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SUMMARY

Multiple functions of a Zic-like zinc finger transcription expressed in the endoderm cells from the 16-cell stage and
factor gene (Cs-Zicl) were identified in Ciona savignyi is essential for the differentiation of notochord. In spite of
embryos. cDNA clones for Cs-ZicL, a [-catenin its pivotal role in muscle specification, the expression @fs-
downstream genes, were isolated and the gene was ZicL inthe muscle precursors is independent afs-machol
transiently expressed in the A-line notochord/nerve cord which is another Zic-like gene encoding &iona maternal
lineage and in B-line muscle lineage from the 32-cell stage muscle determinant, suggesting another genetic cascade for
and later in a-line CNS lineage from the 110-cell stage. muscle specification independent ofCs-machol Cs-ZicL
Suppression ofCs-ZicL function with specific morpholino  may provide a future experimental system to explore how
oligonucleotide indicated thatCs-ZicL is essential for the the gene expression in multiple embryonic regions is
formation of A-line notochord cells but not of B-line controlled and how the single gene can perform different
notochord cells, essential for the CNS formation and functions in multiple types of embryonic cells.

essential for the maintenance of muscle differentiation. The

expression ofCs-ZicL in the A-line cells is downstream of  Key words: Ascidian, Zic-like gene, Multiple functions, Notochord,
B-catenin and ap-catenin-target gene,Cs-FoxD, which is ~ CNS, MuscleCs-ZicL, Ciona savignyi

INTRODUCTION nuclei of endoderm progenitor cells is most likely the first step
in the process of ascidian embryonic endoderm specification.

Unfertilized eggs of various groups of animals are maternally To understand the function of endoderm in ascidian
provided with a considerable amountf®»€atenin protein and embryos, it is necessary to identify the genes that act as direct
mMRNA in the cytoplasm. During very early cleavages aftetargets and/or act downstreanfleatenin. We previously took
fertilization, B-catenin is translocated from the cytoplasmadvantage of the availability of-catenin-overexpressing
into the nucleus of certain embryonic cells. The nucleaembryos and cadherin-overexpressing embryos to address this
accumulation of3-catenin, together with transcription factor problem; in the former3-catenin targets may be upregulated
Tcf/Lef, activates many target genes that play pivotal roles iand in the lattef3-catenin targets may be downregulated, and
embryonic axis formation and/or embryonic cell specificatiorsubtractive hybridization screening between them performed.
(reviewed by Cadigan and Nusse, 1997; Moon and Kimelman)e found that a LIM-homeobox gené&s-lhx3 an otx
1998; Sokol, 1999). homologCs-otx and an NK-2 class homeobox g&wttflare

As in the case of vertebrate embryos, the endoderm of tltownstream genes Bfcatenin (Satou et al., 2001a). Inhibition
ascidian embryo is specified autonomously and then induced the function of these genes revealed that inhibition of the
formation of the notochord and mesenchyme (reviewed bgossible early embryonic function @fs-lhx3resulted in the
Satoh, 1994; Satoh, 2001; Satou and Satoh, 1999; Nishidsyppression of endoderm differentiation. In addition, we found
1997; Jeffery, 2001; Corbo et al., 2001). In a previous studyhat the nuclear accumulation PBfcatenin directly activates
we showed that during cleavages of the ascidi@imma  Cs-FoxD which encodes a transcription factor with a forkhead
intestinalis and C. savigny,j B-catenin accumulates in the domain. Cs-FoxD is transiently expressed in endoderm
nuclei of vegetal blastomeres by the 32-cell stage, that mi®lastomeres at the 16- and 32-cell stages, and this gene
and/or overexpression off-catenin induces the ectopic function is not associated with endoderm but is necessary for
development of endoderm cells, and that downregulation afotochord differentiation (K. S. 1., unpublished). Here, we
nuclear3-catenin induced by the overexpression of cadherishowed that anoth@catenin downstream gene encodes a Zic-
results in the suppression of endodermal cell differentiatiotike protein. The gene is expressed in three different domains;
(Imai et al., 2000). Thus, the accumulatiorBefatenin in the namely, A-line notochord and central nervous system (CNS),
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and B-line muscle cells, and plays pivotal roles in themole of morpholinos and/or synthetic capped mRNAs. Each injection

differentiation of the three different cell types. contained 30 pl of solution, and microinjection was carried out using
a micromanipulator (Narishige Sci. Instru. Lab., Tokyo, Japan), as
described previously (Imai et al., 2000). Injected eggs were reared at
about 18°C in MFSW containing 5@g/ml streptomycin sulfate.

MATERIALS AND METHODS Cleavage of some embryos was arrested at the 110-cell stage with
o cytochalasin B, and the embryos were further cultured for about 12
Ascidian eggs and embryos hours, when control embryos reached the early tailbud embryo stage.

Ciona savignyadults were maintained under constant light to induce
oocyte maturation. Eggs and sperm were obtained surgically from the
gonoduct. After insemination, eggs were reared at about 18°C
in Millipore-filtered seawater (MFSW) containing 5@g/ml ~ RESULTS
streptomycin sulfate.
Isolation and characterization of  Cs-ZicL cDNA

Subtractive hybridization screening of mMRNAs frBroatenin-
overexpressing embryos versus cadherin-overexpressing

one of theB-catenin downstream genes; the procedure for subtractiv%mbryos. ylelded a CDNA fragment OBa(?atenm-downstream
hybridization screening of cDNA clones for pothtatenin target genelwhlch encodqd aznc ]‘lnger protein. The gene was named
genes was described previously (Satou et al., 2001a). The cDN&S-ZicL (Ciona savigny¥ic-like). By screening of a gastrula
obtained by subtraction was partial, and cDNA clones that containeéPNA library with this cDNA fragment as a probe, cDNA
the entire coding region were isolated fronCasavignyigastrula ~ clones for Cs-ZicL were obtained and the longest was
cDNA library. Nucleotide sequences were determined for both strandompletely sequenced. As shown in Fig. 1, the inse@f
using a Big-Dye Terminator Cycle Sequencing Ready Reaction kiZicL cDNA consisted of 1,217 nucleotides, which encoded a
and an ABI PRISM 377 DNA sequencer (Applied Biosystems).  predicted polypeptide of 355 amino acids (Fig. 1A:
DDBJ/GenBank/EMBL  database  accession  number,
ABO057747). The predicted polypeptide contained five zinc

To examine the spatiotemporal expression patter@seticl, RNA flng_er c;%m?:ns (Figs 1 anq 2)- fth . id f
probes were prepared with a DIG RNA labeling kit (Roche, Tokyo, 9. Shows a comparison ot th€ amino acid sequences o

Japan). Whole-mount in situ hybridization was performed adhe five zinc finger domains of Cs-ZicL, Cs-macholCof
described previously (Satou et al., 2001a). Control specimergavignyi(Satou et al., 2002), macho-1 ldalocynthia roretzi
hybridized with a sense probe did not show any signals abovNishida and Sawada, 2001) and mouse Zic3 (Aruga et al.,
background. 1996). Although there is variation in the first zinc-finger
To examine the occurrence of differentiation markers indomain, these proteins share comparatively high level of
experimental embryos, in situ hybridization of whole-mountamino-acid identity. Using these amino acid residues within the
specimens was also carried out. The probes used were for a musglgs  zinc finger domains, we constructed a molecular
actin geneCs-MA1(Chiba et al., 1998), an epidermis-specific gene’phylogenetic tree using the neighbor-joining algorithm (Fig.

Cs-Epil(Chiba et al., 1998), a mesenchyme-specific gésanechl :
(DDBJ/GenBank/EMBL database accession number, AB073374 B). The tree demonstrated that mouse XedopusZic gene

and a CNS-specific gen€s-ETR(DDBJ/GenBank/EMBL database roducts .form one Clad,e’ frqm Whlc'hilona m,a(,:hoL
accession number, ABO073375). Notochord differentiation wadlalocynthiamacho-1 andCiona ZicL are distant. Within the
assessed with probes for Besavignyi Brachurgene Cs-Brg Imai ~ three ascidian Zic-like gene product§iona machol,
et al., 2000) and notochord-specifibrinogen-like gene Cs-fibrn ~ Halocynthiamacho-1 andCionaZicL did not form a discrete
(DDBJ/GenBank/EMBL database accession number, AB073373). group, but there was a tendency lftalocynthiamacho-1 and
Differentiation of endodermal cells was monitored by Ciona ZicL to form a group. These results suggest that the
histochemical detection of alkaline phosphatase (AP) activityascidian Zic-like genes evolved from a common ancestor gene
(Whittaker and Meedel, 1989). of the Zic family independently of vertebrate Zic genes.

Morpholino oligos and synthetic capped mRNAs

. ) ) ) Expression and function of  Cs-ZicL
To deduce the function dfs-Zicl, we used morpholino antisense . L .
oligonucleotides (hereafter we simply refer to these ad\nalyses of whole-mount specimens by in situ hybridization

“morpholinos”), which have been shown to be very effective inf€vealed thatCs-ZicL is expressed in multiple embryonic
ascidian embryos (Satou et al., 2001b). The 25-mer morpholino fd€dions. As shown in Fig. 3, the embryonic expressio@ssf
Cs-ZicLwas order-made (Gene Tools, LLC). The nucleotide sequencéiCL is transient; the transcript was first detected at the 32-cell
of the Cs-ZicL morpholino is shown in Fig. 1A. For rescue stage and was downregulated by the early tailbud stage. The
experiments, in vitro synthesized capped mRNA @sZicLwas  expression was found in embryonic cells that give rise to
prepared fromCs-ZicL cDNA cloned into pBluescript RN3 vector notochord, CNS and muscle. The multiple expression domains

(Lemaire et al., 1995) using a Megascript T3 kit (Ambion). To obtairgnd functions of Cs-ZicL in each lineage were further
a capped mRNA, the concentration of GTP was lowered to 1.5 m’\ééamined with the following results.

and the cap analog 7mGpppG was added at a final concentration o

mM. The syntheticCs-ZicL mRNA was designed to lack the (a) Notochord

morpholino sequence, and therefore @seZicLmorpholino does not . .

recognize the synthetic mRNA. In the present study, we also usef ascidians, exactly 40 notochord cells are formed in the larval

morpholinos forCs-machoXSatou et al., 2002), ar@s-FoxD(K. S.  tail. Of them, 32 are derived from A-line cells and eight from

I., unpublished). B-line cells. At the 64-cell stage, A7.3 and A7.7 pairs are
After insemination, fertilized eggs were microinjected with 15 primordial notochord cells (Fig. 3); and they divide three

Isolation of cDNA clones for a Zic-like gene and
sequencing
A cDNA clone for a Zic-like gene (nameégi-Zicl) was isolated as

Whole-mount in situ hybridization and histochemical
staining for alkaline phosphatase
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1 GTAGCACGCGACGGCTACAAATAGTAAGTCCTCTCAGCAGCAAGTCATCATICGACTTTA 60 differentiation.  When we examined the
61 GACAGCAATCAATATCATGIAGRAGTGCATTGAGCGATAGACCGTATGCTGCTTACGAZICC 1 differentiation of the notochord in embryos
MY SA L SDRZPVYAA Y DP - -
121 AAGAGCCAGTCTCACAGCTCAAACCTCATTCCTTCAAGCGCATCAACATTCCATCGaaTe 1 developed from eggs that had been injected with
RA S LTA QT S F L QA HQHS I DS Cs-ZicL morpholino, the manipulated embryos
181 CAAACCAATGCAGTTAAACAGCGTTCCAAGTGCTGCGTATTACGCTGGATATGGAZMWGAT : B ;
K P MOLNSNVDP SAA Y YAG Y& MI falled to express notochord-specifis-Brain A-
241 TCCTCATTTCCCTCAAAGCTTACATCTCGCTACTGGACTGCACAATCCGGTGGAG3@aCG line notochord cells (100%n=35, data not

P HFPQSLTUHLATG L HNPVENR R shown)
301 TCAGCCGGTGCAAACCTCTTCGACTCTCTCGCATCCAGTCGCTTGCAAGTGGAT@BACCC : . .

QP V QT S ST L S HPVA CKWMN P When we examlned the effects of funct_lonal
361 G/?(AA%AT%GCEGAQCGSAI:CTT(DBTG\}A\T(I;TC?TAJTCDC/:\ACGAHTA'IBGCST?/AE‘TTGSTAABOCA SuppreSSK)n o€s-ZicL on notochord formation
421 CGTGACACGAGATCACGTGGGTGGAATGGATCAGACCGATCACACTTGTTACTGaEmAGA With @ probe for a notochord-specific structural
481 TTOTTOOACOAAACCLAAGT GT T CAAAGCOAAGTACAAG TTGOTCAACCACATTEEAGT gene Cs-fibrn(Cs-fibrinogen-likg (Fig. 5A), the

C S RK RKC FK Ak Yk UVN HIRY Cs-fibrnexpression was greatly reduced, and only
541 TCACACT(éGAGAGAAACCTTTTgTCTGTCCTTATCCCCGAgTGTGGTAAAAGTGTTCGGTCG 0@ few cells on both sides of the tail showgsk

H T EK P F L P Y P D KM F R - L . .
601 AAGCGAAAATTTGAAGATTCATCAAAGAACTCATACAGGTGAACGACCTTTCCCTTGCAA 660lIPIN €Xpression in experimental tailbud embryos

S EN LK | HQRTHTGETRTPTFPCK (83% of embryos with a few cells express@gr

661 ATTCCCCGGTTGCGAAAGAAGATTCGCGAATAGTTCCGACCGTAAGAAGCACAGCTZTAT  fi 0 ; ; g
FP ot ERREAN 5 s DRKK HsyM flprn, 17,@ of embryos with no expressiom23;
721 GCACAACACAGAGAAACTCTACACGTGCAAGTATGAAGGCTGCGATCGAAGCTACBEACA Fig. BA). In order to determine whether

HN T EK L Y TCK Y E GC D RS Y TMH i iati _li
781 TCCGAGCTCATTACGTAAGCACATACGTATGCACGAATCCAATGGTGACGTCATC84OTC differentiation of B line notoqhord cells was
PSSLRK HI RM HESNG DVI NS affected by Cs-ZicL morpholino, we took

841 GTCACAATCACCAACAACAAAAGACGTGACCGACTGCAATCCCTTGCGAGAAGAATDAAT advantage Of ‘deavage-arrest’ in Wthh division
S QSPTT KDUVT DC NPLRETETL I bl . d with, halasin B b
901 TCCTCGAATGACGTCATCGCCTATTAATACGTCACCTCAATGTGATGTCACAGACaATTC  Of blastomeres is arrested with cytochalasin B but

961 CAFG)ccRcc’\AATTGTTcSTTgTT%C/IACG’XATTGGiATPCTTchACA?AG¥TECACDCAECASGAAcczm:A 1othe differentiation of embryonic cells is not
S PMFLFHEMWNLPO GQVEPPT EPQ disturbed. In control embryos arrested at the 110-
1021 GTACGAACCGACCAACCAACCTTACTACAACGATTATTACTACCAAGAAGCCGCCAMIGC 1cell stage, eight A-line notochord and two B-line
Y EPT NQPY Y NDYVYYQEAA NA f ;
1081 AGCCCACTATAAACCAACTTATACCAACGTTCCTTTTCAATTACCGCAACCATTTGToar 11 Notochord cells expressezs-fibrn (Fig. SB). In
A HY KPT YT NVPFQLPOQPTF VA contrast, in Cs-ZicL morpholino-injected and
1141 CTGATTCATTCATATTATTAATAAATCGTTGAGAAATATATTAGTTATTCATTAAMAARBOL  110-cell-stage arrested embryos, only B-line
1201 AAAAAAAAAAAAAAAAA 1217 notochord cells, pair B8.6, expressé€d-fibrn
(77% of embryos with expression only in B-line
Fig. 1.Nucleotide and deduced amino acid sequences of cDNBgaticL.The notochord cells, 23% of embryos had no
1217-bp insert includes a single open reading frame that encodes a polypeptide @fypressionp=17; Fig. 5B).
355 amino acids. The termination codon is indicated by an asterisk, and To confirm the specificity of Cs-ZicL

polyadenylation signal sequences is underlined. Predicted zinc finger domains ar
shown by bold letters. The nucleotide sequence of'theg®n used to prepare the
morpholino is boxed.

?norpholino, a rescue experiment was preformed.
Synthetic mMRNA folCs-ZicLlacking theCs-ZicL
morpholino recognition sequences (see Fig. 1)
was co-injected into fertilized eggs together with
times to form 32 A-line notochord cells. Pair B8.6 in the 110-Cs-ZicL morpholino. This co-injection rescued the expression
cell stage embryo are also primordial notochord cells (Figof Cs-fibrnin the experimental embryos (65%540; Fig.
3D"), and they divide twice to form eight B-line notochord 5A"). These results clearly indicate thas-ZicL function is
cells. essential for the differentiation of A-line notochord cells but
Expression: In situ hybridization signals were first seen in not B-line notochord cells.
the A6.2 and A6.4 pairs of the 32-cell stage embryo (Fig. Possible cascade ofCs-ZicL function in notochord
3B,B). These cells have the developmental fate to fornformation: The cDNA clone forCs-ZicL was originally
notochord. Signals were then seen in the A7.3 and A7.7 paiisolated as &-catenin downstream gene. This suggests that the
at the 64-cell stage (Fig. 3C)Cand A8.5, A8.6, A8.13 and expression ofCs-ZicLis controlled by nuclear accumulation
A8.14 pairs at the early gastrula stage (Fig. 3p,8lthough  of B-catenin. To examine this issue, we injected in vitro
the signals became faint at the early gastrula stage (Fig:)3D,DsynthesizedCs-cadherin mRNA (Imai et al.,, 2000) into
Function: To deduce the function ofCs-Zicl, we fertilized eggs. Cadherin binds to cytoplasticatenin, and
suppressed its translation by injection of morpholino intahus downregulate-catenin nuclear accumulation. As shown
fertilized eggs. Injected embryos developed similarly to normaih Fig. 6B (arrowheads), the expressiorCsfZicLin two pairs
embryos, but the resultant tailbud embryos looked slightly flapf A-line cells (A6.2 and A6.4) was markedly inhibited (80%,
and the tail was not fully elongated (Fig. '4&). However, n=10). However, the expression @8-ZicLin two pairs of B-
Cs-Zicl-suppressed embryos showed differentiation of théine cells (B6.2 and B6.4) was not blocked Gg-cadherin
endoderm as assessed by histochemical detection of ARRNA injection (arrows in Fig. 6B). This indicates that the
(100%, n=12; Fig. 4A,A), of epidermis as assessed by theexpression ofCs-ZicL in the A-line cells is regulated bf§-
expression ofCs-Epil (100%, n=15; Fig. 4B,B), and of catenin nuclear accumulation. However, it should be
mesenchyme as assessed by the express@srmiechl97%,  determined in future studies whether nuc[gaatenin directly
n=28; Fig. 4C,CD,D"), suggesting that the differentiation of activates Cs-Zicl, or whether nucleaB-catenin indirectly
endoderm, epidermis and mesenchyme is not depend@ston activatesCs-ZicLvia some other molecules.
ZicL function. In this regard, we have shown that nuclga&atenin directly
We next examined Cs-ZicL function in notochord activates a forkhead domain transcription factor géseboxD
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* * *
Cs-Zic L CKWMVERSRP K[sI€] S- - - - e e e e e e e e - - D D BIDL VINHVT RDHV|GG QT DHT
Cs- mechol CK TKSL W\ MF[EN SD GC QF QK|[H NQ QG NL [RDLVTHV[ERDHV|GGPE[ET DH
mecho- 1 (A QWY Y PINN[SQQL GKFTVPNEA|[H N V (WD L LIN[gI (ele]S|=xe | [{zN]
nouse Zic-3 QW EENOL SRPKKSY- - - - ------------ DIRTIES RlELVTHVT HV|GGPE O)INH

Zinc finger domap 1

* * * *
Cs-Zic L CYWED CS R[§izK[®F KAKY KL VNHI RV HT|GE KP|F[S CP PBC GKMF[ERSE NL KI H[@JRT HT|GE
Cs- machol CYWeDCSRENKI[gF KAKYKL[ENHI RVHT|GE KP|F[®JCP){P GC GK)JF ARSENL KI HKRT HT|GE
macho- 1 CYWeINCS REGEKSF KAKY KL VNHIIRV HT|GE[EP|FEJCP |§P GC GKMF ARSENL KI HKRIlIHT|GE
mase Zic 3 CYWS=C[JRE[EKSF KAKY KL VNHI RVHT|GE KP|FIJCP 3P GCGK[IF ARSENL KI HKRT HT|GE

Zinc finger domgn 2 Zinc finger doman3 .

* *

*
Cs-Zic L CI§FP GC|E=RRF ANSSDRKKHS H KIRYT CKMSIGCDIZSY THPS SL RKH H
Cs- machol CEFBIGCINRRFANSSDRKKHEIHVHTIIDKP YMCK VMGC[EKSY THPS SL RKHM|[{V H
mecho- 1 CIIFP GCDRRFANSSDRKKHSHVHT|EDKP YT CKII§GCDKNYTHPS SL RKHM H
mause Zic 3 CEFEEGCDRRFANSSDRKKHYHVHT|SDKP YIICK VEERICDKSY THPS SL RKHMISV H

Zinc finger doman 4 Zinc finger doman 5

B ) Zic3 (Mouse)
Zicl (Mouse) ZicR2 (Xenopus)

OPR (Mouse) Zic2 (Xenopus)
Zicl (Xenopus)

Fig. 2.Molecular relationship
of Cs-ZicL with Zic-related
proteins. (A) Alignment of
amino acid sequences of the
zinc finger domains (boxed)
of Cs-ZicL, Cs-machol,

Ci-machol

Cs-machol

100

Gli4
(Xenopus)

Glil
(Xenopus)
Cs-ZicL
machol
Ci-ZicL

macho-1, and mouse Zic3.
Identical residues are shaded
black, and similar residues are
shaded gray. Cysteine and
hystidine residues conserved
in Zic-related proteins are
indicated by asterisks. (B)
Unrooted molecular
phylogenetic tree constructed
by the neighbor-joining

method using the zinc-finger
domain sequences (Saitou and
0.1 Nei, 1987).

(K. S. 1., unpublished)Cs-FoxDis expressed very transiently (b) CNS

in A5.1, A5.2 and B5.1 of the 16-cell stage embryo (Fig) 3A The CNS of ascidian tadpole larvae consists of about 330 cells
and A6.1, A6.3 and B6.1 of the 32-cell stage embryo (Figthat include sensory receptor cells and neuronal cells in the so-
3B'), and the expression is downregulated by the 64-cell stagealled sensory vesicle (or brain), motoneurons in the visceral
This transient expression @s-FoxDis not associated with ganglion, and ependymal cells in the nerve cord (reviewed by
endoderm differentiation but is essential for the differentiationWada and Satoh, 2001; Meinertzhagen and Okamura, 2001).
of the notochord. Becausgs-FoxDis an essential factor for Cells of the sensory vesicle are derived from a-line cells, while
notochord formation, it is possible that the expressio@®f cells of the b- and A-lines contribute to the formation of the
ZicL in the presumptive A-line notochord cells is controlled byvisceral ganglion and the nerve cord.

Cs-FoxDDh As we expected, whei€s-FoxD function was Expression: In situ hybridization signals forCs-ZicL
blocked by the morpholino, the expressiorCstZicLwas not  expression in CNS-forming cells were first seen in the A6.2
found in A6.2 or A6.4 notochord/nerve cord lineage cellsand A6.4 pairs of the 32-cell stage embryo (Fig. 3B.&lls
(100%,n=19; Fig. 6C), although the expressionG#-ZicLin  that have the developmental fate to form the nerve cord. Signals
B6.2 and B6.4 muscle lineage cells was not affected (Fig. 6C)vere then found in the A7.4 and A7.8 pairs at the 64-cell stage
This result suggests th&ts-ZicL is downstream o€s-FoxD (Fig. 3C,C). At the early gastrula stage, further zygotic
If so, ectopic expression d@fs-FoxD might induceCs-ZicL  expression ofCs-ZicL became evident in the a8.17, a8.19,
expression in cells where it is not normally expressed. Aa8.25, b8.17 and b8.19 pairs (Fig. 3D,[n addition to faint
shown in Fig. 6D, microinjection of in vitro synthesiz€d-  expression in the A8.7, A8.8, A8.15 and A8.16 pairs of the
FoxD mRNA into fertilized eggs resulted in ectopic expressiomerve cord cells (Fig. 3D,D The expression @s-ZicLin the

of Cs-ZicL(90%,n=10). The ectopic expression was often seerCNS is evident in the mid-gastrulae (Fig. 3E) and in the
in the a-line lineage of the anterior animal hemisphere in mostnterior tip cells of neurulae (Fig. 3F). No signal was detected
of the embryos. These results indicate that in endodermal celkst, the early tailbud embryo stage (Fig. 3G).

nuclear accumulation of3-catenin directly triggers the Function: Cs-ZicL is expressed in cells of the CNS,
expression ofs-FoxD) which in turn induces the expression suggesting its role in the differentiation of CNS cells.
of Cs-ZicLin notochord/nerve cord lineage cells. Therefore, we examined the differentiation of the nervous
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3C,C). In situ signals in
these two muscle lines
became faint by the gastrula
stage (Fig. 3D,D. The 64-
cell stage embryo also
expressed Cs-ZicL in the
B7.5 pair (Fig. 3C,Q.
Signals in B7.5 were strong
at the early gastrula (Fig.
3D,D) but became
undetectable by the mid
gastrula (Fig. 3E).

Function: The role ofCs-
ZicL in the differentiation of
muscle cells was examined
by monitoring the expression
of muscle actin gen€s-MA1
(Fig. 8A,A"). BecauseCs-
ZicL is expressed in all the B-
line muscle cells, firstin B6.2
and B6.4 at the 32-cell stage
(Fig. 3B), and then in B7.5 at
the 64-cell stage (Fig. 3C), it
is highly likely thatCs-ZicL
has a role in muscle cell
differentiation. When we
examined the expression
of Cs-MAl in Cs-ZicL
Fig. 3. Zygotic expression ofs-ZicLin Ciona savignyembryos, as revealed by whole-mount in situ morpholino-injected embryos
hybridization. A-D’ are drawings of A-D, respectively, to illustrate tbe-ZicL expression. The dots at the tailbud stage, a certain
indicate expression in the nucleus. (A) A 16-cell stage embryo, vegetal view with the anterior pole oOpymber of muscle cells
top. Scr_:lle bar represents 106 for A-G. (B) A 32-cell stage embryo, vegetal view. Zygotic transc_riptsin experimental  embryos
of Cs-Zchappgar |n.A6.2, A6.4, B6.2 and B6.4 cell-pairs. (C) A 64-cell stage embryo,_vegetal view. expressed Cs-MAL (100%
Signals are evident in A7.3, A7.4, A7.7, A7.8, B7.3, B7.4, B7.7, B7.8 and B7.5 cell-pairs. (D) A 110- . !
cell stage embryo, vegetal view. Zygotic transcripts are seen in a-line CNS cells and b-line CNS and]zlo’ Fig. S_Bl)' Because we
muscle cells in addition to A-line nerve cord cells and B-line muscle cells. (E) A gastrula, vegetal vigs@uld not judge the exact

Signals are evident in cells of the CNS. (F) A neurula, dorsal view, sh@sigicL transcripts in a number of muscle cells
few anterior-most cells of the embryo (arrowhead). (G) An early tailbud embryos, lateral view. Signalexpressing Cs-MAl  we
have become undetectable. checked the expression of

Cs-MALl in early-gastrula
system with a probe fa@€s-ETR which is a pan-neural marker stage (Fig. 8B) and mid-gastrula stage embryos (Fi§. &B
of C. savignyiembryos (Fig. 7A). As seen in Fig. 7Ahe  both early-gastrula stage and mid-gastrula stage embryos,
expression of Cs-ETR was greatly reduced irCs-ZicL  blastomeres derived from B6.2 (arrowheads in Fig. 8A,A
morpholino-injected embryos examined at the tailbud stagehich is located at the anterior-most position of all the B-line
(100%,n=12).Cs-ZicL,therefore, has an important role in the muscle cells, did not expre€s-MA1(96% of embryos at the

differentiation of the nervous system. early-gastrula stage=24, and 87% of embryos at the mid-
gastrula stagen=39; Fig. 8B,B). However, muscle cells
(c) Muscle derived from B6.4 (arrows in Fig. 8A)Aexpresseds-MAL

During Ciona embryogenesis, 36 unicellular and striatednormally in Cs-Zicl-function-suppressed embryos (Fig.
muscle cells are formed in the larval tail: 18 cells on each sidéB,B').
of the tail. Of these 36, 28 are derived from B-line cells, four To examine whether this suppression is specifically caused
from A-line and four from b-line cells. Regarding the B-line by downregulation o€s-ZicLfunction, we performed another
(or primary lineage), B6.2, B6.3 and B6.4 pairs in the 32-celtescue experiment. As in the case of notochord cells, co-
stage embryo are presumptive muscle cells. At the 64-cdthjection ofCs-ZicLmorpholino andCs-ZicLsynthetic mMRNA
stage, the B7.4 (a daughter cell of B6.2) and B7.8 (a daughterscued the expression ©@6-MA1lin the B6.2-derived muscle
cell of B6.4) pairs are primordial muscle cells, while the B7.5ells (72%,n=50; Fig. 8C).
pair forms larval muscle and adult muscle. Possible cascade ofCs-ZicL function in muscle
Expression: The first in situ signals faCs-ZicLexpression formation: Recently, Nishida and Sawada (Nishida and
were detected in the B6.2 and B6.4 pairs of the 32-cell staggawada, 2001) isolated and characterized a Zic-like gene
embryo (Fig. 3B,B. As mentioned above, these cells have thexamedmacho-1from Halocynthia roretzisee Fig. 2)macho-
developmental fate to form muscle. Signals were next seen In is expressed only maternally and its mRNA shows a
the B7.3, B7.4, B7.7 and A7.8 pairs at the 64-cell stage (Figegregation pattern characteristic of the myoplasm. When
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Cs-ZiclL affected (100%,n=21; Fig. 9A). This indicates that the
control morpholi pholino expression ofCs-ZicL is controlled independently o€s-

machol

Our previous study indicated that suppressio@smachol
function resulted in blockage d@s-MAL expression at the

= b 9 cleavage and early gastrula stages, but the blockage was not

i .——'—" 7= complete, and later transcripts @§-MAlappeared in muscle
cells at the mid-gastrula and later stages (Satou et al., 2002).
Therefore, we first re-examined this issue. As shown in Fig.
8D, the expression d@s-MAlat the early-gastrula stage was
almost completely inhibited inCs-machol morpholino-
injected embryos (93%=26). HoweverCs-MAlexpression
recovered in embryos by the mid-gastrula stage (86929;
Fig. 8D). This suggests that i@iona embryos, pathway(s)
independent ofCs-macholare also responsible for muscle
differentiation, and Cs-ZicL may be involved in these
pathways. To examine this issue, we injected @stmachol
and Cs-ZicL morpholinos together into fertilized eggs. As
shown in Fig. 9B,C, this injection completely suppressed the
expression oCs-MAlat the mid-gastrula stage (1008&26)
and tailbud stage (100%s44). These results demonstrate that
both Cs-machol and Cs-ZicL are essential for muscle
differentiation inCiona embryos, and there are at least two
independent genetic cascades for muscle differentiation, one
that is Cs-machoddependent, and another that Gs-ZicL
. % dependent.

Cs-Epil

. ™ —
@ B DISCUSSION

Cs-mechl
&

%- A The present study demonstrated tbatZicLof Ciona savignyi
-t?' 3 encodes a Zic-like zinc finger protein whose function is
- : ¥ associated with the differentiation of three different types of
; : embryonic cells: A-line notochord, CNS, and B-line muscle
o iy cells. During early embryogenesi€s-ZicL is expressed in
blastomeres that give rise to these three types of tissue. The
Fig. 4. Effects of suppression @s-ZicLfunction on differentiation present study also demonstrated that the expressfos-gicL

of (A) endodermal cells, (B) epidermal cells, and (C,D) mesenchymd the A-line cells is downstream BfcateninCs-FoxD while
cells. (A,A) Histochemical detection of endoderm-specific alkaline € expression ofCs-ZicL in the B-line muscle cells is
phosphatase (AP) activity, and in situ hybridization with probe for independent of another Zic-like ger@s-machol

(B,B’) epidermis-specific genés-Epiland (C,C,D,D") . . L.

mesenchyme-specific ge@s-mech1(A-C) Control embryos and ~ Cs-ZicL and notochord differentiation

(A'-C') embryos developed from eggs injected V@ ZicL In ascidian embryos in situ hybridization signals for zygotic
morpholino. (D,D) Expression o€s-mechin (D) control and (D) gene expression are usually first detected in the nucleus, and
experimental embryos developed from eggs injected @stZicL the signals become distributed throughout the cytoplasm as

morpholino, arrested at the 110-cell stage with cytochalasin B. Scall

bar (in A) represents 1Q@m for all panels. Blevelopment proceeds (e.g., Yasuo and Satoh, 1993; Satou et

al., 1995). Therefore, we can judge the timing of the gene
expression as well as cells exhibiting the gene expression.
macho-1 function is suppressed with antisenseBased on such criteria, it can be said that the zygotic expression
oligonucleotides, B-line muscle cell differentiation is blocked.of Cs-ZicLtakes place in at least three embryonic domains. The
In contrast, when the gene is overexpressed by injection afgnals were first evident in the nuclei of A-line notochord/
synthetic mRNA, muscle cells are formed ectopically. Becauseerve cord cells at the 32-cell stage (Fig. 3). At the 64-cell and
macho-1is considered to be a muscle determinant, it is possibl&l10-cell stages, the signals were seen in the cytoplasm of this
that Cs-ZicL is downstream of macho-1 Previous lineage, but the expression was downregulated by the mid-
characterization o€s-macholof Ciona savignyshowed that gastrula stage. The fact that injection of cadherin mRNA into
its maternal expression pattern coincides with thahatho- fertilized eggs suppressed t@is-ZicLexpression in the A-line
1, although Cs-macholis also expressed in the CNS notochord/nerve cord cells suggests t@atZicL expression
zygotically (Satou et al., 2002). there is controlled by the nuclear accumulatior-aatenin.
When the expression ofs-ZicL was examined inCs-  There are two possibilities regarding the relationship between
macholmorpholino-injected 32-cell stage embryos, it wasp-catenin andCs-ZicL expression: eitheB-catenin together
evident thaCs-ZicLexpression in B-line muscle cells was notwith Tcf/LEF directly activates th€s-ZicL expression ofl-
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Cs-ZicL morpholino Fig. 5. Effects of suppression @s-ZicLfunction

CQ-ZI'CL & on differentiation of notochord cells. (A*A
control morpholino Cs-ZicL mRNA Expression oCs-fibrnin (A) control embryos at

the early-tailbud stage and'jAexperimental
embryos developed from eggs injected vt
ZicL morpholino. (A') Expression ofs-fibrnin
experimental embryos developed from eggs co-
injected withCs-ZicLmorpholino andCs-ZicL
mRNA. (B,B) Expression o€s-fibrnin (B)

control and (B) experimental embryos developed
from eggs injected witles-ZicLmorpholino,
arrested at the 110-cell stage. Scale bar (in A)
represents 10Am for all panels.

A6.4, which expres<Ls-Zicl, are daughter
cells of A5.1 and A5.2, respectively, which
expressCs-FoxDin the 16-cell stage embryo.
Therefore, it is likely tha€s-FoxDexpression
in the 16-cell stage embryo may trigger the
activation ofCs-ZicLin one daughter cell that
gives rise to A6.2 or A6.4, although FoxD
proteins are known to be as a transcriptional
repressor inXenopus (Pohl and Kndchel,
catenin indirectly activates th@s-ZicL expression via other 2001; Sullivan et al., 2001).
molecules. Here we examined the latter possibility by asking An alternative explanation may be tl2g-FoxDexpression
whether Cg-oxD, which is a direct target of the nuclearin A6.1 and A6.3 at the 32-cell stage indud8s-ZicL
accumulation of B-catenin (K. S. |, unpublished), expression in A6.2 and A6.4 through cell-cell communication.
communicates between the two molecules. Injectiol€®f This possibility is discussed below. Halocynthiaembryos, it
FoxD morpholino into fertilized eggs resulted in the failure ofhas been shown that interaction between the A6.1/A6.3
Cs-ZicL expression, and injection d@s-FoxD mRNA into  (primordial endoderm cells) and A6.2/A6.4 (cells with
fertilized eggs resulted in ectopic expression Gd-ZicL  developmental fate to give rise to notochord) takes place in the
Therefore, it is highly likely tha€s-ZicLis downstream ofs-  latter half of the 32-cell stage (Nakatani and Nishida, 1994),
FoxD. However this does not exclude the first possibility. It isand this interaction activateBrachyury expression in the
possible that a combinational regulationfgatenin andCs-  primordial notochord cells at the 64-cell stage (Nakatani et al.,
FoxD (or its target gene) is required for the expressio@of 1996). In ascidiansBrachyuryis a key regulatory gene for
ZicL. notochord formation (Yasuo and Satoh, 1993; Yasuo and
At the 16-cell stageCs-FoxDis expressed in A5.1, A5.2 and Satoh, 1998). Therefore, molecular events that take place at the
B5.1 (Fig. 3A), while Cs-ZicLis not expressed at this stage. 16-cell or 32-cell stages and to eventually acti&rgchyury
At the 32-cell stageCs-FoxDis expressed in A6.1, A6.3 and expression are key to understanding the mechanisms of
B6.1, whileCs-ZicLis expressed in A6.2, A6.4, B6.2 and B6.4 notochord induction. In a previous study, we characteiCzed
(Fig. 3B). Apparently, the expression of these two genes dodsGF4/6/9cDNA as a possible notochord inducer, and showed
not overlap in the 32-cell stage embryo. However, A6.2 anthat the corresponding gene is expressed in the endoderm and

Cs-cadherin Cs-FoxD
mRNA morpholino

. . |

Fig. 6. Relationship betwee@s-ZicL, 3-catenin, andCs-FoxD (A) Control embryos at the 32-cell stage show@isgZicLexpression in two

pairs of A-line cells (arrowheads) and two pairs of B-line cells (arrows). Scale bar represgnts {BPCadherin-overexpressing embryos at
the 32-cell stage, showir@s-ZicLexpression in the two pairs of B-line cells (arrows), but not in the two pairs of A-line celGs{&@}kL
expression is found only in the two pairs of B-line cells in the 32-cell stage embryos developed from eggs injeCe&axitmorpholino.
Scale bar represents 16. (D) EctopicCs-ZicLexpression in many cells in the 32-cell stage embryos developed from eggs injectes-with
FoxD mRNA.

Cs-FoxD
mRNA

Cs-ZicL
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Cs-ZicL
control morpholino
Fig. 7. Effects of suppression @s-ZicLfunction on differentiation
of cells of the CNS. (A) Control embryos showing expression of
CNS-specificCs-ETRgene. Scale bar represents 100.

(A") Experimental embryos developed from eggs injected @sth
ZicL morpholino.

Cs-ETR

control morpholino

(mid gastrula) (early gastrula)

(early tailbud)

notochord cells at the 32-cell stage (Imai et al., 2003}.
FGF4/6/9 is essential for the induction of mesenchyme.
Although the expression o€s-fiborn was reduced inCs-
FGF4/6/9 morpholino-injected embryos, the function ©§-
FGF4/6/9in the notochord induction was partial. In addition,
Cs-FGF4/6/9is not downstream ofs-FoxDnor upstream of
Cs-Zicl, suggesting that the function @5-FGF4/6/9in the
formation of the notochord is independent of @®FoxD/Cs-
ZicL cascade. Therefore the notochord inducer downstream of
Cs-FoxD is still unknown. Whether Cs-FoxD activates the
expression ofCs-ZicL directly or via an unknown inducer
should be determined in future studies. It should be noted here
that Cs-ZicLis necessary for A-line notochord formation, but
is not involved in B-line notochord formatio©s-FoxD is
expressed in both A-line and B-line endoderm cells and its
function is essential for the differentiation of both A-line and
B-line notochord cells. Therefore, in the formation of the B-
line notochord, a different genetic cascade, which does not

Cs-ZicL morpholino
- Cs—mach_o]
Cs-ZicL mRNA morpholino

Fig. 8. Effects of functional suppression @&-ZicLand/orCs-machobn the differentiation of muscle cells assessed by in situ hybridization
with a probe for muscle actin ge@s-MAL (A-A") Control embryos at (A) the early-gastrula stagé) #id-gastrula stage and (pearly-

tailbud stage. (B-B) Cs-ZicLmorpholino-injected embryos at (B) the early-gastrula stagen(@-gastrula stage and'(Bearly-tailbud stage.
(C) Experimental embryos developed from eggs co-injected@gitdicLmorpholino andCs-ZicLmRNA, showing recovery a€s-MA1
expression in B8.7 and B8.8 cells (arrowheads). (p@s-machomorpholino-injected embryos at (D) the early-gastrula stadgngld-
gastrula stage and ([pearly-tailbud stage. Arrowheads indicate the expressi@sdflAlin B6.2-derived muscle cells and arrows indicate the
expression in B6.4-derived muscle cells. Scale bar (in A) representsrilfid all panels.
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Cs-machol morpholino

Cs-machol +
morpholino Cs-ZicL morpholino
F—* Fig. 9. Relationship betwee@s-machol
> andCs-ZicL (A) The 32-cell stage
o0 ~ embryos developed from eggs injected
hd - = with Cs-machonorpholino, showing
'ﬁ ¢ ".' S thatCs-ZicLexpression is not affected
& .- . < by functional inhibition ofCs-machol
L55) ] Scale bar represents 160.

(B,C) Expression o€s-MALlis

suppressed in (B) early-gastrulae and (C)
early-tailbud embryos, developed from

< eggs co-injected witlCs-machol

(early gastrula) (early tailbud) morpholino andCs-ZicLmorpholino.

includeCs-ZicL ,exists between the expressiorGstFoxDand  mechanism of the muscle cells are slightly different in these

Cs-Bra two species. It will be interesting to study how these two
] ] o different mechanisms were evolved.
Cs-ZicL and muscle differentiation Cs-machol and Cs-ZicL share highly similar zinc finger

Cs-ZicLis expressed in two anterior B-line muscle cells, B6.Zomains. It is also of interest to ask what are their own specific
and B6.4, at the 32-cell stage, and later at the 64-cell stage thmctions, and how do they cooperate with each other. One
gene is expressed in posterior B-line muscle cells, B7.5 (Figrossibility is that these two factors recognize the same binding
3). Injection ofCs-ZicLmorpholio resulted in the failure @fs-  sequece and control the same genes. In this case, Cs-ZicL
MAL1 expression in B6.2-line muscle cells (Fig. 8), suggestingeems to work as a backup factor of Cs-machol. Another
that the initiation of the muscle-specific structural gene in B6.possibility is that Cs-ZicL and Cs-machol do not share their
is controlled byCs-ZicL recognition sequences. Our preliminary results showing these
Cs-machoils aC. savignyhomolog ofHalocynthia macho- two factors have different recognition sequences (K. Yagi, N.
1, which is a maternal muscle determinant gene (Nishida ar8. and Y. S., unpublished data) support this hypothesis. In this
Sawada, 2001). The maternal transcript @-macholis latter case, two different pathways using Zic-like factors are
distributed like gposterior end markSatou et al., 2002); it is working in muscle differentiation.
localized to the posterior-most blastomeres throughout earl ] ]
embryogenesis (Yoshida et al., 1996; Satou and Satoh, 199%ontrol of Cs-ZicL expression
However, Cs-machol protein is expected to be distributed i@s-ZicLis expressed in embryonic domains that give rise to
all the B-line muscle cells, because injectionGs¥-machol three different cell types. The first is A-line notochord/nerve
morpholino blocks the initiation a€s-MAlexpression in all  cord cells at the 32-cell stage, the second is B-line muscle cells
of the B-line muscle cells (Fig. 8D). Therefore, the distributiorat the 32-cell stage, and the third is CNS cells at the 110-cell
of the products of th€s-macholand Cs-ZicLgenes may be stage. In additionCs-ZicL expression in the two lineages at
overlapping in B-line muscle cells. As mentioned abovethe 32-cell stage is regulated by independent mechanisms. The
embryos injected witlCs-macholmorpholino cannot initiate expression o€s-ZicLin the A-line notochord/nerve cord cells
the expression o€s-MALlin any of the B-line muscle cells, at the 32-cell stage is downstreampa€ateninCs-FoxD but
while embryos injected wittCs-ZicL morpholino failed to independent o€s-macholThe expression dfs-ZicLin the
initiate Cs-MAlexpression only in B6.2-line muscle cells. This B-line muscle cells at the 32-cell stage is not regulatefl-by
suggests that the activity @s-macholis required for the cateninCs-FoxD and is also independent @5-machollt is
initiation of Cs-MA1 expression in B6.4 and B7.5, and thevery important to determine thués-regulatory elements @s-
combined activity ofCs-macholandCs-ZicLis sufficient for ~ ZicL, and this analysis is now being conductés:ZicLhas at
the initiation ofCs-MAlexpression in B6.2. least three different regulatory functions in embryogenesis: the
However, even if the initiation o€s-MAL expression is differentiation of the notochord, the central nervous system and
blocked byCs-machoImorpholino, transcripts ds-MAlare  muscle cells. This means that the same factor can work in
later detected in muscle cells, suggesting thatCiona  different ways depending on the context of the cells. Therefore,
embryos Cs-machois required but not sufficient f@s-MA1  Cs-ZicLprovides a good experimental system for studying how
expression. In other words, the initiation@d-MAlexpression the same factor recognizes different targets in different cell
is governed byCs-machobut the activity of other genes such lineages.
as Cs-ZicLis required for theCs-MAlexpression. Actually, ) o
muscle cells are not formed when the function of both geneéic-like genes in ascidians and vertebrates
is suppressed with morpholinos, indicating t8atmacholis  The molecular phylogenetic analysis based on the comparison
not the only muscle determinant and there are other muscbd amino acid sequences of the zinc finger domains
determinants govering the expressionG#-ZicL in muscle  demonstrated that mouse aXéenopus Zigelated genes form
cells in Ciona embryogenesis. IHalocynthia, macho-ls  one clade, from whiclCs-machol, macho-And Cs-ZicL are
essential and sufficient for the muscle cell differentiationdistant (Fig. 2B). Blast search indicated that the zinc finger
(Nishida and Sawada, 2001), suggesting that determinaticiomains of Cs-ZicL and Cs-machol show the highest
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similarity to those of vertebrate Zic family gene products. In system: the chordate brain from its small beginniigands Neurosci24,
addition, aCiona intestinalisEST project has characterized 401-410.

nearly 150 zinc finger transcription factor genes (L. Yamaddvoon, R. T. and Kimelman, D.(1998). From cortical rotation to organizer
' gene expression: toward a molecular explanation of axis specification in

N. S. and Y. S., unpublished data), and ddiyZicL and Ci- XenopusBioEssay<0, 536-545.
macholhave high similarity to vertebratgic family genes. Nagai, T., Aruga, J., Takada, S., Gunther, T., Sporle, R., Schughart, K.
This indicates tha€s-ZicLandCs-macholand vertebrat&ic and Mikoshiba, K. (1997). The expression of the mouse Zicl, Zic2, and

might have originated from a common ancestral gene. In Zig\:/% %?gflssug%%%tssig essential role for Zic genes in body pattern formation.
ascidians, the EXpression and function of this gene dlverged ﬂiatani, Y. and Nishida, H.(1994). Induction of notochord during ascidian

m_acho-lfor a mater_nal muscl_e determinant gene, WHilte embryogenesiev. Biol. 166, 289-299.
diverged as a zygotic gene with multiple functions. Nakatani, Y., Yasuo, H., Satoh, N. and Nishida, H1996). Basic fibroblast
The expression pattern ofs-ZicL resembles that of growth factor induces notochord formation and the expressidxsdf a

vertebrateZic. It has been reported that the expression and >ractyury homolog, during ascidian: embryogenesievelopmentl22
function of vertebrat&ic genes are mainly gssouated with theNishida, H. (1997). Cell fate specification by localized cytoplasmic
nervous system. However, some vertebzategenes are also  determinants and cell interactions in ascidian embiysRev. Cytol176,
expressed in embryonic mesoderm. For exan{@appus Zic3 ~ 245-306. _ _

is expressed in involuting mesoderm at the early gastrula Sta@@hlda, H. and Sawada, K(2001).macho-lencodes a localized mRNA in

. . . . - ascidian eggs that specifies muscle fate during embryogeNasise 409,
(Kitaguchi et al., 2000), and mouZécl, Zic2,and Zic3 are 724-729

expressed in ?mbryonic mesoderm at the early primitive stregkn B. s. and Knéchel, W/(2001). Overexpression of the transcriptional
stage (Nagai et al., 1997). Because the present studyrepressor FoxD3 prevents neural crest formatioteimopusmbryosMech.

demonstrated the function 66-ZicLin mesoderm formation, Dev.103 93-106.

; ; ; ; Saitou, N. and Nei, M.(1987). The neighbor-joining method: a new method
the function of vertebratéic genes in mesoderm formation for reconstructing phylogenetic tredgol. Biol. Evol.4, 406-425.

should be addressed in future studies. Satoh, N.(1994).Developmental Biology of Ascidiariéew York: Cambridge
University Press.
We are thankful to Dr Yasuaki Yakagi, Mr Kouichi Morita and all satoh, N.(2001). Ascidian embryos as a model system to analyze expression
of the members in the Otsuchi Marine Research Center, Oceanand function of developmental gen&fferentiation68, 1-12
Research Institute of the University of Tokyo, Iwate, Japan foiSatou, Y., Kusakabe, T., Araki, I. and Satoh, N(1995). Timing of initiation
collectingCiona savignyiThis research was supported by Grants-in- 0f muscle-specific gene expression in the ascidian embryo precedes that of
Aid to form the MEXT, Japanto Y. S., K. S. I. and N. S., and by a dg\;elopmental fate restriction in lineage cdllsv. Growth Differ37, 319-

; ; 327.
?Frz@(t)zéroc;?ootofﬁ/m?uman Frontier Science Program to N. SSatou, Y. and Satoh, N(1997).posterior end mark 2 (pem-2), pem-4, pem-

5 ard pem-6 Maternal genes with localized mRNA in the ascidian embryo.
Dev. Biol 192 467-481.

Satou, Y. and Satoh, N(1999). Developmental gene activities in ascidian
embryos.Curr. Opin. Genet. De, 542-547.
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