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Abstract

Background The geographic distribution and host-parasite interaction networks of Sarcocystis spp. in small mam-
mals in eastern Asia remain incompletely known.

Methods Experimental infections, morphological and molecular characterizations were used for discrimina-
tion of a new Sarcocystis species isolated from colubrid snakes and small mammals collected in Thailand, Borneo
and China.

Results We identified a new species, Sarcocystis muricoelognathis sp. nov., that features a relatively wide geographic
distribution and infects both commensal and forest-inhabiting intermediate hosts. Sarcocystis sporocysts collected
from rat snakes (Coelognathus radiatus, C. flavolineatus) in Thailand induced development of sarcocysts in experi-
mental SD rats showing a type 10a cyst wall ultrastructure that was identical with those found in Rattus norvegicus
from China and the forest rat Maxomys whiteheadi in Borneo. Its cystozoites had equal sizes in all intermediate

hosts and locations, while sporocysts and cystozoites were distinct from other Sarcocystis species. Partial 285 rRNA
sequences of S. muricoelognathis from M. whiteheadi were largely identical to those from R. norvegicus in China

but distinct from newly sequenced Sarcocystis zuoi. The phylogeny of the nuclear 7185 rRNA gene placed S. muricoelo-
gnathis within the so-called S. zuoi complex, including Sarcocystis attenuati, S. kani, S. scandentiborneensis and S. zuoi,
while the latter clustered with the new species. However, the phylogeny of the ITS1-region confirmed the distinction
between S. muricoelognathis and S. zuoi. Moreover, all three gene trees suggested that an isolate previously addressed
as S. zuoi from Thailand (KU341120) is conspecific with S. muricoelognathis. Partial mitochondrial cox1 sequences of S.
muricoelognathis were almost identical with those from other members of the group suggesting a shared, recent
ancestry. Additionally, we isolated two partial 285 rRNA Sarcocystis sequences from Low’s squirrel Sundasciurus lowii
that clustered with those of S. scandentiborneensis from treeshews.
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Conclusions Our results provide strong evidence of broad geographic distributions of rodent-associated Sarcocystis
and host shifts between commensal and forest small mammal species, even if the known host associations remain

likely only snapshots of the true associations.

Keywords Rattus norvegicus, Maxomys whiteheadi, Coelognathus radiatus, Coelognathus flavolineatus, Sarcocystis
muricoelognathis, Life cycle, Morphological and molecular characterization, Sarcocystis zuoi-complex

Background

Sarcocystis spp. of rodents represent a highly diversified
group of tissue cyst-forming coccidia, for which the pat-
terns of species diversification, geographical distribu-
tion and host associations remain poorly known. Over
the last 5 decades, various species of Sarcocystis have
been observed in the striated musculature of commen-
sal Rattus spp. and related rodent species, including the
widespread Sarcocystis cymruensis [1-5], S. kani [6], S.
murinotechis [7], S. ratti [5, 8], S. singaporensis, S. villivil-
losi, S. zamani 2, 9], S. sulawesiensis [2, 10], S. zuoi [11]
and a Sarcocystis sp. from masked owls [12]. Sarcocystis
rodentifelis [13, 14] is considered synonymous with S.
cymruensis [3]. In this group, Sarcocystis spp. with snake-
rodent life cycle are among the most prevalent Apicom-
plexan parasites found in rodents in the Indo-Australian
Archipelago [2, 10, 15], also showing prominent presence
in environmental samples [16].

Sarcocystis murinotechis has been a somewhat enig-
matic parasite, because since its early description from
infected elapid snakes (Notechis ater; now, Notechis
scutatus [Peters, 1861], see [17]) and rodents in Australia,
i.e. Rattus rattus, R. norvegicus, R. lutreolus, Pseudomys
higginsi and Mastacomys fuscus [7, 18], no molecular
information has become available. Furthermore, the
ultrastructure of its sarcocyst shares some similarities
with Sarcocystis spp. from Eastern and Southeast Asia,
such as S. zuoi from China, which develops in colubrid
snakes as definitive host [11], and a species described as
S. murinotechis-like that was observed in rats in Thailand
and neighboring countries [2, 15]. Thus, more morpho-
logical as well as molecular data were needed to dis-
criminate between these species. Watthanakaiwan et al.
[19] amplified nuclear rRNA gene sequences from a Sar-
cocystis species observed in Rattus tiomanicus in Thai-
land, which appeared to be molecularly close to S. zuoi
and was subsequently cited as this species although the
authors did not provide morphological evidence for its
cyst wall structure. In a recent study, we found that one
of the 185 rRNA gene sequences (KU341120) published
by Watthanakaiwan et al. [19] was genetically distinct
from S. zuoi and hypothesized that it could belong to
another species [20].

Here, we synthesized comparative morphological and
molecular evidence from new and previously collected

specimens from Thailand, Borneo and China and insights
from transmission experiments using sporocysts from
naturally infected colubrid (rat) snakes in Thailand to
clarify the status of the S. murinotechis-like species in
Thailand and its potential distribution in other countries
of the region. We describe a new Sarcocystis species and
discuss its phylogenetic position and host relationships
within the so-called S. zuoi complex, which is an expand-
ing group of molecularly cryptic Sarcocystis spp. that
infects colubrid snakes and small mammals in Asia [6].

Methods

Sample collection and examination

Sarcocystis oocysts/sporocysts were recovered from the
intestines of two road-killed, adult colubrid snakes, one
copperhead rat snake, Coelognathus radiatus, collected
in the Bangkok metropolitan area, and one yellow striped
snake, Coelognathus flavolineatus, which had been col-
lected in Chumphon Province in southern Thailand.
Intestinal scrapings containing sporocysts were further
purified on a discontinuous sucrose density gradient as
described previously [6].

The rodents from Borneo examined for this study
included two Maxomys whiteheadi, three Niviventer
cremoriventer and four Sundasciurus lowii that were
live-trapped between 2012 and 2013 using locally made
drop-door, wire-mesh traps in different habitat types
from mature forest to urban habitats in the Kota Kina-
balu and Ranau Districts in Sabah, Malaysia. Species
identification was based on phenotypic characteristics
according to Aplin et al. [21] and Musser and Carleton
[22]. Captured animals were transferred into small cot-
ton bags and killed by cervical dislocation. Samples of
striated musculature from diaphragm and latero-ventral
abdominal wall (Musculus obliquus externus) or M.
quadriceps femoris were fixed and stored in 70% ethanol.
Histological preparation of sarcocysts in muscle samples
and subsequent processing for ultrastructural examina-
tion have been described [20].

In China, a total of 189 Norway rats were captured
between 2017 and 2021 by live trapping on farmland in
Anning and Nanjian Prefectures, both located in south-
western China. After the animals had been killed with
CO,, their corpses were examined in a laboratory for
presence of sarcocysts. This included light microscopical
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inspection of fresh preparations of musculature from
tongue, esophagus, diaphragm, various skeletal muscles
and the heart. Single sarcocysts were separated from
surrounding tissue using dissection needles and subse-
quently processed for transmission electron microscopy
(TEM) as described [23].

Light microscopic size measurements of parasite stages
and statistical analysis

The sizes of sporocysts and cystozoites of the new Sarco-
cystis isolates under study were measured and compared
with other species by using one-way ANOVA as previ-
ously described [6].

Husbandry and experimental infection of laboratory rats
All experiments involving the transmission of Sarcocys-
tis sporocysts to a rodent host were performed using
outbred Sprague-Dawley (SD) rats, which were obtained
from the National Laboratory Animal Centre of Mahidol
University in Thailand. SD rats were kept under coc-
cidia-free conditions in isolated and climate-controlled
rooms of the Agricultural Zoology Research Group at the
Department of Agriculture in Bangkok, Thailand. Two
individuals were housed together per cage (Makrolon
polycarbonate: 60x38%x20 c¢cm) under controlled tem-
perature and humidity conditions, exposed to a 12:12 h
light/dark cycle and ad libitum diet and water supply.

Sporocysts isolated from one Coelognathus radiatus
and one C. flavolineatus were used to inoculate three
male, 3-month-old SD rats each per isolate; addition-
ally, two rats each were inoculated with PBS and kept
in the same room serving as negative controls. The ani-
mals were inoculated with about 1000 purified sporo-
cysts each using a stomach tube. Afterwards, the animals
were monitored daily for potential signs of disease. All six
parasite-inoculated rats and the four negative control rats
were killed after 5 months with CO, and necropsied. We
examined fresh muscle tissue from esophagus, tongue,
diaphragm, muscles of the abdominal wall, femoral mus-
cles and masseter for presence of sarcocysts under a
light microscope. The size of freshly released cystozoites
was determined after rupturing individual sarcocysts in
phosphate-buffered saline at room temperature. Samples
of muscle tissue were fixed and processed for electron
microscopy as described previously [24].

Gene sequencing and sequence comparisons using BLAST

Only samples from Borneo and China were available for
molecular studies, as samples taken during the laboratory
infection experiments in Thailand had been destroyed
during storage. For samples from Borneo, DNA extrac-
tion was performed as described in detail previously [20];
25 ug samples of striated musculature were used that
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had been checked for presence of sarcocysts by LM and
TEM. Nuclear 285 rRNA gene sequences were ampli-
fied following the protocol of Prakas et al. [25] using the
primers KL-P1F and KL-P1R (Table 1). Raw sequences
were manually checked and refined using MEGA-6 [26].
For samples from China, four sarcocysts derived from
different individual Norway rats were used for molecular
analysis. DNA was extracted from each sarcocyst using
a commercial kit (Tlanamp Genomic DNA, Tiangen
Biotech®, Beijing, China) according to the manufacturer’s
instructions. Four genes, nuclear 18S rRNA, 28S rRNA,
ITS1-5.85-ITS-2 and mitochondrial coxI, were selected
for the characterization of this species. The primers used
are listed in Table 1. PCR amplifications were performed
as previously described [23]. PCR products were gel
purified using an E.Z.N.A.® Gel Extraction Kit (Omega
Bio-Tek, Inc., Georgia, USA) and ligated to pCE2 TA/
Blunt-Zero vector using a 5-min TA/Blunt-Zero Cloning
Kit (Vazyme Biotech Co., Ltd., Nanjing, China) accord-
ing to the product manuals. The ligated vectors were
transformed to Trelief® 5 Chemically Competent Cell
(Tsingke Biotechnology Co., Ltd., Beijing, China). The
positive bacterial colonies were selected for bi-direc-
tional sequencing on an ABI PRISM TM 3730 XL DNA
Analyzer.

Initial GenBank screening and pairwise similarity com-
parisons of the amplified sequences were performed
using the web-based Basic Local Alignment Search Tool
(BLASTn) of the National Center for Biotechnology
Information of the National Institutes of Health, USA.

Phylogenetic analysis

Alignment of rRNA sequences and identification of gene
boundaries

Before alignment of the 18S and 28S rRNA sequences and
the Internal Transcribed Spacer 1 (ITS1), we identified
their gene boundaries based on the predicted secondary
structure of the rRNA of Toxoplasma gondii as published
by Gagnon et al. [27] and truncated the ends if necessary.
For the 185 rRNA gene, we additionally employed sec-
ondary structure modeling using SSU-ALIGN software
(version 0.1.1, February 2016) as described previously [6].
Full-length 28S rRNA sequences were truncated from the
3’-end to a maximum of 2500 nucleotides to accommo-
date the analysis limits of the alignment software.

The new ITS1 sequences described here were carefully
inspected and excised from the amplified ITS1-5.8S-1TS2
gene complex. For sequence comparisons, 25 Apicom-
plexan ITS1 sequences were selected that were labeled
as being complete by GenBank. Especially, we checked
whether they started after the 18 s r/RNA [28] and were
consistent with the start motifs that followed the terminal
motif (3"-end) of the nuclear 18S rRNA gene of T. gondii:
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Table 1 Primers used for PCR amplification of nuclear and mitochondrial genes of the novel Sarcocystis species
DNA region Primer name Primer sequence (5"-3") References
Samples from China
18S rRNA ERIB1® ACCTGGTTGATCCTGCCAG [66]
S2P CTGATCGTCTTCGAGCCCCTA [67]
S3° TTGTTAAAGACGAACTACTGCG [67]
BP GATCCTTCTGCAGGTTCACCTAC [68]
28S rRNA KL1e TACCCGCTGAACTTAAGC [69]
KL3P CCACCAAGATCTGCACTAG [69]
Sarm?285? TCGCTCATCAGATACCA This study
Sarm28sP ATTGCGTCAACACCAG This study
KL6a® GGATTGGCTCTGAGGG [69]
KL2b ACTTAGAGGCGTTCAGTC [69]
[TS1-5.85-ITS2 SarmITSF? ACGTCCCTGCCCTTTGTA This study
SarmITSRP ACTTCTCCCTRTGCCTCC This study
cox1 526F1° TCCTTCCTGGCGTACAACAAT CAT [23]
1209R1P GGGGCATGACATTGAAAGCAAGTA [23]
Samples from Borneo
28S rRNA KL-P1F? TACCCGCTGAACTTAAGCAT [25]
KL-P1R® CCCAAGTTTGACGAACGATT [25]

@ Forward primer
b Reverse primer

5-TCATTCA-3". After this motif, ITS1 sequences typi-
cally started with 5-CACA-3’ (e.g. Sarcocystis cf. zuoi,
KU341120), 5-AACG-3’ (e.g. S. neurona, AF081944),
5-CACC-3’ (e.g. S. hirsuta, KT901231) and 5-CACG-3’
(e.g. T gondii, AY259045), or similar. To identify the ter-
minal nucleotides of an ITS1 sequence, we searched for
the potential presence of the start motif of the 5.85 rRNA
of T. gondii (5-AAATTTT’-3’) according to Gagnon et al.
[27], which was slightly modified in Sarcocystis spp. to
5-ACAATTTT-3’ and included in a stretch of about 230
nucleotides (nt) of the highly conserved 5.8S rRNA gene.
Accordingly, we truncated all newly sequenced ITS1
sequences before this start motif, which resulted in ITS1
sequences that were 629-675 nt long. We did not alter
the ends of the other, publicly available ITS1 sequences of
tissue-cyst forming coccidia, which were analyzed as they
were, except in the case of the four ITS1 sequences that
had been designated as ‘Sarcocystis zuoi’ from Thailand
(KU341118/19/20/21) and deposited as gene complex,
requiring excision for further alignment.

The 18S, 285 rRNA and ITS1 sequences of the Sarco-
cystis isolates under investigation were aligned with 38,
25 and 25 published Apicomplexan sequences available at
GenBank [29], respectively, using the multiple sequence
alignment algorithm of the ‘R-Coffee’ web server, which
considers the predicted secondary structure of RNA [30].
The alignment procedure was repeated several times,
while we finally selected three independent alignments

with the smallest proportion of ambiguous positions for
each gene. Conserved areas were inspected visually for
potential misalignments.

Phylogenetic reconstruction of gene trees

Reconstruction of phylogenetic trees in the case of the
18S and 28S rRNA genes was performed by the maximum
likelihood (ML) and minimum evolution (ME) methods
as implemented in Mega-X [31]. The ME criterion was
used because it provided a distance-based approach to
tree-building in contrast to the character-based ML [32].
As implemented in Mega-X, ME also allowed for distance
estimation under heterogeneous substitution patterns
among lineages [33], a condition that applies to coccidian
parasites [34]. Our initial analyses of the 18S had shown
that ML could not resolve (into dichotomies) the clade
containing the new Sarcocystis species and S. zuoi. Initial
tree(s) for the heuristic search under ML were obtained
automatically by applying neighbor-joining and BioN]J
algorithms. The ME tree was searched using the close-
neighbor-interchange (CNI) algorithm at a search level
of 2; the neighbor-joining algorithm was used to gener-
ate the initial tree. For analysis of the ITS1 locus, initial
tree(s) were obtained by applying neighbor-joining and
BioN]J algorithms to a matrix of pairwise distances esti-
mated using the maximum composite likelihood (MCL)
approach. For all analyses, 1000 bootstrap replicates were
performed.
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The appropriate models for nucleotide substitution
rates were determined by ML analysis using MEGA-
X, selecting for each gene the model with the lowest
BIC (Bayesian information criterion) and AICc (Akaike
information criterion, corrected) values. For analysis of
a longer stretch of the nuclear 28S rRNA gene (compari-
son of 1300—1400 homologous characters), the Tamura-
Nei substitution model was used with a discrete gamma
distribution rate variation (four categories;+G, param-
eter=0.6874) while the rate variation model allowed
for some sites to be invariable (+1I; 32.39% of sites). For
shorter 285 rRNA sequences (360—400 characters), the
Kimura two-parameter model was employed with a dis-
crete gamma distribution (four categories;+G, param-
eter=0.2299). For the nuclear 18§ rRNA gene under
ML analysis, we selected the Tamura three-parameter
substitution model with a discrete gamma distribution
(four categories; + G, parameter =0.1537) and some sites
being evolutionarily invariable ([+1], 38.77% sites). For
ME phylogenetic analysis of the 185 ¥rRNA, the rate varia-
tion among sites was modeled with a gamma distribution
(shape parameter=0.16); the differences in the compo-
sition bias among sequences were considered in evolu-
tionary comparisons. The ITS1 sequences were analyzed
using the Hasegawa-Kishino-Yano substitution model
under a discrete gamma distribution to model evolution-
ary rate differences among sites (four categories;+G,
parameter =4.2949).

For comparison of other Sarcocystis spp. with the novel
Sarcocystis isolates, we included all sequences in tree
building that showed a high degree of sequence similar-
ity during initial GenBank screens with BLASTn. Second,
we selected sequences of known Sarcocystis spp. para-
sitizing snakes as definitive hosts and representative taxa
of major lineages of the Sarcocystinae and Toxoplasmati-
nae as described [6, 35]. Eimeriid coccidia served as out-
group. Accession numbers of all sequences are given in
the phylogenetic trees of the respective genes.

Results

Sarcocyst development in experimentally infected rats

The sporocysts of Sarcocystis isolated from the two
ratsnake species in Thailand, Coelognathus radiatus and
C. flavolineatus, were indistinguishable in size, meas-
uring on average 10.07 (£0.39; s.d.)x7.18 (£0.25) pum
(n=20) and 10.28 (+0.80)x7.51 (+0.73) um (n=21),
respectively (Fig. 1a). After inoculation of six SD rats with
both sporocyst isolates, we observed sarcocysts in the
striated musculature of all six rats that were examined
5 months after infection. In fresh tissue preparations, sar-
cocysts of both isolates were numerous and morphologi-
cally identical, measuring 400-700 % 70-90 pum (length x
diameter; n=25 from four rats). We observed sarcocysts
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in the striated musculature of abdomen, thorax, limbs,
diaphragm and esophagus; their form was cigar-shaped,
while longer cysts could show slightly pointed ends.
Live sarcocysts, which had been freed from host tissue,
showed a rim of palisade-like, villar protrusions that were
between 8 and 10 pm long and about 2—4 pm wide at
their base; however, protrusions at the tip of a cyst could
be longer, measuring between 10 and 16 um with a base
that was on average 3.6 pm wide (range: 2.5-4.1 pm,
n=15). The interior of native sarcocysts appeared to be
septated (Fig. 1b). Banana-shaped cystozoites, freshly
released from ruptured, native sarcocysts, were on aver-
age 5.9 (£0.6; s.d.) um long and 2.2 (+ 0.4) pm in diameter
(n=21; both isolates).

Ultrastructurally, the mean diameter of the sarcocyst
wall (=primary cyst wall [PCW] plus ground substance
[GS]) was 10.16 (+2.34) pm (17 =20), while the villar pro-
trusions measured on average 8.65 (+2.05; n=20; two
cysts, one each from each isolate) um in length and 2.50
(£0.61) um in diameter. The electron-dense, knob-like
structures of the PCW were about 150 nm wide at the
base of the villar protrusions, whereas their width was
about 75 nm in the more apical parts, where knobs could
fuse to form a continuous layer of PCW (Fig. 1c). The
layer of GS underneath the villar protrusions was thin,
on average about 270 nm wide (Fig. 1c, e). Notably, cys-
tozoites of the isolates from Thailand only possessed two
rhoptries, which was evident from longitudinal as well as
cross sections (Fig. 1d, e). In cross sections through the
anterior third of cystozoites, we counted on average 60
micronemes (+ 14; n=6). These micronemes were loosely
scattered throughout the anterior half of the cell; they
appeared short and stumpy and were about 200 nm long.
Dense granules were present but rarely observed. Met-
rocytes occurred regularly, more frequently towards the
ends of a sarcocyst; apparently, they divided by endody-
ogeny since they contained only two zoites in all observed
cases (Fig. 1le). As shown in Fig. 1f, large cyst wall protru-
sions could attain a length well over 10 pm.

The four negative control rats examined 5 months after
infection were free of any Sarcocystis infection. All rats
remained healthy throughout the experiment.

Morphology of sarcocysts from wild rodents in Borneo

and China

Sarcocyst-infected muscle tissue from Borneo was
isolated from two wild-caught Maxomys whiteheadi
(Whitehead’s spiny rat), which showed numerous sar-
cocysts with a striated wall in histological sections of
musculature of the abdominal wall. Because cysts were
mainly in the cross-sectional plane, we can only provide
their mean diameter, which was 85.6 (+17.1) um (n=5).
At higher magnification (Fig. 2a), the cyst wall consisted
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Fig. 1 a—f Light microscopic and ultrastructural morphology of sarcocysts of Sarcocystis sp. in SD rats 5 months after inoculation with sporocysts
isolated from rat snakes in Thailand. a Typical sporocyst from a fecal sample of Coelognathus radiatus; sporocysts from C. flavolineatus were identical
in size and appearance; asterisk indicates single sporozoite. b Live sarcocyst, freed from muscle tissue; note the broad, palisade-like villar protrusions
that could at times resemble those of Sarcocystis singaporensis with which this species can co-occur; however, the protrusions lack the basal stalks
typical for the former species; the arrow highlights the septated compartments in the interior of the sarcocyst, and the inset shows a micrograph
of live cystozoites freshly released from a cyst (arrowheads). ¢ Typical structure of a cyst wall protrusion (isolate from C. flavolineatus); the arrows
point to the electron-dense, knob-like structures of the primary cyst wall, whereby the knobs could apparently fuse to form an electron-dense
borderline in larger protrusions (inset: arrowhead); also note the electron-light, thin layer of ground substance (GS) underneath the protrusions. d
Typical cystozoites of the new species, which contained only two rhoptries (arrowheads) among relatively few micronemes (asterisks); additionally,
the cystozoites exhibited vesicle-like structures in the anterior third of the cell containing electron-light, reticulate matter (arrow); the inset

shows such a vesicle-like compartment at higher magnification, which was apparently not bound by a membrane (white arrow) and often

located near micronemes (white asterisk); dense granules were present but rarely observed. e Interior and cyst wall of a mature sarcocyst

(isolate from C. radiatus); metrocytes (asterisks) exclusively divided by endodyogeny, producing only two cystozoites (C2). f Full-length section
through a 15-um-long protrusion of the sarcocyst wall; note that larger protrusions often occurred close to the tips of a cyst and showed a base
with folds. AP, apicoplast; MI, mitochondrion; NU, nucleus; PT, villar protrusions
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Fig. 2 Light microscopic and ultrastructural morphology of sarcocysts from
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T

Maxomys whiteheadi in Borneo (a—c) and wild Rattus norvegicus

in China (d, e). Note, due to ethanol fixation some ultrastructural details of the samples from Borneo are poorly resolved. a Richardsen’s dye-stained
1.0-um thin section through a mature sarcocyst showing the villar protrusions (PT) of the cyst wall and numerous relatively small cystozoites (CZ).
b Same sample as before under the electron microscope; note the thin layer of ground substance underneath the protrusions. ¢ Enlarged part

of the interior of the sarcocyst showing cystozoites—although with limited resolution—that possess a pair of rhoptries each, which is characteristic
for this Sarcocystis species (black and white arrows; compare with Fig. 1d). d Live sarcocyst isolated from striated muscle tissue of a wild Norway rat
in China; the inset shows live cystozoites that were freshly released from a cyst. e Ultrastructure of the same sarcocyst as before; note that the villar
protrusions are highly similar to the samples from Borneo and Thailand regarding size and shape (Fig. 1e); again, cystozoites only exhibit one pair

of rhoptries (arrows) and relatively few micronemes

of broad, palisade-like protrusions which were on average
5.1 (£2.5) pm long (n=10). At the tip of one cyst, pro-
trusions were longer, measuring 6.8—9.1 um. However,
because most of the protrusions in histological sections
appeared to be bent or compressed, their actual size was
probably larger, as measurements from live sarcocysts
from other sampling locations suggested. The protru-
sions of the sarcocyst wall were indistinguishable from
the samples from Thailand and China in terms of ultra-
structure (Fig. 2b). Although preservation of ultrastruc-
tural details of the Bornean sample was relatively low, the
typical, knobbed and electron-dense lining of the PCW of
the protrusions was clearly visible including presence of
electron-light granular material filling the core. On aver-
age, protrusions were 7005 (+ 1235) nm long (1 =6); their
diameter in the apical part ranged between 1940 and
3690 nm, at the base between 1625 and 2610 nm (1 =10);
thus, some of the protrusions appeared enlarged towards

the apical part. Two fully stretched cystozoites measured
4300-4940 % 1060—1259 nm, while all observed cystozo-
ites possessed only two rhoptries like the isolates from
Thailand (Fig. 2c). Cystozoites in H&E-stained histologi-
cal sections measured 4.6 (+0.4) X 1.2 (£ 0.2) pum (n=10).

Muscle cysts found in 14 out of 189 (7.4%) Norway
rats from southwestern China were identical to those
observed for the Sarcocystis isolates from Thailand
and Borneo (Fig. 2e). There were numerous sarcocysts
in the skeletal muscles, but none in the heart. Under
the light microscope, live sarcocysts measured 770-
1580%87-123 pum in size (n=20). The cysts had palisade-
like villar protrusions measuring 8.5-11 pm in length
and 1.7-2.4 pm in width (n=30) (Fig. 2d); they were
filled with numerous banana-shape cystozoites measur-
ing 6.5 (£0.6; s.d.)x2.1 (£0.15) um in size (n=25). At
the ultrastructural level, the primary cyst wall contained
numerous vertical, palisade-like protrusions, measuring
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6.5-10.8x1.6-3.1 um in size (n=30), which contained
electron-light granular matter in their core (Fig. 2e). The
PCW consisted of a knobbed, electron-dense layer and
showed minute undulations over its entire surface. A
layer of ground substances with 200—-300 nm thickness
was located immediately underneath the primary sarco-
cyst wall.

Morphological comparison of the novel Sarcocystis sp.

with closely related taxa

The mean (ts.d.) sporocyst length and diameter of
both isolates of Sarcocystis sp. from Thailand given as
10.07 (£0.39)x7.18 (£0.25) pm (n=20) (from Coelog-
nathus radiatus) and 10.28 (+0.80)x7.51 (+0.73) pm
(n=21) (from C. flavolineatus) compared to other stud-
ies as follows: Sarcocystis clethrionomyelaphis isolated
in Germany (11.5 [+0.6] X 8.7 [£0.6] um, n=12; [36]), S.
clethrionomyelaphis from China (11.0 [+0.8]x8.0 [+0.5]
um, n=25; [37]), S. zuoi from China (10.8 [+0.7]x8.0
[£0.7] um, n=25; [11]), S. attenuati isolated in China (9.9
[£0.4] X 6.6 [+0.2] um, n=30; [23]), S. kani from Thailand
(11.8 [£0.5] X 7.5 [£0.2] um, n=14; [6]) and S. murinote-
chis from Australia (11.0 [£0.5]x7.25 [£0.7] um, n=10;
[7]) (Fig. 3). Sporocyst lengths of Sarcocystis sp. from C.
radiatus were significantly shorter than in S. clethriono-
myelaphis, S. kani, S. murinotechis and S. zuoi (Holm-
Sidak post hoc P<0.001 following one-way ANOVA test
with F; 149=22.5, P<0.001) but not in the case of S.
attenuati (P=0.321) and Sarcocystis sp. isolated from C.
flavolineatus (P=0.489). The mean sporocyst diameter of
Sarcocystis sp. from C. radiatus was significantly larger
than that measured for S. attenuati and smaller than
for S. clethrionomyelaphis, S. kani and S. zuoi (post hoc
P<0.001 following ANOVA with F; 149)=30.4, P<0.001)
whereas no apparent difference was found in the meas-
ured diameters of S. murinotechis (P=0.738) and Sarco-
cystis sp. isolated from C. flavolineatus (P=0.136); the
power of all performed tests with alpha=0.05 was 1.

We also examined the size of live cystozoites of
the new Sarcocystis sp. from Thailand and China
(mean length X diameter in um and s.d.: Thailand,
5.9 [£0.6]x2.2 [£0.4], n=21; China, 6.5 [+0.6]x2.1
[£0.15], n=25) in comparison with S. clethrionomyela-
phis from China (9.5 [+£1.0]x2.7 [£0.1], n=40; same
authors as above), S. kani (7.7 [+0.4] X 2.5 [+ 0.2], n=7),
S. zuoi (8.5 [£0.8]%2.8 [£0.1], n=35), S. attenuati
(9.2 [£+0.7]x2.5 [+0.3], n=40) and S. eothenomysi (6.8
[£0.4] x3.1 [£0.3], n=23; [38]); the latter species rep-
resented lineage S2. In comparison, the isolate of Sar-
cocystis sp. from Thailand was indistinguishable in size
from the isolate of Sarcocystis sp. from China but was
significantly different from all other examined species:
The cystozoite length of Sarcocystis sp. from Thailand
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Fig. 3 Graph showing the size of sporocysts (length plotted
against diameter, in pum; error bars indicate s.e.) of the Sarcocystis
isolates from the colubrid snakes Coelognathus flavolineatus and C.
radiatus in Thailand and closely related Sarcocystis. Every isolate/
species is indicated by a different symbol (legend), whereby
sporocyst samples with the same shape index (=length/diameter)
share the same background shading: white=1.3; dark=1.5;
Sarcocystis pantherophisi=1.2. Here, S. pantherophisi is included

as reference for the snake host Sarcocystis lineage S2, while all other
species belong to lineage S1 (except for S. murinotechis, for which
no genetic information is available)
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was significantly shorter than those of all studied spe-
cies (post hoc Holm-Sidak test P<0.05 with ANOVA
F, 170)=80.565, P<0.001) but indistinguishable in
length from those in R. norvegicus in China (P=0.074).
Likewise, cystozoite diameters of Sarcocystis sp. from
Thailand were significantly smaller than those from
all other species (post hoc P<0.05 with ANOVA F
170)=50.6, P<0.001) but indistinguishable in size from
those in R. norvegicus from China (P=0.187); power of
all performed tests =1 (alpha=0.05).

Because there were no data on the size of cystozoites
of S. murinotechis available, we re-examined the length
of its cystozoites taken from an image of a sarcocyst in
muscle tissue published by Munday et al. [18] that was
associated with S. murinotechis [7]. In this sarcocyst,
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cystozoites of S. murinotechis were 7.2 (+0.8) um long
(n=12). In our own histological sections of sarcocysts
of Sarcocystis sp. from rats inoculated with sporocysts
from Coelognathus radiatus and C. flavolineatus, cys-
tozoites measured 4.2 (+0.5) um (n=14) and 4.5 (£ 0.9)
pum (n=06) in length, respectively. When we compared
these samples of Sarcocystis sp. (plus cystozoite length
in tissue sections from Borneo, see previous section)
with data on S. kani [6], S. scandentiborneensis [20]
and the measurements of S. murinotechis, cystozoites
of Sarcocystis sp. from Thailand (ex C. radiatus) and
Borneo (ex M. whiteheadi) were significantly shorter
than S. kani, S. murinotechis and S. scandentiborneen-
sis (Holm-Sidak’s P<0.001 with ANOVA F5 135 =35.3,
P<0.001) but not different in intraspecific compari-
son: Sarcocystis sp. ex C. radiatus versus Sarcocystis
sp. ex M. whiteheadi from Borneo; P=0.198; Sarco-
cystis sp. ex C. radiatus versus Sarcocystis sp. ex C. fla-
volineatus; P=0.360; power of all performed tests=1
(alpha=0.05).

Taken together, these comparisons provided substan-
tial evidence that the new species showed significant
morphological disparity (including its sporocysts) to S.
murinotechis, S. zuoi and other Sarcocystis spp., while the
cystozoites of Sarcocystis sp. from Thailand, Borneo and
China were similar in size.

Molecular evidence for the new Sarcocystis sp.

from intermediate hosts in Borneo and China and other
novel Sarcocystis sequences from forest rodents

In China, targeted genetic markers were successfully
sequenced from four individuals of R. norvegicus, includ-
ing the nuclear 18S and 28S rRNA genes, the ITS1-
5.85-ITS2 rRNA gene complex and mitochondrial cox1
(Additional file 1: Table S1). From the samples in Bor-
neo, we were able to amplify three partial 285 rRNA
sequences from cyst-infected musculature of two speci-
mens of M. whiteheadi, of which the sequence E369.13-
28S (GenBank OR979643) stood out because of its
reasonable length (610 nt) useful for phylogenetic analy-
sis. The other two sequences from a second specimen of
M. whiteheadi were too short for tree building (isolates
E389.13A-28S, 142 bp, and E389.13B-28S, 137 bp) but
100% identical with isolate E369.13-28S (Additional file 1:
Table S1), potentially indicating that these sequences
also belonged to the new Sarcocystis sp. Moreover, sar-
cocyst morphology (LM and TEM) in the second forest
rat was identical to that in the first specimen (Fig. 2b,
c). We also amplified a sequence from another forest-
dwelling rat, Niviventer cremoriventer (OR979644, isolate
E388.13A-28S, 413 nt), which was 99.03% identical to
the sequences of Sarcocystis sp. from Borneo and China
but showed the highest identity score (99.76%) with
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sequence E357.13-KLP1F (OR979647; Additional file 1:
Table S1), a partial 28S rRNA sequence that was ampli-
fied from the same sarcocyst DNA (isolated from a tree-
shrew) which was deposited as holotype of Sarcocystis
scandentiborneensis [20]. Although S. scandentiborneen-
sis was so far known to develop in treeshrews only, we
amplified two more putative 28S rRNA gene sequences
of this species from muscle samples of rodents: here, two
specimens of Low’s squirrel Sundasciurus lowii, while
these sequences (E346.13-28S, E367.13-28S) showed the
highest identity score (99.82%) with E357.13-KLP1F of
S. scandentiborneensis in pairwise comparisons (Addi-
tional file 1: Table S1). The light microscopic appear-
ance and ultrastructure of the corresponding sarcocysts
from the squirrels also corresponded to features of S.
scandentiborneensis, corroborating the link to that spe-
cies. Presumably intraspecific sequence comparisons at
around 600-bp alignment length of the Sarcocystis sp.
28S rRNA E369.13-28S from M. whiteheadi with isolate
Rn-cl2.3-28S from Norway rats in China (including the
other haplotypes) and KU341120 from R. tiomanicus in
Thailand all resulted in 99% identity. Although sequence
S. scandentiborneensis E357.13-KLP1F also showed 99%
identity with E369.13-28S of the new Sarcocystis sp. from
Whitehead’s spiny rat, the alignment length under pair-
wise BLAST analysis was around 60 bp shorter, appar-
ently too short to include the bp differences that would
have separated the two species by the similarity score.
This was indicated by the result that another (putative)
sequence of S. scandentiborneensis that was similar in
length (614 bp, isolate E367-13-28S, OR979645) only
showed a similarity score of 98.37% in pairwise alignment
with sequence E369.13-28S; both sequences included the
expansion segment D2 at the 3’-end. Moreover, charac-
ter-based phylogenetic reconstruction of the 285 rRNA
tree under the ML criterion using the same sequences
could distinguish well between the two species (see
below). Importantly, BLAST comparisons of Sarcocystis
sp. from Borneo and China with a newly sequenced, full-
length 28S rRNA of S. zuoi (OR979648, isolate RN-cl2-3-
28S) revealed a sequence identity of only 97% indicating
that Sarcocystis sp. was different from S. zuoi at the 28S
rRNA locus (Additional file 1: Table S1).

Since we could not examine our own DNA samples
of Sarcocystis sp. from Thailand, we regarded isolate
KU341120 from Thailand as the most likely candidate
to be conspecific with the former species. Apart from
the high identity scores between the 285 rRNA sequence
KU341120 and the partial, homologous sequences of Sar-
cocystis sp. from Borneo and China (in the latter compar-
ison over a stretch of about 1500 bp), alignment of the
18S rRNA gene sequence KU341120 with the new, full-
length 185 rRNA from China (Sarcocystis sp. haplotypes
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Zhils1-18S and Zhils2-18S) resulted in identity scores
> 99% over a length of 1700 alignment positions (Addi-
tional file 1: Table S1). This included the highly variable
domains V2 and V4 according to the predicted secondary
structure of the T. gondii reference sequence [27]. Taken
together, these results strongly suggested that the 285 and
185 rRNA gene sequences deposited under KU341120
represented DNA of Sarcocystis sp. from Thailand. In
contrast to the results on the 285 ¥RNA gene mentioned
above, Sarcocystis sp. 18S rRNA haplotypes Zhils1-18S
and Zhils2-18S showed the highest identity scores with
the type sequences of S. zuoi (JQ029112, JQ029113),
which made the two taxa indistinguishable at the 18S
rRNA locus (Additional file 1: Table S1). However, one
must consider here that the S. zuoi sequences were trun-
cated [20] so that a potential divergence between the taxa
may have been concealed.

We observed the greatest sequence variability in the
ITS1-5.85-1TS2 gene complex, whereby the most relevant
(and available) sequences for comparison with Sarcocystis
sp. from China (isolates CI312-ITS/5.8S, Cl41-ITS/5.8S,
Cl43-1TS/5.8S, Cl45-ITS/5.85) were KU341120 and
those from S. attenuati. Sequence identity of Sarcocystis
sp. with KU341120 ranged between 92 and 93% (1268-
1276 alignment positions), whereas this value was 89%
for comparisons with various haplotypes of S. attenu-
ati over 712-736 alignment positions (Additional file 1:
Table S1). Although we had amplified various sequences
of the ITS complex from S. zuoi in China, the amplicons
only included ITS1 and 5.85 rRNA and are therefore not
listed in Additional file 1: Table S1. However, we used the
excised ITS1 of S. zuoi for phylogenetic analysis (below).

Four new sequences of the coxI gene of Sarcocys-
tis sp. (only one sequence deposited: PP033596, isolate
11526FR1-Cox1) were not only completely identical
among each other but also highly similar to S. kamni, S.
scandentiborneensis, S. attenuati and S. zuoi (Addi-
tional file 1: Table S1): The new Sarcocystis sp. differed
from S. kani in only three out of 927 homologous posi-
tions, in five out of 1333 bp compared to S. attenu-
ati (MZ889673), in three out of 976 bp in the case of S.
scandentiborneensis and in eight out of 978 bp compared
to the newly sequenced cox1 gene of S. zuoi (PP033597,
isolate SF1-Rm1011-Cox1). Its divergence compared to a
recently discovered Sarcocystis from Rattus argentiven-
ter in Sumatra (Sarcocystis sp. 2, ON989200) was higher
with 20 out of 986 bp changes. Since all these taxa are
considered part of the molecularly cryptic S. zuoi com-
plex of species [6], the new results here show that the lat-
ter two species exhibited the greatest divergence at the
cox1 locus within this group, although overall variability
was relatively low. Furthermore, it confirmed for cox1l
(as for the 28S rRNA) that Sarcocystis sp. isolated from
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Norway rats in China was different from the original S.
zuoi isolated from the same intermediate host in China.
Sequence divergence of Sarcocystis sp. compared to S.
singaporensis and S. zamani from pythonid hosts was
higher (Additional file 1: Table S1). The latter two species
and the S. zuoi—complex are included in the so-called
S1-lineage of snakehost Sarcocystis spp. in the 185 rRNA
phylogenetic tree [35], whereby the cox1 gene tree topol-
ogy is similar to the 185 rRNA except that members of S.
zuoi complex form a polytomic clade [6]. The same poly-
tomy also resulted after phylogenetic analysis of coxI of
the new Sarcocystis species, which is why we do not show
the coxI tree here. The new coxI sequences contained the
barcode area, which in the case of Sarcocystis sp. started
with a complete, in the case of S. zuoi incomplete helix 1,
as exemplified for S. scandentiborneensis [20].

Phylogenies of the 28S, 18S rRNA genes and ITS1 region
Phylogenetic reconstruction of the 28S rRNA gene tree
was performed considering longer sequences (compar-
ing about 1400 homologous positions) as well as shorter
sequences to accommodate the samples from Bor-
neo (400-500 sites). Maximum likelihood (ML) analy-
sis with 29 longer sequences, including Sarcocystis sp.
from Norway rats in China, sequence KU341120 iso-
lated from R. tiomanicus in Thailand and S. zuoi from
R. norvegicus in China revealed that the former two
taxa clustered together while S. zuoi was a sister spe-
cies included in a separate clade that also contained the
sequences KU341118/19/21 from R. tiomanicus in Thai-
land (Fig. 4a). The Sarcocystis species from pythonid
snakes (S. singaporensis, S. zamani) branched off basally
from the monophyletic clade shared with the Sarcocystis
spp. of interest. Sarcocystis pantherophisi, the only repre-
sentative of the S2 lineage for this marker, branched off
separately from the S1 cluster with high branch support.
Subsequently, we used S. pantherophisi as outgroup in a
smaller tree of 16 28S rRNA sequences that included the
shorter amplicons of the samples from Borneo. As shown
in Fig. 4b, all sequences of Sarcocystis sp. from China and
KU341120 from Thailand formed a monophyletic clade
that also included isolate E369-13-28S from M. whitehe-
adi in Borneo. Hence, all three geographic locations of the
novel species were combined in one monophyletic clade
with relatively high branch support, which was congru-
ent with the high identity scores observed in the BLAST
analyses (Additional file 1: Table S1). A sister clade con-
tained the two sequences retrieved from the squirrel Sun-
dasciurus lowii that clustered with S. scandentiborneensis
(isolate E357.13-28S). Similar to the topology of the 28S
rRNA tree based on longer sequences, S. zuoi clustered
with sequences KU341118/19/21, apart from the new
Sarcocystis species.
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Fig. 4 Two separate phylogenies of the 285 rRNA gene (longer and shorter sequence fragments) of the new Sarcocystis sp. sampled in China,
newly sequenced S. zuoi from China and novel Sarcocystis isolates from Borneo. Symbols indicate the new sequences of this study, whereby taxa
considered conspecific are grouped by shape. GenBank accession numbers are given behind each taxon name. a Maximum likelihood (ML) analysis
of an alignment of 29 sequences and 1383 homologous positions. Branch support by bootstrapping (1000 replicate trees) is shown next to the
branches, whereby the results of three independent analyses based on independent alignments are shown. The scale bar indicates the number
of substitutions per site. All positions with < 85% site coverage were eliminated, i.e. fewer than 15% alignment gaps, missing data and ambiguous
bases were allowed at any position (partial deletion option). Selected eimeriid coccidia served as outgroup. b ML analysis of a trimmed alignment
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A different tree topology resulted after reconstruc-
tion of the 185 rRNA tree (albeit after inclusion of
additional members of the S. zuoi complex, such as
S. attenuati and S. kani), where Sarcocystis sp. and
sequence KU341120 clustered with S. zuoi in a fash-
ion that could not unequivocally distinguish between
these taxa: Character-based ML analysis produced a
polytomic clade with very short branch lengths, while
the distance-based ME algorithm resulted in a dicho-
tomic topology of this clade which suggested that iso-
late KU341120 and Sarcocystis sp. assumed an ancestral
position relative to S. zuoi (Fig. 5): There was no spe-
ciation time/branching (sensu [39]) of Sarcocystis sp.
after its split from S. zuoi. Similar to the 28S rRNA tree,
the clade containing the members of the S. zuoi com-
plex showed good bootstrap support and species of the
S2 snakehost lineage (e.g. S. pantherophisi, Sarcocystis

63/64/64

96/100/100
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nesbitti, S. atheridis) were part of a separate cluster of
sequences.

Since the 18S rRNA tree could not unequivocally dis-
tinguish between S. muricoelognathis and S. zuoi, and the
coxl locus was largely uninformative regarding the Sar-
cocystis species of interest (Additional file 1: Table S1),
we also reconstructed the phylogeny of the ITS1 locus
(after excision from the ITS1-5.8S-ITS2 complex depos-
ited under OR977565-68). We hoped to find additional
evidence for the divergence between Sarcocystis sp. and
S. zuoi, which apparently use the same intermediate
hosts in the wild in China. Although alignment of the
ITS1 sequences was demanding because of their high
variability (i.e. relatively few conserved positions shared
between species), secondary structure-guided alignment
and subsequent ML analysis resulted in a tree topology
that was well in agreement with the 28S rRNA tree: The
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Fig. 5 Phylogenetic reconstruction of the 785 rRNA gene tree of the novel Sarcocystis species and other tissue cyst-forming coccidia based

on 1465 homologous positions of 40 aligned nucleotide sequences under the minimum evolution (ME) criterion; selected eimeriid coccidia
served as outgroup. The new sequences of Sarcocystis sp. from China are highlighted by black symbols. Branch support values are shown for 1000
bootstrap replicates of three independent alignments with a site coverage of 95%. The shaded box highlights the taxa included in the so-called S.

zuoi complex
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ITS1 sequences of Sarcocystis sp. and Sarcocystis isolate
KU341120 clustered together, while the newly sequenced
ITS1 of S. zuoi (OR990322-25) formed a separate clade
with high branch support (Fig. 6). Similarly, S. singapo-
rensis and S. zamani branched off basally from the shared
S1 clade, and S. pantherophisi was located on a separate
branch.

Taxonomic summary of Sarcocystis muricoelognathis sp.
nov.

(Sarcocystis sp.: Figs. 1, 2, 3, 4, 5, 6, Additional file 1:
Table S1).

Diagnosis

Oocyst containing two sporocysts with four sporozoites
each; sporocysts measuring on average 10.1-10.3x7.2—
7.5 um; sarcocysts microscopic with striated cyst wall in
fresh preparations (similar to S. singaporensis but cyst
wall protrusions not resting on stalks), cigar-shaped with
slightly pointed ends in older cysts; in skeletal muscula-
ture except heart; native sarcocysts in rats infected exper-
imentally for 5 months measured 400-700x70-90 pm,
in wild-caught rats 770-1580%x87-123 pm; cyst wall
with palisade-like, villar protrusions, 8 to 11 um long and
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Sarcocystis attenuati China MZ826992
Sarcocystis attenuati China MZ826990
Sarcocystis attenuati China MZ826987

8274861 | M Sarcocystis zuoi ¢l3.3 China OR990325
ﬁ
78

90§100/98

sg/odf M Sarcocystis zuoi cl2.2 China OR990324
65150 W Sarcocystis zuoi cl1.2 China OR990322

54174172 W Sarcocystis zuoi ¢l2.1 China OR990323

76/74/68

80841821 Sarcocystis cf. zuoi Thailand KU341119
Sarcocystis zamani KU244526

agr00/100 Sarcocystis cf. zuoi Thailand KU341118
_lr Sarcocystis cf. zuoi Thailand KU341121

Sarcocystis neurona strain DV34 AY082634
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2—4 pm wide at their base; protrusions at the tips of the
sarcocyst often longer, 10-16 pm; banana-shaped, live
cystozoites on average 5.9-6.5 um long and 2.1-2.2 pm
in diameter; ultrastructurally, villar protrusions palisade-
like, attached upright to the cyst (if not bent by prepa-
ration), sometimes slightly broadened towards the apical
ends, delimited by a knob-like lining and filled with fine,
electron-light granular material; cystozoites with only
two rhoptries throughout distribution range.

Type natural definitive hosts
Coelognathus radiatus (holotype), Coelognathus flavolin-
eatus (paratype).

Type experimental intermediate host
Rattus norvegicus (holotype)

Type natural intermediate hosts
Maxomys whiteheadi (paratype); Rattus norvegicus

(paratype)

Type localities
Holotype: central Bangkok, Thailand; paratypes: Chum-
phon, southern Thailand; Poring Hot Springs, Northern

@ Sarcocystis muricoelognathis Cl45-ITS/5.8S China OR977568
@ Sarcocystis muricoelognathis C1312-ITS/5.8S China OR977565
@ Sarcocystis muricoelognathis Cl41-ITS/5.8S China OR977566
@ Sarcocystis muricoelognathis Cl43-ITS/5.8S China OR977567

Sarcocystis singaporensis KU341123
Sarcocystis pantherophisi KU891602

Sarcocystis falcatula AY082638
100/98/96 r Sarcocystis neurona strain sn-ucd1 AF081944
Sarcocystis dasypi AY082633

98/94/98 1 Sarcocystis anasi JF520779
I— Sarcocystis albifronsi JF520780
Sarcocystis cornixi JF520781

L 82184182
62/76/56 |—|_— Sarcocystis lutrae MG272305

94/88/90 r Neospora caninum AF038861
100/100/1oo| [- Neospora hughesi AF038859
gzkg/gzl Toxoplasma gondii strain M4 KP999999

Toxoplasma gondii isolate TgHorBr26 KF176350

821841661 Toxoplasma gondii strain ME49 AY259045

|
0.2

| 80/76/70
L

Sarcocystis hirsuta KT901231

Sarcocystis cruzi EF622176

Fig. 6 ML analysis of the ITS1 region of Sarcocystis sp., S. zuoi and other species of the Sarcocystidae; members of the Toxoplasmatinae served
as outgroup. Bootstrap branch support values are shown in triplicate, indicating results from three independent alignments and analyses. The tree
is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 204 homologous positions of 33

nucleotide sequences
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Borneo, Sabah, Malaysia; Anning and Nanjian Prefec-
tures, China.

Other locations and natural hosts not included in type series
Sarcocysts with the same ultrastructure recorded from
Rattus argentiventer and Bandicota indica in Thailand [2]
and reported from Rattus rattus in Singapore [15].

Etymology
Species name in reference to the intermediate and defini-
tive hosts.

Type specimens deposited

Holotype deposited at the Department of Parasitology,
University of Hohenheim, Emil-Wolff-Str. 34, 70599
Stuttgart-Hohenheim, Germany, accession number DP/
R41C961764: Resin-embedded sarcocyst from Rattus
norvegicus infected with sporocysts from Coelogna-
thus radiatus; paratype from Borneo deposited at the
Sabah Parks Museum, Kinabalu Park, Sabah, Malaysia,
accession number SP/EAC/00102: sarcocyst in muscu-
lature from Maxomys whiteheadi; paratypes from China
deposited at the Zoological Specimen Museum of Yun-
nan University, Kunming, accession number Prot202302:
formalin-fixed tissue containing sarcocysts as well as
photomicrographs.

Sequences deposited at GenBank

18§ rRNA: OR976520, OR976521; 285 rRNA: iso-
lates from China OR979639, OR979640, OR979641,
OR979642, and Borneo OR979643; ITS1-5.8S-ITS2:
OR977565, OR977566, OR977567, OR977568; coxl:
PP033596.

ZooBank Registration

This article has been submitted to ZooBank under
the Life Science Identifier (LSID) urn:lsid:zoobank.
org:pub:ES86A1FEF-6189-4E28-A627-11AB-
FAA635AC. The LSID for the new species name
Sarcocystis  muricoelognathis is  urn:lsid:zoobank.
org:act:000AF647-D4AC-4609-914D-61C1449A2DAA.

Discussion

Taxonomic remarks

Since the ultrastructure of the sarcocyst wall is in many
cases a useful criterion for distinguishing between spe-
cies of Sarcocystis [40], we show here that S. muricoe-
lognathis is clearly distinct from two similar species, S.
zuoi and S. murinotechis. In the case of S. zuoi, its villar
protrusions of the cyst wall are bent by a certain angle,
which is also visible in live sarcocysts when the surround-
ing host tissue has been removed, and exhibit a reticulate
base [11]. In contrast, S. muricoelognathis shows upright
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protrusions with a largely non-reticulate base. Com-
pared to S. murinotechis from Australia [7], the two for-
mer species have markedly longer protrusions (roughly
twice as long). Although only two electron micrographs
of the sarcocysts of S. murinotechis exist in the original
species description, the accompanying text character-
izes them as possessing “short, broad protrusions” that
were about 6 pm in length [7]. Relatively short protru-
sions are also visible in a histological section of a sar-
cocyst of S. cf. murinotechis from Rattus lutreolus [18]
supporting the observations on S. murinotechis published
by these authors 2 years later. All in all, we propose that
the sarcocyst ultrastructure of S. muricoelognathis could
be categorized under group 10a of the common cyst
wall classification system for Sarcocystis [40]. Addition-
ally, the sizes of the transmission stages, sporocysts and
cystozoites, were significantly different among the three
species discussed above. Notably, sporocysts of S. muri-
notechis exhibited a shape index different from S. muri-
coelognathis and S. zuoi: Size differences of sporocysts
can be regarded a suitable indicator for the potential
presence of different Sarcocystis species [41]. Regard-
ing intraspecific variability, cystozoites of S. muricoelog-
nathis were remarkably constant in size independent of
geographic location and intermediate host and consist-
ently showed two rhoptries at the ultrastructural level.
These characteristics underscore the uniqueness of S.
muricoelognathis compared to other species with stri-
ated cyst walls, which we have discussed previously [20].
At the light microscopic level, sarcocysts of S. muricoe-
lognathis may be easily confused with S. singaporensis,
because both species are microscopic, show a striated
cyst wall with relatively long protrusions, exhibit pointed
sarcocyst ends and share similar geographic distributions
and rodent hosts. However, the cyst wall protrusions of
the latter species rest on typical stalks, which appear as
a thin, basal layer of the striated wall at lower magnifica-
tion in live and histological preparations [2]. Molecularly,
S. muricoelognathis can be unequivocally identified using
its 28§ rRNA and ITS1 sequences, whereby the partial
28S rRNA gene (>600 bp) is already sufficient for dif-
ferential diagnosis if the variable expansion segments D1
and D2 are included (as discussed below).

In a taxonomic context, we think we provided sub-
stantial molecular evidence for the proposition that the
rRNA sequences from Thailand deposited under acces-
sion number KU341120 [19] do not belong to S. zuoi
but represent S. muricoelognathis. Although a high
degree of sequence identity between partial sequences
alone may be insufficient for species discrimination,
we must add here that the 285 rRNA gene sequence of
S. muricoelognathis from Borneo included the variable
expansion segments D1 and D2 of the rRNA molecule
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according to the predicted secondary structure of the
reference sequence of 1. gondii (L25635, [27]). Espe-
cially, domain D2 has been shown to be highly variable
[42]. Moreover, the overlapping parts of the alignments
of partial sequence KU341120 with the (almost) full-
length 28S rRNA sequences of S. muricoelognathis from
China included expansion segments D1-D6, which, in
view of an identity score of 99%, strongly suggested that
these sequences belong to the same species. Further-
more, both taxa clustered together in the ITS1 phyloge-
netic tree, which is increasingly used for discriminating
between closely related Sarcocystis spp. (e.g. [43]) and
shows much greater evolutionary rates than other rRNA
markers [28]. Given that the sequences under KU341120
have been included in major rRNA databases under the
species name ‘Sarcocystis zuoi’ and are frequently cited
in the context of Sarcocystis of rodents (e.g. [44, 45]), it
will probably take some time until any annotation in line
with our proposal could be expected. Moreover, based on
the observations here and a previous study [6], it can be
safely assumed that the sequences KU341118/19/21 also
do not represent S. zuoi but belong to a different species,
because they clustered in a clade apart from the original
S. zuoi sequences.

Close phylogenetic relationships between S.
muricoelognathis and its sister species

Sarcocystis muricoelognathis is a new member of what
we call the S. zuoi complex, a group of Sarcocystis spe-
cies cycling between colubrid snakes and small mam-
mals in eastern Asia that shows remarkably close genetic
relationships but significant morphological disparity
regarding sarcocyst ultrastructure as well as the sizes
of its transmission stages [6]. Close genetic relatedness
was especially apparent among S. muricoelognathis, S.
attenuati [23), S. kani [6] and S. scandentiborneensis [20],
from which the former differed in <5-bp changes within
the partial mitochondrial coxl gene. The coxI gene
sequences included the barcode fragment, which is used
globally for discrimination between species of the tree of
life [46]. Although the newly sequenced coxI gene of S.
zuoi, the indicator species of this complex, showed a few
additional bp changes, its identity score also reached 99%
compared to the species above. This suggests incomplete
lineage sorting (ILS) at this locus and a recent common
ancestor of these taxa. Mitochondrial DNA shows a rela-
tively rapid rate of mutation, which makes it suitable as
a marker for more recent evolutionary history of natural
populations [47, 48]. In contrast, the 285 rRNA and ITS1
trees could distinguish well between S. muricoelognathis
and its sister species, which was indicated by a mostly
dichotomic tree resolution and absence of ILS, which can
be recognized by polyphyly or paraphyly in fast evolving
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species [49, 50]. Although the 18S rRNA gene was also
useful for discriminating between various taxa of the
S. zuoi complex, it could not unequivocally resolve the
divergence between S. zuoi and S. muricoelognathis in
this study for the reason outlined earlier. In the future, a
full-length 18S ¥rRNA of S. zuoi should be sequenced to
aid in the further study of this group of Sarcocystis spp.
The fast-evolving ITS1 marker (e.g. compare scale bars of
Figs. 5 and 6) produced results congruent with the 28S
and 18S rRNA gene trees. We can confirm that the align-
ment of ITS sequences was challenging because of their
high variability and often incorrect sequence bounda-
ries in public databases [51]. We are confident that care-
ful determination of starting and end points of ITS1 and
using a secondary structure-guided sequence alignment
(because ITS folds into stems, bulges and loops; [52])
helped find the correct tree.

The close genetic relatedness among the species of the
S. zuoi complex as apparent in the coxI phylogeny [6]
and revealed here for S. muricoelognathis as well was
also reflected in the relatively short branch lengths of this
clade in the 18S ¥RNA gene tree. This contrasted with
longer branch lengths of the species of the S2 snakehost
lineage (sensu [35]), such as S. pantherophisi, S. atheridis
or S. nesbitti. Differences in branch lengths can indicate
variable evolutionary rates among the coccidia [34] but
could also be a result of different evolutionary histories
[53]. In view of this, we hypothesized that the Sarcocystis
species of the S. zuoi complex may undergo radiation that
followed the documented recent radiations of their inter-
mediate and definitive hosts in Asia [6].

Host shifting of Sarcocystis between commensal and forest
rodents in the biodiversity hotspot Borneo

Remarkably, S. muricoelognathis exhibits a relatively wide
distribution range in Asia (China, Thailand, northern
Borneo and probably also Singapore) and apparently uti-
lizes forest and commensal rodents as intermediate hosts.
A wide distribution range is in line with other Sarcocys-
tis species from colubrid snakes, notably, with S. clethri-
onomyelaphis, which was originally isolated in Germany
from Zamenis longissimus [36] and later in China from
Elaphe taeniura [37]. Also, the geographical range of S.
zuoi was previously already assumed to include China,
Thailand, Malaysia and Japan [11, 19, 54, 55], respec-
tively. However, we show here that the four 18S rRNA
gene sequences from Thailand previously designated
as ‘S. zuoi’ are not conspecific with S. zuoi as discussed
above. Furthermore, other sequences of the same gene
with the same species designation collected in Malaysia
and Japan may not be S. zuoi, because they were relatively
short and not accompanied by a morphological descrip-
tion of a sarcocyst [54, 55]. Hence, based on current
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evidence S. zuoi records are from China only; however,
that does not exclude the possibility that this species has
a wider distribution than currently anticipated.

The island of Borneo with its dipterocarp tropical
forests is a global biodiversity hotspot for mamma-
lian species [56]. In a previous study, we showed that S.
scandentiborneensis is a parasite infecting treeshrews in
Borneo [20]. Here, we found first molecular and mor-
phological indications that the intermediate host range
of S. scandentiborneensis includes the rat Niviventer cre-
moriventer and the squirrel Sundasciurus lowii. Although
these findings require further confirmation, especially in
the case of Niviventer, they hint at the possibility that the
intermediate host range of this species in its forest habitat
might be larger than previously anticipated. Our observa-
tion that S. muricoelognathis occurs in commensal and
forest rodents points in the same direction; we observed
the new Sarcocystis species in the rat Maxomys white-
headi, which is frequently found in primary and logged
forest in Borneo but exhibits limited habitat overlap with
commensal Rattus spp. [57]. While S. muricoelognathis is
a prevalent encounter in commensal rats in China (this
study), Thailand [2] and on Singaporean islands [15], the
newly reported Sarcocystis species with snake-rodent life
cycle in forest habitats question the origin of associa-
tions with rodents and the possible history of host shift-
ing events. In this context, the study of Paperna et al.
[15] is interesting insofar as they showed that infection
rates with S. singaporensis of the commensal rodent Rat-
tus rattus were higher in forest habitats on islands that
were less disturbed by human activity, i.e. that were more
likely to harbor the pythonid definitive host at densities
that could maintain the parasite’s life cycle. A follow-up
study in Singapore about 12 years later confirmed the
trend that parasite transmission was negatively affected
by expanding urbanization [58]. Furthermore, a recent
phylogenetic study on the evolution of dietary prefer-
ences of colubrid snakes found that Coelognathus fla-
volineatus and C. radiatus are prototypes of a dietary
generalist that occupied tropical forests in Asia [59]. The
evolutionary history of rat snakes traces back to the for-
ests of Southeast Asia, where their ancestors originated
around 37 million years ago [60, 61]. Moreover, although
Sarcocystis singaporensis is one of the most prevalent and
widely distributed coccidian species in commensal rats
of the Indo-Australian Archipelago [35], its intermediate
host spectrum on Java and Sulawesi in Indonesia appears
to be greatly extended to a variety of forest rodents [10].

This growing body of insight suggests that transmission
cycles between snakes and rodents are closed in both
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forest and anthropogenically modified habitats, question-
ing whether commensal rodents or those confined to nat-
ural forest habitats were the original intermediate hosts.
In this context, it was hypothesized that infection of phy-
logenetically older intermediate hosts like shrews and
treeshrews by phylogenetically younger species of the S.
zuoi complex (i.e. S. attenuati and S. scandentiborneensis,
respectively) might be the result of host shifting or adap-
tive processes rather than co-speciation [6]. Our finding
that S. scandentiborneensis also likely occurs in sciurid
rodents highlights the possibility that such a host shift
could have occurred from the Rodentia to the Scanden-
tia. For eimeriid coccidia infecting rodents, the occur-
rence of repeated host switches among closely related
genetic lineages has been established [62]. Furthermore,
the paradigm of Sarcocystis spp. being highly host-spe-
cific for their intermediate hosts might require a more
differentiated analysis, since deviations from this gener-
alization have been observed for Sarcocystis spp. infect-
ing wild ruminants and farm animals [63, 64], members
of the lineage clustering with Sarcocystis neurona (e.g.
S. canis, [43]) and, early on, Sarcocystis spp. with snake-
rodent life cycle [65].

Conclusions

Sarcocystis muricoelognathis sp. nov. cycles between
colubrid snakes as definitive and forest and commen-
sal rodents as intermediate hosts, further increasing
the number of species of the so-called S. zuoi complex,
members of which appear to have expanded intermediate
host ranges. Although we anticipate that these host asso-
ciations are likely only snapshots of the true associations,
our results provide evidence of broad geographic distri-
butions of rodent-associated Sarcocystis and host shifts
between commensal and forest small mammals. Future
work is required to better understand the possible eco-
evolutionary pathways of host shifting of Sarcocystis spe-
cies, which also deserves attention from a contemporary
conservation and disease control perspective.
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