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Newly detected, virulent
Toxoplasma gondii COUG strain
causing fatal steatitis and
toxoplasmosis in southern sea
otters (Enhydra lutris nereis)

Melissa Ann Miller1,2*†, Cara A. Newberry1,2†, Devinn M. Sinnott3†,
Francesca Irene Batac1, Katherine Greenwald1, Angelina Reed1,
Colleen Young1, Michael D. Harris1, Andrea E. Packham2

and Karen Shapiro2,3

1Marine Wildlife Veterinary Care and Research Center, Office of Spill Prevention and Response,
California Department of Fish and Wildlife, Santa Cruz, CA, United States, 2One Health Institute, School
of Veterinary Medicine, University of California, Davis, Davis, CA, United States, 3Department of
Pathology, Microbiology, and Immunology, School of Veterinary Medicine, University of California,
Davis, Davis, CA, United States
From February 2020 to March 2022, four southern sea otters (Enhydra lutris nereis)

stranded in California with severe protozoal steatitis and systemic toxoplasmosis.

Three of the infected otters stranded within 26 km of each other, and all four

animals died during periods of increased rainfall-driven surface water runoff. High

parasite burdens were observed in all tissues except the central nervous system,

and toxoplasmosis with severe protozoal steatitis was the primary cause of death

for all cases. This lesion pattern differs substantially from all prior reports of

toxoplasmosis in sea otters. All cases were T. gondii-positive via serology,

immunohistochemistry, and PCR. Multilocus sequence typing at 13 loci revealed

that all were infected with the same strain of T. gondii, previously characterized as

an atypical and rare genotype in North America (TgCgCa1, or COUG). The COUG

genotype was first isolated frommountain lions in British Columbia, Canada during

investigation of a waterborne outbreak of toxoplasmosis in humans. This genotype

has not been previously reported from sea otters, nor any aquatic species. All prior

T. gondii strains obtained from >140 southern sea otters represent Type II or Type X

strains, or variants of these genotypes. Archival necropsy data (>1,000 animals over

24 years) were negative for prior cases of severe T. gondii-associated steatitis prior

to the cases described herein, and no sublethal COUG T. gondii infections have

been previously indentified in sea otters. According to prior studies, the T. gondii

COUG genotype is highly virulent in mice and is unusual among T. gondii isolates in

eliciting a Type I interferon response in murine and human cells in vitro; this

unusual immunomodulatory response could explain the apparent high virulence of
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this atypical T. gondii strain. Our findings reveal a novel and concerning lesion

pattern for sea otters with toxoplasmosis. Due to high zoonotic potential and the

risk of infection via shared marine food resources, these findings may also indicate

potential health threats for other animals and humans.
KEYWORDS

Enhydra lutris nereis, genotype, pathology, steatitis, southern sea otter, Toxoplasma
gondii, toxoplasmosis, virulence
Introduction

Toxoplasma gondii is a ubiquitous apicomplexan protozoal

parasite of significant importance to human and animal health.

Wild and domestic felids are the only definitive hosts, and

asymptomatic cats can shed millions of environmentally resistant

oocysts in their feces (Dubey and Frenkel, 1972; Fritz et al., 2012).

Under optimal conditions, sporulated oocysts can remain viable for

months (Dumètre and Dardé, 2003), and are infectious to all warm-

blooded vertebrates (Tenter et al., 2000). Toxoplasma gondii infection

can occur via consumption of food or water contaminated with

sporulated oocysts, ingestion of tissue cysts in intermediate hosts,

and transplacental transmission (Tenter et al., 2000).

In intermediate hosts, T. gondii tachyzoites spread systemically,

often causing subclinical infection in healthy animals and humans.

However, fatal neurological disease can occur, particularly in

immunosuppressed individuals. Miscarriage, abortion, and

congenital toxoplasmosis are also possible. For individuals

surviving initial infection, T. gondii tachyzoites respond to the

host immune response by converting to bradyzoite-filled tissue

cysts in the central nervous system, muscles, and other tissues. If

immunity wanes, quiescent tissue cysts can re-activate, again

causing systemic disease (Dellacasa-Lindberg et al., 2007; DaSilva

et al., 2010; Miller et al., 2018). These diverse transmission strategies

and broad host range, coupled with substantial risk to human and

animal health, make T. gondii one of the world’s most globally

important pathogens.

Despite being restricted to terrestrial definitive hosts, T. gondii

can cause morbidity and mortality in diverse marine mammal

intermediate hosts, including phocids, otariids, cetaceans, sirenians,

and sea otters (Miller et al., 2018). Southern sea otters (Enhydra lutris

nereis) are especially impacted, with T. gondii infecting 62% of sea

otters and serving as the primary or contributing cause of death for

8% of otters examined from 1998 through 2012 (Miller et al., 2020).

Contributing factors include: 1) Proximity of sea otter habitat to

coastal cities, where land-based runoff driven by rainfall can carry

freshwater contaminated by oocyst-laden feline feces to nearshore

waters, and 2) High consumption of marine bivalves and snails

capable of concentrating oocysts from contaminated water (Miller

et al., 2008b; Johnson et al., 2009; Krusor et al., 2015).

Although southern sea otters commonly have chronic

sublethal T. gondii infections, fatal toxoplasmosis also occurs
02
(Shapiro et al., 2016; Miller et al., 2020). Sea otters that have

died due to toxoplasmosis usually have no pathognomonic gross

lesions other than non-specific lymphadenosplenomegaly;

histopathology is required to confirm infection and disease

(Miller et al., 2018). Protozoal tissue cysts and occasional

tachyzoites are most common in the central nervous system

(CNS), accompanied by non-suppurative meningoencephalitis

(Miller et al., 2018). For most T. gondii-infected sea otters, few

parasites are observed microscopically outside of the CNS and

occasionally the heart, suggestive of chronic infection (Miller et al.,

2018). Death is usually attributed to chronic-active or

recrudescent, T. gondii-mediated meningoencephalitis and/or

myocarditis (Miller et al., 2020).

The four cases described herein exhibited a strikingly different

lesion pattern, characterized by grossly apparent, diffuse, severe steatitis

affecting all subcutaneous and internal adipose stores. Histopathology

revealed severe inflammation and numerous tissue cysts and

tachyzoites in most tissues, apart from the central nervous system,

where parasite numbers and inflammation were comparatively mild.

Multilocus sequence typing revealed that all otters with severe protozoal

steatitis were infected with the same atypical T. gondii strain, sharing

100% identity across all examined loci. This previously described

genotype (COUG or TgCgCa1), was isolated from two mountain

lions (Puma concolor) during investigation of a large community

outbreak of waterborne toxoplasmosis in humans in Canada

(Aramini et al., 1999; Dubey et al., 2008; Dubey et al., 2020).

This is the first report of T. gondii-associated fatal steatitis and

systemic toxoplasmosis in sea otters, and the first report of the COUG

T. gondii genotype infecting any aquatic animal. The cases described

here highlight detection of a previously unreported and virulent strain

of T. gondii in threatened southern sea otters and underscores the need

for detailed studies of T. gondii transmission at the land-sea interface.
Materials and methods

Postmortem examination

Stranded southern sea otters were transported to the California

Department of Fish and Wildlife’s Marine Wildlife Veterinary Care

and Research Center in Santa Cruz, CA, where detailed gross

necropsies were performed on fresh and frozen-thawed individuals
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as previously described (Miller et al., 2020). Sampling methods varied

depending on postmortem condition, with formalin fixation of all

major tissues for some animals, while others had more limited

sampling due to autolysis or freeze-thaw artifact.
Histopathology

Formalin-fixed tissues were embedded, sectioned, and stained

with hematoxylin and eosin (H&E) at the Veterinary Medical

Teaching Hospital at the University of California, Davis as

previously described (Miller et al., 2020). Prepared slides were

examined by two veterinary pathologists (MM and DS).
Protozoal immunohistochemistry

Representative paraffin blocks from each case were submitted to

the California Animal Health and Food Safety Laboratory at the

University of California, Davis for immunohistochemistry using

rabbit-derived polyclonal antisera to T. gondii and the related

apicomplexan parasite Sarcocystis neurona using established

methods (Miller et al., 2001b). Both parasites are confirmed sea

otter pathogens that can appear similar on histopathology, and

have similar life cycles, except that the definitive host for

S. neurona is introduced Virginia opossums (Didelphis virginiana)

(Miller et al., 2010; Miller et al., 2018). Known-infected tissues were

included as positive controls for each parasite, and completed slides

were examined by two veterinary pathologists (MM and DS).
Protozoal serology

Where available, postmortem pericardial fluid was assessed for

the presence and concentration of T. gondii and S. neurona IgG

antibodies using an indirect fluorescent antibody test (IFAT) as

previously described (Miller et al., 2002b), using FITC-conjugated

goat anti-ferret IgG antibodies (Bethyl Laboratories Incorporated,

Montgomery, Texas). Endpoint titers were determined as the highest

dilution that exhibited distinct outline fluorescence of tachyzoites

(T. gondii) or merozoites (S. neurona). Titers ≥ 1:320 were used to

establish seropositivity (Miller et al., 2002b).
In vitro parasite cultivation

At necropsy, fresh brain tissue was collected aseptically only from

Case 2 to be processed for parasite isolation in cell culture as described

(Miller et al., 2001a). Briefly, 5 g of brain tissue was placed in antibiotic/

antifungal solution overnight and then homogenized. After

homogenization, 1 ml of tissue was incubated in 10 ml trypsin-

EDTA (0.25%) at 37°C for 1 hr, added to a feeder layer of MA-104

(monkey kidney) cells, and incubated at 37°C and 5% CO2 for 2 hr to

optimize isolation of T. gondii. An additional 1 ml of homogenized

tissue was also added directly to a feeder layer of MA-104 (monkey

kidney) cells without trypsinization and incubated at 37°C and 5% CO2

for 2 hr to optimize for isolation of S. neurona that are more susceptible
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RPMI media supplemented with fetal bovine serum. All cultures were

examined thrice weekly for parasite growth and media exchange.
Molecular detection and characterization of
protozoal parasites

Nucleic acids were extracted from frozen tissue for all four cases, plus

parasite-positive culture supernatant from Case 2, using a DNeasy Blood

and Tissue Kit (Qiagen, Valencia, CA, USA). Extracted DNA from tissues

for each sea otter was initially screened for the presence of T. gondii using a

nested PCR assay targeting the B1 locus (Grigg and Boothroyd, 2001).

Tissue-derived DNA as well as DNA extracted from culture supernatant

from Case 2 were further genotyped using a polymerase chain reaction

(PCR)-based multilocus sequence typing approach targeting 12 additional

polymorphic loci: SAG1, 5’SAG2, 3’SAG2, altSAG2, SAG3, BTUB, GRA6,

C22-8, C29-2, L358, PKI, and Apico (Su et al., 2010).

Amplification at the B1 locus was performed as a nested PCR

assay using external and internal primers and cycling conditions as

described (Grigg and Boothroyd, 2001; Shapiro et al., 2016; Shapiro

et al., 2019). The remaining 12 loci were amplified in a multiplex,

nested PCR assay using external and internal primers and cycling

conditions as previously described (Su et al., 2010). Two loci, C29-2

and Apico, failed to amplify using the multiplex assay and were

repeated as simplex, nested PCR assays using the same primers and

cycling conditions.

To evaluate for the possibility of co-infection with S. neurona,

DNA extracted from tissues for Case 4 were additionally screened at

the ITS1 locus using previously published primers and cycling

conditions (Rejmanek et al., 2010). To identify parasites grown in

culture, DNA extracted from trypsinized and untreated culture

supernatant was also amplified at the ITS1 locus. To assess for

possible co-isolation of S. neurona, amplification of the cox1 locus

using Sarcocystis spp.-specific primers was performed for both

trypsinized and untreated cultures (Gondim et al., 2019).

Products of all PCR assays were sequenced at the UC Davis DNA

Sequencing Facility. Sequences were trimmed and aligned to known

reference sequences for Type I, Type II, Type III, Type X, and COUG

strains at each locus using Geneious software (Biomatters, Auckland,

New Zealand). Sequences were further compared to whole genome

sequences for reference T. gondii strains available in GenBank using

BLAST (NCBI: https://blast.ncbi.nlm.nih.gov/Blast.cgi). Sea otter-derived

sequences were deposited in GenBank for all 13 loci characterized in this

study and were assigned the following accession numbers: OQ249665

(3’SAG2), OQ249666 (5’SAG2), OQ249667 (altSAG2), OQ249668

(Apico), OQ249669 (B1), OQ249670 (BTUB), OQ249671 (C22-8),

OQ249672 (C29-2), OQ249673 (GRA6), OQ249674 (L358),

OQ249675 (PKI), OQ249676 (SAG1), OQ249677 (SAG3).
Results

Postmortem examination

From February 2020 through March 2022, four southern sea otters

of mixed age and sex (Table 1) presented for necropsy with severe,
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diffuse, grossly apparent steatitis. Three sea otters stranded within a

26.5 km-span of coastal San Luis Obispo County (two of these animals

stranded within 1 km of each other) and one sea otter stranded in Santa

Cruz County on the central California coast. The stranding locations

for each otter are also shown in a coastal map (Supplementary

Figure 1). All four cases died during or after periods of high

precipitation in February 2020 (n=1), February 2022 (n=2), and

March 2022 (n=1). Only Case 1 had perimortem clinical history

(Table 1); all others were found dead. Three otters were sexually

mature females, while the other was an immature male. Three

animals were classified as good to excellent nutritional condition at

necropsy, while one was considered thin, although nutritional

condition was difficult to assess in these cases. Three animals were

minimally decomposed (one of which had been frozen before

necropsy) and one was moderately decomposed and had been frozen

before necropsy.

Gross necropsy findings are summarized in Table 2. Putative

T. gondii-associated gross pathology included severe, diffuse steatitis

affecting subcutaneous, visceral, omental, mesenteric, retroperitoneal,

and coronary adipose. Affected adipose was diffusely yellow-tan,

finely granular to multinodular, and firm to gritty on palpation

(Figures 1A, B, 2A–D and Table 2).

Several other tissues exhibited grossly apparent T. gondii-

associated pathology in addition to systemic adipose (Table 2).

Inflamed pancreatic acini were markedly enlarged and firm with

scattered intralesional 1-2 cm dark red-black foci (Figures 3A–C).

Cardiac involvement was characterized by diffuse orange-white

myocardial mottling, epicardial steatitis (Figures 4A, B) and

petechia, and viscous pericardial effusion. Lesion overlap between

cardiomyopathy associated with domoic acid toxicosis, sarcocystosis,

and toxoplasmosis usually precludes discernment between these

conditions grossly; histopathology is required (Miller et al., 2020;

Miller et al., 2021). However, the severe, grossly apparent epicardial

steatitis described herein has not previously been reported from sea

otters with fatal toxoplasmosis and may be pathognomonic for this

condition. Parasitic pneumonia was characterized grossly by myriad

irregular, 2-5 mm diameter, flat, tan-white pleural foci (Figures 5A, B)

that were indistinct on cut surface. All lymph nodes were diffusely

enlarged, light tan, and firm, with prominent cortical lymphoid

hyperplasia on cut surface. Affected spleens were enlarged with

prominent lymphoid nodular hyperplasia. In Case 2 the adrenal

cortices were congested and hemorrhagic, and copious cloudy,
Frontiers in Marine Science 04
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medulla (Figure 6A).
Histopathology

Toxoplasma gondii-associated histopathology findings are

summarized in Table 2. Tissues examined microscopically for each

case and those positive for T. gondii and S. neurona are summarized

in Supplementary Table 1. Lymphoplasmacytic and variably

granulomatous inflammation with numerous intralesional protozoa

were observed in many tissues, including subcutaneous and

peritoneal adipose, pancreas, brain, heart, lung, liver, lymph nodes,

adrenal gland, uterine and intestinal smooth muscle, and skeletal

muscle (Table 2). Numerous, approximately 4 x 2 µm tachyzoites and

small (e.g., 20-50 µm diameter), thin-walled tissue cysts containing

short (4 x 2 µm), stout bradyzoites with eosinophilic cytoplasm were

common in areas of severe adipose inflammation (Figures 7A–C).

Steatitis was accompanied by multifocal necrosis, edema,

hemorrhage, and saponification, with scattered intralesional

multinucleated giant cells. Protozoa were especially numerous along

the periphery of lipid vacuoles within the cytoplasm of infected

adipocytes (Figure 7C). Although adipocytes were often somewhat

atrophic on histopathology, severe inflammation resulted in an

apparent increase in adipose amount at necropsy, complicating

accurate gross assessment of nutritional condition.

In addition to widespread steatitis, several other tissues exhibited

severe T. gondii-associated lesions (Table 2). Necrotizing pancreatitis

and peripancreatic steatitis were associated with numerous

intralesional T. gondii-like tachyzoites and tissue cysts. Severe

myocarditis was also associated with high numbers of intralesional

T. gondii-like protozoa (Figure 4C). White pulmonary pleural foci

corresponded microscopically with regions of lymphoplasmacytic,

histiocytic, and necrotizing pneumonia with numerous intralesional

tachyzoites and tissue cysts (Figure 5C). Protozoal adrenalitis was

characterized by marked inflammation and necrosis with

intralesional tachyzoites and tissue cysts (Figures 6B, C), especially

in the adrenal medulla, corresponding with the location of cloudy

fluid observed grossly. Inflamed lymph nodes exhibited marked

paracortical lymphoid hyperplasia with numerous intralesional

protozoa. Grossly apparent splenomegaly was characterized

microscopically by lymphoid hyperplasia and lympholysis, and
TABLE 1 Demographical and geographical data for southern sea otters (Enhydra lutris nereis) with fatal Toxoplasma gondii-associated steatitis
and toxoplasmosis.

Case
number Stranding location

Proximity to next
closest case

Stranding
date

Condition at
stranding

Perimortem
clinical signs

Sex/Age
class

Nutritional
condition

Case 1
San Simeon, San Luis

Obispo County 26.5 km 2/18/2020 Alive
Unresponsive,

dyspneic, groaning
Female/
Adult Thin

Case 2
Cayucos East St., San Luis

Obispo County 0.5 km 2/8/2022 Fresh dead
Not applicable
(found dead)

Female/
Adult Excellent

Case 3
Natural Bridges, Santa

Cruz County 172 km 2/21/2022
Moderately
decomposed

Not applicable
(found dead)

Male/
Immature Good

Case 4
Cayucos 4rth St., San Luis

Obispo County 0.5 km 3/30/2022 Fresh dead
Not applicable
(found dead)

Female/
Adult Excellent
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TABLE 2 Toxoplasma gondii-associated gross and microscopic pathology for southern sea otters (Enhydra lutris nereis) with fatal T. gondii-associated
steatitis and toxoplasmosis.

Category Case 1 Case 2 Case 3 Case 4 Parasite-associated lesion patterns
(Gross and microscopic)

Primary cause of
death

Systemic
toxoplasmosis
with steatitis

Systemic
toxoplasmosis
with steatitis

Systemic
toxoplasmosis
with steatitis

Systemic
toxoplasmosis
with steatitis

N/A

Contributing
causes of death

Gastric ulcers,
melena,

emaciation

Probable
subacute

domoic acid
toxicosis

Gastric ulcers,
melena,

emaciation

Gastric ulcers,
melena,

emaciation

N/A

Incidental findings Intestinal
parasites (IP)

Congenital
renal

cyst and IP

None None N/A

Carcass condition
at necropsy

Euthanized,
fresh dead

Fresh dead Moderately
decomposed,
frozen-thawed

Fresh dead,
frozen-thawed

N/A

Gross necropsy: Relative severity of grossly apparent, putative T. gondii-associated pathology

Subcutaneous and
peritoneal steatitis

Severe Severe Severe Severe Firm, slightly gritty, irregular, yellow to tan-white nodular foci throughout
adipose stores

Pancreatitis Moderate to
severe

NE NE NE Pancreatic acini enlarged, firm, and edematous
with scattered 1-2 cm dark foci

Myocarditis Moderate with
epicardial

petechia and
viscous

pericardial
effusion

Moderate with
epicardial
steatitis

NE NE Orange-white myocardial mottling +/- epicardial petechia, steatitis and
viscous effusion

Pneumonitis Moderate NE NE NE Thousands of irregular, 2-5 mm diameter flat,
tan-white pleural foci

Lymphadenitis Moderate Moderate NE NE Affected lymph nodes large, solid, tan, firm

Splenomegaly NE
(Euthanized)

Marked NE Moderate Diffusely enlarged and meaty, prominent lymphoid
nodular hyperplasia

Adrenalitis NE Severe NE NE Adrenal corticomedullary congestion, hemorrhage,
and edema

Histopathology: Relative severity of T. gondii-associated histopathology/Suspect parasites observed via microscopy or immunohistochemistry

Subcutaneous and
peritoneal steatitis

Severe/+ Severe/+ Moderate to
severe/+

Severe/+ Lymphoplasmacytic, histiocytic and granulomatous steatitis, saponification,
fibroplasia, intralesional T. gondii-like protozoa

Pancreatitis Severe/+ Moderate to
severe/+

NE Moderate/+ Necrotizing pancreatitis, peripancreatic steatitis,
saponification, T. gondii-like protozoa

Myocarditis Severe/+ Moderate to
severe with
epicardial
steatitis/+

Moderate to
severe/+

Moderate to
severe/+

Lymphoplasmacytic and histiocytic myocarditis, numerous T. gondii-like
protozoa

Pneumonitis Mild to
moderate/+

Moderate to
severe

NE Mild to
moderate/+

Lymphoplasmacytic and histiocytic pneumonia, T. gondii-like protozoa,
sparse giant cells

Lymphadenitis Moderate to
severe/+

Moderate to
severe/+

NE Mild to
moderate/+

Lymphoplasmacytic and histiocytic lymphadenitis,
lymphoid hyperplasia, intralesional T. gondii-like protozoa

Adrenalitis NE Moderate to
severe/+

NE NE Severe necrotizing adrenalitis, especially medulla, numerous T. gondii-like
protozoa

Uterine myometritis NE Moderate/+ NA NE Lymphoplasmacytic and histiocytic myometritis, myonecrosis and
myophagia, sparse intralesional T. gondii-like protozoa

Mural enteritis
(duodenum)

Moderate/+ NE NE NE T. gondii-like protozoa and inflammation in tunica
muscularis, most concentrated near parasympathetic ganglia

Skeletal myositis Mild/+ Mild to
moderate/+

NE Mild/- Mild multifocal myositis. T. gondii-like parasite burden, although low,
comparatively high for “classical” toxoplasmosis in sea otter muscle

Meningoencephalitis Mild to
moderate/+
(very few)

Mild to
moderate/+

Mild/+
(very few)

Mild/+
(very few)

Mild lymphoplasmacytic and histiocytic nodular
meningoencephalitis with sparse intralesional T. gondii-like protozoa, when
compared with parasite burden in other tissues and previously described sea

otter cases
F
rontiers in Marine Sci
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No intralesional (“-”) or positive T. gondii-like parasites (“+”) visible on histopathology and/or immunohistochemistry,
"NE" = Condition not assessed during gross necropsy or histopathology. "N/A" Condition or tissue not applicable due to sex of animal.
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marked red pulp plasmacytosis, histiocytosis, and extramedullary

hematopoiesis, although parasites were sparse.

The left uterine horn of Case 2 was mildly enlarged grossly (Figure 8A),

and mild endometrial hemorrhage, hemosiderosis, and partial atrophy of

mural arterioles were observed microscopically, suggestive of recent

parturition or abortion. The myometrium of the left uterine horn was

severely inflamed, with numerous intralesional T. gondii-like tachyzoites and

tissue cysts (Figures 8B, C); the endo- and mesometrium exhibited milder

inflammation and fewer parasites. The right uterine horn was minimally

inflamed, and few parasites were observed microscopically. Moderate

inflammation and T. gondii-like tachyzoites and tissue cysts were also

observed in the duodenal tunica muscularis in Case 1, with inflammation

and parasites most concentrated near parasympathetic ganglia.

In contrast with widespread inflammation and high parasite burdens

observed in other tissues, brains of affected otters exhibited surprisingly

mild meningoencephalitis with sparse intralesional tachyzoites and tissue

cysts, unlike typical patterns reported from sea otters with fatal

toxoplasmosis (Miller et al., 2018; Miller et al., 2020). Throughout all

examined tissues, tissue cysts and tachyzoites were most common on

histopathology in the cytoplasm of adipocytes, pancreatic acinar cells,

and smooth, skeletal, and cardiac myofibers. Protozoa were also observed

within the cytoplasm of fibroblasts, macrophages, monocytes,

lymphocytes, hepatocytes, adrenal cortical and chromaffin cells, and

cerebral neurons and glia.
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Protozoal immunohistochemistry
and serology

Results of T. gondii-associated immunohistochemistry are

summarized in Table 2, and composite results of protozoal

histology, immunohistochemistry, and serology for T. gondii and

S. neurona are summarized in Supplementary Table 1. Formalin-fixed

tissues from all four cases contained tachyzoites and tissue cysts that

were strongly immunopositive for T. gondii. Inflamed subcutaneous

and peritoneal adipose (Figures 7D, E), pancreas (Figure 3D), heart

(Figure 4D), lymph nodes, and brain (Figure 6D) were T. gondii-

immunopositive for all four otters (Table 2). Lung (Figure 5D) and

skeletal muscle were T. gondii immunopositive for two of three cases

where this tissue was available for microscopic examination. The

inflamed adrenal gland and uterine myometrium (Figure 8D) from

Case 2 were also strongly T. gondii-immunopositive.

Immunohistochemistry for S. neurona was performed on the

same tissues as for T. gondii, and protozoa in all tissues from Cases 1,

2, and 3 were diffusely immunonegative (Figure 6E). Case 4 exhibited

sparse S. neurona-positive staining in myocardium, and potential

small foci of positive staining in subcutaneous adipose and lung.

Pericardial fluid was available for Cases 1, 2, and 4; all had high

positive T. gondii IgG (≥1:10,240), and low positive S. neurona titers

(≤1:2,560) (Supplementary Table 1).
A B

FIGURE 1

Gross appearance of normal subcutaneous adipose from an unaffected sea otter (A), compared with congested and multinodular-appearing adipose
from a sea otter with fatal protozoal steatitis and toxoplasmosis (B).
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In vitro parasite cultivation

Parasites morphologically resembling T. gondii and S. neurona

were observed in trypsinized and untreated cell cultures from Case 2

within two weeks of inoculating cells with brain tissue. Amplification

and sequencing of DNA extracted from supernatant at the ITS1 locus

yielded 100% identity to T. gondii in both trypsinized and untreated

cultures. Amplification and sequencing of the cox1 locus yielded 100%

identity to S. neurona in supernatant from the untreated culture,

while DNA amplification at the cox1 locus was not observed for

supernatant from the trypsinized culture. These results confirm

isolation of T. gondii in the trypsinized and untreated cell cultures,

and additional co-isolation of S. neurona in the untreated culture.
Molecular detection and characterization of
protozoal parasites

Results of molecular detection and characterization of protozoal

parasites are summarized in Table 3. Genotyping across 12 to 13 loci

was successfully performed using DNA from subcutaneous adipose

from all four sea otters, plus culture supernatant from inoculated

brain tissue of Case 2. Initial local sequence alignment revealed that

the T. gondii strains from all animals shared 100% sequence identity

with each other across all examined loci (Supplementary Figure 2),

plus several polymorphisms when compared to known reference
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sequences for Type I, Type II, Type III, and Type X strains.

Subsequent analysis compared the identity of the sea otter T. gondii

sequences to whole genome sequences from publicly available

T. gondii reference genotypes on GenBank. This analysis revealed

100% identity across the 13 examined loci of T. gondii

sequences from all four otters to the COUG strain (TgCgCa1)

(Supplementary Figure 2).
Final diagnoses

Based on cumulative findings from gross necropsy,

histopathology, immunohistochemistry, and molecular parasite

confirmation, the primary cause of death was systemic

toxoplasmosis with severe steatitis for all four cases (Table 2).

Given their relatively good nutritional condition, high systemic

parasite load, and relative paucity of parasites and parasite-

associated inflammation in the CNS, affected animals appear to

have died in the acute or subacute stages of T. gondii infection

(Miller et al., 2018).

Contributing causes of death and incidental findings are

summarized in Table 2. Methods used for lesion assessment and

ranking were as previously described (Miller et al., 2020; Miller et al.,

2021). Findings suggestive of subacute to chronic domoic acid

toxicosis (Miller et al., 2021) in Case 2 were characterized by

moderate, diffuse brain congestion; segmental cytoplasmic
A B

DC

FIGURE 2

Gross appearance of normal mesenteric adipose from an unaffected sea otter (A), compared with yellow-discolored, variably congested, multinodular-
appearing mesenteric adipose at low (B, C) and higher magnification (D) in sea otters with fatal protozoal steatitis and toxoplasmosis.
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vacuolation and angularity of hippocampal pyramidal neurons; CA2

sector neuronal depletion; and a mildly shrunken hippocampal

profile. Temporally concordant cardiac lesions presumed to be

associated with domoic acid toxicosis included patchy myofiber

loss, stromal collapse, mural fibrosis, and hyalinization of the tunica

media of coronary arterioles. Other contributing findings (gastric

ulcers, melena, and emaciation) are common in sick or stressed sea

otters (Miller et al., 2020).

Cystic degeneration of the caudal pole of the right kidney was

considered an incidental finding for Case 2. The cystic structure was

filled with pale yellow urine and sediment and was not patent to the

ureter. Histopathology revealed diffuse parenchymal atrophy and

mild lymphoplasmacytic inflammation. The inner cyst wall was

lined by a single layer of flattened epithelium overlying a dense

fibrovascular stroma. No protozoal parasites were observed within

the cyst wall, nor in any histological sections of kidney.
Discussion

This study describes an unusual and severe presentation of toxoplasmosis

and steatitis in sea otters infected with a rare T. gondii strain not previously

reported in any aquatic animal. Observed lesion and case presentation patterns

differed substantially from prior descriptions of toxoplasmosis in sea otters,

where cases of acute to subacute, severe, disseminated toxoplasmosis were
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reported mainly from fetuses and neonates (Miller et al., 2008a; Shapiro et al.,

2016). In contrast with the cases described herein, sea otters with fatal

toxoplasmosis usually have no gross lesions other than non-specific

lymphadenosplenomegaly, and histopathology is required to confirm

infection (Miller et al., 2018). Protozoa are typically numerous in the CNS,

accompanied by non-suppurative meningoencephalitis, but are relatively rare

in other tissues on conventional histopathology (Miller et al., 2018). The most

common extra-CNS lesion reported from T. gondii-infected sea otters is

protozoal myocarditis, and death is usually attributed to chronic, active

meningoencephalitis or myocarditis (Miller et al., 2020). Although

microscopic foci of T. gondii-associated steatitis, myositis, pancreatitis, and

adrenalitis are occasionally observed, this finding is consistently mild in

comparison to the brain and cardiac pathology.

The four cases described herein exhibit a strikingly different lesion

pattern, characterized by grossly apparent, diffuse, severe steatitis of

all subcutaneous and internal adipose stores.

Affected adipose was yellow-mottled and firm with a nodular

appearance. Some cases also exhibited grossly visible pancreatic,

pulmonary, adrenal, and cardiac pathology. Histopathology

revealed severe inflammation with numerous intralesional protozoa

in most tissues, apart from the CNS, where parasite numbers and

inflammation were comparatively mild. Severe toxoplasmosis and

protozoal steatitis was identified as the primary cause of death in all

cases and inflamed tissues were strongly immunopositive, confirming

the association of systemic inflammation with T. gondii infection.
A B
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FIGURE 3

Normal pancreas from an unaffected sea otter (A), compared with low (B) and higher magnification (C) views of swollen, edematous, red-black
discolored pancreas from a sea otter with protozoal pancreatitis. Immunohistochemical stain of inflamed pancreas demonstrating strong positive
immunostaining of intralesional T. gondii parasites (D: Bar = 10 µm).
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These unusual cases also differed from prior reports of fatal

toxoplasmosis in sea otters in other ways: In previous studies

(Kreuder et al., 2003: Miller et al., 2020), sea otter deaths due to

toxoplasmosis were relatively sporadic, with little variation by season

or month. In contrast, all otters with fatal toxoplasmosis with steatitis

stranded in February and March, which corresponds with the peak

rainy season in California when land-sea runoff following rainfall

events is highest. Wet season protozoal disease outbreaks have also

been reported for S. neurona (Miller et al., 2010; Shapiro et al., 2012),

and seasonal land-sea transport of infectious oocysts or sporocysts is

considered the most likely route of sea otter infection by both

parasites (Miller et al., 2002a; Miller et al., 2008b; Miller et al., 2010).

Affected otters were strongly seropositive for T. gondii

IgG (≥1:10,240) and multilocus sequence typing at 13 loci revealed

that all animals with this unusual lesion pattern were infected with the

same atypical COUG strain of T. gondii (TgCgCa1). Despite decades

of studies on the molecular epidemiology of T. gondii in coastal

California, including genetic characterization of >140 T. gondii

isolates obtained from southern sea otters (Miller et al., 2004;

Sundar et al., 2008; VanWormer et al., 2014; Shapiro et al., 2015;

Shapiro et al., 2016; Shapiro et al., 2019), this is the first report of the

COUG strain in sea otters, or any aquatic species. To ensure that prior

protozoal steatitis cases had not been missed, archival necropsy data

(>1,000 sea otters from 1997 through 2022) from the California

Department of Fish and Wildlife was reviewed for additional cases of
Frontiers in Marine Science 09
diffuse, severe T. gondii-associated steatitis. None were found other

than the current four cases, the earliest of which occurred in 2020.

Importantly, the COUG T. gondii strain appears to be capable of

causing rapid mortality in ostensibly healthy, prime-aged adult sea

otters. Three of the four cases were adult females, while one was an

immature male. Possible spatial clustering of cases was also noted

within a 26.5 km coastal region in San Luis Obispo County. However,

given our small sample size, effects of sex, age, and stranding location

cannot be statistically evaluated.

The COUG strain (ToxoDB PCR-RFLP genotype #66) is

considered a rare, atypical North American strain circulating in

wildlife. Phylogenetically, this strain clusters within the same major

clade (D) as the archetypal Type II and atypical Type X strain, but

within a distinctly characterized haplotype (11) that it shares with

another atypical strain derived from a jaguar (GUY-2004-JAG1)

(Lorenzi et al., 2016). The COUG strain was originally isolated via

mouse bioassay from fecal samples from two mountain lions collected

following epidemiological studies of a large waterborne toxoplasmosis

outbreak in humans in British Columbia, Canada that occurred in

1995 (Dubey et al., 2008). One sample was found in the environment,

while the second was collected per rectum from a mountain lion that

was euthanized in the vicinity of the drinking water reservoir

implicated in the outbreak; no information was reported regarding

T. gondii-associated pathology in the euthanized mountain lion

(Dubey et al., 2008). Fecal shedding of oocysts by mountain lions
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FIGURE 4

Normal heart from an unaffected sea otter (A), compared with orange-discolored myocardium and pale yellow, multinodular-appearing epicardial
adipose from a sea otter with protozoal myocarditis and epicardial steatitis (B). Microscopic view of severely inflamed myocardium (C) with numerous
intralesional Toxoplasma gondii-like tissue cysts (H&E stain, bar = 10 µm). Immunohistochemical stain of inflamed myocardium (D) demonstrating strong
positive immunostaining of intralesional protozoa for T. gondii (Bar = 10 µm).
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or other wild felids was postulated to have served as the source of the

toxoplasmosis outbreak (Bowie et al., 1997; Aramini et al., 1999).

However, because no information was published on genotype(s) of

T. gondii in infected humans from the outbreak, there is insufficient

evidence linking the COUG strain in sympatric felids to the human

waterborne toxoplasmosis event. To our knowledge, the only other

animal reported to be infected with a COUG genotype is a feral pig

(Sus scrofa) from the Sierra Nevada Mountains in eastern California

(Dubey et al., 2020).

Although this unique parasite strain could have been present

before 2020, no prior molecular studies of T. gondii infection in sea

otters, domestic cats, mountain lions, bobcats, canids, and other

animals along the California coast identified any animals infected

with the COUG T. gondii strain (Miller et al., 2008b; VanWormer

et al., 2013; VanWormer et al., 2014; Shapiro et al., 2019). This

knowledge, plus detection of a novel T. gondii-associated lesion

pattern with high virulence that coincides temporally with detection

of COUG T. gondii infection in stranded sea otters suggests that

introduction of this highly pathogenic strain into coastal California

wildlife occurred recently.

Geographical movement of T. gondii strains may occur via

infected migratory birds, migration of terrestrial wildlife, or

anthropogenic translocation of wild animals, livestock, and pets,

including domestic cats (Galal et al., 2022). Though isolated

previously from wild felids, domestic cats have been shown to
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contribute substantially more oocysts in coastal California

watersheds when compared to bobcats and mountain lions

(VanWormer et al., 2013), and cats could be exposed to this

wildlife-adapted strain by feeding on wild prey.

It is also unclear at present whether multiple point sources of the

COUG T. gondii strain may be spreading into the marine

environment along the California coast. Multiple sources of

exposure could explain the two geographically separate regions

where the four cases described in this study were found. Another

possibility is that the immature male was initially infected in the same

region as the females but stranded elsewhere due to migration post-

infection. Previous studies of tagged sea otters revealed that males

may travel hundreds of km (Tinker et al., 2017), with immature males

frequently dispersing beyond study areas for extended periods

(J. Tomoleoni, pers. comm), suggesting that the immature male

could have stranded in a different county than the original location

of T. gondii infection. Interestingly, the three adult females stranded

near Morro Bay, a confirmed, high-risk area for T. gondii Type X

infection and mortality in sea otters (Shapiro et al., 2019). Numerous

factors appear to contribute to these high-risk zones, including local

geography, precipitation, climate, felid density, and other factors

(VanWormer et al., 2013; VanWormer et al., 2014; Burgess et al.,

2018; Miller et al., 2020). Given the apparent high virulence and

unknown source of this atypical strain, as well as the potential health

risks for threatened sea otters, other animals and humans, additional
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FIGURE 5

Appearance of normal lung from an unaffected sea otter (A), compared to lung from a sea otter with protozoal pneumonia (B) containing multiple pale
irregular pleural foci. Microscopic view of inflamed lung containing intralesional Toxoplasma gondii-like tissue cyst (C: arrow) (H&E stain, bar = 20 µm).
Immunohistochemical stain of lung demonstrating strong positive immunostaining of intralesional protozoa for T. gondii (D) (Bar = 10 µm).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1116899
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Miller et al. 10.3389/fmars.2023.1116899
research is needed to clarify the host and geographical distribution of

the COUG strain in North America.

This is the first report of severe steatitis associated with

toxoplasmosis in sea otters, but similar lesions were reported in

Hawaiian monk seals (Neomonachus schauinslandi) with fatal

toxoplasmosis (Barbieri et al., 2016). Although the monk seal

steatitis lesions appear similar grossly and microscopically, the

T. gondii genotype(s) associated with monk seal infection were not

reported. Protozoal steatitis was also reported in a red kangaroo and

aborted goats with fatal toxoplasmosis (Chen and Alley, 1987; Dubey

and Hartley, 1992).

Although T. gondii has been traditionally classified into three

archetypal genotypes (Type I, II, and III), more advanced genotyping

approaches and global characterization of parasite strains have

contributed to much broader recognition of non-archetypal or

“atypical” genotypes. Associations between infection by specific

T. gondii genotypes and more severe disease have been reported in

animals and people (Grigg et al., 2001; Khan et al., 2009; Melo et al.,

2013). The relationship between strain genotype and virulence is well

established in mouse models, with Type I isolates and most South

American strains being highly virulent, whereas Type II and III

strains are less virulent (Khan et al., 2009; Melo et al., 2013).

The atypical Type X strains (ToxoDB#5) have been classified

within haplotype 12 and are predominantly found in North American
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wildlife (Dubey et al., 2011; Jiang et al., 2018). Southern sea otters are

most frequently infected by Type X or X variant strains, which are

more pathogenic in sea otters than Type II strains (Miller et al., 2004;

Shapiro et al., 2019). In a study of 135 necropsied southern sea otters,

79% of T. gondii isolates were Type X or Type X variants, while the

remaining 21% were Type II or Type II/X recombinants. Additionally,

all enrolled otters with T. gondii identified as the primary cause of

death were infected with Type X or Type X variants (Shapiro et al.,

2019). In contrast, a study of mixed marine mammal species in the

Pacific Northwest, including five northern sea otters (E. l. kenyoni)

revealed no significant associations between T. gondii genotype and

disease outcome (Gibson et al., 2011).

Although no assessment of associated pathology or disease

outcome was included in descriptions of the COUG T. gondii strain

from mountain lions and a wild pig (Dubey et al., 2008; Dubey et al.,

2020), the COUG genotype has been shown to be highly virulent in

mice and significantly more virulent than Type II strains (Khan et al.,

2009). However, it was unclear if this enhanced virulence was due to a

high parasite burden or a strong, parasite-associated inflammatory

response. Substantial genetic differences between COUG and Type II

T. gondii strains have also been reported (Minot et al., 2012).

Another study revealed that the COUG strain is unusual among

T. gondii isolates in eliciting a Type I interferon response in both murine

macrophages and human fibroblasts (Melo et al., 2013). Type I
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FIGURE 6

Congested, hemorrhagic and edematous adrenal gland from a sea otter with fatal toxoplasmosis and steatitis (A). Low (B) and high (C) magnification
microscopic views of markedly inflamed adrenal medulla from the same sea otter demonstrating intralesional Toxoplasma gondii-like protozoa
(indicated by arrow for B) (H&E stain, bar = 40 and 10 µm, respectively). Immunohistochemical stains of mildly inflamed brain tissue from sea otters with
fatal toxoplasmosis and steatitis, demonstrating relatively mild inflammation and strong positive immunostaining of intralesional tissue cysts for T. gondii
(D), and negative immunostaining of brain parasites for Sarcocystis neurona (E) (D, E: bar = 10 and 10 µm, respectively).
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interferons (IFN), including IFN-a and -b, are immunomodulatory

cytokines that serve as potent coordinators of antimicrobial responses.

In addition to their well-recognized role in viral immunity, IFNs can also

play important roles during parasitic infection by controlling parasite

growth through activation of intracellular killing mechanisms or

enhancing disease severity. According to Melo et al. (2013), recent

reports that Type I IFNs suppress Type II IFN-triggered human anti-

mycobacterial responses (Teles et al., 2013) could suggest that the Type I

IFN response induced by COUG and other select atypical T. gondii

strains could be associated with enhanced pathogenicity. In addition,

Type I IFNs can affect host cellular lipid metabolism by inhibiting de

novo cholesterol and fatty-acid synthesis and upregulating the uptake of

exogenous lipids (Wu et al., 2016). Although Type I IFNs can induce

metabolic changes that are critical for immune function (Wu et al., 2016),

these changes could also provide selective advantages for highly lipophilic

intracellular protozoa.

The striking tropism of the COUG strain of T. gondii for sea otter

adipose tissue is unusual and noteworthy. Not only were parasites

numerous throughout systemic adipose stores in association with

severe inflammation, but on histopathology numerous parasites were

concentrated along the periphery of lipid droplets within the

cytoplasm of infected adipocytes (Figure 7C). Although T. gondii is

known to scavenge host lipids to facilitate parasite replication and

survival (Nolan et al., 2017), and host-parasite competition for lipid
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stores likely contributes to disease pathogenesis (Coppens, 2006), the

degree of parasitism within adipose tissue in these cases was extreme

when compared with hundreds of previous histologically and

molecularly confirmed cases of toxoplasmosis in sea otters.

In addition to the grossly apparent steatitis and pancreatitis

reported herein, another fascinating and potentially strain-

associated difference for COUG T. gondii-infected sea otters is

significant protozoal infection of smooth muscle cells within the

uterine myometrium (Figures 8B–D) and duodenal tunica

muscularis (Table 2). Despite screening sea otter tissues for

24 years, one author (MM) has never observed this previously.

Although T. gondii can infect virtually any nucleated cell type in

warm-blooded animals and humans, infection of skeletal and cardiac

muscle is most commonly reported, and skeletal muscle appears to be

a preferred tissue for persistent T. gondii infection (Swierzy et al.,

2014). The parasite load and inflammation in the uterine

myometrium was particularly severe and could have been

associated with fetal infection and abortion, although this was

impossible to confirm at gross necropsy. Interestingly, uterine and

gastric mural infection was also reported in Hawaiian Monk seals

with fatal toxoplasmosis and protozoal steatitis (Barbieri et al., 2016),

although the infecting genotype in the described Monk Seal cases have

not been reported to date. Toxoplasma gondii-associated smooth

muscle necrosis has also been reported in highly susceptible
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FIGURE 7

Histological and immunohistochemical appearance of subcutaneous and peritoneal steatitis from sea otters with fatal protozoal steatitis and
toxoplasmosis. (A–C): Progressively higher magnification views of severely inflamed adipose tissue (A); a Toxoplasma gondii-like protozoal tissue cyst is
located adjacent to a large lipid vacuole (B) and numerous parasites are clustered along the periphery of a cytoplasmic lipid vacuole (C) (H&E stain,
bar = 200, 10, and 10 µm, respectively). Immunohistochemical stains of inflamed peritoneal adipose, demonstrating strong positive T. gondii
immunostaining of intralesional protozoa at lower (D) and higher (E) magnification (D, E: bar = 100 and 20 µm, respectively).
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Australian marsupials (Canfield et al., 1990), and HIV-positive

humans with protozoal pneumonia and gastritis (Nash et al., 1994;

Alpert et al., 1996).

Although co-infection with S. neurona was identified via

parasite isolation, immunohistochemistry, or PCR for two cases

(Supplementary Table 1), findings from extensive histopathology and

immunohistochemistry confirm T. gondii as the primary cause of death

in all four cases. All otters for which pericardial fluid was available for

serology had high positive titers for T. gondii and low positive titers for S.

neurona. Sarcocystis neuronawas isolated in culture from the brain of Case

2; however, no S. neurona organisms were seen associated with

inflammation in the brain histologically or immunohistochemically.

While Case 4 exhibited sparse S. neurona immunopositive staining in

heart, adipose and lung, DNA extracted from the brain, subcutaneous fat,

omentum, lung, and spleen for this sea otter only yielded amplification at

the ITS1 locus for T. gondii. As the parasite load of T. gondiiwas far greater

and was closely associated with pathology in multiple tissues from all

examined otters, S. neurona appeared to be incidental or of minimal

clinical significance. However, it cannot be ruled out that S. neurona co-

infection may have contributed to the severity of observed lesions.

This study had several limitations including a small sample size,

varying postmortem duration, and freeze-thaw conditions for

examined animals, which can decrease tissue quality and resolution.

Additionally, steatitis altered the gross appearance of adipose stores

and likely impacted standardized assessment of nutritional condition.
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Our findings reveal a novel and concerning lesion pattern for

southern sea otters with systemic toxoplasmosis that appears to be

associated with an atypical T. gondii strain described in an aquatic

animal for the first time. The unique combination of host, pathogen,

and environmental factors contributing to this newly recognized

manifestation of systemic toxoplasmosis in sea otters is unknown.

Future directions should include expanded research on this seemingly

highly pathogenic T. gondii strain, such as genomic studies to identify

unique virulence factors, or transcriptomic investigations into host

lipid metabolism and tropism. Additional studies are needed to

evaluate the presence of this strain in a larger sample of coastal

terrestrial animals, sea otters, and other aquatic wildlife, including

screening animals with subclinical T. gondii infections. Investigating

habitat or climate change factors that may have facilitated the spread

of this rare atypical strain to coastal California will shed light on how

anthropogenic activities can alter T. gondii ecology and epidemiology.

The potential for immunosuppression following exposure to occult

viruses, toxins, anthropogenic chemicals, and other causes also

warrants investigation. Because T. gondii oocysts can be

concentrated in invertebrates and transmitted to susceptible hosts

via ingestion (Arkush et al., 2003), there is potential for this virulent

pathogen to pose a public health risk for people consuming seafood,

or ingesting water contaminated with this parasite. Sea otters have

served as important sentinels for recognition of the COUG strain

circulating in the coastal California terrestrial and marine
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FIGURE 8

Mildly enlarged and congested left uterine horn from a sea otter with fatal toxoplasmosis and steatitis (A). Low (B) and high (C) magnification
microscopic views of severely inflamed uterine myometrium from the same otter with intralesional Toxoplasma gondii-like tissue cysts (indicated by
arrow for B) (B, C: H&E stain, bar = 20 and 10 µm, respectively). Immunohistochemical stain of uterine myometrium from the same sea otter
demonstrating strong positive immunostaining of intralesional protozoa for T. gondii (D) (Bar = 20 µm).
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environment, highlighting the need for ongoing research into spread

and possible emergence of diverse T. gondii strains from coastal

terrestrial vertebrates to marine ecosystems.
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TABLE 3 Findings from molecular characterization using PCR and MLST for southern sea otters (Enhydra lutris nereis) with fatal Toxoplasma gondii-
associated steatitis and toxoplasmosis.

Case
number

Tissues
tested

ITS1 amplification
(identity)

cox1 amplification
(identity)

B1
amplification

MLSTa

amplification
Toxoplasma
genotypeb

Case 1

Subcutaneous
adipose . . + + COUG

Spleen . . + + .

Lung . . + . .

Case 2

Lung . . + . .

Subcutaneous
adipose . . + + COUG

Spleen . . + + .

Omentum . . + . .

Brain isolate
(no trypsin)

+
(T. gondii)

+
(S. neurona) . . .

Brain isolate
(with trypsin)

+
(T. gondii) – + + COUG

Case 3

Mesentery . . + . .

Omentum . . + . .

Brain . . + + .

Subcutaneous
adipose . . + + COUG

Heart . . + . .

Case 4

Brain + . + + .

Subcutaneous
adipose

+
(T. gondii) . + + COUG

Omentum + . + . .

Lung + . + . .

Spleen + . + . .
“.” = Not done.
a= MLST includes 12 loci: SAG1, 5’SAG2, 3’SAG2, altSAG2, SAG3, BTUB, GRA6, C22-8, C29-2, L358, PKI, and Apico.
b= See Supplementary Figure 2 for detailed sequencing results.
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Findings from histopathology, immunohistochemistry, and serology for
southern sea otters (Enhydra lutris nereis) with fatal Toxoplasma gondii-

associated steatitis and toxoplasmosis.

SUPPLEMENTARY FIGURE 1

Map of the central California coast, showing the stranding locations of four

southern sea otters (Enhydra lutris nereis) with fatal Toxoplasma gondii-

associated steatitis and toxoplasmosis.

SUPPLEMENTARY FIGURE 2

Heat maps comparing the sequence identity of Toxoplasma gondii DNA amplified

from the four sea otters with systemic toxoplasmosis and reference genotypes
including the COUG strain, Type X (bobcat) and the archetypal Types I (RH), II

(ME49), and III (CTG). Darker shades of orange indicate higher percent identities

between the T. gondii strain infecting sea otters and reference strains across the 13
examined loci.
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