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Introduction

Cuttlefishes (the family Sepiidae) are the large taxonomic group of extant
cephalopod molluscs. The family Sepiidae is We-l.l?establishe‘d group and characterized
By the presence of a cuttlebone. The cuttlebone, which is made of aragonitic calcium
cérbonate, distinguishes the cattleﬁshes from the other coleoid cephalopods. The shell
shares common characters between extant and extinct linee_tges of cephalopods and it is
a useful structure availéble for systematics and evolutionary study of decapodiformes.
The cuttlebones provide traditionally very good materials for cuttlefish systematic study.

The cuttlebone serves as buoyancy device and limits the habitat depth, so their

“morphology is related to the niche of the cuttlefishes. In the present study, twenty-five

species Qf cuttlefishes were collected from the world and their phylogenetic
relatioﬁships were investigated using molecular phylogenetic methéds. Eour
well-supported clades were found in the phylogenetic trees based on maximum -
likelihood, maximum parsimony, and Bayesian methods. The results did not support
phylogenetic reliability bf prior classifications mainly baéed on the cuttlebone shape. A
new taxonomic character, membranous structures,_ was found in a section of their

cuttlebones. A loss of these structures was consistently observed in Doratosepion

“species and distinguishes them from the other cuttlefishes.

Cuttlefishes belong to the Sepioidea together with sepiolids (bobtail squids),
sepidariids, and idiosepiids (pygmy squids). The family Idiosepiidae has both sepiolid-
and teuthoid-like characters and this situation causing systematic confusions in

decapodiformes. There ére divergent views on the position of idiosepiids (Voss, 1977;
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Fioroni, 1981; Clarke and Truéman, 1988; Boletzky, 2003). Recent molecular
phylo_genetick analyses have revealed some felationships among several cephalopod
groups (see Nishiguchi and Mapes, 2008). Systematiés and phylogenetic relationships
of the maj or cephalopod groups, however, remain controversial. Idiosepiids have been
argued as related either Teuthoidea or Sepioidea (Boletzky, 2005). Using
comprehehsiv¢ molecular data sets for decapodiformes (2,871 bp+1,016 aa), the
phylogenetic position of idiosepiid was studied. The result Sugéested the basal position
of idiosepiid among teuthoids, not in sepiolids.

The cephalopod is one .Of major groups of the phylum Mollusca, although they
exhibit maﬁy functional imovatioﬁs, e.g. intelligence with larg_e sized brain, active
locomotion with high metabolic rates and clos¢d circulatory system. The cephalopod
vascular wall is also di-fferent‘ from the other molluscs in the presence of endothelial
cells and bears resemblance to the vertebrate vascular wall. These innovations occurred
in fhe cephalopod lineage after their branching. Recent molecular analyses have
discovered consefved_ developmental genes across a large phylognetic scale, such as-
Hox gene clusters. Thg evohitionary developmental biology (evo—devo) has brought a
new focus on the developmental mecharﬁsmé, which generate new Variati’ons, and the
diécovery of the widespread evélutionary conservation of the genes with prominent
roles in development. A pygmy-squid, Idiosepius paradoxus léys transparent eggs that
are suitable for developmental studies. Thus, I paradoxus prox}iae a useful model
system. I havé clonéd a receptor of vascular -endotheli_al growth factor (VEGFR), which

is known to be critical inducer of vascular development and regulator of permeability of
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blood vessels in vertebrates. The Idiosepius VEGFR gene was expressed in developing

!

blood vessels of the embryos. This suggests that both vertebrates and cephalopods‘

possess similar mechanisms in development of vascular systems.
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Chapter 1
Molecular phylogeny among the Sepiidae (Cephalopoda, Mollusca) inferred from

“mitochondrial COI, Cytb and ND5 genes
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ABSTRUCT

Cuttlefish is a major group of recent cephalopods and characterized by presence of a

cuttlebone. The traditional taxonomy of the cuttlefishes was mainly based on the

cuttlebone morphol(igy. Phylogenetic‘relationships among 25 species of cuttleﬁshes‘
from the world were studied using partial sequences of three mitochondrial genes,
Cytochrome c oxidase subunit I, Cytoéhrome b, veylnd NADH dehydrogenase subunit 5.
The nucleotide sequences of these three genes were analyzed using maximum
likelihood, maximuni parsimony, and Bayesian methods. Four well-_;upported clades |
were found in the phylogenetic trees. The first clade includes Sepia esculenta, S.
aculeata, S. lycidas, S. recurvirostra, S. cf. singaporensis, S. pharaonis, S. prashadi, S
elegans, and S. gibba. The second.clade c;onsists (if Metasepia tullbergi and S.
latimanus. The third clade includes S. officinalis, S. bertheloti and Sepiella japonica.
The fourth clade includes the Doratosepion species corilplex, S. kobiensis, S. peterseni, |
S. tokioensis, S. andreana, S, pardex, S. lorigera, S. sp. S10604, S. aureomaculata, S.
tenuipes, S. subtenuipes, and S. madokéi. Saturation plots suggested that substitution
saturation occurred at the third codon positions. Separation of four clades was also
supported by the analyses using the first and second codon positions; and amino acid
sequences. The molecular phylogenetic trees showed the polyphyly of the genus Sepia.
This analysis did not support taxonomic reliability of prior classifications based on the
cuttlebone shapes and the suckers on tentacular clubs. The fourth “Doratosepion” clade
forms a monophyletic group characterized by the loss of membranous structure in

cuttlebones.
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INTRODUCTION

Cuttlefishes (Sepiidae, Cephalopoda) are a major group of extant cephalopods,

- which are specified by a chambered cuttlebone (Fig. 1). The cuttlebone, which is made

of aragonitic calcium carbonate, distinguishes the cuttlefishes from the other coleoid
cephalopods. Several authors reported morphological diversity of cuttlebones and

discussed function and evolution of these cuttlebones (Bandel & Boletzky, 1979;

- Khromov, 1998; Ward & Boletzky, 1984). The cuttlebone serves as buoyancy device

and limits the habitat depth (Sherrard, 2000). In fact, the cuttlefishes segregate their

niche in the habitat depth (Okutani et al., 1987), suggesting that function and

morpho_logy of cuttlebones are associated with speciation in the cuttlefishes.

~ On the basis of morphological characters, the cuttlefishes are divided into three
génera Sepia, Sepielja, and Metasepia (Voss, 1977; Khromov et al., 1998; Lu, 1998).
The genus Sepiella is characterized by a posterior gland and pore (Khromqv et al.,
1998). Gray (1849) classified the genus Sepia into several sections and named one of
the sections as Sepiella. Steenstrup (1875) redescribed the Gray’s section as a separaté'
genus and mentioned the posteribr gland and locking apparatus, which diffe; from the
other cuttlefishes. The genus Metasepia has a rhomboidal diamohd—shaped cuttlebone
(Khromov et al., 1998). Hoyle (1885) has created a sub-genus Metasepia for Sepia
pfefferi. The valid status of this genus was supported by ‘the peculiar color pattern and
locomotory behavior (Roper & ﬁochberg, 1988}).

In the early classification of the Sepiidae, Orbigny (1 845 -1847) classiﬁed

twenty-one species of cuttlefishes into three sections according to the arrangement and



the relative size of the suckers of the arm and the tentacular club. Gray (1849) classified
the genus Sepia into sub-division based on the number of series of arm-suckers and of
tentacular suckefs as well as on the characters of the shell. Rochebrune (1884) separated

the Sepiidae into ten genera, Hemisepion, Diphtherosepion, Rhombosepion, Sepiella,

. Lophosepion, Spathidosepion, Doratosepion, Ascarosepion, Acanthosepion, and Sepia,

based on the cuttlebone shapes. Naef (1921-23) divided them into three genera, Sepz‘elld,
Hemisepius, and Sepia. The genus Sepia was divided into seven subgenera, Eusepia,
Parasepia , Acanthosepia, Doratosepia, Platysepia, Lophosepia and Metasepia based

on the morphological characters of the animal and the shell. Iredale (1926) created three

families with thirteen genera based only on the shell of the Australian species. Adam &

Rees (1 966) reviewed the histdry of classification of the Sepiidae and recognized bnly
two genera, Sepia and Sepieéla. Khromov et al. (1998) recently divided the genus Sepia
into six species complexes, Sepia sensu stricto, Acanthosepion, Rhombosepion,
Anomalosepia, Doratosepion and Hemisepius based on the morphological characters of
the shell and the animal, 'but men;tioned that other kind of data woulci be important for
further resolving taxonomic issues.

Recent molecular phylogenetic analyses have been utilized for several cephalopod
groups (Cérlini & Graves, 1999; Andérson, 2000; Strugnell et al., 2005). Our previous
molecular analysis using 12S and i6S rRNAs as well as COI genes suggested Sepiella
Japonica has a closer lrelationship with Sepi;z officinalis rather than thev other Sepia
species, 50 thé genus Sepia was not a monophyletic group (Yoshida et al. 2006).

Surprisingly Metasepia tullbergi was closely related to Sepia latimanus. These two

10



_ species. differ in the body color, morphology such as the cuttlebone shape, and the

mature size (Khromo§ etal., 1998; Bonnaud et al., 2006). Bonnaud ef al. (2006) also .
recognized <Metasepi'a> and <Sepiella> groups from. the analysis using mitochéndrial
12S and 16S rRNAs as well as COII genes. Thése molecular analyses sugges’ted the
genus Sepia is not monophyletic and the cuttlebone is not a robust phylogenetic marker.

A more comprehensive phylogenetic analysis is required for reconstruction of a true

phylogenetic system of the Sepiidae with well-defined monophyletic groups (Khromov

et al., 1998; Reid, 2000).

i nge we studied phylogenetic relationships of extant sepiid species using additional
ten species from the various regions of the world and additional ‘Lwo markers in the
mitochondrial géndrne’. We used 2,200 bp of 31 species of céphalobods in this study.
We had an unambiguous alignmént accbrding to the sequences without deletion. Base
composition heterogeneity and partition hgterégeheity in‘the data set have no influence
on tﬁe relationships among the cuttl‘ebﬁshes. HoWever, chovices of outgroup species
inﬂueﬁced the basal relatiohshipé among the sepiids. The analyseé exhibited
substantially higher support Values among the cuttlefishes and revealed a monophyleﬁc
group, the ~DQratosepion, with a reliable taxonomic character; the loss of membranous

structure in their cuttlebone.

MATERIAL AND METHODS
We collected twenty-five species of cuttlefishes from the world (Table 1), and

sequenced three mitochondrial genes, COI, Cytb and ND5. Tissue samples for DNA

11
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extractions were obtained from the tips of arms. The samples were fixed in 70% ethanol
and were stored at -20°C until the DNA extraction. The génomic DNA was extracted
from the tissue usiﬁg a DNeasy® Tissue kit (QIAGEN). Most of the specimens used in
this study were fixed in 10% formaldeﬁyde and deiaosited in the Museum of Osaka

University (MOU).

PCR ampli]‘icqtions and sequencings

The polymerase chain reaction (PCR) was ﬁerformed in 20ul reaction volumes
containing 200-3 OOMg extracted genomic‘DNA, 2ul 10xPCR buffer, 1.6ul 10mM
dNTPs, 1ul 10uM primer each, and 0.5U Takara Ex Taq polymerase. A‘partial :
.sequence of the mitochondrial cytochrome ¢ oxidase subunit I (COI) gene was
amplified with primers HCO2198 (5’-TAAACTTCAGGGTGACCAAAAAATCA—3’)
and LCO1490 (5’-GGTCAACAAATCATAAAGATATTGG—3’)’ (Folmer ef al., 1994).
Primers for amplifications ‘of prartial gene sequences of Cytochrome b and NADH

dehydrogenase subunit 5 were designed in this study. The primers were as follows:

* Cytochrome b (Cytb-F1, GTTCATTRCGWAAAAVWCATCCTG / Cytb-R1,

'GGRCTDCYHCCAATYCAWGTTA), and NADH dehydrogenase subunit 5 (ND5-F1,

TTRGGDTGRGAYGGDTTAGG / ND5-R1, SWRTGRTAATATTWCCHCCACA).
The temperature regimen of PCR was 1 min at 94°C, 2 min at 45-55°C, 1-1.5 min at
72°C for 30 cycles.

The amplified fragment was cloned into a pGEM-T Vector (Promega). Plasmid

" DNA from transformant colonies was purified with a QIAprep® Miniprep kit

12



(QIAGEN). Both strands of the plasmid DNA were fully seduenced using T7 primer
upstream and SP6 primcr downstream ;)f an insert site by the dideoxy chain-termination
method using Applied Biosystems BigDye® Terminators v. 3.1 (Sanger et al., 1997).
Fluorescence-labeled DNA was analyzed using an ABI Prism 3100 sequencer (Applied
Biosystems, USA). The accessioﬁ numbers of séquences used in this study‘ are shown

in Table 1.

Phylogenetic analysis of COI, Cytb, and ND5~ data set

Determined sequences were concatenated into one data set. There was no in-del
among the determined sequences. We obtainea sequénces of mitochondrial genome of
the other cephalopod species from the database as outgroups. Sequences were aligned
using ClustalX (Thompson et al., 1997). There was no in-del between Octopodiformes
and Decapodiformes. One amino acid deletion in Cytochrome b was observéd between
Nautilus and the other cephalopods. The base frcqﬁency of each gene was calculated by
the program PAUP* ver. 4.0b10 (wafford, 1993; Table 2). Numbers of constant
characters and parsimony informative characters of the data set were also calculated
using the PAUP* (Table 3). Homogeneity of three gene loci was tested by the
paﬁition-homogerieity test option implemented in PAUP*. The data set was partjtioned
into threé genes and then analyzed using heuristic search with 1,000 repetitions.
Homogeneity between COI and Cytb sequences were tested in a pair-wise fashion.
Homogeneity Between COI and ND5 and between Cytb and NDS5 sequences was also

tested in the same way. Homogeneity among three codon positions was also analyzed.

13



- To test substitution saturation of the sequences, numbers of transversion was plotted
against pairwise ML distances in accordance with Sullivan & Joyce (2005) (Fig. 2). ML
distances were calculated under GTR+I+G model vrfith the same parameters of
maximum likelihood saarches.

The nucleotide data set Wasanalyzed by the maximum likelihood (ML) analysis
using a heuristic search with PAUP*. The best-fit substitution model for the ML._
analysis was found lrsing the program Modeltest 3.7 (Posada &\.(.Jrandall, 1998).
GTR+H+G model was selected by Akaika information criterion (AIC).v Modél‘
parameters were estimated by the Modeltest and fixed prior to each analysis. The ML
tree was searched using ‘rhree independent searches, not to be trapped into the local
optima. Analy’ses were done starﬁng from Neighbor-j oinirig (N J) tree by
Tres-bisectir)n-and-reconnection (TBR) swapping, and starting from maximum
parsimany (MP) tree by TBR swapping. Anothér search was done starting fram a
random tree and TBR swapping. Bootstrap support values for the ML trees were tested
using bootstrap search option by Nearest-neighbor-interchange (NNI) with 1,000
repetitions. MP analysis was done using Branch-and-Baund search using PAUP*.
Bootstrap support values for the MP trees were tested using PAUP* by heuristic V
searches with 1,000 repetition. Bayesian analysis was done using the program MrBayes
ver. 3.1.2 (Huelsenlaeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003).
Metropolis-coupled Markov chairr Monte Carlo (MCMCMC) from a random tree was
run with sampled each 100 cycles. Four chains were run simultaneously; three were

heated and one was cold. MCMC chains were run 1 to 500,000 generations. Two

14
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independent run were conducted until the average standard deviation of split
frequencies dropped below 0.1. Analyses were run repeatedly to check the consistency
of results. The 1,250 trees were discarded by “burnin” option that corresponds to 25%
of the samples (as recommended in the MrBayes 3.1 manual). Tha best-fit substitution

model for the Bayesian analysis was found using the program Modelgenerator (Keane

etal., 2006). GTR+I+G model was selected by Akaike information criterion (AIC). The

model parameters were estimated during the analysis.

To check an influence of noise due to the data heterogeneity the Bayesian analysis

was performed with data partitiori. The data set was partitioned into three individual

genes and analyzed in the same way to the Bayesian search with no partition. The

best-fit substitution model for the Bayesian analysis was found using the program
Modelgenerator. GTR+I+G model was selected by AIC value. The model parameters
were estimated during the analysis. MCMCMC from a random tree was run with

sampled each 100 cycles. Four chains were run simultaneously; three were heated and

one was cold. MCMC chains were run 1 to 500,000 generations. Two independent runs

were conducted until the average standard deviation of split frequencies dropped below
0.1. The 1,250 trees were discarded by “burnin” option fhat corresponds to 25% of the
samples. The data set was also analyzed with a character partition by three codon
positions. -

To assess the influence of noise due to substitution saturation of the third codon
position, the ML and MP analyses were applied to a data set including the first and

second codon sites. The data set did not include Octopus and Nautilus due to their

15



severe saturatiopj The best-fit substitution model was found usiﬁg the Modeltest.
TvM+H+G modellwas estimated by AIC value. The ML and MP searches were carried-
out ih \a similar way to that used in the all codon site analysis. The best-fit éubstitution
modelé for each data set were found using the Modeltest.

Stability of thé basal relationships among the sepiids was investigatéd by replacing
outgroup taxa. Five data sets with 24 taxon-ingroup inqludiné' one teuthoid as a
outgroup were generated: 'L(A)lig‘o, Sepiotethis, Watasenia, Todarodes and -Ro&sia were
used as a outgroup. The ML searches were carried by héuristic searches using the five

data sets. Analyses were done starting from NJ trees by TBR swapping. Model

parameters of each data set were estimated by the Modeltest and fixed prior to each

analysis. Base composition homogeneities about each data set were tested using PAUP*.
Analyses with the data sets exclﬁding the tﬁifd codon poéiticjn were élso performed
similarly. To assess the basal relationships among the cuttlefishes, the likelihood
difference between the ML tree (the sister relationships between clade III and IV) and
the tree clustearing_ clade I with clade II was tested statistically. The ML and the
constraint trees were analysed using the all codon data set including four teuthoid
outgrdups. The constraint tree forming clade T+II was analyéed using constraint option
implemented in -PAUP*. Site-wise likelihood scores of the trees were calculated us‘ing’
PAUP*. The approximately unbiased (AU) test (Shimodaira, 200-2)’ in the CONSEL
program (Shimodaira and Hasegawa, 2001) was empléyed to test between the: ML
topology and the constraint tree topology. Alternative tree topologies among the basal

nodes, such as trees forming a clade I+III, clade I+IV, clade II+III and clade II+IV,

16
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were also tested simultaneously. The P-values of each hypothesis were listed in Table 4.

Phylogenetic. analysis using amino acid sequences of COI, Cytb, and NDS data set
Fof amino acid sequence data set of tﬁree mitochondrial genes, ML analysis‘was
performed using Treefinder (Jobb et al., 2004). Best-ﬁt model for ML analysis was
tested using the program Modelgenerator. The best-fit wes the program indicating
mtART+FfI+G model. HoWever, the likelihood score of the best tree under the
mtART+F+1+G model (L=-5,465.9) was lower than under the mtREVAF++G model
(L=-5,448.75. Model propoftioh using Treefinder also suppoﬁed mtREV+F++G model
as the best-fit. For the ML analysis, we used the mtREV++G model (Adechi &
Hasegewa, 1996) for the substitution model and we used tile search depth 2. Bootstrap
support values for the ML trees were tested using bootstrap search option by search
depth 1 with 1,000 repetitions. MP analysis was performed by Branch-and-Bound
search using PAUP*. Bootstrap support values for MP trees were tested using PAUP*
by heuristic searches with 1,000 repetition. Bayesian analysis was performed by
MrBayes ver. 3.12. Mefropolis—coupled Markov chain Monte Carlo (MCMCMC) from
a random tree was run with sampled each 100 cycles. Four chains were run
simultaneously, three were heated and one was cold. MCMC chains were run 1 to

500,000 generations and 1,250 trees Were.disc'arded by “burnin” option. B

Phylogenetic analysis using sequences of COI gene

Four COI sequences of cuttlefish were obtained from the database. ML and MP

17



analyses were performed using totally thirty-three species of cephalopods. The ML
analysis was performed using PAUP*. The best-fit model for ML analysis was found
using the Modeltest. Bootstrap support values for the ML trees were tested using
bootstfap search option by NNI with 1,000 repeﬁtions. The MP analysis was performed
using PAUP* by Branch and Bound search. Bootstrap support values for the MP frees

were tested using bootstrap search 6ption by Nearest-neighbor-interchange (NNI) with

1,000 repetitions.

 RESULTS

General featurés of sequences

Relationships between ML distance and the number of transversion afe shown in
Fig. 2. Saturation plots were obtained for the transversion numbers (Tv) of all codon
positions, the first and second codon positions, and only the third codon pbsition in the
three mitochondrial genes. The plateau appeared in curves of the first + second codon
positions and the third codon position only, suggésting sﬁbstitution is saturated between
Nautilus and the other cephalopods (ML distance>3). The plot of Tv at first and secbond
positions between the Sepiidae and the other teuthoid outgroups exhibited a linear

relation.

Phylogenetic searches using nucleotide data set
In each data set, three independent heuristic searches resulted in the same ML

topology. In the phylogenetic tree using the nucleotide data set, four well-supported

18
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clades were found (Fig. 3, L=23,579.2). The first clade (c}ade I) includes Sepid
esculenta, S. acuieata, S. lycidas, S. recurv;'rostra, S. cf. Singapbrensfs, S. pharaonis, S.
prashadi, S. elegans, and S. gibba. The second clade (clade II) consists of Metasepia
tullbergi and S. latimanus. The third clade (clade IIT) includes S. officinalis, S. bertheloti
and Sepiella japonica. The fourth clade (clade IV) includes the Doratosepion species

complex, S. kobiensis, S. peterseni, S. tokioensis, S. andreana, S. pardex, S. lorigera, S.

- sp.S10604, S. aureomaculata, S. tenuipes, S.Vsubtenuipes', and S. madokai. In the clade

IV, two subgroups were found. The subgroup A includes S. kobiensis, S. peterseni, S,
tokioensis, and S. andréana. The. subgroup B include S. pardex, S. aureomacitlata, S.
lorigera, and S. sp.S10614. Subgroup A was supported with high values. The clade II
and the clade IV are closely related, although the support values were not so high (78% -
by ML and 67% by MP, but 1.0 by Bayesién PP).

Relationships among the basal clades and e]j’ec(s of partition heterogenei'ty, base
composition, and substitution satu;’atio‘n.

The partition homogeneity test (P=0.001) suggested partition heterogeneity among
three genes, COI, Cytb, and NDS.‘ Partition heterogeneities were also observed among
between two gé‘nes_ (P<O.bl). To assess influence of the data incongruence we analyzed
the data set‘partitioned into three genes by the Bayesian analysié. The similar topology
was obtained in the Bayesian analysis with or without the partition of the genes.
Relationships among the four clades were conserved in thé all trees, although different

topologies occurred within the fourth Doratosepion clade. Thus the data incongruence
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did not affect resulting phylogenetic relatiqnships. No heterogeneity was found among
the three-codon positions (p=0.811). The analysis with partition of three codop sites
resulted in the same topology as the analysis with no partition.-

The third codon data were 'discarded in the PAUP;" analysis for twenty-nine species,
bécaﬁse of the substitution saturatidn at the third codon posiﬁon. When the data set

including the first and second codon was used in the analysis, a single topology was

obtained in the ML and MP searches (Fig. 4). Four well-supported clades were obtained
in this tree as in the analysis using data set iricluding three codon sites. However, the
basal relationships differed from the tree using three codon data sets. The clade I is,

sister to the clade II, and this group is sister to the clade I'V. The clade III was basal to

the whole.clades. This relationship was descﬁbed as (I1IL, (IV, (I, II))) in. a Newick
format. The clade IV was supported with high support value, although the position of S.
tenuipes, S. subtenuipes, and S. kobinesis Awére differed from the tree using three codon
data set.

The basal relationships differed, depending on the outgroup used in the analysis -
(Table 4). Tile analyses using all codon data set showed the basal clade relationships, (I,
(L, (I11, IV))) and ((, II), (I1T, IV)). The analysis using the first and second codon data
showed two relationships, (IT1, (I'V, (1, II))) and ((I, IT), (IIL, IV)). Chi-squared
homogeneity test showed that base composition heterogeneities were observed in the
nucleotide data sets including Nautilus and Octopus, but not in the nucleotide dafa sets |
excluding these cephalopods.

- The ML tree using the nucleotide data set with four teuthid outgroups suggested a

20



sister relationship Between ;[he clade III and clade iV. A tree constraining clade I+III
showed a low¢f likelihodd value than the ML tree (Table 5). Statistical tes;[ for the ML
analysis severely rejected the hypothesis of sister relationship befween the clade I and
III (P=0.005). Trees constraining clade [+IV and clade II+IV were also rejected by the
AU test (P<0.05). The hypotheses constraining clade I+ II' and clade II+III were not

rejected in this analysis.

Phylogenetic searches using amino acid data set
The phylogenetic tree using the amino acid data set yielded four well-supported
clades, I, I1, III, and IV (Fig. 5). The anaiyses showed two clusters, the clade I +II and

the clade TII + IV, These basal relationships were not supported with high values

(BP<67, PP<0.95).

Phylogenetic searches using COI gene only
In the phylogenetic tree using COI sequences well-supported four clades were

identified (Fig. 6). The tree using the COI sequences showed rather low support values

at the basal branches. The topology varied depending on the choice of outgroups. S.

opipara is a sister to M. tullbergi. S. furcata and S. hirunda living around Taiwan were

deposited within the clade I'V.

DISCUSSION

Our previous analysis using 168, 12S rRNA and COI genes showed four clades in
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the cuttlefish relationships, but different topologies were obtained in analyses of NJ, MP,
and ML. This was possibly caused by a large number of gaps in 168 and 12S rRNA
sequénces among the sepiids. Strugneli & Nishiguchi (2007) showed that an alighment
method influenced the re_sult of phylogenetié analysis, using three mitochondrial énd six
nuclear genes, among the cephalopods. In the present study, four clades were identical
and Well supportéd by the ML, MP, and Bayesian analyses. Addition of two genes

(Cytb and ND5) and the data sets> of unambiguous alignment of t.he sequences Without

gaps apparently improved the analysis.

The present analysis included six major lineages of extant cuttlefishes, i.e., the
genus Sepiélla, the genus Metasepia, and the Sepia speciés complexes containing Sepia
sensu stricto, Acanthosepion, Doratosepion, and Rhombosepion. The species within the
Sepia s. s. and Rhombosepion species éomplex were dbviously paraphyletic in the

present analysis. The molecular phylogeny suggests the necessity of revision of key

‘morphological characters of the extant cuttlefish classifications.

- The present study revealed that ﬁine sepiid species are clustéred in a single clade
(the clade I) that includes Sepia esculenta, S. éculeata, S. ycidas, S. recurvirostra, S. cf.
singaporensis, S. pharaonis, S. prashddi, S. elegans, and S. gibbq. This clade contains
five specieé (Sepia esculenta, S. aculeata, S. lycidas, S. recurvirostra, and S. prashadi)
that Khromov et al. (1998) -treated as the Acanthosepion speciés complex. Khromov et |
al. (1998) included both'S. pharaonis and S. gibba iﬁ the Sepia species complex, and S.

elegans in the Rhombosepion species complex. In S. pharaonis and S. elegans, we
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found incongroity between the present study and our previous study (Yoshida el" al.
2006). In the previous study, sequence data of these two species were taken from the -
database. The reason of incongruity is unknown at present.

Khromov et al.b(1998) included S. pharaonis io the Sepia species complex.
Howevér, Lu (1998) considered that S, phdrao’nis has an affinity for a group including S.
aculeata, S. Iycidas, and S. prashadi, which have éwell-doveloped ventral inner cone in

\
common. The present study supports Lu’s classification. The cuttlebone of S. pharaonis
differs from that of S. aculeata, S. lycidas, aan S. prashadi 1n the presence of broadly
U-shaped deposit on the inner cone (also called ‘ohe secondary iﬁner cone). Adam & |
Reos (1966) considered the peculiar form' of the inner cone has a limited value in
phylogenetic anéysis. The molecular phylogeny supported the treatment that S.
pharaonis is deposited within the Acanthosepion complex. S. gibba lives in high salinity
waters (the northern part of the Red Sea), and so a distinct high phragmocorie might be
formed under these ionic conditions (Adam & Rees; 1966). This characteristic may be
species-specific adaptive modiﬁcation to the habitat.

The clade II consists of Metasepia tullbergi and S. latimanus. Some distinct
morphological gaps, such as the body size and cuttlebone morphology, are found
Between these t\&o species. The phylogenetic analysis using only COI suggested these
fwo species are related to a small cuttlefish S. opipara living in tropical waters.
Bonnaud et al. (2006) showed the <Metase?ia> group consists of omall-sized tropical
species by phylogenetic analyses using the COII, 16S, and 12S rRNA. In their analyses,

S. latimanus, S. filibrachia, S. opipara, S. papuensis, and S. plangon were clustered with
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Metasepia. Males of S. latimanus and S. papuensis lack hectocotylized arms (Adam and
Rees, 1966). Bonnaud et al. (2006) proposed the lack of hectocotyliztion is a
characteristic of the <Metasepia> group. In fact, M. z‘ullber;gz; belongs to the trépical
species. The morphological specialization likely increased after the branching of these
species.

The clade III includes S. officinalis, S. berthéloti, and Sepiella japonz’ca. The
analysis using only COI showed a monophyly of two Sepiélla species and the sister
relationship between Sepi'e'lla and S. officinalis. Tﬁis leéds to an apparent polyphyly of
the Sepia. .Bonnaud et al. (2006) proposed that S. officinalis and Sepiella japonica form
the <Sepiella>.group characterized by the presence of a single pair of spermathecae.
Another common feature between S. officinalis and Sepiella japonica is the spawned
egg capsule that is stained with ink. S. officinalis is the type species of the Sepia and
Sepiidae (Linngeus, 1758). However, S. officinalis has an afﬁnity_with Sepiella rather
than with the other Sepia species in the molecular analysis. Furthér studies are
apparently needed to revise the sysfematics of the Sepiidae.

. The clade IV includes the Doratosepion speci_es complex, S. kobiensis, ‘S. peterseni,
S. tokioensis, S. andreana, S. pardex, S. lorigera, S. sp. SI0604, S. auréomaculata, S
(enuzpes, S. subtenuipes, S. furcéta, S. hz'mﬁda and S. madokai. Our previous report

indicated that S. madokai was included in the Acanthosepion complex (Yoshida et al.

2006). We erroneously identified S. sp.SI0604 as S. madokai. The Doratosepion was

made based on distinct cuttlebone characters, such as a lanceolate shape and cup-like

“outer cone (Rochebrune, 1884). S. madokai have neither narrow cuttlebone nor peculiar
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cup-like outer cone, suggesting the ancestral state of Doratosepion. In fact,

phylogenetic trees show that S. madokai is separated early in the Doratosepion lineage.

We found a new taxonomic character of Doratosepion, that is a loss of membranous

structure in their cuttlebones (Yoshida et al, 2006). This character was found also in the
specimens of S, madokai, S. tokioensis, S. andreana, S. aureomaculata, S. tenuipes, and
S. subtenuipes (personal observations). Membranous structure is commonly observed in

the other sepiids. Thus the loss of membranous structure is considered as a :

synapomorphy for the Doratosepion clade. In the cuttlebones, deep-water species have

some devices to reduce the size of chamber cross-section, making the septa thinner and
spaces between pillars smaller. Theée devices may provide resistance to hydrostatic
pressure in the deep water (Sherrard; 2000).. These features cause the décrease in
cuttlebone density, and are apparently efficient for the diurnal vertical migration.

The phylogenetic tree of Doratosepion clade shows small interspecies distances.

'An"explosive, recent radiation possively occurred in the Doratosepion. Khromov (1998)

suggested that diversity of the Doratosepion species was caused by recent radiation
along the periphery of the distributional range, such as South Africa, South Australia,

and Japan. The low water temperatures around Japan in the Pleistocene are likely to

- form a thermal barrier against the sepiids. Our phylogeny supports the assumption that

_the recent explosive colonization and speciation occurred in Japanese Doratosepion:

species. In fact, more than half of the Japanese cuttlefishes are Doratosepion species.
The Doratosepion species exhibit the sexual dimorphism in arms that is probably

associated with the reproductive behavior. It is well knouwn that sexual selection
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caused the rapid evolutionary radiation in African cichlid fishes (Turner, 1999). The
sexual dimorphism is likely to drive speciation in Doratosepion. |

An outgroub choicevlikely yields different basal relationships. The group most
closely related to the Sepiidae is in an,arg’uxﬁent (Strugnell et al., 2005), so that it was
hard to éhoose a suitable outgréup. Different basal topologies occurred in the analyse_s
using closely related loliginids, L. bleekeri and S. lessoniana, respectively. The present

data sets have no base composition heterogeneities and no partition heterogeneities.

* Thus, the discrepancy of the basal relationships is still due to unknown reasons

including outgroup problem. To improve the accuracy of basal relationships among the
Sepiidae, we also have to iricreése the taxon sampling of the cuttlefishes.

We analysed three possible rooting positions ((I, II), (III, IV)), (I, (II, (IIL, IV))), and
(I1I, (IV, (I, IT))). The analysis using the amino acid data set supports that the rooting | ,
position ((I, IT), (III, IV)) is most plausible. The sister relationship between clade III and
clade IV was strongly suppbrted by the several analyses and‘the AU test, but not by the
morphological characters. In the analyses usihg 168, 128 rRNAé and COII, _
Doratosepion sp. had a close reiationship to <Sepiella> group together with S. rex, S.
elegans and S. orbigniana (Bonnaud et al., 2006). The position of S. elegans differs
from our analyses, but their consensus tree indicated the basal relationship,
(<Metasepia>, (Asian <Sepia>, (Doratosepion, <Sepiella>))).

The possibility of the sister relationship between the clade II and III was not rejected
by the AU test. HoWever, S. latimanus in the clade II differs from S. officinalis in the

clade III in its stronger posterior spine, the fused protective membrane, and the
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sucker-bearing surface detached from the stem of the tentacular club (Adam & Rees,
1966). The problem of rooting Position still reméins to be clariﬁed.

The molecular and morpholbgical analyses also still remain to be reconciled, but
only the “Doratosepion” clade, among the Sepiidae, forms a monophyletic group both -

in molecular and morphological analyses. Therefore, we propose the Doratosepion

~ clade, excluding S. madokai, as a distinct genus, Doratosepion Rochebrune, 1884.

I
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Figure legends

Figure 1. A, The cuttleboné of Sepia esculenta, ventral view, B, The cuttlebone of S.
gibba, ventrél view, C, The cuttlebone of S gib‘ba, lateral view. IC, inner cone; OC,
outer cone; P, phragmocone; S, spine.

Figure 2. jSaturation plot. Saturation plots were generated for the transversion numbers |
(Tv) of all codon positions of the threé mitochondrial genes, the first and second
codon positions, and the third codon pésition iny.

Figure 3. Phylogenetic relationships among the cuttlefishes using the nucleotide
sequences of COI, Cytb ahd NDS5 genes. Maximum likelihood tree derived from
the analysis of the all codon positiqn of the genes. The best-fit model for the
mitochondrial protein éene (all codon) data sef under AIC framework was dgﬁned
as GTR+I+G model: Base=(0.3126, 0.0778, 0.1393), Rmat=(1.3678, 15.0057,
1.4590, 5.5165, 19.8956), Rates=gamma, Shape=0.4772, Pinvar=0.3815. Numbers
at node» indicate the support values: bootstrap Valuesv of the maxiinum likelihood
analysis/bootstrap values of the maximum parsimony analysis/posterior
probabilities of the Bayesian analysis. Bootstrap values were estimated Yvith 1,000
repl‘ications, Support values under 50% or 0.50 are not shown. Asterisks indicate
the support values were 100/100/1.0 respectively. Bar length is indicative of the
number of substitution per site.

Figure 4. Maximum likelihood trée derived from the analysis of the first and second
codon position of the genes. The best-ﬁt model for the mitochbndrial.protein gene

(all codon) data set under AIC framework was defined as TVM+I+G model:
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Base=(0.2310, 0.1529, 0.1951), Nst=6, Rmat=(0.0000, 10.3987, 1.7523, 2.6218,
1_())3987), Rates=gamma, Shape=0.5529, Pihvar=0.61 15. Numbers at node indicate
the support values: bootstrap values of the maximum likelihood analysiS/boot\strép
values of the maximum parsimony analysis/posterior provliaabilities éf the Bayesian
analysis. Bootstrap values were estimated with 1,000 replications. Support values
under 5 0% or 0.50 are not shown. Asterisks indicate the support values were |

100/100/1.0 respectively. Bar length is indicative of the number of substitution per

 site. In the representative species, the cuttlebones are shown on the right.

Figure 5. Maximum likelihood tree derived from the analyses of amino acid sequences

of COI? Cyfb, and ND5 genés. The best-fit model for the mitochondrial protein
gene data set ﬁndér AIC framework was defined as MtRev+F+I+G rﬁodel'.
Numbers at node indicate the support values: bootstrap values of the maximum
likelihood analysis/bootstrap values of the maxinﬁum parsimony analysis/posteriorb
probabilities of the Bayesian analySis. Bootstrap values were estimated Witﬁ 1,000
replications. Asterisks indicate the sﬁpport values were 100/100/1.0
respeCtivély.Support values under 50% or 0.50 are not shown. Bar length is

indicative of the number of substitution per site.

Figure 6. Maximum likelihood tree derived from the analysés of nucleotide sequences

of COI gene. The best-fit model for the mitochondrial protein gene (all codon) data
set under AIC framework was defined as TVM+I+G model: Basé=(0.3703, 0.1629,
0.0565), Rmat=(0.0795, 8.1900, 0.5437, 2.3607, 8.1900), Rates=gamma,

Shape=0.3910, Pinvar=0.4168. Numbers at node indicate the support values:
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bootstrap values of the maximum likelihood analysis/bootstrap values of the
maximum parsimony analysis. Bootstrap values were estimated with 1,000
replications. Support values under 50% or 0.50 are not shown. Bar length is

indicative of the number of substitution per site.
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‘Table 1. Specimens used in this study

a

e
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Species ML Sex Locality Collection Accession No.(COI/Cytb/NDS) Sepecimen No.
(cm) date
Sepia aculeata 13.6 female Taichun, Taiwan Dec. 11. 2006 ‘ AB430400 b JAB430415 b JAB430487 b OUM-MO-00060
Izumisano, Osaka, : :
Sepia andreana 9.1 male Apr. 26. 2007  AB430401 b /AB430416 b /AB430488 b OUM:MO-00089
Japan
Sepia
10 male Heta, Sizuoka, Japan  Dec. 13.2007  AB430402 b /AB430417 b /AB430489 b OUM-MO-00103
aureomaculata
Sepia bertheloti 98 - Spain ; AB430403 ° /AB430416 ° /AB430490° -
‘ v Minabe, Wakayama,
Sepia esculenta 153 male Oct. 23.2003  AB192335/ AB430419 b /AB430491 b -
Japan
Sepia elegans 7.8 - Spain - AB430404 b /AB430420/AB430492 -
" Sepia furcata - - - - AYS530207 -
Sepia gibba - - The Red Sea, Israel Jul. 5.2007 AB430405 b /AB430421 b /AB430493 b OUM-MO-00101
Sepia hirunda - - - - AY 530206 -
Sepia kobiensis 35 - Irino, Kochi, Japan Feb. 14.2002 AB193813/ AB430422 b /AB430494 b OUM-MO-00051
Sepia latimanus 21 . male Okinawa, Japan Nov. 17.2003  AB192338/AB430423 b /AB430495 b -
Sepia lorigera 20.5  male  Owase, Mie, Japan  Jun.14:2004  AB193810/AB430425 ° /AB430497° OUM-MO0-00031
Minabe, Wakayama, .
Sepia lycidas 249 male ' Jan.30.2002  AB192337/AB430426 ° /AB430498° -
Japan
Sepia madokai 71 female Karo, Tottori, Japan  Jan.19.2007  AB430407°/AB430427  /AB430499°  OUM-MO-00077



Sepia bﬁzcinalis

Sepia opipara

Sepia pardex

Sepia peterseni
Sepia pharaohis
Sepia prashardi
Sepia
recurvirostra
Sepia tenuipes

Sepia tokioensis

Sepia cf.

singaporensis d
Sepia sp.S10604
Sepia subtenuipes

Sepiella inermis

Sepiella japonica

Metasepia
tullbergi

Loligo bleekeri

19.5

9.5

272

9.2

8.1

7.3

12.3

82

5.7

4.7

male

male

male

female

male

male

male .

female

male

male

male

Sakgiminato, Tottori,
Japan

Irino, Kochi, Japan
Taichun, Taiwan

Thailand

Taichun, Taiwan

Heta, Sizuoka, Japan
Karo, Tottori, Japan
Semakau island,
Singap_ore

Irino, Kochi, Japan

Heta, Sizuoka, Japan

Izumisano, = Osaka,

Japan

Irino, Kochi, Japan

Nov. 12.2004

Feb. 14.2002
Dec. 11. 2006

Oct. 29. 2007
Dec. 11. 2006

Dec. 13.2007

Jan. 19,2007
Dec. 28. 2006

Jun. 29. 2004

Dec. 13.2007

Feb. 20. 2003

Feb. 14.2003
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NC_007895 °

AF000063

ABI1 93809/AB430428 b /AB430500 b

AB192339/AB430429 ° /AB430501°
b b b
AB430408 ° /AB430430 ® /AB430502

AB430409 ° /AB430431 ° /AB430503 °
b b - b
AB430410 ® /AB430432 ° /AB430504

AB430411 ° /AB430433 ® /AB430505 °

AB430412  /AB430434 ° /AB430506 °
b b b
AB430413 ® /AB430435 ° /AB430507

AB193811/AB430436 b /AB430508 b
b b b
AB430414 ~ /AB430437 ~ /AB430509

AY 557522

AB192341/AB430438 ° /AB430510°

AB192340/AB430440 ° /AB430512 °

AB029616 ©

OUM-MO-00025

OUM-MO-00049
OUM-MO-00059

OUM-MO-00102

OUM-MO-00073

OUM-MO-00106

OUM-MO-00082

OUM-MO-00075

OUM-MO-00050

OUM-MO-00105



Sepioteuthis
lesspniana
Todarodes
pacificus
Watasenia ‘

scintillans

Rossia pacifica

Octopus ocellutus .

Nautilus

macromphalus

Uozu,
7.1 female

Japan

Toyama,

May. 5. 2003

AB240154° -

AB158364 ° -

AB240152° -

AB191289/AB470277 %/ AB470278"

AB240156 © -

DQ472026 ¢ -

? Dorsal mantle length; b Sequences determined in this study; °, Whole mitochondrial geriome

was deposited in Database; %, Sepia singaporensis was a synonym of Sepia recurvirostra.

However, this specimen is distinguished from S. recurvirostra with the 10% sequence

difference.
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Table 2. Amplified length and base frequecies of the genes

Base frequencies

Length (bp) Length (AA) A C G T
COI 657 196 0.2874 0.1805 0.1528 0.3793
Cytb 975 324 02454 0.0994 0.1825 0.4727
ND5 568 189 0.2872 0.1086 0.1592 - 0.445
N
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Table 3. Numbers of characters of the aligned data sets

Total numbers ~ Numbers of " Variable Parsimony
of characters constant characters informative
characters characters
All codon '2,200 1,053 1,147 885
1st. and 2nd. .
1,466 1,011 455 271
— codon
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Table 4. Sister relationships using different outgroups

all outgroups

(Nau., Oct., Lol.,

Sep., Wata., Toda.)

teuthoids (Lol.,
Sep., Wata., Loligo Sepioteuthis

Toda.)

Watasenia Todarodes

Rossia

all codon data

first and

‘second codon

data

(LALLIV))

(IIL(IV,,II)))

LALAILIV)))  (LID,JILIV)) V(I,(II,(III,IV)))

IILAV,AI) - GALALIV)Y)) - (I, (IV(LID)))

LALAILIVY)Y) - (@LID,JILIV))

LALAILIVY)))  (ILAV,ID))

LALAILIV)))

LALAILIV)))
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Table 5. Test of hypothesis about the basal clades of cuttlefishes

dade  clade  clade  clade
Hypotheéis I+ I+II1 +IV I+Ir ~ clade II+1V clade II+Iv
Likelihood score 20,644 20,661 20,656 20,647 20,651 ML (L=20,639)
AU tést
(p-value) 0.31 0.005 0.024 0.276 . 0.011 0.822
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Figure 1
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Chapter 2

Idiosepius is a member of teuthoids: molecular phylogeny using nine genes of nuclear

and mitochondrial genes



Abstract

We sfudied the phylogenetic position of Idiosepius amo‘ng five higher taxonomic
groups, sepiids, sepielids containing myopsids, oegopsids anc.lr Sepiadariidae. Twenty
three species of cephalopods were analyzed.using four data sets, nuclear rRNA data set
(185+288S), nuclear and mitochondrial rRNA data set (1 SS+ZSS+16S+12S), nuclear
protein gene data set (Pax-6+Rhodopsin), and mitochondrial protein gene data set

(COI+Cytb+NDS5). Sister taxon of idiosepiids was analyzed in each data set using the

" maximum likelihood, maximum parsimony, and Bayesian methods. Analyses using

nucleotide seciuences of » the rRNAs and the mitochondrial protein suggested that
idiosepiids were related to oegopsids among teuthoids. However, the analysis using the
nuclear protein data sets did not support this relationship. The likelihood—‘based tests
suggested that the idiosepiid is not related to sepiolid.

Phylogenetic relationships were analyzed using the amino acid sequences of the
mitochondrial data set and total evidence analysis ;Iia concatenation of the likelihood.
The analysis using the mitochondrial protein data set showed that sepiids and sepiolids
were basal to teuthoids includiﬁg idiosepiids. The total analysis evaluated by the

likelihood values some controversial topologies. The tree for the second highest

likelihood scores showed the same relaﬁonship as the analysis using the nucleotide

sequences of rRNAs and the amino acid sequences of the mitochondrial protein data set,
although the first tree indicated that the teuthoid clade including idiosepiids were basal

to the clade of sepiids+sepiolids. All analyses did not support sister relationships

‘between the idiosepiid and the sepiolid.



,\
)

;

Introduction

Idiosepius is one.of the smallest cephalopods, exhibits both sepiolid énd teuthoid
like characters causing ‘systematic confusions in Decapodiformes. Steenstrup (1881)
placed Idiosepius in the Sepia-Loligo family that is the large group of the myopsid
including Sepioloidea, Sepiadarium, and Spirula. Appelldt (1898) elevated Idiosepius
to the family, Idiosepiidae. Voss (1977) proposed that the order Sepioidea included
Idiosepiidae, Sepiolidae, Sepiidae, and Spirulidae. However, Fioroni é( 1981) included
Idiosepiidae in the order Sepiolioidea with Sepiolidae and'Sépiadariidae. Clarke and
Trueman (1988) proposed the order Sepiolida containing Sepiolidae and Iciiosepiidae,
Sepiadariidae was deposited in the order Sepiida with Sepiidae. Subsequently, Boletzky
(2003) elevated Idiosepiidae to the order and proposed five orders in Decabrachia
(=decap§diformes), namely Spirulida, Sepiida, Sepiolida, Idiosepiida and Teuthoida. .

Bonnaud et al. ‘(1 997) suggested that Idiosepius was related to the oegopsids by
molecular phylogeny using the mitochondrial COIII genes. Carlini and Graves (1999)
suggested a close relationship between Idiosepius and Sepioloidea using the COI genes..
Carlini et al. (2000) exhibited a close relafionship between Idiosepius and sepiplids

using Actin I genes, although they showed a close relationship between Idiosepius and

_ oegopsids using Actin II. Bonnaud ef al. (2005) and Takumiya et al. (2005) suggested

Idiosepius was related to the oegopsids, not to the sepiolids using some mitochondrial
genes. Nishiguchi et al. (2004) suggested separation of the idiosepiids from sepiolids
based on the analysis using mitochondrial 128, 16S, COI, and nuclear 285 sequences.

We showed previous relationships based on the morphological and molecular studies in
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Fig. 1. The phylogenetic position of Idiosepius remained to be determined as Boletzky
(2005) npted. |

The analysis of a small number of loci suffers from a large sampling error and lack
of the high statistical éupport. It has caused the different results as the previous
molecular studies (Rokas et al., 2003). Genes or regions with different evolutiénary
history have to be analyzed independently or using the appropriate évolutionarsl model.
Strugnell et al. (2004) suggestéd a close relationship between Idiosepius and Sepiolids
using three nuclear and three mitochondrial genes with data partitionings. Sepiadarium
was not studied in their anélysis, so the relationships among these groﬁps have not been
cleared. There is some confusion in the phjlogenetic relationships amoﬁg highef
taxonofnié groups within cephalopods.

We analyzed comprehensive molecular data sets for decapodiformes (2,871
bp+1,016 aa) to study the position of Idiosepiidae among higher taxonomic groups,
sepiid, myopsid, oegopsid, and sepiolid. We used a total evidence approach by analyses
to resolve the difﬁcult and controversial phylogeny, evaluated the controversial tree

topologies among decapodiformes using the maximum likelihood method.
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Materials. and Methods
PCR amplifications and sequencings

We collected thirteen species of coleoid cephalopods in Japanese waters (Table 1),
and sequenced four nuciear genes and five mitochondrial genes. Additionally, we

obtained sequences of ten cephalopod species from the database. These sequences of

nine genes of 23 coleoid cephalopodé species were shown in Appehdix 1.

Tissue samples for DNA extractions were obtained from the arm or the mantle. The
samples were fixed in 70% ethanol and were _stored at -20°C uhtil 'fhe DNA extractions.
The genomic DNA was extracted from the tissue using DNeasy® Tissue kit (QIAGEN).

The polymerase chain reaction (PCR) was performed in 20ul containing 200—3 00ug
extracted genomic DNA, 2ul 10xPCR buffer, 1.6ul 10mM dNTPs, 1ul 10uM brimet

each, and 0.5U Takara Ex Taq polymerase. The primers were used to amplify of each

- gene (Table 2). The complete 185 rRNA was amplified and sequenced in three

overlapping fragments using these primer sets, 1:881F/4R, 1883bf/bi, and 18Sa2.0/9R.
The partial gene sequences (of which primers for amplification) afe as follows: 28S
rRNA (28Sa/b), PéX—6 (PaxF1/R1), Rhodopsin (RhodF1/RIN or RhodF2/R3),
Cytochrome b (CytbF1/R1), and NADH dehydrogenase subunit 5 (ND5F1/R1). The
temperature regimen Qf PCR Waé Imin at 94°C, 2min at 45-55 o.C, 1-1.5min at 72°C for
30 cycles.

The amplified fragment was cloned iﬁto pGEM-T Vector (Promega). Plasmid DNA
from transformant colonies was purified with QIAprep® Miniprep kit (QIAGEN). Both

strands of the plasmid DNA were fully sequenced using T7 primer upstream and SP6
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primer downstream of an insert site by the dideoxy chain-termination method using
Appliéd Biosystems BigDye® Terminators V 3.1 (Sanger et al., 1997). Additioﬁal
primer 5’-GCATTCCCGG_CCCTTTCGGCC—3’ was used’to ‘sequence 188 rRNA of
Sepiadarium kochii (modified from 18S5bf by Lindgren et aZ., 2004). The
fluorescent-labeled DNA was analyzed using ABI Prism 3100 sequencer. The
sequences were deposited in the DNA Database of Japan (DDBJ) database. The |

accession numbers of sequences used in this study are shown in Appendix 1.

Phylogenetic analysis usiﬁg nucléotide sequences |

- Sequences were alig,;ned using ClustalX ver. 1.83 (Thqmpson et al., 1997) and
adjusted fnanually. Indels and non-homologoué regions were excluded from the analysis.
The lehgth of sequence used in-tlhe analyses was shown in Table 2.

We anélyzed four gene sets for nucleotide lsequenées, nuclear rRNA (18S+28S
rRNA), aH rRNA (185+28S+16S+12S rRNA), ﬁuclear»protein genes ' -
(Pak-6+Rhodopsin), and mitochondrial protein‘g‘enes (COI+Cytb+ND5). The nuclear
protein gene data set and the fnitochondrial protein gene data set were analyzéd using all
codon positions, or the ﬁfst and the second codon positions. The analy'zed lengths of
sequences in each data set were shown in Table 3.

The base frequency of each gene was calculated by the program PAUP* ver. 4.0b10
(Swofford, 2003). Homogeneity of the daté set Was tested by the partition-homogeneity
test option implemented in PAUP* with 1,000 randofn repetitions. The nucleoﬁde data‘

set was analyzed by the maximum likelihood (ML) analysis using heuristic search with
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PAUP*. The best-fit substitution model for the ML analysis was found using the
program Modeltest 3.7 (Posada and Crandall, 1998). The substitution models were
selected by Akaike information criterion (AIC) or hierarchical .likelihoodl ratio test
(hLRT) in Modeltest. Identical topology was found using the substitution model
selected by AIC and by hLRT excélﬁting the nuclear protein data set. The base
frequencies of the model were ¢stimated in each data set. The ML tree was searched
using three indepg:ndent searches, not to be trapped into the local optima. Analyses were
done startihg from Neighbor—j oining (NJ) treé bj Tree-bisection-and-reconnection
(TBR) swapping, énd starting frorh maximum parsimony (MP) tree by TBR swapping.
Another search was done starting from a random tree and TBR swapping with 1,000
times repetition. In each data set, these three searches resul_ied in the same ML topology.
Bootstrap support values for ML trees were tested using bootstrap search option by

Neareét-neighbor-interchange (NNI) with 1000 repetition. Maximum parsimony (MP)

* analysis was done using Branch-and-Bound search using PAUP*. Bootstrap support

values for MP trees were tested using PAUP* by NNI searches with 1,000 repetition.
Baygsian analysis waé done using-the program MrBayes ver. 3.1.2 (Huelsenbeck and
Ronquist, 2001; Ronquist @d Huelsenbeck, 2003). Metropolis-coupled Markov chain
Monte .Carlo from a'raﬁdom tree was run with sampled each 100 cycles. Four chains
were ruﬁ simultaneously, three were heated and one was cold. The best-fit substitution
models for Bayesian analyses were found using the program Mrmodeltest v2. (Nylander,
2004). Model parameter \}alues were estimated in each analysis. The sister taxon of

idiosepiids using the maximum parsimony and the Bayesian methods was listed in
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‘Table 4.

To assess idiosepiid+sepiolid clade, the likelihood difference between the ML tree
and tree forming idiosepiid+sepiolid clade were tested on statistically. Constraint trees
making Idiosepius form a cluster with sepiolids were analyzed using constraint option
implemented in PAUP*. The likelihood scores of the constraint tree were compared
with thoso of the ML trees by Kishino—Hasegavifa test (KH test, Kishino and Hasegawa,
1989) and Shimodaira-Hasegawa test (SH test, Shimodaira and Hasegawa, 1999) . |

implemented in PAUP*.

Phylogenetic analysis using amino acid sequences

For amino acid sequence data set of three mitochondrial genes, ML analysis was
performed using protml in tlie program molphy 2.3b3 (Adachi et al., 1996a). For the
ML analysis, we used the mtREV-f model (Adachi and Hasegawa, 1996b) for their
silbstitution model. Bootstrap support values for ML tree were tested by RELL
(resnmpling of the estimated log-likelihood) method with 10,000 replications. MP
analysis was performed by Branch-and.-Bound search using PAUP*. Bayesian analysis
was done by MrBayes ver. 3.12. Best-fit modol for Bayesian analysis_was found using

the program modelgenerator (Keane, 2006).

Total evidence analysis on likelihood analysis
We analyzed the three data set of the nuclear rRNA sequences, the nuclear protein

sequences, and the mitochondrial protein sequences using molphy. We obtained the ML
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trees from each data set. The likelihood scores were concatenated using totalml in
molphy. Analyses were performed on 9 OTUs. The sequences of I paradoxus, Loligo

bleekeri, Ommastrephes bartramii, Sepia officinalis, Sepiadarium kochii, and

 Sepioteuthis lessoniana were analyzed on an OTU. The rRNA sequences of

Graneledone recosa and the protein sequences of Octopus vulgaris were concatenated
to be used as an outgroup. Similarly, the rRNA sequences of Sthenoteuthis oaulaniensis'
and the protein sequences of Todarodes pacificus, the sequences of rRNAs of Sepéola .
affinis and the protein sequences of Euprymna morsei were concatenated. .

Total ¢Vidence analyses of the nuclear rRNA sequence data set (18S+28S rRNA)
and thé mitochondrial rRNA data set (16S+128) were performed with HKY 85 model
(Hasegawa et al. 1985) uéing nucml (p-option, default setting). Aminp acid sequences
of the nuclear protein data get were analyzed with JTT-f model (Jones et al., 1992)
using protml. The mitochondrial data set was analyzed wifh mtREV-f model using |
protml. The NJ tree was analyzed using nucml (or protml, d-option) and njdist. The ML -
analysis was 'perf'ormed by staring from a NJ tree using nucml (or protml, R-option).
The topologies of the NJ and ML tree were obtained for each data set. Eight topologies
of the NJ and ML tfees were obtained by the four dafa sets. The 1og-likelihoods of eight
topologies were calculatéd using nucml and protrﬁl (l-option, t-option). In the eight treé
topologies log-likelihood values for each data set were calculated using nucml (or
protml, 1-option, and u-option). The ré:sulting log-likeliho‘od values were concatenated
using totalml in molphy. RELL bo‘otstrap values for each topology were estimated using ,

nucml (or protml) and totalm! with 10,000 replications (Table 6).
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Results
Alignment and data partition of nucleotide sequences

Sequences of 18S rRNA consisted of highly variable and conserved regions. The

-18S rRNAs of cephalopods with secondary structure of Calicophoron calicophorum

(Accession number: L06566, Platyhelminthes) and these of Daphnia pulex (AF014011,

Arthropoda) deposited in the European Ribosomal RN A database (http://rrna.uia.ac.be),

It is doust that their variable regions are consistent with stems ElO_l; E23 1-7,43, and
49. These highly variable regions appeared not to be aligned, hence they were excluded
in the analyses. There were differencés betwéen octopods and decapodiformes at the
stem 6-9, E23_ 12, E23_14, 24, 28 and 44. These variable regions containgd apparently
indels, but tﬁe in-del patterns werel not correlated to the téxonomic groups.

Nucleotide frequencies of genes were equal among cephalopod species examined.
X2 tests of each genés using PAUP* showed coincidence among species (P>0.9, data
not shbwn). However, base frequencies were quite different between the nuclear and the
mitochondrial genes (Table 1). Sequences of‘ 18S and 28S rRNA Were G—ri(;h (031 or

0.35). Sequences of 16S and 12S rRNA were A-rich. Seqﬁences of COI and.Cytb and

'ND5 were T-rich. Regions with different evolutionary history have to be analyzed

independently or using the appropriate evolutionary model. Therefore, we analyzed
nucleotide sequences with four data sets, nuclear rRNA (18S+28S rRNA), all rRNA
(18S+285+16S+12S rRNA), nuclear protein genes (Pax-6+Rhodopsin), and

mitochondrial protein genes (COI+Cytb+NDS5). Substitution saturations were evident
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within the mitochondrial genes among cephalopods (Guzik ef al., 2005; Strugnell et al.,
2005). Strugnell e al., 2005 foundﬂ saturations within Rhodopsin and Pax-6 genes.
Substitution saturations affected phylogenetic analysas via multipla changes per site, 50
the nuclear and mitochondrial protein data sets were analyzed With the third codon
positian or without the third codon.' Each data set was analyzed By maximum likelihood
(ML), maximum parsimony (MP), and Bayesian analysis. Data partitioning among
genes or codons in each data set was evaluated by partition homogeneity tests using
PAUP*,
Ph):logeny based on nucleotide data

Phylogenetic relationships' were analyzed using the maximum likelihood meihod for .
the four data sets of nucleotide sequences. Sister taxon of idiosepiidsv was analyzed
using the maximum parsirnony and the Bayesian methods as listed in Table 4. The
bootstrap suppnrt values using the MP and thé.nosteric)r probabilities using the Bayesian
method were also analyzed. Best-fit model for nuclear rRNA (18S+28S rRNA) data set

was estimated as GTR+I+G model under AIC. The ML tree for the nuclear rRNA data

‘set is shown in Fig. 2a (L¥5,554.70). The Bayesian tree was analyzed with 500,000

generations, and with burnin=1,250 (L=5,560.57). Partition hombgene_zity test for the

nuciear rRNA data set showed no significant haterogeneity between 18S and 28S rRNA
genes (P=0.08). ML analysis was performed with the partition into two sites, 18S rRNA
and 28S rRNA to assess an influence of the heterogeneity. The iML tree calculated Wiih

GTR+site-specific rate (SS) model for each partition (.1 8S rRNA and 28S rRNA)

60



@

showed tﬁe same topology as the ML tree with TeN++G model (L=5,536.17). In these
trees, Sthenoteuthis oaulaniensis and Ommastrephes bartramii form an oegopsids clade
with-high bootstrap (BP) support in ML and MP, and posterior probability (PP) in the
Two Idiosepius species and twb outgroup octopod species were also comprised the |

clades with strong supports. Oegopsids and myopsids exhibit monbphyletic clade each.

Idiosepiids was the sister taxa to the teuthoids (myopsid+oegopsid). Relationships
- among oegopsids, myopsids and idiosepiids were supported with high posterior

. probability (PP=0.98), but with low bootstrap values by ML and MP analyses (30-40%).

Sepiadarium kochii formed a clade with Sepia officinalis. The other sepiolids were

included in a monophyletic clade. Sepiolids and sepiids were single clade, apart from ,

‘the teuthoid+idiosepiid clade.

The ML tree for nuclear rRNA dafé set is shown in Fig. 2b (L=8969.11). The
Bayesian analysis (L=8975 .97,_500,060 generations, and burnin=1250) showed a
multifurcating tree, in which rélationshibs among teuthoids, idiosepiids+sepiids, and
sepiolids were not cleared. Partition homogeneity test for all rRNA data set indicated
significant hete'rogenéity among the rRNA genes (P=0.001). ML tree with GTR+SS
model to génes (188, 28S, 168, énd 128 rRNA) was indicated to the topology with the
tree by nuclear rRNA genes (Fig. 2a), with a lower score than ML tree (L=9099.03).
Analysis using the nuclear rRNA data set supported myopsid clade, oegopsid clade and
teuthoid clade. However, the other clades were supported by high PP, buf not by BP.
Sepiolids formed a mondphylsf clade in the ML analysis.

The nuclear protein gene data set was analyied using all codon or except the third
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codon. In this data set the different tree topologies were obtained from the ML and MP

analyses, using the third codon or not. The ML tree using the first and second codon

positions of the nuclear protein data set is shown in Fig. 3a (1.=2209.27). Partition

~ homogeneity test for the nuclear protein data set show no heterogeneity between the

first and the second codon positions (P=0.649). The ML tree for nuclear protein data set
(all codon included) is shown in Fig. 3b (L=5,299.85). The Bayesian tree was analyzed
with 500,000 generations and burnin=1,250 (L.=5,304.29). Partition homogeneity test

for the nuclear protein data set showed significant heterogeneity between Pax-6 and

Rhodopsin genes (P=0.014). In the ML tree with GTR+SS to genes (Pax-6 and

Rhodopsin) model showed another topology (L=5,561.25), idiosepiids were positioned

in the next to outgroup as well as the ML trees analysis using the first and the second

codon data set. Partition homogeneity test indicated no significant incongruence among
codon positions (P=0.062).
Mitochondrial protein gene. data set was also analyzed using all codon or the first

and the second codon. The ML tree of the mitochondrial protein gene data set is shown

inFig. 4a (L=5756.50). Partition hdmogeneity test for the mitochondrial protein gene

data set exhibited no significant heterogeneity between the first and the second codon
positions (P=0.71). In this tree 1. paradoxus was included in oegbpsids,. and oegopsids
were paraphyletic. Ommast;’ephes formed a clade with Watasenia scintilluns. The ML
tree using all codon position of the mitochondrial protein gerie data set is shown in Fig.
4b (L=i4709.86). Analyses on the all codon position showed that O. bartramii form a

clade with T. pacificus. Idiosepius was included in oegopsids, and sepiolids form a
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clade with myopsids. The Bayesian analysis showed a multifurcating tree (L=14,724.52,

3,000,000 generations, and burnin=7500). Partition homogeneity test for the

mitochondrial protein gene data set showed significant incongruence among genes -

(P=0.005). Mitochondrial gene data set with GTR+SS model to genes (COI, Cytb, and
NDS) recovered the agreement with the topology of mitochondrial data set (first+second
codon) with differences in the taxonomic groupé_. In the ML trees with GTR+SS model,
the oegopsids form a clade, and 7. paciﬁcits appeared, followed by O. bartramii.
Partition homogeneity test for the mitochondrial protein gene data set di(lin"t show
significant heterogeneity among codon positions (P=0.41).
Likelihood ratio test among the topologies

We compared the log-likelihood of topologies to test a hypothesis that idiogepiids is
related to sepiolids. The constraint tree making idiosepiids form a clade with
Sepiadarium conducted using PAUP*. The ML trees of the nuclear rRNA data set, the
nuclear protein data set (ﬁrstfsecond codon) and the mitochondrial protein data set
(first+second codon) were analyzed under this constraint tree. Analyses were performed
with another constraint in each of the data set; idiosepiids and Sepiadarium, and
sepiolids form sister clade. The log—likeﬁhood of each ML tree was cai‘culated (Table 5). .
The difference of log-likelihood was tested by KH and SH tests uéi'ng PAUP*. The ML

trees with Idiosepiids+Sepiadarium clade by the three data sets were rejected by SH test-

(P<0.05), although the constraint trees of the nuclear rRNA data set and the

mitochondrial protein data set were not rejected by KH test. The ML trees with
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idiosepiid +sepiolids clade by the three data sets were rejected by all tests (P<0.05).

Phylogeny based on qmino acid data

Aligne‘:d sequences of the mitochondrial protein genes were translated into amino
acids.and concatenated. The mitochondrial amino acid data set was analyzed using
mtREV-f model. The ML tree (L=4287.30) was shown in Fig. 5. The analysis using
JTT-f model showed the same topology as the ML tree using mtREV—f model. Result of
the MP analysis showed multifucating tree, suggesting that several relationships among
sepiolids, Idiosepius+oeg6iosids, myopsids, énd sepiids colud not be resolved in the MP
consensus tree. The Bayeéian tree analyzed using JTT+I+G model differed from the ML
tree in the topology (L¥5159.73, 2,000,060 generations, and burnjn=5,000). Oegopsids
were basal to the other decapodiformes, and sepiolids formed a clade including

myopsids, although the PP values were not high at basal nodes (PP<0.6).

Concate‘nati&n of likelihood and topology evaluation

Concatenated seciuences were used for analuzes in SepioZla affinis+Euprymna
morsei, and two Ommastrephidae, Sthenoteuthis oaulaniensis+Todarodes pacz’ﬁcus.}
Takezaki et aZ.. (2003) reported that interspecific differences were too small to influence
the rélafcionships among classes, i.e: amphioxus, hagfish, and lamprey lineages. These
species in the same family can be concatenated and used for analysis among higher
taxonomic groups.

Four data sets were analyzed independently and eight tree topologies were obtained
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(Table 4). We calcﬁlated the log-likelihoods along the eight NJ and MLF topologies
using nucml and protml (l-option, t-option).v The log-likelihood values were sum up
using totalml (Table 6)  Analyses of the nuclear protein data set showed this data set
supported tﬁe Varioﬁs tree tOpologies énd différences of the log-likelihoods of each
topology was not significant. The ML topology of nuclear rRNA dataset (-In
L=10802.0, see Fig. 6a) was sﬁpported with the highest log-likelihood and RELL BP.
The second highest log—likelihood was achieved by the ML topology of the
mitochondrial protein data set (-In L.=10818.7, Fig. 6b). The log-likelihood differenqe
between the ﬁrst and the second trees was under the standard error (£22.0). The second

tree was supported by the RELL method with 25% of 10,000 replications. The other

-topologies were irreproducible by the RELL method (<0.028).
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Discussion

We obtained a single topology from the analyses of the nuclear rRNA data set
despite the models or the programs. Cephalopods contain some différent 18S rRNA
ciones in their genomes, thus these sequences are not informative for phylogeny
(Bonnaud et al., 2002). Analyses of the nuclear rRNA data set showed similar results to

those of the mitochondrial data. This relationship is also supported by the previous

study on 28S rRNA (Bonnaud et al., 2002).

The evolutionary model contained base fréquencies estimated in the ML and the
Bayesian analyses, hence incongruence in these frequencies among species may affect
the analysis. Passamaneck et al. (2004) reported cephalopods have ‘G-r_ich sequences of
18S rRNA genes, except Nautilus aqd Hi;toteuthis; The base frequency incongruence
differs among these cephalopods, thus Histoteuthis (oegopsids) excluded from the other
coleoids. In this analysis We did not find incongruence in 18S rRNA sequence;s. The
number of taxon sampling also influenced the_topology.b We found different
relationships between analysis using fourteen species and eight data sets by the nuclear
rRNA dataset. The nuclear rRNA s'equences of large numbers of taxon saﬁplings and
appropriate alignment will be required to study the higher relationships in the

cephalopod phylogeny.

Our analyses showed an identical topology in the relationship based on analyses of
the nucleotide Séquences and the amino acid sequences of the mitochondrial protein

data set. Analyses using the nuclear rRNA data set also indicated the identical
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relationships. Th¢ second tree on the total evidence analysis élso supported this
relationship. This relationship was shown in other molecular phylogenetic analyses
(Bonnaud et cﬂ., 1997, Tékumiya et al., 2005). Phylogeny using amino acid sequences
in mitochondrial genomes was consistent with the previous studies based on the -
rearrangement of mitochondrial genes and amino acid sequences of all mitochondrial
geneé (Yokobori et al., 2004; Akasaki ef a?., 2006). These analyses suggested that

sebiid is basal to myopsids and oegopsids when the octopus was selected as an outgroup.

It is supported by the analyses using the nuclear rRNA, all rRNA, and the mitochondrial

protein genes data sets.

Mitochondrial genes are appropriate markers for relationships within the families in
cephalopods (Anderson, 2000; Lindgren et dl., 2005; Yoshida et al., 2006).‘Usibng
several mitochondrial genes may cause more frequently the larg’e sampling errors in
analyses among higher taxonomic groups than in the family of cephalopods. Carlini and
Graves (1999) suggested that the third codon positions were hfghly variable and
informative for phylogenetic analyses on recently diverged taxa. In the mitochondrial
proteih data analyses, the ‘phylogeny using the ﬁfst and the second codon positions
showéd the same fopology with analysis using amino acid sequences. The ML searchés
using GTR+SS models showed the same relationshipé as the analyses ﬁsing the first and
the second positions but not all codon positions. This result would suggest the third
codon positions leaded to noises on the molecular analysis, and removal of the third
codon may improve the resolution of phylogenetic analysis. Analyses using all codon |

positions supported another relationships among higher taxonomic groups. These results
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suggest that careful study required for analyses uéing sequences of mitochondrial genes.
Amino acid sequences of Rhodopsin may not be informative for analyses on the
taxonomic groups due to an adaptation to environment.

In our analysis the relationships among oegopsids or among r"nyopsids‘werve
suppbrted with high statistical values. Some relationships among higher taxonomic
groups Were‘ supported with high PP, although the bootstrap Valﬁes were relatively low.
Erigon etal. (2003) performed a simulation analysis, _suggésted that the Bayesian
posterior probability (PP) values make eﬁoneous conclusions more frequently than
nonparametric bootstrapping. The relationships supported only with high PP may not be
ne’cessarily reliable. The total evidence analysis provided the two similar trees in
topology. Trees among the higher taxonorrﬁc groﬁps of cephalopods exhibited deep

branches (Strugnell ez al., 2006), so it is required for more information and analyses.

This analysis did not show the close relationship between idiosepiidé and sepiolids.
The likelihood-based tests rejected the clbse relatioﬁships. Therefore, Idiosepius is not
included in sgpiolid as ‘Bonnaud et al. (2005) studied. Steenstrup (1881) represented
close relationship between Idiosepius and Sepiadarium’ based oﬁ- bthe common feature,

- regression of gladius and medilateral rounded fins. Fibroni (1981) reported that the
medilateral rounded fins were an apomorphy of the Sepiolidae and Idiosepius. Although,
BAert‘ho’ld and Hamburg (1987) reported the rounded ﬁns were also occurred in
Sepiadariﬁm and Loliginidae (Piclg’ordiateutizis). Pickfordiateuthis squids posses

sepiolid-like fins, well-developed gladius, left functional oviduct, and hectocotylized
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left ventral arm (Voss, 1953). They were characteristic of Loliginidae (myopsids), so
the rounded fins were not apomorphy. Idiosepius had fully developed gladius (Boletzky,
1995; Hylleberg and Nateewathana, 19914, b), but sepiolids indicate tegression or lack
of the gladius. This suggested that Idiosepius was not derived from sepiolids (Boletzky,
1995). Lack of cornea is an apor"norphy‘ of oegopsids, and presence of cornea suggests.
idiosepiids are not related to oegopsids. In our analysis idiosepiids were deposited
within oegopsids or between oegopsids and myopsids. Idiosepius has no apomorphy in
myopsid squids, suéh as bilobed digestivé gland (Bonnaud et al., 2005). Idiolsepiid is
possibly derived from myopsid-like ancestor. The first tree of the total evidence analysis
suggested the rﬁost basal position of idiosepiids among decapodiformes. Thisk position
was supported the previous st/udy using three nuclear protein geﬁes (Strugnell et.al.‘,
2006). Anyway, fhe basal position of Idiosepius among teuthoids was suggested. To
study the development and morphology of Idiosepius will give‘ins‘ight into the teuthoid
evolution. Their fully described developmental stages (Yamamoto, 1988) and utility of
eggs also make them suitable material for cephalopod developmental studies‘
(Yamamoto et al., 2003).

Also vstanding, on the molecular phylogeny, we can conclude the exceptionai
position of sepiolids within decapodiformes, as Fioroni (1881) suggested by the |
morphological aspects. Our phylogeny showed sepiolids (containing Sepiadariidae) are
basal to teuthoids with sepiids. Monophyly of sepiolids was not suppoﬁed in any trees.
The first total evidence tree didn’t show monopﬁyly between Sepiolidae and

Sepiadarium. However the second tree and amino acid analysis supported monophyly
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of sepiolids. The relationship between sepiolids and sepiiels was not supborted with high
statistical values. Clarke (1988) proposed separation of sepiolids from the Sepioidea
(sepiids) Eased on some common features in sepiids and sepiolids, such as ﬁhs,
secondary eyelids, lateral funnel adductors and ventral septa, wﬁich may adapt for the
benthic life. Idiosepiue also has the ventral septum (Steenstrup, 1881) due o the bottom
life. Thus it is not informative for their phylogenetic analyses. The change of i-ife history

(benthic or pelagic) and lack of fossil records caused confusion in phylogenetic

relationships among cephalopods.
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Figure legend

Fig. 1 Phylogenetic relationshipé among decapodiformes aﬁcording to various authers. a,
According to Fioroni (1981); b, According to Bertheld and Engeser (1987); c ,
According to Clarke (1988); d, According to the molecular phylogeny using COIiI
genes (Bonnaud et al., 1997); e, According to (Takumiya et al., '2005); t;, According |

~ to (Strugnell et al., 2005). AA, amino acid sequeﬁdes; I, idiosepiids; M, myopsids;
NS, nucleotide sequecnces; O, oegopsids; Sd, sepiadariids; Se, sepiids; So, » |
Sepiolids._

Fig. 2 Phylogenetic trees derived from the analyses of rRNA genes. a, Maximﬁm
likelihood tree derived frorh the analysis of nuclear rRNAs (1 SS+2SS) data set. The |
parameters in the model were defined as: rate matrix, R(a) [A-C] = 3.5860, R(b)
[A-G] = 6.0172, R(c) [A-T] = 2.7949, R(d) [C-G] = 1.2249, R(e) [C-T] = 9.2851,
R(f) [G-T] = 1.0000, gamma distributioﬁ shape parameter (Gammashape)=0.8638,
and pr;)portion of invariable sites (Pinvar)=0.4598. b, Maximum likelihood tree
derived from the ahalysis of all rRNAs (185+28S+165+12S) ciata set. Best-fit
model for all rRNA (188+28$+16S+128 rRNA) data set under AIC framework Was
estimated for GTR+I+G model: Rmat=(0.4476, 4.1526, 3.3908, 0.2876, 3.3515),
Gammashape=0.8062, Pinvar=0.6058. Numbers at node indicate the support values:
bootstrap values of fhe maximum likglihood analysis/ontstrap values of the
maximum parsjmony analysis/posterior probabilities of the Bayesian analysi_s.
Bootstrap values were estimated with 1,000 replications. Support values under 50%

or 0.50 are not shown. Bars represent number of substitution per site. Bars in right
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column indicate their taxonomic grouping.

Fig. 3 Phylogenetic trees derived from the analyses of nuclear protein genes. a,

Maximum likelihood tree derived from the analysis of first and second codon
position of nuclear protein data set (Pax-6+Rhodopsin). The best-fit model for ‘
nuclear protein data set (fust+secoﬁd codon) was defined as SYM+I+G model -
undér AIC framework: Rmat=(2.7733, 3.7198, 1.4509, 1.0686, 2.0712),
Gammashape=0.5374, :Pinvar=0.573 7. b, Maximum likelihood tree derived from
the a’nalysis of allv codon position of nuclear protein data set (Pax-6+Rhodopsin).
The best-fit model for the nuclear protein data set (all codon) under AIC framework
was déﬁned as SYM+I+G model; Rmét=(3.5860, 6.0172, 2.7949, 1.2249, 9.2851),

Gammashape=0.9268, Pinvar=0.4344. Numbers at node indicate the support values:

~ bootstrap values of the maximum likelihood analysis/bootstrap values of the

maximum parsimony analysis/posterior probabilities of the Bayesian analysis.
Bootstrap values were estimated with 1.,000 replications. Support values under 50%
or 0.50 are not shown. Bars represent number of substitution per site. Bars in right

column indicate their taxonomic grouping.

Fig. 4 Phylogenetic trees derived from the analyses of mitochondrial protein genes. a,

Maximum likelihood tree derived from the analysis of the first and second codon
position of the mitochondrial protein gene data set (COI+Cytb+NDS5). Best-fit
model for mitochondrial protein gene (1st+2nd codon) data set under AIC

framework was defined as SYM+I+G model: Rmat=(3.5860, 6.0172, 2.7949,

1.2249,9.2851), Gammashape=0.9268, Pinvar=0.4344. b, Maximum likelihood tree
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derived from the analysis of all codon p@sition of mitochondrial protein gene data
set (COI+Cytb+NDS5). The best-fit model for the mitochondrial protein gene (all
codon) data set under AIC framework was defined as TVM+I+G model:

Rmat=(0.0965, 16.1831, 1.2986, 3.6813, 16.1831), Gammshape=0.2346,

Pinvar=0.2358. Numbers at node indicate the support values: bootstrap values of the

- maximum likelihood analysis/bootstrap values of the maximum parsimony

analysis/posterior probabilities of the Bayesian analysis. Bootstrap values were
estimated with 1,000 replications. Support values under 50% or 0.50 are not shown.

Bars represent number of substitution per site. Bars in right column indicate their

~ taxonomic grouping.

Fig. 5 Maximum likelihood tree derived from the analyses of amino acid sequences of

mitochondrial protein genes (COI+Cytb+NDS5). Numbers at node indicate the
support Vélues: bootstrap values of the maximum likelihood analysis/bootstrap
values of the maximum parsimony analysis/posterior probabilities of the Bayesian |
analysis. Bootstrap values were estimated With 1,000 replications. Support values
under 50% or 0.50 are not shown. Bars represent number of changes per site. Bars |

in right column indicate their taxonomic grouping.

Fig. 6 Maximum likelihood trees derived from the restricted taxa. a, Maximum

likelihood tree derived from the analysis by nucleotide sequenées of the nuclear
rRNA data set. This topology was supported with the highest likelihood
concatenated. b, Maximum likelihood tree derived from the aﬂalysis by amino acid

sequences of the mitochondrial protein data set. This topology was supported with
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the second highest likelihood. Numbers on each node indicate RELL bootstrap

Vallies (10,000 replications). Bars represent number of changes per site.
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Table 1 List of cephalopods used in this study
Species ' ' Mantle length (cm) Sex Locality Colletion
) ' » date
" Idiosepiids Idiosepius paradoxus _ 1 - Ushimado, 12.May.03
| _ Okayama |
Sepiids Sepia esculenta : 6.4 male Minabe, Wakayama 30.Jan.02
Sepia officinalis ' 257 male * 9.Sep.04
Sepiolids  Sepiadarium kochii ‘. 2.2 female Tosa, Kochi 10.Mar.03
Euprymna morsei : 45 male Izumisano, Osaka 8.Feb.03
Rossia pacifica 7.1 female Uozﬁ, Toyama 6.Mar.03
Myopsids  Loligo bleekeri 145 female Uozu, Toyama 5.Mar.03
Sepioteuthis lessoniana 17.5 female Minabe, Wakayama 29.Jun.03
Oegopsids  Berryteuthis magister | 17 male Irino, Kochi 6.Mar.03
Ommastrephes bartramii 31 female Irino, Kochi 14.Feb.03
Todarodes pacificus | : 20 female Aomori, Aomori 26.Sep.03
Watasenia scintiluns , 43 male Uozu, Toyama 5.Mar.03

* This specimen was imported from Morroco and collected at a fishery market in Osaka.



Table 2. Genes analyzed in this study

Base frequencies

Length (bp) Length (AA) , Primers References
A C G T '
18S1F, TACCTGGTTGATCCTGCCAGTAG
18S4R, GAATTACCGCGGATGATGG Giribet ez al. 1996
v A ‘ 18S3bf, GGGTCCGCCCTATCAACTG Lindgren et al. 2004
18S rRNA - 1912 - 0.21 0.2773 03122  0.2005 v
. 18Sbi, GAGTCTCGTTCGTTATCGGA Whiting et al. 1997
188a2.0, ATGGTTGCAAAGCTGAAAC
18S9R, GATCCTTCCGCAGGTTCACCTAC
: 28Sa, GACCCGTCTTGAAACACGGA
28S rRNA 227 - . 0.2463 0.2684 0.354  0.1313 Whiting et al. 1997
28Sb, TCGGAAGGAACCAGCTAC
Pax-6 273 0248 0.2569 0.2886 0.2064 Pax-6F1, AWKGKCAYAGWGTAAATCAGC
: 90 ' in this study
(Ex 3™ codon) 182 0.2575 0.2308 0.2967 0.2151 Pax-6R1, ARGVTACACTTGGTATATTATCC '
Rhodopsin : | | " RhodF1, CAWSACCATGDCWATGGTCTCC
653 , 0.2416 0.2574 0.224 0.2771 .
‘ ‘ RhodRIN, GGTGCTCCTTGGGGWGGTG '
o217 _ 4 ‘ in this study
(Ex 3™ codon) RhodF2, TACAAYGTMATYGGDAGACC
434 0277 0.205 02276 0.2904 , _ ’
RhodR3, CATCATDGCCATCATYTC
16Sar, CGCCTGTTTRHCAAAAACAT
Bonnaud et al. 1994

16S rRNA 414 - 0.3225 0.1121 02085 0.3569 -
g . 16Sbr, CCGGTYTGAACTCAGATCAYGT

128d, YAAACYRGGATTAGATACC

12S rRNA 318 - 0.333  0.0904 0.1647 0.4118 Bonnaud et al. 1994
: : 128e, GAGRGYGACGGGCGRTGTGT
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- CcoI
(Ex 3™ codon)
Cytb
(Ex 3" codon)
ND5
(Ex 3" codon)

591"
304

975
650

568

378

196

324

189

0.2742
0.2091
0.2436

0.2243

0.2744
0.2503

0.2016
0.231

0.1109
0.1414
0.1163
0.1539

0.1705
0.2214
0.1898
0.2205
0.172

0.1882

0.3537
0.3385
0.4556
0.4138
0.4373
0.4076

HCO01490, GGTCAACTCATAAAGATATTGG
LCO2198, TAAACTTCAGGGTGACCAAAACA
CytbF1, GTTCATTRCGWAAAAVWCATCCTG
CytbR1, GGRCTDCYHCCAATYCAWGTTA ‘
ND5F1, TTRGGDTGRGAYGGDTTAGG |

ND5RI, SWRTGRTAATATTWCCHCCACA

Folmer et al. 1994
in this study

in this study
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Table 3. The numbers of sequences in the aligned data

sets
Data sets Total numbers of =~ Numbers of constant Variable Parsimony informative
characters - characters characters characters
Nuclear rRNA 2,117 1,764 375 214
- All TRNA 2,871 2,309 569 370
Nuclaer protein (all codons) 925 560 365 258
142" codon 616 487 129 70
' Mitbchondrial protein (all 2,134 1,128 1,006 732
codons)
1°4+2" codon 1,422 1,065 357 209
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Table 4 The sister taxon of idiosepiids by the analyses in each data set

ML MP Bayes
nuclear RNA teuthoids teuthoids teuthoids
all IRNA teuthoids teuthoids sepiids

| ) the other the other
nuclear protein (1+2 codon) . : N -
decapodidormes - decapodidormes
T the other o
nuclear protein (all codon) myopsids+sepiids _— myopsids+sepiids
_ : decapodidormes
mitochondrial protein (1+2) oegopsids’ oegopsids -
mitochondrial protein (all '
codon) oegopsids oegopsids multifurcating




Table 5 Comparisons of log-likelihood with constraint trees and likelihood ratio tests

using PAUP*
18S+28S
-InL Aln  P-value P-value
v L KH SH
No constraint <5554.70> , v
((I.par,I.pyg;S.koc)) .5572.35  17.65 - 0.06 0.034*
(((I.par,I.pyg,S.koc),H.haw;S.leu,S.aff)) 5576.15 21.45  0.017* 0.013*
Pax+Rhod (1st+2nd codon)
‘ anL - Aln KH. SH
L
No constraint <2200.60>
((Lpar,L.not,S.koc)) 2222.17 21.58  0.016* 0.011*
(((Lpar,L.not,S.koc),R.pac,E.mor)) 2228.56 27.97  0.008** 0.004**
COI+Cytb+NDS (1st+2nd codon) | |
-InL Aln  KH ~SH
. _
No constraint <5756.50>
((I.para,S.koch)) - 578524 28.74 0.052 0.024*
(((I;para,S.koch),R.paciﬁca,E.mbrsei)) 5787.61 31.11  0.043% - 0.021*

a
i

The log-likelihoods, In L, of the ML trees are given in angle brackets and the differences,

Aln L, of the constraint trees from that of the ML tree are shown. The constraint trees were

analyzed under constraints making Idiosepius form a clade with Scpiadarium, or with
sepiolids. The likelihood differences evaluated by KH test and SH test using PAUP*. The
P-values are listed and the values under 0.05 are shown with astalisk (*>0.05, **>0.01).
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Table 6 Comparisons of log-likelihood of tree topologies

COI+Cytb-+NDSA

18S+28S Pax-+RhodA Total

-Aln RELL  -Aln BP  -Aln BP  -AlnL:SE BP

L+SE BP  L+SE L+SE
COL+Cytb+*NDSANJ 162160 0.0164 27.3152 0.0035 10.5:10.0 0.1171 27.5243 0.0276
COI+Cyth+*ND5A ML 16.1£16.0 ~ 0.1287 27.0+15.0 0.0018 <4287.3> 0.7573 16.7422.0 0.258
Pax+RhodA NJ 18.9+12.1 0.0317 12472 03344 57.84234 0  51.3427.4 0.0035
Pax+RhodA ML 18.9£12.1  0.0048 <1757.0> 0.3267 53.1:24.6 0.0009 45.5+27.4 0.0145
18S+28S NJ 50548 01215 7.1+13.6 0.0972 343£19.6 0.0044 19.98244 0.0142
18S+28S ML C<4731.1> 0692 394124 02362 22.6:20.1 0.1067 <10802.0> 0.6821
16S+12S NJ 427£19.9 00031 37.1x127 0 60.8£28.6 0.0096 114.1£37.1 0
16S+12S ML 447£192  0.0018 4514169 0.0002 58.0426.9 0.004 121.3+37.2 0.0001

The log-likelihood, In L, of ML trees are given in'angle brackets, and the differences, Aln L, of alternative trees

from that of ML trees are shown with their SEs (following +). The log-likelihood, In L, of ML trees are given

in angle brackets, and the differences, DiIn L, of alternative trees from that of ML trees are shown with their

SEs (following +). RELL Bootstrap values (BP) are estimated by Resumpling of the Estimated
Log-Likelihood Bootstrap values (BP) are estimated by the RELL method (Kishino ef al., 1990) using

molphy 2.3b3.
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Chapter 3

Structure and expression of vascular endothelial growth factor receptor of the

cephalopod, Idiosepius paradoxus
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Abstract

The cephalopod mollpécs have a closed blood-vascular systérp. Their vascular Wall.
is quite different from the other molluécs in the presence of endothelial cells and is
rather similar to the vertebrate vascular wall. However, the cephalopod circulatory
system appears to derive from an open blood-{fascular system of their ancestor.

V ascul:ar endothelial growth facfors (VEGFS) are fhe major inducers of vascular
deVelopment and regulator of permeability of blood vessels in vertebrates. Their effects
are mediated by tyrosine kinase receptors of the VEGF receptor (VEGFR) family. We
cloned a VEGFR-like tyrosine kinase receptor from the pygmy-squid Idiosepius /
paradoxus, using a RACE method. Vertebrate VEGFRs have seven immunoglobulin
(Ig) domains in the extracellular region and a split-type tyrosine kinase doméin in the
intracellular region. The protein blast suggests the intracellular tyrosine kinase domain
of the Idiosepius VEGFR hé.s a homology to Branchiostoma VEGFR (E=1e-62) and
Gallus VEGFR3/FLT4 (E=5e-59). Phylogenetic anaiyses using amino acid sequence of
the kinase region showed sister relatipnships between the jdiosepius and Droﬁophila
VEGEFR genes, but in Idiosepius six Ig domains existed in theif extracellular region.
The VEGFR gené was exPreSsed in lateral regions of thé vena cava in Idiosepius

embryos. Subsequently, VEGFR was expressed in retina and peripheral blood.vessels in

the arms and brain. This suggests that vertebrates and cephalopods share similar

_ developmental pattern of vascular systems. The VEGF pathway might be involved in

the secondary innovation of a closed circulatory system lined with endothelium.
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Introduction

Extant cephalopods (nautiluses, octopuses, squids, and cuttleﬁsheé) exhibit
numerous morphological peculiarities among molluscs, not only in their nervous system,
but also their closed circulatory system. The presence of highly derived circulatory
system is essential to maintain organs with high metabolic rate, such as a brain ahd
rﬁuscles. Their peculiarities appear to derive from a molluscan ancestor, which had the
simple nervous systém ahd fhe open vascular system. Because of the large differences
between the ééphalopod and the other molluscs, comparative studiés in their
development could contribute to understand the molluscan evolution and how the
complex dey plan as in the cephalopods was formed.

Vascular systems of invertebratgs are different froth those of vertebrates in the
absence of a true endothelium, an adluminal continuous layer of epithelial cells
interconnected by speciél junctiona:11 complexes. Large vessels of invertebrates are
constituted of spaces located between the basement membranes of endodermal and
coelomic epithelia, or between two-coelomic epithelia. Cells adhered to the luminal
surface of these basement membranes are occasionally present and, in some cases,
abundant (feviewed in Casley-Smith 1980; Ruppert and Carlé 1983). However, single
vésseis in the qephalopod are built in a vertebrate fashion, with an endothelial lining on
the luminal side of a basal lamina (Budelmann et al. 1997). The basal lamina was
sﬁrrouhded by pericytes; which contain smooth muscle fibers. In the large aorta the
muscle fiber cells are arranged in 5 to 7 layers of circular and longitudinal smooth

muscle. The wall of blood vessels in the cephalopods is quite similar to the vertebrates,
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but have ﬁo typical cellular junction among the endothelial cells. Thé peculiar blood
vessels in the cephalopod are in all probably secondarily deyel‘oped as in holothuroid
among echinoderms and in Vertebratés among chordates (Ruppert and Carle 1983). The
occurrence of endothelia is assumed to be corre_latéd functionally with blood vascular
systems aqting at high mecrhanical pressures és are described both for cephalopod and
vertebrate systems (Wells 19’78; Prosser 1973). |
Vascular endothelial growth factors (VEGFs) are the major inducers. of vascular
develobme_nt and regulator of permeability of blood vessels in vertebrates (Carmeliét gt :
al., 1996; Ferrara et al., 1-996; Ferrara and Davis-Smyth, 1997). The VEGF is related to -

a platelet derived growth factor (PDGF) family, which has important functions during

development of the kidney, lung, blood vessels, and central nervous system (Heldin and -

 Westermark, 1999). The effects of VEGF are mediated by tyrosine kinase receptors of

the VEGF receptor (VEGFR) family (Neufeld et al., 1999). The VEGFRs are located on
endothelial cells differentiating from mesodermal precursors in the vertebrate. In the

embryo of Drosophila, an invertebrate organism without endothelial cells or blood

- vessels, a single VEGFR gene (Pvr) is expressed in developing and matured hemocytes

(Cho et al., 2002; Heino et al., 2001). The three ligands, Pvf1-3, are expressed
ubiquitously in a whole embryo and are concerned simultaneously with the blood cell
development (Cho et al., 2002). The Pvf pathway also mediates border cell guidance

during oogenesis (Ducheck et al., 2'(.)01). VEGFR-like tyrosine kinase is also known in a

: cnidafian, Podocoryne carnea (Seipel et al., 2004). The VEGFR-like receptor and the

ligand are expressed in théir gastrovascular system. Thus, the VEGF signalling pathway
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probably has originated in the common ancestor of the Cnidaria énd Bilateria. Recent
studies have revealed that thé VEGF signaling pathways are also present in various
metazoan animals such aé annelids, ascidians, and echinoderms (Duloquin et al., 2007,
Eguileor et al. 2001; Gasparini et al., 2007). Tettamanti et al. (2003) reported that the
botrytis tissue of the leech, Hirudo medicinalis, is respénsible to human VEGF protein
and then reorganize itself in hollow channels ‘linéd by endothelial-like cells in order td
allow defensive hemocytes to reach the place of an eventual infection. Thus, VEGF
signaling might play a role in epithelial-mesenchymal transiﬁon and become involved in
inducing endothelium-like tissue in some metazoan lineages (Mufioz-Chapuli et al.
2005).

In tﬁe present study, a VEGFR-like tyrosine kinase receptor was cloned from a
pygmy-squid, Idiosepius paradoxus Ortmann, 1888. The receptor of vascular
endothelial growth factor was shown to be expressed in developing blood vessels of

Idiosepius embryos.

Materials and Methods
Animals

Adult individuals of Idiosepius paradoxus were collected in Zostrea beds around the
Ushimado Marine Laboratory, Okayama University. The squids were kept in a compaét

fish tank according to Yamamoto (1988')‘. ‘Spawned eggs were transferred to a petri dish

‘and kept at 18°C. Embryonic stages were determined by using the normal table (see

" Yamamoto, 1988). A chorion was removed with forceps from embryos from Stage-22
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to Stage-27. Prior to stage-21 the chorion was softened and removed according to

- Yamamoto et al. (2003), because the embryo has a narrow perivitelline space. The

embryo of Stage-27 and the subseqﬁent stages were anesthetized in seawater containing -
1% ethanol and they were fixed overnight at 4°C in the phosphate buffered saline (PBS)
containing 4% paraforrha_ldehyde and 0.1% Tween 20. Embryos for in situ hybridization
were progressivelyvdehydrated With gradual series of methanol/PBS+1% Twéen20

(25/75, 50/50, 75/25, 100/0). The dehydrated embryos were stored at -20°C. until further

use.

Molecular clbm’ng of cDNAs

| A short fragment with homology to the claés V receptor tyrosine kinase domains
was isolated from Idz’osepz‘us cDNA using nested dggenerate PCR. Primers for the
degenerate PCR were designed‘acco;ding to Seipel ef al. (2004): VEGFR-FI
(5’-vgigayytigcngcnmgiaaé’), VEGFR-FII (5.’-aarathksigayttyggnytigc—3’), VEGFR-RI
(5’-Ccanariaviayiccrtanéacca—3’). A 115bp fragment was used to design homologous
primers for 5” and 3° RACE.

5’- and 3’-regions of the VEGFR was obtained using a BD SMART RACE ¢cDNA
ampiiﬁcation kit (Clontech). Ready-to-use first strand cDNA was synthesized by a
manufacture protocol. The cDNA was synthesized from total RNA extracted from a
number of hatchling specimchs of I paradoxus using an RNeasy mini RNA extraction
kit (QTAGEN). The primers used to amplify the VEGFR cDNA extremities were

VEGFR-GSP1 (5’-cgcttttegttgtgtagattctgtgtg-3”) and VEGFR-GSP2
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(5’-ctgttacaagtctgéggaatatcat-3’). |
The product of the 5°-RACE reaction was approximately 4kbp and gel-purified

ﬁsing a Freeze extraction column (BIO-RAD Laboratories) and was cloned into a vector

| using a TOPO cloning kit (Invitrogen). The 1,294bp product of the 3°-RACE reaction

was also purified using Freeze extraction column and cloned into a plasmid using a

pGEM T-vector system (Promega). Plasmid DNA from transformant colonies was

purified with a GenElute™ Plasmid Miniprep kit (Sigma-Aldrich). Both strands of the

plasmid DNA were fully sequenced downstream of an insert site by the dideoxy
chain-termination method using Applied Biosystems BigDye® Terminators v. 3.1

(Sanger et al., 1997). Primers for the determination of the plasmids were as follows;

M13 Forward primer (5’-gtaaaacgacggccagt-3’), 5°-VEGFR SeqPrl

(5°-caatgcacagtgactgatcc-3’), 5’-VEGFR SeqPr2 (5’-tccattgtgtcgacaaagtt-3),
5°-VEGFR SeqPr3 (5’-tgctgtacatcttgcagaaa-3), 5’-VEGFR SeqPr4
(5’-ccggctattgaacttccaac-3°), 5>-VEGFR SeqPr5 (5°-ttgtaacgtgacatgeaacc-3°),
5’-VEGFR SeqPr6 (5’-ggggacttatcgttgtcttg-3°), 5’-VEGFR SeqPr7
(caaagcagggagagagcgag), M13 Reverse primer (5"—cag'gaaacagctatgac-3’), 3’-VEGFR .
SeqPrl (5’-atctccaggaatacatgaac-3’); 3’-VEGFR SeqPr2 (5’-cagaatcctgagtcatgtaa-3’,
3’-VEGFR SeqPr3 (5’-ggacaaaatacccttaggaa-3’), and 3°-VEGFR SeqPr4

(5’ -tgtecactgtectettgatgg-3°).

Another short fragment was isolated using nested degenerate PCR with the primers

VEGFR—FI, VEGFR-FII, and VEGFR-RI. The fragment showed a homology to FGFR
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‘and was used to design homologous primers for RACE. The primers used to amplify the

FGFR c¢DNA extremities were FGFR-GSP1 (5°-cacatcacttttagttgttgtatattttt-3’) and
FGFR-GSP2 (5’-atattgattactataagaagacaacag-3). The product of the 5° and 3°-RACE

reactions were gel-purified using Freeze extraction columns and was cloned into vectors

using pGEM T-vector. Both strands of the plasmid DNA were fully sequenced using

following primers; 5’-FGFR’SeqPr1 (actgaccgtttcagtcatgg), 5’-FGFR SeqPr2
(taacattttcécaccacgg), 5’-FGFR SeqPr3 (aatcaggagagccatttgttc), and 5’-FGFR SeqPr4

(ggtacaacatcttttatggtt).

To obtain a homolog of Stem Cell Leﬁkemia (SCL)/Tal-1 gene, a short fragment
with the homology to a basic helix loop helix domain was isolated from Idiosepiﬂs
cDNA using nested degenerate PCR. Primers fo.r the degenerate PCR were SCL-F1
(acnaaywsnmgtgarmgttgg), SCL-R1 (yttyttrtenggiggrtg), and SCL-R3 (tttswnryttyttrtc).

The primers used to amplify the SCL ¢cDNA extremities were as follows: SCL-GSP1

‘ (ttggtacctaaccgectcaatteege), SCL-GSP2 (ggegteageaaaacgtgaacggggc). The product of

the 5° and 3’-RACE reactions were gel-purified using Freeze extraction columns and
cloned‘into vectors using pGEM T-vector. Both strands of the plasmid DNA were fully

sequenced.

A short fragment with the homology to cytoplasmic Actin gene was isolated from
Idiosepius cDNA usihg nested degenerate PCR. Primers for the degenerate PCR were

Actin-FIII (5’-ytigayttygarcargaratg-3’) and Actin-RII (5’-mgigtdatytcyttytgcat-3’). A
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255bp fragment showed a homology to moiluscan Actin II and was used to design

“homologous pfimers_ for RACE; Actin II-GSP1 (5’-ttccattccaag‘gaaagagggttgga-3’) and

Actin II-GSP2 (5’-ctgccgcttcttcaagctctttgga-3’).‘ The 917bp product of the 5°-RACE and
759bp product of the 3’-RACE reactions were gel-puriﬁe.d using Freeze extraction
columns and was cloned into vectors using pGEM T-vector. Both strands of the plasmid

DNA were fully sequenced. -

Molecular cloning from database

‘VEGF'-like growth factor was obtained from the datébase using tblastn web-search.
When Dr;osophz;la Pvf gene was used as a query, DB91224$ was obtained from the
tblastn search. The'D.B912248 gene transcript is similar to the AGAP009549-PA of
Anopheles gambiaé (E>=6e-10) and\PVf3, CG34378-PD of Drosophila melanogaster | \
(E=4¢-06). The primers used to amplify the VEGF cDNA extremities were
VEGF-GSP1 (atacctecgteggetetigetgaaa) and VEGF-GSP2
(caggétgcaagaaagaatgcccaagtc).

Ets-like transcriptional factor was obtained from the database using tblastn .

“web-search. When Drosophila Ets-1 gene was used as a query, DB913089 was obtained

from the tblastn search. The DB913089 gene transcript is similar to the v-ets
erythroblastosis virus E26 oncogene (blastx, E=8e-67). The EST deposit was used to
design homologous primers for RACE. The primers used to amplify the Ets-1 cDNA .

extremities were Ets1-GSP1 (ttggatagatgtttcogticggeg) and Ets1-GSP2

(aagttgtatcacctgggagggccg).
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/ Phylogenetic analysis

Multiple sequence alignments and phylogenetic analyses based on the
neighbor-j oiping ND) method were performed using Clustal X (Thompson et .al., 1997).
Sequences were aligned with default parameters. Positions with gaps were excluded
from the phylogenetic analyses. Accession numbers for protein sequences used in the
analyses are as follows: FGFR1-Hs, P11362; FGFR2-Hs, P21802; FGFR3-H$, P22607;
FGFR4-Hs, P22455; FGFRL-Hv, AY193769; Flt3-Hs, P36888; Fms-Hs, P07333;
Kit-Hs, P10721; PDGFR -Hs, P16234; PDGFR -Hs, P09619; PTK7-Hs, Q13308;
Pvr-Dm, AY079187; U24116-Hv, U24116; VEGFR1- Hs, P17948; VEGFR2- Hs,

P35968; VEGFR3-Hs, and P35916.

In situ hybridization
A 677bp fragment at 3° end of VEGFR was amplified with primers VEGFR-GSP2 -

and 3°-VEGFR SeqPr4. A 534bp fragment of 5° fragment of VEGFR was also

- amplified with primers 5’-VEGFR SeqPr5 and SeqPr7. The PCR products were

subcloned into the pGEM T-vector and used as a template to generate digoxigenin
(DIG)-labeled antisense probe by in vitro transcription with a DIG-RNA labeling kit
(Roche) using SP6 RNA polymerase (Roche). The sense control probe Was reversely
transcribed using T7 RNA polymeraée (Roche). |

The 5° fragment of Actin II was used to ainplify RNA probe. A fragment at 3° end

of 412bp was amplified with primers FGFR-GSP2 and 3-FGFR-IntPr
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(cmg;gacatggaggaatactggc). A 510bp ffagment at 5’ end of tile FGFR gene was
amplified with ‘primers FGFR-GSP1 and 5-FGFR-IntPr (ct'gtgaaa.atgttaaaagagg.atgc).
“For probe syntheses a.40‘1bp fragment at 3° end of SCL was ampliﬁed with primers
SCL-GSP2 and 3-SCL-IntPr (tatgcctgggttaaccggce). ’A fragment at 5° end of the VEGF
gene was amplified with primers VEGF-GSP1 and VEGF 5-VEGF-Int1;r
(cccatcatgcaccgtgttac). A fragment of the Ets gene was amplified with primers with

Ets-GSP1 and GSP2.

In situ hyiaridization was carried out using following proCédures. Embryos were
progressively rehydrate'd in methanol/PBS+1% Tween20. Thén they were incubated in
PBS containing 6% hydrogen peroxide and 1% Tween20 for 1hr at room temperature
(RT). .After two washes for S5min in PBST, they were incubated in a detergent mix

solution (1% NP-40, 1% SDS, Q.OS g/ml deoxycholate, ImM EDTA, and 0.15M NaCl in

50mM Tris, pHS8.0). This step was skipped in the stage-27 and the subsequent stage

embryos. The embryos were treated with 10ug/ml proteinase K in PBST, post-fixed at
RT for 20 min in PBST contéining 4 % paraformaldehyde, and transferred into a
hybridization buffer (50 % formamide, 5 x SSC, 1 % SDS, 50 ug/ml yeast tRNA and 50
ug/ml Heparin), followed by twb washes in PBST. The embryos in the hybridization
buffer were stored at -20 °C.

Embryos were pre-heated at 70-72 °C. After a total of 1 ug RNA probe was added,
hybridizations were performed overnight at 70-72 °C. The probes were washed out

twice at 70-72 °C in SolutionX (50 % formamide, 2 x SSC and 1 % SDS) for 30min. A
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half volume of the SolutionX was removed and»replaced to TBST (137 mM NaCl, 50

‘mM TrisHCL, pH 7.4, and 1% Tween20). Embryos were blocked in TBST containing

10% lamb serum for 2hr at RT. Antibody incubation was performed overnight at 4 °C in
TBST containing 1 % lamb serum and 1:5000 dilution of anti—digoxigenin antibody.
Detection was pérformed by immunochemical staining with anti-DIG Fab-AP (Roche)
using nitroblue tetrazoliuin/S-bromo-4-chlbro-3-indolyl phdsphate (NBT/BCIP, Roche)
as a substrate. Before the color detection, émbryos were washed three times in TBST
cqntaining 2mM levamisol for 10 min, five times 1n TBST for 1hr and let stand
overnight at RT in TBST. Then ‘thé embryos were washed three times with freshly
prepared NTMT buffer (100 mM NaCl, 100 mM Tris, pH 9.5; 50 mM MgCl2, and‘
0.1% Tween20). The color reaction was perfo@ed in NTMT containing 20ul/ml
NBT/BCIP solution for 1’-2hr. The stained embryos were let stand overnight in TBST to
clear. |

For photogréphy, embryos were progreSsiVely dehydrated in glycerol/TBST sefies

(30/70, 50/50, 70/30). Specimens were obserbed with an Olympus BX61 microscope.

Microinjection

To visualize Vésculatures of embryos, rhodamine-conjugated Retrobeads
(Lumafluor) was dilufed half with PBS and injected into their boptic sinus. The iﬂj ected
embryos were let stand for 1hr and then were fixed iﬁ 4% paraformaldehyde in PBS.
After progressi\}e dehydration in glycerol/TBST series, the embryos were obseryed Wi;ch

an Olympus BX61 microscope.
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Results
fdentiﬁcation of Idiosepius VEGFR gene

- The VEGFR cDNA is 5,093 bp with a start codon at position 660 followed by an
open reading frame Qf 3,892 bp, ending at position 4,552. The gené pr;)duct has 1,299
amino acids (Fig. 1a). The signalls‘equence is followed by six iMmoglobulin (Ig)-like
domains, a transmembrane‘ region, and a split type tyrosine kinase domain. The catalytic

domain contains tyrosine protein kinase specific active-site and ATP-binding signatures

with aspartic and lysine residues that are important for the catalytic activity and ATP

binding. The signature sequence GxHxivNLLGACT, typical for split-type kinase
domain of receptor tyrosine kinase classes III to V (Grassot et al., 2003), was slightly
modified to GqHInivNLLGAVT in the Idiosepius VEGFR, as well as in the Drosophila
Pvr gene. The protein blast suggests the intracellular tyrosine kinase domain of the |
Idiosepius VEGFR has a homology to Branchiostoma VEGFR (E=1¢-6.2) and Gallus
VEGFR3/FLT4 (E=5¢-59).

The Idiosepius VEGFR was most closely related to the Drosophila Pvr (Fig. 1b), |
hbw‘ever, the extra-cellular region of the Idiosepius VEGFR contains only six
I‘g-dom‘ains. The class V receptors of tyrosine kinase, such as the Vertébrate' VEGFR and
Drosophila Pvr genes, are characterized by seven immunoglobﬁiin (Ig)-like domains.
Class IV receptors, such as.the vertebrate PDGFR, includes five Ig domains. FGFRS are
class I1I receptors characterized by three Ig domains. Drosophila has no class IV

receptor, so that the Pvr gene is regarded as a homolog of both VEGFR and PDGFR
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genes. The phylogenetic tree suggests the Idiosepius VEGFR is also a homolog of the |

VEGFR/PDGEFR of vertebrates.:

Expression of the VEGFR gene and vascular fbrmaﬁ_oﬁ in Idiqsepius émbryo

‘In situ hybridizations were performed with the VEGFR ¢DNA (antisense) probe,
ActinII probe (cytoplasmic Acﬁn, .for posit@vé controls), and VEGFR sense probe (fdr
negative controls). Transcripts of ActinlI were detected in a whole embryo.
Non-specific signals were often seen in a shell sac using a VEGFR sense probe.

" The embryonic developmént of the cephalopods is quit different from tﬁe other

: w
molluscs and characterized by a large amount of yolk, meroblasﬁc blastoderm, possible
epibolic gastrulation, and direct development without typical molluscan larval stages.
At the beginning of the éﬁbryonic developl/ﬁnent, a blastodisc is formed on animal pole
of an ellipsoidal egg (Fig. 2a, b). The blastodisc expa_nds over the surface of yolks (Fig.
2¢). When th¢ 2/3 of the egg surface is cellulated, various organ primordials, such as the
eyes, stétocysts, shell gland, and mouth, appc?ar_in the form of ectodermal placc;de (Fig.
2é). No transc;ript of the Idiosepius ‘VEGFR was detected at thé epibolic stages (data not
shown). Erﬁbryonic body begins to stand up from the egg surface at stage 21. Most
stage-21 embryos start to rotate clock-wise in the chorion. The transcripts first appeared
ét stage-21 embryos (Fig. 3a). In this stage embryo, primary vena cava was observed in
the visceral mass using fluorescent beads. The vena cava loéated in the ventral midline

branches into future branchial hearts at the both sides (Fig. 4a). Before systemic and .

branchial hearts begin to beat, embryonic circulation is driven by peristaltic pulsation of
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the outer yolk sac envelope. The VEGFR tran;scrip_té appeared in two spots beside the
vena cava (Fig. 4a’).

By the late organogenesis stage (from stage-24 to -25), a mantle completely Coveré
the gill (Fig. 1e). The rotational movement gradually stops but the yolk sac pulsation
.becomes stronger. Significant VEGFR-specific signal was oBserved in developing
structures ink\‘\the arms and the brain in the embryos at stage-25 (Fig. 3b). The
expressions were also found in retinas of the embryos. Microangiography showed vena
cava, brachial sinus, ophthalmic sinus, and a pair of branchial hearts at the stage-25
embryos. However, no blood vessel was observed in their brain and the arms F 1g 4b).
Atl stage-27 embryos, blood vessel network appears to surround the arm and flow into
the branchial sinﬁs (Fig. 4c). An arm vein is ldcated abéral to arm artery. The VEGFR
was s;till expressed throughout the retina at the stage—27 embryo;. However, no
transcript was detected in the other organs (Fig. 3c).

Ets-1 transcript was detected in a part of anterior sub—esophageal mass (ASM) of the
brain (Fig. 5a). The region probably corresponds in position to an inferior buccal lobe
(ibL). The ibL appears as a pair of small masses on the ventro-lateral sﬁfface of the
buccal mass at stage 22. The Ets-1 transcripts were seen in a surface of Optié lobe and a
funnel organ, and also observed continuqusly in the ibL at the later stages (data not
shown). FGFR transcript was detected in the arm base Vrregions between arm I and arm II,
the buccal mass, and the suckers. (Fig. 5b). No SCL specific signal was detected in the

embryos (Fig. 5¢).
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Discussions
The Idiosepius VEGFR containsﬂoverall characteristics of the class V receptor

tyrosine kinase. The class V receptors were characterized by the presence of seven

‘Ig-domains in the extracellular region; however, the Idiosepius VEGFR transcripts have

only six [g-domains. Vertebrate VEGFs are closely related to PDGFs and éompose a

PDGF/VEGEF family (Franchini et al., 2006). Inyertebréte VEGF genes are also related
to the PDGF/VEGF protein family (Tarsitano et al. 2006; Duloquin et al. 2007; Harris
et al. 2007). The Drosophila Pvr gene, a homolog of the VEGFR/PDGEFR gene,
contains seven Ig-like domains (Cho et al., 2002). The amino.a-tcid.rylumbers of the .
Idiosepius VEGFR (1,299aa) is sirriﬂar to thaf of the human KDR/VEGFR-2 (1,356aa).
Compared to thé human VEGFR gene, the Idiésepius VEGFR lacks the 4th Ig-domain.
The 2nd and 3rd Ig-domains of the human VEGFRs act> as a binding domain to the
ligand (Yamazaki and M;)rita, 2006). The lack of 4th Ig-domain might have no effect on

ligand fecognition._The molluscan or cephalopod linage has possibly lost one of the

- seven Ig domains.

Function of VEGF pathway in cephalopod vascular formation

- The VEGF signaling péthways in the vertebrate vascular endotheliai pells Vare know
to be involved in vasculogenesis and angiogenesis. Angiogenesis is a process of blood
vessel formation from pre-existing tissues (Risau 1997). Expressions of the Idiosepius
VEGFR were observed apparently in the blood vessels of the brain and the arms in the

stage-25 embryos. This result suggests the VEGFR was associated with the angiogenic
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processes of the peripheral blood vessels, such as the arm vessels and the brain arteries.
However, the microanéiography showed no signal in the corresponding regions in the
stage-25 embryos. Subsequently, Blood vessel network was observéd around their arms
of stage-27 embryos. Microangiography probably labeled only the; lumens of fully
formed and functional vessels, so that this method may not be useful for visualizing
active behaviors of vascular cells or their progenitors, such as sprouting and migration
of endothelial cells (Cha and Weinstein, 2007). This temporal discrepancy suggests that
the VEGF signaling is correlated with early tubular formation in the Idiosepius embryo.

In vertebrates sprouts possess a tip region where the endothelial cells are organized as a

- compact string without a lumen (Patan, 2000). Subsequently, the sprouts mature into

new vessels with lgmen, and a»continuous basement membrane is formed (Davis and
Senger, 2005). Vascular lumenization of intersegmental arteries in zebrafish is derived
from intracellular and intercellular fusion of vacuoles within anv endothelial cord (Kamei
et al., 2006). Nemerteans have a closed _endothelium—lined vascular system; their
presumed vessels are formed from solid cords of rﬁesodermal cells through a process
identical to the schizocoelic formation of the coelom in protostomes (Turbeville 1991).
The expression patterns of the VEGFR indic-ate that the peripheral blobd vessels in
Idiosepius first appear as an endothelial cord, theﬁ benetrate into the tissue, and ﬁnally
lumenize. The cephalopod VEGFR may contribute to their angiogerﬁc processes before |

lumenization.

In the vertebrates vasculogenesis gives rise to the heart and the primitive single
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large artery and vein, which are generated by the differentiation from the lateral
mesoderm (Risau and Flamme, 1995; Patan, 2000). In cephalopods the circulatory
system appears as a narrow hemal space between the yolk syncytium and the envelope '
(Boletzky, 1975). The embryonic sinuses smoothly shift from narrow spaces to tubules,
the first of which are thé primitive paired venae cavae. Microangiography showed that
blood flows through the primitive vena cava to a visceral mass in the Idiosepius embryo.
The embryonic circulation is driven by the perisfaltic pulsation of the outer yolk sac.
Ultrastructural studies showed that the dctopus vascular system appears initially as
lacunar (schizocoelic) spaces, and subsequently is surrounded by a basal lamina and
endothelium (Boletzky, 1975; Boletzky, 1987). The Idiobepius VEGEFR was expressed
iﬁ both sides of thé primitive vena cava of stage-21 embryos. Fioroni (1978) reported
that “coelom-mesoblast complex” is located beside primitive vena cava in OctoApus>
embryos. The progenitor of endothelial cells might originate out of ventral side of the
body and move into the primary tube of the vein. In several invertebrate groups, such as
annelids, molluscs, echinéderms, and cephalochordates, a type of hemocyte, called as
amoebocyte, has been shown to adhere to the basement membrane (Ferﬁéndez et al.
1992; Smiley 1994; Ruppert 1997). In cephalopods as well as in holofhurians the
adhered amoebocytes are so abundant that they shdw the appearance of enddthelium
(Smiley, 1994; Budelmann et al., 1997). Ruppert and Carle (1983) have claimed that
these animal groups actually bear an endothelium-lined vascular system. On the other

hand, Muifioz-Chépuli et al. (2005) assumed that a true endothelium must be

characterized by the presence of intercellular junctions, and the adherent amoebocytes
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are free cells that migrate throughout the inner surface of the vessels. The expression of
the VEGFR in the cephalopod indicates that the cephalopod endothelium is derived
from a hemocyfe progenitor, although the peripheral blood vessels are formed as solid

cords, and later lumenized in their angiogenic process. - -

| A pair éf branchial heart is a specific organ of cephalopods, it pumps blood into
gills (Budelmann et al., 1997). These organs are developed ontogenetibally and
phylogenetically from veins (Fiedler and Scﬂipp, 1987). In mid—stage (stage XII) of
Octopus embryonic development, branchial hearts épbear as lumens on both sides
within the mesodermic masses underlying- the gill buds (Boletzky 1987). Tﬁe
rudimentary 'bfanchial hearts begin to pulsate soon after formed a lumen and before a
S};stemic heart actively beats. The expressions of the VEGF_R support the assertion thét

the branchial hearts have the same origin as the blood vessels.

Most invertebrates have no endothelium in vascular walls, so the cephalopod
represents an éxceptional instance of invertebrates having a vertebrate type blood vessel.
The blood vessels of the cephalopods, regardless of the caliber and the type, have
fundamentally three layers, the pericyte, basal lamina, and endothelium (Budelrﬁann et
al., 19975. The wall structure is similar to that in the vertebrates, although the
endotheliﬁm is often incomplete and has no typical cellular junctions (Schipp, 17987).

Tubular sprouting is the most important angiogenic mechanism in the vertebrates, and

~ involves to the development and growth of new vessels starting from evagination of the
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endothelial wall. In the cephalopod aortic formation occurs after the embryonic body
stands up on the yolk. Aorta cephalica develops from a systemic heart at late embryonic

stage and runs down dorsal side of the body. Brain and arm arteries branch from the

aorta cephalica by the angiogenesis-like process. The VEGF is a critical inducer of

proliferation, migration, sprouting, and tube formation in tissues during the
angiogenesis (Tamméla et ai., 2005). In inetazoans, the branching of tubular structures
occurs in various organs of different embryonic origin, such as, the ectodermally
derived Drosophila tracheas (Ghabrial et al. 2003), endodermally derived tubules of
jel.lyﬁsh (Seipel et al. 2004), ectodermally derived vessels of coloni{al ascidian B.
schlosseri (Gaspariﬁi et al. 2007), and mesodermally derived vertebrate vessels (Risau
1997). Althqugh the Drosophilq tracheas are formed using a FGF pathway, the VEGF
signal accompanies these sprouting structure. On the other hand, the VEGF signal
pathway takes part .in the formation of solid nérves (Weinstein 2005) and in
development of non-branching tubular structures, such as of vertebrate myocardium and
Dros'oph.z'la salivary glands (Tomanek et al. 2006; Harris et al. 2007). Thus, an identical
germ layer origin is not required for fdrmation of the tubular or solid structures using
the VEGF pathway. Seipel et al; (2004) hypothesized that the tube formation in
chidarians probably reﬂe;:ts the ancestral function of the VEGF-signaling pathway. The
VEGF pathway might have co-opted dur_ing’ metazoan evolution in several
morphogenetic/differentiative processes. The presence of VEGFR in the ceﬁhalopod
vascular formation is likely associﬁted With secondary derivation of cephalopod |

vasculature from a molluscan ancestor, although the VEGF expression is not reported in
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the other molluscs. Some transcription factors are known to be upstream and enhancer
of the vertebrate Flk-1 (Kappel, et al., 1999). Ets-1 or SCL are critical for the

endothelium-specific expreésion of Flk-1 (Kappel et al., 2000). Their homologs were

~ not expressed in the Idiosepius embryos, but the SoxE expressions were observed in the

blood vessels of Octopus embryo (Shigeno, personal communication). This result
suggests that the cephalopod VEGF pathway is regulated by some regulatory genes,
which are different from those of vertebrates. Secondary derivations of the cephalopod

endothelium are possibly supported by the presence upsfream regulatory genes of

VEGF pathway.

Possiblefunction of the cephalopod VEGF pathway in retinal develbpment

The retina is one of the organs abundant with blood vessels. The VEGF is related to

" the neovascular diseases including diabetic retinopathy (Adamis et al., 1994; Aiello et

al., 1995; Amin et al., 1997). In these diseases Flk-1/VEGFR-2 is expressed in
microvascular endothelial cells and Flt-1/V E_GFR—I is expfessed in both endothelial
cells and pericyte (Nomura ef al.,, 1995; Takagi et al., 1996). The cephalopod eye is
highly developed ahd similar to the vertebrate eye, as well as the circulatory system.
However, the retina appears as an ectodermic placode in the cephalopod embryos, not
as in the Vertebraté embryos. Many blood vessels were observed within the Idiosepius
retinae, as Budelmann et al. (1997) reported in the other cephalopod retina. However,
the VEGFR ‘expression was observed in the whole retina of the Idiosepius embryos, not

only in the endothelium. The expression may be correlated to retinal development in the
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cephalopod. The Pax-6 has some conserved roles in development'of brains and eyes of
metazoan animals, and also in development of retina of a squid, Fuprymna scolopes
(Hartmann et al., 2003). The Pax-6 in Euprymna éxpressed in the eye primordia prior to |
closure of eye vesicles. The Idiosepius VEGFR begins to express in .the retina after
closure of eye vesicles. Thus, the VEGFR may not contribute to early development of
neural retina.

In the vertebrates VEGF-positive eﬁdothelial cells and.PDGF-positive glial cells
coordinately regulate retinal development. PDGF-A is expfessed by ganglion cells in
developing retina (Fruttiger et al., 1996, 2000) and has a role in the recruitment of
PDGFRa-positive astrocytes tQ the retina. The astrocytes populate the retinal surface |
during late embryonic stage in the vertebrates (Hﬁxlin et al., 1992).} They form a
netwdrk across the fetinal surface that subsequently works as a scaffold for angiogehic
spréuting. The PDGFRS is involved in the developmental processes in the pigmented -
and neural retina, the lens, corﬁeal epithelium, and the mesenchyme (BoZani¢ et al.,
2006; Li et al. 2007; Nagineni et al. 2005). Additionally, its appearance in the human
eye microvasculature might indicate its r;)le in the development of the eye bloéd vessels
(Mudhar et al. 19‘93). The class III tyrosine kinase receptor, such as PDGFR, have never
been reported in the invertebrates. The cephalopod VEGFR may contribute to glial

development in the similar fashion to the vertebrate PDGFRs.
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Figure legends

Fig. 1 a, Amino acid sequence of the Idiosepius VEGFR. b, The phylogenetic
relationship of receptor tyrosine kinase domains. The split kinase domain receptors

| have three (class III), five (class IV), and seven (class V) Ig-like domains. PTK7 is a
regular tyrosine kinase receptor with seven Ig-like domains ahd used as an outgroup.
The Idiosepius VEGFR is most closely related to Drosophila Pvr gene, élthough the
gene has only six immunoglobulin doinains. Numbers at the nodes indicate the
bootstrap support values (calculated b}} 1,000 repetition). Bar length indicates the
number of substitution per site.

Fig. 2 Normal embryonic development of Idiosepeius paradoxus. a, First cleavage
plane (arrow) éorresponds to the me&ian plane of the Stage-2 embryo. b,
Mesogndoderm formed by invagination of marginal cells of blastodisc (bd) at
Stage-10. ¢, About half of the egg surface ‘is cellulated at Stage-16. Subsequéntly,
primordia of mantle, eyes, shell_ gland, mouth, and arms begin to be formed on the
blastodisc (bd) as placodes. d, Embryobic body begins to standbup from the‘ yolk sac -

(yo) at Stage-16. e, The yolk sac (yo) is completely separated from thé embryonic
body _af Stage-24. f, Hatchling (Stage-éO); Young squid hatches after their yolk

mass is lost. Embwomc stages were determined ﬁsing the normal table of
"~ Yamamoto (1988). o

Fig. 3 Expression of VEGFR gene in Idiosepius embryos. a-¢, In situ hybridization with

probes for vascular endothelial growth factor recéptor (VEGFR). d, Control

experiment with sense probes for VEGFR. Non-specific signal is detected at the
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shell sac (sh). e, Positive control with probes for Actinll. a, Stage—21.'b, Stage-‘24. c,
Stage-27. d, Stage-24. e, Stage-24. b’, Enlarged view of an arm vein in Stage-24.

b** Expression in a pair Qf; branchial hearts 6f mantle-removed specimeh in
Stage-24. (a) Expression of the VEGFR efnerged-in the visceral mass of the eﬁbwo.
The VEGFR posiﬁve cells are located lateral side of primary vena cava (vc) and
grow down into the mantle and head. (b) The VEGFR gene is stroﬁgly expressed by

developing vessels (arrowheads) in their all arms and part of brain, and optic lobe

-~ (ol). The expression was also observed in the retina (r) and the pair of branchial

hearts (bh). (c) The VEGFR remains to be expressed in the retinal cells. Yolk sacs
(yo) are removed in b, ¢, e. All embryos are viewed from ventral with posterior to

the upper side, except (b), which is seen from dorsal. Scale bars = 100um.

Fig. 4 Embryonic circulatory system of Idiosepius embryos visualized by

microinjection of thodamine-conjugated beads. a, Stage-21. b, Stage-24. c,

Stage-27. a’, Expression of the VEGFR in the Stage-21 embryo. a”, merged image _

ofaanda’. b’, Cells of the body are stained with DAPI. (a) The VEGR positive

cells are located latefally to primary vena cava (vc). (b) Optic sinuses surrounding

the optic lobe (o), brachial sinus (bs), pair of branchial hearts (bh), and vena cava

(ve) are visualized by fluorescent beads injection, but no vessel appeared in the

arms and brain at Stage-24. (c) Peripheral blood vessels are observed within the
arms (arrowhead) and mantle (arrows). Yolk sac (yo) was removed in (b). All
embryos are viewed from ventral side with posterior to the upper side. Bars =

100um.
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Fig. 5 Expression of Ets-like, FGFR, and SCL genes by in situ hybridization of the
Idiosepiu$ genes. a-c, Stage-24. (a) Expressipn of Ets-like gene was observed in a
part of fhe opitic lo‘pes (ol) and in their anterior subesophageal mass (asm). (b) The
FGFR Was expressed in the arm b.ases (arrowheads) between arm I (al) and arm II
(all), the buccal mass (bm), and the suckers. Non-specific sl;ignal’ is detected at the
.shell.sac (sh). (¢) No SCL expression was observed. Ventral view in all pictures.

( \ Yolk sac (yo) is removed in (b). Bars'= 100um.
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Conclusion
Molecular phylogenetic analysis of cuttlefishes using three mitochondrial genes

revealed that they are divided into four well-supported clades. This analysis did not

‘support phylogenetic reliability of prior classifications based on the cuttlebone shapes

and the suckers on tentacular clubs. The molecular and morphologicél analyses still
remain to be reconciled, but the “Doratosepion” clade, among the Sepiidae, forms a
monophyletic group both in molecular and morphological analyses. I found a new
taxonqmic character of Doratosepion, that is a loss of membranous structure in their
cuttlebones. Membranous structure is commbnly observed in the other sepiids. Thus the
loss of membranous structure is considered as a synapomorphy for the Doratosepion
clade. Therefore, I propose the Doratosepion clade, excluding S. 4madokai,‘ as a distinct
and valid genus, Doratosepion Rochebrupe, 1884.

- Molecular phylogenetic analysis of decapodiformes including Idiosepius paradoxus

suggested that idiosepiids are related to oegopsids or myopsids, but not to sepiolids.

Idiosepius and Sepiadarium share common features, such as regression of gladius and

the presence of mediolateral-rounded fins. These similarities are apparently due to

‘morphological convergence.

The cephalopods have a closed blood-vascular systein lined by endothelial cells.
However, the circulatéry system appears to derive from an open blood-vascular system
of their ancestors. I showed the receptor of vascular endothelial growth factor (VEGFR)
is expressed in developing blood vessels of Idiosepius embryos. This result suggests the

cephalopod VEGFR is associate_d' with the angiogenic processes similar to the
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vertebrates. In this innovation of the vascular system, recruitment of pre-existing
regulatory genes or even regulatory networks could contribute to generate new
structures, that is, the endothelium. Because of lérge differences between the
cephalopod and the other molluscs, comparative studies in their developmerit would
reveal the molluscan evolution and how the complex body plan as in the cephalopods
was formed.

Why did the endothelium occur in the cephalopod? The buoyancy device is
probably a crucial factér for this quesﬁon. The Naﬁtilus circulétory system éeems to be

relatively open with an extended peripheral sinus (Schipp, 1987). The buoyancy is -

regulated by hydrostatic adaptations accomplished by the caramel liquid, which is

added or removed from ﬁhe shell chambers. This alteration is performed by osmotic
pressure of blood in their siphuncle. Transport of the caramel liquid in sepiid shell can
be explained by a change of the liquid's osmotic pressure (Denton and Gilpin-Brown,
1959). This is insufficient to explain chamber emptying in the chambered Nautilus. At
240 m depth, the hydrostatic pressure forcing shell chambers exceeds the maximum
osmotic emptying pressure. Ndutilus is frequently found below 240 m depth, where
simple osmotic emptying cannot function. The counter-current system enhances
siphuncular blood concentration, which could 'draw' water from chambers below 240 m,
and account for transport against both osmotic and hydrostafic gradients (Greenwald et
al., 1980). Ancestral cephalopods might first have blood vessels with counter-current
systems. Affer a loss of solid buoyancy device, extant coleoid cephalopods possibly

improved secondary athletic performance using the developed vascular systems with
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