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Phylogenetic analysis conducted on a 784-bp fragment of 82 actin gene sequences of 44 coleoid cephalopod taxa,
along with results obtained from genomic Southern blot analysis, confirmed the presence of at least three distinct
actin loci in coleoids. Actin isoforms were characteri zed through phylogenetic analysis of representative cephal opod
sequences from each of the three isoforms, along with translated actin cDNA sequences from a diverse array of
metazoan taxa downloaded from GenBank. One of the three isoforms found in cephalopods was closely related to
actin sequences expressed in the muscular tissues of other molluscs. A second isoform was most similar to cyto-
plasmic-specific actin amino acid sequences. The muscle type actins of molluscs were found to be distinct from
those of arthropods, suggesting at least two independent derivations of muscle actins in the protostome lineage,
although statistical support for this conclusion was lacking. Parsimony and maximum-likelihood analyses of two of
the isoforms from which >30 orthologous coleoid sequences had been obtained (one of the cytoplasmic actins and
the muscle actin) supported the monophyly of severa higher-level coleoid taxa. These included the superorders
Octopodiformes and Decapodiformes, the order Octopoda, the octopod suborder Incirrata, and the teuthoid suborder
Myopsida. The monophyly of several taxonomic groups within the Decapodiformes was not supported, including
the orders Teuthoidea and Sepioidea and the teuthoid suborder Oegopsida. Parametric bootstrap analysis conducted
on the simulated cytoplasmic actin data set provided statistical support to reject the monophyly of the Sepioidea.
Although parametric bootstrap analysis of the muscle actin isoform did not reject sepioid monophyly at the 5%

level, the results (rejection at P = 0.068) were certainly suggestive of sepioid nonmonophyly.

Introduction

The Cephaopoda are the most complex class of
molluscs. In light of their special adaptations related to
bioluminescence, buoyancy, crypsis, feeding, intelli-
gence, speed, and vision, they are generally considered
to be among the most highly evolved marine inverte-
brates. There are more than 700 extant species of ceph-
alopods, divided into 2 subclasses, 5 orders, 47 families,
and 139 genera (Sweeney and Roper 1998). The ceph-
alopods diverged from a monoplacophoran ancestor in
the late Cambrian period (Salvini-Plawen 1980). With
the exception of the Nautiloidea, all extant cephal opods
are members of the subclass Coleoidea, which are dis-
tinct from the Nautiloidea in several ways, most notably
the reduction and internalization or complete loss of
shell (Teichert 1988). The extant coleoid cephalopods
are currently divided into four orders; Sepioidea, Teu-
thoidea, Octopoda, and Vampyromorpha (table 1). Al-
though the fossil record of early cephalopodsisrich and
demonstrates the success of the group in Paleozoic
times, the mainly soft-bodied coleoid cephalopods are
poorly represented. Therefore, little is known of the evo-
lutionary history of coleoids through paleontology, and
current classifications of the group are based primarily
on the morphology of living representatives. Our un-
derstanding of higher-level coleoid relationships is ru-
dimentary. A cladistic analysis of morphological char-
acter data (Young and Vecchione 1996) has helped elu-
cidate some of the relationships within the Coleoidea,
particularly that of the Vampyromorpha and the Octo-
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poda, but relationships within the Decapodiformes re-
main unresolved.

To date, molecular phylogenetic studies of higher-
level coleoid relationships have focused exclusively on
mtDNA sequences (16S [Bonnaud, Boucher-Rodoni,
and Monnerot 1994], COIlI [Bonnaud, Boucher-Rodoni,
and Monnerot 1997], COI [Carlini and Graves 1999)).
While these studies have provided insight into relation-
ships within the Decapodiformes, the conclusions, es-
pecialy those regarding the Sepioidea, conflict. As nu-
clear and mitochondrial genes possess unique evolution-
ary histories, the phylogenetic relationships obtained
from analysis of nuclear genes may differ from those
obtained through analysis of mitochondrial genes. In ad-
dition, nuclear genes are often informative at different
levels of phylogeny than are mitochondrial genes and
could potentially provide resolution in regions for which
analyses of mtDNA sequence data have not (Graybeal
1994). The 16S rRNA, COIIl, and COI studies all in-
dicated significant levels of saturation in the molecular
data, potentially accounting for some of the anomalous
results reported in those studies. The highly conserved
actin gene family (Hightower and Meagher 1986) was
selected to examine higher-level relationships within the
Coleoidea in an attempt to minimize saturation and ho-
moplasy and to offer a unique perspective of the group’s
phylogenetic history.

Actin isaubiquitous protein in eukaryotic cells and
plays a crucial role in muscle contraction, cell motility,
cytoskeletal structure, cell division, intracellular trans-
port, and cell differentiation (Herman 1993). Actin pro-
teins are encoded by a multigene family in the nuclei of
al animals and plants and in many protozoans examined
to date. However, in yeast and some alveolates, actin is
encoded by only a single gene (Cupples and Pearlman
1986; Hightower and Meagher 1986; Reece et al. 1997).
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Table 1
Classification of Cephalopod Taxa in this Study (Sweeney and Roper 1998)
Clone No.2
Classification (Isoform) GenBank Accession No.
Phylum Mollusca
Class Cephalopoda
Subclass Nautiloidea
Family Nautilidae
Nautilus pompilius Linng, 1758 .................. 1 AF234901
Subclass Coleoidea
Superorder Decapodiformes
Order Sepioidea
Family Sepiidae
Sepia officinalisLinng, 1758 .................... 17 (1) AF234902
5 (1) AF234903
41 (1) AF234904
Sepia opipara lredale, 1926 .. ................... 13 (1) AF234905
35 (1) AF234906
23 (111) AF234907
Family Sepiolidae
Subfamily Heteroteuthinae
Soloteuthis leucoptera Verrill, 1878 .............. 13 (1) AF234908
29 (1) AF234909
Heteroteuthis hawaiiensis Berry, 1909 ............ 21 (1) AF234910
Subfamily Rossinae
Rossia palpebrosa Owen, 1834 .................. 41 AF234911
480-483 (I1) AF234912
Family Spirulidae
Spirula spirula Linng, 1758 .............. ... ... 22 (1) AF234913
30 (1) AF234914
40 (111) AF234915
Family Sepiadariidae
Sepioloidea lineolata Quoy and Gaimard, 1832 .. .. 32() AF234916
6 (1) AF234917
Family Idiosepiidae
Idiosepius pygmaeus Steenstrup, 1881 ............ 17 (1) AF234918
43 (1) AF234919
06 (1) AF234920
Order Teuthoidea
Suborder Myopsida
Family Loliginidae
Loligo pealei LeSueur, 1821 .................... 27 () AF234921
23 (1) AF234922
Sepioteuthis australis Quoy and Gaimard, 1832 .. .. 480-483 (1) AF234923
13 (I1) AF234924
Suborder Oegopsida
Family Bathyteuthidae
Bathyteuthis abyssicola Hoyle, 1885 ............. 1() AF234925
15 (I1) AF234926
Family Brachioteuthidae
Brachioteuthis beani Verrill, 1881 ............... 4 (1) AF234927
6 (1) AF234928
Family Chiroteuthidae
Chiroteuthis veranyi Férussac, 1835 .............. 12 (1) AF234929
16 (111) AF234930
Family Chtenopterygidae
Chtenopteryx sicula Vérany, 1851 ............... 41 (1) AF234931
09 (1) AF234932
3 AF234933
: Family Cranchiidae
Cranchia scabra Leach, 1817 ................... 2() AF234934
1) AF234935
Liocranchia valdiviae Chun, 1906 ............... 6 (I) AF234936
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Table 1
Continued
Clone No.2
Classification (Isoform) GenBank Accession No.
Family Cycloteuthidae
Cycloteuthis sirventi Joubin, 1919 ................ 29 (1) AF234937
61 (I1) AF234938
Discoteuthis laciniosa Young and Roper, 1969 ... .. 11(1) AF234939
51 AF234940
Family Enoploteuthidae
ADFAlia P, oot 3() AF234941
18 (111) AF234942
Enoploteuthis reticulata Rancurel, 1970 7 () AF234943
51 AF234944
Family Gonatidae
Gonatus onyx Young, 1972 ..................... 32 (1) AF234945
90 (1) AF234946
Gonatopsis borealis Sasaki, 1923 ................ 11(1) AF234947
Family Histioteuthidae
Histioteuthis hoylei Goodrich, 1896 .............. 49 (1) AF234948
6 (I AF234949
3(l AF234950
Family Lepidoteuthidae
Lepidoteuthis grimaldii Joubin, 1895 ............. 27 () AF234951
Family Mastigoteuthidae
Mastigoteuthis magna Joubin, 1913 .............. 480-483 (1) AF234952
22 (111) AF234953
Family Neoteuthidae
Alluroteuthis antarctica Odhner, 1923 ............ 6 (1) AF234954
Family Octopoteuthidae
Octopoteuthis nielseni Robson, 1948 ............. 5() AF234955
Family Ommastrephidae
Ommastrephes bartramii LeSueur, 1821 .......... 49 (1) AF234956
6 (1) AF234957
Shenoteuthis oualaniensis Lesson, 1830 .......... 32 () AF234958
21 (1) AF234959
Family Onychoteuthidae
Onychoteuthis compacta Berry, 1913 ............. 26 (1) AF234960
33 (1) AF234961
Family Pholidoteuthidae
Pholidoteuthis adami Voss, 1956 ................ 21 () AF234962
Family Psychroteuthidae
Psychroteuthis glacialis Thiele, 1920 ............. 14 (11) AF234963
Family Pyroteuthidae
Pyroteuthis addolux Young, 1972 ................ 4(1) AF234964
Family Thysanoteuthidae
Thysanoteuthis rhombus Troschel, 1857 ........... 44 (1) AF234965
31 (1) AF234966
Superorder Octopodiformes
Order Octopoda
Suborder Cirrata
Family Cirroteuthidae
Cirrothauma murrayi Chun, 1911 ................ 14 (1) AF234967
20 (1) AF234968
Family Stauroteuthidae
Sauroteuthis syrtensis Verrill, 1879 .............. 22 (1) AF234969
Suborder Incirrata
Family Argonautidae
Argonauta nodosa Solander, 1786 ............... 511 AF234970
Eledonella pygmaea Verrill, 1884 ................ 6 (1) AF234971
5 (1) AF234972
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Table 1
Continued
Family Bolitaenidae
Clone No.2
Classification (Isoform) GenBank Accession No.
Japatella diaphana Hoyle, 1885 ................. 17 (1) AF234973
16 (I1) AF234974
Family Octopodidae
Subfamily Octopodinae
Octopus tetricus Gould, 1852 ................... 27 (1) AF234975
9 (I AF234976
Subfamily Bathypolypodinae
Bathypolypus arcticus Prosch, 1849 .............. 5 (1) AF234977
Subfamily Graneledoninae
Graneledone verrucosa Verrill, 1881 ............. 36 (1) AF234978
39 (1) AF234979
Order Vampyromorpha
Family Vampyroteuthidae
Vampyroteuthis infernalis Chun, 1903 ............ 44 (1) AF234980
21 (1) AF234981
13 (111 AF234982

aClone number refers to the colony number from which plasmid DNA was extracted, except for clone numbers 480—483. These four actin clones were obtained
using the Actin 480 and Actin 483 PCR primers, which amplified a 632-bp fragment in cephal opods.

Actin isoforms are encoded by a set of structurally re-
lated genes that descended by duplication and diver-
gence from common ancestral genes (Hightower and
Meagher 1986). The number of actin isoforms variesin
different lineages. Mammals possess at least six differ-
ent isoforms (Vandekerckhove and Weber 1978). Nine
different isoforms have been characterized in teleost
fishes (Venkatesh et al. 1996). The echinoderm genome
contains at least eight nonallelic actin genes (Lee et al.
1984; Fang and Brandhorst 1994). Insects have been
shown to have at least six actin genes (Fyrberg et al.
1980). The actin gene family of plants is much larger
than that of animals, comprising 8-44 genes, depending
on the specific taxa (Reece, McElroy, and Wu 1992;
Moniz de Sa and Drouin 1996). The petunia (Petunia
hybrida) genome contains over 100 actin genes, al-
though most are thought to be pseudogenes (McLean et
al. 1990). The potentially high number of paralogous
actin genes poses a problem for the use of actin gene
sequences in phylogenetic studies, for which a compar-
ison of orthologous sequences among taxa is compul-
sory for meaningful results.

The actin gene family is divided into two broad
categories: cytoplasmic (8) and muscle (o) type actins.
Invertebrate muscle and cytoplasmic actins are generally
thought to be more similar to chordate cytoplasmic ac-
tins than to chordate muscle actins (Vandekerckhove and
Weber 1984). It has been suggested that the muscle ac-
tins of arthropods differ from the muscle actins of deu-
terostomes to such an extent that two independent der-
ivations of muscle actins probably occurred, one within
the protostome lineage and one within the deuterostome
lineage (Mounier et a. 1992). Surprisingly, little is
known about the diversity, types, expression, and mo-
lecular evolution of actin genes in the phylum Mollusca.
To date, only two studies have attempted to determine

the number of actin genes in molluscs, one in the sea
hare (class Gastropoda) Aplysia californica (Des-
Groseillers et al. 1994), the other in the sea scallop
(class Bivalvia) Placopectin magellanicus (Patwary
1996). Although the results of the Aplysia study were
not entirely conclusive, the number of actin genes was
estimated to be between three and five copies per hap-
loid genome. Southern blot data on Placopectin sug-
gested the presence of approximately 12—15 actin genes.
Further analysis of actin gene evolution in molluscs is
clearly warranted and would provide insight into the or-
igin(s) of muscle type actin isoforms in the protostome
lineage.

The use of actin as a phylogenetic marker has been
largely restricted to analyses of actin gene evolution (see
preceding references) or analysis of distantly related
taxa, such as anayses of relationships between phyla
(Bhattacharya and Ehlting 1995; Reece et al. 1997). The
evolutionary rate of the actin gene(s) has been consid-
ered too slow to determine relationships of taxa below
the phylum/division level (Mounier et al. 1992). How-
ever, categorical designation of a gene or gene family
as ‘*highly conserved” is somewhat vague and arbitrary,
as there are clear differences in the evolutionary rates
of genes between taxa, as well as differences in the evo-
|utionary rates of paralogous genes (Li 1997, pp. 177—
193). In addition, many of the conclusions drawn from
studies addressing the evolutionary rate of actin are per-
tinent to the evolutionary rates of the amino acid se-
quences, not those of the nucleotide sequences. The syn-
onymous substitution rate of actin genes can be quite
high, in some cases up to 35 times the nonsynonymous
substitution rate (Moniz de S& and Drouin 1996). While
the use of synonymous substitutions is not generally ap-
propriate for determining relationships at deep diver-
gences due to saturation, there are exceptions, for ex-
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ample, in the albumin gene and the c-myc oncogene
(Graybeal 1994). Synonymous substitutions in highly
conserved genes may aso provide a wealth of infor-
mation about lower-level relationships. This was dem-
onstrated for the “highly conserved” elongation factor-
la gene, in which synonymous substitutions were in-
formative for reconstruction of relationships within a
moth subfamily that diverged less than 20 MYA (Cho
et a. 1995).

This study presents the results from the phyloge-
netic analysis of a 784-bp fragment from three paralo-
gous actin genes of 44 cephalopod taxa. The number of
protein-coding actin genes present in the genomes of
coleoid cephalopods was estimated through Southern
blotting of total genomic DNA and through phyloge-
netic analysis of 82 cephalopod actin sequences. The
amino acid sequences of three paralogous actin genes
from each of three coleoid taxa were aligned and ana-
lyzed with 30 amino acid sequences from an array of
30 metazoan taxa. Following the demonstration that at
least three paralogous actin genes were present in co-
leoids, the results from a more thorough analysis of two
of the three paralogs from which a sufficient number of
taxa were sampled are presented. The monophyly of the
Sepioidea were tested for the two data sets using the
parametric bootstrap technique (Huelsenbeck, Hillis, and
Nielsen 1996).

Materials and Methods
Taxonomic Sampling

A portion of the actin gene(s) was sequenced for
44 cephalopod taxa representing a broad spectrum of
diversity within the class (table 1). Tissue samples (fin
and/or mantle tissue) from specimens were stored in ei-
ther 70% ethanol (—20°C) or tissue storage buffer (0.25
M ethylenediamine tetraacetate [EDTA], 20% dimethyl
sulfoxide [DMSQ], saturated NaCl [pH 8.0]) (Seutin,
White, and Boag 1991) until DNA extractions were per-
formed. A modification of a protocol designed explicitly
for extracting DNA from mollusc tissue (Winnepen-
ninckx and De Wachter 1993) was used in DNA ex-
tractions (Carlini and Graves 1999).

PCR Amplification, Cloning, and Sequencing

Two sets of degenerate ““‘universal’ actin primers,
designed by G. Warr (Medical University of South Car-
olina) and M. Wilson (Mississippi State Medical Center)
for amplification for vertebrate actin genes, were used
to amplify actin genes from cephalopods. Initialy, a
primer set (Actin 480 and Actin 483) was used to am-
plify a 623-bp fragment (excluding primer sequence) of
the actin gene(s) corresponding to amino acids 127-333
in vertebrates. After obtaining sequence data for several
taxa using the Actin 480 and Actin 483 primers, a sec-
ond set of primers, Actin 481 and Actin 482, was used
to amplify a larger portion (784 bp) of the actin gene.
Amplification conditions were similar for both pairs of
primers. An MJ Research (Watertown, Mass.) PTC-200
thermocycler was used to conduct 40 cycles of the fol-
lowing temperature profile: 94°C for 1 min, 45-46°C
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(depending on the sample) for 1 min, and 68°C for 2
min. A final extension step at 68°C for 7 min followed
the 40 cycles of amplification.

PCR products were cloned into the plasmid vector
pCR2.1 using the Original TA Cloning Kit (Invitrogen
Corp., San Diego, Calif.). Plasmid DNA from transfor-
mant colonies was isolated and digested with EcoRl
(Life Technologies) to check for the presence of the ac-
tin insert. The Thermo Sequenase fluorescent-labeled
primer cycle sequencing kit with 7-deaza-dGTP (Amer-
sham Pharmacia Biotech, Buckinghamshire, England)
was used in al cycle sequencing reactions. Denatured
samples were loaded onto a 4% Long Ranger acryl-
amide gel (FMC Bioproducts, Rockland, Maine) and run
on a LI-COR model 4000L automated DNA sequencer.
Both strands of plasmid DNA were fully sequenced. De-
pending on the type of actin sequences obtained, be-
tween two and six clones from each species-specific
PCR cloning reaction were sequenced with the aim of
obtaining at least two different actin isoforms from each
taxon. If multiple isoforms were not obtained within a
single species after six clones had been surveyed, no
further attempt was made to clone an additional isoform
for that species.

Genomic Southern Blot Analysis

To determine the number of actin genes in the
cephalopod genome, two representative species, the epi-
pelagic squid Ommastrephes bartramii and the primitive
octopod Vampyroteuthis infernalis, were selected for
Southern blot analysis. Total genomic DNA from O.
bartramii and V. infernalis was independently digested
with four different restriction enzymes (Aval, EcoRl,
Hindlll, and Pstl). Approximately 10 wg of digested
DNA was loaded on a 0.8% agarose gel, subjected to
electrophoresis, and transferred to a nylon membrane
(Boehringer Mannheim number 1209-299) for Southern
blot analysis (Southern 1975). The actin probe was con-
structed from the cloned actin PCR product from O.
bartramii (Actin I, clone 49; see table 1). The cloned
actin insert from O. bartramii clone 49 was digested
from the pCR2.1 vector with EcoRlI, and the actin insert
was isolated from an agarose gel and purified using the
Geneclean kit (Bio 101 Inc., La Jolla, Calif.). The O.
bartramii actin insert was labeled by random octamer
labeling with biotin using the Bioprime DNA labeling
kit (Life Technologies, Gaithersburg, Md.). Membranes
were incubated overnight at 55°C in standard hybridiza-
tion buffer (5 X SSC, 0.1% N-lauroylsarcosine, 0.02%
SDS, 1% blocking reagent) with a probe concentration
of 10 ng/ml. Posthybridization washes were conducted
according to the Southern-Sar kit protocol (Tropix Inc.,
Bedford, Mass.). Nonisotopic chemiluminescent detec-
tion of the biotin-labeled probe was performed follow-
ing the Southern-Sar kit protocol using the CDP-Star
chemiluminescent substrate (Tropix Inc.).

Phylogenetic Analysis

Cephalopod DNA sequences were aligned by eye
with the aid of the downloaded sequences and compiled
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in MacClade, version 3.0 (Maddison and Maddison
1992). Introduction of gaps into the aligned cephal opod
actin sequences was unnecessary in all but one se-
quence, as there were no insertion/deletion events or
alignment ambiguities. Introduction of two gaps into the
Soirula spirula actin clone 40 sequence, which had de-
letions at positions 433—-438 and 737-739, was neces-
sary. Both deletions were in-frame, resulting in a loss
of two and one amino acid residue from the deduced
amino acid sequence, respectively. Gapped regions in
the Spirula clone 40 sequence were treated as missing
data.

Maximum-parsimony (MP) anaysis of the 82
aligned nucleotide sequences from cephalopods, along
with two single-copy actin sequences from ciliates as
outgroups, was conducted using the heuristic tree search
option in PAUP* (Swofford 1998) with 100 random se-
quence addition replicates. Clade support was tested us-
ing the heuristic bootstrap search command (100 repli-
cates) in PAUP*. Analysis of the entire actin data set
(82 cephalopod sequences) revealed the presence of
three distinct actin paralogs. The inclusive actin data set
was therefore partitioned into three data sets, one for
each paralog (analysis described below).

To explore the relationship among the three ceph-
aopod actin isoforms and their relationship to other
metazoan actin isoforms, an actin amino acid data set
was constructed. This data set consisted of the amino
acid sequences from three of seven cephalopod taxa for
which all three isoforms had been sequenced (=nine
terminal “‘taxa’”), along with actin amino acid sequences
from 30 metazoan taxa downloaded from GenBank. The
PROTPARS program (PHYLIR version 3.57c; Felsen-
stein 1995) was used to construct an MP tree from a
heuristic search of the amino acid data (1,000 random
addition replicates), and support for clades was deter-
mined through bootstrap analysis using the SEQBOOT
program in PHYLIP (1,000 replicates). The PROTPARS
program was selected for inferring an MP tree from pro-
tein sequences because that method takes into account
the genetic code when assigning costs to amino acid
substitutions, rather than considering all amino acid
changes to have equal costs. The cost associated with
any given amino acid substitution is equal to the number
of nonsynonymous changes required at the codon level
to accomplish the amino acid replacement (Felsenstein
1995). A parsimony search on the constrained amino
acid data, where all protostome muscle actins were con-
strained to be monophyletic, was also conducted. The
test of Templeton (1983), as implemented in PROT-
PARS, was used to estimate the statistical significance
of the difference in the number of steps between the
unconstrained most-parsimonious trees and the con-
strained alternative trees. Competing trees were consid-
ered significantly different when the numbers of steps
were more than 1.96 standard deviations different (Fel-
senstein 1985).

The two largest of the three paralogous actin data
sets were analyzed in detail. PAUP* (Swofford 1998)
was used to generate MP trees from heuristic searches
(1,000 random addition replicates) of the Actin | and

Actin 1l data sets. The Actin | data set contained 38
coleoid cephalopod actin sequences, along with two out-
group sequences determined from the results of the anal-
ysis described in the preceding paragraph. The two out-
groups used were the sea hare muscle actin (accession
number X52868) and the scallop muscle actin (acces-
sion number U55046) sequences downloaded from
GenBank. In analysis of the amino acid data, the sea
hare and scallop sequences clustered with the cephalo-
pod Actin | sequences, indicating homology. The Actin
Il data set contained 31 coleoid cephalopod actin se-
quences, along with one outgroup sequence from Nau-
tilus pompilius, a cephalopod in the separate subclass
Nautiloidea. Clade support was assessed through boot-
strapping (1,000 replicates) in PAUP*. A second mea-
sure of clade support, the Bremer decay index (Bremer
1988), was also determined for each clade on the most-
parsimonious trees of the Actin | and Actin |1l data sets
using the software program TreeRot (Sorenson 1996).
MP trees consistent with the constraints defined by
TreeRot were determined through heuristic searches
(100 random addition replicates each) of the data. Dif-
ferences in tree scores between the unconstrained tree
and each of the constrained trees (one for each node)
reflected the Bremer decay values for the nodes. Se-
quences from the third actin paralog were not analyzed
due to insufficient taxonomic sampling, as sequences
were obtained from only 12 taxa.

To assess the level of saturation in the data, and
also to compare the evolutionary rates of the Actin | and
Actin Il genes, the uncorrected sequence divergence was
plotted against the number of inferred changes obtained
from the average branch lengths on the MP trees. Since
parsimony provides a minimum estimate of the amount
of evolutionary change, it provides a useful lower bound
to assess the extent of saturation in the data (Philippe et
al. 1994). The observed number of substitutions was
plotted separately for third codon positions, which are
expected to reach saturation relatively quickly, and for
pooled first and second codon positions. Two methods
of weighted parsimony were used to analyze the Actin
[l data set. In the first, third-codon-position nucleotides
were excluded from the analysis, as they appeared to be
saturated (see Results). Since it is unlikely that every
third-position character was saturated, a second means
of character weighting was employed, in which the char-
acters were weighted by their rescaled consistency in-
dices (RCls). RCl-weighting assigns more weight to
characters which have greater consistency and less
weight to homoplastic characters; in other words, those
characters that are more likely to be saturated are as-
signed less weight (Farris 1989).

For maximum likelihood (ML) analyses, the strat-
egy used to test models of substitution was similar to
that described in Huelsenbeck and Crandall (1997). Five
models of nucleotide substitution were examined, and
the statistical significance of model comparisons was de-
termined by a hierarchy of likelihood ratio tests (LRTS),
each compared with the chi-square distribution with the
appropriate degrees of freedom. The five substitution
models tested were those of Jukes and Cantor (1969)
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Fic. 1.—Genomic Southern blot analysis of actin gene sequences in Ommastrephes bartramii (lanes 2-5) and Vampyroteuthis infernalis
(lanes 6-9). Genomic DNA was digested with Aval (lanes 2 and 6), EcoRI (lanes 3 and 7), HindllI (lanes 4 and 8), or Pstl (lanes 5 and 9) and
probed with a biotinylated 784-bp actin insert gel-purified from O. bartramii actin clone 49. Lane 1 contains a biotinylated A/HindIll molecular

weight marker (Stratagene, La Jolla, Calif.).

(JCB9), Felsenstein (1981) (F81), Hasegawa, Kishino,
and Yano (1985) (HKY85), HKY85 with rate hetero-
geneity among sites (HKY85+T"), and the general time-
reversible model with rate heterogeneity among sites
(GTR+T). Parameters were estimated separately in heu-
ristic searches (simple addition sequence) conducted un-
der each of the models. In al cases, the GTR+1I" sub-
stitution model provided the best fit to the data. This
model allows for unequal base frequencies, allows for
SiX categories of base substitution rates corresponding
to all six classes of reversible substitutions, and accounts
for rate heterogeneity among sites. Four categories of
rates, as well as the shape parameter o, were estimated
in ML tree searches using the discrete model to approx-
imate the gamma distribution (Yang 1994).

An ML tree, for which the monophyly of the Se-
pioidea was enforced, was generated for each actin data
set assuming a GTR+I" model of sequence evolution.
Parameters were estimated from a single heuristic ML
search of the data. Parametric bootstrap analysis of the
Actin | and Actin Il data was conducted to test for sig-
nificant differences between the unconstrained and the
constrained trees. The constrained ML tree was used to
generate 1,000 simulated data sets for each actin gene
with the computer program SeqGen, version 1.1 (Ram-
baut and Grassly 1997), using the GTR+I" model pa-
rameters estimated from the constrained tree. The sim-
ulated data sets for each gene were then used to generate
anull distribution of most-parsimonious tree length dif-
ferences (TLDs), calculated as the difference in tree
lengths under the null (Sepioidea monophyly con-
strained) and alternate (unconstrained) hypotheses for
each of the 1,000 simulated data sets. The null distri-
bution was obtained from MP heuristic searches (100
random addition replicates) rather than ML searches of
the simulated data sets to save computational time (Hil-
lis, Mable, and Moritz 1996). Since an ML search of a
single simulated data set required severa hours, it was
not possible to perform ML searches of the simulated
data sets (a total of 400,000 MP searches were per-

formed to create the two null distributions). The TLD
for the actual data was then compared with the null dis-
tribution to determine if the actual TLD was statistically
significant. The proportion of the replicates in which the
TLD calculated using the actual data was exceeded for
the simulated data represented the significance level of
the test.

Analysis of the combined Actin | and Actin |1l data
sets was restricted to the 26 taxa from which both gene
sequences had been obtained. We tested for incongru-
ence among the Actin | and Actin Il data partitions using
the incongruence length difference test (Mickevich and
Farris 1981), implemented in PAUP* as the partition
homogeneity test, after excluding invariant sites.

Results
Genomic Southern Blot Analysis

Genomic Southern blots detected two to three
bands in each of the three digests of O. bartramii and
V. infernalis DNA (fig. 1). The EcoRIl and Hindlll di-
gests clearly revealed the presence of three copies of the
actin gene in O. bartramii, while the probe hybridized
to larger fragments in the Pstl digest, making it difficult
to discern the total number of bands (at least two). The
probe did not hybridize to the Aval digest of O. bartra-
mii genomic DNA, possibly due to an insufficient quan-
tity of digested genomic DNA loaded in the Aval lane
or the presence of a single Aval site at 440 bp in the
probe sequence. The probe hybridized to at least two
fragments of the Aval, EcoRlI, and Hindlll digests of V.
infernalis genomic DNA, both of which were relatively
large. The probe hybridized to three fragments in the
Pstl digest of V. infernalis.

Phylogenetic Analysis

Parsimony analysis of 82 cephaopod actin se-
quences, rooted with the two single-copy ciliate se-
quences, yielded 144 equally parsimonious trees and re-
vealed the presence of three distinct classes of actin se-
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FiG. 2.—Strict consensus of 144 equally parsimonious trees gen-
erated by a heuristic search (100 random addition replicates) of the
784-bp actin fragment from all cephalopod sequences (tree length =
3,252; consistency index = 0.257; retention index = 0.671), rooted
with single-copy actin sequences from two ciliates downloaded from
GenBank, Tetrahymena thermophila (M139139) and Tetrahymena pyr-
iformes (X05195). Numbers after taxon names refer to clone numbers
of bacterial colonies from which the plasmids containing actin frag-
ments were purified and sequenced. Bootstrap proportions (100 repli-
cates) are indicated as percentages above or below nodes. The arbi-
trarily designated actin isoforms I, Il, and Il referred to throughout
this study are indicated above the basal branches of the three major
actin clades.

quences (fig. 2). The first isoform cloned and examined
was arhitrarily designated Actin |. The second most
common isoform was designated Actin Il, and the third
isoform discovered was designated Actin 11l. Bootstrap
analysis strongly supported the monophyly of the Actin
| and Actin 11l isoforms (99% and 96%, respectively),
whereas support for the monophyly of the Actin Il iso-
form was moderate (70%).

The sequences of all three actin isoforms (Actin I,
Actin Il, and Actin 111) were obtained from seven ceph-
aopod taxa. The amino acid sequences of three of these
seven taxa, Chtenopteryx sicula, Sepia opipara, and V.
infernalis, were analyzed with actin sequences down-

loaded from GenBank. Analysis of the deduced amino
acids of cephalopod actins, along with other metazoan
actin protein sequences, aso revealed the presence of
three distinct cephal opod actin isoforms (fig. 3). The Ac-
tin | gene was most closely related to the mollusc mus-
cle type actins and exhibited the least variability (1.5%
mean amino acid sequence divergence). Mollusc muscle
actins were found to be distinct from arthropod muscle
actins. Actins Il and 11 exhibited comparable levels of
variation (5.4% and 8.4% mean amino acid sequence
divergence, respectively). Actin |1l clustered among the
other mollusc cytoplasmic actins, and the Actin Il se-
quences were found to be basal to all metazoan actins
but bootstrap support was lacking for both findings. A
statistical test (Templeton 1983) on the 50 unconstrained
trees versus the 22 trees obtained when the protostome
muscle actins were constrained to be monophyletic
found the difference in tree lengths, four steps, to be
insignificant (SD = 3.47 steps; 1.96 X SD = 6.80 > 4
steps).

Chi-square tests of the Actin | and Actin Il data
indicated no significant departure from homogeneity of
base frequencies across taxa (Actin |: x2 = 19.7, df =
111, P = 1.0; Actin Il: x2 = 63.6, df = 111, P = 0.99).
The Actin | gene exhibited less variability than the Actin
[l and Actin Ill genes (table 2). Since the number of
parsimony-informative sites and the number of variable
sites are both positively correlated with the total number
of sequences, comparisons of sequence variability
among the three genes must be considered with refer-
ence to the number of sequences in each data set. Al-
though it appeared that the Actin 11l gene was inter-
mediately conserved relative to the Actin | and Actin |1
genes, the Actin Il gene was actually the least con-
served, because it exhibited a comparable nhumber of
informative sites with only a fraction of the sequences
(12 vs. 38 and 32). The interspecific divergences were
calculated using only the seven taxa from which all three
gene sequences had been obtained. Comparison of mean
interspecific divergences revealed that the Actin 111 gene
was the least conserved of the three isoforms (Actin I11:
17.7% =+ 5.0% > Actin Il: 11.1% * 5.7% > Actin I:
8.5% *+ 2.4%). The relatively large divergences exem-
plified by the Actin 11l data, combined with the deletion
of amino acids in the Spirula sequence, raise the pos-
sibility that Actin 11l is a pseudogene. We calculated the
effective number of codons (ENC; Wright 1990), a mea-
sure of codon bias which ranges from 20, for maximally
biased genes, to 61, for completely unbiased genes, for
the Actin I, Actin I, and Actin |11 genes from the seven
taxa. Within each taxon, the ENC for Actin Il was
greater than that for both the Actin | and the Actin 11
genes. Furthermore, the average ENC for Actin |1l
(52.53 = 2.32) was greater than the averages for either
Actin | (38.98 = 2.66) or Actin |l (41.47 = 1.86). These
results suggest that Actin I11 is a pseudogene, since the
degree of codon bias in neutrally evolving pseudogenes
is expected to be less than that in their functional coun-
terparts. Furthermore, we were unable to clone Actin I11
from any representative of the Octopoda, a finding that
might also be consistent with the idea that Actin 111 is
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Drosophila (#87E) Muscle
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[~ Pufferfish Skeletal
Pufferfish Anomalous |Deuterostome
Ascidian Larval Muscle |Muscle
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Chtenopteryx Actin |
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_E Sea Urchin (Sp HIb) Cytoplasmic
Sea Urchin (He I) Cytoplasmic
1 _‘f Sea Urchin (Ht I) Cytoplasmic
— Sea Urchin (Sp IIb) Cytoplasmic
— L Ascidian Cytoplasmic
Gastropod
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T00 — Pacific Oyster
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93 Vampyroteuthis Actin TIT

Tetrahymena thermophila
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FiG. 3.—Strict consensus of 50 equally parsimonious trees derived from a heuristic search (1,000 random addition replicates) of the deduced
amino acid segquences (261 residues) from the Actin I, Actin I, and Actin Il genes of Chtenopteryx, Sepia opipara, and Vampyroteuthis, along
with the actin genes from a diverse array of metazoan taxa (tree length = 366; consistency index = 0.717; retention index = 0.738). Bootstrap
proportions (1,000 replicates) are indicated as percentages above nodes. Tissue specificity isindicated for the sequences for which the information
was available. GenBank accession numbers: ascidian cytoplasmic (D45164); ascidian larval muscle (D10887); ascidian adult muscle (L21915);
brine shrimp (#403) cytoplasmic (X52605); brine shrimp (#205) muscle (X52602); brine shrimp (#211) muscle (X52603); Caenorhabditis (#1)
(J01042); cnidarian (M32364); Drosophila (#5C) cytoplasmic (K00667); Drosophila (#42A) cytoplasmic (K00670); Drosophila (#57A) muscle
(K00673); Drosophila (#87E) muscle (K00674); gastropod (Z72387); eastern oyster (X75894); Pacific oyster (AF026063); pufferfish anomalous
(U38962); pufferfish cardiac (U38959); pufferfish skeletal (U38850); pufferfish cytoplasmic (U37499); sea hare cytoplasmic (U01352); sea hare
muscle (X52868); sea urchin (He I) cytoplasmic (U09633); sea urchin (He) muscle (U32348); sea urchin (Ht |) cytoplasmic (U12272); sea
urchin (Ht) muscle (U32353); scallop muscle (U55046); sea urchin (Sp 11b) cytoplasmic (M35323); sea urchin (Sp I11b) cytoplasmic (M35324);
Tetrahymena thermophila (M139139); Tetrahymena pyriformes (X05195).

Table 2
Comparison of Nucleotide Variability in the 784-bp Region of the Three Actin Genes Sequenced
No. of Parsi-
mony- No. Variableat  No. Variable at No. Variableat % Interspecific Div-
No. of Informative Total No. Variable First Positions  Second Positions  Third Positions ergence?
Gene Taxa Sites (% of total) (% of variable) (% of variable) (% of variable) (mean = SD)

Actinl ...... 38 184 292 (37.2) 51 (17.5) 30 (10.3) 211 (72.2) 85 = 2.4
Actinll ...... 32 244 342 (43.6) 67 (19.6) 33 (12.6) 242 (70.8) 111 + 57
Actin Il ..... 12 210 313 (39.9) 50 (16.0) 24 (7.7) 239 (76.3) 17.7 £ 50

aTo facilitate comparisons among genes, interspecific divergences (uncorrected) were calculated from all pairwise comparisons among the following seven taxa
for which all three isoform sequences had been obtained: Chtenoptyeryx sicula, Histioteuthis hoylei, Sepia officinalis, Sepia opipara, Spirula spirula, and Vampy-
roteuthis infernalis.
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Fic. 4—Uncorrected percentage of sequence divergence plotted against the number of inferred changes obtained from the average branch
lengths on the parsimony trees. The observed numbers of substitutions are plotted separately for third codon positions, which are expected to
reach saturation relatively quickly, and pooled first and second codon positions. a, Actin | divergences plotted against average branch lengths
from the 10 most-parsimonious trees derived from analysis of the Actin | data (see fig. 5a) indicate that sequence divergence increases linearly
with parsimony branch lengths for al codon positions. b, Actin Il divergences plotted against average branch lengths from the five most-
parsimonious trees derived from analysis of the Actin |l data (see fig. 6a) suggests that third codon positions become saturated at approximately

12% divergence.

a pseudogene, since the loss of Actin |11 in the Octopoda
would not carry severe fitness consequences. However,
it is quite possible that the Octopoda also have a copy
of the Actin 111 gene but we were unable to clone it due
to our sampling method (see Discussion).

Saturation plots of the Actin | data for all possible
pairwise comparisons among the 38 ingroup taxa indi-
cated that uncorrected sequence divergence increased
linearly with parsimony branch lengths (fig. 4a). Sur-
prisingly, this pattern held for third codon positions, as
well as for pooled first and second codon positions,
which exhibited very low levels of variation. The satu-
ration plots for the Actin Il data, however, revealed that

third positions become saturated at higher divergences:
a 12% observed divergence in third positions could cor-
respond to anything from 50 to 87 steps on the parsi-
mony tree (fig. 4b). Therefore, third codon positions
were downweighted to explore the effects of saturation
on parsimony analysis of the Actin |l data.

Parsimony analysis of the Actin | data set yielded
10 equally parsimonious trees of length 1,019 (fig. 5a).
The Actin | data did not provide much resolution within
the Decapodiformes, however, several of the dista
nodes were supported by bootstrap analysis. As the Ac-
tin | gene exhibited little variability; Bremer support val-
ues were quite low for most nodes. The Actin | data
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Fic. 5.—a, Strict consensus of 10 most-parsimonious trees obtained in a heuristic search (1,000 random addition replicates) of the 784-bp
Actin | data set (tree length = 1,019; consistency index = 0.404; retention index = 0.518). Bootstrap proportions are indicated as percentages
below nodes, and Bremer support values are indicated above nodes. Higher-level taxonomic designations are indicated in boldface to the right
of each terminal taxon (C = suborder Cirrata; | = suborder Incirrata; M = suborder Myopsida; O = suborder Oegopsida; S = order Sepioidea;
V = order Vampyromorpha). b, Maximum-likelihood tree generated from a heuristic search of the Actin | data assuming a general time-
reversible (GTR) model of substitution with site-specific rates estimated according to the gammadistribution (—In L = 6,007.44). Branch lengths
are drawn proportional to the probabilities of change occurring along each branch under the GTR model. Substitution parameters estimated in
the likelihood search were as follows: w5 = 0.232, mc = 0.298, g = 0.214, my = 0.256; A-C = 1.776, A-G = 4.840, A-T = 1.548,
C-G = 0615 C-T = 6569, G-T = 1.000; « = 0.552; r;, = 0.043,r, = 0.285, r; = 0.855, r, = 2.817.

supported the monophyly of the Octopodiformes (99%
bootstrap support), the Octopoda (100%), the Incirrata
(95%), the Decapodiformes (55%), the Sepiolidae
(89%), the Sepiidae (56%), and the Myopsida (50%).
ML analysis of the Actin | data set under the GTR+T
model (fig. 5b) also supported the monophyly of these
groups (Myopsida excepted) and various families rep-
resented by more than one taxon. The monophyly of the
Sepioidea, Teuthoidea, and Oegopsida was not support-
ed by parsimony or ML analysis of the Actin | data.
Interestingly, ML analysis of the Actin | data supported
a clade consisting of Chtenopteryx, Bathyteuthis, Myop-
sida, and Sepioidea.

MP analysis of the Actin Il data set yielded five
equally parsimonious trees of length 1,217. The consen-
sus tree (fig. 6a) supported the monophyly of the Oc-
topodiformes (92% bootstrap support), the Cirrata
(98%), the Incirrata (92%), the Bolitaenidae (100%), the
Decapodiformes (83%), the Cycloteuthidae (96%), the
Ommastrephidae (83%), the Sepiolidae (92%), the Se-
piidae (100%), and the Myopsida (100%). Also sup-

ported was a close relationship between Histioteuthis
and Psychroteuthis (74%). Both methods of weighted
parsimony analyses did not change any of the relation-
ships among the Octopodiformes (results not shown).
The Decapodiformes were found to be monophyletic,
but most resolution within the Decapodiformes was lost
when third positions were excluded from the analysis.
The RCI-weighted data provided some resolution within
the Decapodiformes, supporting the monophyly of the
Myopsida, (Sepiolidae + Sepiadariidae) and families
represented by more than one taxon. However, the Se-
pioidea, the Teuthoidea, and the Oegopsida were not
supported by RCl-weighted parsimony analysis. ML
analysis of the Actin Il data set under the GTR+1I" mod-
el supported the monophyly of the Octopodiformes, the
Octopoda, the Cirrata, the Incirrata, the Decapodifor-
mes, the Myopsida, (Sepiolidae + Sepiadariidae), and
various families represented by more than one taxon
(fig. 6b). The monophyly of the Sepioidea, Teuthoides,
and Oegopsida was not supported by ML analysis of the
Actin Il data.

1202 AINF 2z uo Jasn BunyosiojueszQ Jny WNJUSZ-Z)oywioH ¥ouioNalg ¥YINOID Aq 9E8766/ESE L/6/L L /BI0IME/aqU /WO dNO"dIWBPEO.//:SARY WOy POPEOIUMOQ



1364 Carlini et al.

7 Stoloteuthis S
3|_97|: Rossia S
[ —— Sepioloidea S
Idiosepius S

4

2 |—4C Ommastrephes O
83 Sthenoteuthis O

Enoploteuthis O

\—— Spirula S
L Thysanoteuthis O

9— Sepia officinalis S
o| 100—— Sepia opipara 8

2 —DE Loligo pealei M
100 Sepiotenthis M
1 : Bathyteuthis O

Chtenopteryx O

Cranchia O
Brachioteuthis O
8 1
83 |_3_E Histioteuthis O
74 Psychroteuthis O

Gonatus onyx O
1o— Cycloteuthis O
96b—— Discoteuthis O
Octopus 1
Graneledone 1

11f————— Bathypolypus 1
92 5 Eledonella ¥
100: Japatella

52 L—— Argonauta 1

1 Stauroteuthis C
2| 98 Cirrothauma C
3 Vaumpyrotenthis V

Nautilus

Stoloteuthis S

Rossia S

Sepioloidea S
Enoploteuthis O

Idiosepius S

Ommastrephes O
Sthenoteuthis O

Spirula S

Sepia officinalis S
Sepia opipara S
Thysanoteuthis O
Loligo pealei M
Sepioteuthis M
Bathyteuthis O

Chtenopteryx O

Cranchia O
Brachioteuthis O

Gonatus onyx O
_E_‘;Cycloleuthis O
Discoteuthis O

Psychroteuthis O
Histioteuthis O

Octopus 1

Bathypolypus 1
Argonauta 1
Graneledone 1
Eledonella 1

Japatella 1

—{:—-—————— Stauroteuthis C
Cirrothauma C

Vampyroteuthis V

Nautilus

b

FiG. 6.—a, Strict consensus of five most-parsimonious trees obtained in a heuristic search (1,000 random addition replicates) of the 784-
bp Actin Il data set (tree length = 1,217; consistency index = 0.418; retention index = 0.555). Bootstrap proportions are indicated as percentages
below nodes, and Bremer support values are indicated above nodes. Higher-level taxonomic designations are indicated in boldface to the right
of each terminal taxon (C = suborder Cirrata; | = suborder Incirrata; M = suborder Myopsida; O = suborder Oegopsida; S = order Sepioidea;
V = order Vampyromorpha). b, Maximum-likelihood tree generated from a heuristic search of the Actin |l data assuming a genera time-
reversible (GTR) model of substitution with site-specific rates estimated according to the gammadistribution (—In L = 6,519.69). Branch lengths
are drawn proportional to the probabilities of change occurring along each branch under the GTR model. Substitution parameters estimated in
the likelihood search were as follows: w, = 0.249, mc = 0.261, g = 0.219, w; = 0.271; A-C = 1761, A-G = 5552, AT = 2.366,
C-G=0903, C-T = 8984, G-T = 1.000; « = 0.894; r; = 0.112, r, = 0.438, r3 = 0.977, r, = 2.473.

The TLDs (in number of parsimony steps) between
the unconstrained and the constrained trees are com-
pared with the null distribution of TLDs obtained by
parsimony searches of the simulated data sets in figure
7. The observed TLD between the constrained and the
unconstrained ML trees (in parsimony scores) was 9
steps for the Actin | data. For the simulated Actin | data
(shown as filled bars), 68 of the 1,000 sampled tree
lengths resulted in a difference greater than the observed
difference of 9 steps. Therefore, an observed difference
greater than 9 steps would be expected about 6.8% of
the time if the null hypothesis were true, so the null
hypothesis of sepioid monophyly could not be rejected
for the Actin | gene at P < 0.05, although the observed
difference approached statistical significance. The ob-
served TLD was 14 steps for Actin |1 data, and none of
the simulated data sets resulted in a TLD greater than 5
steps. Therefore, the observed difference of 14 steps
would be expected less than 0.1% of the time if the null

hypothesis were true, so the null hypothesis of sepioid
monophyly was rejected at P < 0.001 for the Actin Il
data.

A partition homogeneity test indicated that the Ac-
tin | and Actin Il data partitions were significantly in-
congruent (P < 0.01). This result may be due to the
different evolutionary rates of the two genes, or it may
be due to gene conversion. Additional factors related to
the concept of independent process partitions (Miya-
moto and Fitch 1995) cannot be excluded without fur-
ther investigation. When a test for homogeneity among
data sets fails, the data should not be combined, as such
an approach would violate the assumptions of analysis
of the combined data sets (Bull et al. 1993). Particularly
relevant to the present data is the assumption that the
individual Actin | and Actin |1 gene trees should recover
the species tree. It is possible that either or both of the
individual gene trees may differ from the species tree
due to lineage sorting within the Decapodiformes, such
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Fic. 7—Results from parametric bootstrap analysis of the Actin | and Actin |l data sets. The trees derived from maximum-likelihood
analysis of the Actin | and Actin Il data sets constraining the monophyly of the Sepioidea were used to generate 100 simulated data sets (784
bp each) for each gene. The substitution parameters under the GTR+I" model of evolution that were used to obtain the initial tree were also
used to generate the simulated data sets (Actin | parameters: wy = 0.232, e = 0.298, wg = 0.214, w = 0.256; A-C = 1.752, A-G =
4918, AT = 1493, C-G = 0634, C-T = 6.812, G- T = 1.000; a = 0.554; r; = 0.047, r, = 0.295, r; = 0.865, r, = 2.793. Actin Il
parameters: m, = 0.239, mc = 0.268, mg = 0.192, my = 0.301; A-C = 1773, A-G = 5504, AT = 2366, C-G = 0904, C-T =
9.005, G- T = 1.000; « = 0.894; r; = 0.047, r, = 0.295, r3 = 0.895, r, = 2.793). Two parsimony searches were conducted on each simulated
data set; the first search was conducted under the constraint of sepioid monophyly, while the second search was unconstrained. The differences
in scores between the best tree derived from the constrained and unconstrained parsimony searches of each of the 1,000 simulated data sets
were recorded and graphed to obtain the expected distribution under the null model. The tree length difference (in parsimony steps) between
the constrained and the unconstrained maximum-likelihood trees for the Actin | data, i.e., the observed difference, was 9 steps. For the simulated
Actin | data (shown as filled bars), 68 of the 1,000 sampled tree lengths resulted in a difference greater than the observed difference of 9 steps.
Therefore, an observed difference greater than 9 steps would be expected about 6.8% of the time if the null hypothesis were true, so the null
hypothesis of sepioid monophyly could not be rejected for the Actin | gene at P < 0.05. The observed tree length difference (in parsimony
steps) between the constrained and the unconstrained maximum-likelihood trees for the Actin Il data was 14 steps. In the Actin Il simulations
(shown as open bars), none of the 1,000 sampled tree length differences were greater than 5 steps. Therefore, an observed difference of 14
steps would be expected less than 0.1% of the time if the null hypothesis were true, so the null hypothesis of sepioid monophyly was rejected
at P < 0.001.

that common ancestry of aleles would extend further
back in time than the speciation events (Maddison
1997). If related species were to carry different ancestral
aleles due to lineage sorting, discord between gene trees
and species trees would result, and the assumptions of
a ‘‘total evidence’” approach would be violated.

Discussion
Evolution and Phylogenetic Utility of the Actin Gene
Family of Coleoid Cephalopods

Genomic Southern blot analysis suggests that there
are at least three closely related actin sequences in the
genomes of coleoid cephalopods, as represented by O.
bartramii and V. infernalis genomic DNA (fig. 1). Nei-
ther of the two actin clones sequenced from O. bartramii
contained recognition sites for EcoRI, Hindlll, or Pstl
restriction enzymes. The Actin | isoform from O. bar-
tramii, from which the actin probe was constructed, pos-

sessed a single Aval site. This may have interfered with
proper hybridization to O. bartramii genomic DNA di-
gested with Aval. None of the three actin clones se-
quenced from V. infernalis contained recognition sites
for the Aval, EcoRl, Hindlll, or Pstl restriction enzymes.
We interpret the number of bands to represent the num-
ber of distinct actin loci possessed by cephalopods and
hypothesize that the three actin loci are the result of two
gene duplication events prior to the divergence of the
Coleoidea.

It is possible that two of the bands may represent
different alleles of the same locus, although phyloge-
netic analysis of cephalopod actin sequences supports
our interpretation of the results from Southern blot anal-
ysis. The strict consensus of 144 equally parsimonious
trees obtained in analysis of the 82 cephalopod actin
sequences clearly demonstrates the presence of three
distinct isoforms of the actin gene in coleoids (fig. 2).
Each of these isoforms clearly belonged to one of the
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three major clades that were supported by bootstrap
analysis of the nucleotide data. In addition, the high lev-
els of nucleotide sequence divergence between the dif-
ferent isoforms within the same species (on the order of
15%—-20%) are inconsistent with the low levels of intra-
specific allelic divergences (typically <1%) observed in
most protein-coding loci (Li 1997, pp. 237—242). How-
ever, sequence divergence between different actin iso-
forms is low enough that a heterologous probe would
detect al the isoforms under the hybridization condi-
tions used in this study.

We were unable to clone and sequence all three
isoforms from every species examined in this study.
This probably had little to do with the number of actin
gene copies in each species and was probably due to the
method we employed. In surveying a broad spectrum of
taxa for which no information on actin had previously
been available, it was necessary to use highly degenerate
PCR primers which may not have been effective for
amplifying all actin isoforms across all species. Addi-
tional work is required to determine a definitive actin
gene copy number and to type all actin isoforms present
in each individual species.

Phylogenetic analysis of representative amino acid
sequences of the three cephalopod actin isoforms, along
with known actin isoform amino acid sequences from a
diverse array of metazoan taxa downloaded from
GenBank, was conducted to examine the relationship
between the three cephalopod actin paralogs and other
metazoan actin paralogs. To maximize informativeness
about the type of actin isoforms possessed by cephalo-
pods, most of the sequences from noncephaopod taxa
included in the analysis were derived from cDNA li-
braries so that the tissue in which the particular isoforms
were expressed would be defined. The Actin | gene of
cephalopods clustered with the muscle type actins of
molluscs, while the cephalopod Actin 1l sequences were
most similar to the other molluscan cytoplasmic actins.
The Actin Il sequences placed basal to all metazoan
actins included in the parsimony analysis, although the
lengths of the branches separating Actin Il from the
remaining metazoan actins were very short on al 50
most-parsimonious trees. Mollusc muscle type actin se-
quences were not most closely related to the arthropod
muscle actins, suggesting independent derivations of the
mollusc and arthropod muscle type actins. However, a
test of the statistical significance of the differencein tree
length (Templeton 1983) obtained from parsimony anal-
ysis of the unconstrained data and parsimony analysis
of the constrained data (i.e., protostome muscle actins
constrained to form a monophyletic group) indicated
that the two sets of trees were not significantly different.
Therefore, at thistime, it is not possible to conclude that
the ancestral protostome lineage lacked a muscle-spe-
cific actin gene, as suggested by Mounier et a. (1992).
Additional muscle actin sequences from other molluscan
classes, as well as from other protostome phyla, are re-
quired to resolve this issue. As an example, the unex-
pected placement of Caenorhabditis as sister to the deu-
terostome muscle actin clade illustrates the need for

more extensive sampling of actin sequences from ad-
ditional ecdysozoan protostomes.

Each of the three classes of actin isoforms found
in this study may comprise different subclasses of iso-
forms. Indeed, studies have shown that distinct loci, de-
termined through analysis of cDNA library clones, may
possess identical amino acid sequences and nearly iden-
tical (>95%) nucleotide sequences (Wahlberg and John-
son 1997). Thus, although the sequences may be nearly
identical, they may not be homologous. Gene conver-
sion has been invoked as the mechanism maintaining
homogeneity among separate actin loci (Crain et al.
1987; Wahlberg and Johnson 1997). If gene conversion
has been a factor in the evolution of a seemingly ho-
mologous group of sequences, one would expect sepa-
rate loci within a taxon to cluster together or near one
another on a phylogenetic tree. Phylogenetic analysis of
the entire actin data set of 82 terminal taxa (fig. 2) sug-
gests that gene conversion is an unlikely scenario in the
molecular evolution of cephalopod actin isoforms. Each
of the three main clades (Actin I, Actin Il, and Actin
[11) are distinct from one another, and each contains one
and only one representative from each taxon. In contrast,
if gene conversion had occurred, two or more separate
loci from a single taxon would cluster within a single
major clade due to the homogenizing effects of
conversion.

Phylogenetic analysis of the entire actin data set
revealed three distinct clades of actin genes within the
Cephalopoda. It may be posited that subtle intraclade
differences among paralogs could have been obscured
by the large interclade differences in the comprehensive
actin data set. Intraspecific comparisons of Actin | and
Actin Il nucleotide sequences could potentialy revea
the presence of multiple actin lineages within each pur-
ported isoform. Although such comparisons would not
provide rigorous proof that each isoform is itself com-
posed of multiple gene lineages, the absence of obvious
heterogeneity within lineages would be another line of
evidence supporting the conclusion that each isoform
represents a single, distinct actin paralog. Intraspecific
actin isoform comparisons revealed that none of the 26
taxa considered departed substantially from the overall
mean divergence between the Actin | and the Actin 11
isoforms (18.73%). However, a comparison between the
mean intraspecific divergence within the Octopodifor-
mes (21.11%) and that within the Decapodiformes
(18.02%) revealed that the Octopodiformes actin genes
were significantly more divergent than their decapodi-
form counterparts (t = 8.08, df = 6, P < 0.01). A com-
parison of the variation in octopodiform and decapodi-
form mitochondrial COl amino acid sequences also
demonstrated greater divergence in the Octopodiformes
(Carlini and Graves 1999), suggesting either a faster rate
of molecular evolution or earlier divergences within the
latter group.

The Actin | gene appeared to be less saturated than
might be expected based on the highly conserved nature
of the amino acid sequences. While first- and second-
codon-position substitutions were rare, third-codon-po-
sition substitutions tended to accumulate linearly with

1202 AINF 2z uo Jasn BunyosiojueszQ Jny WNJUSZ-Z)oywioH ¥ouioNalg ¥YINOID Aq 9E8766/ESE L/6/L L /BI0IME/aqU /WO dNO"dIWBPEO.//:SARY WOy POPEOIUMOQ



increasing sequence divergence (fig. 4a). The Actin Il
gene exhibited some saturation in third-position substi-
tutions; however, the Actin Il sequences were more var-
iable at first and second codon positions than Actin |
(fig. 4b); therefore, both genes contain substantial phy-
logenetic signal. Patterns of sequence divergence among
taxa must be examined prior to dismissing the use of
“highly conserved’” sequences to infer the phylogeny of
a given group (Graybeal 1994). First and second posi-
tions of both actin genes appear to conform to the first
pattern of molecular evolution described in Graybeal
(1994), with very few sites varying and those that vary
changing very slowly. Third positions of the Actin II
gene appear to exhibit pattern 2, with a greater propor-
tion of sites free to change and a relatively rapid rate of
change, resulting in saturation at higher divergences.
Third positions of the Actin | gene exhibit pattern 3,
with an even greater proportion of varying sites, al-
though the rate at which they vary is less than the rate
for third positions of the Actin Il gene. Weighted par-
simony analysis was conducted on the Actin |l data in
an attempt to counter the effects of saturation. The re-
sults of weighted parsimony analysis were similar to
those obtained by ML analysis of the Actin |1 data; thus,
they did not provide any significant additional insights.

Phylogenetic Relationships of the Coleoidea

The monophyly of the Decapodiformes and the Oc-
topodiformes was supported in analyses of both actin
data sets. These results agree with those obtained
through analysis of morphological data (Young and Vec-
chione 1996). Previous molecular studies have also con-
firmed the monophyly of the Decapodiformes (Bonnaud,
Boucher-Rodoni, and Monnerot 1994, 1997; Carlini and
Graves 1999). The monophyly of the Octopodiformes
was unequivocally confirmed in a single previous mo-
lecular study (Carlini and Graves 1999). Both the Actin
| and the Actin Il data indicated substantially less boot-
strap and Bremer support for the monophyly of the De-
capodiformes clade than for the monophyly of the Oc-
topodiformes clade. A parallel pattern was reported in a
cladistic analysis of 50 morphological characters (Young
and Vecchione 1996).

Octopoda

Parsimony analysis of the Actin | and Actin Il
genes did not resolve the relationships among Octopus,
Graneledone, and the bolitaenids. The results presented
here support Voight's (1993) assertion that our knowl-
edge of octopodid relations is not yet at the level re-
quired for subfamilial designations. Indeed, our classi-
fication of incirrates at the family level may be flawed
in that all incirrates may be derived from octopodids.
This is quite plausible, as the few morphological char-
acters that support the monophyly of the Octopodidae
could be plesiomorphic.

Sepioidea
In contrast to the results obtained from analysis of
the COI gene (Carlini and Graves 1999), the sepioid
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families did not emerge basal to the remaining repre-
sentatives of the Decapodiformes in trees derived from
analyses of the actin data. The monophyly of the Se-
pioidea was not supported in analysis of the Actin |
gene. However, when the Myopsida, Chtenopteryx, and
Bathyteuthis were included, the group was found to be
monophyletic, although bootstrap and Bremer support
were lacking for this clade. The monophyly of the Se-
pioidea was also not supported in phylogenetic analyses
of the Actin Il gene.

Sepioloidea, a member of the family Sepiadariidae,
consistently emerged basal to the Sepiolidae clade in all
analyses of the Actin | and Actin Il data sets. This re-
lationship was also supported in bootstrap analyses of
both data sets (85% and 71%). This result supports the
relationships described first by Naef (1923), who con-
sidered the Sepiadariids ancestral within the Sepiolidae,
and later by Khromov (1990), who considered the Se-
piolidae, the Sepiadariidae, and the ldiosepiidae more
closely related to each other than to the Sepiidae and
the Spirulidae.

A statistical test of monophyly for the Actin |1 data
set rejected the monophyly of the Sepioidea, although a
test on the Actin | data could not reject the null hy-
pothesis at « = 0.05 (fig. 7). However, the Actin | data
are quite close to statistical significance (P = 0.068) and
are certainly suggestive of the conclusion that the Se-
pioidea are not a natural group. The Actin | gene was
much less variable than the Actin |l gene and probably
does not contain enough phylogenetic signal to reject
sepioid monophyly at the 5% significance level. Al-
though the results of such tests cannot be considered
“proof’” against a group’s monophyly, the rejection of
sepioid monophyly for the actin data sets reported here
and the COI data reported elsewhere (Carlini 1998) pro-
vide compelling evidence to refute the monophyly of
the group.

Our conclusions based on statistical tests of mono-
phyly should be tempered with some caution, as several
factors could potentially contribute to a false rejection
of sepioid monophyly, i.e., type | error. The use of in-
appropriate models of DNA substitution can be a serious
problem affecting the relevance of statistical tests of
monophyly based on null distributions of TLDs from
simulated data sets. The use of an inappropriate model
of DNA substitution in generating simulated data sets
results in an increased frequency of rejecting the null
hypothesis when it is in fact true. However, Huelsen-
beck, Hillis, and Nielsen (1996) found that the assump-
tion of an incorrect model was a serious problem only
when the rates of sequence evolution were exceptionally
high. The parameter-rich GTR model of sequence evo-
lution was used to generate the simulated data sets in
the present study in order to simulate the evolution of
DNA sequences as realistically as possible. Therefore,
the rejection of sepioid monophyly is probably not due
to the use of an inappropriate model of nucleotide sub-
stitution. Another potential source of type | error is se-
vere base composition bias, although bias was found to
be insignificant for both the Actin | and the Actin Il data
sets (see Results). A third potential source of type | error
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could have been the result of our approach to analyzing
the simulated data sets, specifically in the use of MP
searches for ML-simulated data sets. If the differencein
length between unconstrained and constrained ML trees
was greater than the difference in length between un-
constrained and constrained MP trees, then the null dis-
tribution generated by searching the simulated data sets
using parsimony would be biased toward smaller TLDs.
If this were the case, then the simulated differences be-
tween the optimal and the constrained trees might be
greater and the test difference less significant.

Teuthoidea

While the monophyly of most families represented
by more than one taxon was supported in analyses of
the actin data sets, few relationships among the oegopsid
families were conclusively determined. Among the
oegopsid families, the Chtenopterygidae and the Bath-
yteuthidae appeared most closely related to myopsid
squids and the Sepioidea. A close relationship between
Chtenopteryx and Bathyteuthis was found in all analyses
of the Actin | data set and was supported by a moderate
proportion (59%) of bootstrap replicates. This relation-
ship was also found in parsimony analysis of the Actin
Il data, but without bootstrap support. Likelihood anal-
ysis of the Actin Il data did not support a sister group
relationship between the two families, although they
branch off immediately adjacent to one another, basal to
the myopsid/sepiid/Spirula clade. Some researchers
have considered the Chtenopterygidae and the Bathy-
teuthidae to be related to one another and also to the
myopsid squids (Naef 1923; Young 1977, 1991; Ander-
son 1996; Brierley, Clarke, and Thorpe 1996).

The monophyly of the oegopsid sgquids was not
supported in any of the analyses conducted in this study.
The present study, as well as previous molecular studies
(Bonnaud, Boucher-Rodoni, and Monnerot 1994; Carlini
and Graves 1999), suggest that the oegopsid squids rep-
resent a polyphyletic group with uncertain phylogenetic
affinities. These findings are consistent with a recent
conclusion that the Oegopsida are ‘‘a phylogenetic
void”’ (Young, Vecchione, and Donovan 1998). Al-
though relationships among a few families were sup-
ported in many of the analyses, the lack of stability in
deep-level relationships renders any conclusions about
phylogenetic relationships of oegopsid families prema-
ture. The lack of stability in oegopsid family relation-
ships was observed in three ways. Both measures of
clade stability employed in this study failed to lend
strong support to most oegopsid clades. The results from
analyses of the same data set using two different recon-
struction methodologies, parsimony and likelihood,
were frequently discordant with respect to deep diver-
gences within the Oegopsida. Finally, analyses of the
two different data sets were frequently discordant with
respect to oegopsid relations, although this may have
been due in part to the different taxonomic compositions
of the data sets. Parsimony and likelihood analysis of
the COI gene, which included representatives from 23
of the 25 oegopsid families, did not elucidate stable re-

lationships among the oegopsid families, nor was the
monophyly of the Oegopsida supported (Carlini 1998).
Although representation of oegopsid families was lim-
ited in the 16S and COIIl studies, neither study dem-
onstrated oegopsid monophyly, nor were stable relation-
ships among families observed (Bonnaud, Boucher-Ro-
doni, and Monnerot 1994, 1997).

Conclusions

The data presented in this study suggest that ceph-
alopods possess three paral ogous actin genes. One of the
actin paralogs (Actin I) examined in this study is most
similar to mollusc muscle actin genes, whereas another
paralog (Actin Il) is most similar to cytoplasmic actin
genes.

With respect to higher-level relationships within the
Cephalopoda, the following conclusions can be drawn
from analyses of the Actin | and Actin Il data sets: (1)
the Coleoidea, the Octopodiformes, the Decapodifor-
mes, and the Incirrata are monophyletic groups; (2) the
Vampyromorpha and the Octopoda are sister taxa; and
(3) the Sepioidea and the Oegopsida, as currently de-
fined, are polyphyletic. The actin data also suggest that
the myopsid squids may be more closely related to the
Sepiidae and Spirula than to most oegopsid squids and
that the Bathyteuthidae and the Chtenopterygidae appear
to be more closely related to the Myopsida and the Se-
pioidea than to other oegopsid families.
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