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Although the diplogonadic human tapeworm, Diplogonoporus grandis, has long been considered to be a syn-
onym of the whale tapeworm, Diplogonoporus balaenopterae, the identity of the both species at the complete
mitochondrial genomes and nuclear DNA levels has been not sufficiently undertaken to date. In the present
study, to clarify the taxonomic relationships between D. balaenopterae and D. grandis at the molecular level,
the complete mitochondrial genomes of both species were sequenced and compared. In addition, the genetic
variation in the mitochondrial cytochrome c oxidase subunit 1 gene (cox1) and the nuclear internal tran-
scribed spacer-1 (ITS-1) region of the ribosomal RNA gene were examined. The complete mitochondrial ge-
nomes of D. balaenopterae and D. grandis consisted of 13,724 bp and 13,725 bp, respectively. These
mitochondrial genomes contained 12 protein-coding, 22 transfer RNA and 2 ribosomal RNA genes and two
longer non-coding regions. Except for Hymenolepis diminuta, the genomic organization in both species was
essentially identical to that in other cestode genomes examined to date. However, differences were observed
between Diplogonoporus and Diphyllobothrium species in abbreviated stop codons, sequences and the num-
ber of repeat units in the 2nd non-coding regions. The genetic differences observed in the mitochondrial ge-
nomes, cox1 and ITS-1 regions of both species were considered typical of intraspecific variation. In conclusion,
D. balaenopterae is a taxonomically valid species and D. grandis is a junior synonym of D. balaenopterae based
on the zoological nomenclature. Further, molecular-phylogenetic analysis confirmed that D. balaenopterae is
more closely related to Diphyllobothrium stemmacephalum, the type-species of the genus Diphyllobothrium,

and the taxonomical validity of the genera Diplogonoporus and Diphyllobothrium was also discussed.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Broad tapeworms belonging to the genus Diplogonoporus Lonnberg,
1892, are characterized by having a double set of genitalia in a single
proglottid, distinguishing them from Tetragonoporus Skriabin, 1961,
Hexagonoporus Gubanov in Delyamure, 1955, and Polygonoporus Skria-
bin, 1967, which all possess multiple gonads in a single proglottid,

Abbreviations: atp6, ATPase subunit 6 gene; cob, cytochrome b gene; cox1-cox3, cy-
tochrome ¢ oxidase subunits 1-3 genes; nad1-nad6, NADH dehydrogenase subunits
1-6 genes; nad4l, NADH dehydrogenase 4 large subunit gene; rnl, ribosomal RNA
large subunit gene; s, ribosomal RNA small subunit gene; trn, transfer RNA genes;
PCR, polymerase chain reaction.

* Nucleotide sequences of the D. balaenopterae and D. grandis mitochondrial ge-
nomes reported in the present paper are deposited at the DDBJ/GenBank databases un-
der accession numbers AB425839 and AB425840, respectively. AB355622-AB355626,
AB355628, AB355629, AB474567, and AB474568 are the accession numbers for the
cox1 gene and AB449346-AB449356, AB474569, and AB474570 are the accession num-
bers for the 1TS-1 regions.

* Corresponding author. Tel.: +81 3 4582 2692; fax: +81 3 5285 1173.

E-mail address: hyamasak@nih.go.jp (H. Yamasaki).

1383-5769/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.parint.2011.10.007

and many members of Diphyllobothrium Cobbold, 1858, which
usually have only one set of gonads per proglottid [1]. Diplogonoporus
balaenopterae Lonnberg, 1892, infects the small intestine of whales,
such as the minke whale (Balaenoptera acutorostrata, Balaenopteridae,
Cetacea), sei whale (Balaenoptera borealis, Balaenopteridae, Cetacea)
and humpback whale (Megaptera novaeangliae, Balaenopteridae, Ceta-
cea) [1]. In contrast, Diplogonoporus grandis Liihe, 1899, which causes
diplogonoporiasis in humans, has been regarded as a synonym of
D. balaenopterae, based on adult tapeworm morphology [2-5], charac-
teristics of larval coracidia and procercoids [6,7], and protein profiles
[8]. Nevertheless, D. grandis has been referred to as the causative
agent of human diplogonoporiasis, especially in Japan [9,10].
Diplogonoporiasis cases in humans have been found almost exclu-
sively in Japan where more than 200 cases have been reported over
the last 100 years [11]. Outside Japan, a total of 3 cases have been
reported in Chile [12], Korea [13] and Spain [14]. In the latter two
cases, the etiologic agents were identified as D. balaenopterae based
on proglottid morphology. While the complete life cycles of these
tapeworms have not yet been elucidated, Japanese anchovy or “shir-
asu” (Engraulis japonica, Engraulidae, Clupeiformes), Japanese sardine
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Table 1
Diplogonaoporus isolates examined in the present study.

Sample Year Locality collected (latitude/longitude) Host animals DDBJ/GenBank accession numbers

no. collected

cox1 ITS-1

No. 1 1997 Western North Pacific Ocean (N37/E160) Balaenoptera acutorostrata (minke whale) AB355622 AB449346

No. 2* 1997 Western North Pacific Ocean (N37/E163) B. acutorostrata AB355623 AB449347

No.3 1997 Western North Pacific Ocean (N39/E161) B. acutorostrata AB355624 AB449342

No.4 1997 Western North Pacific Ocean (N39/E161) B. acutorostrata AB355625 AB449349-AB449352

No.5 1997 Western North Pacific Ocean (N39/E158) B. acutorostrata AB355626 AB449353

No. 6 2002 Western North Pacific Ocean Balaenoptera borealis (sei whale) AB474567 AB474569

No. 7 2002 Western North Pacific Ocean B. borealis AB474568 AB474570

No. 82 2004 Tokyo, Japan Homo sapiens (58-year-old Japanese man) AB355G28 AB449354

No.9 2006 Hamamatsu, Shizuoka, Japan H. sapiens (58-year-old Japanese man) AB355629 AB449355, AB499356

2 Diplogonoporus isolates used for the complete mitochondrial genome analysis.

(Sardinops melanostictus, Clupeidae, Clupeiformes) [9] and skipjack
tuna (Katsuwonus pelamis, Scombridae, Perciformes) have been sus-
pected to be the most likely sources of infection in humans [10].

To assess the phylogenetic relationships among eucestodes, genes
such as the ribosomal RNA large subunit (28S rRNA) and small subu-
nit (12S rRNA) genes [15-20], cox1 and nad3{21], elongation factor-1
alpha gene [16], the internal transcribed spacer (1TS) regions [22,23]
and the 18S rRNA gene [19,24] have been used. With regard to Diplo-
gonoporus isolates, preliminary DNA analysis using cox1 recently sup-
ported the assignment of D. grandis as a synonym of D. balaenopterae
[25,26]. Genetic analysis of Diplogonoporus isolates from clinical cases
has recently revealed a close relationship between Diplogonoporus
and Diphyllobothrium stemmacephalum(24].

Thus, in the present study, the complete mitochondrial genomes
of both species were sequenced and compared in order to clarify
the molecular-taxonomic relationship between D. balaenopterae and
D. grandis. In addition, the genetic variation within the cox1 and ITS-
1 regions was examined using nine Diplogonoporus isolates obtained
from whales and humans. The need for a revision of the taxonomic af-
filiation of the genera Diplogonoporus and Diphyllobothrium is also
discussed.

2. Materials and methods
2.1. Diplogonoporus tapeworms examined in the present study

The Diplogonoporus tapeworm specimens examined in this study
are listed in Table 1. Minke whale and sei whale were taken in the
Western North Pacific Ocean with special permission from The Insti-
tute of Cetacean Research, Japan. The seven mature Diplogonoporus
tapeworms collected from the small intestines of the whales were
identified as D. balaenopterae based on morphological characters
(Nos. 1-7 in Table 1). Two diplogonadic tapeworms, one immature
tapeworm lacking a scolex (No. 8) and a mature tapeworm with a
scolex (No. 9), were obtained from two Japanese patients; these sam-
ples were identified morphologically as D. grandis. The tapeworms
were rinsed thoroughly in phosphate-buffered saline after collection
and preserved in 80% ethanol, except for two specimens (Nos. 6 and
9) which were fixed in 10% formalin.

2.2. DNA extraction, PCR amplification and DNA sequencing

DNA was extracted from the ethanol-fixed proglottids using a
DNeasy Blood & Tissue kit (Qiagen, Germany) according to the man-
ufacturer's instructions. The formalin-fixed specimens were embed-
ded in paraffin and DNA was efficiently extracted from the
unstained, 10 pm-thick sections using a DEXPAT kit (Takara Bio Inc.,
Japan) as described previously [26,27]. For analysis of the complete
mitochondrial genome, DNA was extracted from two representative
tapeworms fixed in ethanol (Nos. 2 and 8 in Table 1). Amplification
of the mitochondrial genomes was performed using 13 primer pairs

(Table 2) designed based on the mitochondrial genomes of Diphyllo-
bothrium nihonkaiense (AB268585) and Diphyllobothrium latum
(AB269325). The PCR consisted of an initial denaturation step of
98 °C for 30 s, followed by 35 cycles of 94 °C for 30's, 58 °C for 30s,
and 72 °C for 90 s, with a final extension cycle of 72 °C for 5 min. Sam-
ples were amplified in a final reaction volume of 50 uL with Ex Taq
DNA polymerase (Hot Start version, Takara Bio Inc., Japan).

For the polymorphism analysis of the cox1 and ITS-1 regions of the
ethanol-fixed samples (Nos. 1, 3-5 and 7), primer pairs P1/P2 and
P28/P31 were designed based on the nucleotide sequences of the
cox1 and ITS-1 regions in Diplogonoporus and Diphyllobothrium, re-
spectively (Table 3). For the formalin-fixed samples (Nos. 6 and 9),
short and overlapping DNA fragments were amplified using primer
pairs P3-P27, and P28/P29 and P30/P31 (Table 3) for the cox1 and
the ITS-1 regions, respectively. High fidelity KOD FX DNA polymerase
(Toyobo, Japan) was occasionally used for DNA samples extracted
from formalin-fixed materials. PCR performed using KOD FX DNA po-
lymerase employed an initial denaturation step of 94 °C for 15 min,
followed by 35 cycles of 94 °C for 30's, 58 °C for 30s, 72 °C for 60's
and a final cycle of 72 °C for 5 min.

Amplicons confirmed by agarose gel or capillary electrophoresis
(HAD-GT12, eGene Inc., LA) were purified using a NucleoSpin Extract
Il kit (Macherey-Nagel, Germany) and used as templates for direct
DNA sequencing. Samples for DNA sequencing were prepared using

Table 2
Oligonucleotide primers used for amplification of mitochondrial genomes.

Primer pairs Nucleotide sequences (5’ to 3/)

P1 atp6/Fl ATGATCTTCAGTGGTTATTCAAGTT
P2 nad1/R25 CACCTGTTAAAAACATAAAAATCAT
P3 trnA/F ACAGAATACTGGGTTTGCGTCTCAG
P4 nad3/R60 AAATGATATGACTATAAACAACIAA
P5 nad3/F1 ATGTTAGCTTATTTTTTGGTGG

P6 tnL/R250 CTATACACATTTACITGTCTCCTC

P7 trnT/F38 CAGGGGTGGGTTTACTCTIGGGCCT
P8 trnC/R25 TACTAAGACCAAAGGCAATAGACTT
P9 rnL/F451 CATATTATAAATTTTATATGTAGG
PIO trnC/R25 TACTAAGACCAAGGCAATAGACTT
P11 rnL/F880 TGAGGTGAGTTAAGACCGGCGTGAG
P12 rnS/R245 ATTTCACCTACTCTTACCTTTACCT
P13 trnC/F40 GTGAATATTGTITATTCTAGGCTIT
P14 cox2/R25 CGTAGTACAGCAAAGAAAATTTCAT
P15 mS/F570 GTAACAAGGTAGCCCAGATGAATC
P16 trnE/R25 TTATGCTCCAATACAACAAAACAGG
P17 cox2/F525 GGTGGGTCACEGTTATATGCCIATA
P18 nad/R761 CAAGTGGATATGGCAACTATCTTCT
P19 nad5/F565 CTACCCCTGTTAGTTCTTTAGTACA
P20 cox3/R205 TACCAAAGGCTAAAACITCIAAG

P21 trnG/F40 GTGGGGATCTAATGGTTTTAGATAA
P22 trnH/R25 GCCAGTTTAAATAACCTATCAGTAA
P23 cox3/F444 GGTTCTAGATTITATGCTAGTTGT
P24 nad4/R 325 ACAGAGGTAACATGGATAGCTCATA
P25 nad4/F1 ATGAGAGTGTACAAAATTATTAGAT
P26 atp/R25 AATCTTGAATAACCATAAAGATCAT
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Table 3
Oligonucleotide primers used for the amplification of cox? genes and ITS-1 regions.

Primers Nucleotide sequence (5’ to 3/)

P1 nad3/F120 CGAGTGTGGTTTTAGATCTTCTTCA
P2 rnl/R250 CTATACACATTTACTTGATCTCCTC
P3 nad3/F120 CGAGTGTGGTTITAGATCTTCTTCA
P4 cox1/R125 ATACGTATCATAACACTAAGGCTCA
P5 cox1/F1 ATGATAATCTTAAAGTTTTTAGTT

P6 cox1/R225 GGGCATCAAAAAAAAGAATATCATT
P7 cox1/F101 TGAGCCTTAGTGTTATGATACGTAT
P8 cox1/R325 ATAAAATCMGCATTAMGCTTT

P9 cox1/F201 AATGATATTCTTTTTTTTGATGCCC
P10 cox1/R425 TITCTATCCCTAAAAAGAGCAGAAG
P11 cox1/F301 AAAGCTTTAAGTGCTTGATTGTTAT
P12 cox1/R525 ATCAAAAAAGCTGTGTACAGGGTA
P13 cox1/F501 TACCTGTACACAGCTTTTGTTGAT
P14 cox1/R725 TCAGGATGACCAAAAAATC.AAAACA
P15 cox1/F601 GTTTTAGCTGCTGCTATTACMTGT
P16 cox1/R825 AAATAATAMCCATAAAATCCAAAA
P17 cox1/F701 TGTTTTGATTTTTTGGTCATCCTGA
P18 cox1/R925 TAATGACTAAAAAAAACAGTGT
P19 cox1/F901 ACAGCTGTTTTTTTTAGGTCAGTTA
P20 cox1/R1125 AACCACAAATCAAGTATCATGCTTT
P21 cox1/F1080 TGCTTGTGTTCTTGATAATATITIG
P22 cox1/R1309 AACCGCATATACCAAAGTAATGCAT
P23 cox1/F1230 ATTGCAGTGTATTGTATAGTGTCT
P24 cox1/R1435 TAACTAGAGACTCCCACAAAATAAAC
P25 cox1/F1401 TITITTTIGTGTTTATITTGTGGGAG
P26 cox1/R1566 CTATAAGGCCAACATATATAATCTACAAA
P27 trnT/R23 ACAAAACCAGTATTCTAATTAAA
P28 ITS-1/F1 ACCTGCGGAAGGATCATTACACGTT
P29 ITS-1/R325 ACACGACGCCTCGAGTCTTACGCCT
P30 ITS-1/F301 AGGCGTAAGACTCGAGGCGTCGTGT
P31 ITS-1/R625 AATTCACACAGTTGGCTGCGCTCITC

an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit
(Applied Biosystems Inc., CA) and nucleotide sequences were deter-
mined by primer walking using an ABI PRISM 3100-Advant Genetic
Analyzer (Applied Biosystems Inc.).

2.3. Data processing and phylogenetic analysis

A number of models for genetic distance analysis and estimation
of phylogenetic trees have been proposed and differ in terms of the
parameters used to describe the rates of nucleotide substitution dur-
ing evolution [28]. In this paper, genetic distance of 36 genes encoded
in the mitochondrial genomes between D. balaenopterae and D.
grandis, genetic variation of cox1 and ITS-1 regions among Diplogono-
porus isolates was estimated using Kimura's 2-parameter (K2P). The
model distinguishes between transitional and transversal substitu-
tions of the nucleotides and assumes that all of the bases are equally
frequent [29]. The rate of transitional substitution is often higher than
that of transversal substitution, especially in animal mitochondrial
DNA, and the model was considered to be suitable for estimating ge-
netic distance of mitochondrial DNA [30]. Genetic distance was calcu-
lated by the setting of substitution included transitions and
transversions, and the rates among sites (gamma parameter = 1).

Phylogenetic analyses of Diplogonoporus and Diphyllobothrium
were performed using nucleotide sequences of cox1 from 12 Diphyl-
lobothriidae taxa (DQ768191, AB369249, AB015753, AB517949,
EU241311, EU241317, EU241308, FM209182, AB510496, AM412738,
AB268585, AB364645), Bothriocephalus acheilognathi (Bothriocepha-
lidae, Bothriocephalidea, HM439384) and Taenia solium (Taeniidae,
Cyclophyllidea, AB516957) were used for comparisons. The nucleo-
tide sequence data were initially aligned with the ClustalW program
(ver. 1.83, http://www.clustalw.ddbj.nig.ac.jp). The maximum likeli-
hood analysis (ML) and Bayesian inference (BI) were employed for
phylogenetic analyses. For the ML, the alignment data were converted
to FASTA format using MEGA program (ver. 5.05) and analyzed using
Hasegawa-Kishino-Yano (HKY) + G model (gamma=5) which was

selected based on Bayesian Information Criterion scores using MEGA
5.05.

For BI, the alignment data were converted to NEXUS format using
the ClustalX2 (ver. 2.0.12) and Bayesian phylogenetic analysis was
performed using MrBayes 3.1.2 (http://mrbayes.csit.fsu.edu/index.
php). The DNA data were divided into 3 partitions and likelihood set-
ting was set to nst=6, equivalent to the general time reversible
(GTR) model of nucleotide substitution {31]. Markov Chain Monte
Carlo analysis was then run on each of the datasets for 10° genera-
tions to estimate the posterior probabilities of trees [32]. Phylogenetic
trees were rooted with T. solium as the outgroup. For the ML analysis,
nodal support was assessed by bootstrap resampling (1000 repli-
cates). In B, clades were considered to have high nodal support if
the BI posterior probability was >0.95.

3. Results and discussion

3.1. Characterization of the complete mitochondrial genomes of D.
balaenopterae and D. grandis

The 5'- and 3’-ends of the protein-coding genes were deduced
from the sequences corresponding to the genes in D. nihonkaiense
and D. latum. Using sequence motifs, genes for 2 rRNAs and 22
tRNAs were also annotated in the 5’- and 3’-flanking regions of the
open reading frames. In the 2nd non-coding region (NCR2), located
between nad5 and trG, at least three ladder-products were amplified
in both species examined (data not shown), with the largest product
(320 bp) used to estimate the whole genome size. The complete mi-
tochondrial genome sizes of the isolates No. 2 (D. balaenopterae,
AB425839) and No. 8 (D. grandis, AB425840) were thus estimated
to be 13,724 bp and 13,725 bp, respectively.

As shown in Table 4, the mitochondrial genomes consisted of 12
protein-coding genes (atp6, cob, cox1-cox3, nadl-nad6), 2 rRNA
genes (rnl, rns), 22 tRNA genes (trns), and two longer non-coding re-
gions (NCR1, NCR2). The gene encoding ATPase subunit 8, as well as
other flatworm mitochondrial genomes, was absent. Most of the
genes were interrupted by several bases and no introns were present
in the protein-coding genes. Genes were arranged unidirectionally
and exhibited a strong bias toward adenine (A) and thymine (T),
with the A+ T content reaching 68.7-68.8%. Genomic organization
was essentially identical to that reported in other diphyllobothriidean
and cyclophyllidean cestodes to date, except for Hymenolepis dimin-
uta{33-37].

Of the 12 protein-coding genes, 11 were initiated by an ATG
codon, while cox3 was initiated by GTG (Table 4). Eleven protein-
coding genes were predicted to end with complete stop codons: five
(atp6, cox2, nad2, nad5 and nad6) were predicted to terminate with
TAA and six (cob, cox1, nadl, nad3, nad4 and nad4lL) with a TAG
codon. However, cox3 in the Diplogonoporus isolates was predicted
to end with an abbreviated stop codon, T (Table 4), and a complete
stop codon appeared to be missing downstream of trnH, suggesting
that the abbreviated T has been modified by post-transcriptional
polyadenylation. It is not considered unusual to find incomplete ter-
mination codons, such as T or TA, in the protein-coding genes of
metazoan mitochondrial genomes [38]. Indeed, in the mitochondrial
genome sequences of flatworms that have been reported to date, ab-
breviated stop codons have been identified in cox3, nad1 and nad3 of
D. nihonkaiense and D. latum[34], and nad1 in T. solium[35].

The NCR2 region is considered to be involved in the replication of
mitochondrial DNA [39]. Kim et al. [37] reported that size variation in
the NCR2 region is largely due to differences in the number of identical
36-nucleotide repeat sequence units, and that these differences vary
according to geographic location in D. latum (4-6 repeats) and D. nihon-
kaiense (4-7 repeats). In the NCR2 region of Diplogonoporus isolates
from whales and humans, at least 8 identical repeat units consisting of
33 nucleotides (5-TTAGGGATGTGTGTAGTATATTCTCTAAATTTG-3')
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Table 4

Location of genes and non-coding regions (NCR) in the mitochondrial genomes of D. balaenopterae and D. grandis.

Genes and D. balaenopterae (13,724 bp) D. grandis (13,725 bp)
NCRs Locations Length (bp) Start - Stop codons Locations Length (bp) Start-Stop codons
trny 1-66 66 1-66 66
1st NCR 67-291 225 67-292 226
trnL1 (CUN) 292-358 67 293-359 67
trnS2 (UCN) 380-445 66 379-444 66
trnl2 (UUR) 450-513 64 449-512 64
trmR 514-568 55 513-567 55
nads 572-2140 1569 ATG-TAA 571-2139 1569 ATG-TAA
2nd NCR 2141-2460 320 2140-2459 320
trmG 2461-2528 68 2460-2527 68
cox3 2532-3174 643 GTG-T 2531-3173 643 GTG-T*
trnH 3175-3238 64 3174-3237 64
cob 3242-4348 1107 ATG-TAG 3241-4347 1107 ATG-TAG
nad4lL 4350-4610 261 ATG-TAG 4349-4609 261. ATG-TAG
nad4 4571-5821 1251 ATG-TAG 4570-5820 1251 ATG-TAG
tmQ 5822-5884 63 5821-5883 63
trnF 5881-5945 65 5880-5944 65
trmM 5942-6007 66 5941-6006 66
atp6 6011-6520 510 ATG-TAA 6010-6519 510 ATG-TAA
nad2 6523-7401 879 ATG-TM 6522-7400 879 ATG-TM
trmv 7404-7468 65 7403-7467 65
trmA 7471-7533 63 7470-7532 63
tmD 7537-7598 62 7536-7597 62
nad1 7599-8489 891 ATG-TAG 7598-8488 891 ATG-TAG
tmN 8489-8553 65 8488-8552 , 65
tmP 8567-8629 63 8566-8628 63
trnl 8640-8702 63 8639-8701 63
tmK 8709-8773 65 8708-8772 65
nad3 8775-9131 357 ATG-TAG 8774-9130 357 ATG-TAG
trnS1 (AGN) 9121-9179 59 9120-9178 59
trnW 9181-9243 63 9180-9242 63
coxt 9252-10,817 1566 ATG-TAG 9251-10,816 1566 ATG-TAG
trnT 10,808-10,869 62 10,807-10,868 62
ml 10,870-11,831 962 10,869-11,831 963
trnC 11,832-11,895 64 11,832-11,895 64
ms 11,896-12,625 730 11,896-12,626 731
cox2 12,626-13,195 570 ATG-TAA 12,627-13,196 570 ATG-TAA
trnE 13,198-13,266 69 13,199-13,267 69
nads 13,263-13,721 459 ATG-TAA 13,264-13,722 459 ATG-TAA
2 Abbreviated stop codon.
were confirmed, but variation in the number of repeat units among geo-
graphical isolates of Diplogonoporus has not yet been thoroughly
investigated. No.6
100
3.2. Taxonomic status between D. balaenopterae and D. grandis based on
molecular analyses
Genetic distances of 36 genes encoded by the mitochondrial ge-
nomes of both species were calculated using K2P model. The genetic I
distance values between the 12 protein-coding genes were extremely
small (d =0.0000-0.0054). Similarly, the genetic distances between
the rnl and rns genes were low at 0.0012 and 0.0030, respectively. No.7
Of the 22 trns, 19 had identical sequences and tmnC, trnH and trnV
were separated by a distance of d =0.0158. By way of comparison, B No.4-1
the genetic distance value obtained for the cox2 in D. nihonkaiense
and D. latum, which are distinct species, was 0.069. Indeed, the
. No.1, No.3, No.4-2 No.4-4
value for cox2 was the lowest genetic distance observed among all No.5, No.7, No.&8* 0-
of the protein-coding genes of D. nihonkaiense and D. latum (data No.9-1, K1,K2, T2 I
not shown), indicating that the differences between D. balaenopterae ]

and D. grandis were more likely due to intraspecific variation than be-
cause the two taxa were separate species.

Fig. 1 is an unrooted neighbor-joining tree showing the genetic re-
lationships among diplogonoporiid isolates estimated using cox1 (A)
and ITS-1 region (B) sequences. The transitional (A = G, T = C) and
transversal substitutions (T = G, T = A) were at 25 and 2 sites
(1393 and 1476), respectively, along the 1566-bp cox1 sequence
(data not shown). The genetic distance ranged from 0.0000 to

No.6
No.2*,No.9-2,T3

Fig. 1. Unrooted neighbor-joining trees inferred from the sequences of the (A) cox1
(1566 bp) and (B) ITS-1 region (625 bp) of Diplogonoporus isolates. Numbers at the
nodes indicate bootstrap values (1000 replicates). Asterisks denote samples used for
the complete mitochondrial genome analysis. Bars indicate genetic distances calculat-
ed by K2P model. ITS-1 regions of D. grandis isolates K1, K2, T1, T2 and T3 are from ac-
cession numbers AB298510, AB298511, AB298512, AB298513 and AB298514,
respectively. Bars = 0,001 (A) and 0.0005 (B).
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0.0158 (overall mean=0.0059), which are typical of intraspecific
variations. Nucleotide sequences of the ITS-1 region (625 bp) of 2
Diplogonoporus isolates (Nos. 4 and 9) were determined using PCR
products subcloned into pT7 Blue T-vector (Novagen, USA) because
dual peaks at 4 sites were detected by direct DNA sequencing. Poly-
morphic nucleotides were observed at 4 sites (30, 147, 334 and
548) in D. balaenopterae (No. 4) and at position 344 in D. grandis
(No. 9) (data not shown). Transitions (A = G, T = C) and transver-
sions (C = A) were observed at sites 344 and 548, and 30 and 147, re-
spectively. The genetic distance values ranged from 0.0000 to 0.0048
and overall mean was 0.0017, which are also typical of intraspecific
variation. Thus, based on mitochondrial and nuclear DNA data, the
present study confirmed that D. grandis is a junior synonym of
D. balaenopterae and thus, causative agent of human diplogonoporia-
sis should be called D. balaenopterae.

3.3. Taxonomic and phylogenetic relationships between the genera
Diplogonoporus and Diphyllobothrium

The Pseudophyllidea van Beneden in Carus, 1863, a well-
recognized order of tapeworms (Platyhelminthes: Eucestoda), has
been considered to be a monophyletic group of difossate cestodes
[40]. However, phylogenetic analysis based on nuclear ribosomal
RNA genes and ITS-2 sequences revealed the presence of two phylo-
genetically unrelated groups, indicating paraphyly or polyphyly of
the order Pseudophyllidea [15,17,19,20]; consequently, two new or-
ders, Diphyllobothriidea and Bothriocephalidea, have been proposed
to accommodate these unrelated lineages [41]. In addition another
study [24], the mitochondrial DNA results of this study also support
the proposal. However, the taxonomic and phylogenetic relationships
between the genera Diplogonoporus and Diphyllobothrium (Diphyllo-
bothriidae, Diphyllobothriidea) have been not yet been clarified in
sufficient detail, primarily because DNA sequence data are only avail-
able for a limited number species [42], and also because the taxonom-
ic positions of several species within these genera are still uncertain.

Fig. 2 shows phylogenetic trees inferred by ML and Bl algorithms
using nucleotide sequences of the cox1 (356 bp). Although two tree to-
pologies were somewhat different, Diplogonoporus isolates formed
monophyletic clade belonging to Diphyllobothriidae (Diphyllobothrii-
dea) with strong nodal support (=75 in ML, =0.97 in BI) and were
more closely related to D. stemmacephalum, the type-species of the
genus Diphyllobothrium, corroborating the findings of a previous study
[24]. Phylogenetic studies on pseudophyllidean (= diphyllobothriidean
and bothriocephalidean) cestodes support paraphyly and/or polyphyly
of several cestode genera, including Ligula Bloch, 1782 and Bothrioce-
phalus Rudolphi, 1808 [17,19,22], and Diphyllobothrium[43). The close
relationship between Diplogonoporus spp. and D. stemmacephalum im-
plies that these taxa constitute a paraphyletic group.

Interestingly, D. balaenopterae and D. stemmacephalum are phylo-
genetically closely related and infect cetaceans, such as Balaenoptera
spp. and M. novaeangliae (Balaenopteridae) [1,2], and the harbor por-
poise (Phocoena phocoena, Phocoenidae, Cetacea), bottlenose dolphin
(Tursiops truncatus, Delphinidae, Cetacea) and long-finned pilot
whale (Globicephala melas, Delphinidae, Cetacea) [1], respectively.
Based on these similarities in host preference, it seems likely that
D. balaenopterae and D. stemmacephalum are derived from a common
ancestral species [24].

The genus Diplogonoporus has been characterized as having two sets
of genitalia in a single proglottid [ 1]. However, additional genitalia (3 to
5 pairs) have been observed in some segments of D. balaenopterae col-
lected from an Antarctic sei whale (B. borealis, Balaenopteridae, Ceta-
cea) [44]. Similarly, in dwarf forms of D. balaenopterae (body length:
61-809 mm, max. width 2.0-5.6 mm) obtained from a minke whale, al-
though two sets of genitalia per segment were usually encountered,
sometimes 4 paired genitalia were observed in a single proglottid in
the same individuals [(45]. Conversely, two sets of reproductive organs
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Fig. 2. Phylogenetic trees constructed by the (A) maximum likelihood and (B) Bayesian
inference analyses using cox1 sequence data (356 bp). Nucleotide sequence data were
obtained from the following accession numbers: Diplogonoporus balaenopterae
(AB355622-AB355624, AB355626, AB474567, AB474568), Diplogonoporus grandis
(AB355628, AB355629), Diphyllobothrium stemmacephalum (DQ768191), Diphyllobo-
thrium pacificum (AB517949), Spirometra erinaceieuropaei (AB369249), Sparganum
proliferum  (ABO015753), Digramma interrupta (EU241311), Ligula intestinalis
(EU241317), Ligula colymbi (EU241308), Diphyllobothrium ditremum (FM209182),
Diphyllobothrium latum (AB510496), Diphyllobothrium dendriticum (AMA412738),
Diphyllobothrium nihonkaiense (AB268585, AB364645) and Bothriocephalus acheilog-
nathi (Bothriocephalidae, Bothriocephalidea, HM439384). Taenia solium (Taeniidae,
Cyclophyllidea, AB516957) was used as the outgroup. Bootstrap values {1000 repli-
cates) in ML and posterior probabilities in the Bl are shown at the branch. Bars indicate
the number of base substitutions/site.

per segment have been reported in Diphyllobothrium yonagoense,
which infects Risso's dolphin (Grampus griseus, Delphinidae, Cetacea)
[46] and rarely, duplicated genitalia have been reported in Bothrioce-
phalus, Triaenophorus, Echinophallus and Paraechinophalus (Bothrioce-
phalidea) [41]. Moreover, in some genera of Diphyllobothriidae (e.g.,
Baylisia, Tetragonoporus and Hexagonoporus), multiple genital organs
have been observed in each segment. Thus, because the number of gen-
italia can vary, even within species, two sets of genitalia as a taxonomic
character may not be sufficiently robust for resolving affiliations among
the members of the genus Diplogonoporus. In addition, these observa-
tions suggest that multiplication of the reproductive organs may be an
adaptive phenomenon in cestode evolution.

In so far as the taxonomic placement of Diphyllobothrium pacifi-
cum, a parasite of the South American sea lion (Otaria flavescens,
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Otariidae, Carnivora), is concerned, it has been proposed that Adeno-
cephalus pacificus Nybelin, 1931, the original name assigned to the
species, should be restored as the valid name based on molecular
and morphological data which D. pacificum is phylogenetically distant
from Diphyllobothrium species (i.e., D. nihonkaiense, D. latum, and D.
dendriticum etc) [23]. Our results also support the validity of the orig-
inal genus Adenocephalus although the position of D. pacificum was
different in two phylogenetic trees. Because Diphyllobothrium includ-
ing D. nihonkaiense, D. latum, D. dendriticum and D. ditremum, which
are all non-cetacean Diphyllobothrium parasites, is placed at markedly
distant position from D. stemmacephalum (Fig. 2). The genera
Digramma Cholodkovsky, 1914 and Ligula, formed a monophyletic
cluster, but Digramma is considered a synonym of Ligula[22,47]. In-
deed, Digramma may merely be a rare diplogonadic type of Ligula.

Regarding the validity of the genera Diplogonoporus and Diphyllo-
bothrium based on molecular evidence, the following scenarios are
possible;

i) Diplogonoporus should be synonymized with Diphyllobothrium,
and the name Diphyllobothrium should be used for D. stemma-
cephalum, which may also include several other cetacean
Diphyllobothrium species

ii) Diplogonoporus should be retained as a valid genus

iii) Non-cetacean Diphyllobothrium species, including D. nihon-
kaiense, D. latum and D. dendriticum, should be placed in a
newly designated genus.

To conclude whether Diplogonoporus can be regarded as a syno-
nym of Diphyllobothrium or not, comprehensive molecular-
phylogenetic analyses should be undertaken using other Dipologono-
porus species, such as Diplogonoporus tetrapterus, which infects the
harbor seal (Phoca vitulina, Phocidae, Carnivora) and fur seal (Callor-
hinus ursinus, Otariidae, Carnivora), and Diplogonoporus violettae
which infects the sea lion (Eumetopias jubatus, Otariidae, Carnivora).
In addition, the gigantic and dwarf forms of D. balaenopterae[45,46],
as well as species that infect other cetacean species, including D.
yonagoense and Diphyllobothrium macroovatum which infect minke
whales (B. acutorostrata) and gray whale (Eschrichtius gibbosus,
Eschrichtiidae, Cetacea) [48] should be also examined. Moreover,
other genera related to Diplogonoporus, including Tetragonoporus,
Hexagonoporus and Polygonoporus, are required in order to clarify
the phylogenetic relationships among these cestodes, and molecular
analyses using D. yonagoense and Hexagonoporus isolates are current-
ly underway. For scenario iii), the genus Diphyllobothrium should con-
tain the type-species of D. stemmacephalum. It may therefore be
reasonable to place the non-cetacean Diphyllobothrium species into
a new genus that is distinct from Diphyllobothrium. To revise the va-
lidity of the genus Diphyllobothrium, further molecular analysis
using more non-cetacean Diphyllobothrium taxa would be necessary.

In conclusion, the findings of the mitochondrial and nuclear DNA
analyses reported here will be very useful, not only for analyzing
the phylogenetic relationships among eucestodes, but also for differ-
entiating Diplogonoporus species from Diphyllobothrium species. In
addition, larval stages of D. balaenopterae have not yet been discov-
ered. It will now be possible to determine whether plerocercoids
found in marine fish hosts are D. balaenopterae or not, which will fur-
ther clarify the life cycle of this parasite and facilitate the prevention
of diplogonoporiasis in humans.
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