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ABSTRACT:

Dicyemid mesozoans are endoparasites, or endosymbionts, found only in the renal sac of benthic cephalopod molluscs.

The body organization of dicyemids is very simple, consisting of usually 10 to 40 cells, with neither body cavities nor differentiated
organs. Dicyemids were considered as primitive animals, and the out-group of all metazoans, or as occupying a basal position of
lophotrochozoans close to flatworms. We cloned cDNAs encoding for the gap junction component proteins, innexin, from the
dicyemids. Its expression pattern was observed by whole-mount in situ hybridization. In adult individuals, the innexin was expressed in
calottes, infusorigens, and infusoriform embryos. The unique temporal pattern was observed in the developing infusoriform embryos.
Innexin amino acid sequences had taxon-specific indels which enabled identification of the 3 major protostome lineages, i.e., 2
ecdysozoans (arthropods and nematodes) and the lophotrochozoans. The dicyemids show typical, lophotrochozoan-type indels. In
addition, the Bayesian and maximum likelihood trees based on the innexin amino acid sequences suggested dicyemids to be more
closely related to the higher lophotrochozoans than to the flatworms. Flatworms were the sister group, or consistently basal, to the
other lophotrochozoan clade that included dicyemids, annelids, molluscs, and brachiopods.

Dicyemid mesozoans (phylum Dicyemida) are endoparasites,
or endosymbionts, found only in the renal sac of benthic
cephalopod molluscs. The body organization of dicyemids is very
simple, consisting of usually 10 to 40 cells, with neither body
cavities nor differentiated organs. The vermiform body is
organized in a 2-layer structure consisting of a single, central,
cylindrical axial cell surrounded by a sheet of ciliated peripheral
cells. They have the distinct anterior region termed a ‘“calotte”
and insert into folds or crypts of the renal appendage of the host
(Ridley, 1968; Furuya et al., 1997). The calotte is distinct from the
other regions in having stiffer, shorter, and thicker cilia (Nouvel,
1947; McConnaughey, 1951; Hochberg, 1990; Furuya et al.,
2007). Infusoriform embryos are more differentiated than
vermiform stages (Ridley, 1968; Matsubara and Dudley, 1976;
Furuya et al., 1997, 2004, 2007; Furuya, 1999). Internally,
infusoriform embryos have 4 large cells, called urn cells, each
containing a germinal cell.

The dicyemids have been considered as primitive animals and
the sister taxon of all metazoans (Van Beneden, 1876; Hyman,
1940, 1956; Lapan and Morowitz, 1975), or as secondary reduced
animals, referring the simple body organization to the result of
specialization for parasitism (Nouvel, 1947; Stunkard, 1954, 1972;
Ginetsinskaya, 1988). Molecular phylogenetic studies have
suggested that the dicyemids are not primitive animals, as
considered previously, but are members of the metazoans
(Katayama et al., 1995; Pawlowski et al., 1996; Siddall and
Whiting 1999), probably a member of the lophotrochozoans
(Kobayashi et al., 1999). Katayama et al. (1995) suggested
platyhelminth affinities, as did Stunkard (1954), Nouvel (1947),
and Ginetsinskaya (1988), who proposed the same relationship
based on the morphology and life cycles. Telford et al. (2000)
analyzed the mitochondrial genetic code of concatenated Cox I,
II, and III sequences from the dicyemids and showed that the
dicyemids have the canonical invertebrate mitochondrial genetic
code, suggesting that the dicyemids are at least triploblastic.
Zrzavy (2001) reviewed the interrelationships of metazoan
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parasites, based on recent morphological and molecular phylo-
genetic analyses, and suggested that the Mesozoa are closely
related to the Acoelomorpha. These recent studies have revealed
that dicyemids might not be truly primitive animals deserving the
name of mesozoans, whereas some authors still consider
dicyemids to be a primitive animal because dicyemids have
several protozoan-like features, i.e., the double-stranded ciliary
necklace common to opalinids and ciliates, tubular mitochondrial
cristae, the endocytotic uptake of particulate materials from the
outer surface of peripheral cells, and the absence of a common
extracellular matrix (Cavalier-Smith, 1993; Czaker, 2000; Noto et
al., 2003; Noto and Endoh, 2004; Awata et al., 2005, 2006;
Czaker, 2006). More recently, a genomic cDNA sequence analysis
on the Pax6 and Zic intron positions supported the assertion that
dicyemids are reduced bilaterians (Aruga et al., 2007). Thus, the
phylogenetic position of dicyemids is still uncertain, and they
remain one of the most enigmatic groups of lower invertebrates.

The most significant synapomorphy of multicellular animals is
their multicellularity, which is characterized by cell interactions
that are mediated by intercellular junctions and a variety of
adhesion molecules. As a consequence, cells are connected and
can communicate with one another. By contrast, such features are
never seen in colonial organisms such as colonial choanoflagel-
lates. Cell adhesion was obviously crucial, not only for evolution
of the multicellular state, but also for construction of tissues and
organs. One approach to understanding the origin of multicellu-
larity is to study the intercellular adhesion systems of living
primitive organisms. Using a freeze-fracture method, Revel (1988)
observed the gap junction in dicyemids. Subsequently, Furuya et
al. (1997) described some intercellular junctions, and their
distribution, in the body of dicyemids. These suggest dicyemids
may be the most primitive multicellular animals to have several
basic cell junctions such as adherens junctions, septate junctions,
and innexin—pannexin gap junctions.

In addition to cell-to-cell attachment, the basic requirement for
the multicellular level of organization is cell-to-cell communica-
tion between 2 interacting cells. Gap junctions play a role in such
communication. Gap junctions are seen in all eumetazoans, with
the exception of anthozoans and scyphozoans (Mackie et al.,
1984; Shestopalov and Panchin, 2008). Primitive multicellular
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animals with monociliary cells (sponges and placozoans) do not
have gap junctions. In sponges, however, Loewenstein (1967) and
Green and Bergquist (1979) suggested the presence of intercellular
communicating channels. Grell and Ruthmann (1991) demon-
strated several patterns of organized behavior in placozoans,
which might suggest the presence of some communication system.
In this context, innexin whose proteins form the gap junction may
be regarded as ‘“‘toolkit genes” like the genes encoding Hox,
parahox, and other developmentally critical transcription factors.
We conducted an analysis of cDNA sequences, by random
sequencing, to examine various aspects of dicyemid biology. We
cloned cDNAs encoding for innexin from the Dicyemidae, i.e.,
Dicyema japonicum Furuya and Tsuneki, 1992 and Dicyema
koshidai Furuya and Tsuneki, 2005. In amino acid sequences of
innexin, we found some distinct indels which identified 3 major
protostome lineages, 2 groups of ecdysozoans (arthropods and
nematodes) and the lophotrochozoans. These indels indicated
clear differences between Platyhelminthes and lophotrochozoans,
suggesting the possible clade ‘“Platyzoa.” Innexin might be a
useful toolkit gene for phylogenetic studies. Using these
advantages of innexin, we determined whether or not the
dicyemids are related to Platyhelminthes. The dicyemids were
apparently more closely related to the higher lophotrochozoans,
such as molluscs and annelids, than to the Platyhelminthes.

MATERIALS AND METHODS
Animals

Most known innexin genes are from the model animals. We sampled
several animals to classify relationships among dicyemids, parasitic
flatworms, and other lophotrochozoans.

Two dicyemids, D. japonicum and D. koshidai, were obtained from renal
sacs of the Octopodidae, Octopus vulgaris Cuvier, 1797 and the
Loliginidae, Sepioteuthis lessoniana Lesson, 1830, respectively. Octopus
vulgaris were obtained from a fisherman who collected them in Osaka Bay
(Akashi, Hyogo, Japan). Sepioteuthis lessoniana were obtained from a
fisherman who collected them in Wakasa Bay (Obama, Fukui, Japan).
The Lingulidae, Lingula anatina Lamarck, 1801 were obtained from a
fisherman who collected them in the Ariake Sea (Yanagawa, Fukuoka,
Japan). The Oligobrachiidae, Oligobrachia mashikoi Imajima, 1973 were
obtained in Tsukumo Bay (Marine Biological Laboratory of Kanazawa
University at Noto, Ishikawa, Japan). The Urechidae, Urechis unicinctus
von Drasche, 1881 was obtained from a fisherman who caught it off the
coastline of South Korea. The Heterophyidae, Metagonimus yokogawai
Katsurada, 1912 was obtained from the pectoral and caudal fins of the
Osmeridae, Plecoglossus altivelis, Temminck and Schlegel, 1846 (Chikusa
River, Okayama, Japan).

Cloning of cDNAs and RACE PCR

We used the dicyemid species, D. japonicum and D. koshidai, living in
the renal sac of O. vulgaris and S. lessoniana, respectively, for obtaining
RNA (see Furuya et al., 1992a; Furuya and Tsuneki, 2005). The life cycle
and the morphology are shown in Figure 1. Dicyemids were isolated from
the kidney of the host using a pipette. Host cells in the isolated dicyemids
suspension were carefully removed with a pipette using a stereoscopic
microscope. Collected dicyemids were washed several times with artificial
seawater.

Total RNA was extracted using TRIZOL reagent (Invitrogen,
Carlsbad, California). Subsequently, cDNA was synthesized from 1 pg
of total RNA using the BD SMART™ RACE ¢cDNA amplification kit
(BD Biosciences, Franklin Lakes, New Jersey). In this reaction, we used
BD SMART II™ (BD Biosciences) A oligonucleotide and oligo dT
adapter primer (5'-AACTGGAAGAATTCGCGGCT 3VN-3') instead of
packed oligo dT primer. From this reaction, we obtained cDNAs with the
adapter sequence at both the 5" and 3’ ends. These adapter sequences were
used as the priming site for cDNA amplification with PCR.
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IN THE RENAL SAC
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Ficure 1. Life cycle of the dicyemids (modified from Furuya et al.,
2003). The development of infusorigens, gametegenesis around the
infusorigen, and development of 2 types of embryos all proceed within
the axial cell cytoplasm. Abbreviations: apical cell (A), agamete (AG),
axial cell nucleus (AN), axial cell (AX), calotte (C), developing infusori-
form embryo (DI), diapolar cell (DP), developing vermiform embryo
(DV), infusorigen (IN), metapolar cell (MP), parapolar cell (PA), propolar
cell (PP), uropolar cell (UP).
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TaBLE I. Combination of primers used for obtaining sequences
from genome.
Organisms Primer

Octopus vulgaris
Sepioteuthis lessoniana
Metagonimus yokogawai
Urechis unicinctus
Oligobrachia mashikoi
Lingula anatina

inx-A, inx-D
inx-C, inx-F
inx-B, inx-E
inx-A, inx-F
inx-C, inx-F
inx-C, inx-E

It was difficult to obtain the dicyemid first-strand cDNA in enough
quantity to construct the cDNA library, so we amplified the first-strand
cDNA by PCR using BD Advantage 2 polymerase mix (BD Biosciences,
San Jose, California). The PCR product was ligated into a pGEM-T
vector (Promega, Madison, Wisconsin), which was introduced to a
JM109-competent cell by the heat shock method. We randomly picked up
a transformed cell and extracted a plasmid containing dicyemid cDNA. A
cloned cDNA was sequenced with a BigDye® terminator v. 3.1 and an
ABI 3700 auto sequencer (Applied Biosystems, Foster City, California).
The sequence data of cDNA were analyzed by the BlastX program on the
DNA Data Bank of Japan (DDBJ) server.

To obtain a full length of dicyemid innexin sequences, we conducted 5’
and 3’ RACE PCR with Universal Primer A mix (UPM) in the BD
Advantage 2 polymerase mix and gene-specific primer. In D. japonicum,
gene-specific primers were designed based on innexin sequences cloned
from cDNA library by random cloning. The 5 RACE PCR was
conducted with UPM and gene-specific primer (5'-GGTATGGATGG-
CAATGATTAGG-3"). The 3' RACE PCR was conducted with UPM and
gene-specific primer (5'-CCTACGTTGGCAGTTCTGG-3'). In the D.
koshidai innexin sequence, gene-specific primers (5'-CGTCCCCGT-
GATTGTATGG-3' and 5'-GCAGTAAGTCACGCGCGG-3') were de-
signed based on the innexin sequence cloned from a partial sequence of D.
koshidai innexin. Partial sequence was obtained from genomic PCR by
degenerate primers (5'-GGSGAMCCRATYCACTGCTGG-3' and 5'-
AGCCARAACCARATGAAKATRWARAT-3').

We deduced the full length of D. japonicum and D. koshidai innexin
sequences by combining the resultant sequence data of 5" and 3" RACE
PCR.

Genome extraction

Genomes of several metazoan taxa, i.e., O. vulgaris, S. lessoniana, D.
koshidai, D. japonicum, U. unicincus, Ol. mashikoi, L. anatina, and M.
yokogawai, to be included in the phylogenetic analysis, were extracted by
QIAGEN DNeasy Blood & Tissue kit (QIAGEN, Germanton, Mary-
land). Genomes of P. altivelis, O. vulgaris, S. lessoniana, U. unicinctus, and

TaBLE II. Animals used for phylogenetic analysis. Bolded portions are newly determined sequences.

Phylum Organisms Sequence Source Accession numbers
Dicyemida Dicyema japonicum innexin cDNA AB517609
Dicyema koshidai innexin cDNA AB517610
Platyhelminthes Dugesia japonica Innexin-4* database BAE78813
Innexin-5 database BAE78814
Innexin-7 database BAE78815
Innexin-8 database BAE78816
Innexin-9 database BAE78817
Innexin-10* database BAE78818
Innexin-11* database BAE78819
Innexin-12* database BADS83778
Innexin-13 database BAE78820
Metagonimus yokogawai innexin genome AB517613
Brachiopoda Lingula anatina innexin genome AB517614
Annelida Hirudo medicinalis Innexin-9 database ABB16290
Innexin-11 database ABB16292
Innexin-12 database ABB16293
Annelids (Pogonophora) Oligobrachia mashikoi innexin genome ABS517615
Annelids (Echiura) Urechis unicinctus innexin genome AB517616
Mollusca Aplysia californica Pannexin-1 database AAV33848
Pannexin-2 database AAV33850
Pannexin-3 database AAV33851
Clione limacina Pannexin-1 database AAF75839
Octopus vulgaris innexin genome AB517611
Sepioteuthis lessoniana innexin genome AB517612
Arthropoda Homarus gammarus Innexin-1 database CAJ58681
Schistocerca americana Innexin-1 database AAD29305
Tribolium castaneum Innexin-1 database XP_968503
Bombyx mori Innexin-2 database AAS77384
Drosophila melanogaster Innexin-1 database P27716
Innexin-2 database QIv427
Vertebratat Mus musculus Pannexin-1 database NP_062355
Pannexin-2 database NP_001002005
Danio rerio Pannexin-1 database NP_957210
Pannexin-2 database XP_686064

* Used only in alignment comparison.
T Used only in phylogenetic tree.
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Caenorhabditis elegans16 [S|G[LIT/I NG LiEj-1-t-1-1-7-q- ALIE M/ NWIR TIE[QIQIK GIR[GISR|1IFIN|- - 'C
Homarus gammarusl LIETIT K DEIS[-JARI-1- 11111~ -THIK]K LiSQYIMVIKHIL - - HIMHIMINWIA] |
Schistocerca americanal L LIRTIL R clon EiKi-1--1-1-1-{~ CMiK L Y R{H[1 K[RHIN AL
Tribolium castaneum1 LiMIKITIE (FiGLICIHIE DI - B K- - mymi g NAIK ! YLLITHV - - RICHNILYIAILIRY
Bombyx mori2 RIJIKIM[L [ EIDIE|-|CiKi-1-i-{-]-/~ SIGIR L ViD|YIF HITINIL|- - HIT:QIN FIRF
Drosophila melanogaster] [LIMR M| | { TR EiK -[-i-i-{-1- -+~ EIAK LILDIYIL TIKHV] - - [KIRHIK 1RIY
Drosophila melanogaster? RILIK ML S NiD CiRi-j-1-a i B Sl e i e et - - IND R Liv:DIY GINIL N[RHIN[FIYAIFIRF
FiGUrE 2. Indels in innexin amino acid sequence in 19 lophotrochozoan innexins of molluscs, annelids, brachiopods, platyhelminths, dicyemids, and

10 ecdysozoan innexin sequence of arthropods and nematodes. TM2 indicates location of the second trans-membrane domain deduced by Dykes et al.

(2004). Indel 1 and indel 2 indicate locations of specific indels.

L. anatina were obtained from their muscles. Genomes of O. mashikoi, M.
yokogawai, and dicyemids were obtained from the whole body after
fixation in 70% ethanol.

PCR amplifications and sequencing

Six degenerate primers were used to obtain innexin sequence. Each
primer for amplifications of gene sequences of innexin was designed based
on conserved sequences of innexin in flatworms, annelids, and dicyemids
(D. japonicum), as follows: inx-A: 5'-CARTACGTCGGAGACCCRA-
TYCA-3'; inx-B: 5-TYCCYWKCATTMTYTGGMG-3'; inx-C: 5'-
GGSGAMCCRATYCACTGCTGG-3'; inx-D: 5-ARRTTVATMGG-
MARRACRCAYTG-3'; inx-E: 5'-CASWWSGTGACYCKSGGGAA-
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3’; inx-F: 5'-~AGCCARAACCARATGAAKATRWARAT-3' (R = A +
GY=T+CM=C+A W=T+A K=G+T,S=C+QG).
Combinations of primers are shown in Table I. The polymerase chain
reaction was performed in 20 pl reaction volumes containing 100 ng
extracted genomic DNA, 2 ul 10X PCR buffer, 1.6 ul 10mM dNTPs, 1 ul
10uM primer each, and 0.1 pl 0.5 U Takara Ex Taq polymerase (TaKaRa
Bio, Shiga, Japan). The cycling conditions were as follows: initial
denaturation for 3 min at 94 C, followed by 35 cycles of 1 min at 94 C,
1 min at gradient 50 C to 60 C, and 1 min 15 sec at 72 C, and completed by
5 min at 72 C.

Amplified fragments were separated by agarose gel electrophoresis and
extracted by Quantum Prep® Freeze "N Squeeze DNA Spin Columns (Bio
Rad, Hercules, California). Extracted fragments were ligated into a
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amino acid sequences of

-membrane domains deduced by Dykes et al. (2004). Boxes indicate

Specific conserved regions in 19 innexin sequences of molluscs, annelids, platyhelminths, and dicyemids. Deduced

FIGURE 3.

the dicyemid innexin show their full lengths. TM indicates the locations of trans
conserved sequences in each taxa. Conserved cysteine except for platyhelminths (*), conserved leucine in annelid, molluscan and dicyemid lineage (**),

conserved cysteine in all taxa (| ).
Downloaded From: https://bioone.org/journals/Journal-of-Parasitology on 21 May 2024

Terms of Use: https://bioone.org/terms-of-use



C

Dicvema japoricum

SUZUKI

ET AL—DICYEMID PHYLOGENY INFERRED FROM INNEXIN 619

T

Dicyemu

sl

Hirado medicinalis12

Vo R

MEIEAES
N

Lirechis anicincing

3

Vi

ot .

2

-4

-

/ipbm'a 77

Clione macing

RIm #i0 L R |~

FIE e v A e

HellaMziNl

TS =T
ielde o IGi>iE
N

Octopus verlgaris

Cloimima el

5y 2 el

&3 R

1£ . £

Dligﬂaffﬂ jﬁpw;ic a

Dugesin japorical 2
Dugesiajs a3

D P

1 §

]

(.1 #

7,

toal0

PRI ST E TR ST
Nalnb e

Dugesia japonicall

Pl i A s Rt R L

=

(B e A T T e T mim e

imimimiml A My ) T g
] H

iR mmiEiTml T

L'

737,

eI
Vi

Dicyewa

.

Hirado 1

Urechis unicinctirs
PR P

O

Aplysia californica

R

Aplysia calffornical
Clione tmacinal

Octopus valgaris

Sepiatenthiy lessoniang

Dugesia japoniced

3

e

%

F v

ical2

3

13

*

&
. Py

#

2 )

ShHPEDY
oF o3 93 % oy o

i ayia}agrvmicelﬂ

Y

A I R e L AR I KR R S L R R E T

=R M iR G

11

*

i

Ficure 3. Continued.

pGEM®-T vector (Promega), which was introduced to the JM109-
competent cell by heat-shock methods. We randomly picked up a
transformed cell and extracted a plasmid containing innexin sequence. A
cloned fragment was sequenced by BigDye terminator version 3.1 and an
ABI 3700 auto sequencer (Applied Biosystems). Sequence data of
fragments were analyzed by the BlastX program on the DDBIJ server.
The accession numbers of sequences used in this study are shown in
Table II.

Phylogenetic analysis

Phylogenetic trees were constructed based on the deduced amino acid
sequences by Sequence Analysis v. 1.6.0 (Gilbert, 2002) and on already
known sequences collected from the NCBI database (Table II). Sequences
were collected from four kinds of taxa: Vertebrata, Ecdysozoa,
Platyhelminthes, and higher Lophotrochozoa. Sequences contained both
innexin and pannexin sequences because these sequences are regarded as
orthologous (Panchin et al., 2000; Yen and Saier, 2007). Sequences were
aligned by ClustalX (Thompson et al., 1997) and then adjusted by eye. The
construction of a phylogenetic tree was performed using Phyml (Guindon
and Gascuel, 2003) for the maximum likelihood (ML) analysis and with
MrBayes, v. 3.12 (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003) for the Bayesian analysis. In the ML analysis, we
used the WAG (Whelan and Goldman, 2001) + I + G + F model. Gamma
distribution was 2.46 and the proportion of invariable sites was 0.02. The
starting tree was generated by BIONJ (Gascuel, 1997). Bootstrap values
were generated through 1,000 replicates. The settings of the ML analysis
were based on the results from the Akaike Information Criterion (AIC) by
model generator v. 0.81 (Keane et al., 2004). In the Bayesian analyses, we
used the WAG + I + G model and set rates = invgamma and outgroup =
mouse PNX-1. The settings of the Bayesian analysis were based on the
result from the Bayes information criterion (BIC) by model generator v.
0.81. For the Bayesian analyses, we ran 2,000,000 generations, with 1 cold
and 3 incrementally heated chains, ran random starting trees for each
chain, and sampled trees every 100 generations. After running 500,000
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generations, the average standard deviation of split frequencies dropped to
below 0.01. The constructed trees were viewed with TreeView 1.66 (Page,
1996).

Whole-mount in situ hybridization

We amplified the DNA fragment from cloned D. japonicum cDNA, by
PCR, using primers 5 -TCAGAAAGGACGACGATT-3' and 5'-
TGGGCATATTCACTGAGA-3'. The fragment was ligated to the
plasmid, and we used this plasmid for a synthesis of DIG-labeled RNA
probe. DIG-labeled RNA probes were made by in vitro transcription from
the linearized plasmid with a DIG RNA labeling kit (Roche, Indianapolis,
Indiana). We used Nco 1 and Not 1 to linearize the plasmid. T7 or SP6
RNA polymerase (Roche) was used in the in vitro transcription to
synthesize an antisense RNA probe, and a sense RNA probe was used as a
negative control for hybridization. Whole-mount in situ hybridization was
conducted by previously described methods (Ogino et al., 2007a, 2007b).

RESULTS
Isolation of innexin genes

We cloned the innexin gene by the random cloning of D.
Jjaponicum cDNA and obtained a full length of the gene (1,246 bp)
by RACE PCR. We also cloned the innexin gene by RACE PCR
amplification of D. koshidai cDNA and obtained a full length of
the gene (1,263 bp). Partial sequences of the innexin gene of O.
vulgaris, S. lessoniana, U. unicinctus, Ol mashikoi, L. anatina, and
M. yokogawai were obtained from the genome by distinct primer
sets (Table I). In D. japonicum and D. koshidai, and in the
trematode M. yokogawai, we confirmed that the same sequences
were not obtained from their host.
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Alignment

Alignments of amino acid sequences of innexins are shown
in Figures 2 and 3. The alignment was conducted based on
deduced amino acid sequences by ClustalX. Deduced amino acid
sequences of dicyemids had 367 aa in D. japonicum and 394 aa in
D. koshidai. Specific indels appeared in 29 innexin sequences from
17 species of 7 phyla containing arthropods, molluscs, annelids,
brachiopods, flatworms, nematodes, and dicyemids (Fig. 2).
Specific and conserved indels appeared up- and downstream of
the TM2 (see Fig. 2A, indel 1, and Fig. 2B, indel 2).

There were 2 typical indels; the arthropod-type and the
lophotrochozoan-type. In the number of amino acid sequences
around the TM2 region, the arthropods had 7-18 aa longer
upstream sequences than the lophotrochozoans, but 15-29 aa
shorter downstream sequences than the lophotrochozoans.
Nematode innexins share both the lophotrochozoan- and the
arthropod-type. Thus, Innexin-12 of Caenorhabditis elegans
(Rhabditidae) is unique in containing arthropod-type indel 1
and lophotrochozoan-type indel 2, and Innexin-16 is unique in
containing lophotrochozoan-type indel 1 and arthropod-type
indel 2 (Fig. 2). The other types of C. elegans innexins are similar
to the lophotrochozoan type, although the downstream sequence
of the TM2 is 4-14 aa shorter than a typical lophotrochozoan-
type. Dicyemids have the lophotrochozoan type sequence both
up- and downstream of TM2.

Conserved sequences are shown in the deduced innexin amino
acid sequences of the lophotrochozoans containing 19 innexin
sequences from 11 species of 4 phyla; molluscs, annelids,
flatworms, and dicyemids (Fig. 3). Well-conserved amino acid
sequences are located around 4 trans-membrane domains, such as
cysteines between TM1 and TM2 or TM3 and TM4 (see the
arrows in Fig. 3); the amino acid alignment sequences “YYQW”
upstream of TM2; “GQ” in TM3; “FPRVT” at the upper site of
the TM4; and “WFW” in TM4, although the dicyemid innexin
has “WIF” at the upper site of the TM4. Molluscs, annelids, and
dicyemids share some amino acids, but the cysteine located in the
11th amino acid from the end of the TM1 was not found in any
platyhelminth innexins, and the leucine located in the 4th amino
acid from well-conserved “GQ” within the TM3 was not
conserved in platyhelminths (see the asterisks in Fig. 3).

Molluscan innexin sequences have the amino acid alignment
sequence “DRW’" around the 195 aa region. Additionally, 45 aas
containing the up- and downstream of “DRW” were well
conserved in Aplysia californica (Aplysiidae) innexin 1 and Clione
limacina (Clionidae) innexin 1. Sequences of 2 cephalopod species,
O. vulgaris and S. lessoniana, were almost the same (210 of 222
aa). In annelids, sequences between TM2 and TM3 regions were
conserved between O. mashikoi and U. unicincutus, but not in
Hirudo medicinalis (Hirudinidae). These molluscan- and annelid-
specific amino acid sequences were not found in the dicyemid
innexins.

There are 3 types of platyhelminth innexin: the neuronal type of
Dugesia japonica (Planariidae) (Innexin-2, Innexin-3, Innexin-4,
Innexin-5, Innexin-12, and Innexin-13), the mesenchyme type of
D. japonica (Innexin-8, Innexin-9, Innexin-10, and Innexin-11),
and the intestine type of D. japonica (Innexin-1) and Girardia
tigrina (Planariidae) (Pannexin-1) (Nogi and Levin, 2005). The
neuronal type shows some specific amino acid sequences at the
downward side of TM1 region, “RQY (V or I or M) GKPIQCW
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FIGURE 4. Phylogenetic tree based on innexin amino acid sequences by
the Bayesian method. Number after species name indicates the number of
innexin or pannexin. Support values: posterior probability by Baysian
method/bootstrap values by maximum likekihood method. Values lower

than 0.95 in posterior probability and 50% in maximum likelihood
method are shown as “—”. Bar represents the branch length.

(I'or Sor V), and PQEFT.” Other neuronal type of innexins, such
as D. japonica Innexin-5, Innexin-12, and Innexin-13, share
sequences; “EA (S or I) (F or L or I) PD (R or W) (E or S) (I
or L or V) RRKA (I or V) (A or S) (Cor Y) LV (A or N)
ALEEQ” between the TM2 and TM3 region. The trematode, M.
yokogawai, also has a similar sequence (EASVPDRELRQ-
KAISCLVATLEEQ).

In the mesenchyme type, Innexin-8 and Innexin-9 have some
conserved sequences, such as “SMMVVTVKSYFF,” “CY-
TATTPSGS,” and “ILOGENIPQ” between the TM1 and TM2
region, but the Innexin-11 does not. Although the Innexin-10 is
less homologous to the Innexin-8 and Innexin-9, it has a similar
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FIGURE 5.

Expression patterns of innexin in Dicyema japonicum. (a—f, 1) Rhombogen. (g-k) Nematogen. (a) Calotte of rhombogen and developing

infusoriform embryo (DI), metapolar cell (MP), and propolar cell (PP). (b) Infusorigen (INF), primary oocyte (PO), and fertilized egg (F). (¢) 2-cell stage
(2C) and 4-cell stage (4C). (d) 8-cell stage (8C) and 16-cell stage (16C). (e) 16-cell stage (16C), 20-cell stage (20C), and 24-cell stage (24C). (f) 35-cell stage
(35C), 37-cell stage (37C), and infusoriform embryo (IN). (g) Agamete (AG) in axial cell of nematogen. (h) Developing vermiform embryo (DV). (i)
Calotte (C), veriform embryo (VE). (j) Calotte of nematogen (C) and developing vermiform embryo (DV). (k) Negative control of nematogen; agamete
(AG), Calotte (C), developing veriform embryo (DV), veriform embryo (VE). (I) Negative control of rhombogen; axial cell (AX), Calotte (C), developing
infusoriform embryo (DI) infusoriform embryo (IN), infusorigen (INF). Bars = 20 um (k, 1), 10 um (a-f, i, j), 2 um (g, h).

sequence, “CYIPIVVSGS,” corresponding to the sequence
“CYIATTPSGS” found in both Innexin-8 and Innexin-9.

Molecular phylogenetic analysis

We studied the relationship of major metazoan groups based
on the deduced aligned amino acid sequences. Phylogenetic trees
showed that the resulting clades consist of 3 groups, i.c.,
vertebrates, arthropods, and lophotrochozoans (Fig. 4). These
clades were supported by high posterior probability and bootstrap
values; 0.98 and 100% in vertebrate clade and 1.00 and 99.6% in
both arthropod and lophotrochozoan clades. Flatworms were
consistently basal to the other lophotrochozoans, which included
dicyemids, annelids, molluscs, and brachiopods. The lophotro-
chozoan clade, without the flatworms, was supported with high
values (0.98 posterior probability and 84.6% bootstrap value).
However, the hypothesized relationship among the dicyemids,
annelids, molluscs, and brachiopods obtained from ML analyses
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was not strictly congruent with that obtained with the Bayesian
approach. In ML analyses, annelids were basal to dicyemids and
molluscs, and dicyemids were clustered with higher lophotro-
chozoans.

Expression patterns of dicyemid innexin

Expression patterns of the innexin gene in D. japonicum were
visualized by performing whole-mount in situ hybridization.
Temporal expression patterns were observed in the antisense
probes (Fig. 5). In adult individuals, the innexins were expressed
in calottes, infusorigens, and infusoriform embryos. A unique
temporal pattern was observed in the developing infusoriform
embryos. The innexin first appeared in fertilized eggs, disappeared
from 2-cell to early 24-cell stage, and was expressed from late 24-
cell stage to the nearly formed embryo (Fig. 6). Subsequently,
when embryos were fully formed, innexin expressions disap-
peared. In the vermiform embryo, innexin was expressed in all
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Innexin expression patterns in 2 types of embryo. The dashed arrow indicates an unknown process involved in the infection into a new

cephalopod and development into adult forms. Inner lines represent the timings at which expression of the innexin gene was observed. The sketches of
embryos were modified from Furuya et al., (1993, 1994, 2001) and Furuya and Tsuneki (2003).

somatic cells of developing embryos. When embryos were fully
developed, expression of innexin remained only in calottes. No
signal was detected in the negative-control experiment.

DISCUSSION

The taxon-specific large sequence changes, such as signature
sequences in the Hox gene, are known as ‘“‘rare genomic
changes” (Rokas and Holland, 2000). These changes are useful
for phylogenetic analyses. In fact, specific sequence changes in
the innexin amino acid sequences revealed taxon-specific indels
which distinguished 3 major protostome lineages, 2 ecdysozo-
ans (arthropods and nematodes) and a lophotrochozoan.
Innexin may be regarded as a “toolkit gene” similar to the
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genes encoding Hox, parahox, and other developmentally
critical transcription factors. The innexin amino acid sequenc-
es can also be used to evaluate sister taxon relationships
among major metazoan groups. The present study revealed
the lophotrochozoans apparently consist of 2 groups, the
Platyzoa (Platyhelminthes) and the Trochozoa (Annelida,
Mollusca, Pogonophora, Echiura, Brachiopoda) (Giribet et
al., 2000). The nematode C. elegans interestingly possesses the
arthropod-type, and additional lophotrochozoan-type, se-
quences in its innexin amino acid sequences (Fig. 2). A recent
report has suggested the nematode to be a primitive
ecdysozoan (Dunn et al., 2008). Thus, lophotrochozoan-type
sequences might have been lost during evolution of the
ecdysozoan lineage.



Several studies have argued that the simple body plan of
dicyemids is likely secondarily derived from higher lophotro-
chozoan animals as a result of their endoparasitic, or endosym-
biotic, lifestyle in the cephalopod kidney (Katayama et al., 1995;
Pawlowski et al., 1996; Kobayashi et al., 1999; Telford et al.,
2000). In the present study, alignment of innexin amino acid
sequences, as well as the phylogenetic trees based on the innexin
amino acid sequences, showed that dicyemids are lophotrochozo-
ans. This is supported by the evidence of the spiral cleavage in
early infusoriform embryos (Furuya et al., 1992b). Thus,
dicyemids are certainly spiralians.

Some previous analyses maintained that dicyemids are related
to Platyhelminthes. Analysis using 18S rRNA suggested an
affinity to Platyhelminthes (Katayama et al., 1995). Some
parasitologists considered the dicyemids to be derived from the
parasitic Platyhelminthes, such as trematodes, because dicyemids
show a complex life cycle (Nouvel, 1947; Stunkard, 1954;
Ginestinskaya, 1988). However, the alignment of innexin amino
acid sequences of dicyemids contains no Platyhelminthes-specific
amino acid sequence and suggests an affinity to annelids or
molluscs rather than to Platyhelminthes, including the turbellar-
ian, D. japonica, and the trematode, M. yokogawai. Phylogenetic
trees using the innexin amino acid sequences also showed the
dicyemids are not included in the platyhelminth clade. Sparse
taxon sampling analysis has a limited utility for classification
(May-Collado and Agnarsson, 2006). Although our taxon
sampling is limited, topology of our tree is congruent with the
broad taxon sampling analysis across the invertebrates (Dunn et
al., 2008). This gives credibility to our findings that dicyemids are
possibly higher lophotrochozoans.

Although infusoriform larvae of dicyemids are free-swimming
organisms, the body organization is not regarded as achieving the
grade of the tissue level (Furuya et al., 1996). A germ layer is
absent in the infusoriform embryos, and groups of cells are
characterized only as being external or internal in their location
(Furuya et al., 2004). It is unclear whether or not infusoriform
embryos without tube-shaped guts and ciliary bands represent the
true level of organization. Molecular clues to trace the evolution-
ary history of degeneration in the dicyemid embryogenesis and life
cycle, from those of ancestral lophotrochozoan animals, were
provided using the developmental expression patterns of regula-
tory genes; the central type Hox gene, otx, and the brachyury
homologs (Kobayashi et al., 2009). Do-otx was expressed in the
vegetal pole cells of the developing infusoriform embryos,
suggesting that the invagination in infusoriform embryos is
homologous to the gastrulation of other metazoans. Do-bra is
expressed in the presumptive ventral cells, which are ventral to the
opening of the urn cavity. The expression of Do-bra suggests that
the urn cavity opening of the infusoriform embryo is comparable
to the stomodeum of trochophore larvae. Dicyemid larvae are
likely to change the body plan with some molecular traces of
trochophore larvae. Thus, dicyemids might be specialized from a
higher triploblast animal rather than from the Platyhelminthes.

Several, organ-specific innexin genes were reported in a leech,
H. medicinalis (Dykes and Macagno, 2006), in Drosophila
melanogaster (Drosophilidae) (Stebbings et al., 2002), and in C.
elegans (Starich et al., 2003; Chuang et al., 2007; Whitten and
Miller, 2007). In embryonic stages, they were exclusively
expressed in germ layers, but the dicyemid innexin was expressed
in all blastomeres of developing embryos after the 24-cell stage. In
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adult stages of dicyemids, expression was limited to the calotte
and the hermaphroditic gonad, the infusorigen. No gap junctions
were observed in infusorigens (Ridley, 1968; Matsubara and
Dudley, 1976; Furuya et al., 1997). However, expressions
appeared in the primary oocytes and fertilized eggs on the surface
of infusorigens, suggesting this innexin mRNA was maternal, for
use in early embryonic stages. In C. elegans embryos, the zygotic
innexin was expressed after the 28-cell stage (Starich et al., 2003).
In dicyemids, innexin appears again after the 24-cell stage,
suggesting the zygotic expression. In dicyemids, the innexin
expression also appears in the calotte cells of vermiform stages.
The calotte consists of 89 cells, each of which adheres to 4-6
neighboring calotte cells and an internal axial cell. There may be
more gap junctions and channels in calotte cells than in other
peripheral cells.

By comparing the alignment of amino acid sequences of
innexins, major invertebrate taxa were distinguishable at the
phylum or superphylum level. The basal ecdysozoan, C. elegans,
shared both arthropod and lophotrochozoan features. In
conclusion, dicyemids appear to be higher lophotrochozoans
and not related to the Platyhelminthes.

ACKNOWLEDGMENTS

We thank Prof. Yuichi Sasayama, Noto Marine laboratory of
Kanazawa University, for collecting pogonophorans. This study was
supported by grants from the Toray Science Foundation and the Japan
Society for the Promotion of Science (research grant 18570087).

LITERATURE CITED

ARUGA, J., Y. S. OpakA, A. Kamiva, AND H. Furuya. 2007. Dicyema Pax6
and Zic: Tool-kit genes in a highly simplified bilaterian. BMC
Evolutionary Biology 7: 201.

Awata, H., T. Noto, AND H. ENpoH. 2005. Differentiation of somatic
mitochondria and the structural changes in mtDNA during
development of the dicyemid Dicyema japonicum (Mesozoa). Molec-
ular Genetics and Genomics 273: 441-449.

. , AND 2006. Peculiar behavior of distinct
chromosomal DNA elements during and after development in
dicyemid mesozoan Dicyema japonicum. Chromosome Research 14:
817-830.

CavaLiEr-SmiTH, T. 1993. Kingdom Protozoa and its 18 phyla.
Microbiology and Molecular Biology Reviews 57: 953-994.

CHUANG, C. F., M. K. VanHOVEN, R. D. FETTER, V. K. VERSELIS, AND C. 1.
BarRGMANN. 2007. An innexin-dependent cell network establishes left—
right neuronal asymmetry in C. elegans. Cell 129: 787-799.

CzakER, R. 2000. Extracellular (ECM) components in a very primitive
multicellular animal, the dicyemid mesozoan Katharella antarctica.
The Anatomical Record 259: 52-59.

. 2006. Serotonin immunoreactivity in a highly enigmatic metazoan
phylum, the pre-nervous Dicyemida. Cell and Tissue Research 326:
843-850.

Dunn, C. W., A. HemnoL, D. Q. Martus, K. PanG, W. E. BRownE, S. A.
SwmitH, E. SEAVER, G. W. Rousg, M. OssT, G. D. EDGECOMBE ET AL.
2008. Broad phylogenomic sampling improves resolution of the
animal tree of life. Nature 452: 745-749.

Dykes, I. M., F. M. FrReemaN, J. P. Bacon, AND J. A. Davies. 2004.
Molecular basis of gap junctional communication in the CNS of the
leech Hirudo medicinalis. Journal of Neuroscience 24: 886-894.

, AND E. R. MacagNo. 2006. Molecular characterization and
embryonic expression of innexins in the leech Hirudo medicinalis.
Development Genes and Evolution 216: 185-197.

Furuya, H. 1999. Fourteen new species of dicyemid mesezoans from six
Japanese cephalopods, with comments on host specificity. Species
Diversity 4: 52-59.

, F. G. HocHBERG, AND K. Tsunek1. 2001. Developmental patterns

and cell lineages of vermiform embryos in dicyemid mesozoans.

Biological Bulletin 201: 405-416.




624  THE JOURNAL OF PARASITOLOGY, VOL. 96, NO. 3, JUNE 2010

, AND . 2003. Calotte morphology in the phylum
chyemlda Niche separatlon and convergence. Journal of Zoology
259: 361-373.

, AND . 2004. Cell number and cellular composition
in 1nfusor1form larvae of dicyemid mesozoans (Phylum Dicyemida).
Zoological Science 21: 877-889.

, AND . 2007. Cell number and cellular composition
in vermlform larvae of dicyemid mesozoans (Phylum Dicyemida).
Journal of Zoology 272: 284-298.

, AND K. TsunEek1. 2003. Biology of dicyemid mesozoan. Zoological
Science 20: 519-532.

, AND . 2005. A new species of dicyemid mesozoan
(Dicyemida: Dicyemidae) from Sepioteuthis lessoniana (Mollusca:
Cephalopoda), with notes on Dicyema orientale. Species Diversity 10:
45-62.

, AND Y. KosHIDpA. 1992a. Two new species of the genus
chyema (Mesozoa) from octopuses of Japan with notes on D.
misakiense and D. acuticephalum. Zoological Science 9: 423-437.

, AND . 1992b. Development of the infusoriform
embryo of Dicyema ]aponzcum (Mesozoa: Dicyemidae). Biological
Bulletin 183: 248-257.

, AND . 1993. The development of the hermaphro-
dmc gonad in four species of dicyemid mesozoans. Zoological Science
10: 455-466.

, AND . 1994. The development of the vermiform
embryos of two mesozoans, Dicyema acuticephalum and Dicyema
Japonicum. Zoological Science 11: 235-246.

, AND . 1996. The cell 11neages of two types of
embryo and a hermaphroditic gonad in dicyemid mesozoans.
Development Growth & Differentiation 38: 453-463.

, AND . 1997. Fine structure of a dicyemid mesozoan,
chyema acutlcephalum with special reference to cell junctions.
Journal of Morphology 231: 297-305.

Gascuer, O. 1997. BIONJ: An improved version of the NJ algorithm
based on a simple model of sequence data. Molecular Biology and
Evolution 14: 685-695.

GILBERT, W. 2002. Sequence Analysis version 1.6.0. Available at: http:/
www.informagen.com/SA/.

GINETSINSKAYA, T. A. 1988. Trematodes, their life cycles, biology and
evolution. Amerind Publishing Company, Pvt., New Delhi, India, p.
349-382.

GIRIBET, G., D. L. DisteL, M. PorLz, W. STERRER, AND W. C. WHEELER.
2000. Triploblastic relationships with emphasis on the acoelomates
and the position of Gnathostomulida, Cycliophora, Plathelminthes,
and Chaetognatha: A combined approach of 18S rDNA sequences
and morphology. Systematic Biology 49: 539-562.

GrEEN, C. R., anD P. R. BERGQUIST. 1979. Cell membrane specialization in
the Porifera. In Biologie des Spongiaires, C. Lévi, and N. Boury-
Esnault (eds). Edition du CNRS, Paris, France, p- 153-158.

GRrELL, K. G., AND A. RUTHMAN. 1991. Placozoa. In Microscopic anatomy
of invertebrates, Vol. 2, Placozoa, Porifera, Cnidaria and Cteno-
phora, F. W. Harrison, and J. A. Westfall (eds.). Wiley-Liss, New
York, New York, p. 13-28.

GuinpoN, S., AND O. GascueL. 2003. A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum likelihood.
Systematic Biology 52: 696-704.

HocuBera, F. G. 1990. Diseases of Cephalopoda. Diseases caused by
protistans and mesozoans. In Diseases of marine animals, Vol. III, O.
Kinne (ed.). Biologische Anstalt Helgoland, Hamburg, Germany, p.
47-202.

HUELSENBECK, J. P., AND F. RoNnquisT. 2001. MrBayes: Bayesian inference
of phylogeny. Bioinformatics 17: 754-755.

Hyman, L. H. 1940. The invertebrates. Protozoa through Ctenophore,
Vol. I. McGraw Hill, New York, New York, p. 233-246.

. 1956. The invertebrates. Smaller coelomate groups, Vol. V.
McGraw Hill, New York, New York, p. 713-715.

Katavyama, T., H. Waba, H. Furuya, N. SATOH, AND M. YAMAMOTO.
1995. Phylogenetic position of the dicyemid Mesozoa inferred from
18S rDNA sequences. Biological Bulletin 189: 81-90.

KEeaNE, T. M., T. J. NAUGHTON, AND J. O. McINERNEY. 2004. Model
generator: Amino acid and nucleotide substitution model selection.
National University of Ireland. Available at: http:/bioinf.nuim.ie/
software/modelgenerator.

Downloaded From: https://bioone.org/journals/Journal-of-Parasitology on 21 May 2024
Terms of Use: https://bioone.org/terms-of-use

Kosayasui, M., H. Furuya, axp W. H. HoLLanp. 1999. Dicyemids are
higher animals. Nature 401: 762.

, AND H. Wapa. 2009. Molecular markers comparing the
extreme]y 51mple body plan of dicyemids to that of lophotrochozo-
ans: Insight from the expression patterns of Hox, Otx, and brachyury.
Evolution and Development 11: 580-587.

Lapran, E. A., anD H. J. MorowrTz. 1975. The dicyemid Mesozoa as an
integrated system for morphogenetic studies. 1. Description, isolation
and maintenance. Journal of Experimental Zoology 193: 147-160.

LoewensTEIN, W. R. 1967. On the genesis of cellular communication.
Developmental Biology 15: 503-520.

Mackig, G. O., P. A. ANDERSON, AND C. L. SiNGLA. 1984. Apparent
absence of gap junctions in two classes of Cnidaria. Biological
Bulletin 167: 120-123.

MATSUBARA, J. A., AND P. L. DUDLEY. 1976. Fine structural studies of the
dicyemid mesozoan, Dicyemennea californica McConnaughey. II. The
young vermiform stage and the infusoriform larva. Journal of
Parasitology 62: 390-409.

May-CoLrapo, L., AND I. AGNARSSON. 2006. Cytochrome b and Bayesian
inference of whale phylogeny. Molecular Phylogenetics and Evolu-
tion 38: 344-354.

McConNaUGHEY, B. H. 1951. The life cycle of the dicyemid Mesozoa.
University of California Publications in Zoology 55: 295-336.

Noci, T., anp M. Levin. 2005. Characterization of innexin gene
expression and functional roles of gap-junctional communication in
planarian regeneration. Developmental Biology 287: 314-335.

Noto, T., anp H. Enpon. 2004. A “‘chimera” theory on the origin of
dicyemid mesozoans: Evolution driven by frequent lateral gene
transfer from host to parasite. Biosystems 73: 73-83.

, K. Yazaki, anp H. Enpon. 2003. Developmentally regulated
extra-chromosomal circular DNA formation in the mesozoan
Dicyema japonicum. Chromosoma 111: 359-368.

Nouver, H. 1947. Les Dicyémides. lre partie: Systématique, générations,
vermiformes, infusorigéne et sexualité. Archives de Biologie 58: 59-220.

Oacino, K., K. Tsunekl, AND H. Furuya. 2007a. The expression of tubulin
and tektin genes in dicyemid mesozoans (Phylum: Dicyemida).
Journal of Parasitology 93: 608-618.

, AND . 2007b. Cloning of chitinase-like proteinl
cDNA from dicyemid mesozoans (Phylum: Dicyemida). Journal of
Parasitology 93: 1403-1415.

PaGE, R. D. 1996. TreeView: An application to display phylogenetic trees
on personal computers. Computer Applications in the Biosciences 12:
357-358.

PancHIN, Y., I. KELMANSON, M. MaTz, K. LukyaNov, N. USMAN, AND S.
Lukyanov. 2000. A ubiquitous family of putative gap junction
molecules. Current Biology 10: 473-474.

Pawrowski, J., J. I. MoNTOYA-BURGOS, J. F. FAHRNI, J. WUEST, AND L.
ZANINETTL 1996. Origin of the Mesozoa inferred from 18S rRNA
gene sequences. Molecular Biology and Evolution 13: 1128-1132.

REevEL, J. P. 1988. The oldest multicellular animal and its junctions. In
Modern cell biology, Vol. 7, gap junctions, E. L. Hertzberg, and R. G.
Johnson (eds.). Alan R. Liss, Inc., New York, New York, p. 135-149.

RipLEY, R. K. 1968. Electron microscopic studies on dicyemid mesozoa. 1.
Vermiform stages. Journal of Parasitology 54: 975-998.

Rokas, A., AND P. W. HoLLaND. 2000. Rare genomic changes as a tool for
phylogenetics. Trends in Ecology & Evolution 15: 454-459.

Ronquist, F., anp J. P. HueLsenBeck. 2003. MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics 19: 1572~
1574.

SHESTOPALOV, V. L., AND Y. PANCHIN. 2008. Pannexins and gap junction
protein diversity. Cellular and Molecular Life Sciences 65: 376-394

SioparL, M. E., anD M. F. WHITING. 1999. Long-branch abstractions.
Cladistics 15: 9-24.

StaricH, T. A., A. MILLER, R. L. NGuYEeN, D. H. HALL, AND J. E. SHAW.
2003. The Caenorhabditis elegans innexin INX-3 is localized to gap
junctions and is essential for embryonic development. Developmental
Biology 256: 403-417.

STEBBINGS, L. A., M. G. TopmaN, R. PHiLLips, C. E. GREER, J. Tam, P.
PueLan, K. Jacoss, J. P. Bacon, anp J. A. Davies. 2002. Gap
junctions in Drosophila: Developmental expression of the entire
innexin gene family. Mechanisms of Development 113: 197-205.

STUNKARD, H. W. 1954. The life history and systematic relations of the
Mesozoa. Quarterly Review of Biology 29: 230-244.




. 1972. Clarification of taxonomy in the Mesozoa. Systematic
Zoology 21: 210-214.

TeLrorD, M. J., E. A. HErNiOU, R. B. RUSSELL, AND D. T. J. LITTLEWOOD.
2000. Changes in mitochondrial genetic codes as phylogenetic
characters: Two examples from the flatworms. Proceedings of the
National Academy of Sciences U.S.A. 97: 11359-11364.

TrompsoN, J. D., T. J. GissoN, F. PLEwnNIAK, F. JEANMOUGIN, AND D. G.
Hicains. 1997. The ClustalX windows interface: Flexible strategies
for multiple sequence alignment aided by quality analysis tools.
Nucleic Acids Research 25: 4876-4882.

vaN BENEDEN, E. 1876. Recherches sur les Dicyémides, survivants actuels
d’un embranchement des mésozoaires, Bulletins de 1’Académie
Royale de Belgique (Sér. 1) 41: 1160-1205.

Downloaded From: https://bioone.org/journals/Journal-of-Parasitology on 21 May 2024
Terms of Use: https://bioone.org/terms-of-use

SUZUKI ET AL—DICYEMID PHYLOGENY INFERRED FROM INNEXIN 625

WHELAN, S., AND N. GoLDMAN. 2001. A general empirical model of protein
evolution derived from multiple protein families using a maximum-
likelihood approach. Molecular Biology and Evolution 18: 691-699.

WHITTEN, S. J., AND M. A. MiLLEr. 2007. The role of gap junctions in
Caenorhabditis elegans oocyte maturation and fertilization. Develop-
mental Biology 301: 432-446.

YEN, M. R., aND M. H. Saier. 2007. Gap junctional proteins of animals:
The innexin/pannexin superfamily. Progress in Biophysics and
Molecular Biology 94: 5-14.

ZRrRzAVY, J. 2001. The interrelationships of metazoan parasites: A review of
phylum- and higher-level hypotheses from recent morphological and
molecular phylogenetic analyses. Folia Parasitologis (Praha) 48: 81—
103.



