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SUMMARY

Sonic hedgehog (Shh) is a secreted protein that is involved do form medial floor plate cells and motorneurons. Since
in the organization and patterning of several tissues in ectopic overexpression o§hhin zebrafish embryos does not
vertebrates. We show that the zebrafishsonic-you (syu) induce ectopic medial floor plate cells, we conclude thahh
gene, a member of a group of five genes required for somite is neither required nor sufficient to induce this cell type in
patterning, is encoding Shh. Embryos mutant for a deletion the zebrafish.

of syu display defects in patterning of the somites, the

lateral floor plate cells, the pectoral fins, the axons of

motorneurons and the retinal ganglion cells. In contrast to  Key words:sonic hedgehggonic-yoy Zebrafish, Floor plate,
mouse embryos lacking Shh activitysyu mutant embryos  Somitogenesis

INTRODUCTION be rescued by clones of wild-type cells in the notochord
(Halpern et al., 1993; Odenthal et al., 1996).
In vertebrates two structures at the dorsal midline, the In the zebrafish, the floor plate can be subdivided into a
notochord and the floor plate, provide signals that play asingle row of medial floor plate cells that are flanked by lateral
important role in patterning the ventral neural tube and th#loor plate cells (Odenthal and Nusslein-Volhard, 1998;
somitic mesoderm. In response to signals from the notochorB8ernhardt et al., 1992). We have adopted this broader definition
distinct ventral cell types differentiate in the ventral neurakince the cells lateral to the medial floor plate fulfil many roles
tube, namely the floor plate cells immediately adjacent to théhat are similar to it. They possess a similar cuboidal shape,
notochord and the motorneurons in a more lateral positioexpress many of the markers that are expressed in the medial
(reviewed by Placzek, 1995). In chick and mouse, signalinfoor plate including axonal attractants (Lauderdale et al.,
from the notochord to the somites induces differentiation intd998) and play a role in axon guidance (Kuwada et al., 1990).
sclerotome and suppresses dermomyotome developmehs a further example, the lateral cells expressal, the
(reviewed by Bumcrot and McMahon, 1995). zebrafistHNF-38 homologue (Strahle et al., 1996). This gene
In the zebrafish, a number of genes with defects in midlines considered to mark the floor plate in chick and mouse.
structures or signaling have been identified in mutant screens.In addition to the notochord, mutationsfin andmomalso
They can be divided roughly into three classes with defectffect the floor plate, (Talbot et al., 1995; Odenthal et al., 1996),
predominantly either in the notochord, the floor plate or thevhereas in embryos mutant fatl or doc the floor plate is
somites. At least four gendipating headflh), momo(monj, present. Mutations in three geneyclops (cyc), one-eyed-
no tail (ntl) and doc were found to be required for early pinhead(oep andschmalspur(sur), were found to affect the
notochord formation (Halpern et al., 1993; Odenthal et alformation of the medial floor plate (Brand et al., 1996; Hatta
1996; Stemple et al., 1996; Talbot et al., 1995). Mutations iet al., 1991b; Schier et al., 1996). At 24 hours of development,
all four genes result in embryos lacking muscle pioneer cellgmbryos that are homozygous mutant for any of these three
which form following the induction of adaxial cells through genes lack the medial floor plate, although it does form later
signaling from the notochord, and a horizontal myoseptunin embryogenesis ioycandoepmutants (Strahle et al., 1997).
which separates the somites into a dorsal and a ventral paftie somites are normal in mutants for either of these genes
Indeed, cell transplantation experiments carried outliand  supporting the notion that distinct mechanisms may underlay
doc have shown that the somite defects in these mutants céme induction of medial floor plate cells and somite patterning.
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Mutants of five genes (thgoutype genes)you you-too  hedgehodtwhh) is restricted to the medial floor plate and the
(yo?), sonic-you(syy, chameleorfcon) andu-boo{ubo), affect  ventral midline of the brain during early somitogenesis
somite patterning and lack the horizontal myoseptum, but n(Ekker et al., 1995), whereaschidna hedgehodehh is
obvious notochord defect is seen (van Eeden et al., 1996). franscribed in the notochord exclusively (Currie and Ingham,
yot, you, conandsyy the adaxial cells and the muscle pioneersl996).
are reduced or absent. The similarity of the somite defect An apparent target gene of the Shh signaling pathway is the
observed in the notochord mutants and ybatype mutants zebrafish homologue oHNF-3G, axial (axl), which is
suggests that the latter interfere with the transduction of expressed in the ventral neural tube in a 3- to 5-cell-wide band
signal from the notochord to the somites (Odenthal et algf cells encompassing medial and lateral floor plate cells
1996), whereas the notochord mutants eliminate the source @lammerschmidt et al., 1996a; Odenthal and Nusslein-
the signal itself. Cell transplantation experiments have showxolhard, 1998; Strahle et al., 1993, 1996). Protein kinase A
that in contrast tmtl anddog yotanduboare required in the (PKA) is a negative regulator of Shh signaling
somitic cells receiving the signal from the notochord (var(Hammerschmidt et al., 1996a). Injection of mMRNA encoding
Eeden et al., 1996). In addition to the somite patterning defeghh or dnPKA, a dominant negative form of PKA, into
mutations insyuandconalso cause reduced pectoral fins (vanzebrafish embryos results in localized expansicax] (ax|)
Eeden et al., 1996). in the midbrain, hindbrain and anterior spinal chord

Sonic hedgehogs a member of a gene family encoding (Hammerschmidt et al., 1996a; Krauss et al., 1993). Ectopic
signaling molecules related to thkedgehog gene of overexpression of dnPKA also leads to a substantial increase
Drosophila melanogastdt ee et al., 1992; Nusslein-Volhard in the expression ofsll (Hammerschmidt et al., 1996a;
and Wieschaus, 1980). It has been cloned from a variety @oncordet et al., 1996), which is a marker for primary
vertebrate species from zebrafish to human (Chang et amotorneurons in the zebrafish (Inoue et al., 1994; Korzh et al.,
1994; Echelard et al., 1993; Krauss et al., 1993; Marigo €t993). No effects on the expression of eitlet or isll,
al., 1995; Riddle et al., 1993; Roelink et al., 1994). It wasowever, were found in more posterior regions of the spinal
found to be expressed in a number of structures that aoerd. Injection of MRNA encoding a constitutively active form
known to pattern neighbouring tissues in the developingf PKA leads to the repression of structures that are promoted
embryo (reviewed by Hammerschmidt et al., 1997). At théoy the injection of dnPKA (Concordet et al.,, 1996;
vertebrate midlineshhis expressed in the notochord and theHammerschmidt et al., 1996a). Interestingly, ectopic
floor plate, both of which are capable of inducing ventral celbverexpression of PKA or dnPKA have no effect ith
fates in the neural tube. In the vertebrate limb eihis  expression in the floor plate and the midbrain and hindbrain of
expressed in the zone of polarizing activity (ZPA), which isthe zebrafish (Hammerschmidt et al., 1996a). Injection of
involved in anteroposterior patterning of the limbs (Riddle emRNA encoding mous8hhor Indian hedgehod@hh) was also
al., 1993). Furthermore, in the chicken embryo, asymmetrishown to induce supernumerary muscle pioneers in the somites
expression ofshhin the node has been implicated in theof wild-type zebrafish embryos (Hammerschmidt et al.,
development of left-right asymmetry of the heart (Levin et1996a). Contradictory to this result, it was reported that
al., 1995). injection of MRNA encoding zebrafislshh alone was

In chick and mouse embryos, the involvementsbh in insufficient and coinjection of mMRNA encodinghh was
patterning processes at the midline has gained furtheequired for the efficient induction of supernumerary muscle
evidence through ectopic expression studies and experimenpsoneers (Currie and Ingham, 1996).
in which patterning of explanted embryonic tissues was Targeted disruption aghhin the mouse confirmed the role
achieved by treatment with purified Shh protein in vitro. Shhof Shh protein in patterning of embryonic tissues (Chiang et
when applied to neural plate explants, was found to be abld., 1996). Mouse embryos homozygous for shbmutation
to induce the floor plate markeidNF-33 and Shhin a  display a variety of midline patterning defects. Most notably,
contact-dependent fashion and the motorneuron mal$lers they lack a floor plate and motorneurons in the neural tube and,
1 andlsl-2 in a dose-dependent manner (Marti et al., 1995instead of bilateral eyes, only one cyclopic optic vesicle is
Roelink et al., 1995). Similarly, Shh was able to inducegormed. In the ventral neural tube, expressiorHbiF-30 is
sclerotome and repress dermomyotome development whewver initiated and, in the paraxial mesoderm, the expression
applied to explants of presomitic mesoderm (Fan et al., 199%9f the sclerotomal markeéfPaxlis strongly reduced, whereas
and mimic the limb patterning activity of the ZPA in the the expression domain of the dorsal dermomyotomal marker
developing chick limb (Lépez-Martinez et al., 1995).Pax3is expanded. Mouse embryos lacking Shh function also
Biochemical analysis and in vitro experiments revealed thdack distal limb structures indicating that, in addition to
the patterning activities reside within an N-terminalanteroposterior patterning of the limb, Shh also plays an
peptide generated by autoproteolytic cleavage of the Shimportant role in distal limb outgrowth. An unexpected
protein (Fan et al., 1995; Lai et al., 1995; L6pez-Martinez gphenotype was that Shh is required to maintain an intact
al., 1995; Marti et al., 1995; Porter et al., 1995; Roelink ehotochord.
al., 1995). Here we show thayuis the zebrafish homologue of thieh

In the zebrafish, threleedgehogene family members are gene. We present evidence that flmrtype genes encode
expressed in the midline in partially overlapping patternscomponents of the Shh signaling pathway from the notochord
Similar to the expression in other vertebratsfih is for patterning the somites and the ventral neural tube.
expressed in the notochord, the medial floor plate, the ventr8urprisingly we found thahhis neither required nor sufficient
midline of the brain and the posterior fin bud of the zebrafisko induce medial floor plate cells in the ventral neural tube of
embryo (Krauss et al., 1993). The expressiotiggfy-winkle  the zebrafish.
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MATERIALS AND METHODS chloramphenicol to its acetylated forms was determined with a Fuji
BAS 2000 phosphoimager. Each transfection experiment was repeated
Fish stocks at least two times with different Cs@lasmid preparations.

Fish maintenance and mating were done as described in Mullins et al.

(1994). The zebrafish strains used were Tlbingen (Haffter et al., 1996)

and WIK (Rauch et al., 1997). The following alleles were usedRESULTS
yoty119.gyja252 corimlsa youy97 andubdP3® (van Eeden et al., 1996),

syu4, sydba70andsyudP*392(this work). shh and syu are genetically linked

Fish mutagenesis, allele screen and complementation The reduced pectoral fins displayed bgnic-you (syy

For the allele screen, mutagenesis was done as described in Hafftel%ll’tant e”?bryos and the Somlt_e patterning defect .suggested
al. (1996). Carriers for new alleles ®fuwere identified among the that syumight be a good candidate for the zebrafishic

Fis by single pair matings to fish that wes9252 heterozygous hedgehodshh gene (van Eeden et al., 1996). To test whether
carriers. 6960 resulting egg lays were screened around 72 hpf fshhandsyuare linked, we carried out a segregation analysis
noncomplementation of theyumutation. using a restriction fragment length polymorphism (RFLP)

: - L N physically linked to theshhgene (Fig. 1A). Usinghhas a
th_)le'mou_m_ am_'bOdy Sta'n'_ng and 'n_sftu hybridization . probe for Southern blot analysis, we identified RFLPStdr

In situ hybridization and antibody stainings were done as descrlbe&ind SpH between the Tiibingen strain, the line in which the

0 . .. b .

S ot 135300 ko . SoSpolagecattian LTI oS TOAl) DL e Uriees e
et al., 1995)F-spond|n2(H|gash|J|ma et a}l., 1997; Klar et al., 1992), yri}qzsz A d ngK fish th ol q X[%
myoD (Weinberg et al., 1996)wist (B. Riggleman unpubl., Morin-  SY carrier and a nisn, we tnen ftollowe e
Kensicki and Eisen, 1997jkd4 (Odenthal and Nisslein-Volhard, Segregation of these RFLPs inte frogeny of k fish that
1998), pax-2 and pax-6 (Krauss et al., 1991). Antibodies used: 4D9 Were heterozygous for bothyud252and the RFLPs. ThezF
(Patel et al., 1989), znpl and zn5 (Trevarrow et al., 1990). offspring were sorted by mutant phenotype into pools of 50

. embryos each. By Southern blot analysis we found that only
Southern hybridization, 'FT'.PCR' PCR (also CA repeats) the mutant fragment segregated into the mutant pool of
and D.NA SSqUeNCe ana ysis __embryos, whereas both fragments were found in the sibling
DNA isolation from adult fish and embryos was done as descrlbeﬁod at an expected ratio of 1:2 (mutant:wild-type; Fig. 1B).

in Westerfield (1994). Plasmid DNA preparation, restriction s

digestion, PCR and Southern hybridization were done according n a Sens_|t|V|ty control, we found that we .COUId detect the
standard methods (Sambrook et al., 1989). Probes were label A equivalent of one wild-type e”.‘bryo In a pool .Of 0
using the Amersham megaprime kit. Total RNA was prepared froffiutant embryos (data not shown). Since we did not find any
embryos using the TriStar Reagent (AGS), reverse transcription wa§Combinants in two pools of 5)u mutant embryos, we
done using the MMLV reverse transcriptase (Life Technologies)estimate the genetic distance betwsgnandshhto be less
The oligonucleotide primers used for the RT-PCR analysis were d¢han 1 cM. We have confirmed this linkage independently by
follows: forward primer 5 to intron 1 (A): CCGGGATCC- using a CA repeat polymorphism in thelBTR of shh(data
GTAACGTTGTGATTTCGAGGTC; reverse primer within intron 1 not shown).

(B): CGCGCCTGACGCGTCTCAACGC; reverse primef 8

intron 1 (C): CCGGAATTCTGCTTTGACAGAGCAATGAATG. A deletion Covering shh fails to Comp|ement syu

DNA sequencing of mutant allelessyfuand founder fish was done . . - . .
on both strands using a Pharmacia ALFexpress, the templates wele fortuitously identified a spontaneous deletion covering the

prepared by PCR amplification of individual exons from total genomiéﬁhgene' D_NA of embryos homozygous for this del_etlon failed
DNA of syu homozygous mutant embryos. Putative changes werE 9ive a signal on Southern blots when probed with a cDNA
confirmed by sequencing a clone from an independent PCR performé shh whereas control hybridizations usihgrl (Muller et
on template DNA prepared from a separate pool of embryogl., 1996) as a probe showed the same band as the wild-type
homozygous fosyu siblings (Fig. 1C). Further Southern analysis of this deletion
In vitro transcription and mRNA injection us_ing genomic probes surrounding #féggene revealed that
o ) _this deletion extends beyond 4.0 kbt® the start codon and
shhand dnPKA mRNA for injection was prepared using the Ambion 5 1, 3t the stop codon of trehhopen reading frame (data
mMessage mMachine kit usisghand dnPKA expression constructs élé)t shown). As heterozygous carriers for this deletion failed to

in pSP64T (Hammerschmidt et al., 1996a; Krauss et al., 1993), 252
Embryos were injected in the blastomeres at the 1- to 8-cell stage. mplemgmsydq , we conclude that thx?hhgene and the .
to 500 pl was injected at a concentration of 0.3 mg/ml to test medi®YU Mutation are under the same deletion. We termed this

floor plate-inducing capabilities afhh containing phenol red as a deletion allelesyu?.

tracer. To identify additional ENU-induced alleles afyuy we
) » carried out an allele screen by non-complementation of
Hel.a cell cotransfection and CAT activity assay syud252 By screening an estimated 3480 ENU-mutagenized

-563shhCAT-M was generat.ed by replacing the wild-type Shrbenomes in single pair matings betweerpfogeny of ENU-
fragment from-563 to + 216 in-563shhCAT (Chang et al., 1998) mutagenized founder fish asyud252heterozygous carriers,

with the corresponding fragment amplified by PCR freynid252 . ., i bq70
genomic DNA. Plasmids were sequenced to verify correcwedblgggtmed two new ENU-induced allelesyu and

amplification ofsyu9252sequence. HeLa cells were transfected by the>Y
calcium phosphate coprecipitation method and CAT assays usir(l%NA f llel

constant amounts of extract protein were performed as describ sequence of syu alleles

(Gorman et al., 1982; Webster et al., 1989). Reaction products well® identify the molecular lesion underlying the phenotype in
separated by thin layer chromatography and conversion dhe ENU-induced alleles ofyy we determined the DNA
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I .' “ shh Fig. 2.(A) DNA alterations in ENU alleles afyu Thesyud252
: y ) mutation causes a G-to-A transition at a position 226 bp upstream of
Ll o) theshhstart codon, theyubPx3%2causes a G-to-A transition of the
! first nucleotide of the first intron ehhin the conserved splice donor
(e junction. The two introns are indicated as inverted triangles. The
4 S fe positions and orientations of the oligonucleotide primers used for RT-
Sphl Bglll Sphl PCR analysis are also indicated and labeled A-C. (B) Treg®n

of the sonic hedgehog genesyi9252directs reduced expression of
chloramphenicol acetyl transferase activity in HeLa cells. Chimeric
genes £563shhCAT) containing wild-typshhsequences (wt) or the
syu9252mutant sequenceéq52 from —-563 bp to +216 bp upstream
of the CAT-coding region were transfected into HelLa cells either
alone (left histogram) or together with CMVaxI (Axl) encoding
zebrafish Axial, a transactivator of thlehpromoter (right

histogram). In controls of coexpression experiments (C), MV
encodingB-galactosidase was cotransfected in place of CMVaxl. The
CAT activity obtained with the wild-type construe€i63shhCAT

alone (wt, left histogram) or when cotransfected with CMVaxI (AxI,
wt; right histogram) were set to 100% and other CAT results were
normalized accordingly (relative CAT activity). (C) RT-PCR analysis
of total RNA extracted from wild-type, embryos that carggdbx392
over theshhdeletion gyu4) and siblings embryos containing wild-
type and heterozygowsyuP*392carriers. The upper band specific for
the splicedshhmRNA (AxC) was observed with RNA from wild
types, whereas only the lower band specific foistittmRNA, from
sequence of the entire coding regions and some flanking"lich the first intron is not spliced ¢8), was obsgrved with total
noncoding regions of thehh gene ofsyud252 syba70 and ~ RNA from SyL]b’_(?’g%yL}4 mutant embryos. The faint lower band
syubx392(Fig. 2A). We could not identify any mutation in the Visible in the wild-type lane could be due to genomic DNA or small

; ; ; amounts of unspliceshhmRNA. Both bands were observed using
shircoding region of any allele alyuthat would result in an NA from sibling embryos. All three oligonucleotide primers were

amino acid change in the e_ncoded protein. Howe\_/er, we d@esent in all three RT-PCR reactions indicating that both products
!dent_lfy a G-to-A _change in the conserved _Spl'ce__dono an be amplified simultaneously and thatspd?*392mutation
junction of the first intron ofyu®*392 In syu2%2 we identified  jnnhibits splicing of the first intron ahh

a G-to-A change in the noncoding leader (Fig. 2A), at a

position 226 bp upstream of the start codon and 27 bp

downstream of the proximal transcription start site ofsthie

promoter (Chang et al, 1998). Sequencing of thalterations were not present before the mutagenesis and were
corresponding regions of the originally mutagenized foundeprobably induced by the treatment with ENU. The molecular
fish of syuPx392 and syud252 showed that these sequencedefect forshHPd70was not identified.

Fig. 1.(A) Cosegregation analysis betwedthandsyu A syu
heterozygous carrier was crossed to a wild-type reference fish WIK.
Heterozygous f5 were identified and mated to obtain pools of
phenotypically mutant and sibling Embryos. (B) Southern blot
analysis usinghhas a probe was carried out to follow the
segregation of aBpH RFLP linked to theshhgene intasyumutant
and sibling B embryos. Only theyuspecific fragment§ segregates
into the mutant pool of embryos, whereas bothsthespecific and

the WIK specific fragment (0), are found in the sibling pool at an
expected ratio of 1:2. (C) Trelhhgene andyuare covered by the
same deletion. Southern blot analysis usihigas a probe was
carried out on DNA prepared from poolssyil* homozygous

mutant embryos and siblings. No signal is detected with DNA from
thesyuembryos, whereas a control hybridization ugiegl shows

the same band with tleyumutant and the sibling embryos.
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The mutation in the untranslated leader of ~ syu 14252 frequently varies between the two pectoral fins of one
reduces the expression of  shh individual. In the strong ENU allelgyubx392/4 poth pectoral

The shhpromoter is confined within the region betwe&i63  fins are very tiny and in the deletion allele pectoral finbuds are
and +216 relative to the proximal transcription start site (Changstablished but fail to grow out.
et al., 1998). To test whether the transition at position +27 We examined the expressionsbthin all four alleles ofyu
affects the function of thehhpromoter, chimeric genes were by whole-mount in situ analysis at 36 and 22 hpf (Fig. 4B,C).
constructed by placing either wild-type syu9252sequences Shhexpression in the pectoral fin buds and the floor plate is
(from position-563 to +216) upstream of the coding regionreduced insyud232andsyubd7S barely detectable in embryos
for chloramphenicol acetyl transferase (CAT). Whenthat carried syd?392 over syd* and absent in embryos
transfected into HeLa cells, the mutant construct produced 5:0mozygous fosyd?. The varying degrees of reductionstih
to 10-fold less CAT activity in comparison to the wild-type MRNA levels in the differensyu alleles correlate with the
construct (Fig. 2B). In addition, transactivation of CAT increasing allele strengths as judged by the pectoral fin
expression from theshh promoter by the winged-helix Phenotypes. . _ .
transcription factor Axial (Axl) (Strahle et al., 1993) is strongly [N chick embryos, expression dshh in the node is
reduced, when the mutarghh-CAT fusion construct is asymmetric and appears to be involved in left-right asymmetry
cotransfected with a plasmid encoding Axial (Fig. 2B). Thes&f the heart. In the zebrafish, left-right asymmetry of the heart
data are consistent with the observed reductiehbmRNA i manifested by a ‘jogging’ movement of the midline heart
levels insydd252 mutants in vivo (see below). The transition tube to the left followed by looping to the right and several
from G to A at position +27 in thehhpromoter region may Mutations affecting this process have been described (Chen et
affect the basal activity of thehhpromoter. Alternatively, as al., 1997). Injection of mRNA encodirghhdisturbs left-right
the mutation resides within thehh transcript, the mutation asymmetry of the zebrafish heart in a dose-dependent manner
might affect message stability. (Chen et al., 1997). Isyumutant embryos, however, left-right
asymmetry of the heart appears normal (data not shown).

The mutation in  syu®392 alters splicing of the  shh Somite patterning in  syu is defective

MRNA i ) ) . The muscle pioneers are a subset of muscle cells in the region
We performed an RT-PCR analysis using oligonucleotidgy the horizontal myoseptum. They are recognized by the 4D9
primers that specifically amplify products froshh mRNA  gntihody, which labels an Engrailed-epitope in 2-6 nuclei of
either containing or lacking thg first intron (Fig. 2C). Usinggch cells in each segment (Fig. 5G; Hatta et al., 1991a; Patel
total RNA extracted from W|Id—typ_e embryos,_ we only gt al., 1989). In the somites afyu4 mutant embryos,
observed the RT-PCR product specific for the spliced form (%ngrailed-positive cells are absent (Fig. 5H), whereas in
shhmRNA, whereas with total RNA from embryos that carriedsyuqzsz a few Engrailed-positive nuclei are occasionally seen
syuP392 over theshh deletion gyu*), we only observed the in 5 few segments (data not shown). The lack or strong
RT-PCR product specific fahhmRNA from which the first  yaqyction of Engrailed-positive muscle pioneers correlates
intron was not spliced. Using total RNA from sibling embryosyyith the absence of a horizontal myoseptum in these mutants.
containing wild-type and heterozygoegu*392 carriers, we The muscle pioneers originate from a subset of the adaxial
observed both forms, indicating that both products can bggjis that expressiyoDjust adjacent to the notochord (Fig. 5A:;
amplified simultaneously. Since all three oligonucleotiderg|senfeld et al., 1991; Weinberg et al., 1996)syinmutant
primers were present in all three reactions, this demonstratgﬁ]bryos’myoD expression in the adaxial cells is strongly
that thesyuP*392 mutation impairs splicing of the first intron equced (Fig. 5B). However, the reductiomgfoDeven in the

of shh The aminoterminal portion of the Shh protein is though'strongest allele obyu is Ieés pronounced than iyou-tog

intron causes thshhopen reading frame to be truncated aftergt g1, 1996 and data not shown).

codon 100 and extend into the first intron by another 8 codons spp protein was shown to induce sclerotome when applied

until it hits a stop codon. to explants of presomitic mesoderm in vitro (Fan and Tessier-
_ Lavigne, 1994). At late somite stages of zebrafish

The phenotypic strength of ~ syu alleles correlates developmenttwistis expressed in the posteriormost notochord

with shh expression and in sclerotome cells in the ventral part of the somites (Fig.

Embryos homozygous fosyu fail to form a horizontal 5C; Hammerschmidt et al., 1996; Morin-Kensicki and Eisen,
myoseptum and form U-shaped instead of V-shaped somitd997). We investigatetiist expression in the somites syu
(Fig. 3). 3-day-oldsyu embryos are generally smaller with mutant embryos and found only a minor reduction in the level
small eyes, reduced spacing of the eyes, a small head anaféwist staining even in embryos of the strongest allelsyof
thinner tail. They have a circulation defect which is probablyFig. 5D). Shh is therefore not required to accomplish at least
due to the absence of a functional dorsal aorta. The deletim@me level oftwist expression in the sclerotome of the
allele syu“ in addition shows a brain necrosis phenotype (dataebrafish.

not shown). This additional phenotype may be due to (an)other )

gene(s) affected by the deletion. Mutations syu cause Syu affects patterning of the ventral neural tube

reduced pectoral fins such that the length of the pectoral fis the zebrafish, the medial floor plate is a single row of cells
decreases with increasing phenotypic strength of the allelés the ventralmost part of the neural tube (Hatta et al., 1991b),
(Fig. 4A). The two weak allelesyud252andsyuPa70 show a  which express several genes includsfgy F-spondin2and
variable reduction in the length of the pectoral fins whichcollagen2al(col2al) (Fig. 5E; Higashijima et al., 1997; Klar
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Fig. 3.(A) Nomarski picture showing wild-type asgu9252mutant
embryos at 72 hpf in lateral view. The somites are clédushaped

and the horizontal myoseptum is missing inghemutant embryo,
causing the failure of melanophores to assemble in a lateral stripe.
(B) Dark-field picture showing the somites of wild-type agdbd70
mutant embryos at 72 hpf in lateral view. Striated muscle shows a
bright birefringence and somite boundaries show as dark lines. Wild-
type somites are V-shaped and separated into a dorsal and a ventral
part by the horizontal myoseptum. The somites irsyhemutant

embryo are reduced in size, clearly U-shaped and lack a horizontal
myoseptum.

tbx392/t4

t4

et al., 1992; Krauss et al., 1993; Yan et al., 1995). The residu
expression okhhin the ventral neural tube of ENU-induced Fig. 4.(A) Nomarski pictures showing pectoral fins of wt yd
syvaleles ot 22 ! indcales hahespressing oo plte e 2 e e e e
with these datacol2al expression at 28 hpf is nbrmal in all H ctoral _fln phenotype is ve_lrlable and _freq_uently only the pectoral fin
- - . P s on one side of the embryo is reduced in size. In the strong allele,
four syu alleles including the deletion, indicating that the syjpx3921t4 the pectoral fins on both sides are reproducibly tiny and
medial floor plate develops normally $yu(Fig. 5F and data in the deletion allelsyu finbuds are established (arrow) but fail to
not shown). The expression of another medial floor platgrow out. (B) Pectoral fins; dorsal viewsstfhwhole-mount in situ
markerF-spondinZHigashijima et al., 1997; Klar et al., 1992) hybridizations orsyualleles at 36 hpf. (C) Lateral views siih
is also unaffected isyumutant embryos at the 18-somite stagewhole-mount in situ hybridizations ayualleles at 22 hpf. In the
(data not shown). weak allelessyu9252andsyuPa70 expression ahhis reduced, in

In the zebrafish, two members of flaek headgene family, ~€MPryos that carrgyd®3%2over theshhdgleﬂgn gyu?), it is barely
axl andfkd4, are not only expressed in the medial floor platedetect"’1b|e and nehhexpression is seen gyu* mutant embryos.
but also in lateral floor plate cells flanking the single row of
shh expression (Fig. 5G; Odenthal and Nusslein-Volhard,
1998; Strahle et al., 1996). $yu* mutant embryos, expression
of fkd4in lateral floor plate cells is absent and the expression In the midline of the zebrafish, two additiorfadgehog
is limited to the single row of medial floor plate cells normallyhomologs,ehh and twhh are expressed (Currie and Ingham,
expressinghh(Fig. 5H). Thusshhis required for development 1996; Ekker et al., 1995), which could compensate for the lack
of thesefkd4-expressing lateral floor plate cells, but not forof shhfunction in certain aspects of development. We analyzed
development of the medial floor plate itself. the expression oéhhand twhh in syumutant embryos and

We injected mRNA encodinghhinto wild-type zebrafish found that the expression of botiledgehoghomologs is
embryos to test whether ectopic expressionsbh was unaffected by the lack ahh(Fig. 51,J).
sufficient to induce medial floor plate cells. Injectionstih o ]
MRNA to a level at which somitic tissue shows a very strong\xon patterning is abnormal in  syu mutants
response (Hammerschmidt et al.,, 1996a) and at which tH&hh protein is known to induce motorneurons in explants of
lateral floor plate markefkd4, is ectopically induced did not neural plate from the chick (Marti et al., 1995; Roelink et al.,
lead to ectopic expression of eitleet2alor F-spondindata  1995). In mouse embryos homozygous for $hé mutation,
not shown). We conclude thahh is neither required nor motorneurons are absent, as shown by the absence of the
sufficient to induce medial floor plate cells in the zebrafish. expression of thdslet-1 gene (Chiang et al., 1996). Byu
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Fig. 5. Expression of myoD in a wild-type (A) and A "Evee
syu* mutant embryo (B), 14-somite stage, dorsal A b 55 4 Vo § B8 P

view on flat-mounted embryo. ExpressiomofoDis .
strongly reduced in the adaxial cells, also more la '*‘.. -

. ; i f WEANS oy oa ™
expression in the somitic mesoderm is lower. col2at wt

Residual levels afnyoDremain detectable in the myoD wt
adaxial cells, especially in the tailbud region. Dou B Bt e e

staining fortwist (in situ hybridization) and Engraile
(4D9 antibody labeling) in wild-type (C) amsgyu?
mutant (D) embryo, side view on tail, 22 hpfist
labels the early notochord in the tailbud, the
hypochord and the sclerotome visible in the ventr
part of the somites (all blue staining). In gy
mutant,twist staining is only slightly reduced and
shifted dorsally relative to the notochord due to th
abnormal shape of the somites. Engrailed positive
muscle pioneers (brown staining) are absent sgpor
mutant embryos. Expressionadl2alin wild-type
sibling (E) andsyu4 mutant embryo (F) at 29 hpf,
side view.col2allabels both the medial floor plate
and the hypochordyu? has no effect on medial flo
plate staining. Whole-mount antibody and in situ
staining for Engrailed (4D9) arfdd4, respectively,
of wild-type sibling (G) andyu* mutant (H) embryc
at 24 hpf, dorsal view. Computer composite of tw(
focal planes. One plane shows the nuclei of the - :
muscle pioneers (brown). The second plane show ehh syutbx39204 ppp syutbx39214
cytoplasmidkd4 staining in the ventral neural tube

encompassing medial and lateral floor platesyimmutant embryos, muscle pioneers are absenfi@ddxpression is restricted to the medial
floor plate itself. Expression ehh(l) andtwhh(J) at 15- to 17-somite stagguPX392“mutant embryos. The expression of blegugehog
homologs irsyumutant embryos is indistinguishable from wild-type siblings.

--\-_'.ﬂ""'
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mutant embryos, primary and secondary motorneurons a wt B thx392/44
present, but axon patterning of these neurons is abnormal (F 2o
6B and data not shown). Primary motorneurons were staine
by the znp-1 monoclonal antibody (Trevarrow et al., 1990)
CaP and MiP axons, which normally project to the ventral an
dorsal myotome, were found to run along the neural tub

horizontally insyumutant embryos at a high frequency (van C wi
Eeden et al., 1996, data not shown). Secondary motorneura

were stained using the zn5 antibody (Trevarrow et al., 1990

In syu mutant embryos, the axons of the secondan

motorneurons fail to branch and instead cease to extend _

grow further ventrally in an abnormal pattern (Fig. 6B).

The zn5 antibody also labels the retinal axons, whicl E x392/t4 F t4
normally cross the midline to connect the retinal ganglion cell
(RGCs) to the tectum on the contralateral side (Fig. 6C :
Karlstrom et al., 1996). lisyu mutant embryos, these RGC :

axons frequently fail to cross the midline and remain on th
ipsilateral side or, if they do cross the midline, frequently grow
aberrantly (Fig. 6D-F; Table 1).

. Fig. 6.Zn5 antibody staining of secondary motorneurons in a wild-
Lack of shh has no effect on the expression pattern type (A) and ayub*397syu4 mutant (B) embryo at 52 hpf. Byu
of either pax-2 or pax-6 in the developing eye mutant embryos the axons of the secondary motorneurons (indicated
It has been reported that ectopic expression of eithieor by arrows) fail to branch and instead cease to extend or grow further
twhh alters proximodistal fates in the developing eye aé/entral!y inan a.bnormal pattern. Zn5 staining of retinal axon
manifested by an alteration of the expression patterpsoof ~ Proiections in wild-type (C) ansyumutant alleles (D-F) at 52 hpf.
2 andpax-6(Ekker et al., 1995; Hammerschmidt et al., 1996&1]n wild-type embryos, the retinal ganglion cell axons have crossed

- .~ the midline where the optic chiasm is formed (arrow) and grow
Macdonald et al., 1995). We did not observe any 0b\"ouﬁ)wards the tectum on the contralateral sidesybmutant embryos,

abnorTaIity ofax-2or pax-6expression in the developing eye these retinal axons frequently fail to cross the midline and remain on
of syd* mutant embryos (data not shown). This indicates thahe ipsilateral side (arrows) or, if they do cross the midline,

the lack ofshhalone does not affect proximodistal fates in thefrequently grow abnormally and in many cases only form very thin
developing eye of the zebrafish. axon bundles (arrowheads).
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Table 1. Frequency of normal and abnormal retinal pathway. Since none of the double mutant combinations with
projections in different alleles ofsyu syuaffected the medial floor plate, we conclude that neither of

% of mutant embryos % of sibling embryos the th_ree Othe_r geney_o(t, con or y(_)u) encodes ‘"?‘ poss_lble_
with abnormal retinal with abnormal retinal signaling function required for medial floor plate induction in

Allele projections (cases) projections (cases) the absence of normal Shh activity.

syuju252 4 (1/24 0 (0/21 .

s§dbq7° 67 ((29/4)3) 0 ((0/37)) Order of the you-type genes in the pathway

syuP397sy 96 (26/27) 0 (0/22) To order otheyoutype genes with respect to the Shh signaling

syu# 100 (21/21) 0 (0/23)

pathway, we injectedhhmRNA into embryos mutant fau-
boot (ubo), yot con or you We found induction of

) ) supernumerary muscle pioneers with injectiorsiofi mRNA
Ectopic expression of ~ shh or dnPKA rescues in ubo, conandyou similar tosyu However, inyot, we never
Engrailed-positive muscle pioneer cells in syu obtained induction of Engrailed-positive cells with eitsbh

To establish whether the somite defecspifican be rescued mRNA or with mRNA encoding dnPKA, indicating thgatt is

by transient expression shh we injectedshh mRNA and  downstream ofhhand protein kinase A in the Shh signaling
assayed for the induction of Engrailed-positive muscleascade.

pioneers (Table 2). It was previously shown that injection of in

vitro transcribed shh mRNA can induce supernumerary

Engrailed-positive muscle pioneers when injected into wildDISCUSSION

type embryos (Hammerschmidt et al., 1996a). We identified

syu mutant embryos in which supernumerary Engraileddn this paper, we describe several lines of evidence that the
positive muscle pioneers were induced on one side, wherephenotype ofsyu mutant embryos is due to mutations in the
the other side showed no Engrailed-positive cellshhgene. We show thayuandshhare both genetically and
demonstrating that we can rescue muscle pioneersyun physically linked and a deletion, which fails to complensguit
embryos (data not shown). Injection of mRNA encoding amutations, uncovers tienhgene. Sequencing of ENU-induced
dominant negative form of protein kinase A, dnPKA, was alsalleles revealed that one of these allesgsiP*392 is due to a
shown to induce supernumerary Engrailed-positive musclmutation in a conserved region at the splice donor junction
pioneers in wild-type embryos (Hammerschmidt et al., 1996a)eading to the failure of splicing the first intron of thih
We could also rescugyuby the injection of mMRNA encoding mRNA. A point mutation in the noncodin¢-Bader olyud252
dnPKA as shown by a one-sided induction of supernumerameduces shh expression in the embryo. These in vivo

Engrailed-expressing muscle pioneers (Table 2). observations are paralleled by in vitro results; CAT expression
. o driven by the syud252 mutant sequence in a HelLa cell

The you-type genes encode a single signaling expression system is strongly reduced in comparison to the

pathway CAT expression obtained with the wild-type sequence. In

To investigate whethesyu you-too(yot), chameleorfcon) and  summary, we take this evidence as sufficient to conclude that
you encode components of a single signaling pathway, weyuis identical to theshhgene of the zebrafish.
constructed the following double mutantgtyl19corimisa The phenotype displayed Byumutant embryos is in many
yoty119syua252  syuda253yoy®7 and syu#corf™5a The  respects similar to that found in mice lacksfdgene function
progeny of parents that were double heterozygous carriers f(Chiang et al., 1996). Similar to the mouse phenotyye
any of these combinations did not contain embryos displayingiutant embryos show patterning defects in the somites and
stronger phenotypes than either of the single mutants aloniack the distal outgrowth of the anterior limbs. As was reported
Whole-mount in situ hybridization witkol2al (for sydcon  for mice lackingshh left-right asymmetry of the heart is
double mutants) ahh(for yot'con yot'syuandsyuyoudouble  unaffected insyu mutant embryos, indicating thahhis not
mutants) as medial floor plate markers revealed that neither efsential for the induction of left-right asymmetry of the heart
the double mutants had any obvious effect on the medial floin either organism.
plate (data not shown). Since none of these double mutantsin mouse embryos, the lack of Shh function causes cyclopia
uncovered any overlapping function, we conclude that thesend the expansion pax-6expression throughout the optic cup
genes are likely to encode components of a single signalireg the expense gfax-2 In the zebrafish, it was shown that
ectopic expression ahhor twhhalters the expression pattern
of these two early markers for proximodistal cell identity in the

Table 2. Rescue of muscle pioneer cells in differepou- eye towards more proximal fates (Ekker et al., 1995). Siypge
type mutants by overexpression ashhand dnPKA mutant embryos form two bilateral eyes and show a normal
% response % response proximodistal expression pattern of bgiéxgenes in the eye,
Injected in mutants in siblings we suggest thatwhh expression in the ventral brain is
Gene Allele MRNA (cases) (cases) responsible for this patterning alone or can at least partially
syu t4 shh 84 (21/25) 69 (46/67) compensate for the lack ehhin the head. Nevertheless, the
yot tyl19 shh 0 (0/1/9) 35 (22//63) pathfinding errors of RGC axons in the brain demonstrate a
;gﬂ :%17561 ;m 3623 Eé,lnl 2) 351 ((5,1232;3 ) specific function fosshhin the ventral midline of the brain.
ubo tp39 shh 62 (8/13) 79 (26/33) A surprising finding is thasyu embryos do form medial
syu t4 dnPKA 85 (17/20) 70 (52/74) floor plate cells and motorneurons and therefshb is not

yot ty119 dnPKA 0 (0r39) 28 (37/134)  required to induce these ventral cells in the neural tube of the
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zebrafish. This is clearly different from the phenotype observeembryos mutant foryot¥119 is even stronger than that of
in the mouse, where neither floor plate nor motorneurons asmbryos homozygous for a deletionshihy we speculate that
formed. The presence of medial floor plate in embryogotis also involved in transducing signals encoded by other
homozygous for the deletion sifihand the absence of an effect hedgehogiomologues such ahh
on medial floor plate cells by ectopic overexpressioshbf The positive response §buy, con and ubo mutants toshh
shows that, in the zebrafislshh is neither required nor injection would suggest that the corresponding genes are
sufficient to induce medial floor plate cells. This is in apparentipstream ofhhor act in parallel. However, it is conceivable
contradiction to the induction of floor plate markers observethat artificially high levels oghhused in the injection assay
after the injection ofshh homologs intoXenopus laevis could bypass the requirement for an otherwise essential
embryos (Ruiz i Altaba et al., 1995). However, in thesecomponent of thehhsignaling cascade. Particularly this may
experiments, ectopic floor plate induction was never observdie the case foubo, which was shown to be required in the
at the stages at which endogenous floor plate is being induceshmitic cells receiving the Shh signal (van Eeden et al., 1996).
indicating that the ectopic induction of floor plate achieved at Although we cannot formally exclude the possibility that
later stages of development may be of little physiologicakither ehh or twhh could compensate for the lack siihin
relevance. medial floor plate induction, we favor an alternative model by
Mutations in genes that act in different steps in a signalhich medial floor plate cells are not induced by any Hedgehog
transduction pathway should give similar phenotypesybie  molecule, but rather arise through a cell fate decision in a
type mutants have been grouped by their similarity tasylue  common precursor of notochord and medial floor plate. Such
mutant phenotype. The double mutant analysis carried oat cell fate decision was recently proposed by Halpern et al.
betweensyu con, yot and you has shown that none of the (1997) through the analysis of double mutantsntbendcyc
double mutants affects the medial floor plate and none of thehe finding that, in these double mutants, tilemutation
double mutants displays any obvious phenotype exceeding thauppresses the floor plate deficiencgye mutants suggested
observed with embryos homozygousyofY119 This suggests that the Ntl protein promotes notochord development and
that these genes encode components of a single signaliagppresses floor plate fate in common precursor cells (Halpern
pathway and that none of the otly@utype genes encodes a et al., 1997). Substantial but incomplete rescue of floor plate
redundant signal involved in the induction of medial floor platedeficiency was also observed in double mutantgtlaindoep
cells. (Strahle et al., 1997). A cell fate selection model also explains
Nevertheless, the absenceflkal4 expression in lateral floor the finding that, in embryos mutant for strong allelesththe
plate cells demonstrates specific requirements sfun in band ofshhexpressing floor plate cells is more than one single
patterning the ventral neural tube. This is also in agreemendw of cells wide (Odenthal et al., 1996; Stréhle et al., 1996).
with shhinjection studies, leading to the ectopic expression oFate mapping studies have indicated that floor plate cells and
axial, which similarly tofkd4is expressed in lateral and medial notochord cells in the avian embryo arise from a common
floor plate cells (Hammerschmidt et al., 1996a; Krauss et alprogenitor population in Hensen’s node (Catala et al., 1996).
1993). It has been reported thayu mutants have Floor plate and notochord precursors also occupy overlapping
morphological defects in the floor plate (Brand et al., 1996)areas in the shield fate map of the zebrafish embryo (Shih and
We speculate that the reduced visibility of the floor platyin  Fraser, 1995).
mutants may well be due to the absence of the lateral floor plateThe existence of distinct pathways functioning in the
cells. The motorneuron axon defectssyti mutant embryos induction of medial floor plate cells and somite patterning is
also indicates a specific requirementdbhin patterning these further supported by the fact that mutations in genes required
axons. It is, however, possible that the motorneuron axofor notochord formation have different effects on the floor plate
defect is a secondary consequence of somite patterning defe@@xdenthal et al., 1996). Whereas mutationghior momresult
in this mutant. Ectopic overexpression of dnPKA causes @ floor plate defects, mutations doc or ntl do not cause any
substantial increase @fl1-expressing cells in the neural tube, deficiency of floor plate cells, but rather promote floor plate
indicating that Hedgehog signaling is able to induce primaryate as is the case for strong allelesndf Following the
motorneurons in the zebrafish embryo (Hammerschmidt et abrgument of a cell fate decision, it seems plausiblefithand
1996a). Sincesyu mutant embryos do form primary and mommay affect a common precursor for notochord and floor
secondary motorneurons, it is conceivable twahexpressed plate.
in the floor plate is responsible for the induction of these more A genetic pathway specifically leading to the formation of
lateral cell types isyumutant embryos. medial floor plate is defined by mutations that do affect the
Injection studies have suggested that tstthandehhmay  medial floor plate such ayc oepandsur. None of these genes
be required for efficient induction of supernumerary musclaffects somite patterning or thkd4-expressing lateral floor
pioneers in wild-type zebrafish embryos (Currie and Inghanplate cells (J. O., unpublished data), which implies that they do
1996). The reduction ahyoD expression in the adaxial cells not encode part of the Shh signaling pathway. Mosaic analyses
even in the strongest allele syuis less pronounced than in by cell transplantation have indicated that mutations in either
yot (van Eeden et al., 1996 and data not shown). This suggestspor surblock medial floor plate development autonomously
that the lack ofshh function in the zebrafish does not (Odenthal and Nusslein-Volhard, 1998; Strahle et al., 1997; J.
completely block signaling from the notochord and #lah  O. and C. F., unpublished data). Neither of these genes is
may be responsible for the residual expressiamyaiDin the  required for notochord formation and since they seem to be
adaxial cells ofsyu Cell transplantation experiments haveinvolved in promoting medial floor plate cell fate in a cell
shown thatyot is required in somitic cells receiving the Shh autonomous fashion, this precludes their function as an
signal (van Eeden et al., 1996) and, since the phenotype ioiductive signal from the notochord. Finally, thepandcyc
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genes have recently been identified molecularly and neither ofof a family of putative signaling molecules, is implicated in the regulation
them encodes a known component of thkeh signal of CNS polarity.Cell 75,1417-30.
transduction pathway (Zhang et al., 1998; M. R. Rebagliati, REkker. S. C., Ungar, A. R., Greenstein, P., von Kessler, D. P., Porter, J. A.,

. ; " Moon, R. T. and Beachy, P. A(1995). Patterning activities of vertebrate
Toyama, P. H. and |. Dawid, unpublished data). hedgehogroteins in the developing eye and br&arrent Biology5, 944-

In addition to theyoutype mutants, a number of mutants gss.
that show phenotypes partially overlapping with thasyfi ~ Fan, C.-M., Porter, J. A, Chiang, C., Chang, D. T., Beachy, P. A. and
have been described. We are investigating whether theselessier-Lavigne, M. (1995). Long-range sclerotome induction by Sonic

. - : Hedgehog: direct role of the amino-terminal cleavage product and
mutations may be affectlmmhor twhh respectlvely, or other modulation by the cyclic AMP signaling pathw&ell 81, 457-465.

components of a complex _netyvork of Hedgehog signalingan, c. M. and Tessier-Lavigne, M.(1994). Patterning of mammalian
pathways. Further characterization of these groups of mutantSsomites by surface ectoderm and notochord: evidence for sclerotome
should permit dissection of the overlapping functions and induction by a hedgehog homoldgell 79, 1175-86.

i ; ; ; Isenfeld, A. L., Curry, M. and Kimmel, C. B.(1991). The fub-1 mutation
specific requirements of Hedgehog molecules in patterning tH:‘gblocks initial myofibril formation in zebrafish muscle pioneer cedllsv.

midline, the CNS and the limbs of the zebrafish embryo. Biol. 148, 23-30.
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