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Abstract. The origin and evolutionary relationship of
actin isoforms was investigated in chordates by isolating
and characterizing two new ascidian cytoplasmic and
muscle actin genes. The exon–intron organization and
sequences of these genes were compared with those of
other invertebrate and vertebrate actin genes. The gene
HrCA1 encodes a cytoplasmic (nonmuscle)-type actin,
whereas theMocuMA2gene encodes an adult muscle-
type actin. Our analysis of these genes showed that intron
positions are conserved among the deuterostome actin
genes. This suggests that actin gene families evolved
from a single actin gene in the ancestral deuterostome.
Sequence comparisons and molecular phylogenetic
analyses also suggested a close relationship between the
ascidian and vertebrate actin isoforms. It was also found
that there are two distinct lineages of muscle actin iso-
forms in ascidians: the larval muscle and adult body-wall
isoforms. The four muscle isoforms in vertebrates show
a closer relationship to each other than to the ascidian
muscle isoforms. Similarly, the two cytoplasmic iso-
forms in vertebrates show a closer relationship to each
other than to the ascidian and echinoderm cytoplasmic
isoforms. In contrast, the two types of ascidian muscle
actin diverge from each other. The close relationship
between the ascidian larval muscle actin and the verte-
brate muscle isoforms was supported by both neighbor-

joining and maximum parsimony analyses. These results
suggest that the chordate ancestor had at least two
muscle actin isoforms and that the vertebrate actin iso-
forms evolved after the separation of the vertebrates and
urochordates.
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Multigene family — Muscle actin — Cytoplasmic actin
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Introduction

Most animals exhibit multiple actin isoforms which are
encoded by a small gene family. For example, there are
four muscle isoforms (a-skeletal,a-cardiac,a-vascular,
and g-enteric) and two nonmuscle isoforms (b- and
g-cytoplasmic) in mammals (Vandekerckhove and We-
ber 1979). The evolution of vertebrate actin genes has
been discussed previously based on the amino acid se-
quences and gene structure (Vandekerckhove and Weber
1984; Alonso 1987; Miwa et al. 1991; Kovilur et al.
1993; Kusakabe 1995). To understand the origin and
evolution of vertebrate actin genes, however, it is nec-
essary to study actin genes in other chordates, including
the urochordates (ascidians, salps, and larvaceans) and
the cephalochordates (amphioxus).

In previous studies, we isolated ascidian larval-
muscle actin genes and determined their genomic struc-
ture (Kusakabe et al. 1992, 1995, 1996). In the ascidian
Halocynthia roretzi,at least two clusters of actin genes
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are expressed in the larval muscle cells. TheHrMA2/4
cluster contains at least five actin genes (Kusakabe et al.
1992) and theHrMA1 cluster contains a pair of actin
genes whose expression is regulated by a single bidirec-
tional promoter (Kusakabe et al. 1995). The comparison
of amino acid sequences among ascidian muscle actins
revealed that they possess at least two distinct types of
muscle actins, one expressed in larval muscle and the
other in adult body-wall (Kusakabe 1995). However,
only cDNA clones have been characterized for the as-
cidian body-wall muscle and cytoplasmic actins, and
little is known about the genomic organization of the
corresponding genes.

The origin and evolution of the chordates have been
the subject of considerable discussion and speculation
for more than a century (Haeckel 1868; Garstang 1928;
Berrill 1955; Jefferies 1986; Wada and Satoh 1994; Hol-
land and Garcia-Ferna`ndez 1996). The ascidian larva ex-
hibits the hallmarks of a chordate, including a motile tail
containing a notochord, dorsal nerve cord, and striated
muscle cells. In contrast, the adult ascidian is a sessile
organism with little resemblance to other chordates, ex-
cept for the presence of pharyngeal gill slits (Satoh
1994). Since ascidians have distinct muscle tissues in
both larval and adult phases, the evolutionary relation-
ships between ascidian larval and adult actin isoforms
and vertebrate muscle actins are of particular interest
with respect to the chordate ancestor.

In this paper, we describe the exon–intron organiza-
tion and nucleotide sequences of the muscle actin gene
MocuMA2and cytoplasmic actin geneHrCA1. The se-
quence of these ascidian genes suggests thatMocuMA2
encodes an adult muscle actin andHrCA1 a cytoplasmic
actin. To infer the evolution of chordate actin genes, we
compared the organization and sequences of these actin
genes to those of other organisms and performed a phy-
logenetic analysis. The results suggest a monophyletic
origin of the chordate muscle actin genes and suggest
that vertebrate actin evolved after the separation of the
vertebrate from the urochordate lineage.

Materials and Methods

Isolation and Characterization of Ascidian Actin Genes.A lFIXII
clone containing the ascidian adult muscle-actin geneMocuMA2was
isolated by screening aMolgula oculatagenomic library (Kusakabe et
al. 1996) with the ascidian muscle-actin probe HrcMA4 (Kusakabe et
al. 1991). A lFIXII clone containing the ascidian cytoplasmic actin
geneHrCA1 was isolated by screening aHalocynthia roretzigenomic
library (Kusakabe et al. 1995) with the ascidian cytoplasmic-actin
cDNA cloneHrCA1 (Araki et al. 1996). The32P-labeled DNA probes
were synthesized using the random primer labeling kit (United States
Biochemical, Cleveland, OH) and [a-32P]dCTP. Isolated genomic
clones were digested with restriction enzymes and the digested frag-
ments containing actin genes were subcloned into pBluescriptII SK(+).
The subcloned genomic fragments were sequenced by the dideoxy
chain termination procedure (Sanger et al. 1977) using Sequenase ver-
sion 2.0 (USB) and [a-35S]dATP. Oligonucleotide primers were syn-

thesized on a Pharmacia LKB Gene Assembler Plus (Pharmacia Bio-
systems, Inc., Piscataway, NJ) or an Applied Biosystems DNA
synthesizer (Applied Biosystems Japan, Tokyo, Japan). The sequenc-
ing reactions were loaded on 6% or 8% polyacrylamide gels. The
MocuMA2and HrCA1 sequences were deposited into DDBJ/EMBL/
GenBank databases under the accession numbers D85743 and D45164,
respectively.

Phylogenetic Analysis of Actin Sequences.The amino acid se-
quences of MocuMA2 and HrCA1 actins were aligned with those of six
mammalian actin isoforms, seven ascidian actins, the starfish cytoplas-
mic and muscle actin isoforms, andArabidopsis thalianaactin with the
aid of the sequence editor SeqPup (D. Gilbert, Indiana University).
GenBank/EMBL/DDBJ accession numbers for the actin sequences are:
M20543, humana-skeletal muscle (Taylor et al. 1988); J00073, human
a-cardiac muscle (Hamada et al. 1982); X13839, humana-aortic
smooth muscle (Kamada and Kakunaga 1989); X16940, humang-en-
teric smooth muscle (Miwa and Kamada 1990); M10277, humanb-cy-
toplasmic (Nakajima-Iijima et al. 1985); M19283, humang-cytoplas-
mic (Erba et al. 1988); X61042,Styela plicataadult muscle SpMA1
(Kovilur et al. 1993); L21915,Molgula citrina adult muscle McMA1
(Swalla et al. 1994); D10887,Halocynthia roretzi larval muscle
HrMA4 (Kusakabe et al. 1992); D29014,H. roretzi larval muscle
HrMA1 (Kusakabe et al. 1995); D78190,Molgula oculata larval
muscle MocuMA1 (Kusakabe et al. 1996); X61040,Styela clavalarval
muscle ScTb1 (Beach and Jeffery 1992); X61041,S. plicataSpCA8
(Kovilur et al. 1993); M26500,Pisaster ochraceusmuscle (Kowbel
and Smith 1989); M26501,P. ochraceuscytoplasmic (Kowbel and
Smith 1989); M20016,Arabidopsis thalianaAAc1 (Nairn et al. 1988).
Phylogenetic trees were constructed with the aligned sequences by the
maximum parsimony and neighbor-joining (Saitou and Nei 1987) al-
gorithms in the PROTPARS program of PHYLIP (version 3.572; Fel-
senstein 1989) and the ClustalW program (Thompson et al. 1994),
respectively. For the neighbor-joining analysis, evolutionary distances
were estimated using Kimura’s empirical method for protein distances
(Kimura 1983). One thousand bootstrap replicates were performed for
each phylogenetic analysis (Felsenstein 1985).

Results

Structure of Ascidian Adult Muscle and Cytoplasmic
Actin Genes

We have isolated ascidian muscle and cytoplasmic actin
genes to infer the evolutionary relationship of chordate
actin genes. TheMocuMA2andHrCA1 genes were iso-
lated fromM. oculataandH. roretzi genomic libraries,
respectively. The nucleotide and deduced amino acid se-
quences of theMocuMA2andHrCA1genes are shown in
Fig. 1. The coding region ofMocuMA2 contains four
introns (Fig. 1A), whereas the coding region ofHrCA1 is
interrupted by six introns (Fig. 1B). Comparison of the
genomic sequence of theHrCA1 gene with theHrCA1
cDNA clone (Araki et al. 1996) suggests that there are no
introns in the 58- and 38-noncoding regions of the gene.
Because a cDNA clone ofMocuMA2is unavailable, we
did not determine whether introns are present in the un-
translated regions of the gene. Amino acid identities at
diagnostic positions indicate that theMocuMA2 and
HrCA1 genes encode muscle and cytoplasmic actins, re-
spectively (Table 1). The predicted amino acid sequence
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of MocuMA2 is similar to theM. citrina adult muscle
actin geneMcMA1 (Swalla et al. 1994), suggesting that
MocuMA2is anM. oculataadult muscle actin gene.

Comparison of Exon–Intron Organization of Various
Actin Genes

The exon–intron organization of theMocuMA2 and
HrCA1 genes was compared with that of other ascidian
and selected nonascidian actin genes (Fig. 2). Six intron
positions (41/42, 121/122, 150, 204, 268, 328/329) are
present in both muscle and nonmuscle actin genes in
deuterostomes, suggesting that deuterostome actin gene
families evolved from an ancestral actin gene. Each in-
tron position of the ascidian muscle actin genes is shared
with the vertebrate and echinoderm muscle actin genes,
although the number and length of introns vary among
these genes. The ascidian adult muscle actin gene
MocuMA2has an intron at position 41/42. This intron
position is common to vertebrate and echinoderm actin
genes but absent in ascidian larval muscle actin genes.

Three intron positions (41/42, 150, 204) ofHrCA1are
the same as those of the vertebrate and echinoderm actin
genes. It is interesting thatHrCA1 contains an intron at
position 150, because an intron at this position has not
been reported in vertebrate and echinoderm cytoplasmic
actin genes (Erba et al. 1988; Kowbel and Smith 1989).

Three other introns (113/114, 246/247, 308) ofHrCA1
are located at unique positions with respect to other deu-
terostome and most protostome actins. An intron at po-
sition 308 is also present in theDrosophila melanogaster
muscle actin genes 79B and 88F (Fyrberg et al. 1981).

Comparison of Amino Acid Sequences of
Various Actins

Table 1 shows a comparison of the amino acid residues
of various actins at positions that distinguish the mam-
malian a-striated muscle actin from theb-cytoplasmic
actin (Vandekerckhove and Weber 1978, 1979). The
HrMA4 and mammaliana-skeletal muscle actins share
18 of 20 diagnostic amino acid positions (Kusakabe et al.
1992). Similarly, MocuMA2 actin shares 15 of 20 diag-
nostic amino acids with the vertebrate muscle actin. The
identity of diagnostic positions suggests that the ascidian
muscle actins are more closely related to vertebrate
muscle actin than to vertebrate cytoplasmic actins (Tom-
linson et al. 1987; Kusakabe et al. 1992; Kovilur et al.
1993). Similarly, HrCA1 and the mammalian cytoplas-
mic actins share 15 of diagnostic amino acids, suggesting
a close relationship between ascidian and vertebrate cy-
toplasmic actins.

The length and sequence of the amino-terminal re-
gions are highly variable among actin isoforms and dif-

Table 1. Comparison of the diagnostic amino acid positions in actins of various organismsa

Amino
acid
positionb

Human
a-skeletal

Ascidian
HrMA4

Ascidian
MocuMA2

Human
b-cyto-
plasmic

Ascidian
HrCA1

Starfish
muscle

Starfish
cyto-
plasmic

Drosophila
muscle

Drosophila
cytoplasmic

C. elegans
muscle Arabidopsis

5 Thr Thr Gln Ile Val Val Val Ala Val Val Ile
6 Thr Thr Thr Ala Ala Ala Ala Ser Ala Ala Gln

10 Cys Cys Cys Val Val Val Val Val Val Val Cys
16 Leu Leu Leu Met Met Met Met Met Met Met Met
17 Val Val Val Cys Cys Cys Cys Cys Cys Cys Val
76 Ile Ile Ile Val Val Val Val Ile Val Val Val

103 Thr Thr Val Val Val Val Val Val Val Val Ile
129 Val Val Val Thr Thr Ser Thr Ser Thr Thr Ala
153 Leu Leu Leu Met Phe Phe Phe Leu Leu Leu Leu
162 Asn Asn Asn Thr Thr Thr Thr Thr Thr Thr Thr
176 Met Ala Met Leu Leu Leu Leu Leu Leu Leu Leu
201 Val Val Val Thr Thr Thr Thr Thr Thr Thr Thr
225 Asn Gln Gln Gln Thr Gln Gln Gln Gln Gln Gln
260 Thr Thr Thr Ala Ala Thr Ala Ala Ala Ala Val
267 Ile Ile Ile Leu Leu Ile Leu Leu Leu Leu Ile
272 Ala Ala Ser Cys Ala Ala Ala Cys Cys Ala Ala
279 Tyr Tyr Tyr Phe Tyr Tyr Tyr Tyr Tyr Tyr Tyr
287 Ile Ile Ile Val Val Ile Val Val Val Ile Val
297 Asn Asn Asn Thr Thr Thr Thr Asn Thr Thr Ile
365 Ala Ala Ser Ser Ser Ser Ser Ser Ser Ser Ser

a Amino acid residues of actins from various organisms are compared
at positions that differentiate the mammaliana-striated muscle actin
from the mammalianb-cytoplasmic actin. Amino acids idential to
those of the rata-skeletal muscle actin are shaded
EMBL/GenBank/DDBJ accession number of each actin is as follows:
humana-skeletal muscle actin M20543; ascidian larval muscle actin
D10887; humanb-cytoplasmic actin M10277; starfish muscle actin

M26500; starfish cytoplasmic actin M26501;Drosophila melanogaster
muscle actin (79B) M18829;Drosophila melanogastercytoplasmic
actin (5C) K00667;Caenorhabditis elegansmuscle actin X16796;Ara-
bidopsis thalianaactin M20016
b The position numbers of the amino acid residues in the mammalian
a-actin based on Vandekerckhove and Weber (1984)
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Fig. 2. Comparison of positions of introns in actin genes of various
organisms. Thehorizontal barsrepresent actin proteins with the amino
terminus at the left and the carboxy terminus at the right. The positions
of introns in the genes are indicated byopen trianglesrelative to the
amino acid sequence of the protein.Numbers above the trianglesin-
dicate the position numbers of the amino acid residues at which introns
interrupt the coding sequence. The numbering system of amino acid
positions is based on Vandekerckhove and Weber (1984). Mammalian
actin genes have an additional intron in the 58-untranslated region (not
shown; Miwa et al. 1991). Data on these gene structures were taken

from the following sources: mammaliana-vascular actin, Ueyama et
al. (1984); mammaliang-enteric actin, Miwa et al. (1991); mammalian
a-skeletal actin, Zakut et al. (1982); mammaliana-cardiac actin, Ha-
mada et al. (1982); mammalianb-cytoplasmic actin, Nakajima-Iijima
et al. (1985); mammaliang-cytoplasmic actin, Erba et al. (1988); acid-
ian larval muscle actins, Kusakabe et al. (1992, 1995, 1996); starfish
actins, Kowbel and Smith (1989);Drosophila melanogasteractins,
Fyrberg et al. (1981);Caenorhabditis elegansactins, Krause et al.
(1989);Arabidopsis thalianaactin, Nairn et al. (1988).
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Fig. 3. Alignment of the amino acid sequences of various deutero-
stome actins and a plant actin. Amino acid sequences of nine ascidian
actins (HrMA4, HrMA1, ScTb1, MocuMA1, MocuMA2, McMA1,
SpMA1, HrCA1, and SpCA8), two echinoderm actins (starfish-m,Pi-
saster ochraceusmuscle actin; starfish-c,Pisaster ochraceuscyto-
plasmic actin), six human actins, and anArabidopsis thalianaactin are
compared. Amino acids are indicated withone-letter codes.The entire
sequence of HrMA4 is shown. Thedotsrepresent amino acids identical

to those of HrMA4 and thelettersrepresent variable positions in other
actins.Dashesindicate gaps introduced in the sequence to optimize the
alignment. The first eight positions (−4 to 4) are not used for the
phylogenetic analyses shown in Fig. 4. The amino-terminal amino ac-
ids of McMA1 have not been determined (Swalla et al. 1994). The
numberingof the amino acid residues is according to Vandekerckhove
and Weber (1984). Sources, references, and accession numbers for the
actin sequences are described in Materials and Methods.
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ferent species (Fig. 3). While vertebrate muscle actins
and most invertebrate actins have a Met-Cys sequence
followed by a cluster of acidic amino acids (Glu and/or
Asp), the vertebrate cytoplasmic actins lack a Cys resi-
due next to the first Met. The entire amino acid sequence
of ascidian muscle actins is similar to that of the verte-
brate muscle isoforms as mentioned above (Table 1),
whereas the amino-terminal sequence of the ascidian
muscle isoforms is unique and lacks a Cys residue next
to the first Met (Fig. 3). HrCA1 has an amino-terminal
sequence with a Met-Cys sequence and thus resembles
the starfish actins. In contrast, the amino-terminal se-
quence of SpCA8 lacks a Cys residue and is similar to
the vertebrate cytoplasmic actins (Fig. 3).

Molecular Phylogenetic Analysis of
Deuterostome Actins

To examine the evolutionary relationships of deutero-
stome actin isoforms, we performed a molecular phylo-
genetic analysis of actin amino acid sequences. Phylo-
genetic trees were constructed using the neighbor-joining
(NJ) (Saitou and Nei 1987) (Fig. 4A) and maximum
parsimony (MP) methods (Fig. 4B). TheArabidopsis
thalianaactin (AAc1; Nairn et al. 1988) was used as the
outgroup in both analyses. Since the lengths of the
amino-terminal region of actins are highly variable, we
excluded the sequence from the first Met to the end of the
cluster of acidic amino acids (from −4 to 4; Fig. 3) from
the analyses. To evaluate the effect of excluding this

amino-terminal sequence from the analysis, we also con-
structed a molecular phylogenetic tree based on the en-
tire amino acid sequences (Fig. 3) using the NJ method.
The topology of the tree obtained was the same except
that the mammalian cardiac actin was grouped with the
mammalian skeletal muscle actin.

The NJ and MP analyses gave essentially identical
results with respect to the major clusters identified (Fig.
4). The MP method generated one minimal tree that was
identical to the consensus tree obtained by bootstrap re-
sampling (Fig. 4B). The grouping of all ascidian muscle
actins with the vertebrate muscle actins was strongly
supported in 99% or more of the bootstrap replicates.
The echinoderm muscle actin grouped with all deutero-
stome cytoplasmic actins and was separate from other
deuterostome muscle actins (supported by more than
80% of bootstraps). This is consistent with the view ob-
tained by comparing diagnostic amino acids (Table 1).
The chordate muscle actin clade consisted of three
branches, each supported by relatively high bootstrap
values (84% or more). One of the branches contained the
vertebratea-skeletal,a-cardiac,a-vascular, andg-en-
teric muscle actin isoforms. The other two branches con-
tained the ascidian larval and ascidian body-wall actins.
The presence of two distinct lineages of ascidian muscle
actins is consistent with our previous study showing that
the larval and adult muscle actins are distinguished by
diagnostic amino acids (Kusakabe 1995). Among the
three clades of the chordate muscle actins, a closer rela-
tionship of vertebrate muscle and ascidian larval muscle

Fig. 4. Molecular phylogenetic analysis of deuterostome actins. The
carboxy-terminal 371 amino acids were subjected to phylogenetic
analysis. A plant actin (Arabidopsis thalianaAAc1) was included as
the outgroup.A Phylogenetic tree inferred by the neighbor-joining
method. Branch lengths are proportional to evolutionary distances.
Scale barindicates an evolutionary distance of 0.01 amino acid sub-
stitution per position in the sequence. A tree with similar topology was

inferred in an analysis using the entire actin coding sequence (see text).
B Phylogenetic tree inferred by the maximum parsimony method.Num-
bersshown in both trees are percentages of 1,000 bootstrap replicates
in which the same internal branch was recovered. Sources, references,
and accession numbers for the actin sequences are described in Mate-
rials and Methods.
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actins was supported in 60% (NJ) or 68% (MP) of the
bootstrap replicates, suggesting an earlier divergence of
acidian adult body-wall isoforms.

The vertebrateb- and g-cytoplasmic actins grouped
together in 97% or more of the bootstrap replicates. The
formation of a clade including the ascidian cytoplasmic
actin HrCA1 and the echinoderm cytoplasmic actin with
the ascidian cytoplasmic actin SpCA8 as the outgroup
was supported by 93% (NJ) or 83% (MP) of bootstrap
replicates. The position of the echinoderm muscle actin
was different in the NJ and MP trees, but bootstrap val-
ues supporting the different topologies were relatively
small in both analyses (54% in NJ and 58% in MP).

Discussion

In the present study, we have compared the exon–intron
organization and the deduced amino acid sequences of
various actin genes. These actin sequences were used in
molecular phylogenetic analyses to gain new insights
into the evolution of the actin gene family in chordates.

The intron positions of ascidian muscle actin genes
were shown to be identical to those of vertebrate muscle
actin genes. This is consistent with our molecular phy-
logenetic analyses showing a closer relationship of as-
cidian muscle actin genes to the vertebrate muscle actin
genes. However, the number of introns in the ascidian
larval muscle actin genes is smaller than that in other
deuterostome actin genes. An extreme case is theMol-
gula oculatamuscle actin geneMocuMA1,which con-
tains no introns (Kusakabe et al. 1996). The primitive
situation in deuterostomes, however, seems to be muscle
actin genes with introns (see below). The ascidian larval
muscle actin genes may have lost their introns to expe-
dite the processing and cytoplasmic accumulation of
transcripts during the relatively short interval of muscle
cell differentiation during larval development (Kusakabe
et al. 1996).

Six intron positions (41/42, 121/122, 150, 204, 268,
328/329) are conserved between muscle actin genes and
nonmuscle actin genes in deuterostomes. The ancestral
deuterostome may have had a single prototypic actin
gene that contained seven or more introns. Since the
number of introns varies from zero to seven in the extant
deuterostome actin genes, different introns seem to have
been lost during the evolution of each lineage. The con-
servation of intron positions in both the deuterostome
cytoplasmic and muscle actin genes suggests that the
ancestral vertebrate-type muscle actin gene appeared
during chordate evolution, and that its characteristic
amino acid sequence was established in a relatively short
time. Since the intron at position 328/329 is only present
in the vertebrate actin genes, however, this intron might
have been acquired during vertebrate evolution and have
been shared between muscle and cytoplasmic actin genes
via gene conversion.

The intron at position 308 in theHrCA1 cytoplasmic
actin gene is unique among deuterostome actin genes but
is also present inDrosophila melanogastermuscle actin
genes 79B and 88F (Fyrberg et al. 1981). Common in-
tron positions in the actin genes of distantly related spe-
cies are known for plant and vertebrate muscle actin
genes (position 150) and for plant actin genes and a
Caenorhabditis elegansactin gene (position 18/19). The
presence of these conserved intron positions supports the
hypothesis that the ancient eukaryote actin gene had a
large number of introns (Doolittle 1978). Although it is
uncertain at present whether conserved intron positions
in the actin genes of distantly related organisms had the
same origin, further analysis of exon–intron organization
among these genes would provide important information
about the origin of introns in actin genes.

Comparison of the diagnostic amino acids and phy-
logenetic analysis revealed that both ascidian larval and
adult muscle actins are more similar to the vertebrate
muscle actin than to the vertebrate cytoplasmic actin. In
contrast, nonchordate muscle actins, including an echi-
noderm muscle actin, are more closely related to the
vertebrate cytoplasmic actins than to the vertebrate
muscle actin (Vandekerckhove and Weber 1984). In ad-
dition, the starfish andDrosophila muscle and non-
muscle isoforms are more similar to each other than to
the actins of other animals (Table 1). Thus, it is likely
that muscle isoforms emerged several times indepen-
dently during metazoan evolution, as suggested for ar-
thropod actins (Mounier et al. 1992). Gene conversion
has maintained homogeneity between the sea urchin
muscle and nonmuscle isoforms (Crain et al. 1987). In
many invertebrates, however, muscle actins show more
amino acids characteristic of the vertebrate muscle actin
than do nonmuscle actins. For example, a starfish muscle
actin has amino acids characteristic of vertebrate muscle
actin at five positions (260, 267, 272, 279, and 287),
while starfish cytoplasmic actin has two (positions 272
and 279). Similarly, four muscle-type amino acids are
present inDrosophila muscle actin (positions 76, 153,
279, and 297), whileDrosophila cytoplasmic actin has
two muscle-type amino acids (positions 153 and 279).
This feature may be a consequence of convergent evo-
lution related to muscle contractile properties. It is un-
certain, however, whether the chordate muscle-like fea-
tures of echinoderm muscle actin are representative of a
transition from a nonmuscle-type to a muscle-type actin.
The chordate muscle-type actins probably diverged from
a nonmuscle-like actin before the divergence of urochor-
dates and vertebrates.

Kovilur et al. (1993) proposed that the divergence of
skeletal and cardiac isoforms of vertebrate muscle actin
occurred before the emergence of urochordates. How-
ever, a detailed comparison of amino acid sequences of
ascidian actins suggested that the divergence of two sar-
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comeric actin in vertebrates occurred after urochordates
separated from the vertebrate lineage (Kusakabe 1995).
Our molecular phylogenetic analyses showed that the
four muscle actin isoforms in vertebrates (a-skeletal,
a-cardiac,a-vascular, andg-enteric) are more closely
related to each other than to the ascidian muscle iso-
forms. Similarly, theb- andg-cytoplasmic actins of ver-
tebrates show a closer relationship to each other than to
the ascidian and echinoderm nonmuscle isoforms. These
results suggest that the vertebrate actin gene family was
established by the duplication of one ancestral muscle
actin gene and one ancestral cytoplasmic actin gene after
the divergence of the vertebrate and urochordate lin-
eages. The diversification of multigene families is
thought to have played an important role during verte-
brate evolution (Miyata et al. 1994; Iwabe et al. 1995)
and may have coincided with the evolution of the com-
plex vertebrate body plan.

The comparison of the amino-terminal sequences and
the molecular phylogenetic analyses showed that the
HrCA1 cytoplasmic actin is closely related to the echi-
noderm cytoplasmic actin. In contrast the SpCA8 cyto-
plasmic actin is more distantly related to the echinoderm
cytoplasmic actin, and its amino-terminal sequence is
similar to that of the vertebrate cytoplasmic actins. These
results suggest that at least two types of nonmuscle actins
are present in ascidians. Multiple nonmuscle actin genes
in ascidians were suggested by genomic Southern hy-
bridization (Beach and Jeffery 1990) and the expression
pattern of a cytoplasmic actin gene (Araki et al. 1996).
Since a vertebrate-type cytoplasmic actin lacking a Cys
residue in the amino-terminal region has not been re-
ported in echinoderms, the vertebrate-type cytoplasmic
actin genes may have arisen from an ancestral actin gene
by losing the Cys residue.

Both the NJ and MP trees indicated that the ascidian
larval muscle actin is more closely related to the verte-
brate muscle actin than the ascidian adult actin (Fig. 4).
This suggests that the chordate ancestor had at least two
muscle actin isoforms: the ancestral adult-muscle actin
and ancestral vertebrate/larval muscle actin. Since the
bootstrap value supporting the vertebrate-muscle/
ascidian-larval actin clade is relatively low (60% in NJ
tree and 68% in MP tree), however, an alternative pos-
sibility is that the adult isoform appeared in the urochor-
date lineage after the vertebrate lineage diverged and that
the ancestral adult actin evolved rapidly. The similarity
of amino-terminal sequence in the ascidian larval and
adult muscle actins also supports this alternative evolu-
tionary pathway.
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