
Int. J. Dc,.. lIiol. 41: 551-557 (19971 551

Origilllli Arlie/I'

Isolation and characterization of cDNA clones for

~-tubulin genes as a molecular marker for
neural cell differentiation in the ascidian embryo

TAKAHITO MIYA and NORIYUKI SATOH*
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ABSTRACT The central nervous system (CNS)of an ascidian tadpole larva is composed of about340
cells, the lineages of which are well documented. To elucidate the mechanisms underlying the neural

induction of ascidians, appropriate molecular markers are required. Inthis study, to obtain an early
differentiation marker of the neural cells, we isolated and characterized cDNA clones for two p-tubulin
genes (HrTBBI and HrTBB2)olthe ascidian Halocynthia roretzi. We found thatthe HrTBB1 and HrTBB2

amino acid sequences are highly conserved, with 91.98% identities to other invertebrate and

vertebrate ~-tubulins. The expression of HrTBB1 was found to be maternal, while HrTBB2is expressed

both maternally and zygotically. We observed that the zygotic expression of HrTBB2commences at

the neural plate stage and is specific to cells of the differentiating CNS.ln the larvae, HrTBB2expression

was restricted to cells of the CNS, some cells of the papilla and cells of the peripheral nervous system.

These results indicate that HrTBB2wili be a useful early molecular marker for neural cell differentiation

in the ascidian embryo.
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Introduction

Ascidian embryos have served as experimental systems with

which to explore the genetic circuitry required for cell specification

and morphogenesis (reviewed by Satoh, 1994; Satoh et al., 1996).

The fertilized egg develops quickly into a tadpole larva. which

consists of a small number of tissues including an epidermis, a

dorsal central nervous system (CNS) with two sensory organs

(otolith and ocellus), endoderm, mesenchyme, notochord and

muscle. The lineage of embryonic cells is completely described up

to the early gastrula stage (Conklin. 1905; Nishida. 1987; Nicol

and Meinertzhagen, 1988). Since the work of Chabry (1887),

which described the first blastomere destruction experiment in the

history of embryology, many descriptive and experimental studies

have been performed to elucidate cellular and molecular mecha-

nisms underlying the autonomous and conditional specification of

ascidian embryonic cells (reviewed by Satoh, 1994). The neuro-

genesis of the ascidian embryo is one of these intensive research

subjects, because of the compositional simplicity and functional

complexity of the ascidian CNS (reviewed by Okamura et al.,

1993).

As in the case of vertebrates, the neurulation of ascidian

embryos is accomplished by the folding of the presumptive neural

cells (Satoh. 1978). A serial section study of Ciona intestinalis

tadpole larvae revealed that the CNS is comprised of only about
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340 cells, about 80 neurons and sensory cells and the 260

ependymal cells (Nicol and Meinertzhagen, 1988. 1991). The

three cup-shaped adhesive organs (papillae) are located at the

rostral end of the head. The bipolar sensory neurons in the

papillae send axons to the nerve cells in the neck (K. Takamura,

personal communication) and are presumed to playa role in the

settlement of the tadpole and the initiation of metamorphosis.

Motor axons originate from the head nerve cells and run through

the nerve cord, surrounded by lateral ependymal cells. Motor

nerves form cholinergic synpase directly on the striated muscle

cells while they run down the tail. In addition, the caudal epidermis

in the tail contains several pairs of putative primary sensory

neurons along the tail (Okamura et al.. 1993). Although the
physiological function of these neurons in swimming behavior is

unknown, they extend a cilium into the tunic fin, suggesting that

they are mechanosensory neurons.

The differentiation of ascidian neuronal cells is also accom-

plished by so-called .'neural induction.. (Rose, 1939; Reverberi et

al., 1960; Nishida and Satoh. 1989; Nishida, 1991). and thus the

ascidian embryo is regarded as a prototype of vertebrate neuro-

genesis (Okamura et al.. 1993). In addition. a very attractive,

simple neural induction system has been developed by Okado

and Takahashi (1988). When a single a4.2 blastomere was

isolated from the 8-cell embryo and its division was arrested

with cytochalasin 8, it differentiated into epidermis judging from



552 T. ,\linl alld N. Sa!o!l

GT"':;TTT,:,eJ..;;G':"':':''''GTA'I'C'!T1'nTT1'TTAC::GG':':':'Me
ATGCGTGMA::A-':;7~::;>':CTG::M:;:;TGGJ\

"

~
[

: v H :.. r;; A G

13 c...G':'G'!;;c :cJ<,G...1'c:G:aGCCM;;T':'::'!GGG T':"A-:TTC'l'GATCMCA':'GG::A TTGA':":::TA::'T'GGf:

c e G

"

0 I G A Ie. f oJ E I : ~ D E H
:; I D II

':'
G

145 AGT':'ACGCGGGAGACAGTGAI'C71'CAOC':'XAMGAAT:M'!GTCTAnA:M':'GAr,.G:C.f.C':('",.GTGG':'.........
~ Y AGO oS t L 0 L 1: P I ~ V Y Y N E A ': G G r

~ 11
'I'

ATGT It.::CCCGAGCACTCC':':C':''I'ca.
':'

:':'1'GMCCGG(&AA:C A:CGlt.CTCCG'!":':GIt.:: TGC':C:::C":'7':'3GA
y

V P ~ A V L V D L 1: P CO :: I! D
_~ V II S (1 P F c;

28 ~ CACATCTTCCGA::C,::;Al:AATT7T'GTA':'':''1'GGTC.v..AG::-GGTGC':''GGTAA::AAC=:GA.U.=CA:U:

o : :!' ~ P J N r V f G

'"'

5 G A :; ~ N WAf, G H Y

3f 1 ACA."'AGG1"aCAaAGC'!'TG'!AGATrc-;G-;OCTTCA=T1"GTAA";MAAGA~A3AAC3Io.1'GCa;>.T'!GC:TT

T I: G A F: :. V D S V L :> V V .
""

1: A E G :: ~ :: L

4JJ eAA:;OC'!':'::CAG:nA:-rCAnC~1''!c:aAaG-rGG'!'ACCGaA1'Ce:;oG-rA":'=ACA:':'I'1'eTCA1"CAGCAAA

o :; r
;)

L
':'

:t S :.. G G G
":'

G S :; y. C
':'

:.. :.. I S P;

5 C5 A'I':::G1'GM:iAA T...ce:rc,,: "GAA 1'CA'l'GAACA:: ne"Gr.;;T,:,CtACC'" tc...:CC M;>.;;7 ;: TGACACC

I II 1: E Y l'
J II : H S T F .s ',"

... F oS P r ... ~ r T

s 17 G'!CGTCr ACe(;TACAA1'GCAAC':'::Tc1'C :;Tee...:e...G'::"::;GTT~C...CAQ,r:G;>.A.AC...TAT':'Go:"'rc
V

~'
t II Y N AT:" S ... II C L V EN:" t. I:

'I'
Y C I

Ii4~ r eAAC'GAGGCTTTGT ATGA:A TerGC neCGT AC...:TC AAAC':'CAeAAcc<:ceA.:':':';' ':'GGTGAC':'TGMC

D N 1: ... :. Y 0 I C r

"

T L ]<; :.. : l'
..

':'
Y G D L

"1; 1 C
"'1'C T'I'G':"':'1'e=AA,-:C

'"

7<aOCGGTC'I' MCCACl"I'CO:7...CG... TTCCC:GGA:::AA:::7GAA TGc.:CA '::C::":'
r. :. V SAT H S C V

':'
T C L II r II GeL S Il D L

7.. 3 CGTM;>.CTTr.c1'C::TCAAiCATGGTeeCTT'::CCCrCG'I'cnr:...:r.C1'i'TAT3CC,!G:;ATTcocce:::;>.CTCA:C

"

r. LA',' ~ H'.'
P r II II :. H f' F

!'
II Grit. ~ :. 1

~6~ AGCA =AGCCAAC;.:;T...eCG':'G-;CT':'CAC:rc':::C::1'GA;;:TC...:rCM:A..V.TGT':c: 7GCeMAAAc
S 1\ G S C 0 ~

"

... L
'I'

1; :;> 1: :.. T
i.'

"

H F ;;) A P: N

931 ...rG...TGG<:::iXnXC...TrcTC=eACGGAC~TA~';'c...cTGrTGC:G<:':'ATG1'TCCr.':r.r:TCGTA l"G':"::A
H H A A C :: P

"

H

"

II Y :. T ',' A A H f II G I<. H S

1 00 ~ A TGAAGGAA3TTC...TGoVIC...3Io.l"G:"7GAACG':"::CAGMCAACAA TAC1"TCA':"Ar::TrTG':'!G.V. TG::oATTeeT
... P: E '..

, [
0 H t. N V

"

f; IC.

"

S S
Yr'"

[
101 :-

l'
108: MCAATGTGMG...C::G:'I'G'::GTOCCACAT7C::::CC...,cGT=':';;':'1'MAATGXTGCCllCT';'TC4T:GGAAAC

N S V ,. T II V :: : : P II JI G L P: H ~
}:. T ,.

: G N

115 3 ...XAr::ro::'::A1':'cMGAAC':G:TCM,.l:G~...':':TCGGAACMTTCA:...OCTA~';':'C("GTCC':M:-.C".c1':"':'C
S

':'
A : 0 1: J.,

!'
J( II I S E 0 f T !\ H r

"

II r A r

1 225 T;"t'.c AT':'GC':' ACACTGG7GA=7 A':'GGACCA~ '!'GGM 1'1:- ACAGAAGC:CGA~3i:AACA TGAACGAC!':'G

:. H
'"

Y T G I: C H t E ~ E r T 1: ;>. 1:
1; ~

!'
N J L

12 t1 ::G-rCA,...cr;.M"A7CAaeAATACCAAGATGCClt.CAOClt.GAAGAG(;;>'G("'GTGAAT":'T:::t\1'G.\GGMG"'G~A
\. Sty C

Q
r

Q
I'

A TilE E E G I: r V 1: I: E ::: P
1)~9 GA.AAATGCTTM

E SA.

IH:'
151)
1585

r.:aTCCT...'!C...TGCATTrllTT'CC,.C;>.C':TCAAT7:AA1'CIlTTCC:TTM'!G1'CTACTC:TA

CATCA':':'GTC:AC"'TA71'CTAC:'GAAAXTT':':''l'CA':"C;>'1'1G::TT~;>'TAC!GC7XTTA'!1I1'TGCTCACA
C~:C":'XA':':"l'AA;o.TAATMA':'M':'':':TCC':'':ATACT1'TCAG:"TeCATC::1''::1'':':'(JGTTATATG'TA:A:tC
AaTCA TAT'fGA':"TAGTTCT'TG;>'~ TG'T":"CT1'GGG'" u ~ ~.~ >....

Fig. 1. Nucleotide and predicted amino acid sequences of a cDNA

clone for HrTBB1, a ~S-tubulin geneoftheascidian Halocynthia roretzi.

The cDNA encompasses 1.640 nucleotides mcludlng 18 adenylyl residues

at the 3' end. The ATG at the position 43-45 represents the putative start

codon, and the asterisk indicates the termination codon. The predicted

HrTBB 1protein consists of 445 amino acids. A potential signal sequence

for polyadenylatlon IS underlined The nucleotide sequence WII!appear m

rhe DDBJ. EMBL, and Genbank Nucleorlde Sequence Databases under

Accession No. 089793.

the membrane excitability and immunoreactivity. However,

when the same blastomere was cultured in contact with a single

A4.1 blastomere, which includes the presumptive notochord and

nerve cord, it displayed Na spikes and showed no expression of

the epidermal markers, suggesting that neural induction resulted

in a single cell during the interaction with a single neighboring cell.

Under such research circumstances, the isolation of molecular

markers for ascidian neural differentiation has been a key goal.

Okamura et al. (1994) isolated a cDNA clone for the Na-channel

u.subunit gene TuNa 1of the Halocynthia roretzi. The TuNa 1gene

expression is specific to nerve cells, but in situ hybridization was

able to detect its first signal at the early tailbud stage, suggesting

that this probe is useful as a marker for the later process of neural

cell differentiation. In the present study, we attempted to isolate

cON A clones for early differentiation markers of the ascidian CNS.

In vertebrates, ~-tubulin genes are expressed specifically in cells

of the CNS, and the gene expression is used to monitor the neural

cell differentiation (Denoulet et al., 1986; Good et al., 1989;

Oschwald et al., 1991). We therefore attempted to isolate and

characterize cONA clones for ascidian ~-tubulin genes as an early

molecular marker of neural cell differentiation.

Results

Isolation and characterization of ascidian fJ-tubulin genes
To isolate cONA clones for ascidian ~-tubulin genes, we de-

signed two degenerate oligonucleotide primers that correspond to

the conserved sequences of the ~-tubulins (Fig. 3). Using these

primers, we generated PCR fragments from a cDNA library of H.

roretzi early tail bud-stage embryos. Sequence analysis revealed

two independent PCR fragments with sequence similarity to ~-

tubulin. The corresponding genes were designated HrTBB1

(Halocynthia[oretzijuQulin Qeta-l) and HrTBB2. Using the HrTBBI

and HrTBB2 PCR fragments as probes, we screened the cDNA

libraryseveral times and obtained cDNAclones that contained the

entire coding sequences.

The structure of the HrTBB1 cDNA clone is shown in Figure 1.

The insert of the clone consisted of 1,640 nucleotides.A northern
blot showing a transcript of about 1.7 kb (Fig. 5A) suggested that
the clone is close to full-length. The clone contained a single open

reading frame of 1,335 nucleotides that encode a polypeptide of

445 amino acids. The calculated relative molecular mass (Mr) of

the predicted polypeptide was 50x10'.

The structure of the HrTBB2 cDNA clone is shown in Figure 2.

The insert of the clone consisted of 1,578 nucleotides. Because the

northern blot showed a transcript of about 1.7 kb (Fig. 5B), the

clone is also close to full-length. The clone contained a single open

reading frame of 1,338 nucleotides that encode a polypeptide of

446 amino acids. The calculated relative Mr of the predicted

polypeptide was 50x10'

AA':
TCGG-:AGA;;1'7 :a.::CA~ 1'1':::rT A3T'M":';>.G':'':'lOAAGTGA'::TCGACOC::i'CACTO;OTe':'C~':'C('cr~:T

73 T':'CM'C1'TIA:C1'CACACi.:CA..V.TC"'CTAAATA':'CACC
ATGCGTGIlAATCGTrcATT':'GCAA(ie1'~M':
... ~ :!: : v H J.,

'"

A C
;)

::

GCG:a.MC::,>,G,l..T::GC'CG::CIu'.CTTO:TOGGAA3TO:A7CAGTGATc.\ACA,,:,aOCAT1'GAXCCA::<::G.::;':'ACA':'

C N
;)

J G ;>. r: F io1 E 1." I S C ~ H ::: I J
;>

':
G

l'
t

"''J'{:A::=:::ACAOCGA':'C1''tCAGITGGIIGAGGATCMCG,:"C':'AC':'ACAAeGAAGC1'AcA=TGGA.AAATA':'G

Ii G :: £ D :..
Q

:. E II I N V T r N
[

A T G Gilt
.;

T1'c:C"G.\G.AG-::eA':'CC1'GG':'A:8A':"TT~C=ACAATQGAI'TCAGTCA:8A1'C':GGT:::GT'I'C=C"""'"

f II A I :.. ~. D Co :;: paT Y. lJ S \'
~ ~ G :;> r G Q I

XT':',:,cm:::C;>.CA'=MC':T'l'GTe':''t'T=AJ.N;I::G.GAOC,!,::;C;1'MCAACTWGCCIlAAGGTC1.::TA:ACCG

r II II D 'I
:; ... r G

;) !; GAG N

" '"

A 1 G II Y
':'

:;:

AA=TGCA:::;AAC1':'31'CGA7':'CCG':"GC1'OGATGT<:G':"TC<;1'AA~GCGGA=1"GC(';A:TC':T'TGCAGC
;:; A

[
:.. V D S ','

L D ...
',' ~

J( r A I: S C t c :.. c C

GA:'TC::M'~:":AC"CA TrCCCrTGG~A=ACTGG"'''CC<JGGATQG.;:;TAf;ACTTC':'AA'!'C'''T.'M:;.A,:":C

r ::i L T H !; L G G C ":
G S G H G

,.
:. LIS r. I II

G;>.;:oAACMTA1'CC'!CAT...3GATCA':'GJo,AC...CA":':"C G7G:"'!'I:;TC::CC'I'CACCGAAAaT:TCCGN:...CTGTCC::
[

E Y II J Fi : ~ N
'I'

r .!'i ... V :;> s p

"

V S t ':: V \.

TACAOCCC:A:M1'GCAA:CC':'GTCTG'!CCA7C C':'1'G':':'GMMCACA:;ATGAAACTTA':TOCA1''l'GA.':'A

E
l'

Y N A :- L .s \' H
Q

L
'.'

E N l' D ~ T T : 1 D N

:.cC.\GG':"TC1'C':'AT(;"'CATA'I'XnCCG':AO::TT'I'AAMC1'CAeCAC1'CCM=CTATGG1'~'::'GAACCATe

I: A :. Y DIe I II 1 r. II r. 7 'r
II T Y G D L. Ii II 1.

':'CGTATc':'c.CAACC"ATGACTGCT:::;T~CC"'CTTGCCTCAGC:TCCCAGG'I'CAAT':'GJo,ACGr.::'GATC':"T;c(;TA

v .!'i A r H S C ... T T C 1. !\ F P G
;; t. N A J r. II r.

C"r=CGTCMCATGG:"TCr"'"!"TC::TC:::::':T1'C...CT1'CT':'TA':'GCCTGr;..':T1'~':'C;cC~ACGAxc

L A ~, N
!'

V II r II II L. II r ~ H .. G r A II L T 5 "I
GF...<:;;CAOC::Me

AG':''''CCC'I'GC
A':'TGA;CCGTA:C AaM:::'I MC~AGCAAA ,:,cn:::GATGCAM::AACA 7G.A

G!';CQY ~ A:"TV:>I:L':'QCHFI)A1 NHM

";"CGo~AOCGTGTGA'::;:::CCG':':ACGGCCGTTA:crcAeA:::TCGCG.\CCA1'GT':'C:G'!'CGTCG':'ATGTCGATGA

;>. A C I) :p , f. G R Y :. t 'J
.10TH .. , :::; II H S H

,.

AGCAr,.r.r=A TGAACAAAT!ZTCM1'G'::::C AGMTAACAA: A.OC'TCG'::ACT'I''!'aTTGAA TGGAT:::CCGAA,cA
[ ~. D £ C H :. JiI ~. ;; N

]<; N oS S Y r ... r ... : :;> N N

':";T:::;~~:C~:T~:"A~':"~A:::~T'T;C':';C'O';:::;T~~'!'C~~T'7~T~CAi':':::~T':~~C:G:~

CGr.::T ATCCAGGJo-ACTT':'TCAAG.\GoVItC':'CGGAACAA'::":"CACTG::1'A7G':"TCAG.\CGAAAGG(;T":':"CT1'GC

A I ;. E L r J<.

"

1st
Q F T A H F II :::t P; A f L H

ATT:]CTA::ACC::N7GAGc::.:;TA1'(JG":CACATGGM':1'CAC,:,~eG.\.MOC""":ATCAATG"'1'C':"=TCA

II Y
":'

G E :::; H D t !oj E r 'T
1: A £ S

"

f. N : LV::;

OCGAATA!CAACAA1'AeCAXA:OCM;;CGC':"G.\AGoVIGA~MTTCGATGIu'.C~GGAGMGAT~

.I. Y coy C
t, A

':'
A I E I: :::; [

:!' I: E 1: E GEe ..

AAGAA,cTG':AA

E\'.
CeGA::'l'CCACTCCC ACACAAT":;>.AliA:"" 1'GC':'1'GCTGATTTGGACn7:"::;QCTA..V. T':'A:

A:M7i1MAAT':''!C.v..v.~'ITGATAI ~C':MTTTCAILAJl<;CT~"
a a. .a> > La a

.Il7

3<,

m

'"

'"

:cc~

108l

1153

1225

:Ul

Fig. 2. Nucleotide and predicted amino acid sequences of a cDNA

clone for HrTBB2, another p.tubulin gene of H. roretzi. The cDNA

encompasses 1.578 nucleotldes including 18 adenylyl residues at the 3'

end. The A TG at the position 111-113 represents the putative start codon.

and the asteflsk Indicates the termmatlon codon. The predicted HrTBB2

protem consists of 446 amino acids. A potential signal sequence for

polyadenylation is underlined The nucleotide sequence will appear in the

DDSJ, EMBL. and Genbank Nucleotide Sequence Databases under

Accession No. 089794.
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Fig. 3. Comparison of the amino.acid sequence of the HrTBB1 and

HrTBB2 with those of other ~.tubulins. The sequences are compared

With those of sea urchm ~tubu/m (0; Bernardo et al.. 1989). Xenopus IJJ

tubutm (BIeker and Yazdani-Buicky, 1992). Xenopus {J2 tubulm (Good et al..
1989), and chick {J2 tubulm (Valenzuela et al., 1981; Sullivan et at.. 1985).

Dors indlcareidentities roHrTBB1.Formaximal similarity,gaps (shown by
dashes) were introduced. Primer-designed regions used for ampldlcalion

of HrTBB target fragments are shown.

The nucleotide and predicted amino acid sequences were found

to be highly conserved between HrTBB 1 and HrTBB2; they are

98% identical at the amino acid level, and 80% identical at the level

of nucleotide of the coding regions.

Figure 3 shows the comparison of the amino acid sequence of

the HrTBB1 and HrTBB2 with those of sea urchin P-tubulin (Oi

Bernardo et al., 1989), Xenopus tubulin p4 (Bieker and Yazdani-
Buicky, 1992), Xenopus tubulin p2 (Good et al., 1989), and chick

tubulin P2 (Valenzuela etat., 1981; Sullivan etal, 1985). HrTBB1

and HtTBB2showed the highest grade of amino acid identity with

sea urchin p-tubulin (98%) and Xenopus tubulin p4 (98%). The

amino acid sequences of HrTBBl and HrTBB2 also resembled

vertebrate p-tubulins at the level of 91-97% identity.
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Genomic Southern analysis

We determined the number of different sequences that corre-

spond to HrTBB 1and HrTBB2 in the ascidian genome by genomic

Southern hybridization. Because the coding sequences of HrTBB 1

and HrTBB2highly resembleeach other,we examined this issue

with specific probes of the 5' flanking regions. As shown in Figure

4A, regarding HrTBB 1,only one band was detected in the lanes of

EcoRI (about 1.7 kb), Hindlll (about 5.2 kb) and PsN(about 5.2 kb).

This result suggests that HrTBBI is present as a single copy per
haploid genome of H. roretzi. As for HrTBB2 (Fig. 4A), only one

band was detected in the lanes of EcoRI (about 1.7 kb) and PsN
(about 7.4 kb), while in the lane of Hindlll, a major (about 4.4 kb)

and a minor band (about 9.5 kb) were detected. This result
suggests that HrTBB2 is also present as a single copy per haploid

genome of H. roretzi. The sizes of EcoRI bands for both genes were

about 1.7 kb, suggesting that both genes contain no introns or a

very short intron.

However, when the blot hybridization was periormed with a

probe from the coding region and the membrane was washed

under low-stringency conditions, we obtained many bands in the

lanes (Fig. 4B). These results suggest that the H. roretzi genome

contains several tubulin genes other than the two J}-tubulin genes.

Expression of HrTBB1 is maternal

As shown in Figure SA, the northern blots revealed that the

expression of HrTBBl is exclusively maternal. An HrTBBl tran-

script of about 1.7 kb appeared to be abundant in unfertilized eggs.

However, the hybridization signals for HrTBBl maternal tran-
scripts became weaker in the 54-cell embryos and early gastrulae,

B
HrTBB1 HrTBB2

Fig. 4. Genomic Southern blot analysis of the HrTBB1 and HrTBB2

genes. (AI Genomic DNA was Isola red from a single adult H. rorelZl. and

aliquorswere dIgested separarely wirh fcoRI (lane 1), Hmdlll (lane 2). and

Pstl (lane 3!. The blots were hybridized with random-primed p7PJ-labeled

DNA probes includmg spec/flc 5' untranslated regIons. and the membrane
filter was washed under high-st"ngency condlrlons. FivemIcrograms of

dlgesred genomic DNA were loaded per lane. The numbers mdlcate the

sizes (m ~b) of marker fragments. (BI The blots (the same filters as used

for A) were hybndlZed wirh random-primed p7P/-laabeled DNA probes for

the codmg region, and rhe flfrer was wCl5hed under ICJw-~trm9~n'y

conditions. Five micrograms of digested genomic DNA were loaded per
lane.
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A uF 64c eG N eT L

1.7kb- .
B uF 64c eG N eT L

1.7kb-

Fig. 5. Temporal expression of (A) HrTB81 and (B) HrTBB2. Northern

blots of total RNA prepared from unfertilized eggs (uF), 54-cell stage

embryos (64c), early gastrulae (eG), neurula (N!. early tai/bud embryos (e n.
and larvae (L) were hybridized with f32Pl-labeled DNA probes. and the

membrane was washed under high-stringency condltions_ Each lane was

loaded with 5 P9 total RNA.

and were barely detectable in neurulae and later stages. However,

we could isolate the cDNA clone from the tailbud embryo cDNA

library, suggesting the presence of the transcript at that stage.

The characterization of the spatial distribution of HrTBB I tran-

scripts by whole-mount in situ hybridization demonstrated that the

transcript was distributed over the entire cytoplasm of fertilized

eggs without showing any specific localization pattern (Fig. 6A). A

similar distribution pattern was found in the 8-cell embryo, although

the signals were scarce in the vegetal cytoplasm with heavy yolk

(Fig. 68). Hybridization signals for maternal HrTBBI transcripts

were undetectable in early tailbud embryos (Fig. 6C).

Expression of HrTBB2 is both maternal and zygotic, and the

zygotic expression is specific to cells of the nervous system

The northern blot analysis revealed that the expression of

HrTBB2 is both maternal and zygotic (Fig. 58). An HrTBB2

transcript of about 1.7 kb was evident in unfertilized eggs. The

hybridization signals became weaker as development proceeded,

suggesting a gradual diminution of the HrTBB2 maternal tran-

scripts. The whole-mount in situ hybridization demonstrated that

the maternal transcript was distributed over the entire cytoplasm of

fertilized eggs (data not shown) and the 8-cell embryo (Fig. 7A),

although the signals were weak in the vegetal cytoplasm with

heavy yolk. No localization was evident in the hybridization signals

of the maternal HrTBB2 transcripts (data not shown).

We then characterized the spatial distribution of the zygotic

HrTBB2 transcripts by whole-mount in situ hybridization (Fig. 7).

Control embryos hybridized with sense probe did not show signals

above the level of background (data not shown). The hybridization

signals of zygotic HrTBB2 transcripts were undetectable in early

embryos up to the gastrula stages (data not shown).

We first obtained clear signals at the neural plate stage. At this

stage. the zygotic HrTBB2transcript was detected in almost all of

the cells constituting the neural plate (Fig. 7C). During neurulation,

signals were evident in the presumptive cells of the CNS (Fig. 70).

In addition, signals were evident in cells of the anterior-most region,

which give rise to papilla or the adhesive organ of the larva (Fig.

7D).

The early tailbud embryo also exhibited a characteristic signal

distribution (Fig. 7E). When the embryo was viewed from the dorsal

side (Fig. 7E), signals were found in cells of the CNS along the mid-

line of the entire dorsal trunk region. The signals of this region

extended to the posterior region of the tail, although there were

several intermissions (Fig. 7E). Hybridization signals were also

evident in cells of the anterior part of the CNS in the dorsal trunk

region of the embryo (Fig. 7E). In the tadpole larvae, signals were

evident in cells of the CNS and adhesive organ (Fig. 7F. G). In

addition. signals were found in cells of the tail region (Fig. 7G); they

may be of peripheral sensory neurons.

Discussion

In this study, to obtain an early differentiation marker of neural

cells of ascidian embryos, we isolated and characterized cDNA

clones for two ~-tubulin genes (HrTBBI and HrTBB2) of H. raretzi.

The predicted amino acid sequences of HrT881 and HrT882 show

a very high degree of identity to other invertebrate and vertebrate

~-tubulins. The expression of HrTBB1 was found to be maternal,

A B~

Fig. 6. Spatial expression of HrTBB1 as revealed by whole-mount in

situ hybridization with a digoxigenin-Iabeled antisense probe. (A) A

fertilized egg and (B! an 8-ce// embryo showing hybridizatIOn signals in the

entire region of the cytoplasm. (C,D! The early tai/bud embryos hybndized

with IC! antisense and !O) sense probe. Bar, 100 pm for al/ panels.
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Fig. 7. Spatial expression of HrTBB2 as revealed by whole-mount in

situ hybridization with a digoxigenin-Iabeled antisense probe. !A,B)

The 8-cell stage embryos hybndlzed with (AI anrisense and (8) sense
probes Hybndlzation signals of maternal transcrrprs are seen in the entire

region of the embryo. Because of dense yolk granules. rhe vegetal region
of the embryo does not show the hybridizarionslgnals_Bar, 100,urninA-
F. (CI Neural-plate stage embryo. viewed from the dorsal side. Signals

wereseen in cells of the neural plate. (D) A neurula viewedfromthedorsal
side. Signalswere seen incellsof the neural plate and the anterior-most
regionof the embryo. IE) Early tai/budembryo viewed from the dorsa/side.
Signals are seen in the CNS. IF) Head-trunk region of a tadpole larva

showing signals in the CNS and in the papilla (arrow). (G) Lateral view of

tadpole larva. Signals are found in the papilla. CNS, and peripheral sensory

neurons (arrowheads) In the tail. Bar, 200 p.m.

and its transcript is distributed in the egg cytoplasm without

localization. HrTBB2is expressed both maternally and zygotically,

the zygotic expression of HrTBB2 commencing at the neural plate
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stage. The zygotic HrTBB2 expression is specific to cells of the

differentiating CNS, and in the larvae, HrTBB2expression is found

in cells of the CNS, some cells of the papilla and cells of the

peripheral nervous system.

Whole-mount in situ hybridization revealed the first signals as

early as the neural plate stage. These results therefore indicate

that HrTBB2 can be used as an early molecular marker for neural

cell differentiation in the ascidian embryo. In practice, gene expres-

sion has been used as a marker of neural cell differentiation in

some experiments. For example, an ascidian homolog of verte-

brate BMP2/4 or HrBMPb plays a role in the inhibition of neural cell

differentiation (Miya et al., 1997). This was demonstrated by an

experiment in which synthetic mRNA of HrBMPbwas injected into

fertilized eggs. Zygotic HrTBB2expression was used to monitoring

the neural cell differentiation.

The neural induction of the ascidian embryos has also been

examined by experiments using blastomere isolation and combi-

nations. Reverberi et al. (1960) suggested that the induction

signals emanate from the presumptive notochord cells of AscidielJa

aspersa and Phaflusia mammilJata. In contrast, Nishida (1991)

showed that in H. roretzi, nerve cord cells are indispensable for the

neural induction. In these experiments, however, the differentiation

of neuronal cells was monitored by the occurrence of pigment cells

or sensory receptor cells of the otolith and ocellus. This morpho-

logical marker does not always provide an appropriate marker of

neural cell differentiation. Therefore, the neural induction of ascidian

embryos should be explored again with a specific marker such as

HrTBB2.

In vertebrates, several ~-tubulin genes are expressed in neural

tissues. In particular, differential expression between 13-tubulin

isotypes during vertebrate brain development is reported (Bond et

a/., 1984; Ginzburg et a/., 1985; Denoulet et a/., 1986). Ascidians

are phylogenetically close to vertebrates, and the CNS of the

ascidian embryo is considered a prototype of vertebrate

neurogenesis (Okamura et al., 1994). In this study, we isolated two

aseidian P-tubulin genes, HrTBBI and HrTBB2. Of them, only

HrTBB2 is neural-specific. It is unknown whether ascidians have

other neural-specific ~-tubulin genes. However, the results of

genomic Southern analysis (Fig. 4) showed that the ascidian

genome contains many ~-tubulin genes other than HrTBB1 and

HrTBB2. Thus it is possible that there are other neural-specific J3-

tubulin genes in the ascidian genome. If so, the elucidation of the

regulation of ~-tubulin gene expression during ascidian brain

development may provide further insight into the neurogenesis of

the vertebrate CNS.

Materials and Methods

Animals and embryos
Halocynthia roretzi was purchased during the spawning season from

fishermen near the Otsuchi Marine Research Center, Ocean Research
Institute, UniversityofTokyo, Iwate, Japan. H. roretziis hermaphroditic and

self-sterile. Naturally spawned eggs were fertilized with a suspension of

non-self sperm. When fertilized eggs were cultured at about 12cC, they

developed into gastrulae and early tailbud embryos about 12 and 24 h after

fertilization, respectively. Tadpole larvae hatched after about 40 h of

development.

Eggs and embryos at appropriate stages were pacKed by low-speed

centrifugation and frozen with chilled ethanol for Northern blotting or fixed

for in situ hybridization.
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PCR amplification of fJ-tubulin related fragments

The amino acid sequences of p-tubulins are highly conserved among

various animal groups (cf., Fig. 3). Wesynlhesized asense-strand oligonu-

cleotide, F1 [5'AA(TC)GTNTA(TCITA(TC)AA(TC)GA(AG)AC-3'] and an

antisense oligonucleotide, R2 [5'-GGNGC(AG)AANCCNGGCAT(AG)AA-

3'] by means of an automated DNA synthesizer (Applied Biosystemslnc.,

FosterCity, CA, USA). Using these as primers. we amplified by polymerase

chain reaction (PCR) the target fragments from a cDNA library of the early

tailbud-slage embryos which was constructed with the ;.lapll cloning

vector (Stratagene. La Jolla. CA. USA). The reaction mixture contained

1x105 plu of cON A library, 10 mM Tris-HCI (pH 9.0), 50 mM KCI, 1.5 mM

MgCI2, 0.1'%, Triton X-10Q, 0.2 mM each of dATP, dCTP, dGTP and dTTP,

1 pM of each primer and 1 unit of Taq DNA polymerase (Toyobo, Osaka,

Japan) in a total volume of 50 Ill, Amplification was pertormed for 40 cycles

of 94"C (1 min), 55cC (2 min) and 72"C (2 min). The PCR products were

purified by gel electrophoresis and cloned into pBluescript II SK(+)

(Strata gene). The cDNA clone was sequenced on both strands by means

of dideoxy chain-termination (Sanger et af., 1977) by an automated DNA

sequencer (ABI PRISM 377, Perkin Elmer, Norwalk, CT, USA).

Isolation of cDNA clones for ascidian fJ-tubulin genes and nucleotide

sequencing

Probing with a cON A fragment labeled with [32P]_dCTP, we screened a

cDNA library of early tail bud-stage embryos. Several candidate cDNA

clones were obtained. The longest clones were subcloned into the plasmid

vector pBluescript SK(-) by in vivo excision. The clones were used as a

template for sequencing and in situ hybridization. The cDNA clones were

sequenced on both strands by means of dideoxy chain-termination (Sanger

et aI., 1977) by the automated DNA sequencer mentioned above.

Genomic Southern analysis

High-molecular weight genomic DNA was extracted from the gonad of

a single adult by the standard procedure (Sam brook et af., 1989). After

exhaustive digestion with EcoRI, Hirx:l III and Pst1 and 0.7% agarose gel

electrophoresis, the DNA fragments were blotted onto a Hybond-N+ nylon

membrane (Amersham, Buckinghamshire, UK). The blots were hybridized

with random-primed [32P]-labeled DNA probes from the 5' flanking region

of each geneat 42"C in 50% formam ide, 5xSSPE, 0.5% SDS, 5xDenhardt's

solution, and 100 I1glml denatured salmon sperm DNA for 16 h and washed

under high-stringency conditions (2xSSC, 0.1 ~c SDS, 65°C for 20 minx2;

0.1 xSSC, 0.1 '% SDS, 65°C for 20 min). The blots were also hybridized with

random-primed [32P]-Iabeled DNA probes from the coding region of the

genes at 37"C in 30% formamide, 5xSSPE, 0.5~c SDS, 5xDenhardt's

solution, and 100 )..Iglml denatured salmon sperm DNA for 16 h and washed

under low-stringency conditions (2xSSC, 0.1 % 50S, 37cC for 20 minx2;

1xSSC, 0.1% SDS, 37°C for 20 min). Both probes did not contain EcoRI.

Hind III and Pst1 sites.

Isolation of RNA and northern blotting

Total RNA was extracted using acid guanidinium-thiocyanate-phenol-

chloroform (Chomczynski and Sacchi, 1987). Northern blot hybridization

was pertormed by standard procedures (Sam brook et al., 1989) with

random-primed [32P]-labeled DNA probe from the 5' flanking region of each

gene, and the membranes were washed under the high-stringency condi-

tions described above.

In situ hybridization

Whole-mount specimens were hybridized in situ at 42"C using

digoxigenin-Iabeled antisense probes, essentially as described by Miya at

al. (1996). Probes were synthesized following the instructions supplied with

the kit (DIG RNA Labeling Kit; Boehringer Mannheim, Mannheim, Ger-
many), and used at a concentration of 1 I1glml in the hybridization buffer.

Hybridization was visualized using alkaline phosphatase.

Embryos were dehydrated in a graded series of ethanol and rendered

transparent with xylene.

Acknowledgments
We thank the staff of Otsuchi Marine Research Center for their hospi-

tality. This research was supported by a Grant-in-Aid for Specially Pro-

moted Research (No. 07102012) from the Ministry of Education, Science,

Sports and Culture, Japan to N.S.

References

BIEKER, J.J. and YAZDANI-BUICKY, M. (1992). The multiple beta-tubulin genes of

Xenopus: isolation and developmental expression of a germ-cell isotype beta-

tubulin gene. Differentiation 50: 15-23.

BOND. J.F., ROBINSON, G.S. and FARMER, S.R. (1984). Differential expression of

two neural cell-specific beta-tubulin mRNAs during rat brain development. Mol.

Cel/. Bioi. 4: 1313-1319

CHABRY, L. (1887). Contribution a I'embryologie normale et teratologique des

Ascidies simples, J. Anal. Physiol. (Paris) 23: 167.319

CHOMCZYNSKI, P. and SACCHI, N. (1987). Single-step method of RNA isolation by

acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem 162:

156-159.

CONKLIN, E.G, (1905). Mosaic development in ascidian eggs. J. Exp. Zool. 2: 146-

223.

DENOULET, P., EDDE, B. find GROS. F. (1986). Differentifll expression of several

neurospecific beta.tubulin mRNAs in the mouse brain during development. Gene

50: 289-297.

DI BERNARDO, M.G.. GIANGUZZA. F., CIACCIO, M., PALLA, F., COLOMBO, P., DI

BLASI, F., FAIS, M. and SPINELLI. G. (1989). Nucleotide sequence of a full length

cDNA clone encoding for beta.tubulm of the sea urchin Paracentrotus lividus.

Nucleic Acids Res. 17: 5851.

GINZBURG,I., TEICHMAN, A., DODEMONT, H,J., BEHAR, L. and LlTTAUER, U.Z.

(1985). Regulation of three beta-tubulln mRNAs during rat brain development.

EMBO J. 4: 3667-3673.

GOOD, P.J., RICHTER, K. and DAWID, LB. (1989). The sequence of a nervous

system-specific, class II beta-tubulin gene from Xenopus laevis. Nucleic Acids

Res. 17: 8000.

MIYA. T., MORITA, K., SUZUKI, A., UENO, N. and SATOH, N. (1997). Functional

analysis of an ascidian homologue 01 vertebrate Bmp-2/4 suggests its role in the

inhibition of neural late specification, Development (Submitted).

MIYA, T.. MORITA, K., UENO, N. and SATOH, N. (1996). An ascidian homologue of

vertebrate BMPs5-8is expressed in the midline of the anterior neuroectoderm and

in the midline 01 the ventral epidermis of the embryo, Mech. Dev. 57: 181-190.

NICOL, D. and MEINERTZHAGEN.I.A. (1988). Development of the central nervous

system of the larva oftheascidian, ClOnaintestinalisL.ll. Neural plate morphogen-

esis and cell lineages during neurulation. Dev. Bioi. 130.737-766.

NICOL. D. and MEINERTZHAGEN. I.A. (1991). Cell counts and maps in the larval

central nervous system of the ascidian Ciona intestmalis (L.). J. Camp. Neural.

309: 415-429.

NISHIDA, H. (1987). Cell lineage analysis in ascidian embryos by intracellular

injection 01 a tracer enzyme. III. Up to the tissue restricted stage. Dev. Bioi. 121:

526-541.

NISHIDA, H. (1991). Induction of brain and sensory pigment cells in the ascidian

embryo analyzed by experiments with isolated blastomeres. Development 112:

389-395.

NISHIDA, H. and SATOH, N, (1989). Determination and regulation in the pigment cell

lineage 01 the ascidian embryo. Dev. Bioi. 132: 355-367.

OKADO, H. and TAKAHASHI, K. (1988). A simple 'neural induction' model with two

interacting cleavage-arrested ascidian blastomeres. Proc. Nat!. Acad. Sci. USA

85:6197-6201.

OKAMURA, Y., OKADO, H. and TAKAHASHI, K. (1993). The ascidian embryo as a

prototype 01 vertebrate neurogenesis. BioEssays 15: 723-730.

OKAMURA, Y., ONO, F., OKAGAKI,
R"

CHONG, JA and MANDEL, G. (1994).

Neural expression of a sodium channel gene requires cell-specific interactions

Neuron 13: 937-948.

OSCHWALD, R., RICHTER, K. and GRUNZ, H. (1991). Localization of a nervous

system-specific class II beta-tubulin gene in Xenopus laevis embryos by whole-

mount in situ hybridization. Int. J. Dev. Bioi. 35: 399-405,



REVERSERI, G.. ORTOLANI, G. and FARINELLA-FERRUZZA. N. (1960). The

causal formation of the brain in the ascidian larva, Acta Embryol. Morphol. Exp. 3:

296-336

ROSE. S.M. (1939). Embryonic induction in the Ascidia. BioI. Bull. 76.-216-232.

SAMBROOK, J., FRITSH. E.F. and MANIATIS, T. (1989). Molecular Cloning: A

Laboratory Manual. Cold Spring Harbor Laboratory, New York.

SANGER, F., NICKLEN, S, and COULSON. A.R. (1977). DNA sequencing with chain-

terminating inhibitors, Proc Natl, Acad. Sci. USA 74: 5463-5467.

SATOH, N. (1978). Cellular morphology and architecture during early morphogenesis

of the ascidian egg: a SEM study. BioI. Bull. 155: 608-614.

SATOH. N. (1994). Developmental Biology of Ascidians. Cambridge University Press,

New York

Neural-!JpeCljic ascidiall {3-tubulill gene expression 55?

SATOH,
N"

MAKASE, KW., KATSUYAMA, Y., WADA, S. andSAIGA, H. (1996). The

ascidian embryo: an experimental system for studYing genetic CIrCUitry tor embry-

onic cell specification and morphogenesis. Dev. Growth Differ. 38: 325-340.

SULLIVAN, K.F., LAU, J.T. and CLEVELAND. OW, (1985). Apparent gene conver-

sion between beta-tubulin genes yields multiple regulatory pathways for a single

beta-tubulin polypeptide isolype. Mol. Cell. Bioi. 5: 2454-2465.

VALENZUELA P., QUIROGA. M., ZALDIVAR, J., RUTTER. W.J., KIRSCHNER,

M.W. and CLEVELAND, D.W. (1981). Nucleotide and corresponding amino acid

sequences encoded by alpha and beta tubulin mRNAs. Nature 289: 650-655.

Hffl'lt'I'Ii: AJwil199i

A(0'lI(l'djorpllbliwrivl/: .HII) leN,


