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SUMMARY

Mutation of sucker (suciisrupts development of the lower
jaw and other ventral cartilages in pharyngeal segments of
the zebrafish head. Our sequencing, cosegregation and
rescue results indicate thatsuc encodes an Endothelin-1
(Et-1). Like mouse and chickEt-1, suc/et-1is expressed in
a central core of arch paraxial mesoderm and in arch
epithelia, both surface ectoderm and pharyngeal
endoderm, but not in skeletogenic neural crest. Long before
chondrogenesis, suc/et-1 mutant embryos have severe

expression ofshh in endoderm of the first pharyngeal
pouch fails to extend as far laterally as in wild types. We
use mosaic analyses to show thasuc/et-1 functions
nonautonomously in neural crest cells, and is thus required
in the environment of postmigratory neural crest cells to
specify ventral arch fates. Our mosaic analyses further
show that suc/et-1 nonautonomously functions in
mesendoderm for ventral arch muscle formation.
Collectively our results support a model for dorsoventral

defects in ventral arch neural crest expression adiHAND,
dix2, msxE, gsc, dix3and EphA3 in the anterior arches.
Dorsal expression patterns are unaffected. Later in
development, suc/et-1mutant embryos display defects in
mesodermal and endodermal tissues of the pharynx.
Ventral premyogenic condensations fail to expresmyoD,
which correlates with a ventral muscle defect. Further,

patterning of the gnathostome pharyngeal arches in which
Et-1 in the environment of the postmigratory cranial neural
crest specifies the lower jaw and other ventral arch fates.

Key words:sucker Zebrafish, Endothelin, Pharyngeal arch, Cranial
neural crest

INTRODUCTION pharyngeal endodermal epithelium (reviewed in Hall, 1978)
and chondrification of the lower jaw is inhibited by surface
In all vertebrate embryos, segmental streams of cranial neurattoderm (Kollar and Mina, 1991; Mina et al., 1994). Thus,
crest cells migrate to form the pharyngeal arches anpharyngeal arch development requires bidirectional signaling
differentiate into cartilages and bones of the head skeleton. between the cranial neural crest and its environment.
gnathostomes, the head skeleton has a dorsoventral (DV)Targeted mutations in mice have revealed a signal present in
polarity from its first appearance: dorsal and ventral cartilagethe environment of the cranial neural crest which is required for
of different shapes (such as the upper jaw and lower jaw in thentral neural crest-derived skeletal fates. Inactivation of genes
first arch) are separated by joints. Fate-mapping studies in tle@coding either the 21-amino-acid secreted ligand Endothelin-
avian embryo have shown that these dorsal and ventral skelefal(Et-1), the Endothelin type A receptoEdnrA), or the
elements arise from different anteroposterior levels of midbraiEndothelin converting enzymi@&ce-1) produces an identical
and hindbrain neural crest (Kdntges and Lumsden, 1996¢raniofacial phenotype in which cartilages in the first and
suggesting that before migration, the cranial neural crest second arches are deleted or mispatterned (Kurihara et al., 1994;
prepatterned with respect to its DV fate. Since the craniaClouthier et al., 1998; Yanagisawa et al., 1998). This common
neural crest has been shown to pattern morphogenesis of fhigenotype of théet-1 and EdnrA mutant mice is remarkable
paraxial mesodermally derived pharyngeal musculaturgiven the complementary expression profiles of these genes in
(Noden, 1983a,b; Schilling et al., 1996), patterning informatiorthe arch primordia. WhileEt-1 is expressed in a central

in the head periphery could be primarily contained within thenesenchymal core of arch paraxial mesodeEdnrA is
premigratory neural crest. However, other experiments havexpressed in a surrounding shell of mesenchymal postmigratory
established that neural crest cells are patterned by theieural crest cellsEt-1 is also expressed in epithelia (both
environment after migration. For example, cartilagesurface ectoderm and pharyngeal endoderm) surrounding this
histogenesis of the neural crest requires contact witkntire concentric arrangement of mesenchyme (Maemura et al.,
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1996; Clouthier et al., 1998). The germ layer derivations of theaxdependent. Patterning of cranial mesodermal and endodermal
mesenchymal populations expressing these genes are infertexues also requiresuc/et-1 since ventral premyogenic
from fate-mapping studies, which have established that paraxiebndensations, ventral pharyngeal muscles and the
mesoderm occupies the core of an arch and is surrounded lyyomandibular pouch are all mispatternedu/et-Imutants.
neural crest (Trainor et al.,, 1994; Trainor and Tam, 1995{\ith mosaic analyses, we demonstrate tlsat/et-1 is
Hacker and Guthrie, 1998). In boHt-1 and EdnrA mutant  nonautonomously required in cranial neural crest cells for
mice, skeletal defects are preceded by much earlier defectsboth early dHAND and EphA3 expression, and for later
gene expression; for instanck#JAND, which encodes a bHLH formation of ventral pharyngeal cartilagesic/et-1is also
transcription factor, is not expressed as it normally would be inonautonomously required in mesoderm to make correctly
ventral arch presumptive postmigratory crest (Thomas et apatterned ventral muscles. Our findings show that Et-1
1998). Hence, the mutant phenotypes and expression pattesignaling plays an essential role in lower jaw formation, which
suggest a model in which Et-1 in the environment of the cranidlas been widely conserved within gnathostomes. Further, the
neural crest specifies ventral crest fates. results support a model in which the signaling occurs during a
This model is further supported by work in avian embryosconserved transient anatomical arrangement: hollow neural
which has shown that pharmacological inactivation of EDNRAcrest cylinders surround central cores of paraxial mesoderm,
results in severe ventral arch one and two deletions, creatingaad ventral neural crest requires Et-1 from its surrounding
chicken with no lower beak (Kempf et al., 1998). As in miceenvironment to make a lower jaw and other ventral arch fates.
chick Et-1andEdnrAare expressed in arch cores and epithelia,
and postmigratory neural crest, respectively (Nataf et al., 1998;
Kempf et al., 1998). Thus, both this anatomical arrangement
of EdnrA-expressing cylinders of neural crest cells surroundind}"ATERIALS AND METHODS
a central core oft-1-expressing paraxial mesoderm and a _
required function for EDNRA in lower jaw development haveMaintenance of fish
been conserved between birds and mammals and, thus, lik&iish were raised gnder stgndard conditions (Westerfield, 1995) and
date back at least 350 million years to the Carboniferous, tHj2ged as described (Kimmel et al, 1998u¢% mutants
time of the last common ancestor of both mammals and t iotrowski et al., 1996) were outcrossed to the Oregon ABC strain

. . - . . : r phenotypic analyses. For some of the analyses at larval stages,
diapsids from which birds derive. The appearance of JaWR\ytants were outcrossed golden(gol) (Streisinger et al., 1981) to

earlier in vertebrate evolution, around 450 million years ago iBhtain double mutant embryos with reduced pigmentation. No
the Ordovician, sparked the gnathostome radiation, whichqditional phenotypic differences were observed betseemutants
generated most of the vertebrates alive today (reviewed ihdsuc; goldouble mutants.

Mallatt, 1997). The conservation &t-1 signaling for lower . .

jaw development in chicks and mice raises the possibility thatissue labeling procedures

Et-1's requirement for lower jaw development is much moreCartilage staining, dissection and flat-mounting were done as
ancient and shared within all gnathostomes. el should ~ described (Kimmel et al., 1998). _ _ _
be required for lower jaw development in the most divergent N Situ hybridization was performed essentially as described (Thisse
gnathostomes, sharks and bony fish. et al., 1993) with the following modifications: probes were not

- ) . hydrolyzed, the glycine stop step was omitted, hybridization
Genetic screens in the zebrafish have revealed a lar perature was 66.5°C, two 30 minutex0SISC washes were done

number of loci required for pharyngeal arch developmenser the 0.2 SSC washes, and older embryos were permeabilized by
(reviewed in Schilling, 1997). Four recessive loci isolated inreating with 10pg/ml Proteinase K treatment for 1 to 30 minutes
the Tlbingen screen were placed into a single phenotypic clagspending on age. Probes used webe? anddix3 (Akimenko et al.,
based on their similar mutant phenotypes (Piotrowski et al1994),dHAND (Angelo et al., 2000)msxE(Ekker et al., 1997)gsc
1996; and see Discussioslicker(sug mutants have the most (Schulte-Merker et al., 1994)phA3 (Xu et al., 1995),MyoD
severe phenotype of the four: the lower jaw and other ventré{Veinberg et al., 1996), arghh (Krauss et al., 1993). Feuc/et-lin
cartilages are drastically reduced, misshapen and fused to tg!S. probe was made from EST clone b14d01 (see below). Deyolking
relatively unaffected dorsal cartilages of the same arcqags done manually with tungsten insect pins. Embryos were cleared in
(Piotrowski et al., 1996; Kimmel et al., 1998). ZO.A’ glyceral, mounted on bridged coverslips and photographed on a
/ .. Zeiss Axiophot microscope. Occasionally, embryos were raised in
Here we present mo'ecu'?‘r and phenOtyp'C .CharaCtenzat'qu%% PTU (1-phenyl 2-thiourea) to inhibit melanogenesis
of suc. We show that a missense mutation in the Secr('Z‘IeNNesterfield, 1995). Two-color in situs were done as described (Jowett
domain of aret-1ortholog cosegregates with tsecmutant  ang Lettice, 1994) with the modifications of Hauptmann and Gerster
phenotype, and wild-type, but not mutast;1 rescuessuc  (1994) and the same modifications as above. For sectioning, embryos
mutants. Together these results indicate thatsttemutant were embedded in Epon and sectioned jatn5
phenotype is due to this mutationett1. Injection of human Larval muscles were stained with the 1025 anti-myosin antibody
ET-1 into an arch at stages after neural crest has migrated al§gnerous gift of Drs S. Hughes and H. Blau) as described by Schilling
rescues theucmutant phenotype; thusyc/et-lis not required ~ @nd Kimmel (1997).
for migration of most, if not all, neural crest. Ratlserg/et-1
is reqwr_ed in t_he postmigratory environment of the neural cresf, mappedsucto LG19 using a single large early pressure (EP)-
where, like Ch'Ck ‘?‘”d mouﬁi-l, _Suc/e_t-ls expressed In_arch derived gynogenetic clutch (Streisinger et al., 1981) obtained from a
cores and epithelia. Zebraﬂ_sh, like mice, reqatrésignaling ¢ heterozygous female, which was generated by crossimg
for the ventral arch expressiondflAND, msxE, gsanddIX3.  heterozygotes to the WIK mapping strain (Knapik et al., 1996). Of 95
We find that ventral expressionalk2andEphA3also requires total diploid animals, 18 were by morphologiycmutants. DNA was
suc/et-1 while dorsal domains allx2 and gsc are suc/et-1-  prepared from each of these animals essentially as described (Johnson

Mapping
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et al., 1994) and used for centromere linkage analysis (Johnson et &¢glls were transplanted into unlabeled sibling hosts either at late
1996) with mapped z-markers and gene RFLPs (Knapik et al., 1998|astula (mesoderm) or 3 to 5 somites (neural crest), by mounting
Postlethwait et al., 1998) using PCR conditions as described (Johnsthrem in 3% methyl cellulose and transferring cells using a suction

et al., 1994). micropipette as described previously (Hatta et al., 1990 for mesoderm
) ] transplants; Schilling et al., 1996 for crest transplants). Donor cells
Cloning endothelin-1 were detected with an ABC kit (Vectostain) using either a DAB

EST clone fbl4d01 (M. Clark and S. Johnson, WUZGR;substrate, or a tyramide substrate, which was detected by fluorescence
http://zfish.wustl.edu) was purchased from Research GeneticBMoens and Fritz, 1999). Images were captured on a Zeiss Axioplan
This clone contains a 563 bp ORF of a zebrafisidothelin-1 2 fluorescence microscope using a CCD camera and Macintosh G3
gene (GenBank accession number AF281858). Using gene-speciiquipped with Improvision imaging software.

primers 5GTGACCACAGAAATGGCGATTA-3 and 3TCTGCA-

ATCAGGGACTCTAG-3 from the sequence of this EST, we screened

a PAC library (Amemiya and Zon, 1999) by PCR (3 minute denaturatioRESULTS

at 94°C followed by 37 cycles of 20 second 94°C denaturation, 20

second 53°C annealing, 30 second extension at 72°C). All PCR reacti : :

were done on a MJ Research PTC-100 or PTC-200 using conditic?rglr)santral cartl!age defects in  sucker mutanFs .
essentially as described (Johnson et al., 1994). A single PAC, 16A1, wadcker(sug is one of a class of four mutations that disrupts
isolated which contained all five exons spanned by this EST. cDNAgatterning in the two anteriormost pharyngeal arches, the
were obtained from clutches sficmutant embryos by RT-PCR. Total mandibular and hyoid. In homozygowssic mutant larvae,

RNA was isolated using standard methods (Chomczynski and Sacchientral cartilages (Meckel's cartilage in the mandibular arch
1987). Primer 5CCTGAAATGCATGACGTGTG-3was used for first-  and the ceratohyal in the hyoid) are severely reduced and fused
strand cDNA synthesis using Superscript Il reverse transcriptasg) the dorsal cartilages of the same arches (Fig. 1, Piotrowski

(Gibco). RT-PCR was done with this reverse primer and forward primeét al., 1996; Kimmel et al., 1998). Quantification of this
5'-AATACGGGACTTGCATACTACA-3 (3 minute 94°C denaturation, ,PCJ“EHOWPE shows that the expressivity of severe ventral

followed by 36 cycles of 15 second denaturation at 94°C, 15 seco . . : ' !
annealing at 56°C, 1 minute extension at 72°C). These 659 bp rT-pcgductions in the first two arches is 100%ucmutants (Table

products were cloned with a TOPO TA kit (Invitrogen) into pCR2.1, andl)- The ventral cartilages in arches 3 and 4 are also dramatically
this wild-type cDNA clone is referred to as pET1. All sequencing wageduced with high expressivity sucmutants, while cartilages
done on an ABI automated sequencer. in the three most posterior arches are spared (Table 1).

Rescue experiments A mutation in an endothelin-1 ortholog
For DNA injections, DNA was diluted in 0.2 M KCI and 0.25% cosegregates with sucker

Phenol Red and pressure-injected asymmetrically into _the yolk athe ventral pharyngeal cartilage reduction seesugmutants
the 2- to 4-cell stage. A 677 lifEcRI fragment of pET1 (wild-type 5 yaminjscent of the phenotype seen in mice with targeted
Et-1 cDNA), containing 69 bp upstream of the predicted ATG Star%nutations inEndothelin-1 (Et-1) where homologous ventral

codon and 65 bp downstream of the predicted stop codon, was. tal) skeletal el ¢ h Meckel il
subcloned into thECoRI site of pCS2, to make pCS2-ET1. Injecting (distal) skeletal elements (such as Meckels cartilage) are

this construct allows unambiguous genotyping of injected animal§ramatically reduced (Kurihara et al., 1994). As an initial step
with intronic primers flanking thet-1 Msé RFLP, since the intronic  towards the molecular identification of tiseckerlocus, we
primers do not amplify the injected wild-type cDNA. Point mappedsucto linkage group 19 (LG19) (Fig. 2A), distal to three
mutagenesis was done on pCS2-ET1 using Promega’s Gene Edifareviously mapped zebrafish genes that are homologs of human
Site-Directed Mutagenesis kit and mutagenic primet- 5 genes on chromosome 6 (Fig. 2B). In humd&iE,l maps to
GCAAGTTTTCTGGT TAAAGAGTGCGTCTAC-3 (mismatch in  chromosome 6, distal to the syntenic region described above

bold) to create pCS2-ET1D8V. Injected animals were screened at ﬁ:ig. 2B). Based on the phenotypic similarities betweerEthe

days for head morphology, and all potentially rescued mutants wer ; ; :
anesthetized, sacrificed and bisected, their heads fixed for Alci tmutant mice anducmutants, as well as this potential synteny,

staining of cartilages and their tails used for making DNA for PCRe?We tested a zebrafisét-1 as a candidate fosuc An EST

genotyping with primers’S6CGACAAATTCAATCATCTCTAG-3

and 3-ACAGTTCATAACTGATGGTATTTG-3. A PCR program of Table 1. Ventral cartilage defects insucmutants
an initial 3 minute 94°C denaturation, followed by 35 cycles of a 20 Arch 9% Severe ventral reductions
second 94°C denaturation, a 15 second 55°C annealing, and a 25 -

second 72°C extension generates a 300 bp band, which, when %ghmy%?g)'bmar) 110000((11000(711000(;)
digested with Msd, allows genotyping for the Asp-to-Val 3 100 (100/100)
polymorphism (see Fig. 2E,F). Since injected DNA is inherited 4 94 (94/100)
mosaically (see Westerfield et al., 1992; Kroll and Amaya, 1996), 5 4 (4/100)

only a fraction of animals injected with this construct have 6 0 (0/100)
expression driven in the head (data not shown). 7 0 (0/100)

For protein rescue, human recombinant mature ET-1 (Sigma) was . . o .
diluted in distilled water (0.5 mg/ml) and pressure-injected into 100Ar|ngtantts fr°?3ﬂumhesd(?”'”lectte‘lj ybll{\gs OfS'”JeCted ESht'.” Table 2)
pharyngeal arch primordia thl’OUgh a glass micropipette using gere Clan stained and scored 1or ventral cartilage. severe reauctuons were

. it Aoplied Inst ts). Iniected b ised t efined as both ventral cartilages being less than half the size of their wild-
picospritzer (Applied Instruments). Injected embryos were raise pe counterparts (as in Figs 1D and 3B). In mutants, ventral cartilage was

4 days for Alcian staining of head cartilages and PCR-genotyping Qfefined as cartilage attached to the dorsal cartilage, and in all mutants, joints

tails as described above. were absent in both arch one and two. In addition to this ventral cartilage,
. each mutant had from 1-7 small ectopic ventral cartilages (see Fig. 3D; and
Mosaic analyses Piotrowski et al., 1996), including at least one in the position of the basihyal

suc mutant heterozygous carriers were intercrossed and dondput never a correctly patterned basihyal), and each had, on average, 3.7
embryos labeled at 1- to 2-cell stages with 3% biotinylated dextrargctopic cartilage nodules in the anterior arches.
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which replaces aspartate with valine at the highly conserved 8th
residue of the 21 amino acid secreted domain (Fig. 2D,E). This
transversion createdvsd site, which cosegregated with thigc
phenotype in over 500 diploid animals (Fig. 2F and data not
shown). The cosegregation places tMsd RFLP andsuc
within 0.2 cM of one another, suggesting that $he mutant
phenotype is due to this Asp8-to-Val8 missense mutation.

Et-1 orthologs rescue suc mutants

Supporting the hypothesis thaticis et-1, injection of wild-
type et-1 DNA rescued pharyngeal defects smc mutants.
Injection of a genomic fragment containing the entire wild-type
et-1 locus (PAC 16A1) asymmetrically into 2- to 4-cell
Fig. 1.sucmutants have reduced ventral cartilages. (A,B) Lateral ~ €mbryos rescued ventral cartilage defects unilateraligum

views of live wild-type (A) anduckemutant (B) larvae at 4 days. mutants (Table 2). Similar injections of a construct driving
Mutants lack lower jaws and do not form swim bladders (asterisk in expression of wild-type et-1 RNA (pCS2-ET1) also
A). (C,D) Alcian-stained cartilages from a wild type (C) and unilaterally rescued the cartilage phenotypesiic mutants

mutant (D) dissected from the arches and flat-mounted. In wild types(Fig. 3A-F and Table 2). Despite the inherent mosaicism of

dorsal and ventral elements in the first arch (_pq, palatoquadrate; M, pNA injections (see Westerfield et al., 1992; Kroll and Amaya,

MeCke'tys)d%”d.S?‘tjo?d arCh)(hls’ hyczsy;“p'em'tc: |Ch’ (ﬁramhya') arg 1996), injections of pCS2-ET1 rescued ventral cartilage

separate oints (arrows). In mutants, ventral cartilages are reduc L : )

anz fused toyélorsal cartilages at what we interpret to bg the sites of tEgmatlon in a high percentage (F‘ea_”y or_le-quarter, Tabl_e 2;

missing joints (arrows). Scale bars: 108. 1g. 3G) ofsucmutants. An otherw_|se [dentlcal construct with
the Asp8-to-Val8 missense mutationatil (pCS2-ET1D8V)

did not rescue ventral cartilage formatiorsucmutants under
encoding a predicted protein highly similar to mammalian ETsimilar injection conditions (Table 2). These data, together with
1 (Fig. 2C) was generated by Washington University Zebrafisbur sequencing and cosegregation results indicate thatithe
Genome Resources (http://zfish.wustl.edu) and mapped closertmtant phenotype is due to this missense mutatiet-inand
sucon LG19. Eighteen of the 21 amino acids in the predictefor clarity in this paper we refer to this genesas/et-1
secreted domain are conserved between human and zebrafisffhe Et-1 signal might be required early for migrating
(Fig. 2C,D). Sequencing of tlet-1cDNA and genomic coding precartilaginous neural crest or later within the arch primordium.
regions insuc mutant embryos revealed a missense mutatioffo determine if Et-1 is sufficient to rescue ventral cartilage

A B C SUC/ET-1 1@-H I evATHLTSEFFD---FEEYPARLE------- -TA
MouseET-1 1 FEPV tBJO GAPETAVLGAEL SIGINE N GUgvEAD i P S by
LG19 Drel9 Hsa6 HumanET-1 1 LM Mo GAPETAVLGAEL SENTFIE N GERRAP (P 5}
SUC/ET-1 43 PG A BRI EEEv T - - ER- - -vVLEs
f?‘;f suc Et-1 MouseET-1 55 3 YFCHLDIIWVNTPERVVEYGLG[HSER R 8 L] K AT DFRY
rxrE mhc mhc HumanET-1 55 [ MDEECVYFCHLDIIWVNTPEEIVVPYGLGHS PR SKEREYLIR TEEEEIR BN
rxrrxr
SUC/ET-1 s s AMQFKAASDRAIR- AL QFH
MouseET-1 cQe CWNFCQAGKELRADERMMKENSSEIR Ka
Scm ntl T HumanET-1 LCQCAEJOKDEEKCWNFCQAGEEL RA RS RIMAK RTRER:IK K G K
ntl SUCIET-1 IR TEKQTDVLEC KK[@I QL LLE@WR MRRNEYSFAW IS EQs - - -
MouseET-1 EEERILERd- - - ------- -Fazx IEAEERY A EL-YEID[]-KL -
HumanET-1 REFIFIRAS SEEH oflr s - v m REEIVEYs BRduD P GEP-SEER -YV
7 8 9 -
D E Leu’ Asp” Lys" F wit suc
SUC/ET-1 CSCASFLDKECVYFCHLDIIW LT 6 &6 A THAA
ET-1{human) CSCSSLMDKECVYFCHLDIIW Msel ’
ET-1{mouse} CSCSSLMDKECVYFCHLDIIW Wt N AT
ET-1{cow) CSCSSLMDKECVYFCHLDIIW *& A AT ARY / - E
ET-1(pig) CSCSSLMDKECVYFCHLDIIW .
ET-2(human) CSCSSWLDKECVYPCHLDIIW 7 8 9
ET-2 (mouse} CSCNSWLDKECVYFCHLDIIW Leu’ Val Lys
ET-3 {human) CTCFTYKDKECVYYCHLDIIW T T & 5T T T Wi h
ET-3 ({mouse) CTCPTYKDKECVYYCHLDIIW “sel
sarafotoxin CSCEDMTDKECLYFCHQDVIW - S
bibrotoxin  CSCADMTDKECLYFCHQDVIW Suc n [\/\ ~ . +
(Y ~/ =/ \'-\, \
e, X A

Fig. 2. A mutation inet-1cosegregates with treicmutant phenotype. (Aucmaps to LG19. Genetic distances proximaduoare reduced
since half tetrads were used (Streisinger et al., 1986; see Materials and Methods). (B) Zebrafish LG19/human chromosonf{ad synteny
scale) (Postlethwait et al., 1998; Auffrey et al., 1983; Almasan et al., 1994; Edwards et al., 1996; Hoehe et al., 1893].(GE269).

(C) Amino acid alignment of zebrafish Suc/Et-1 with human and mouse ET-1. Predicted 21-amino-acid secreted domain is ibasiined, d
residues flanking the big Et-1 domain are underlined, intron/exon boundaries of Suc/Et-1 are marked with arrowheads. (D)dkiRfrmen
amino-acid secreted domains of Suc/Et-1 and other vertebrate Endothelins and two divergent asp toxins (after Jane} &hal.cdi®Szrved
Asp8 residue is in bold. (E) Sequence of Et-1 amino acid positions 7-9 in wild type@ndtant. Insucmutants, an A-to-T transversion
results in an Asp8-to-Val8 missense mutatioetii,and also creates afisd site. (F) This Asp8-to-Val8 mutation cosegregates wittstie
mutant phenotypeAnimals were sorted by jaw morphology, then genotyped foki$e RFLP by PCR using intronic primers flanking exon 2
and subsequeMsd digestion (see Materials and Methods). The first and last wild-type lanes are homozygous wild types, while the middle six
lanes are heterozygous for tecmutantMsd RFLP.
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Table 2. Et-1 rescues ventral cartilage formation irsuc appears segmental, with osiec/et-1lexpressing cluster of cells
mutants in each of the first two arches (Fig. 4C). At this stage, expression
is also detectable in ventral pharyngeal endodermal epithelia of

i 0
ALQET:LDNA DNA/erlnobc:yo °9) Zf (Fi:;;)e the second and third pharyngeal pouches (Fig. 4C) and in
pCS2-ET1 20 21 (20/97) ventral surface ectqdermal epithelium (data not shown).
2 8 (5/59) In each of the first two arches at 30 hours, she/et-1-
pCS2-ET1D8V 20 0 (0/61) expressing mesenchyme has coalesced into a discrete cluster
2 0 (0r55) located ventrally (Fig. 4D). Ventral views and horizontal
B. Injected human ET-1 Stage % Rescue sections show that these mesenchymal clusters lie in a central
20 hour 28 (13/47) ‘core’ position (Fig. 4E,F; see Introduction). By 30-32 hours,
28 hour 47 (15/32) a mesenchymal cluster afuc/et-lexpressing cells is also

detected in the core of arch 3 (Fig. 4D,F). These arch

See Materials and Methods for description of DNA constructs and mesenchymal cores sfic/et-1expressing cells are surrounded

injection, genotyping, and cartilage staining protocols. Animals were

considered rescued if they were homozygmuget-Imutant by PCRVIsd by non-expressing mesenchymal cells (Fig. 4E,F), which by
digestion genotyping yet had ventral arch one or two cartilages (M and CH) position appear to be neural crest (see below). Epithelial
that were correctly patterned and as large in size as their wild-type expression persists and, at 30 hours, expression is present in
counterparts (see Fig. 3). pharyngeal pouches 2 and 3 and is now detected in the fourth

pharyngeal pouch (Fig. 4D). At these stagssic/et-1
formation at a stage after neural crest migration, we injecteelxpression in ventral surface ectoderm appears continuous with
human recombinant ET-1 protein inBuc/et-1 mutant arch expression in the pharyngeal pouches (Fig. 4F).
primordia at 20 or 28 hours, two stages after most cranial neural At 36 hours, the ventral mesenchymal cores of the arches
crest has migrated (Schilling and Kimmel, 1994). Injections atontinue to expressuc/et-land appear to have elongated in
both time points rescued formation of first and second arcthe mediolateral direction (Fig. 4H). Epithelial expression in
ventral cartilages (Meckel's and ceratohyal) (Table 2, Fig. 3Hpoth ventral surface ectoderm and pharyngeal pouches 2-4 is
Thus, even though this experiment does not reveal the criticatill detectable at this stage (Fig. 4G). Within the pharyngeal
period whersuc/et-Inormally functions, it suggests that Et-1 is pouches, expression is restricted to posterior, ventral epithelia
not required for ventral neural crest migration, but rather fo(Fig. 4G).
correct specification of ventral postmigratory neural crest.

suc/et-1 is expressed in cores of arch mesenchyme

and arch epithelia

To determine the spatiotemporal profile of embryanic/et-1
expression, we examineduc/et-1 mRNA distribution by
whole-mount in situ hybridization. Whereas cranial neural cres
first begins to migrate at about 12 hours in zebrafish (Schillin
and Kimmel, 1994)suc/et-lexpression in the head periphery
was not detected until 16-18 hours. At this stage, small bilater
groups of mesenchymal cells adjacent to the midbrain ar
hindbrain expressuc/et-1(Fig. 4A,B). Expression persists in
mesenchymal cells in this location at 24 hours and, by this tim

Fig. 3.Exogenougt-1rescues ventral cartilage formatiorsinc
mutants. (A-D) Ventral/oblique views of Alcian-stained larvae. In all
panels, the black line marks the midline, the arrowhead marks the .
mouth, and white asterisks mark small ectopic elements (see Table 1)
Dorsal and ventral cartilages are labeled as in Fig. 1 and joints are

marked with arrows. (A) Uninjected wild type. Cartilages and joints E
are clearly identifiable (compare to Fig. 1C and D). (B) Uninjested r"!?
mutant. Ventral cartilages are reduced, joints are absent, and the mouth e

is displaced ventrally. (C) pCS2-ET1 DNA-injected (20 pg) PCR-
genotypedsucmutant (rescued left side). Ventral cartilages are present \—-pq

unilaterally, the mouth is no longer ventrally displaced, and the second

arch joint has been partially rescued. (D) Unrescued right side of

animal in C. This image has been vertically flipped for comparison

with A-C. Ventral cartilages on the unrescued side are severely

reduced while a ceratohyal (white arrow) is present on the contralateral

rescued side. (E,F) Tracings of the cartilages in C and D, respectively,G

labeled as in A-D. (G,H) Dissected out and flat-mounted cartilages

(labeled as in Fig. 1) from the rescued sidsunfet-1mutants injected

with 20 pg of pCS2-ET1 DNA (G) and human mature ET-1 protein M

(H) at 28 hours. Genotypes of all animals in C-H were confirmed by pCS2-ET-1

PCR-genotyping (see Materials and Methods). Scale bapsn50 DNA-inj,

suc/et-1- H suc/et-1-

M
human ET-1
protein-inj.
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Fig. 4.suc/et-lexpression in wild-type (A-K) and
suc/et-Imutant (L,M) embryos. In all panels, when
visible, the arches are numbered, arch cores are m
with arrowheads, and black dots mark the pharyng:
pouches. (A) Lateral view of a whole-mount embryt
18 hours. (B) Higher magnification of boxed area ir
Scattered ventral mesenchymal cells in the first twc
arches expressuc/et-1(arrowheads)(C) Lateral view
at 24 hours. Strong expression is seen in a ventral
mesenchymal cluster of cells in each of the first twe
arches. Expression is also seen in the second and
pharyngeal pouches. (D) Lateral view at 30 hours.
Expression is seen in a mesenchymal core in each
the first three arches and in pharyngeal pouches 2-
(E) Ventral views at 30 hours and (F) horizontal sec
at 32 hours through arches 2 and 3. The mesenchy
clusters ofuc/et-1expressing cells are surrounded
non-expressing cells (asterisks). Expression in the
ventral surface ectoderm is continuous with expres
in the second pharyngeal pouch. (G) Lateral view &
hours. Strong expression persists in a central core
the first three arches, and in pharyngeal pouches 2
dashed line outlines the second pharyngeal pouch
instead of marking it with a dot here to show the
double cuboidal epithelial nature of the pouches, ai
the localization ofuc/et-lexpression to ventral,
posterior pouch epithelia. (H) A montage of two foc
planes of the same whole-mount embryo (ventral v
at 36 hours. The mesenchymal cores continue to
expressuc/et-land have elongated in the mediolate
direction. (I) 32 hours; transverse section of endoth
cell (arrow) lining the dorsal aorta. (J) Ventral/latere
view of pectoral fin at 48 hours,. Anterior cells (arrc
expressuc/et-1 (K) Horizontal section through
yolk/hindyolk boundary showing bilateral clusters o.
suc/et-lexpressing cells (arrows) at 24 hours. (L-M) Lateral (L) and ventral (M) viewsodét-lexpression in PCR-genotypsdc/et-1
mutants at 30 hours. Both epithelial domains are present, as are strongly expressing mesenchymal cores. Compare wébrbcErelal,
1; e, eye; nt, neural tube; o, otic vesicle; pa2, pharyngeal arch 2; se, surface ectoderm; y, yolk ball; ye, yolk extéadiars, Sfum,
except A,J (10Qum).

At 48 hours, we no longer detestic/et-1expression in  vesicle is also not noticeably reduced soc/et-1 mutant
central arch mesenchymal domains. However, expressi@mbryos (Fig. 4L and data not shown).
perS|sts in pharyngeal pouches 2-4 and is now detected weakly
in the first pharyngeal pouch (data not shown). suc/et-1 is required for ventral, but not dorsal,

suc/et-1is also expressed in other tissues, including manpostmigratory neural crest cell fates
associated with the developing vasculature. From 24 to 38ince the pharyngeal cartilages affectesuo/et-1Imutants are
hours,suc/et-1lis expressed in cells lining the paired dorsalderived from cranial neural crest (Schiling and Kimmel,
aortas and transverse sections show many of these have 94), we analyzed expression of neural crest markers to
endothelial morphology (Fig. 41 and data not shown). Atdetermine at what stage this population is mispatterned in
48 hours,suc/et-1expression was detected in cells lining suc/et-1mutant embryos. Early stages appear normal: three
blood vessels around the eye and in the midbrain (data notarkers of presumptive premigratory cranial neural cfless,
shown). (Odenthal and Nisslein-Volhard, 1998pa2 (Thisse et al.,

suc/et-lexpression is also detectable in cells in the otic vesicl&995) anddIx2 (Akimenko et al., 1994) showed no defect in
from 24 to 48 hours (Fig. 4C,D, data not shown), in anterior cellsuc/et-Imutants from 10-14 hours (data not shown).
of the pectoral fin rudiment at 48 hours (Fig. 4J), and in discrete Two genes encoding transcription factors that are required for
bilateral clusters of cells adjacent to the boundary of the yolgharyngeal arch development in mice and expressed in
ball and yolk extension at 24 hours (Fig. 4K). postmigratory cranial neural crest a2 anddHAND (Qiu et

In PCR-genotypeduc/et-1mutants, the onset cfuc/et-1  al., 1995; Thomas et al., 1998). In wild-type zebrafish, orthologs
MRNA expression at 18 hours appears normal and expressiohthese genes are also expressed in postmigratory arch crest
is detectable through 48 hours, although the expressing tissu@kimenko et al., 1994; Angelo et al., 2008HANDexpression
are disorganized at later stages. At 30 houssigdet-Imutant  is confined to a ventral subsetdik2-expressing cells (Fig. 5A).
embryos, the mesenchymal core domains exmesket-1 as  Horizontal sections oflix2 expression at 28 hours reveal that,
does both ventral surface ectoderm and pharyngeal poucheswithin each archgix2-expressing cells surround a central core
4 (Fig. 4L,M). Expression in other tissues such as the otiof non-expressing cells (Fig. 5B). Similarly, viewing whole-
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Fig. 5.dIx2, dHAND andsuc/et-lexpression in wild-type
(A-E,G,|,K) andsuc/et-Imutants (F,H,J,L). In all panels, arches are
numbered and when visible, the pharyngeal pouches are marked with
black dots. (A) Two-color in situ hybridization withx2in red and
dHANDIn dark blue in a wild-type embryo at 28 hours. At this stage,
dHAND expression marks a ventral subsetlla?-expressing
mesenchymal cells in each of the first four archesdg)
— IXZ/dHAND expression in horizontal section through arches 2 and 3 at 28 hours.
R Bt 1Y - Within each archdix2-expressing cells surround a core of non-
! X : : expressing cells. (C) Ventral view dHAND expression in whole-
mount embryo at 28 hours. Within each adiHAND-expressing
cells also surround a central core of repressing cells. (D) Ventral
view at 28 hours showinguc/et-lexpression, which is strikingly
complementary tdHAND expression (compare with Guc/et-1
expression is detected in a central core of mesenchymal cells in the
first two arches, and in arch epithelia, both ventral surface ectoderm
and the second pharyngeal pouch. (E-F), Lateral views, at 28 hours,
of dIx2 expression in PCR-genotyped wild-type (E) and/et-1
mutant (F) whole-mount embryos. In wild typ#g2 is expressed
broadly in most if not all postmigratory arch neural crest, and is not
expressed in the pharyngeal pouclses/et-Imutant embryos have
a reduction of ventrallx2 expression. (G-H) 28 hours; sagittal
sections ofllx2 expression in PCR-genotyped wild-type (G) and
suc/et-Imutant (H) cut through the lateral aspect of arches 1 and 2.
In suc/et-Imutant embryos, ventral cells are present but do not
expresdlix2 (black arrows). In contrassuc/et-1mutant dorsal cells
(white arrows) and cells lining the stomodeum expdbszat
normal levels. (I-L)JHAND expression in whole-mount wild-type
(I, K) andsuc/et-Imutant (J,L) embryos at 28 hours. | and J are
lateral views, K and L are ventral vievetBdAND expression in
suc/et-Imutants is severely reduced in the first two arches (arrows in
J and L)dHAND:is also normally expressed in the heart, the pectoral
fin (data not shown), and a discrete cluster of cells at the arch
one/two boundary (arrowhead in L); these domains are not affected
in suc/et-Imutants (K-L and data not shown). e, eye; h, heart; o, otic
vesicle; se, surface ectoderm; st, stomodeum. Scale bars1.50

' s

since in sections aflx2 expression irsuc/et-1mutants, ventral
first and second arch crest cells appear to be present but fail to
expresdix2 (Fig. 5G,H). In accord with this interpretation, in
suc/et-1 mutants, unlabeled mesenchymal cells surround the
suc/et-lexpressing cores (Fig. 4M). Furthermore, preliminary
TUNEL labeling (data not shown) revealed no significant cell
death in the arches sfic/et-Imutants. Therefore three lines of
evidence suggest that postmigratory neural crest cells are present
in the ventral arches alic/et-Imutants.
mount embryos from a ventral aspect reveals that, in each arch,ddHANDarch expression is severely reduced irBh& mutant
dHAND-expressing cells are also arranged cylindrically andnice (Thomas et al., 1998). Similarly, in zebrafish, the expression
surround a non-expressing core of cells (Fig. 5C). Ventrallypf dHAND in ventral arch mesenchyme is dramatically reduced
dHAND expression is strikingly complementary soic/et-1  in suc/et-Imutant embryos at 28 hours (Fig. 5I-L). Expression
expression: core mesenchyme expresses/et-1 but not of dHANDis often maintained at a low level in the posterior half
dHAND,and peripheral mesenchyme expres#$8NDbut not  of the second arch isuc/et-1mutants (Fig. 5K-L), suggesting
suc/et-1(Fig. 5C,D). The surrounding epithelia (both ventraladditional genes are required for as¢tbANDexpression. In wild
surface ectoderm and pharyngeal endoderm) also exqress types, whiledHANDiIs also expressed in the developing heart and
et-1, but notdHAND (Fig. 5D) fin, neither of these domains are noticeably affectesiafiet-1

No dIx2 expression defect was detecteduc/et-Imutants at  mutants (Fig. 5K-L and data not shown).
early premigratory stages (see above). However, by 28 hours, weTwo other transcription factors, Msx1 and Ga@ required
could unambiguously sort mutants (verifying genotypes by PCRor mammalian craniofacial development (Satokata and Maas,
see above) by a reduction in the dorsoventral length aflf?e 1994; Yamada et al., 1995; Rivera-Perez et al., 1988)like
expression domains in the mandibular and hyoid arches (FigHAND, requiresEt-1 signaling for expression in mouse arch
5E,F). Dorsal cells irsuc/et-1mutant arches expresix2 at  primordia (Clouthier et al., 1998). In contrashsxl arch
normal levels (Fig. 5E,F). Hence the reduction is of the ventraxpression is unaffected in th&-1 mutant mice, although
domain, due to either an absence of cells ventrally, or a failumsx1has been indirectly shown to be downstreamEtf
of ventral cells to expresix2. The latter appears to be the casesignaling (Thomas et al., 1998; and see Discussion). To test if
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Fig. 6.sucl/et-1is required for ventral neural crest
specification in the arch primordia. Lateral views of
whole-mount embryos processed for single color (A-F)
or two-color (G,H) in situ hybridization. In all panels, C
the arches are numbered, and pharyngeal pouches are
marked with black dots. (A-B) 24 hourasxE
expression in wild type (A) anslic/et-Imutant (B).
Ventral mesenchymal cells in the first three arches
expressnsxEin wild types, but do not isuc/et-1
mutants. (C-D) 30 hougscexpression in wild type

(C) andsuc/et-Imutant (D). In wild typesgscis
expressed in separate patches of dorsal and ventral
mesenchyme in the second archsiie/et-Imutants,
dorsal cells expreggscwhile ventral cells do not.

(E-F) 24 hoursdIx3 expression in wild type (E) and
suc/et-Imutant (F). In wild types at this stagix3is
expressed in ventral but not dorsal mesenchyme in
arches one, two, and four. $nc/et-Imutants, ventral
cells fail to expresdlx3. (G-H) 32 hoursdIx2 (red)
andEphA3(blue) expression in wild type (G) and
suc/et-Imutant (H).EphA3expression is ventrally
restricted similar talHAND. In suc/et-1Imutants,
EphA3expression is severely reduced in the first four
arches. Fig. 5 should be referred to fordhe defect

in suc/et-Imutants. e, eye; o, otic vesicle. Scale bars:
50 um.

this genetic hierarchy has been conserved between fish addfects are also seen in the third and fourth arches (data not
mammals, we examined expressiomExEandgscin suc/et-  shown).
1 mutant embryos. In wild-type zebrafish embryos at 24 hours, ) ) ]
msxEis expressed similarly tdHAND, in ventral but not suc/et-1 is required for cranial muscle and
dorsal postmigratory arch neural crest (Ekker et al., 1997; Figndodermal patterning
6A). Expression insuc/et-1 mutants is severely reduced, To assay potential requirements fauc/et-1 in cranial
although other non-arch domains are unaffected (Fig. 6B). development outside of the neural crest, we examined arch
goosecoid(gsg expression in zebrafish marks a complexmuscles and endodermal derivativesun/et-1Imutants. In wild
pattern of dorsal and ventral arch mesenchyme from 26-4%pes, both dorsal and ventral pharyngeal muscle precursors are
hours (Schulte-Merker et al., 1994; Fig. 6C and data nadetectable at 54 hours by expressiomyfD (Schilling and
shown). In the hyoid arch of 30 hour wild types, these dorsdlimmel, 1997) However, insuc/et-Imutants at the same stage,
and ventrafscexpressing domains of cells are separated by the first and second arch ventmalyoDexpressing muscle
non-expressing domain, which seems to prefigure the joimgrecursors were severely reduced (Fig. 7A-D). A few scattered
between the dorsal and ventral cartilages (Fig. 6C). Vgsite myoDexpressing cells are present in the ventral arches of
is expressed dorsally isuc/et-1 mutant embryos, ventral suc/et-1mutants, but the ventral premyogenic condensations
expression is largely abolished (Fig. 6D). fail to form (Fig. 7B,D). In contrast, forming dorsal muscles of
The homeobox transcription factdix3 (Akimenko et al., the mandibular and hyoid arches expresgD and appear
1994) and the ephrin receptor tyrosine kinephA3(Xu et  unaffected irsuc/et-1mutants (data not shown).
al., 1994) are also expressed in zebrafish ventral arch Differentiated ventral arch muscles are also severely reduced
postmigratory neural crest and we find that expression of both suc/et-Imutant larvae, as determined by immunostaining of
requiressuc/et-1function (Fig. 6E-H). In wild types, arch 5-day-old larvae with the 1025 antibody to muscle myosins (Fig.
expression olHAND, msxE dIx3, andEphA3are all initiated  7E-H). The ventral first arch muscles (intermandibularis anterior
from 18-24 hours, well aftedIx2 (Ekker et al., 1997; and posterior) are reduced to a few fibers that span the midline
Akimenko et al., 1994, data not shown). DefectsisxE dIx3  (Fig. 7F), and the ventral second arch muscles (interhyoideus
andEphA3were detected at 24 hours, while gsedefect was and hyohyoideus) fail to extend to the midline as they do in wild
apparent at 26 hours, when its ventral arch expression is fifty{pes and are greatly reduced in size. In contrast to these ventral
initiated in wild types (data not showrHAND, msxE, dIx3 disruptions, dorsal muscles are relatively unaffected and, as
and EphA3 are all also expressed in ventral postmigratorynormal, attach to the dorsal cartilages (Fig. 7G,H).
neural crest in more posterior arches (Figs 5, 6suliet-1 Defects are also present in the pharyngeal endodesoteit-
mutants at 24 hours, gene expression defects are usuallymutants.sonic hedgehogshh is expressed in wild-type
localized to the first two arches but, by 36 hours, severpharyngeal endodermal cells beginning around 33 hours (Krauss
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Fig. 7.sucl/et-1is required for later mesodermal and endodermal
patterning in the pharyngeal arches. (ArbjoDexpression at 54

hours in wild types (A,C) ansuc/et-Imutants (B,D). In mutants, the
mouth is displaced ventrally, and the ventrgloD-expressing
premyogenic condensations in arches 1 and 2 are absent.

(E-H) Larval muscles at 5 days detected with the 1025 antibody to
muscle myosins in wild types (E,G) asdc/et-Imutants (F,H). In
mutant larvae, ventral muscles are severely mispatterned. The first
arch ventral muscles, intermandibularis anterior and posterior (ima
and imp), are missing uc/et-1Imutants, other than a few

occasional fibers spanning the midline. The ventral arch two
muscles, interhyoideus and hyohyoideus (ih and hh), are dramatically
shorter and do not meet in the midline as they do in wild-types (E-F).
Dorsal muscles (am, lap, do, ao) appear normsliéfiet-Imutants.

(I-L) shhexpression in wild types (I,K) arslic/et-1mutants (J,L) at

54 hours. (1,J) Anterior views, focused deep to the mouth at the level
of the first pharyngeal pouch, (K,L) lateral views. In mutants,
expression in the first pharyngeal pouch does not extend as laterally
as in wild types (arrows in | and J) and a midline diverticulum has
not formed (arrows in K and L). am, adductor mandibulae; ao,
adductor operculi; do, dilator operculi; h, heart; ih, interhyoideus;
ima, intermandibularis anterior; imp, intermandibularis posterior; hh,
hyohyoideus; lap, levator arcus palantini; p, pharynx; sh,
sternohyoideus; tvl-4, branchial muscles transversus ventralis 1-4
(see Schilling and Kimmel, 1997 for wild-type muscle description).
Scale bars: 50m.

labeledsuc/et-1mutant premigratory cranial neural crest cells
into unlabeled wild-type hosts (Fig. 8A). Neural crest cells
from suc/et-1mutants grafted into wild-type crest at early
somite stages migrated into the periphedik2-expressing
region of the arches and, when located ventrally, expressed
ventral markers such adHAND and EphA3 (Fig. 8C,E;
Table 3). In similarsuc/et-1mutant-to-wild type neural crest
transplantssuc/et-1mutant cells also contributed to normal
ventral cartilages in wild-type larvae (Fig. 8G, Table 3). Thus
suc/et-Ifunctions nonautonomously in the neural crest, and the
skeletal defects apparently arise indirectly because of a missing
signal in the crest environment.

Since we previously fate-mapped head mesoderm on the
zebrafish gastrula (Kimmel et al., 1990), we could test a
mesodermal role forsuc/et-1 by performing mesodermal
et al., 1993), at which time no defecsimc/et-Imutant embryos  transplants between wild-type asdc/et-Imutant embryos at
was detected (data not shown). However, by 54 houstha the gastrula stage (Fig. 8B). Both wild-type asulc/et-1
expression defect is detectable: expression in the first pharyngéansplanted mesendodermal cells spread widely throughout
pouch does not extend as far laterally in mutants as it does in wilde mesendoderm of a wild-type host and cells in the arches
types (Fig. 71,J). Furthermore, a diverticulum forming at theend to occupy the central region of the arch primordium at 24
ventral midline of the arch one/two pharyngeal endodernmours (Fig. 8D, data not shown), consistent with the hypothesis
boundary, perhaps the thyroid rudiment, is visible in lateral viewthat paraxial mesoderm occupies the core of each arch.
of 54 hour embryos but is malformedsinc/et-Imutant embryos  Transplanted cells that contributed to posterior branchial
(Fig. 7K,L). Thus, in addition tsuc/et-1s early requirement for arches, which are developmentally younger, suggest that
ventral neural crest patternirgyc/et-1is also required to pattern initially within the arch primordium, the neural crest is located

later arch mesodermal and endodermal derivatives. lateral to the paraxial mesoderm (Fig. 8F).

) ) ) Although these mesendodermal transplants might have
suc/et-1 functions nonautonomously in cranial contained a few pharyngeal endoderm cells, we did not observe
neural crest for ventral arch fates and induction of ventral neural crest markeitdAND or EphA3in
nonautonomously in mesendoderm for ventral arch suc/et-lmutant hosts in response to the presence of wild-type
muscle formation mesendoderm (Table 3). Furthermore, in the converse

Since ventral arch neural crest is severely mispatterned transplant, transplantesdic/et-Imutant mesodermal cells were
suc/et-1 mutant embryos, yesuc/et-1expression was not able to form normal ventral muscles in a wild-type host (Fig.
detected in the neural crest, we predicted neural crest ceB$l, Table 3) and did not result in abnormal cartilage
would requiresuc/et-1function nonautonomously. To test this development. Thus,suc/et-1 appears to also function

prediction, we performed mosaic analyses, transplantingonautonomously in the paraxial mesoderm.
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Fig. 8.suc/et-Ifunctions nonautonomously in neural crest and
mesoderm. (A) Schematic of neural crest transplants. Premigratory
neural crest cells from biotin-labeled donors were tranplanted into
unlabeled hosts at the 5 somite stage. (B) Schematic of mesodermal
transplants. Cells from the head muscle domain of biotin-labeled
gastrulas (Kimmel et al., 1990) were transplanted into the marginal
region of unlabeled hosts. (C-H) Genetic mosaic animals at 24 hours
(C-F) and 4 days (G,H), with the arches numbered.

(C-F) Superimposed fluorescent and bright-field images to
colocalize the biotin lineage tracer wilHAND expression in
whole-mount embryos. (C,EBuc/et-Imutant neural crest cells

migrate into thelHAND-expressing region of arch one (C) and two
(E). In both of these mosaic animasg/et-1mutant ventral neural
crest expressedHAND (see Table 3). Both wild-type (not shown)
andsuc/et-Imutant mesoderm (D) fills the nattHAND-expressing
central core in a wild-type host. Initially, neural crest cells lie lateral
to mesoderm (F). (G) Mosaic larva in whistic/et-Imutant neural

crest cells, labeled in brown, contributed to a normal ventral cartilage
(the ceratohyal) in an unlabeled wild-type host. (H) Mosaic larva in
which labeledsuc/et-Imutant mesodermal cells have contributed to

a normal ventral muscle (interhyoideus) in a wild-type host. bh,
basihyal; ch, ceratohyal; ih, interhyoideus.

1.5 day 4 day

[l suc/et-1 expression

. suc/et-1 independent . suc/et-1 independent

expression (dlx2, gsc) dorsal cartilage
suc/et-1 dependent suc/et-1 dependent

DISCUSSION .expression (dix2, dHAND, . ventral cartilage

msxE, gsc, dix3, EphA3)

We have cloned and characterized zebrafisbker (sug,  Fig. 9.A model for pharyngeal arch patterning. Postmigratory
mutation of which results in severe reduction of the lower jawranial neural crest is subdivided into dorsal (red) and ventral (blue)
and other ventral pharyngeal arch cartilages. Our sequencinghpulations. Ventral neural crest cells require environmentiet-1
cosegregation and rescue experiments indicate thasutie (black) for expression aflx2, dHAND, msxE gsg dix3, andEphA3
mutant phenotype is due to a missense mutation at a consenasd later formation of ventral cartilages. Dorsal arch cores, which do
residue within the secreted domain of Endothelin-1. Likelot expressuc/et-1are not drawn. The axis we refer to as

mouse and chickt-1, suc/et-lis expressed in pharyngeal arch dorsoventral is sometimes called proximodistal.

mesenchymal cores and epithelia. These mesenchymal cores

are surrounded byix2 anddHAND-expressing putative neural function. Lastly, our mosaic analyses demonstratesthaet-
crest cells, suggesting that the cores consist of paraxial functions nonautonomously in both neural crest cells and
mesoderm. Like mousEt-1, suc/et-1is required for ventral paraxial mesoderm. Collectively our results support a model
arch fates, including expression 6HAND, msxE, gsand  (Fig. 9) in which ventrally-restricteft-1 expression in both
dix3. Additionally, in zebrafish ventral expressiondit2 and  paraxial mesodermal arch cores and surrounding epithelia
EphA3also requiresuc/et-1.Dorsal expression oflx2 and  specifies ventral arch crest fates, including the ventral
gsc is suc/et-1independent, and later patterning of archexpression ofilx2, dHAND, msxE, gsc, dIx8nd EphA3and
mesodermal and endodermal derivatives also regsirget-1  the later formation of ventral cartilages.

Table 3. Fates of transplanted cells in mosaic embryos

Phenotypes Crest genes in xpl. cells Fates scored
Transplant Donor Host dHAND EphA3 Vent. Cart. Vent. Muscle
Neural crest in ventral arch wt wt 100 (24/24) 100 (13/13) 11 (2/18) -
suc wt 44 (4/9) 33 (1/3) 18 (2/11) -
wt suc 0 (0/7) 0 (0/3) 0 (0/9) -
Mesendoderm in arch wt wit 0 (0/20) 0 (0/6) - 20 (2/10)
suc wt 0 (0/10) 0 (0/8) - 10 (1/10)

wt suc 0 (0/18) 0 (0/14) - 0 (0/10)
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sucker encodes a zebrafish Endothelin -1 Conserved neural crest/mesodermal arrangements

Biochemical evidence indicates that the Asp8-to-Valgduring gnathostome arch development
missense mutation sud16bis likely to be a loss-of-function Trainor and Tam (1995) showed that, in mammalian embryos,
mutation. Alanine scanning of the 21-amino-acid humameural crest surrounds the paraxial mesodermal core of the
mature ET-1 showed that Asp8 is one of only five residuearch. In chick embryos, Noden (1983b) demonstrated that head
which, when replaced with alanine, resulted in a nonfunctionglaraxial mesoderm makes most of the muscles of the pharynx
protein (Tam et al.,, 1994). Hence, replacing this highlyand Hacker and Guthrie (1998) described the migration of
conserved charged residue of zebrafish Et-1 with a nonchargerhnial paraxial mesoderm into the center of each pharyngeal
residue such as valine would be expected to create ach. Our mosaic analyses support a neural crest origin for
nonfunctional protein. Our rescue experiments also suggeperipheral mesenchyme as well as a paraxial mesodermal
tf216bis a loss-of-function mutation, since injection of pCS2-origin for the central arch mesenchymal core.
ET1 (wild-type Et-1), but not pCS2-ET1D8V (Et-1 with Asp- Gene expression patterns in amniote embryos also reveal
to-Val missense mutation at residue 8 of secreted domaisggparate central and peripheral arch mesenchymal populations.
rescued ventral cartilage formation $nc mutants. Further In mice and chicks aliké&t-1is expressed in a central arch core
testing of the strength of th216ballele will be possible once surrounded by noit-1-expressing mesenchyme (Maemura et
additional alleles ofsuc are found, or aDf(suc) becomes al., 1996; Clouthier et al., 1998; Nataf et al., 1998). In the arches
available. Sinceuc/et-1is still expressed isuc/et-Imutants,  of mice,dIx2is expressed in mesenchyme surrounding a central
this missense mutation does not appear to result in fewer non-expressing core (Bulfone et al., 1993). We show that, in
more unstable transcripts, and suggestsdhatet-1does not  zebrafish,suc/et-1lis expressed in central arch mesenchyme,
indirectly autoregulate its own transcription. while dIx2 is expressed in peripheral mesenchyme. Thus, the
Mutations of three other ‘anterior arch’ locschmerle, general spatial arrangementitf1 anddix2 expression in arch
sturgeonand hoove) cause similar craniofacial defects asmesenchyme has been conserved between fish and amniotes. A
those seen isuc/et-Imutants (Piotrowski et al., 1996). We higher resolution analysis afix2 and Et-1 expression, with
subsequently described a common phenotypic spectrum eérial sections and double-labeling experiments, would further
flat-mounted larval hyoid cartilage shapesimtker, schmerle test this model of distinct arch mesenchymal populations
and sturgeonmutants and noted the resemblance of theseevealed by expression of these two genes. We propose that
mutant phenotypes to phenotypes seen in mice with mutatiotise suc/et-lexpressing ventral arch cores in the first two
in Et-1 signaling components (Kimmel et al., 1998). In mice,arches correspond to the premyogenic condensations
mutation of Et-1, EdnrA or Ece-1 produces similar intermandibularis and constrictor hyoideus ventralis,
craniofacial defects, suggesting that, in zebrafish, some of tiespectively, described by Edgeworth (1935). According to
other anterior arch loci represeetinrA or ece-1genes, a this proposal,suc/et-1 expression marking ventral muscle
possibility that we are currently exploring. However, Bee-  precursors parallelsengrailed expression marking dorsal
1 mutant mice also have pigment and enteric neuron defectsuscle precursors (constrictor dorsalis) in the first arch (Miyake
(Yanagisawa et al., 1998) that have not been reported for aey al., 1992; Hatta et al., 1990; Edgeworth, 1935).
of the zebrafish anterior arch mutants. Furthermoreg dmeA Together, our expression and mosaic analyses support a
and Ece-1mutant mice have defects in cardiac neural crestmodel (Fig. 9) in which arch postmigratory neural crest cells
derived tissues such as the outflow tract (Clouthier et al., 1998rm a hollow cylinder surrounding central cores of paraxial
Yanagisawa et al., 1998), while no circulatory system defeahesoderm. Within each arch, ventral paraxial mesoderm
has been reported for any of the anterior arch mutants. Two ekpressesuc/et-land is surrounded by ventral postmigratory
the other anterior arch mutatiorsekimerleandhoove) result  neural crestdix2 and gsc are expressed in both dorsal and
in shorter pectoral fins (Piotrowski et al, 1996), which isventral postmigratory arch crest, although only the ventral
interesting in light ofsuc/et-1expression in the developing domains aresuc/et-ldependent.dHAND, msxE dIx3 and
pectoral fin. Althoughsuc/et-1mutants display no obvious EphA3 expression is ventrally-restricted and also requires
defects in the pectoral fin or other non-arshc/et-1  suc/et-1 Both these gene expression patterns and these tissue
expressing tissues, these tissues have not been examirsthngements argue for a conserved anatomical arrangement of
comprehensively isuc/et-Imutantssuc/et-1Imutants live up arch mesenchyme that occurs transiently during arch
to 9 days, long enough to detect defects in derivatives of thesevelopment in all gnathostomes.
suc/et-lexpressing tissues. These tissues in zebrafish might
not require Et-1 signaling. Alternatively, the additional Conserved genetic network of gnathostome
genomic duplication in the teleost lineage (Postlethwait et alRharyngeal arch patterning
1998; Amores et al.,, 1998) might have generated gendshe Et-1 mutant mice have reduceHAND arch expression
redundant for these developmental requirements. Redundamhile thedHAND mutant mice have no archsxlexpression,
functions can be revealed by double mutant analyses amehding Thomas et al. (1998) to propose a pathway involving
further motivates the isolation of more anterior arch mutantghese three genes. Surprisingly, thel mutant mice have
Forward genetic screens in zebrafish could also reveal genesrmalmsxlexpression, possibly due to low levelsdbfAND
that have not yet been implicated in Etel signaling pathway expression, which are sufficient to activatesxlat normal
in mice. Our ongoing head cartilage screen has uncoveredevels (Thomas et al., 1998). Our results demonstrate that, in
fifth anterior arch locus (C. T. M. and C. B. K., unpublished)zebrafish, botldHAND andmsxEexpression requirsuc/et-1
yet no more alleles of the existing four, suggesting that th&he orthologies of the five zebrafisfsxgenes and the three
screens have not approached saturation. mammalian msx genes are unclear (Ekker et al., 1997).
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However, sincansx2expression in both thEt-1 anddHAND  arch morphogenesis defectsmcmutants (Kimmel et al., 1998).
mutant mice is normal (Thomas et al., 1998), we propose thajnce all other genes thus identified as downstreasuaiét-1

in the archeansxEis the functional equivalent of mammalian are transcription factor&phA3 promises to help connect this
msxland that, in zebrafish, expression of tlsxgene more hierarchy of transcription factors with the more immediate
directly requiresuc/et-1. ‘effectors of morphogenesis’ (Holder and Klein, 1999).

In zebrafishgscexpression requiresic/et-lventrally, but not SincedHAND, msx&nddIx3are all also ventrally-restricted
dorsally. Similarlygscexpression is undetectable in EIBdihrA  within mouse arches, it seems that much of the genetic network
mutant mice (Clouthier et al., 1998). Although no ventralthat specifies ventral arch postmigratory neural crest (Fig. 9)
specificity to this defect has been reported in mice, later ihas been largely conserved between mice and fish. Once
developmentgyscis expressed in dorsal arch tissues (Gaunt et almutations are found in each of the six zebrafish genes whose
1993) andgsc mutant mice have both dorsal and ventralventral expression requireac/et-1these genes can be ordered
craniofacial defects (Yamada et al., 1995; Rivera-Perez et ainto genetic pathways by examining the time course of
1995). Perhaps a later dorggic expression domain in mice is expression of the other ventral arch markers in each mutant.
homologous to the unaffected dorsal domain that we seefiet-  Furthermore, by examining the mutant phenotypes, the specific
1 mutants. Alternatively, a second zebragtfl might activate  functional requirements of each of these genes for craniofacial
dorsal gsc expression. A third possibility is that tiseic/et-1-  development can be determined.
independent dorsafisc domain is not homologous to any
mammaliangsc expression domain. Regardless, the abolishedleural crest specification and the timing of  suc/et-1
ventral domains ofscin suc/et-Imutant embryos show that, in function in the arches
zebrafish and mice alike, some expressiogsofequireset-1. The ability ofsuc/et-Imutant neural crest cells to adopt ventral

Interestingly, these dorsal and ventral domains of zebrafisirch fates (e.g. expresHHAND or EphA3or contribute to
gsc expression, separated by a non-expressing intermediat®rmal ventral cartilages) in a wild-type host shows that the
region, combined with ventrally restricted gene expressiodefects irsuc/et-Imutant neural crest cells are nonautonomous.
patterns (e.gdHAND), suggest that at this early precondensatiorOur results show that, beginning at approximately 12 hours,
stage, at least three arch mesenchymal fates have been specifiehsplanteguc/et-Imutant neural crest cells migrate into the
dorsal, intermediate or presumptive-joint, and ventral. Thigrches of a wild-type host, mixing extensively with host cells.
apparent specification of joints at a stage before they form iBhus, suc/et-1is not required in neural crest cells for their
reminiscent ofGdf5 expression in the mouse, which prefiguresventral migration. Furthermore, markers of premigratory and
joints in the axial and appendicular skeleton (Storm andhigratory neural crest are unaffected $wic/et-1 mutant
Kingsley, 1996). Since the joints between dorsal and ventral ar@mbryos, and injections of human ET-1 protein into arch
cartilages irsuc/et-Imutants are also eliminated (Piotrowski et primordia rescue defectssnc/et-Imutant embryos. Therefore,
al., 1996; Kimmel et al., 1998; Fig. 1), we predict that markersuc/et-1appears to function after neural crest migration, to
discovered to be expressed in these presumptive-joint regiospecify ventral fates in the postmigratory arch primordia.
will be downregulated isuc/et-1Imutants. Similarly, since theEdnrA mutant mice also lack defects in

dix2 expression in cranial neural crest cells sac/et-1 markers of migratory neural crest, Clouthier et al. (2000)
mutant embryos is unaffected until a postmigratory stagesonclude thatEdnrA is required not for neural crest cell
when ventral neural crest cells fail to exprdb. Likewise,  migration, but for postmigratory fates. This later requirement
the EdnrAmutant mice have no eartiix2 expression defects. for Et-1/EdnrAfunction at a postmigratory stage contrasts to
However, at later stages, tHednrA mutant mice fail to the earlier role oEdnrBin neural crest migration demonstrated
maintain dix2 expression specifically in the second archin mouse embryos by Shin et al. (1999).

(Clouthier et al., 2000). Thus, while these results suggest that

neither fish nor mice requiret-1 signaling for earlydix2  Mosaics, suc/et-1 expression and later mesodermal
expression, at later stages, fish and mice reetilssignaling ~ and endodermal defects suggest multiple tissue

for dix2 expression in different subpopulations of interactions during arch development

postmigratory arch neural crest. Transplants of wild-type mesendodermal cells fail to rescue the

In zebrafishdIx3 arch expression is ventrally-restricted andsuc/et-1 mutant phenotype, indicating that either small
requiressuc/et-1 Similarly, in mice,dIx3 arch expression is numbers of transplanted wild-type mesendodermal cells are
ventrally-restricted and requir&sinrA (Robinson and Mahon, not sufficient to induce ventral markers or rescue cartilage or
1994; Qiu et al., 1997; Clouthier et al., 2000). Qiu et al. (19973alternatively, the surface ectoderm domain siic/et-1
suggest that the phenotypes of BIg2 andDIx1;DIx2 mutant  expression is required for ventral arch fates. Tissue-specific
mice are specific to the dorsal arches becBixsecompensates promoters that driveuc/et-1expression in one or a subset of
for DIx1 and DIx2 ventrally. AlthoughDIx3 mutant mice die its expression domains could be used to assay veuictet-1-
too early to assess a craniofacial requirement (Morasso et axpressing tissues control craniofacial development.

1999), humans with a missense mutatio®itX3 have tricho- Conversely, the ability ofuc/et-1mutant mesodermal cells
dento-osseous (TDO) syndrome (Price et al., 1998), whicto contribute to normal ventral muscles (which are
includes a craniofacial component (Kula et al., 1996). mispatterned isuc/et-Imutants) of a wild-type host suggests

Expression of the zebrafish ephrin receptor tyrosine kinagbat paraxial mesoderm does not autonomously requaket-
EphA3is also ventrally restricted and requises/et-1 Similarly, 1 for the abililty to form normal ventral muscles. To explain
a mouse EphA3 gene is expressed in Meckel's cartilagethis, we propose bidirectional signaling occurs during arch
(Kilpatrick et al., 1996), although no function fephA3has been development. First, Et-1 in the postmigratory neural crest
demonstrated in ventral arch development. We described a ventesdvironment specifies ventral arch neural crest fates. Later,
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