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Abstract The most primitive chordates may have ariséey words Ascidians - Pharyngeal gill - Specific gene
with a shift to internal feeding through the use of thexpression - Origin of chorda'=s

pharyngeal gill slits and endostyle for extracting sus-

pended food from the water. Therefore, the pharyngeal

gill and endostyle, in addition to notochord and nerietroduction

cord, are structures key to an understanding of the mo-

lecular developmental mechanisms underlying the origife are interested in molecular developmental mecha-
and evolution of chordates. In this and a following studyisms that permitted and/or accelerated the occurrence of
isolation of cDNA clones for genes that are specificalghordates. Many extant invertebrate groups and several
expressed in the pharyngeal gill or endostyle in the agypothetical forms have been considered as potential
cidian Halocynthia roretziwas attempted. Differential chordate ancestors, and evolutionary pathways leading to
screening of a pharyngeal gill cDNA library and an ean emergence of chordates have been a subject of exten-
dostyle cDNA library with total pharyngeal-gill cDNAsive investigation and vigorous discussion for more than
probes yielded cDNA clones for two pharyngeal gill-spe- century (e.g. Haeckel 1868; Garstang 1928; Berrill
cific genes,HrPhG1 and HrPhG2 Northern blot analy- 1955; Jollie 1973; Lagvtrup 1977; Jefferies 1986; Brusca
sis showed a 3.0-kb transcript fPhG1 and a 2.0-kb and Brusca 1990; Willmer 1990). This classical and fun-
transcript ofHrPhG2 Predicted amino acid sequences dfamental research subject of evolutionary biology has re-
the gene products suggested that both genes encodeesly attracted the renewed attention of molecular de-
cretory proteins with no significant match to known prarelopmental biologists (e.g. Holland et al. 1994; Satoh
teins. In adults, botiHrPhG1 and HrPhG2 genes were and Jeffery 1995).

only expressed in the pharyngeal gill and not in other tis-The phylum Chordata consists of the subphyla Uro-
sues including the endostyle, body-wall muscle, gonathordata (tunicates), Cephalochordata (amphioxus) and
gut and digestive glanddrPhG1 and HrPhG2 tran- Vertebrata. They are categorized as deuterostomes, along
scripts were undetectable in embryos and larvae, awith two other invertebrate groups, echinoderms and
were first detected in juveniles 3 days after initiation demichordates (e.g. Brusca and Brusca 1990). Deuteros-
metamorphosis. In situ hybridization revealed that themes share many embryological and anatomical fea-
expression oHrPhGlandHrPhG2was restricted to dif- tures, which include radial cleavage, a blastopore not fat-
ferentiating pharyngeal-wall epithelium, with intensed to form a mouth and an enterocoelic coelom (e.qg.
signals in the area surrounding the stigma or gill shillmer 1990). Recent molecular phylogenic studies
These genes may serve as probes for further analyse@\aida and Satoh 1994; Turbeville et al. 1994) as well as
molecular mechanisms underlying the occurrence atladistic analysis (Schaeffer 1987) support a monophy-
pharyngeal gill and formation of gill slits during chorletic origin of deuterostomes. In addition to the deuteros-

date evolution. tomy, chordates share several characteristic features in-
cluding a notochord, a dorsal hollow nerve cord and pha-
Edited by D. Tautz ryngeal gill slits, which are hallmarks of the chordate
K.J. Tanaka bo% P haracteristic feat f chordat t
Department of Biology, Faculty of Science, Konan University, ese characteristic teatures of chordates seem 1o
Higashinada-ku, Kobe 658, Japan have evolved with an emergence of tadpole larva-like
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contrast, primitive chordates develop tadpole larvae witbstyle mMRNA was cloned directly into tigedRI-Xhd site of a

a motile tail, in which notochord, muscle and dorsini-ZAP-Il vector (Stratagene).

nerve cord are formed. In other words, the notochord,

muscle and nerve cord might have evolved along Wifgjation of cDNA clones for pharyngeal gill-specific genes

this change in the mode of larval locomotion. The hgnd sequencing

pothesis proposed by Garstang (1928) states that chor-

dat‘?s. arose by evolution of an mve.rteb.rate larva, like lfers of the libraries were hybridized wit$2P]-labelled total
ascidian tadpole. Therefore, investigation of the orgaBbna probes prepared fromfg of poly(A)- RNA of pharyngeal
zation of these structures is of salient importance in gitt under high stringency conditions [hybridization: 5 x SSPE
tempts to understand the origin of chordates. This s®9 M NaCl, 50 mM Sodium phosphate pH 7.7 and 10 mM
ject, therefore, has already been attacked by recent fg!A). 0.1% SDS (sodium dodecyl sulphate), 1 x Denhardt's so-

. . jon, 0.1 mg/ml salmon sperm DNA, 50% formamide at 42°C;
lecular embryological studies (Satoh and Jeffery 19é/$clshing: 2 x SSC (sodium chloride/sodium citrate), 0.1% SDS at

Yasuo et al. 1995; Satoh 1995). 65°C]. Plaques which showed positive hybridization in the pha-
Coincidently with this change in the mode of larvayngeal gill library but negative in the endostyle library were se-
locomotion, the most primitive chordates or chordate gpted and isolated by two rounds of screening. Specificity of the
: : . Iveé clones 10 the pharyngeal gill was confirme y Northern
cestors may have S.h'fte.d their feemng system to the §§> analysis. These clones were prepared for sequencing by con-
of the pharyngeal gill slits for extracting suspended fo@diled nested deletion from either the T3 or T7 side and se-
from the water and the endostyle for secreting mucusgt@nced using the ABI PRISM 377 DNA sequencer with ABI
catch the food particles (e.g. Brusca and Brusca 1990}ISM labelling kits (Perkin Eimer).
This possibility suggests that, in addition to the noto-
chord, muscle and nerve cord, the pharyngeal gill aQgthern biot analysis
endostyle are key organs to explore molecular mecha- _ _
nisms involved in an emergence of chordates. As the ﬁ%ﬁgrsextr?]?t?gnsg; totall |(?A'\)1'§NbAy the AGPC_fmztféod (Cho][%fynskl
i i i ; _Sacchi , poly s were purified by use of Oligo-
Ste.p tQ dlscfovr?r these Tne_(l:lhanls_r?s, isolation an(cji Chalfé‘jx dT30 beads. Northern blot hybridization was carried out by the
ter'z"’,‘t_'on orp e_lryngea g'_ —speu IC genes or e_n OStyﬁéndard procedure (Sambrook et al. 1989) and filters were
specific genes in the ascidiaalocynthia roretzihave washed under high stringency conditions. DNA probes for blot hy-
been attempted in this and a following investigatidmidizations were labelled wit$3P]-dCTP using a random primed
(Ogasawara et al. 1996). labelling kit (Boehringer Mannheim, Heidelberg).

two cDNA libraries were screened differentially. Duplicate

Genomic Southern analysis

Materials and methods High-molecular weight genomic DNA was extracted from a single

. ) ) adult by the standard procedure (Sambrook et al. 1989). After ex-
Biological materials haustive digestion witBanHI, EcoRl, Hindlll and Pst, and 0.7%
. ) . ) agarose gel electrophoresis, the DNA fragments were blotted onto
Halocynthia roretziwas purchased during the spawning seas@{yhond-N+ nylon membrane (Amersham). The blots were hybrid-

from fishermen near the Otsuchi Marine Research Centre, Ocm with random_primedSiEP]_|abe||ed DNA probes at 42°C for
Research Institute, UniVerSity of TOkyO, IWate, Japan. After d|§6 h and washed under high.stringency conditions.

section of adults, tissues and organs were removed and quickly
frozen in liquid nitrogen. The specimens were kept at —80°C until
use. . » ) In situ hybridization
H. roretziis hermaphroditic and self-sterile. Naturally spawned
eggs were fertilized with a suspension of non-self sperm, ahdseniles were fixed as whole-mount specimens, in 4% parafor-
raised in filtered seawater at about 12°C. Embryogenesis proceedidehyde in 0.5 M NaCl and, 0.1 M MOPS (3-[N-morpholino]
ed synchronously in various batches of eggs, becoming gastrydespansesulfonic acid) buffer at (pH 7.5) 4°C for 12 h. For adults,
about 12 h after fertilization and tailbud embryos at about 24 the tunic was stripped off with tungsten needles prior to fixation
Tadpole larvae hatched at about 40 h of development. They waseabove. After dehydration with a graded series of alcohol, spec-
allowed to accomplish metamorphosis naturally. Juveniles that adens were embedded in polyester wax (BDH Chemicals) and
hered to plastic dishes were cultured for more than 2 monthsséacttioned at §im. In situ hybridization of whole-mount and sec-
aquaria with circulating natural seawater. Samples at approprigd@ed specimens was carried out basically as described previous-
developmental stages were frozen in liquid nitrogen for Northdsn (Yasuo and Satoh 1994), except for the antibody reaction
blot analysis, or fixed for in situ hybridization. (Wada et al. 1995). That is, after blocking in 0.1 M TRIS-HCI
(pH 7.5), 0.15 M NaCl supplemented with 0.5% blocking reagent
(blocking buffer) at room temperature for 30 min, the specimens
Isolation of RNAs and construction of cDNA libraries were incubated with 1: 2000 alkaline phosphatase-conjugated an-
ti-DIG (Digoxigenin) antibody (Boehringer Mannheim) in the
Total RNA was extracted from frozen samples of pharyngeal dillocking buffer for 1 h. The specimens were washed with PBT
or endostyle by the acid guanidinium-thiocyanate-phenol-chlorghosphate-buffer saline containing 0.1% Tween 20) four times
form (AGPC) method (Chomczynski and Sacchi 1987). Poly(Aj10 min each) and alkaline phosphatase buffer (100 mM NacCl,
RNAs were purified by use of Oligotex dT30 beads (Roche Jap&d,mM MgCl, 100 mM TRIS-HCI, pH 8.0) three times (10 min
Tokyo). Complementary DNA was synthesized from the poly(Akach). Signal detection was carried out in the alkaline phospha-
RNA with a ZAP cDNA kit (Stratagene, La Jolla, Calif.). Doubletase buffer with 4.5u1 NBT (Nitroblue tetrazolium chloride)/ml
stranded cDNA was size-fractionated on a column of sepharasel 3.5ul BCIP (5-Bromo-4-chloro-3-indolylphosphate)/ml at
CL-4B (Sigma, St Louis, Mo.), and fractions that contained fraggom temperature. Probes were synthesized by following the in-
ments of more than 300 bp in length were collected. Doubkructions from the supplier of kit (DIG RNA labelling kit; Boeh-
stranded cDNA prepared from pharyngeal gill mRNA or from eninger Mannheim).
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sisted of 741 amino acids with a calculated molecular
mass (Mr) of 84.8 kDa.

Differential screenings of ahl. roretzi pharyngeal-gill Examination of consensus or characteristic sequence
cDNA library and an endostyle cDNA library with totamotifs in HrPHG1 revealed a proline-rich region in the
cDNA probes of the pharyngeal gill yielded ten cDNAentre of the protein (Fig. 2A), and mahylinked gly-
clones specific to or enriched in the pharyngeal gill libr§osylation sites. Beside this region, the HrPHG1 amino
ry. A preliminary Northern blot analysis showed tha&cid sequence did not show any significant matches with
nine of them were Speciﬁc to the pharyngea| g|||, aﬁﬂo_tlfs of transcrlpt_lone_ll fa(_:tors, transmembrane do-
from those, we selected five clones exhibiting distingtains, nuclear localization signals or growth factor pro-
hybridization signals. Examination of cross-reactivity d€/ns. o

the five clones revealed three independent clones. ThétS shown in Fig. 2B, however, mean hydropathy pro-
corresponding genes were nani¢dPhG1 (Halocynthia files of HrPHG1 suggest a characteristic feature of the
roretzi pharyngeal gill gene 1HrPhG2 and HrPhG3 Polypeptide. TheN-terminus was highly hydrophobic,
respectively. We report here characterization and exprééh a typical signal peptide sequence that consisted of a

sion of theHrPhG1andHrPhG2genes. positive charged residue (amino acid position 3; R, Arg),
a hydrophobic (4-13) region of 10-15 residues, a

Results

Characterization of cDNA clone for thirPhG1gene
Fig. 1 A Distribution of HrPhG1 (Halocynthia roretzpharyngeal

As shown in Fig. 1A, Northern blot analysis of th@ill gene 1) transcript in tissues and organsiafocynthia roretzi

S . . ults. Northern blots of poly(ARNA prepared from the pharyn-
HrPhG1 transcript in various tissues and organs of @al gill (ane 1), endostyle iane 2, body-wall muscleléne 3,

H. roretziadult showed th.e occurrence of the transcr_i@@nad tane 4, digestive glandlgne 5, and intestine lane 6
only in the pharyngeal gill. The blot revealed a majerre hybridized with random-primed2p]-labelled DNA probes
band of about 3.0 kb and a minor band. At present, i the membrane was washed under high-stringency conditions.

. . HrPhG1 transcript of about 3.0 kb in length was found only
uncertain whether the minor band represents a tije, | pharyngeal gill. Each lane was loaded with (i of

transcript or is an artifact of the experimental procgply(a)* RNA. B Occurrence oHrPhG1 transcript during devel-
dures. TheHrPhG1transcript was not detected in othespment ofH. roretzi Northern blots of poly(A) RNA prepared
organs including the endostyle, body-wall muscle, gtiom gastrulaelgne 3, swimming larvael@ne 2, juveniles at 3

i i ; ; i (lane 3, 5 (ane 4, and 7 daysléne 5 after initiation of meta-
nad, digestive gland and intestine (Fig. 1), SuggeSt'Hrr@rphosis, and adult pharyngeal gilarfe § were hybridized

that the expression ¢frPhGLlis specific to the pharyn- yth" random-primed #P]-labelled DNA probes and the mem-
geal gill. brane was washed under high-stringency conditions HFRaG1

The nucleotide and deduced amino acid sequencegafscript was not detected in embryos and larvae, but the tran-
a cDNA clone foHrPhGZ1are shown in Fig. 2A. The in- script became evident in juveniles at 3 days after initiation of
sert encompassed 2,901 bp including 18 adenyly r%ﬁtamorpho&s. Each lane was loaded withpugOof poly(A)

) AT . A. C Genomic Southern blot analysis of tHePhG1gene. Ge-
dues at the 3’ end. The similarity in size to the 3.0 Kdmic DNA was isolated from a single adult and aliquots were di-

transcript seen in our Northern blot suggests that tgested separately witBanH! (lane 1), EcoRl (lane 2, Hindlll
clone is close to full length. The ATG position 64—6@ane 3 andPst (lane 4. The blots were hybridized with random-

: med B2P]-labelled DNA probes and the filter was washed under
represented a putative start codon of the HrPHG1 pﬁ h-stringency conditions. Ten micrograms of digested genomic

tein. A single open reading frame (ORF) extended fras\ia were loaded per lane. Theimbersindicate sizes (in kb) of
there to nucleotide 2,286, encoding a protein that caime signal-

A B C
1234586 123456 123 4
30.0— »
18.0— -
8.8~
6.0— -
3.0- -
(kb) .~ 3.0- —— 5.2 -

(kb) " {kb)
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A

0 CTACGTTTTAAAACCAATAGATATAAATACTAAAGCTTTGTGETGAATTCAGTEAATAGE 60 1681 AAGGAGTTAATCAATCGTACAAGACATCTATACTACGAATATGTCGGAGCTAGARACTCC 1740
61 AGGATGATTCGATTTTTCGTTTTG6CTCTAACCATTTGEATCTCTTCGRCCGCAGRTCAA 120 S0 K E L I N RTRHALYYEYVEARS S 59
TOW T REEVLALT LN SS AKEQC 19 474 goeearATATECAGAGCTTATCGCTCAATGCGTGATTGEETAAGCTCCACTETCAAACAG 1800
121 ACCBAATTGCCAACAAAAGAACCTECTACCACCCGTTTTCCAATTACAGTCTCTCCCCAC 180 560 A D | C R AYRSMRDU®UYVS STV KGO Q 579
2T ELPTKEPATTRFEPITVSPH 39 1801 CETTGCGATCTTGAAGTATTGACATATCTGGTACCTGATTCCAACAGTCGTTATATCCTG 1860
181 GTRACCTCTTCERCTGRCAACTTCTCAACGACATGGAACTACACTAGTTTTCCCCCTCRE 240 580 R ¢ D L EV LT YLV PODSNS SR RY I L 59
VT SsSsSAGNESTTWNYTTFPPR 59 1861 CGCAATTTCGCACACATTCTCACCGACATTCTGEATGAACTTGAAATATCGGCCTGTCCA 1920
241 GGTATATATTTTGGAACTGGATTTACTTACAGCGTATECGGACAGGAATATGCTCGAAAT 300 600 R N F AW I LT D I LDELTET S SACEP 619
60 G I Y F6&TE&FTYSVCGELEYARN 79 1921 ATACGTCGTBCATCAGATAAGAGCAGCTTAATTGCGACTRACTGGCTTCETTCGTACGCS 1980
301 ATGACCTATGTGCAGTGTCCAGTGGGTETACGTGBATTAACTACGACATGGGTGATATCT 360 620 | R R A S D NS SLIATDWLRSYA 63
80 LT YvecrvVveEVvReELTTTWY IS 9 1981 AAATGGAAAAGAGTTGCGTTCCCCAGETGGCAAGCGGCCTTCTCCAAGTATTTGCAAGAG 2040
361 TTCCCGACAACRCTGGRGTACAACGCGETCRCAACTCTACARATTCTCCTCTRCTCTCCE 420 640 K W K T V AF P RWOQAAFSIKYLOQE 659
100 F P T 7 LG&YNAVATLQEILLCSP 9 5041 10G0AAGAGEARATTGAAGATTTTGATGTACCCCAATEOTTRGEATTGACAGCGGTAACA 2100
421 AATGAATATACCTGTCAGAACECTTGCAATTTCAGTGAAGCTTTTTTGRGACCCGETETC 480 660 S Q E E | EDF DV PQCLGLTAVT 679
108 EY T CONACNFESERAFLEPEV 139 5101 1raGGANCERAAGGCATGAAACGCTGCAACACAGATGARATGARATGTGAATTTTGCTAG 2160
481 GACGTGATTCGTTGTTCTECTRACTETTGCAGTTATGATTATTGCAGATCATACCACTET 540 680 ¢ R N E G M KR CNTODEMGI KT CETFTECY 69
400V I RCSADCECSYDYCRSYHS 159 2161 TGTGAAGATCACAAATACCGAGATCTAGCCGGCAAGTTECTTCGCAAATGECAAGAAGAT 2220
541 ACCTACTCRTCCCCTCAGCAGTTCAATATTCCCGAARAAGATCTTCTCGATGTTARAGTE 600 700 ¢ E D K KY RDLAGEKLTLREKWG QESD 719
O T YSSPQQFNITPEKDLLDVEKV M 2221 TACAGACGATEGGAAGAATTCTTCACCAAGTGEGAGGATATTTTCGAGGATTTCTCGGAT 2280
601 GARATTCTTCCGAACTGTACTCTGCAAGATTTGGCGCCACGTATCAAGTCATGCGTTTCG 660 720 Y R RWEEFFTIKWEDIFEDFSTD 739
180 E 1L P NCTLQDLAPRNYKSCVS 19 g gaarTTTAGRAATTTGATCAGACCGTCCACATCTGCTATAGATAAGAAATATGAATAATT 2340
661 CCGRTTTTTGATGCTTGRCCTTTCACATCCAATACTACTTGCGTRAATACTTTETTTGAA 720 M 8 F ¥ 7%

00p VFEDAWPFETSNTITCVNTLFE 219 341 AGTAATTAGCTAAATEGAACATTGCAACTECACGTTGTTARATTAGTCCTETTTTCTGAA 2400
721 GCAATGAGATGCGGAGTACGCGCACTTTCCACGTRCAGAACCAACAAAAACTTCACTTCA 780 2401 CCCCTGGATTCAATCTTCATTATTGTAATCTTACCAATATTAATTCTTGTCTTCAAATTT 2460
20 AWM R C GV RALSTGRTNGEKUNTFETS 29 2461 ATAMCCGCAGCCTCAATATCTGAAAATCGECATTCCCACCAACBAGARTAGAATAGATT 2520
781 TCTTTEATCAATTACCAAACOGATTTGAAATANGCGAAGAGTTOTTTCARRACTTCACT 840 2521 GAACAGGEGATACATATATATCTCAATGEATATTTCRATTGAAATGATTTTARGATAATG 2580
20 S L I KL PNGEE.ISTEEFFOQNET 259 2581 ATCTGRTTCTTGTAGAAAAGTCGTTAAAATTTTARTGGCACAATAATTAGCAGTGTGBAC 2640

_____ 2641 TACCCACTGATGTATTACTCTTACTCTAGATATGCAACATGCCTTCGTTTTCTTGAAACE 2700

841 GATATTATACAACATETTGTACTGAATCCCATATGCAATGGAGAARATCCETTEEARACT 000 oy \ oo u oy G T CRTACTCTTTTATTTAGATCTATAACGTAGCATTATCATARATATTCE 2760
200 0L QR YV VLNP LGN EENPLET 29 o aTTGATTCCACACATGATCAAG TGAGTAATTGTTCGGAAATCTAAGTGAAGTTT 2820
901 TTATTGGGAATGGETETTTTCACCGECGECTTTGTCGACATCGECAGATTCCAACGATTC 960 2821 TGAATTGTATTATACTACCTTAGCAAATAATACATGCACCAAAAATTAAAAGATTAACAA 2880
280 L L 6 M6V FTGSGF VDI GRTFOQRTF 29 2881 ATCAAAAAAAAAAAAAAAAAA 2901

961 GGAAGCCAAGAGTTTTGTTATTTGCATTTCACCAGCCGCATCGTCEGATGEGTACAGEAT 1020
300 6 S @ @ FCYLHFTSRIVEWV QD 319

1021 TTAATGGAAGTCCTACTGACGTCTAATAACAGAACAGCGATGTGTGGGETCTACAAAGGA 1080 B

30 LM EV LLTSNNRTAMKE GGV YKR 339 3.00

1081 GTTETCTACAACTTTTTGAATATCTCGACTGATACTTGCAAGCTGAACGATACCATCAAC 1140 f/\ JRAEIN o

340 v v YNF LN I STDODTCKLNDTI N 359 0.00 RUFS AR R \JW W]
1141 AATTTGTTTACTTGTGATTCGATAGTTCGAAATCAAGTCAGAGCTTTACATGC6CAGCTA 1200

30 N L FTCDS 1 VRNGGVRALHAQL 39 300 7 5 o7 5T 50 251

1201 CGTGAATTCGCTCCAATACTBATTCCGAACTATTGTGATGGTATACCTCCGACGCCAGAG 1260
330 R EF AP M LI PNYCDGE IlpP T P E 39 3.00

1261 CCGAGCACCGCCCCCACTACCGCGAGATATGCCTCTATTGCCTTCTTGTACTCTGCATAAA 1320

40 P T P P P L PJRD M PLLPSCTLREK 49 0.00 \«\/H\'M‘WW"‘\/WMWA
1321 ACTATGCTCGAAACTTGEACCTGCGAGGCGATTTTTACCAAATCAACACCGTACGAAACA 1380

200 T | L ETWT CEAIFTKSTPYET 439 300 55 o & & & so1
1381 GCAGATGCATGCAAGACAAATGTGAACCGGCTCATRAATTGCATCGCAAATCGTTTCGAA 1440

440 P D A C KT NV NRLMNECYANREFE 459 3.00

1441 GAATGCGCTCGCRGTTATGEACCGAATGCTTTCGATAAAATACTCCGCATATTCAGTAGA 1500

460 E C ARGY GPNAFODKILRIFSR 479 o'ooﬂdhwn\fwwmwwwnw

1501 TACGCATACAGCTTCGACCAACTGATTTCTGCAATTCGTTCCCAABCTCAACCGGTAACG 1560
480 Y P Y T F D Q@ L I § AL RS Q@AQP VT 49
1561 ACTAATAACTACTACTGBAATCCCAGAAACATRTTCTGCAGTAGCGCCAATCTCEETTAC 1620
500 T N NY Y WNPRNMFCGCS S ANLGY 519
1621 TTATCCAGCTACGATCCAACATACGGCTTGCTATCTACTATGTGTGGAGAAGGTATCTAC 1680
520 L § § YD P T Y G LLSTMCGETGG I Y 53

-3.00 501 551 601 651 701 751

Fig. 2 A The nucleotide and predicted amino acid sequences akgion isenclosed and putativeN-linked glycosylation sites are
cDNA clone for HrPhG1, a pharyngeal gill-specific gene &f. shown by broken lines B Mean hydropathy profiles of the
roretzi. The insert encompasses 2,901 bp including 18 adenyly relsPhG1 gene product (HrPHG1). The mean hydropathy index
idues at the 3’ end. The ATG at position 64—66 represents the was calculated across a window of 19 residues according to the
tative start codon of thelrPhG1-encoded protein, which consistsmethod of Kyte and Doolittle (1982). Tidterminus of the pro-

of 741 amino acidsAn asteriskindicates the termination codon.tein is characterized by a 17-amino-acid-long hydrophobic region
The potential signal sequence for polyadenylationriderlined that contains a predicted signal peptide sequence. This suggests
An arrowheadindicates a predicted cleavage site. A proline-ricthat HrPHGL1 is a secreted prot:in
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Fig. 3A-G Localization of HrPhG1 and HrPhG2 transcripts, as charged residue (positions 14 and 15; S, Ser) and a resi-
revealed by in situ hybridizatios, B Pharyngeal gills dissectedq e containing a short side chain (position 18; G, Gly).

from adults were hybridized witHrPhG1 antisenseA) and sense . - . .
(B) probesA Distinct signals are evident in the entire organ, paﬁ predicted cleavage site of the signal peptide was

ticularly, in cells of pharyngeal wall that surround the stig® ( eVid_ent behind the Gly (position 18). T_hiS sequence
or gill slits. Vessels\(g) do not show signal$3 A control hybrid- motif strongly suggests that HrPHG1 is a secreted
ized with sense probe showing no signals above backgrSeatke protein, with a probability of 43% as determined by

bar =100pum. C, D TheHrPhG1gene expression in 7-day-old ju- .
veniles.C A cross-section hybridized with antisense probe sho ’SORT Program  (Netscape: PSORT WWW . Server,

ing signals in differentiating pharyngeal gilPG). Tunic (Tu) ttp://psort.nit_)b.ac.jp). _

showed high background stainircale bar= 100pm. D A cross- We determined the number of different sequences that
section hybridized with sense probe showing no signals in the gibrrespond taHrPhG1 in the ascidian genome by ge-
ternal organsk A living 2-month-old young adult showing devel-nomic Southern hybridization. As shown in Fig. 1C, only

opment of the pharyngeal gilPbG) with four stigmataEn endo- .
style, IS incurrent siphon,OS outcurrent siphon,scale bar ON€ band was detected in the lanesBafrHI (about

= 50 um). F, G HrPhG1 (F) andHrPhG2 (G) gene expression in 18 kb), EcoRI (about 5.2 kb) andHindlll (about 30 kb),

2-month-old young adults. Whole-mount specimens hybridizgehilst in the lane ofPst a major (about 6.0 kb) and a

with antisense probes showing signals in the pharyngealagill (minor band (about 8.8 kb) were detected. This result

rows). Scale bar= 50um suggests thaHrPhG1 is present as a single copy per
haploid genome dfi. roretzi
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123 456 123456 123 4

23.0—- »

) 13.0— -
10.0-

7.0— -

20-
(kb) 2.0- - 3.5-
(kb) 3.0- :
' (kb)
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Fig. 4 A Distribution of HrPhG2 transcript in tissues and organgyeal gill. Signals were intense near the stigma or gill
of H. roretzi adults. Northern blots of poly(A)RNA prepared gjtg (Fig. 3A).

from the pharyngeal gilllgne 1), endostyle lane 2, body-wall : . T

muscle (aEle 3),/ ggonadg(anae 4,])digestiveyglar?dlanae 9, a)rl1d in- By in Situ hybrldlzatlon’ the occurrence HfPhG1 .
testine (ane 6 were hybr|d|zed with random_primed;ZP]_la_ U‘anSCI’Ipt was eVIdent N 7‘day'0|d juvenl|eS AS ShOWI’] n
belled DNA probes and the membrane was washed under hitg. 3C, hybridization signals were restricted to differenti-
stringency conditions. TheIrPhG2 transcript of about 2.0 kb in ating pharyngeal wall, although the juvenile tunic showed

length was detected only in the pharyngeal gill. Each lane ) PP ; ;
loaded with 10ug of poly(A)* RNA. B Occurrence oHrPhG2 YfAtense non-specific signals (Fig. 3D). Figure 3E shows a

transcript during development df. roretzi Northern blots of 1Ving 2-month-old young adult, in which formation of
poly(A)* RNA prepared from gastrula&atie 1), swimming larvae four rows of stigma is evident. A whole-mount specimen

(lane 2, juveniles at 3l@ne 3, 5 (ane 4, and 7 dayslgne 3 af- hybridized withHrPhG1 antisense probe clearly showed

ter initiation of metamorphosis and adult pharyngeal tih¢ 6 ; ; _ i i i
were hybridized with random-primed2P]-labelled DNA probes signals in the pharyngeal-wall epithelium (Fig. 3F).

and the membrane was washed under high-stringency conditions.

The HrPhG2 transcript was not detected in embryos and larvae,

but the transcript became detectable in juveniles at 3 days afidraracterization of cDNA clone for thfPhG2gene
initiation of metamorphosis, although intensity of bands of 3-, 5-

and 7-days-old juveniles was weaker than that of adult pharynggal ; ; :
gill. Each lane was loaded with 10 of poly(A)” RNA. C Ge- B shown in Fig. 4A, Northern blot analysis revealed a

nomic Southern blot analysis of thePhG2gene. Genomic DNA 2:0-Kb transcript oHrPhG2 only in the pharyngeal gill
was isolated from a singie adult and aliquots were digested sepad not in other organs including the endostyle, body-
rately with BanHI (lane 1), EcoRlI (lane 2, Hindlll (lane 3 and wall muscle, gonad, digestive gland and intestine, sug-

Pst (lane 4. The blots were hybridized with random-prime i i i _
[32P]-labelled DNA probes and the filter was washed under hi ;nség]gl g:ﬁ't théirPhG2gene is also specific to the pha

stringency conditions. Ten micrograms of digested genomic D . ) .
were loaded per lane. Theimbersindicate sizes (in kb) of the ~AS shown in Fig. 5A, the nucleotide and deduced

signals. amino acid sequences of a cDNA clone FsPhG2 in-
dicated that the insert consisted of 1,925 bp including 21
adenyly residues at the 3’ end. The clone was therefore
Expression of thélrPhGlgene close to full length. The clone contained a single ORF of
690 nucleotides that encoded a polypeptide (HrPHG2) of
Temporal expression oHrPhG1l was examined by 230 amino acids, with a calculated molecular mass (Mr)
Northern blot analysis. As shown in Fig. 1B, hybridizaf 24.7 kDa.
tion signals were not detected in embryos and larvae. AAlthough HrPHG2 contained aN-linked glycosyla-
distinct band that corresponded to a transcript with fon site, it did not show any sequence similarity to re-
approximate length of 3.0 kb was first detected in 3-dgyerted proteins. However, its mean hydropathy profiles
old juveniles. The intensity of the band was nearly teaggest that HrPHG2 is a secreted protein (Fig. 5B). The
same in 3-, 5- and 7-day-old juveniles. Because the trélterminus was highly hydrophobic. This region had a
script was not detected in the gonad (Fig. 1A), the dypical signal peptide sequence that consisted of a posi-
pression oHrPhG1must be zygotic and it initiates aftetive charged residue (amino acid position 2; K, Lys), a
metamorphosis. hydrophobic (3—15) region of 10-15 residues, a charged
In situ hybridization demonstrated that the expremesidue (positions 16, 17 and 18; Y, Tyr; S, Ser; and N,
sion of HrPhG1 is restricted to differentiating pharyn-Asn) and a residue containing the short side chain (posi-
geal gill. As shown in Fig. 3A,B, hybridization signalgion 19; A, Ala). A predicted cleavage site of the signal
were only distributed in epithelial cells of the pharyrpeptide was evident behind the Ala (position 19). This
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sequence motif strongly suggests that HrPHG2 is a seThe number of different sequences that corresponded
creted protein, with a probability of 56% as determinéd HrPhG2 in the H. roretzi genome was examined by
by PSORT Program (Netscape: PSORT WWW Servgenomic Southern hybridization. As shown in Fig. 4C,
http://psort.nibb.ac.jp).
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TTGTTGGCCTCATCAACATCATGTGACCAGGGTGCTGCTTGGATGTGCGCAAGAGGAGAA
LLASSTS CDOQGAAWMECAREE

TTCAGAAATTCACTGAGCCGGTGGTTGGTTGAATTCAAAGTTTGGTGGAATTCCTGCCCT
FRNSLSRWLVEFKVWWNSTGCP

GGCTTCGCCACAAAGGACTGGGCAACTTTCGCCAGCAAGCTTATTAGTATAAGAACGGCT
6 F AT KDWATFASKLIP S I RTA

GCTGGATTCACTGACATCCTCCCAACGGTATCCACCCAAGAATTTGTTGGCTGGGACGGT
AGFTODII LPTVSTOQEFVGEWID G

TTCAGACTCTTGTGGAGCACACTAATCCCATGTCCACGATCAGCGGAAGGAATCGGATGT
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GEGACCCCAGAGGGCTGAGATAATAGCCTTCACAACACCTCCAGTATAAATCTACCAATA
G T P E G *

TTCATCAAATCATTTAAAACAGGATTTTCCAATCTTAAAGAAACAACCAGCGTAGETTTA
AAATAGAAATAAAACAGAAAGAGTAACCCGAAATGAGTAACTCTTATTTTTAATTTTAAT
TTTCAAATATCATTGGAAAGTTAGCCAGTTCCTGGCAACACCATAAATAAGCACTCTTTT
TTAAGTGCTGAATATCATACATGGTTAAAAATCATAAATCCTTTCGTTTGGAAAATTCAG
CTTCAATTGATGCTTTCAGTATAGTTTCAGGTGTAGTTAGAATGTAGTATTTCATTTTGT
ATAGTCCCCTATAAAGTTTATCGTAATAGTCTAGTAATGTGGTCCCTTCGAAAACCCGGT
TACGTTGGTTTAGATTAGAGGTAGGTTTGGGTAAGGACAGGGTTAATGTTAACCCTTAGC
AAACCTAACCTAATCTAGCCACACTACTGGAATAGTGCCCATGCTTATGCTTCCTGCGTG
AAATCTACTTTGTACTTTATTCGTATTTGAGTATTAGTTTTAAGTCATGATTGTGATTTT
TCTGAATAGAATGAAAATATCCTAATAATAATAAAAAAATAATTGGATGCGTTTAACATC
GTTTCACTTAAAAAAACACTTTCCAGAAAGCTATCTGCGGCGTTGAGCTTTAGTAACAAA
ATTTTCATTCCTTTTTAAAATTTCAATAAAAGGTTACAATCGATCTATTAGCAACCATAT
TACAGCACAGTCTGGGAAAACTAAAACACAAACTTACTTCAAGTTAGTGATATAAGTAGC
AAAGCAACTAGTAATTTCCAAAAAAATCGCTAAAACAGTTATCCAAATCATATCGTGACAC
TCTACGTAATCATGAATCATCACACTGCATAACACAAGTCAGATAGCATCGAAAATTTCT
CAACCATATTGATTTTGAATAACCAATTTTAGTATTATGACCGTCCTAATACATGGTTTE
CAGAAAAATCCAAATGTGATTAAAAATCAGTTTCAAAATTTTTATTTGAACCATTTATGA
CGATACGTTTGAGTGTTTCACGCAGAAATCAGAGATTTTCTTCTTTATTTCCACTAACCC
TATAGATGCTGGTTTTAATTCTAATAAAATATCTTCTAAATGTGAAAAAAAAAAAAAAAA
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only one band was detected wBanH! (about 13 kb)

and Hindlll (about 23 kb) digestion. WitlEcdRl, two
distinct bands (about 3.5 and 3.0 kb) were evident, whilst
with Pst, a major (about 7 kb) and a minor band (about
10 kb) were seen. This result suggests thd®hG2 is

also present as a single copy, or two at most, per haploid
H. roretzigenome.

Expression of thélrPhG2gene

Northern blot analysis showed theirPhG2 was ex-
pressed after metamorphosis. As shown in Fig. 4B, a
weak band that corresponded to a transcript with an ap-
proximate length of 2.0 kb was first detected in 3-day-
old juveniles. The intensity of the band of 7-day-old ju-
veniles was stronger than that of 3-day-old juveniles.
Since the transcript was not detected in the gonad
(Fig. 4A), HrPhG2 expression must be zygotic and initi-
ates after metamorphosis.

Spatial distribution oHrPhG2 transcripts resembled
that of HrPhG1 transcripts. In situ hybridization of
whole-mount as well as sectioned specimens showed
that, in adults, thédrPhG2 transcript was restricted to
epithelial cells of pharyngeal wall (data not shown). In 7-
day-old juveniles signals were found in the differentiat-
ing pharyngeal wall (data not shown). Figure 3G shows a
whole-mount specimen of a 2-month-old young adult,
with hybridization signals evident only in differentiating
pharyngeal wall.

Discussion

The chordate body-plan is characterized by several com-
mon features, including a notochord, a dorsal nerve cord
and pharyngeal gill slits. An approach to the molecular
mechanisms that permitted the emergence of chordates is
to isolate developmental genes that are responsible for
the formation of these shared organs. As to the noto-
chord, theBrachyurygene is implicated in its formation
(reviewed by Herrmann and Kispert 1994; Yasuo et al.

Fig. 5 A The nucleotide and predicted amino acid sequences of a
cDNA clone forHrPhG2, a pharyngeal gill-specific gene #f.
roretzi. The insert encompasses 1,925 bp including 21 adenyly res-
idues at the 3’ end. The ATG at position 46—48 represents the pu-
tative start codon of thElrPhG2-encoded protein, which consists

of 230 amino acidsAn asteriskindicates the termination codon
and the potential signal sequence for polyadenylationnier-
lined. An arrowheadindicates a predicted cleavage site and a pu-
tative N-linked glycosylation site is shown by @oken line B
Mean hydropathy profiles of tHerPhG2gene product (HrPHG2).
The mean hydropathy index was calculated across a window of 19
residues according to the method of Kyte and Doolittle (1982).
The N-terminus of the protein is characterized by a 20-amino-ac-
id-long hydrophobic region that contains predicted signal peptide
sequence, suggesting that HrPHG2 is a secretory protein
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1995). The gene has been characterized in mouse (Hgeal gill. Pharyngeal gill slits are found in certain hem-
mann et al. 1990hick (Ch-T, Kispert et al. 1995)Xe- ichordates, tunicates, cephalochordates and vertebrates,
nopus (Xbra; Smith et al. 1991), zebrafislZf(T or no and their ontogeny has been carefully examined (e.g.
tail; Schulte-Merker et al. 1992, 1994), amphioxus (Hdbone 1979). In these species, the pharyngeal gill has two
land et al. 1995; Terazawa and Satoh 1995), ascidianctions: branchial respiration and collection of food
(Yasuo and Satoh 1993, 1994) and sea urchin (Haradpagticles from water. Barrington (1979) points out that
al. 1995). In addition, recent studies have aimed to #¢ixe ciliary filter-feeding mechanisms of all deuteros-
plore molecular mechanisms involved in nerve cord faomes form a logical evolutionary sequence, with exter-
mation in relation to development of the central nervonal ciliated grooves visible in early fossil echinoderms
system. In ascidians, a cDNA clone for a neural-specifind in hemichordates gradually giving way to ciliated
gene was isolated (Okamura et al. 1994), and a LI slits and internal food collection (e.g. Willmer 1990).
class homeobox gene is expressed in the ascidian dd@erefore, thedrPhGlandHrPhG2gene probes may be
vous system (Wada et al. 1995). In addition, amphioxuseful to determine whether the pharyngeal gills of these
contains a Hox gene cluster with the sequential orderdifferent animal groups are homologous or convergent
homeobox genes closely resembling that of vertebrategans. Such studies are now underway.
(Garcia-Fernandez and Holland 1994).
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