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a b s t r a c t

The common cat tapeworm Hydatigera taeniaeformis is a complex of three morphologically cryptic enti-
ties, which can be differentiated genetically. To clarify the biogeography and the host spectrum of the
cryptic lineages, 150 specimens of H. taeniaeformis in various definitive and intermediate hosts from
Eurasia, Africa and Australia were identified with DNA barcoding using partial mitochondrial cytochrome
c oxidase subunit 1 gene sequences and compared with previously published data. Additional phyloge-
netic analyses of selected isolates were performed using nuclear DNA and mitochondrial genome
sequences. Based on molecular data and morphological analysis, Hydatigera kamiyai n. sp. is proposed
for a cryptic lineage, which is predominantly northern Eurasian and uses mainly arvicoline rodents
(voles) and mice of the genus Apodemus as intermediate hosts. Hydatigera taeniaeformis sensu stricto
(s.s.) is restricted to murine rodents (rats and mice) as intermediate hosts. It probably originates from
Asia but has spread worldwide. Despite remarkable genetic divergence between H. taeniaeformis s.s.
and H. kamiyai, interspecific morphological differences are evident only in dimensions of rostellar hooks.
The third cryptic lineage is closely related to H. kamiyai, but its taxonomic status remains unresolved due
to limited morphological, molecular, biogeographical and ecological data. This Hydatigera sp. is confined
to the Mediterranean and its intermediate hosts are unknown. Further studies are needed to classify
Hydatigera sp. either as a distinct species or a variant of H. kamiyai. According to previously published
limited data, all three entities occur in the Americas, probably due to human-mediated introductions.

� 2016 Published by Elsevier Ltd. on behalf of Australian Society for Parasitology Inc.
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1. Introduction

Cestodes of the genus Hydatigera Lamarck, 1816 (Cyclophyl-
lidea: Taeniidae) occur, as adult tapeworms, in the small intestine
of felid or viverrid definitive hosts, and develop as metacestode
stages in tissues or body cavities of rodent intermediate hosts.
escrip-
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The taxonomic status of Hydatigera has been scrutinised by a num-
ber of workers. Based on morphological observations, some
authors (e.g. Wardle and McLeod, 1952; Yamaguti, 1959;
Abuladze, 1964) have recognised Hydatigera as valid, whereas the
majority has treated this genus as a junior synonym of Taenia Lin-
naeus, 1758 (e.g. Esch and Self, 1965; Verster, 1969; Rausch, 1994;
Hoberg et al., 2000; Loos-Frank, 2000). Nuclear and mitochondrial
DNA (mtDNA) sequence evidence, however, strongly supports the
distinctiveness of Hydatigera, and thus the resurrection of the
genus was proposed in a recent revision of the Taeniidae (Nakao
et al., 2013a,b). Currently, the genus consists of only three valid
species, Hydatigera taeniaeformis (Batsch, 1786), Hydatigera krepko-
gorski Schulz and Landa, 1934, and Hydatigera parva (Baer, 1924)
(see Nakao et al., 2013a,b). Among taeniids, species of Hydatigera
are characterised by large rostellar hooks and a special larval form,
the strobilocercus, which is a metacestode with a prominent seg-
mented strobila.

Hydatigera taeniaeformis, the type species of its genus, is the
most common and widespread tapeworm of domestic cats and
various wild felids (Abuladze, 1964). As a metacestode, it typically
parasitises mice and rats (Murinae). This species is admittedly one
of the best-known taeniids; it was used, in addition to Taenia
solium Linneaus, 1758, as a model of the taeniid life cycle, when
the link between the adult and larval forms was first solved during
the second half of the 19th century (reviewed in Abuladze, 1964).
Although H. taeniaeformis was considered a single species in many
handbooks and revisions (e.g. Yamaguti, 1959; Abuladze, 1964;
Verster, 1969), it might represent a cryptic species complex.
Intraspecific differences in the host specificity, particularly in
infectivity for mice and rats, have been demonstrated experimen-
tally by various authors (e.g. Brandt and Sewell, 1981;
Conchedda and Ferretti, 1983). In the 1990s, a laboratory-reared
isolate (referred to as ‘‘ACR”), originating from the grey-sided vole
(Clethrionomys rufocanus bedfordiae, at present Myodes rufocanus)
in Hokkaido, Japan, was shown to differ from Belgian and Asian iso-
lates of murine origins in several criteria, including infectivity,
development, morphology and biochemistry (Nonaka et al., 1994;
Iwaki et al., 1994; Azuma et al., 1995; Okamoto et al., 1995b). Fur-
thermore, remarkable DNA sequence differences were detected in
a region of the mitochondrial cytochrome c oxidase subunit 1
(cox1) gene (Okamoto et al., 1995a). It was suggested that the iso-
late ACR might represent a distinct strain or even a separate, new
species (Iwaki et al., 1994; Okamoto et al., 1995a).

Subsequent molecular studies have confirmed the presence of
two divergent entities within H. taeniaeformis that could, according
to the genetic variability, be recognised as separate species
(Lavikainen et al., 2008; Galimberti et al., 2012a; Jia et al., 2012;
Nakao et al., 2013a). Analysed isolates of one of these cryptic enti-
ties have originated mainly in Asia, whereas another group (corre-
sponding to the ACR isolate in Hokkaido) seems to be
predominantly European (Jia et al., 2012). In a previous study
(Nakao et al., 2013a), the former was designated as sp. A and the
latter as sp. B. It was suggested that sp. A can be treated as H. tae-
niaeformis sensu stricto (s.s.) because it can infect mice and rats
from which Cysticercus fasciolaris Rudolphi, 1808, a historical syn-
onym for H. taeniaeformis, has been found. Recently, Galimberti
et al. (2012a) identified a third cox1 lineage of H. taeniaeformis in
European wildcats (Felis silvestris silvestris), domestic cats and their
hybrids from Italy, and suggested that it might represent a third
cryptic species. In the present article, these previously identified
three molecular lineages or clades are referred to as A, B and C,
respectively.

Despite the broad consensus on the presence of cryptic species
within H. taeniaeformis (Okamoto et al., 1995a; Lavikainen et al.,
2008; Galimberti et al., 2012a; Jia et al., 2012; Nakao et al.,
2013a), there has been no attempt to validate their taxonomic sta-
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
tion of Hydatigera kamiyai n. sp. Int. J. Parasitol. (2016), http://dx.doi.org/10.10
tus. The number of published H. taeniaeformis isolates has
remained too low to reliably determine the geographic distribu-
tions of the cryptic lineages. In addition, the intermediate host
associations suggested by previous infection experiments
(Nonaka et al., 1994; Azuma et al., 1995) are only indicative due
to a limited number of isolates analysed and lack of data on natural
infections. In this study, many isolates of H. taeniaeformis in various
intermediate and definitive hosts from different continents
(including Eurasia, Africa and Australia) were analysed to elucidate
the geographical distribution and natural hosts of the three lin-
eages. The taxonomy of H. taeniaeformis sensu lato (s.l.) is clarified
by defining molecular clade A as H. taeniaeformis s.s. and by
describing molecular clade B as a new species. However, we
remain undecided about the specific status of clade C from the
Mediterranean due to a lack of data on its morphology and inter-
mediate hosts.
2. Materials and methods

2.1. Parasite specimens

A total of 158 specimens of H. taeniaeformis s.l. were collected
from various definitive and intermediate hosts in Eurasia, Africa
and Australia (Table 1; for details, see Supplementary Table S1).
Thirty-eight specimens were adult tapeworms from 15 host indi-
viduals representing three felid species, and the remaining 120
specimens were strobilocerci from 115 host individuals represent-
ing 25 rodent species. Domestic cats were killed in traffic accidents,
died of illness or were euthanised by veterinarians for humane rea-
sons (independent from the present work). Wild felids were killed
in traffic accidents or found dead due to other causes. Rodents
were mainly trapped in the course of rodent research projects, with
the exception of the specimens of muskrats (Ondatra zibethicus) in
Finland, which were zoo animals, and brown rats (Rattus norvegi-
cus) in South Africa, which were laboratory animals accidentally
infected with contaminated food. Parasite specimens were pre-
served in 70–95% ethanol at �20 �C.

The materials were obtained according to the laws of the coun-
tries in which they were collected. Approval notices for trapping
and investigation of rodents were given by the Ministry of Health
Council of Medical Sciences, National Ethics Committee for Health
Research, Lao People’s Democratic Republic (No. 51/NECHR); by
the Ethical Committee of Mahidol University, Bangkok, Thailand,
(No. 0517.1116/661); by the Environmental Protection Agency,
Sweden (No. NV-02939–11); and by the Board of Agriculture, Swe-
den (ethical permit No. Dnr_A78-08). In the other countries,
licenses were not required for snap trapping of unprotected rodent
species, or to collect specimens from naturally or accidentally died
felids during necropsies performed by veterinary authorities or
researchers. The necropsies of Finnish cats were performed with
the permission of the cat owners, and the sampling was included
to the necropsy referral documents. Zoo and laboratory animals
were not infected experimentally and they died of natural causes,
and therefore the sampling during necropsy did not require animal
ethics permissions.
2.2. DNA amplification and sequencing

A total of 150 specimens were identified genetically (Table 1).
Extraction of genomic DNA from strobilocerci and adult proglot-
tids, enzymatic amplifications and sequencing of PCR products
were carried out as described previously (Lavikainen et al., 2008;
Nakao et al., 2013a; Terefe et al., 2014). The universal primers
JB3 and JB4.5 (Bowles and McManus, 1994) were used for the
amplification of a partial sequence (396 nucleotide sites) of cox1.
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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Table 1
Genetically identified specimens of Hydatigera taeniaeformis sensu lato in this study.

Clade Country Stage Hosts n cox1 haplotypes

A South Africa Larva Rattus norvegicusa 4 A25
Ethiopia Larva Rattus rattusa 7 A19, A24
Spain Larva Mus domesticusa 2 A12
Russia (Far
East)

Larva Apodemus agrariusa, Rattus norvegicusa 4 A13, A14, A15, A16
Adult Prionailurus bengalensis euptilurus 7 A13, A22, A23

Japan Adult Felis silvestris catus 4 A13
Cambodia Larva Bandicota savileia, Berylmys berdmoreia,Maxomys surifera, Niviventer fulvescensa, Rattus argentiventera,

Rattus exulansa, Rattus norvegicusa, Rattus tanezumia
29 A1, A2, A3, A4, A5, A8,

A26, A27, A28
Laos Larva Bandicota indicaa, Berylmys berdmoreia, Leopoldamys edwardsia, Rattus andamanensisa, Rattus exulansa,

Rattus tanezumia
11 A1, A2, A6, A32, A34,

A35, A36
Thailand Larva Bandicota indicaa, Berylmys berdmoreia, Mus cervicolora, Rattus exulansa, Rattus tanezumia 7 A2, A6, A7, A8, A9, A10
Vietnam Larva Bandicota indicaa, Rattus andamanensisa, Rattus argentiventera, Rattus norvegicusa, Rattus tanezumia 22 A1, A2, A3, A8, A29, A30,

A31
Australia Adult Felis silvestris catus 1 A11

B Norway Larva Microtus agrestisb 1 B5
Sweden Larva Arvicola amphibiusb 5 B3, B6, B7, B11
Finland Larva Microtus agrestisb, Ondatra zibethicusb 5 B3, B4

Adult Felis silvestris catus, Lynx lynx 19 B3, B4, B6, B7, B8, B9,
B10, B12, B13

Latvia Larva Apodemus flavicollisa 2 B1
Bosnia Larva Apodemus flavicollisa 1 B2
Russia (Europe) Larva Apodemus uralensisa, Microtusb sp. 7 B2, B3, B17, B18, B19
Russia
(western
Siberia)

Larva Alticola strelzowib, Microtus agrestisb, Microtus oeconomusb, Mus musculusa, Myodes rufocanusb,
Myodes rutilusA

11 B3, B7, B19, B20, B21,
B22

C France Adult Felis silvestris catus 1 C1

cox1, mitochondrial cytochrome c oxidase subunit 1 gene.
a Murinae (mice and rats).
b Arvicolinae (voles).
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The usefulness of the primers in DNA barcoding of taeniids (includ-
ing Hydatigera) has been demonstrated repeatedly (e.g. Lavikainen
et al., 2008; Galimberti et al., 2012a), and large number of previ-
ously published sequences are available for this region.

Isolate HCFr in the present material and a previously published
isolate 01364 from Galimberti et al. (2012a) were selected for fur-
ther sequencing as representatives of the recently discovered
(Galimberti et al., 2012a) molecular clade C of H. taeniaeformis s.l.
For details of these isolates, see Supplementary Table S1. Nuclear
DNA sequences (18S ribosomal DNA (rDNA), phosphoenolpyruvate
carboxykinase (pepck) and DNA polymerase delta (pold)) of these
isolates were determined as previously described (Nakao et al.,
2013a; Terefe et al., 2014). Furthermore, isolate HCFr was sub-
jected to sequencing of the mitochondrial genome (mitogenome)
as reported previously (Nakao et al., 2003, 2013a).

2.3. DNA barcoding and phylogenetic analysis

Haplotypes of cox1 were compared with previously published
sequence data of H. taeniaeformis s.l. (Table 2) and classified into
molecular clades A, B and C. The analyses were performed in MEGA
6 (Tamura et al., 2013). A total of 81 sequences, including present
and previously published haplotypes and a cox1 fragment of H.
krepkogorski (derived from mitogenomic data, DDBJ/EMBL/Gen-
Bank accession AB731762), were aligned using ClustalW (Chenna
et al., 2003). The final alignment contained 380 nucleotide sites.
Pairwise nucleotide sequence divergences were calculated using
the Kimura 2-parameter (K2P) model (Kimura, 1980) with a
gamma setting of 0.5. A neighbour-joining (NJ) phenetic tree, based
on the comprehensive dataset with H. krepkogorski as the out-
group, was constructed using the K2P distances, and assessed with
10,000 bootstrap replicates. Phylogenetic relationships within the
main clades were analysed separately for clade A (haplotype B20
as an outgroup) and closely related clades B + C (haplotype A1 as
an outgroup). The best fitting nucleotide substitution model GTR
+G+I (Tavaré, 1986) was selected for the datasets with Akaike
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
tion of Hydatigera kamiyai n. sp. Int. J. Parasitol. (2016), http://dx.doi.org/10.10
information criterion, and phylogenies were reconstructed with
the maximum likelihood (ML) method. Initial trees were built with
the NJ algorithm, and the nearest-neighbour-interchange method
was used to search for the best trees. Robustness of the trees
was tested with 500 bootstrap replicates. The phylogenetic analy-
ses were repeated at least twice to verify the consistency of the
results.

Representatives of H. taeniaeformis s.l. and H. krepkogorski were
included in the phylogenetic analysis of nuclear sequences (seven
operational taxonomic units (OTUs)) and mitogenomic sequences
(four OTUs). The sequences were aligned using MAFFT (Katoh
and Standley, 2013), and all of the alignment gaps were removed.
The data set of nuclear 18S rDNA comprised 2,472 nucleotide sites,
while the data set of nuclear protein-coding genes (pepck and pold)
consisted of 3,141 sites including introns. The intronic regions
could be well aligned due to close genetic relationships among
the OTUs. The data set of mitogenomes was made up of 10,065
sites from all protein-coding genes. The substitution models were
selected using MEGA 6. The model HKY+G+I (Hasegawa et al.,
1985) was applied to the data sets of 18S rDNA and nuclear
protein-coding genes. The model GTR+G+I was used to the set of
mitogenomes. Phylogenies were reconstructed with the ML
method implemented in the program PhylML 3.0 (Guindon et al.,
2010) and with the Bayesian method in MrBayes 3.2.1 (Ronquist
et al., 2012) using the aforementioned substitution models. In
the ML analysis, a parsimony tree was used as a starting tree,
and the robustness of the phylogeny was tested by bootstrapping
with 500 replicates. In the Bayesian analysis, the Markov chain
Monte Carlo analysis was run for 1 million generations and sam-
pled every 100 generations to estimate the posterior probabilities
of phylogenetic trees. The run produced 10,000 trees, of which
the initial 1,000 trees were treated as burn-in. The ML and
Bayesian analyses were conducted at least twice for each data set
to verify the consistency of the results. All of the resultant
phylogenetic trees were rooted with the same outgroup species
(H. krepkogorski).
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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Table 2
Previously published isolates of Hydatigera taeniaeformis sensu lato, whose partial mitochondrial cytochrome c oxidase subunit 1 (cox1) gene sequences were used in this study.

Clade Country Stage Hosts n Accession nosc/isolate codes References cox1
haplotypes

A Japan Larva Apodemus argenteusa, Rattus
norvegicusa

6 TtSRN, TtMar, TtTom, TtKaRN, TtKaAA,
TtNop

Okamoto et al. (1995a,b) A13, A17

Malaysia Larva Rattus norvegicusa 1 TtKRN Okamoto et al. (1995a,b) A18
Belgium Larva Mus musculusa 1 TtBMM Okamoto et al. (1995a,b) A19
China Larva Mus musculusa 1 TtChi Okamoto et al. (1995a,b) A20
Kazakhstan Larva Apodemus sylvaticusa 1 EU544597/TtaKa Lavikainen et al. (2008) A21
China Adult Felis silvestris catus 1 FJ597547 Liu et al., 2011 A1

B Japan Larva Myodes rufocanusb 1 TtACRd Okamoto et al. (1995a,b) B1
Finland Adult Felis catus 1 EU861478 / TtaFie Lavikainen et al. (2008) B3
Turkey Larva Apodemus sylvaticusa 1 EU544596 / TtaTu Lavikainen et al. (2008) B14
Italy Adult Felis silvestris silvestris 1 FN547850 Galimberti et al. (2012a,

b)
B15

Germany Adult Felis silvestris catus 1 JQ663994/Tt-GER Jia et al. (2012) B16

C Italy Adult Felis silvestris catus, Felis s. silvestris,
Felis s. catus � silvestris

61 FN547823-49, FN547851-84 Galimberti et al. (2012a,
b)

C2–C22

a Murinae (mice and rats).
b Arvicolinae (voles).
c Six-digit numbers are the accession numbers of cox1 sequences in DDBJ/EMBL/GenBank databases.
d Specimens derived from this isolate are used as paratypes of Hydatigera kamiyai n. sp. (Meguro Parasitological Museum (MPM) Collection No. 20885).
e Used as holotype of H. kamiyai n. sp. (MPM Coll. No. 20884).
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2.4. Morphological observations

Representatives of clade B, including specimens from the pre-
sent and previous studies (TtaFi in Lavikainen et al., 2008, and
ACR in Iwaki et al., 1994), were used in the morphological exami-
nation and description of the new species. The material consists of
12 adult tapeworms obtained from five domestic cats (natural
infections) and a Eurasian lynx (Lynx lynx; natural infection) from
Finland, and a domestic cat from Japan (experimental infection;
Iwaki et al., 1994). In addition, 12 strobilocerci from rodents from
Finland, Russia and Sweden were examined.

For comparative purposes, morphological data of H. taeniae-
formis s.s. (clade A) were obtained from 16 adult specimens from
a domestic cat from Japan and seven Amur leopard cats (Prionailu-
rus bengalensis euptilurus) from the Russian Far East, as well as
from five strobilocerci from rodents from southeastern Asia.

Altogether (including clades A and B) 17 specimens were used
for observing the size of the strobila or metacestode, 16 for
proglottid morphology, 34 for hook lengths, and nine for hook
morphometrics. For detailed origins of the specimens used in the
morphological examination, see Supplementary Table S1. The
new specimens subjected to morphological examination were
identified genetically except for eight specimens (one specimen
of the new species and seven of H. taeniaeformis s.s.) which, how-
ever, were from the same host individuals as sequenced
specimens.

After relaxation in tap water, adult cestodes were fixed flat
(without pressure) and preserved in 70% ethanol. Fragments of ces-
todes were stained with alum carmine, cleared in xylene or euge-
nol and mounted in Canada balsam. Cysticerci were fixed and
preserved in 70% or 95% ethanol. The hook crowns extracted from
cysticerci were mounted in glycerin or chloral-gum medium for
study. Only well-aligned rostellar hooks were used for the morpho-
metric analysis.

Scoleces, rostellar hooks and proglottids were drawn using a
camera lucida. Observations of mature and gravid proglottids were
done for five consecutive proglottids of each strobila. Measure-
ments were taken from these drawings or photographs using a per-
sonal computer with ImageJ software (U.S. National Institutes of
Health, available at http://rsbweb.nih.gov/ij/), or using a Nikon
microscope digital camera system (DS-Fi1 and DS-L2). The number
of testes was counted from the drawings. For comparison of the
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
tion of Hydatigera kamiyai n. sp. Int. J. Parasitol. (2016), http://dx.doi.org/10.10
numbers and lengths of rostellar hooks, one to five large and small
hooks were measured from each worm. Detailed morphometric
analysis of the rostellar hooks was based on adult worms, and
included eight different measurements (total length, total width,
basal length, apical length, guard length, guard width, blade curva-
ture and handle width) (Gubányi, 1995; Haukisalmi et al., 2011).
The total length was recorded from five small and large hooks from
each crown (except for four large hooks from a single worm), but
the other variables were recorded from three representative large
and small hooks from each crown. The differences in the measure-
ments between two species were statistically analysed by a Stu-
dent’s t-test. To analyse the ability of hook measurements to
separate the species A and B, increasing stepwise discriminant
function analysis was performed using R version 3.2.3 in the pack-
age MASS version 7.3-45.

Type and voucher specimens of the new species, and vouchers
of H. taeniaeformis s.s., have been deposited in the Meguro Para-
sitological Museum (MPM), Tokyo, Japan. Two vouchers of the
new species from lynx and four from muskrats have been depos-
ited in the Finnish Museum of Natural History, Helsinki, Finland.
The collection numbers of the museum specimens are shown in
Supplementary Table S1.
3. Results

Original data of this study including nucleotide sequence align-
ments, numerical morphological data and a drawing (atypical
proglottid from a lynx) are available at Mendeley Data (http://
dx.doi.org/10.17632/f34pw8mf4y.1).
3.1. DNA barcoding and phylogenetic relationships

A total of 52 cox1 haplotypes (sequence types), of which 48
were new, were identified among the 150 specimens of H. taeniae-
formis s.l. Taking into account previously published data, the com-
plete cox1 data set included 80 haplotypes. Three main clades A, B
and C, corresponding to the previously identified genetic entities of
H. taeniaeformis s.l. (Okamoto et al., 1995a; Galimberti et al.,
2012a), were detected (see the phenogram in Supplementary
Fig. S1). Bootstrap supports for the clades were: A, 99%; B, 52%;
and C, 99% (B + C, 97%). Clade A consisted of 36 haplotypes (desig-
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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Table 3
Variation in the partial sequence of the mitochondrial cytochrome c oxidase subunit 1
gene within and between the clades of Hydatigera taeniaeformis sensu lato (s.l.), and
between H. taeniaeformis s.l. and Hydatigera krepkogorski.

Comparisons Pairwise divergences

Clade A 0.003–0.051
Clade B 0.003–0.035
Clade C 0.003–0.014
Clade A vs. clade B 0.091–0.133
Clade A vs. clade C 0.106–0.150
Clade B vs. clade C 0.047–0.079
Clade A vs. H. krepkogorski 0.109–0.133
Clade B vs. H. krepkogorski 0.094–0.114
Clade C vs. H. krepkogorski 0.129–0.147
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nated as A1–A36), whereas clades B and C included 22 haplotypes
each (B1–B22 and C1–C22, respectively).

Genetic divergence was estimated by comparing K2P distances
of the partial cox1 sequences within and between the three clades
(Table 3). Pairwise divergence values were low (<1.4%) within
clade C, but higher within clades A and B, reaching up to 5.1%
and 3.5%, respectively. Within a single definitive host individual,
distances among the haplotypes of clade B reached 2.2%. In the
phylogenetic analysis, clade A was divided into two subclades with
bootstrap supports of 61% and 84% (ML tree in Supplementary
Fig. S2A). Pairwise divergence values within these subclades
(0.3–3.5%) overlapped with values between them (1.6–5.1%). Clade
A diverged from the other clades with distance values comparable
with the distances between H. taeniaeformis s.l. and H. krepkogorski,
i.e. the distances ranged at the interspecific level as was also
observed in previous studies (e.g. Lavikainen et al., 2008;
Galimberti et al., 2012a; Nakao et al., 2013a). Between clades B
and C, divergence values were lower, but equal to or slightly higher
than values between the subclades of clade A. Phylogenetic rela-
tionships of the haplotypes within the clades remained mostly
uncertain due to low bootstrap values (for most nodes <50%; Sup-
plementary Fig. S2).

To investigate the evolutionary relationships of three clades of
H. taeniaeformis s.l., rooted phylograms were inferred using ML
Fig. 1. Phylogenetic trees of the Hydatigera taeniaeformis species complex based on seque
was omitted from the trees. Scale bars represent the estimated number of substitutions p
Posterior probability percentages of Bayesian analysis are shown in parentheses. Repres
mitochondrial DNA lineages A, B and C were used for the analyses; the respective mit
brackets. (A) Phylogram from 18S ribosomal DNA. (B) Phylogram from concaten
phosphoenolpyruvate carboxykinase) including introns. (C) Phylogram from concatenat

Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
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and Bayesian methods from nuclear and mitogenomic data sets.
As shown in Fig. 1, the analyses of nuclear 18S rDNA clearly
showed that clade A is distant from clades B and C. The data sets
of nuclear protein-coding genes (pepck and pold) including introns
and all mitochondrial protein-coding genes, also demonstrated
clade A to be distinct from clades B and C. In all phylogenies exam-
ined, ML and Bayesian statistics yielded identical topologies and
robust support for the three clades. Clades B and C formed a mono-
phyletic entity, which was sister to clade A.

3.2. Phylogeography and hosts

The majority of the new and previously published isolates of
clade A originated in eastern or southeastern parts of Asia, where
the highest diversity of haplotypes was also demonstrated
(Fig. 2). However, this lineage has a wide geographic distribution
as shown by findings in central Asia, Europe, Africa and Australia.
One of the two subclades within clade A included haplotypes only
from Asia (southeastern Asia, Japan and the Russian Far East),
whereas another contained both Asiatic and non-Asiatic haplo-
types, suggesting a common origin for the non-Asiatic haplotypes
(see Supplementary Fig. S2A).

Clade B is distributed across Europe to western Siberia (Fig. 2).
In addition, there is an isolated focus in Hokkaido, Japan, repre-
sented by the ACR isolate (haplotype B1 in Fig. 2) in Okamoto
et al. (1995a,b). No clear geographic structure could be inferred
from the haplotype tree (Supplementary Fig. S2B). Finnish haplo-
types, which were most numerous in the present analysis, were
placed throughout clade B. On the other hand, such distant locali-
ties as Latvia and Japan share a common haplotype (B1). Clade C
has the most restricted distribution area. In the present study, a
member of clade C was identified for the first time outside Italy
in Mosset, France, which might suggest a wider distribution of this
clade in the Mediterranean region.

Previously published records and the present host data are
summarised in Tables 1 and 2. Strobilocerci of clade A were found
in murines (Muridae), especially in various rats (tribe Rattini), but
also in mice of the genera Apodemus and Mus. In southeastern Asia,
nces of nuclear and mitochondrial DNA. An outgroup taxon, Hydatigera krepkogorski,
er site. Values of nodes are bootstrap percentages of maximum likelihood analysis.
entative isolates (for details see Tables 1 and 2 and Supplementary Table S1) of the
ochondrial cytochrome c oxidase subunit 1 haplotype of each isolate is shown in
ated sequences of nuclear protein-coding genes (DNA polymerase delta and
ed sequences of all protein-coding genes of mitogenomes.

taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
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clade A was recorded in rodents in different habitats including for-
est, agricultural areas and human settlements. Clade B occurred
mainly in arvicolines (Cricetidae) but also in Apodemus, and was
found once in Mus in the present material. Intermediate hosts of
clade C remain unknown due to a lack of larval specimens. At the
adult stage, all lineages are found in domestic cats. In addition,
we identified clade A in the Amur leopard cat and clade B in the
Eurasian lynx. Clade C has been reported in the European wildcat
(Galimberti et al., 2012a).

3.3. Species description

Hydatigera kamiyai n. sp. is proposed for clade B based on
molecular distinctiveness and morphological characteristics pre-
sented herein, while clade A is assigned to H. taeniaeformis s.s.,
and clade C remains a putative unnamed species of Hydatigera.

3.3.1. Hydatigera kamiyai n. sp. Iwaki
ZooBank reference LSID: urn:lsid:zoobank.org:pub:A9232AD0-

05E5-4446-BC2D-5E3FBDAA1D38

Type-host: Felis silvestris catus, domestic cat.
Other definitive host: Lynx lynx, Eurasian lynx.
Type-locality: Porvoo, Finland (holotype), Hokkaido, Japan
(paratype).
Site: Small intestine (anterior jejunum).
Type-material: Holotype MPM Coll. No. 20884 (three slides),
paratypes MPM Coll. No. 20885 (three worms, six slides).
Voucher material: MPM Coll. No. 21115–21118 (Meguro Para-
sitological Museum, Japan; six specimens, 10 slides, six vials)
from domestic cats from Espoo, Loviisa, Helsinki and Orimattila,
Finland. MZH 123007 and MZH 123008 (Finnish Museum of
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
tion of Hydatigera kamiyai n. sp. Int. J. Parasitol. (2016), http://dx.doi.org/10.10
Natural History, Finland; two specimens, two slides, fragments
in ethanol) from lynx from Jyväskylä, Finland.
Etymology: Named for Masao Kamiya, a professor emeritus at
the Hokkaido University, who initially supervised a series of
comparative studies on H. taeniaeformis s.l. including clade B
(Nonaka et al., 1994; Iwaki et al., 1994; Azuma et al., 1995;
Okamoto et al., 1995a,b).
Intermediate hosts: Alticola strelzowi, Apodemus flavicollis, Apode-
mus sylvaticus, Apodemus uralensis, Arvicola amphibius, Microtus
agrestis, Microtus oeconomus, Mus musculus, M. rufocanus, Myo-
des rutilus, O. zibethicus.
Site of metacestode: liver.
Voucher material of metacestode: MPM Coll. No. 21119 and
21176-21178 from A. amphibius from Uddevalla, Sweden;
MPM Coll. No. 21120 from M. agrestis from Vantaa, Finland;
MPM Coll. No. 21121 from Microtus sp. from Oboyan, Russia;
and MPM Coll. No. 21122 from A. uralensis from Oboyan, Russia
(seven specimens, four slides, seven vials). MZH 127092 and
MZH 127093 from O. zibethicus from Ähtäri, Finland (five spec-
imens in ethanol).
463
3.3.1.1. Description of the adult stage (Fig. 3, Tables 4–6). Based on
six pregravid and gravid specimens (means in parentheses).

In holotype (pregravid whole-mount specimen), length 24.2 cm,
maximum width 5.9 mm at mature proglottids, number of
proglottids 239. In three paratypes (gravid specimens), length
21.2–24.0 cm, maximumwidth 6.3–6.8 mm, number of proglottids
171–182.

Scolex 1.77–2.17 (1.96) mm wide. Diameter of rostellum
731–910 (824) lm. Rostellar hooks in two rows. Number of hooks
30–40 (33) with equal number in each row. Large hooks 396–456
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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Table 4
Morphological comparison between Hydatigera kamiyai n. sp. and Hydatigera taeniaeformis sensu stricto (s.s.) in this study.

Species H. kamiyai n. sp. H. taeniaeformis s.s.

Adulta Larvaa Adulta Larvaa

Total length (cm) 21.2–24.2 19.5b

Maximum width (mm) 5.9–6.8 5.1–6.3
Number of proglottids 171–239 222b

Width of scolex (mm) 1.77–2.17 (1.96) 1.19–1.44 (1.30)
Diameter of rostellum 731–910 (824) 703–779 (736)
Number of hooks 30–40 (33) 28–36 (32) 36–42 (38) 36–44 (40)
Length of large hooks 396–456 (426) 421–461 (441) 393–467 (429) 379–432 (412)
Length of small hooks 213–275 (253) 242–283 (263) 249–281 (266) 245–274 (259)
Length �width of sucker 396–510 (445) � 333–463 (399) 288–321 (300) � 228–268 (248)
Length �width of mature proglottids (mm) 1.26–2.47 (1.69) � 5.53–6.22 (5.86) 0.70–1.27 (1.02) � 3.32–6.60 (4.86)
Number of testes 367–529 (424) 384–627 (486)
Length �width of cirrus sac in mature proglottid 374–627 (475) � 76–119 (97) 340–551 (427) � 58–83 (70)
Length �width of ovary 376–752 (560) � 1349–2034 (1728) 253–475 (352) � 844–1866 (1311)
Length �width of vitellarium 149–302 (235) � 1119–1675 (1356) 91–221 (149) � 627–1565 (1126)
Number of uterine branches (unilateral) 6–11 (8) 5–12 (9)
Dimensions of eggs 27–34 (30) � 25–32 (28) 26–33 (28) � 23–33 (27)

a All measurements are in micrometres unless otherwise indicated, given as a range with the mean in parenthesis.
b The total length and the number of proglottids were available only from a single specimen from an Amur leopard cat from Russia. For other parameters, multiple

measurements were made.

Table 5
Various hook dimensions of adult worms of Hydatigera kamiyai and Hydatigera taeniaeformis sensu stricto (s.s.).

Species H. kamiyai H. taeniaeformis s.s. P

n Mean Range n Mean Range

Large hooks
Total length (TL) 50 426 396–456 59 425 393–467 NS
Total width (TW) 12 162 150–171 15 181 170–194 <0.001
Basal length (BL) 12 265 249–277 15 286 256–314 <0.001
Apical length (AL) 12 192 179–210 15 202 193–209 0.006
Guard length (GL) 12 75 71–78 15 83 72–95 <0.001
Guard width (GW) 12 62 58–66 15 68 59–85 0.008
Blade curvature (BC) 12 37 32–43 15 41 35–49 0.013
Handle width (HW) 12 48 42–55 15 64 53–78 <0.001

Small hooks
Total length (TL) 50 253 213–275 60 266 249–281 <0.001
Total width (TW) 12 114 110–118 15 123 111–137 <0.001
Basal length (BL) 12 126 111–155 15 150 145–159 <0.001
Apical length (AL) 12 141 131–148 15 154 146–166 <0.001
Guard length (GL) 12 55 50–62 15 55 48–60 NS
Guard width (GW) 12 44 35–57 15 50 40–62 0.014
Blade curvature (BC) 12 27 20–34 15 38 32–44 <0.001
Handle width (HW) 12 31 25–35 15 34 29–40 0.024

For explanation of the measurements, see Fig. 5. Statistical significance (P) refers to the differences between the mean values of these two species (present study) based on
independent sample t-tests. NS, not significant (P > 0.05); n, number of measurements.
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(426) lm long and small hooks 213–275 (253) lm long (based on
five well-aligned hooks). Other hook dimensions in Table 5.
Suckers 396–510 (445) lm long, 332–463 (399) lm wide. Unseg-
mented neck region absent.

Proglottids craspedote. Mature proglottids 1.26–2.47 (1.69) mm
long, 5.53–6.22 (5.86) mm wide (measurements based on five
proglottids). Genital pores irregularly alternating, positioned at
middle of lateral margin in mature proglottids. Ventral longitudi-
nal osmoregulatory canal on each side of proglottids. Transverse
connecting canals narrower. Dorsal canal narrower than other
canals, positioned slightly median to ventral canal. Terminal
genital ducts pass longitudinal osmoregulatory canals ventrally.

Testes 316–529 (426) in number, positioned mainly in one
dorso-ventral layer. Testicular fields confluent anteriorly, but
testes relatively few in antero-median region; testes usually not
confluent posterior to vitellarium. In one specimen from lynx,
testes clearly confluent posterior to vitellarium. Cirrus sac elon-
gate, 374–627 (475) lm long, 76–119 (97) lm wide, usually over-
lapping or extending across longitudinal ventral osmoregulatory
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
tion of Hydatigera kamiyai n. sp. Int. J. Parasitol. (2016), http://dx.doi.org/10.10
canal. Vas deferens forming 1–2 loops inside cirrus-sac; proximal
part of vas deferens long, prominently convoluted.

Ovary bilobed, 376–752 (560) lm long and 1349–2034 (1728)
lm wide, antiporal lobe slightly larger than poral lobe. Vitellarium
149–302 (235) lm long and 1119–1675 (1356) lm wide, not as
wide as ovary. Vagina runs posterior to cirrus-sac and vas deferens,
slightly widened and undulating or sometimes looped distally,
covered externally by thin cell layer, lined with delicate hair-like
structures throughout its length, distinct vaginal sphincter present.
Uterus in pregravid and gravid proglottids with 6–11 primary
branches on either side in paratype specimens. Eggs (in paratypes)
spherical or subspherical, 27–34 lm long, 25–32 lm wide, thick-
ness of striated outer egg shell 3–4 lm in whole-mounts.

3.3.1.2. Description of metacestodes. Measurements based on 8
ethanol-fixed specimens (seven for hooks).

Strobilocercus metacestode with evaginated scolex, well-
defined pseudosegmented strobila and small terminal bladder.
Total length 16–124 mm in small rodents, but up to 450 mm in
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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Table 6
Morphological comparison among adult worms of Hydatigera spp.

Species H. kamiyaia H. taeniaeformis
sensu lato (s.l.)a

H. taeniaeformis s.l.a H. taeniaeformis s.l.a H. krepkogorskia

Source This study Abuladze (1964) Verster (1969) Loos-Frank (2000); after authors except Verster (1969) Abuladze (1964)

Total length (cm) 21.2–24.2 15–60 6–11
Maximum width (mm) 5.9–6.8 5–6
Number of proglottids 171–239 80–110
Width of scolex (mm) 1.77–2.17 1.00–1.18 0.83–1.07
Diameter of rostellum 731–910 546–918 706–785
Number of hooks 30–40 26–52 34–36 24–52 64–76
Length of large hooks 396–456 380–420 370–402 (384) 300–530 265–345
Length of small hooks 213–275 250–270 210–261 (241) 187–293 /6360 182–204
Dimensions of sucker 396–510 � 333–463 460–470 291–491 314–345
Length �width of mature

proglottids (mm)
1.26–2.47 � 5.53–6.22 2.28–2.52 � 1.75–2.10

Number of testes 367–529 Numerous 450–500 370–670
Length �width of cirrus sac

in mature proglottid
374–627 � 76–119 301–412 � 64–82 6659 � 155

Length �width of ovary 376–752 � 1349–2034
Length �width of vitellarium 149–302 � 1119–1675
Vaginal sphincter present + + + + ?
Number of uterine branches

(unilateral)
6–11 5–9 8–10

Dimensions of eggs 27–34 � 25–32 31–37 31–36 31–34 � 24–27

Species H. krepkogorskia H. krepkogorskia H. parvaa H. parvaa H. parvaa

Source Bray (1972) Loos-Frank (2000)
after authors except Bray (1972)

Abuladze (1964) Verster (1969) Loos-Frank (2000); after
authors except Verster (1969)

Total length (cm) 1.2–3.1 65.5
Maximum width (mm) 3 3.2
No. of proglottids 699 80
Width of scolex (mm) 0.56–0.84 1 0.68–1.00
Diameter of rostellum 400–560 546–655
Number of hooks 68–76 660 44 38–48 30 6
Length of large hooks 300–330 265–354 344–376 302–370 267–424
Length of small hooks 200–222 6182 228–248 192–238 6266
Dimensions of sucker 230 (rounded)/232–280 � 125–

212
200 165–237

Length �width of mature
proglottid (mm)

0.4 � 2.7

No. of testes 360–400 500 500–600
Length �width of cirrus sac

in mature proglottid
310–430 � 70–90 440 � 80 297–470 � 69–110

Length and width of ovary 500 wide
Length and width of vitellarium
Vaginal sphincter present – ? – –
No. of uterine branches (unilateral) 4–5 7–12 7–12
Dimensions of eggs 30–33 � 23–25 30–34 23–27 25–29

a All measurements are in micrometres unless otherwise indicated.
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Fig. 3. Hydatigera kamiyai n. sp. (holotype) (A) scolex; (B) rostellar hooks; (C) terminal genital ducts in a mature proglottid; and (D) mature proglottid.
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muskrats. Bladders usually 3–10 � 3–6 mm, but lacking in some
larvae. Rostellar hooks in two rows. Number of hooks 28–36 (32)
with equal number in each row. Large hooks 421–461 (441) lm
long, small hooks 242–283 (263) lm long (based on each five
well-aligned hooks).
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3.3.2. Remarks
Hydatigera kamiyai n. sp. is compared with three congeners, all

of which have a strobilocercus-type metacestode (Tables 4 and 6).
Hydatigera sp. (clade C) cannot be compared due to lack of
material.

Most of the morphological characters of H. kamiyai are similar
and overlap with those of H. taeniaeformis s.s. from specimens of
this study and H. taeniaeformis s.l. by previous authors (Figs. 4
and 5; Tables 4–6). According to the morphometric analysis of
the rostellar hooks, significant differences were found in seven
characters of large and small hooks by independent-samples t-
test. The stepwise discriminant analysis with all eight variables
gave the following final functions (the abbreviations shown in
Table 5):
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Large hooks : Z ¼ �0:35TW ¼ 60:02
Small hooks : Z ¼ �3:05BC� 2:67BL� 2:76HWþ 1:60TL

� 0:97TWþ 271:58

Based on the resulting discriminant scores for large and small
hooks, the individuals were assigned to the correct species with
the probability of 93% and 100%, respectively. This shows that
the measurements of rostellar hooks can be used reliably for the
separation of H. kamiyai and H. taeniaeformis s.s. However, the
range of dimensions of these characteristics is overlapping. Accord-
ing to Loos-Frank (2000) the number of hooks, length of large and
small hooks, and number of testes, are the most important charac-
ters for identification of Taenia spp. These characters cannot, how-
ever, differentiate H. kamiyai and H. taeniaeformis s.s.

Iwaki et al. (1994) reported differences in the length of the
small hooks, number and distribution of testes, and length of the
cirrus sac between isolate ACR derived from voles (corresponding
to H. kamiyai in this study) and the other two isolates from rats
(representing H. taeniaeformis s.s.). In contrast, no significant dif-
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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Fig. 4. Comparison of the number and length of the rostellar hooks, and the number of testes between Hydatigera kamiyai and Hydatigera taeniaeformis sensu stricto (s.s).
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ference in these characters was found in the present study. This
could be because Iwaki et al. (1994) observed only a small local
population of H. kamiyai. In addition, methodological inconsistency
can partly explain the conflicting results. In particular, the uterine
branches of isolate ACR were possibly counted bilaterally leading
to a double (15–23) result observed by Iwaki et al. (1994).

Regarding the distribution of testes of H. taeniaeformis s.l., pre-
vious authors (Abuladze, 1964; Verster, 1969; Loos-Frank, 2000)
concluded that testes ‘‘do not reach the vitellarium” or ‘‘are not
confluent posterior to it”. Most of the specimens of H. kamiyai
are consistent with this observation. However, in one specimen
of H. kamiyai from a lynx, the testes were clearly confluent poste-
rior to vitellarium in all proglottids examined. This atypical speci-
men may represent an extreme of the intraspecific variation in this
characteristic.

Hydatigera krepkogorski and H. parva can be differentiated from
the new species by the absence of a vaginal sphincter, a smaller
strobila, a lower number of proglottids, a greater number and
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
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smaller length of hooks, as well as by the proliferation of metaces-
todes. The range in the hook number and the length of small hooks
of H. parva slightly overlap with those of the new species.
4. Discussion

The hidden diversity within H. taeniaeformis s.l. was first uncov-
ered based on phenotypic differences (e.g. Nonaka et al., 1994;
Iwaki et al., 1994), and, subsequently, it has been supported by
increasing molecular evidence (e.g. Okamoto et al., 1995a;
Lavikainen et al., 2008). In the present study, a new species H.
kamiyai is described to organise cryptic complexity of this group.
Cryptic complexes are not unusual among taeniids, and actually
they occur within every taeniid genus (Thompson and McManus,
2002; Lavikainen et al., 2008; Goldberg et al., 2014).

The discussion of taxonomic problems related to cryptic species
has been ongoing for many decades (Dobzhansky, 1959; Nadler
and Pérez-Ponce de León, 2011). Taxonomy is still largely based
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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on visible diagnostic criteria. Therefore, it is not straightforward to
describe and name species that cannot be differentiated using tra-
ditional morphological methods. This is especially true if the hid-
den species are biologically very close to one another, as in the
case of the H. taeniaeformis s.l. complex. Although PCR and DNA
sequencing have simplified species identification, the use of DNA
sequences in taxonomy is not straightforward. A major problem
is the lack of common criteria to differentiate interspecific and
intraspecific genetic variations. The general use of the DNA barcod-
ing approach in taxonomy remains contentious because the deter-
mination of universal distance-based thresholds for delineation of
species boundaries, namely the genetic ‘‘yardstick approach”, dif-
fers in each species (Nadler et al., 2000; Hebert et al., 2004;
Savolainen et al., 2005; Galtier et al., 2009; Nadler and Pérez-
Ponce de León, 2011).

Attempts to set optimal barcoding thresholds for delimitation of
taeniid species have been made by applying mean K2P distances of
the partial cox1 sequence (Galimberti et al., 2012a; Zhang et al.,
2014). Slightly different threshold values have been presented
(3.6% by Galimberti et al., 2012a; 2.0% by Zhang et al., 2014),
depending on the calculation method and sequence length. The
variation betweenmolecular lineages of theH. taeniaeformis species
complex clearly exceeds these limits. In addition, phylogenetic
analyses of mitogenomes and nuclear protein-coding genes
strongly support the presence of three distinct clades. In the present
study, however, quite a high level of variation in cox1 sequences
was also revealed within clades A (proposed H. taeniaeformis s.s.)
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
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and B (H. kamiyai n. sp.). Evolutionary relationships among the hap-
lotypes of clade B remain unclear, but clade A seems to include two
subclades. There is no evidence for distinct evolutionary trajecto-
ries supporting further cryptic species either in clade A or B. Our
results suggest that the barcoding thresholds should be considered
with caution. When species boundaries are evaluated utilising
molecular data, adjunct operational criteria linked to ecology, bio-
geography and evolution should also be taken into account
(Brooks and McLennan, 2002; Galimberti et al., 2012b).

Molecular approaches (including phylogeny reconstruction and
DNA barcoding) are fundamental tools needed to discover cryptic
diversity, whereas classical taxonomic approaches provide the
basis for their evaluation (Hoberg, 2006; Galimberti et al.,
2012b). Data on reproductive isolation, allopatric/sympatric occur-
rence and host specificity are the key information in separating
parasite groups into distinct species (Hoberg, 2006). On the whole,
sufficient evidence is available to explicitly differentiate and
describe clades A and B as distinct species. The taxonomic status
of clade C, which is sister to clade B, remains unresolved due to
limited biogeographical and ecological data and due to the lack
of evidence for the reproductive isolation. Further studies are
required to classify clade C (Hydatigera sp.) either as a distinct spe-
cies or a variant of H. kamiyai. Morphological attributes are just a
part of the evaluation and less important in cryptic species, but
an appropriate holotype is essential for the formal description.

Host data on natural infections suggest that there are
differences in intermediate host spectra among members of the
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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H. taeniaeformis species complex. Intermediate hosts of H. taeniae-
formis s.s. belong to the subfamily Murinae (Muridae), whereas
H. kamiyai uses mainly members of the Arvicolinae (Cricetidae)
from various voles to muskrats. These observations are supported
by negative evidence from the Russian Far East where only
H. taeniaeformis s.s. was detected in definitive hosts: despite exten-
sive trapping of rodents, strobilocerci have not been found in voles
(S. Konyaev, unpublished data).

Findings regarding natural intermediate hosts are mainly in
concordance with the results from experimental infections by
Iwaki et al. (1994), Nonaka et al. (1994) and Azuma et al. (1995),
who did not succeed in infecting grey-sided voles with isolates of
H. taeniaeformis s.s., or laboratory mice or rats with H. kamiyai (iso-
late ACR). Differences in infectivity and cyst development in mice
and rats among isolates of H. taeniaeformis s.s. were also reported
(Iwaki et al., 1994; Azuma et al., 1995). In addition, Iwaki et al.
(1994) noted that development of ACR was incomplete in Apode-
mus. However, according to our observations, fully developed stro-
bilocerci of H. taeniaeformis s.s. and H. kamiyai are often found in
naturally infected Apodemus spp., indicating that both species can
use field mice as intermediate hosts. We also recorded H. kamiyai
in a house mouse M. musculus from Novosibirsk, western Siberia.
Among parasite populations, intraspecific differences in infectivity
for different hosts are possible. Also, it should be noted that before
the infection experiments in the 1990s, the isolates were main-
tained in a laboratory from the middle of the 1980s (Azuma
et al., 1995; Okamoto et al., 1995b), for multiple generations in
the same rodent species from which they originally were isolated
(H. kamiyai in voles and H. taeniaeformis s.s. in rats or mice), thus
exposing them to an artificial selection pressure.

A fundamental question related to the recognition of cryptic
species is which member of a complex should hold the original
name and which one would either require a new name or removal
to another previously described species. According to the Interna-
tional Code of Zoological Nomenclature (http://iczn.org/code), the
type locality and type host are relevant information for a parasite
species. In the description of H. taeniaeformis, the geographical ori-
gin of specimens was not given (Batsch, 1786). The author, August
Batsch, was German and one can speculate that his specimens
probably (but not definitely) were from Europe. However, all
clades of H. taeniaeformis s.l. occur in Europe.

Host specificity has been used to support taxonomic decisions
and resurrection of ‘‘old” taxa of taeniids (see e.g. Thompson and
McManus, 2002; Nakao et al., 2013b). Batsch (1786) described
H. taeniaeformis based on metacestodes and assigned the species
to the genusHydatigenaGoeze, 1782 (Hydatigerawas created later).
According to his original description, the intermediate hosts were
Mus norvegicus (R. norvegicus), Mus rattus (Rattus rattus), Mus decu-
manus (Mus sp.),Mus silvestris (Apodemus sp.) andMus amphibius (A.
amphibius). The type host was not specified. Thus, both Murinae
and Arvicolinae were represented without priority. If the cryptic
lineages were strictly host-specific, this would render H. taeniae-
formis sensu Batsch (1786) a composite of clades A and B. We think,
however, that the widely accepted taxon H. taeniaeformis should
not be invalidated based on this indirect evidence. Intermediate
host associations, observed experimentally (Iwaki et al., 1994;
Nonaka et al., 1994; Azuma et al., 1995) or based on the present
data of natural infections, are hardly absolute and exclusive. We
propose that clade A, which is the most widespread and mainly
associatedwith rats andmice as traditionally considered to be char-
acteristic for H. taeniaeformis, should retain the original name.

Synonyms ofH. taeniaeformis have been listed by various authors
(Wardle and McLeod, 1952; Abuladze, 1964; Loos-Frank, 2000).
None of these can be definitely associated with H. kamiyai, and thus
cannot be resurrected as a prior name. In some cases, murine inter-
mediate hosts (e.g. Taenia hepatica von Linstow, 1872) or Asiatic ori-
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
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gin (e.g.Hydatigera himalayotaeniaMalhotra and Capoor, 1982)may
suggest synonymy with H. taeniaeformis s.s. However, many of the
old names can be considered ‘‘nomina nuda” because descriptions
are minimal and type specimens have not been assigned.

Natural geographic borders of the lineages of H. taeniaeformis
species complex are difficult to outline due to human-mediated
introductions of rodents and domestic cats worldwide. The distri-
bution areas are partly overlapping in Eurasia. At present, the
domestic cat is the most important definitive host of the H. taeni-
aeformis s.l. complex and it has had an essential role in spreading
these parasites worldwide. Due to the short history of cat domes-
tication and restricted geographical origin of its ancestors (Driscoll
et al., 2007), domestic cats obviously were not responsible for the
original life cycles of the H. taeniaeformis species complex. It is dif-
ficult to determine original definitive hosts of each species due to
the present dominance of domestic cats in life cycles worldwide.
Furthermore, host data from molecularly determined specimens
cover only a small part of the wide range of wild felid taxa reported
as the hosts of H. taeniaeformis s.l. (Abuladze, 1964; Jones and
Pybus, 2001). Reports on canids as definitive hosts of H. taeniae-
formis s.l. (e.g. Abuladze, 1964; Hrčkova et al., 2011) are doubtful.
For example, Jia et al. (2012) showed that mtDNA sequences of
‘‘Taenia taeniaeformis” (H. taeniaeformis s.l.) in red foxes (Vulpes
vulpes) from Slovakia reported by Hrčkova et al. (2011) actually
represented other taeniid species.

This study confirmed that H. taeniaeformis s.s. is a widespread
species occurring in Asia, Europe, Africa and Australia. The high
diversity of haplotypes in southeastern Asia and the linkage to
the Rattini strongly suggest that the species originates from this
region. The placement of non-Asiatic haplotypes in a single sub-
clade and their small genetic variation suggests that the worldwide
invasion of H. taeniaeformis s.s. was a single, rapid event in the
recent past. It was possibly related to the global expansion of black
rats (R. rattus) reaching Europe during pre-Roman times 4000–
2300 years BC (Wilson and Reeder, 2005). Brown rats (R. norvegicus)
colonised the world much later, perhaps just 300 years ago (Wilson
and Reeder, 2005), and such a recent spread of H. taeniaeformis s.s.
appears unlikely. Given the Near Eastern origin of domestic cats
(Driscoll et al., 2007), they or their wild ancestors probably were
not involved in the original life cycles of H. taeniaeformis s.s. associ-
ated with rats in southeastern Asia. Instead, Prionailurus or other
endemic small felids in southeastern Asia more likely played the
role of the definitive host in early life cycles of the parasite. Our
finding of H. taeniaeformis s.s. in various rats from different habitats
in southeastern Asia reveals coexisting sylvatic and synanthropic
cycles at the present time, and suggests an easy switch between
definitive hosts which enabled the conquest of the world in the
past. This is consistent with the hypothesis that the dynamics of
host switching and diversification for taeniids is related to colonisa-
tion events driven by guild structure (Hoberg, 2006).

Even though H. kamiyai was detected in a lynx, it does not
appear to be a significant, and hardly an original, host for this spe-
cies. A survey in Finland showed that lynx are rarely infected with
this parasite (Lavikainen et al., 2013), and our specimens origi-
nated from a sporadic case. Phylogenetic analysis of the cox1 hap-
lotypes might suggest another origin for H. kamiyai. The isolate
HBRu18 (haplotype B20) in flat-headed vole (A. strelzowi) from
the Altay Mountains was located basally in clade B (Supplementary
Fig. S2B). This isolate originates in a montane steppe region with
minor human influence. Domestic cats are unlikely to occur in that
remote area, but a probable definitive host could be the Pallas’ cat
(Otocolobus manul). If this topology reflects the true history of H.
kamiyai, the evolution and early radiation of the species could be
tracked to grasslands and montane steppe of central Asia.

The geographical distribution of H. kamiyai in Eurasia reaches
across Europe to western Siberia with a mysterious independent
taeniaeformis (Batsch, 1786) (Cestoda: Taeniidae) sensu lato with descrip-
16/j.ijpara.2016.01.009
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refugium in Hokkaido, Japan. The distribution overlaps with the
distribution of H. taeniaeformis s.s. in Europe and Hokkaido, and
that of lineage C (Hydatigera sp.) in the Mediterranean. Hydatigera
spp. on the main islands of Japan are fully dependent on domestic
cats since the only endemic Japanese wild felids, Iriomote and
Tsushima leopard cats (Prionailurus bengalensis iriomotensis and P.
b. euptilura, respectively), occur on small islands close to Korea
and Taiwan, respectively (Tamada et al., 2008). Lynx had been dis-
tributed in Japan from the late Pleistocene to the early Holocene
(Hasegawa et al., 2011), but domestic cats were introduced proba-
bly during the 6th century (Wastlhuber, 1991). Thus, H. taeniae-
formis s.s. was undoubtedly introduced with domestic cats. Low
diversity of haplotypes of H. taeniaeformis s.s. in Japan reflects
the recent introduction. Because only H. taeniaeformis s.s. occurs
in the mainland Far East, the presence of H. kamiyai in Hokkaido
indicates a more western, perhaps European, contact which led
to recent artificial importation of the parasite either with domestic
cats or rodents.

An exception to speculations about uncertain original life cycles
is Hydatigera sp. (clade C), which is clearly associated with Euro-
pean wildcats in Italy, although it also infects domestic cats
(Galimberti et al., 2012a). Consistently, we found clade C in a
domestic cat in the Pyrenees, southernmost France, in an area
where European wildcats have been recorded (Muséum National
d’Histoire Naturelle de Paris, France, 2015, http://inpn.mnhn.
fr/collTerr/commune/66119/tab/especes?lg=en; A. Ribas, unpub-
lished data). The Italian Peninsula was a refugium in southern Eur-
ope during the Pleistocene, and is considered as a hotspot of
biodiversity (Colangelo et al., 2012). Consequently, vicariance of
host animals in the refugium seems to be responsible for creating
clade C. Further studies in other parts of the nowadays fragmented
distribution area of European wildcats would confirm the host
association and distribution of clade C. For validating the taxo-
nomic status of this cryptic entity, molecular and morphological
comparisons should include specimens from both domestic and
wild cats, as well as from rodents.

The focus of the present study is on the Old World. We conclude
that the clades of H. taeniaeformis s.l. could originally be associated
with Old World small felids belonging to the most recently derived
lineages among the modern felids (Johnson et al., 2006). Further
cryptic diversity might be hiding in the New World, because mor-
phologically identified specimens of H. taeniaeformis s.l. have been
reported in endemic Nearctic and Neotropical felids, closely related
to the above-mentioned Old World cat lineages, as well as in ende-
mic rodents (Abuladze, 1964; Jones and Pybus, 2001; Charles et al.,
2012; Miño et al., 2012). In addition, extensive human-mediated
introductions are obvious.

A few DNA data are available from the western hemisphere.
Martínez et al. (2013) identified a strobilocercus from a brown
rat from Argentina using 28S rDNA and a short fragment of cox1.
Although the cox1 sequence is not available for comparison, their
results suggest that the specimen represented H. taeniaeformis s.
s. The species is probably wide-spread because metacestodes of
H. taeniaeformis s.l. have been recorded in murines across the
New World (e.g. Rodríguez-Vivas et al., 2011; Duque et al., 2012;
museum specimens in the Arctos database, e.g. http://arctos.data-
base.museum/guid/HWML:Para:10302). Domestic cats and muri-
nes did not occur in the Americas before European colonisation,
suggesting human-mediated introductions of H. taeniaeformis s.s.

In a very recent study, taeniid egg specimens from seven
domestic cats from Alberta and Saskatchewan, Canada, were iden-
tified based on a partial sequence of the mitochondrial NADH
dehydrogenase subunit 1 gene (Hoopes et al., 2015). Comparison
with mitogenomic data reveals that H. kamiyai and clade C were
present in both provinces, and the latter was more prevalent (5/7
specimens). Absence of H. kamiyai in northeastern Eurasia in our
Please cite this article in press as: Lavikainen, A., et al. Reappraisal of Hydatigera
tion of Hydatigera kamiyai n. sp. Int. J. Parasitol. (2016), http://dx.doi.org/10.10
material and the very restricted geographical distribution of clade
C in Europe suggest that both of them were probably introduced
with domestic cats to North America. If our results are biased
due to incomplete sampling or discontinuous and artificially dis-
turbed distribution of the current parasite populations, an alterna-
tive hypothesis arises: the history of these taxa in the North might
be deeper in time, and they may have occurred across the Holarctic
region spreading from Eurasia into North America with their arvi-
coline intermediate hosts. Multiple dispersal events for rodents on
intercontinental scales coincided with temperate climates in Berin-
gia (Hoberg et al., 2012). Concurrent occurrence of small felids in
more northern latitudes may have allowed the expansion of
Hydatigera spp. to North America. In this hypothesis, their original
wild definitive host in North America before the arrival of domestic
cats would be the bobcat (Lynx rufus), which is known to be a suit-
able host for H. taeniaeformis s.l. (Jones and Pybus, 2001).

From a taxonomical point of view, Canada seems to be an
attractive area for further evaluation of the specific status of clade
C due to sympatry with H. kamiyai. Furthermore, a dedicated phy-
logeographical survey could clarify the diversity, geographical dis-
tribution and colonisation history of Hydatigera spp. in the western
hemisphere.
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