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Metorchis spp. are flukes (Platyhelminthes: Digenea) that infect vertebrates, including humans, dogs, cats, poul-
try and wild game, with cyprinid freshwater fish serving as typical second intermediate hosts. In their definitive
hosts, theMetorchis spp. are difficult to identify to species.Weprovide and analyze sequences of twonuclear (18S
rDNA and ITS2) and twomitochondrial (CO1andND1)DNA loci of fourmorphologically identifiedEuropean spe-
cies of theMetorchis, namelyMetorchis albidus,Metorchis bilis,Metorchis crassiusculus andMetorchis xanthosomus,
and of another opisthorchiid, Euamphimerus pancreaticus. DNA analysis suggests that the Metorchis specimens
identified morphologically as M. albidus (from Lutra lutra), M. bilis (from Phalacrocorax carbo) and
M. crassiusculus (from Aquila heliaca and Buteo rufinus) represent a single species. Thus, M. albidus (Braun,
1893) Loos, 1899 andM. crassiusculus (Rudolphi, 1809) Looss, 1899 are recognized as junior subjective synonyms
of M. bilis (Braun, 1790) Odening, 1962. We also provide comparative measurements of the Central European
Metorchis spp., and address their tissue specificity and prevalence based on the examination of extensive bird co-
hort from 1962 to 2015.M. bilis andM. xanthosomus can be morphologically diagnosed by measuring the extent
of genitalia relative to body length and by the size ratio of their suckers. They also differ in their core definitive
hosts, with ducks (Anas, Aythya) and coots (Fulica) hosting M. xanthosomus, and cormorants (Phalacrocorax),
the birds of prey (Buteo, Aquila, etc.), piscivorous mammals (Lutra, Vulpes, Ursus, etc.) and humans hosting
M. bilis. Previous reports on theMetorchis spp. contain numerous suspected misidentifications.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Liver flukes of the family Opishorchiidae Looss, 1899 are considered
causative agents of serious disease worldwide, with the clinical patholo-
gy associated principally with chronic infection. They cause choledocho-
lithiasis, ascending cholangitis, pancreatitis and cholangiocarcinoma of
the liver due to duct irritation and subsequent host immune reaction
[1]. Compared to Fasciola spp., opisthorchiids cause only limited host
morbidity due to liver infections, because they enter the bile ducts via
the ductus choledochus instead of causing mechanical damage, and
the observed local necrotic foci are considered a result of the formation
of periductular inflammative infiltrates of monocytes and lymphocytes
[2–4]. Routine medical and parasitological examination of affected pa-
tients usually does not allow distinguishing between opisthorchiasis
and metorchiasis, and the usual diagnosis “opisthorchiasis” is thus
thought to include the pathologies caused by infection by any of the
ue, Third Faculty of Medicine,

g).

.

Opisthorchiidae species, particularly in Russia [5–8]. Whereas the
infections caused by Clonorchis and Opisthorchis spp. were extensively
studied, there is an incomplete understanding of the epidemiology, tax-
onomy and pathology of infections caused by Metorchis Looss, 1899.

TheMetorchis spp. are parasites of carnivorous vertebrates. Of partic-
ular importance is the North AmericanMetorchis conjunctus, the zoonotic
parasite of carnivorous mammals, causing infections particularly in ab-
original populations in Canada and the Eastern coast of Greenland [1,
9–10]. The focal prevalence in humans consuming raw freshwater fish
can be quite high. The native Canadians examined in Fort Hope, NWOn-
tario, displayed 20% prevalence of acute Metorchis infections [11], but
later the prevalence in the same community decreased to just 3% in
humans (but remained at 73% in their sledge dogs and 100% in bears
hunted within the same area). This was probably due to the change in
food supply to the community, which was associated with a rapid de-
crease in consumption of smoked suckers Catosomus commersoni [10].
The infection is usually asymptomatic, but may lead to acute febrile ill-
ness with epigastric pain and eosinophilia [1]. The disease is transmitted
by the consumption of raw freshwater fish, including Catostomus spp.,
Salvelinus fontinalis and Perca flavescens. In certain areas the fish may be
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heavily infested. For example, in Canadian Lac Edouard, the prevalence of
infectionwas reported to reach up to 100% in Catosomus commersoni, and
only slightly less in other fish species [12]. The infections may be fatal in
dogs due to liver damage associated with the infection [13–14]. Another
distinct Metorchis species is represented by Metorchis orientalis, the East
Asian zoonotic parasite of piscivorous birds andmammals. Thefirst infec-
tion of humans byM. orientalis was only reported as late as 2001 in four
Chinese residents [15]. The disease is transmitted by the consumption of
raw cyprinid freshwater fish, including Cyprinus carpio, Carassius
carassius, Pseudogobio esocinus and Pseudorasbora parva [16]. In Europe,
severalMetorchis spp. have been described, some of which are rejected
in this study. Of particular importance isMetorchis bilis, which is a zoonot-
ic parasite of piscivorous birds andmammals. Mordvinov et al. suggested
previously in this journal thatM. bilis (togetherwithOpisthorchis felineus)
is the main agent of liver fluke infection in Russian residents [8]. The in-
fections of both humans and piscivorous vertebrates byM. bilis are prob-
ably under-diagnosed. In Russia, large-scale serological examination
revealed that 50% of clinically diagnosed “opisthorchiases” were in fact
metorchiases caused by M. bilis. In another 38% of cases, the patients
were positive for both, O. felineus and M. bilis, suggesting frequent com-
bined infection [17]. Another study, also from Russia, confirmed that
metorchiasis is neglected and confused with opisthorchiasis, reporting
7% of clinically diagnosed “opisthorchiases” being caused by M. bilis,
and another 63% of them caused by the combined infections byO. felineus
andM. bilis [18]. Similarly, in Husky dogs, Schuster et al. [2] found 93% of
those examined in Germany to be positive for antibodies againstM. bilis.
They found the opisthorchiid eggs being shed by only a minor fraction of
the examined dogs. Despite this, the treatment with 20–50 mg of
praziquantel led to the disappearance of the anti-Metorchis antibodies
in most of the dogs [2], suggesting that their high titers were not a result
of the infection in the past or some non-specific products.M. bilis is con-
sidered one of the dominant helminths of otters Lutra lutra, in which the
infection ratesmay reach up to 31% as recorded in Denmark [19]. Clinico-
pathological data obtained for the otters found that all the otter gall blad-
ders in poor condition characterized by extremely fibrous and thickened
tissue were infected by M. bilis, whereas less than 10% of healthy gall
bladders were infected [20]. This association of otter gall bladder damage
with the infection by M. bilis was later confirmed by the same research
group [21]. Inwhite-tailed sea eaglesHaliaeetus albicilla,M. bilis is consid-
ered a dominant helminth, with the frequency of infection reaching 40%
in Finland and 51% in Germany, and is considered a causative agent of up
to 11% of reported deaths [22–24]. However,M. biliswas reported absent
in H. albicilla from Greenland, where the birds were probably feeding on
marine fish [25]. In cormorants, another core host ofM. bilis, the frequen-
cy of infection oscillates around 40%, a finding reported by multiple au-
thors from the German state of Saxony (40% [26], and 9.1% and 46.3% in
two subsequent years [27]), Czech and Slovak Republics (33% [28]) and
Poland (43% [29]). The typical life cycle of M. bilis includes Bithynia
tentaculata (or other Bithynia spp.) as the first intermediate hosts and a
broad range of freshwater cyprinid fish as the second intermediate
hosts [8].

Molecular data supporting the taxonomy and identification of
Metorchis spp. are limited. Kang et al. sequenced ITS1 of a single speci-
men of Metorchis (termed bilis) from an undisclosed host species from
Spain [30]. Ai et al. sequenced the ITS locus, and the mitochondrial
CO1 and ND1 loci from M. orientalis metacercaria isolates from China
[31]. Shekhovtsov et al. provided partial sequences of the paramyosin
gene ofMetorchis xanthosomus and two additionalMetorchis specimens
unidentified to species [32]. Several other unpublished DNA sequences
are available in the NCBI GenBank database, including the recently re-
leased full mitochondrial genome sequence of M. orientalis (NCBI
GenBank acc. No. KT239342). Collectively, the hitherto available DNA
sequences ofMetorchis spp. did not allow us to draw any definitive con-
clusions on the status of the previously proposed European species of
this genus analyzed in this study, i.e., Metorchis albidus, M. bilis, M.
crassiusculus and M. xanthosomus.
Here we use integrative taxonomy to analyze European Metorchis
spp. parasitizing piscivorous birds andmammals.We focus on the prev-
alence of Metorchis spp. across a broad range of their definitive bird
hosts. We perform the first conclusive phylogenetic analysis of the tax-
onomic position of EuropeanMetorchis spp. based on four independent
nuclear and mitochondrial DNA loci. The phylogenetic analysis also in-
cludes all the hitherto sequencedMetorchis spp. We then provide com-
parative measurements of theMetorchis spp. found.

2. Material and methods

2.1. Sampling

To analyze the prevalence, we examined over 17,000 individuals of
240 bird species for the presence of Metorchis spp. between years
1962 and 2015. All birds examined originated from the Czech Republic
(48°39'N–50°59'N, 12°19'E–18°29'E), primarily from eastern parts of
the country.

For the purpose of phylogenetic analyses, we examined representa-
tive specimens of the Metorchis spp. collected in the Czech Republic
(Strachotín 48.91°N, 16.65°E, Záhlinice 49.17°N, 17.28°E), Slovakia
(Pieniny 49.39°N, 20.39°E) and Poland (Zalew Wislany 54.28°N,
19.26°E) on May-2013–Apr-2015. All the helminths originated from
birds supplied dead for preparation in the ComeniusMuseum in Přerov,
Czech Republic (Czech specimens), Institute of Parasitology, Slovak
Academy of Sciences (Slovak specimens) or in the Museum and Insti-
tute of Zoology, Polish Academy of Sciences (Polish specimens), and
consisted of the individuals found dead or hunted. For the phylogenetic
analyses, we examined the Metorchis spp. from Anas platyrhynchos (2
specimens), Aquila heliaca (1 specimen), Aythya fuligula (1 specimen),
Buteo rufinus (3 specimens) and Phalacrocorax carbo (2 specimens).
We also examined a single specimen of Euamphimerus pancreaticus, an-
other opisthorchiid with yet unknown DNA sequence, obtained from
Turdus philomelos.

For the morphological analyses, we stained representative speci-
mens in Semichon's carmine, dehydrated them by alcohol series, and
mounted each specimen in Canada balsam. For the phylogenetic analy-
ses, we fixed and stored the specimens in 96% ethanol. Dimensions are
shown in μm as a range (mean ± SD). All other data are shown as
mean ± SD unless otherwise stated. The significance of morphological
differences between M. bilis and M. xanthosomus was examined using
t-tests with Bonferroni correction at n = 33. Individual variability in
the key identification signs is shown by a dot plot.

2.2. DNA extraction, amplification and sequencing

We extracted and amplified the DNA as described [33], using the
primers targeting nuclear 18S rDNA and ITS2 loci, and mitochondrial
CO1 and ND1 loci. The primers used were identical with those used by
Heneberg et al. [34]. The generated DNA fragments were purified
using USB Exo-SAP-IT (Affymetrix, Santa Clara, CA) and sequenced bidi-
rectionally using anABI 3130DNAAnalyzer (Applied Biosystems, Foster
City, CA). The resulting consensus DNA sequences were submitted to
the GenBank database under the accession numbers KT740961–
KT740992 (Table 1).

2.3. Alignments and phylogenetic analyses

We imported the DNA sequences obtained in the course of this study
into the programMEGA5, along with comparable sequences ofMetorchis
spp. and corresponding outgroups available in the NCBI GenBank data-
base as of 11-Sep-2015, and aligned sequences by ClustalW (gap opening
penalty 7, gap extension penalty 2 for both pairwise and multiple align-
ments, DNA weight matrix IUB, transition weight 0.1). We also included
sequences identified during the course of the Cardiff University's “Otter
Project”, the results ofwhichwere analyzed in detail in a paper published



Table 1
Newly generated sequences during the course of this study from Opisthorchiidae collected in the Czech Republic, Slovakia and Poland. NCBI GenBank accession numbers (KT740961–
KT740992) are indicated.

Specimen Species, host, sampling site Locus

18S rDNA ITS2 CO1 ND1

3LF-1832 Metorchis bilis, host Aquila heliaca, Strachotín, Czech Rep. KT740961 KT740976 KT740966 KT740985
3LF-1868 Metorchis xanthosomus, host Anas platyrhynchos, Zalev Wislany, Poland KT740962 KT740977 KT740968
3LF-1869 Metorchis bilis, host Phalacrocorax carbo, Záhlinice, Czech Rep. KT740978 KT740969 KT740986
3LF-1870 Metorchis bilis, host Phalacrocorax carbo, Záhlinice, Czech Rep. KT740963 KT740979 KT740970 KT740987
3LF-1912 Metorchis bilis, host Buteo rufinus, Pieniny, Slovakia KT740980 KT740971 KT740988
3LF-1913 Metorchis bilis, host Buteo rufinus, Pieniny, Slovakia KT740981 KT740972 KT740989
3LF-1914 Metorchis bilis, host Buteo rufinus, Pieniny, Slovakia KT740964 KT740982 KT740973 KT740990
3LF-2430 Metorchis xanthosomus, host Aythya fuligula, Záhlinice, Czech Rep. KT740965 KT740983 KT740974 KT740991
3LF-2432 Euamphimerus pancreaticus, host Turdus philomelos, Záhlinice, Czech Rep. KT740984 KT740975 KT740992

Table 2
Prevalence of theMetorchis spp. in the Czech Republic in years 1962–2015.

Helminth species: host species
(n examined)

Metorchis bilis Metorchis xanthosomus

Number/relative share [%] of positive
individuals

Anas platyrhynchos (534) 8/1.5
Anas crecca (72) 1/1.4
Netta rufina (14) 1/7.1
Aythya ferina (157) 2/1.3
Aythya fuligula (232) 3/1.3
Gavia arctica (10) 1/10
Phalacrocorax carbo (148) 30/20
Platalea leucorodia (1) 1/100
Podiceps cristatus (534) 2/0.4
Haliaeetus albicilla (5) 1/20
Aquila heliaca (2) 1/50
Buteo buteo (453) 1/0.2
Buteo rufinus (3) 1/33
Fulica atra (495) 11/2.2
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in parallel in this journal [19].We trimmed the aligned sequences, and re-
moved short-length sequences to create the alignment that was used for
all subsequent analyses.We sequenced slightly different parts of the DNA
loci than those that were used in the otter project [19], thus we per-
formed the comparison of isolates from the birds to those from themam-
mals separately. The trimmed 18S rDNA locus corresponded to nt. 286–
747 (462 bp) of JF314771 of Metorchis orientalis, coding for the partial
SSU rRNA (Table S1). The trimmed ITS2 locus corresponded to nt.
2798–3445 (648 bp) of AB521800 of Euryhelmis costaricensis, which
consisted of partial ITS2 sequence and 28S rDNA (Table S2). The trimmed
CO1 locus corresponded to nt. 202–518 (317 bp) of HM347234 of
M. orientalis; the full extent of this locus consisted of partial CO1 coding
sequence (Table S3). The trimmed ND1 locus corresponded to nt. 18–
412 (395 bp) of HQ659766 of M. orientalis; the full extent of this locus
consisted of partial ND1 coding sequence (Table S4). For the comparison
of mammalian and bird isolates, the trimmed ITS2 locus corresponded to
nt. 2853–3186 (334 bp) of AB521800 of E. costaricensis, which consisted
of a partial ITS2 sequence and 28S rDNA (Table S5), and the trimmed
CO1 locus corresponded to nt. 141–301 (161 bp) of HM347234 of
M. orientalis; the full extent of this locus consisted of partial CO1 coding
sequence (Table S6).

Maximum likelihood fits of 24 nucleotide substitution models were
performed as described [35], with all sites used for the analyses, includ-
ing the gaps. For each model, we calculated the Bayesian information
criterion, Akaike information criterion (corrected) andmaximum likeli-
hood values. For the 18S rDNA locus, we analyzed 10 sequences with a
total of 462 positions in the final dataset (Table S7). For the ITS2 locus,
we analyzed 10 sequences with a total of 649 positions in the final
dataset (Table S8). For the CO1 locus, we analyzed 11 sequences with
a total of 317 positions in the final dataset (Table S9). For the ND1
locus, we analyzed 12 sequences with a total of 418 positions in the
final dataset (Table S10). For the ITS2 locus of mammalian and bird iso-
lates, we analyzed 21 sequences with a total of 335 positions in the final
dataset (Table S11). For the CO1 locus of mammalian and bird isolates,
we analyzed 30 sequences with a total of 100 positions in the final
dataset (Table S12).

Next we used the best fit model to construct a tree. For the 18S rDNA
data, for the ITS2 data and for the comparison of mammalian and bird
ITS2, we used the Kimura 2-parameter model [36]. For the comparison
of mammalian and bird CO1, we also used the Kimura 2-parameter
model, but with the non-uniformity of evolutionary rates among sites
modeled using a discrete Gamma distribution (+G) with 5 rate catego-
ries. For the CO1 and ND1 data, we used the Hasegawa–Kishino–Yano
model [37], with the non-uniformity of evolutionary rates among sites
modeled by using a discrete Gamma distribution (+G) with 5 rate cat-
egories. We employed the bootstrap procedure at 1000 replicates. For
the tree inference, we used nearest-neighbor-interchange as the maxi-
mum likelihood heuristic method of choice, with the initial tree formed
by the neighbor joining algorithm.

We next used the maximum likelihood method to estimate inter-
and intrasite evolutionary divergence in European Metorchis spp. We
calculated the number of base differences per site by averaging over all
sequence pairs between groups (distance)±SE, and employed the boot-
strap procedure at 1000 replicates. The models used to estimate inter-
and intrasite evolutionary divergence based on the 18S rDNA, mamma-
lian and bird ITS2, andmammalian and bird CO1 loci, were identicalwith
those used to construct the respective trees. To analyze the ND1 locus,
we employed the Tamura–Nei model [38] with the non-uniformity of
evolutionary rates among sites modeled by using a discrete Gamma dis-
tribution (+G) with 5 rate categories. The Tamura–Nei model was se-
lected because the model used for the construction of the ND1 tree
(Hasegawa–Kishino–Yano) does not allow the calculation of inter- and
intrasite evolutionary divergence to be made when using MEGA5 [39].

3. Results

3.1. Central European Metorchis spp.

During our extensive long-term examination of Czech birds, we con-
firmed the presence of twoMetorchis spp. (M. bilis andM. xanthosomus).
The initial species identification based on the morphological examina-
tion and host association suggested that the specimens found represent
M. bilis,M. xanthosomus, and also previously recognizedM. crassiusculus
(found typically in the birds of prey; synonymized with M. bilis in this
study). Moreover, M. bilis re-defined by this study also includes the
specimens recognized previously as M. albidus (found typically in the
mammals).

The prevalence of Metorchis spp. in Czech birds is shown in Table 2.
The differences in prevalence suggest strict separation of ecological
niches for the two species. The more abundant species, M. bilis, was
highly prevalent in great cormorants (Phalacrocorax carbo), in fish-
eating birds of prey (Aquila, Buteo, Haliaeetus), and it was also identical
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withMetorchis specimens found inmammals such as otters acrossmul-
tiple European countries as revealed by the comparison of its ITS2 and
CO1 loci (see below). Contrary to that, M. xanthosomus was limited to
ducks (Anatidae) and Eurasian coots (Fulica atra), with rare findings
also in grebes (Podicipediformes) and loons (Gaviiformes). The preva-
lence of M. xanthosomus in the Czech Republic was low in contrast to
M. bilis in its core host species, reaching only 1.3–1.5% in ducks and
2.2% in coots, which is probably caused by its presence only in birds mi-
grating from abroad since the 1980s. The newly suggested spectrum of
Metorchis spp. host–parasite interactions was corroborated by DNA se-
quencing as described below.

3.2. Phylogenetic analyses of specimens isolated from birds

Maximum likelihood analysis of both nuclear (18S rDNA and ITS2)
and mitochondrial (CO1 and ND1) DNA loci revealed the existence of
only two distinct, well-defined species among theMetorchis specimens
isolated from various bird hosts, including those identified initially as
M. crassiuscullus (Fig. 1). Three of the DNA loci tested (ITS2, CO1 and
ND1) differentiated between the specimens from ducks (Anas, Aythya)
and from other bird hosts (Phalacrocorax, Buteo, Aquila); the fourth
DNA locus tested (18S rDNA) was identical for all opisthorchiids tested,
including those with 18S rDNA sequences publicly available in the
Fig. 1.Maximum likelihood analysis of sequences of nuclear (18S rDNA (A) and ITS2 (B)) an
NCBI GenBank database. The ITS2, CO1 and ND1 loci also displayed in-
traspecific variability, but there were no host-specific haplotypes. In-
stead, the particular haplotypes were shared, e.g., by M. bilis isolates
from Phalacrocorax carbo and Buteo rufinus (Fig. 1).

The sequences of DNA from another opisthorchiid species,
Euamphimerus pancreaticus, were very distant from other opisthorchiids,
including all the hitherto sequencedMetorchis,Opisthorchis andClonorchis
spp. (Fig. 1). The classification of the other opisthorchiids (M. orientalis, O.
felineus, O. viverrini and Clonorchis sinensis) was not supported based on
their publicly available DNA sequences (Fig. 1). The sequences of M.
orientalis were very distinct from M. bilis and M. xanthosomus and due
to the long branches associated with their mitochondrial sequences, the
ND1 and CO1 genes cannot be used to classify the M. orientalis within
Opisthorchiidae. Analysis of more DNA loci of these species is needed to
provide any conclusive reclassification of the Opisthorchiidae.

3.3. Synonymization of M. bilis with M. albidus from mammals and
M. crassiusculus from birds

Maximum likelihood analysis of both nuclear (ITS2) and mitochon-
drial (CO1, ND1) DNA loci revealed that theMetorchis specimens iden-
tified as M. albidus, M. bilis and M. crassiusculus represent a single
species. Based on the priority of publication, Metorchis albidus (Braun,
d mitochondrial DNA loci (CO1 (C) and ND1 (D)) ofMetorchis spp. isolated from birds.
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1893) Loos, 1899 and Metorchis crassiusculus (Rudolphi, 1809) Looss,
1899 are recognized as junior subjective synonyms of Metorchis bilis
(Braun, 1790) Odening, 1962. Besides the well-known morphologic
similarities, the following supporting DNA-based evidence was used to
propose this synonymization:

1) All the nine haplotypes of CO1 of M. albidus identified in Lutra lutra
from eight European countries (Czech Republic, Denmark, France,
Fig. 2.Maximum likelihood analysis of sequences of nuclear (ITS2 (A)) andmitochondrial DNA l
of haplotypes obtained from specimens classified previously asM. albidus (mammalian hosts)
Germany, Norway, Poland, Sweden and United Kingdom, analyzed
in detail in the study published in parallel in this journal [19])
were identical or clustered with the M. bilis specimens identified in
birds in the Czech Republic (Fig. 2). The haplotypes were not
species- or region-specific.

2) All the four haplotypes of CO1 of M. crassiusculus identified in Buteo
rufinus and Aquila heliaca from the CzechRepublic and Slovakiawere
identical or clustered with the M. bilis specimens identified in
oci (CO1 (B)) ofMetorchis bilis isolated from bird andmammalian hosts reveals the overlap
,M. bilis andM. crassiusculus (bird hosts).



Table 3
Estimates of the intra- and inter-specific evolutionary divergence of theMetorchis spp. from various bird andmammalian hosts collected across Europe as analyzed in Figs. 1A, D and 2A, B.
The estimates are based on sequences of the 18S rDNA, ITS2, CO1 and ND1 DNA loci. Distance: the number of base differences per site generated by averaging over all sequence pairs be-
tween groups.

Species 1 Species 2
Locus

Distance ± SE

18S rDNA ITS2 CO1 ND1

M. bilis (former albidus) M. bilis (former bilis) N/D 0.000 ± 0.000 0.016 ± 0.007 N/D
M. bilis (former albidus) M. bilis (former crassiuscullus) N/D 0.001 ± 0.001 0.014 ± 0.007 N/D
M. bilis (former albidus) M. xanthosomus N/D 0.015 ± 0.007 0.144 ± 0.033 N/D
M. bilis (former albidus) M. orientalis N/D N/D 0.175 ± 0.041 N/D
M. bilis (former albidus) Intra-specific divergence N/D 0.000 ± 0.000 0.016 ± 0.007 N/D
M. bilis (former bilis) M. bilis (former crassiuscullus) 0.000 ± 0.000 0.001 ± 0.007 0.013 ± 0.007 0.013 ± 0.005
M. bilis (former bilis) M. xanthosomus 0.000 ± 0.000 0.015 ± 0.007 0.150 ± 0.034 0.189 ± 0.036
M. bilis (former bilis) M. orientalis 0.000 ± 0.000 N/D 0.179 ± 0.043 0.518 ± 0.096
M. bilis (former bilis) Intra-specific divergence 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000
M. bilis (former crassiuscullus) M. xanthosomus 0.000 ± 0.000 0.016 ± 0.007 0.144 ± 0.033 0.186 ± 0.034
M. bilis (former crassiuscullus) M. orientalis 0.000 ± 0.000 N/D 0.174 ± 0.041 0.517 ± 0.091
M. bilis (former crassiuscullus) Intra-specific divergence N/D 0.002 ± 0.002 0.017 ± 0.009 0.018 ± 0.006
M. xanthosomus M. orientalis 0.000 ± 0.000 N/D 0.197 ± 0.042 0.416 ± 0.005
M. xanthosomus Intra-specific divergence 0.000 ± 0.000 0.000 ± 0.000 0.084 ± 0.023 N/D
M. orientalis Intra-specific divergence N/D N/D N/D N/D

1 The infections in A. platyrhynchos and F. atra displayed site-specific intensity, with the
highest intensities experienced at the largest Central European periodical wetland, which
was termed Pansee andwas located between Strachotín andDolní Věstonice. Thewetland
Pansee was the only site where theM. xanthosomus completed its life cycle in the Czech
Republic; it no longer exists due to the dam construction. All other infection events were
recorded in the periods of bird migration.
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cormorants in the Czech Republic (Fig. 2B). The haplotypeswere not
species- or region-specific.

3) All the DNA sequences of ITS2 of M. albidus identified in Lutra lutra
from eight European countries (Czech Republic, Denmark, France,
Germany, Norway, Poland, Sweden and United Kingdom, analyzed
in detail in the study published in parallel in this journal issue
[19]) represent the single haplotype, which is identical with the
major haplotype identified in the M. bilis specimens from the
Czech and Slovak birds (Fig. 2A).

4) Both haplotypes of ITS2 ofM. crassiusculus identified in Buteo rufinus
and Aquila heliaca from the Czech Republic and Slovakia were iden-
tical with or highly similar to the M. bilis specimens identified in cor-
morants in the Czech Republic (Fig. 2B).

5) All the three haplotypes of ND1 ofM. crassiusculus identified in Buteo
rufinus and Aquila heliaca from the CzechRepublic and Slovakiawere
identical or clustered with the two haplotypes of M. bilis specimens
identified in cormorants in the Czech Republic (Fig. 1D).

6) The only additional species of Metorchis known to occur in Europe
(M. xanthosomus) can be identified by the use of any of the three
above DNA loci (ITS2, CO1 and ND1); its haplotypes do not overlap
with those of M. bilis or the synonymized species.

Collectively, the combined morphologic and genetical analysis re-
vealed the existence of only two distinct, well-defined species among
the Metorchis specimens isolated from various bird and mammalian
hosts collected across Europe. There is a considerable genetic variability
among both M. bilis and M. albidus (Table 3), but we did not find any
host species- or region-specific patterns of the observed intraspecific
variability.

3.4. Species description of Metorchis spp. based on the material collected in
birds in Central Europe

3.4.1. Family Opisthorchiidae Looss, 1899

3.4.1.1. Metorchis bilis (Braun, 1790) Odening, 1962. Hosts: Suliformes:
Phalacrocorax carbo (intensity of infection 4.0; range 1–19);
Pelecaniformes: Platalea leucorodia (4; 4); Accipitriformes: Aquila
heliaca (68; 68), Buteo buteo (21; 21), Buteo rufinus (5; 5), Haliaeetus
albicilla (3; 3) (Table 2).

Site: gall bladder.
Localities: Brno (49.23°N, 16.51°E, 6765), Hodonín (48.86°N,

17.07°E, 7169), Strachotín (48.90°N, 16.65°E, 7065).
Life cycle (based on previously published data [40–45]): 1 —

Gastropoda: Bithynia inflata, Bithynia tentaculata; 2 — Osteichthyes:
Alburnus alburnus, Blicca bjoerkna, Carassius carassius, Gasterosteus
aculeatus, Gobio gobio, Leuciscus idus, Leuciscus leuciscus, Pelecus
cultratus, Pungitius pungitius, Rutilus rutilus; 3 — Aves (birds of prey
and cormorants) andMammalia (broad spectrum of species, which reg-
ularly or occasionally feed on fish; incidental infections of humanswere
reported as well). Note that previous definitive host records in
anseriform, podicipediform and gruiformhosts need further verification
due to the likely misidentification with M. xanthosomus.

Specimens deposited: P-P-1860/4 (Comenius Museum, Přerov,
Czech Republic) (Fig. 3A).

Description: (Buteo buteo 25 specimens, Aquila heliaca 5 specimens;
measurements provided in Table 4). Body pear-shaped, gradually
broadening towards posterior end, with maximum width anteriorly
from rear testes. Tegument spined posteriorly up to anterior edge of an-
terior testes. Oral sucker terminal, broadly oval, larger than ventral
sucker. Ventral sucker in forebody, at end of anterior third of body,
ventral:oral sucker width ratio 1:1.00-1:1.40 (1.18 ± 0.11) (Fig. 4).
Pharynx roundor oval, near posterior edge of oral sucker or slightly pos-
teriorly. Esophagus very short or absent. Caeca extend posteriorly
alongside lateral body margins, terminate posterior to posterior testes.

Genitalia fill up 36–46% (41 ± 3) of body length (Fig. 4). Testes two,
oval, slightly or deeply lobate, diagonally behind one another at posteri-
or body end, anterior testis always smaller than posterior one. Mehlis
gland at level of anterior testis, forming broadly opened letter U, ex-
ceeding size of ovary. Ovary oval, anterior to testes. Vitellaria very fine,
divided into individual follicles, running along lateral body margins, an-
teriorly to pharynx, posteriorly anterior to testes. Uterus loops filled
with eggs occupy whole space from reproductive organs to pharynx
and frequently cover ventral sucker.
3.4.1.2. Metorchis xanthosomus (Creplin, 1846). Hosts: Anseriformes:
Anas crecca (intensity of infection 5; range 5), Anas platyrhynchos (6.1;
1–30),1 Aythya ferina (1.5; 1–2), Aythya fuligula (2.3; 2–3), Netta rufina
(3; 3); Gaviiformes: Gavia arctica (1; 1); Podicipediformes: Podiceps
cristatus (1.5; 1–2); Gruiformes: Fulica atra (8.6; 1–65)1 (Table 2).

Site: gall bladder.
Localities: Bartošovice (49.67°N, 18.05°E, 6374), Dolní Věstonice

(48.89°N, 16.64°E, 7165), Strachotín (48.90°N, 16.65°E, 7065); Tovačov
(49.41°N, 17.30°E, 6569); Záhlinice (49.29°N, 17.48°E, 6770).



Fig. 3. Representative photographs of Metorchis bilis (A) and M. xanthosomus (B–C) stained in Semichon's carmine. (A) M. bilis, host: Buteo buteo, adult male, sampling site and date:
Hodonín, Czech Republic, 15-Jan-1976. (B) M. xanthosomus, host: Fulica atra, juvenile, sampling site and date: Strachotín, Czech Republic, 10-Aug-1962. (C) M. xanthosomus, host: Anas
platyrhynchos, juvenile, sampling site and date: Strachotín, Czech Republic, 28-Jun-1967.

Table 4
Bodymeasures (in μm) of the birdMetorchis spp. based on the adult individuals collected in the Czech Republic in years 1962–2015. The significance of differences between themeasures
of the two species was examined using t-tests with Bonferroni correction at n = 33. Data are shown as range (mean ± SD). The identification features, the combination of which is con-
sidered appropriate for differential diagnosis of M. bilis and M. xanthosomus, are shown in bold.

Measure Species P (t-test; Bonferroni
correction: p b 0.05
equals to p b 1.52E−03
at n = 33

Significance of the differences
observed (***p b 0.001,
**p b 0.01, *p b 0.05,
n.s. = not significant)

Metorchis bilis (Braun,
1790) Odening, 1962

Metorchis xanthosomus
(Creplin, 1846)

Body length 1800–3140 (2408 ± 320) 2057–3850 (2760 ± 564) 0.9E−04 *
Body width 686–1000 (808 ± 84) 571–1429 (916 ± 176) 4.3E−04 *
Length:width ratio 2.1–4.4 (3.0 ± 0.5) 2.2–4.4 (3.1 ± 0.5) 0.44 n.s.
Forebody length 514–943 (726 ± 111) 685–1429 (934 ± 181) 4.6E−07 ***
Hindbody length 1086–1771 (1414 ± 175) 1057–2229 (1640 ± 353) 1.5E−02 n.s.
Forebody:hindbody length ratio 1.5–3.0 (2.0 ± 0.4) 1.2–2.2 (1.8 ± 0.2) 7.3E−03 n.s.
Spines length 17–19 (19 ± 1) 17–19 (19 ± 0.4) 0.32 n.s.
Spines width 1–2 (2 ± 0) 1–2 (2 ± 0) 0.50 n.s.
Extent of genitalia relative to the body length [%] 36–46 (41 ± 3) 20–38 (27 ± 4) 3.9E−24 ***
Oral sucker length 162–249 (206 ± 21) 174–365 (239 ± 36) 3.7E−05 **
Oral sucker width 197–249 (228 ± 15) 203–365 (255 ± 39) 3.8E−04 *
Ventral sucker length 145–215 (186 ± 17) 203–319 (249 ± 33) 2.9E−13 ***
Ventral sucker width 145–232 (193 ± 16) 203–360 (258 ± 39) 6.3E−12 ***
Ventral: oral sucker length ratio 1.00–1.38 (1.11 ± 0.10) 0.79–1.16 (0.96 ± 0.09) 1.3E−07 ***
Ventral: oral sucker width ratio 1.00–1.40 (1.18 ± 0.11) 0.93–1.16 (0.99 ± 0.05) 1.4E−13 ***
Esophagus 0–22 (1 ± 4) 27–74 (58 ± 12) 2.7E−33 ***
Pharynx length 58–96 (68 ± 9) 58–129 (79 ± 21) 1.1E−02 n.s.
Pharynx width 48–87 (70 ± 8) 58–151 (74 ± 15) 2.7E−02 n.s.
Anterior testes length 222–510 (342 ± 62) 244–736 (447 ± 119) 4.1E−05 **
Anterior testes width 270–566 (383 ± 72) 302–828 (500 ± 134) 5.6E−05 **
Posterior testes length 232–453 (322 ± 62) 232–782 (440 ± 126) 1.6E−05 ***
Posterior testes width 348–626 (503 ± 68) 261–1222 (550 ± 179) 9.8E−02 n.s.
Mehlis gland length 232–540 (379 ± 85) 232–493 (321 ± 82) 5.4E−03 n.s.
Mehlis gland width 145–456 (275 ± 59) 110–598 (251 ± 113) 0.16 n.s.
Ovary length 90–203 (136 ± 30) 87–302 (187 ± 41) 7.4E−07 ***
Ovary width 90–215 (159 ± 30) 168–319 (247 ± 43) 7.4E−13 ***
Vitelline reservoir length 116–122 (119 ± 3) 87–203 (131 ± 41) 1.3E−03 *
Vitelline reservoir width 29–41 (35 ± 3) 29–35 (30 ± 2) 0.20 n.s.
Left vitellarium length 1000–1714 (1369 ± 205) 914–2286 (1564 ± 403) 1.2E−02 n.s.
Right vitellarium length 1057–1857 (1394 ± 202) 924–2486 (1551 ± 394) 3.1E−02 n.s.
Extent of vitellaria relative to the body length [%] 46.0–71.3 (59.5 ± 6.4) 40.0–68.5 (57.3 ± 5.9) 8.2E−02 n.s.
Egg length 27–31 (29 ± 1) 27–34 (29 ± 1) 2.8E−02 n.s.
Egg width 16–19 (18 ± 1) 17–22 (21 ± 2) 4.5E−06 ***
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Fig. 4. Individual variability in key identification measures ofM. bilis andM. xanthosomus.
The populations of adult M. bilis and M. xanthosomus differ in their ventral:oral sucker
width ratio and extent of genitalia relative to the body length [%], as revealed based on
the examination of adult individuals collected in the Czech Republic in years 1962–
2015, n = 30 each.
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Life cycle (based on previously published data [46–49]): 1 —
Gastropoda: probably Bithynia tentaculata; 2 — Osteichthyes: Cobitis
taenia, Coregonus lavaretus, Gymnocephalus cernua, Leucaspius
delineatus, Leuciscus idus, Phoxinus phoxinus, Sander lucioperca; 3 —
Aves: various Anseriformes, Podicipediformes and Gruiformes species,
particularlyAnas spp., Aythya spp. and Fulica atra. Note that previous de-
finitive host records in other than anseriform, podicipediform and
ralliform hosts need further verification due to the likely misidentifica-
tion with other Metorchis spp.

Specimens deposited: P-P-1860/5 (Comenius Museum, Přerov,
Czech Republic) (Fig. 3B–C).

Description: (Anas platyrhynchos 15 specimens, Fulica atra 15 speci-
mens; measurements provided in Table 4). Body elongate, with maxi-
mum width at level of ovarium or anterior testes. Tegument spined.
Oral sucker terminal, smaller or equally sized as ventral sucker. Ventral
sucker in forebody, at end of anterior third or fourth of body,
ventral:oral sucker width ratio 0.93–‐1.16 (0.99 ± 0.05) (Fig. 4). Phar-
ynx long oval, in region of oral sucker or slightly posterior to it. Esopha-
gus short. Caecal bifurcation just posterior to pharynx, caeca extend
posteriorly alongside lateral body margins, terminate posterior to pos-
terior testes.

Genitalia fill up 20–38% (27 ± 4) of body length (Fig. 4). Testes two,
oval, smooth or slightly lobed, in tandem at posterior body end.
Vitellaria in small follicles running along lateral body margins, anterior-
ly posterior to caecal bifurcation, posteriorly anterior to testes. Ovary
widely oval, anterior to testes. Laurer's canal developed. Uterus loops
occupy whole space at level of vitellaria and frequently cover ventral
sucker.

4. Discussion

Three of the four species of Metorchis analyzed in this study,
M. albidus, M. bilis and M. xanthosomus, were originally described in
bird hosts. The earliest described species, M. bilis (originally Planaria
bilis Braun, 1790), infected the gall bladder of Falco melanferus [50]. In
1809, Rudolphi described M. crassiusculus (as Distomum crassiusculum
Rudolphi, 1809) based on specimens collected from gall bladders of
birds of prey [51]. In 1902, Braun described M. xanthosomus based on
the specimen named as “Distomum xanthosomum” (nomen nudum) by
Creplin (1846), who obtained it from Gavia stellata. Braun also observed
that the opisthorchiids of waterfowl were typically M. xanthosomus,
whereas birds of prey typically harbored M. crassiusculus [52]. Only the
last of the four species analyzed in this study, M. albidus, was described
in a mammal, with Braun discovering it as Distomum albidum in a cat
liver [53]. This formed the first record of Metorchis spp. in mammals.
Later, Odening in his above-mentioned study [54] suggested that all
theMetorchis spp. actually belong to a single species based on the highly
similar morphology of adult stages. However, the metacercariae of
M. xanthosomus are spheroid and have a thick hyaline cyst wall, thus dif-
fering morphologically from the remaining three above-named species
[55]. During the 20th century, several dozens ofMetorchis spp. were pro-
posed, but in this study, we dealt only with the four above-mentioned
taxa because of the availability of the geographically and host-matched
specimens.

Besides our data presented in this study, numerous independent
pieces of evidence support the synonymy of M. crassiusculus and
M. albidus with M. bilis. First, Razmashkin [55] found that the experi-
mental host spectrum of M. bilis includes both birds (terns, gulls) and
mammals (cats, golden hamsters and mice), whereas the larvae of
M. xanthosomus developed in ducks only during his experiments, and
failed to do so in mice, golden hamsters or black terns. Of note is that
there was a methodical problem with his pioneering experiments, be-
cause diet was not controlled in the experimental animals used. Thus,
the animals used might have acquired infections from the ingested
food, and thus while the negative results can be trusted, the positive re-
sults should be takenwith caution. This likely explainswhyRazmashkin
found Metorchis infection also in ducks fed by M. bilis larvae. Based on
the bodymeasurements provided in this paper (Table 4, Fig. 4) and sup-
ported by the analysis of DNA sequences, our records ofMetorchis from
over a thousand of examined ducks and coots includedM. xanthosomus
only (Table 2).

Second, Pauly et al. [56] noticed that their newly developed PCR test
aimed to be used for the diagnosis of mammalian M. bilis specimens
also amplified the control Metorchis specimen isolated from Circus
aeruginosus, which was morphologically indistinguishable from the
mammalianMetorchis specimens used to develop the test.

Third, Odening [54] already suggested half a century ago that the ex-
tent of morphologic similarities between adult forms of M. bilis and
M. albidus calls for their treatment as a single species. However, this sug-
gestion was not reflected by other authors (cf., e.g., [57]).

The two species analyzed in this study can be morphologically diag-
nosed by measuring the extent of genitalia relative to the body length
and by the ratio of the size of their suckers (Table 4, Fig. 4). Previous re-
ports on theMetorchis spp. contain numerous suspected misidentifica-
tions (cf., e.g. [28,58–59]) and/or the use of now synonymized species
names. It seems that both the species discriminate well among their
core hosts, with ducks (Anas, Aythya) and coots (Fulica) hosting
M. xanthosomus, and cormorants (Phalacrocorax), the birds of prey
(Buteo, Aquila), piscivorous mammals (Lutra, Vulpes, Ursus, etc.) and
humans hosting M. bilis. M. xanthosomus seems to be limited in its
host spectrum, whereasM. bilis is a generalist. Considering that M. bilis
is a zoonotic species, broadening of the spectra of its zoonotic core
hosts has direct implications for the knowledge of disease spread and
disease reservoirs in areas, where humans are infected. The prevalence
ofM. bilis infectionmay increase with global warming, because its prev-
alence in the core hosts was previously shown to increase with higher
temperatures, less rainfall and fewer days of ground frost [21]. Further
research is needed to confirm the validity and classification of other
Metorchis spp., which occur outside Europe.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.parint.2016.01.011.

Acknowledgements

The study was supported by the project PRVOUK P31/2012 from the
Charles University in Prague, and by the Natural Environment Research
Council Studentship NER/0329013 with Case Partner James Williams
and the Somerset Otter Group to ES-S.We thankGerardKanarek (Polish
Academy of Sciences, Warszaw) for providing the helminth specimens

http://dx.doi.org/10.1016/j.parint.2016.01.011
http://dx.doi.org/10.1016/j.parint.2016.01.011


266 J. Sitko et al. / Parasitology International 65 (2016) 258–267
fromPoland, JoanneCable and Elizabeth Chadwick (both Cardiff Univer-
sity, Cardiff) for discussing the status of mammalian Metorchis, Milan
Řezáč (Crop Research Institute, Prague) for instrumentation support,
and all those who have assisted with post-mortem examination of ot-
ters across Europe as a part of Cardiff University Otter Project.
References

[1] J.D. MacLean, J.R. Arthur, B.J. Ward, T.W. Gyorkos, M.A. Curtis, E. Kokoskin, Common-
source outbreak of acute infection due to the North American liver fluke Metorchis
conjunctus, Lancet 347 (1996) 154–158.

[2] R.K. Schuster, J. Heidrich, A. Pauly, K. Nöckler, Liver flukes in dogs and treatment
with praziquantel, Vet. Parasitol. 150 (2007) 362–365.

[3] D.J. Flavel, S.U. Flavel, Opisthorchis viverrini: pathogenesis of infection in
immunodeprived hamsters, Parasite Immunol. 8 (1986) 455–466.

[4] V.Y. Glumov, V.A. Glumova, Morphogenesis and pathogenesis of parasitic
cholangitis, Med. Parasitol. 4 (1984) 9–13 (in Russian).

[5] K.I. Skrjabin, A.M. Petrov, Superfamily Opisthorchoidea Faust, 1929, in: K.I. Skrjabin
(Ed.), Trematodes of Man and Animals. Essentials of Trematodology, Nauka, Moscow
1950, pp. 81–328 (in Russian).

[6] E.G. Sidorov, Natural foci of opisthorchiasis, Nauka Kaz SSR, Alma-Ata (1983)
(in Russian).

[7] B.V. Romashov, V.A. Romashov, V.A. Semenov, L.V. Filimonova, Opisthorchiasis in
the Upper Don Basin (Voronezh Oblast): the liver fluke fauna, ecological and biolog-
ical patterns of circulation and foci of Opisthorchiases, Voronezh State University,
Voronezh, 2005 (in Russian).

[8] V.A. Mordvinov, N.I. Yurlova, L.M. Ogorodova, A.V. Katokhin, Opisthorchis felineus
and Metorchis bilis are the main agents of liver fluke infection of humans in
Russia, Parasitol. Int. 61 (2012) 25–31.

[9] J.-Y. Chai, K.D. Murrell, A.J. Lymbery, Fish-borne parasitic zoonoses: status and is-
sues, Int. J. Parasitol. 35 (2005) 1233–1254.

[10] M.A. Behr, T.W. Gyorkos, E. Kokoskin, B.J. Ward, J.D. MacLean, North American liver
fluke (Metorchis conjunctus) in a Canadian Aboriginal population: a submerging
human pathogen? Can. J. Public Health 89 (1998) 258–259.

[11] T.G. Watson, R.S. Freeman, M. Staszak, Parasites in native people of the Sioux Look-
out zone, northwestern Ontario, Can. J. Public Health 70 (1979) 179–182.

[12] T.G. Watson, Metorchis conjunctus (Cobbold, 1860) Looss, 1899 (Trematoda:
Opisthorchiidae): isolation of metacercariae from fish hosts, Can. J. Zool. 59
(1981) 2010–2013.

[13] N. Mongeau, Hepatic distomatosis and infectious canine hepatitis in northern
Manitoba, Can. Vet. J. 2 (1961) 33–38.

[14] J.A. Allen, R.A. Wardle, Fluke disease in northern Manitoba sledge dogs, Can. J. Res.
(Sect. D) 10 (1934) 404–408.

[15] J. Lin, Y. Chen, Y. Li, The discovery of natural infection of human with Metorchis
orientalis and the investigation of its focus, Chin. J. Zoonoses 17 (2001) 38–53
(in Chinese).

[16] J.-Y. Chai, Chapter 8. Epidemiology of trematode infections, in: R. Toledo, B. Fried
(Eds.), Digenetic Trematodes. Advances in Experimental Medicine and Biology,
766, Springer, New York 2014, pp. 241–292.

[17] V.G. Kuznetsova, V.A. Naumov, G.F. Belov, Methorchiasis in the residents of Novosi-
birsk area, Russia, Cytobios 102 (2000) 33–34.

[18] K.P. Fedorov, V.A. Naumov, V.G. Kuznetsova, G.F. Belov, Some real problems of
human opisthorchiasis, Med. Parazitol. (Mosk.) 3 (2002) 7–9.

[19] E. Sherrard-Smith, D.W.G. Stanton, J. Cable, P. Orozco-ter-Wengel, V.R. Simpson, M.
Elmeros, J. van Dijk, F. Simonnet, A. Roos, C. Lemarchand, L. Poledník, P. Heneberg,
E.A. Chadwick, Distribution and molecular phylogeny of biliary trematodes
(Opisthorchiidae) infecting native Lutra lutra and alien Neovison vison across
Europe, Parasitol. Int. 65 (2016) 163–170.

[20] E. Sherrard-Smith, J. Cable, E.A. Chadwick, Distribution of Eurasian otter
biliary parasites, Pseudamphistomum truncatum and Metorchis albidus
(Family Opisthorchiidae), in England and Wales, Parasitology 136 (2009)
1015–1022.

[21] E. Sherrard-Smith, E.A. Chadwick, J. Cable, Climatic variables are associated with the
prevalence of biliary trematodes in otters, Int. J. Parasitol. 43 (2013) 729–737.

[22] O. Krone, R. Schuster, The liver fluke Metorchis bilis — a new threat for the white-
tailed sea eagle (Haliaeetus albicilla) in Middle Europe? EAZWV 4th Scientific Meet-
ing joint with the 5th Meeting of the EWDA, 812-May-2002, Germany, Heidelberg
2002, pp. 47–48.

[23] O. Krone, T. Stjernberg, N. Kenntner, F. Tataruch, J. Koivusaari, I. Nuuja, Mortality fac-
tors, helminth burden, and contaminant residues in white-tailed sea eagles
(Haliaeetus albicilla) from Finland, AMBIO 35 (2006) 98–104.

[24] O. Krone, T. Langgemach, P. Sömmer, N. Kenntner, Causes of mortality of white-
tailed sea eagles from Germany, in: B. Helander, M. Marquiss, W. Bowermann
(Eds.), Sea Eagle 2000. Proceedings from an International Conference at Björkö,
Sweden, 13–17-Sep-2000, Swedish Society for Nature Conservation/SNF & Åtta.45
Tryckeri AB, Stockholm 2003, pp. 211–218.

[25] O. Krone, F. Wille, N. Kenntner, D. Boertmann, F. Tataruch, Mortality factors, envi-
ronmental contaminants, and parasites of white-tailed sea eagles from Greenland,
Avian Dis. 48 (2004) 417–424.

[26] K. Freyer, Die Helminthenfauna des einheimischen Kormorans (Phalacrocorax
carbo)Dissertation vet. med. Freie Universität Berlin, Berlin, 2002.

[27] S. Oßmann, Untersuchungen zum Helminthenbefall beim Kormoran (Phalacrocorax
carbo) und Graureiher (Ardea cinerea) aus sächsischen Teichwirtschaften — ein
Beitrag zu Parasitenbefall, Epidemiologie und Schadwirkung. Dissertation vet.
med. Universität Leipzig, Leipzig, 2008.

[28] V. Našincová, F. Moravec, T. Scholz, Trematodes of the common cormorant
(Phalacrocorax carbo) in the Czech Republic, Acta Soc. Zool. Bohem. 57 (1993)
31–46.

[29] T. Sulgostowska, Extra-intestinal trematodes in birds of the mesotrophic lakes:
Goldapiwo and Mamry Pólnocne, Acta Parasitol. Pol. 8 (1960) 471–492.

[30] S. Kang, T. Sultana, V.B. Loktev, S. Wongratanacheewin, W.-M. Sohn, K.S. Eom, J.-K.
Park, Molecular identification and phylogenetic analysis of nuclear rDNA sequences
among three opisthorchid liver fluke species (Opisthorchiidae: Trematoda),
Parasitol. Int. 57 (2008) 191–197.

[31] L. Ai, S.H. Chen, Y.N. Zhang, X.N. Zhou, H. Li, M.X. Chen, J. Guo, Y.C. Cai, X.Q. Zhu, J.X.
Chen, Sequences of internal transcribed spacers and twomitochondrial genes: effec-
tive genetic markers forMetorchis orientalis, J. Anim. Vet. Adv. 9 (2010) 2371–2376.

[32] S.V. Shekhovtsov, A.V. Katokhin, K.V. Romanov, V.V. Besprozvannykh, K.P. Fedorov,
N.I. Yurlova, E.A. Serbina, P. Sithithaworn, N.A. Kolchanov, V.A. Mordvinov, A novel
nuclear marker, Pm-int9, for phylogenetic studies of Opisthorchis felineus,
Opisthorchis viverrini, and Clonorchis sinensis (Opisthorchiidae, Trematoda),
Parasitol. Res. 106 (2009) 293–297.

[33] P. Heneberg, A. Rojas, J. Bizos, L. Kocková, M. Malá, D. Rojas, Focal Philophthalmus
gralli infection possibly persists in Melanoides tuberculata over two years following
the definitive hosts' removal, Parasitol. Int. 63 (2014) 802–807.

[34] P. Heneberg, J. Sitko, J. Bizos, Molecular and comparative morphological analysis of
central European parasitic flatworms of the superfamily Brachylaimoidea Allison,
1943 (Trematoda: Plagiorchiida), Parasitology 143 (2016) online first, http://dx.
doi.org/10.1017/S003118201500181X.

[35] M. Řezáč, F. Gasparo, J. Král, P. Heneberg, Integrative taxonomy and evolutionary
history of a newly revealed spider Dysdera ninnii complex (Araneae: Dysderidae),
Zool. J. Linnean Soc. 172 (2014) 451–474.

[36] M. Kimura, A simple method for estimating evolutionary rate of base substitutions
through comparative studies of nucleotide sequences, J. Mol. Evol. 16 (1980)
111–120.

[37] M. Hasegawa, H. Kishino, T.A. Yano, Dating of the human-ape splitting by a molec-
ular clock of mitochondrial DNA, J. Mol. Evol. 22 (1985) 160–174.

[38] K. Tamura, M. Nei, Estimation of the number of nucleotide substitutions in the con-
trol region of mitochondrial DNA in humans and chimpanzees, Mol. Biol. Evol. 10
(1993) 512–526.

[39] K. Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, S. Kumar, MEGA5: molecular
evolutionary genetics analysis using maximum likelihood evolutionary distance,
and maximum parsimony methods, Mol. Biol. Evol. 28 (2011) 2731–2739.

[40] R. Schuster, K. Dell, K. Nöckler, J. Vöster, D. Schwartz-Porsche, W. Haider, Liver en-
zyme activity and histological changes in the liver of silver foxes (Vulpes vulpes
fulva) experimentally infected with opisthorchiid liver flukes. A contribution to
the pathogenesis of opisthorchiidosis, Parasitol. Res. 89 (2003) 414–418.

[41] C.D. Zander, O. Koçoglu, M. Skroblies, U. Strohbach, Parasite populations and com-
munities from the shallow littoral of the Orther Bight (Fehmarn, SW Baltic Sea),
Parasitol. Res. 88 (2002) 734–744.

[42] A. Pilkauskaite, Formation of Parasitic Fauna in Underyearling Roach Rutilus rutilus
(L.) in the Cooling Water Reservoir of the Lithuanian State Regional Electric Power
Station, 1Ekologija Lietuvos Mokslu Akademija, Vilnius, 1992 84–97.

[43] H.W. Palm, S. Klimpel, C. Bucher, Checklist of Metazoan Fish Parasites of German
Coastal Waters, Institut für Meereskunde an der Christian Albrechts Universität
Kiel, Kiel, 1999.

[44] T. Genov, Helminths of Insectivorous Mammals and Rodents in Bulgaria, Publishing
House of the Bulgarian Academy of Sciences, Sofia, 1984.

[45] I. Coombs, D.W.T. Crompton, A Guide to Human Helminths, Taylor & Francis,
London, 1991.

[46] J. Sokhranskaya, The gland cells of cercariae of some species of trematodes from
the orders Heterophyata and Plagiorchiata? Parazitologiya (Liningrad) 28 (1994)
385–395.

[47] F. Moravec, Checklist of the Metazoan Parasites of Fishes of the Czech Republic and
the Slovak Republic, Academia, Prague, 2001.

[48] G.N. Dorovskikh, Results of the study of fishes'parasites in river basins of the north-
east of the European part of Russia. Trematodes (Trematoda), Parazitologiya (Lenin-
grad) 21 (1997) 551–564.

[49] N.M. Radchenko, Changes in the parasite fauna of the pikeperch (Stizostedion
luciopercae) in connection with its introduction into some large lakes of the
north-west Russia, Parazitologiya (Leningrad) 30 (1996) 53–58.

[50] D.M. Braun, Forsetzung der Beiträge zur Kenntnis der Eingeweidewürmer, Schriften
der Gesellschaft naturforschender Freunde zu Berlin, 10 1790, pp. 57–65.

[51] C.A. Rudolphii, Entozoorum, sive vermium intestinalium: historia naturalis, 1809
Amstelaedami.

[52] M. Braun, Fascioliden der Vögel, Zool. Jahrb. Abt. Systematik 16 (1902) 1–162.
[53] M. Braun, Über die Distomen in der Leber der Hauskatze, Zool. Anz. 16 (1893)

347–355.
[54] K. Odening, Trematoden aus einheimischen Vögeln des Berliner Tierparks und der

Umgebung von Berlin, Biol. Zbl. 81 (1962) 419–468.
[55] D.A. Razmashkin, On species affiliation of metacercariae of the genus Metorchis

(Trematoda, Opisthorchiidae) in fish of West Siberia, Parazitologia 12 (1978)
68–78 (in Russian).

[56] A. Pauly, R. Schuster, S. Steuber, Molecular characterization and differentiation of
opisthorchiid trematodes of the species Opisthorchis felineus (Rivolta, 1884) and
Metorchis bilis (Braun, 1790) using polymerase chain reaction, Parasitol. Res. 90
(2003) 409–414.

[57] S. King, T. Scholz, Trematodes of the family Opisthorchiidae: a minireview, Korean
J. Parasitol. 39 (2001) 209–221.

http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0005
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0005
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0005
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0010
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0010
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0015
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0015
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0020
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0020
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0025
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0025
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0025
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0030
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0030
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0035
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0035
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0035
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0035
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0040
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0040
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0040
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0045
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0045
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0050
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0050
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0050
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0055
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0055
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0060
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0060
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0060
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0065
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0065
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0070
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0070
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0075
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0075
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0075
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0080
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0080
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0080
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0085
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0085
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0090
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0090
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0095
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0095
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0095
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0095
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0095
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0100
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0100
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0100
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0100
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0105
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0105
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0110
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0110
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0110
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0110
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0115
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0115
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0115
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0120
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0120
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0120
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0120
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0120
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0125
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0125
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0125
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0130
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0130
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0135
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0135
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0135
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0135
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0140
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0140
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0140
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0145
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0145
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0150
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0150
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0150
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0150
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0155
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0155
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0155
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0160
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0160
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0160
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0160
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0160
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0165
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0165
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0165
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0175
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0175
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0175
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0180
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0180
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0180
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0185
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0185
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0190
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0190
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0190
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0195
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0195
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0195
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0200
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0200
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0200
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0200
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0205
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0205
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0205
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0210
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0210
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0210
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0215
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0215
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0215
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0220
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0220
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0225
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0225
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0230
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0230
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0230
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0235
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0235
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0240
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0240
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0240
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0245
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0245
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0245
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0250
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0250
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0255
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0255
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0260
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0265
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0265
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0270
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0270
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0275
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0275
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0275
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0280
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0280
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0280
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0280
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0285
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0285


267J. Sitko et al. / Parasitology International 65 (2016) 258–267
[58] G. Kanarek, J. Sitko, L. Rolbiecki, J. Rokicki, Digenean fauna of the great cormorant
Phalacrocorax carbo sinensis (Blumenbach, 1798) in the brackish waters of the
Vistula lagoon and the Gulf of Gdansk (Poland), Wiad. Parazytol. 49 (2002)
293–299.
[59] S. Švažas, N. Chukalova, G. Grishanov, Ž. Pūtys, A. Sruoga, D. Butkauskas, L.
Raudonikis, P. Prakas, The role of great cormorant (Phalacrocorax carbo sinensis)
for fish stock and dispersal of helminthes parasites in the Curonian lagoon area,
Vet. Med. Zoot. 55 (2011) 79–85.

http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0290
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0290
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0290
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0290
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0295
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0295
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0295
http://refhub.elsevier.com/S1383-5769(16)30003-4/rf0295

	Integrative taxonomy of European parasitic flatworms of the genus Metorchis Looss, 1899 (Trematoda: Opisthorchiidae)
	1. Introduction
	2. Material and methods
	2.1. Sampling
	2.2. DNA extraction, amplification and sequencing
	2.3. Alignments and phylogenetic analyses

	3. Results
	3.1. Central European Metorchis spp.
	3.2. Phylogenetic analyses of specimens isolated from birds
	3.3. Synonymization of M. bilis with M. albidus from mammals and M. crassiusculus from birds
	3.4. Species description of Metorchis spp. based on the material collected in birds in Central Europe
	3.4.1. Family Opisthorchiidae Looss, 1899
	3.4.1.1. Metorchis bilis (Braun, 1790) Odening, 1962
	3.4.1.2. Metorchis xanthosomus (Creplin, 1846)



	4. Discussion
	Acknowledgements
	References


