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Abstract

A phylogenetic analysis of tapeworms (Eucestoda) based on complete sequences of the 18S rRNA genes of 43 taxa (including new

sequences of 12 species) was carried out, with the emphasis on the groups parasitising teleost ®sh and reptiles. Spathebothriidea and

Trypanorhyncha (the latter group being paraphyletic) appeared as basal groups of the Eucestoda but their position was not stable. The

tetrafossate orders (Litobothriidea, Lecanicephalidea, Tetraphyllidea, Proteocephalidea, Nippotaeniidea, Tetrabothriidea and Cyclophylli-

dea) were well separated from the remaining groups. Results supported polyphyly of the Pseudophyllidea formed by two distinct clades: one

with diphyllobothriids (Diphyllobothrium, Schistocephalus, Spirometra and Duthiersia) and another including Abothrium, Probothrioce-

phalus, Eubothrium and Bothriocephalus. The former pseudophyllidean clade formed a separate branch with the Caryophyllidea (Khawia

and Hunterella) and Haplobothriidea (Haplobothrium), the latter taxon being closely related to either caryophyllideans or diphyllobothriids

in different analyses. Proteocephalideans formed a monophyletic group in all analyses and constituted a clade within the Tetraphyllidea thus

rendered paraphyletic. Within the Proteocephalidea, the Acanthotaeniinae (Acanthotaenia from reptiles in Africa) and Gangesiinae (Gang-

esia and Silurotaenia from silurid ®sh in the Palearctic Region) were separated from parasites of freshwater ®sh and mammals. The family

Proteocephalidae was found to be paraphyletic due to the placement of a monticelliid species, Monticellia sp., in a clade within the former

family. The genus Proteocephalus appeared as an arti®cial assemblage of unrelated taxa which is congruent with previous molecular

analyses. q 2000 Australian Society for Parasitology Inc. Published by Elsevier Science Ltd. All rights reserved.
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Recently, considerable progress has been achieved in

studies on the phylogeny of tapeworms (Eucestoda) and

new hypotheses based on morphological, life-cycle, ultra-

structural and molecular data have been proposed [1±4].

The ®rst complete 18S rRNA gene sequence of a tapeworm

was provided by KraÂl'ovaÂ et al. [5] and partial sequences of

the same gene were subsequently used for the evaluation of

phylogenetic relationships within several orders of the

Eucestoda [3]. The basal position of the Caryophyllidea

was congruent with conclusions derived from morphologi-

cal and life-cycle analyses [1] but the rRNA-based tree [3]

indicated paraphyly of the Pseudophyllidea in contrast to

previous classi®cations in which this order was treated as

a monophyletic assemblage [6]. Interestingly, recent evalua-

tion of an enlarged set of morphological characters of the

type genera of the pseudophyllidean families also favoured

the paraphyly scenario [7].

The most comprehensive phylogenetic analysis of tape-

worms based on sequences of the 18S rRNA and elongation

factor-1a genes performed so far included 23 species repre-

senting all 14 currently recognised orders of the Eucestoda

[8]. In this study, the Spathebothriidea was found to be a

sister group of all the remaining eucestodes that were split

into the difossate and tetrafossate lineages. The basal posi-

tion of the Caryophyllidea was not supported and the

Proteocephalidea formed a clade within the Tetraphyllidea

that appeared, in accordance with previous analyses [3,9], to

be paraphyletic. Possible paraphyly of the Pseudophyllidea

was not tested because sequence data from representatives

of only the family Diphyllobothriidae were available [8].

To date, sequence data of few members of the orders

parasitising predominantly teleost ®sh and reptiles, i.e. the

Caryophyllidea, Pseudophyllidea and Proteocephalidea, are
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available. In the present analysis, attention has been paid to

cestodes of these three orders because their phylogenetic

position has remained problematic. Complete sequences of

the 18S rRNA gene from 12 eucestode species enlarged the

existing data set and enabled us to analyse the evolution of

these important parasites.

The organisms sequenced are listed below. Voucher

specimens have been deposited in the helminthological

collection of the Institute of Parasitology or are taxonomi-

cally evaluated if they represent new, hitherto undescribed

taxa (marked with an asterisk).

(1) Khawia sinensis HsuÈ of the order Caryophyllidea,

1935 ex Cyprinus carpio (Pisces: Cyprinidae), HamerskyÂ

pond near NoveÂ Hrady, Czech Republic, collected by T.

Scholz (AF267287).

(2) Bothriocephalus claviceps of the order Pseudophylli-

dea (Goeze, 1782) ex Anguilla anguilla (Pisces: Anguilli-

dae) from SÏtedronõÂn, OrlõÂk reservoir, Czech Republic, T.

Scholz (AF267288); (3) Bothriocephalus sp. (*) ex Doro-

soma mexicana (Pisces: Atherinidae) from Catemaco Lake,

Veracruz, Mexico, T. Scholz (AF267289); (4) Duthiersia

®mbriata (Diesing, 1850) ex Varanus exanthematicus

(Reptilia: Varanidae) from Ghana, B. Koudela, D. ModryÂ

and T. Scholz (AF267290); (5) Eubothrium salvelini

(Schrank, 1790) ex Salvelinus alpinus (Pisces: Salmonidae),

Bourget Lake, France, V. HanzelovaÂ and T. Scholz

(AF267291); (6) Probothriocephalus sp. ex Xenoder-

michthys copei (Pisces: Alepocephalidae) from Porcupine

Bight, North Atlantic, R.A. Bray (AF267292).

(7) Acanthotaenia sp. of the order Proteocephalidea from

V. exanthematicus (Reptilia: Varanidae) from Ghana, B.

Koudela, D. ModryÂ and T. Scholz (AF267293); (8) Gang-

esia parasiluri Yamaguti, 1934 ex Silurus asotus (Pisces:

Siluridae) from Lake Suwa, Japan, T. Shimazu (AF267294);

(9) Proteocephalus chamelensis PeÂrez-Ponce de LeoÂn,

Brooks et Berman, 1995 ex Gobiomorus maculatus (Pisces:

Eleotridae) from Cuitzmala River, ChamelaÂ, Jalisco,

Mexico, T. Scholz (AF267295); (10) Proteocephalinae

gen. sp. (*) ex Didelphis marsupialis (Mammalia: Didelphi-

dae) from Los Tuxtlas, Veracruz, Mexico, T. Scholz

(AF267296); (11) Monticellia sp. (*) ex Ophisternon aenig-

maticum (Pisces: Synbranchidae) from Catemaco Lake,

Veracruz, Mexico, T. Scholz (AF267297); (12) Silurotaenia

siluri (Batsch, 1786) ex Silurus glanis (Pisces: Siluridae)

from SÏteÏdronõÂn, OrlõÂk reservoir, Czech Republic, T. Scholz

(AF267298).

A small piece of an adult specimen stored in 70% ethanol

was cut with a razor blade, transferred into phosphate

buffered saline, repeatedly washed and mechanically homo-

genised. Cells were subsequently pelleted by brief centrifu-

gation, resuspended in lysis buffer, and genomic DNA was

isolated as described elsewhere [10]. Approximately 10±50

ng of genomic DNA was used for PCR ampli®cation of the

18S rRNA gene that was ampli®ed in two overlapping frag-

ments using the oligonucleotides 81 1 83 and 82 1 84 of

Mariaux [3]. The PCR products of expected size were gel-

puri®ed and cloned into either pT7Blue vector (Novagen) or

pCRII vector (Invitrogen). Both strands were sequenced

using either the Amersham (Termoseq II Terminator) or

Perkin±Elmer (ABI Prism BigDye Terminator) sequencing

kits. Internal primers designed to match the conserved

regions [5,11] were used to complete the sequences.

The sequences obtained in this study were aligned with

18S rRNA genes of cestodes available from the GenBankTM,

selected to represent all available tapeworm lineages with

emphasis on taxa presumed to be related to the analysed

groups (i.e. members of Tetraphyllidea). One monogenean

and two members of the primitive cestode orders Gyroco-

tylidea and Amphilinidea were used as outgroups.

The following 18S rRNA sequences retrieved from the

GenBankTM were used in this work: Polystomoides malayi

AJ228792; Gyrocotyle rugosa AF124455 (Gyrocotylidea);

Schizocoerus liguloideus AF124454 (Amphilinidea);

Hunterella nodulosa AF124457 (Caryophyllidea); Spathe-

bothrium simplex AF124456 (Spathebothriidea); Grillotia

erinaceus GER228781; Hepatoxylon sp. AF124462; Tenta-

cularia sp. AF124461 (Trypanorhyncha); Haplobothrium

globuliforme AF124458 (Haplobothriidea); Abothrium

gadi AGA228773; Bothriocephalus scorpii AJ228776;

Diphyllobothrium stemmacephalum AF124459; Schistoce-

phalus solidus AF124460; Spirometra erinacei D64072

(Pseudophyllidea); Echinobothrium fautleyae AF124464;

Macrobothridium sp. AF124463 (Diphyllidea); Cephalobo-

thrium aetobatidis AF124466; Eniochobothrium gracile

AF124465 (Lecanicephalidea); Anthobothrium laciniatum

AF124471; Calliobothrium sp. AF124469; Platybothrium

auriculatum AF124470; Rhinebothrium maccallumi

AF124476 (Tetraphyllidea); Litobothrium janovyi

AF124468; Litobothrium (syn. Renyxa) ampli®ca

AF124467 (Litobothriidea); Proteocephalus exiguus (� P.

longicollis) X99976; P. perplexus AF124472 (Proteocepha-

lidea); Amurotaenia decidua AF124474 (Nippotaeniidea);

Tetrabothrius forsteri AF124473 (Tetrabothriidea); Echino-

coccus granulosus EGU27015; Hymenolepis diminuta

AF124475 (Cyclophyllidea).

The sequences were initially aligned using the Megalign

program (Dnastar Inc.); several alignments were

constructed under a wide range of parameters and analysed

by PAUP Version 401b [12]. The sequences of taxa that

remained monophyletic in all alignments were used to

prepare partial subalignments. The subalignments were

then aligned together by the more rigorous method of

Malign (algorithm: build, score 4, alignswap, alignaddswap,

treeswap, treeaddswap, contig) [13]. The ®nal alignment

was corrected by eye and ambiguously aligned regions

were removed prior to further analysis. The phylogenetic

analyses and the calculation of nodal support (maximum

parsimony, maximum likelihood, bootstrap and Bremer's

indices) were performed using PAUP. For maximum parsi-

mony, 50 replicates of a heuristic search by TBR algorithm

with random addition of sequences were performed. The

matrix was analysed under assumptions of transversions/
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transitions ratio 1:1, 1:3 and 1:5, respectively, and gaps were

treated as missing data. The same algorithm was used to

calculate bootstrap support (500 replicates) and Bremer

(decay) indices. For maximum likelihood, the HKY85 and

Felsenstein84 methods were employed.

The length of the complete 18S rRNA gene ranged from

2041 bp (P. chamelensis) to 2211 bp (Proteocephalinae gen.

sp. ex Didelphis). A ®nal alignment contained 2449 posi-

tions of which 1998 (382 parsimony-informative) were

included into the analyses.

General instability of the tapeworm 18S rRNA matrix,

particularly affecting the placement of supposedly primitive

Spathebothriidea and Trypanorhyncha, has been demon-

strated in an extensive study by Olson and Caira [8]. Simi-

larly, considerable sensitivity of phylogenetic position of

these two groups to the extent of the character exclusion

was observed in the present study. Thus, the position of

spathebothriideans and trypanorhynchs, as well as the

monophyly/paraphyly of the latter, varied in different

matrices, while the remainder of the taxa retained a rela-

tively stable topology. The de®nitive phylogenetic position

of the trypanorhynchs is unlikely to be resolved until addi-

tional molecular data are available.

In Fig. 1, the strict concensus tree obtained after the

exclusion of all ambiguously aligned regions is shown.

The structure of this tree is broadly similar to the maximum

parsimony tree of Olson and Caira (Fig. 2A in Ref. [8]). The

Spathebothriidea and Trypanorhyncha are the most primi-

tive eucestode groups branching at the base of the tree.

Trypanorhyncha represented by Tentacularia, Hepatoxylon

and Grillotia appeared paraphyletic, the latter two genera

forming a strongly supported monophyletic group in all

analyses. Topologies identical to Fig. 1 were obtained by

both maximum likelihood models, the only difference being

the placement of Spathebothriidea as a sister group of the

Caryophyllidea 1 Pseudophyllidea 1 Haplobothriidea line-

age (data not shown).

In the crown of the tree, the largest monophyletic group

embraced the tetrafossate orders (Litobothriidea, Lecanice-

phalidea, Tetraphyllidea, Proteocephalidea, Nippotaeniidea,

Tetrabothriidea and Cyclophyllidea) and was well separated

in all analyses from the remaining eucestode groups consist-

ing of the monofossate and difossate tapeworms.

The principal innovation of this study is the con®rmation

that the Pseudophyllidea is not a monophyletic group. The

polyphyly of pseudophyllidean tapeworms was indicated by

previous molecular [3] and morphological analyses [7] and

is con®rmed by the present analyses. The Pseudophyllidea

formed two distinct clades in all obtained trees (Fig. 1); the

®rst clade was represented by Diphyllobothrium, Schistoce-

phalus, Spirometra and Duthiersia (all Diphyllobothriidae)

whereas other pseudophyllideans (species of Abothrium,

Probothriocephalus, Eubothrium and Bothriocephalus)

formed a separate branch. Under the transition/transversion

ratio 1:3 assumption, the bothriocephalid pseudophyllideans

were more closely related to members of the Diphyllidea

(Echinobothrium and Macrobothridium), parasites of elas-

mobranchs, than to other eucestodes. D. ®mbriata from

reptiles in Africa was a basal taxon to other diphyllobothriid

species within the ®rst pseudophyllidean clade (Fig. 1).

The Caryophyllidea, represented by members of two of the

four recognised families, i.e. Caryophyllaeidae (Hunterella)

and Lytocestidae (Khawia), did not constitute a basal group

of the Eucestoda in our dataset. On the contrary, they grouped

with Haplobothrium and diphyllobothriids, which supports

previous results [8]. A close grouping of caryophyllideans,

haplobothriids and one of the two clades of pseudophylli-

deans corresponds in some aspects with the taxonomic

arrangement of Nybelin [14] who placed caryophyllideans

as a family within the Pseudophyllidea. The non-basal posi-

tion of the Caryophyllidea reported by others [8] was

supported by the present analyses that included sequences

of an additional caryophyllidean taxon from different family

and geographical region (Europe). Previously, a complete
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18S rRNA sequence of only one species (H. nodulosa) from

North America was available [8].

The ordinal status of haplobothriids [15], that were,

according to several authors [16,17], af®liated with the Pseu-

dophyllidea or considered to be closely related to the Trypa-

norhyncha [18], is only partly supported in this study because

this taxon appeared in the pseudophyllidean branch of the

family Diphyllobothriidae in some trees (data not shown).

Topology of the second pseudophyllidean clade (Fig. 1)

con®rmed the monophyletic status of the genus Bothrioce-

phalus. Both freshwater species (B. claviceps and Bothrio-

cephalus sp. from the Palearctic and Neotropical Regions,

respectively), were more closely related to each other than

to the marine cestode B. scorpii from Northeastern Atlan-

tic.

In all trees constructed, the Proteocephalidea appeared to

be a monophyletic taxon that formed a clade within the

Tetraphyllidea. Paraphyly of the latter group was proposed

in a study based exclusively on morphological characters

that included only two proteocephalidean taxa (Proteoce-

phalus exiguus and Monticellia lenha) [9]. The present

study supports this hypothesis because ®ve taxonomically

unrelated species representing four subfamilies (Proteoce-

phalinae, Gangesiinae, Acanthotaeniinae, Monticelliinae)

and originating from different hosts, including reptiles and

a mammal, from four continents (Europe, Asia, North

America and Africa) were analysed.

Within the Proteocephalidea (Fig. 1), members of the

Acanthotaeniinae (Acanthotaenia from a monitor lizard

from Africa) and Gangesiinae (Gangesia and Silurotaenia

from siluriform ®sh from the Palearctic Region) constituted

a clade distantly related to the remaining proteocephali-

deans. The separate position of the acanthotaeniine and

gangesiine cestodes from other proteocephalideans corre-

sponds with earlier report [19] that studied the phylogenetic

relationships within the Proteocephalidea on the basis of the

mitochondrial (16S) and nuclear (28S) rRNA gene

sequences. The position of the Acanthotaeniinae as the

most primitive subfamily of the Proteocephalidea was ®rst

demonstrated by an analysis based on morphological char-

acters while the Gangesiinae appeared as one of the most

evolved proteocephalidean subfamilies closely related to

the Proteocephalinae [20].

The family Proteocephalidae appeared paraphyletic as

the only representative of the Monticelliidae (Monticellia

sp.) grouped with species of the Proteocephalinae. The

present data also suggest that the genus Proteocephalus is

an arti®cial assemblage of unrelated taxa, this result being in

accordance with the conclusions of Zehnder and Mariaux

[19]. The Holarctic species P. longicollis (synonym P.

exiguus [21]) was basal to the remaining proteocephalideans

from the Neotropical (Monticellia sp., P. chamelensis) and

Nearctic (P. perplexus) ®sh and from the opossum (Proteo-

cephalinae gen. sp.) in Mexico.

The latter species is the ®rst representative of the order

found in a homoiotherm vertebrate and its taxonomic posi-

tion was a matter of question. However, the present study

has demonstrated that it undoubtedly belongs among the

Proteocephalidae, which corresponds well with its morphol-

ogy. Phylogeny derived from the 18S rRNA sequences also

supported the association of the nippotaeniid Amurotaenia

with the Cyclophyllidea and Tetrabothriidea (95% boot-

strap) that was observed in previous phylogenetic analyses

based on morphological and molecular data [1,3,8].

Results of the present study expand several hypotheses

[3] but also question, as did the previous study by Olson and

Caira [8], some widely accepted ideas about phylogeny of

the Eucestoda that were largely based on morphological,

ultrastructural and life-cycle data [1,2,4]. Apparently,

more information on members of the cestode groups that

are scarcely represented in existing analyses is needed in

order to better understand the evolution of major lineages of

eucestodes as well as interrelationships of members of indi-

vidual groups.
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