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ABSTRACT

Protozoal meningoencephalitis was first recognized as a cause of mortality for
southern (California) sea otters and harbor seals in 1992. My dissertation research to
characterize these infections was initiated in 1998, with the specific goals to: 1.) isolate
and confirm the identity of these protozoal parasites 2.) investigate the relationship
between protozoal parasites of otters and seals and those associated with illness of
terrestrial animals and humans 3.) develop and validate serodiagnostic tests. and 4.)
evaluate potential risk factors for protozoal exposure. Between 1998 and 2002, 180 otters
and 20 seals were necropsied. 400 otters and 100 seals were evaluated serologically and
55 protozoal isolates were obtained. Our isolates were characterized antigenically.
molecularly and ultrastructurally. and were found to be indistinguishable from
Toxoplasma gondii and Sarcocystis neurona. Over 36% of otters examined between 1997
and 2001 were infected with 7. gondii at necropsy. while 4% were infected with S.
neurona. Otter and seal sera were assessed for 7. gondii and S. neurona antibodies using
indirect fluorescent antibody tests (IFATS). and the otter 7. gondii IFAT was validated
using serum from confirmed-infected otters. Sera from California, Washington and
Alaska otters were evaluated. The proportion of 7. gondii-positive otters was comparable
for California and (36%) and Washington (38%), whereas 0% of Alaskan otters were
seropositive. An epidemiological study was performed to assess live and dead sea otter
data for associations between T. gondii IFAT seropositivity and defined risk factors for 7.
gondii infection. Seropositivity was positively correlated with male gender, increasing
age and dead versus live status. Spatial analysis revealed two clusters of 7. gondii-
seropositive otters and one cluster of seronegative otters. Otters at one high-risk site were
9 times more likely to be seropositive to 7. gondii than otters sampled at other sites. No
association was found between 7. gondii seropositivity and human population density or
sewage exposure. Otters sampled near maximal freshwater runoff were 3 times more
likely to be seropositive to 7. gondii than otters sampled in areas of low flow. This study

provides evidence that surface runoff is a source for 7. gondii infection for southern sea
otters.

Patricia A. Conrad, DVM. PhD
Professor of Parasitology
Major Advisor
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Chapter 1

Introduction



N

INTRODUCTION

(i) Chapter Overview

This chapter provides an overview of the biology and molecular characterization
of two species of Apicomplexan protozoa. Toxoplasma gondii and Sarcocystis neurona
(Class: Sporozoa, Order: Eimeriorina. Family: Sarcocystidae). Both parasites have been
implicated in cases of fatal meningoencephalitis in free-living southern sea otters
(Enhydra lutris nereis) and Pacific harbor seals (Phoca vitulina richardsi) along the
central California coast. Information about the biology and life cycles of these two

coastal marine mammal species relevant to this research project is also discussed.

(ii) History of Protozoal Encephalitis in Pacific Coast Sea Otters and Harbor Seals
Numerous anecdotal reports of 7. gondii infection and 7. gondii-associated
pathology in marine mammals exisf in the scientific literature (reviewed in Chapters 2
and 3). but the environmental significance of this parasite was overlooked until it was
reported as a large-scale pathogen of southern sea otters (Thomas and Cole, 1996).
Protozoal meningoencephalitis was first recognized as a cause of mortality in southern
sea otters (E. /. nereis), a federally listed threatened species, and sympatric Pacific harbor
seals from California in 1992 (Thomas and Cole. 1996; Lapointe et al.. 1998). Both free-
ranging and captive sea otters and seals were affected (Thomas and Cole. 1996; Lapointe
etal.. 1998; Rosonke et al., 1999), and two distinct types of intracellular protozoal
parasites were implicated in these infections. In all reported cases, affected animals were

either found dead or died shortly after hospitalization. Affected otters and seals exhibited



severe neurological disease, including muscle tremors. seizures, deficits in ambulation or
proprioception, paresis, pupillary mydriasis and obtundation (Lapointe et al., 1998;
Rosonke et al., 1999; Murray, Gulland, Haulena et al., unpublished data). Until recently,
neurological signs, once apparent, were invariably progressive and the disease fatal
despite aggressive medical intervention. Microscopic examination of tissue from these
animals revealed moderate to severe meningoencephalitis in association with
proliferating intracellular protozoal parasites. In 1998 a long-term study was initiated as
my dissertation project, to better understand protozoal brain infections of California sea
otters and harbor seals.

One of the two parasites implicated in these fatal infections was a parasite similar
or identical to Toxoplasma gondii. a well-recognized terrestrial pathogen of domestic
animals and humans (Thomas and Cole. 1996). Based on the examination of freshly dead
otters collected from coastal California between 1992 and 1995. 8.5% of total sea otter
mortality was attributed to protozoal meningoencephalitis. with the majority of cases
attributed to a Toxoplasma gondii-like parasite (Thomas and Cole, 1996). This finding
was surprising, given that the only animal hosts known to shed the tough.
environmentally-resistant oocyst stage of T. gondii were felids, including domestic cats.
If this parasite was indeed T. gondii, how could these oocysts be entering the nearshore
marine environment in sufficient quantities to affect significant numbers of sea otters?

At about the same time, a second parasite, similar or identical to Sarcocystis
neurona was found to be the major cause of mortality for adult Pacific harbor seals that
were hospitalized at the world’s largest marine mammal stranding and recovery center,

located in northern California (Lapointe et al., 1998). Based on histopathology, electron



microscopy and preliminary antigenic characterization, this parasite appeared to be
similar or identical to Sarcocystis neurona, the causative agent of equine protozoal
myeloencephalitis. or EPM (Simpson and Mayhew, 1980; Davis et al., 1991; Dubey et
al., 1991; MacKay et al., 1992). Interestingly, during this same time period, fatal
meningoencephalitis was also reported in a captive northern sea otter (E. I. kenyoni)
housed at a private aquarium in central Oregon (Rosonke et al.. 1999). and in a captive
harbor seal housed at a private zoo in the central valley of California (Lapointe et al.,
1998). A S. neurona-like agent was also implicated in those infections. As with the
Toxoplasma-like parasite. infections of coastal marine mammals at multiple locations
along the Pacific coast with a S. neurona-like parasite was unexpected. given that the
only animal hosts known to shed environmentally-resistant sporocysts of S. neurona in
their feces were new world opossums (eg Didelphis virginiana and D. albiventris). The
ability of opossums to serve as definitive hosts for S. neurona was confirmed by Fenger
etal.. 1995, Dubey and Lindsey. 1998 and Dubey et al.. 2001a. 2001c. 2001d.

In 1998. when this dissertation research was initiated, both 7. gondii and S.
neurona were implicated as the cause of fatal meningoencephalitis in California sea otters
and harbor seals. However, all earlier reports were based on histopathology, electron
microscopy and limited serological testing. [solation, molecular characterization and
comparison of these parasites to similar parasites isolated from terrestrial animals and
humans had not been reported. Thus in vitro isolation and confirmation of the identity of
these parasites via molecular techniques was an important first step in investigating this
apparent land-sea connection, and these efforts served as an initial focus of my PhD

research. Parasite isolation from aseptically-collected otter and harbor seal brain tissue



was coupled with detailed postmortem examinations, and isolated parasites were
characterized using antigenic, ultrastructural and molecular techniques. Antigenic
characterization consisted of immunohistochemistry and immunofluorescent antibody
tests (IFATSs) for T. gondii and S. neurona. Ultrastructural characterization was
completed for selected isolates using transmission electron microscopy of parasite-
infected cell cultures. Molecular characterization was performed via amplification and
sequencing of two phylogenetically informative segments of parasite nuclear DNA. A
second research goal was to compare the taxonomic relationship between 7. gondii and S.
neurona-like isolates from otters and seals with those derived from terrestrial animals and
humans. Investigation of this molecular relationship was critical to provide clues as to the
possible source(s) of these pathogenic parasites in the nearshore marine environment.
The final phase of this research was aimed at developing the tools and knowledge
to better define risk factors for T. gondii and S. neurona infection of otters and seals in
the marine environment. Through this work, we hoped to learn more abon;lt the frequency
of these infections in wild otter and seal populations, and to begin to investigate the
association between parasite infection and disease. discernable either clinically or on

histopathology.

(iii) Hypotheses and Objectives
The overall goal of this doctoral research project to was test five hypotheses

concerning protozoal infections in Southern (California) sea otters and harbor seals:



HYPOTHESIS I: Toxoplasma gondii and Sarcocystis neurona are present in

brain tissue of California sea otters and harbor seals.

HYPOTHESIS II: 7. gondii and S. neurona isolates from sea otters and harbor

seals are indistinguishable from isolates of the same species that infect humans and/or

terrestrial animals.

HYPOTHESIS 1L T. gondii brain infections in sea otters are associated with

the presence of detectable parasite-specific serum antibodies

HYPOTHESIS 1V: Seroprevalence to T. gondii varies between geographically

distinct sea otter populations in California, Washington and Alaska.

HYPOTHESIS V: Spatial, demographic and environmental “risk factors" exist

Jor sea otter exposure to T. gondii in California.

The specific objectives of my dissertation research were designed to address these

hypotheses:

OBJECTIVES

L. To confirm the identity of protozoa infecting sea otter and harbor seal brain

tissue, using ultrastructural, immunologic and molecular techniques.



2. To investigate the phylogenetic relationship between protozoal parasites
isolated from sea otter and seal brain tissue and morphologically similar protozoans

associated with illness and mortality of terrestrial animals and humans.

3. To develop and, where possible, validate serodiagnostic tests for the protozoal

parasites associated with encephalitis in sea otters.

4. To use these validated tests to screen geographically distinct sea otter

populations in California, Washington and Alaska.

5. To evaluate potential demographic, spatial and environmental risk factors for

T. gondii exposure and disease.

Each hypothesis and the corresponding specific objectives are addressed in detail
in subsequent chapters. Hypotheses I and 11 (Objectives 1 and 2) are addressed in Chapter
2: Isolation and characterization of Sarcocystis neurona from a southern sea otter, and
Chapter 3: Isolation and characterization of parasitic protozoa from a Pacific harbor
seal. Hypotheses III and IV (Objectives 3 and 4) are addressed in Chapter 4: Evaluation
of an indirect fluorescent antibody test for detection of Toxoplasma gondii in sea otters.
Hypothesis V (Objective 5) is addressed in Chapter 5: Freshwater runoff is a risk factor
Jor Toxoplasma gondii infection in sea otters. Chapter 6: Summary and Conclusions,

summarizes the important findings of this dissertation, provides additional details



concerning patterns of 7. gondii and S. neurona infection in sea otters and harbor seals
and suggests directions for future research.

The original intent of this dissertation research was to explore the origin and
identity of protozoal brain infections of both sea otters and sympatric harbor seals.
However, obtaining sufficient numbers of harbor seals for necropsy proved difficult.
Although harbor seals are numerous in California. few adult animals are submitted to
local wildlife rehabilitation facilities. Because sea otters are a federally-listed threatened
species. a rangewide. multi-agency carcass recovery system exists that facilitates rapid
collection and postmortem examination. Thus, sea otters became the main focus of this
research. To best understand the significance of protozoal brain infections in southern sea
otters and seals. it is important first to review the basic biology and food habits of these

nearshore-dwelling marine mammails.

(iv) Biology of Southern Sea Otters

The sea otter (Enhydra lutris) is the smaller of two species of marine otters
recognized worldwide, and the world’s smallest marine mammal (Reynolds et al.. 1999).
Adult male sea otters may exceed 30 kg body weight and 129 cm total body length
(Reidman and Estes. 1990). Three subspecies of E. lutris are recognized: E. I. lutris from
southeast Russia. E. I. kenyoni from coastal Alaska, Canada and Washington and £. /.
nereis from California (Riedman and Estes, 1990; Wilson et al., 1991: Anderson et al..
1996). Only E. . nereis. the southern sea otter is federally listed as a threatened species,
although the Aleutian subpopulation of the Alaskan sea otter is currently in severe

decline (Estes et al., 1998), and may become federally listed in the near future. Southern



sea otters, which are found only along the central coast of California, are distinguished
from their northern counterparts by their smaller size and by genetic and skeletal markers
(Riedman and Estes, 1990; Wilson et al., 1991; Anderson et al., 1996; Bodkin et al.,
1999).

Historically. southern sea otters were present throughout coastal California, and
extended well into Mexico along the Baja Peninsula. However, sea otters have the
densest fur of any marine mammal, over 160.000 hairs/ cm* (Reidman and Estes. 1990).
and this attribute led to widespread exploitation of sea otters for their luxurious pelts from
the 1700s through 1911 (Estes, 1980). Drastic population reductions coincided with the
advent and growth of the Pacific maritime fur trade. and resulted in the near-extirpation
of this species throughout its range. Protection was first afforded with the International
Fur Seal Treaty in 1911 and California state protection (1913). and was later strengthened
by the Marine Mammal Protection Act (1972) and listing under the Endangered Species
Act (listed in 1977). However. these protective measures almost came too late: by the
beginning of the 20" century. the number of southern sea otters had declined
precipitously, and for years this species was thought to be extinct (Estes, 1980; Reidman
and Estes, 1990). However. in 1938 a few otters were observed along the remote Big Sur
Coast of central California (Fisher. 1942). This remnant population, numbering perhaps
as few as 50 animals, has provided the nucleus for southern sea otter repopulation. Since
1990. annual counts of the southern sea otter population have ranged between 1.680 and
2.377 animals, occupying a 600 km range that extends from Half Moon Bay south to near

Santa Barbara, and spans the central third of the California coast.
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Female southern sea otters mature at approximately 3 years of age and thereafter
produce one pup annually. Pupping occurs throughout the year. with seasonal peaks in
spring and fall. The smaller pupping peak in fall has been attributed to early pup loss
during the spring, resulting in repeat breeding of spring-peak females (Reidman and
Estes. 1990). A single pup is born in the water with a thick natal pelage that facilitates
floating (Reidman and Estes. 1990). Lactating females have two inguinal teats. Lactation.
rather than pregnancy appears to be a major physiological stressor for reproductive-aged
females (Estes. 1980; Miller, unpublished necropsy data). Pups are fully weaned and
maternal care ceases at approximately six months of age (Estes. 1980). Within days of
weaning her pup. the female enters estrus and breeds. Male southern sea otters bite and
grasp the female’s nose during copulation (Reidman and Estes. 1990). Gestational length
averages 6 months. and consists of approximately two months of delayed implantation
and four months of fetal development post-implantation (Reidman and Estes. 1990).

Polygynous adult male otters establish and defend territories within or adjacent to
female home ranges. and defend the territory and females against subdominant males
(Estes. 1980: Jameson, 1989). Annual seasonal (fall and winter) movements of males
from the central (female-dominated) portions of sea otter range to the northern and
southern range peripheries are well documented (Ralls et al., 1996). Females are more
sedentary. but rare. wide-ranging movements of either gender have been documented
(Pederson and Stout. 1963; Leatherwood et al.. 1978).

Despite attaining fully protected state (1913) and federal (1977) status, southern
sea otter populations have not recovered at the same rate as their northern counterparts.

with consistently lower annual population growth rates of 5-7% for California otters.
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compared to 17-20% for Alaskan otters (Reidman and Estes, 1990). There is additional
reason for concern: since 1995, annual rangewide sea otter counts have suggested a
stagnant or declining southern sea otter population (USGS, unpublished data). The
reduced population growth rates and recent population declines observed for southern sea
otters have been attributed to increased mortality, rather than decreased fecundity. Also
of concern is the observation, based on postmortem examination of freshly dead otters.
that approximately 40 to 45% of southern sea otter mortality may be attributable to
infectious agents (Thomas and Cole. 1996; Kreuder et al., 2003). This pattern of
mortality is not typical of a healthy. free-ranging wildlife population (Daszak et al.. 2000:
Daszak et al.. 2001).

Sea otters are a nearshore marine mammal and typically spend all of their time
within 1-2 km of the shoreline. These animals have broad. muscular jaws and bunodont-
style molars designed to crush the shells of hard prey items (Reidman and Estes. 1990).
Use of tools such as rocks. bottles and bricks for opening hard-shelled prey is well
documented. Tools are placed on the ventral chest, and the prey item is pounded against
the rock or brick repeatedly using both front paws. The tool as well as prey items may be
tucked within a large flap of skin inside of each front leg during foraging dives (Reidman
and Estes. 1990).

A wide variety of prey species are consumed by southern sea otters. Their diet
consists primarily of benthic and kelp canopy invertebrates such as shellfish. urchins,
abalone, snails and worms (Estes et al., 1986). Squid and octopus are also avidly
consumed. Southern sea otters forage in many types of habitat. including rocky

shorelines. sandy areas, kelp beds and mud-bottom estuarine environments (Estes, 1980;
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Kvitek and Oliver, 1987; Reidman and Estes, 1990). Individual sea otters may develop
strong preferences for one or more prey species, and as a result will preferentially occupy
coastal habitats where these food items occur (Reidman and Estes. 1990). Adult females
appear to teach their prey species selection, foraging-style and habitat preferences to
their pups (Reidman and Estes, 1990). The sea otter is considered a keystone species: by
preying on kelp-grazing macroinvertebrates, such as urchins and snails. sea otters may
help promote the growth and expansion of kelp forests (Dayton. 1975; Estes and
Steinberg, 1988).

Sea otters lack a dermal blubber layer and rely instead on a dense. air-insulated
fur coat for warmth (Reidman and Estes. 1990). Because of their small size and lack of a
blubber layer. sea otters have a high metabolic rate: each otter requires a mass of prey
equivalent to 25 to 30% of their body weight each day to maintain their weight and basal
metabolic rate (Reidman and Estes. 1990). This is equivalent to 7 kg of shellfish per day
for an average 28 kg adult male otter. Factors such as the high energy requirements of sea
otters. their reliance in filter-feeding invertebrates as food and their tendency to feed near
the shoreline may collectively place otters at high risk for exposure to terrestrial-origin

chemical and biological pollutants.

(v) Biology of Pacific Harbor Seals

The Pacific harbor seal (Phoca vitulina richardsi) is one of 5 subspecies of harbor
seals present worldwide (King, 1983: Reeves et al., 1992; Burns. 2002). Unlike southern
sea otters, Pacific harbor seals are numerous throughout their range, which extends from

the Aleutian Islands to the Baja Peninsula in Mexico, and overlaps that of the southern
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sea otter in central California (Burns, 2002). Although sympatric, Pacific harbor seals are
vastly different from southern sea otters in their food habits and habitat use. Unlike sea
otters, Pacific harbor seals often feed >5 km offshore. including over the continental
shelf, deep coastal basins and submarine canyons, and preferred prey consists of
rockfish, herring, anchovies. flatfishes and squid (Pitcher. 1980; Brown and Mate. 1983;
Harvey et al.. 1995: Oxman. 1995; Euguchi, 1998). Harbor seals tend to feed in deeper
water (to 484 meters), often at night. and rest on shore during daylight hours (Eguchi.
1998).

Harbor seals are more gregarious than sea otters. and high densities of animals
may assemble in communal resting (haul-out) and pupping areas. Unlike otters. harbor
seal breeding and pupping are synchronized between females. Pupping occurs in March
in Central California. with 10 to 15 kilogram pups born on shore on protected beaches
and inlets (Temte. 1986: Reeves et al.. 1992: Burns. 2002: Greig. 2002). Also unlike
otters. female harbor seals often leave pups in these communal areas and travel offshore
to forage. Harbor seal pups are weaned at 4 to 6 weeks of age (Thompson et al.. 1994;
Burns. 2002; Greig, 2002). Like otters. female harbor seals enter estrus at the time of pup
weaning, and experience delayed implantation. The total gestation period is
approximately 10.5 months, which consists of about 2.5 months of pre-implantation
pregnancy and 8 months of post-implantation gestation (Reeves et al.. 1992: Burns.
2002). Harbor seals mature at 3 to 5 years of age. Adult males weigh 55 kg and adult
females weigh 45 kg (Bigg. 1969). Dominant male harbor seals establish and defend
underwater territories. often just offshore from major haul-out and pupping areas (Hayes,

2002). Breeding occurs underwater within these territories (Hayes, 2002).
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- Harbor seal numbers in California appear to be increasing. The total population of
Pacific coast harbor seals is estimated at around 150,000 individuals (Caretta et al., 2001;
Burns, 2002). Sea otters and harbor seals can often be found in close proximity to each
other. and both species may share the same haul-out sites. Interaction between the species
is common, and usually brief. although sea otter copulation with. and sexual aggression
toward harbor seals. particularly harbor seal pups. has occasionally been reported

(Hattield et al.. 1994: Miller, Oates, Harvey et al.. unpublished necropsy data).

(vi) Biology of Toxoplasma gondii

The genus Toxoplasma consists of a single species. 7. gondii. which has three
genotypically-distinct strains (Type I. [I and [II). as determined by PCR and restriction
fragment length polymorphisms (RFLP) (Howe and Sibley. 1994; Howe and Sibley.
1995: Howe etal.. 1997: Grigg et al.. 2001). Toxoplasma gondii is a single-celled
apicomplexan protozoan parasite (Nicolle and Manceaux. 1909) with a heteroxenous life
cycle (Tenter et al.. 2000). Virtually any vertebrate. including humans. birds, rodents. and
sheep may serve as intermediate hosts (Dubey. 1987; Tenter et al., 2000). However. only
felids (cats) serve as definitive hosts and support the sexual phase of the parasite’s life
cycle. resulting in the production of infective oocysts. which are shed in their feces
(Frenkel et al.. 1970; Dubey, 1987; Dubey and Beattie, 1988; Dubey, 1993; Tenter et al..
2000). Cats are infected primarily through consumption of bradyzoite cysts in muscle,
brain or other tissues of infected intermediate hosts (eg mice and birds), or via
consumption of sporulated oocysts derived from the feces of another infected cat (Dubey.

1987: Dubey and Beattie, 1988). Cases of transplacental or transmammary transmission
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are occasionally reported from various hosts (Dubey and Beattie, 1988; Dubey, 1993;
Tenter et al., 2000).

Once ingested, sporozoites of 7. gondii invade the cat’s intestinal epithelium and
multiply rapidly. Parasite multiplication first proceeds asexually and then sexually (via
gamogony). culminating in the production of micro- and macrogametocytes. These
gametocytes fuse to form zygotes. which form a hard outer shell and pass out in the cat's
feces as tough, environmentally-resistant oocysts. The interval between parasite ingestion
and fecal patency depends on a number of factors, including the parasite stage ingested.
host age and level of immunocompetence, and history of previous exposure. The shortest
prepatent period occurs in young, naive cats that ingest infective bradyzoites present
within tissue cysts in the flesh of intermediate hosts (Dubey, 1987). For these cats. the
prepatent period may be as short as 2 to 3 days (Frenkel and Dubey, 1972). After
defecation. these oocysts can sporulate (form sporozoites) under optimal conditions and
become infective within 1 to 5 days (Frenkel and Dubey. 1972; Dubey, 1987). One
infected cat may shed 100 million infective oocysts during an average patency period of
10 to 14 days (Tentor et al, 2000). Infected cats that shed oocysts typically exhibit no
clinical signs. Once present in the environment. protozoal oocysts. cysts and sporocysts
may remain infective for months or years. and are resistant to refrigeration. freezing,
drying and many common disinfectant processes (Frenkel and Dubey. 1972; Yilmaz et
al., 1972: Dubey. 1987; Tenter et al.. 2000; Lindsay et al, 2002), including most
municipal surfacewater treatment procedures (Weniger et al., 1983; Bowie et al., 1997;
[saac-Renton et al., 1998; Chauret et al., 1999; Wiandt et al., 2000; Payment et al., 2001;

Quinonez-Diaz et al., 2001; Thurston et al., 2001; Lindsay et al, 2002). An important role
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for surfacewater runoff in dissemination of T. gondii oocysts is increasingly recognized
(Benenson et al., 1982; Mullens, 1996; Bowie et al., 1997; Aramini et al., 1998: Isaac-
Renton et al., 1998; Aramini et al., 1999; Slifiko et al., 2000; Tenter et al.. 2000).
Intermediate hosts are infected via the consumption of bradyzoite cysts or sporulated
oocysts. The infective dose can be as low as a single sporulated oocyst (Dubey et al.,
1996b. 1996d). Potential routes of oocyst exposure for intermediate hosts include fecally-
contaminated soil. food or water (Tenter et al., 2000). Once ingested. these parasites
leave the intestinal tract and spread systemically, multiplying asexually as invasive.
rapidly multiplying tachyzoites (Dubey. 1987). Depending on host immunocompetence.
T. gondii strain and other factors, clinical signs may be absent during acute infection. or
may consist of fever. myalgia and lymphadenopathy. Occasionally acute infections are
fatal. especially for infected fetuses. immunosuppressed individuals or highly susceptible
species such as Australian marsupials (Tenter et al., 2000). As specific host cell-mediated
immunity is generated, there is a conversion of the rapidly multiplying tachyzoites to
slower. less active bradyzoites (Frenkel and Dubey. 1972; Dubey, 1987; Dubey and
Beattie. 1988). Bradyzoite-filled tissue cysts develop, primarily in the brain. spinal cord.
skeletal muscle, and myocardium (Dubey. 1987; Dubey and Beattie. 1988). Tissue cysts
may remain infective for months or years and may persist for the life of the host (Dubey.
1988; Tenter et al.. 2000). Once tissue cysts are formed, infection becomes chronic.
perhaps lifelong (Dubey, 1987; Dubey and Beattie. 1988). Recrudescence of active
infection is thought to occur in chronically infected humans and other animals when host

cell-mediated immunity wanes (Dubey. 1988; Gross et al., 1996).
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(vii) Biology of Sarcocystis neurona

The genus Sarcocystis is large and diverse, with many as yet undescribed and
uncharacterized species (Dubey, 1991; Dubey et al., 1994). The life cycle for Sarcocystis
spp. is also heteroxenous. For many well described Sarcocystis spp.. the most direct life
cycle consists of a carnivore/omnivore-herbivore cycle in nature (eg coyote-deer), with
the carnivore or omnivore serving as a definitive host. and an herbivore serving as an
intermediate host (Dubey et al., 1994). In contrast to the genus Toxoplasma. the genus
Sarcocystis consists of numerous species, each of which utilize different definitive and
intermediate hosts to complete their life cycles (Dubey et al.. 1994). Unlike Toxoplasma.
the intermediate host range for Sarcocystis spp. is typically narrow. perhaps as few as one
to two species, while the definitive host range is broad (Dubey 1993; Dubey et al..
2001b).

Sarcocystis neurona is an apicomplexan. heteroxenous protozoan similar to 7.
gondii in many respects. with a few important differences (Dubey, 1991). As a newly
recognized species (Davis et al.. 1991; Dubey et al., 1991). the life cycle for S. neurona is
still being elucidated. However, a number of species, including mink, skunks. raccoons,
armadillos and opossums appear to be capable of serving as intermediate hosts (Dubey
and Hedstrom, 1993; Dubey et al., 1996a; Dubey and Lindsay, 1998; Cheadle et al..
2001a, 2001b; Dubey et al., 2001a. 2001c; Hamir and Dubey, 2001;Tanhauser et al..
2001). New world opossums (Didelphis virginiana and D. albiventris) are the only
confirmed definitive hosts (Fenger et al., 1997; Dubey et al., 2001a. 2001d). Additional.
unrecognized definitive hosts may also exist. This parasite first gained wide recognition

as a pathogen of horses. and is the most frequent cause of the progressive neurological
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disease equine protozoal myeloencephalitis (EPM) (Simpson and Mayhew, 1980; Davis

etal., 1991; Dubey et al., 1991; MacKay et al., 1992).

(viii) Differences between T. gondii and S. neurona

The life cycle of S. neurona is quite different from T gondii. The infective stage
for S. neurona is a sporocyst. because the oocysts form, sporulate, and commonly break
open to release sporocysts containing sporozoites prior to being shed in the feces of
infected opossums (Dubey and Lindsay. 1998; Dubey et al.. 2001a. 2001d). Thus, while
T. gondii oocysts are not infective when passed in the feces. S. neurona sporocysts and
sporulated oocysts are immediately infective when defecated. Like the cat. the opossum
appears to be an asymptomatic host for S. neurona infection and shedding. and may shed
large numbers of sporocysts without clinical signs (Dubey et al.. 2001a).

Another important difference between 7. gondii and S. neurona is in the type of
asexual reproduction that occurs within host cells outside of the gastrointestinal tract. For
T. gondii division occurs by endodyogeny, in which two parasites are formed by lateral
division within a single “mother” parasite (Dubey, 1993). Asexual division of S. neurona
occurs by endopolyogeny. in which daughter parasites bud externally from a single.
central mother cell. forming a flower-like radial arrangement called a rosette-form
schizont (Dubey. 1993). The invasive stages resulting from asexual division of .
neurona are called merozoites, because they are the product of schizogony, and to
distinguish them from the tachyzoites and bradyzoites formed by asexual reproduction of
T gondii (Dubey, 1993). In contrast to 7. gondii tachyzoites and bradyzoites, S. neurona

merozoites do not possess rhoptries (Dubey et al., 2001b). In addition, while T, gondii
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tachyzoites and bradyzoites are formed directly during asexual division, Sarcocystis spp.

merozoites may transition through an intermediate stage, called a metrocyte (Dubey,

1993).

(ix) Molecular characterization of protozoa

The main goal of molecular characterization was to investigate whether the
parasites isolated from sea otter and Pacific harbor seal brain tissue were similar or
identical to the well-characterized protozoa T. gondii and S. neurona. With this goal in
mind. two different DNA segments were selected for amplification and sequencing. The
first was thel8s ribosomal subunit DNA (18s rDNA). and the second was the adjacent.
first internal transcribed spacer (ITS-1).

Ribosomes are present in all organisms and form an essential cellular organelle
required for the synthesis of cell proteins (Hillis and Dixon. 1991). The DNA encoding
eukaryote ribosomal RNA is present in the nucleus as approximately 100 to 300 identical
or nearly identical copies. usually arranged as a tandem array (Guay et al.. 1992; Palumbi
et al.. 1996). Each tandem repeat is separated by a nontranscribed spacer (NTS). Each
ribosomal DNA gene is made up of 7 distinct parts (Appendix 1). Each part serves a
different function. either encoding the ribosomal RNA. acting as a noncoding spacer
between segments ofcodiﬁg DNA, or directing post-transcriptional ribosomal RNA
processing (Hillis and Dixon. 1991; Palumbi et al., 1996). Each eukaryote ribosomal
DNA gene contains three segments of coding DNA, the 18s, 5.8s and 28s DNA. The *'s™
denotes the sedimentation velocity of each DNA segment in Svedberg units, a

measurement based on comparative sedimentation rates under centrifugation. Thus the
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number of Svedberg units provides an index of the relative size of each DNA molecule,
with higher Svedberg numbers indicating larger molecules (Palumbi et al., 1996). Each
coding DNA segment is flanked on either side by noncoding DNA that acts as spacer
DNA and also contains information for correct processing of the RNA transcript.
Processed ribosomal RNA forms the functional ribosome required for protein
synthesis by the host cell. Each eukaryote ribosome is composed of two parts. The large
ribosomal subunit is derived from host cell-derived proteins complexed with rRNA
assembled from the 5.8s and 28s ribosomal DNA segments. The smaller ribosomal
subunit on which translation of mRNA to amino acids and proteins occurs is composed of
host cell-derived proteins complexed with ribosomal RNA from the18s rDNA segment.
The 18s rDNA is a 1,800 nucleotide (nt) segment of nuclear DNA that has been
widely used by molecular scientists for phylogenetic studies, because of its high copy
number and large size, which facilitate amplification and detection (Hillis and Dixon.
1991; Guay et al.. 1992). Also. because it codes for ribosomal RNA that serves a critical
function in guiding cellular protein synthesis, the 18s rDNA is one of the slowest
evolving nuclear genes, and has been highly conserved throughout evolutionary time and
across diverse taxonomic lineages (Hillis and Dixon. 1991). This has resulted in the
retention of highly conserved regions that are optimal for universal primer design (Hillis
and Dixon, 1991). As a result. universal primers are available that amplify 18s rDNA
from organisms as diverse as fungi and mammals (Gagnon et al., 1993; Palumbi et al..
1996: Kjemtrup et al., 2000). Numerous complete or partial 18s rDNA sequences from
apicomplexan parasites have been published and are searchable in computerized DNA

sequence databanks such as GenBank. This greatly facilitates phylogenetic comparison



between 18s rDNA sequences derived from well-characterized organisms and those
derived from unknown or novel organisms (Gagnon et al.. 1993; Fenger et al., 1994;
Holmdahl et al., 1994; Ellis et al., 1995; Marsh et al.. 1995, 1996; Johnson et al., 1997).
Because of their highly conserved nature, 18s rDNA sequences are best used to examine
ancient (eg Precambrian) evolutionary divergences, and to investigate relationships
between organisms at higher taxonomic levels such as family. genus and species (Hillis
and Dixon, 1991; Hillis et al., 1996). Less restricted. or variable regions also exist within
the 18s rDNA genome, especially toward the 5 end of the molecule, and these variable
regions are often helpful in distinguishing fine differences between closely related taxa
(Torczynski et al.. 1983: Dams et al., 1988). In the present study. the first 530 bp of the 5°
18s rDNA encompassing many of the most variable regions were amplified. sequenced
and compared to similar 18s rDNA sequences available on GenBank. This 5° region of
the 18s rDNA was selected because it was found to be especially phylogenetically
informative in studies of related protozoans (Ellis et al.. 1994; Luton et al.. 1995; Marsh
et al.. 1995; Payne and Ellis, 1996; Barta. 1997; Carreno and Barta, 1999; Marsh et al..
1999; Carreno et al., 2001; Kjemtrup et al., 2000). DNA amplification was accomplished
using a two-step nested PCR reaction utilizing universal primers (see Chapters 2 and 3
for details). However, the 18s rDNA, as a highly conserved and slowly evolving gene,
provides scant data to discern fine differences (eg subspecies and strains) between closely
related organisms (Torczynski et al., 1983; Dams et al., 1988). For this reason. a second.
more rapidly evolving DNA sequence was also amplified and sequenced.

The adjacent ITS-1 DNA is a small to medium-sized segment of non-coding DNA

that acts as a spacer between the 18s and 5.8s rDNA (Appendix 1). At its 3’ end, the
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ITS-1 contains information to guide the correct processing of the adjacent 5.8s ribosomal
RNA. and appears to have a role in the early assembly events of the ribosome (Hillis and
Dixon. 1991; Hillis et al., 1996; Homan et al., 1997). Because the ITS-1 represents
spacer. or non-coding DNA, it is less highly conserved and is under less evolutionary
pressure to retain the same size and DNA sequence as thel8s rDNA throughout
evolutionary time (Hillis and Dixon. 1991; Homan et al.. 1997).

The ITS-1 is characterized by significant variation between species. but
remarkable homogeneity within most species examined to date (Hyde. 1990; Barta. 1997:
Marsh et al.. 1998). For example. the 7. gondii ITS-1 DNA is approximately 392 bp long,
while the S. neurona ITS-1 DNA is approximately 1.053 bp (Marsh et al.. 1999; Miller et
al.. 2001a. 2001b). This difference is attributable to variation in the number of repeated
domains between the ITS-1 DNA of different species (Hillis and Dixon. 1991; Homan et
al.. 1997). Thus the ITS-1. even though it is adjacent to the highly conserved 18s rDNA.
is a more rapidly evolving DNA segment. As a result. it can be used to help explore
more recent evolutionary divergences (eg Cenozoic) between taxonomic groups. such as
between species or in a few cases, strains (Hillis and Dixon. 1991;.Holmdahl and
Mattson. 1996; Homan et al.. 1997; Marsh et ai.. 1999).

For selected protozoal isolates derived from otter and seal brain tissue. we
amplified and sequenced the entire ITS-1 DNA molecule. and then compared our
sequences to available GenBank ITS-1 sequences for 7. gondii, S. neurona and related
apicomplexan parasites. At the time that this study was initiated. parasites similar or
identical to 7. gondii and S. neurona had been implicated as a cause of mortality in

California sea otters and harbor seals (Thomas and Cole. 1996; Lapointe et al., 1998). but



parasite isolation and antigenic and molecular characterization had not been reported.
Thus the isolation and characterization of these parasites and the development of these

techniques became the initial focus of my doctoral research.

(x) Serological Test Development

One of the research objectives was to develop serological tests that could be used
to screen live and dead otters and seals for evidence of protozoal infection. Once
developed and validated., these tests could be utilized by veterinarians to expedite
diagnosis and treatment of live animals with protozoal meningoencephalitis. In addition,
these serological tests could be used to address specific hypotheses regarding risk factors
for environmental exposure, and to investigate the relationships between 7. gondii and S.
neurona infection and disease.

A variety of serological tests are available for detecting protozoal infections in
animals and humans (Desmonts et al., 1986: Wilson et al.. 1990; Yamane et al.. 1993;
Dubey et al.. 1995; Dubey et al., 1996b, 1996¢; Packham et al.. 1998; Rossano et al..
2000). The choice of which assay to select depends on the purpose for testing, the
parasite species and its pathophysiology and limitations on test and sample conditions.
Other factors to consider include assay cost. rapidity and the desired form of the test
results (eg quantitative versus binary [positive or negative]). Serologic assays for
apicomplexan parasites such as 7. gondii, S. neurona and N. caninum are reviewed and
compared in Desmonts et al. (1980); Dubey et al. (1995) and Packham et al. (1998).
Commonly-used agglutination tests for diagnosis of T. gondii infection include the direct

agglutination (DAT). modified agglutination (MAT) and latex agglutination (LAT) tests.



24

These tests all share three attributes: availability on a collaborative or commercial basis,
ease of use and ability to screen animals for which no species-specific linking antibodies
are available. However, none of these tests have been validated for testing marine
mammal serum. In addition, serum antibody titers may be artificially elevated or
decreased by the presence of hemolysis or excessive cellular debris in test samples
(Dubey et al.. 1996b: Packham et al.. 1998). MATSs have been used to detect antibodies to
T. gondii using harbor seal, other phocid and cetacean sera (Oksanen et al.. 1998;
Lambourne et al.. 2001). The LAT has also been used to detect . gondii antibodies in
river otter serum (Tocidlowski et. al.. 1997).

Other types of serologic tests that have been used to detect apicomplexan
infections include enzyme-linked immunosorbent assays (ELISA) and Western blots
(Conrad et al.. 1993: Packham et al.. 1998). Because 96-well plates are used. the ELISA
lends itself well to automation. and can be less labor intensive than other types of
serological assays. However. ELISA-based assays, like agglutination tests, may suffer
from problems with sensitivity, specificity and increased background, especially when
used to evaluate hemolyzed. or cellular debris-rich serum samples (Wilson et al.. 1990:;
Dubey et al.. 1996b; Packham et al.. 1998). The Western blot test can be used to help
discern differences between related organisms. and has been utilized to confirm S.
neurona infection in California harbor seals (Lapointe et al., 1998). However, this test is
labor intensive and expensive, and users may encounter problems with specificity when

attempting to discern between closely related taxa (Rossano et al., 2000; Marsh et al..

2001).
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Each type of serological test has inherent strengths and weaknesses. A serologic
test should be selected that best complements the anticipated testing conditions and
project goals. For this dissertation research, we were utilizing otter and seal serum
collected at necropsy. or during field sampling of live animals, where prolonged intervals
between sample collection and processing could occur. Concerns about serum hemolysis
were a deciding factor in our decision to develop immunofluorescent antibody tests
(IFATs) to screen sea otters and harbor seals for exposure to 7. gondii and S. neurona.
Because of the fluorescence-based reporting system used in IFATSs, they are less
susceptible to error due to hemolysis or cellular debris than agglutination and ELISA-
based assays (Dubey et al.. 1996b; Packham et al.. 1998). In addition. test sensitivity and
specificity were shown to be good. and cross-reactivity minimal when IFATs were
utilized to detect the presence of serum antibodies to 7. gondii and related apicomplexan
parasites (Dubey et al.. 1996b: Packham et al. 1998). Unfortunately. IFATs are more
labor intensive and subjective in their interpretation than ELISAs and agglutination tests
(Dubey et al., 1996b: Packham et al., 1998). Thus. standardizing conditions for test
preparation and interpretation is essential (Packham et al.. 1998). Because species-
specific secondary antibodies were not available, these tests were developed using
commercially available antisera raised against ferrets (for sea otters) and canines (for
harbor seals). Polyclonal fluorescence (FITC)-labeled anti-ferret (otters) or anti-canine
(seals) antisera were used as the assay reporter system (see Chapters 3 and 4 for details).

IFATS for detecting circulating IgG to T. gondii and S. neurona in otters and

seals were developed. and the sea otter 7. gondii IFAT was validated using positive and
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negative control sera. Toxoplasma gondii infection was confirmed via immunohistochem-
ical identification of parasites and/or in vitro isolation of parasites from brain tissue.

The validated T. gondii IFAT was used to screen serum collected from free-living
otters in California, Washington and Alaska. The proportion of seropositive otters from
each geographically distinct sea otter population was compared. as well as the proportion
of seropositive dead versus live California sea otters (Chapter 4). The IFATS for S.
neurona and N. caninum were not validated because of the low number of positive

control animals identified during this study.

(xi) Risk Factors for Sea Otter Exposure to Toxoplasma gondii

Techniques for quantitatively estimating risk of exposure to infectious agents are
frequently utilized in veterinary and human medicine (Kulldorf and Nagarwalla. 1995:
Morris et al., 1995; Weigel et al.. 1995; Yanga et al.. 1995; Carpenter and Gardner. 1996:
Atwill et al., 1997; Bobic et al., 1998; Kulldorf et al.. 1998: Greiner and Gardner 2000;
Saville et al.. 2000a. 2000b; Carpenter, 2001). A variety of potential risk factors may be
evaluated using epidemiological techniques, including demographic factors such as
gender. and environmental factors such as association of the presence of disease with
certain habitats. Because many diseases cluster in both time and space, investigation of
spatio-temporal patterns of infection may provide important clues regarding disease
transmission and may facilitate control (Carpenter, 2001). Quantitative techniques for
assessing risk of infection or disease are not commonly applied to wildlife populations
(Atwill et al., 1997; Ley et al., 1997; Hartup et al.. 1998), in part because of the difficulty

of obtaining sufficient sample size to achieve adequate statistical power. However. when



specific risk factors are identified in wildlife populations, these data may indicate new
and important pathways for investigation, or suggest routes for intervention to lessen the
impact of pathogens on wildlife populations (Hartup et al., 1998).

A final goal of my dissertation research was to investigate potential risk factors
for T. gondii exposure for sea otters, so that patterns of exposure in the nearshore marine
environment of California could be better understood. This study is described in Chapter
5. Three major categories of risk factors were assessed: demographic, environmental and
spatial risk factors. Demographic data were collected at the time of capture or necropsy.
and included gender, age class, total length, and sampling date. Environmental data
included the proximity of each otter’s sample location to large freshwater outflows (eg
streams and rivers). municipal sewage outfalls or areas of dense human settlement.
Finally. the location of each otter at the time of live-sampling or carcass recovery was
analyzed to detect spatial clustering of 7. gondii-seropositive or seronegative otters along
the California coast. The overall goal of the risk study was to identify specific factors that
were associated with increased or decreased odds of 7. gondii exposure, and to provide

preliminary data for subsequent, site-focused research.
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Abstract A protozoan was isolated in cell culture from
the brain of a free-ranging sea otter with fatal menin-
goencephalitis. The biological history of this otter, a
study animal being monitored via an intraperitoneal
radio transmitter, is summarized. Histologically, proto-
zoal parasites were associated with areas of brain
inflammation and necrosis in the cerebrum and cere-
bellum. Morphology and measurements of fixed, Gi-
emsa-stained protozoal zoites growing on coverslips
were consistent with Sarcocystis. These parasites reacted
only with polyclonal antisera raised against S. neurona
on immunohistochemistry. Cell culture-derived zoites
reacted strongly with polyclonal antiserum to S. neurona
on indirect fluorescent antibody tests. Amplification of
portions of the 18S ribosomal DNA and the adjacent
first internal transcribed spacer were performed.
The resulting sequences were compared with published
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sequences from similar apicomplexan protozoa. This
isolate (SO SN,). was indistinguishable from S. neurona,
based on parasite morphology. antigenic reactivity and
molecular characterization.

introduction

Protozoal brain infections in marine mammals have
been reported previously in cetaceans, mustelids, pinni-
peds and sirenians (Van Pelt et al. 1973; Migaki et al.
1977; Buergelt et al. 1983; Holshuh et al. 1985; Cruick-
shank et al. 1990; Inskeep et al. 1990; Migaki et al.
1990; Thomas and Cole 1996; Lapointe et al. 1998,
Oksanen et al. 1998; Rosonke et al. 1999; Cole et al.
2000; Lindsay et al. 2000; Mikaelian et al. 2000). Cases
have been reported from both captive (Lapointe et al.
1998; Rosonke et al. 1999) and free-ranging (Buergelit
et al. 1983; Holshuh et al. 1985) marine mammals. The
parasite implicated in most cases was Toxoplasma gondii
(Van Pelt et al. 1973; Migaki et al. 1977; Buergeit et al.
1983; Holshuh et al. 1985; Cruickshank et al. 1990;
Inskeep et al. 1990; Migaki et al. 1990; Di Guardo et al.
1995). However, reports were generally anecdotal and
most did not include parasite isolation and character-
ization techniques.

Since that time, protozoal encephalitis has been rec-
ognized as a significant cause of mortality in free-living
marine mammals from coastal California. In 1998,
Sarcocystis neurona was reported from seven Pacific
harbor seals (Phoca vitulina richardsi) with fatal menin-
goencephalitis (Lapointe et al. 1998). These harbor seals
had died between 1992 and 1998. And all were recovered
from the California coastline between Sea Ranch,
Mendocino County and metropolitan San Francisco.
Western blotting revealed that four of five seals tested
had serum antibodies reactive to antigens from S. neu-
rona. Protozoa in brain tissue from all cases stained
positively by immunohistochemistry, using antisera
raised against S. neurona antigens, but parasite isolation
was not attempted. In September, 1998, we examined a



wild, adult female harbor seal from Zmudowski State
Beach, in the mid-coastal region of Monterey Bay,
California. This seal was found alive, but died within
hours of hospitalization. Clinical signs prior to death
consisted of seizures, tremors and obtundation. Histo-
logical examination of the cerebrum and cerebellum
revealed severe non-suppurative meningoencephalitis;
and two distinct protozoan parasites were isolated from
the brain tissue and cerebrospinal fluid (Miller et al.
2001). These parasites were separated by mouse inocu-
lation and limiting dilution. They were found to be
indistinguishable from S. neurona and T. gondii. using
immunohistochemistry, serology (indirect fluorescent
antibody tests; IFAT) and polymerase chain reaction
(PCR) amplification and sequencing of two different
DNA fragments.

Protozoal meningoencephalitis was first reported in
southern sea otters (Enhydra lutris nereis) from Cali-
fornia in 1996 (Thomas and Cole 1996). This disease
syndrome was soon recognized as a significant source of
southern sea otter mortality, responsible for the deaths
of 8.5% of fresh dead California otters examined by the
National Wildlife Health Center (Thomas and Cole
1996). Initial parasite characterization was suggestive of
T. gondii infection in most cases. However infection by
another, as yet uncharacterized, protozoan was sus-
pected (Thomas and Cole 1996). In 1998, a captive
northern sea otter (E. /. kenyoni). housed at a public
aquarium in coastal Oregon. died after developing pro-
gressive neurological deficits (Rosonke et al. 1999).
Postmortem examination revealed non-suppurative
meningoencephalitis, associated with large numbers of
protozoal parasites that stained strongly positive for
S. neurona on immunohistochemistry. Seropositivity
was confirmed by Western blot analysis, but parasite
isolation and characterization were not performed.

In November 1999, Lindsay et al. (2000) isolated
S. neurona from a wild, juvenile male southern sea otter
from northern Monterey Bay. A 1,100-bp fragment of
the first internal transcribed spacer (ITS 1) region was
amplified. followed by restriction enzyme digestion to
determine the phylogenetic relationship between their
protozoal isolate and S. neurona obtained from horses.
Sequence analysis of the partial 18S and entire ITS por-
tions of the parasite DNA were not reported. No data
were available on the animal prior to hospitalization.

In May, 1999, we isolated a protozoal parasite from a
free-living juvenile male sea otter that was recovered
from the same geographic area as the infected harbor
seal discussed above. Brain histology revealed multifocal
encephalitis and meningitis with moderate numbers of
intralesional protozoal parasites. This sea otter had been
implanted with an abdominal radio transmitter to fa-
cilitate frequent observation for studies on food habits
and post-weaning survival. It had been monitored at
intervals of 1 to 3 days for 34 days prior to being found
dead. Extensive information was collected on the ani-
mal’s location, behavior, daily movements, prey species
consumption and interactions with other otters. The

present paper summarizes the biological data from this
sea otter, together with the results of our efforts to iso-
late and characterize the protozoan parasite seen in as-
sociation with lesions in its brain tissue.

Materials and methods

Case history

A male southern sea otter pup was found stranded on San Carlos
Beach, Monterey, California on December |, 1998. There were no
signs of illness or injury, but the pup was exhausted and partially
emaciated (6.2 kg). It was estimated to be 16 weeks old. Due to the
pup’s young age and poor nutritional condition. it was presumed
that the otter had become separated from its mother and was un-
able to forage for itself. On admission to the Monterey Bay
Aquarium veterinary facilities, preliminary laboratory data (com-
plete blood count and blood chemistry panel) were unremarkable.

Initial prophylactic therapy consisted of subcutanecous fluids
(lactated Ringer's solution), antibiotics (procaine/benzathine peni-
cillin) and gastric mucosal protectants (cimetidine). Standard re-
habilitation procedures were followed for this animal during
84 days of hospitalization (Williams et al. 1995), during which it
was held in seawater tanks maintained as a flow-through.
sand-filtered seawater system. Scawater supplying the pools was
obtained from a standpipe located 300 m offshore in water
approximately 20 m deep. While hospitalized, the otter was fed a
variety of prey items. consisting of previously frozen surf clam foot
and adductor muscle (Spisulu solidissima). shrimp (Penueus van-
namei), Icelandic cod (Gadus morhua). squid (Loligo opalescens),
both fresh and frozen whole manila clams (Tapes sp.), and fresh,
live cancer crab (Cuancer anntenarius). all purchased from com-
mercial vendors.

No behavioral or physical abnormalities were detected during
the period of captive rehabilitation, and normal rates of weight
gain and behavioral development were observed. A radiotrans-
mitter was placed in the abdomen by ventral midline celiotomy on
January 21, 1999, using standard anesthetic procedures (oxymor-
phone/diazepam/isofturane). Intra-operative serum chemistry and
complete blood counts were unremarkable and post-surgical
recovery was uneventful.

The animal was released at Seal Bend, Elkhorn Slough. Mon-
terey County, California, on February 23, 1999. At the time of
release, the otter was in excellent nutritional condition (11.4 kg)
and met all appropriate weight and behavioral criteria for its sex
and age (Williams et al. 1995). Elkhorn Slough is composed of
shallow tidal channels with a sand or mud bottom and is commonly
used by sea otters for resting and foraging (Silberstein and
Campbell 1989). Invertebrate prey species found in the slough in-
clude mussels (Myrilus edulis). Washington clams (Saxidomus nut-
tallii), gaper clams (Tresus nuttallii), sand crabs (Puchygrapsus spp.
and Hemigrapsus spp.) and fat inkeeper worms (Urechis cavpo;
Morris et al. 1990). The slough is a seasonal estuary, with minimal
freshwater inflows during periods of low precipitation (i.e. summer
and fall). Adjacent terrestrial habitat consists of areas of salt marsh
(designated as a wildlife refuge). agricultural fields, a commercial
dairy and scattered private residences. Behavioral observations
were obtained at intervals of 24-48 h, until the animal was found
dead 34 days after initial release.

Postmortem examination and immunohistochemistry

The otter was found dead in a tidal channel at Seal Bend on March
28. 1999, and was transported to the Marine Wildlife Veterinary
Care and Research Center, operated by the California Department
of Fish and Game in Santa Cruz, California, where it was necropsied
upon arrival. The estimated postmortem interval was 3 days. Se-
lected tissues were immersion-fixed in 10% neutral buffered forma-
lin. Trimmed. formalin-fixed tissues were processed and embedded



in paraffin. Five pm sections were cut, stained and examined using a
light microscope. In addition, 4 ym sections of cerebrum, cerebel-
lum, medulla. lung, liver, spleen, pancreas, hilar lymph node, thy-
mus, testicle and epididymis were immunohistochemically stained.
using rabbit-derived polyclonal antlisera to Sarcocystis neuronu
(UCD-SN\1). Toxoplusma gondii (ME49), and Neospora caninum
(BPA 1), as previously described (Lapointe et al. 1998).

Protozoal parasite culture

Brain tissue was collected aseptically at the time of necropsy and
was processed for parasite isolation in stationary cell cultures of
monkey kidney cells (MA104; Biowhittaker, Walkersville, Mary-
land; Conrad et al. 1993a; Marsh et al. 1998). All cultures were
maintained at 37 °C in 5% CO>, and were checked three times
weekly under an inverted microscope for signs of parasite growth.
The medium was renewed three times each week, on alternating
days. Isolated parasites were maintained in cell culture and pas-
saged to uninfected monolayers (Conrad et al. 1993a).

Indirect fluorescent antibody testing

An IFAT was performed as previously described (Conrad et al.
1993b) to antigenically characterize the protozoal parasites
obtained from the sea otter. Briefly, protozoal zoites derived from
the sea otter isolate were harvested by cell scraping and centrifu-
gation, and were then diluted to 5.000 zoites/pl. Aliquots (10 pl) of
the parasite suspension were dotted onto multi-well IFAT slides
(Erie Scientific, Portsmouth, N.H.), formalin-fixed and air-dried.
The same panel of rabbit-derived polyclonal antisera to S. neurona,
T. gondii and N. caninum zoite antigens utilized for immunohisto-
chemistry was also used for IFAT; and a 1:300 dilution of fluo-
rescein-isothiocyanate-conjugated goat anti-rabbit IgG was used as
a secondary antibody. Zoites derived from fully characterized
protozoal isolates from domestic animals and humans served as
positive and negative controls. The last well exhibiting distinct
whole parasite fluorescence was the reported titer.

Molecular characterization

Molecular characterization of isolated parasites was accomplished
by PCR amplification and subsequent cycle-sequencing of two
nuclear genetic markers: a portion of the 18S ribosomal DNA
(rDNA) and the entire adjacent ITS-1. as previously described
(Marsh et al. 1995, 1996, 1999). Genomic DNA was extracted and
purified from zoites grown in cell culture using an IsoQuick nucleic
acid extraction kit (ORCA Research, Bothell, Wash.). The nucle-
otide sequences of complementary strands were aligned and com-
pared; and a contiguous nucleotide sequence was determined for
each gene fragment, using the Sequencher 3.0 program (Gene-
Codes. Ann Arbor, Mich.).

Published sequences of 18S rDNA and ITS! + 5.8S rDNA
from protozoal parasites of domestic animals and humans were
imported from GenBank. and then aligned and compared with the
sequences obtained from the sea otter isolate (designated SO SN).
ClustalW (Thompson et al. 1994) was used to perform initial
alignments; and subsequent editing and positional analysis were
conducted using MacClade 3.7 (Maddison and Maddison 1992).

Resuits

Case history

During post-release radio monitoring, the otter was never
observed to move more than 2 km from the point of re-
lease at Seal Bend, Elkhorn Slough, nor to venture into
the open ocean 2 km away. Several instances of contact
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with other otters were observed and this otter often rafted
with other otters when sleeping. The animal's foraging
activity was focused near the south bank of Elkhorn
Slough, near a commercial dairy located at the shoreline.
Foraging behavior was observed on several occasions and
the animal appeared to be developing a normal foraging
pattern and maintaining its body weight. Favored prey
items included small mussels, clams and crabs. No ab-
normal behavior was observed at any time during the next
34 days of observation. The last period of monitoring was
4 days prior to the otter being found dead on March 28,
1999. On that day, the telemetry signal obtained was
typical of an animal alive and resting in the water; how-
ever visual observation was not recorded at the time.

Postmortem examination and immunohistochemistry

Gross postmortem findings consisted of moderate ema-
ciation, characterized by symmetrical muscle thinning
and serous atrophy of body fat. Body weight on recov-
ery was 9.7 kg, reflecting approximately 15% weight loss
since release. No evidence of trauma was noted. and
postmortem radiographs were unremarkable. The gas-
trointestinal tract was empty and low numbers of
acanthocephalan parasites (Corynosoma sp.) were
attached to the intestinal mucosa. A mixture of sand and
mud was present in the trachea and bronchi of the right
lung field. Moderate expansion of the pulmonary inter-
lobular septae by serosanguinous fluid was noted.
Several hundred milliliters of similar fluid were present
in the thoracic cavity. The brain appeared soft grossly,
but was otherwise unremarkable. Moderate postmortem
decomposition was noted.

Microscopic examination of sections of cerebrum,
cerebellum and brainstem revealed numerous small
nodules of non-suppurative inflammation and gliosis
within both gray and white matter tracts, with moderate
numbers of intralesional free zoites and intracellular
protozoal schizonts. Some schizonts were arranged in a
prominent rosette pattern. Prominent perivascular cuffs
of mononuclear cells were present in the meninges and
superficial neuropil. The inflammation was most severe
in sections of cerebellum. The spinal cord was not
available for examination.

Parasite profiles in sections of cerebrum and cere-
bellum stained strongly positive using antiserum to
S. neurona on immunohistochemistry. Positively stained
protozoal schizonts and free zoites were associated with
areas of inflamed neuropil. These same parasites did not
stain when T. gondii or N. caninum antiserum was uti-
lized. All other tissues were negative for staining for ail
three parasites.

Protozoal parasite culture

A protozoal parasite was first detected in MA104 cell
cultures 42 days after initial culture inoculation with



trypsinized cerebrum and cerebellum from the otter.
Both intracellular schizonts and free zoites were
observed in this culture, with some schizonts arranged in
a prominent rosette pattern. The free zoites were long
and slender (averaging 4 x | ym on fixed, Giemsa-
stained slides, with a range of 3-S5 um x 0.8-1.5 pm,
n = 30 zoites), with active, circum axial motility, similar
to previous isolates of Sarcocystis neurona that we ob-
tained from horses and harbor seals (K. Sverlow and
M. Miller, unpublished data).

Indirect fluorescent antibody testing

Antigenic characterization of purified zoites from this
isolate revealed strong positive staining with S. neurona
antisera (1:2,560 titer by IFAT). Reactivity to T. gondii
and N. caninum antisera were below initial screening
values (<1:40 for each, titer by IFAT). Based on parasite
morphology in cell culture and the results of antigenic
characterization. this sea otter isolate was designated sea
otter S. neurona 1 (SO SN,).

Molecular characterization

We successfully obtained sequences of both 18S rDNA
and the adjacent ITS | from protozoal isolate SO SN;,.
The 18S rDNA amplification product was 530 nucleo-
tides long and extended from the 5’ end of the 18S
rDNA. The ITS | amplification product was 1,053
nucleotides in length, encompassing the entire ITS 1
DNA segment. Both sequences were deposited in
GenBank: 18S rDNA as GenBank accession number
AYO009112 and ITS | as GenBank accession number
AY009113. The 18S sequence was indistinguishable
from the published 18S sequences of S. neurona ob-
tained from horses (GenBank accession number
U33149; Dame et al. 1995) and harbor seals (GenBank
accession number AF252406; Miller et al. 2001); and
the ITS 1 sequence was indistinguishable from pub-
lished ITS 1 sequences from horses (GenBank accession
number AF081944; Marsh et al. 1999) and harbor seals
(GenBank accession number AF252407; Miller et al.
2001). Based on these direct comparisons of the 18S
rDNA and ITS | sequences, the SO SN, isolate from
the sea otter was genetically indistinguishable from
S. neurona.

Conclusions

How sea otters become infected with Sarcocystis neurona
is unknown. The opossum (Didelphis virginiana) is rec-
ognized as a definitive host of S. newurona, shedding
sporocysts infective for horses (Fenger et al. 1995).
However other, unrecognized definitive hosts may also
exist. Opossums were introduced to California in 1910
(Jameson and Peeters 1988) and are present in the
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vicinity of Elkhorn Slough, where this sea otter lived and
foraged. Sea otters began using Elkhorn Slough as a
resting and foraging area around 1984 (Kvitek and Ol-
iver 1988; Kvitek et al. 1988). The recent recognition of
severe encephalitis associated with S. neurona-like par-
asites in sea otters and harbor seals in coastal California
may be due to increased exposure lto S. newrona
sporocysts shed by introduced opossums.

These sporocysts may be present in surface runoff
(Benenson et al. 1982; Aramini et al. 1999) and could
potentially be concentrated through the filter-feeding
activity of bivalve prey species fed upon by sea otters.
Protozoal cysts/oocysts of Giardia, Cryptosporidium and
Cyclospora can be concentrated within filter-feeding
bivalves, both experimentally and under natural condi-
tions (Fayer et al. 1998; Graczyk et al. 1998a, b, 1999a,
b). Many types of bivalves, including mussels, clams and
oysters, have been shown to efficiently remove and
concentrate protozoal cysts/oocysts when exposed to
contaminated water. Mussels and clams represent key
prey items for sea otters (Kvitek and Oliver 1988; Kvitek
et al. 1988). California sea otters spend most of their
time in the water and consume up to 25% of their body
weight each day in bivalves and crustaceans (Reidman
and Estes 1990). Thus contamination of marine bivalves
by oocysts derived from sewage or surface runoff may be
an effective mechanism for protozoal infection of sea
otters.

The length of time between exposure to sporocysts
and development of clinical signs in sea otlers is un-
known, so the location of initial exposure to S. neurona
for this otter is uncertain. A tissue cyst stage has never
been detected for S. neurona, but we cannot discount the
possibility of reactivation of a latent infection. This otter
was clinically normal throughout its period of captivity,
remained clinically normal for at least one month post-
release and was never observed to venture outside of
Elkhorn Slough. Therefore, it is likely that the animal
was exposed to S. neurona sporocysts while living and
feeding within the slough, and not during the preceding
period of captive hospitalization. Since 1999, two addi-
tional sea otters have stranded in the vicinity of Elkhorn
Slough with clinical signs suggestive of protozoal en-
cephalitis. These otters exhibited marked elevation in
IFAT titers to both Toxoplasma gondii and S. neurona;
and they exhibited partial to complete resolution of
neurological deficits after prolonged antiprotozoal
therapy.

In 1998, we isolated a parasite indistinguishable from
S. neurona from an adult female harbor seal which
stranded approximately 3 km from the stranding loca-
tion of this otter (Miller et al. 2001). Large numbers of
harbor seals use the mud banks in Elkhorn Slough as a
resting site during the day and leave the area at night to
feed on squid and fish in nearby Monterey Bay. Harbor
seals do not typically consume bivalves, so alternative
routes of protozoal exposure, such as direct contact with
contaminated mud or water, are also possible. Future
epidemiological research may implicate Elkhorn Slough



as a relatively “high risk™ area for protozoal infection
for sea otters and seals.

This paper reports the successful isolation and both
antigenic and molecular characterization of an S. neu-
rona-like parasite from a free-ranging southern sea otter
with fatal meningoencephalitis. These results build on
previous data presented by Lindsay et al. (2000), in
which molecular characterization was based upon
restriction fragment length polymorphism analysis only.
In the current paper, phylogenetically informative
regions of the 18 S rDNA and ITSI nuclear DNA from
our isolate were amplified, sequenced and directly
compared to published sequences for S. neurona from
horses. Based on parasite morphology in cell culture,
immunohistochemistry, antigenic characterization and
DNA amplification and sequencing. this protozoal iso-
late, designated SO SN,, appears antigenically and
molecularly distinct from T. gondii and Neospora cani-
num, but is indistinguishable from S. neurona from
horses. Additional data are presented on the affected sea
otter's biological history; and we describe a possible
focus of sea otter and harbor seal protozoal infection at
Elkhorn Slough, California.
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ISOLATION AND CHARACTERIZATION OF TWO PARASITIC PROTOZOA FROM A
PACIFIC HARBOR SEAL (PHOCA VITULINA RICHARDSI) WITH

MENINGOENCEPHALOMYELITIS
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ABSTRACT:  Two species of protozoans were isolated tfrom a harbor scal with fatal meninogocncephalitis. Scrologic reactivity
was detected to both Sarcacvstis neurona and Toxoplasma gondii. Parasites associated with brain inflammation and nccrosis
reacted only with immunohistochemical stains utilizing polyclunal antiscra raiscd against Sarcocystis neurona. However, 2 distinet
parasites were observed in cell cubtures derived from the scal’s brain tissuc. These parasites were scparated by mouse passage
and limiting dilution. Purificd zoitcs from 1 isolate (HS}) rcacted strongly with polyclonal antiscrum to S. neurona and with the
harbor scal’s own scrum (1:2.560 for cach) on indircct immunofluorescent antibody tests (IFAT). but wcakly to antiscra to T.
gondii and Neospora caninum (1:40). Zoites from the sccond isolate (HS2) reacted positively with T2 gondii polyclonal antiscrum
(1:81.920) und with the harbor scal’s own serum (1:640). but weakly to S. neurona and N. caninum antiscra (1:80 or less).
Amplification and sequence analysis of protozoal DNA cncoding portions of the [8s ribosomal RNA (18s rDNA) and the adjacent
first internal transcribed spacer (ITS1) were performed for both isolates. and resulting sequencecs were compared to those from
similar protozoans. Bascd on molccular characterization, parasite morphology, scrologic reactivity, histology. and immunohisto-

chemistry, HS1 was indistinguishable from S. neurona. and HS2 was indistinguishablc from 7. gondii.

Protozoan infections of the brain have been diagnosed in wild
and captive marinc mammals worldwide. Cetaceans, pinnipeds,
sirenians, and sea otters have all been found to be infected (Van
Pelt et al.. 1973; Buergelt and Bonde, 1983; Holshuh ct al..
1985: Cruickshank ct al., 1990: lnskeep ct al., 1990; Migaki et
al., 1990; Di Guardo ct al., 1995; Thomas and Cole. 1996;
Lapointe ct al., 1998: Oksanen ct al.. 1998; Cole ct al., 2000;
Lindsay et al.. 2000: Mikaelian et al., 2000). A number of pro-
tozoans, including Toxuplusma gondii and Sarcocystis neurona
have been implicated in these infections, but precise molecular
and antigenic characterization of these parasites has been lim-
ited. In some cascs. protozoan infections have been associated
with concurrent infection by other agents. such as morbillivirus
or staphylococcal bacteria (Van Pelt and Dietrich, 1973; Di
Guardo et al., 1995). However in other cases, no other contrib-
uting factor was found, and the protozoan infection was felt to
be the primary cause of morbidity or mortality (Lapointe ct al.,
1998; Rosonke ct al., 1999; Cole et al., 2000). Pacific harbor
scals (Phoca vitulina richardsi) occur along the entire coast of
California. Although California populations of harbor seals ap-
pear stable, discases that affect these animals may have great
importance for management of less numerous sympatric species,
such as threcatened southern sea otters (Enhyvdra lutris nereis).

Protozoan meningoencephalitis was first recognized as a
cause of mortality in Pacific harbor seals from Northem Cali-
fornia in 1992 (Lapointe et al., 1998). Affected animals were
found dead or stranded. with weakness, depression, head trem-
ors. mydriasis, and scizurcs, and usually died within hours of
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haspitalization. Common to all 7 reported cases was severe
nonsuppurative meningoencephalitis, associated with prolifer-
ating protozoal schizonts and zoites. Preliminary evaluations
implicated S. neurona as the causative agent in all cases (La-
pointe ct al., 1998). However as yet, the parasite has not been
isolatcd and comparcd with S. neurona isolates from horses.
In the present paper, in vitro cultivation and characterization
of 2 distinct protozoal parasites isolated from brain tissue and
cerebrospinal fluid (CSF) of a harbor seal with fatal meningo-
encephalitis are reported. Antigenic analysis and molecular
techniques were used to directly comparc these protozoan par-
asites with those obtained from domestic animals and humans.

MATERIALS AND METHODS
Postmortem examination and immunchistochemistry

On 8 Scptember 1998, an adult female Pacific harbor scal was found
depressed. scizuring, and unresponsive on Zmudowski State Beach, 32
km northwest of Monterey, Califormia, and was transported to a local
rchabilitation facility. The 65-kg female harbor scal was in poor nutri-
tional condition, with bilatcral mydriasis and poor pupillary light re-
sponscs. She dicd shortly after admission and was shipped on ice to the
University ol California Vetcrinary Medical Teaching Hospital for nee-
ropsy. Blood was collected by cardiocentesis prior to necropsy exami-
nation. A detailed gross postmortem cxamination was pertormed. in-
cluding bacterial cultures from samples of lung, brain. spleen, bronchus,
and colon, and tissucs were collected for histopathological examination.
The following tissucs were fixed in 102 ncutral buffered formalin:
brain, spinal cord. multiplc skelctal muscles. myocardium, diaphragm.
tongue, spleen. kidney, liver, adrenal gland. lung, and multipic lymph
nodes. Formalin-fixed tissues were trimmed. routincly processed for
paraffin embedding, scctioned at 5 wm, and stained with hematoxylin
and cosin (H&E). Immunohistochemical stains were performed on se-
lected sections of formalin-fixed, paraffin-cmbedded brain. spinal cord,
myocardium. skcletal muscle. tongue, liver. adrenal gland, and lung.
Polyclonal antiscra were produced by inoculation of rabbits with iso-
latcs of S. nenruna (UCD-SN1). Sarcocystis falcatula (UCD-SF1), and
Neaspora caninum (BPA 1) (Conrad, Sverlow ct al., 1993; Marsh ct al.,
1996, 1998; Packham ct al.. 1998). Polyclonal 7. gondii antibodics were
preparcd via rabbit inoculation as follows: a 3.5-kg adult female New
Zcaland White rabbit was injected subcutancously (s.c.) with 3.5 x 10*
killed, culturc-derived 7. goadii (ME49) tachyzoites raised on monkey
kidncy (MA104) cclls: 37 days later. the rabbit was inoculated s.c. with



100 live. culturc-derived 7. gondii (ME49) tachyzoites grown in guinca
pig lung fibroblasts (ATCC CCLI58); 29 days after live tachyzoite in-
oculation, the rabbit was cuthanized and exsanguinated.

The Dako EnVision + System HRP (AEC) Rabbit Kit (Dako Cor-
poration. Carpinteria. California) was used to visualize sites of antibody
binding. Paraffin scctions (3 pm) were incubated for 10 min with 34
hydrogen peroxide in absolute methanol to block endogenous peroxi-
dase, placed in pepsin digestion solution for 15 min at 37 C, then
wushed in tap witer for § min. The slides were soaked in phosphate-
buffered saline (PBS) for 3 min and placed in blocking solution (PBS/
0.5% cascin) for 10 min at room femperature to prevent nonspecific
antibody binding. Primary antibodics were applicd for 30 min at room
temperature, followed by a PBS wash. The following optimal primary
antibody dilutions were used: 1:1,600 for S. newrona, 1:1,600 for S.
falcarula, 1:1.500 for T. gondii, and 1:400 for N. caninum. Next. all
slides were treated with Dako EnVision lubeled polymer HAP solution
from the Dako kit for 30 min at room temperature then washed with
PBS. Dako EnVision AEC substratc chromogen solution was applicd
to cach slide for 10 min at room temperature, followed by rinscs in
PBS and then running water. Mayer’s hematoxylin was used as a coun-
terstain, Tissuc blocks containing protozoa from experimentally infected
mice (7, gondii. N. caninum. and S. neurona) or budgerigars (S. ful-
catula) were usced as controls. These tissue scts were used as positive
controls for antisera raiscd against the same parasites and negative con-
trols for antiscra raiscd against the other parasites.

Serology

Scrum from the harbor scal was examined for the presence of anti-
bodics to T. gondii. N. caninum. and S. ncurona using indircct immu-
nofluarcscent antibody tests (IFAT). In these tests, culture-derived zoites
of S. neurona (UCD-SN), T. gondii (ME49), or N. caninum (BPA1)
ariginally isolated from domestic animals or humans were harvested by
scraping when >50% of the monolayer cells were infected. Sarcocysris
neurona-infected cells were centrifuged at 1,500 g for 10 min. and the
resulting pellet was resuspended in 3 ml sterile PBS. The cell suspen-
sion was passcd 3 times through a 22-gauge ncedle to distupt the cells.
The suspended S. newrona zoites were adjusted to a final concentration
of 5,000 zoites/pnl PBS and dotted onto cach of {2, 4-mm wells of IFAT
slides (Eric Scientific. Portsmouth, New Hampshire). The 7. gondii and
N. caninum parasite suspensions were passed through a PD10 Sephadex
(Sigma. St. Louis. Missouri) column to remove feeder layer cells. The
cffluent was centrifuged again, and the purificd zoite pellet was resus-
pended to a final concentration of approximately 5.000 zoites/ul in ster-
ile PBS. dotted onto IFAT slides, and air-dried. Resulting slides were
fixed in 10% necutral butfered formalin for 10 min, rinsed in PBS, air-
dricd, and stored at —70 C until used.

The harbor scal’s scrum was diluted in PBS by doubling dilutions
from 1:40 to 1:81,920, and 10 pl of cach dilution was placed in scparate
wells of the IFAT slides. After incubation for | hr at 37 C. the slides
were washed 3 times in PBS. A 1:100 dilution (10 gD) of FITC-con-
jugated rabbit anti-canine 1gG (Affini-Purc, Jackson immunorcscarch.
West Grove. Pennsylvania) was added to cach well. After an additional
1 hr of incubation. the slides were washed 3 times and mounted in
buffercd (pH 8.5) glyccrol. The wells were examined using fluorescence
microscopy at X200. and the last well with distinet parasite outline
fluorcscence was the reported titer.

Parasite isolation

CSF and brain tissuc were collected aseptically at the time of nee-
ropsy and uscd for parasite isolation in stationary cultures of monkey
kidney cells (MA104. BioWhittaker, Walkersville, Maryland) using
methods moditicd from Conrad. Barr ¢t al. (1993) and Marsh ¢t al.
(1997). Bricfly. poolcd samples of cerebrum and cerchellum were
placed in chilled, sterile antibiotic saline (0.85% saline with 100 [U/ml
penicillin G and 100 pg/ml streptomycin) for transport to the culture
laboratory. After decanting the antibiotic saline. the tissucs were ho-
mogenized using a 12 mi syringe with a 14-gauge ncedle. Brain ho-
mogenate (! ml) was added dircctly to 5 mil of protozoal culture me-
dium (Dulbccco’s modified cssential medium [DMEM]. supplemented
with 10% heat-inactivated bovine scrum. 2 mM t-glutamine, and 50
IU/ml penicillin G and 50 pg/ml streptomycin) in a T25 flask containing
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90% conflucnt MA 104 cclls. Additionally, | ml of CSF was applicd
dircetly to the MAL04 cells in a T25 flask.

All flasks were incubated for 2 hr at 37 C in 5% CO,. A scecond |-
ml aliquot of brain homogcnate was placed in a tube containing 10 !
of 0.05% trypsin and was incubated at 37 C for | hr. The digested
material was centrifuged for 10 min at 1,500 g, and the resulting pelict
was resuspended in a minimal volume of warm medium and added to
a T25 flask containing MAI104 cells. After incubation, the medium
mixed with homogenate or CSF was removed and discarded. and the
flasks were gently rinscd 2 times with warm media. After the sceond
rinse, S ml of warm medium was placed in cach tlask, and the culturcs
were returned to the incubator. An additional isolation attcmpt was
madc following storage of the brain homogenate at 4 C for 7 days. The
stored homogenate was trypsinized and inoculated onto MAT04 cells
as described above.

To prevent cruss-contamination of parasites, uninfected MALOY cclls
were maintained in a separate incubator from infected cell cultures, and
distinet parasite isolatcs in ccll culture were maintained cither in scpa-
ratc incubators or on different shelves within the same incubator. Sterile
disposablc pipctics were used to add fresh culture medium to infected
or uninfected cells, or for passage of parasites. All cell cultures, infected
and noninfected, were maintained at 37 C in §% CO, and were checked
3 times weckly for signs of parasitc growth or contamination when the
media was changed.

Isolated parasitcs were maintained in ccll culture and passaged to
uninfected monolaycrs as previously described (Conrad, Barr ot al.,
1993). The nontrypsinized brain homogenatce and the stored. trypsinized
homogenate both produced 2 morphologically distinct types of zoites
in cell culture. The 2 zoitc types. designated HIST and HS2, were sep-
aratcd by passage in mice and in vitro cultivation after limiting dilution.

Separation of parasites by mouse passage and in vitro
cultivation

To purify a T. gondii-like isolate (HS2) that predominated in brain-
derived cultures after multiple passages. live zoites obtained from pas-
sage (P)22 (420 days) ccll cultures were inoculated into BALB/c mice.
Intccted MALO4 cells were harvested by scraping and werc passed 3
times through a 22-gauge ncedie to disrupt the cells. Resulting free
tachyzoites were counted with a hemacytometer and adjusted 1o 2.5 X
10* parasites/ml of sterile PBS. Female BALB/c mice weighing ~25 g
were inoculated s.c. with 500 (n = 2) or 5,000 (n = 2) livc tachyzoites
and were maintained ad libitum on pellctized feed and water. On post-
inoculation day (P1D) 10, 1 mousc rcceiving 5,000 tachyzoitcs was
moribund and was cuthanizcd. Lung and splcen were removed and ho-
mogenized as a single tissue pool. Half of the brain was processed as
a scparate tissuc pool, and the other half was immersion-fixed in for-
malin for histopathology and immunohistochemistry. Each homoge-
nized tissuc pool was inoculated into 2 T25 flasks containing uninfected
MAI104 celis and incubated as described above.

The remaining mice were given 0.5 mg/mi sulfadiazenc (Sigma) in
water. On PID 14, the other mousc injected with 5,000 tachyzoitcs was
moribund. It was bled and cuthanized. and tissue cultures were inocu-
lated with separate pools of homogenized lung and spleen and homog-
enized brain, as described above. The mice given 500 tachyzoites were
continucd on sulfadiazene and cuthanized on PID 56. Scrum was col-
lected postmortem, and lung, spleen, and brain tissuc were collected
and fixed in 10% formalin.

To purify a S, neurona-like parasite (HS!), which prcdominated in
carly passages of brain-derived cultures, cryoprescrved and infected
MA 14 cclis obtained from P1 of nontrypsinized scal brain homogenate
were resuscitated from liquid nitrogen and placed in a flask of unin-
fected MA 104 cells. The resulting infected cell culture was trypsinized.
and a 24-well microtiter plate was inoculated with scquential dilutions
(1:10-1:640) of parasitc-infected cclls. After 7 days of yrowth, zoitcs
from a singlc arca in the highest dilution well with visible parasites
were scraped and passced into a flask containing uninfected MA 104
cells. This flask was obscrved 3 times weekly for signs of parasite
growth.

Antigenic characterization

Purificd zoites of HS1 and HS2 were harvested from infected MA 104
cells by scraping when >50%% of cells were parasitized. Toxoplasma
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gondii like zoites were purificd via a PD10 Scphadex column as de-
scribed. Sarcocystis newrona like whole-cell suspensions were ex-
pressed 3 times through a 22-gauge needle to lyse the cells and purify
the zoites. The final parasite concentration of both isolatcs was adjusted
to 5,000 zoites/ul, and 10-pl aliquots of cach were dotted separately
onto IFAT slidcs, formalin-fixced, and air-dricd. The samc panci of rab-
bit-origin polyclonal antiscra used for immunohistochemistry and sc-
rology as positive controls was uscd for antigenic characterization of
the harbor scal--derived protozoal isolates. The purificd zoites derived
from the 2 harbor scal isolates were reacted with the previously de-
scribed rabbit polyclonal antiscra raised to S. newrona. T. gondii, and
N. caninum, as well as the harbor scal’s own scrum. A 1:300 dilution
of FITC-conjugated goat anti-rabbit IgG or a 1:100 dilution of FITC-
conjugated rabbit anti-dog 1gG (harbor scal scrum only) were uscd as
sccondary antibodics. Following incubation with these antibodics, the
slides were examined using a fluorescence microscope at x200. The
last well exhibiting distinct parasitc outline fluorescence was the re-
ported titer. Positive controls consisted of similar siides containing zo-
ites prepared from fully characierized protozoal isolates from domestic
animals and humans.

DNA extraction, gene amplification, sequencing, and protozoan
molecular identification

Molccular characterization of the protozoan isolutes was accom-
plished by polymerase chain rcaction (PCR) amplification and subsc-
quent cycle scquencing of’ 2 nuclear genctic markcrs. a scgment of 18S
ribosomal DNA (rDNA), and the adjacent first internal transcribed spac-
cr (ITS1). Genomic DNA from zoites grown in ccll culturc was extract-
¢d using an IsoQuick nuclcic acid extraction kit (ORCA Rescarch Inc.,
Bothell, Washington). The universal primers A and B were used to
PCR-amplify thc 18S rDNA, as previously described (Marsh ct al..
1995, 1996). These amplifications and subscquent cycle-sequencing re-
actions were performed in thin-walled microtubes in a Perkin Elmer
GencAmp 2400 thermocycler (Perkin Eimer Comoration, Foster City,
California). Amplificd DNA was purificd using a QIAquick PCR puri-
fication kit (Qiagen Ine., Chatsworth, California) or Centri-scp columns
(Princeton Scparations, Adcelphia, New Jersey). Dyce-deoxy terminator
sequencing reactions were perfonmed on both chains of the molecule
using the universal primers A and C under conditions reported previ-
ously (Marsh ct al., 1995, 1996). Subscquent scquence visualization was
performed in an ABI Prism 377 Scquencer (Perkin Elmer). The nucle-
otide sequences of complementary strands were aligned and compared,
and a contiguous nucleotide sequence determined for cach gene frag-
ment, using the computer program Scquencher 3.0 (GeneCodes, Ann
Arbor. Michigun).

Primers ITS2 and ITSS were uscd to PCR-amplify the cntire ITSI
region of HS1 and HS2 (Marsh ct al., 1998, 1999). DNA was purificd
as dcscribed above for 18S rDNA. Scquencing rcactions were per-
formed in the GencAmp 2400 using the 2 amplification primers and
additional internal primers PN1. PN2 (Holmdah! and Mattson, 1996),
ITS-snFi, ITS-snRi2, ITSbFor, and ITSbrev (Marsh ct al.. 1999). A
single contiguous scquence representing the entire ITSE and the 5° end
of’ 5.8S rDNA was assembled for cach protozoan isolate by alignment
and comparison of the scquenced fragments using Scquencher 3.0.

The final |8S rDNA and ITS1 - 5.8S rDNA scquences werc sepa-
ratcly aligned with previously reported published sequences of the same
genes (imponted from GenBank) from protozoan parasites of domestic
animals and humans to facilitate generic. interspecific. and intraspecific
comparison (Marsh ¢t al., 1998). Initial alignments were performed in
ClustalW (Thompson ct al., 1994), with subscquent cditing and posi-
tional analysis conducted using MacClade 3.7 (Maddison and Maddi-
son, 1992).

RESULTS
Postmortem examination and immunohistochemistry

Gross necropsy of the harbor scal revealed only mild gastro-
intestinal endoparasitism (Anasakis sp. and unspeciated acan-
thocephalans). No bacterial pathogens were isolated from sam-
ples of lung. brain, spleen. and colon. No gross brain or spinal
cord abnomalitics were observed. CSF collected postmortem
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via cisternal tap was slightly cloudy. Ilistopathological exami-
nation of the central nervous system revealed necrotizing me-
ningoencephalomyelitis with moderate numbers of intralesional
zoites, intracytoplasmic protozoal schizonts, and rarc rosctte-
form schizonts. These lesions extended from the rostral cere-
brum to the distal spinal cord. but were most scvere in the
caudal cerebrum and cerebellum. and encompassed both gray
and white matter. The inflammatory infiltrate consisted of small
lymphocytes, with fewer histiocytes and necutrophils, arranged
as perivascular cuffs and scattered nodular aggregates within
the ncuropil and meninges. In severely affected arcas of the
brain and spinal cord. the nodular aggregates were confluent
with inflammation surrounding adjacent cuffed vessels. Mild
multifocal lymphohistiocytic adrenalitis and hepatitis were also
present.

Immunohistochemical stains using S. neurona antiscrum re-
vecaled strong positive staining of schizonts, rosette forms, and
extracytoplasmic free zoites in the cerebrum. cerebellum, and
cervical spinal cord. Rare positively stained parasites were ob-
served in the lumbosacral spinal cord and in capillaries within
the lung. All other tissues were negative for immunohistochem-
ical staining using antiscrum to S. newrona. No parasites were
found that stained positively using polyclonal antibodics to 7.
gondii or N. caninum,

Serology

The harbor scal’s scrum showed a high level of antibody
reactivity to S. nenrona (1:20,480) and moderate reactivity to
T. gondii antigens (1:1,280) by IFAT. There was a 1:160 anti-
body titer by IFAT to N. cuninum, which in cattle is considered
to be below the cut-off value for this test (Conrad, Sverlow et
al., 1993).

Parasite isolation

Intracellular protozoal parasites were successfully isolated
from CSF, nontrypsinized brain homogenate. and trypsinized
brain homogenate from the harbor seal. All isolates were ob-
tained in October 1998, within 4 wk of ccll inoculation with
brain tissue or CSF. Parasites were obscrved in cell cultures
inoculated with CSF 14 days after inoculation, in flasks inoc-
ulated with nontrypsinized brain tissue 15 days after inocula-
tion, and in flasks inoculated with trypsinized brain tissue 11
days after inoculation. [nitial obscrvations of live, parasite-in-
fected cells in DMEM revealed hundreds of circumaxially mo-
tile, slender. extracellular zoites (£ = 4.8 um long, SD = 0.7;
X = 1.8 um wide, SD = 0.3 on fixed, Giemsa-stained slides. n
= 30 zoites). Intracellular parasite clusters were highly refrac-
tile within the cytoplasm. These size and motility characteristics
were consistent with previous isolates of S. neurona obtained
from domestic animals (K. Sverlow, pers. obs.). However. by
P15, this nontrypsinized isolate contained a mixture of zoites
of 2 different lengths, shapes, and motilities. Some zoites were
slender. refractile, and highly motile. similar to those described
above. Others were less refractile when present in the cell cy-
toplasm, and free zoites were shorter and stouter (€ = 3.5 pm
long, SD = 0.5; £ = 2.2 pm wide. SD = 0.4, on fixed, Giemsa-
stained slides, n = 30 zoites) than described above. When free
in DMEM, these short zoites exhibited no circumaxial motion
and aggregated in clusters on the cell culture surface. These
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Tanui: 1. Comparative reactivity of polyclonal antiscra to harbor scal isolates and characterized protozoans.®

Polyclonal antiscra 1o specific isolates

Antigen Sarcocystis neurony S. falcatula Neospora caninum Toxoplasma gondii Harbor scal
(isolatc) (UCD-SN1) (UCD-SF1) (BPAL) (ME49) (postmortem scrum)
S. neurona (1iS1) 2,560 2.560 40 40 2560
T. gondii (HS2) 80 80 40 81,920 640
S. neurona (SN UCD-1) 2.560 2.560 40 40 2.560
N. caninum (BPA 1) 80 40 20.480 80 80
T. gondii (ME4Y) <40 <40 <40 20,480 160

* Polyclunal antiscrr were produced in rabbits inoculated with specific zoite isolates. Antigenic reactivity was tested via an indirect fluorescent antibody test (IFAT).

Reciprocal antibody titers are shown.

characteristics arc similar to 7. gondii isolates obtained from
domestic animals and sca otters (K. Sverlow, pers. obs.). Brain
homogenate that was refrigerated for 7 days and then trypsin-
ized produced a similar mixed culture of large slender and short
stout zoites. In both cases, the proportion of 7. gondii-like par-
asites incrcased over time. By P22 (420 days after inoculation),
parasitcs corresponding to the Suarcocystis-like morphology
were no longer observed in cither culture. These observations.
combincd with the results of serologic testing suggested that
the harbor seal had been infected with 2 different brain para-
sites: 1 similar 10 S. newrona and | similar to 7. gondii.

Separation of parasites by mouse passage and in vitro
cultivation

Live zoites from a late passage. nontrypsinized cell culture
with predominantly T. gondii-like parasites were inoculated
into BALB/c mice. Mice injected with 5,000 zoites s.c. became
depressed and Icthargic postinfection and were cuthanized.
Gross necropsy revealed splenomegaly and pulmonary pallor.
Histologic examination of lung, brain, and liver rcvealed non-
suppurative inflammation with large numbers of intralesional
protozoal parasites. These parasites stained strongly positive on
immunohistochemistry using rabbit antiserum raised against T.
gondii but were negative when antisera raised against S. new-
rona or N. caninum were uscd. Noninfected MA 104 cells were
inoculated with pooled tissues from these mice, and 3 days later,
short, stout. relatively nonmotile tachyzoites consistent with T.
gondii were observed. These purified parasites were maintained
in cell culture and passaged to uninfected monolayers. This
mouse-derived T. gondii like isolate, designated 1{S2, has been
maintained in continuous cell cuilture for over 18 mo and con-
tains only zoites consistent with T. gondii as determined by
morphology, antigenic reactivity, and DNA sequence analysis
as described below. Serum collected PID 56 from a mouse in-
oculated with 500 tachyzoites s.c. of HS2 showed a 1:10,240
titer to 7. gondii, a 1:320 titer to N. caninum, and a <1:40 titer
to S. neuronu by IFAT.

Sarcocystis neurona-like parasites were isolated in pure cul-
ture through limiting dilution of a low passage (P1) S. neuwrona-
like dominant mixed culture derived from nontrypsinized har-
bor scal brain tissue. This purified isolate. designated HS1, has
been continuously maintained in culture for over 18 mo and
contains only parasites consistent with S. newrona as deter-
mined by morphology. antigenic reactivity with specific antisera
and DNA sequence analysis as described below.

Antigenic characterization

Zoites of isolate HS! reacted strongly to the harbor seal's
own serum (1:2,560) and with rabbit-origin polyclonal antibod-
ies to S. neurona (1:2,560) and S. falcarula (1:2.560), but weak-
ly with all other polyclonal antisera (Table 1). Zoites of HS2
reacted positively (Table I) with the harbor seal’s own scrum
(1:640) and even more strongly with 7. gondii polyclonal an-
tiscrum (1:81,920) (Tablc I). Antigenic reactivity of the HS2
isolate with rabbit-origin polyclonal antisera to S. newrona and
S. fulcatula were below initial screening values (1:80 cach). The
responses of both isolates to rabbit polyclonal antiscrum raised
against N. caninum were below initial screening values (1:40
each).

DNA extraction, gene amplification, sequencing, and
protozoan molecular identification

Genomic DNA was successfully extracted from both proto-
zoal isolates. Subsequently, partial sequences of 18s rDNA and
thc complete ITS! from both 11S1 and HS2 were obtained. The
18S rDNA partial sequence of isolate HS1 was 530 nucleotides
long and spanned the most variable portions of the 18s rtDNA
(HS1 18s rDNA: GenBank accession AF252406). Following
alignment, this scquence was determined to be identical to the
same portions of 2 sequences of S. neurona 18S rDNA derived
from isolates rccovered from a horsc in Kentucky (isolate SNS.
GenBank accession U07812 [Fenger et al.. 1994]) and a horse
in California (isolate UCD-SN!, GenBank accession U33149
[Dame et al., 1995)).

Amplification and sequencing of the entire ITS! region of
i1S1 yiclded a 1,053-bp sequence (11St ITS1: GenBank acces-
sion AF252407). This sequence was aligned with the ITS] se-
quence of S. nceurona isolate UCD-SN1, GenBank accession
AF081944 (Marsh ct al.. 1999). A transition (T -C) at position
1.015 of the alignment was the sole difference between the
scquences.

The 18S rDNA sequence of isolate HS2 was 530 basc pairs
(bp) long (HS2 18s rDNA: Genbank accession AF291184).
This sequence was aligned with and compared to all available
T. gondii 18S rDNA sequences from GenBank. including ac-
ccssion nos. L37415 (ME49 strain [Luton ct al., 1995},
U12138 (S48 strain [Luton ct al., 1995]), U03070 (Ril Euro-
pean strain {Holmdahl et al.. 1994]), and L24381 (RH Austra-
lian strain (Ellis et al.. 1994]). No differences were found be-
tween the 18s rDNA from HSI1 and 18s rDNA sequences from
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other strains of T. gondii isolated trom domcstic animals and
humans.

A 495-bp sequence for HS2 encompassing the 3° end of 18S
rDNA, the cntire ITS] region, and the 5° end of 5.8S rDNA
(HS2 ITS1: GenBank accession AF252408) was also obtained.
This scquence was aligned with contiguous portions of alrcady
resolved T. gondii sequences, GenBank accession nos. L49390
(MEA49 strain [Payne and Ellis, 1996]), X75430 (Sailie strain),
X75429 (RH strain), and Ul6161 (RH strain [Holmdah! and
Mattson, 1996]). The final cdited alignment was 440 bp in
length. corresponding to positions 1 -392 of [TS1 (the entire
rcgion), and positions 1-48 of 5.8S rDNA. The sequence de-
rived from 11S2 had a single unique difference from the other
T. gondii sequences. an A - T transversion at position 426 of the
alignment. Otherwise, the sequence was identical to U16161
(RH strain) but shared a difference, an A-G transition at po-
sition 436 of the alignment, between this strain and the re-
maining 3 strains. There were 2 other positional differences
between the sequence X75430 (the avirulent Sailie strain) and
the other 4 sequences: 2 C-T transitions at positions 20 and
120.

DISCUSSION

This paper describes successful in vitro cultivation and char-
acterization of 2 species of protozoans from the brain of a wild
harbor scal with fatal meningoencephalomyelitis. These para-
sitcs were characterized serologically, immunohistochemically,
antigenically. and molecularly and were found to be indistin-
guishable from S. newrona and T. gondii obtained from domes-
tic animals and humans. Elevations of serum antibodies directed
against S. newrona and T. gundii antigens were detected in se-
rum collected from the secal at the time of death, and a mixed
population of parasites was repeatedly isolated in cell culre
from brain homogenate. The 2 parasites, 11S1 and 1182, were
separated by mouse inoculation and limiting dilution and have
been maintained in continuous cell culture since October 1998.

Although 2 specics of parasites were isolated from brain tis-
suc of a seal. only parasites with morphology and staining char-
acteristics consistent with S. newrona were observed on histo-
pathology and immunohistochemistry. Scctions of brain and
spinal cord contained parasite profiles that stained strongly pos-
itive using polyclonal antibodics to . newrona and were closcly
associated with foci of inflammation and necrosis. Parasite pro-
files consistent with 7. gondii were not detected in any tissuc,
including brain and spinal cord. Toxoplasma gondii-like para-
sites have also been isolated from seropositive, but histologi-
cally and immunohistochemically negative, sea otters in Cali-
fornia (M. Miller. pers. obs.).

This scal appears to have died duc to encephalitis associated
with a S. neurona like parasite infection but was also harboring
an inapparent or latent 7. goncii- like parasite infection that was
detected only through serological testing and parasite culture.
This result was surprising. given observations of parasite
growth in cell culture (e.g., in coinfected cell cultures). The 7°
gondii like parasite (HS2) dominated over the S. newrona like
parasite (FH{S1) over time in all cases (M. Miller, pers. obs.).
The apparcnt cause of death of this scal was massive prolifer-
ation of S. neurona parasites with associated inflammation and
necrosis of brain tissue and spinal cord. Therefore, the relation-
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ship between protozoal isolate growth characteristics in the pre-
sent cell culture system and relative pathogenicity to the host
scal docs not appear comparable.

How the harbor scal became infected with these parasites is
unknown. Opossums arc a definitive host for S. nevrona (Fen-
ger et al., 1997) and are present in coastal habitats in California
as an introduced species. Harbor seal exposure to S. newrona
sporocysts or sporulated oocysts may occur via exposure to
feces in land-based runoff or sewage, or by ingestion of un-
known paratcnic or intermediate hosts. Alternatively, additional
definitive hosts may cxist, and the possibility of a marine lifc
cycle of this parasite should not be discounted.

Felids are the only recognized definitive hosts for T. gondii.
Unsporulated (noninfective) oocysts arc shed in cat feces, and
these oocysts become sporulated (infective) 1 to 5 days after
being shed, depending upon cnvironmental conditions (Dubcy,
1994). Toxoplasma gondii affects a wide range of intermediate
hosts, including sheep, goats, pigs. and humans (Dubey, 1994).
Presumably, harbor seals are exposed. and serve as intermediate
hosts after contact with sporulated oocysts from cat feces in
terrestrial runoff or scwage. It is possible that prey species may
concentrate protozoal oocysts or sporocysts, thus facilitating
transmission. If so, then infection of harbor seals and sympatric
sea otters by T. gondii may have important, as yet unrecog-
nized, health implications for humans, who consume some of
the same coastal marine prey specics.

Common pathogcenic cffects of toxoplasmal infection in hu-
mans and animals that serve as intermediate hosts include plac-
cntitis, abortion, and choriorctinitis (Dubey, 1994), but mild or
subclinical infections are also common. tlowever, if the infected
animal becomes immunosuppressed, as may occur with AIDS
in humans, encysted 7. gondii parasites may be reactivated,
causing life-thrcatening enccphalitis. Fatal 7. gondii encepha-
litis has been identified in marine mammals, including sea otters
(Thomas and Cole, 1996; Cole et al., 2000), cetaccans (Inns-
keep et al., 1990; Migaki et al., 1990), and pinnipeds (Migaki
ct al., 1977; Holshuh ct al., 1985). In this harbor scal’s casc the
T. gondii infection appecarced to be latent, detectable only
through scrology and parasite cultivation from brain tissue.

The reason for the 4-fold higher reactivity of the harbor seal’s
own serum to purified HS1 antigens versus HS2 antigens is not
known. The immunological response of harbor seals to these
parasites has not been characterized, and little is known about
their relative antigenicity in seals. Harbor scals may prove to
be exquisitely sensitive to S. newrona infection and more resis-
tant to infection by T. gondii. Alternatively. the HS2 infection
may have occurred some time previously. and the remaining 7.
gondii-like parasites were encysted in the brain tissue in low
numbers. Thus, parasite detection via histopathology and im-
munohistochemistry would have been more difficult and the
antigenic stimulus low, resulting in a low titer. In contrast, the
HS1 infection may represent an acute, severe infection. with
large numbers of S. neurona-like parasites present in close
proximity to areas of brain necrosis and inflammation, resulting
in a high titer. It is also possiblc that these isolates represent
types or strains of S. newrona and T. gondii with differing path-
ogenicity from other recognized isolates.

The S. neurona and T. gondii like parasites isolated from this
harbor seal may prove to be genetically distinct from similar
parasites infecting domestic animals and humans, but signifi-



cant differcnces were not detected using the 18S and ITS] ri-
bosomal DNA molecular markers employed in this study. These
markers were sclected for amplification and sequencing of our
isolates bascd on the availability of previously published sc-
quences and their utility in molccular characterization and phy-
logenctic studies of parasitic protozoa. particularly apicomplex-
ans. The 18S rDNA is moderately conserved in both prokary-
otes and eukaryotes, compared with the adjacent. noncoding
ITS1, which cxpresses greater variability (Hillis and Dixon,
1991; Marsh ct al., 1995; Hiolmdahl and Mattson, 1996; HHoman
ct al., 1997: Marsh ct al., 1998). Our data suggest that HS1 and
UCD-SNI1 arc closcly related isolates of the same parasite, S.
newrona, and that HS2 is closely related to the RH strain of 7.
gondii.

Molecular analysis of 13 isolates of 7. gondii obtained from
sca otters in California revealed that all were type [l strains
(Cole et al., 2000). This typing system is based on identification
of restriction fragment length polymorphisms (RFLP) at the
SAG?2 locus. which encodes tachyzoite surface antigen P22
(Howe ct al., 1997). Type 1l strains of 7. gondii arc implicated
in the majority of human cases of toxoplasmosis (Howe and
Sibley, 1994; Howe ct al.. 1997). However, the RH strain of T.
gondii, also isolated from a human, is a type | strain. most
commonly associated with human congenital infections (Howe
and Sibley, 1994; Howe et al., 1997). The strain type of the
harbor scal 7. gondii- like isolate HS2 is currently unknown.
Future rescarch will involve direct comparison of our isolates
with other isolates of 7. gondii and S. neurona by RFLP.

This paper describes the n vitro isolation and molecular and
antigenic characterization of 2 species of protozoans from a
wild harbor seal with fatal meningoencephalomyelitis. This is
the first dual-specics protozoan brain infection documented in
a marinc mammal, and the first isolation of S. newrona and T.
gondii- like parasites from a harbor scal. Recently, S. newrona
has been isolated from 2 different southern sea otters with fatal
encephalitis (Lindsay et al., 2000; Miller et al., 2001), and ad-
ditional cascs have been detected via brain histopathology and
immunohistochemistry (M. Miller, pers. obs.). The present
study includes the longest continuous cultivation of S. neuronc -
like parasites from any marinc mammal and the first report of
the recovery of live S. neurona-likc parasites from cercbrospi-
nal fluid (CSF). No detectable antigenic differences, and mini-
mal nucleotide sequence differences were detected between
thesc isolates and S. newrona and 7. gondii isolated from do-
mestic animals or humans. Future cpidcmiological investiga-
tions of S. neurona and T. gondii infection in harbor seals and
sympatric sea otters will help to identify risk factors for pro-
tozoal infection and disease, including possible land- or marine-
based sources of oocysts.
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ABSTRACT:

An indirect fluorescent antibody test (IFAT) for detection of Tuxoplasma gondii infection was validated using serum

from 77 necropsied southern sea otters (Enhydra luris nereis) whose T. gondii infection status was determined through immu-
nohistochemistry and parasite isolation in cell culture. Twenty-eight otters (36%) were positive for 7. gondii by immunohisto-
chemistry or parasite isolation or both, whercas 49 (64%) were negative by both tests. At a cutoff of 1:320, combined values
for IFAT sensitivity and specificity were maximized at 96.4 and 59.2 %, respectively. The area under the receiver-operating
characteristic curve for the IFAT was 0.84. A titer of 1:320 was used as cutoff when screening serum collected from live-sampled
sea otters from Califomia (n = 80), Washington (n = 21), and Alaska (n = 65) for 7. gondii infection. Thirty-six percent (29
out of 80) of California sea otters (E. lutris nereis) and 38% (8 out of 21) of Washington sea otters (E. lutris kenvoni) were
seropositive for 7. gondii, compared with 0% (0 out of 65) of Alaskan sea otters (£. lutris kenvoni).

After near-extinction from overhunting in the maritime fur
trade, the southem sea otter (Enhvdra lutris nereis; Wilson et
al., 1991) population has recovered slowly, punctuated by scv-
eral periods of decline (Estes, 1990). The sluggish growth and
recent decline of this population appear to be the consequence
of clevated monality (Estes ct al., 1996; Monson et al., 2000).
A high proportion of southem sea otter mortality (40%) has
been attributed to infectious disease (Thomas and Cole, 1996).
Protozoal meningoencephalitis is a frequent postmortem finding
in southem sea otters stranded along the California coast
(Thomas and Cole, 1996). Two different protozoa, Toxoplasma
gondii and Sarcocystis neurona, have been isolated from af-
fected animals (Thomas and Cole, 1996; Cole et al., 2000;
Lindsay et al., 2000; Miller, Crosbie et al., 2001) and are con-
sidered to be an important cause of mortality. Isolates of 7.
gondii obtained from otters were similar or identical to those
isolated from terrestrial animals and humans, and produced oo-
cysts in cats fed mice inoculated with brain tissue from infected
otters (Cole et al., 2000). Most reports on 7. gondii infection
in North American marine mammals provide detailed infor-
mation on histopathological abnormalities (Van Pcit and Dic-
terich, 1973; Migaki et al., 1977; Buergelt and Bonde, 1983;
Holshuh et al., 1985; Cruickshank et al., 1990; Inskeep et al.,
1990; Migaki et al.. 1990) but do not include evaluation of
antibody response to 7. gondii. Existing T. gondii serological
surveys of marine mammals in North America have been lim-
ited to screening individuals diagnosed with fatal protozoal me-
ningoencephalitis or opportunistically collected serum samples
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with limited interal controls (Lapointe et al.. 1998; Rosonke
et al., 1999; Lindsay et al., 2000; Mikalelian et al., 2000; Miller,
Sverlow ct al., 2001). To date, no studies on the truc prevalence
or seroprevalence (or both) of 7. gondii in sea otters in different
geographical areas has been reported.

in the present study, an indirect fluorescent antibody test
(IFAT) for diagnosis of T. gondii infection in sea ofters was
validated. The IFAT was developed in response to the need for
a screening test that could be used on hemolyzed serum sam-
ples, such as those collected at necropsy or samples from live
animals with hemolysis attributable to conditions of collection,
transport, or storage. Sera collected from necropsied southern
sea otters with confirmed 7. gondii infection status were used
to validate this test and to examine the relationship between the
T. gondii IFAT titer and extent of sample hemolysis. In addi-
tion, 7. gondii IFAT scroprevalence was compared across 3
geographically distinct populations of sea otters, i.e., live-sam-
pled southern sea otters from California and northern sea otters
(E. huris kenyoni; Wilson et al., 1991) from Alaska and Wash-
ington.

MATERIALS AND METHODS
Postmortem examination

Between February 1997 and February 2001, 96 freshly dead (<72
hr postmortem) southern sea otters from central California were ex-
amined at the Marine Wildlife Veterinary Care and Research Center,
California Department of Fish and Game (CDFG). in Santa Cruz, Cal-
ifornia. A detailed necropsy was performed on each animal, and se-
lected tissues were screened for pathogenic bacteria or fungi. Otter age
was recorded on the basis of previously established length, body weight,
and dentition criteria (Morejohn ct al., 1975). Serum was separated from
whole blood via centrifugation and stored at ~70 C until tested. The
extent of hemolysis (hemolysis score) was noted for each serum sample
tested: 0 = no hemolysis (clear serum with no red discoloration), | =
minimal hemolysis (red-tinged but clear samples), 2 = moderate he-
molysis (decp red and opaque serum samples), or 3 = marked hemolysis
(dark red to black and opaque, sometimes with a viscous consistency).

Tissues were immersion-fixed in 10% ncutral buffered formalin,
trimmed, dehydrated through a graded series of cthanol and xylol, and
embedded in paraffin. Five-micrometer sections were cut using a rotary
microtome, deparaffinized, stained with hematoxylin and eosin (H&E),
and examined using a compound microscope. The primary and contrib-
uting causes of death were determined through gross necropsy, histo-
pathology. bacterial culture, and other techniques, as required. From



cach otter, at Jeast 7 S-pm-thick HE-stained sections of brain were ¢x-
amined, including frontal cortex, rostral hippocampus, temporal cortex,
cerebellum, medulia. and brainstem. In most cases. multiple sections of
spinal cord were also examined.

immunohistochemistry

From cach otter, 2 blocks of brain tissue containing at least | section
each of cerebrum and cerebellum were selected for immunohistochem-
istry. The blocks that were selected were those with visible protozoan
parasitcs or the greatest degree of nonsuppurative inflammation on his-
topathological cxamination or both. All immunohistochemical slides
were prepared at the California Animal Health and Food Safety Labo-
ratory, Davis, California, using standardized techniques, equipment, and
reagents. Immunohistochemical stainings for T. gondii, Neospora can-
inum, and S. neurona were performed as described (Miller, Sverfow et
al., 2001). Stides were evaluated by a pathologist with no prior knowl-
edge of cach otter’s IFAT titer or parasite isolation status. An otter was
considered positive on immunohistochemistry only if stained parasites
were observed, and both the external and interna! portions of the or-
ganisms were stained using the immunoperoxidase technique.

Parasite isolation

At nccropsy, samples of cercbrum and cerebellum were collected
aseptically into chilled, sterile antibiotic saline solution (0.85% saline
with 100 1U/ml penicillin G and 100 pg/ml streptomycin), homoge-
nized, and placed over stationary cultures of monkey kidney (MA 104)
cells (BioWhittaker. Walkersville, Maryland) as previously described
(Miiler, Crosbic et al., 2001; Miller, Sverlow et al.. 2001). Both tryp-
sinized and nontrypsinized brain homogenates were processed for cell
culture inoculation, and cell cultures were maintained as described by
Conrad et al. (1993). Cell cultures were considered positive when char-
acteristic refractile intracytoplasmic protozoal cysts or motile extracel-
lular 2oite stages, or both, were first observed. The identity of ecach
protozoan isolate was confirmed through parasite morphology in cell
culture, antigenic characterization, molecular characterization, or elec-
tron microscopy or both as previously described (Miller. Crosbic et al.
2001; Mitler, Sverlow et al., 200!). Unless visibly contaminated. cell
cultures were maintained for at least | mo after brain tissue inoculation
before being deemed negative and discarded. Cell cultures that were
parasite-negative when discarded (because of fungal or bacterial con-
tamination) within 21 days of inoculation were considered indetermi-
nate with respect to protozoal infection status. These cases were ex-
cluded from the IFAT evaluation unless the 7. gondii brain immuno-
histochemistry result was positive.

Determination of T. gondii infection status for necropsied sea
otters

The positive gold standards for 7. gondii infection in sea otters were
direct isolation and characterization of 7. gondii in cell culture from
brain homogenate, or observation of positively stained parasites with
morphology consistent with 7. gondii on immunohistochemistry, or
both. The negative gold standards for 7. gondii-free status in brain tissue
were absence of detectable protozoan parasite stages via protozoal iso-
lation and via immunohistochemistry.

IFAT

The IFAT was evaluated as a screening test for 7. gondii by com-
paring serum IFAT titers to cach otter's T. gondii infection status, as
determined above. The IFAT was performed as previously described
(Miller, Sverlow et al., 2001), except that 10 ul of a 1:100 dilution of
fluorescein isothiocyanate (FITC)-conjugated goat anti-ferret IgG (Be-
thyl Laboratories, Montgomery. Texas) was substituted for the FITC-
conjugated rabbit anti-canine IgG used for the seal IFAT. Endpoint titers
were determined by serial dilution from 1:80 to 1:81,920. Wells were
cxamined using fluorescence microscopy at X200, and the last well with
distinct parasite outline fluorescence was the reponted titer. All com-
pleted IFAT slides were assessed by the same observer to ensure con-
sistency of interpretation.

The overall accuracy of the IFAT and the optimal cutoff titer was
assessed by recciver-operating characteristic (ROC) analysis (Greiner et
al., 2000) using MedCalc Version 6.0 (Mariakerke, Belgium). Ninety-

57

MILLER ET AL.—IFAT FOR 7. GONDII IN SEA OTTERS

five pereent confidence intervals [CI] for IFAT sensitivity and specificity
at the selected cutofT value were calculated by exact binomial methods
(Greiner and Gardner, 2000) using Epi Info (Version 6.04: Centers for
Disease Control and Prevention, Atlanta, Georgia). For serum collected
from both live and dead otters. a Kruskal-Wallis test was used to de-
termine whether degree of sample hemolysis and resulting 7. gondii
IFAT titers were associated. To assess the repeatability of the IFAT,
slides were screencd in a blinded fashion by 2 readers, and results were
compared. The between-reader repeatability of the IFAT was assessed
using a weighted kappa value (Fleiss, 1981).

Serologic screening of otters from California, Washington, and
Alaska

Between 1997 and 2000. scrum was obtained from live-sampled, pre-
sumably healthy sca otters from central California (E. hurris nereis),
coastal Washington (E. lutris kenyoni), and coastal Alaska (E. lutriy
kenyoni) (Anderson et al.. 1996). Animals were captured using dip nets.
tangle nets, or Wilson traps as part of population biology studies by
personnel of the Biological Resources Division, United States Geolog-
ical Survey (USGS-BRD), and the CDFG. Samples were obtained for
both sexcs and all age classes, during all scasons (California and Wash-
ington) or only summer (Alaska). and from diverse geographic arcas
and marine habitats.

Live-sampled California sca otters (n = 80) were sampled between
March 1998 and March 2000 in the vicinity of Monterey Bay, California
(36.5500°-36.9667°N, 121.0334°-121.7500°W). Most otiers were sam-
pled within 5 km of coastal cities such as Santa Cruz, Capitola, Mon-
terey, and Pacific Grove. Twenty-one serum samples were obtained
from live-sampled sea otters from coastal Washington between February
1997 and August 1998. Most serum samples (n = 20) were obtained
from otters located within the coastal boundaries of Olympic National
Park. extending from Cape Alava (48.1696°N, 124.7314°W) to the Chi-
lean Memorial (47.9650°N, 124.6653°W). This is an isolated stretch of
wilderness along the northwestern coast of Washington, reachable only
by foot or boat. One additional otter was sampled at Waadah (stand
(48.3846°N, 124.6056°W). Sixty-five otter serum samples were collect-
cd from coastal Alaska during the summer of 1997. Otters were cap-
tured near Adak (52.0000°N, 176.5000°W; n = 33), Kiska (52.0000°N,
177.5000°W: n = 14), and Kanaga Islands (52.0000°N, 177.0000°W; n
= 7) in the western Aleutian Island chain and at Elfin Cove (58.1667°N,
136.3334°W: n = 1) in southcastern Alaska. Small towns with less
than 500 people are found on Adak Island and at Elfin Cove. All sea
otters were captured 210 km from these towns.

A physical examination was performed on all sampled otters. during
which animals were weighed to the nearest 0.1 kg and their age class
and sex determined. The age of each captured otter was estimated on
the basis of pelage, tooth wear, weight, length, and reproductive status
characteristics (Morgjohn ct al., 1975). Age classes were defined as pup
(0—-6 mo), immature (>6 to 12 mo), subadult (>1 to 3 yr). and adult
(>3 yr). Serum samples obtained from live otiers were screened using
the same IFAT technique that was used for samples obtained tfrom dead
sea otters. The extent of hemolysis of each sample was recorded, and
all samples were held at —70 C before testing.

Chi-squarc tests were used to compare seroprevalence of T gondii
among live-sampled sea otters in California, Washington, and Alaska,
as well as between the live-sampled otters and the freshly dead otiers
with known T. gondii infection status. Otters were considered seropos-
itive if their IFAT titer was =1:320, the optimal cutofT titer as deter-
mined in the validation study.

RESULTS
Postmortem examination

From February 1997 to February 2001, 96 freshly dead
southern sea otters were examined grossly and via histopathol-
ogy. Serum was obtained for IFAT screening from 84 of 96
otters. For 7 of the 84 otters, IFAT testing was completed, and
immunohistochemistry was negative for 7. gondii, but parasite
isolation from the otter brain tissuc was not attempted. Parasite
isolation was not done when zoonotic pathogens such as Coc-
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cidiodes immitis were suspected, because of chain-of-custody
restrictions or as a result of logistical problems with sample
shipment and processing, c.g., lost samples. These 7 cascs were
classified as indeterminate for T. gondii infection and were ex-
cluded from IFAT cvaluation. For the 7 indeterminate cases. the
T. gondii IFAT titers were <1:80 (n = 4), 1:160 (n = 1), 1:640
(n = 1), and 1:1,280 (n = 1). Thus. 77 of the freshly dead
otters were cvaluated for T. gondii infection status by immu-
nohistochcmistry and parasite culture and also had sufficient
serum for IFAT screening. Adults. subadults, immatures, and
pups made up 61, 12, 18, and 9% of the sample, respectively.
Forty-seven percent (36 out of 77) of the otters were femalcs.

immunohistochemistry

Thirteen of 77 freshly dead otters were positive for 7. gondii
on brain immunochistochemistry. Immunochistochemical staining
in brain tissue encompasscd entire parasites, and no unstained
protozoa were obscrved in slides prepared using rabbit antisera
to T. gondii. Toxoplasma gondii-stained protozoa did not show
evidence of cross-reactivity with S. neurona or N. caninum
polyclonal antiscrum.

Parasite isolation

For 77 culture attempts, the median interval between gross
necropsy with brain tissuc collection and inoculation of mono-
layer cultures with brain homogenate was 2 days (range <1 to
21 days). Twenty-four separate isolates of T. gondii were ob-
tained from 75 culture attempts with sea otter brain homoge-
nate. an isolation ratio of 32%. Four additional otters for which
parasite isolation was negative (n = 1) or the monolayer cul-
tures were contaminated with bacteria (n = 1) or parasite iso-
lation was not attempted (n = 2) were parasite-positive on im-
munchistochemistry. Thus, 36% of the otters (28 out of 77)
were shown to be infected with 7. gondii at the time of nec-
ropsy. and 49 otters were noninfected on the basis of negative
results on both immunohistochemistry and parasite isolation.

Of 24 isolates of T. gondii, 14 were obtained only from tryp-
sinized brain tissue, 3 werc obtained from both trypsinized and
nontrypsinized brain tissue, and 4 were obtained from nontryp-
sinized brain tissue only. For the remaining 3 animals, the tissue
treatment protocol was not recorded. The median time from cell
inoculation to initial detection of parasites in cell culwure was
I4 days (range 3-35 days). Brain homogenate-inoculated cells
were maintained in culture for a median of 31 days before being
considered negative for parasites and discarded. However, 7
cultures were discarded within 9-21 days of inoculation be-
causc of fungal or bacterial contamination.

Determination of T. gondii infection status for necropsied
otters

Of 24 otters positive for T. gondii on parasite isolation, only
11 (42%) were also detected by brain immunohistochemistry.
In contrast, only 2 otters for which parasite isolation was neg-
ative were 7. gondii-positive on immunohistochemistry. For |
of these 2 cases. the inoculated cells were discarded because of
bacterial contamination, presumably resulting in a false-nega-
tive isolation attempt.
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TasLe I. Distribution of Toxuplusma gondii indircct fluorescent anti-
body test (IFAT) titers by protozoal infection status, as determined by
parasite isolation and immunohistochemistry.
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End point 7. gondii titers of otters ranged from <1:80 to I:
81,920 (Table 1), and the area under the ROC curve was 0.84
(95% CI = 0.74-0.92). The maximal combined values for test
sensitivity and specificity occurred at a cutoff of 1:320. At this
cutoff, the 7. gondii IFAT was highly sensitive (96.4%; 95%
Cl = 81.7-99.9%), but only moderately specific (59.2%; 95%
Cl = 44.2-73.0 %), resulting in 1 false-negative and 20 false-
positive diagnoses of T. gonadii infection. At a cutoff of 1:320,
47 of the 77 otters (61%) were scropositive for 7. gondii. In-
creasing the cutoff to 1:640 resulted in a sensitivity of 82.1%
(95% C1 = 63.1-93.9%) and specificity of 75.0% (95% Cl =
60.4-86.4%).

Between-reader comparisons of IFAT reproducibility were
restricted to samples with at least ! end-point titer falling within
2 dilutions of the selected test cutoff of 1:320, e.g., samples
with end point titers &1:80, but not greater than 1:1,280. In
addition, if the primary reader determined the final titer value
to be 1:1,280. the other reader had to agree to within =2 serum
dilutions for 290% of the tested samples. The IFAT results for
61 samples met the above restrictions (at least | end point titer
Z1:80 but not greater than 1:1,280) and were read out by both
primary and second readers. For 93% of these samples (57 out
of 61), the end point titers of both readers were within 2 serum
dilutions of each other. The weighted kappa valuc for between-
reader comparisons was 0.41, which indicated moderate agree-
ment beyond chance.

For serum from freshly dead and live otters, the median he-
molysis scores were | (range 0-3) and O (range 0-2), respec-
tively. The degree of serum hemolysis was not statistically as-
sociated with end point 7. gondii IFAT titers. This finding was
the same for serum collected from dead (P = 0.846, n = 66)
and live (P = 0.204, n = 166) sca otters.

Serologic screening of ofters from California,
Washington, and Alaska

Summary demographic and scrological data for otters from
California, Washington, and Alaska are shown in Table II. The
sample collection periods, sex, and age distribution were com-
parable for the 3 populations. Using the established cutoff of
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TasLe Il. Summary of demographic data and Toxoplasma gondii indirect fluorcscent antibody test results for sca otters (Enhydra lutris) from

California, Washington, and Alaska.

Necropsied, Live sampled. Live sampled, Live sampled,

California California Washington Alaska
Number sampled 77 80 21 65
Interval 19972001 1998-2000 1997-1998 1997
Females (%) 47 65 76 2
Adults (%) 61 65 62 85
Subadults (%) 12 9 19 10
Immatures and pups (%) 27 26 19 s
Seropositive (21:320) 61 36 38 0

1:320, 36% of the serum samples obtained from live-sampled
Califomia sca otters (29 out of 80) were scropositive for 7.
gondii on IFAT. For the live-sampled California otters, 61% (49
out of 80) had 7. gondii IFAT titers =1:80. Twelve of the 80
live-sampled California otters had T. gondii IFAT ltiters of 1:
160 or 1:320, and 19 otters had IFAT titers =1:1,280. Eight of
the 21 Washington otter scrum samples (38%) werc positive
(21:320) for T. gondii on IFAT. Observed T. gondii IFAT titers
were <|:80(n = 11), 1:80(n = 1), 1:160 (n = 1), 1:320 (n =
2), 1:640 (n = 4), and 1:1.280 (n = 2). None of the serum
samples from Alaska sea otters (0 out of 65) was positive. Of
the 65 samples screened, 58 (89%) had 7. gondii IFAT titers
<1:80. 3 (5%) had 1:80, and 4 (6%) had 1:160.

Comparisons of seroprevalence indicated no significant dif-
ference (P = 0.880) in 7. gondii IFAT seroprevalence between
live-sampled E. luiris nereis from coastal California (36%) and
live-sampled E. lutris kenvoni from Washington (38%). How-
ever, the 7. gondii seroprevalence for both Califomia and Wash-
ington otters was significantly greater than that of £. lutris ken-
yoni from Alaska (P = 0.000! for both comparisons). In ad-
dition, the 7. gondii IFAT seroprevalence was lower (P =
0.002) in the live-sampled Califomnia otters (36%) than in the
dead otters (61%) used in the validation study.

DISCUSSION

The IFAT was validated using a cross-sectional sample of 77
freshly dead sea otters whose true T. gondii infection status was
determined by immunohistochemistry and parasite isolation in
cell culture. All otters were screened for 7. gondii regardless
of the apparent cause of death, and serum samples collected at
the time of necropsy were used to compare T. gondii antibody
titers with the results of the postmortem screening tests. Be-
causc the southern sca otter is a federally listed threatencd spe-
cies (Anderson et al., 1996), invasive sampling of live otters to
confirm 7. gondii infection for test validation was neither per-
missible nor desirable.

In the present study, the combined gold standard for T. gon-
dii-free status was absence of detectable protozoan parasites via
both cell culture and brain immunohistochemistry. It is recog-
nized that some otters might have been incorrectly classified as
negative for 7. gondii infection on parasitc isolation or immu-
nohistochemistry, in part because of the small volume of brain
tissue used in these tests. Also, false-negative results might
have occurred if an isolatc was missed in cell culture or was
not detected because of fungal or bacterial contamination of

cultures. In addition, some otters might have had 7. gondii pres-
ent in tissucs other than brain.

Pretreatment of brain homogenate with trypsin before cell
inoculation resulted in morc successful isolation of 7. gondii
isolates than nontrypsinized homogenates obtained from the
same otters. The additional trypsinization step likely facilitated
the release of infective parasite stages from tissue cysts present
in brain homogenate and minimized the likelihood of missing
infected animals that had few parasites present.

When the results of 7. gondii immunohistochemistry and par-
asite isolation were compared for the same otters, immunohis-
tochemistry was less sensitive for parasite detection than for
parasite isolation. This result is not surprising, given the sparse
distribution of 7. gondii on brain histopathology and the large
difference in the volume of brain tissue screened via the 2 tests;
<0.25 g of brain tissue (7-10 S-um-thick histological sections)
was examined from each otter via immunohistochemistry, com-
pared with 2-4 g of brain homogenate layered over cells in
culture. Examination of additional brain sections by immuno-
histochemistry might increase the sensitivity of this method, but
numerous tissue sections would need to be examined to equal
the volume of brain tissue screened via parasite isolation. Al-
though mouse bioassay has been shown to be more effective in
some situations (Dubey et al., 1995) when used in combination
with tissue histopathology and immunohistochemistry, as in the
present study, isolation in cell culture is an effective means of
parasite detection. In addition, it obviates the need and expense
of laboratory animal care and animal sacrifice.

At a cutoff titer of 1:320, the IFAT had high sensitivity
(96.4%) but only moderate specificity (59.2%). However, IFAT
specificity was likely underestimated because of the inclusion
of unrecognized 7. gondii-infected otters as gold standard neg-
atives for the reasons outlined above. Some otters in the sample
that were negative for 7. gondii on parasite isolation and im-
munohistochemistry had high 7. gondii titers, e.g.. 21:2,560,
and were likely to have been falsely classified as noninfected.
This phenomenon has been noted for serologic tests for 7. gon-
dii in pigs when an imperfectly sensitive but perfectly specific
gold standard (mouse bioassay) was used (I. Gardner, unpubl.).

One potential disadvantage of IFAT tests is the subjective
clement of test interpretation. To minimize variation caused by
differences in interpretation between different test readers, a
single reader was employed to interpret all IFAT results for this
study. The 7. goadii IFAT performed adequately on hemolyzed
serum samples, and IFAT titers were not associated with the
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extent of serum hemolysis. Thus, the 7. gondii IFAT should be
appropriate for screening serum samples collected at necropsy
as well as samples from live otters where hemolysis is a con-
cern. Other serological tests for protozoa such as the modified
agglutination test are more sensitive to serum hemolysis, po-
tentially resulting in false-positive test results (Packham et al..
1998).

In addition to validation of the IFAT, the present study pro-
vided important data regarding T. gondii infections in California
sea otters. On the basis of the resuits of immunohistochemistry
and parasite isolation, 36% of the freshly dead otters in the
California sample were infected with 7. gondii. This is likely
an undcrestimate of the true prevalence of infection because
some infections were not detected. In spite of this possibility,
our findings indicate that 7. gondii is prevalent and highlights
the nced for studies on modes of transmission of the parasite
in the marine environiment.

The validated 7. gondii IFAT has scveral potential applica-
tions. First, it will be valuable as a diagnostic test for hospital-
ized sea otters with neurological diseasc consistent with pro-
tozoal mcningocncephalitis. Sccond. it will facilitate investi-
gation of risk factors for 7. gondii infection in live-sampled
otters. The cutoff titers selected for 7. gondii scropositivity in
each case will depend on assessment of the “‘cost” of a false-
positive and false-negative diagnosis and the true prevalence of
T. gondii infection in the population. For example, the cost of
a false-ncgative diagnosis of toxoplasmosis is high in an otter
with severe neurological disease compared with that of a false-
positive diagnosis. Although some T. gondii-infected otters do
not exhibit ncurological discase, no southern sea otter is re-
ported to have survived clinical toxoplasmosis without antipro-
tozoal therapy. In contrast, the risk of adverse effects caused
by short-term antiprotozoal therapy in sea otters, either infected
or uninfected, appears to be low. Thus, an IFAT with optimal
sensitivity is best for diagnostic screening for T. gondii infec-
tion in otters with neurological disease. However, a clinical di-
agnosis of toxoplasmosis should be based on demonstration of
arising T. gondii titer, or clinical response to antiprotozoal ther-
apy, or both.

A key goal in screening serum from live-sampled sea otters
is to identify differences in 7. gondii infection or seropreva-
lence among geographically distinct otter groups and investi-
gate risk factors for 7. gondii infection. The cost of a false-
positive or false-negative diagnosis in an epidemiological study
is inclusion of animals in the wrong infection group for anal-
ysis; imperfect sensitivity and specificity usually resuit in non-
differential misclassification of odds ratio estimates for risk fac-
tors, c.g., bias toward finding no effect. Thus, consideration of
both test sensitivity and specificity is important for interpreting
IFAT data that arc used in epidemiological studies. On the basis
of the gold standards used in this study, the maximal combined
values for IFAT sensitivity and specificity occurred at a cutoff
valuc of 1:320 as T. gondii-positive. This value was selected
for screening sera collected from live-sampled sea otters. rec-
ognizing that the 7. gondii infection status of some otters could
be misclassified.

Although the populations had similar age and sex distribu-
tions (Table 1), IFAT seroprevalence of 7. gondii in California
sea otters was greater for freshly dead (61%) than for live-
sampled otters (36%). The reasons for this difference are spec-
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ulative. The higher proportion of seropositive dead otters might
reflect spectrum-of-disease bias because otters with more severe
T. gondii infections might be more likely to die than otters with
less extensive infections. Alternatively, concurrent immunosup-
pressive disease (Kannan et al., 1998) might result in reacti-
vation of chronic, inapparent T. gondii infection and a change
in corresponding IFAT titers. Otters may also have an increased
risk of mortality resulting from seemingly unrelated factors
when infected by 7. gondii. For example, somc otters with gross
evidence of mortality resulting from boat strike or shark pre-
dation had 7. gondii-related meningoencephalitis on histopa-
thology and immunohistochemistry (M. Miller, pers. obs.).
Neurological abnormalitics induced by protozoal brain infec-
tions might make otters more susceptible to predation or trauma
and render them less able to forage effectively or avoid danger,
thus indirectly resulting in montality. Severe clinical deficits,
including scizures, apparent blindness, and obtundation have
been observed in stranded sea otters and harbor seals with T
gondii-associated meningoencephalitis (Lapointe ¢t al.. 1998:
Lindsay et al., 2000; Miller, Crosbic et al.. 2001; Miller, Sver-
low ct al., 2001). Finally, ottcrs that dic from other causes may
have a lower probability of appearing as beach-cast carcasses.

The T. gondii seroprevalence in live-sampled sca otters from
coastal California and Washington was similar, but was greater
than the 7. gondii scroprevalence observed in Alaskan otters.
Gcographical differences in T. gondii scroprevalence might be
attributable to differential 7. gondii exposure, unrecognized cn-
vironmental factors affecting T. gondii survival in the nearshore
cnvironment, differences in otter susceptibility, differences in
paratenic prey species abundance. or other, unrecognized, fac-
tors. Geographical comparisons of T. gondii scroprevalence be-
tween populations or individuals must be interpreted with cau-
tion because of the chronicity of 7. gondii infection, the large
distances traveled by some otters within their respective ranges,
and the unknown mechanisms of 7. gondii transmission in sca
otters. All 3 otter groups (California, Washington, and Alaska)
are widely separated geographically, and movement of animals
between the groups is expected to be minimal. However. rare,
long-distance movements of otters have been reported (Peder-
son and Stout, 1963; Leatherwood et al.. 1978).

In conclusion, the sensitivity and specificity of an IFAT for
diagnosis of 7. gondii infection in sea otters were estimated,
and the IFAT was used to compare seroprevalence of T. gondii
infection in live-sampled sea otters from California, Alaska, and
Washington. All sampled Alaskan otters were seroncgative for
T. gondii, but 236% of live-sampled otters from California and
Washington were seropositive at =1:320 serum dilution. It is
proposed the IFAT will be uscful for screening sea otters with
neurological disease for 7. gondii infection, so that antiproto-
zoal therapy can be expedited. In addition, it will facilitate ep-
idemiological studies of risk factors for 7. gondii exposure in
live-sampled otters. This is important for the conservation of
the threatened southem sea otter: Elevated mortality is felt to
be a key factor in the failure of this population to recover;
infectious disease appears to be an important cause of the cle-
vated mortality, and processes leading to 7. gondii exposurc
and dcath in otters arc largely unstudicd.
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Chapter 5

Freshwater runoff is a risk factor
for Toxoplasma gondii infection in sea otters
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Abstract

The association among anthropogenic environmental disturbance, pathogen pollution and the emergence of infectious diseases in wildlife
has been postulated. but not always well supported by epidemiologic data. Specific evidence of coastal contamination of the marine
ccosystem with the zoonotic protozoan parasite, Toxoplasma gondii, and extensive infection of southern sea otters (Enhydra lutris nereis)
along the California coast was documented by this study. To investigate the extent of exposure and factors contributing to the apparent
emergence of T. gondii in southern sea otters, we compiled environmental, demographic and serological data from 223 live and dead sea
otters examined between 1997 and 2001. The T. gondii seroprevalence was 42% (49/1 16) for live otters, and 62% (66/107) for dead otters.
Demographic and environmental data were examined for associations with 7. gondii seropositivity. with the ultimate goal of identifying
spatial clusters and demographic and environmental risk factors for 7. gondii infection. Spatial analysis revealed clusters of 7. gondii-
seropositive sea otters at two locations along the coast, and one site with lower than expected T. gondii seroprevalence. Risk factors that were
positively associated with T. gondii seropositivity in logistic regression analysis included male gender. older age and otters sampled from the
Morro Bay region of California. Most imporantly, otters sampled near areas of maximal freshwater runoff were approximately three times
more likely to be seropositive to 7. gondii than otters sampled in areas of low flow. No association was found between seropositivity to 7.
gondii and human population density or exposure to sewage. This study provides evidence implicating land-based surface runoff as a source
of 7. gondii infection for marine mammals, specifically sea otters, and provides a convincing illustration of pathogen pollution in the marine
ecosystem. © 2002 Australian Society for Parasitology Inc. Published by Elsevier Science Ltd. All rights reserved.

Keywards: Toxoplasma gondii. Enhydra lutris. Sea otter: Risk factor: Spatial analysis; Runoff

1. Introduction

Growing evidence supports the link between human
environmental disturbance and emerging infectious diseases
of wildlife populations (Daszak et al., 2001). More than any
other animal species, humans impact the environment
locally, regionally and globally, inducing atmospheric,
hydrological and biochemical changes that can be detected
in the most remote regions of the planet. Anthropogenic
environmental changes may promote the emergence of
pathogens through the transportation and introduction of
infectious agents or hosts to new environments, through

* Corresponding author. Tel.: +1-530-752-3349.
E-mail address: paconrad@ucdavis.edu (P.A. Conrad).

manipulation of local ecosystems to favour the proliferation
or prolonged survival of infectious agents, or by facilitating
new host—pathogen interactions. These emerging infectious
diseases in tumn pose threats to ecosystem biodiversity and
human health.

The protozoan parasite Toxoplasma gondii is a recog-
nised pathogen of humans and terrestrial animals. This para-
site has a two-host life cycle, with many animals, including
mice, birds, domestic livestock and humans serving as
potential intermediate hosts (Frenkel and Dubey, 1972). In
the intermediate host, invasive stages of T. gondii may
spread throughout the muscles, nervous system and other
tissues, forming long-lived tissue cysts. However, the only
animals known to shed oocysts in their faeces are felids,
most importantly domestic cats. These oocyst-shedding
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definitive hosts are infected through oocyst exposure, or by
consumption of infected intermediate hosts.

The most common routes of 7. gondii infection for
humans are through exposure to oocysts in contaminated
soil, transplacental transmission or by consumption of
uncooked or undercooked meat containing encysted para-
sites (Frenkel and Dubey, 1972). However. recent evidence
indicates that waterborne T. gondii exposure is more
common than previously recognised, and may represent
an important source of human infection (Bowie et al.,
1997: Aramini et al., 1999; Tenter et al.. 2000). These
waterborne infections probably result from exposure to
infective oocysts in polluted water, but it is also possible
that aquatic species serve as intermediate or paratenic hosts.

Increasing recognition of T. gondii infection in diverse
species of marine mammals, including cetaceans (Cruick-
shank et al., 1990; Inskeep et al., 1990; Migaki et al., 1990;
Mikelian et al., 2000), pinnipeds (Van Pelt and Dietrich,
1973; Migaki et al., 1977; Holshuh et al., 1985; Miller et
al., 2001) and sirenians (Buergelt and Bonde, 1983) provides
compelling evidence for marine dispersal of this terrestrial
pathogen. Until recently, most reports consisted of case
studies on individual T. gondii-infected animals. However,
the recent recognition of numerous fatal 7. gondii brain infec-
tions in southern sea otters (Enhydra lutris nereis) from Cali-
fornia (Thomas and Cole, 1996; Cole et al., 2000) prompted
concerns about the emergence of T. gondii as a significant
marine pathogen. Whether the emergence of T. gondii infec-
tion in sea otters is attributable to increasing prevalence,
increased surveillance, or both, is unknown. For California
otters examined between 1992 and 1995, Thomas and Cole
(1996) attributed 8.5% of total sea otter mortality to proto-
zoal meningoencephalitis. Using parasite isolation in cell
culture and brain immunohistochemistry, we recently
discovered that 36% (28/77) of freshly dead sea otters were
infected with T. gondii at the time of postmortem examina-
tion (Miller et al., 2002), suggesting that 7. gondii infection is
common in southern sea otters.

Sea otters are a unique marine mammal species because
they live, reproduce and feed almost exclusively in the near-
shore marine environment, often within 0.5 km of the shore-
line (Riedman and Estes, 1990). As a federally listed

threatened species with evidence of recent population
declines, the high prevalence of 7. gondii infection in south-
ern sea otters is of concern. To investigate the apparent
emergence of 7. gondii as a pathogen of southern sea otters,
we determined seroprevalence in live and dead sea otters
examined between 1997 and 2001 using an indirect fluor-
escent antibody test (IFAT) which was recently validated
for sea otters (Miller et al., 2002). Additional coastal envir-
onmental data, including location and volumes of river and
stream runoff, municipal sewage outfall and human coastal
population density were assembled from federal and state
sources. The compiled demographic and environmental data
were examined for statistical associations with 7. gondii
seropositivity in sea otters. Our working hypotheses were
that 7. gondii exposure in sea otters would be positively
correlated with age class, total length, body weight, nutri-
tional condition, coastal human population density and areas
of maximal sewage and freshwater outflow. Because we
focussed on T. gondii seropositivity, not T. gondii-induced
disease for the present study, we expected to find no rela-
tionship between seropositivity and dead versus live status
at time of sampling. Through spatial analysis we hoped to
detect high and low risk areas for 7. gondii seroprevalence
that could provide optimal sampling locations for future
research on routes and mechanisms of T. gondii exposure
in sea otters.

2. Materials and methods
2.1. Study population

Data from 223 live- and dead-sampled otiers were
included in the study (Table 1). Throughout the study
period, yearly rangewide counts identified <2.300 sea otters
along the central coast of California (United Sates Geologi-
cal Survey unpublished technical report). Southem sea
otters currently range from Half Moon Bay south to Santa
Barbara, California, a distance of approximately 661 km.
Data on each otter’s gender, age class, stranding or sampling
location and other factors, as defined below, were recorded
at the time of capture or necropsy.

Table |
Demographic characteristics of live and dead California sea otters enrolled in risk factor study (1997-2001)
Live/dead status Gender Age class
Pup/immature Subadult Adult/aged adult Total
Live Male 14 (29%) 2 (4%) 32 (67%) 48
Female 7 (10%) 7 (10%) 54 (80%) 68
21 (18%) 9 (8%) 86 (74%) - 116
Dead Male 15 (24%) 8 (13%) 39 (63%) 62
Female 13 (29%) 7 (15%) 25 (56%) 45
28 (26%) 15 (14%) 64 (60%) 107
Total 49 24 150 223
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Dead sea otters (n = 107) were collected along the central
California coast, transported to the California Department of
Fish and Game Marine Wildlife Veterinary Care and
Research Center in Santa Cruz, California and necropsied
as described (Miller et al., 2002). All freshly dead (postmor-
tem interval <72 h) otters examined between January 1997
and June 2001 with availabie serum were included in the
study. Live-sampled southern sea otters (n=/16) were
captured at various locations between January 1997 and
June 2001. Live-sampled otters received flipper tags prior
to release to prevent inadvertent repeat sampling. For live-
sampled otters, the sample location, gender distribution and
sample dates were influenced by ongoing research projects,
permit-related sampling restrictions and weather conditions.

2.2. Serum collection and testing, live and dead otters

Blood was abtained from live-sampled otters by jugular
venipuncture and from necropsied otters by collection from
the heart and great vessels. Whole blood was allowed to
clot, centrifuged at 1,500X g for 10 min. and stored at
—70°C until tested. Serum samples were screened for 7.
gondii using an IFAT and endpoint titres were determined
through serial dilution (Miller et al., 2001, 2002). An IFAT
cutoff of =1:320 was previously determined to be optimal
for detecting T. gondii infection in southern sea otters of
known T. gondii infection status (Miller et al., 2002), thus
this cutoff was used in the present study. Confirmation of 7.
gondii infection in live-sampled otters was not possible by
non-invasive methods other than serology. However,
previous studies showed good correlation of IFAT results
with T. gondii infection status (Miller et al., 2002).

2.3. Definition of risk factors

The following potential risk factors were selected for
evaluation of associations with T. gondii seropositivity:
gender, live versus dead status at time of sampling, age
class, body weight (kg), body length (cm), length~weight
ratio, nutritional condition score, sample or stranding Joca-
tion, coastal human population density and sampling loca-
tion proximity to river and stream outflow locations. or
municipal sewage treatment plant outfall locations.

The sea otter age classifications used in this study were
based on total body length, dentition and pelage character-
istics, as described by Morejohn et al. (1975). Three age
categories were used for live and dead otters: pups plus
immatures, subadults and adults plus aged adults. The
youngest and oldest age classes were collapsed into single
categories because of differences in age class assessment
criteria for live and dead otters. Nutritional condition was
assessed only for dead otters. and categories were defined as
follows: emaciated, no discernable body fat; thin, minimal
body fat (e.g. hocks only); fair, scant subcutaneous body fat
(e.g. hocks and hips); moderate, moderate subcutaneous
body fat distributed throughout subcutis and abundant,
abundant subcutaneous body fat. Total body length was

measured as flat linear distance (cm) from the tip of the
nose to the fleshy tip of the til. Length-weight ratio was
the ratio of total length to body weight in kilograms. Corre-
lations among the age and gender-related biological factors
were assessed using several techniques, as outlined below.

To assign a numerical value for each otter’s stranding or
sampling location, the central California coastline encom-
passing the southern sea otter range (661 km) was divided
into 0.5 km increments and was assigned a numerical value,
starting with 1 to the north, and ending at 1,322 to the south
(California Department of Fish and Game, unpublished
data). Each point was mapped in reference to prominent
coastal geographical features along a hand-smoothed
contour line, set offshore at 5 fathoms depth. All live or
dead otters sampled along the coastline were assigned to
the closest 0.5 km site, based on their location at the time
of carcass recovery or capture. These locational data were
converted to latitude and longitude values and were used for
all subsequent spatial analyses.

Data for human population density along the central Cali-
fornia coast were compiled from United States 2000 census
data  (http://www.geographynetwork.com).  Population
density was reported as the number of human beings per
square mile, using the following five groups: 0~100; >100-
1,000; >1,000-3,000; >3,000-6,000 and >6,000. Each
0.5 km coastal point within the southem sea otter range
was assigned the human population density score of the
adjacent coastal 2000 census tract. All dead- and live-
sampled otters were assigned the appropriate score, based
on their location at the time of recovery or sampling.

Quantification of freshwater outflow along the central
California coast was done using a geographic information
system (GIS) map marked with the marine outfall location
of each stream or river along the central California coast. All
watersheds drained by unique rivers or streams (delineated
by CalWater 2.2 GIS data and US EPA Reach File 3 GIS
data) were included in this study. Relative discharge from
each watershed was estimated using the 60-year average
rainfall data (Central Coast Regional Water Quality Control
Board), expressed as areas of equal rainfall, or isohyets, in
conjunction with the boundaries and total area of each
watershed. Since the amount of precipitation lost to
impoundment, ground absorption or other factors could
not be accurately determined for each watershed, the theo-
retical maximum flow values (average precipitation per unit
area, times total acreage) were used. The relative contribu-
tions of water impoundment, irrigation and other exogenous
factors were assumed to be equal across all watersheds. The
relative exposure to stream and river outflow was deter-
mined for each 0.5 km otter sample point described above.
An exponential dilution model was used to predict the influ-
ence of runoff from each river and stream, with each succes-
sive 0.5 km coastal point assigned a calculated value for
magnitude of freshwater influence. Sample point values
were determined by weighting both the sample point’s
proximity to each river or stream mouth and total annual
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outflow (e.g. 0-10,000; 10,001-100.000 or 100,001-
1,000,000 acre-ft/year). Wherever the influences of two
rivers or streams overlapped, their weighted flow values
were combined at each applicable 0.5 km point. This fresh-
water outflow model assumed that outflow from rivers is
mixed with salt water at a rate that varies exponentially
with distance from the point of entry. Freshwater influence
was presumed to be negligible when the magnitude of fresh-
water outfall was less than 10,000 acre-ft per year at a given
0.5 km coastal point.

The proximity of each otter’s sampling site to the location
of the nearest major municipal sewage outfall was deter-
mined using similar techniques as for freshwater outflows.
Sewage plant discharge locations and volumes were
obtained from National Pollutant Discharge System permit
records (California Central Coast Regional Water Quality
Control Board). For each treatment facility, total yearly
marine discharge (acre-ft per year) was assessed. Areas of
coastal influence of treatment plant discharges were esti-
mated by mapping each sewage outfall pipe’s discharge
location using the 0.5 km coastal sampling units described
above. The combined influences of proximity and effluent
volume exposure were calculated using an exponential dilu-
tion model, with the exposure values recalculated for each
sequential 0.5 km sampling location from the sewage outfall
pipe. Sewage influence was categorised as <1; 1-4,000 or
4,001-8,000 acre-ft per year. When two sewage treatment
plants were discharging in close proximity to each other,
their numerical values for total flow were added at each
affected 0.5 km site. For both sewage outfalls and fresh-
water flows, no attempt was made to correct for seasonal
variation in volume discharged at each site or local effects
attributable to wind. marine currents or coastal geography.

2.4. Univariate analysis of risk factors

Chi-square tests were used to determine univariate asso-
ciations between 7. gondii serological status and categorical
risk factors (e.g. gender and age class) in otters. ¢-Tests were
used to determine associations between T. gondii serological
status and continuous risk factors (e.g. body weight and total
length). P values <0.05 were considered statistically signif-
icant. Odds ratios and 95% confidence interval (Cl) were
calculated for categorical risk factors. All analyses were
done using SPSS Graduate Pack, version 10.0 (SPSS Inc.).

2.5. Spatial analysis

The spatial relationship between T. gondii serological
status in otters and sample location was evaluated
using SaTScan (http://www _nic.nih.gov/prevention/bb/sats-
can.html). version 2.1. A Bemoulli-based (Kuildorf and
Nagarwalla, 1996), purely spatial equation for probability
was selected for the analyses because of differences in
sample collection periods between the live and dead otter
groups, and due to the binary character of the dara (e.g.
seropositive or seronegative). Data from live and dead otters

were analysed separately and were combined for spatial
analyses. The data were analysed for both higher and
lower than expected clusters of T. gondii seropositivity,
recognising that both regions would be of interest in subse-
quent studies on routes and mechanisms of sea otter infec-
tion by T. gondii. A second spatial analysis was performed
to examine in more detail potential spatial clusters within
the Monterey Bay region. Only data points located within
the greater Monterey Bay region (0.5 km markers 256-390)
were included in this second. smatler-scale spatial analysis.
A P value of <0.1 was considered statistically significant
for detecting spatial clusters with increased or decreased
risk for T. gondii seropositivity.

As a second technique to examine the data for spatial
associations between stranding or sampling location and
T. gondii seropositivity, the central coast of California
was divided into 22 segments, with the points of separation
delineated by coastal geographical features (e.g. peninsulas)
or points of transition between rural and urban areas.
Proportions of seropositive otters among regions were
compared to supplement our findings derived from SaTScan
spatial analyses.

2.6. Logistic regression analysis

Relationships between potential demographic, environ-
mental and spatial risk factors and seropositivity to T. gondii
were further assessed by logistic regression. The logistic
regression equation was developed using SPSS Graduate
Pack, version 10.0, (SPSS Inc.). Logistic modelling
followed recommended procedures (Hosmer and Leme-
show, 2000) and considered all biologically plausible risk
factors using forwards and backwards selection of factors.
For the logistic regression analysis, serological data for live
and dead otters were pooled to maximise sample size. Over-
all fit of the final logistic equation was assessed using
Hosmer-Lemeshow goodness-of-fit statistics. Adjusted
odds ratios and 95% Cls were calculated to measure the
strength of association between each risk factor in the equa-
tion and serological status for T. gondii.

3. Results
3.1. Seroprevalence

The T. gondii seroprevalence was 42% (49/116) for live
otters and 62% (66/107) for dead otters using an IFAT cutoff
titre of =1:320 as positive. Reciprocal IFAT titres ranged
from 80 to 20,480 for both live and dead otters. Gender and
age distributions differed between the live and dead otters
(Table I). Live-sampled otters had a higher proportion of
females (P =0.013) and young age classes (P = 0.068)
compared with dead otters. These differences between the
two groups were accounted for in the logistic regression
analysis of risk factors. The proportion of seropositive otters
for each study year ranged from 25% (1997; n = 4) to 75%
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(1998; n = 44). However, variation in the proportion of
seropositive otters was not significant among study years
(P =0.8).

3.2. Risk factors

Based on univariate analyses, seropositivity to 7. gondii
was positively associated with male gender, increasing age
class and dead versus live status at time of sampling (P <
0.05) (Table 2). The odds of T. gondii seropositivity for
females were approximately one half of those for males.
Dead-sampled otters were 2.2 times more likely to be sero-
positive for T. gondii, when compared with live-sampled
otters. Surprisingly, no association was detected between
nutritional condition and seropositivity to 7. gondii
(P = 0.100). However, nutritional condition was assessed
only for dead otters. Similarly, seropositivity to T. gondii
was not significantly associated with human population
density (P =0.293), or proximity to sewage outfalls
(P = 0.955), but was highly correlated with freshwater
flow (P < 0.001). Highly significant associations were
detected between increasing body weight and total length
and T. gondii seropositivity (P < 0.001). Mean (*SEM)
body weight and length of seropositive otters
(206 = 0.6kg and 1189 = 1.2cm, respectively) were
significantly greater (P < 0.001) than the comresponding

Table 2

measurements for seronegative otters (15.8 + 0.7 kg and
107.6 = 2.0 cm, respectively). An inverse relationship was
detected between seropositivity to T. gondii and the calcu-
lated length-weight ratio (P < 0.001). Seropositive otters
had a significantly lower length—weight ratio (6.6 = 0.3)
than seronegative otters (8.7 % 0.5). This resultis not surpris-
ing, however, given that length-weight ratio was also found
to correlate inversely with sea otter age (data not shown).

3.3. Spatial analysis

Spatial analysis of pooled live and dead otter serological
data revealed a large cluster of 7. gondii-seropositive otters
(20/23, or 87% seropositive) within a 20 km coastal region
centred on the towns of Morro Bay and Cayucas, California
(35.361°N, 120.870°W) (Fig. 1). Ouers sampled from this
area were nearly twice as likely to be seropositive to 7.
gondii as expected, and this difference was statistically
significant (P = 0.082).

For otters sampled within Monterey Bay, a second poten-
tial cluster of T. gondii seropositivity was detected within a
27 km region centred on Elkhorn Slough and the small town
of Moss Landing (36.790°N, 121.799°W) (Fig. 1). Nearly
79% (15/19) of otters sampled within this spatial cluster
were seropositive for 7. gondii, and otters sampled within
10 km of Elkhorn Slough were 1.5 times more likely to be

Categorical risk factors for seropositivity o Toxoplasma gondii in California sea otters (1997-2001). univariate analysis®

Risk factor Group Percentage seropositive Odds ratio  95% Cl Chi-square P-value
for T. gondii

Gender Male 59 (n=110) 1.00 - 0.027
Female 4(n=113) 0.55 0.32-0.94

Age class Immature 20 (n =49) 1.00 - <0.001
Subadult 54 (n=24) 4.61 1.41-15.42
Adult 61 (n=150) 6.19 2.72-14.40

Live-dead status Alive 42 (n=116) 1.00 - 0.004
Dead 60 (n = 107) 220 1.29-3.76

Nutritional condition® (based on subcutaneous body fat) Abundant 75 (n=20) 1.00 - 0.100
Moderate 78(n=13) 1.1 0.17-7.71
Fair 40 (n=10) 022 0.03-1.43
Thin 68 (n =25) 0.71 0.16-3.15
Emaciated 49 (n=137) 032 0.08-1.20

Human population (no. of humans per square mile) <100 65 (n=49) 1.00 - 0.293
100-1.000 46 (n=163) 045 0.19-1.05
§.000-3.000 47 (n=153) 047 0.20-1.13
3.000-6.000 50 (n=16) 053 0.15-1.92
>6.000 50 (n=42) 053 0.21-1.34

Sewage outfall exposure (acre-ft/year) Low 51 (n=214) 1.00 - 0.955
Medium 57T(n=T7) 1.26 0.23-7.29
Heavy 50(n=2) 0.95 0.03-35.07

Freshwater outflow exposure (acre-ft/year) Low 4l (n=12D) 1.00 - <0.001
Medium 45 (n=60) 1.16 0.59-2.27
Heavy 76 (n =42) 454 1.93-10.93

* Analysis includes IFAT results from both dead (n = 107) and live (n = 116) otters.
» Nutritional condition data were only available for dead otters. and were not assessed for two otters.
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Fig. 1. Spatial clusters with higher (dark lines) or iower (dotted line) than
expected proportions of sea otters that were seropositive for Toxoplasma
gondii.

seropositive than for all otters combined. However, this
difference was not statistically significant (P = 0.997).
Spatial analysis was repeated on a smaller scale to further
examine this potential cluster of seropositive otters. Analy-
sis of pooled live and dead otter serology data for the greater
Monterey Bay region again revealed a spatial cluster over-
lapping the Elkhorn Slough/Moss Landing site (36.634°N,
121.918°W). This spatial cluster from the more restricted
spatial analysis more closely approached statistical signifi-
cance (P = 0.224, data not shown).

A region of low T. gondii seropositivity was detected for
otters sampled within a 28 km region encompassing the tip

Table 3

and southem portion of Monterey Peninsula (36.579°N,
121.980°W) (Fig. 1). Live and dead otters sampled from
within this region were half as likely to be seropositive to
T. gondii as expected, and this difference was statistically
significant (P = 0.007). Separate univariate analyses of the
22 major coastal segments (as described in Section 2)
supported our findings from spatial analyses, with higher
than expected proportions of seropositive otters detected
in the vicinity of Morro Bay (78%, n = 26) and Elkhorn
Slough (74%, n = 19), with lower than expected proportion
of seropositive otters detected in the vicinity of south
Monterey Peninsula (34%, n = 35).

To further evaluate the clusters of seropositive and sero-
negative otters detected through spatial analysis, locations
of all otters (live and dead) were coded as follows: 1 = all
otters sampled within the Elkhom Slough spatial cluster,
2 = all otters sampled within the Morro Bay spatial cluster,
3 = all otters sampled within the south Monterey Peninsula
cluster and 4 = all otters sampled at sites falling outside of
these spatial clusters. The resulting data were incorporated
into a logistic model to determine if associations between
the sample location and other risk factors could explain the
observed spatial clustering.

3.4. Logistic regression analysis

The goal of logistic regression analysis was to simulta-
neously investigate the relative contributions of the various
risk factors to T. gondii seropositivity, while adjusting for
differences between sample populations. The final logistic
equation identified significant associations between T.
gondii seropositivity in relation to otter gender, age class,
sampling location and maximal freshwater outflow (Table
3). The Hosmer-Lemeshow goodness-of-fit P value of the
final logistic equation was P = 0.96, which indicated excel-
lent fit between the observed data and the model. A slight
protective effect was attributed to female gender, younger

Logistic regression of risk factors for seropasitivity to Toxoplasma gendii for California sea otters (1997-2001)*

Risk factor Adjusted odds ratio 95% C} Significance (P)
Gender Male 1.00

Female 0.49 0.26-0.93 0.028
Age class Pup/immature 1.00

Subadult 8.08 2.21-29.62 0.002

Adult 14.61 5.10-41.84 <0.00!
Status at time of sampling Alive 1.00

Dead 1.85 0.88-3.89 0.103
Sampling location All other sites 1.00

Morro Bay 931 2.26-38.31 0.002
Freshwater outflow exposure Light 1.00

Medium 1.07 048-24 0.876

Heavy 290 1.21-69 0.017

* Analysis includes IFAT results from both dead (7 = 107) and live (n = 116) otters.
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age class and otters that were sampled at points distant from
Morro Bay. After accounting for the effects of age class,
gender and sampling location, the adjusted odds ratio for T.
gondii seropositivity for dead-sampled otters was still
almost twice that for live otters (1.85:1). However, these
findings were not significant (P = 0.103).

In contrast, significantly increased odds of T. gondii sero-
positivity were detected for otters sampled near maximal
(heavy) freshwater outfalls (Table 3). Based on our analysis,
the odds of T. gondii seropositivity were highest for adult
male sea otters sampled from areas of central California
with maximal freshwater outflow, especially those sampled
near Morro Bay/Cayucas. No significant associations with
T. gondii seropositivity were found in relation to sewage
flow, either by univariate analysis (Table 2) or by logistic
regression analysis (P > 0.1, data not shown). However,
96% of our otter samples (214/223) were obtained from
coastal areas with minimal values for municipal sewage
exposure.

4. Discussion

The overall goal of the present study was to investigate
the apparent emergence of T. gondii infections in southemn
sea otters from California. Between 1997 and 200t, we
collected serum from 223 live and dead sea otters. The
current California sea otter population is approximately
2.300 animals. Using a T. gondii IFAT that was previously
validated for sea otters, we determined that 42% (49/116) of
live otters, and 62% (66/107) of fresh dead California otters
were seropositive for 7. gondii at the time of sampling. Our
specific objective was to evaluate our sea otter serological
and demographic data, along with coastal environmental
data for potential demographic, spatial or environmental
factors associated with an increased risk of T. gondii sero-
positivity in sea otters. The data were also examined for
factors associated with a lower than expected risk of T.
gondii seropositivity, as both types of risk factors would
provide important clues regarding the route and mechan-
isms of sea otter infection by T. gondii.

A number of obstacles, including misidentification of
exposure location, incorrect classification of demographic
or serological data and laboratory error could have inhibited
our ability to detect risk factor associations. Unavoidable
misclassification of data might have occurred due to wide-
ranging movements of some otters with chronic 7. gondii
infections, postmortem carcass drift, error in identification
of seropositive or seronegative otters (false positives or false
negatives), laboratory error in sample processing or inter-
pretation, and incorrect categorisation of age class or other
demographic data. Despite these obstacles, we were able to
identify statistically significant demographic, spatial and
environmental associations, as outlined below. These asso-
ciations provide strong evidence to support the suspected
land-based origin of T. gondii infections in sea otters, and

reveal new avenues for scientific investigation. We belicve
that the true associations may be even stronger, but were
partially masked by suspected non-differential misclassifi-
cation of data due to the factors listed above.

At the onset of the study we did not hypothesise that otter
gender would be associated with seropositivity to 7. gondii.
However, male otters were almost twice as likely as females
to be seropositive (Table 2), possibly due to behavioural
differences. Variation in home range size and seasonal
movements are recognised, and males are more likely to
travel long distances in their efforts to establish and defend
territories (Jameson, 1989; Ralls et al., 1996). Thus spatial
associations identified in female otters may more accurately
reflect local exposure conditions than similar data derived
from more wide-ranging males. Conversely, if T. gondii
contamination of the nearshore marine environment occurs
as multiple areas of point-source contamination, then wide-
ranging males would be more likely to come into contact
with one or more of these contaminated areas during their
lifetime.

We hypothesised that increasing sea otter age would
increase the risk of seropositivity to T. gondii. As with
humans and terrestrial animals (Dubey, 1987; Guerina,
1994; Esteban-Redondo et al., 1999), T. gondii infection
in otters is likely to be prolonged, perhaps lifelong, as a
result of tissue cyst formation. Assuming the temporal risk
of T. gondii exposure remains relatively constant, then the
probability of otter infection and seropositivity increases the
longer an animal lives. All indices of age employed in the
present study (age class, body weight, total length and
length-weight ratio) yielded similar associations with sero-
positivity. Otters that were older, heavier and longer were
far more likely to be seropositive to T. gondii. The present
study did not account for potential foetal loss or neonatal
mortality attributable to transplacental infection by T.
gondii. Such infections have been documented in humans
and domestic animals, and may contribute significantly to
foetal loss and neonatal mortality (Guerina, 1994; Buxton,
1998). Transplacental transmission of T. gondii in sea otters
has not been documented, but could easily be missed due to
uterine resorption or lower carcass recovery rates for
affected foetuses and neonates, when compared with larger,
more obvious carcasses of subadult and adult otters.

The focus of the present study was on seropositivity to T.
gondii, not disease attributable to 7. gondii infection. Thus
we expected to find minimal association between live or
dead otter status at the time of sampling and T. gondii
serostatus, after adjusting for age and gender differences.
However, we found that dead otters were more than twice
as likely to be seropositive to T. gondii, when compared
with live otters in our univariate analysis (P = 0.004).
Increased odds of seropositivity for dead otters might be
attributed to increased risk of mortality for 7. gondii-
exposed otters, due to the direct or indirect effects of T.
gondii infection. Other studies have documented 7. gondii
encephalitis as an important cause of sea otter mortality
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(Thomas and Cole, 1996). When live-dead status at time of
sampling was incorporated into a logistic model, the
adjusted odds ratio for seropositivity for dead otters was
approximately twice that for live otters (Table 3). However,
this difference was not found to be significant (P = 0.103)
when other factors such as gender, age class, sampling loca-
tion and freshwater flow exposure were accounted for in the
model. This suggests that associations between some or all
of these factors may have contributed to the variation in 7.
gondii seropositivity observed between the live- and dead-
sampled sea otter groups.

Our working hypothesis was that 7. gondii-positive sea
otters would be in poorer nutritional condition than serone-
gative otters, because 7. gondii infection could result in
impairment of vision or compromised brain, heart or muscle
function. leading to impaired foraging efficiency and emacia-
tion. Univariate analysis revealed no statistical association
between nutritional condition and 7. gondii serostatus.
However, nutritional condition was only assessed for dead
otters at necropsy, not live otters, and many other causes of
death may be associated with poor nutritional condition.

We speculated that exposure to surface runoff and sewage
would be maximal in areas of high human density. Thus
increased flow of T. gondii-contaminated water into the
nearshore marine environment would be expected near
densely settled areas, and would be reflected as a higher
proportion of seropositive sea otters. However, our assump-
tion that human population density could serve as an index
of maximal surface runoff or sewage outfall was incorrect.
Negative correlations were detected between freshwater
outflow (e.g. runoff) and coastal human population density.
and between sewage outfall and coastal human population
density (P < 0.05, data not shown), suggesting that regions
of maximal freshwater and sewage outflow were preferen-
tially located in areas of low human population density. In
addition, variation in inland human population density,
which may have contributed directly to coastal freshwater
outflow, and indirectly to coastal sewage outflow, were not
assessed. Thus, the relationship between human population
density and T. gondii exposure in sea otters should be inves-
tigated using techniques other than those utilised in the
present study.

The relationship between areas of increased human
density and domestic cat density in California is unknown,
but it seems logical to assume that increased numbers of
feral and domestic cats could be associated with areas of
human development. However, feral cats were also detected
in regions of moderate to low human density, such as the
vicinity of Elkhorn Slough and Morro Bay (Miller, unpub-
lished data).

In the present study we hypothesised that 7. gondii sero-
positivity in otters would be associated with exposure to
coastal plumes of municipal sewage. Potential sources of T.
gondii in sewage include flushable cat litter or skimmed cat
faeces that have been disposed into toilets. Common techni-
ques for primary and secondary sewage processing may not

kill protozoan oocysts or sporocysts (Payment et al., 2001),
and may even enhance their infectivity (e.g. by aeration)
prior to wastewater release. We found no evidence of a rela-
tionship between seropositivity to 7. gondii and exposure to
municipal sewage. This may be because the major municipal
sewage outfalls are located far offshore (e.g. 0.5-5 km), and
nearly all (96%) otters were sampled at locations >5 km
from the nearest major municipal sewage outfall. Thus expo-
sure of sea otters to sewage plumes derived from major muni-
cipal sources was considered to be low in the present study. It
is important to note that the potential negative impacts of
exposure to non-municipal sewage, such as boat bilge
discharge and seepage from broken sewage pipes or septic
tanks, were not addressed, because these smaller, intermit-
tent sources of faecal waste are more difficult to detect and
monitor. The same is true for small sources of freshwater
outflow, such as municipal surface water runoff. However,
the cumulative importance of these smaller sources of
polluted water in transporting T. gondii oocysts from
contaminated litter, lawns, gardens, sidewalks and streets
into the nearshore marine environment could be significant.
and should not be discounted. Collectively, these smaller
point sources of marine contamination may have important,
as yet unrecognised deleterious effects on sea otter health.
Potential negative impacts of sea otter exposure to sewage
should be investigated by targeted sampling of animals from
sewage-impacted and sewage-free areas.

We hypothesised that T. gondii seropositivity would be
associated with exposure to high volumes of freshwater
outflow, because environmentally resistant T. gondii
oocysts present in cat faeces could be efficiently transported
to the nearshore marine environment by surface runoff. If
this is true, then otters living in or near large plumes of
contaminated freshwater would be at increased risk for 7.
gondii exposure. In California, surface water runoff is
conducted to coastal streams, or directly to the ocean from
lawns, streets and open land via storm drains, ditches and
culvert pipes. with essentially no pre-treatment. Significant
surface water contamination by 7. gondii oocysts was
demonstrated previously in British Columbia, Canada,
where a large-scale outbreak of human toxoplasmosis led
to the discovery of contamination of a public water supply.
presumably by feline faeces (Aramini et al., 1999). Coastal
freshwater ouiflow, as calculated in this study, is roughly
analogous to maximal terrestrial surface water runoff. When
adjusted for variation attributable to gender, age class, live-
dead status at time of sampling and high or low risk sites
detected through spatial analysis, a strong association was
detected between T. gondii seropositivity in otters and loca-
tions of maximal freshwater outflow along the coast. Otters
sampled at these maximal flow sites were nearly three times
more likely to be seropositive to T. gondii than those
sampled at low flow sites. This association between maxi-
mal surface runoff and T. gondii seropositivity in sea otters
suggests a significant role for freshwater runoff in the trans-
mission of T. gondii to sea otters. In addition to terrestrial-
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origin input of infective protozoan oocysts, these freshwater
plumes might also enhance sea otter T. gondii exposure
through other means, perhaps by enhancing oocyst survival
in the nearshore marine environment, or by creating optimal
habitat for otter prey species that may serve as efficient
intermediate or paratenic hosts.

Spatial analysis was conducted to detect clusters of sero-
positive and seronegative otters, and to develop hypotheses
about site-specific risk factors for T. gondii exposure. For
example, spatial clustering of seropositive sea otters might
be associated with localised T. gondii oocyst contamination
through rivers, streams or other point sources. However, the
spatial analyses did not adjust for demographic and environ-
mental exposure variables in the population-at-risk. To
adjust for potential variation in these factors, our results
from spatial analysis were examined in relation to freshwater
flow by univariate analysis, and were incorporated into the
final logistic regression model. Most (89%) of the otters (n =
19) sampled in the vicinity of Elkhorn Slough were exposed
to maximal freshwater flow, thus explaining the increased
proportion of seropositive otters sampled at this site. Simi-
larly, the low risk spatial cluster centred on south Monterey
Peninsula could be attributable to low freshwater flow expo-
sure, as 98% of sampled otters (n = 60) from this region were
exposed to low or moderate freshwater flow. In addition, over
78% of the south Monterey Peninsula otters were live-
sampled, which could have biased the sampling towards a
higher proportion of seronegative animals.

The relationship between freshwater flow exposure and T.
gondii seropositivity was less clear for otters living in the
vicinity of Morro Bay/Cayucas. Otters sampled from this
region were evenly divided between low (n = 8), moderate
(n = 9) and heavy (n = 7) freshwater exposure. Even after
variation in freshwater flow, gender, age class, and live-
dead status were accounted for in the logistic model, otters
sampled at this location were nine times more likely to be
seropositive for T. gondii (P < 0.001). Analysis of proto-
zoan isolates obtained from necropsied otters revealed a
similar trend, with 67% of otters (12/18) recovered from
the Morro Bay/Cayucas region found to be infected with
T. gondii, compared with 27% infection (16/59) on average
for the other freshly dead otters necropsied at our facility
(Miller, unpublished data).

Unrecognised factors appear to be contributing to the
increased risk for 7. gondii exposure in otters sampled
from the Morro Bay/Cayucas region. Interestingly, this is
the only region within southem sea otter range where
primary treated municipal sewage is permitted to be
discharged into the nearshore marine environment. Any
causal relationship remains to be established. The present
study design did not allow for an in-depth evaluation of the
potential effects of sewage, since nearly all otters in the
study were sampled at sites >5 km away from municipal
sewage outfall locations. To exclude sewage as a risk factor
for T. gondii exposure. targeted sampling of otters should be
completed in known sewage-impacted areas, as well as sites

distant from any recognised sewage input. Coastal geogra-
phy. winds, tides and marine currents may also play a role in
locally concentrating oocysts that have gained access to the
nearshore environment. A large enclosed harbour (Morro
Bay) is located near the centre of this region, and is widely
used by otters for foraging and resting. This harbour has
relatively low freshwater input and has a narrow opening
to the ocean. Thus the normal fAlushing action of waves,
storms and tidal changes may be minimised at this site. In
addition, feral cats are present at sites immediately adjacent
to the enclosed harbour and open ocean in this vicinity
(Harris, personal observations). Studies in progress now
may help to better define the sources and risk factors for
T. gondii infection for sea otters for this high-risk area.

The marine source of T. gondii exposure for sea otters is
not known. One possible route is through direct ingestion of
infective oocysts present in contaminated water. However,
infective oocysts might also be efficiently concentrated and
transmitted to sea otters through filter-feeding activity of
benthic invertebrates, as has been demonstrated previously
for related pathogenic protozoa (e.g. Cryprosporidium and
Giardia) (Graczyk et al., 1999a,b; Tamburrini and Pozio,
1999). Filter-feeding benthic invertebrates, such as clams
and mussels are a common prey source for southern sea
otters (Kvitek et al., 1988; Riedman and Estes, 1990).
Because sea otters feed almost exclusively in the nearshore
marine environment and consume approximately 25% of
their body weight each day in filter-feeding benthic inverte-
brates and other prey (Riedman and Estes, 1990), these
invertebrates could serve as an efficient route of 7. gondii
uptake and dissemination to sea otters. If confirmed, these
findings would help explain the high proportions of 7.
gondii-infected (36%) and seropositive (42% for live, 62%
for dead) otters sampled along the central coast of Califor-
nia. Since humans consume the same or similar invertebrate
species, including clams and mussels, confirmation of T.
gondii contamination of nearshore benthic invertebrates
would have significant human health implications.

This study provides compelling evidence implicating
land-based surface runoff as a source of T. gondii infection
for sea otters, and is an excellent illustration of pathogen
pollution in the nearshore marine environment. Nearshore
marine contamination through surface runoff would most
likely result from transport and nearshore marine deposition
of feline faeces, which may contain millions of infective T.
gondii oocysts (Frenkel and Dubey, 1972). Collectively, our
findings suggest that the interplay between surface runoff,
coastal geography and coastal development may play an
important role in T. gondii exposure for southern sea otters.

Acknowledgements
This research was supported in part through funding from

the National Sea Grant Program (NAO6RG0142 R/CZ-169),
PKD Trust, the Morris Animal Foundation, the San Fran-



72

M.A. Miller et al. / International Journal for Parasitology 32 (2002) 9971006

cisco Foundation, UC Davis Wildlife Health Center, the
Lindbergh Foundation, Friends of the Sea Otter, the Marine
Mammal Center and the California Department of Fish and
Game. The authors wish to acknowledge the excellent assis-
tance of staff and volunteers from the California Department
of Fish and Game, the Marine Mammal Center, the
Monterey Bay Aquarium and USGS-BRD for sea otter
carcass recovery. Ann Melli, Eva Correa, Sara Miller,
Miles Reed, Jack Hawkes, Heather Harris and Debbie
Scher assisted with sample collection, sample processing
and data compilation. Data for sewage, stream and river
outfalls were compiled by the Califonia Central Coast
Regional Water Quality Control Board from numerous
federal and state sources.

References

Aramini, 1.J.. Stephen. C.. Dubey, J.P., Engelstofi, C., Schwantje, H..
Ribble, C.S.. 1999. Potential contamination of drinking water with
Toxaplasma gondii oocysts. Epidemiol. Infect. 122, 305-15.

Bowie, W.R., King. A.S., Walker. D.H., Isaac-Renton, J.L.. Bell. A.. Eng,
S.B.. Marion, S.A.. 1997. Outbreak of toxoplasmosis associated with
municipal drinking water. Lancet 350, 173-7.

Buergelt, C.D.. Bonde. R K.. 1983. Toxoplasmic meningoencephalitis in a
West Indian Manatee. J. Am. Vet. Med. Assoc. 83, 1294-6.

Buxton, D.. 1998. Protozoan infections (Toxplasma gondii.Ne ospora cani-
num and Sarcocystis spp.) in sheep and goats: recent advances. Vet.
Res. 29, 289-310.

Cole. R.A.. Lindsay, D.S.. Roderick. C.L.. Dubey, J.P., Thomas, N.J..
Baeten. L.A.. 2000. Biological and molecular characterizations of
Taxoplasma gondii oblained from southern sea otters (Enhydra lutris
nereis). J. Parasitol. 86, 526-30.

Cruickshank. J.J.. Haines. D.M., Paimer, N.C.. St. Aubin. D.J.. 1990. Cysts
of a Tuxoplasma-like organism in an Atlantic bottlenose dolphin. Can.
Vet. J. 31, 213-5.

Daszak. P.. Cunningham, A.A.. Hyau. A.D.. 2001. Anthropogenic environ-
mental change and the emergence of infectious diseases in wildlife.
Acta Trop. 78, 103-16.

Dubey, J.P., 1987. Toxoplasmosis in goats. Agri-Practice: Caprine Para-
sitol. 8, 43-44, 36-47, 49-52.

Esteban-Redondo, .. Maiey. S.W., Thomson. K.. Nicoll, S., Wright. S.,
Buxton, D.. Innes, E.A., 1999. Detection of T. gondii in tissues of sheep
and cattle following oral infection. Vet. Parasitol. 86, 155-71.

Frenkel, J.K., Dubey. J.P.. 1972, Toxoplasmasis and its prevention in cats
and man. J. Infect. Dis. 126, 664-73.

Graczyk. T.K.. Fayer. R., Conn, D.B.. Lewis, E.I.. 1999a. Evaluation of the
recovery of waterborne Giardia cysts by freshwater clams and cyst
detection in clam tissue. Parasitol. Res. 85, 30-34.

Graczyk. T.K.. Fayer, R., Lewis. E.J.. Trout. J.M.. Farley. C.A.. 1999b.
Cryptosporidium oocyts in bent mussels (Ischadium recurvum) in the
Chesapeake Bay. Parasitol. Res. 85. 518-21.

Guerina, N.G.. 1994. Congenital infection with Toxoplasma gondii. Pediatr.
Ann. 23. 138-51.

Holshuh, H.)., Sherrod, A.E., Taylor, C.R., Andrews. B.F., Howard. E.B..
1985. Toxoplasmoasis in a feral northern fur seal. J. Am. Vet. Med.
Assoc. 187, 1229-30.

Hosmer, D.W., Lemeshow, S., 2000. Applied Logistic Regression, 2nd ed.
Wiley. New York, NY 373pp..

Inskeep. W.. Gardner. C.H.. Harris, R.K.. Dubey, J.P., Goldstone, R.T..
1990. Toxoplamesis in Atlantic bottlenose dolphins (Tursiops trunca-
tus). 1. Wildl. Dis. 26, 377-82.

Jameson. R.L.. 1989. Movements, home range and territories of male sea
otters off central California. Mar. Mamm. Sci. 5, 159-72.

Kulldorf, M., Nagarwalla, N., 1996. Spatial discase clusters: detection and
inference. Stat. Med. 14, 799-810.

Kvitek, R.G.. Fukayama, A.K., Anderson. B.S.. Grimm. B.K., 1988. Sea
otter foraging on deep-burrowing bivalves in a California coastal
lagoon. Mar. Biol. 98, 157-67.

Migaki, G.. Allen, J.F.. Casey. H.W., 1977. Toxoplasmosis in a California
sea lion (Zalophus californi ). Am. J. Vet. Res. 38, 135-6.

Migaki, G.. Sawa. T.R.. Dubey. J.P.. 1990. Fatal disseminated toxoplasmo-
sis in a spinner dolphin (Stenella longirostris). Vet. Pathol. 27, 463—4.

Mikelian, J.. Boisclair, J., Dubey, 1.P.. Kennedy. S.. Martineau. D.. 2000,
Toxoplasmosis in beluga whales (Dephinapterus leucas) from the St.
Lawrence estuary: two case reports and a serological survey. J. Comp.
Pathol. 122, 73-76.

Miller, M.A., Sverlow. K.W., Crosbie, P.R.. Barr, B.C., Lowenstine, L.J..
Gulland. F.M.. Packham, A.. Conrad. P.A.. 2001. Isolation and char-
acterization of parasitic protozoa from a pacific harbor seal (Phoca
vitulina richardsi) with meningoencephalitis. J. Parasitol. 87. 816-22.

Miller. M.A., Gardner, LA.. Packham, A.. Mazet. J.K., Hanni. K.D., Jessup,
D.. Estes, J.. Jameson, R.. Dodd, E.. Bam, B.C.. Lowenstine. L.J.,
Gulland. F.M.. Conrad. P.A., 2002. Evaluation of an indirect fluorescent
antibody test (IFAT) for demonstration of antibodies to Toxoplasma
gondii in the sca otter (Enhydra lutris). J. Parasitol. (in press).

Morejohn, G.V., Ames, ).A., Lewis, D.B., 1975. Post mortem studies of sea
otters, Enhydra lutris I.. California Marine Resources Tech. Report #30.
California Department of Fish and Game, Long Beach, CA, 82pp.

Payment. P., Plante. R.. Cejka, P., 2001. Removal of indicator bacteria,
human enteric viruses, Giardia cysts, and Cryptasparidium oocysts at a
large wastewater primary treatment facility. Can. J. Microbiol. 47, 188—
93.

Ralls, K.. Eagle, T.C.. Siniff. D.B.. 1996. Movement and spatial use
patterns of California sea otters. Can. J. Zool. 74, 1841-9.

Riedman, M.L., Estes, J.A.. 1990. The sea otter (EnAvdra lutris): behavior.
ecology and natural history. United States Fish and Wildlife Service
Biological Report, 90, 126pp.

Tamburrini. A.. Pozio, E.. 1999. Long-term survival of Cryptosporidium
parvum oocysts in seawater and in experimentally infected mussels
(Mytilus galloprovincialis). Int. 1. Pasasitol. 29, 711-S.

Tenter. A.M.. Heckenroth, A.R., Weiss. L.W.. 2000. Toxoplasma gondii:
from animals to humans. Int. J. Parasitol. 30, 1121-1258.

Thomas. N.J.. Cole. R.A., 1996. The risk of disease and threats to the wild
population. Endangered Species Update Special Issue: conservation and
management of the southern sea outer, 13, 23-27,

Van Pelt. R.W._, Dietrich. R.A.. 1973. Saphylococcal infection and toxo-
plasmosis in a young harbor seal. ). Wiidl. Dis. 9, 258-61.




Chapter 6

Summary and Conclusions

73



74

SUMMARY AND CONCLUSIONS

(i) Parasite Isolation

This research confirmed the identity of two apicomplexan protozoal parasites
associated with fatal meningoencephalitis of southern sea otters and Pacific harbor seals.
Parasite isolation in cell culture from aseptically-collected cerebrum. cerebellum, and
cerebrospinal fluid (CSF) from otters and seals has yielded over 55 isolates of two
distinct species of protozoans (Miller, Conrad et al., unpublished data), including one
isolate of S. neurona from seal CSF (Chapter 3). In most cases, parasite isolation in cell
culture was combined with microscopic examination of major tissues and brain
immunohistochemistry, utilizing antisera raised against well-characterized laboratory
strains of T. gondii and S. neurona.

Between 1998 and 2002. over 180 sea otters and 20 harbor seals were examined.
and brain tissue was submitted for parasite isolation from 135 sea otters and 15 harbor
seals. Protozoal isolation in cell culture was attempted for nearly all fresh dead sea otters
received for necropsy, regardless of clinical history. The frequency with which we
identified 7. gondii and S. neurona infections from sea otters was surprising. considering
that we were screening marine mammals. As of September, 2002, we have obtained 43
isolates of putative T. gondii and 10 isolates of putative S. neurona from southern sea
otters (Miller and Conrad. unpublished data). For otters. the isolation frequency for
putative T. gondii from 1998 to 2002 was 31.9% (43 isolates obtained from 135
attempts).

[n contrast, T. gondii was isolated from only one harbor seal. The isolation

frequency of T. gondii for harbor seals (6.6%) was 5 times lower than that for sea otters
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sampled from the same range and same time period (31.9%). However, our sample size
for harbor seals was small (n = 15). An hypothesis for this discrepancy in isolation rates
between otters and seals is discussed below. For three otters and one harbor seal, both T.
gondii and S. neurona were isolated simultaneously from brain tissue. Thus 2.2% of sea
otters and 6.6% of harbor seals had brain infections consisting of both S. neurona and T.
gondii at the time of necropsy (Chapter 3; Miller, Conrad et al.. unpublished data).

The proportion of otters from which S. neurona was isolated increased from the
initial 1998-2001 study (4%) to 7.4% between 1998 and 2002 (10 isolates obtained from
135 attempts) (Miller and Conrad. unpublished data). This was due to a large number of
new S. neurona meningoencephalitis cases detected in 2001 after the initial study was
completed. This did not continue as a trend in 2002, with only one new case detected.

Between 1998 and 2002, S. neurona was isolated from 26.7% of harbor seals (4
isolates obtained from 15 attempts) (Miller and Conrad. unpublished data). This
represents a biased sample, since protozoal encephalitis-suspect adult harbor seals were
preferentially submitted for necropsy and parasite isolation. However. S. neurona-
associated encephalitis is the primary cause of mortality for adult harbor seals at the
wildlife rehabilitation facility submitting these cases (F. Gulland, pers. commun.).

Detailed study of protozoal brain infections of harbor seals was hampered by low
sample size. However, an excellent review of 6 free-ranging harbor seal S. neurona-
suspect cases was reported by Lapointe and colleagues, 1998. Although harbor seals are
common throughout California, few adult seals were admitted to local rehabilitation
facilities for veterinary care or postmortem examination during the course of this study.

There is a strong bias in carcass recovery effort for sea otters, a federally-listed
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threatened species, versus harbor seals, which are common. Even so, the number of live
and dead-strandings for adult and subadult harbor seals seemed surprisingly low. Reasons
for the discrepancy between the number of adult and subadult harbor seal strandings
(low) and seal population size (large) are unclear. However. this discrepancy has also
been reported for a related phocid. the elephant seal (Mirounga angustirostris) (F.
Gulland, pers. commun.). Adult elephant seals feed far off the California shoreline, but
are locally numerous during molting and breeding (Bowen and Siniff. 1999). However.
few subadult and adult elephant seals were recovered sick or dead outside of communal
breeding and molting areas (F. Gulland. pers. commun.). Possibly phocids such as harbor
seals and elephant seals avoid land-strandings when sick or injured. and may sink when
they die. In contrast. sea otters. as the species with the highest lung volume per unit body
weight of any marine mammal (Tarasoff and Kooyman, 1973). will often float when they
die at the water’s surface. Large predators such as sharks will prey on sick or injured
phocids, and may also scavenge carcasses of these blubber-rich animals after death.
Although shark attack is a common cause of mortality for sea otters. consumption of any

portion of the carcass by sharks is rare (Ames et al.. 1996; Kreuder et al., 2003).

(ii) Isolate Characterization

For most of our 7. gondii isolates, the isolate identity was confirmed by serology.
histopathology, immunohistochemistry and/or amplification and restriction fragment
length polymorphism (RFLP) analysis of the T. gondii Bl or SAG genes (Miller, Grigg,
Boothroyd and Conrad. unpublished data). For 6 selected T. gondii isolates, 5 from sea

otters and | from a harbor seal, parasite identity was also confirmed by amplification and
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sequencing of phylogenetically informative portions of the 18s rDNA and adjacent first
internal transcribed spacer (ITS-1) (Miller et al.. 2001b: Miller, Conrad and Crosbie,
unpublished data). For 7. gondii and S. neurona 18s and ITS-1 rDNA, amplification was
completed via a nested PCR reaction utilizing both forward and reverse primers. The
characterization of an isolate of 7. gondii from a harbor seal was reported in Chapter 3.
Interestingly. the seal T. gondii isolate was obtained concurrently with an S. neurona
isolate. No T. gondii parasites were observed on histopathology or immunohistochemistry
of brain tissue from this animal. Based on necropsy and histopathology. the primary
cause of death for this seal was S. neurona-associated encephalitis. and the 7. gondii
infection was considered incidental.

The genus Toxoplasma consists of a single species. T. gondii. consisting primarily
of three strains (Type I. Il and III), as determined by PCR. DNA sequencing and RFLP
(Howe and Sibley. 1995; Howe et al.. 1997; Grigg et al.. 2001a, 2001b. 2001c¢).
Toxoplasma gondii strains are classified according to variation in specific genetic
markers. such as the B1, BRS4 and SAG genes (Lehman et al.. 2000; Lekutis et al..
2001; Grigg et al.. 2001a) and also based on their pathogenicity in mice (Grigg et al..
2001a). Type [ strains are typically more pathogenic in mice, with small doses resulting
in rapid mortality. In contrast, type II and Il strains are less pathogenic in mice and result
in chronic infections. often with abundant production of tissue cysts in the central
nervous system (Grigg et al.. 2001a). Type I and type I T. gondii strains are associated
with most reports of human clinical toxoplasmosis; however. all three strains have been
associated with human disease (Howe and Sibley, 1995; Howe et al., 1997). Cole and

colleagues (2000) recently reported that sea otter 7. gondii isolates that they tested were
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type Il strains, based on limited RFLP analysis of SAG genes. A manuscript describing
the molecular characterization and strain typing of our 7. gondii isolates is in preparation.
Associations between the T. gondii strain and the sea otter’s stranding location, cause of
death and IFAT titer will be assessed. It will be important also to compare the strains of
T. gondii isolated from sea otters and those obtained from domestic felids along the
adjacent coastline, especially in high-risk areas for T. gondii exposure for sea otters.

Amplification and sequence analysis of 18s and ITS-1 rDNA was completed for
two S. neurona isolates, one from a sea otter and one from a harbor seal. The
characterization of these S. neurona isolates from otters and seals was described in detail
in Chapters 2 and 3. We have since obtained 12 additional isolates of putative S. neurona.
Although characterized via histopathology. serology and in some cases immunohisto-
chemistry. these 12 new isolates from otters and seals are tentatively identified as S.
neurona until molecular characterization is completed.

Using the antigenic. ultrastructural and molecular characterization techniques
outlined in the preceding chapters, the apicomplexan parasites isolated from otters and
seals were indistinguishable from 7. gondii and S. neurona parasites derived from
terrestrial animals and humans. It is important to note, however, that these data represent
just one portion of the information denoting an organism’s taxonomic status (Kunz. 2002;
Tenter et al.. 2002). Fine discrimination between marine mammal, human and terrestrial
animal isolates would be facilitated by evaluating sequences of other, less highly
conserved nuclear and extra-nuclear DNA molecules, including microsatellite DNA
(Blackston et al., 2001; Ajzenberg et al., 2002), intergenic spacer regions (Fazaeli et al..

2000) and mitochondrial DNA. These rapidly evolving sites are especially useful for
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examining recent evolutionary divergences. The recent detection of a third, unidentified
species of protozoan associated with fatal encephalitis in a Pacific harbor seal from
California suggests that additional apicomplexan species may cause meningoencephalitis

in California marine mammals (Lapointe et al., 2003).

(iii) Serological Test Development and Validation

In the present study. serological tests (IFATs) were developed to facilitate the
detection of T. gondii and S. neurona infection in live and dead otters and seals. The
IFAT for T. gondii in sea otters was validated using serum from necropsied sea otters
whose T. gondii infection status was confirmed through immunohistochemistry and
parasite isolation. The T. gondii IFAT was highly sensitive (96.4%). but only moderately
specific (59.2%). However. the specificity was probably artifactually lowered by
inclusion of unrecognized false-negative otters in the non-infected category. The extent
of serum hemolysis did not correlate with the T. gondii IFAT titer. Thus the 7. gondii
IFAT for sea otters appears to be relatively unaffected by postmortem hemolysis.

During four years of study. no Neospora caninum infections were detected in sea
otters or harbor seals through parasite isolation. PCR, immunohistochemistry. or
serological testing. Animals with positive titers to 7. gondii on [FAT had low titers to V.
caninum (usually <1:80), suggesting that cross reactivity with these closely related
apicomplexans was not a significant obstacle for interpretation of the T. gondii IFAT.
However, the lack of positive control N. caninum cases precludes validation of an V.

caninum [FAT for otters and seals.
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(iv) Using IFATs to Test Otter and Seal Serum

Serum samples from over 400 live and necropsied sea otters from differing
geographic locations were evaluated during the course of this study. In addition, serum
samples were tested from over 80 California harbor seals. Numerous otters and a few
seals had detectable antibody titers for T. gondii and S. neurona, ranging as high as
1:80.000 serum dilution. In many cases. high titers correlated with evidence of brain
infection, as determined by parasite isolation and histopathology. However, validation of
S. neurona IFATS for otters and seals cannot be completed at present due to sample size
limitations. Validation of the harbor seal IFAT for T. gondii and the harbor seal and sea
otter IFATS for S. neurona will be completed when sera from sufficient numbers of
positive controls are accumulated to permit statistical evaluation. One potential pitfall to
keep in mind as test validation proceeds is the detection of a second, putative Sarcocystis
spp. in sea otter skeletal muscle. as described below (Miller and Conrad. unpublished
necropsy data). This finding raises the potential for false-positive S. neurona IFAT titers
due to antigenic cross-reactivity. To address this question, specific muscles have been
routinely collected at necropsy, and the presence or absence of these large intramuscular
protozoal cysts is noted on the necropsy reports so that evaluation of these findings in
relation to the S. neurona titer, parasite isolation and brain histopathology will be
facilitated during S. neurona IFAT validation for sea otters.

Once validated. the 7. gondii IFAT was used to screen serum obtained from live-
captured and presumably healthy otters in California, Washington and Alaska (Miller et
al., 2002a). The proportion of otters positive for 7. gondii was comparable for otters

sampled in California and Washington (36% and 38%, respectively), but both were
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higher than for otters sampled in Alaska (0% of 60 serum samples were positive for T.
gondii). In this preliminary study, all of the sea otters from Alaska were sampled in
remote areas. Other studies suggest that 7. gondii is present in terrestrial Alaskan wildlife
(Zarnke et al., 2000). Therefore, additional serum samples should be screened from
Alaskan otters living in closer proximity to humans, their pets, and terrestrial wildlife,

such as in the vicinity of the Kenai peninsula and Prince William sound.

(v) Risk Factors for Toxoplasma Exposure

An important goal of this research was to explore T. gondii infection patterns in
free-living otter populations, and to investigate potential demographic. environmental and
spatial risk factors for protozoal infection. Thus, the epidemiological relationships
reported in Chapters 4 and 5 are those between 7. gondii seropositive otters and potential
risk factors. such as location. gender, age class. sample date and level of exposure to
specific environmental factors.

Serological data from live and dead otters were examined for associations
between 7. gondii seropositivity and potential demographic. environmental and spatial
risk factors for 7. gondii infection (Miller et al., 2002b; Chapter 5). Toxoplasma infection
was more frequent in older otters. males, and otters sampled at necropsy. Male otters
range more widely than females to establish and defend territories (Pederson and Stout.
1963), and older otters would have more opportunity to be exposed to 7. gondii over their
longer lifespan. Thus subadult to aduit female otters may be better targets than adult
males for future studies aimed at pinpointing specific environmental origins of 7. gondii

exposure. A high proportion of dead-sampled. seropositive southern sea otters was
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detected between 1998 and 2001 (61%), compared to live-sampled otters (36%) (Chapter
4). This difference was also detected in the risk factor study (Chapter 5), and may
indicate an increased risk of mortality for otters infected by 7. gondii. However. this
difference in seropositivity between live-sampled and dead otters was not statistically
significant when the data was adjusted for variation attributable to gender, age class and
other risk factors. These findings are discussed in Chapter 3.

Environmental data evaluated in the study included the proximity of each otter’s
sample location to municipal sewage outfalls, major sources of freshwater runoff and
centers of dense human settlement. Otters sampled near areas of maximal freshwater flow
were almost 3 times more likely to be seropositive to T. gondii than otters sampled in
areas of low flow, suggesting that surface runoff is a significant risk factor for T. gondii
infection of California’s sea otters. No statistical association was detected between
seropositivity to 7. gondii and human population density or exposure to sewage. The
relationship. if any, between exposure to municipal sewage and T. gondii exposure
requires clarification. because most of the otters enrolled in this study were sampled at
sites distant from major municipal sewage outfalls. Similarly, the study design and data
resulting from this study did not permit an accurate evaluation of the relationship
between human population density and sea otter 7. gondii exposure. To address these
questions, future studies should be designed to sample sea otters that are inhabiting
sewage-impacted and non-sewage-impacted coastal areas, and from regions of high and
low human density.

Spatial analysis revealed clustering of T. gondii-seropositive otters at two

locations along the coast. A single cluster of seronegative otters was detected at the south
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end of Monterey peninsula. The two high risk locations were centered near Moss
Landing, in the northern half of sea otter range, and Morro Bay, located in the southern
half of California sea otter range. On spatial analysis, only the Morro Bay site was
significant at p < 0.1. However, our sample size (n = 223) was small for performing
spatial analyses for samples spread over 600 km of California coastline.

The data were examined for interactions between risk factors as a possible
explanation of the observed spatial clustering. Otters living near the Moss Landing high
risk site were exposed to high freshwater runoff, which accounted for some of the
apparent clustering of seropositive otters at this site. Similarly. otters living near the low
risk site (south Monterey peninsula) were exposed to low freshwater flow. which could
explain why fewer seropositive animals were detected in this area. In addition. both sites
were also biased with respect to gender and age. due to selective sampling of otters
during live-capture operations. Otters sampled near Moss Landing were more likely to be
adult and male. Adult male otters were the age and gender group most likely to be
infected with T. gondii (Chapter 5). South Monterey peninsula is a prime pupping area.
and a high proportion of young otters and adult females were sampled at this site,
resulting in some age and gender bias toward groups that were more likely to be
seronegative to T. gondii. Thus, while relative freshwater flow was felt to be a major
contributor to the clustering of 7. gondii-exposed otters at these sites. some effect due to
age and gender bias was also noted. This does not mean that the clustering effect was not
real: it simply means that the spatial clustering that we detected at each site could be

explained by the relative contributions of other important risk factors.
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In contrast, contributions of other risk factors did not fully explain the large
cluster of T. gondii-seropositive otters detected near Morro Bay. Even after adjusting for
variation due to freshwater flow, age and gender bias, otters sampled near Morro Bay
were 9 times more likely to be seropositive to 7. gondii when compared to other
locations. Thus, unrecognized risk factor(s) appear to be significantly increasing the risk
of T. gondii infection for sea otters sampled in this region. This finding highlights the
need for site-specific investigation of T. gondii exposure for sea otters living near Morro
Bay.

One interesting common denominator between the two high-risk sites detected in
this study is the presence of a large. electricity-generating power plant in the immediate
vicinity of each site. At both sites the power plant is permitted to utilize seawater for
cooling purposes. and the heated seawater is then discharged within 150 meters of the
shoreline. Warm water is a possible factor enhancing 7. gondii oocyst survival (Tenter et
al., 2000; Slifko et al.. 2000). It is possible that these nearshore warmwater plumes also
enhance the survival of favored sea otter prey species that effectively concentrate T.
gondii, or serve as intermediate or paratenic hosts. Interestingly, both high-risk sites are
centered on large, partially enclosed sloughs (Moss Landing) or bays (Morro Bay), while
the low-risk site (Monterey peninsula) faces the open ocean. Enclosed embayments or
sloughs may facilitate local concentration of T. gondii parasites that reach the nearshore
marine environment. Also, within these enclosed sloughs and embayments are freshwater
inflows that may lower salinity and perhaps enhance oocyst survival. Other factors that
may contribute to the enhanced risk of 7. gondii exposure observed at these sites include

coastal topography, wind and marine currents, which collectively could concentrate
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particulate pollutants, including oocysts, along the shoreline, and within these enclosed
areas. In addition, both sites are recognized areas of concentration for anthropogenic
chemical pollutants, such as butyltins and DDT. which could have immunological effects
at high levels of exposure (Kanaan et al.. 1998; Nakata et al., 1998). It would be helpful
to examine the relationship between water temperature, salinity, hydrological conditions.
marine fauna and 7. gondii oocyst survival. and to examine the relationship between
specific tissue pollutant burdens and mortality due to 7. gondii. Comparison with low-
risk sites may provide additional clues as to the sources and mechanisms of sea otter

exposure to 7. gondii.

(vi) Associations Between Protozoal Infection and Disease

For this research. relationships between protozoal infection and disease were not
emphasized. because we felt that the most important initial questions to address
concerned tracing the environmental sources of these pathogens to the nearshore marine
environment. However, brain histopathology was examined and scored for all necropsied
otters and seals. and these data have been utilized for studies on the relationship between
T. gondii infection and disease (Kreuder et al., 2003). Based upon histopathological
examination of brain tissue, three interesting and potentially important differences were
noted between T. gondii and S. neurona brain infections of otters and seals (Miller.

unpublished necropsy data: Kreuder et al., 2003).

1. The inflammatory infiltrate and lesion distribution for 7. gondii-infected otters

was different than that for S. neurona-infected otters and seals:
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In otters and seals, the inflammatory response to 7. gondii was invariably
nonsuppurative, dominated by small lymphocytes, with fewer admixed macrophages and
plasma cells. The presence of numerous small lymphocytes in the meninges and within
perivascular cuffs was suggestive of, but not definitive for brain infection by 7. gondii in
otters. The distribution of the inflammatory response within the neuropil (brain tissue)
was best characterized as a “*shotgun pattern”, with one to many nodular foci of
nonsuppurative inflammation, tissue necrosis and parasite proliferation occurring in a
random. often asymmetric pattern. Perivascular cuffs were often located adjacent to
nodules of inflammation. Although parasites and inflammation were identified within the
spinal cord, significant lesions were most common within the brain and brainstem. Rare
foci of microcavitation and/or mineralization of the neuropil were observed in T. gondii-
infected otters. similar to those reported for congenital 7. gondii brain infections in
humans (Dubey and Beattie. 1988). Some otters with 7. gondii brain infections also had
nonsuppurative myositis or myocarditis (Miller et al.. unpublished necropsy data;
Kreuder et al.. 2003). However, parasites were rarely observed in skeletal muscle or
myocardium.

In contrast. the inflammatory infiltrate associated with S. neurona brain infection
for both otters and seals was more neutrophilic; lymphocytes. plasma cells and
macrophages dominated. but low to moderate numbers of neutrophils were also scattered
throughout. The pattern of inflammation in S. neurona-associated encephalitis was more
severe, diffuse and necrotizing than was typical for T. gondii infections. The lesions were
often most severe in the cerebellum and brainstem, although parasites were present

throughout the central nervous system on immunohistochemistry. This pattern of lesion
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distribution has been reported previously for otters and seals with S. neurona-associated
encephalitis (Lapointe et al., 1998; Rosonke et al., 1999). On histopathology, the
detection of parasites and inflammation outside of the central nervous system was more

common in S. neurona-infected otters and seals than those infected with 7. gondii.

2. The histological response to 7. gondii brain infection was variable, compared with
S. neurona brain infection:

All otters or seals in this study with confirmed S. neurona infections exhibited
moderate to severe meningoencephalitis on brain histopathology. leaving little doubt as to
the primary cause of death. In contrast, for T. gondii-infected otters and a seal. the
relationship between protozoal brain infection (as determined by histopathology.
immunohistochemistry and/or parasite isolation) and disease (as determined by reported
clinical signs and histopathology) was less clear-cut. Some otters had 7. gondii cysts and
minimal inflammation, whereas in other cases cyst stages were associated with moderate
to severe inflammation and necrosis. Our aggregate clinical and histopathological data for
T. gondii in southern sea otters suggests a range in severity of response to infection by T
gondii from asymptomatic. incidental infection to fatal, T. gondii-associated
meningoencephalitis. Thus definitive diagnosis of T. gondii-associated
meningoencephalitis as a cause of death was often more difficult than that for S. neurona.
This finding is not unexpected: for many other intermediate hosts for T. gondii, including
humans, pigs and sheep. asymptomatic to mild infections are common, and life
threatening infections are rare in immunocompetent hosts (Sibley et al.. 1999; Yap et al,

1999; Sibley et al.. 2002; Su et al., 2002). What is unusual, however, is the high
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proportion of sea otters with significant encephalitis in association with either 7. gondii
or S. neurona infection, as discussed below.

As a result of these observations and concerns, rigorous diagnostic criteria were
developed to define a "case" of T. gondii-associated meningoencephalitis: Toxoplasma
gondii-associated meningoencephalitis was defined as a primary or contributing cause of
death only when multifocal nonsuppurative inflammation was present within the neuropil
in combination with T. gondii tissue cysts and. rarely, zoites. Otters with nonsuppurative
inflammation that was confined to the leptomeninges or Virchow-Robbins spaces (eg
perivascular cuffs) were not classified as 7. gondii-associated meningoencephalitis. even
if T. gondii bradyzoite cysts were identified within the neuropil. This was done to avoid
accidental misclassification of other potential causes of nonsuppurative inflammation (eg
unrecognized viral or fungal infections) as 7. gondii-associated meningoencephalitis.
This rigorous classification system may have resulted in under-reporting of the true
impact of 7. gondii on southern sea otter mortality. Even so. the proportion of otters
diagnosed with histologically significant apicomplexan protozoal brain infections was
high: a collaborative survey of recent (1998-2001) causes of sea otter mortality was
completed using the sea otter necropsy data generated during this dissertation research as
part of ongoing necropsy examinations of southern sea otters by the California
Department of Fish and Game (Kreuder et al., 2003). Despite imposing the rigorous
diagnostic criteria described above, 16.2% of otters were found to have died directly due
to T. gondii infection, another 11.4% of otters had 7. gondii-related meningoencephalitis
as a contributing cause of death and 6.7% of otters died due to S. neurona-related

meningoencephalitis. Thus the total proportion of otters diagnosed with moderate to
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severe apicomplexan protozoal infections at necropsy was over 34% (Kreuder et al.,
2003). Interestingly. a significant number of otters (64.3%) that had died acutely due to
traumatic events, such as white shark predation or boat strike exhibited moderate to
severe encephalitis at the time of necropsy. In all cases, the brain lesions appeared to be
subacute to chronic. This suggests that pre-existing protozoal brain infection may
enhance an affected otter’s risk of traumatic death, possibly due to detrimental effects on
behavior, locomotion or visual acuity (Kreuder et al.. 2003). Significant neurological
deficits. including obtundation, tremors, ambulatory deficits. paresis and apparent
blindness have been observed antemortem in sea otters with necropsy-confirmed
protozoal encephalitis (Rosonke et al., 1999; Lindsay et al., 2000: Murray. Haulena,

Gulland et al.. unpublished data).

3. The parasite numbers and stages present within the neuropil differed between 7.
gondii and S. neurona-infected otters and seals:

The predominant parasite stages visible on histopathology and immunohistochem-
istry within the neuropil of most T. gondii-infected sea otters were thin-walled. often
angular-edged tissue cysts, suggesting that in many cases mortality was associated with
chronic. perhaps recrudescent 7. gondii infection. Electron microscopic examination of
these structures in affected brain tissue should be performed to confirm their identity as
true bradyzoite cysts. According to the scientific literature, the presence of bradyzoite
tissue cysts is indicative of chronic 7. gondii infection, and these quiescent cysts do not
typically elicit a significant inflammatory response (Dubey. 1987; Dubey and Beattie,

1988). For necropsied sea otters, tissue cysts were occasionally observed in areas of the
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neuropil with no adjacent inflammatory infiltrate. However, these cysts were more often
located within, or at the periphery of foci of nonsuppurative inflammation and tissue
necrosis. On rare occasions, brain immunohistochemistry demonstrated the presence of
free or intracytoplasmic zoites, but typically only cysts were stained with 7. gondii
antiserum. These lesions may represent foci of parasite recrudescence, or ongoing, low-
grade parasite turnover. Smoldering infections may be tolerated by the infected host.
either until a critical portion of the neuropil is affected, or when the aggregate volume of
tissue damage results in life-threatening clinical disease. This is especially concerning for
sea otters, a species with high metabolic and nutritional requirements where even minor
impacts on foraging efficiency could have rapid and devastating effects. Toxoplasma
gondii tissue cysts or other parasite stages were only rarely identified outside of the
central nervous system. However, immunohistochemistry of tissues other than brain was
not performed routinely in this study. and it is possible that some stages were not detected
on histopathologic examination.

Parasite stages observed in association with S. neurona brain infections were
numerous and diverse, but cyst stages were never observed within the neuropil. Parasite
forms commonly observed in the brain included extracytoplasmic merozoites and
intracytoplasmic schizonts of widely varying morphology. including classic rosette-form
schizonts. On immunohistochemistry, S. neurona parasites were often numerous within
the brain and spinal cord. On histopathology. identification of S. neurona parasites in
tissues outside of the central nervous system was reasonably common, especially within
the lungs, lymph nodes and spleen (Miller, unpublished necropsy data). Some otters with

S. neurona-associated encephalitis also had small, round to elliptical, multi-chambered,
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intracellular cysts averaging 22 x 10 pm (n = 10) within skeletal muscles and/or
myocardium (Miller. unpublished necropsy data). Both the cyst wall and internal zoite
stages of these small cysts stained faintly on S. newrona immunohistochemistry. and thus
could be S. neurona cysts. as reported previously (Rosonke et al., 1999; Dubey et al.,
2001b). Intramuscular cyst stages similar to those described above were also observed in
skeletal and cardiac muscle of harbor seals with S. neurona-associated
meningoencephalitis (Lapointe et al., 1998; Miller, unpublished necropsy data). Thus,
both sea otters and harbor seals may serve as intermediate hosts for S. neurona. Similar
muscle cysts have been described from S. neurona-infected domestic cats (Dubey et al..
2001a). raccoons (Dubey et al.. 2001¢). skunks (Cheadle et al.. 2001b) and armadillos
(Cheadle et al.. 2001a: Tanhauser et al.. 2001). Cyst stages have not been reported to
occur within the neuropil of otters. seals or other animals infected with S. neurona.
Large. elliptical. thick-walled cysts averaging 138 x 81 um (n = 10). often with
prominent external cyst wall projections and internal septations were observed within
both northern (E. /. kenyoni) and southern sea otter skeletal muscle. and. rarely.
myocardium (Miller, unpublished necropsy data). Moderate cross reactivity to S. neurona
antiserum was demonstrated on immunohistochemistry: antibodies raised to S. neurona
reacted with the outer cyst wall. but not the zoites within these large intramuscular cysts.
Similar large intramuscular cyst stages have been described from the skeletal muscle of
river otters (Lutra lutra) in Sweden (Wahlstrom et al.. 1999). The taxonomic identity and
biology of these parasites is unknown. but they probably represent additional Sarcocystis

spp. infecting sea otters. Molecular and ultrastructural characterization of both types of
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cysts from skeletal muscle and myocardium would be helpful in confirming the sea otter's

role as an intermediate host for S. neurona and related Sarcocystis spp.

(vii) Summary and Future Directions

Collectively our findings on histopathology and immunohistochemistry suggest
that S. neurona infections are often acutely to subacutely fatal to otters and seals, while
fatal T. gondii meningoencephalitis may be attributed to smoldering or recrudescent
infections. A study on the relationship between clinical signs. IFAT serology,
histopathology. and results of parasite isolation in otters and seals is planned to examine
these relationships in greater detail. Interestingly, sea otter mortality due to S. neurona-
related meningoencephalitis was found to be strongly seasonal (peaking in late spring and
early summer at the conclusion of the rainy season). while 7. gondii-related otter
mortality and seropositivity were not seasonal (Kreuder et al.. 2003).

Many hypotheses have been suggested for the high proportion of southern sea
otter mortality attributed to 7. gondii, including genetic restriction or “bottleneck effect”,
immunosuppression due to exposure to anthropogenic chemical pollutants, novel host-
parasite interactions and heavy parasite exposure (Leatherwood et al., 1978; Anderson et
al.. 1996; Thomas and Cole, 1996; Kanaan et al., 1998: Nakata et al., 1998; Bodkin et al..
1999). However, no studies to systematically examine these interactions have been
reported.

The host-parasite relationship in 7. gondii infection is exceedingly complex and is
only now beginning to be understood. In terrestrial animals and humans, both the infected

host and the infecting parasite appear to play a role in maintaining the *status quo”,
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which, if successful for 7. gondii-infected animals leads to chronic, asymptomatic
infection. Host cell mediated immunity, specifically the interplay between T cell helper
subset 1 (TH1) and TH2-mediated cellular proliferation and cytokine production, plays
an important role in achieving and maintaining this delicate host-parasite balance (Sibley
et al., 1999: Suzuki. 1999; Yap and Scher, 1999; Barragan and Sibley, 2002; Brake,
2002: Innes et al.. 2002:; Johnson et al.. 2002; Sibley et al.. 2002; Su et al.. 2002). Several
types of host cells and cytokines play a critical role. both in containing the parasites and
moderating the host immune response. Key cells involved in this response in humans and
terrestrial animals include T lymphocytes. macrophages and natural killer (NK) cells
(Sibley et al., 1999; Yap and Scher, 1999; Barragan and Sibley. 2002; Brake. 2002; Innes
et al.. 2002: Johnson et al., 2002; Sibley et al., 2002; Su et al., 2002). Important cytokines
include gamma interferon. interleukin (IL) 12 and IL-10 (Suzuki, 1999; Yap and Scher.
1999: Sarciron et al.. 2000). A change in parasite competence, or host inmunocompet-
ence or immunoreactivity could lead to fatal infection by one of two routes. A tip of the
scales in one direction could lead to uncontrolled parasite proliferation. resulting in
significant cell damage and death due to tissue necrosis. If the scales are tipped in the
opposite direction, the result could be unregulated inflammation. leading to the same
ultimate outcome: significant tissue destruction and death. Studies to compare the
demographic. nutritional and genetic characteristics of sea otters that have died due to 7.
gondii infection with those that have died due to other causes would be invaluable in
helping us to understand why 7. gondii is such a common cause of morbidity and
mortality for southern sea otters. It would also be helpful to characterize the host cells

and cytokines involved in fatal and nonfatal protozoal brain infections. Studies
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characterizing the variability of the host major histocompatibility (MHC) I and MHC II
gene complexes are in progress. These studies could provide important insights as to
whether threatened southern sea otters suffer from “genetic bottleneck™ effect due to the
small size of the founder population (approximately 50 animals) in the early 1900s
(Leatherwood et al., 1978). Genetic studies using other loci have supported the concept
that the southern sea otter gene pool may be restricted, especially when compared to
northern sea otter populations (Anderson et al., 1996; Bodkin et al., 1999; Wilson et al.,
1991).

Preliminary research also suggests an association between high tissue burdens of
anthropogenic chemical pollutants, specifically butyltins and DDT, and sea otter
mortality due to infectious disease (Kanaan et al.. 1998; Nakata et al.. 1998). However,
research utilizing gender. age and site-matched controls to examine the specific
relationship between mortality due to 7. gondii or S. neurona infection and specific tissue
pollutant burdens has not been reported.

The concept of novel host-parasite interactions as a cause of increased southern
sea otter mortality at first seems far-fetched. since wild felids. the definitive hosts for 7.
gondii. were historically present within the southern sea otter range. Toxoplasma gondii
infection has been confirmed in mountain lions (Felis concolor). lynx (Lynx canadensis)
and bobcats (Lynx rufus) (Reimann et al.. 1974, 1975; Oertley et al., 1980; Patton et al..
1986: Dubey et al., 1987; Dreeson. 1990: Smith and Frenkel, 1995; Aramini et al., 1998:
Labelle et al.. 2001; Zarnke et al., 2001). However. the number of telids living near the
coast has undoubtedly increased by several orders of magnitude in association with

human settlement, especially in the form of pet and feral cats. In addition, humans have
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greatly modified the coastal landscape, drastically reducing natural wetlands and
expediting the flow of surfacewater to the nearshore marine environment. Thus without
the filtering and buffering effects of natural wetlands, chemical or biological pollutants
present in terrestrial surface waters may remain more concentrated. and be more
efficiently transported into the nearshore marine environment. Another important
consideration is that the definitive host for S. neurona, the Virginia opossum (Didelphis
virginiana) (Fenger et al., 1995), is a new face in the coastal California landscape. These
new world marsupials were introduced to coastal California at the beginning of the 20"
century (Allen, 1901).

To review. the oocyst or sporocyst stages of T. gondii and S. neurona appear to be
spread exclusively by terrestrial animals. notably felids for 7. gondii and opossums for S.
neurona. Recognized intermediate hosts of both parasites such as rodents and birds are
rarely. if ever consumed by sea otters (Riedman and Estes. 1988). and their consumption
could not explain the high numbers of seropositive and infection-positive otters detected
in this study. Taken collectively, the high seroprevalence of live, wild southern sea otters
to T. gondii (42%), frequent isolation of T. gondii from otter brain tissue (=32%) and
reports of dual 7. gondii and S. neurona infections in both sea otters and harbor seals
(Lindsay et al., 2001b; Miller et al., 2001b; Miller and Conrad, unpublished necropsy
data) suggest a significant exposure to these protozoa in the central California coastal
marine environment. Compelling evidence to support the hypothesis of terrestrial-origin
infection includes the very narrow definitive host ranges for both 7. gondii (felids) and S.
neurona (opossums). Cole and colleagues (2001) demonstrated that 7. gondii isolated

from sea otter brain tissue was infective for cats. and resulted in fecal shedding of
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oocysts. Based on antigenic. ultrastructural and molecular characterization. we found our
marine mammal isolates of 7. gondii and S. neurona were indistinguishable from T.
gondii and S. neurona isolated from terrestrial animals and humans. There was a strong
seasonal correlation to S. neurona infections otters and seals. with most cases reported
during or after seasons of maximal precipitation and runoff (Kreuder et al., 2003). In
addition. our epidemiological research provides statistical evidence implicating terrestrial
runoff as a likely source for 7. gondii infections of sea otters (Chapter 5: Miller et al..
2002b).

In-depth investigations of the relationships between terrestrial and marine isolates
of T. gondii and S. neurona should be continued by sampling cats. opossums and sea otter
prey species within high-risk areas. and comparing the parasite genotypes and strains
derived from these exogenous sources with those isolated locally from sea otters. These
studies could help to conftirm that T. gondii and S. neurona are reaching the nearshore
marine environment as a result of water pollution by biological pathogens derived from
the terrestrial environment. Further work is needed to accomplish this task. especially
regarding the capability of marine organisms to serve as intermediate or paratenic hosts
for T. gondii and S. neurona. This hypothesis could be addressed experimentally by
examining other marine mammals. fish and invertebrates for 7. gondii and S. neurona
using. histopathology. immunohistochemistry and molecular techniques.

Although the sample sizes were small. the frequency of isolation of 7. gondii
from necropsied sea otters (32%) was approximately 5 times higher than for harbor seals
(6.6%) sampled in the same geographic area. In addition. recent evaluation of 70 harbor

seal serum samples collected from the vicinity of Moss Landing, a high-risk site for 7.
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gondii infection of sea otters (Chapter 5). revealed few seals with titers to 7. gondii or S.
neurona (Conrad, Miller, Oates, Harvey, Gulland et al.. unpublished data). One
explanation for this apparent discrepancy may be differences in prey species selection
and feeding habits between these two species. Sea otters reside and feed entirely within
the nearshore marine environment, often within 2 km of the shoreline. Although harbor
seals rest and haul out on land, often in close proximity to sea otters. much of their
feeding activity occurs offshore in deep water. Primary prey species consumed by
southern sea otters include nearshore benthic and kelp canopy invertebrates, many of
which are filter feeders. and otters consume a mass of prey equivalent to 25% of their
body weight each day (Reidman and Estes. 1990). In contrast. harbor seals feed primarily
on midlevel and benthic fish. shrimp and squid (Burns. 2002). Because they have a well-
developed blubber layer to aid in thermoregulation. harbor seals do not require such a
large amount of prey relative to body weight as sea otters (Burns. 2002). Thus differences
in prey species selection and volume of consumption may account for the apparent
difference in 7. gondii exposure between sea otters and sympatric harbor seals.
Significant potential exists for marine invertebrates to remove and concentrate T.
gondii and S. neurona oocysts or sporocysts, and thus act as a source of protozoal
infection for sea otters and humans. Atlantic coast benthic invertebrates such as mussels.
clams and oysters have been shown to concentrate related protozoa, such as Giardia spp.,
Cryptosporidium spp. and Cyclospora spp. (Fayer et al.. 1998, 1999; Graczyk et al.,
1998a, 1998b. 1998¢. 1999a, 1999b; Tamburrini and Pozio. 1999). These findings have
been confirmed in both experimentally-exposed and free-living marine. estuarine and

freshwater bivalves (Fayer et al.. 1998. 1999; Graczyk et al., 1998a, 1998b, 1998c,
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1999a, 1999b; Tamburrini and Pozio, 1999). Recently, uptake of T. gondii oocysts from
contaminated water by eastern oysters was confirmed in a laboratory setting, and oocyst
viability was confirmed by mouse bioassay (Lindsay et al., 2001a). We have obtained
funding to examine 7. gondii uptake by experimentally-exposed and free-living Pacific
coast marine bivalves. Site selection for monitoring free-living bivalves will be
determined in part through identification of high-risk areas for 7. gondii infection in sea

otters, presented in chapter 5 of this dissertation.

(viii) Significant Contributions of This Dissertation Research

This research has contributed to the body of knowledge concerning protozoal
brain infections of California marine mammals. and the larger environmental
implications of these infections. It has provided preliminary data to suggest that this
problem. initially detected in sea otters and seals. may have important and far-reaching
implications for marine ecosystem health, and perhaps for human health. When this
research was initiated in 1998, the scientific data concerning protozoal brain infections in
otters and seals were sparse. Two parasites had been implicated in these infections in
California sea otters and harbor seals, and scientists suspected the parasites might be
Toxoplasma gondii and Sarcocystis neurona. However, this tentative identification had
not been confirmed, and in vitro isolation of the parasites in cell culture was not reported.
We had no data about the prevalence or incidence of infection in natural populations. or
the relationship between protozoal infection and disease. During the course of this study,

some significant milestones have been achieved. Specifically, we have:
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1. Isolated T. gondii and 8. neurona parasites from otter and seal brain tissue,
and confirmed that these parasites are responsible for sea otter and harbor seal

brain infections in California.

2. Using antigenic, ultrastructural and molecular techniques, compared T.
gondii and S. neurona isolates obtained from otters and seals with those from

humans and terrestrial animals, and demonstrated that there were no significant

differences.

3. Developed serological tests (IFATSs) to identify otters and seals infected

with T. gondii and S. neurona, and validated the T. gondii IFAT for sea otters.

4. Compared sera collected from 3 geographically distinct sea otter
populations in California, Washington and Alaska for seroprevalence to 7. gondii,

using the validated IFAT.

5. Evaluated potential demographic, geographic and environmental risk

factors for southern sea otter exposure to 7. gondii.

6. Provided diagnostic tests (IFATs) which were utilized by the wildlife
veterinary community to more rapidly diagnose and treat otters and seals that were

clinically affected by 7. gondii and §. neurona.
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7. Raised the awareness of the public and scientific community concerning

potentially harmful impacts of biological pollutants.

8. Helped to stimulate the formation of an interdisciplinary collaborative
research network which includes members from academia, state and federal
government and private facilities entrusted with the care and conservation of

marine wildlife and coastal water quality.

9. Revealed new avenues for scientific investigation.

Each new discovery has lead to new questions that beg to be addressed. Future
lines of investigation include exploration of the potential of marine bivalves to
concentrate and remove 7. gondii. related protozoans and bacteria through filter-feeding
activity. Areas where additional research would be illuminating include studies involving
strain typing of T. gondii and S. neurona isolates obtained from otters and seals and the
association of strain type with the cause of death, stranding location and antibody titer.
Comparison of marine isolates with those isolated from nearshore definitive hosts. such
as cats and opossums, would help to clarify potential pathways for exposure.
Characterization of the genetic variation and immune response in fatal and nonfatal
protozoal brain infections might provide important clues regarding host susceptibility.
Studies of nearshore ecological, hydrological and hydrodynamic conditions could help to
clarify why otters living in certain locations are at higher risk for 7. gondii exposure. Our

collaborative pursuit of these important questions will provide information to enhance sea
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otter conservation and may underscore the impact that human beings have on the marine

environment.
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Appendix

The ribosomal RNA gene and first internally transcribed
spacer
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Figure Legend:

5° =5 prime (upstream) end of DNA molecule

3" =3 prime (downstream) end of DNA molecule

NTS = nontranscribed spacer

ETS = external transcribed spacer

18s = DNA coding for small ribosomal subunit (1,800 base pairs [bp] long)
ITS-1 = first internal transcribed spacer

5.8s = DNA coding for 5.8s portion of large ribosomal subunit (160 bp long)
28s = DNA coding for 28s portion of large ribosomal subunit (4,000 bp long)

Comparative DNA sequence variability: L = low, M = medium. V = high and VH = very
high
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Eukaryote 18s DNA Structure
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