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Abstract

Results of molecular determination of a dog isolate ofNeospora caninumin the Czech Republic
are presented. Colorless bisporocystic oocysts measuring 10–13�m × 10–11�m were recovered
from feces and used for DNA isolation. A diagnostic PCR procedure using previously described
molecular methods was performed to determine the species. TheN. caninumspecies-specific
primers based on the Nc5 region produced a positive result, while primers specific forHammondia
heydornirDNA internal transcribed spacer 1 (ITS1) was negative. Sequencing and phylogenetic
comparison of ITS1 rDNA and the D2 domain of the large subunit rDNA (D2 LSU) determined our
isolate to beN. caninum. Phylogenetic analysis of closely related generaToxoplasma, Neosporaand
Hammondiabased on ITS1 and D2 LSU robustly distinguished three clades: (i)Toxoplasma gondii
+ Hammondia hammondi, (ii) N. caninum+ Neospora hughesi, and (iii) H. heydorni. Based on
phylogenetic relationships we propose three acceptable suggestions to solve the problem of taxon-
omy of these genera.
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1. Introduction

Dogs are hosts to three groups ofIsospora-like coccidian parasites that differ in size
and shape of the oocyst. Oocysts ofIsosporaspp. form two groups: large (25–35�m)
spindle-shaped oocysts belonging toIsospora canis, while intermediate oocysts (17–23�m)
belong to theIsospora ohioensis-group (Lindsay et al., 1997). Members of this group are
clinically important for causing diarrhea in puppies. A third group with small (10–13�m)
oocysts is comprised of two members of the subfamily Toxoplasmatinae, namely the clini-
cally importantNeospora caninumand the non-pathogenicHammondia heydorni. Oocysts
of these species are morphologically indistinguishable and the coprological diagnosis in
definitive hosts is thus difficult or even impossible. Similar problem with coprological
diagnosis has been encountered in cats shedding oocysts ofToxoplasma gondiiand/or
Hammondia hammondi(Dubey, 1993).

In contrast to the plethora of papers dealing withN. caninum, and the cumulating knowl-
edge about this parasite,H. heydorniis still poorly understood (Dubey, 1999; Hemphill and
Gottstein, 2000; Schock et al., 2001). A recent report aboutHammondiasp. from foxes
brought some new questions on this taxon (Schares et al., 2002). Whether there are more
species within theH. heydorniclade has to be further determined, but the fox isolate repre-
sents a relevant candidate for a new species. The epidemiology of neosporosis as a clinical
disease, as well as its possible conspecificity withH. heydorni, and generic affiliation of
both taxa are still unsettled issues, being a subject to a lively discussion (Mehlhorn and
Heydorn, 2000; Heydorn and Mehlhorn, 2002; Dubey et al., 2002a).

The aim of this report is to summarize our knowledge about the diagnostic approaches
for distinguishingN. caninumandH. heydornioocysts in the feces of dog and to describe
differential PCR procedure for the diagnosis of theN. caninum/H. heydornioocysts in
the clinical material. Furthermore, the taxonomy of the generaToxoplasma, Neosporaand
Hammondiais discussed in the frame of presented phylogenetic reconstruction including
the newN. caninumandH. heydorniisolates.

2. Materials and methods

2.1. Examination of feces

In October 2000, a fresh fecal sample from a 1-year old German Shepherd from Central
Bohemia, Czech Republic, was examined using flotation in modified Sheather’s sugar solu-
tion (s.g. 1.30). For morphometrical comparison, 35 randomly selected oocysts were mea-
sured with a calibrated ocular micrometer using an Olympus BX 60 microscope equipped
with Nomarski interference contrast optics. Oocysts were further purified by centrifugation,
counted with a haemocytometer, and stored in 2.5% (w/v) potassium dichromate at 4◦C
for further use.

2.2. DNA isolation

Oocysts were repeatedly washed in PBS and homogenized by grinding with 0.5 mm glass
beads (Sigma) for 30 min with an occasional dip in liquid nitrogen. Total DNA was isolated
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from the oocysts using a DNeasy Tissue Kit (Qiagen) according to the manufacturer’s
instructions, producing a final volume of 200�l.

2.3. Diagnostic PCRs

Diagnostic PCR with the JS4–JS5 primer pair, targeting the species-specific region of
the internal transcribed spacer 1 rDNA (ITS1 rDNA) ofH. heydorniwas performed as
described previously (Šlapeta et al., 2002). All PCR reactions were performed in a 25�l
volume containing 5�l of sample DNA, 10 mM dNTPs, 2.5 mM MgCl2, 2.5�l of 10×
PCR Mg-free buffer, 1 U ofTaqpolymerase (Promega), and 10 pmol of each primer. PCR
was performed in an Eppendorf thermal cycler (Eppendorf Mastercycler Personal) with
conditions as follows: initial denaturation at 94◦C for 5 min, was followed by 35 cycles at
95◦C for 1 min, 65◦C for 1 min, and 74◦C for 1.5 min, with a final extension at 74◦C for
10 min.

We have used theN. caninumspecies-specific primer pair Np21plus–Np6plus which
anneals into the Nc5 region, described byMüller et al. (1996). The addition of uracyl DNA
glycosylase present in the original protocol was omitted. The following conditions were
used: initial denaturation at 94◦C for 5 min, followed by 40 cycles at 94◦C for 1 min, 63◦C
for 1 min, and 74◦C for 3.5 min, and a final extension at 74◦C for 10 min. This method
has been successfully used to detect theN. caninumtissue cysts as well as sporozoites. The
sensitivity threshold of theN. caninumandH. heydorni-specific protocols was a single zoite
and 10 oocysts, respectively.N. caninumNC-1 andH. heydorniCZ-1 served as positive
controls, and PCR reactions without DNA served as negative control.

2.4. Amplification and sequence analysis of ITS1 and D2 LSU rDNA

Amplification of ITS1 rDNA and the D2 domain (D2) of the large subunit rDNA (LSU
rDNA) was performed using the JV2(REV)-TIM11 and CR1–CR2 primer pairs, respec-
tively (Payne and Ellis, 1996; Ellis et al., 1998). JV2(REV) is a reverse complement to
JV2, annealing to the conserved 5′-end of the small subunit rDNA (Šlapeta et al., 2002).
PCR was performed in Eppendorf thermal cycler under the following conditions: initial
denaturation at 94◦C for 5 min, amplification by 35 cycles at 94◦C for 1 min, 55◦C for
1 min, and 74◦C for 2 min, and a final extension at 74◦C for 10 min. Amplicons were run
on 1.5% agarose gel in the presence of ethidium bromide, gel-purified (Qiagen), and cloned
using the TOPO-TA cloning kit (Invitrogen). Three separate clones were sequenced from
both strands on automatic sequencing machine (Beckman).

The D2 LSU rDNA was further amplified from previously identifiedH. heydorniisolates
CZ-1, CZ-2 and CZ-3 (Šlapeta et al., 2002). Oocysts of CZ-1, CZ-2 and CZ-3 isolates were
originally recovered from dog feces in the Czech Republic in a parasitological survey in
1999. Amplification, cloning and sequencing of D2 LSU rDNA was performed as described.

Sequences assembled using the program SeqMan II (DNAStar Inc., Madison, WI, USA)
were submitted to the BLAST search at NCBI server (http://www.ncbi.nlm.nih.gov/
BLAST). For detailed analysis all closely related sequences were aligned using Clustal X
(Thompson et al., 1997) and analyzed using the program MEGA2.1 (S. Kumar, K. Tamura,
I.B. Jakobsen, M. Nei, 2001, MEGA2: Molecular Evolutionary Genetics Analysis software,

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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Arizona State University, Tempe, AZ, USA). Sequence alignments are available upon re-
quest or are atftp://vfu.cz/slapeta/alignments/cz4.

3. Results

3.1. Microscopic examination

Oocysts obtained from the dog’s feces were colorless, almost spherical, 11.5(10–13) ×
10.8 (10–11)�m, with a thin (<1�m) single-layered oocyst wall. They contained two
broadly oval tetrazoic sporocysts, 9.7(9–10)× 6.6 (6–7)�m in size. A total of 106 oocysts
were recovered using the sugar-concentration technique. This isolate is further referred to
as CZ-4.

3.2. Diagnostic PCR for N. caninum and H. heydorni

Approximately 3× 103 oocysts of CZ-4 were used for total DNA isolation. The DNA
was first subjected to PCR with the JS4-JS5 primers. This reaction, which is diagnostic
for H. heydorni, was negative for CZ-4. However, another PCR reaction performed with
primers Np6plus–Np21plus yielded a∼350 bp long abundant product. The amplicon is
characteristic for the presence of theN. caninumDNA. Importantly, an additional band of
∼370 bp, that was significantly less abundant, was also amplified. The intensity and size of
both bands was identical in the CZ-4 and theN. caninum(NC-1) isolates (Fig. 1).

3.3. Sequence analysis of ITS1 and D2 LSU rDNA

When the 441 bp long ITS1 rDNA sequence of CZ-4 was subjected to a BLAST search,
it gave the best score withN. caninum. The total of 22 sequences of related ITS1 rD-
NAs from the generaToxoplasma, NeosporaandHammondiawas aligned for a detailed
comparison. The alignment consisted of 459 residues, out of which 204 residues were vari-
able. The obtained CZ-4 sequence was identical with the sequences AF038860–AF038861,
AF249968–AF249970 and AF029702, and differed in only three residues from the se-
quences U16159–U16160, all of which are assigned toN. caninum. The ITS1 rDNA se-
quences of theNeospora hughesiisolate from horses (AF038859 and AF249967) differ
from CZ-4 in 7 and 10 residues, respectively (Table 1). In phylogenetic reconstruction,
CZ-4 clearly groups with theN. caninum-clade (Fig. 2a).

We have also cloned and sequenced the D2 domain of LSU rDNA of CZ-4, which com-
prised of 582 bp. As expected, the BLAST search gave the best score with theN. caninum
sequences. For a comparative analysis, sequencing was extended to the isolates ofH. hey-
dorni CZ-1, CZ-2 and CZ-3. All of these isolates were, based on their ITS rDNA sequence,
determined asH. heydorni(Šlapeta et al., 2002). A total of 20 D2 LSU rDNA sequences of
Toxoplasma/Neospora/Hammondiaspp. were aligned into a 587 residues-long alignment
which contains only 30 variable sites. The 2D LSU rDNA sequence of CZ-4 was identical
with theN. caninumAF249971–AF249972 sequences, while it differed in three residues
from N. caninumAF001946. The D2 LSU rDNA sequences of theH. heydorniisolates

http://ftp://vfu.cz/slapeta/alignments/cz4
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Fig. 1. (A) Amplification with the Np6p–Np21p primer pair specific forN. caninum.Note that with both the
CZ-4 isolate and the NC-1 isolate, used as a positiveN. caninumcontrol, identical bands (∼ 350 and 370 bp)
were obtained.H. heydornigave a negative result. (B) Amplification with the JS4–JS5 primer pair specific forH.
heydorni. Note that the only amplification band (∼280 bp) produced was with theH. heydornipositive control.
Lanes: (a) 100 bp DNA ladder; (b)N. caninumNC-1 (control DNA); (c) isolate CZ-4; (d)H. heydorni(control
DNA).

CZ-1, CZ-2 and CZ-3 were identical. When compared with the otherH. heydorniLSU
rDNA sequences available in the GenBank, there is either one (AF076870) or no difference
(AF159240, AF096502). Importantly, the CZ-1, CZ-2 and CZ-3 sequences differed in nine
residues from the CZ-4 sequence. Phylogenetic analysis based on these sequences clearly

Table 1
Summary of a pair-wise comparison of the ITS1 and D2 LSU rDNA sequences ofToxoplasma, Neosporaand
Hammondiaa

T. gondii-clade N. caninum-clade H. heydorni-clade

ITS1 rDNA
T. gondii-clade 0–17 ∼25% ∼30%
N. caninum-clade 121–110 0–13 35%
H. heydorni-clade 133–147 149–167 2–9

D2 LSU rDNA
T. gondii-clade 0–8 ∼1.8% ∼2.0%
N. caninum-clade 6–14 0–3 ∼1.7%
H. heydorni-clade 6–16 6–18 0–5

a Distances in lower left are number of differences (including gaps), and in upper right are distances using the
Kimura-2 parameter (in %).T. gondii-clade includesH. hammondi; N. caninum-clade includes the CZ-4 isolate
andN. hughesi; H. heydorni-clade includes theHammondiasp. (FOX2000) isolate.
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groups CZ-4 in theN. caninum-clade, while the affiliation of the CZ-1, CZ-2 and CZ-3
isolates with theH. heydorni-clade is strongly supported (Fig. 2b).

3.4. Phylogenetic relationships within Toxoplasma, Neospora and Hammondia

Analysis of both genetic markers recovered three distinct clades (theT. gondii-, the
N. caninum-, and theH. heydorni-clade). Pair-wise differences between these clades are
significant (Table 1), while each of them represents a rather homogeneous assembly (Table 1;
diagonal cells). To further explore relationship of the above mentioned clades, we rooted
our phylogenetic trees on the closest known sister taxon - the cyst-forming coccidium of
the genusBesnoitia(Ellis et al., 2000). Although ITS1 rDNA possesses enough variables
within Toxoplasma/Neospora/Hammondia(204), due to high divergence, the closest sister
taxa (Besnoitiaspp.) cannot be robustly aligned (Ellis et al., 1999). The D2 LSU rDNA
alignment, in which the three genera differ in 30 variables only, was extended by the addition
of B. besnoitiAF076900 andB. jellisoni AF076868 as outgroups. In such a tree, theN.
caninum- and H. heydorni-clades are monophyletic withT. gondii representing a sister
clade (data not shown). However, monophyly of theN. caninum/H. heydorniclade was
supported only by low (<50%) bootstrap values.

4. Discussion

The morphology of oocysts, combined with the results of a diagnostic PCR reaction,
and the sequence analysis clearly demonstrate that the CZ-4 isolate is conspecific with
the organism referred to asN. caninum. Although dogs were experimentally shown to act
as definitive hosts ofN. caninum, the first report of oocysts being shed by a naturally
infected dog was reported only recently from Argentina (Basso et al., 2001). As far as
we are aware, herein we describe the first case of theN. caninumoocysts recovered from
dog’s feces outside the New World. Available diagnostic tests enabled us to quickly and
unambiguously determine the isolate. The importance of positive and negative controls in
diagnostic PCR cannot be overstated, and at the same time possible mixed infections have
to be considered.

In order to confirm the results obtained by PCR, we have sequenced ITS1 and D2 LSU
rDNA of N. caninumand D2 LSU rDNA ofH. heydorni. Both regions have been success-
fully used to distinguish between closely related species ofHammondia, Neosporaand
Toxoplasma, as well as among other coccidian genera (Ellis et al., 1998, 1999; Mugridge
et al., 2000; Dubey et al., 2001). Analyses of all up to date available sequences of these
loci clearly recognize three distinct clades, namely theN. caninum-clade (N. caninumand
N. hughesi), the H. heydorni-clade (H. heydorni) and theT. gondii-clade (T. gondii and
H. hammondi). Both loci were informative enough to affiliate our isolates with one of
the clades, however, for detailed species detection the ITS1 rDNA is preferable due to its
higher variability. Even closely relatedN. caninumandN. hughesi(Dubey et al., 2001)
differ in the ITS1 rDNA sequence. In contrast, D2 LSU rDNA is too conservative to dis-
tinguish between both species and in cases like this cannot be suggested as a marker of
choice.
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WhenBesnoitiaspp., the closest known sister cyst-forming coccidia of veterinary concern
(Leighton and Gajadhar, 2001), was used to root our phylogenetic tree, a monophyletic
clade ofN. caninum, N. hughesiandH. heydorniwas recovered. However, using the D2
LSU rDNA domain only, the cladogenesis within these clades was not robust. This is not
surprising since D2 LSU rDNA is highly conserved and contains only 30 variables within
generaToxoplasma, NeosporaandHammondia. As pointed out byMugridge et al. (2000),
it is important to use the full-length LSU rDNA for phylogenetic analysis of Sarcocystidae,
since the use of partial sequences has its limitations. Nevertheless, our results obtained
with D2 LSU rDNA are congruent with the analyses of the full length gene, in which the
monophyly ofN. caninumandH. heydorniwas supported as well (Mugridge et al., 2000).
Importantly, these results render the genusHammondiaparaphyletic (Ellis et al., 1999;
Mugridge et al., 1999, 2000). Moreover using D2 LSU rDNA, we were able to extend our
analysis to the isolates defined previously asH. heydorni(Šlapeta et al., 2002), and confirm
their affiliation with theH. heydorni-clade.

Some inconsistencies with the identity ofN. caninumwere found in recent literature.
Heydorn and Mehlhorn (2002)reviewed the available literature aboutN. caninumandH.
heydorniand concluded thatN. caninumrepresents anomen nudum. In contrast,Dubey et al.
(2002a)arrived to an opposite conclusion, declaringN. caninumandH. heydorniseparate
species. Interestingly,Schares et al. (2001a,b)recently described a series of experiments
with theN. caninum/H. heydorni(“Berlin 1996”) isolate and has brought new data to the
distinctness of both species (see alsoMüller et al., 2001; Schares et al., 2002). However, due
to the lack of clear bioassays the origin of isolates described in the above-mentioned papers
must therefore be taken with caution. The available PCR-assay should be considered prior
experiments with oocysts reflecting morphology ofN. caninum/H. heydornito identify the
agent and to rule out multi-infection.

Leaving aside the controversy and focusing on available molecular diagnostic and DNA
sequence techniques,N. caninumandH. heydorniare clearly distinguishable taxa. Published
reports that dealt with ITS1 and LSU rDNA sequences ofN. caninumandH. heydorni, and
PCR diagnostic techniques found significant differences (Ellis et al., 1999; Mugridge et al.,
1999; Hill et al., 2001; Šlapeta et al., 2002). Molecular data presented herein furthermore
support these differences.

In contrast to species which are, with some peculiarities specific to parasites, believed to
represent biological entities, the genus is a more or less formal classification unit (Kunz,
2002). Depending on their group of interest, taxonomists use various concepts of a genus.
The cyst-forming coccidia are considered to form a monophyletic group consisting of two
sister clades (Dubey, 1993; Mugridge et al., 2000). Generic boundaries used for the clas-
sification within these two clades should be as equal as possible. When comparing both
groups, however, one easily realizes that this is not the case, since different taxonomic
concepts have in general been adopted for each group. Despite several attempts to use im-
portant differences in the life cycle for classification, the enormously diversified coccidia
within the Sarcocystinae are still included into a single genus (Odening, 1998). In contrast,
very closely related organisms within the Toxoplasmatinae are ranked to different genera
Toxoplasma, HammondiaandNeospora. Based on molecular phylogenetic analysis (Ellis
et al., 1999; Mugridge et al., 1999, 2000) at least three plausible solutions for the problem
are in concordance with the International Code of Zoological Nomenclature (ICZN, 2000):
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1. To synonymize the generaHammondiaandNeosporawith the genusToxoplasmaand,
importantly, retain all currently recognized species (gondii, hammondi, heydorni, can-
inum, hughesi) until more data is available.

2. To respect available phylogenetic reconstruction which supports three distinct clades
[(Toxoplasmaand H. hammondi) (Neospora) (H. heydorni)]. Thus, three individual
clades would be classified as generaToxoplasma(T. gondiiandH. hammondi), Neospora
(N. caninum, N. hughesi), and curiously, new genus would have to be erected to accom-
modateH. heydorni, since the generic nameHammondia(typified by H. hammondi)
falls in synonymy withToxoplasma.

3. Last, to stress the trend of co-evolution with the canine and feline definitive hosts and
strictly adhere to phylogenetic reconstruction, [(H. heydorniandNeospora) (Toxoplasma
andH. hammondi)]. This relationship is weakly supported by the D2 LSU rDNA- and the
full-length LSU rDNA-based analyses. However, the co-evolution with definitive host is
a feature rather common within Sarcocystidae (e.g.Holmdahl et al., 1999; Doležel et al.,
1999). If a similar concept is applied here,H. hammondiwould be treated as a member
of the feline genusToxoplasma, while H. heydorniwould be transferred into the canine
genusNeospora.

5. Conclusion

Despite the very similar morphology of oocysts, the combined results of a diagnostic
PCR can distinguish betweenN. caninumandH. heydornioocysts. Application of these
techniques on the dog isolate CZ-4 demonstrated conspecificity withN. caninum. The
epidemiology ofN. caninumis still unresolved and future diagnosis of dog isolates that
resembleNeospora/Hammondiadescription may lead to new conclusions and re-evaluation
of the related coccidia.

Added note: In a recent article,Dubey et al. (2002b)reviewed the status ofN. caninum
and re-described the genus and the species. In this publication, the ITS1 rDNA is cited as
a valuable species-specific marker that distinguishesN. caninumfrom H. heydorni. This is
in agreement with our CZ-4 isolate belonging toN. caninum. However, the three plausible
solutions reported for the problem with generaNeospora, HammondiaandToxoplasma
remain valid.
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