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Abstract. The actin gene family of the sea urchin 
Lytechinus pictus includes a single muscle actin gene, 
LpM, and four cytoskeletal actin genes: LpC1, LpC2, 
LpC3, and LpC4. The origin and relationship of these 
actin genes to members of the actin gene family of the 
sea urchin Strongylocentrotus purpuratus were consid- 
ered. Comparison of deduced amino acid sequences sug- 
gested a close relationship between LpCI and the CyI- 
CylI  subfamily of S. purpuratus actin genes, and 
between LpC2 and the CylII subfamily of S. purpuratus 
actin genes; the muscle actin genes were orthologous. It 
is proposed that two divergent cytoskeletal actin genes of 
the common ancestral sea urchin gave rise by duplication 
to the extant cytoskeletal actin genes of these species, 
some of which have changed 3' noncoding sequences 
while others have maintained a terminus highly con- 
served among sea urchin actin genes. 
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Introduction 

Actin genes were among the first to be cloned, se- 
quenced, and compared for a wide variety of phyloge- 
netically diverse species. The number of genomic orga- 
nization of actin genes are highly variable. Amino acid 
replacements accumulate in actin proteins at a very low 
rate, and there is a high degree of similarity of nucleotide 
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coding sequence among actin genes (Hightower and 
Meagher 1986). The conservation of the actin gene fam- 
ily provides an opportunity to investigate its evolution. 
All chordates, echinoderms, and insects examined to date 
include at least one actin gene exclusively expressed in 
muscle and multiple cytoskeletal (nonmuscle) actin 
genes expressed in other types of cells. The vertebrate 
muscle and cytoskeletal actin genes can be distinguished 
on the basis of a set of diagnostic amino acid differences 
(Vandekerckhove and Weber 1984). The muscle actin 
genes of chordates and echinoderms apparently arose in 
a common deuterostome ancestor, probably from an 
echinoderm cytoskeletal actin gene (Kovilur et al. 1993). 
The muscle actin genes of insects arose independently 
(Mounier et al. 1992). 

The actin gene family of the sea urchin Strongylocen- 
trotus purpuratus is the most completely characterized 
among echinoderms (Cooper and Crain 1982, Davidson 
et al. 1982). It consists of at least eight nonallelic actin 
genes (Lee et al. 1984). A single functional muscle (M) 
actin gene has been identified, as well as five functional 
cytoskeletal actin genes: the closely linked CyI, CylIa, 
and CylIb genes and the closely linked CylIIa and CylIIb 
genes (Durica et al. 1980; Scheller et al. 1981; Lee et al. 
1984; Akhurst et al. 1987; Flytzanis et al. 1989). The 
transcripts of these cytoskeletal actin genes are distin- 
guishable by sequence elements present in the 3' non- 
coding regions of each mRNA. Differences in 3' non- 
coding sequences and organization of linkage groups 
have been used to classify these cytoskeletal actin genes 
into three subfamilies (Lee et al. 1984). The congeneric 
species S. drobachiensis and S. franciscanus also have 
CyI, linked CylIa and CylIb, and two CylII actin genes 
(Lee et al. 1984). This indicates that the actin gene sub- 
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families of  S. purpuratus were present before these three 
species diverged. The actin genes of  sea stars have been 
partially characterized and include muscle and multiple 
cytoskeletal  forms which differ in number between as- 
teroid species (Kovesdi  and Smith 1985; Kowbel  and 
Smith 1989). 

The timing and spatial domains of  expression of  the 
actin genes are differentially regulated during the S. pur- 
puratus life cycle (Crain et al, 1981; Garcia et al. 1984; 
Shott et al. 1984; Cox et al, 1986; Lee et al. 1986). 
Regulation of  S. purpuratus actin genes has been inves- 

tigated in transgenic sea urchin embryos microinjected 
with actin promoter-reporter  fusion genes (Hough-Evans 

et al. 1987; Flytzanis et al. 1989; Franks et al. 1988; 
Collura and Katula 1992; Niemeyer  and Flytzanis 1993) 
and in reciprocal hybrids of  S. purpuratus and Lytechinus 
pictus (Bullock et al. 1988; Nisson et al. 1989). The 
mechanism of  transcriptional regulation of  some homol- 
ogous genes appears to be different in embryos of  these 
sea urchin species (Brandhorst and Klein 1992). 

We  are interested in the extent to which mechanisms 
regulating the spatial specificity of  gene expression are 

conserved among sea urchin species and among related 
genes. We have characterized the expression L. pictus 
actin genes in embryos and find similarities and differ- 
ences in comparison with actin gene expression in S. 
purpuratus embryos (our unpublished observations). S. 
purpuratus (family Echinometridae; subfamily Strongy- 
locentrodinae) and L. pictus (family Echinometridae;  

subfamily Toxopneustinae) diverged 30--40 mya  (Smith 
1988). For  interpretation of  comparat ive investigations 
of  actin gene expression in these species it is important to 
know whether the common ancestor had the same sub- 
families of  actin genes present in the S. purpuratus ge- 
nome. Is the spatially restricted pattern of  differential 

actin gene expression in S. purpuratus embryos an an- 
cient or recent phenomenon? We thus sought to identify 
and characterize the expression of  orthologous members 
of  the S. purpuratus actin gene family in L. pictus em- 
bryos. We have recently cloned all five nonallelic genes 
in the L. pictus actin gene family (our unpublished data). 
In this report we compare the sequences of  these genes 
and consider the relationships among sea urchin actin 
genes. We propose a model  to account for the extant 
cytoskeletal  actin genes of  these sea urchins in which the 
common ancestral species already had two cytoskeletal  
actin genes which, after divergence of  the species, du- 
plicated to give rise to the Cyl /Cyl I  and CylI I  subfami- 
lies of  S, purpuratus actin genes. 

Materials and Methods 

preparation). All other actin gene sequence data involved in this study 
were obtained from the Genbank database release 77.0 (Benson et al. 
1993). The accession numbers are, for the sea star Pisaster ochraceus, 
M26500 for the muscle actin gene PoM and M26501 for the cytoskel- 
etal actin gene PoCy (Kowbel and Smith 1989); for the sea urchin S. 
purpuratus, V01350 for CyI (Schuler et al. 1983), V01349 for CylIa 
(Schuler et al. 1983), M35323 for CylIb (Durica et al, 1988), M29808 
and M30511 for CylIla (Akhurst et al. 1987), M35324 for CyllIb 
(Durica et al. 1988), and X05739-X05744 for the muscle actin gene 
SpM (Crain et al. 1987); for the sea urchin S. francisacanus, X03075 
for the Sfl5A and X03076 for the Sfl5B cytoskeletal actin genes 
(Foran et al. 1985); and L13787 for the ascidian Styela clava alpha- 
muscle actin gene ScM (Beach and Jeffery 1992). 

Sequences were aligned and compared with the aid of the eyeball 
sequence editor, ESEE (Cabot and Beckenbach 1989) and the PCGene 
software package (IntelliGenetics, version 6.5). The numbering of de- 
duced amino acid residues was according to the convention of Lu and 
Elzinga (1977). Rates of synonymous and nonsynonymous nucleotide 
substitutions were computed with the LWL program (Li et al. 1985). 

The maximum parsimony algorithm was used to generate phylo- 
genetic trees using the DNAPARS and PROTPARS functions of 
PHYLIP (version 3.5; Felsenstein 1989). Phylogenetic analysis was 
also done by the neighbor-joining method (Saitou and Nei 1987) using 
the NEIGHBOR program of PHYLIP. Bootstrap analyses were per- 
formed by using the SEQBOOT, DNADIST, PROTDIST, NEIGH- 
BOR, and CONSENSE functions of the PHYLIP package. 

Results 

Comparison of Coding Sequences of Echinoderm 
Actin Genes 

Table 1 shows pairwise comparisons of  the coding se- 
quences and deduced amino acid sequences correspond- 
ing to the L. pictus actin genes LpC1 and LpC2; the S. 
purpuratus actin genes CyI, CylIb,  CylIIa/b,  and SpM; 
the S. franciscanus actin genes S f l 5 A  and Sf l5B;  and 
the actin genes PoCy and PoM of  the sea star P. ochra- 
ceus. The data in Table 1 confirm that cytoskeletal  actins 
are extremely conserved within sea urchins, with more 
than 90% similarity at the nucleotide level and more than 

96% at the amino acid level. The nucleotide sequence 
divergences indicate that the two L. pictus cytoskeletal  
actin genes LpC1 and LpC2 are more closely related to 
each other and to CyI than to other S. purpuratus actin 
genes. However,  at the amino acid level, there are only 
five amino acid replacements between LpC1 and CyI 
actin but 13 amino acid replacements between LpC1 and 
LpC2 actins; there are 11-13 amino acid replacements 
between LpC2 and S. purpuratus cytoskeletal  actins. The 
S. purpuratus muscle actin gene SpM and the two sea 
star actin genes PoCy and PoM are most divergent from 
sea urchin cytoskeletal  actin genes. Table 1 indicates that 
the sea star P. ochraceus muscle actin PoM is more 
similar to cytoskeletal actins than is the S. purpuratus 
muscle actin SpM. 

There are five actin genes of the sea urchin L. pictus including four 
cytoskeletal genes LpC1-C4 and a single muscle actin gene LpM; we 
have cloned and sequenced cDNAs corresponding to LpC1 and LpC2 
and cloned and seque~aced genomic DNA corresponding to the 3' cod- 
ing and noncoding regions of LpC3, LpC4, and LpM (manuscript in 

The 3' Coding Region of Echinoderm Actin Genes 

The cytoskeletal  actin genes of  S. purpuratus have three 
exons encoding amino acids which are interrupted by an 
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Table 1. Pairwise comparisons of cytoskeletal and muscle actin genes from the sea urchins L. pictus, S. purpuratus, S. franciscanus, and the sea 
star P. o c h r a c e u s  a 

S.p S.f L.p Muscle 

CyI CylIb CylIIa CylIIb Sfl5a Sfl5b LpC1 LpC2 P.o PoCy SpM PoM 

CyI 1.62/6.5 7.78/35.9 6.86/30.1 3.19/12.5 2.92/13.0 3.66/15.5 6.06/24.2 12.74/66.7 12.90/52.6 13.91/68.1 
CyIIb 1 7.78/37.2 7.25/31.4 2.82/12.3 2.54/12.4 3.84/15.7 6.34/24.9 13.13/68.2 12.86/49.8 14.63/71.4 
CyIIIa 9 8 3.10/10.7 6.97/31.0 7.37/34.5 8.48/39.1 9.50/44.6 16.31/93.4 15.65/67.7 15.38/76.6 
CylIIb 10 11 7 6.36/25.3 6.84/29.0 7.44/32.2 8.25/37.5 15.66/86.5 15.25/63.9 14.95/70.8 
Sfl5a 3 2 10 12 1.71/6.8 3.94/15.2 6.44/24.6 13.46/67.9 13.93/55.2 14.28/64.5 
Sfl5b 1 0 9 11 2 4.41/18.7 7.03/28.9 13.67/70.8 13.72/56.8 14.29/66.2 
LpCI 5 6 13 13 7 6 4.60/16.2 12.61/62.9 13.72/53.4 14.08/65.3 
LpC2 12 13 12 11 14 13 13 14.88/72.5 15.61/64.1 15.97/76.5 
PoCy 7 8 13 13 11 8 10 17 16.39/75.8 11.37/52.7 
SpM 26 27 30 29 29 27 31 33 24 12.78/56.7 
PoM 14 15 17 17 17 15 19 21 13 16 

a Percentage DNA sequence divergence using the Kimura two-parameter correction (above) and synonymous site substitution rates (below) are 
given above the diagonal. Below the diagonal are the number of amino acid replacements. All amino acid sequences were translated from 
corresponding nucleotide sequences. There are three uncertain amino acids in each of the sequences of CyI, CyIIIa, and SpM; since these amino 
acids are very conserved in all known actin amino acid sequences of sea urchins and sea stars, we did not include these sites as replacements 

intron between codons 121 and 122, and an intron within 
codon 204 (Schuler et al. 1983; Durica et al. 1988; 
Akhurst  et al. 1987). The third exon includes codons 
corresponding to amino acids 204-374. This region is 
interrupted by an intron at codon 267 for the known 
muscle actin genes of  echinoderms (Crain et al. 1987; 
Kowbel and Smith 1989). The intron positions for most 
of  the L. pictus actin genes have not been established. 

For simplicity, we refer to DNA sequences encoding 
amino acid residues 204-374 as " the  3' coding region."  

For the known sea urchin actin genes, this region has the 
highest frequency of  nonsynonymous substitutions. Ta- 
ble 2 compares the sequences of  the 3' coding region of  
all five L. pictus actin genes with other echinoderm actin 
genes. Above the diagonal are corrected pairwise nucle- 
otide sequence divergences. Below the diagonal are rates 
of  nucleotide substitutions for synonymous and nonsyn- 
onymous sites. The rates of  nucleotide substitution at 
nonsynonymous sites of  sea urchin cytoskeletal  actin 
genes are very low, ranging from 0.5% (CyI-CyIIb)  to 
4.6% (CyIIIb-LpC4) .  

The 3" Noncoding Regions of Echinoid Actin Genes 

The 3' noncoding sequences of  the LpC1 and LpC2 actin 
genes were compared  to the S. purpuratus CyI and 
CyIIa/b actin genes. Because of  the incomplete sequence 
data available for the S. purpuratus actin genes, only 138 
nt immediately following the termination codon were 
aligned in Fig. 1. Pairwise comparisons show that LpC1 
and CyI are most similar (81.9%) while LpC2 and CyI 
are also quite similar (77.5%). LpC1 and LpC2 are 
62.4% and 58.2% similar to CyIIa,  respectively. The first 
40-50  nt sequence proximal to the stop codon is more 
conserved than the remaining 3' noncoding sequence 
among the five cytoskeletal  actin genes aligned in Fig. 1. 

Comparisons of  the 3' noncoding regions of  the LpC1 or 

LpC2 genes to the CylIb,  CylIIa,  and CylI Ib  actin genes 
show an average similarity of  53.4%, of  marginal signif- 
icance (data not shown). The entire 3' noncoding se- 
quences of  LpC1 and LpC2 were also compared (data 
not shown). The two sequences are 89% similar when ten 
gaps are introduced for LpC1 and 11 for LpC2; the align- 
ment gaps range from 1 to 9 bp. The alignment of  the 3' 
noncoding regions of  the muscle genes SpM and LpM is 
shown in Fig. 2 and showed a 73.6% similarity. Both 
sequences are incomplete; 280 bp of sequence were com- 

pared. 

Amino Acid Replacements Deduced from the 3" 
Coding Regions 

The amino acid sequences of  all the actins compared 
were deduced from the nucleotide sequences based on 
the universal code. Table 3 shows amino acid replace- 
ments in the 3' coding region for echinoderm actins com- 

pared to the S. purpuratus CyI actin. Several informative 
features were noted: (1) All  four cytoskeletal  actins of  L. 

pictus (LpC1-LpC4)  and two S. purpuratus cytoskeletal 
actins (CyIIIa and CyIIIb)  have serine at posit ion 264. 
(2) The muscle actins of  the two sea urchins and the sea 
star share the same distinctive amino acids at positions 

259 (threonine), 266 (isoleucine), 277 (threonine), 286 
(isoleucine), 302 (threonine), 304 (serine), and 305 (ty- 
rosine). Among these amino acid replacements, those at 
positions 259 and 266 have been suggested as diagnostic 
for distinguishing muscle actins from cytoskeletal  actins 
in deuterostomes (Collins and Elzinga 1975; Kovilur et 
al. 1993). Four additional distinctive amino acids were 
shared by muscle actins of  the two sea urchins S. pur- 
puratus and L. pictus: alanine at positions 228 and 232 
and serine at positions 322 and 323. (3) Like the muscle 
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Table 2. Pariwise comparisons of the third exon of actin genes of the sea urchins L. pictus, S. purpuratus, S. franeiseanus, and the sea star 
P. ochraceus a 

S.p s.f 

CyI Cytlb CylIIa CylIIb Sfl 5a Sfl 5b 

CyI 1.67 8.13 7.42 
Cyllb 6.2/0.5 7.90 5.59 
CylIIa 33.7/2.7 34.3/2.1 5.59 
CyIIIb 29.6/2.4 32.0/2.9 18.1/2.7 
sfl 5a 19.0/1.3 17.5/0.8 27.1/2.7 24.1/3.4 
sfl 5b 17.9/0.5 15.1/0.0 27.0/2.2 25.2/2.9 
LpC 1 20.6/0.3 21.1/0.8 39.6/2.4 32.6/2.1 
LpC2 28.3/1.8 29.3/2.4 52.8/3.0 45.6/1.8 
LpC3 19.0/1.3 18.6/1.8 43.1/3.5 36.7/3.2 
LpC4 25.4/3.0 24.6/2.4 47.0/3.6 39.0/4.6 
PoCy 58.6/3.7 56.9/4.1 104.6/5.9 90.0/5.5 
SpM 61.1/7.5 53.6/8.3 73.7/9.7 74.9/9.2 
LpM 72.0/5.9 66.0/6.8 93.9/8.1 105.6/7.6 
PoM 85.9/6.2 89.0/6.9 83.7/7.3 83.0/7.2 

4.92 3.82 
4.04 2.96 
7.19 6.73 
7.40 7.16 

2.30 
8.3/0.8 

21.1/1.3 24.9/0.8 
32.7/2.9 34.9/2.4 
22.6/2.4 23.8/2.1 
31.4/3.0 32.7/2.4 
71.7/4.7 73.7/4.1 
69.2/9.2 68.1/8.3 
77.8/7.6 75.0/6.8 
80.8/7.7 82.0/6.9 

a Percentage DNA sequence divergence using the Kimura two-parameter correction are given above the diagonal. Below the diagonal are fractions 
(in percentage) of synonymous (above) and nonsynonymous (below) substitutions 
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CyIIa 
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Fig. 1. Comparison of the 3" noncoding 
regions of cytoskeletal actin genes. The L. 
pictus actin genes LpC1 and LpC2 were 
compared to the S. purpuratus cytoskeletal 
actin genes CyI, CyIIa, and CyIIb; 138 nt 
immediately following the termination codon 
of each actin genes were aligned. Asterisks (*) 
indicate nucleotides conserved in all five 
genes. Dashes indicate gaps introduced to 
optimize alignment. 

actins, the cytoskeletal actins CyIIIa, CyIIIb, and LpC2 
have two musclelike "diagnostic" amino acids: threo- 
nine at the position 259 and isoleucine at codon 266. 
Similar to the sequences of muscle actins, the LpC4 and 
PoCy actins have a threonine at position 277 and CyIIa 
has a tyrosine at position 305. (4) A replacement of 
cysteine with alanine at position 256 is found in the three 
S. purpuratus actins CyIIa, CyIIb, and CyIIIa, the two S. 
franciscanus actins Sfl5a and Sfl5b, and the L. pictus 
actin LpC4. 

Among the four cytoplasmic actins of L. pictus, the 
amino acid sequence encoded by the 3' coding region of 
the LpC1 actin gene is the most similar to S. purpuratus 
CyI actin, having only one amino acid replacement at 

position 264 (serine in place of alanine). All of the L. 
pictus cytoskeletal actins, as well as the S. purpuratus 
actins CyIIIa and CyIIIb, share this serine. 

Among 12 amino acid differences between the actins 
LpC2 and CyI (Table 1), eight are encoded by the 3' 
coding region. Five conservative replacements were ob- 
served at positions 212 (valine for isoleucine), 261 (leu- 
cine for phenylalanine), 266 (isoleucine for leucine), 317 
(serine for threonine), and 314 (arginine for lysine). 
Three additional replacements involved changes between 
polar and nonpolar amino acids: leucine for glutamine at 
position 228, threonine for alanine at position 259, and 
serine for alanine at position 264. A striking observation 
is that four identical amino acid replacements were also 
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LpC1 

L.p 

LpC2 LpC3 LpC4 P.o PoCy 

Muscle 

SpM LpM PoM 

4.04 6.71 4.70 7.15 12.30 15.68 16.10 17.11 
4.68 7.38 5.13 6.69 12.76 15.89 16.30 18.39 
8.59 10.97 10.26 10.96 17.75 19.45 20.42 18.27 
7.65 9.53 9.30 10.90 17.37 19.64 21.20 18.65 
5.13 8.31 6.26 8.30 15.01 18.51 18.11 18.34 
5.35 8.30 6.25 8.07 14.76 17.46 17.09 17.83 

5.13 2.52 5.78 14.74 19.64 18.13 18.63 
20.4/1.6 6.03 8.97 12.78 17.21 17.63 16.53 

8.3/1.0 20.5/2.6 7.14 15.03 18.79 19.47 18.64 
18.6/2.7 30.1/4.0 21.0/3.8 12.76 18.00 18.42 17.04 
66.2/3.4 66.4/5.1 56.6/4.4 71.9/5.0 17.97 18.36 14.32 
69.4/8.0 89.1/8.3 63.6/9.2 69.1/9.5 61.1/9.8 8.22 16.21 
81.1/6.5 81.2/6.6 74.6/7.9 86.7/7.8 71.4/8.5 37.5/1.9 16.84 
76.7/76.7 96.8/7.0 68.2/7.7 82.0/8.1 6 h 1/5.8 69.2/6.4 74.9/6.5 

LpM 

SpM 

TACATCAACGGATAAGGGCTCACTGGTCTAGGAGGGCTGACATTGGCA -48 

CTTATATCAACGGATAAGGGCTCGCTGATT--GGAGGGCTGACATTGGCA -48 

GTTATTC-TTTGTGNAANCTGTAGTCGGAGCCCTGTAGGNTCTATATTAA -97 

GTTTTTTCTTTGTGCAATCTGTAGTCGGAGCCCTGATGATTCTATATTTA -98 

TTTTAGAGTATCATTTATAGAATA-TTGTGACGTCACACTCTTTCTGTCA -146 

TTTTAGAGTATTACTTATAGATTTATTGTGACGTCAACCTCTT-CTGTCA -147 

TTCANCT-TCCAAGATNACGCCCACGACATGG---GTCGCCCCTCA-GGG -191 

;~6;T~T~aTL~%;~c;T%6a~/6TGT;~%ac~e%~6ar6S6~aGaS%% -197 

GT-AAGCATTGAGAGCGTCTAACT-AAGGTTGATTATGTTGAATGTCCGA -239 
: : :: : : : : : : : : : : : ' ' : "  • • :: . . . . . .  

aGTAr~CCrrCACACCGTC~6~TCCC~--CL~rACCr~%~T~%~T--; -243 

TTTTCTTACATGATGGATCCTCTAAA-TGATGGAAAGTCAAC -280 

r~rT~r---ArGTCCGATT6~T~L<CA~Ci~%&i---~--6 -277 

Fig. 2. Alignment of the 3' noncoding 
termini of muscle actin genes LpM and 
SpM; 280 nt of LpM and 277 nt of 
SpM immediately distal to the stop 
codon were compared. 

were also found in the sequences of CylIIa actin at po- 
sitions 259, 264, 266, and 317 and of CylIIb actin at 
positions 259, 261,264,  and 266. 

Compared to CyI actin, the L. pictus cytoskeletal actin 
LpC4 has eight replacements of amino acids encoded by 
the 3' coding region. There are four changes of alanine to 
serine at positions 259, 264, 271, and 318. The replace- 
ment of alanine for serine at position 264 is a common 
feature for all cytoskeletal actins of L. pictus and for the 
CylIIa and CylIIb cytoplasmic actins of S. purpuratus. 
The serines at positions 272 and 319, and the replace- 
ments of threonine for isoleucine at position 249 and 
tyrosine for phenylalanine at position 261, are unique for 
the LpC4 actin among echinoderm actins characterized. 

The 3" coding region of the LpC3 gene encodes five 
amino acid differences compared to the Cyl gene. Three 
replacements are unique to this echinoid actin: phenyl- 
alanine for aspartic acid at position 291, phenylalanine 
for leucine at position 319, and valine for isoleucine at 

position 326. The replacement of an aspartic acid with 
asparagine at position 211 also occurs in the L. pictus 
muscle actin. 

Compared with the CyI actin, the muscle actin LpM 
has 13 amino acid replacements, SpM has 16, and PoM 
has only 10. Muscle actin genes of echinoderms are 
thought to have evolved by duplication from a cytoskel- 
etallike ancestral actin gene (Kovilur et al. 1993). The 
muscle actin PoM of the sea star has retained some 
amino acid sequence features of cytoskeletal actins, 
while the S. purpuratus muscle actin SpM is the most 
divergent from the cytoskeletal actins. 

Molecular Phylogenetic Analysis 

A phylogenetic tree of the echinoderm actin was pre- 
dicted by application of the maximum parsimony algo- 
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Table 3. Comparison of deduced amino acids 204-374 actins ~ 

Amino acid position number 

Actin 211 212 219 222 225 227 228 230 231 232 249 250 256 257 259 261 264 266 271 277 
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a Standard abbreviations of amino acids are used. Dots represent amino acids which are identical to those of CyI actin. Since the sequence of CylIa 
is incomplete, amino acids corresponding to positions 306-374 were not compared and are shown as blanks in the table. Shaded boxes indicate 
shared features discussed in Results 

rithm to the deduced amino acid sequences of the 3' 
coding regions and is shown in Fig. 3a. A muscle actin of 
the ascidian S. clava (ScM) was used as an outgroup. The 
formation of a clade including LpC2 and CyIIIa,b actins 
separated from other sea urchin cytoskeletal actins was 
supported by 96% of bootstrap replicates. The two CyIII 
actins are encoded by genes which are closely linked and 
share a very similar 3' noncoding terminus in S, purpu- 
ratus (Lee et al. 1984; Akhurst et al. 1987); this terminus 
is not shared with any L. pictus actin gene. The LpC 1 and 
LpC3 actins were on a branch supporting the S. purpu- 
ratus CyI and CyIIb actins and S. franciscanus Sfl 5a and 
Sfl5b actins. 

Figure 3b shows the maximum parsimony trees gen- 
erated by comparison of the entire deduced amino acid 
sequences of actins; the lack of complete sequences for 
the L. pictus LpC3, LpC4, and LpM genes precluded 
their inclusion. Again, LpC2 actin was grouped with the 
CyIII actins, and LpC1 actin was on a different branch 
including the CyI and CyIIb actins of S. purpuratus and 
the 15a and 15b actins of S. franciscanus. The separation 
of these two branches was supported by 73% of boot- 
straps. The application of the neighbor-joining distance- 
matrix algorithm (Saitou and Nei 1987) to the amino acid 
sequences deduced from the 3' coding region or the en- 
tire actin gene supported the same formation of two 
branches of echinoid cytoskeletal actins. 

In the two trees shown in Fig. 3, the muscle actins of 
echinoderms formed a clade separated from all the cy- 
toskeletal actins (supported by 100% of bootstraps). This 
indicates that the ancestral muscle actin gene existed in 
the common ancestor of these echinoderms, and the mus- 
cle actin genes LpM and SpM are orthologous. 

Discuss ion  

Based on sequence comparisons and patterns of expres- 
sion in embryos (our unpublished data), the L. pictus 
actin genes LpC 1, LpC2, LpC3, and LpC4 are cytoskel- 
etal, while LpM is a muscle actin gene; there is no evi- 
dence that any of them are closely linked (Johnson et al. 
1983; our unpublished observations). The five expressed 
cytoskeletal actin genes of S. purpuratus have been cat- 
egorized into three subfamilies (CyI, CyII, and CyIII) 
primarily based on similarities of the 3' noncoding se- 
quences and linkage (Lee et al. 1984). CyI, CylIa, and 
CyIIb actin genes are linked and share sequence similar- 
ities in their first intron; the 3" noncoding sequences of 
the CyII genes are very similar to one another and some- 
what similar to CyI (Scheller et al. 1981; Durica et al. 
1988). The CyIIIa and CyIIIb actin genes of S. purpu- 
ratus are linked and have similar 3' noncoding sequences 
and similarities in deduced amino acids which distin- 
guish them from other S. purpuratus actin genes (Lee et 
al. 1984; Akhurst et al. 1987; Flytzanis et al. 1989). 

The cytoskeletal actin genes of L. pictus do not easily 
fit such a categorization. For instance, the 3' coding re- 
gions of the genes LpC1 and LpC3 are more similar to 
each other than to other L. pictus actin genes, but their 3' 
noncoding regions are quite different• On the other hand, 
the 3' noncoding regions of LpC 1 and LpC2 are highly 
(89%) similar, but the two genes encode actins differing 
by 13 amino acid replacements (Table 1). The 3' non- 
coding sequences of the LpC 1 and LpC2 actin genes are 
also very similar to the 3' noncoding sequence of the S. 
purpuratus CyI gene; this is the only 3' terminal se- 
quence of an S. purpuratus cytoskeletal actin gene which 



Table  3. Extended 

353 

Amino acid position number 
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cross-hybridizes with L. pictus DNA (Lee et al. 1984). 
We have confirmed that this is the only 3' noncoding 
sequence of S. purpuratus actin genes extensively shared 
with L. pictus actin genes (our unpublished data). Con- 
sistent with Southern blots of Lee et al. (1984) we have 
identified two L. pictus actin genes which have a 3" non- 
coding sequence similar to that of the CyI actin gene. 

Sequence Bias and Codon Usage in Echinoderm Genes 

A strong bias for the use of particular synonymous 
codons have been noted for Strongylocentrotus actin 
genes by Foran et al. (1985) and for sea star actin genes 
by Kovesdi and Smith (1989). We have observed similar 
bias in codon usage for L. pictus actin genes: 46% of the 
bases at the third positions of each codon are C. Britten 
(1993) compared the sequences of actin and other genes 
from diverse organisms and concluded that highly con- 
served genes having extreme G + C base compositions at 
the third sites of codons are constrained in the extent of 
synonymous base substitutions at these sites. Bias in 
codon usage is presumably responsible for the mainte- 
nance of unusual G + C contents of third sites, at least in 
part. Britten also found that some synonymous substitu- 
tions are never observed, apparently forbidden by un- 
known selective mechanisms. Codon usage for actin 
genes of L. pictus and S. purpuratus is similar (our un- 
published observations). 

Evolution of CytoskeletaI Actin Genes in Sea Urchins 

Data presented in Tables 1 and 2 indicate low rates of 
silent site substitutions between most of the cytoskeletal 
actin genes of these sea urchins. However, the silent site 
substitutions may be approaching saturation for some 
actin genes due to the constraints mentioned above; this 
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Fig. 3. Molecular phylogenetic analysis of the actins of echinoderms. 
Trees shown were constructed by applying the maximum parsimony 
algorithm to (a) the deduced amino acid sequence of the 3' coding 
region and (b) the deduced amino acid sequence of the entire coding 
region. In all trees, an ascidian muscle actin gene (ScM) was included 
as an outgroup. Numbers shown are percentages of 100 bootstrap rep- 
licates in which the same internal branch was recovered. See Materials 
and Methods for terminology. 

would limit the utility of comparing nucleotide coding 
sequences in assessing the phyologenetic relationships of 
these genes. 

Neighbor-joining and maximum-parsimony algo- 
rithms were used to analyze the phylogeny of the coding 
sequences of echinoid actin genes. All the L. pictus cy- 
toskeletal actin genes were included in a clade separated 
from the Strongylocentrotus actin genes. The simplest 
interpretation of these trees is that all extant cytoskeletal 
actin genes of L. pictus arose from a single gene present 
in the common ancestor of L. pictus and S. purpuratus. 

On the other hand, the similarity observed in the cod- 
ing sequences of the cytoskeletal actin genes within each 
sea urchin species might be a consequence of intraspe- 
cific homogenization of nucleotide sequences. Studies on 
globin gene families suggest that concerted evolution 
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Fig. 4. Model for the evolution of the actin gene families of the sea urchins L. pictus and S. purpuratus, A pathway is presented for the generation 
of extant CyI-like and CylII-like genes in contemporary sea urchins from that of a putative ancestral actin gene (Ao). This model accounts for the 
presence of a single CyI-like 3' noncoding terminus among S. purpuratus actin genes, while two such termini are found among L. pictus actin genes. 
Variations are possible on this model having two ancestral actin genes in the common ancestral species, but we believe this version to be most 
parsimonious. 

events may partly or completely obscure the evolution- 
ary history of divergence between duplicated genes (Li 
and Graur 1991, pp. 168-169). Constraints on allowable 
nucleotide substitutions within a species and/or gene 
conversion events can obscure phylogenetic relation- 
ships. Crain et al. (1987) have provided evidence for a 
gene conversion event between a muscle and cytoskele- 
tal actin gene in S. purpuratus. 

The trees based on the deduced amino acid sequence 
of the 3' coding region (Fig. 3a) or the entire coding 
region (Fig. 3b) present a quite different picture of actin 
gene evolution which we believe is more compelling. In 
these trees, the grouping of LpC1 with CyI-CylI and 
LpC2 with CylIIa,b was strongly supported in bootstrap 
replicates. Comparison of amino acid sequences may be 
most informative if one focuses on rare features which 
are shared. As described in Results, comparison of the 3' 
coding regions supports a close relationship of LpC 1 and 
CyI actins, which differ by a single nonconservative 
amino acid replacement at position 264 (one which is 
common to all L. pictus cytoskeletal actins). The LpC2 
and CylIIb actins share an unusual complex of amino 
acid replacements at positions 259, 261,264, and 266. 
Thus LpC2 actin indeed appears to be closely related to 
CylIIb, and, to a lesser extent, CylIIa actins. The LpC2 
actin gene has a pattern of expression in embryos similar 
to that of the CylIIa and CylII genes, while the LpC1 
gene has a pattern of expression most similar to that of 
the CylIa gene, as well as the CyI and CylIb genes (our 
unpublished data). These similarities in unusual actin 
gene sequences and spatial patterns of expression con- 
sistent with LpC2 actin being related to the CylIl sub- 
family and LpC 1 being related to the CyI/CylI subfamily 
of actins. 

In Fig. 4 we propose a model, based on similarities of 
the deduced amino acid sequences and 3' noncoding se- 

quences, which can account for the origin of the extant 
cytoskeletal actin genes of L. pictus and S. purpuratus. 
We propose that the ancestral cytoskeletal actin gene had 
a CyI-like third exon and 3' noncoding sequences, since 
these have been conservatively retained in several 
echinoid species (Lee et al. 1984); we refer to this gene 
as A o. A o duplicated and one copy (A1) retained CyI-like 
coding sequences while the other copy (A 2) diverged to 
become CylII-like in coding sequence. The conserved 
complex of amino acid replacements encoded by the 3' 
coding region of the CylII genes may be the result of 
selection for regained functionality after initial muta- 
tional events resulted in impaired function and/or the 
result of selection for specialized function. In this model, 
there were at least two ancestral cytoskeletal actin genes 
in the common ancestor of L. pictus and S. purpuratus. 
The origin of the LpC4 gene is not accounted for by our 
model. It may have arisen by duplication after the diver- 
gence of the species or may be derived from a primitive 
cytoskeletal actin gene now absent in S. purpuratus. If 
there was a single ancestral cytoskeletal actin gene at the 
time of species divergence, convergent evolution proba- 
bly accounts for the similarities in the amino acid se- 
quences encoded by the LpC2 and CylIIa,b actin genes 
and their spatial pattern of expression. 

Constraints on the 3' Noncoding Sequences of 
Actin Genes 

The 3' noncoding sequences of the LpC 1 and LpC2 actin 
genes are very similar. The many small gaps required for 
alignment indicate that these sequences did not arise re- 
cently; thus the 3' noncoding sequences are likely to be 
selectively constrained. This possibility is supported by 
the observation that this conserved 3' noncoding se- 
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quence  is re tained by one  or  more  actin genes  o f  all 

species o f  sea urchins examined  to date (Lee et al. 1984). 

Sl ipped-s t rand mispai r ing  (Levinson  and Gutman  1987; 

Li  and Graur  1991) has been  invoked  to expla in  the 

inser t ion/dele t ion events  which  occur  in D N A  regions  

conta in ing cont iguous  short repeats,  such as the intron 

and 3'  noncod ing  regions  o f  the l inked actin genes  o f  S. 

franciscanus 15A and 15B (Foran et al. 1985), as wel l  as 

S. purpuratus actin genes  CyI  and Cy l I a  (Schuler  et al. 

1983) and Cy l I I a  and Cy l I Ib  (Durica et al. 1988), The  

same  m e c h a n i s m  m a y  exp la in  the in se r t ion /de le t ion  

events  in the A-T- r i ch  3 '  noncoding  regions  o f  LpC1 and 

LpC2  genes.  Ver tebrate  actin genes also have  h ighly  

conserved,  i so fonn-spec i f i c  3 '  noncoding  sequence  ele- 

ments  (Ng et al. 1985; Yaffe  et al. 1985; Erba et al. 1986, 

1988). Severa l  funct ions  have  been  proposed  for the 

h ighly  conserved  noncod ing  regions  somet imes  observed  

among  member s  o f  mul t igene  famil ies ,  inc luding roles in 

local iza t ion and act ivi ty  o f  the m R N A s  (Lloyd and Gun-  

ning 1993). A conserved  40-base-pai r  sequence  in the 3'  

noncoding  terminus o f  ver tebrate  13-actin genes  is in- 

vo lved  in t ranscript ional  regulat ion (DePont i -Zi l l i  et al. 

1988). 

Whi l e  the funct ion o f  the conserved  3" noncod ing  se- 

quence  o f  the LpC 1 and LpC2  actin genes  is unknown,  it 

is unl ikely to be  related to the spatial patterns of  expres-  

sion o f  these genes  in the embryos ,  since these are quite  

dist inct  for the two genes.  Us ing  sequence-spec i f ic  hy- 

br idizat ion probes we have  found that all f ive L. pictus 
actin genes  are expressed  in embryos ,  each having  a 

unique pattern o f  express ion (our unpubl ished data), The  

L p C I  gene  is expressed in several  different  spatial ter- 

ritories o f  the embryo ,  showing  combined  features o f  the 

CyI  and Cyl Ia ,b  gene expressions.  The  L p C 2  gene  is 

p redominant ly  expressed in aboral  ec tode rm cells, a pat- 

tern s imilar  to that o f  the Cyl I Ia ,b  genes  o f  S. purpuratus. 
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