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ABSTRACT—Arrow worms (the phylum Chaetognatha), one of the major marine planktonic animals, exhibit
features characteristic to both deuterostomes and protostomes, and their ancestry therefore remains un-
known. As the first step to elucidate the molecular bases of arrow worm phylogeny, physiology and embryol-
ogy, we isolated cDNA clones for three different actin genes (PgAct1, PgAct2 and PgAct3) from the benthic
species Paraspadella gotoi, and examined their expression patterns in adults and juveniles. The amino acid
sequences of the three actins resembled each other, with identities ranging from 86% to 92%. However, the
patterns of the spatial expression of the genes were independent. The PgAct! gene might encode a cyto-
plasmic actin and was expressed in oogenic cells, spermatogenic cells, and cells in the ventral ganglion. The
PgAci2 and PgAct3 genes encoded actins of divergent types. The former was expressed in well-developed
muscle of the head (gnathic) region and trunk muscle cells, whereas the latter was expressed in muscle of
the trunk and tail regions and oogenic cells. These results suggest that, similarly to other metazoans, the
chaetognath contains multiple forms of actins, which are expressed in various manners in the aduit and

juvenile arrow worm.

INTRODUCTION

Arrow worms (the phylum Chaetognatha) are about 100
species of marine, largely planktonic animals, with the excep-
tion of a few benthic species (cf., Bone et al., 1991). Accord-
ing to Brusca and Brusca (1990), they are bilateral deuteros-
tomes, and are characterized by features including a trimeric
body comprised of a head, trunk and postanal tail divided from
one another by transverse septa, a body with lateral and cau-
dal fins, a head with a pair of uniquely arranged eyes, and,
around the mouth, sets of grasping spines and teeth used for
prey capture. Arrow worms possess longitudinal muscles of
an unusual type, arranged in quadrants rather than a circular
arrangement, a complete gut anus at the ventral surface of
the trunk-tail junction, and a central nervous system including
a cerebral ganglion in the dorsal side of the head and a large
ventral ganglion in the trunk. These animals are hermaphro-
ditic and direct developers.

The phylogenetic status of chaetognaths is mysterious.
They share some common characteristics with deuterostomes
during their ontogeny; radial cleavage, a blastopore at the rear
end of the body, and a postanal tail (Hyman, 1959; Brusca
and Brusca, 1990; Willmer, 1990). However, the morphology
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of adults - namely, a coelom without a peritoneum and the
apparent lack of circular muscle in the body wall - suggests
their similarity to pseudocoelomate groups (Willmer, 1990),
although their coelomic condition is still debated (Shinn anc
Roberts, 1994). Their nervous system is more like that of
protostomes (Rehkdmper and Welsch, 1985; Goto anc
Yoshida, 1987). Moreover, even during ontogeny, they do nol
pass through the dipleurula stage that is seen in a few deu-
terostome phyla. Recent molecular phylogenetic studies us-
ing 18S rDNA (rRNA).sequences did not support the affinity
of chaetognaths with deuterostomes (Telford and Holland,
1993; Wada and Satoh, 1994).

Despite such characteristics and their phylogenic posi-
tion, arrow worms have been a subject of very few moleculal
biological investigations. Our laboratory at the Mie University
has recently succeeded in the maintenance of the benthic
species Paraspadella gotoi by extending several generations
P. gotoi may provide an appropriate experimental system tc
investigate the molecular bases of the physiology, behaviora
biology and developmental biology of the arrow worm. As the
first step to elucidate the molecule basis, the present study
was performed to isolate cDNA clones for actin genes from P
gotoi. Actin is a ubiquitous protein that is encoded by ¢
multigene family in a variety of animals (Pollard and Cooper
1986; Rubenstein, 1990). There are two subtypes of actin
muscle type and cytoplasmic type (Vandekerckhove anc
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Weber, 1984). Several kinds of muscle-type actin mRNA have
also been shown in certain higher eukaryotes. The coding
sequences of different members of the actin gene family are
conserved, whereas the 5" and 3’ hon-coding sequences usu-
ally diverge and can be used as gene-specific probes (Shani
et al., 1981). Each actin isoform shows a distinct expression
pattern specific to tissues or developmental stages (Sanchez
et al., 1983; Schwartz and Rothblum, 1981; Kusakabe et al.,
1995). The present study revealed that the arrow worm also
contains multiple forms of actin, which show different paiterns
of spatial expression.

MATERIALS AND METHODS

Animals

Paraspadeila gotoi Casanova (Casanova, 1990) was collected
in the vicinity of Amakusa Marine Biological Station, Kyushu Univer-
sity, Kumamoto, Japan. P. gotoi belongs to the order Pharagmorpha
with ventral transverse muscle bands (pharagma) and is a benthic
species. Adults specimens have been maintained in our laboratory at
Mie University in a constant-temperature room at 17°C and fed with
Tigriopus japonicus. They are cross-fertile and fertilization occurs in-
ternally. Juveniles were obtained by collecting laid eggs and were
kept in a constant-temperature room at 23°C. The young hatched 2
days after egg-laying. Details of the culture method have been de-
scribed elsewhere (Goto and Yoshida, 1997).

Isolation of RNA and construction of a cDNA library of P. gotoi
adult

Total RNA was isolated from whole adult specimens (about 300
individuals) by the acid guanidinium thiocyanate-phenol-chloroform
(AGPC) method (Chomczynski and Sacchi, 1987). Poly(A)” RNA was
purified by use of Oligotex-dT30 Latex beads (Roche Japan, Tokyo)
according to the manufacturer’s protocol. Complementary DNA was
synthesized from the poly(A)" RNA with a Zap cDNA Synthesis kit
(Stratagene, La Jolla, CA, USA). Double-stranded cDNA was size-
fractionated on a column of Sephacryl S-500 (Pharmacia Biotech,
Uppsala, Sweden), and fractions that contained fragments more than
300 bp in length were collected. The double-stranded cDNA was
cloned directly into the EcoRlI-Xhol site of a Uni-ZAPXR vector
(Stratagene). The titer of the amplified cDNA library was estimated to
be 2.4 x 107 pfu/ul.

Isolation and sequencing of cDNA ciones for P. gotoi actin genes

The amino acid sequences of actins are highly conserved among
eukaryotes (e.g., Kusakabe et al., 1997). The primers were designed
as follows: muscle forward, 5’-TG(C/T)GA(C/T)AA(C/T)GG(A/C/G/
TYATC/G)A/CIG/IT)GG(A/C/G/T)(C/T)T-3'; cytoplasmic forward, 5'-
GT(A/C/G/T)GA(C/T)AA(CTIGG(A/C/GITHATHC/GHACIGIT)GG(A/
C/G/T)ATG-3'; and actin reverse, 5-AA(A/G)CA(C/T)TT(A/C/G/T)C(G/
THA/G)TG(A/C/G/T)AC(A/G/T)AT-3. Using these cligonucleotide
primers, we amplified target fragments from the first-stranded cDNAs
which were obtained from RNAs of P. gotoi by means of reverse tran-
scription-polymerase chain reaction (RT-PCR). Annealing was car-
ried out at 37°C or at 42°C. Sequencing revealed that the amplified
fragments were of actin genes.

Probing with candidate fragments random-labeled with [**P]-dCTP
(Amersham, Buckinghamshire, UK), we screened the cDNA library
at moderate stringency conditions (hybridization; 5x SSPE, 0.5% SDS,
5x Denhardt’s solution, 35% formamide at 42°C: washing; 2x SSC,
0.1% SDS at 37°C for 30 min twice and at 42°C for 30 min once:
Sambrook et al., 1989) and obtained many positive clones.

The nucleotide sequences were determined for both strands with
a dye primer cycle sequencing FS ready kit and ABI PRISM 377 DNA
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sequencer (Perkin Eimer, Norwalk, CT, USA).

In situ hybridization

In situ hybridization was carried out with both whole-mount speci-
mens of newly-hatched juveniles and sectioned specimens of adults.
All specimens were fixed in 4% paraformaldehyde in MOPS buffer
(pH 7.5), 0.5 M NaCl. Fixed specimens were immersed in 80% etha-
nol and kept at —20°C until use. The probes were synthesized from
the 3' untranslated region of the gene by following the instructions
from the supplier of the kit (DIG RNA Labeling kit; Boehringer
Mannheim, Mannheim, Germany).

Whole-mount specimens: After a thorough washing with PBT
[phosphate-buffered saline (PBS) containing 0.1% Tween 20}, the
fixed specimens were treated with 2 ug/ml proteinase K (Merck,
Darmstadt, Germany) in PBS for 20 min at 37°C, and then they were
post-fixed with 4% paraformaldehyde in PBS for 1 hr at room tem-
perature. After a 1-hr period of prehybridization at 42°C, the speci-
mens were allowed to hybridize with the digoxigenin-labeled antisense

1 GCACGAGAAAAGACGAGACGCGCTAACGGTTTTICTGTCGAGAAABAAAAATCCACTTIT 60
61 TAAACTTTTCTICTCCGTCGAATTITTCGATCTTTTTARAGCTCRAACAAACAARATGTGC 120
M C
121 GACGAAGAAGTTGCCGCTTTGGTCGTGGACAATGGTTCCGGAATGTGCAAGGCCGGTTIC 180
D EEVAALVYVVDUNSGSGMHMTCZEKA AGT
181 GCCGGCGACGACGCCCCCCECECCGTCTTCCCCTCCATCGTGGGACGCCCCCGTCATCAG 240
A G DDAPURAYVPF P SIVGRZPRIHEDEQ
241 GGCGTCATGGTGGGCATGGGACAGAAGGACTCTTATCTGGGAGACGAGGCCCARTCCAAG 300
G VM VGMGQEKD S YV GGDEH BAQSK
301 AGGGGCATCCTCACTCTGAAATACCCCATCGARCACGGCATCGTCACCAACTGGGACGAC 360
R G I LTLIXKZYU®PTIEU HGTIUVTNDNUWDD
361 ATGGAGAAGATCTGGCATCACACCTTCTACAACGAGCTTCGCGTGGCGCCAGAGGAGCAT 420
M E XK I WHUHTVFJYUNETLRVYV APETEH
421 CCCGTCCTGCTGACGGAGGCCCCTCTCAACCCCARAGCCARCAGGGAGARAGATGACGCAG 480
P VL L TEAPTULNPI KA AUNI®RETZ KMTQ
481 ATCATGTTCGAGACCTTCARCACCCCGGCCATGTACGTCGCCATCCARGCCGTGCTGTCT 540
I M FETPFDNTZPAMYUVATIGQAUVL S
541 CTGTACGCCTCTGGCCGCACCACCGETATCGTCTTGGACTCTGGCGACGGCGTCTCCCAC 600
L ¥ A8 GRTTGTIVILDSGD GV s E
601 ACCGTTCCCATCTACGAGGGTTACGCCCTTCCTCACGCCATCTTGCGTCTGGATTTGGCC 660
T VP I YEGYALUPUHATIULRILUDTILRA
661 GGACGTGACTTGACCGACTATCTCATGAAGATCTTGACCGAGAGAGGCTACTCGTTCACC 720
G RDLTDVYLMZEKTIILTEI®RTGYSTFT
721 ACCACCGCCGAGCGTGAGATCGTTCGTGACATCAAAGAGAAGCTCTGCTACGTCGCGTTG 780
T T A EREI VRDTIZIXKXETZ KILTCYV VAL
781 GACTTCGAGCAGGAGATGGCGACCGCCGCCTCCTCTTCCTCTTTGGAGARGTCCTACGAR 840
D FEQEMATA AAS S S S L EZXKS YE
841 TTGCCCGACGGTCAAGTCATCACCATCGGCAACGAGCGATTCCGCTGCCCCGAGGCCCTC 900
L P DGQVITIOGNZERV FRTCPEA AL
901 TICCAGCCGICCTTCCICGGCATGRAATCTTGCGGCATCCACGAGACTACCTACAACTCC 960
F QP S FLGMESTCGTIZETZETTTYHNS
961 ATCATGAAGTGCGACGTCGACATCCGTAAGGATCTTTACGCCAACACCGTCTTGTCCGGT 1020
I M KCDVDTIRIEKDILYANTV VLS G .
1021 GGCACCACCATGTACCCCGGCATCGCCGACCGCATGCAGARAGAGATCACAGCCCTGGCT 1080
G T T M YP GIADRMOQEKTETITA ATLRA
1081 CCCTCCACCATGAAGATCAAGATCATCGCTCCCCCGGAGAGGAAGTACTCCGTCTGGATC 1140
P S T M K I XKTITIOAPUZPERIKYSVWWTI
1141 GGAGGCTCCATCCTGGCCTCCCTGTCCACCTTCCAACAGATGTGGATCTCCARGCAAGAG 1200
G G S ILASTILSTTF FQQMMWISIKOQE
1201 TACGACGAGTCTGGTCCGTCGATCGTCCACAGGAAATGCTTCTAAATCTAACAAAACTAA 1260
Y D E S GP S IV HRIZ KT CTF *
1261 TGATTTTGACTTTAAAACCGCCGCGCGTCCCGACATTTTTTTTTCTCTCTTTGAATTAGA 1320
1321 AATTAGGAAATCTCGTTCCCTTTTCTTTTTTATTTATTGCTAGTCGGTTTTTTTTATICT 1380
1381 TTCGGAAAGATGTTTTTTTTTITCCACTTCACATCCTTGTTATCGCGTTTAAABRACAAAAC 1440
1441 ARAAATTATATGATATTGTTCGAGTTTATTTGACCTTGTACGCTTGGCAARGGAATTAAL 1500
1501 ATTTGAAACATACTTCGARACATTTCCATCGCCAATTAATAACTCTATAATARAGCCAAA 1560
1561 TTGATTTTTACAATTTGCCGCCCTACCAAARATTTGCGTTACTGTCITTTTGGAGCGATT 1620
1621 CTTGTACTATGCATGTGAATATAAGTTCTTTTTAGCTTCAAAARAARABARARAAAR 1677

Fig. 1. Nucleotide and predicted amino acid sequences of the cDNA
clone for the PgAct1 gene. The sequence of the cDNA encompasses
1,677 bp including 18 adenylyl residues at the 3’ end. The ATG at the
position 115-117 represents the putative start codon of the PgAct1-
encoded protein. The asterisk indicates the termination codon. The
nucleotide sequence will appear in the DDBJ, EMBL and GenBank
Nucleotide Sequence Databases with the accession number
(D45164).
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or sense probe for at least 16 hr at 42°C. After hybridization, the speci-
mens were washed and treated with RNase A and then washed again
extensively with PBT. The samples were then incubated for 1 hr with
1:2000 Boehringer Mannheim alkaline-phosphatase-conjugated anti-
DIG and treated for the development of color as indicated in the pro-
tocol from Boehringer. After dehydration, some of the specimens were
cleared by placing them in a 1:2 mixture (v/v) of benzyl alcohol and
benzyl benzoate.

Sectioned specimens: These specimens were embedded in poly-
ester wax and sectioned at 10 um. The in situ hybridization of sec-
tioned specimens was carried out as in the case of whole-mount speci-
mens.

RESULTS AND DISCUSSION

Isclation and characterization of a cDNA clone for
Paraspadella gotoi actin genes

We first made first-stranded cDNAs against P. gotoi adult
RNAs. Then, using oligonucleotide primers corresponding to

1 GTTCGACGCATCTCTTGATCCGACAGCGAATCTCGCCTCTTTCTITTITGTCGTCGTT 58
59 TGAAGACAACAACAACAACARCCAGCCAAGATGTGCGACGATGAGGAGGTAGCGGCGTTG 118
M C DDEZEV AR AL
119 GTCGICGACAATGGATCGGGAATGTGCAAGGCCGGGTICGCCGGCGACGACGCCCCCCGC 178
VvV VDNGSGMCEKAGT FALGDDAPR
179 GCCGTCTTCCCCTCCATCGTCGGACGCCCTCGTCATGTGGGCCTCATGCTGEECATGRGG 238
A VPFPSIVGRPRIEYVYGVYVY MV GMG
239 CAGAAGGACGCCTATGTGGGCGACGAGGCTCAGTCCAAGAGAGGTATCCICTCICTGARA 258
Q KD A YV GDEHA AOQS KRG GTITLSTILK
299 TACCCCATTGAGCACGGCATCGTCACCAACTGGGACGACATGGAGARGATCTGGCATCAC 358
Y P I BEH G I VTNWDDMET KTIUWTEHHEH
359 ACCTTCTACAACGAGTTGAGAGTCTCTCCCGAGGAGCACCCCGCTCTCCACTCGGAGGCG 418
T F Y NELRV S PEEUHZ?P?ALIEHESEARA
419 CCCCTCAACCCTAAGGCCAACAGGGAGAAGATGACCCARATCTGCTTCGAGGCTTTCAGC 478
P L NP KANREIZXMTOGQTIGCPFEA ATF S
479 GCCCCCGCGATGTACGTAGCCATTCAGGCTGTGCTGTCGCTGTACGCTTCCGGCCGCACG 538
A P AMYVAIOQAV L SLYASGRUT
539 ACCGGCATCGIGCTGGACACCGGCGACGGTGTCGCTCACGCCGTCCCCATCTACGAGGGT 598
T 6 I VLDTGD GV AEA AV?PTIZYESG G
599 TACGCCCICCCTCACGCCATCCTCAGGCTCGACCTCGCCGGGAGGGATCTCACCGACTAC 658
Y ALPHATITILIRTIELDILAGIR RDILTTDY
659 CTCATGAAGATCCTCACCGAGAGGGGATATTCCTTCGTGACGACGGCCGAGCGCGAGATT 718
L M X I L.TERUGYSFVTTA AETIRTETI
713  GTCCGCGACATCAAGGAGARGCTCTGCTACGTGGCGCTCGACTTCGARRACGAGATGARC 778
vV R DI KEIZ KXKLTCYVALDTFENTEMN
778 ATCGCCAAATCGTCTICGTCGCTCGAGAAGTCCTACGAGTTGCCCGACGGTCAGGTCATC 838
I AKSSSSLEZ KSTYETLTFEPDGO QVTI
839 ACCGTCGGCAACGAGCGATTCCGCTGCCCAGAGGCCATCTTCCAGCCTTCCTTCTIGGGA 898
T VGNERTFRCPEATITFOQPSTFTLG
899 ATGGAGATCGTCGGTGTTCACGAGGGATGCTTCAACAGCATCATGAAGTGCGACATCGAC 958
¥ E I VGV HEGCTFUNSTIMTZEKTCDTIT?D
959 ATCCGTAAGGATCTCTACGCCAACACCGTCCTGTCCGGAGGCACCACCATGTACCCCGGT 1018
I RXKDPDLYANTUVUDLS G GTTMZTYF?PG
1019 ATCGCCGACCGCATGCAGAAGGAGATCACCGCCCTGGCTCCCTCCACGATGAAGATCAAG 1078
I ADRMOQEKETITALA APSTMMZ KTIK
1073 ATCATCGCTCCCCCGGAGAGGAAGTATTCCGTCTGGATCGGCGGTTCCATCCTGGCCTCC 1138
I I AP PERIKYSVWIGOGS I L AS
1139 CTGTCCACCTTCCAGGAGATGTGGATCTICCARGCAGGAGTACGACGAGGCCGGCCCGEGC 1158
L § TP Qg E MKKWI S KQETYDEWA AGT?PG
1199 ATCGTCCACAGGAAGTGCTTCTAGACGAAACGCGGGAGACTCCCACCCAGCGTCGTAGTT 1258
I VHREKSCTF *
1259 TGTAGCCGAGATTTTTTTAAATTITTTTATATTTGTTTAATTITIGATTITTTTTITTTT 1318
1319 CGTATAAAGTTTTACTGTATCGAAABAAAAACCARACATGTCTTTAAAAAAARCATCGCGA 1378
1379 AACCTTGTTICTGATTAAAATACGTTGACACAARCCTACAATTGCATGTTCGITGATGACA 1438
1439 TTCCTGTACTGGTGCATACARATCGAAATGGTTCTGATCCCTTCATCTCATCGTCCGATT 1498
143% AAATTTATTTAAGTTCAAAARAAAAAAMNAAAAAARA 1534

Fig. 2. Nucleotide and predicted amino acid sequences of the cDNA
clone for the PgAct2 gene. The sequence of the cDNA encompasses
1,534 bp including 20 adenyly! residues at the 3’ end. The ATG at the
position 89-91 represents the putative start codon of the PgAct2-en-
coded protein. The asterisk indicates the termination codon. The nucle-
otide sequence will appear in the DDBJ, EMBL and GenBank Nucle-
otide Sequence Databases with the accession number (D45165).
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the shared amino-acid sequences of actins, we amplified tar-
get fragments from them by the RT-PCR reaction. We ob-
tained 12 amplified fragments which were about 1.1-kb long
and corresponded to the region from the amino acid position
10to 375 of actins. Sequencing the fragments after subcloning
them into pBluescript Il SK(+) revealed that these 12 clones
were subdivided into three types (Types-1, -2, and -3); 6 clones
were of Type-1, 3 were of Type-2, and 3 were of Type-3.
With labeled clones, we screened 2.4 x 10° pfu of the P.
gotoi adult cDNA library and obtained 42 positive clones. The
partial sequencing of these clones revealed that 10 contained
sequences identical to Type-1, 5 to Type-2, and 6 to Type-3.
in addition to these three types, there were seven different
types of 12 clones, which were not analyzed further. Of the
clones belonging to each of the three types, the longest ones
were entirely sequenced. Each of the longest clones contained
a single open reading frame (ORF) that predicted actins.

1 CGCTCCTCCAGCGTATTCCCCGAATCTTTCGACAGACGCGAAGTAAACCTCCAGGATG 58
M

59 TGCGACGACGAGGAATCCGCGGCGTTGGTCATCGATARTGGATCCGGAATGGTCAAGGCC 118
C D DEESAALVIDUNGSGMMYV KA

119  GGGTTCGCCGGCGACGACGCCCCCCGCGCCGTCTTCCCCTCCGTCGTCGGACGCCCGCGT 178
G F AGDDAPRAVYVFUPS VYV GRPR

179 CACGTCAGCGTCATGGTGGGCATGGGGAACAAAGACGCCTACGTCGGTGACGAGGCTCAG 238
HV S VMV GMHGNIE KDA AYV GDER-BADZQ

239 TCCAAGAGAGGTATCCTCTCCCTGAAGTACCCCATCGAGCACGGCATCGTCACCAACTGG 298
S KR GILSLXYUPIEUHGTIUVTNW

299 GACGATATGGAGAAAGTGTGGCATCACACCTTCAACAACGAGCTGCGCATCTCCCCCGAG 358
D DM EXV WHHETYF NN EILRTIS?PE

359 GAATCGCCCCATCTCCACTCCGAGGCGCCCCTCAACCCCAAGAGCAACAGGGAGAAGCTC 418
E S P HL ES EAPILNUNZPZE KSUNR RTETI KTL

419 GICCAGATTGTCTTCGAGACCTTCAACGCCCCCGCCACGTACGTCTGTATCCAGGCCGTA 478
vV QI VFETTFNAPATYVCTIGQAWUV

479  CTCTCCCTGTACGCCTCICGCCGTACGACCGGCATCETGTTGGACATCGGAGACGGTGTC 538
L S L YASGRTTOGMMUV LDIGDGYUV

539 TCCCACGGCGTCCCCATCTACGAGGGTTACGCTCTCCCTCACGCCATCTTGCGTCTCGAT 598
S H GV P IYEGYALZPHAITLIRILD

599 TTGGCCGGACGCGACTTGACCGACTATCTCATGAAGATCATGTCCGAGCGTGGCTACGCC 658
L A GRDILTDY UL MZETIMSERGTYA

659 ATGGTCACCACCGCCGAGCGCGAGATCGTCCGGGACATCARGGAGAAGCTTTGCTACGTG 718
HV TTAERETIVE RDIZXKXETZ KTLTECZYUV

719 GCGCTGGACTTCGAGCAGGARATGGCGACCGCCGCCTCCTCCTCCTCCATTGACAAGICC 778
A L DFEGQEMATA AASSS S5 IDTZKS

779 TACGAGTIGCCCGACGGACAGATCGTGACCGTCGGCARCGAGCGTTTCCGTTIGCCCCGAA 838
Y EL P DG QI VTV GNEZRTPFTR RTCTPE

839 TCCATGTTCCGCCCCAACTTCCTCGGCATGGAAGTCGTCGGRATTCACGAGGGATGCTIC 898
S M FRPNVFLGMEVV GIHESGTCTF

899 AACGGAATCATGAAGTGCGACATCGACATCCGCAAAGATCTCTACGCCAACACCGTCTTG 958
N G I MEKCDTIDIRIEKDILYANTUVL

959 TCCGGTGGCACCACCATGTACCCCGGTATCGCTGACCGCATGCAGARAGAGATCACCGCC 1018
S 6 G TTMYPGIADTZ RMOQEKXKTETITTA

1019 CTGGCTCCCTCCACCATGAAGATCAAGATCATCGCTCCCCCGGAGAGGAAGTACTCCGTC 1078
L AP S TMEKTITZ KTITIA ATPZPTERIEKTYSYV

1079 TGGATCGGCGGTTCCATCCTGGCCTCCCTGTCCACCTTCCAGGAGATGTGGATCTCCAAG 1138
W IGGESsS I LASILSTFOQEHMUWISK

1139 CAAGAGTACGACGAGGCTGGACCCGGCATCGTGCACAGGAAATGCTTCTAAACGAATCCA 1198
Q EYDEAGPGTIVHRTEKTSCTF *

1199 CCGATTAACAACACCCACTAAACGCGCACACACACACAAARATAAARTTATTGTATTTAT 1258

1259 TTTTGCTATICTTTAATTTTTTTICACATTTTTGTIGATCTCTCGCGTTGGGAATGAGTT 1318

1319 TCAAGATCTTTGCCGTCGAACCGAGGAARARARATCTGTCATCGAARCGAAGAGCGAATC 1378

1379 TTTCACGGTTTCTGCGAAACAARGAACTTGAAATTTTATTTTTTCGAAATTIGTTCGATT 1438

1439 CGATTTTTAARAAAATATGTGGTCGGATTTTTCGGAATTAAAAGTTICCCAACGAAARAA 1498

1499 AAARAARAARBA 1510

Fig. 3. Nucleotide and predicted amino acid sequences of the cDNA
clone for the PgAct3 gene. The sequence of the cDNA encompasses
1,510 bp including 18 adenylyl residues at the 3’ end. The ATG at the
position 56-58 represents the putative start codon of the PgAct3-en-
coded protein. The asterisk indicates the termination codon. The nucle-
otide sequence will appear in the DDBJ, EMBL and GenBank Nucle-
otide Sequence Databases with the accession number (D45166).
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Fig. 4. Comparison of the amino acid sequences of PgAct1, PgAct2, and PgAct3 with actins of various metazoans. The amino acids are
indicated with one-letter codes. Dashes indicate gaps introduced in the sequence to optimize the alignment. The amino acids at diagnostic
positions indicating vertebrate actin types (cytoplasmic or muscle) are boxed (Vandekerckhove and Weber, 1978, 1984). The asterisks indicate
the identity of amino acids, and the dots indicate high similarity. The sources, accession numbers, and references for the actin sequences are
human o-skeletal muscle actin, M20543 (Taylor et al., 1988); ascidian larval muscle actin, D10887 (Kusakabe et al., 1992); starfish muscle actin,
M26500 (Kowbel and Smith, 1989); Drosophila muscle actin, M18830 (Sanchez et al., 1983); human B-cytoplasmic actin, M10277 (Nakajima-
lijima et al., 1985); ascidian cytoplasmic actin, X61042 (Kovilur et al., 1993); starfish cytoplasmic actin, M26501 (Kowbel and Smith, 1989);
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DNGSGIY® AGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEH

DNGSGisd AGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEH
GRMK SGFAGDDAPRAVE PSTVGRPREQGVMVGMGORDSYVGDEAQSKRGILTLKYPIEH
DN(SﬁKa AGFAGDDAPRAVFPSTVGRPRHQGVMVGMGQRDSYVGDEAQSKRGILTTKYPIEH
AGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQRDSYVGDEAQSKRGILTLKYPIEH
AGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEH
DNGESGE@IK AGF AEDDAPRAVF PSIVGRPRHEHQGVMVCMVQKDSYVCDEAQSKRGILTLKYPIEH
IDNGSG8K AGFAGDDAPRAVF PSIVGRPRHOGVMVGMGQKDSYVGDEAQSKRGILTLKYPIEH

kkhkkhk, h hkkk Khkhkhkkhkikdk dhkhkkkik kkkkk _kk hhkkkkrhkhhkkk khkkkk*k

*h kAKX EKK Khkhkhkk *hkh, kKK * “x ******* Kkkkh, kk kk K
DSGDGVSHUVPIYEGYALPHAIERIDLAGRDLTDYILMKILTERGYS
DIGDGVAHEVPIYEGYALPHAIERLDLAGRDLTDYLMKILTERGYS
DIGDGVSHE@VPIYEGYALPHATI®RLDLAGRDLTDYLMKIMSERGY.
DSGDGVTHRVPIYEGYALPHATHRLDLAGRDLTDYIMKILTERGYS
DAGDGVSHEVPIYEGYALPHATBMRLDLAGRDLTDYLMKILTERGYS
DTGDGVSHUVPIYEGYALPHATWRLDLAGRDLTDYLMKILTERGY S
DSGDGVSH@VPIYEGFALPHATIMRLDLAGRDLTDYLMRILTERGYT
DSGDGVTHRVPIYEGYALPHATWRLDLAGRDLTDYILMKILTERGYSF
DSCDCGVSHEVPIYEGYALPHATIBRRLDLAGRDLTDYILMKILTERGYS
DSGDGVSHEVPIYEGYATLPHAT@RTL.DLAGRDLTDYIMKILTERGYS!
DSGDGVSHEVPIYEGYALPHAIERLDLAGRDLTDYLMKILTERGY S
DSGDGVTHRVPIYEGYALPHATRLDLAGRDLTDYLMKILTERGYS

LK K kKRR ok KKRKRKN, KAKRAE A KKRARAKRRRRIARR | A*AK, FAXRARAAKL KA AKN KRkE AR
ATAASSSSLEKSYELPDGQVITIGNERFRCPER SGGTT
NIAKSSSSLEKSYELPDGQVITVGNERFRCPERIFQPSE SGGTT
ATAASSSSIDKSYELPDGQIVTVGNERFRCPES] SGGTT
ATAASSSSLEKSYELPDGQVITIGNERFRCP: SGGTT
ATAARSSTSLERSYELPDGQVITIGNERFRCPESLFQPSE VLBGGTT
QTASSSSSLEKSYELPDGQVITIGNERFRC PFgE SGGTS
ATARASTSLEKSYELPDGQVITIGNERFRCPEH SGGTT
ATAASSSSLEKSYELPDGQVITIGNERFRCPE SSGETT
GTASSSSVLEKSYELPDGQVITIGNERFRCE: SGGTT
QTAASSSSLEKSYELPDGQVITIGNERFRCPHA B SIMKCDEDIRKDLYA SGGST
ATAASSSSLEKSYELPDGQVITIGNERFRCPES 3 SIMKCD@DIRKDLYA SGGTT
ATAASSSSLEKSYELPDGQVITVGNERFRCPER SIMKCD@DIRKDLYA SCGTT

* ok, L kKKK KKKEK ok kkkkkkkhh Lk, . R Lk kkkhh kkkkkkkkk * Kkkk,,

MYPGIADRMQREITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWISKQOEYDE BGPSIVHRKCE
MYPGIADRMQREITALAPSTMRKIKIIAPPERKYSVWIGGSILASLSTFQEMWISKQEYDE BSGPGIVHRKCE
MYPGIADRMQKEITALAPSTMKIKITAPPERKYSVWIGGSILASLSTFQEMWISKOEYDE MGPGIVHRKCF
MYPGIADRMOREITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWITKQEYDE BMGPSIVHRKCE
MYPGIADRMQREITALAPSTMKIKITAPPERKYSVWIGGSILASLSTFQOMWISKOEYDEBGPSIVHRKCE
MYPGTADRMOKEIQATLAPPTMKIKI TAPPERKYSVWIGGSILASLSTFOQOMWISKQEYDE BGPSIVHRKCE
MYPGIADRMQKEITTLAPSTIKIKIIAPPERKYSVWIGGLILASLSTFQOMWISKQEYDE BGPSIVHRKCF
MYPGIADRMOQKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWISKQEY DEGGPSIVHRKCE
MYPGIADRMOKEISALAPPTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWISKQEYDE EGPSIVHRKCE
MEFPGIADRMQKEVTALAPPTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWISKQEYDE BIGPSIVHRKCF
MYPGIADRMOKEITALAPSTMKIKIIAPPERKYSVWIGGSILASSSTFQOMWTSKQEYDEBIGPSIVHRKCE

MYPGIADRMQKEITALAPSTMKIKITAPPERKYSVWIGGSILASLSTFQOMWISKQEYDE FQCGPSIVHRKCE
H KRR EKKEREIKE . kkK K KKK ARARARRARNARARE RRKA KAAN KK KA RRrh *k hkhhhrk

Drosophila cytoplasmic actin, KO0667 (Fyrberg et al., 1981) and C. elegans actin, X16796 (Krause et al., 1989).
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We therefore named the corresponding genes PgAct1?
(Paraspadella gotoi actin gene 1) to Type-1, PgAct2to Type-
2, and PgAct3 to Type-3.

Figure 1 shows the nucleotide and deduced amino acid
sequences of the cDNA clone for the PgAct1 gene, which
consisted of 1,677 nucleotides. The PgAct1 cDNA contained
a single ORF of 1,128 bp, which predicted a polypeptide of
376 amino acids. The calculated molecular mass of the pre-
dicted protein was 41.8 kDa.

The nucleotide and deduced amino acid sequences of
the cDNA clone for the PgAct2 and PgAct3 genes are shown
in Figs. 2 and 3. The PgAct2 cDNA was 1,534 bp long and
contained a single ORF of 1,128 bp, which predicted a polypep-
tide of 377 amino acids and had a calculated molecular mass
of 42.3 kDa, while the PgAct3 cDNA was 1,510 bp long and
contained a single ORF of 1,128 bp, which predicted a polypep-
tide of 377 amino acids and 42.3 kDa.

Among these three actins, the amino acid identities were
91.5% between PgAct1 and PgAct2, 86.2% between PgActi
and PgAct3, and 88.9% between PgAct2 and PgAct3, although
the identity of the nucleotide sequences of 3’ untranslated
region (UTR) was less than 50%.

Figure 4 shows a comparison of the amino acid se-
quences of PgAct1, PgAct2 and PgAct3 with actins of various
metazoans. The comparison clearly indicated that the PgAct1,
PgAct2, and PgAct3 genes encode different types of actin.
As shown in Fig. 4, the mammalian o-striated muscle actin is
distinguishable from the B-cytoplasmic actin by a comparison
of amino acid residues at the diagnostic positions
(Vandekerckhove and Weber, 1978, 1984). Figure 4 suggests
that PgAct1 is of a type of cytoplasmic actin and that PgAct2
and PgAct3 are considerably divergent types of actin. Our
molecular phylogenetic analysis comparing the amino acid
sequences also suggested that PgAct2 and PgAct3 are closely
related, while PgAct1 is distinct from them, that PgAct1 is a
type of cytoplasmic actin, and that PgAct2 and PgAct3 are
divergent types of actin (Yasuda ef al., unpublished data).

These results suggest that the genome of P. gotoi con-
tains a family of multiple actin genes and that among them,
PgAct1, PgAct2, and PgAct3 are major actin genes judging
from the numbers of cDNA clones isolated. Because 6 of the
12 amplified fragments and 10 of the 42 positive cDNA clones
corresponded to PgAct1, this gene may represent the most
dominant actin gene of P. gotoi. PgAct2 and PgAct3 genes
are also actively expressed in this animal, judging from the
numbers of cDNA clones obtained.

Expression of Paraspadella gotoi actin genes

The expression of the arrow worm actin genes was ex-
amined by in situ hybridization with sectioned specimens of
adults and whole-mount specimens of juveniles. To help clarify
the gene expression, the anatomy of P. gofoi is diagrammati-
cally shown in Fig. 5a. Their trimeric body is comprised of a
head, trunk and postanal tail divided from one another by trans-
verse septa. The head cavity is reduced by the complex cepha-
lic musculature. The body musculature consists of four quad-
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rants of well-developed dorsolateral and ventrolateral longitu-
dinal bands. The digestive tract runs through the central part
of the trunk region and is completed by the anus at the ventral
surface of the trunk-tail junction. A major component of the
central nervous system is a large ventral ganglion located in
the trunk epidermis. Arrow worms are hermaphroditic; the wide
coelom of the trunk region is occupied with oogenic cells, while
that of the tail region occupied by spermatogenic cells. Adults
were examined in cross-sections of the head, trunk, and tail
regions.

The PgAct1 gene. The in situ hybridization of adult
specimens demonstrated intense signals in oogenic cells of
the trunk region (Fig. 5¢). Small oocytes showed stronger sig-
nals, whereas large mature oocytes showed weak signals (Fig.
5c). In addition, sections of the tail region revealed signals in
the spermatogenic cells or spermatocytes (Fig. 5d). There-
fore, the PgAct1 gene is expressed in germ cells during the
early phase of their formation.

Hybridization signals were also evident in the cytoplasm
of the neuronal cells of the ventral ganglion (Fig. 5¢) as well
as in cells of the digestive tract including the pharynx in the
head region (Fig. 5b) and intestine in the trunk region (Fig.
5c¢). However, signals were not so evident in longitudinal
muscle cells (Fig. 5¢, d).

The in situ hybridization of the whole-mount specimens
of newly-hatched juveniles showed intense signals on the
whole body except for the tail region (Fig. 5e). Strong signals
were seen in the head region (Fig. 5e).

These results suggest that the PgAct1 gene is expressed
both maternally and zygotically. The gene is expressed in a
variety of tissues, supporting the notion that PgAct1 is a type
of cytoplasmic actin.

The PgAct2 gene. Cross-sections of the head region
of the adults demonstrated that the PgAct2 gene was actively
expressed in well-developed muscle of the gnatha region (Fig.
6a). Hybridization signals were also evident on the epithelium
lining the coelom near the ventral ganglion (Fig. 6b) and in
cells of the sperm duct of the trunk region (Fig. 6b). However,
signals were not detected in the pharynx (Fig. 6a, b) or germ
cells (Fig. 6b, c).

The in situ hybridization of whole-mount specimens of
newly-hatched juveniles showed intense signals in the head
region, in particular in the gnathic region (Fig. 6d). Lateral cells
in the trunk region also showed signals (Fig. 6d).

These results suggest that the PgAct2 gene expression
is zygotic, and primarily found in muscle cells.

The PgAct3 gene. In contrast to the PgAct2 gene, the
in situ hybridization of sectioned specimens of adult tissues
demonstrated intense signals in oogenic cells of the trunk re-
gion (Fig. 6f). The small oocytes showed very strong signals
(Fig. 6f). Signals were also evident in longitudinal muscle celis
of the trunk and tail regions (Fig. 6f, g). In the tail region, sig-
nals were evident in the mesentery (Fig. 6g). The in situ hy-
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intestine
ventral ganglion

Fig. 5. Expression of the PgAct1 gene. (a) Diagrammatic drawing of P. gotoi showing the anatomy and the sectioned lines; A, a section at the
head region; B, a section at the trunk region; and C, a section at the tail region. (b) A cross-section of the head region of an adult, showing a weak
hybridization signal in the esophagous (e). Scale bars = 100 um for all panels. (€) A cross-section of the trunk region of an adult, showing a strong
signal in the immature oocytes (io) but not in the mature oocytes (mo). Signals were also evident in the intestine (i) and neuronal cells (arrow) in
the ventral ganglion (vg). (d) A cross-section of the tail region of an aduit, showing a hybridization signal in some of the spermatocytes (sc). (e)
A whole-mount specimen of a juvenile, showing signals widely distributed in the head and trunk regions. (f) A control cross-section of the trunk
region of an adult (corresponding to ¢) hybridized with a sense probe, showing no signals.

Fig. 6. (a-d) Expression of the PgAct2 gene. (a) A cross-section of the head region of an adult, showing a strong hybridization signal in the
muscle (m) of the gnatha region. Scale bars = 100 um for all panels. (b) A cross-section of the trunk region of an adult, showing signals in the
seminiferous duct region (upper arrow) and in the epithelium lining the coelom of the ventral ganglion region (lower arrow). (c) A cross-section of
the tail region of an adult, showing no hybridization signal in this region. (d) A whole-mount specimen of a juvenile, showing distinct signals in the
head muscle (left arrow) and trunk muscle (right arrow). (e-h) Expression of the PgAct3 gene. (e) A cross-section of the head region of an adult,
showing no hybridization signal in this region. (f) A cross-section of the trunk region of an adult, showing a strong signal in the immature oocytes
(io) and muscle cells (arrow). (g) A cross-section of the tail region of an adult, showing a distinct signal in the muscle (m). Signals are evident in
muscle cells (arrow). (h) A whole-mount specimen of a juvenile, showing strong signals over the entire body.
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Table 1. Spatial expression of the three actin genes PgAct1, PgAci2, and PgAct3 of the arrow worm Paraspadella gotoi

Adult Juvenile
head trunk oocytes spermduct  neuronal  spermato- head trunk tail
muscle muscle cells cytes region region region
PgActt1 - - +++ - ++ + ++ + -
PgAct2 ++ - - + - - +4+ ++ -
PgAct3 - ++ +++ - + ++ + ++

-, not expressed; -+, weakly expressed; ++, moderately expressed; +++, strongly expressed

bridization of whole-mount specimens of newly-hatched juve-
niles showed intense signals on the whole body (Fig. 6h).

These results suggest that the PgAct2 gene is primarily
expressed in the longitudinal muscle as well as oocytes.

The regions with expressions of PgAct1, PgAct2 or
PgAct3 are summarized and compared in Table 1. As is evi-
dent in the table, the patterns of spatial expression of the three
actin genes are not identical but rather are specific for each
gene. It is highly likely that each of these genes has its own
function.
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