cruzi in California could be the result of a number of factors.
The species most likely to possess antibodies to 7. cruzi, raccoons and ringtails, were sampled in
low numbers, which may have been too low to detect 7. cruzi in the area. The samples were
taken from Humboldt County in northern California, which is possibly outside of the range for T.

cruzi. The northernmost location where 7. cruzi has been found in California is in the San
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Francisco area (Navin et al. 1985), which is approximately 500 km south of Humboldt County.
Triatoma protracta, a vector for T. cruzi in this area, is known to specialize on woodrats
(Neotoma spp.) (Peterson et al. 2002), therefore, woodrats may be a more important reservoir for
T. cruzi in this area than the species tested in the current study.

The prevalence of 7. cruzi in canids from the southeastern US appears to be very low
compared with previous studies in Texas. Two studies conducted in Texas showed that 12.8%
and 14.2% of coyotes were seropositive (Burkholder et al. 1980; Grogl et al 1984). Based on
blood culture, 1.7% of gray foxes from southwestern Georgia and northwestern Florida were
found positive (McKeever et al. 1958) and recently, a serologic survey of wild canids in South
Carolina found two of 26 (8%) gray foxes positive for 7. cruzi antibodies, but no antibodies in
two coyotes tested (Rosypal et al. 2007). Although we only detected two positive coyotes and
did not find any positive red foxes or gray foxes, the sample sizes were low and more testing is
needed to determine an accurate prevalence for these 7. cruzi hosts in the Southeast.

T. cruzi has been reported sporadically in swine; in a single domestic pig from Mexico by
isolation (Fujita et al. 1994), in 4 of 105 (2.8%) domestic pigs in Brazil (Salazar-Schettino et al.
1997), and in 2 of 20 domestic pigs from Paraguay by serology (da Costa Valente 1999).
Domestic pigs are also experimentally susceptible to infection with a North American raccoon
strain of 7. cruzi (Diamond and Rubin 1958). In the current study, over 100 feral swine from
Ossabaw Island, GA were tested and found to be seronegative which was surprising given the
high prevalence of positive raccoons (57%) in the current study.

Raccoons and opossums are considered to be the two major reservoir species in the
United States. Although not significant, adult raccoons and opossums in Georgia and Florida had

higher prevalence rates compared with juveniles, which could be expected since once a host is

28



exposed to the parasite, it maintains it for life. A lack of significance suggests that if raccoons
become infected, they are infected as young raccoons and only limited numbers of naive adults
become infected. Interestingly, we noted prevalence rates in female raccoons and opossums were
significantly greater than in males. This is similar to rates found by Yabsley and Noblet (2002),
who found a higher seroprevalence in females compared with males, although the results were
not significant, perhaps due to a lower sample size. The higher rate of 7. cruzi in females is
possibly due to the denning habits of female animals, which can lead to a higher contact rate with
triatomid bugs. The higher infection prevalences in Florida and Missouri could be due to
multiple, possibly distinct, factors. Higher densities of triatomid bug vectors and possibly higher
densities of animals would be expected in milder climates such as in Florida. The mild climate
may also result in more year-round activity by the bug vector as well as the animal reservoirs. In
Missouri, increased prevalence could be due to increased densities of raccoons in the area, as
well as longer denning periods in colder climates (Stuewer 1943). Although urban wildlife
populations are more likely than their rural counterparts to be impacted by disease and to
maintain pathogens (Riley et al. 1998), we found that raccoons and opossums in urban and rural
areas did not have different prevalence rates. This may be due to differences in transmission
dynamics of different pathogens and the ecology of different vectors in urban and rural areas.
Animals in urban settings are more likely to live in higher densities than animals in rural habitats
(Prange et al. 2003), and are therefore more likely to transmit pathogens directly, but in the case
of T. cruzi, this trend may be offset by a lower vector density in urban settings.

Depending on the diagnostic test used for identifying infected individuals, prevalence
rates in raccoons have ranged from 1.5% - 63% (McKeever et al. 1958, Walton 1958, Schaffer

et al. 1978, John and Hoppe 1986, Telford and Forrester 1991, Karsten et al. 1992, Pung et al.
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1995, Pietrzak and Pung 1998, Yabsley and Noblet 2002, Hancock et al. 2005). Prevalences in
studies based on isolation from blood culture typically are lower compared with those based on
serology. The culture prevalence in this study (30%) is similar to previous rates from Georgia
that range from 22% (Pung et al. 1995) to 43% (Pietrzak and Pung 1998). These culture rates are
higher than previous studies in surrounding states that range from 14% in Alabama (Olsen et al.
1964) to 15% in North Carolina (Karsten et al. 1992), but lower than the 63% (6 of 8 raccoons)
prevalence found in Oklahoma (John and Hoppe 1986). The seroprevalences noted in Georgia,
Florida, and Missouri were similar to previous studies conducted in South Carolina (37-61%)
and northern Virginia (16-41%) (Yabsley and Noblet 2002, Hancock et al. 2005). In the current
study there was no difference noted in the seroprevalence between the two tested physiographic
regions of Georgia; however we did not test raccoons from the mountainous (Blue Ridge/Ridge
and Valley) physiographic regions which had the lowest prevalence in South Carolina (Yabsley
and Noblet 2002).

Previous studies on Virginia opossums have been limited to culture based surveillance
and have produced prevalences (8-33%) that are lower compared with raccoons (McKeever et al.
1958, Olsen et al. 1964, Barr et al. 1991, Karsten et al. 1992, Pung et al. 1995). In the current
study, a similar culture based prevalence (13%) was noted which was significantly less than
detected in sympatric raccoons (30%). Importantly however, we did not note a difference in the
seroprevalence of sympatric raccoons and opossums indicating exposure rates among the two
species is similar. This apparent difference between serology and culture could be due to
opossums having lower blood parasitemias at time of sampling which leads to a decreased
culture-based prevalence. This may be related to the differences in 7. cruzi strains, as opossums

are infected predominantly with 7. cruzi | strains, while raccoons are infected predominantly
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with T. cruzi lla (Clark and Pung 1994, Barnabe et al. 2001, Roellig et al., in review). These
differences in parasitemias may also be due to immunologic factors which allow the opossums to
clear the parasite from the bloodstream more quickly than other species. Experimental studies
with North American host species and parasite strain are needed to investigate this dynamic.
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Table 2.1. Results of indirect immunoflurescent antibody testing of mammals from six states for
Trypanosoma cruzi antibodies. Similar letters indicate no statistical differences between species

within each state (P < 0.05).

Location Species Total Tested Positive (%0)
Arizona Domestic Dog (Canis lupus) 20 0
Hooded Skunk (Mephitis macroura) 1 0
Raccoon (Procyon lotor) 5 1 (20)?
Ringtail (Bassariscus astutus) 1 1 (100)
Striped Skunk (Mephitis mephitis) 34 3(9)°
California Fisher (Martes pennanti) 21 0
Gray Fox (Urocyon cinereoargenteus) 10 0
Raccoon 3 0
Ringtail 10 0
Striped Skunk 6 0
Florida Raccoon 70 38 (54)*
Virginia Opossum (Didelphis virginiana) 27 14 (52)*
Georgia Bobcat (Lynx rufiss) 62 2(3.2)°
Coyote (Canis latrans) 23 1(4.4)°
Feral Swine (Sus scrofa) 110 0
Gray Fox 21 0
Opossum 421 118(28)*
Raccoon 510 167(33)
Red Fox (Vulpes vulpes) 5 0
Striped Skunk 1 1 (100)
Missouri Raccoon 109 74 (68)
Virginia Coyote 26 1(3.8)
Gray Fox 1 0
Raccoon 12 0
Virginia Opossum 6 1(17)%
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Table 2.2. Exposure rates for Trypanosoma cruzi in Georgia and Florida counties in which at

least five raccoons (Procyon lotor) or Virginia opossums (Didelphis virginiana) were tested.

IFA serology results

No. Positive/ No. examined

(%opositive)

Population

Raccoon

Virginia Opossum

Baker Co., GA
Chatham Co., GA
Clarke Co., GA
Franklin Co., GA
Glynn Co., GA
Thomas Co., GA
Webster Co., GA
Hendry Co., FL
Leon Co., FL

Wakulla Co., FL

48/177 (27.1)

46/105 (43.8)

40/128 (31.3)
2/7 (28.6)
7/10 (70.0)
8/22 (36.7)
1/6 (16.7)
6/12 (50.0)
9/17 (52.9)

16/23 (69.6)

35/122 (28.7)
3/7 (42.8)
31/116 (26.7)
2/6 (33.3)
4/5 (80.0)
39/113 (34.5)
1/9 (11.1)
6/17 (35.3)
4/4 (100.0)

416 (66.7)




CHAPTER 3
CONCLUSIONS

Trypanosoma cruzi, causative agent of Chagas’ disease, is a substantial public health
concern in Latin America. Although rare in humans and uncommon in domestic animals in the
United States, 7. cruzi is commonly detected in several mammalian wildlife species, and is most
commonly reported in raccoons (Procyon lotor) and Virginia opossums (Didelphis virginiana).
Twelve species of mammals from six states (Arizona, California, Florida, Georgia, Missouri, and
Virginia) were tested for antibodies to 7. cruzi using indirect immunofluorescent antibody testing
and culture isolation attempts were conducted on a limited number of animals from Georgia and
Florida. Evidence of 7. cruzi was found in every state except California. In general, the highest
prevalence rates were found in raccoons (33-68%) followed by Virginia opossums (28-52%), but
T. cruzi were also detected in small numbers of striped skunks (Mephitis mephitis) from Arizona
and Georgia, bobcats (Lynx rufus) from Georgia, two coyotes (Canis latrans) from Georgia and
Virginia, and a ringtail (Bassariscus astutus) from Arizona. Culture-based prevalence rates for
raccoons were significantly greater than those for opossums (X° = 5.27, P = 0.027); however,
antibody prevalences of raccoons and opossums from several populations in Georgia and Florida
were not different indicating exposure rates are similar within a given population. For both
raccoons and opossums, adult animals had a higher prevalence rate compared with juveniles,
females had a higher prevalence rate compared with males, and no difference was found between
animals caught in urban or rural locations. This study represents the first report of antibodies in

Virginia opossums, ringtails, and bobcats. Although previously isolated from Virginia
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opossums, the finding of 7. cruzi antibodies suggests that both bobcats and ringtails in North
America may be natural hosts. Results indicate that 7. cruzi prevalence varies by host species,
host characteristics, and geographic region and provide data to guide future studies on the natural

history of T. cruzi in the United States.
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