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Abstract

Zygocotyle lunata inhabits the caecum of birds and mammals from the American continent. This amphistome parasite is easily
maintained in the laboratory and serves as a model organism in life-cycle studies, but it has seldom been studied using molecular
data. Neither the position of Z. lunata in the superfamily Paramphistomoidea nor the monophyly of the Zygocotylidae has been
evaluated with molecular phylogenetic methods. In the present study, adult specimens of Z. lunata obtained experimentally in
mice from Brazil were submitted to molecular studies. Partial sequences of nuclear (1261 bp of 28S and 418 bp of 5.8S-ITS-2)
and mitochondrial (1410 bp of cytochrome ¢ oxidase 1, cox1) markers were compared with published data. In the most well-
resolved phylogeny, based on 28S sequences, Z. lunata clustered in a well-supported clade with Wardius zibethicus, the only
other species currently included in the Zygocotylidae, thus confirming the validity of this family. Divergence of 28S sequences
between these species was 2.2%, which falls in the range of intergeneric variation (0.9-5.6%) observed in the other two
monophyletic groups in the 28S tree, i.e., representatives of Gastrodicidae and Neotropical cladorchiids (Cladorchiidae).
Analysis of ITS-2 and two parts of the cox1 gene placed Z. lunata within poorly resolved clades or large polytomies composed
of several paramphistomoid families, without clarifying higher-level phylogenetic relationships. The cox1 of a Brazilian isolate
of Z. lunata is 99.6% similar to a Canadian isolate, confirming the pan-American distribution of the species. Finally, our
phylogenetic reconstructions of Paramphistomoidea revealed a complex scenario in the taxonomic composition of some
amphistome families, which highlights a need for further integrative studies that will likely result in rearrangements of traditional
morphology-based classifications.
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Introduction

The amphistome trematodes (superfamily Paramphistomoidea)
are parasites of all classes of vertebrates. Several species of
veterinary importance (members of Paramphistomum
Fischoeder, 1901; Calicophoron Néasmark, 1937;
Cotylophoron Stiles & Goldberger, 1910; and Balanorchis
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terms of biodiversity, although the actual number of species of
these flukes is still unknown (Yamaguti 1971; Sey 1991; Tandon
et al. 2019). The classification of amphistomes is also complex,
with numerous morphology-based systems proposed over time
(reviewed by Sey 1988, 1991; Jones 2005a; Tandon et al. 2019).

In recent decades, molecular data have become available
from representatives of paramphistomoids, mainly from spe-
cies infecting ruminants. Most of these recent works focused
on identification of species using DNA sequences, especially
the second internal transcribed spacer of the ribosomal DNA
(ITS-2) (e.g., Rinaldi et al. 2005; Lotfy et al. 2010; Dube et al.
2016; Chamuah et al. 2016; Mohanta et al. 2017; Firdausy
et al. 2019). A smaller number of integrative works have fo-
cused on paramphistomoids from particular regions or hosts
(Ghatani et al. 2014; Laidemitt et al. 2017; Besprozvannykh
et al. 2018; Pantoja et al. 2019). In studies of higher-level
systematic relationships in the digeneans, partial sequences
of rDNA subunits from about 35 paramphistomoid species
have supported the status (monophyly) of the superfamily
Paramphistomoidea (Pérez-Ponce de Léon and Hernandez-
Mena 2019). Complete mitochondrial genomes have been se-
quenced in several paramphistomoids (e.g., Yang et al. 2016),
but most studies using these data concentrate on other taxa
(e.g., Le et al. 2019). Focused phylogenetic studies of
higher-level classifications among paramphistomoid trema-
todes are lacking. The scarcity of molecular data, particularly
from key genera and families, hinders the advancement of
knowledge of the interrelationships within this superfamily.

Among the poorly studied amphistome species is
Zygocotyle lunata (Diesing, 1836), which is currently placed
in the family Zygocotylidae Ward, 1917. This family includes
just two genera, both monotypic: Zygocotyle Stunkard, 1916
(the type genus of the family), and Wardius Barker & East,
1915 (Sey 1991; Jones 2005b). Zygocotyle lunata has been
reported in natural infections of the caecum and large intestine
of about 40 species of birds and mammals (revised by Fried
et al. 2009). Interestingly, it is the only species of
paramphistomoid that infects avian hosts (Jones 2005b;
Fried et al. 2009). Among paramphistomoids, Z. lunata is
unusually easy to maintain under laboratory conditions, which
has led to decades of studies of its biology, life cycle, pathol-
ogy, immunology, biochemistry, and more recently pharma-
cotherapy (Willey 1941; Ostrowski de Nufiez et al. 2003;
Fried et al. 2009; Pinto et al. 2019). Nevertheless, molecular
data from this parasite are scant (only 3 public sequences) and
have only been employed in taxonomically narrow studies
related to the identification of the parasite (Van Steenkiste
et al. 2015; Pinto et al. 2019). Neither the phylogenetic posi-
tion of Z. /unata among members of the superfamily
Paramphistomoidea nor the monophyly of the Zygocotylidae
has been evaluated.

In the present study, we obtained partial sequence data of
the large subunit nuclear rDNA (28S) and the 5.8S-ITS2 as
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well as of the mitochondrial cytochrome ¢ oxidase subunit [
(cox1) genes for a Brazilian isolate of Z. lunata. Newly gen-
erated sequences were used for the first time in a phylogenetic
context, which, besides confirming the identification of the
parasite, supported the distinctive status of the family
Zygocotylidae. The validity of other families within
Paramphistomoidea is also briefly discussed based on the phy-
logenetic results here presented.

Material and methods

The isolate of Z. lunata used in the present study was obtained
from an experimental infection initiated from cercariac emerged
from a naturally infected specimen of Biomphalaria straminea
(Dunker, 1848) collected from an urban lake in Belo Horizonte
(19° 47" 06.20" S and 43° 57'11.41" W), Minas Gerais, Brazil,
in July 2017. Briefly, metacercariae encysted on the wall of the
plastic container where the naturally infected snail was kept
were carefully removed with the aid of metal needles. The
metacercariae were counted and forced-fed to five mice (50
metacercariae/animal). Experimental infection of the mice per-
formed in this study was carried out in accordance with the
procedures recommended by the local ethics committee on an-
imal experimentation, CEUA, UFMG (protocol 21/2016).
Adult parasites obtained in the cecum of rodents between 15
and 45 days post-infection were identified as Z. lunata (Fig. 1)
according to morphological criteria described by different au-
thors (Sey 1991; Ostrowski de Nuiiez et al. 2003, 2011; Jones
2005b; Barbosa et al. 2011). As isolates of Z. lunata from the
same geographical area are well characterized (Travassos et al.
1969; Ostrowski de Nufiez et al. 2003; Barbosa et al. 2011),
detailed morphological analysis is not included in the present
account. Voucher specimens (isogenophores sensu Pleijel et al.
2008) were deposited in the Collection of Trematodes,
Taxonomic Collections Center of the Universidade Federal de
Minas Gerais (UFMG-TRE 118).

DNA was extracted from one adult specimen from an ex-
perimentally infected mouse using Wizard Genomic DNA
Purification kit (Promega), according to the protocol present-
ed by the manufacturer. Extracted DNA was quantified using
a microvolume spectrophotometer (NanoDrop Lite; Thermo
Fisher Scientific). Partial regions of the genes 28S rDNA (~
1200 bp) and 5.8S-ITS2 (~400 bp) were amplified using the
primer pairs Digl2/1500R (Tkach et al. 2003) and 3S/BD2
(Bowles et al. 1995), respectively. For cox1, we amplified two
regions widely used in the study of trematodes; one of them
(~ 800 bp of the post-barcoding region) was obtained using
the primer pair JB3/COI-RTrema (Miura et al. 2005), and the
other (~ 600 bp including a fragment of the barcoding region)
with the primers 123F/858R (Laidemitt et al. 2017). PCR
reactions were performed in a final volume of 25 ul, which
included 12.5 pl Platinum Hot Start PCR Master Mix,
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Fig. 1 Isogenophore specimen of
Zygocotyle lunata obtained in
experimentally infected mice (27-
day post-infection). a Whole
view. b Details of pharynx with
primary pharyngeal sacs. ¢ Detail
of posterior margin of acetabulum
bearing muscular lips. Scale bars:
a=500 um, b and ¢ =200 pm

1.25 pmol of each primer, and about 50 ng of template DNA.
The PCR conditions used were as described by the authors
listed above. Amplification products were visualized in 1%
agarose gel electrophoresis stained with UniSafe Dye
20,000 x (Uniscience). PCR products were purified with poly-
ethylene glycol (PEG) 20% PEG 8000 (Promega, USA), re-
suspended in 20 ul of ultrapure water, and dosed and se-
quenced in both directions by capillary electrophoresis in an
ABI3730 sequencer using the Big Dye Terminator Cycle
Sequencing kit (Applied Biosystems, USA). Chromatograms
obtained were edited using the ChromasPro v.2.0.1
(Technelysium Pty Ltd., Australia) and contigs, including a
consensus sequence of both partially overlapping cox1 frag-
ments, were compared with sequences available to species of
the superfamily Paramphistomoidea available in GenBank.
Four alignments of each molecular marker (28S, ITS-2,
and two fragments of coxl) were created using the newly
generated sequences and those of other members of
Paramphistomoidea (Table S1) using default parameters of
MAFFT (Katoh and Standley 2013) implemented in the
Guidance2 web server (http://guidance.tau.ac.il/; Sela et al.
2015). Unreliable positions in the alignments were identified
and removed using the Gblock web server (http:/phylogeny.
lirmm.ft/; Dereeper et al. 2008) with less stringent settings; the
5.8S-ITS2 alignment was further trimmed to only the ITS-2

gene, as some sequences are restricted to this marker.
Uncorrected p distances were calculated using MEGA 7.0
(Kumar et al. 2016).

Phylogenetic reconstructions were performed with the
Bayesian inference (BI) and maximum likelihood (ML) criteria
using the evolutionary models selected based on the Akaike
Information Criterion corrected for small sample size in
ModelFinder (Kalyaanamoorthy et al. 2017) within IQ-TREE
(Nguyen et al. 2015); models for BI were restricted to those
allowed in MrBayes ver. 3.2 (Ronquist et al. 2012). The models
used were as follows: GTR +F + 1+ G4 for both BI and ML
analyses of 28S; GTR + F + G4 and TVMe+G, for BI and ML
analyses, respectively, of ITS-2; GTR + F + 1+ G4 for codons
1+2 and HKY + F + 1+ G4 for codon 3 in BI, and TIM + F +
I+ G4 for codons 1 +2 and TPM2 + F + 1+ G4 for codon 3 for
ML analysis of barcode-region cox1; and GTR + F + G4 for co-
dons 1+2 and HKY + F + 1+ G4 for codon 3 for BI, and
K3Pu+F +1+ Gy for codons 1+2 and TPM2u+F +1+Gy
for codon 3 for ML analysis of post-barcode cox1. Outgroups
were chosen based on previous studies of 28S (Pérez-Ponce de
Léon and Hernandez-Mena 2019), ITS-2 (Laidemitt et al. 2017),
and mt genome (Le et al. 2019) datasets that include members of
Paramphistomoidea and closely related superfamilies.

The ML trees were generated via IQ-TREE and nodal sup-
ports were estimated with 10,000 UFBoot iterations (Minh
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et al. 2013). BI analyses were conducted in MrBayes ver. 3.2
running two independent MC3 runs of 4 chains (one cold,
three heated) for 10 million generations, sampling tree topol-
ogies every 1000th generation, with the first 25% of samples
discarded as burn-in; all above-mentioned analyses were run
on the computational resource CIPRES (Miller et al. 2010).
Tracer v.1.6 (Rambaut et al. 2014) was used to check the
convergence and mixing of different parameters and to con-
firm that the effective sample size (ESS) of each parameter
was adequate to provide reasonable estimates of the variance
in model parameters (i.e., ESS values > 200). Some nodes are
collapsed to simplify the tree, highlighting the interrelation-
ship within and between families. FigTree ver. 1.4.2
(Rambaut 2012) was used for tree visualization and Adobe®
Photoshop® CS5 (Adobe Inc., USA) for additional editing;
family-level classification in the trees follows Jones (2005a),
except for the Microscaphidiidae and Mesometridae, which
have appeared nested within Paramphistomoidea in most re-
cent phylogenies (see Pérez-Ponce de Léon and Hernandez-
Mena 2019). Sequences here generated were deposited in the
GenBank database [MT514525 (28S); MT514521 (5.8S-
ITS2); MT511662 (cox1)].

Results

We generated sequences of 28S (1261 bp), 5.8S-ITS2
(418 bp), and cox1 (610 bp with the primers 123F/858R and
871 bp with JB3/COI-R Trema, resulting in a fragment of
1410 bp) genes for a Brazilian isolate of Z. lunata. The align-
ment of 45 sequences of partial sequences of the gene 28S
comprised 1440 positions, of which 462 were excluded,
resulting in a final alignment of 978 positions. The final matrix
included 399 distinct patterns, 324 parsimony-informative,
102 singletons, and 552 constant sites. The trees resulting
from the BI and ML analyses of this markers were congruent
in topology (Fig. 2a) and placed Z. lunata with W. zibethicus
in a well-supported clade, thus confirming the monophyly of
the Zygocotylidae. While the 28S sequences of both members
of the Gastrodiscidae, i.e., Gastrodiscoides hominis (Lewis &
McConnell, 1876) and Homalogaster paloniae Poirier, 1883,
exhibited a sister relationship, representatives of
Paramphistomidae, Gastrothylacidae, and Olveriidae nested
together in a well-supported, polyphyletic clade. The
cladorchiids split into two sister clades, one moderately sup-
ported and formed by isolates recovered from unrelated hosts
in the Palacarctic (Amurotrema dombrowskajae Achmerow,
1959), Indomalayan [Helostomatis cf. helostomatis
(MacCallum, 1905)], Nearctic [Pisciamphistoma stunkardi
(Holl, 1929), Megalodiscus spp.], and Australasian
(Solenorchis travassosi Hilmy, 1949) realms, and the other a
strongly supported clade of species that parasitize Neotropical
fishes. Although nominally in the same family, the
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monophyly of the 28S clade containing these two cladorchiid
clades was not well supported. The monophyly of the
Diplodiscidae could not be assessed as it was represented only
by Diplodiscus, in which three species formed a well-
supported clade, tentatively sister to cladorchiids. The earliest
diverging 28S lineage of Paramphistomoidea is represented
by isolates of Microscaphidiidae, which is paraphyletic with
respect to a single representative of Mesometridae
(Mesometra sp.). Pairwise comparisons within well-
supported monophyletic assemblages (Zygocotylidae,
Gastrodiscidae, Neotropical cladorchiids) revealed 28S diver-
gence of 2.2% (22-nt difference) between Z. lunata and
W. zibethicus (Zygocotylidae), 0.9% (9-nt difference) between
G. hominis and H. paloniae (Gastrodicidae), and 1.3% to
5.6% (13—54-nt differences) among nine species in five gen-
era of Neotropical cladorchiids.

The alignment of 33 ITS-2 sequences comprised 551 posi-
tions, of which 267 were excluded, resulting in a final align-
ment of 284 positions. The final matrix included 156 distinct
patterns, 141 parsimony-informative, 39 singletons, and 104
constant sites. In the ITS-2 phylogenetic reconstruction (Fig.
2b), Z. lunata was nested within a large polytomy including
members of the Gastrodiscidae, Gastrothylacidae,
Paramphistomidae, and Stephanopharyngidae. Only members
of the Neotropical cladorchiids from freshwater fishes formed
a strongly supported clade, apparently sister to Diplodiscus
mehrai Pande, 1937 (Diplodiscidae). The ITS-2 of Z. lunata
diverged by 4.3 to 20.7% (13-56-nt difference) from other
Paramphistomoidea.

The alignment of 24 barcode-region cox1 sequences com-
prised 1548 positions, of which 864 were excluded (mostly on
the flanking regions), resulting in a final alignment of 684
positions. The final matrix included 327 distinct patterns,
289 parsimony-informative, 46 singletons, and 349 constant
sites. In phylogenetic analysis (Fig. 3a), Brazilian and
Canadian isolates of Z. /unata nested within a polytomy
formed by members of the Gastrodiscidae, Gastrothylacidae,
Paramphistomidae, and Stephanopharyngidae. Four of five
species of Calicophoron clustered in a well-supported clade,
as did species of three genera of gastrothylacid amphistomes,
suggesting the monophyly of the latter group. A single repre-
sentative of the Cladorchiidae, Megalodiscus sp., was sister to
the remaining Paramphistomoidea, but support for its position
was not strong. Barcode cox1 sequences of Brazilian and
Canadian isolates of Z. lunata differed by two nucleotide sub-
stitutions (0.4% of divergence, corresponding to G/A and T/C
transitions), and by 14.4 to 20.2% (67-94-nt differences) from
other paramphistomoids.

The alignment of 22 post-barcode-region cox1 sequences
comprised 1548 positions of which 1155 were excluded
(mostly on the flanking regions), resulting in a final alignment
of 393 positions. The final matrix included 200 distinct pat-
terns, 155 parsimony-informative, 31 singletons, and 207
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Fig. 2 Bayesian inference (BI) phylograms of the relationships of
Zygocotyle lunata (in bold) among selected Paramphistomoidea as in-
ferred from partial sequences of 28S (a), and nearly complete ITS-2 (b).
BI posterior probabilities (>0.95) and maximum likelihood (ML)

constant sites. Trees resulting from the ML and BI analyses
revealed the distinctive status of Z. lunata, although with un-
clear affiliation among other amphistomes, and with some

Diplodiscus mehrai KX506856 DIPLODISCIDAE

Doramphistoma bacuense MK604809
Doramphistoma parauchenipteri MK604834
Dadaytrema oxycephalum MK604833
Dadaytrema gracile MK604810
Dadaytrema minimum MK604831

CLADORCHIIDAE

bootstrap support values (>90%) are shown below and above nodes,
respectively (see inset). Branch length scale bar indicates number of sub-
stitutions per site

variation in node support (Fig. 3b). As in the analysis of the
barcode-region cox1 (Fig. 3a), post-barcode cox1 sequences
from gastrothylacid amphistomes clustered in a well-

@ Springer



Parasitol Res

v
[]
cox1
a barcode-region
ML BI 9
95100 VY| 1 W ]
90-94 \/].95-.99[]

1.0

!EEchinostoma caproni AP017706
[ ] Echinostoma parensei KT008005

K]

V:Echinostoma caproni AP017706
[] Echinostoma parensei KT008005 OUTGROUP

Megalodiscus sp. KM538103 CLADORCHIIDAE

E Paramphistomum cervi KF475773

Cotylophoron sp. KX670167
Calicophoron sukari MN603500
Orthocoelium streptocoelium KM659177 EARAMELISTONIDAE

Homalogaster paloniae KT266674 &

Explanatum explanatum KT198989 GASTRODISCIDAE
Paramphistomum leydeni KP341657
Zygocotyle lunata MT511662 (Brazil) *
Zygocotyle lunata KM538121 (Canada) ZYGOCOTYLIDAE

Cotylophoron microbothrioides KR337555

Stephanopharynx sp. KX670194 i
Calicophoron clavula KX670151 STEPHANOPHARYNGIDAE

Calicophoron raja KX670103
Calicophoron microbothrium KX670120
Calicophoron phillerouxi KX670096

Gastrothylax crumenifer KM400624 GASTROTHYLACIDAE

Carmyerius exoporus KX670178
Carmyerius gregarius KX670119

OUTGROUP

Megalodiscus temperatus AB818372

Doramphistoma parauchenipteri MK890104
Dadaytrema oxycephalum MK890101

Doramphistoma bacuense MK907334 CLADORCHIIDAE
Iquitostrema papillatum MN104942

Pseudocladorchis romani MN099702

Dadaytrema gracile MK890103

Dadaytrema minimum MK890100

COX 1 Homalogaster paloniae KT266674 GASTRODISCIDAE
. ———————Zygocotyle lunata MT511662 ZYGOCOTYLIDAE
post-barcode-region 0O w Calicophoron microbothrioides KR337555

b 95100Vy| 1 W

90-94 \ /|.95-.99(] v
0.2

Fig. 3 Bayesian inference (BI) phylograms of the relationships of
Zygocotyle lunata (new sequence in bold) among selected
Paramphistomoidea as inferred from sequences of the barcoding region
(a) and post-barcoding region of cytochrome ¢ oxidase 1 (cox1) (b). BI

supported clade within a virtual polytomy (clades lacking
strong statistical support) formed also by members of
Paramphistomidae and Z. [unata. Post-barcode cox1 se-
quences from Neotropical cladorchiids parasitizing fish clus-
tered in a weakly supported clade with another cladorchiid
species, Megalodiscus temperatus (Stafford, 1905).
Divergence of post-barcode coxl sequence of Z. lunata in
relation to other Paramphistomoidea ranged from 11.2 to
22.3% (36-85-nt differences).

Discussion

Zygocotyle lunata has been accommodated in different schemes
of classification since its original description as Amphistoma
lunatum based on parasites collected by the naturalist Johann
Natterer from wild birds and deer in the early nineteenth century
(Jones 2005b; Fried et al. 2009). The species was included in its
own subfamily, Zygocotylinae, within the Paramphistomidae
for decades (Yamaguti 1971). Later, Sey (1988, 1991) retained
Z. lunata within the Zygocotylinae, but treated the taxon under
the family Zygocotylidae, together with representatives of the
Olveriinae, Stephanopharynginae, Pseudodiscinae, and
Watsoniinae. In the most recent morphology-based treatment,
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the familial status of Zygocotylidae was sustained in order to
include only the monotypic genera Zygocotyle and Wardius, but
four former subfamilies were excluded: Olveriinae and
Stephanopharynginae were elevated to family rank, and
Pseudodiscinac and Watsoniinae were treated as synonyms of
the Gastrodiscidae (Jones 2005b). Surprisingly, the relationship
of Z. lunata with other paramphistomoids has never been
assessed in a molecular phylogenetic context, which may raise
doubts about the systematic value of some morphological char-
acters used in the traditional classification.

Analyses of nuclear and mitochondrial sequences gener-
ated herein shed light on the relationships of Z. lunata with
other paramphistomoids. The most well-resolved phyloge-
ny, based on 28S, supports the placement of Z. Ilunata
within the Zygocotylidae along with only W. zibethicus,
which corroborates the scheme proposed by Jones
(2005b) and refutes the five zygocotylid subfamilies sug-
gested by Sey (1988, 1991). Unfortunately, the validity of
the Zygocotylidae could not be tested using additional
markers due to the lack of data from W. zibethicus. Both
representatives of the Zygocotylidae possess a pair of ex-
tramural primary pharyngeal sacs and lack a cirrus-sac
(Jones 2005b), but unique morphological synapomorphies
for the family remain unclear.
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Natural infections with Z. lunata in both intermediate and
definitive hosts have been recorded across the Americas, but
most of these reports are from morphologically based surveys
or experimental infections of planorbid snails in Helisoma (in
North America) and Biomphalaria (in South America) (Fried
et al. 2009 and references therein; Barbosa et al. 2011; Spatz
et al. 2012; Silva et al. 2016). Both the wide geographic dis-
tribution of Z. lunata and its presence in different first inter-
mediate hosts may raise a suspicion of cryptic speciation
(Nadler and Pérez-Ponce de Leon 2011). However, the virtual
identity of coxl sequence in the Brazilian and Canadian
isolates of Z. lunata confirms the wide distribution of this
species in Nearctic and Neotropical realms, and the range of
its first intermediate hosts. Sey (1991) also listed reports of
Z. lunata from Asia and Africa, but molecular data are re-
quired to confirm this wider pan-continental distribution.
The compatibility of Z. lunata with members of both
Helisoma and Biomphalaria may be related to the close rela-
tionship between these planorbids (Morgan et al. 2002;
Jorgensen et al. 2004).

The few attempts that assess the systematic status of fam-
ilies within Paramphistomoidea have mostly focused on
amphistome parasites of particular groups of hosts
(Besprozvannykh et al. 2018; Pantoja et al. 2019). Although
not the main focus here, our phylogenetic reconstructions sug-
gest the non-monophyly of several traditional morphology-
based families. Historically, the systematic position of the
two earliest diverging families in our 28S analyses, i.e.,
Microscaphidiidae and Mesometridae, has been controversial
(Sey 1991; Blair 2005; Jones and Blair 2005). Despite remark-
able morphological differences between these families, which
are considered to constitute a superfamily,
Microscaphidioidea, by some authors (see Jones and Blair
2005), molecular data indicate both families belong within
Paramphistomoidea. The 28S phylogeny also indicate the
Microscaphidiidae to be paraphyletic with respect to a single
representative of the Mesometridae (Acc. No. AY222216)
(Olson et al. 2003; Pérez-Ponce de Léon and Hernandez-
Mena 2019; present data). Future phylogenetic studies of
these monostome flukes will need broader taxonomic sam-
pling, mainly with species of the poorly represented
Mesometridae, along with detailed morphological evalua-
tions, which may clarify their actual interrelationships.

Cladorchiidae is one of the most diverse groups of
paramphistomoids. In South America, for instance, it is the
most species-rich family of trematodes from freshwater fishes
(Choudhury et al. 2016; Pantoja et al. 2019), yet phylogenetic
studies of cladorchiids are rare (Sokolov et al. 2016; Pantoja
et al. 2019). In the most comprehensive analysis, Pantoja et al.
(2019) focused on the subfamilial classifications and found
evidence for the monophyly of the Neotropical fish
cladorchiids, but could not confirm the monophyletic status of
the family. Our results agree with these findings since the sister

relationship between taxa from unrelated hosts and zoogeo-
graphical regions, and the cladorchiids from Neotropical fresh-
water fishes, is not statistically supported (see Figs. 1a and 2b).
We speculate that data from members of the type genus
Cladorchis Fischoeder, 1901, may result in a narrower concept
of the Cladorchiidae as well as in elevation to family rank of the
Neotropical cladorchiid parasites of freshwater fishes.

An even more complex scenario emerges among
amphistomes from terrestrial mammals, especially those of vet-
erinary importance. The non-monophyly of the speciose family
Paramphistomidae was observed in all phylogenetic analyses
(see Figs. 2 and 3), as in previous studies (Ichikawa et al.
2013; Shylla et al. 2013; Laidemitt et al. 2017; Pérez-Ponce de
Léon and Hernandez-Mena 2019). Representatives of three out
of four genera of Gastrothylacidae (only Velasquezotrema
Eduardo & Javellana, 1987 is missing) formed a monophyletic
assemblage in analyses of both cox1 fragments (see Fig. 3) that
confirms the presumptive validity of the family (Laidemitt et al.
2017). However, nuclear markers did not support the
Gastrothylacidae (see Fig. 2).

The monophyly of the Stephanopharyngidae and Olveriidae
seems plausible as both families comprise a single genus,
Stephanopharynx Fischoeder, 1901 and Olveria Thapar &
Sinha, 1945, respectively (Jones 2005¢, 2005d). In our analyses
based on the nuclear genes, S. compactus Fischoeder, 1901
(type and only known species) showed a sister relationship with
an unnamed species of Stephanopharynx (see Fig. 1b), but 28S
from O. indica Thapar & Sinha, 1945 (type species) and O. bosi
Tandon, 1951 did not cluster together in a single clade (see Fig.
la). Instead, Olveria spp. clustered in a large polytomy, also
including representatives of the Paramphistomidae and
Gastrothylacidae. Despite the unique morphology of both
known species of Olveria, which have lent weight to the erection
of the Olveriidae (Jones 2005d), their sister relationship should
be assessed using additional molecular markers. The monophyly
of the Gastrodiscidae was recovered in the analysis of 28S, in
which G. hominis and H. paloniae exhibit a strongly supported
sister relationship. However, more representatives of the other
six genera within Gastrodiscidae (see Jones 2005¢) should be
sequenced to evaluate the status of this family.

Some of these results differ from recent analyses of mito-
chondrial genomes. For example, the Paramphistomidae and
Gastrothylacidae emerge as monophyletic in Yang et al.
(2016), Suleman et al. (2019), Le et al. (2019), and
Rajapakse et al. (2020), which collectively include represen-
tatives of Paramphistomum, Explanatum, Calicophoron,
Orthocoelium (Paramphistomidae), Fischoederius, and
Gastrothylax (Gastrothylacidae), and Homalogaster
(Gastrodiscidae). However, Fu et al. (2019) and Li et al.
(2020), who analyzed the same sequences, present mitochon-
drial genome phylogenies in which the Paramphistomidae
forms a paraphyletic group with Gastrothylacidae nested
within it.

@ Springer
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Clearly, systematic classification in the Paramphistomoidea
does not reflect the evolutionary history of the group. A metic-
ulous framework for the morphological identification of these
organisms has been proposed (see Eduardo 1982; Sey 1991,
Jones 2005a, and references therein), but the relative importance
of these characters for paramphistomoid systematics is not clear.
Another obstacle is the frequent and exclusive use of ITS-2
sequences (Lotfy et al. 2010; Ichikawa et al. 2013; Dube et al.
2016), which may not display enough phylogenetic signal either
to differentiate closely related species (Laidemitt et al. 2017) or
unravel the interrelationships among the paramphistomoids, as
indicated in the present study. Therefore, we advocate that future
integrative studies on paramphistome flukes should prioritize
expansion of taxonomic coverage and, secondly, should obtain
mitochondrial genomic data or at least two independently evolv-
ing loci (e.g., 28S and cox1), and finally, should be accompanied
by thorough morphological study.

Our molecular phylogenetic analysis of Z. lunata will help
in future, wider efforts to organize taxonomy in the
Paramphistomoidea. Besides confirming the wide distribution
of the species in the Americas, our work shows the
Zygocotylidae to be one of few traditional paramphistomoid
families with robust molecular support.

Funding information This work was financially supported by CAPES
(postdoc scholarship to PVA and doctoral scholarship to JCAA and
DLH), CNPq (doctoral scholarship to EAPM and research scholarship
to HAP and ALM), and the National Science Foundation (grant 1845021
to SAL).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest

References

Barbosa FS, Pinto HA, Melo AL (2011) Biomphalaria straminea
(Mollusca: Planorbidae) como hospedeiro intermediario de
Zygocotyle lunata (Trematoda: Zygocotylidae) no Brasil. Neotrop
Helminthol 5:241-246

Besprozvannykh VV, Rozhkovan KV, Ermolenko AV, Izrailskaya
(2018) Diplodiscus mehrai Pande, 1937 and D. japonicus
(Yamaguti, 1936): morphology of developmental stages and molec-
ular data. Helminthologia 55:60—69. https://doi.org/10.1515/helm-
2017-0049

Blair D (2005) Family Microscaphidiidae Looss, 1900. In: Jones A, Bray
RA, Gibson DI (eds.), Keys to the Trematoda. Volume 2. CAB
International & The Natural History Museum, Wallingford, pp
193-211

Bowles J, Blair D, McManus DP (1995) A molecular phylogeny of the
human schistosomes. Mol Phylogenet Evol 4:103—109. https:/doi.
org/10.1006/mpev.1995.1011

Chai JY (2019) Human intestinal flukes. From discovery to treatment and
control. Springer, Netherlands

Chai JY, Jung BK (2019) Epidemiology of trematode infections: an up-
date. In Toledo R, Fried B. Digenetic trematodes. Adv Exp Med

@ Springer

Biol 1154, Springer:359—409. https://doi.org/10.1007/978-3-030-
18616-6 12

Chamuah JK, Raina OK, Lalrinkima H, Jacob SS, Sankar M, Sakhrie A,
Lama S, Banerjee PS (2016) Molecular characterization of veteri-
nary important trematode and cestode species in the mithun Bos
frontalis from north-east India. J Helminthol 90:577-582. https://
doi.org/10.1017/S0022149X15000772

Choudhury A, Aguirre-Macedo ML, Curran SS, Ostrowski de Nunez M,
Overstreet RM, Pérez-Ponce de Ledn G, Santos CP (2016)
Trematode diversity in freshwater fishes of the globe II: ‘New
World’. Syst Parasitol 93:271-282. https://doi.org/10.1007/
$11230-016-9632-1

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F,
Dufayard JF, Guindon S, Lefort V, Lescot M, Claverie JM,
Gascuel O (2008) Phylogeny.fi: robust phylogenetic analysis for
the non-specialist. Nucleic Acids Res 36:W465-W469. https://doi.
org/10.1093/nar/gkn180

Dube S, Sibula MS, Dhlamini Z (2016) Molecular analysis of selected
paramphistome isolates from cattle in southern Africa. ] Helminthol
90:784—788. https://doi.org/10.1017/S0022149X15000905

Eduardo SL (1982) The taxonomy of the family Paramphistomidae
Fischoeder, 1901 with special reference to the morphology of spe-
cies occurring in ruminants. I. General considerations. Syst Parasitol
4:7-57. https://doi.org/10.1007/BF00012228

Firdausy LW, Prahardani R, Wusahaningtyas LS, Indarjulianto S, Wahyu
M, Nursalim MT, Nurcahyo W (2019) Morphological and molecu-
lar identification of Pfenderius heterocaeca (Trematode:
Paramphistomoidea) from Sumatran elephant (Elephas maximus
sumatranus). Vet World 12:1341-1345. https://doi.org/10.14202/
vetworld.2019.1341-1345

Fried B, Huffman JE, Keeler S, Peoples RC (2009) The biology of the
caecal trematode Zygocotyle lunata. Adv Parasitol 69:1-40. https://
doi.org/10.1016/S0065-308X(09)69001-1

Fu YT, Jin YC, Liu GH (2019) The complete mitochondrial genome of
the caecal fluke of poultry, Postharmostomum commutatum, as the
first representative from the superfamily Brachylaimoidea. Front
Genet 10:1037. https://doi.org/10.3389/fgene.2019.01037

Ghatani S, Shylla JA, Roy B, Tandon V (2014) Multilocus sequence
evaluation for differentiating species of the trematode family
Gastrothylacidae, with a note on the utility of mitochondrial COI
motifs in species identification. Gene 548:277-284. https://doi.org/
10.1016/j.gene.2014.07.046

Huson KM, Oliver NAM, Robinson MW (2017) Paramphistomosis of
ruminants: an emerging parasitic disease in Europe. Trends Parasitol
33:836-844. https://doi.org/10.1016/j.pt.2017.07.002

Ichikawa M, Kondoh D, Bawn S, Maw NN, Htun LL, Thein M, Gyi A,
Sunn K, Katakura K, Itagaki T (2013) Morphological and molecular
characterization of Explanatum explanatum from cattle and buffa-
loes in Myanmar. J Vet Med Sci 75:309-314. https://doi.org/10.
1292/jvms.12-0389

Jones A (2005a) Superfamily Paramphistomoidea Fischoeder, 1901. In:
Jones A, Bray RA, Gibson DI (eds.), Keys to the Trematoda.
Volume 2. CAB International & The Natural History Museum,
Wallingford, pp 221-227

Jones A (2005b) Family Zygocotylidae Ward, 1917. In: Jones A, Bray
RA, Gibson DI (eds.), Keys to the Trematoda. Volume 2. CAB
International & The Natural History Museum, Wallingford, pp
353-356

Jones A (2005¢) Family Stephanopharyngidae stiles & Goldberger, 1910.
In: Jones A, Bray RA, Gibson DI (eds.), Keys to the Trematoda.
Volume 2. CAB International & The Natural History Museum,
Wallingford, pp 347-348

Jones A (2005d) Family Olveriidae Yamaguti, 1958. In: Jones A, Bray
RA, Gibson DI (eds.), Keys to the Trematoda. Volume 2. CAB
International & The Natural History Museum, Wallingford, pp
343-345


https://doi.org/10.1515/helm-2017-0049
https://doi.org/10.1515/helm-2017-0049
https://doi.org/10.1006/mpev.1995.1011
https://doi.org/10.1006/mpev.1995.1011
https://doi.org/10.1007/978-3-030-18616-6_12
https://doi.org/10.1007/978-3-030-18616-6_12
https://doi.org/10.1017/S0022149X15000772
https://doi.org/10.1017/S0022149X15000772
https://doi.org/10.1007/s11230-016-9632-1
https://doi.org/10.1007/s11230-016-9632-1
https://doi.org/10.1093/nar/gkn180
https://doi.org/10.1093/nar/gkn180
https://doi.org/10.1017/S0022149X15000905
https://doi.org/10.1007/BF00012228
https://doi.org/10.14202/vetworld.2019.1341-1345
https://doi.org/10.14202/vetworld.2019.1341-1345
https://doi.org/10.1016/S0065-308X(09)69001-1
https://doi.org/10.1016/S0065-308X(09)69001-1
https://doi.org/10.3389/fgene.2019.01037
https://doi.org/10.1016/j.gene.2014.07.046
https://doi.org/10.1016/j.gene.2014.07.046
https://doi.org/10.1016/j.pt.2017.07.002
https://doi.org/10.1292/jvms.12-0389
https://doi.org/10.1292/jvms.12-0389

Parasitol Res

Jones A (2005¢) Family Gastrodiscidae Monticelli, 1892. In: Jones A,
Bray RA, Gibson DI (eds.), Keys to the Trematoda. Volume 2. CAB
International & The Natural History Museum, Wallingford, pp 325—
336

Jones A, Blair D (2005) Family Mesometridae Poche, 1926. In: Jones A,
Bray RA, Gibson DI (eds.), Keys to the Trematoda. Volume 2. CAB
International & The Natural History Museum, Wallingford, pp 213—
219

Jorgensen A, Kristensen TK, Stothard JR (2004) An investigation of the
“Ancyloplanorbidae” (Gastropoda, Pulmonata, Hygrophila): pre-
liminary evidence from DNA sequence data. Mol Phyl Evol 32:
778-787. https://doi.org/10.1016/j.ympev.2004.02.011

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS
(2017) ModelFinder: fast model selection for accurate phylogenetic
estimates. Nat Methods 14:587-589. https://doi.org/10.1038/nmeth.
4285

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment
software version 7: improvements in performance and usability.
Mol Biol Evol 30:772-780. https://doi.org/10.1093/molbev/mst010

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol 33:
1870-1874. https://doi.org/10.1093/molbev/msw054

Laidemitt MR, Zawadzki ET, Brant SV, Mutuku MW, Mkoji GM, Loker
ES (2017) Loads of trematodes: discovering hidden diversity of
paramphistomoids in Kenyan ruminants. Parasitology 144:131—
147. https://doi.org/10.1017/S0031182016001827

Le TH, Nguyen KT, Nguyen NTB, Doan HTT, Agatsuma T, Blair D
(2019) The complete mitochondrial genome of Paragonimus ohirai
(Paragonimidae: Trematoda: Platyhelminthes) and its comparison
with P. westermani congeners and other trematodes. Peer] 7:
€7031. https://doi.org/10.7717/peerj.7031

Li Y, Ma XX, Lv QB, Hu Y, Qiu HY, Chang QC, Wang CR (2020)
Characterization of the complete mitochondrial genome sequence of
Tracheophilus cymbius (Digenea), the first representative from the
family Cyclocoelidae. J Helminthol 94:e101. https://doi.org/10.
1017/s0022149x19000932

Lotfy WM, Brant SV, Ashmawy KI, Devkota R, Mkoji GM, Loker ES
(2010) A molecular approach for identification of paramphistomes
from Africa and Asia. Vet Parasitol 174:234-240. https://doi.org/10.
1016/j.vetpar.2010.08.027

Mas-Coma S, Bargues MD, Valero MA (2006) Gastrodiscoidiasis, a
plant-borne zoonotic disease caused by the intestinal amphistome
fluke Gastrodiscoides hominis (Trematoda: Gastrodiscidae). Rev
Iber Parasitol 66:75-81

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES science
gateway for inference of large phylogenetic trees. In: Proceedings of
the gateway computing environments workshop (GCE), 14
Nov. 2010, New Orleans, LA, 1-8. https://doi.org/10.1145/
2016741.2016785

Minh BQ, Nguyen MAT, von Haeseler A (2013) Ultrafast approximation
for phylogenetic bootstrap. Mol Biol Evol 30:1188-1195. https://
doi.org/10.1093/molbev/mst024

Miura O, Kuris AM, Torchin ME, Hechinger RF, Dunham EJ, Chiba S
(2005) Molecular-genetic analyses reveal cryptic species of trema-
todes in the intertidal gastropod, Batillaria cumingi (Crosse). Int J
Parasitol 35:793-801. https://doi.org/10.1016/j.ijpara.2005.02.014

Mohanta UK, Rana HB, Devkota B, Itagaki T (2017) Molecular and
phylogenetic analyses of the liver amphistome Explanatum
explanatum (Creplin, 1847) Fukui, 1929 in ruminants from
Bangladesh and Nepal based on nuclear ribosomal ITS2 and mito-
chondrial nadl sequences. J Helminthol 91:497-503. https://doi.
org/10.1017/S0022149X 16000420

Morgan JA, DeJong RJ, Jung Y, Khallaayoune K, Kock S, Mkoji GM,
Loker ES (2002) A phylogeny of planorbid snails, with implications
for the evolution of Schistosoma parasites. Mol Phyl Evol 25:477—
488. https://doi.org/10.1016/S1055-7903(02)00280-4

Nadler SA, Pérez-Ponce de Leon G (2011) Integrating molecular and
morphological approaches for characterizing parasite cryptic spe-
cies: implications for parasitology. Parasitology 138:1688—1709.
https://doi.org/10.1017/S003118201000168X

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ (2015) IQ-TREE: a
fast and effective stochastic algorithm for estimating maximum like-
lihood phylogenies. Mol Biol Evol 32:268-274. https://doi.org/10.
1093/molbev/msu300

Olson PD, Cribb TH, Tkach VV, Bray RA, Littlewood DTJ (2003)
Phylogeny and classification of the Digenea (Platyhelminthes:
Trematoda). Int J Parasitol 33:733-755. https://doi.org/10.1016/
S0020-7519(03)00049-3

Ostrowski de Nuiiez M, Spatz L, Gonzalez-Cappa SM (2003) New in-
termediate hosts in the life cycle of Zygocotyle lunata in South
America. J Parasitol 89:193—194. https://doi.org/10.1645/0022-
3395(2003)089[0193:NIHITL]2.0.CO;2

Ostrowski de Nufiez M, Davies D, Spatz L (2011) The life cycle of
Zygocotyle lunata (Trematoda, Paramphistomoidea) in the subtrop-
ical region of South America. Rev Mex Biodivers 82:581-588

Pantoja C, Scholz T, Luque JL, Jones A (2019) First molecular assess-
ment of the interrelationships of cladorchiid digeneans (Digenea:
Paramphistomoidea), parasites of Neotropical fishes, including de-
scriptions of three new species and new host and geographical re-
cords. Folia Parasitol 66:011. https://doi.org/10.14411/fp.2019.011

Pérez-Ponce de Léon G, Hernandez-Mena DI (2019) Testing the higher-
level phylogenetic classification of Digenea (Platyhelminthes,
Trematoda) based on nuclear rDNA sequences before entering the
age of the ‘next-generation’ tree of life. J Helminthol 93:260-276.
https://doi.org/10.1017/S0022149X19000191

Pinto HA, Assis JCA, Silva BCM, Gongalves NQ, Melo AL (2019)
Zygocotyle lunata as a model for in vivo screening of anthelmintic
activity against paramphistomes: evaluation of efficacy of
praziquantel, albendazole and closantel in experimentally infected
mice. Exp Parasitol 199:74-79. https://doi.org/10.1016/j.exppara.
2019.02.007

Pleijel F, Jondelius U, Norlinder E, Nygren A, Oxelman B, Schander C,
Sundberg P, Thollesson M (2008) Phylogenies without roots? A
plea for the use of vouchers in molecular phylogenetic studies.
Mol Phylogenet Evol 48:369-371. https://doi.org/10.1016/j.
ympev.2008.03.024

Rajapakse RP, Pham KL, Karunathilake KK, Lawton SP, Le TH (2020)
Characterization and phylogenetic properties of the complete mito-
chondrial genome of Fascioloides jacksoni (syn. Fasciola jacksoni)
support the suggested intergeneric change from Fasciola to
Fascioloides (Platyhelminthes: Trematoda: Plagiorchiida). Infect
Genet Evol 82:104281. https://doi.org/10.1016/j.meegid.2020.
104281

Rambaut A (2012) FigTree v1.4. Available from http://tree.bio.ed.ac.uk/
software/figtree/. Accessed Feb 2020

Rambaut A, Suchard MA, Xie D, Drummond AJ (2014) Tracer v1.6.
Available at http://beast.bio.ed.ac.uk/Tracer

Rinaldi L, Perugini AG, Capuano F, Fenizia D, Musella V, Veneziano V,
Cringoli G (2005) Characterization of the second internal tran-
scribed spacer of ribosomal DNA of Calicophoron daubneyi from
various hosts and locations in southern Italy. Vet Parasitol 131:247—
253. https://doi.org/10.1016/j.vetpar.2005.04.035

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S,
Larget B, Liu L, Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2:
efficient Bayesian phylogenetic inference and model choice across a
large model space. Syst Biol 61:539—542. https://doi.org/10.1093/
sysbio/sys029

Sargison N, Francis E, Davison C, Bronsvoort BM, Handel I, Mazeri S
(2016) Observations on the biology, epidemiology and economic
relevance of rumen flukes (Paramphistomidae) in cattle kept in a
temperate environment. Vet Parasitol 219:7-16. https://doi.org/10.
1016/j.vetpar.2016.01.010

@ Springer


https://doi.org/10.1016/j.ympev.2004.02.011
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1017/S0031182016001827
https://doi.org/10.7717/peerj.7031
https://doi.org/10.1017/s0022149x19000932
https://doi.org/10.1017/s0022149x19000932
https://doi.org/10.1016/j.vetpar.2010.08.027
https://doi.org/10.1016/j.vetpar.2010.08.027
https://doi.org/10.1145/2016741.2016785
https://doi.org/10.1145/2016741.2016785
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1016/j.ijpara.2005.02.014
https://doi.org/10.1017/S0022149X16000420
https://doi.org/10.1017/S0022149X16000420
https://doi.org/10.1016/S1055-7903(02)00280-4
https://doi.org/10.1017/S003118201000168X
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1016/S0020-7519(03)00049-3
https://doi.org/10.1016/S0020-7519(03)00049-3
https://doi.org/10.1645/0022-3395(2003)089<0193:NIHITL>2.0.CO;2
https://doi.org/10.1645/0022-3395(2003)089<0193:NIHITL>2.0.CO;2
https://doi.org/10.14411/fp.2019.011
https://doi.org/10.1017/S0022149X19000191
https://doi.org/10.1016/j.exppara.2019.02.007
https://doi.org/10.1016/j.exppara.2019.02.007
https://doi.org/10.1016/j.ympev.2008.03.024
https://doi.org/10.1016/j.ympev.2008.03.024
https://doi.org/10.1016/j.meegid.2020.104281
https://doi.org/10.1016/j.meegid.2020.104281
https://doi.org/10.1016/j.vetpar.2005.04.035
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1016/j.vetpar.2016.01.010
https://doi.org/10.1016/j.vetpar.2016.01.010

Parasitol Res

Sela I, Ashkenazy H, Katoh K, Pupko T (2015) GUIDANCE2: accurate
detection of unreliable alignment regions accounting for the uncer-
tainty of multiple parameters. Nucleic Acids Res 43:W7-W14.
https://doi.org/10.1093/nar/gkq443

Sey O (1988) Scope of and proposal for systematics of the Amphistomida
(Liihe, 1909) Odening, 1974 (Trematoda). Parasitol Hung 21:17-30

Sey O (1991) CRC Handbook of the zoology of amphistomes. CRC
Press, Boca Raton

Shylla JA, Ghatani S, Tandon V (2013) Utility of divergent domains of
28S ribosomal RNA in species discrimination of paramphistomes
(Trematoda: Digenea: Paramphistomoidea). Parasitol Res 112:
4239-4253. https://doi.org/10.1007/s00436-013-3616-8

Silva GS, Romera DM, Fonseca LEC, Meireles MV (2016) Helminthic
parasites of chickens (Gallus domesticus) in different regions of Sao
Paulo state, Brazil. Rev Bras Cienc Avic 18:163—-168. https://doi.
org/10.1590/18069061-2015-0122

Sokolov SG, Lebedeva DI, Kalmykov AP (2016) Phylogenetic position
of trematode Amurotrema dombrovskajae Achmerow, 1959
(Paramphistomoidea: Cladorchiidae) based on partial 28S eDNA
nucleotide sequences. Helminthologia 53:161-164. https://doi.org/
10.1515/helmin-2016-0006

Spatz L, Cappa SM, Ostrowski de Nufiez M (2012) Susceptibility of wild
populations of Biomphalaria spp. from Neotropical South America
to Schistosoma mansoni and interference of Zygocotyle lunata. J
Parasitol 98:1291-1295. https://doi.org/10.1645/GE-3002.1

Suleman KMS, Heneberg P, Zhou CY, Muhammad N, Zhu XQ, Ma J
(2019) Characterization of the complete mitochondrial genome of
Upvitellina sp., representative of the family Cyclocoelidae and phy-
logenetic implications. Parasitol Res 118:2203-2211. https://doi.
org/10.1007/s00436-019-06358-y

@ Springer

Tandon V, Roy B, Shylla JA, Ghatani S (2019) Amphistomes. In: Toledo
R, Fried B (eds) Digenetic Trematodes, Advances in experimental
medicine and biology, vol 1154. Springer, Cham, pp 255-277.
https://doi.org/10.1007/978-3-030-18616-6 9

Tkach VV, Littlewood DTJ, Olson PD, Kinsella JM, Swiderski Z (2003)
Molecular phylogenetic analysis of the Microphalloidea Ward, 1901
(Trematoda: Digenea). Syst Parasitol 56:1-15. https://doi.org/10.
1023/a:1025546001611

Travassos LP, Freitas JFT, Kohn A (1969) Trematddeos do Brasil. Mem
Inst Oswaldo Cruz 67:1-886

Van Steenkiste N, Locke SA, Castelin M, Marcogliese DJ, Abbott CL
(2015) New primers for DNA barcoding of digeneans and cestodes
(Platyhelminthes). Mol Ecol Resour 15:945-952. https://doi.org/10.
1111/1755-0998.12358

Willey CH (1941) The life history and bionomics of the trematode
Zygocotyle lunata (Paramphistomatidae). Zoologica 26:65—-88

Yamaguti S (1971) Synopsis of digenetic trematodes of vertebrates, vol.
1. Keigaku Publishing Company, Tokyo

Yang X, Wang L, Feng H, Qi M, Zhang Z, Gao C, Wang C, Hu M, Fang
R, Li C (2016) Characterization of the complete mitochondrial ge-
nome sequence of Homalogaster paloniae (Gastrodiscidae,
Trematoda) and comparative analyses with selected digeneans.
Parasitol Res 115:3941-3949. https://doi.org/10.1007/s00436-016-
5160-9

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1093/nar/gkq443
https://doi.org/10.1007/s00436-013-3616-8
https://doi.org/10.1590/18069061-2015-0122
https://doi.org/10.1590/18069061-2015-0122
https://doi.org/10.1515/helmin-2016-0006
https://doi.org/10.1515/helmin-2016-0006
https://doi.org/10.1645/GE-3002.1
https://doi.org/10.1007/s00436-019-06358-y
https://doi.org/10.1007/s00436-019-06358-y
https://doi.org/10.1007/978-3-030-18616-6_9
https://doi.org/10.1023/a:1025546001611
https://doi.org/10.1023/a:1025546001611
https://doi.org/10.1111/1755-0998.12358
https://doi.org/10.1111/1755-0998.12358
https://doi.org/10.1007/s00436-016-5160-9
https://doi.org/10.1007/s00436-016-5160-9

	A...
	Abstract
	Introduction
	Material and methods
	Results

	This link is 10.1007/s00436-06749-,",
	This link is 10.1007/s00436-06749-,",
	This link is 10.1007/s00436-06749-,",
	This link is 10.1007/s00436-06749-,",
	Discussion
	References


