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Abstract

The protozoan Sarcocystis neurona is an important cause of severe clinical disease of horses
(called equine protozoal myeloencephalitis, EPM), marine mammals, companion animals, and
several species of wildlife animals in the Americas. The Virginia opossum (Didelphis virginiana)
is its definitive host in the USA and other animals act as intermediate or aberrant hosts. Samples
of tongue and heart from 35 bobcats hunted for fur and food from Mississippi State, USA in
February, 2014 were used for the present study. Muscles were examined for Sarcocystis infection
by microscopic examination of either unfixed muscle squash preparations or pepsin digests, by
histopathology of fixed samples, and by molecular methods. Sarcocystis-like bradyzoites were
found in digests of 14 hearts and 10 tongues of 35 bobcats. In histological sections, sarcocysts
were found in 26 of 35 bobcats; all appeared relatively thin-walled similar to S. felis sarcocysts
under light microscope at 1000x magnification. S. neurona-like sarcocysts having thickened villar
tips were seen in unstained muscle squash of tongue of two bobcats and PCR-DNA sequencing
identified them definitively as S. neurona-like parasite. DNA extracted from bradyzoites obtained
from tongue and heart muscle digests was analyzed by PCR-DNA sequencing at the ITSL locus.
Results indicated the presence of S. neurona-like parasite in 26 of 35 samples. ITSL sequences
identical to S. dayspi were identified in 3 bobcats, 2 of which were also co-infected with S.
neurona-like parasite. The high prevalence of sarcocysts in bobcat tissues suggested an efficient
sylvatic cycle of Sarcocystis spp. in the remote regions of Mississippi State with the bobcat as a
relevant intermediate host.
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1. Introduction

Sarcocystis neurona is an unusual species within the genus Sarcocystis because of its wide
host range. It causes fatal disease in horses (equine protozoal myeloencephalitis, EPM),
marine and terrestrial mammals, including companion animals (Barbosa et al., 2015; Dubey
et al., 2015a). Opossums (Didelphisvirginiana, D. albiventris) are the definitive host and
domestic cats (Felis catus), skunk (Mephitis mephitis), armadillo (Dasypus novemcinctus),
raccoons (Procyon lotor), and sea otters (Enhydra lutris kenyoni) are proven intermediate
hosts of S neurona (Dubey et al., 2015a). Here we report the Sarcocystis spp. infection in
bobcats (Lynx rufus) trapped from remote areas of Mississippi State.

2. Materials and methods

2.1. Sample collection

Samples from 35 bobcats were collected in February 2014. Samples were collected from
remote areas in three Mississippi State counties, Claiborne (25), Warren (6), and Jefferson
(4). The bobcats (22 males, 13 females) were older than 18 months and were trapped for fur
and food. Samples were protected from freezing to minimize repeated freeze-thaw that
causes structural damage in the tissue histology and ultrastructure. Long exposure of
samples in open condition deteriorates the quality of tissues for bioassay and microscopy
examination; however 19 to 5 days elapsed between sampling and examination. Samples of
the heart and tongue were submitted to the Animal Parasitic Diseases Laboratory (APDL),
United States Department of Agriculture Beltsville, Maryland for protozoal testing. All
hunting, trapping, and sampling activities were conducted under permits assigned by
Mississippi Department of Wildlife, Fisheries, and Parks.

2.2. Light microscope examination

At APDL, samples of myocardium and tongue from individual bobcats were processed
separately. Pieces of tongue (5 x 2 cm) were fixed in 10% buffered neutral formalin for
histological examination. Tissue samples were cut into sections (2.5 x 0.7 cm), embedded in
paraffin, and sectioned 5 pm thick. The sections were stained with hematoxylin and eosin (H
and E) and observed under the microscope. The number of sarcocysts per tissue section was
recorded.

The conventional histological examination of tissue sections is very insensitive for the
detection of protozoal tissue cysts. To increase the sensitivity of detecting bradyzoites, tissue
sections were treated with pepsin to dissolve the sarcocyst wall and release bradyzoites for
microscopic identification (Dubey et al., 1989). Thirty grams of myocardium and tongue
from individual bobcats were homogenized and digested in acidic pepsin solution
separately, as described previously (Dubey, 2010). Drops (50 ul) of digest were screened
under the light microscope at 400x magnification for the presence of Sarcocystis-like
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bradyzoites. The remaining digested samples were centrifuged, washed, and stored at —80
°C for molecular assays.

2.4. DNA extraction

An aliquot (500pl) of digested suspension of myocardium and tongue of all 35 bobcats were
subjected separately for DNA isolation using DNeasy Blood and Tissue Kit (Qiagen, Inc.,
Valencia, CA, USA) according to manufacturer instructions. DNA quantification and quality
were determined by Thermo Scientific NanoDrop Lite Spectrophotometer (Thermo
Scientific, Waltham, MA, USA).

2.5. PCR amplification

The presence of S. neurona DNA was detected using previously published 1TSLgqg primers
(ITSLspoFE: TTCTCTTGTGTGTGCCCCTAC; ITSl500RE:
TGCGTCCTTCATCGTTGCGC; ITSlggoFl: CAAAATGAACGTGTCTATGTGTGA,;
ITS1sgoRI: GAGCCAAGACATCCATTGCT) that specifically amplify a ~500 bp region of
the ITSL locus in either S neurona or S. falcatula (Miller et al., 2009). Briefly, the primary
PCR amplifications were performed in 50 pl total reaction volume containing 3 pl of
template DNA, 20 pmol of primer pair; 1TSlsgoFE and I TS1sogRE, and 1x Tag PCR Master
Mix Kit (Qiagen, Inc., Valencia, CA) in a thermal cycler (Veriti® Thermal Cycler, Applied
Biosystems, Foster City, CA). The thermal cycler conditions was set at initial denaturation
at 95 °C for 5 min; 35 cycles of amplification (94 °C for 30 s, 60 °C for 30 s, and 72 °C for
45 s) and final extension at 72 °C for 10 min. Nested PCR was carried out using primer pair
ITSL5n0F1 and 1TSL500R1 and 2ul product of primary PCR as a template in 50 pl total
reaction volume. Same thermal cycler conditions were used in both PCR reactions.
Appropriate positive (S neurona and S falcatula) and negative (H,0) controls were
included in all the batches respectively. Amplified PCR products were run on 2.5% (w/v)
agarose gel with ethidium bromide stain and visualized by using Gel Logic 212 Imaging
Systems (Eastman Kodak Company, Rochester, NY). S. falcatula is phylogenetically related
to S neurona but these parasites are biologically distinct; S. falcatula is an avian pathogen
and is not infective to horses, whereas S. neurona is an equine pathogen (Dubey et al.,
2015a).

2.6. DNA sequencing and phylogenetic analysis

For characterization of Sarcocystis spp., single PCR amplicons of ITSL locus (~500 bp) were
excised and purified using QlAquick Gel Extraction (Qiagen, Inc., Valencia, CA, USA)
according to the manufacturer's recommendation. Individual purified PCR products of all
positive samples of bobcats and two positive control samples were sent to Macrogen
Corporation (Rockville, MD, USA) for direct sequencing using the same primer pair to
obtain both forward and reverse reads. Sequence chromatograms were read, edited, and
analyzed using the program Geneious version 8.0.4 (Biomatters Ltd., Auckland, NZ). The
sequences were aligned and compared with the previously published sequences in NCBI by
BLASTnN analysis.

Neighbor-joining tree was constructed using sequences of related Sarcocystis species in
Geneious version 8.0.4 using the Tamura-Nei genetic distance model to show phylogenetic
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relationship among various species especially four Sarcocystis spp. (S neurona, S. falcatula,
S dasypi and S lindsayi) that employ opossums as their definitive host. Input sequences
were the ITSL regions of various genera retrieved from GenBank with accession number.

3. Results

Sarcocystis-like bradyzoites were found in pepsin digests of 14 hearts and 10 tongues, and
sarcocysts were found in histological sections of tongues of 26 (18 male and 8 female) of 35
bobcats (Table 1). The density of sarcocysts ranged from one to seven per section (average
2.2/section). All sarcocysts examined using light microscopy at 1000x magnification were
relatively thin-walled and appeared morphologically similar to S felis sarcocysts (Dubey et
al., 1992; Dubey et al., 2015b). In two bobcats, S. neurona-like sarcocysts possessing
thickened villar tips were identified in tongue muscle squash by light microscopy (Fig. 1).
However, attempts to locate these sarcocysts by TEM were unsuccessful (data not shown).
To determine whether the observed sarcocysts were due to infection by S neurona, DNA
was extracted from the hearts and tongues of all 35 bobcats and PCR amplified using

I TS15gq primers to specifically detect S. neurona or S falcatula, two Sarcocystis spp. of the
North American opossum (Fig. 2). The ITSL locus was amplified from the DNA of 17 hearts
and 18 tongues of bobcats (Table 1). DNA sequencing of the ITSL PCR amplicons identified
unambiguous sequences in 27 of 35 bobcats; 24 bobcats had I TSL sequences with 100%
identity to S neurona I TSL sequence. One bobcat tissue harbor DNA that amplified ITSL
sequences identical to published S dasypi ITSL sequence, and two bobcats had ITSL
sequences identical to sequence of S. dasypi and S. neurona suggesting that both were co-
infected with S neurona-like and S. dasypi-like parasites. (Table 1). Multiple sequence
alignment of the I TSL region established that S. dasypi (AY082633) is distinguishable from
S neurona (AY082637) by five single nucleotide polymorphisms (SNP); at nucleotide
position 876 (S neurona has an A; S. dasypi has a G). The other nucleotide differences
between these two sequences uses, W (A or T), R (Aor G), R (Aor G) and W (A or T),
indicating uncertainty or a potential of two different nucleotides at particular site.
Phylogenetic analysis also inferred that S. dasypi shared very close relationship to S.
neurona (Fig. 2).

4. Discussion

Sarcocysts in tongue squash of two bobcats were structurally similar to sarcocysts of S
neurona (Dubey et al., 2015a). The DNA extracted from the muscle tissues of these two
bobcats was confirmed to be that of S. neurona-like parasite. PCR-DNA sequencing
performed on the muscle tissues of an additional 33 bobcats from rural regions in
Mississippi State identified a high prevalence of infection with S neurona-like parasite.

Until the discovery of the sarcocyst stage of S. neurona in domestic cats and their
experimental transmission to opossums in 2000 (Dubey et al., 2000), S. felis was thought to
be the only Sarcocystis species infecting felids, both domestic and wild (Dubey et al., 1992).
Sarcocystis feliswas hamed for the sarcocysts found in bobcats from Arkansas. Based on the
morphology of their sarcocysts, S. felisis thought to parasitize lions, cheetahs, and domestic
cats (reviewed in Dubey et al., 2015b). However, the life cycle of S felisis unknown, and
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the domestic cat represents only an intermediate host, not the definitive host (Dubey et al.,
1992). With the recognition that the domestic cat is also an intermediate host for S. neurona
(Dubey et al., 2000; Butcher et al., 2002), and the observation that natural cases of S
neurona can cause encephalitis in cats (Bisby et al., 2010; Dubey et al., 2003; Dubey et al.,
2015a), there is a necessity to distinguish between S. neurona and S. felis infections using
specific molecular markers. Earlier phylogenetic reports using 18SrDNA sequences
indicated that these two parasites are closely related, however, they can be differentiated
using the more resolved ITSL locus (Elsheikha et al., 2006; Gillis et al., 2003). The ITSL
region shows much higher level of sequence divergence in comparison to 18SrRNA and 28S
rRNA loci and has been used in several studies to discriminate very closely related
Sarcocystis species. PCR-DNA sequence analysis using highly specific I TS 5oq primers can
diagnose infections in felids by S. neurona versus S. felis (Miller et al., 2009). The present
study supports the widespread infection of bobcats from rural Mississippi with S. neurona-
like parasite. Whether it is likewise the case in other bobcat populations throughout the
United States has yet to be examined.

The S. dasypi described from the nine-banded armadillo (Dasypus novemcinctus) isclosely
related with S neurona. Howells et al. (1975) named S dasypi and S. diminuta for the
armadillo from Brazil. Lindsay et al. (1996) reported that S. dasypi, S. diminuta-like
sarcocysts, and another undetermined species can infect armadillos throughout the USA.
These observations were made before the recognition of armadillos as natural and
experimental hosts of S. neurona (Cheadle et al., 2001; Tanhauser et al., 2001). Indeed,
sarcocysts found in 30 of 48 armadillos in Florida and DNA extracted from infected muscles
of six armadillos was identified unequivocally as S. neurona by molecular PCR (Tanhauser
etal., 2001). DeL ucia et al.(2002) reported S. dasypi prevalence in 38 of 63 and S. diminuta
in 6 of 63 armadillo’s skeletal muscle from Florida by light microscopic examination;
however, because neither TEM nor PCR-DNA sequencing was performed, it is not possible
to confirm whether the Sarcocystis species present in the armadillos from Florida were S.
dasypi or S neurona. Subsequently, Cheadle et al. (2001) deposited an ITSL sequence
(AY082633) into NCBI GenBank from an infected armadillo as that of S dasypi, however,
laboratory raised opossums fed naturally infected armadillo muscle excreted S. neurona-like
sporocysts, and a foal fed these sporocysts developed clinical disease simulating EPM
(Cheadle et al., 2001). Thus, it remains uncertain whether the parasite was S. neurona or S.
dasypi. Results of the present study in bobcats indicate that S. dasypi-like parasites were
present in three bobcats; whether the parasite is a variant of S. neurona or is actually S.
dasypi is unknown. The ITS1 marker alone may not be sensitive enough to distinguish S.
neurona and S dasypi because there is a confirmed single nucleotide polymorphism at nt
876 (S neurona has an A; S. dasypi has a G). Because there are no archived specimens of S,
dasypi, the true identity of S. dasypi may never be known. Limited TEM studies indicate
that S dasypi and S neurona are structurally similar (Lindsay et al., 1996; Dubey et al.,
2001b).

Bobcats in the present study were from a very remote wilderness area of Mississippi. The
high prevalence of S. neurona-like parasite (26 of 35) infecting bobcats from this area is
intriguing. Bobcats are strict carnivores, so exactly how they become infected with
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Sarcocystis spp. is enigmatic. Drinking water contaminated with sporocysts is one potential
source of infection. Alternatively, consumption of the definitive hosts is also a possibility.
For example, 19 of 72 D. virginiana from Mississippi were previously found to harbor S
neurona sporocysts (Dubey et al., 2001a) so it is also possible that bobcats prey on opossum
or eat dead opossum and are conceivably exposed to millions of sporocysts trapped in the
lamina propria of the small intestine of opossums. In either scenario, the high prevalence of
S neurona-like parasite in bobcats indicates a very efficient sylvatic cycle.
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Fig. 1.
Sarcocystis neurona sarcocyst in squash of tongue of bobcat #32. Note dense areas on villar

protrusions (arrowheads). Unstained.
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— 5. neurona (AY082637)

—— 5. neurona (AY(082648)

S. neurona (AY082633)

S. neurona (AY082636)

—— S. dasypi (AY082631)

— 5. dasypi (AY082633)

S. lindsayi (AF387164)

S. falcatula (AF098243)

5. falcatula (AF098248)

S. falcatula (AF098244)

— S. cornixi (JN256120)

— 5. turdusi (KJ540167)

S. wobeseri (UN256121)

S. calchasi (KC733713)

S. rileyi (KJ396584)

Fig. 2.

Ngighbor-joining tree based on ITSL sequences of Sarcocystis species. Phylogenetic tree
was constructed in Geneious version 8.0.4 using the Tamura-Nei genetic distance model.
Input sequences, including accession numbers, of various taxon were retrieved from NCBI
GenBank. The four Sarcocystis spp. (S neurona, S. falcatula, S dasypi and S lindsayi) that
employ opossums as their definitive host were grouped together. S. dasypi was inferred to
share an especially very close relationship to S. neurona
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Microscopic examination, PCR amplification and sequence analysis of Sarcocystis species infection in
bobcats (n=35) from Mississippi, USA

Microscopy

PCR amplification

Sequence analysis

Stage/primers
Bradyzoites
Bradyzoites

Sarcocysts

1TSL599 (S neurona,
S falcatula,S dasypi,

S lindsayi ITSL locus,

~500bp)

TSl (S neurona
Positive)

TS50 (S dasypi
Positive)

Samples
Heart digest
Tongue digest
Tongue H&E
stained section

Heart digest

Tongue digest

Heart digest

Tongue digest

Heart digest

Tongue digest

Positive bobcat #

3,4,8,9,10,12, 13, 21, 24, 25, 26, 27, 29, 31

8, 16, 17, 18, 20, 24, 31, 32, 34, 35

1(4)3, 3(1), 8(1), 9(4), 10(2), 11(1), 12(7), 13(2), 16(2),
17(4), 18(2), 19(2), 20(3), 21(1), 23(6), 24(1), 25(1),
26(2), 27(1), 29-32(1), 33(2), 34(3), 35(1)

1,2,3,8,11, 13,17, 23, 24, 25, 27, 28, 29, 31, 32, 33,
34

6,7,8,9, 11, 15,17, 18, 20, 21, 22, 24, 25, 26, 29, 30,
31,35

* * *
2,3,8,11,13,17 , 23,24, 25,27 ,28 , 29,32, 33,34

* * * *
6,7,8,9,11,15,18 ,20 , 21 , 22, 24, 26, 29, 30,
*
35
31

*
17,25

Total positive
14
10
26

17

18

15

15

*
Indicates poor quality sequence
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