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a b s t r a c t
Cetaceans harbour a unique fauna of digeneans whose origin and relationships have sparked considerable
debate during recent decades. Disparity in the species reported indicates that they do not share close
afﬁnities, but their unusual morphology has made their taxonomic identities and phylogenetic positions
uncertain. Here we use sequence data to investigate the phylogenetic relationships of the main species of
ﬂukes infecting cetaceans. We sequenced the 18S, 28S and internal transcribed spacer 2 rDNA of digenean
species representing all known families reported from cetaceans: Braunina cordiformis (Brauninidae),
Ogmogaster antarcticus (Notocotylidae), Pholeter gastrophilus (Heterophyidae), and Campula oblonga,
Nasitrema sp. and Oschmarinella rochebruni (Brachycladiidae). The phylogenetic position of the taxa
was estimated by Bayesian inference and maximum likelihood incorporating published sequences of
177 species of Digenea. Further Bayesian and maximum likelihood analyses were performed with
sequences of 14 Heterophyidae and Opisthorchiidae taxa, incorporating new sequences of P. gastrophilus.
Species nominally assigned to the Brachycladiidae formed a clade that was embedded among species of
the Acanthocolpidae, thus making the latter family paraphyletic. Braunina cordiformis formed a sister
lineage to the Strigeidae and Diplostomidae, whereas O. antarcticus was placed within the Notocotylidae,
in agreement with the previous taxonomy of this genus. Similarly, P. gastrophilus was placed within the
Heterophyidae as originally described. Our results suggest a paraphyletic relationship between the
Heterophyidae and Opisthorchiidae, mirroring the uncertain taxonomic placement of P. gastrophilus,
which has been assigned to both families in the past. The digenean families involved are parasites of
ﬁsh-eating birds and mammals (i.e. Strigeidae, Diplostomidae and Heterophyidae), parasites of marine
ﬁsh (i.e. Acanthocolpidae) and other herbivorous aquatic birds and mammals (i.e. Notocotylidae). The
phylogenetic positions of these taxa indicate that the digenean fauna of cetaceans may have been
acquired through independent host-capture events, with two clades showing subsequent diversiﬁcation
exclusively among marine mammals.
Ó 2014 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Parasitic ﬂatworms of the subclass Digenea (Platyhelminthes:
Neodermata) are obligate parasites that make up a signiﬁcant component of ecosystems (Kuris et al., 2008). The complexity of their
life cycles and their ubiquity among a diverse group of vertebrate
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and invertebrate hosts give digeneans an ecologically important
status (Cribb et al., 2001; Cribb et al., 2003). Cetaceans harbour a
speciﬁc, relatively diverse fauna of digeneans that have been
assigned to four families: Brachycladiidae, Brauninidae, Notocotylidae and Heterophyidae (Gibson, D.I., 2002, Trematodes in marine
mammals: morphology, systematics and origins. In: Proceedings
of the 10th International Congress of Parasitology: Symposia,
Workshops and Contributed papers, August 4–9, Vancouver,
Canada, pp. 59–63).
Species of the Brachycladiidae occur worldwide, parasitising the
hepatic and pancreatic ducts, intestine, lungs and air sinuses of
marine mammals (Gibson, 2005). After decades of taxonomic controversy, Gibson (2005) divided the family into two subfamilies
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and 10 genera, seven of which are exclusive to cetaceans (Brachycladium, Hunterotrema, Oschmarinella, Synthesium, Campula, Nasitrema and Cetitrema), one exclusive to pinnipeds (Zalophotrema)
and two that infect both cetaceans and pinnipeds (Odhneriella
and Orthosplanchnus).
The Brauninidae is a monotypic family with Braunina
cordiformis as its only species. This parasite exhibits a rather peculiar morphology (i.e. body cordiform with a caudal appendage and
a holdfast organ which bears gonads, part of the uterus and caeca
within it) (Niewiadomska, 2002a). It is found attached to the
stomach wall of several odontocete species which occur mainly
in the southern hemisphere (see Figueroa and Franjola, 1988;
Berón-Vera et al., 2007; Romero et al., 2014).
The genus Ogmogaster (family Notocotylidae) is exclusive to
marine mammals and currently contains six species (Barton and
Blair, 2005). Members of this genus has a worldwide distribution
and its species occur primarily in the intestine of baleen whales,
mainly those of the Balaenopteridae and Eschrichtiidae (see
Malatesta et al., 1998; Dailey et al., 2000; Leonardi et al., 2011).
There are also reports, and one species described, i.e. Ogmogaster
heptalineatus, in pinnipeds (see Beverley-Burton, 1972; Carvajal
et al., 1983).
The genus Pholeter (family Heterophyidae) contains two species, one of which is exclusive to cetaceans (Pholeter gastrophilus)
(Pearson, 2008). The other species, Pholeter anterouterus, is found
encysted in the intestinal wall of ﬁsh-eating birds such as pelicans
(Pearson and Courtney, 1977; Dronen et al., 2003). Pholeter gastrophilus lives in the stomach wall of odontocetes, surrounded by
a ﬁbrous nodule of host origin (Aznar et al., 2006). Sexually mature
specimens have been reported in at least 17 cetacean species from
coastal, oceanic and even freshwater habitats (Raga and Balbuena,
1993; Berón-Vera et al., 2001; Aznar et al., 2006; Quiñones et al.,
2013).
The systematic afﬁliations of these taxa have been unstable or
uncertain for decades (Fernández et al., 1998; Niewiadomska,
2002b; Gibson, 2005; Blair et al., 2008). For instance, the Brachycladiidae has been considered to be a close relative to both the
Fasciolidae and Acanthocolpidae based on morphological traits
(see Cable, 1974; Brooks et al., 1989). Fernández et al. (1998) found
a closer relationship with Acanthocolpidae, which are parasites of
ﬁsh, and this conclusion has been corroborated by more detailed
studies on whole digenean phylogenies (e.g. Cribb et al., 2001;
Olson et al., 2003; Bray et al., 2005). However, no attempt has been
made to investigate the phylogenetic afﬁnities of any other digenean taxa infecting cetaceans.
Host switching via ecological mechanisms is thought to be the
most common route by which helminth parasites have colonised
marine mammals (see Hoberg, 1995, 1997 for cestodes;
Mattiucci and Nascetti, 2008 for nematodes; and García-Varela
et al., 2013 for acanthocephalans). For digeneans of cetaceans a
similar situation has been previously observed only for the

Brachycladiidae. Based on the hypothesis of the close relationship
between Acanthocolpidae and Brachycladiidae, Fernández et al.
(1998) suggested that the ancestor of the brachycladiids expanded
its host range to include cetaceans as new deﬁnitive hosts. Further
information about the origin of the remaining digenean taxa in
cetaceans is unavailable.
Here we assess the taxonomic afﬁliation of digeneans of cetaceans within the larger phylogeny of Digenea proposed by Olson
et al. (2003) using new sequences of Campula oblonga, Nasitrema
sp., Oschmarinella rochebruni, B. cordiformis, Ogmogaster antarcticus
and P. gastrophilus. We show that at least four independent colonisation events occurred, two of which led to further diversiﬁcation
within marine mammals.
2. Materials and methods
2.1. Taxa and outgroups selected
Table 1 summarises the species, hosts, collectors’ institutions
and GenBank accession numbers for all new sequences. Specimens
were preserved in absolute or 70% ethanol. Other GenBank accession numbers and species used in this study are detailed in Supplementary Table S1. Two datasets were used: the ﬁrst contained 77
families and 177 taxa representing the broad diversity of the subclass Digenea (Trematoda) including taxa previously used by Olson
et al. (2003) and Bray et al. (2005). Five species of Aspidogastrea
(see Supplementary Table S1) were used to root the resultant tree
(Olson et al., 2003). A second dataset was used based on available
sequences of the Heterophyidae and Opisthorchiidae together with
P. gastrophilus. This dataset included 14 taxa from the two families
and Echinostoma revolutum (Echinostomatidae) as an outgroup, as
previously used by Thaenkham et al. (2011, 2012). A lack of available sequences prevented the construction of family level alignments of other digenean families including parasites of cetaceans.
2.2. DNA extraction, ampliﬁcation and sequencing
Genomic DNA from individual worms was extracted using a
Qiagen DNeasy Blood and Tissue Kit (Qiagen, Germany), following
the manufacturer’s recommendations with two modiﬁcations: ethanol in the samples was replaced by TE buffer (0.001 M TrisHCl, pH
7.5, 0.001 M EDTA, pH 8) and the incubation period with proteinase K was extended overnight. Partial small subunit (SSU) rDNA
was ampliﬁed with primers WormA + WormB (Littlewood and
Olson, 2001) or 1600R (Lim et al., 1993), and in cases of poor ampliﬁcation, semi-nested PCRs were made on primary amplicons using
WormA + 1270R (Fernández et al., 1998) and 600F (Littlewood and
Olson, 2001) + WormB/1600R primers. Partial large subunit (LSU)
rDNA was ampliﬁed with primers LSU5 (Littlewood and Johnston,
1995) + 1200R (Lockyer et al., 2003) or 1500R (Olson et al., 2003)

Table 1
List of species, hosts, collectors’ institutions and GenBank accession numbers of sequences generated as part of this study for the small subunit (SSU) rDNA, the large subunit (LSU)
rDNA and the second internal transcribed spacer rDNA (ITS2).
Species name

Host

Source

(Family)

(Common name)

(Institution)

GenBank accession number
SSU rDNA

LSU rDNA

ITS2

Braunina cordiformis (Brauninidae)
Ogmogaster antarcticus (Notocotylidae)
Pholeter gastrophilus (Heterophyidae)
Campula oblonga (Brachycladiidae)
Nasitrema sp. (Brachycladiidae)
Oschmarinella rochebruni (Brachycladiidae)

Delphinus delphis (Short beaked common dolphin)
Balaenoptera borealis (Sei whale)
Tursiops truncatus (Bottlenose dolphin)
Phocoena phocoena (Harbour porpoise)
Feresa attenuata (Pygmy killer whale)
Stenella coeruleoalba (Striped dolphin)

CENPAT
CENPAT
ICBIBE
ZSL
ULPGC
ICBIBE

KM258664
KM258669
KM258668
KM258665
KM258666
KM258667

KM258670
KM258675
KM258674
KM258671
KM258672
KM258673

–
–
KM258663
–
–
–

CENPAT, Marine Mammal Laboratory at the Centro Nacional Patagónico (CONICET, Argentina); ICBIBE, Cavanilles Institute of Biodiversity and Evolutionary Biology at the
University of Valencia (Spain); ZSL, Zoological Society of London (United Kingdom); ULPGC, University of Las Palmas de Gran Canaria (Spain).
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and, when necessary, semi-nested PCRs on primary amplicons
were made using primers LSU5 + ECD2 and 300F (Littlewood
et al., 2000) + 1200R/1500R. Additional internal primers used for
sequencing were 930F, A27 (Littlewood and Olson, 2001) and
1420R (Caira et al., 2014) for SSU rDNA. The internal transcribed
spacer 2 (ITS2) region was also ampliﬁed only for P. gastrophilus
using primers 3S (Morgan and Blair, 1995) + ITS2.2 (Anderson
and Baker, 1998). The thermocycling proﬁle for SSU rDNA and
LSU rDNA ampliﬁcation was as follows: denaturation at 94 °C for
3 min, 40 cycles of 94 °C for 30 s, 56 °C for 30 s and 72 °C for
2 min, and a ﬁnal extension at 72 °C for 7 min (Olson et al.,
2003). The proﬁle for ITS2 was denaturation at 95 °C for 3 min,
40 cycles at 94 °C for 50 s, 53.6 °C for 50 s and 72 °C for 1 min
20 s, and a ﬁnal extension of 72 °C for 4 min (Blasco-Costa et al.,
2010). Amplicons were puriﬁed with a GFX PCR DNA and Gel Band
Purifying Kit (GE Healthcare Life Sciences, UK) and cycle sequenced
on an Applied Biosystems 3730 DNA Analyser, using Big Dye version 1.1. Contigs were assembled using Sequencher 4.8 and BioEdit
7.0.5.3. Sequence identity was checked using the Basic Local
Alignment Search Tool (BLAST).
2.3. Phylogenetic analyses
The ﬁrst general dataset included concatenated SSU and LSU
rDNA sequences from 177 digenean taxa including the newly generated sequences of digeneans of cetaceans. Alignments for each
gene were made using the online version of Mafft (http://
mafft.cbrc.jp/alignment/server/), using the E-INS-I algorithm recommended for sequences with multiple conserved domains and
long gaps (Katoh et al., 2005). SSU and LSU rDNA concatenated
sequences formed an alignment that consisted of 6,327 bp. ZORRO
(Wu et al., 2012) was used to exclude sites with uncertain positional homology. Excluded sites represented 49% of the complete
SSU and LSU rDNA alignment. The ﬁnal working dataset was
3,252 bp long, of which 1,649 bp were parsimony informative.
The second dataset included available sequences of the SSU and
the ITS2 rDNA of 14 taxa from the Opisthorchioidea (only from
the Opisthorchiidae and Heterophyidae; data from the Cryptogonimidae were not available), including new sequences from P. gastrophilus. This SSU + ITS2 alignment had 3,039 bp, of which 31%
were excluded due to uncertain positional homology. The resulting
alignment was 2,097 bp long in which 165 bp were parsimony
informative. Nucleotide alignments are available in the TreeBASE
repository (http://www.treebase.org), study ID 16416 for the SSU
and LSU rDNA sequences, and study ID 16407 for the SSU and
ITS2 rDNA sequences.
JModelTest 2.1.4 (Darriba et al., 2012) was used to choose the
model of evolution independently for each gene in each dataset
under the Akaike Information Criterion (AIC). Phylogenetic trees
were constructed by Bayesian inference (BI) using MrBayes 3.1
(Ronquist and Huelsenbeck, 2003) and maximum likelihood (ML)
using PAUP⁄ 4.0b10 (Swofford, D.L., 2002, PAUP⁄. Phylogenetic
Analysis Using Parsimony (⁄ and other methods). Version 4. Sinauer Associates, Sunderland, Massachusetts, USA). For BI, likelihood
parameters for the SSU + LSU rDNA dataset were set to the
GTR + I + G. For the SSU + ITS2, parameters were set separately
for each gene; HKY + I + G showed the best ﬁt for the SSU and
GTR + G for ITS2. Posterior probabilities (PP) for each dataset were
obtained after four Markov Chain Monte Carlo (MCMC) chains ran
for 1,000,000 generations with one topology saved for every 100
generations. Consensus trees were constructed using a burn-in of
990 for estimating sumt and sump after the average S.D. of split
frequencies was <0.01.
ML analyses were performed based on a successive approximation approach following Waeschenbach et al. (2007), starting on a
tree estimated by Neighbour-Joining. A heuristic search was
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performed using model parameters estimated from the previous
analysis based on nearest-neighbour-interchange (NNI) ﬁrst,
subtree-pruning-regrafting (SPR) second, and tree-bisectionreconnection (TBR) last, until the topology remained stable. ML
bootstrap values for 100 replicates were estimated using Genetic
Algorithm for Rapid Likelihood Inference (GARLI 0.942) (Zwickl,
D.J., 2006, Genetic algorithm approaches for the phylogenetic analysis of large biological sequence datasets under the maximum likelihood criterion. Ph.D. dissertation, The University of Texas at
Austin, USA) using default settings except for the number of generations which was 10,000. Clades were considered to have high
nodal support when PP were >90% and ML bootstrap values were
>80%.
3. Results
For the Digenea dataset, all major clades were found to be congruent with the results previously published by Olson et al. (2003).
The two main clades of the Digenea, Diplostomida and Plagiorchiida were recovered with high bootstrap and PP values (100% in
both cases) (Fig. 1). Thus all taxonomic entities as deﬁned in
Olson et al. (2003) were supported.
The phylogenetic positions of all species from cetaceans were
resolved with a high degree of support (PP = 100% and ML bootstrap > 80%) (Fig. 1). Within the Diplostomida, B. cordiformis
formed a sister clade to the Strigeidae + Diplostomidae clade
(Fig. 1). All other taxa, i.e. species of Brachycladiidae, O. antarcticus
and P. gastrophilus were consistently placed in the Plagiorchiida
(Fig. 1). Species of the Brachycladiidae were grouped in a
monophyletic clade with high nodal support (PP and ML bootstrap = 100%) and it was strongly nested within the Acanthocolpidae (Fig. 1) which resulted in a paraphyletic group.
Ogmogaster antarcticus was placed in a monophyletic and wellsupported clade (PP and ML bootstrap = 100%) with species of the
Notocotylidae, Notocotylus sp., being placed as its sister taxon with
strong nodal support (Fig. 1). The Notocotylidae was placed in a
clade together with the Labicolidae, in the superfamily Pronocephaloidea, with members of the Rhabdiopoeidae, the Opisthotrematidae and the Pronocephalidae (Fig. 1).
Using the SSU and LSU rDNA sequences, P. gastrophilus was
placed among the Heterophyidae in a clade together with Centrocestus formosanus (Fig. 1). The clade P. gastrophilus + C. formosanus
was supported by a high PP (100%), indicating that this clade
occurred in all the topologies sampled in the Bayesian MCMC.
However, the ML bootstrap value was only 59%, indicating that
there is not enough character support for this clade (see GarcíaSandoval, 2014). In the SSU and ITS2 rDNA analysis, P. gastrophilus
was placed together with two species of the Heterophyidae, i.e.
Ascocotyle longa and Pygidiopsis genata, in a better supported clade
(PP = 100% and ML bootstrap = 99%) (Fig. 2). Unfortunately, there
were no LSU rDNA sequences for A. longa and P. genata available
in GenBank to be included in the ﬁrst analysis; neither was the
ITS2 sequence for C. formosanus to be included in the second analysis. The paraphyletic condition of the Heterophyidae was evident
in both analyses (Figs. 1 and 2). This family, together with members of the Opisthorchiidae and Cryptogonimidae, were grouped
in the superfamily Opisthorchioidea (Fig. 1).
4. Discussion
Braunina cordiformis is the only digenean of cetaceans placed in
the order Diplostomida. When described, the genus Braunina was
not assigned to a supra-speciﬁc taxonomic rank (Niewiadomska,
2002a), reﬂecting its unusual morphology. Later, Yamaguti
(1971) suggested that the Brauninidae was related to the
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Peracreadium idoneum
Opistholebes amplicoelus
Maculifer sp.
Hapladena nasonis
Atractotrema sigani
Pseudomegasolena ishigakiense
Nanophyetus salminicola
Nephrotrema truncatum

Tormopsolus orientalis
Pleorchis uku
Paragonimus iloktsuenensis
Pleorchis polyorchis
Paragonimus westermani
100/61
Orchipedum tracheicola
Zalophotrema hepaticum
Encyclometra colubrimurorum
96/73
Lyperosomum collurionis
Brachylecithum lobatum
Nasitrema sp.
Dicrocoelium dendriticum
100/100
Prosthenhystera obesa
Campula oblonga
100/99
Degeneria halosauri
99/67
Nagmia floridensis
Oschmarinella rochebruni
Xystretrum sp.
Gorgodera cygnoides
Rubenstrema exasperatum
Stephanostomum baccatum
Mesocoelium sp.
Brachycoelium salamandrae
100/69
Stephanostomum cf. uku
Choanocotyle hobbsi
Choanocotyle nematoides
100/100
Macroderoides typicus
54/
Stephanostomum tantabiddii
Auridistomum chelydrae
100/99
Cephalogonimus retusus
Stephanostomum pristis
Opisthioglyphe ranae
74/62
Telorchis assula
Glypthelmins quieta
Stephanostomum minutum
Skrjabinoeces similis
Haematoloechus longiplexus
Gaevskajatrema halosauropsi
Pachypsolus irroratus
100/100
Tanaisia fedtschenkoi
Macvicaria macassarensis
Renicola sp.
100/94
Lepidophyllum steenstrupi
Peracreadium idoneum
Deretrema nahaense
Zoogonoides viviparus
100/100
Diphterostomum sp.
Opistholebes amplicoelus
Antorchis pomacanthi
100/100
Bacciger lesteri
Maculifer sp.
Trigonocryptus conus
100/100

Pronocephalidae
Opisthotrematidae
Rhabdiopoeidae
Labicolidae
Notocotylidae

DIPLOSTOMIDA

Diplostomidae

Pronocephaloidea

Brauninidae
Strigeidae

Diplostomoidea

Aspidogastrea

Heterophyidae
Opisthorchiidae

Heterophyidae

PLAGIORCHIIDA

Cryptogonimidae
Opisthorchioidea

Cotylogaster basiri
Multicalyx elegans
Lobatostoma manteri
Aspidogaster conchicola
Rugogaster hydrolagi
Zeylanurotrema spearei
Braunina cordiformis
Brachylaima sp.
Brachylaima thompsoni
Cardiocephaloides longicollis
100/100
Leucochloridium perturbatum
100/89
Urogonimus macrostomus
Braunina cordiformis
Ichthyocotylurus erraticus
Cardiocephaloides longicollis
100/100
Ichthyocotylurus erraticus
Apharyngostrigea cornu
Apharyngostrigea cornu
73/
Alaria alata
Diplostomum phoxini
Alaria alata
75/
Clinostomum sp.
Clinostomum sp.
Diplostomum phoxini
Chimaerohemecus trondheimensis
Sanguinicola cf. inermis
Aporocotyle spinosicanalis
Neoparacardicola nasonis
Plethorchis acanthus
Spirorchis scripta
Schistosoma japonicum
Austrobilharzia terrigalensis
Bilharziella polonica
Dendritobilharzia pulverulenta
Gigantobilharzia huronensis
Bivesicula claviformis
Bivesicula unexpecta
Bivesicula fusiformis
Otodistomum cestoides
Hemiperina manteri
Accacoelium contortum
Didymozoon scombri
Prosogonotrema bilabiatum
Derogenes varicus
Copiatestes filiferus
Machidatrema chilostoma
Opisthadena dimidia
Lecithophyllum botryophorum
Lecithaster gibbosus
Merlucciotrema praeclarum
Lecithochirium caesionis
Plerurus digitatus
Dinurus longisinus
Lecithocladium excisum
Heronimus mollis
Prosorhynchoides gracilescens
Macrovestibulum obtusicaudum
Rhipidocotyle galeata
Prosogonarium angelae
100/100
Lankatrema mannarense
Steringophorus margolisi
100/100
Proctoeces maculatus
Opisthotrema dujonis
Fellodistomum fellis
Olssonium turneri
100/74
Diplodiscus subclavatus
Rhabdiopoeus taylori
Neohexangiotrema zebrasomatis
100/100
Hexangium sp.
Taprobanella bicaudata
Mesometra sp.
99/62
Macrovestibulum obtusicaudum
Labicola cf. elongata
Lankatrema mannarense
Opisthotrema dujonis
74/61
Rhabdiopoeus taylori
Catatropis indicus
Taprobanella bicaudata
100/100
Labicola cf. elongata
Notocotylus sp.
Catatropis indicus
100/71
Notocotylus sp.
Ogmogaster antarcticus
Ogmogaster antarcticus
Schikhobalotrema sp.
Hymenocotta mulli
Psilochasmus oxyurus
Cyclocoelum mutabile
Cloacitrema narrabeenensis
Echinostoma revolutum
Mitotrema anthostomatum
Euparyphium melis
100/100
Fasciola gigantica
Fasciola hepatica
Siphodera vinaledwardsii
100/100
Mitotrema anthostomatum
Siphodera vinaledwardsii
Caecincola parvulus
Caecincola parvulus
Cryptocotyle lingua
Cryptocotyle lingua
Amphimerus ovalis
100/100100/98
Opisthorchis viverrini
Amphimerus ovalis
Clonorchis sinensis
100/100
Centrocestus formosanus
Opisthorchis viverrini
Pholeter gastrophilus
100/100
Galactosomum lacteum
Haplorchoides sp.
Clonorchis sinensis
Haplorchis pumilio
94/90
Haplorchis yokogawai
Centrocestus formosanus
Haplorchis taichui
100/59
Procerovum varium
Metagonimus miyatai
Pholeter gastrophilus
Metagonimus takahashii
Metagonimus yokogawai
Galactosomum lacteum
Schistorchis zancli
94/53 100/94
Homalometron armatum
Haplorchoides sp.
Homalometron synagris
100/99
Neoapocreadium splendens
Haplorchis pumilio
Gorgocephalus kyphosi
100/89
Preptetos caballeroi
Preptetos trulla
Haplorchis yokogawai
100/97
Paragyliauchen arusettae
100/86
Enenterum aureum
Haplorchis taichui
Koseiria xishaense
100/88
Lissorchis kritskyi
Procerovum varium
Cableia pudica
Provitellus turrum
Metagonimus miyatai
Diplomonorchis leiostomi
100/100
Ancylocoelium typicum
Tormopsolus orientalis
Metagonimus takahashii
Pleorchis uku
98/73
Pleorchis polyorchis
Metagonimus yokogawai
Zalophotrema hepaticum
Nasitrema sp.
Campula oblonga
Oschmarinella rochebruni
Stephanostomum baccatum
Stephanostomum cf. uku
Stephanostomum tantabiddii
Stephanostomum pristis
Stephanostomum minutum
Gaevskajatrema halosauropsi
Macvicaria macassarensis

Acanthocolpidae

100/98

Brachycladiidae

Acanthocolpidae

Allocreadioidea

4

Opecoelidae +
Opistholebetidae

Lecithodendrium linstowi
Prosthodendrium longiforme
Maritrema oocysta
Microphallus fusiformis
Microphallus primas
Pleurogenoides medians
Pleurogenes claviger
Prosthogonimus ovatus
Schistogonimus rarus

Fig. 1. Bayesian inference of the small subunit and large subunit rDNA sequences from 177 species of the subclass Digenea. Bold letters indicate species, or group of species,
parasitic in cetaceans. A closer view of each segment of the tree with digeneans of cetaceans is also shown. Classiﬁcation of superfamilies and suborders follows Olson et al.
(2003). Black circles in the general tree indicate nodal supports of Bayesian inference (posterior probabilities) P 90% and maximum likelihood (bootstrap, n = 100) P 80%. For
the detailed trees, Bayesian inference (posterior probabilities) and maximum likelihood bootstrap for each node are shown as the ﬁrst and second numbers, respectively. No
bootstrap value means that the node was not resolved by maximum likelihood.

Cyathocotylidae, which are parasites of reptiles, birds and mammals. Unfortunately, available SSU and LSU rDNA sequences of
the Cyathocotylidae were too short to be included in our analyses

and evaluation of the mentioned relationship between the two
families was not possible. In the latter taxonomic revision based
on morphology, both the Brauninidae and the Cyathocotylidae
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Procerovum varium
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80/
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87/
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Metagonimus yokogawai
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Metagonimus takahashii
Pygidiopsis genata
90/69
100/99

Ascocotyle longa

Pholeter gastrophilus

Fig. 2. Bayesian analysis of the small subunit and internal transcribed spacer 2 rDNA sequences from 14 species of the families Heterophyidae and Opisthorchiidae. Nodal
support values for each node are indicated as posterior probabilities (Bayesian inference) and maximum likelihood (bootstrap, n = 100), respectively. Bold letters indicate
parasitic species in cetaceans. No bootstrap value means that the node was not resolved by maximum likelihood.

were assigned to the superfamily Diplostomoidea (Niewiadomska,
2002b). Our results support the clade formed by the Diplostomoidea, placing B. cordiformis in a well supported clade together with
members of the Strigeidae and the Diplostomidae, parasites of ﬁsheating birds and mammals (see Sepulveda et al., 1999;
Niewiadomska, 2002b; Sanmartín et al., 2005; Diaz et al., 2010;
Dronen et al., 1999). The taxonomic afﬁliation of B. cordiformis is
consistent with the fact that its delphinoid hosts are mainly ﬁsheating mammals (see Berón-Vera et al., 2007; Romero et al., 2014).
The taxonomy of the Brachycladiidae has been controversial, in
part because specimens are often collected in poor condition from
long dead, stranded or frozen hosts, making it difﬁcult to carry out
reliable taxonomic studies based on morphological traits (Gibson,
D.I., 2002, Trematodes in marine mammals: morphology, systematics and origins. In: Proceedings of the 10th International Congress of Parasitology: Symposia, Workshops and Contributed
papers, August 4–9, Vancouver, Canada, pp. 59–63). Phylogenetic
studies using only a few sequences, i.e. three taxa in Fernández
et al. (1998) and only one in Bray et al. (2005), concluded that
the Brachycladiidae forms a sister clade to the Acanthocolpidae,
parasites of ﬁsh. In particular, Bray et al. (2005), using only
sequences from Zalophotrema hepaticum, found a paraphyletic
relationship and suggested that these two families should be
considered synonyms. Our study includes three taxa from
Brachycladiidae in a larger dataset, and provides evidence of the
mentioned paraphyletic relationship between Brachycladiidae
and Acanthocolpidae given the following clade: (((Pleorchis,
Tormopsolus) Brachycladiidae) Stephanostomum) (Fig. 1). Further
studies including more taxa from both families will help to circumscribe more natural groupings of these taxa.
Species of Ogmogaster were assigned to the family Notocotylidae, being the only genus of the family infecting marine mammals
(Rausch and Fay, 1966; Barton and Blair, 2005). The present study
provides molecular evidence of the taxonomic position of O. antarcticus within the family Notocotylidae in the superfamily Pronocephaloidea. Pronocephaloids are otherwise found in marine and
freshwater reptiles, birds, mammals and marine mammals of the
order Sirenia (Barton and Blair, 2005). The phylogenetic position
of O. antarcticus is close to Notocotylus sp. and Catatropis indicus
(Fig. 1). Species of the genus Notocotylus are deﬁned as a cosmopolitan group parasitising waterfowl and small aquatic mammals
(Boyce et al., 2012), whereas species of Catatropis are all parasites
of birds and C. indicus speciﬁcally of ducks (Koch, 2002).

The SSU + ITS2 dataset placed P. gastrophilus in the family Heterophyidae with strong support, together with A. longa and P. genata,
whereas SSU + LSU placed it in a poorly supported clade united with
Centrocestus formosanus. Unfortunately, no sequence of P. anterouterus, the only other member of the genus Pholeter, was available
to be included in the analysis. All four of these species, including
P. anterouterus, are parasites from ﬁsh-eating birds (Pearson and
Courtney, 1977; Sepulveda et al., 1999; Scholz and SalgadoMaldonado, 2000; Dzikowski et al., 2004; Simoes et al., 2010).
Our results support the paraphyletic relationship between the
Heterophyidae and the Opisthorchiidae, which had previously been
suggested (Thaenkham et al., 2011, 2012). These taxa are similar in
their morphology and life cycle (Thaenkham et al., 2011). Heterophyids and opisthorchiids share the same second intermediate
(ﬁsh) and deﬁnitive host (ﬁsh-eating birds and mammals) (Bray,
2008). The phylogenetic uncertainties that deﬁne these two families mirror the unclear taxonomic history of P. gastrophilus.
This species was ﬁrst described as belonging to the Troglotrematidae, as it lives encysted in host tissue. Later it was suggested
that, given the artiﬁcial condition of troglotrematids as a taxon,
the genus Pholeter should be included in a speciﬁc family, i.e. Pholeteridae. However, the family was subsequently reduced to a subfamily status and assigned to the Opisthorchiidae. Finally, and
based on morphological afﬁnities with other heterophyids, the
genus Pholeter was assigned to the Heterophyidae (Yamaguti,
1958; Pearson and Courtney, 1977; Blair et al., 2008).
Host colonisation in the marine realm is driven by stochastic
mechanisms and it has been proposed as a major process that
increases parasitic biodiversity when food resources overlap
between actual and potential new hosts in evolutionary time
(Gibson and Bray, 1994; Hoberg and Klassen, 2002; Palm and
Klimpel, 2006; Raga et al., 2009). In fact, studies of several helminth taxa, including cestodes, nematodes and acanthocephalans,
strongly suggest that the helminth fauna of cetaceans has resulted
from host switching events (Hoberg, 1995, 1997; Mattiucci and
Nascetti, 2008; García-Varela et al., 2013). For instance, aquatic
birds were the ancestral deﬁnitive host for acanthocephalans of
the Polymorphidae, and the genera Bolbosoma and Corynosoma secondarily colonised marine mammals, which evolved into a strict
association (García-Varela et al., 2013). Among marine mammals,
co-evolutionary studies of nematodes of the genera Anisakis in
cetaceans and Contracaecum in pinnipeds have shown that
co-speciation and host-switching events have shaped the
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evolutionary history of these parasites among their hosts
(Mattiucci and Nascetti, 2008).
Speciﬁc co-phylogenetic studies for each digenean family of
cetaceans are needed to understand the biogeographic and historical scenarios in which host and parasites became associated. However, given the evolutionarily recent radiation of cetaceans and
because seabird and teleost ﬁsh radiation predate the presence of
marine mammals in the ocean (McGowen et al., 2014; Pyenson
et al., 2014), it is plausible that host-switching events occurred
between parasites of marine mammals and other marine hosts.
Results from the present study indicate that the digenean fauna
of cetaceans was formed from at least four separate host-switching
events, with only the Brachycladiidae and the genus Ogmogaster
showing further radiation among cetacean hosts. Brachycladiids
are related to ﬁsh parasites, and all other digeneans of cetaceans
belong to families in which aquatic birds, in the case of Ogmogaster
spp., and other ﬁsh-eating birds are deﬁnitive hosts. For the family
Brachycladiidae, evidence suggests that other host-switching
events may have occurred once that initial association with cetaceans was established. Some studies have suggested that baleen
whales and pinnipeds acquired brachycladiids from toothed
whales, and sea otters from pinnipeds (Fernández et al., 2000;
Hoberg and Adams, 2000; Aznar et al., 2001).
The phylogenetic hypothesis proposed in this study is the ﬁrst,
to our knowledge, using combined information from the SSU, LSU
and ITS2 rDNA from digeneans of cetaceans and the ﬁrst providing
phylogenetic evidence about taxonomic afﬁliation for B. cordiformis, O. antarcticus and P. gastrophilus. Overall, our ﬁndings suggest
that the digenean fauna in cetaceans originated by colonisation.
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