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Abstract

The resolution of higher level phylogeny of the coleoid cephalopods (octopuses, squids, and cuttlefishes) has been hindered by
homoplasy among morphological characters in conjunction with a very poor fossil record. Initial molecular studies, based primarily
on small fragments of single mitochondrial genes, have produced little resolution of the deep relationships amongst coleoid ceph-
alopod families. The present study investigated this issue using 3415 base pairs (bp) from three nuclear genes (octopine dehydroge-
nase, pax-6, and rhodopsin) and three mitochondrial genes (12S rDNA, 16S rDNA, and cytochrome oxidase I) from a total of 35
species (including representatives of each of the higher level taxa). Bayesian analyses were conducted on mitochondrial and nuclear
genes separately and also all six genes together. Separate analyses were conducted with the data partitioned by gene, codon/rDNA,
gene + codon/rTDNA or not partitioned at all. In the majority of analyses partitioning the data by gene + codon was the appropriate
model with partitioning by codon the second most selected model. In some instances the topology varied according to the model
used. Relatively high posterior probabilities and high levels of congruence were present between the topologies resulting from
the analysis of all Octopodiform (octopuses and vampire “squid’) taxa for all six genes, and independently for the datasets of mito-
chondrial and nuclear genes. In contrast, the highest levels of resolution within the Decapodiformes (squids and cuttlefishes) resulted
from analysis of nuclear genes alone. Different higher level Decapodiform topologies were obtained through the analysis of only the
Ist + 2nd codon positions of nuclear genes and of all three codon positions. It is notable that there is strong evidence of saturation
among the 3rd codon positions within the Decapodiformes and this may contribute spurious signal. The results suggest that the
Decapodiformes may have radiated earlier and/or had faster rates of evolution than the Octopodiformes. The following taxonomic
conclusions are drawn from our analyses: (1) the order Octopoda and suborders Cirrata, Incirrata, and Oegopsida are monophyletic
groups; (2) the family Spirulidae (Ram’s horn squids) are the sister taxon to the family Sepiidae (cuttlefishes); (3) the family Octo-
podidae, as currently defined, is paraphyletic; (4) the superfamily Argonautoidea are basal within the suborder Incirrata; and (5) the
benthic octopus genera Benthoctopus and Enteroctopus are sister taxa.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The class Cephalopoda, phylum Mollusca, is a mor-
* Corresponding author. phologically diverse group that originated about
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placophoran ancestor (Salvini-Plawen, 1980; Young et
al., 1996). Extant cephalopods can be divided into
two subclasses; Nautiloidea, (Nautilus and Allonautilus)
and the Coleoidea, containing the octopuses, squids,
and cuttlefishes. Coleoid cephalopods differ from nauti-
loids most notably through the reduction and internali-
sation (or complete loss) of the shell (Teichert, 1998).
As a result, coleoid cephalopods rarely fossilise well
and the fossil record provides us with very little infor-
mation about the origin and relationships of the extant
orders.

At present the Coleoidea are divided into two super-
orders; Decapodiformes and Octopodiformes (Berthold
and Engeser, 1987). Morphological studies have been
useful in classifying species within subfamilies and/or
genera (e.g., Berthold and Engeser, 1987; Clarke, 1988;
Khromov, 1990; Voight, 1993; Young and Vecchione,
1996; Voss, 1988;), but have proved to be problematic
when determining higher level relationships.

The Decapodiformes currently contains the orders
Teuthoidea [suborders Myopsida (closed-eye squids,
Fig. 1A) and Oegopsida (open-eye squids, Fig. 1B)]
and Sepioidea [families Idiosepiidae (pygmy squid,
Fig. 1C), Sepiidae (cuttlefishes, Fig. 1D), Spirulidae
(Ram’s horn squid, Fig. 1E), Sepiolidae (bobtail squids,
Fig. 1F), and Sepiadariidae (bottletail squids, Fig. 1G)]
(Supplementary Appendix 1) (Voss, 1977; Young et al.,
1996). Although each of these families and suborders are
understood to form monophyletic groups, there is much
debate concerning the validity of the ordinal level of
classification (Berthold and Engeser, 1987; Naef, 1921—
1923; Voss, 1977; Young and Vecchione, 1996).

The Octopodiformes contain the orders Vampyro-
morpha (vampire “squid”) and Octopoda (pelagic and
benthic octopuses). A sister taxa relationship between
these two orders is now well understood from both mor-
phological, (Boletzky, 1992; Engeser, 1997; Pickford,
1939; Young and Vecchione, 1996; Young et al., 1998)
and molecular studies (Carlini et al., 2000). The Octo-
poda is understood to contain the suborders Cirrata
(deep-sea finned octopuses, Fig. 1H) and Incirrata [ben-
thic octopuses, Fig. 11, and pelagic octopuses including
the argonautoids (i.e., argonauts, Fig. 1J, and blanket
octopuses, Fig. 1K)]. A sister taxa relationship between
these suborders is also widely accepted (Grimpe, 1921;
Naef, 1921-1923; Voight, 1997; Young and Vecchione,
1996). However, phylogenetic relationships between
the nine Incirrata families (Supplementary Appendix
1) are less clear and have been debated extensively in
the literature (Naef, 1921-1923; Robson, 1929, 1931;
Voight, 1997; Voss, 1977; Young and Vecchione, 1996).

Analysis of coleoid cephalopod relationships using
molecular sequence data began in the mid 1990s. Bon-
naud et al. (1994, 1996, 1997) and Boucher-Rodoni and
Bonnaud (1996) conducted a number of molecular
studies to resolve relationships within the Decapodifor-

Fig. 1. Illustration depicting the various higher level cephalopod
groups. The Decapodiformes is comprised of the order Teuthoidea
(suborders Myopsida (A) and Oegopsida (B)) and the order Sepioidea
(families Idiosepiidae (C), Sepiidae (D), Spirulidae (E), Sepiolidae (F),
and Sepiadariidae (G)). The family Sepiidae possess an internal white
shell known as a cuttlebone (D). The family Spirulidae also possess an
internal chambered shell (E). The Octopodiformes contains the order
Vampyromorpha and order Octopoda (suborders Cirrata (H) and
Incirrata). The suborder Incirrata contains benthic octopuses (I) and
pelagic octopuses; including families Argonautidae (J) and Tremocto-
podidae (K).

mes. These studies used a small number of taxa (9-18),
mitochondrial genes (16S rDNA, COII, and COIII),
and primarily used distance and maximum parsimony
(MP) methods of analysis. The data were able to re-
solve relationships at the intrafamilial level, but
branching patterns at higher levels were not well
supported.

Carlini and Graves (1999), Carlini et al. (2000, 2001)
recognised that slower evolving genes and a larger num-
ber of species were required to resolve higher level rela-
tionships within the coleoid cephalopods. These studies
used the mitochondrial gene COI (~650 bp) (Carlini and
Graves, 1999; Carlini et al., 2001) and actin (~780 bp),
in the first nuclear gene used to study higher level cole-
oid phylogenetics (Carlini et al., 2000). Over 40 cephalo-
pod species were sequenced and phylogenetically
analysed using MP and maximum likelihood (ML)
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methods. Unfortunately both genes were found to be
less informative than expected and higher level relation-
ships could not be resolved.

The main aim of this study was to resolve the higher
order relationships within Octopodiformes and Deca-
podiformes. Three nuclear genes; pax-6, rhodopsin, and
octopine deydrogenase (ODH), and three mitochondrial
genes; 12S rDNA, 16S rDNA, and cytochrome oxidase
I (COI), were sequenced (Supplementary Appendix 1).

The most appropriate method for analysing multiple
genes in phylogenetic analyses is an issue of some de-
bate (DeBry, 2003; Huelsenbeck et al., 1996). It is well
recognised that the three codon positions within pro-
tein-coding genes evolve at different rates, (Kafatos et
al., 1977) while different genes can evolve both at dif-
ferent rates and exhibit markedly different evolutionary
properties (Mouchiroud et al., 1995; Ticher and Graur,
1989). The practice of treating all genes as if they are
undergoing the same substitution process is being re-
placed by the partitioning of datasets by gene and/or
codon (DeBry, 2003) and even assigning separate par-
titions to stem and loop regions of rRNA. The recent
development of Bayesian inference of phylogeny using
Markov chain Monte Carlo (MCMC) methods has al-
lowed very complex and parameter rich models of se-
quence evolution to be implemented due to its
relative computational efficiency in comparison to
ML methods. Suchard et al. (2003) presented a method
detailing the use of multipartite sequence data in a sin-
gle analysis, whilst allowing different phylogenetic
parameters in individual partitions. Subsequently, Ny-
lander et al. (2004) presented a Bayesian approach to
the analysis of a combined dataset of morphological
data and four genes and investigated a number of com-
plex substitution models including independent param-
eters for each gene. The second aim of this study was
to use a Bayesian approach to investigate the various
methods of partitioning sequence data in a multigene
analysis; by gene, by codon or by both gene and co-
don, and to examine the effects on the fit of the model
to the data and the resulting topology.

2. Materials and methods
2.1. Molecular techniques

Thirty-five species were used in the present study,
including representatives from each higher level taxa
within the Subclass Coleoidea (Supplementary Appen-
dix 1). Tissue samples were fixed in ethanol (70-90%)
and stored at —20 °C until DNA extractions were carried
out. The DNA extraction protocol followed that of Car-
lini and Graves (1999), except that centrifugal dialysis
(Centricon, Millipore) was used to concentrate and de-
salt the DNA instead of ethanol precipitation.

2.2. Primers

PCR primers for the three mitochondrial genes were
taken from the literature (Hillis et al., 1996). Primers
for the nuclear genes were designed in the conserved re-
gions of cephalopod and invertebrate sequences present
on GenBank and are available on request.

2.3. Molecular techniques

Twenty-five microlitre PCRs were used to amplify the
regions of the genes of interest. Each 25 uL reaction con-
tained the following reagents: 0.25 pL of 25 mM dNTPs
(AB gene), 13.5 uLL of ddH»0, 2.5 uLL of 10x buffer (AB
gene), 0.25 uL. Tag DNA polymerase (AB gene), 2.5 puL.
of 20 mM Mg>* (AB gene), and 2.5 uL of 10 uM of both
the forward and reverse primers (Invitrogen). PCR ther-
mal cycling programs were typically 94 °C for 40 s, 50 °C
for 40 s, and 72 °C for 90 s for 40 cycles, followed by a fi-
nal extension step of 72 °C for 10 min. Annealing temper-
atures varied according to the primers used and are
available on request. Amplified products were purified
using the QiaGen PCR purification kit (Qiagen, UK).

Sequencing reactions were performed on both for-
ward and reverse strands using a PRISM BigDye termi-
nator v3 or v3.1cycle sequencing ready reaction kit
(Applied Biosystems, UK). The pellet was then frozen
and transferred to the DNA sequencing facility (Zool-
ogy Department, Oxford University) for sequencing on
an ABI 377, 310 or 3700.

2.4. Phylogenetic analysis

DNA sequences were compiled and aligned by eye in
Se-Al v2.0al1 Carbon (Rambaut, 2002). PAUP*4.0b10
(Swofford, 1998) was used for y° tests of composition
homogeneity of the nucleotide data. Tests of base homo-
geneity were based on variable sites only.

Initially the sequences of each gene were analysed
individually using Bayesian inference (MrBayes 3) (Ron-
quist and Huelsenbeck, 2003). The topological congru-
ence between each of the individual genes was then
evaluated using crossed SH tests (Shimodaira and Hase-
gawa, 1999) implemented in PAUP* (Swofford, 1998).
This test was applied in place of the Kishino—-Hasegawa
(KH) test (Kishino and Hasegawa, 1989) because the
latter is invalid when topologies being compared are
specified a posteriori (Shimodaira and Hasegawa, 1999).

The sequence data from the individual genes were also
concatenated into a single dataset. The dataset was par-
titioned (using MrBayes 3) into either; individual genes
(termed ‘gene’), into each of the three codon positions
and rDNA (termed ‘codon’), or by both individual genes
and codon positions/rDNAs (termed ‘g + ¢’). Each of
these partitions were investigated separately for datasets
of (1) all six genes concatenated (termed ‘6’), (2) three nu-
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clear genes concatenated (termed ‘nuc’), and (3) three
mitochondrial genes concatenated (termed ‘mt’). This
terminology is used throughout the manuscript to enable
clear description of the datasets and models used. For
e.g., ‘6: gene’ indicates a dataset using all six genes that
were partitioned by gene. Each of these models was
investigated for (1) all taxa, (2) Decapodiformes only,
and (3) Octopodiformes only.

MrBayes 3 (Ronquist and Huelsenbeck, 2003) was
used to calculate marginal posterior probabilities using
the GTR + 1+ I" model of nucleotide substitution for
each partition. The substitution and branch length esti-
mates were allowed to vary independently between each
partition. Although each partition shared the same over-
all topology, the substitution parameters and branch
lengths were therefore estimated independently allowing
the evolution of each partition to be modelled sepa-
rately. Model parameter values were treated as un-
known and were estimated in each analysis. Random
starting trees were used and analyses were run between
1 and 60 million generations, sampling the Markov
chain every 1000 generations.

Three methods were used to ensure that analyses were
not trapped in local optima: (1) analysis was performed
twice, starting from a different random tree. Log-likeli-
hood values at stationarity were compared for conver-
gence (Huelsenbeck and Bolback, 2001); (2) the
topologies and clade posterior probabilities from each
of the two analyses were compared for congruence
(Huelsenbeck and Imennov, 2002); (3) Metropolis-cou-
pled Markov chain Monte Carlo (MCMCMC) was
used, with one cold and three incrementally heated Mar-
kov chains run simultaneously (default MrBayes heating
values) to allow a more extensive exploration of param-
eter space (Huelsenbeck and Ronquist, 2001). Tracer
v1.0.1 (Rambaut and Drummond, 2003) was used to en-
sure that the Markov chains had reached stationarity
and to also determine the correct ‘burn-in’ for the anal-
ysis (i.e., the number of initial generations that must be
discarded before stationarity is reached).

The program ‘reducetrees’ (Drummond, 2004) was
used to compare the posterior probabilities of the various
higher order taxonomic classifications. ‘Reducetrees’ as-
signs higher level classifications (e.g., Myopsida, Sepiidae)
to each species and then sum together all the topologies
(from the .t file from MrBayes) that share the same higher
level topology, thereby calculating posterior probabilities
for each of the higher level relationships sampled.

2.5. Evaluation of the saturation of nucleotide
substitutions

The inferred number of substitutions between each
pair of sequences was estimated from the Bayesian
topology (GTR +1+1T) as the sum of the lengths of
the branches joining these two sequences. Saturation

was estimated by plotting the uncorrected p value (mean
distance) of each pair of sequences as a function of the
number of substitutions inferred for all comparisons
for 35 sequences (Mindell and Honeycutt, 1990). Satura-
tion is present when the data points plateau.

2.6. Model testing

The Akaike Information Criterion (AIC) (Akaike,
1973) was used to test between different substitution
models. This method of model selection was selected
as it simultaneously allows the comparison of multiple
nested models and accounts for model selection uncer-
tainty (Posada and Buckley, 2004) and can also validly
use the estimated marginal likelihood (EML) as a start-
ing value. The EML value of an analysis is penalised by
the number of parameters in the model. The smaller the
AIC value, the better the fit of the model to the data.

3. Results

Sequences generated in this study were deposited in
GenBank under Accession Nos. AY545077-
AY545194, AY616863-AY616941. Alignment of
ODH, pax-6, and COI sequences required no inser-
tion/deletion events (indels). Indels were introduced into
aligned sequences of 12S rDNA, 16S rDNA, and rho-
dopsin. Highly variable loop regions within 12S rDNA
(168 bp in total) and 16S rDNA (240 bp in total) that
were unalignable were removed prior to analysis.

Gene duplications of the ODH were identified within
two species of Oegopsida (Pterygioteuthis microlampas,
Joubiniteuthis sp.) neither of which contained stop co-
dons, however only a fragment of ODH was sequenced
and therefore it is not known whether start and stop
codons were present in sequences. Three sequences of
P. microlampas were recovered which are 12% different
(maximally) from one another, and two sequences of
Joubiniteuthis sp. which are 3% different from one an-
other. For both species, 64% of the sequence differences
are transitions and 36% are transversions. Additional
primers were developed to attempt to identify further
duplications within other species, but none were found.
Bayesian analysis of the multiple ODH sequences shows
that the gene duplications clustered together within their
species groups (Supplementary Appendix 1) and are clo-
ser to one another than any other species. Consensus se-
quences were formulated for the species for use in
phylogenetic analyses.

3.1. Evolutionary properties of the six genes
Striking differences in base composition are evident

between mitochondrial and nuclear genes. Each of the
three nuclear genes has a similar proportion of G+ C



ARTICLE IN PRESS

J. Strugnell et al. | Molecular Phylogenetics and Evolution xxx (2005) xxx—xxx 5

to A+ T (Table 1) whereas the three mitochondrial
genes are all A + T rich. The four protein coding genes
all show the expected pattern of sequence variability be-
tween codon positions, with third positions containing
the highest number of variable sites (ranging from 85%
in rhodopsin to 96% in ODH and pax-6) (Table 1). Sec-
ond positions are least variable (ranging from 3% in
pax-6 to 31% in rhodopsin).

Plots of Bayesian estimated GTR + I + I' parameters
provide a clear means of comparing the evolutionary
dynamics of the six genes (Supplementary Appendix 5).
The three mitochondrial genes each show a much greater
mean number of transitions than transversions (Supple-
mentary Appendix 5). Each of the mitochondrial genes
also demonstrate relatively strong rate heterogeneity be-
tween nucleotide sites, which generates low values of the
I'-shape parameter. For 12S rDNA and 16S rDNA this
may be due to differing functional constraints on stem
and loop regions (Springer and Douzery, 1996). Each of
the mitochondrial genes also possess a notably larger
mean tree length than each of the nuclear genes (Supple-
mentary Appendix 5), indicating greater evolutionary
change than in nuclear genes.

The parameters for each of the three nuclear genes
are very similar (Supplementary Appendix 5). Rhodopsin
has the lowest average substitution rate, although pax-6
and ODH are only marginally greater (Supplementary
Appendix 5).

%> homogeneity tests of each of the genes shows that
ODH and COI have significant base frequency heteroge-
neity even after Bonferroni correction for multiple tests

(Table 1). RY-coding the third positions of these genes
was used to resolve base composition heterogeneity
(Table 1). RY coding pools purines (adenine and guan-
ine: R) and pyrimidines (cytosine and thymine: Y) into
two-state categories (R,Y) and helps resolve bias result-
ing from differences in the relative frequency of either
the two purines or pyrimidines (Phillips et al., 2001).

3.2. Nucleotide substitution saturation analyses

Saturation plots were generated for the third codon
positions of each protein-coding gene and for the whole
rDNA genes (Supplementary Appendix 2) Some substi-
tution saturation is evident within each of the six genes
with third codon positions of rhodopsin appearing the
least saturated.

3.3. Phylogenetic results

3.3.1. Results from individual genes

No two topologies obtained from the Bayesian anal-
yses of each of the six individual genes are identical, with
major differences present in the branching order of the
higher level Decapodiform and Octopodiform taxa
(Supplementary Appendix 1). The topologies resulting
from analysis of the three mitochondrial genes contain
numerous polytomies. Topological incongruence be-
tween the individual genes was evaluated by crossed
SH tests (Shimodaira and Hasegawa, 1999) whereby
the consensus topologies obtained from individual data-
sets were compared against one another (Supplementary

Table 1

Nucleotide composition and character information for each gene fragment

Gene Codon position A C G T () Total Variable Parsimony

informative

ODH 1 0.30 0.20 0.29 0.20 1.000 261 107 (41%) 84
2 0.30 0.23 0.16 0.31 0.999 261 71 (27%) 47
3 0.18 0.30 0.20 0.32 0.000 260 249 (96%) 244
All 0.26 0.24 0.22 0.27 0.000 783 428 (55%) 375
All 3rds RY 0.27 0.24 0.21 0.28 0.833 783 333 (43%) 259

pax-6 1 0.27 0.24 0.33 0.17 1.000 98 18 (18%) 12
2 0.22 0.22 0.29 0.27 0.999 98 3 (3%) 2
3 0.27 0.27 0.25 0.20 0.879 99 95 (96%) 91
All 0.25 0.24 0.29 0.21 0.994 296 116 (39%) 105

Rhodopsin 1 0.26 0.21 0.31 0.23 0.999 318 132 (42%) 92
2 0.28 0.29 0.14 0.29 1.000 318 98 (31%) 62
3 0.25 0.30 0.21 0.24 0.032 317 271 (85%) 251
All 0.26 0.27 0.23 0.24 0.534 954 502 (53%) 405

COlI 1 0.27 0.19 0.28 0.26 0.336 202 71 (35%) 57
2 0.14 0.26 0.17 0.42 1.000 202 28 (14%) 8
3 0.44 0.13 0.04 0.39 0.000 202 198 (98%) 188
All 0.29 0.19 0.16 0.36 0.000 606 299 (49%) 253
All 3rds RY 0.22 0.22 0.24 0.33 0.999 606 238 (39%) 199

12S rDNA 0.41 0.18 0.09 0.33 0.959 347 221 (64%) 170

16S rDNA 0.32 0.11 0.21 0.36 1.000 430 173 (40%) 113

Tests of base homogeneity (1%) across taxa were based on variable sites only. x*(p) < 0.05 are in bold.
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Fig. 2. Bayesian topologies of Decapodiform relationships obtained using the best fitting models for (A) all six genes (partitioned by codon) (6:
codon) (B) three nuclear genes (partitioned by gene and codon) (nuc: g + ¢) and (C) three mitochondrial genes (partitioned by codon) (mt: codon)
using the GTR + I+ I' model. Bayesian posterior probabilities are indicated beneath each node.
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Appendix 4). In the majority of cases each individual
dataset significantly rejects the Bayesian consensus
topology of the other genes.

3.3.2. Decapodiformes—all genes

The optimal model for the dataset of all six genes
for the 20 Decapodiform species is that partitioned
by codon (6: codon) (Fig. 2A, Table 2). The suborders
Myopsida and Oegopsida and families Sepiidae and
Sepiolidae are each monophyletic clades and each is
supported by a posterior probability (PP) of 1.00
regardless of the model used. The family Idiosepiidae
is the sister taxa to the Sepiolidae (PP = 0.94) and to-

Table 2

gether this clade forms the sister taxa to the Oegops-
ida (PP =0.60). The family Spirulidae is basal to the
Sepiidae (PP = 1.00) and together this clade is adja-
cent to the Myopsida (PP =0.64). This topology has
a posterior probability of 0.36 (Table 2). A slightly
different topology is recovered when models are parti-
tioned by gene (6: gene) only or by gene + codon (6:
g+c) (tree not shown). In this topology Spirulidae
is basal to the Oegopsida.

3.3.3. Decapodiformes—nuclear genes
Each of the four dataset partition models used to
analyse the nuclear genes of the 20 Decapodiform spe-

Estimated marginal likelihood values (arithmetic mean) and calculated Akaike Information Criterion (AIC) values for each model

Analysis EML Penalty AIC PP of consensus topology
Decapodiformes 6: nopart —21001.38 27 42056.76 0.72
6: gene —18071.47 162 36466.94 0.5
6: codon —18112.49 108 36440.98 0.36
6:gtc —17916.5 378 36589.00 0.30
Nuc: nopart —10571.88 27 21197.76 0.48
Nuc: gene —10424.02 81 21010.04 0.54
Nuc: codon —10203.67 81 20569.34 0.90
Nuc: g+ ¢ —10032.63 243 20551.26 0.81
Mt: nopart —9249.04 27 18552.08 0.26
Mt: gene —7613.24 81 15388.48 0.28
Mt: codon —7485.06 81 15186.12 0.28
Mt: g+c —7393.46 243 15272.92 0.22
Octopodiformes 6: nopart —16826.45 22 33696.90 1.00
6: gene —15025.12 132 30314.24 0.98
6: codon —14952.24 88 30080.48 0.55
6:g+c —14430.50 308 29477.00 0.89
Nuc: nopart —8372.07 22 16788.14 0.86
Nuc: gene —8214.99 66 16561.98 0.81
Nuc: codon —7981.35 66 16094.70 0.63
Nuc: g+ ¢ —7826.04 198 16048.08 0.29
Mt: nopart —7027.90 22 14099.80 0.38
Mt: gene —6794.92 66 13721.84 0.82
Mt: codon —6709.96 66 13551.92 0.54
Mt: g+ ¢ —6580.71 198 13557.42 0.60
All taxa 6: nopart —31233.23 77 62620.46 0.21 (D) 0.99 (O)
6: gene —29787.39 462 60498.78 0.55 (D) 1.00 (O)
6: codon —30075.21 308 60766.42 0.75 (D) 1.00 (O)
6:g+c —28942.81 1078 60041.62 0.99 (D) 1.00 (O)
Nuc: nopart —17270.97 77 34695.94 0.42 (D) 0.65 (O)
Nuc: gene —16909.88 231 34281.76 0.82 (D) 0.77 (O)
Nuc: codon —16673.43 231 33808.86 0.81 (D) 0.49 (O)
Nuc: g+c¢ —16293.57 693 33973.14 0.82 (D) 0.54 (O)
Mt: nopart —13218.41 77 26590.82 0.21 (D) 0.35 (O)
Mt: gene —12809.58 231 26081.16 0.26 (D) 0.90 (O)
Mt: codon —12745.52 308 26107.04 0.25 (D) 0.40 (O)
Mt: g+c —12557.01 385 25884.02 0.15 (D) 0.49 (O)
Nucl2: nopart —7950.11 77 16054.22 0.51 (D) 0.14 (O)
Nucl2: gene —7828.78 231 16119.56 0.60 (D) 0.84 (O)
Nucl2: codon —7893.80 154 16095.60 0.51 (D) 0.13 (O)
Nuc3: gene —11984.43 231 24430.86 0.21 (D) 0.29 (O)
Nuc3: nopart —12317.26 77 24788.92 0.30 (D) 0.34 (O)

Posterior probabilities (PP) are shown for the higher level topologies. The best fitting model for each dataset is shown in bold. The codes for each of
the datasets are as follows: 6, all six genes; nuc, nuclear genes (all three codon positions); nucl2, 1st + 2nd codon positions of nuclear genes; nuc3, 3rd
codon positions of nuclear genes. The partitioning models are indicated as follows: no part, no partitioning; gene, partitioned by gene; codon,
partitioned by codon/rDNA; and g + ¢, partitioned by gene + codon/rDNA.
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cies resulted in identical topologies with the nuc: g+ ¢
model providing the best fit to the data (Fig. 2B, Table
2). This topology is the same as the 6: codon model (de-
scribed directly above, apart from the arrangement of
Loligunculla and Sepioteuthis within the Myopsida),
although the former topology has a notably larger pos-
terior probability (0.81) comparing the posterior proba-
bilities of the first and second highest topologies (Table
2). All of the posterior probabilities on nuc: g + ¢ topol-
ogy are 0.88 or higher (Fig. 2B), which are notably lar-
ger than those on the same topology resulting from the
6: codon analysis.

3.3.4. Decapodiformes—mitochondrial genes

The best fitting model for the three mitochondrial
genes for the 20 Decapodiform species is mt: codon
(Fig. 2C, Table 2). The topology resulting from this
analysis differed from that obtained from the 6: codon
and nuc: g + ¢ models (described above). The Oegopsida
are polyphyletic in the topology resulting from mt: co-
don analysis. This configuration of higher level relation-
ships has a posterior probability of 0.28 (Table 2) which
is less than half of those obtained by nuc: g + ¢ analysis
of the Decapodiform taxa.

As the ancestral Decapodiform is unknown, trees
were not able to be rooted in these analyses. Midpoint
rooting is not particularly useful since each of the above
topologies generated different rooting positions depend-
ing upon the method of partitioning used.

3.3.5. Octopodiformes—all genes

The Octopodiform topologies are rooted with
V. infernalis, as morphological and molecular studies
have confirmed the order Vampyromorpha as the sis-
ter taxa to the Octopoda (Carlini et al., 2000; Young
and Vecchione, 1996). The best fitting model for the
dataset of all six genes of the 15 Octopodiform spe-
cies is 6: g+ ¢ (Fig. 3A, Table 2). The suborders Cir-
rata and Incirrata are sister taxa (PP =1.00) and the
superfamily Argonautoidea is basal within the Incir-
rata (PP =1.00). The rest of the Incirrata is divided
into two clades (PP = 0.88), one containing Octopodi-
nae species (apart from Enteroctopus) (PP =1.00) and
the other containing Benthoctopus and Enteroctopus
which together form the sister taxa to a clade con-
taining  Pareledone, Vitreledonella, and Japetella
(P=0.88) (Fig. 3A). The topology resulting from
the 6: g+c model has a posterior probability of
0.887 (Table 2).

3.3.6. Octopodiformes—nuclear genes

The best fitting model for the nuclear genes of the 15
Octopodiform species is nuc: g+ c (Fig. 3B, Table 2).
The resultant topology is very similar to that described
above for the 6: g + ¢ topology for Octopodiformes, ex-
cept that less resolution is observed within the Incirrata.

The nuc: g+ ¢ topology has a notably lower posterior
probability than that for 6: g+ ¢ (0.29).

3.3.7. Octopodiformes—mitochondrial genes

Partitioning the Octopodiform mitochondrial genes
by codon (mt: codon) and by gene + codon (mt: g+ ¢)
produced similar fits (Table 2, Fig. 3C). The topologies
resulting from these models are identical and have pos-
terior probabilities of 0.54 and 0.60, respectively (Table
2). This topology is the same as that generated with all
genes for Octopodiformes except that the superfamily
Argonautoidea do not fall as a monophyletic group;
Tremoctopus 1is basal within the Octopodiformes
(PP = 1.00) and Argonauta groups within the Octopodi-
nae (PP =0.76).

3.3.8. All genes—all taxa

The best fitting model for partitioning the dataset
containing all genes and all taxa is 6: g + ¢ (Fig. 4A, Ta-
ble 2). Six Decapodiform clades are joined by a poly-
tomy indicating very little signal at higher level
relationships for this dataset. However, a sister taxa
relationship between the families Sepiidae and Spiruli-
dae is resolved in this topology. The Octopodiform part
of the topology is identical for each of the models, and is
very highly supported (Fig. 4A, Table 2). This topology
is identical to that resulting from analysis of all genes for
only the Octopodiform taxa (Fig. 3A). Each bipartition
within the Octopodiformes has a posterior probability
of 1.00. Furthermore the arrangement of higher level
relationships has an estimated posterior probability of
1.00 (Table 2).

3.3.9. All taxa—nuclear genes

Nuc: codon produced the best fit for the nuclear gene
dataset for all taxa (Fig. 4B, Table 2). The Decapodi-
form part of this topology is identical to the 6: codon
(Fig. 2A) and nuc: g+ c (Fig. 2B) models for only
Decapodiformes sequences. The nuc: codon analysis of
Octopodiform and Decapodiform taxa together place
the Oegopsida basal within the Decapodiformes
(PP = 1.00) (Fig. 4B). The nuc: codon arrangement of
higher level relationships has a posterior probability of
0.81 (Table 2).

In the Octopodiform part of the topology resulting
from the nuc: codon for all taxa, a clade containing Vitz-
reledonella and Japetella is the next most basal incirrate
group after the Argonautoidea (PP =1.00) (Fig. 4B).
The higher level relationships of this topology have a
posterior probability of 0.49 (Table 2). This placement
of VitreledonellalJapetella differs notably from each of
the previous topologies where VitreledonellalJapetella
group as the sister taxa to Pareledone (Figs. 3A-C,
4A). It is notable that this latter configuration was also
recovered when the nuclear gene dataset for all taxa is
partitioned by gene + codon.
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Fig. 3. Bayesian topologies of Octopodiform relationships obtained using the best fitting models for (A) all six genes (partitioned by gene + codon)
(6: g + ¢) (B) three nuclear genes (partitioned by gene + codon) (nuc: g + ¢), and (C) three mitochondrial genes (partitioned by codon) (mt: codon)
using the GTR + I+ I model. Bayesian posterior probabilities are indicated beneath each node.



10

ARTICLE IN PRESS

Vampyroteuthis infernalis
Stauroteuthis gil: c{rzs

Argonauta nodosa
Tremoctopus violaceus
Hapalochlaena maculosa
Octopus bimaculoides
Octopus ornatus
Octopus kaurna
Enteroctopus dofleini
Benthoctopus sp. A
Pareledone turqueti

Opisthoteuthis massaye

Pareledone polymorpha
Vitreledonella erchardz

J. Strugnell et al. | Molecular Phylogenetics and Evolution xxx (2005) xxx—xxx

VI TRELEDONELLIDAE

Japetella di

Bathyteuthis berryi

Prerygioteuthis microlampas

=FAMLY BOLITAENIDAE
p= SUBORDER OE GOPS DA

p==FAMILY BATHYTEUTH DAE

Joubiniteuthis sp.
1,00] ESthennteuthzs oualaniensis
1.00Ommastrephes bartramii

Spirula spirula
X Metasepia tullbergi
1.00y=Sepia officinalis
0.63=Sepia pharaonis

Idiosepius notoides
Sepioteuthis australis
Sepioteuthis lessoniana

—
Euprymna scolopes
1P0Sepiola sp.
1.00) p=Heteroteuthis hawaiiensis
0.9A-Rossia pacifica

== SUBORDER OEGOPSIDA

p=—=FAMLY SEFIOLIDAE LY

p=—=FAMILY SPIRULIDAE

Hapalochlaena maculosa
Octopus bimaculoides

ORDER
[ VAMPYROMORPHA B Vampyroteuthis m]lfemahs |— ORDER VAMPYROMORFHA
| sUBORDER CIRRATA = Stauroteuthis gilchris
T.O0L Opisthoteuthis massyae == SUBORDER CIRRATA
SUFERFAMILY  Argonauta nodosa
— |— SUPERFAMILY ARGONAUTOIDE A
ARGONAUTOIDEA Tremoctopus violaceus.
Vitreledonella richardl———— Jrm= FAMLY VITRELEDONELLIDAE
etella diaph FAMILY BOLI TAENIDAE
[ SLUEFAMLY OCTOPCOINAR Benthoctopus sp. A |— SUBFAMILY BATHYPOLYPODINAE
Ej topus dofleini |— SUBFAMILY OCTOFODINAE
| SUEFAMILY Pareledone polymorpha™ | peaviiyeLEDONAE
'BATHYPOLYPODINAE Pareledone turqueti
e SUBFAMILY ELEDONINAE Octopus ornatis
FAMLY Octopus kauma

p—= SUEFAMILY OCTOPODINAE

Bathyteuthis berryi
Sthenoteuthis oualaniensis
Ommastrephes bartramii
Pterygioteuthis microlampas
Joubiniteuthis sp.

IHiosepius notoides

Rossia pacifica
Heteroteuthis hawaiiensis
Euprymna scolopes

Sepiola sp.

0.85)
= FAMILY SERIDAE

Spirula spirula
Sepia officinalis

pe FAMILY IDI OSEPIIDAE

j— SUBORDER MYOPSDA

Vampyroteuthis inferiialis
= Stauroteuthis gilchristt

100 Opisthoteuthis massaye |

Sepia pharaonis
Metasepia tullbergi

b FAMILY BATHY TEUTHDAE

f== SUBORDER OEGOPSIDA

p= FAMILY IDIOSEHIDAE

p— FAMILY SEFIOLIDAE

p— FAMILY SPIRULIDAE

p=—=FAMILY SEFIIDAE

Lolliguncula brevis
Sepioteuthis australis
Sepioteuthis lessoniana
Loligo forbesi

0.99] = Photololigo sp.

j— SUBORDERMYOPSDA

1.00LLotiolus sp.

p== ORDER VAMPYROMORFHA

[——SUBORDER CIRRATA

Tremoctopus violaces | SUPERFAMILY
1.0 Octopus omatus ARGONAUTOIDEA
Octopus kaurna
1.00 Argonauta nodosa
Hapalochlaena maculosa [=— SUBFAMILY OCTOPODINAE
Octopus bimaculoideg __ SURFAMILY
093 Benthoctopus sp. A = R ATHYPOLYPODINAE
Enteroctopus doflein, — lgﬁf‘:},m_y OCTOPODINAE
Vitreledonella richa —
Japetella diaphana E b FITELECCELLIDAE.
Pareledone turqueti | SURFAMILY ELEDONINAE
1.00k Pareledone polymorpha
S —————r A ) —}—FAMLY SHRULIDAE
Sthenoteuthis oualaniensis
1,00[ Ommastrephes bartramii | sUBORDER CEGOPSIDA
Joubiniteuthis sp.
40_51E Pterygioteuthis microlgmpas |
0.55k= Bathyteuthis berryi —————Jm==FAMLY BATHY TEUTHDAE
[=—FAMLY SEFIOLIDAE

—
Euprymna scolopes
10k Sepiola sp.
1.00] Heteroteuthis hawaiiensis
1.00k Rossia pacifica
—

Idiosepius notoides

Metasepia tullbergi
Sepia officinalis
Sepia pharaonis
Sepioteuthis lessoniana
Lolliguncula brevis
Sepioteuthis australis
Loliolus sp

Loligo forbesi

e FAMILY IDIOSEHIDAE

e FAMILY SEFIIDAE

= SUBORDER MYOPSIDA

0.89L Photololigo sp.

Fig. 4. Bayesian topologies of coleoid relationships obtained using the best fitting models for (A) all six genes (partitioned by gene and codon) (6:
g + ¢) (B) three nuclear genes (partitioned by codon) (nuc: codon), and (C) three mitochondrial genes (partitioned by gene and codon) (mt: g + ¢)
using the GTR + I + I' model. Bayesian posterior probabilities are indicated at each node.

3.3.10. All taxa—mitochondrial genes

The best fitting model for partitioning the mitochon-
drial gene dataset for all taxa is mt: g + ¢ (Table 2, Fig.
4C). The Decapodiform part of this topology is charac-
terised by very short internal branches and higher level
relationships with a posterior probability of 0.15 (Table
2, Fig. 4C). The Octopodiform part of this topology
shows much greater resolution, and the same topology
resulted from each of the models. This topology is iden-
tical to that resulting from the analysis of mitochondrial
genes for the Octopodiformes only (Fig. 3C). The higher
level relationships of this topology has a posterior prob-
ability of 0.49.

3.3.11. Nuclear 1st + 2nd codon positions

It is relatively common practice to either downweight
or remove third positions in studies investigating phy-
logenies with deep divergences (Huchon et al., 2002).
Since the divergence of the Octopodiformes and Deca-
podiformes occurred at least in the Carboniferous
(290-354 mya) (Kluessendorf and Doyle, 2000), it was
decided to analyse the slower evolving nuclear dataset
using only 1st + 2nd codon positions to investigate the
effect of this on the topology, particularly with respect
to the position of the root to the Decapodiformes.

The rooting position and topology of the Decapodi-
formes is identical for all of the models for the dataset



ARTICLE IN PRESS

J. Strugnell et al. | Molecular Phylogenetics and Evolution xxx (2005) xxx—xxx 11

of 1st + 2nd codon positions (Table 2, Fig. 5A) with the
model without partitioning providing the best fit to the
dataset (nucl2: nopart) (Table 2). Each of the higher le-
vel taxa are monophyletic for the nuc: nopart analysis,

(BP =1.00), and Sepiolidae (PP = 1.00). The higher le-
vel relationships of these taxa differed from each of the
topologies described above. In this topology the Idios-
epiidae is the most basal taxon within the Decapodifor-

Oegopsida (PP = 1.00), Myopsida (PP = 1.00), Sepiidae mes (PP = 1.00) followed by the Oegopsida (PP = 0.68).
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Fig. 5. Bayesian topologies of coleoid relationships obtained using the best fitting models for the three nuclear genes only using the GTR +1+ T
model. (A) 1st + 2nd codon positions only (no partition) (nucl2: nopart) and (B) 3rd positions only (by gene) (nuc3: gene). Bayesian posterior
probabilities are indicated at each node.
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The Spirulidae and the Sepiidae are sister taxa in the
most distal part of the tree (PP = 1.00) and together this
clade is the sister taxa to the Sepiolidae (PP = 0.76).
This higher level topology has a posterior probability
of 0.51 in the analysis. Interestingly, this topology is
the second most sampled topology (PP = 0.06) in the
nuc: codon analysis (all three codon positions) for all
taxa (Table 2). Little resolution was evident within the
Octopodiform part of the topology when using 1st and
2nd codon positions only. A large polytomy joined 5
clades within the Incirrata (Fig. 5A).

3.3.12. Nuclear genes 3rd positions only

To further investigate the role of the 3rd positions,
particularly with respect to the rooting position of the
Decapodiformes, Bayesian analyses were performed on
the 3rd positions of nuclear genes only (Fig. 5B).
Nuc3: gene is the best fitting model (Table 2). Groupings
of higher level taxa are again supported, although the
Oegopsida are a notable exception. The most obvious
difference between this and other topologies is the root-
ing position of the Decapodiformes. The Decapodifor-
mes fall within the Octopodiformes and are most
closely related to the Argonautoidea. This result is unli-
kely to be correct as a number of previous morphologi-
cal (Young and Vecchione, 1996) and molecular (Carlini
et al., 2000) studies suggest a sister taxon relationship
between the Decapodiformes and Octopodiformes.

3.3.13. Investigation of the effect of base composition of
3rd positions on nuclear genes

The potential effect of base composition bias at 3rd
positions of nuclear genes was investigated to determine
whether this was driving the conflicting signals of the
rooting of the Decapodiformes and the placement of
the Idiosepiidae. Non-stationary base composition can
cause species to group by compositional similarity
rather than evolutionary history (Lockhart et al.,
1994). To test for non-stationary base composition
two approaches were taken. First, a tree was constructed
using only base composition of the 3rd positions of nu-
clear genes. Second, analysis was also performed based
on the LogDet (LD) distance correction (Lockhart et
al., 1994) which allows for variation in rate and compo-
sition between branches.

The tree constructed using only base composition of
the 3rd positions of nuclear genes shows Idiosepius to
fall within the four Sepiolidae taxa (Supplementary
Appendix 6A) suggesting that base composition hetero-
geneity is playing a role in the placement of this group.
However, LogDet analysis of the 3rd position sites of
the nuclear genes shows Idiosepius to fall between the
Oegopsida and the Sepiolidae (Supplementary Appen-
dix 6B). This positioning of Idiosepius next to the Sepi-
olidae suggests this grouping is not based on base
composition alone.

4. Discussion
4.1. Data partitioning

For the majority of the analyses in the present
study, the selected model is partitioning the data by
gene together with codon position/rDNA. This sug-
gests that the differences in the substitution process be-
tween each codon position/rDNA and gene are large
enough that providing a separate partition improves
the fit of the model to the data. However, caution
should be taken when increasing the number of parti-
tions in a model, as this decreases the amount of se-
quence data in each partition causing an increase in
the variance of the substitution parameters. When the
amount of data in a partition becomes too small, the
prior distribution of a substitution model in a Bayesian
approach can begin to affect the posterior distribution,
as insufficient data are present in the partition for the
parameters to be effectively estimated. This point was
investigated more thoroughly by Nylander et al.
(2004) who reported that more complex substitution
models are associated with more topological uncer-
tainty than are simple models.

In some cases, partitioning by codon/rDNA pro-
vides the best fit to the dataset (e.g., for Decapodiform
taxa, all: codon, mt: codon, and also for all taxa, nuc:
codon). This reflects the similarity in the substitution
process between each codon position across different
genes. This finding is also supported by Nylander et
al. (2004) who partitioned nucleotide data by gene only
(not by codon) and found that allowing within parti-
tion variation was by far the most important model
component. They found that allowing rate variation
across molecular partitions but not within them was
far less successful than allowing rate variation within
a single partition.

It is well understood that 3rd codon positions contain
the highest number of variable sites, whilst second posi-
tions contain the lowest number. Partitioning sequence
data by codon position groups together nucleotide posi-
tions with similar rates, effectively performing some of
the function of the gamma distributed model of rate het-
erogeneity among sites. Therefore in a codon partitioned
analysis, each partition (already containing data with
similar rates) will be modelled by four rate categories.
This is reflected in the significantly better fit of codon
partitioned to gene partitioned models in 80% of com-
parisons in this study. In datasets that are partitioned
by gene, the rate categories are largely modelling the dif-
ferences between each of the codon positions.

The method by which sequence data are partitioned
affects the overall topology for some datasets. Examples
include the placement of Japetella and Vitreledonella
and the rooting of the Decapodiformes, (discussed be-
low). This shows the degree to which different codon
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positions affect the resulting topology is dependent upon
the method by which the data are partitioned.

4.2. Mitochondrial vs nuclear data

Comparison of the saturation plots, posterior proba-
bilites, and ‘reducetrees’ percentages of nuclear and mito-
chondrial genes suggests that overall, the mitochondrial
genes possess greater levels of saturation than nuclear
genes. However, the levels of saturation appear to differ
between the Octopodiformes and Decapodiformes. High
posterior probabilities, ‘reducetrees’ values and high lev-
els of congruence are present between the topologies for
the Octopodiform taxa only using all genes, mitochon-
drial genes and nuclear genes (with the exception of the
position of VitreledonellalJapetella and the placement
of Argonauta). Low levels of resolution within the Octo-
podiformes are obtained from analysis of 1st + 2nd nu-
clear protein coding genes only, with a more highly
resolved topology obtained from analysis of 3rd codon
positions. In contrast, the highest ‘reducetrees’ values
and highest resolution within the Decapodiform taxa
only results from analysis of nuclear genes alone. Lower
levels of resolution are evident in the Decapodiform
topology through the analysis of mitochondrial and nu-
clear genes together. Support for the 3rd positions within
Decapodiformes being saturated is evident in the conflict
in the Decapodiform topology between the 1st + 2nd co-
don positions and 3rd codon positions.

This difference in the ability of mitochondrial and nu-
clear data and also codon position to resolve Octopod-
iform and Decapodiform topologies suggests that the
Decapodiformes either radiated earlier or have faster
rates of evolution than the Octopodiformes.

4.3. Octopine dehydrogenase gene duplications

The apparent ‘gene duplications’ present within
P. microlampas and Joubinteuthis sp. are difficult to ex-
plain considering that the sequences from each species
always fell together as a monophyletic group. It is pos-
sible that some of the ‘duplications’ are pseudogenes,
although in the short segment sequenced each of the
genes appear to be coding. It is implausible that each
of the different forms are alleles because of the large ge-
netic distances. A gene duplication event(s) may have
occurred prior to the divergence of these two taxa and
that the genes evolved in a concerted manner, however
there is no evidence at this stage to support this
proposal.

4.4. Cephalopod phylogeny
4.4.1. Family spirulidae

The family Spirulidae is represented by just one liv-
ing species, the Ram’s Horn Squid, Spirula spirula.

This small pelagic squid is the only cephalopod that
possesses an internal coiled and chambered shell.
These features have obscured the phylogenetic rela-
tionships of this taxon. Morphological studies have
proposed different placements of this squid (see Dono-
van, 1977; Engeser and Bandel, 1988; Naef, 1912). In
a molecular study using NJ analysis and a relatively
small number of taxa Bonnaud et al. (1997) found
the Spirulidae to fall with the Sepiidaec and/or the
Oegopsida although the topology varied depending
upon the type of data analysed (i.e., all substitutions,
only transversions or amino acids). Using a portion of
the COI gene, Carlini et al. (2000) reported the Spirul-
idae to fall with Sepiidae or oegopsid species but with-
out any bootstrap support. Warnke et al. (2002) found
little resolution using 18S rDNA, and the placement
of Spirulidae differed according to the methods of
analysis.

The present study shows strong support for a sister
taxa relationship between the Spirulidae and the Sepii-
dae. This relationship is supported by a number of mor-
phological characteristics, including the possession of a
phragmocone, the structure of the tentacular clubs,
sperm storage (spermatheca) in females below the
mouth, statolith shape (Clarke and Maddock, 1988;
see Young et al., 1998 for a more complete list).

4.4.2. Suborder Myopsida

On the basis of a similar gladii and tentacular clubs
Naef (1916, 1921-1923) placed the suborders Myopsida
and Oegopsida together in the order Teuthoidea. How-
ever, the Myopsida have also been suggested to be de-
rived from the ‘Sepioidea’ line (Berthold and Engeser,
1987; d’Orbigny, 1845; Engeser, 1997; Haas, 1997). Pre-
vious molecular work has found little support for the
placement of the Myopsida (Bonnaud et al., 1996,
1997; Boucher-Rodoni and Bonnaud, 1996; Carlini et
al., 2000).

Two possible alternative placements of the Myops-
ida are suggested from this study. Analysis of the
nuc: codon model for all taxa place the Myopsida as
the sister taxa to a clade containing the Spirulidae
and Sepiidae whilst nucl2: nopart analysis results in
the Myopsida falling as the sister taxa to a clade con-
taining Sepiolidae, Spirulidae, and Sepiidae. This
grouping of Sepiolidae, Spirulidae, and Sepiidae is
reminiscent of the traditional taxonomic grouping
‘Sepioidea’ (Naef, 1916; Voss, 1977) which contain
each of these taxa but also the Idiosepiidae and the
Bottletail squid (Sepiadariidae) (not included in this
study). If the nucl2: nopart topology proves correct,
then the placement of Myopsida between this clade
and the Oegopsida might help explain the conundrum
outlined by Young et al. (1998), that the Myopsida
appear ‘intermediate between Sepioida and the
Oegopsida.’
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4.4.3. The nature of the suborder Oegopsida and the
position of family Bathyteuthidae

Previous molecular studies have suggested the squid
suborder Oegopsida to be a polyphyletic group with
uncertain phylogenetic affinities (Bonnaud et al., 1994,
1997; Carlini and Graves, 1999). In a study using the
gene actin, Carlini et al. (2000) found oegopsid taxa to
fall basally within the Decapodiformes in parsimony
and ML analyses. Similarly, when all three codon posi-
tions of nuclear genes were analysed in this study (except
when partitioned by gene only), the Oegopsida (and
Bathyteuthidae) fell basal within the Decapodiformes
with strong support. The Oegopsida are strongly sup-
ported as being monophyletic in these analyses.

The phylogenetic position of the family Bathyteuthi-
dae (Fig. 1L) has varied in past studies as they possess
characteristics of both the Myopsida (Young et al.,
1998; Carlini and Graves, 1999) and the Oegopsida
(Naef, 1921-1923). Carlini and Graves (1999) found
Bathyteuthis to fall within the Oegopsida although with-
out support. Subsequently, Carlini et al. (2000) found
Bathyteuthis to be the sister taxon to the Oegopsida in
MP (but not ML) analyses of an actin I dataset,
although with bootstrap support of only 55%. This
study strongly supports a sister taxa relationship be-
tween the Bathyteuthidae and Oegopsida, supporting
Naef’s (1921-1923) supposition that the Bathyteuthidae
possess ‘primitive characters for all Oegopsida.’

4.4.4. Family Idiosepiidae

In contrast to the basal position of the Oegopsida in
the Decapodiformes found above, nucl2: nopart analy-
sis of all taxa shows the pygmy squids (family Idiosepii-
dae) to fall basally within the Decapodiformes, followed
by the Oegopsida. Given the evidence for saturation of
third positions within the Decapodiform nuclear data,
a basal Idiosepiidae might be expected to be effected
especially since it would have a long unbranched edge
in the phylogeny. The basal position of Idiosepiidae
may suggest that the absence of accessory nidamental
glands and tentacles at hatching may be due to the rela-
tively ‘primitive’ position of this taxon rather than ‘sec-
ondary simplification’ due to their small size, as has
been previously suggested (Young et al., 1998). Further-
more, the discovery of a fully developed but rather
‘primitive’ gladius led Hylleberg and Nateewathana
(1991a,b) to suggest that the Idiosepiidae may be more
closely related to the order Teuthoidea than to the order
Sepioidea as supported by the nucl2: nopart analysis.

Analyses of nuc: codon and nuc3: gene for all taxa
show high levels of support for the Idiosepiidae as the
sister taxa to the Sepiolidae. This relationship is sup-
ported by morphological studies by Fioroni (1981),
Berthold and Engeser (1987), Clarke (1988), and Guerra
(1992) which suggested the Idiosepiidae as a specialised
group derived from a sepiolid ancestor. Previous molec-

ular studies have also found the Idiosepiidae to fall with
either the family Sepiolidae (Carlini and Graves, 1999;
Carlini et al., 2000) or the order Oegopsida (Bonnaud
et al., 1996, 1997; Carlini et al., 2000). Both alternatives
are considered viable options, but unfortunately no
members of the family Sepiadariidae were able to be in-
cluded in this analysis. The Sepiadariidae have been sug-
gested to be closely related to the Idiosepiidae and also
the Sepiolidae (Berthold and Engeser, 1987; Fioroni,
1981) and future inclusion of this group in analyses
should help clarify the position of the Idiosepiidae.

4.4.5. Superfamily Argonautoidea

The pelagic octopuses of the superfamily Argonautoi-
dea have been a difficult group to place on the basis of
their morphology. Naef (1921-1923) believed the Argo-
nautoidea were derived from the bottom-living octo-
puses of the family Octopodidae. In contrast Voight
(1997) placed the Argonautoidea with two other pelagic
families; Amphitretidae and Vitreledonellidae. Carlini et
al. (2001) reported Argonauta to fall basally within the
Incirrata in an MP analysis of a COI data set, yet
Haliphron and Tremoctopus grouped together in a much
more derived position within the tree. However, none of
these placements were well supported.

A number of strong morphological characteristics
unite the members of the superfamily Argonautoidea
(Naef, 1921-1923; Young et al., 1998). As a conse-
quence, separate origins for these taxa are unlikely. In
support of this, analyses of all genes and nuclear genes
in the present study found strong support for a basal
placement of the superfamily Argonautoidea within
the Incirrata. Although analysis of mitochondrial genes
alone found the Argonautoidea to be polyphyletic there
is strong evidence of saturation within the mitochondrial
genes at this level.

4.4.6. Families Vitreledonellidae and Bolitaenidae

The placement of Vitreledonellae/Bolitaenidae within
the Octopodiformes is dependent upon the model and/
or datasets used. The fact that the sister taxa relation-
ship between Vitreledonellidae/Bolitaenidae and Parele-
done is recovered in most topologies and also in analyses
of mitochondrial and nuclear genes separately lends sup-
port to this relationship. Furthermore, a study by Strug-
nell et al. (2004) included a further three species of
Octopodiform in their analyses and also recovered
strong support for this sister taxa relationship. The
alternative placement of Vitreledonellidae/Bolitaenidae
as the next most basal group after the Argonautoidea
in the Incirrata is recovered only in nuc: codon analysis
for all taxa. However, when this dataset is analysed by
3rd positions alone (nuc3: gene), the sister taxa relation-
ships of Vitreledonellidae/Bolitaenidae and Pareledone
is again supported whilst nuc12: nopart analysis resulted
in very little resolution within the Incirrata, with five
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clades linked by a polytomy. Therefore, the majority of
analyses support a sister taxa relationship between Vit-
reledonellidae/Bolitaenidae and Pareledone.

Note added in press

Lindgren et al. (2004) published a study investigat-
ing coleoid cephalopod relationships, using morpholog-
ical and molecular data, with emphasis on
Decapodiformes, after the present study was accepted.
In contrast to our findings of a sister taxa relationship
between Sepiidae and Spirulidae, they found Spirulidae
fell within the Oegopsida in most analyses. Further-
more, a relationship between the Idiosepiidae, Sepiidae,
Sepiolidae, and Loliginidae was supported in some of
their analyses.
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