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The life cycle of Sarcocystis species is heteroxenous (2-host), with carnivores being the definitive host

and herbivores serving as intermediate hosts in predator–prey relationships. Raptors (eagles, hawks,
falcons, and owls) are apex predators and are not consumed routinely by other carnivores, making
the occurrence of sarcocysts in their muscles unusual. Recent reports of sarcocysts in eagles and owls
with Sarcocystis encephalitis suggests that this condition may be becoming more frequent, and

Sarcocystis falcatula has been implicated as the agent of encephalitis in golden (Aquila chrysaetos)
and bald eagles (Haliaeetus leucocephalus) as well as great horned owls (Bubo virginianus). The
present study was done to determine the prevalence of sarcocysts of Sarcocystis species in the

muscles of raptors from the southeastern United States. Pectoral and heart muscle from 204 raptor
patients from the Carolina Raptor Center, Huntersville, North Carolina were tested for the presence
of Sarcocystis species using histology. Only a few sarcocysts were seen in sections of pectoral muscle

from 39 of 204 raptors (19.1%) and heart muscle from 9 that also had sarcocysts in their pectoral
muscle. Two structural types of sarcocysts, thin-walled (1 lm; 62%) or thick-walled (.2 lm, 38%),
were seen. Statistical analysis of raptor age and gender was done by Fisher’s exact test on samples
from raptors with 20 or more samples per group. The prevalence of sarcocysts by age (2 yr or more)

was significant for red-shouldered hawks (Buteo lineatus) (P ¼ 0.022) and Cooper’s hawks (Accipiter
cooperii) (P ¼ 0.028). Sarcocyst prevalence in male raptors from these groups evaluated statistically
were always less than in females. Prevalence in female red-tailed hawks (Buteo jamaicensis) (42.1%)

was significantly greater than in males (6.7%) using Fisher’s exact test (P ¼ 0.047). Examination of
case histories from the 39 sarcocyst-positive raptors did not reveal an association with sarcocysts in
raptor pectoral or heart muscle and in a diagnosis of encephalitis. Additional studies are needed to

determine the epidemiology and relationships of Sarcocystis spp. that use raptors as intermediate
hosts and the importance of Sarcocystis spp. in the overall wellbeing of raptors in their natural
environments.

The life cycles of apicomplexan parasites in the genus

Sarcocystis are heteroxenous (2-host), with carnivores usually

being the definitive host and herbivores usually serving as

intermediate hosts in predator–prey relationships. Raptors (birds

of prey) are apex predators and are not consumed routinely by

other carnivores. This makes the occurrence of sarcocysts in their

muscles unusual (Crawley et al., 1982; Lindsay and Blagburn,

1999; Gjerde et al., 2018) from parasite transmission and food

web perspectives. However, Sarcocystis spp. infection is common

in the skeletal muscles of raptors from the southeastern United

States (Lindsay and Blagburn, 1999). The prevalence of Sarco-

cystis spp. sporocysts/oocysts in the feces of raptors from the

Southeastern United States is also high (.50%) (Lindsay and

Blagburn, 1989; Lindsay et al., 1994; Yabsley et al., 2009). Little is

known of the diversity of Sarcocystis spp. that use raptors either

as intermediate or definitive hosts in North America. Sarcocystis

spp. oocysts/sporocysts excreted in the feces of raptors, such as

Sarcocystis calchasi in Accipiter species hawks in Europe (Olias et

al., 2010, 2011), have the potential to be a source of fatal disease

in avian species in the wild (Wünschmann et al., 2011; Olias et al.,

2014; Hodo et al., 2016; Ziegler et al., 2018) and those housed in

zoological exhibits (Rimoldi et al., 2013; Trupkiewicz et al., 2016).
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Sarcocystis encephalitis is being increasingly reported in raptors

such as hawks, owls, and eagles in the United States (Aguilar et

al., 1991; Dubey et al., 1991; Olson et al., 2007; Wünschmann et

al., 2009, 2010). Sarcocystis falcatula, a parasite transmitted by

Dipelphis spp. opossums and using several species of avian

intermediate hosts in the Americas, has been implicated in cases

of encephalitis in a great horned owl (Bubo virginianus) from

Minnesota (Wünschmann et al., 2009) and eagles from Minne-

sota, Indiana, and Virginia (Wünschmann et al., 2010).

We conducted the present study from 2010 to 2018 to determine

the prevalence of Sarcocystis spp. in the muscles of raptors to

better understand the prevalence of infection related to disease in

these apex predators. The long-term goal of our study is to

unravel the life cycles of Sarcocystis spp. that use raptors as

intermediate and definitive hosts in the Americas. This will help us

determine the importance of raptors as victims of clinical

Sarcocystis infection and as transmitters of disease to other

vertebrates.

MATERIALS AND METHODS

Source of raptor samples and history

This study was approved by the Institutional Animal Care and

Use Committee of Virginia Tech, Blacksburg, Virginia as a

cadaver-only protocol. The samples used in this study were

obtained from 204 patients from the Carolina Raptor Center

(CRC) in Huntersville, North Carolina. All federal and local

wildlife use permits were obtained and maintained by the CRC.
The CRC is a conservation center for raptors from North and

South Carolina and occasionally other southern states. The birds
tested were either dead upon arrival, died in captivity, or were

humanely euthanized because of poor prognosis and inability to
be returned to their natural environments (Table I). The clinical

history and necropsy findings, gender, approximate age, and
species were recorded for most submissions and are archived at

the CRC. Age was determined according to the methods of Pyle
(1997). Raptor age was categorized as unknown, ‘‘local’’ for

nestlings or hatchlings that are local to the nest, in ‘‘hatching

year’’ for those that had left the nest but were in their first year, in
‘‘second year,’’ and ‘‘after second year.’’

Sample collection, processing, and examination

A complete necropsy is routinely conducted on all birds that die

or are euthanized at CRC, and samples of pectoral muscle and
heart for the present study were obtained from raptors at

necropsy by D.S. and fixed in 10% (v/v) neutral buffered formalin
(NBF) solution or frozen at �20 C. The NBF-fixed and frozen

samples were collected from the CRC and transported to the
Zoonotic Protozoal Diseases Laboratory (ZPDL), Center for One

Health Research, Department of Biomedical Sciences and
Pathobiology, Virginia-Maryland College of Veterinary Medi-

cine, Virginia Tech, Blacksburg, Virginia, by A.v.D. Frozen
muscle samples were thawed at room temperature and fixed in

10% NBF solution. All NBF-fixed samples were processed for

Table I. Species data on raptors from North and South Carolina, United States.

Species Total Males Females Unknown sex

Age*

U L HY SY ASY

Order: Accipitriformes

Family: Accipitridae

Red-tailed hawk (Buteo jamaicensis) 49† 15 19 15 6 2 18 5 18

Red-shouldered hawk (Buteo lineatus) 44† 19 16 9 3 6 15 8 12

Broad-winged hawk (Buteo platypterus) 6 0 4 2 3 1 2 0 0

Cooper’s hawk (Accipiter cooperii) 25† 8 12 5 3 0 10 7 5

Sharp-shinned hawk (Accipiter striatus) 1 1 0 0 0 0 0 1 0

Mississippi kite (Ictinia mississippiensis) 1 0 1 0 0 0 0 0 1

Family: Cathartidae

Black vulture (Coragyps atratus) 3 3 0 0 3 0 0 0 0

Turkey vulture (Cathartes aura) 2 2 0 0 1 0 0 0 1

Family: Pandionidae

Osprey (Pandion haliaetus) 5 1 2 2 1 0 2 2 1

Order: Falconiformes

Family: Falconidae

American kestrel (Falco sparverius) 5 1 4 0 0 3 1 1 0

Merlin (Falco columbarius) 1 1 0 0 0 0 0 0 1

Order: Strigiformes

Family: Strigidae

Barred owl (Strix varia) 33† 12 15 6 12 0 7 7 7

Great-horned owl (Bubo virginianus) 21† 7 9 5 8 0 4 3 6

Eastern screech owl (Megascops asio) 3 1 1 1 2 0 0 0 1

Family: Tytonidae

Barn owl (Tyto alba) 1 1 0 0 1 0 0 0 0

Unknown species 4 0 0 4 4 0 0 0 0

Total 204 72 83 49 47 12 58 34 53

* U¼ unknown age; L¼ local to the nest; HY ¼ first year; SY¼ second year; ASY¼ after second year.
† Group data statistically evaluated.

12 THE JOURNAL OF PARASITOLOGY, VOL. 105, NO. 1, FEBRUARY 2019

Downloaded From: https://bioone.org/journals/Journal-of-Parasitology on 06 Mar 2020
Terms of Use: https://bioone.org/terms-of-use	Access provided by Virginia Tech University



light microscopic examination and were stained with hematoxylin

and eosin (H&E). Slides were observed and photographed using

an Olympus BH60 microscope (Olympus America Inc., Center
Valley, Pennsylvania). The width of the sarcocyst wall was

determined under oil immersion using a calibrated ocular

micrometer. The H&E slides were given an identification number

and were examined by D.S.L., A.v.D., and J.P.D. with no
knowledge of host species or clinical history. Necropsy records

from sarcocyst positive raptors were reviewed to determine if

neurological problems were recorded.

Statistical analysis

Statistical analysis was conducted by Dr. Stephen Werre of the

Study Design and Statistics support service of the Virginia
Maryland College of Veterinary Medicine, Virginia Tech. Data

from raptor host species with 20 or more samples (red-tailed

hawks [Buteo jamaicensis], red-shouldered hawks [Buteo lineatus],

Cooper’s hawks [Accipiter cooperii], barred owls [Strix varia], and
great horned owls) were evaluated statistically. Data from raptors

with less than 20 samples are presented (Tables I, II) but were not

evaluated statistically because of the few numbers of samples
examined. Bivariable associations between prevalence of sarco-

cysts and risk factors (sex and age) were assessed using Fisher’s

exact test using SAS version 9.4 (Cary, North Carolina).
Statistical significance was set to P , 0.05.

RESULTS

Samples were obtained from 204 raptors; none were eagles

(Tables I, II). Most (n¼ 200) were from 3 Orders and 6 Families
compromising 15 host species while the identities of 4 raptors

were not reported. Hawks of the Order Accipitriformes and its

Families Accipitridae (n ¼ 126), Cathartidae (n ¼ 5), and
Pandionidae (n ¼ 5) accounted for 136 samples. Falcons of the

Order Falconiformes and the Family Falconidae accounted for 6

samples. Owls of the Order Strigiformes and the Families

Tytonidae (n ¼ 1) and Strigidae (n ¼ 57) accounted for 58

samples. The numbers of raptors of each host species examined

are presented in Table I. The gender was recorded on 115 of the

204 raptors and 72 were male and 83 were female (Table I).

Sarcocysts were seen in tissue sections of muscle from 39

(19.1%) of 204 raptors (Fig. 1). Sarcocysts were observed in

pectoral muscles from 39 and in heart muscles from 9 raptors. The

9 sarcocysts-positive heart samples also had sarcocysts in their

pectoral muscles. Few sarcocysts (3–5) were usually present in the

muscle or heart samples examined. Structurally, sarcocysts were

classified into 2 different groups based on sarcocyst wall thickness

in 37 raptors. Thin-walled sarcocysts with walls that were �1 lm
were observed in 23 (62%) (Fig. 1A) and 14 (38%) had sarcocysts

with walls that were 2–4 lm thick (Fig. 1B, C). No attempt was

made to separate the sarcocysts other than thin- or thick-walled

because orientation of sarcocysts in sections was not always

optimal to determine additional structural features. The number

of raptors with both types of sarcocysts was not determined. The

projections on thick-walled sarcocysts were uniform or were

occasionally present as irregular, spike-like projections. The

irregular, spike-like projections could be present on 1 area of a

sarcocyst while uniform projections would be present on other

regions.

The number of sarcocyst-positive raptors increased as the

raptors aged (Table I). One broad-winged hawk (Buteo platypte-

rus) was an orphaned nestling that was ‘‘local’’ to the nest and 2

red-tailed hawks and a red-shouldered hawk were recorded as in

the hatching year (first year). The recorded age of all other

sarcocyst positive raptors was 2 yr or greater (Table I).

Association between prevalence of sarcocysts and age was

significant for red-shouldered hawks (P ¼ 0.022) and Cooper’s

hawks (P ¼ 0.028) (Table I).

Prevalence based on raptor gender is provided in Table II. The

prevalence of sarcocysts in male red-tailed hawks (1 of 15; 6.7%),

red-shouldered hawks (4 of 19; 21.1%), and Cooper’s hawks (2 of

8; 25%) was less than the values in female red-tailed hawks (8 of

Table II. Prevalence data on sarcocyst-positive raptors.

Species

Total positive/

total examined

(% positive)

Positive males/

total males

(% positive)

Positive females/

total females

(% positive)

Positive unknown sex/

total unknown sex

(% positive)

Age*

U L HY SY ASY

Order: Accipitriformes

Family: Accipitridae

Red-tailed hawk (Buteo jamaicensis) 9/49 (18.4) 1/15 (6.7) 8/19 (42.1) 0/15 (0) 0 0 2 1 6

Red-shouldered hawk (Buteo lineatus) 12/44 (27.3) 4/19 (21.1) 6/16 (37.5) 2/9 (22.2) 2 0 1 4 5

Broad-winged hawk (Buteo platypterus) 2/6 (33.3) 0/0 (0) 1/4 (25.0) 1/2 (50.0) 1 1 0 0 0

Cooper’s hawk (Accipiter cooperii) 7/28 (28.0) 2/8 (25.0) 5/12 (41.7) 0/5 (0) 3 0 0 3 1

Family: Cathartidae

Turkey vulture (Cathartes aura) 2/2 (100) 2/2 (100) 0/0 (0) 0/0 (0) 1 0 0 0 1

Order: Falconiformes

Family: Falconidae

American kestrel (Falco sparverius) 1/5 (20.0) 0/1 (0) 1/4 (25.0) 0/0 (0) 0 0 0 1 0

Merlin (Falco columbarius) 1/1 (100) 1/1 (100) 0/0 (0) 0/0 (0) 0 0 0 0 1

Order: Strigiformes

Family: Strigidae

Barred owl (Strix varia) 2/33 (6.1) 0/12 (0) 1/15 (6.7) 1/6 (16.7) 0 0 0 2 0

Great-horned owl (Bubo virginianus) 3/21 (14.3) 0/7 (0) 2/9 (22.2) 1/5 (20.0) 3 0 0 0 0

Total 39/186 (21.0) 10/65 (15.4) 24/79 (30.4) 5 (11.9) 10 1 3 11 14

* U ¼ unknown age; L¼ local to the nest; HY¼ first year; SY ¼ second year; ASY¼ after second year.
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19; 42.1%), red-shouldered hawks (6 of 16; 37.5%), and Cooper’s

hawks (5 of 12; 41.7%). No sarcocysts were observed in male

barred owls (0 of 12) or great horned owls (0 of 7) while female

barred owls (1 of 15) and great horned owls (2 of 9) had a

prevalence of 6.7% and 22.2%, respectively (Table II). The

association between presence of sarcocysts and gender was

significant only for red-tailed hawks (P ¼ 0.047) (Table II).

A review of the 39 case records was inconclusive because the

history of most birds did not include information on their

behavior prior to being found by the donors that had submitted

them to the CRC or because submission was due to circumstances

that could have induced neurological trauma. Four had

neurological signs that were not associated with obvious trauma,

but histological examination of central nervous system tissue was

not conducted making inferences to Sarcocystis spp. or other

parasitic pathogens impossible.

DISCUSSION

Cases of Sarcocystis encephalitis in raptors have been

increasingly reported in North America after the first 2 cases of

Sarcocystis-associated encephalitis were reported in 1991 in a

golden eagle (Aquila chrysaetos) from Virginia (Dubey et al.,

1991) and an immature northern goshawk (Accipiter gentiles

atricapillus) from Minnesota (Aguilar et al., 1991). Sarcocysts

were not reported in the hearts of these raptors; no other muscle

was examined histologically. A case of Sarcocystis encephalitis

was reported in a bald eagle from Missouri (Olsen et al., 2007).

Two types of sarcocysts, thin and thick, were reported in muscles

of the bald eagle (Olsen et al., 2007). Sarcocystis spp. encephalitis

in raptors presents with various clinical signs including head tilt,

deficits in the limbs, poor grasp reflex, and other neurological

signs (Wünschmann et al., 2009, 2010). Sarcocystis falcatula was

identified using immunohistochemical methods and PCR in the

Figure 1. Histological tissue sections of pectoral muscle from raptors demonstrating thin- and thick-walled sarcocysts. H&E. (A) Section from a
male merlin (Falco columbarius) demonstrating a sarcocyst with a thin wall (arrowheads). (B) Tissue section from a female red-tailed hawk (Buteo
jamaicensis) demonstrating a sarcocyst with a thick wall (arrowheads). (C) Section of a sarcocyst from same histological sample as 1B. Note the thick
wall (arrowheads) and how the appearance of the wall varies along its length. Color version available online.
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CNS of a free-ranging great horned owl from southern Minnesota

that had severe neurological signs and was unable to fly prior to

euthanasia and necropsy (Wünschmann et al., 2009). Sarcocysts

were not observed in muscle of the great horned owl. Three bald

eagles and 1 golden eagle from 3 states (Minnesota, Indiana, and

Virginia) were admitted to rehabilitation facilities with emacia-

tion, lethargy, and an inability to fly. A bald eagle and the golden

eagle were diagnosed with Sarcocystis spp. encephalitis (Wünsch-

mann et al., 2010) and the remaining 2 bald eagles had Sarcocystis

schizonts in their lungs. Sarcocysts were present in the muscles or

hearts of the 4 eagles. PCR and immunohistochemical staining

indicated that S. falcatula or S. falcatula-like organisms were

present in the golden eagle and in 2 of the 3 bald eagles. The

identity of the Sarcocystis spp. in the bald eagle with encephalitis

could not be determined using the PCR method employed on

formalin-fixed tissue (Wünschmann et al., 2010). Raptors

potentially can be exposed to S. falcatula oocysts/sporocysts on

the surface of their prey and inadvertently consume the parasite

while ingesting prey or by ingesting oocysts/sporocysts in water.

They also may ingest S. falcatula oocysts/sporocysts while

ingesting the intestines of Didelphis species opossums with patent

infections.

Some of the thin-walled sarcocysts may be S. calchasi because

they are consistent with the original description of the sarcocyst

wall (Olias et al., 2010) of S. calchasi. The report indicates the

sarcocyst wall is smooth and without protrusions. None of the

species of sarcocyst found in muscle of raptors have been named

(Dubey et al., 2016). The sarcocysts are few in number, making it

difficult to determine their ultrastructure and provide details of

structural features.

We used histology in the present study to evaluate Sarcocystis

prevalence. It has the advantage in providing structural data on

the sarcocyst which can be used in species identification and also

that frozen tissue can be thawed and processed for H&E staining

with little to no loss of architecture (Dubey et al., 2016). However,

histological methods usually underestimate the prevalence of

infection because only a small portion of muscle can be examined

using this method (Dubey et al., 2016). The use of a muscle

digestion method will detect more positive samples, but the

identity of the Sarcocystis spp. cannot be determined based on the

structure of bradyzoites present in digested samples (Dubey et al.,

2016). Our findings of 39 (19.1%) of 204 raptors is less than the 28

(37.8%) of the 74 cases reported in a study from a raptor center in

Alabama (Lindsay and Blagburn, 1999) using histology to detect

sarcocysts. These authors also used a muscle digestion technique

and found that Sarcocystis-like bradyzoites were in digests of 52

(45.6%) of 114 samples (Lindsay and Blagburn, 1999). PCR is a

powerful technique but it is also based on a very small sample (50

mg) of tissue. In the course of this study, we attempted to use

internal transcribed spacer (ITS) PCR to detect Sarcocystis

infections (Li et al., 2002) using 50-mg samples from frozen

muscle once H&E results were determined. We found that

histologically positive birds would often be ITS PCR-negative

and that some histologically negative samples would be ITS PCR-

positive (D.S.L., unpubl. data). Based on these observations, we

did not elect to use PCR in the present study to estimate

prevalence or in attempts to determine Sarcocystis spp. (Tan-

hauser et al., 1999; Olias et al., 2011).

Thin-walled sarcocysts were found in a male merlin (Falco

columbarius) (Fig. 1A; (Table II). All other species of Sarcocystis

muscle-positive raptors observed in the present study (Table II)

have previously been documented (Lindsay and Blagburn, 1999).

We did not observe sarcocysts in a sharp-shinned hawk (Accipiter

striatus), Mississippi kite (Ictinia mississippiensis), and 3 black

vultures (Coragyps atratus); however, Lindsay and Blagburn

(1999) found sarcocysts in these raptors in their study. Neither

Lindsay and Blagburn (1999) nor the present study found

sarcocysts in ospreys (Pandion haliaetus) or barn owls (Tyto alba).

The age of most sarcocyst-positive raptors (Table II) indicates

that raptors do not appear to acquire muscle infection with

sarcocysts until they leave the nest. This suggests a lack of

exposure to sporocysts until after they have matured enough to

leave the nest and begin to become exposed to sporocysts in the

environment.

We found evidence that female red-tailed hawks were more

likely to become infected with a Sarcocystis spp. that develops in

their muscles than were males. Basic differences in physiological,

hormonal, and immunological parameters between females and

males of the same host species may explain our findings, but

additional research is needed to support the significant difference

(P , 0.047) in gender we observed. These include increasing the

number of samples examined and looking for other potential

explanations of why gender would influence the exposure to

infective stages that are found in the environment.
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