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Abstract The coccidium Sarcocystis singaporensis (Api-
complexa: Sarcocystidae) is a cyst-forming parasite with
potential as a biological agent for the control of wild
populations of rodents in non-native environments.
Phylogenetic analysis based on the ssrDNA supports
S. singaporensis isolates as a sister species to sarcospo-
ridians transmitted between snakes and rodents but an
association with the carnivore-ruminant Sarcocystis spp.
could not be rejected by likelihood ratio tests. Four
complete and six partial sssDNA sequences representing
this species are monophyletic in any tree reconstruction
method; however, they possess very high pairwise dis-
tances of up to 0.053. The obtained sequences suggest
the probable existence of at least two divergent paralo-
gous ssrDNAs. Moreover, our results support the
co-evolution of IsrDNA and sstDNA in S. singaporensis.
The utility of coccidian IsrDNA and ssrDNA for
evolutionary studies and their abundance in the primary
nucleotide databases is discussed.
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Introduction

Sarcocystis singaporensis (Sarcocystidae: Apicomplexa)
has attracted considerable attention in recent years. As
an endemic parasite of the South Asian rodents it has
potential as a biological agent for the control of wild
populations of rodents in non-native environments
(Jidkel et al. 1996). It is one of the most intensely studied
sarcosporidians since its life cycle, host range and spec-
ificity, as well as the ultrastructure of all stages, have
been described in detail (Jikel et al. 1996; Paperna and
Martelli 2000). Moreover, the life cycle has been verified
under laboratory conditions by several investigators,
and the pathways of endogenous development in the
intermediate host have been demonstrated in cell cul-
tures in vitro (Jikel et al. 1999). The host immune re-
sponse has recently been studied (Jdkel et al. 2001).

Due to the availability of a large set of sequences in
databases and the generally good resolution this pro-
vides, ssTDNA is a molecule of choice for the recon-
struction of coccidian phylogenies. Within the
Apicomplexa, coccidian parasites form a monophyletic
clade of two sister families (Eimeriidae and Sarcocysti-
dae) distantly related to the Cryptosporidium clade (Zhu
et al. 2000) with most studies focused on the medically
important parasites, such as Toxoplasma and Neospora.
Recently, analysis of the large dataset of available
ssrDNA sequences split Sarcocystidae into four distinct
clades (labeled A-D), one of which contains solely
Sarcocystis spp. with a snake-rodent life cycle (Dolezel
et al. 1999; Jenkins et al. 1999; Mugridge et al. 2000).
The dihomoxenous Sarcocystis spp. of reptiles and a
species with snake-lizard transmission are, however,
found in another clade (Slapeta et al. 2001).

The aim of this study was to determine, using the
ssrDNA sequences, the relationship of the “snake (py-
thon)/rodent (rat)” species to other sarcosporidians,
especially to those with similar final and/or intermediate
hosts. In a study that addressed the informational con-
tent of the IsrDNA in Sarcocystidae, S. singaporensis



and the biologically-related Sarcocystis zamani formed a
monophyletic clade of snake-rodent species to the ex-
clusion of the other members of the genus (Mugridge
et al. 2000). Other species for reptile could not be
included in this study because only their ssrDNA
sequences were known at the time. With the S. singa-
porensis sstDNA sequence available, we have also tested
the degree of congruence between the ssrDNA and
IsrtDNA-based trees.

Materials and methods

Two different isolates of S. singaporensis, GAG3 and GN8 were
studied; both were originally collected in Thailand and propa-
gated in a snake-rodent cycle in the laboratory according to
established methods (Jikel et al. 1996). Total DNA was isolated
from ethanol-fixed bradyzoites using the DNeasy Tissue Kit
(Qiagen) according to the manufacturer’s instructions. PCR
amplification with Taq polymerase (Promega) using the JV1-JV2
and ERIBI-ERIBI10 primer pairs, cloning and sequencing were
performed as described previously (Slapeta et al. 2001). Briefly,
PCR amplicons were gel-isolated and cloned using TOPO TA
Cloning Kit (Invitrogen) or pGEM-T Easy Cloning vector (Pro-
mega). Five individual colonies for each isolate were sequenced
from both directions.

For phylogenetic analysis an alignment of apicomplexan
sstDNA sequences, which includes the majority of available taxa
with an emphasis on sarcosporidia and life cycle histories, was used
(Slapeta et al. 2001). Using the program Clustal X 1.81 (Thompson
et al. 1997) equipped with the profile alignment mode, the fol-
lowing sequences were added to the alignment of Slapeta et al.
(2001): S. singaporensis, Cryptosporidium parvum L16997, Cryp-
tosporidium  serpentis  AF093500, Babesia bigemina X59605,
Theileria equi Z15105, Theileria parva AF013418, Theileria mutans
AF(78815. Additional taxa were included to permit a more ex-
tensive outgroup analysis. To reduce systemic bias we tested the
influence of different ingroups and outgroups, as well as the effect
of the exclusion of highly variable and presumably ambiguous re-
gions on the stability of the obtained trees. In total, 46 sscDNA
sequences were analyzed using PAUP*4.0b8 (Swofford DL, 2001,
PAUP*, Sinauer, Sunderland, Mass.), by distance, maximum
parsimony, and maximum likelihood methods. Gaps were treated
as missing data except for pairwise distances calculated for the
S. singaporensis sequences, which were treated as newstate. The
distance method was performed under minimum evolution and
distances were made using a general time-reversible measure with
rate heterogeneity as the I'-distribution and proportion of invariant
sites (GTR+T"+1). Rates of variable sites were assumed to follow
the I'-distribution with the shape parameter «=0.5 and the pro-
portion of sites assumed to be invariable was set to 0.4. The
maximum likelihood criterion was parameterized in PAUP* ac-
cording to the tree obtained using the distance method with the
corresponding substitution model GTR+TI'+1. Maximum parsi-
mony trees were constructed by heuristic search with ten random
sequence additions. Bootstrap support was calculated for maxi-
mum parsimony (300 replicates) and distance method (1,000 rep-
licates). Statistical evaluation of the trees inferred under different
topological constraints was performed using the Kishino-Hasega-
wa and Shimodaira-Hasegawa tests as implemented in PAUP*.
Sequence alignments are available on request or are at
ftp://ftp.vfu.cz/slapeta/alignments/.

Results and discussion

All ten sequences obtained from the two S. singaporensis
isolates analyzed in this study fall into three categories: (1)
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complete sstDNA amplified with the ERIB1 and ERIB10
primers (GN8-5 and GAG3-5, 1,801 and 1,812 bp long,
respectively), (2) the 5 and 3" incomplete sscDNA ends
amplified with the JV1 and JV2 primers (GN8-2 and
GAG3-3, 1,623 and 1,629 bp long, respectively), and (3)
partial sssDNA amplified with internal primers covering
the highly variable domains (888—1,262 bp long).

Sequences representing the single species S. singa-
porensis possess high pairwise distances, ranging from
0.002-0.01 (2-13 bp), 0.002-0.053 (2-80 bp) and 0.002—
0.053 (2-86 bp), for GN8, GAG3 and GN8+ GAG3,
respectively. The high variability is primarily caused by
two sequences, GAG3-1 (AF434055) and GAG3-5
(AF434059), which differ from each other at only two
positions. Both sequences contain an unexpectedly high
number of variables confined to the conservative
sstDNA regions of the alignment. In the GAG3-3
clone, a 7-bp-long region is missing in the V4/E21-3
domain. All available S. singaporensis sequences overlap
in a 889-bp-long region that contains six parsimony-
uninformative and 47 parsimony-informative differences
(Table 1). Phylogenetic inference based on this align-
ment places GAG3-1 and GAG3-5 into a monophyletic
clade very distantly related to the remaining GAG3 and
GNB8 sequences (Fig. 1; inset). These results suggest that
two divergent paralogous ssrDNAs may exist in our
dataset.

Phylogenetic analysis of these sequences supports
(>90% bootstrap) the monophyletic character of both
S. singaporensis isolates, but molecules derived from
them do not constitute two separate clades. In addition,
using highly divergent GAG3 and GN8 sequences as
outgroups to the remaining S. singaporensis ssTDNA
sequences did not provide robust resolution (data not
shown). Phylogenetic relationships of other Sarcocystis
species were analyzed using the complete sequences of
GN8-2, GN8-5, GN3-3 and GN3-5. The inclusion or
omission of the highly divergent GAG3-5 and GAG3-1
sequences had no effect on the overall results (data not
shown). Distance and maximum likelihood methods
placed S. singaporensis into clade D, which includes the
snake-rodent sarcosporidians. Using maximum parsi-
mony S. singaporensis appeared with moderate (~65%)
bootstrap support as a sister species to clade C (the
carnivore-ruminant species). Although in the Kishino-
Hasegawa and Shimodaira-Hasegawa tests the associa-
tion of S. singaporensis with the clade D has the best
likelihood value, neither of the tests could unambigu-
ously resolve the position of S. singaporensis (P <0.05).
While the support for clade B was low to moderate,
monophyly of clades A and C was generally high
(Fig. 1). The within-clade (A—D) resolution varied de-
pending on the tree reconstruction method.

So far, the sssDNA data have favored co-evolution of
sarcosporidia parasitizing snakes with their final rather
than intermediate host (Dolezel et al. 1999). Our results
are consistent with this scenario, since S. singaporensis
from an Asian python forms a sister species to Sarco-
cystis atheridis from an African viper and Sarcocystis sp.
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Table 1

Variability of sstDNA of Sarcocystis singaporensis within partial residues corresponding toV3-V4 domains. Sequences
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from an American rattlesnake. The branching order may
even reflect the fact that the pythons are evolutionarily a
more ancient group than the vipers (Heise et al. 1995).
Sarcocystis lacertae and Sarcocystis gallotiae that have
lizards as final and/or intermediate hosts remain in clade
B, which includes species with a diverse range of hosts
(Slapeta et al. 2001). Incongruence in co-evolution, as
exemplified by some lizard parasites, may reflect the

99/100 | GAG3-3~

existence of a common ancestor with low host specificity
that acquired, by prey capture, new definitive and/or
intermediate hosts. Resolution within the mixed clade B
did not change significantly either in the IsrDNA-based
trees, regarded to be more informative due to the pres-
ence of a high number of variable positions (Mugridge
et al. 2000), or when the concatenated (ssrDNA and
IsrDNA) alignments were analyzed (data not shown).
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(GAG3-1, GAG3-5) with high number of variables are in bold
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703-V4/ 706-7-V4/ 709-V4/ 714-6-V4] 720-V4] 736-7-V4/ 742-V4 778-81-V4] 785-V4/ 829-30- 833-V4/ 883- 896- 944

E21-3 E21-3 E21-3 E21-3 E21-3 E21-3 E21-5 E21-6 E21-6 V4/E21-7 E21-7 V4/22 V4/23 V4/24

749 752-3 755 761-7 770-1 787-8 793 829-832 836 880-1 885 936 949 997

A GT G TAC- GT TA T TTGT C AA T T T A
CTC

A GT G TAC- GT TA C TTGT C CT T T T A
CTC

A GT G TAC- GT TA T TTGT C AA T T T A
CTC

A GT A TAC- GT GA T TGAT C AT T T T A
CTC

A GT G TAC- GT TA T TGAT C CT T C T A
CTC

A AC A CGT AC TC T CTAC T AT C T G T
ATTC

A GT G TAC- GT TA T TTGT C AA T T T A
CTC

G AT G - TT TA T TTGT C AA T T T A

A GT G TAC- GT TA T TGAT C CT T T T A
CTC

A AC A CGT AC TC T CTAC T AT C T G T
ATTC

Our analysis supports the co-evolution of the nuclear
ssrRNA and IsrRNA genes.

Phylogenetic analysis provides one of several influ-
ential frameworks for the interpretation of biological
data. From Table 2, in which the available, up-to-date
coccidian rDNA sequences are plotted against the tax-
onomic groups from which they were derived, it is clear
that the ssTDNA is the most abundant molecular marker
known for 63 species. The set of IsrDNA sequences is
representative for the Sarcocystidae, while the Eimerii-
dae are highly underrepresented with only Eimeria
tenella being sequenced. In several cases, single sequence
phylogenies, mainly based on the ssrDNA, were insuf-
ficient for the inference of correct relationships and more
markers should be included, while at the same time the
sstDNA represents the most widely available molecular
marker for coccidians. Therefore, to study the phylog-
eny of coccidian taxa (genera or species), sscDNA re-
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Fig. 1 Phylogenetic tree based on the apicompexan ssrDNA
sequences obtained using the minimum evolution criterion.
Haematozoea and Cryptosporidium sp. were treated as an out-
group; Eimeriidae and Sarcocystidae form sister groups of
Coccidea. Within the Sarcocystidae four clades (4—D) are present;
however, the relationships within these clades could not be robustly
resolved by any alignment optimization or tree reconstruction
method used (indicated by dotted lines). Sarcocystis singaporensis,
as a sister species to Sarcocystis atheridis and Sarcocystis sp., is also
supported by maximum likelihood. Bootstrap values (>50%)
corresponding to major branches are for minimum evolution/
maximum parsimony. Species with reptile hosts are indicated by an
asterisk. The maximum likelihood tree in the inset represents a
phylogram restricted to the S. singaporensis sequences; the snake-
rodent Sarcocystis spp. served as an outgroup. The scales of the
trees are identical

mains the marker of choice that covers the diversity
within this group. In controversial cases, or to differ-
entiate among closely related species such as the groups
of Hammondia/Neosporal Toxoplasma, Sarcocystis neu-
rona/Sarcocystis falcatula or Cryptosporidium spp. other
genes from voucher species must be sequenced
(Mugridge et al. 2000; Zhu et al. 2000; Zhao et al. 2001).

The aim of this study was to assess the evolutionary
relationships of the model species S. singaporensis using
the previously unavailable marker — its ssTDNA. We

Table 2 Number of ssTDNA and IsrDNA sequences belonging to
defined species with regard to genera and family within the
Coccidia.” Only those sequences exceeding 1.5 kb and 3.0 kb for the
sstDNA and IsrDNA, respectively, were included. The number in
parentheses indicates number of available sequences with genus
and species affiliation plus sequences referred as species with no
species name (=4 Cyclospora spp.,/Neospora sp.,/Sarcocystis sp.).
Data were retrieved from the Taxonomy Browser at NCBI server
(as of 1 October 2001); no multiple hits (redundancy) of single
species were encountered. For details about molecular phylogeny
of Eimeriidae genera, see Barta et al. (2001)

Family Genus sstDNA IsrDNA
Eimeriidae Isospora sensu stricto 1 -
Eimeria 29 1
Cyclospora 4 (8) -
Caryospora 1 -
Lankesterella 1 -
Sarcocystidae  Toxoplasma 1 1
Neospora 1(2) 1
Hammondia 1 2
Besnoitia 2 1
Isospora sensu stricto 2 1
Hyaloklossia 1 -
Sarcocystis 19 (20) 13
Total 63 (69) 20




814

sequenced five sssDNA molecules for each S. singapor-
ensis isolate and encountered surprisingly high intra-
clone variability (Table 1.). Differences among eight out
of ten obtained sequences approached ~1% sequence
variation, while the ~5% distance of the remaining two
sequences (GAG3-1 and GAG3-5) was strikingly high.
The eukaryotic genome contains multiple copies of
rDNA units (Hillis and Dixon 1991) with a high se-
quence similarity for a given organism. In the most
studied coccidian, Toxoplasma gondii, 110 rDNA units
exist. Secondary structure modeling of the 7. gondii
ssrDNA delineated hypervariable regions, especially the
domain V4-E21 (Gagnon et al. 1996). On a set of well-
defined strains of 7. gondii, Luton et al. (1995)
encountered a maximum of 1% inter-strain sequence
difference in the sstDNA, with no correlation to viru-
lence in mice. In a typical multigene family, exemplified
by the multicopy rDNA units, the overall sequence
similarity within a single organism is high due to con-
certed evolution (Buckler et al. 1997; Liao 1999). In
IsrDNA and ssrDNA, intraspecific variability has sel-
dom been reported and a single sequence per species is
typically presented. In this respect, Plasmodium repre-
sents an exception with three stage-specific divergent
rDNA paralogs found in its genome (Li et al. 1997).
Therefore, the high level of sequence difference among
the sstDNA of S. singaporensis is of some interest.

There are several plausible explanations for the
presence of highly variable ssrDNA sequences in our
sample:

1. Artifacts caused by Tag polymerase. These are usu-
ally single-nucleotide substitutions introduced by low
fidelity enzymes. Since the nucleotide differences in
question include insertions and deletions, which were
present in at least two independent clones, this pos-
sibility can be excluded.

2. A mixture of different species is present. Although
monospecific infection, based on morphological cri-
teria, of laboratory rats with S. singaporensis was
established in the case of both isolates, this cannot be
entirely ruled out without having cloned parasite
species (T. Jdkel, pers comm).

3. The presence of divergent rDNA paralogs. Both
divergent sequences (GAG3-1 and GAG3-5) con-
stitute very long branches and are highly homoplas-
ious in variable sites. Based on this feature, we
propose that there are at least two significantly
diverged paralogs of the ssrDNA in S. singaporensis —

the functional copy and the highly divergent copy.

Whether the highly divergent sequence is also func-
tional or represents a pseudogene is not known. Further
data on the ssrDNA organization and transcription are
required to settle this issue. Phylogenetic reconstruction
using rDNA is a powerful tool in systematics and tax-
onomy. Identified paralogs and pseudogenes may pro-
vide a better opportunity for outgroup analysis and the
resolution of species trees (Buckler et al. 1997) as well as
for the interpretation of biological relationships.
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