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ntroduction

Protozoal encephalitis is a major cause of mortality in
thern sea otters, a federally listed threatened species
ller et al., unpublished; Thomas et al., 2007). Sarcocystis

rona, the agent responsible for deadly neurologic

disease in horses (Dubey et al., 2001b), has been shown
to cause fatal disease in sea otters and other marine
mammals such as Pacific harbor seals (Dubey et al., 2003b;
Kreuder et al., 2003; Lapointe et al., 1998; Lindsay et al.,
2000, 2001; Miller et al., unpublished, 2001a,b, 2004;
Mylniczenko et al., 2008; Peat, 2005; Thomas et al., 2007).
Despite the importance of S. neurona, current research
efforts addressing neurologic disease in sea otters have
focused primarily on the zoonotic pathogen, Toxoplasma

gondii. T. gondii is a closely related tissue cyst-forming
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A B S T R A C T

Sarcocystis neurona is an apicomplexan parasite identified as a cause of fatal neurological

disease in the threatened southern sea otter (Enhydra lutris nereis). In an effort to

characterize virulent S. neurona strains circulating in the marine ecosystem, this study

developed a range of markers relevant for molecular genotyping. Highly conserved

sequences within the 18S ribosomal gene array, the plastid-encoded RNA polymerase

(RPOb) and the cytochrome c oxidase subunit 1 mitochondrial gene (CO1) were assessed

for their ability to distinguish isolates at the genus and species level. For within-species

comparisons, five surface antigens (SnSAG1–SnSAG5) and one high resolution microsat-

ellite marker (Sn9) were developed as genotyping markers to evaluate intra-strain

diversity. Molecular analysis at multiple loci revealed insufficient genetic diversity to

distinguish terrestrial isolates from strains infecting marine mammals. Furthermore,

SnSAG specific primers applied against DNA from the closely related species, Sarcocystis

falcatula, lead to the discovery of highly similar orthologs to SnSAG2, 3, and 4, calling into

question the specificity of diagnostic tests based on these antigens. The results of this

study suggest a population genetic structure for S. neurona similar to that reported for the

related parasite, Toxoplasma gondii, dominated by a limited number of successful

genotypes.

� 2010 Published by Elsevier B.V.
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coccidian that shares many life history traits in common
with S. neurona. It is likely that mechanisms resulting in
the establishment of these terrestrial pathogens in the
marine environment are very similar and may have
selected for unique, marine-adapted strains. Studies on
T. gondii for instance, discovered a novel genotype X
associated with fatal disease in sea otters (Miller et al.,
2004). Evidence for the presence of Type X strains was also
found in intermediate and definitive hosts inhabiting the
adjacent terrestrial environment as well as a marine
dwelling, filter-feeding invertebrate, which is a major
staple in the sea otter diet (Miller et al., 2008). These
findings, combined with laboratory studies confirming the
ability of filter-feeding invertebrates to concentrate and
harbor infectious T. gondii oocysts (Arkush et al., 2003;
Lindsay et al., 2004), suggest a mechanism of land-to-sea
flow involving oocysts shed by definitive felid hosts being
washed to sea via freshwater runoff, with subsequent bio-
concentration in tissues of filter-feeding invertebrates
consumed by sea otters. Whether the same is occurring for
S. neurona has not been examined because high resolution,
DNA sequence-level molecular tools to discriminate
among S. neurona isolates are lacking.

In an effort to better characterize strains of S. neurona

circulating in the marine environment, and to establish
meaningful genotyping methods, this study developed
genetic markers with potential for identifying and
distinguishing parasites at the genus, species and sub-
species level. We then applied these markers to determine
and quantify the genetic variability of S. neurona isolated
from southern sea otters in comparison with strains
isolated from other marine and terrestrial mammal hosts.

2. Materials and methods

2.1. Parasite DNA

S. neurona DNA samples were obtained from infected
tissues collected at necropsy or from isolates obtained
from infected tissues using cell culture, resulting in a total
of 25 marine and 5 terrestrial mammal samples. The
marine mammals included 22 sea otters (Enhydra lutris

nereis) (Miller et al., unpublished; Peat, 2005) and three
harbor seals (Phocina vitulina) (Miller et al., 2001b), all of
which died with systemic protozoal infections and were
found stranded along the Pacific coast of California, USA
(see Table 1 for details). Terrestrial isolates included three
from California horses (Equus caballus) (Marsh et al., 1996,
1999; Peat, 2005) diagnosed with equine protozoal
myeloencephalitis (EPM) and two strains from presumably
asymptomatic raccoons (Procyon lotor) isolated in Wis-
consin, USA (Sundar et al., 2008). To test for specificity,
primer sets were also tested on DNA from the related
parasites Sarcocystis falcatula, Sarcocystis cruzi, Sarcocystis

campestris, T. gondii, and Neospora caninum.

2.2. PCR amplification and sequencing

Intra-specific variability in SnSAGs has been reported
previously (Crowdus et al., 2008; Howe et al., 2008), so we
decided to exploit this property and apply these markers

against the S. neurona infected samples to resolve strain
genotype differences. To maximize the likelihood of
detecting strain-specific polymorphisms at these loci,
primer sets were designed to amplify the majority of the
open reading frame from all known SnSAG loci (SnSAG1–
5). SnSAG1 and SnSAG5 are encoded by two different,
paralogous genes. Strains of S. neurona possess one or the
other gene (Crowdus et al., 2008). Primers (designated
SnSAG1-5-6) were developed within conserved sequences
of the two genes in order to amplify both of these mutually
exclusive surface antigens. To differentiate isolates that
encoded SnSAG1 from those that encoded SnSAG5,
SnSAG1-specific primers were developed.

Primers were designed using Primer3 v.0.4.0 (Rozen
and Skaletsky, 2000) based on the following GenBank
sequences: SnSAG1 (AY032845), SnSAG2 (AY191006),
SnSAG3 (AY191007), SnSAG4 (AY191008), SnSAG1-5-6
(AY170620). Primer sequences are provided in Table 2.

Previously published primer sets used include those
for the cytochrome c oxidase subunit 1 (CO1) mitochon-
drial gene (Inagaki et al., 1997), internal transcribed
spacer region 1 (ITS1) of the nuclear ribosomal gene array
(Miller, RH, Grigg ME et al., unpublished), the apicoplast-
encoded RNA polymerase (RPOb) (Dubey et al., 2003a),
and microsatellite marker Sn9 (Asmundsson and
Rosenthal, 2006). Highly conserved, multi-copy loci, such
as CO1, ITS-1, and RPOb were utilized to identify and
distinguish S. neurona strains infecting marine mammals
from infections by related apicomplexans at the genus and
species level (Dubey et al., 2003a; Miller et al., unpub-
lished; Peat, 2005). Mitochondrial CO1 and apicoplast
RPOb are extranuclear loci relevant phylogenetically as a
marker to trace maternal inheritance and document
sexual events in S. neurona life history. RPOb also has
been used previously to distinguish Sarcocystis at the
genus and species level (Dubey et al., 2003a). Sn9 is a
polymorphic microsatellite marker that has been used
successfully for intra-specific analysis of S. neurona

(Asmundsson et al., 2006; Sundar et al., 2008). To increase
the sensitivity of previously published RPOb and Sn9
primer sets, a set of forward and reverse primers external
to those published by Dubey et al. (2003a) for RPOb were
developed, and Sn9 primers were made into a hemi-
nested set by the addition of an external forward primer to
those developed by Asmundsson and Rosenthal (2006)
(see Table 2 for sequences).

PCR was conducted on 1.5 ml of each DNA extraction
sample with 5 ml of PCR Buffer (10� containing MgCl2,
Sigma), 5 ml of 2 mM dNTP mix (Fermentas), 50 pmol of
each primer and 1.25–2.5 U of Taq Polymerase (Sigma),
with the total reaction volume reaching 50 ml. PCR
amplification was conducted for 35 cycles and consisted
of 94 8C for 5 min, 94 8C for 40 s, 58 8C for 40 s, 72 8C for 90 s
and 72 8C for 10 min. PCR amplification products were
visualized on 0.8% agarose gels stained with GELRED dye
(Biotium). Negative controls for the external and internal
reactions consisted of molecular grade de-ionized water.
All PCR products were purified using ExoSAP-IT (USB)
according to the manufacturer’s instructions and sequence
confirmed with forward and/or reverse reads by Rocky
Mountain Laboratory Genomics Unit DNA Sequencing
Please cite this article in press as: Wendte, J.M., et al., Limited genetic diversity among Sarcocystis neurona strains
infecting southern sea otters precludes distinction between marine and terrestrial isolates. Vet. Parasitol. (2010),
doi:10.1016/j.vetpar.2009.12.020
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Sequence analyses

Sequences were visualized using FinchTV software and
lyzed using the Seqman application of the Lasergene
ware suite. Nucleotide and protein sequence align-

nts were created with ClustalW2 (Larkin et al., 2007).
sest T. gondii and N. caninum orthologs to the SnSAGs
re assessed using BLASTp function available on ToxoDB
jria et al., 2008).

esults

Molecular tool development and isolate characterization

The specificity of each primer set was evaluated by
ing against DNA from related parasites. At ITS-1 and

RPOb in S. cruzi (Figure S1A) (RPOb data not shown).
SnSAG1 and SnSAG1-5-6 primers were shown to be S.

neurona specific. In contrast, SnSAG2, SnSAG3, SnSAG4,
and Sn9 amplified both S. neurona and S. falcatula DNA
(Figure S1A). DNA sequencing of the PCR products
confirmed S. neurona was present in all specimens
collected and enabled molecular characterization of S.

neurona strains. Representative genomic DNA sequences
for each S. neurona allele were deposited in GenBank
(SnSAG1: GQ851951; SnSAG2: GQ851952; SnSAG3:
GQ851954 and GQ851955; SnSAG4: GQ851957 and
GQ851958; SnSAG5: GQ851960; RPOb: GQ851961; Sn9:
GQ865624, GQ865625 and GQ865626). Results for each
marker are discussed individually below.

3.2. Internal transcribed spacer region-1 (ITS-1) of the

nuclear ribosomal gene array

The ITS-1 region was amplified with pan-tissue cyst

le 1

ocystis neurona isolate genotypes.

mple Genetic marker Genotype

Origin ATOS SnSAG1-5-6 SnSAG3 SnSAG4 SN9

239 1056 592 (GT)n

C C C

3483 CA 820 5 � � � 17 I
3485 CA 827 5 � � � 17

3501 CA 915 5 � � � 17

3892 CA 917 5 � � � 17

4135 CA 824 5 � � � 17

4151 CA 825 5 � � � 17

4160 CA 814 5 � � � 17

4166 CA 827 5 � � � 17

4167 CA 827 5 � � � 17

4168 CA 832 5 � � � 17

4169 CA 819 5 � � � 17

4171 CA 819 5 � � � 17

4285 CA 806 5 � � � 17

2224 CA na 1 G T � – II
3106 CA 318 1 G T � 18

1531 CA na 1 G T � 18

3528 CA 292 1 G T � 18

3629 CA 276 1 G T � 18

3866 CA 309 1 G T � 18

4181 CA 303 1 G T � 18

(SN1) CA na 1 G T � 18

(SN3) CA na 1 G T � 18

(EPM3) CA na 1 G T � 18

1423 CA na 5 � � G 14 III
WI na 5 � � G 14

WI na 5 � � G 14

3523 CA 141 6 � � G 14 IV
3639 CA 299 6 � � G 14

4178 CA 1135 5 � � � 18 V

4194 CA 21 1 � � � 14 VI

ples were assigned multi-locus genotypes based on the presence or absence of SnSAG1, 5 or 6 and the differential segregation of alleles for SnSAG3,

G4, and Sn9. Alleles for Sn9 were assigned based on the number of GT repeats resolved by DNA sequencing. Six total genotypes were resolved. Sea otter

nding locations and the resulting isolates are identified by an ATOS (‘as the otter swims’) number which describes the carcass recovery site to the nearest

m location along the California coast. The numbering system begins north of San Francisco and increases numerically from north to south. Genotype II

found exclusively in or near Monterey Bay and Genotype I dominated to the South in Estero Bay, California. Genotype IV was recovered over a more

ersed area in the Northern half of the sea otter range in central California. SO: sea otter; HS: harbor seal; H: horse; R: raccoon; na: not available.
cidian-specific primers (Miller et al., unpublished). Size
b, all coccidia tested amplified for both markers except coc
ease cite this article in press as: Wendte, J.M., et al., Limited genetic diversity among Sarcocystis neurona strains
fecting southern sea otters precludes distinction between marine and terrestrial isolates. Vet. Parasitol. (2010),
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polymorphisms within the ITS-1 region distinguish S.

neurona and S. falcatula from other tissue cyst-forming
coccidia known to infect sea otters and other animals
investigated in this report (Figure S1A). DNA sequencing of
the PCR products identified only S. neurona; no animals
were found to be infected with S. falcatula (data not
shown).

3.3. Mitochondrial cycloxygenase 1 (CO1)

Resolution of the CO1 sequence was limited to samples
from which live S. neurona parasites were isolated in cell
culture, primarily because contaminating host DNA from
the infected tissues will also amplify using these primers.
All S. neurona isolates that did amplify gave one
unambiguous CO1 sequence that did not differ from
previously reported sequences (Peat, 2005) (data not
shown).

3.4. Apicoplast RNA polymerase beta-subunit (RPOb)

RPOb primers amplified �700 bp product from all
coccidia tested except S. cruzi. All S. neurona RPOb
sequences in this study were identical and differed at
four polymorphic sites from the only other S. neurona RPOb
sequence published, which was a South American isolate
(Dubey et al., 2001a). Interestingly, the sequences from
this study possessed only a single nucleotide polymor-
phism from a sea otter isolate sequence originally
described as an unidentified Sarcocystis sp. (Dubey et al.,
2003a). The North American S. falcatula sequence identi-
fied in this study (GenBank Acc. Number GQ851962) also
showed polymorphisms compared to previously published
South American S. falcatula isolates(Dubey et al., 2003a).
The T. gondii RPOb gene was amplified from SO4167 tissues

and this sequence did not differ from those previously
published (data not shown). This confirmed that SO4167
was dually infected with both S. neurona and T. gondii.
When applied against S. campestris DNA, the RPOb primers
yielded a single sequence that was 95% homologous to the
S. neurona sequences and represents the first sequence
reported for this species (GenBank Acc. Number
GQ851963).

3.5. SnSAG genes

3.5.1. SnSAG2, SnSAG3, SnSAG4

The S. neurona isolates in this study were PCR and
sequence positive for SnSAG2, SnSAG3, and SnSAG4. All
SnSAG2 sequences identified in this study were identical.
SnSAG3 and SnSAG4 sequences identified two alleles for
each of these loci. For SnSAG3, alleles differed at two
nucleotide positions and one polymorphism was non-
synonymous, resulting in a proline for alanine substitution
at amino acid 87. SnSAG4 alleles differed by a single
nucleotide polymorphism located within the intron.

Highly conserved orthologs to SnSAG2, 3 and 4 genes
were also identified with the same primer sets in the
closely related species, S. falcatula. Nucleotide sequences
for S. falcatula SAG2 and SAG4 shared 95% or greater
identity with S. neurona. The SAG3 S. falcatula sequence
possessed a 90 base pair indel in its intron and shared 95%
identity with S. neurona in the coding region of the gene.
GenBank accession numbers for SfSAG2, SfSAG3, and
SfSAG4 are GQ851953, GQ851956, and GQ851959, respec-
tively.

3.5.2. SnSAG1-5-6

SnSAG1 primers yielded amplification products from 11
of the 30 SnSAG1-5-6 positive samples. DNA sequencing

Table 2

Primers.

Marker Forward primers

External Internal

SnSAG1 GGAGGTAAGTGTTGGCGGTA –

SnSAG2 AGCGGCGTTTTCAGATTGTA –

SnSAG3 TCAAGGACGTTTTTCCCTGT CCCTGCCTTTCTGGTCTCTT

SnSAG4 AATACCATACCTCGGCGTCA –

SnSAG1-5-6 TGCTGCATCATTAGGGTCAG –

RPOb TAGTACATTAGAAATCCCTAAAC aGCGGTCCAAAAAGGGTCAGTGGATATGATWTWTGAAGATGC

CO1 bTYTTGTTYTTYGGICAYCCIGARGTITA –

Sn9 CTGCTGCTAGCGGACTCTCT cCGCCAAAAGACTCACAAACA

Marker Reverse primers

External Internal

SnSAG1 TCCCGTTTTGGAACAGTAGG –

SnSAG2 AAAACGAAGGCAAGTGTGCT –

SnSAG3 CTCTGCATGCTGCAATGAAT TTCTCCCCAAAGACCATCTG

SnSAG4 TCAAATGGCTGTCTCCACAA –

SnSAG1-5-6 GCTGTGGGAGTAAGCAGGAT –

RPOb TCWGTATAAGGTCCTGTAGTTC aGCGGTCCCAAAAGGGTCAGTCCTTTATKTCCATRTCT

CO1 bAARTGIGCIACIACRTARTAIGTRTCRTG –

Sn9 cACGCGCCTAAACGTGAATAG –

Primer sets developed in this study using Primer 3 (Rozen and Skaletsky, 2000) are listed from 50 to 30 . See Section 2 for GenBank Acc. numbers of sequences

used for primer design. (–): Primer set not developed.
a Dubey et al. (2003a).
b Inagaki et al. (1997).
c Asmundsson et al. (2006).
Please cite this article in press as: Wendte, J.M., et al., Limited genetic diversity among Sarcocystis neurona strains
infecting southern sea otters precludes distinction between marine and terrestrial isolates. Vet. Parasitol. (2010),
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h both primer sets yielded one allele and confirmed that
11 SnSAG1 positive samples possessed the SnSAG1

e. Sequencing of the remaining 20 SnSAG1-5-6 positive
amplicons identified two sequences. Eighteen samples

sessed an identical sequence identified as SnSAG5. The
AG5 allele identified in this study was identical to that
orted by Crowdus et al. (2008) but differed from the
AG5 gene reported for the isolate Sn-MU1 (Hyun et al.,
3) by six nucleotide polymorphisms and two indels.

The remaining two samples (SO3523 and SO3639)
sessed a unique�1 kb nucleotide sequence that shared

and 83% identity with SnSAG1 and SnSAG5, respec-
ly and had a predicted protein sequence of 281 amino
s (GenBank Acc. Number GQ851950). It is presumably

ew, previously undescribed surface antigen that we
r to as SnSAG6. Nucleotides 155–700 of this sequence

re identical to a partial sequence previously reported
a sea otter S. neurona isolate (Crowdus et al., 2008). All

ples that were negative at the SnSAG1 locus were
itive for either SnSAG5 or SnSAG6, and no isolate was
uence positive at more than one of these loci (Figure
).

3. SnSAG orthologs

To examine whether SAG1-6 genes had sequence
respondence with their counterparts in related api-

plexan parasites, closest-orthologs to SnSAG antigens
re identified in N. caninum and T. gondii using the
STp function available on ToxoDB (Gajria et al., 2008).
closest T. gondii ortholog to SnSAG1, 3, 4, 5 and 6 was

RS28, while the closest hit for SnSAG2 was TgSRS51. N.

inum orthologs consisted of hypothetical or putative
domain containing proteins. These analyses reveal the
ortant point that the similarity of nomenclature of
1-6 genes in S. neurona is not related directly to

uence similarity to their counterparts in related
complexan parasites. Results are summarized in
plementary Table S1.

Sn9 microsatellite

Sn9 showed the greatest number of S. neurona alleles
among the genotyping markers utilized in this study.
les were assigned by direct DNA sequencing and were
ed on visual inspection of the number of GT repeats
ected in the sequence reads. The three alleles identified
re of 14, 17, and 18 repeats at frequencies of 6/30, 13/30,

10/30 isolates, respectively (Table 1). The isolate from
bor seal, HS2224, was negative at this locus. The Sn9
le amplified from S. falcatula (8 repeats) could also be

olved based on a species-specific polymorphism seven
leotides downstream from the repeat region (GenBank
. number GQ865627).

Isolate diversity

Sequence analysis among the antigen-coding loci
SAG1, 3, 4, 5 and 6) allowed for the detection of five
inct multi-locus sequence types among the S. neurona

ates. The genotypes were assigned based on the
sence of SnSAG1, 5, or 6 genes and the inheritance

pattern of alleles present at SnSAG3 and 4. With the
addition of the single microsatellite marker, the number of
genotypes distinguished increased to six (Table 1). The two
most abundant genotypes isolated from the sea otters
appeared to cluster geographically with genotype II found
exclusively in northern locations whereas genotype I was
more prevalent along the south-central California coast
(Table 1). Also of interest was the finding that the isolates
from raccoons (R1 and R2) from Wisconsin had an identical
genotype to a harbor seal (HS1423) isolate from California
(Table 1).

4. Discussion

The typing scheme developed in this study revealed
minimal genetic diversity in marine S. neurona isolates at
the loci examined. A lack of diversity at the conserved ITS-
1, CO1 and RPOb loci among S. neurona isolates was
expected as the utility of these markers is to confirm
infection by S. neurona. Size and sequence polymorphisms
within the ITS-1 proved useful for discriminating S.

neurona from other parasites in tissues collected and
necropsy. A lack of allelic diversity and cross-reactivity
with host DNA hampered the ability of CO1 to characterize
strains and predict maternal inheritance patterns. Howev-
er, this locus did facilitate confirmation of species identity
for those strains where tissue culture derived merozoite
DNA could be amplified as well as some infected tissue
samples. Polymorphisms noted in the RPOb sequence
between North American S. neurona and S. falcatula strains
described in this study compared to previously published
sequences from South American isolates (Dubey et al.,
2003a), may be indicative of sustained geographic isola-
tion. Intra- and inter-specific polymorphisms at this locus
could prove useful for global studies of phylogenetics and
the population genetic structure of S. neurona and other
Sarcocystis spp., though more South American samples are
needed for an accurate assessment. The high similarity of
the RPOb sequence from an unidentified Sarcocystis sp.
(Dubey et al., 2003a) with RPOb sequences recovered from
sea otters in this study may suggest that either the sea otter
was infected with a closely related Sarcocystis spp. or was
infected with S. neurona harboring a novel RPOb allele, or
both. Further genetic characterization is needed to
distinguish amongst these scenarios.

This study showed that known SnSAG antigens,
SnSAG1-5, as well as SnSAG6, possessed a limited number
of alleles among the S. neurona strains examined. Only one
allele was identified for the SnSAG1, SnSAG2, SnSAG5 and
SnSAG6 loci. This lack of allelic diversity within the SnSAGs
was unexpected, especially considering that orthologous
loci have been shown to be highly informative genotyping
markers among clonal strains of the related parasite, T.

gondii (numerous citations, initial studies include: Grigg
et al., 2001; Howe and Sibley, 1995; Parmley et al., 1994;
Sibley and Boothroyd, 1992). However, the allele at
SnSAG5 did differ from a single, previously published
isolate, Sn-MU1 (Hyun et al., 2003), by six nucleotide
polymorphisms and two insertion/deletions, all of which
resulted in a single, conservative amino acid change.
SnSAG3 and SnSAG4 also identified two alleles: two
ease cite this article in press as: Wendte, J.M., et al., Limited genetic diversity among Sarcocystis neurona strains
fecting southern sea otters precludes distinction between marine and terrestrial isolates. Vet. Parasitol. (2010),
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nucleotide polymorphisms resulted in one amino acid
change for SnSAG3; and a single nucleotide polymorphism
was detected in the SnSAG4 intron. These findings suggest
that the diversity previously reported at the SnSAG4 locus,
which was based on western blot analysis, was due to cross
reactions of polyclonal antibodies to conserved regions of
other proteins (Howe et al., 2008). This study also
identified highly conserved (>90% identity for SnSAG2
and SnSAG4, >80% identity for SnSAG3) orthologs to
SnSAG2, 3, and 4 in the closely related species S. falcatula, a
finding that has implications for the specificity of
diagnostic tests based on PCR and antibodies for these
proteins (Ellison et al., 2003; Hoane et al., 2005).

The minimal diversity of SnSAG2–4 both within and
between species might suggest that the function of these
proteins is essential to parasite growth and survival and
warrants further study. The mutual exclusiveness of
SnSAG1, 5, and 6 presents an intriguing phenomenon that
has yet to be explained. Whether they represent highly
diverged alleles of the same antigen (Elsheikha and
Mansfield, 2004) or are the result of a gene duplication
event, similar to that described for SAG5B and SAG5C in T.

gondii (Jung et al., 2004), cannot be determined until more
sequence data are available. As research proceeds in
discovering the function of these proteins, taking a
comparative approach that accounts for loci conserved
in related tissue cyst-forming coccidia will likely produce
revealing insights into the biology of these important
parasites.

The molecular characterization based on differential
segregation of SnSAG alleles and a single microsatellite
marker did not resolve S. neurona strains infecting marine
mammals from terrestrial isolates. The overall genetic
diversity among S. neurona strains examined was surpris-
ingly minimal, and just a few multi-locus genotypes were
identified. This result could simply reflect the sample set
used in this study, since it was composed predominantly of
strains isolated from diseased animals, the majority of
which were sea otters. It is also possible that certain strains
found infecting only sea otters may represent marine-
adapted strains, but to resolve this question, additional S.
neurona isolates from terrestrial animals will need to be
studied. Focusing on the opossum definitive host will likely
determine the true diversity present in the S. neurona

population and should allow for specific questions of S.

neurona biology to be addressed, such as the biological
plausibility and potential source(s) of land-to-sea flow of
this pathogen. This is especially relevant since the two
genotypes identified in infected horses and raccoons in this
study were also found in the marine environment.

The application of the robust, highly sensitive, new
genetic markers capable of amplifying parasite DNA from
infected tissue samples supported previous results (Sundar
et al., 2008) indicating that S. neurona genotypes clustered
geographically along the California coast. Future studies
should be focused on whether the apparent geographic
dominance of certain strains in sea otters reflects the
prevalence of these same strains in the adjacent terrestrial
environment. The localized clonal dominance along the
California coast, combined with the finding that the same
genotype infected raccoons from Wisconsin and a harbor

seal from California, raises intriguing questions about the
transmission dynamics and life history traits of this
organism. Determining a mechanism for how one strain
can dominate on a local or global level will provide key
insights to epidemiological phenomena of this parasite.
Development and application of additional high resolution
genetic typing markers should prove a valuable tool for
future studies in this regard.

In addition, isolates from asymptomatic hosts will be
needed to discern associations between the infecting
genotype and disease outcome. The development and
utilization of robust typing methods will likely be
necessary to allow researchers to ask whether strain
‘‘type’’ is a predictor of severity of disease. A previous study
found no association of microsatellite markers and
neurologic disease (Asmundsson et al., 2006). However,
this and other studies of microsatellite markers (Asmunds-
son et al., 2006; Sundar et al., 2008) have relied on
differences in gel migration to determine size polymorph-
isms and type isolates; a method subject to individual bias
and potential for inconsistency. Also, the study by
Asmundsson et al. (2006) compared disease-causing
strains isolated from intermediate/aberrant hosts (4 horses
and 1 sea otter) to strains isolated from presumably
asymptomatic opossums. It is highly likely that a strain
that causes severe disease in an intermediate or aberrant
host, such as a sea otter or horse, may cause no disease in
the opossum since it is the definitive host. To truly
comment on the virulence or disease-causing potential of a
strain infecting any susceptible host, comparisons should
be made between strains isolated from symptomatic and
asymptomatic infections of that same susceptible host. The
method developed in the current study, that utilized visual
counting of sequence reads to determine microsatellite
size polymorphisms, presents a new, consistent way to
apply these markers that may produce more definitive
results. Likewise, a combination of the robust strain-level
resolution provided by microsatellite markers and allelic
variation at key virulence loci could prove an important
tool in this regard, supporting further development of the
typing scheme described in this study.

Previous studies have concluded that S. neurona

possesses an intermediate population structure that
exhibits both clonal propagation and recombination
(Asmundsson et al., 2006; Elsheikha et al., 2006; Sundar
et al., 2008). Analysis of markers in the current study
supports these conclusions. The differential segregation of
SnSAG alleles indicates past recombination events, and the
over-representation of certain strains provides evidence of
clonal propagation. This parallels the current understand-
ing of T. gondii population structure where sexual
recombination provides the driving force for the emer-
gence of successful strains that sweep clonally (Grigg and
Sundar, 2009). This intriguing result begs the question
whether a single, highly successful strain of this hetero-
xenous parasite can expand clonally in definitive or
intermediate hosts, despite the genetic recombination
that occurs during the sexual life cycle stage. Answers to
this question are likely, again, to be similar to the closely
related species, T. gondii, where clonal propagation is
explained by (1) its ability to be orally transmitted via
Please cite this article in press as: Wendte, J.M., et al., Limited genetic diversity among Sarcocystis neurona strains
infecting southern sea otters precludes distinction between marine and terrestrial isolates. Vet. Parasitol. (2010),
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nivorism among intermediate hosts (Su et al., 2003) or
by the ability of a single clone to differentiate into both
le and female gametes and self-mate in the intestine of

definitive host (Cornelissen and Overdulve, 1985;
fferkorn et al., 1977).

onclusion

The multi-locus, DNA sequence-level typing methods
d in this study revealed spatial clustering super-
osed on a background of minimal genetic diversity

ong S. neurona strains infecting sea otters and other
rine and terrestrial mammals. The major conclusions
his study are that the conserved markers, ITS-1 and
b are useful for genus and species level resolution of

ue cyst coccidia, aiding in the identification of S.

rona infection. Examination of allelic segregation at six
face antigen genes (SnSAG1–SnSAG6) and microsatel-

marker Sn9 can distinguish genotypes among S.

rona isolates, though not at a level of resolution
ficient to discriminate terrestrial isolates from S.

rona strains infecting sea otters and other marine
mmals. As the microsatellite marker Sn9 identified the
atest number of alleles of the markers analyzed, it is
ly that additional microsatellites will further develop

typing scheme to increase resolution. The limited
etic diversity detected in this study, composed of just a
recombinant genotypes, further supports the hypoth-
of an intermediate genetic population structure for S.

rona in general, characterized by both clonal and
ual propagation. Overall, the evidence for clonality in
heterogamous parasite suggests the potential for self-

ting or oral transmission between intermediate hosts,
racteristics that were previously thought to be unique
. gondii.

flicts of interest

The authors have no known conflicts of interest.

nowledgements

This work was supported by the Intramural Research
gram of the NIH and NIAID (MEG) and by the College of
nce and Mathematics, Division of Graduate Studies,
Associated Students at California State University,

sno (SMP). MEG is a scholar of the Canadian Institute for
anced Research (CIFAR) Program for Integrated Micro-

l Biodiversity. JMW is an HHMI-NIH Research Scholar.
would like to thank the staff of the California

artment of Fish and Game Marine Wildlife Veterinary
e and Research Center and Dr. Frances Gulland at the
rine Mammal Center for their assistance in obtaining
ples from sea otters and harbor seals, respectively, Ann

lli and Andrea Packham for their assistance in
tivating the parasite isolates for this study, Spencer
gargal for initial molecular characterization, and Jose
o for assistance in sequence generation. Thanks to J.P.
ey and Stephen Raverty for kindly providing S. neurona

Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.vetpar.

2009.12.020.

References

Arkush, K.D., Miller, M.A., Leutenegger, C.M., Gardner, I.A., Packham, A.E.,
Heckeroth, A.R., Tenter, A.M., Barr, B.C., Conrad, P.A., 2003. Molecular
and bioassay-based detection of Toxoplasma gondii oocyst uptake by
mussels (Mytilus galloprovincialis). Int. J. Parasitol. 33, 1087–1097.

Asmundsson, I.M., Dubey, J.P., Rosenthal, B.M., 2006. A genetically diverse
but distinct North American population of Sarcocystis neurona
includes an overrepresented clone described by 12 microsatellite
alleles. Infect. Genet. Evol. 6, 352–360.

Asmundsson, I.M., Rosenthal, B.M., 2006. Isolation and characterization of
microsatellite markers from Sarcocystis neurona, a causative agent of
equine protozoal myeloencephalitis. Mol. Ecol. Notes 6, 8–10.

Cornelissen, A.W., Overdulve, J.P., 1985. Sex determination and sex
differentiation in coccidia: gametogony and oocyst production
after monoclonal infection of cats with free-living and intermediate
host stages of Isospora (Toxoplasma) gondii. Parasitology 90 (Pt 1),
35–44.

Crowdus, C.A., Marsh, A.E., Saville, W.J., Lindsay, D.S., Dubey, J.P., Gran-
strom, D.E., Howe, D.K., 2008. SnSAG5 is an alternative surface antigen
of Sarcocystis neurona strains that is mutually exclusive to SnSAG1.
Vet. Parasitol. 158, 36–43.

Dubey, J.P., Lindsay, D.S., Kerber, C.E., Kasai, N., Pena, H.F.J., Gennari, S.M.,
Kwok, O.C.H., Shen, S.K., Rosenthal, B.M., 2001a. First isolation of
Sarcocystis neurona from the South American opossum, Didelphis
albiventris, from Brazil. Vet. Parasitol. 95, 295–304.

Dubey, J.P., Lindsay, D.S., Rosenthal, B.M., Thomas, N.J., 2003a. Sarcocysts
of an unidentified species of Sarcocystis in the sea otter (Enhydra
lutris). J. Parasitol. 89, 397–399.

Dubey, J.P., Lindsay, D.S., Saville, W.J., Reed, S.M., Granstrom, D.E., Speer,
C.A., 2001b. A review of Sarcocystis neurona and equine protozoal
myeloencephalitis (EPM). Vet. Parasitol. 95, 89–131.

Dubey, J.P., Zarnke, R., Thomas, N.J., Wong, S.K., Van Bonn, W., Briggs, M.,
Davis, J.W., Ewing, R., Mense, M., Kwok, O.C., Romand, S., Thulliez, P.,
2003b. Toxoplasma gondii, Neospora caninum, Sarcocystis neurona, and
Sarcocystis canis-like infections in marine mammals. Vet. Parasitol.
116, 275–296.

Ellison, S.P., Kennedy, T.J., Brown, K.K., 2003. Development of an ELISA to
detect antibodies to rSAG1 in the horse. Int. J. Appl. Res. Vet. Med. 1,
318–327.

Elsheikha, H.M., Mansfield, L.S., 2004. Sarcocystis neurona major surface
antigen gene 1 (SAG1) shows evidence of having evolved under
positive selection pressure. Parasitol. Res. 94, 452–459.

Elsheikha, H.M., Schott II, H.C., Mansfield, L.S., 2006. Genetic variation
among isolates of Sarcocystis neurona, the agent of protozoal mye-
loencephalitis, as revealed by amplified fragment length polymor-
phism markers. Infect. Immun. 74, 3448–3454.

Gajria, B., Bahl, A., Brestelli, J., Dommer, J., Fischer, S., Gao, X., Heiges, M.,
Iodice, J., Kissinger, J.C., Mackey, A.J., Pinney, D.F., Roos, D.S., Stoeckert
Jr., C.J., Wang, H., Brunk, B.P., 2008. ToxoDB: an integrated Toxoplasma
gondii database resource. Nucleic Acids Res. 36, D553–556.

Grigg, M.E., Ganatra, J., Boothroyd, J.C., Margolis, T.P., 2001. Unusual
abundance of atypical strains associated with human ocular toxo-
plasmosis. J. Infect. Dis. 184, 633–639.

Grigg, M.E., Sundar, N., 2009. Sexual recombination punctuated by out-
breaks and clonal expansions predicts Toxoplasma gondii population
genetics. Int. J. Parasitol. 39, 925–933.

Hoane, J.S., Morrow, J.K., Saville, W.J., Dubey, J.P., Granstrom, D.E., Howe,
D.K., 2005. Enzyme-linked immunosorbent assays for the detection of
equine antibodies specific to Sarcocystis neurona surface antigens.
Clin. Diagn. Lab. Immunol. 12, 1050–1056.

Howe, D.K., Gaji, R.Y., Marsh, A.E., Patil, B.A., Saville, W.J., Lindsay, D.S.,
Dubey, J.P., Granstrom, D.E., 2008. Strains of Sarcocystis neurona
exhibit differences in their surface antigens, including the absence
of the major surface antigen SnSAG1. Int. J. Parasitol. 38, 623–631.

Howe, D.K., Sibley, L.D., 1995. Toxoplasma gondii comprises three clonal
lineages: correlation of parasite genotype with human disease. J.
Infect. Dis. 172, 1561–1566.

Hyun, C., Gupta, G.D., Marsh, A.E., 2003. Sequence comparison of Sarco-

cystis neurona surface antigen from multiple isolates. Vet. Parasitol.
112, 11–20.
S. cruzi, S. campestris isolates, respectively.
ease cite this article in press as: Wendte, J.M., et al., Limited genetic diversity among Sarcocystis neurona strains
fecting southern sea otters precludes distinction between marine and terrestrial isolates. Vet. Parasitol. (2010),

oi:10.1016/j.vetpar.2009.12.020

http://dx.doi.org/10.1016/j.vetpar.2009.12.020
http://dx.doi.org/10.1016/j.vetpar.2009.12.020
http://dx.doi.org/10.1016/j.vetpar.2009.12.020


J.M. Wendte et al. / Veterinary Parasitology xxx (2010) xxx–xxx8

G Model

VETPAR-5121; No of Pages 8
Inagaki, Y., Hayashi-Ishimaru, Y., Ehara, M., Igarashi, I., Ohama, T., 1997.
Algae or protozoa: phylogenetic position of euglenophytes and dino-
flagellates as inferred from mitochondrial sequences. J. Mol. Evol. 45,
295–300.

Jung, C., Lee, C.Y., Grigg, M.E., 2004. The SRS superfamily of Toxoplasma
surface proteins. Int. J. Parasitol. 34, 285–296.

Kreuder, C., Miller, M.A., Jessup, D.A., Lowenstein, L.J., Harris, M.D., Ames,
J.A., Carpenter, T.E., Conrad, P.A., Mazet, J.A.K., 2003. Patterns of
mortality in southern sea otters (Enhydra lutris nereis) from 1998-
2001. J. Wildl. Dis. 39, 495–509.

Lapointe, J.M., Duignan, P.J., Marsh, A.E., Gulland, F.M., Barr, B.C., Naydan,
D.K., King, D.P., Farman, C.A., Huntingdon, K.A., Lowenstine, L.J., 1998.
Meningoencephalitis due to a Sarcocystis neurona-like protozoan in
Pacific harbor seals (Phoca vitulina richardsi). J. Parasitol. 84, 1184–
1189.

Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A.,
McWilliam, H., Valentin, F., Wallace, I.M., Wilm, A., Lopez, R., Thomp-
son, J.D., Gibson, T.J., Higgins, D.G., 2007. Clustal W and Clustal X
version 2.0. Bioinformatics 23, 2947–2948.

Lindsay, D.S., Collins, M.V., Mitchell, S.M., Wetch, C.N., Rosypal, A.C., Flick,
G.J., Zajac, A.M., Lindquist, A., Dubey, J.P., 2004. Survival of Toxoplasma
gondii oocysts in Eastern oysters (Crassostrea virginica). J. Parasitol. 90,
1054–1057.

Lindsay, D.S., Thomas, N.J., Dubey, J.P., 2000. Biological characterisation of
Sarcocystis neurona isolated from a Southern sea otter (Enhydra lutris
nereis). Int. J. Parasitol. 30, 617–624.

Lindsay, D.S., Thomas, N.J., Rosypal, A.C., Dubey, J.P., 2001. Dual Sarcocystis
neurona and Toxoplasma gondii infection in a Northern sea otter from
Washington state, USA. Vet. Parasitol. 97, 319–327.

Marsh, A.E., Barr, B.C., Madigan, J., Lakritz, J., Conrad, P.A., 1996. Sequence
analysis and polymerase chain reaction amplification of small subunit
ribosomal DNA from Sarcocystis neurona. Am. J. Vet. Res. 57, 975–981.

Marsh, A.E., Barr, B.C., Tell, L., Bowman, D.D., Conrad, P.A., Ketcherside, C.,
Green, T., 1999. Comparison of the internal transcribed spacer, ITS-1,
from Sarcocystis falcatula isolates and Sarcocystis neurona. J. Parasitol.
85, 750–757.

Miller, M.A., Conrad, P.A., Harris, M., Hatfield, B., Langlois, G., Jessup, D.A.,
Magargal, S.L., Packham, A.E., Toy-Choutka, S., Melli, A.C., Murray,
M.A., Gulland, F.M., Grigg, M.E., unpublished. A protozoal-associated
epizootic impacting marine wildlife: Mass-mortality of southern sea
otters (Enhydra lutris nereis) due to Sarcocystis neurona infection. Vet.
Parasitol.

Miller, M.A., Crosbie, P.R., Sverlow, K., Hanni, K., Barr, B.C., Kock, N.,
Murray, M.J., Lowenstine, L.J., Conrad, P.A., 2001a. Isolation and

characterization of Sarcocystis from brain tissue of a free-living
southern sea otter (Enhydra lutris nereis) with fatal meningoenceph-
alitis. Parasitol. Res. 87, 252–257.

Miller, M.A., Sverlow, K., Crosbie, P.R., Barr, B.C., Lowenstine, L.J., Gulland,
F.M., Packham, A., Conrad, P.A., 2001b. Isolation and characterization
of two parasitic protozoa from a Pacific harbor seal (Phoca vitulina
richardsi) with meningoencephalomyelitis. J. Parasitol. 87, 816–822.

Miller, M.A., Grigg, M.E., Kreuder, C., James, E.R., Melli, A.C., Crosbie, P.R.,
Jessup, D.A., Boothroyd, J.C., Brownstein, D., Conrad, P.A., 2004. An
unusual genotype of Toxoplasma gondii is common in California sea
otters (Enhydra lutris nereis) and is a cause of mortality. Int. J. Parasitol.
34, 275–284.

Miller, M.A., Miller, W.A., Conrad, P.A., James, E.R., Melli, A.C., Leutenegger,
C.M., Dabritz, H.A., Packham, A.E., Paradies, D., Harris, M., Ames, J.,
Jessup, D.A., Worcester, K., Grigg, M.E., 2008. Type X Toxoplasma gondii
in a wild mussel and terrestrial carnivores from coastal California:
new linkages between terrestrial mammals, runoff and toxoplasmo-
sis of sea otters. Int. J. Parasitol. 38, 1319–1328.

Mylniczenko, N.D., Kearns, K.S., Melli, A.C., 2008. Diagnosis and treatment
of Sarcocystis neurona in a captive harbor seal (Phoca vitulina). J. Zool.
Wildl. Med. 39, 228–235.

Parmley, S.F., Gross, U., Sucharczuk, A., Windeck, T., Sgarlato, G.D.,
Remington, J.S., 1994. 2 Alleles of the gene encoding surface-antigen
P22 in 25 strains of Toxoplasma-Gondii. J. Parasitol. 80, 293–301.

Peat, S.M., 2005. A Phylogenetic Analysis of Sarcocystis from the Southern
Sea Otter (Enhydra lutris nereis). California State University, Fresno.

Pfefferkorn, E.R., Pfefferkorn, L.C., Colby, E.D., 1977. Development of
gametes and oocysts in cats fed cysts derived from cloned tropho-
zoites of Toxoplasma gondii. J. Parasitol. 63, 158–159.

Rozen, S., Skaletsky, H., 2000. Primer3 on the WWW for general users and
for biologist programmers. Methods Mol. Biol. 132, 365–386.

Sibley, L.D., Boothroyd, J.C., 1992. Virulent strains of Toxoplasma gondii
comprise a single clonal lineage. Nature 359, 82–85.

Su, C., Evans, D., Cole, R.H., Kissinger, J.C., Ajioka, J.W., Sibley, L.D., 2003.
Recent expansion of Toxoplasma through enhanced oral transmission.
Science 299, 414–416.

Sundar, N., Asmundsson, I.M., Thomas, N.J., Samuel, M.D., Dubey, J.P.,
Rosenthal, B.M., 2008. Modest genetic differentiation among North
American populations of Sarcocystis neurona may reflect expansion in
its geographic range. Vet. Parasitol. 152, 8–15.

Thomas, N.J., Dubey, J.P., Lindsay, D.S., Cole, R.A., Meteyer, C.U., 2007.
Protozoal meningoencephalitis in sea otters (Enhydra lutris): a histo-
pathological and immunohistochemical study of naturally occurring
cases. J. Comp. Pathol. 137, 102–121.
Please cite this article in press as: Wendte, J.M., et al., Limited genetic diversity among Sarcocystis neurona strains
infecting southern sea otters precludes distinction between marine and terrestrial isolates. Vet. Parasitol. (2010),
doi:10.1016/j.vetpar.2009.12.020

http://dx.doi.org/10.1016/j.vetpar.2009.12.020

	Limited genetic diversity among Sarcocystis neurona strains infecting southern sea otters precludes distinction between ma...
	Introduction
	Materials and methods
	Parasite DNA
	PCR amplification and sequencing
	Sequence analyses

	Results
	Molecular tool development and isolate characterization
	Internal transcribed spacer region-1 (ITS-1) of the nuclear ribosomal gene array
	Mitochondrial cycloxygenase 1 (CO1)
	Apicoplast RNA polymerase beta-subunit (RPOb)
	SnSAG genes
	SnSAG2, SnSAG3, SnSAG4
	SnSAG1-5-6
	SnSAG orthologs

	Sn9 microsatellite
	Isolate diversity

	Discussion
	Conclusion
	Conflicts of interest
	Acknowledgements
	Supplementary data

	Supplementary data

