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One of the major challenges of developmental biology is
understanding the inductive and morphogenetic processes
that shape the vertebrate embryo. In a large-scale genetic
screen for zygotic effect, embryonic lethal mutations in
zebrafish we have identified 25 mutations that affect spec-
ification of cell fates and/or cellular rearrangements during
gastrulation. These mutations define at least 14 comp-
lementation groups, four of which correspond to previously
identified genes. Phenotypic analysis of the ten novel loci
revealed three groups of mutations causing distinct effects
on cell fates in the gastrula. One group comprises
mutations that lead to deficiencies in dorsal mesodermal
fates and affect central nervous system patterning.
Mutations from the second group affect formation of ven-
troposterior embryonic structures. We suggest that

SUMMARY
mutations in these two groups identify genes necessary for
the formation, maintenance or function of the dorsal
organizer and the ventral signaling pathway, respectively.
Mutations in the third group affect primarily cellular
rearrangements during gastrulation and have complex
effects on cell fates in the embryo. This group, and to some
extent mutations from the first two groups, affect the major
morphogenetic processes, epiboly, convergence and
extension, and tail morphogenesis. These mutations
provide an approach to understanding the genetic control
of gastrulation in vertebrates.
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INTRODUCTION

The vertebrate body plan is established by a series of inductive
interactions and cellular rearrangements. Mechanisms under-
lying these processes are best understood in amphibia (Sive,
1993; Kessler and Melton, 1994; Slack, 1994). Vegetal blas-
tomeres of the amphibian blastula are a source of signals that
induce and pattern mesoderm in the overlying equatorial region
(Nieuwkoop, 1969). Growth factors are thought to mediate this
process (Nieuwkoop, 1992; Hogan et al., 1994). The dorsal
vegetal cells (Nieuwkoop center) are the source of signals
inducing dorsal mesoderm, which will give rise to notochord,
prechordal plate and somites. Secreted molecules such as
activin (Thomsen et al., 1990), Vg-1 (Thomsen and Melton,
1993) and several members of the Wnt family (Smith and
Harland, 1991; Sokol et al., 1991) mimic this activity. Recent
studies have suggested that specification of ventral mesoderm
is also an active signaling process. A strong candidate for a
ventral inducer, BMP-4 is expressed in ventroposterior tissues
during development of both Xenopus and mouse (Jones et al.,
1991; Fainsod et al., 1994; Hogan et al., 1994; Schmidt et al.,
1995). 

A Nieuwkoop center has not been identified for other ver-
tebrates. However, the molecular events establishing dorsoven-
tral polarity in teleost embryos might be similar to those
described for Xenopus (reviewed by Driever, 1995). The
Nieuwkoop center is thought to induce the Spemann organizer
in the overlying dorsal marginal zone (Nieuwkoop, 1969;
Kessler and Melton, 1994; Slack, 1994). The Spemann
organizer defines a region of the gastrula that upon transplan-
tation to the ventral side of an embryo induces secondary body
axis, and thus is a source of signals that dorsalize paraxial
mesoderm, as well as induce and pattern neural tissue. In the
resulting secondary axis, the donor organizer tissue contributes
predominantly to axial mesoderm: notochord and prechordal
plate (Spemann, 1938). Functional equivalents of the Xenopus
Spemann organizer have been identified by transplantation
experiments in other vertebrates. These are the embryonic
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shield in teleost fish (Oppenheimer, 1936; Ho, 1992), Hensen’s
node in the chick (Waddington, 1933) and the node in the
mouse (Beddington, 1994). These regions in different ver-
tebrate embryos share expression of a number of genes,
including: gsc, HNF-3β, Xlim-1, Xnot, noggin, and chordin
(reviewed by De Robertis et al., 1994). 

Induction of neural tissue in ectoderm appears to occur in
two ways: by vertical signaling from the invaginated axial
mesoderm (Mangold, 1933) and by planar signals sent through
the plane of ectoderm from the organizer (Kintner and Melton,
1987; Doniach et al., 1992; Sater et al., 1993). Dorsalizing and
neuralizing signals emanating from the Spemann organizer like
noggin (Lamb et al., 1993), chordin (Sasai et al., 1994; Holley
et al., 1995) and follistatin (Hemmati-Brivanlou et al., 1994),
might be counteracted or attenuated by molecules from the
ventral signaling center, such as BMP-4 itself (Fainsod et al.,
1994; Hogan et al., 1994; Holley et al., 1995). 

Fate maps made at the beginning of gastrulation are com-
parable between vertebrates; the prospective axial mesoderm
cells are located in the organizer region, and are usually the
first to undertake movements creating the mesodermal germ
layer. Somitic mesoderm is positioned laterally to axial
mesoderm, while future ectoderm usually takes a more anterior
position relative to mesoderm (Beddington and Smith, 1993).
Furthermore, several types of gastrulation movements are
common among vertebrates. During epiboly, the first morpho-
genetic movement in fish, frogs and chick, the blastoderm
becomes thinner as its surface expands (Trinkaus, 1951; Keller,
1980; Schoenwolf, 1991). Germ layer formation in all ver-
tebrates is characterized by involution or ingression
movements that bring prospective mesodermal and endoder-
mal cells to underlie the future ectoderm. Concurrently, the
movements of convergence and extension cause both
narrowing and extension of the embryonic body (Keller and
Danilchik, 1988; Keller and Tibbetts, 1989). Finally, a still
poorly understood set of cellular behaviors leads to formation
of a tail bud and subsequently a tail (Gont et al., 1993; Catala
et al., 1995). Although the cellular behaviors underlying some
of these morphogenetic movements are well described, little is
known about signals that direct gastrulation movements and
how these signals are related to signals that control cell fate
decisions (Keller et al., 1991). 

Zebrafish (Danio rerio) is particularly well suited for studies
of early development since in this system one can combine
embryological and molecular methods with genetic analysis
(Streisinger et al., 1981; Kimmel, 1989; Mullins et al., 1994;
Solnica-Krezel et al., 1994). Here we report that in the course
of a systematic mutagenesis screen for embryonic and early
larval lethal mutations in zebrafish (Driever et al., 1996), we
have identified a class of 25 mutations affecting specification
of cell fates and cellular rearrangements during gastrulation.
Complementation analysis indicated that the gastrulation
mutations define at least 14 genetic loci. An initial character-
ization of mutant phenotypes has led to the classification of
these mutations into three groups, based on their effects on cell
fates in the gastrula. One class of mutants exhibits defects in
dorsal structures, while the second class of mutants is deficient
in ventral and posterior structures. Therefore the specifications
of dorsal and ventral fates are controlled by separate genetic
pathways. Furthermore, formation of ventral and posterior
fates might require the same genetic components. Mutations of
the third class interfere with cell rearrangements during gas-
trulation and have complex effects on the formation of cellular
fates in the embryo. The identified mutations reveal relation-
ships between the inductive and morphogenetic events during
vertebrate gastrulation. 

MATERIALS AND METHODS

F2 screen 
Methods for fish maintenance, mutagenesis, generating F2 lines and
general screening methods are described in Solnica-Krezel et al.
(1994) and Driever et al. (1996). For the identification of gastrulation
mutants the most important screening periods were at 6-12 hours post-
fertilization (hpf) and at 24-30 hpf. All the crosses in which more than
10% of the embryos possessed consistent abnormalities at these
stages, or approximately 25% of embryos were dead by 24-30 hpf,
were repeated and the phenotypes of the resulting progeny analyzed
during gastrulation and segmentation (5-24 hpf; Kimmel et al., 1995).
F2 fish that gave rise to phenotypically mutant progeny in both the
primary and the secondary screens were outcrossed, and their sperm
was preserved by freezing (Driever et al., 1996). Based on the phe-
notypes observed during the screen, 38 mutations were considered as
potentially affecting gastrulation.

Recovery of gastrulation mutants from outcrosses
Mutations were recovered from the outcross lines by sibling crosses
and visual inspection of the resulting progeny. Following the initial
identification of the fish heterozygous for a given mutation, the cross
was repeated and the resulting progeny was analyzed in detail at
several stages of development. This analysis identified 23 mutations
that lead to abnormally shaped gastrulae, caused deficiencies in
specific cell types during gastrulation, or affected cell distribution.
These mutants showed a characteristic set of morphological abnor-
malities at 24 hpf. Two additional mutants (m472 and m768) exhibited
normal morphology during gastrulation, but at 24 hpf developed
defects similar to other gastrulation mutants. These 25 mutations were
categorized as gastrulation mutants and analyzed further. From the
remaining 13 mutations, three were recovered and after analysis
included into different categories. We failed to recover ten mutations
as zygotic recessive mutations. However, whether they can be
recovered as maternal effect mutations remains to be tested.

Complementation analysis 
Complementation was first tested between gastrulation mutants with
similar phenotypes. This defined a smaller number of complementa-
tion groups, between which further allelism tests were performed.
Additionally, complementation tests were performed between the gas-
trulation mutants and one mutation hörnle (hörm274), which causes
developmental arrest at 14/15 somite stage (Abdelilah et al., 1996).
Finally, gastrulation mutations that lead to notochord and central
nervous system (CNS) defects were tested for complementation with
mutations from these two groups, respectively (Table 1; Schier et al.,
1996; Stemple et al., 1996). For each complementation test a
minimum of 30 fertilized eggs were obtained from crosses between
identified heterozygous fish for any two given mutations. In the course
of complementation analysis of the gastrulation mutations 157 suc-
cessful crosses were performed, from which a total of 13,281 embryos
(on average 85 per cross) were analyzed. 

Phenotypic analysis of gastrulation mutants
Initial phenotypic characterization was performed for all mutations in
this class. A more detailed analysis, described below, was applied to
mutants representing ten loci not described previously. The following
alleles of the described loci were analyzed: oepm134, bozm168, unfm768,
cptm52 and cptm169, grim100, ogom60, klum472, volm712, knym119, trim209.
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Table 1. Gastrulation mutants - summary
Genetic locus Alleles Phenotype Other phenotypes

Group I: Dorsal fates
one-eyed-pinhead (oep) m134 Prechordal plate missing. Cyclopia and ventral Body curved ventrally. a, b *

CNS deficiencies. Reduction of floor plate. 
Extension of the body axis reduced.

bozozok (boz) m168 Prechordal plate reduced. Chorda mesoderm missing. a, b *
(Japanese: arrogant Cyclopia and ventral CNS deficiencies. 
youth on motorcycles) Reduction of floor plate.

cyclops (cyc) m101, m122, m294 Prechordal plate reduced. Cyclopia and ventral  Body curved ventrally. a,b,e
CNS deficiencies. Reduction of floor plate.

uncle freddy (unf) m768 Partial cyclopia. Cyclopia and ventral CNS Body curved ventrally. a,b
deficiencies. Reduction of floor plate.

floating head (flh) m614 Lack of notochord. Floor plate reduced. a, j
no tail (ntl) m147, m550 Notochord reduced and not differentiated. Tail  a, f

reduced.

Group II: Ventroposterior fates
captain hook (cpt) m52, m169, m70 Reduction of ventral fin or progressive reduction Craniofacial skeleton c, h †

m282, m346, m586 of ventral and posterior tissues. deficiencies (m169).
grinch (gri) m100 Reduction of ventral fin fold and tail reduction Heart defects.

and malformations.
ogon (ogo) m60 Tail malformation, mulitple ventral finfolds Head malformations. i

(Polish: tail) formed. During gastrulation reduced convergence 
and abnormal tail morphogenesis.

kluska (klu) m472 Tail curved ventrally, infrequent variable ventral fin CNS defects.
(Polish: noodle) fold malformations.

Group III: Gastrulation movements (complex effects on cell fates)
volcano (vol) m712 Epiboly of the majority of deep cells arrested at the  Early and rapid embryonic d

60% stage.Blastoderm disintegrates at death.
approximately 10 hours.

knypek (kny) m119 Reduced body length. Tail shorter and malformed. Notochord folded in the a
(Polish: short) Rare partial cyclopia. tail.

During gastrulation reduced convergence and 
extension.

trilobite (tri) m144, m209, m747 Reduced body length. Frequent partial cyclopia Notochord folded in the a *
m778 (m209). During gastrulation reduced tail. Low penetrance 

convergence and extension. Low penetrance CNS degeneration (m778).
convergence and extension defect (m778)

spadetail (spt) m423 Lateral mesoderm fails to converge. Ectopic cells  Pectoral fins missing. g
in the tail.

a, Stemple et al., 1996; b, Schier et al., 1996; c, Neuhauss et al., 1996; d, Abdelilah et al., 1996; e, Hatta et al., 1991; Hatta, 1992; f, Halpern et al., 1993; g, 
Kimmel et al., 1989; Ho and Kane, 1990; h, m52 is an EMS-induced mutation; i, spontaneous mutation found in HK background; j, Talbot et al., 1995.

*Does not complement Tübingen mutant(s), name unified. 
†cptm52 does not complement or interacts with a mutant from Tübingen, name not unified. 
Observation of live embryos
For phenotypic analysis of live mutant embryos, crosses were set up
in the evenings between pairs of identified heterozygous fish. The next
morning embryos were collected during the 1- to 64-cell stage of
development, and subsequently sorted according to the number of
cells, in order to ensure synchronous development. Embryos were
cultured in egg water at 28.5°C, as described previously (Westerfield,
1994). Embryos were observed in chorions using a dissecting micro-
scope (Wild M3 and M5). Alternatively, embryos were dechorionated
manually and mounted in 1.5% solution of methyl cellulose in embryo
medium on a bridge slide (bridge slides contained three layers of No.
2 cover slips, Westerfield, 1994) and viewed with Nomarski optics
using a Zeiss Axiophot microscope. Detailed analyses of embryonic
shape, cell distribution and formation of specific embryonic structures
were performed at the following stages of development; dome (4.3
hpf), germ ring (5.5 hpf), shield (6 hpf), 75% epiboly (7.7 hpf), yolk
plug closure (YPC, 9 hpf), tail bud (9.5 hpf), 10 somites (13.25 hpf),
26-30 hpf, 2-5 days post fertilization (dpf) (for description of these
stages of development see Kimmel et al., 1995).

Whole-mount in situ hybridizations 
These were performed essentially as described in Oxtoby and Jowett
(1993). Antisense RNA probes were synthesized from cDNA
encoding axial (Strähle et al., 1993), gsc (Schulte-Merker et al., 1992;
Stachel et al., 1993), eve1 (Joly et al., 1993), sna1 (Hammerschmidt
and Nüsslein-Volhard, 1993; Thisse et al., 1993), ntl (Schulte-Merker
et al., 1994), hlx1 (Fjose et al., 1994), pax2 (Krauss et al., 1991;
Püschel et al., 1992), hgg1 (Thisse et al., 1994) and myoD (Weinberg
et al., 1996). 

Apoptic cell death
Apoptic cell death in fixed whole mounts was detected as described
by Abdelilah et al. (1996).

Photography 
Photography of live embryos was performed as described by
Solnica-Krezel and Driever (1994). Stained embryos were cleared
in glycerol. Single embryos were mounted in a drop of 100%
glycerol on a bridge slide and photographed on the Axiophot micro-
scope (Zeiss) on 160 ASA Ektachrome tungsten film. Images from
photographic slides were scanned on a Kodak Professional RFs
2035 Plus Film Scanner. Composite figures were assembled, and
contrast enhanced when necessary, using Adobe Photoshop (Adobe
Corporation) software. 
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s of gastrulation mutants at day one of development. Dissecting
f live embryos: (A) Wild type (wt); (B) bozozokm168, (C) one-eyed-
le freddym768, (E) captain hookm52, (F) grinchm100, (G) ogonm60,
ypekm119 and (J) trilobitem209 mutant embryos. ey, eye; fb, forebrain;
ching gland; mb, midbrain; nt, notochord; vff, ventral fin fold. Scale bar,
RESULTS

In a search for genes involved in vertebrate embryogenesis we
performed a systematic chemical mutagenesis screen for
recessive zygotic embryonic lethal mutations in zebrafish
(Solnica-Krezel et al., 1994; Driever et al., 1996). To identify
mutations affecting gastrulation, F3 progeny of F2 sibling
crosses were screened for general morphological malforma-
tions at 6-12 hpf, and at 1 dpf. 25 mutations were identified
that affect specification of cell fates and/or cell rearrangements
during gastrulation. Here, we report on a genetic and pheno-
typic characterization of these mutations. 

Genetic analysis of gastrulation mutants
Of the 25 identified mutations (Table 1), 22 are recessive.
Among the recessive mutations, four
are not fully penetrant: bozozokm168

(boz), captain hookm70 (cpt), cptm282

and cptm586. Several mutations, particu-
larly bozm168 and uncle freddym768 (unf)
show variable expressivity. Three
mutations cptm52, cptm169 and cptm346

behave as semidominant mutations; in
some crosses the progeny manifests the
phenotype at a frequency higher than
25% (data not shown). 

Complementation tests were
performed between all of the gastrula-
tion mutants, defining at least 14 com-
plementation groups (Table 1). Four of
these complementation groups corre-
spond to previously known genes. We
have identified three new alleles of the
cyclops (cyc) gene (Hatta et al., 1991),
two alleles of the no tail (ntl) gene
(Halpern et al., 1993) and one allele of
each of the spadetail (spt; Kimmel et
al., 1989) and the floating head (flh)
genes (Halpern et al., 1995; Talbot et
al., 1995). 

Effects of mutations on cell fates
Phenotypes of mutations representing
the ten new loci were analyzed with
respect to the effects on the formation
of specific cell fates and on cell
rearrangements during gastrulation.
Based on this analysis, we classified the
mutations into three groups: (1)
mutations affecting formation of cell
fates derived from the dorsal region of
the zebrafish fate map; (2) mutations
affecting predominantly ventral and
posterior fates; and (3) mutations that
alter cell rearrangements during gastru-
lation and have complex effects on cell
fates in the gastrula (Table 1, Fig. 1). 

Dorsal fates
Mutations in six loci, including the pre-
viously identified cyc, flh and ntl, lead

Fig. 1. The phenotype
microscope images o
pinheadm134, (D) unc
(H) kluskam472, (I) kn
hb, hindbrain; hg, hat
0.5 mm.
predominantly to deficiencies in mesodermal and neuroecto-
dermal cell fates derived from the dorsal region of the fate map
(Fig. 1B-D). The axial mesoderm of zebrafish comprises ante-
riorly the prechordal plate, which gives rise to hatching gland
and head mesoderm derivatives, and posteriorly chordameso-
derm, which differentiates into notochord (Kimmel et al.,
1995). The most severe defects in axial mesoderm are caused
by the bozm168 mutation. On 1 dpf, bozm168 mutant embryos
have a smaller body and exhibit variable deficiencies of the
axial mesoderm (Fig. 1B). The most severely affected mutants
lack the entire notochord. Furthermore, one of the derivatives
of prechordal plate mesoderm, the hatching gland, is reduced
or missing. Somites are fused in the midline and do not acquire
the characteristic chevron shape. Mutants in the oepm134 gene
are characterized by the lack of hatching gland cells and a
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Fig. 2. Expression patterns of cell type and region-specific genes
during development of mutants affecting dorsal fates.
(A,B) Expression of gsc and ntl RNA in wild-type (wt) (A) and
bozm168 (B) mutant embryos at the bud stage (9.5 hpf). pp, gsc
expression domain in prechordal plate; nk, gsc expression domain in
neural keel; nt, ntl expression domain in chordamesoderm; bm, ntl
expression domain in the blastoderm margin. (C,D) Expression
pattern of hlx1 RNA in wild-type (C) and bozm168 mutant embryos at
30 hpf; de, mb, expression domain in diencephalon and midbrain,
respectively. (E,F) Expression of shh RNA in wild-type (E) and
trim209 mutant embryo at 30 hpf. ey, eye; fb, forebrain; hb, hindbrain;
mb, midbrain. Scale bar, 0.1 mm.
ventral curvature of the body. Notochord is present but fre-
quently exhibits irregular morphology (Schier et al., unpub-
lished data; Strähle et al., unpublished data) (Fig. 1C). unfm768

mutants also have a ventrally curved body (Fig. 1D). The
notochord is bent, has abnormal cellular morphology, and is
smaller in stronger phenotypes. Deficiencies in the formation
of axial mesoderm in bozm168 and oepm134 mutant embryos can
be detected at early stages of gastrulation (L. S.-K. and W. D.,
unpublished observation; A. F. S. and W. D., unpublished). At
the tail bud stage, the expression of gsc in the prechordal plate
region of the axial mesoderm is reduced in bozm168 embryos,
and appears to be totally absent in the neuroectoderm (Fig.
2A,B). At this stage of development oepm134 mutants also
exhibit deficiencies in the most anterior dorsal mesoderm. This
is revealed by the absence of a polster, a characteristic thick-
ening of the hypoblast underlying the anterior-most neural
plate (Fig. 3B) (Kimmel et al., 1995). Furthermore, bozm168

(but not oepm134) embryos exhibit a total absence of the ntl
RNA in the chordamesoderm region, while expression of this
gene in the blastoderm margin is not affected (Fig. 2A,B). 

Most of the dorsal fate mutants are also characterized by
deficiencies in ventral CNS structures, reminiscent of defects
described previously for mutations in the cyc gene (Hatta et al.,
1991, 1994; Hatta, 1992). They show a variable degree of
cyclopia, from eyes positioned closer to one another in unfm768,
to one eye, or very reduced/absent eyes in oepm134 and bozm168

(see also Schier et al., 1995). The ventralmost part of the spinal
cord, the floor plate, is partially (unfm768) or almost completely
missing (oepm134 and bozm168). Finally, ventral aspects of the
forebrain and midbrain are severely reduced, as shown for
bozm168 mutant embryos by the absence of hlx1 gene
expression in the diencephalon (Fig. 2C,D). 

Less pronounced deficiencies in ventral aspects of the CNS
are caused by another class of mutations. trilobite (tri) and to
a lesser extent knypek (kny) mutants exhibit, with low pen-
etrance and variable expressivity, reduced spacing between the
eyes or partial cyclopia at 1 dpf (data not shown). trim209

mutant embryos exhibit a compressed expression domain of
shh in ventral brain (Fig. 2E,F).

Ventral and posterior fates
Nine mutations in four complementation groups lead to
deficiencies in and/or malformations of ventral and posterior
structures in the embryo. The cpt complementation group
consists of six mutations (m52, m70, m169, m282, m346,
m586; Table 1). The weakest alleles are characterized by lack
or reduction of the ventral fin fold (not shown). The stronger
alleles (cptm52, cptm169) manifest tail truncations of a variable
degree (Figs 1E 5C). The somite number is reduced and the
caudal vein is truncated posteriorly. However, blood cells form
in cpt mutant embryos. Another frequent malformation of the
tail in cptm52 and cptm169 mutants is a triple fin fold arrange-
ment (Fig. 5E). 

Several observations indicate that the cpt complementation
group might include mutations affecting more than one locus.
First, in addition to tail deficiencies, cptm169 mutant embryos
exhibit craniofacial defects (Table 1; described by Neuhauss et
al., 1996), while cptm52 mutants in some crosses are charac-
terized by a reduced and malformed head (data not shown).
The cptm52/cptm169 transheterozygotes do not exhibit cranio-
facial defects, and the tail reduction is less pronounced than in
the homozygotes for either mutation. Therefore the trans-
heterozygote phenotype might reflect a genetic interaction
between non-allelic mutations, rather than non-complementa-
tion of two mutations in the same locus. Finally, in some
genetic backgrounds the cptm52 mutation is semidominant,
making complementation tests difficult to interpret.

cptm52 mutant embryos distinguish themselves at the tail bud
stage. They are abnormally elongated in the animal-vegetal
axis and exhibit a misshapen tail bud (Fig. 3C). Subsequently,
the extending tail everts prematurely, and Kupffer’s vesicle
becomes dislocated from the yolk in the cptm52 mutant embryos
(Fig. 4B). Kupffer’s vesicle is a transient structure normally
located midventrally in the distal part of the forming tail and
positioned close to the yolk cell in the wild-type embryo (Fig.
4A; Kimmel et al., 1995). As extension continues, the tail in
cpt mutant embryos becomes folded. This leads to fusions
along the ventral (cptm169, Fig. 5C) or dorsal tail surfaces
(cptm52, Fig. 1E). The observed deficiencies in the ventropos-
terior structures of the cpt mutant embryos may reflect defects
in specification of ventral fates. Consistent with this idea,
cptm169 mutant embryos exhibit a decrease in the expression of
the ventroposterior marker eve1 in the developing tail (Fig.
6A,B) (Joly et al., 1993). In contrast, the expression domain of
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Fig. 3. Morphology of selected gastrulation mutants at the tail bud
stage of development (9.5 hpf). Nomarski images of live embryos.
(A) Wild type (wt); (B) oepm134, (C) cptm52, (D) ogom60, (E) knym119

and (F) trim209 mutant embryos. pl, polster; tb, tail bud. Anterior is
towards the top, and dorsal towards the right. Scale bar, 0.1 mm.
the dorsolateral somitic marker myoD (Weinberg et al., 1996),
becomes expanded ventrally, and in the posteriormost somites
spreads also to ventral positions (Fig. 6C-F).

A mutation in a different locus, grinchm100 (grim100), leads
to a similar but less pronounced gastrulation phenotype (Fig.
4C,F), and is manifest at 1 dpf by deficiencies in the ventro-
posterior portions of the tail. These deficiencies are often
accompanied by formation of ectopic protrusions from the
ventral aspect of the tail (Fig. 1F). Fig. 5B shows that in the
tail of grim100 mutant embryos the ventralmost cell types,
ventral fin fold and caudal vein, are missing. 

Tail reduction phenotypes are also exhibited by knym119 and
trim209 mutant embryos in which convergence and extension
are affected (Fig. 1I,J). In contrast to cptm52 and grim100

mutants, the somite number is not reduced. Expression of the
eve1 gene is normal in trim209 mutants (data not shown). In
contrast, knym119 mutant embryos exhibit an ectopic expression
of eve1 in a group of ventral cells in the anus region, in addition
to the normal domain of expression of this gene in the most
posterior part of the tail (Fig. 9G,H). An abnormal accumula-
tion of cells in this region is also seen in living embryos (Fig.
1I). 

A distinct set of defects in the ventral tail is observed in
ogonm60 (ogom60) mutants. At 1 dpf the tail is shorter and
enlarged in the ventral region near the anus, where an abnormal
accumulation of cells is observed (Fig. 1G). The ventral fin
fold is malformed, and frequently multiple fin folds are present
at the tip of the tail (Fig. 5F,G). Furthermore, ogom60 mutant
embryos develop a reduced head with enlarged brain ventri-
cles (Fig. 1G). At the tail bud stage the ogom60 mutants exhibit
a shortened anterior-posterior axis and a small tail bud (Fig.
3D). At the 10 somite stage, however ogom60 mutants have a
very distinct morphology: the embryonic body is shortened, the
forming tail is abnormally shaped and ectopic accumulation of
cells is seen ventral to the tail (Fig. 4G). This region contains
an increased number of apoptotic cells, as revealed by an assay
for fragmented DNA (Fig. 7G,H) (Zekeri et al., 1993). Fur-
thermore, the expression domain of eve1 appears enlarged in
the ogom60 mutants (Fig. 7E,F). It is not clear whether this is
due to an increase in the number of cells expressing this gene,
or to an abnormal distribution of a normal number of such
cells.

Effects of mutations on cellular rearrangements
In zebrafish, at least three major types of cell rearrangements
shape the embryo during gastrulation: epiboly, involution/
ingression and convergence and extension (Warga and
Kimmel, 1990; Kane and Warga, 1994; Solnica-Krezel et al.,
1995). Most of the mutants described above and in the
following section exhibit an abnormal morphology during gas-
trulation (Figs 3 and 4). To determine which morphogenetic
processes are affected in these mutants, we analyzed changes
in shapes of the embryos during gastrulation, distribution of
distinct cell types in living embryos and patterns of expression
of region-specific markers by in situ hybridization. Our
analysis indicates that several of the mutations affect distinct
cellular rearrangements during gastrulation. 

Epiboly 
Epiboly is the first morphogenetic movement during zebrafish
embryogenesis (Warga and Kimmel, 1990; Wilson et al., 1995).
It involves expansion of all three cell types of the blastula: yolk
syncytial layer (YSL), enveloping layer (EVL) and deep cell
layer, towards the vegetal pole (Trinkaus, 1984b; Solnica-
Krezel and Driever, 1994). The mutation volcanom712 (vol)
appears to interfere with this process (Table 1). The volm712

phenotype becomes apparent when the blastoderm of wild-type
embryos covers 70% of the yolk cell. At the same time, in
volm712 mutant siblings, the blastoderm covers only approxi-
mately 60% of the yolk sphere. While in wild-type embryos
epiboly continues finally to close the yolk plug at 9 hpf, only a
very slow vegetal expansion of the blastoderm is observed in
mutant embryos (Fig. 8A,B). Closer observation indicates that,
while epiboly of the majority of deep cells is affected in the
mutant embryos, epibolic expansion of the yolk syncytial nuclei
and of the superficial EVL continue at the wild-type or slightly
reduced rates. Furthermore, a small group of deep cells located
on the dorsal side of the embryo, dorsal forerunner cells (Ham-
merschmidt and Nüsslein-Volhard, 1993), are also found close
to the vegetal pole, far ahead of the remaining deep cells (Fig.
8E,F). These observations are supported by analysis of
expression of the gsc and ntl genes. At 90% epiboly, in wild-
type embryos ntl RNA is expressed in three domains: chor-
damesoderm, blastoderm margin and dorsal forerunner cells
(Fig. 8C,G) (Schulte-Merker et al., 1992, 1994). In sibling
mutant embryos the ntl blastoderm margin expression domain
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Fig. 4. Morphology of selected gastrulation mutants at the 10 somite
stage (13.25 hpf). Nomarski images of live embryos. (A-C,G-I) Lateral
views, anterior is to the top and dorsal towards the right. (D-F,J-L)
Dorsal views, anterior is towards the top. (A,D) Wild type (wt);
(B,E) cptm52, (C,F) grim100, (G,J) ogom60, (H,K) knym119 and (I,L)
trim209 mutant embryos. ey, eye; nk, neural keel; nt, notochord;
s, somite, kv, Kupffer’s vesicle. Scale bar, 0.1 mm.
is located at a larger distance from the vegetal pole. However,
the dorsal forerunner expression domain is located close to the
vegetal pole, similar to wild-type embryos (Fig. 8D,H). Inter-
estingly, the gsc expression domain extends as far anteriorly as
in the wild-type embryo, indicating that the anterior ward
migration of the hypoblast is not significantly affected by the
volm712 mutation (Fig. 8C,D). In contrast, the chordamesoderm
expression of ntl, and the expression domain of the axial gene
in dorsal hypoblast, are less extended and wider than in wild
type (Fig. 8G,H,K,L). Starting at 9 hpf, some cells of the EVL
in volm712 mutant embryos become round (Fig. 8I). Subse-
quently, the blastoderm of the mutant embryos disintegrates
(Fig. 8J) and finally the yolk cell ruptures. No evidence of
excessive cell death was found in mutant embryos at the time
when some of the mutants were already disintegrated (not
shown). Furthermore, incubation of embryos in isotonic buffers
prolongs survival of the mutants for several hours. Although
some morphogenetic processes (somitogenesis, eye develop-
ment) are initiated in these mutant embryos, epiboly is never
completed (data not shown). 

Convergence and extension
In teleost fish, convergence of cells from ventral and lateral
positions toward the dorsal side of the yolk cell leads to
thickening of the embryonic shield. Subsequently, conver-
gence and extension movements involving mediolateral cell
intercalations drive both narrowing and extension of the
embryonic axis in the anterior-posterior (AP) direction
(Warga and Kimmel, 1990; Trinkaus et al., 1992). Progress
of convergence and extension is manifested by shape
changes of the entire embryo, from spherical at the 50%
epiboly stage, to an oval shape at the end of epiboly.
Notochord, somites and neural plate narrow along the
mediolateral axis while elongating in the AP direction
(Kimmel et al., 1995). Furthermore, expression domains of
various cell type specific genes undergo characteristic
changes due to convergence and extension; they move
toward the dorsal midline, or narrow in the mediolateral
direction and become elongated in the AP direction. 

Several mutations identified in the screen interfere with
the extension of the embryonic axis during gastrulation. As
described above, volm712 mutants show a decrease in
extension as well as some decrease in convergence (Fig. 8).
Further, mutants from four complementation groups,
oepm134, ogom60, knym119 and trim209, have a shorter
embryonic body rudiment at the tail bud (Fig. 3B,D,E,F)
and 10 somite stages (Fig. 4G-L). At 1 dpf, these mutants
exhibit a reduction of body length, which is most severe for
knym119 and trim209 (Fig. 1). 

Several observations indicate that in the case of the latter
two mutants, defects in the extension are accompanied by
decreased dorsal convergence. First, the dorsal view of these
two mutants at the 10 somite stage reveals that somites and
neural keel are not only less extended along the AP axis than
in wild-type embryos, but also wider (less converged) along
the mediolateral axis (Fig. 4H,I,K,L). The expression
domains of pax2 in the midbrain anlage (Krauss et al., 1991;
Püschel et al., 1992), of hlx1 in the prechordal plate region
(Fjose et al., 1994) and of myoD in the forming somites
(Weinberg et al., 1996) are less extended in the AP direction
and less converged in the dorsolateral direction (Fig.
9A,B,E,F). Further, the longitudinal stripes of pax2 RNA that
mark future pronephros and converge toward the dorsal axis
during gastrulation are located more laterally in trim209 mutant
embryos (Fig. 9C,D). It will be important to ask whether the
delayed dorsal convergence of domains of gene expression in
these mutants does indeed reflect abnormalities in movements
of cells expressing those genes. In contrast, in the ogom60

mutant embryos at the 10 somite stage, somites do not show a
significant reduction of convergence (Fig. 4J). The pattern of
expression of the myoD RNA in forming somites confirms that
extension, but not convergence is affected; somites exhibit
normal width but are packed closer together and are shorter
along the AP axis (Fig. 7A-D).

DISCUSSION

We have found 25 mutations affecting specification of cell



74 L. Solnica-Krezel and others

Fig. 5. Different types of tail malformations in the mutants affecting ventroposterior fates. (A-C) Lateral views at 1 dpf, anterior towards the
left, dorsal towards the top. (D-G) Ventral views at 3 dpf, anterior is towards the left. (A,D) Wild type (wt); (B) grinchm100, (C,E) cptm169 and
(F,G) ogom60 mutant embryos. E and F show the triple fin fold morphology frequently observed in cpt and ogo mutants. In wild type (D), the
ventral fin fold (positioned perpendicularly to the plane of the figure) has only a single edge. In contrast, in the mutant embryos a portion of the
ventral fin fold becomes flattened (with the flattened surface parallel to the plane of the figure, while the dorsal fin fold remains perpendicular to
it) and forms two edges. When the two edges of the ventral fin fold meet a single edge of the dorsal fin fold (arrow), the triple fin fold
arrangement is created. Scale bar, 0.5 mm.

Fig. 6. Decrease in the expression of ventroposterior marker eve1,
and lateral expansion of a somitic marker myoD in cpt mutant
embryos during somitogenesis. (A,C,E) Wild type (wt);
(B) cptm169 and (D,F) cptm52 mutant embryos. (A,B) Expression of
myoD and eve1, eve1 expression domain in the tail is indicated by
an arrow. (C-F) Expression of myoD mRNA. (A-D) Lateral views,
anterior towards the left and dorsal towards the top; (E,F)
Dorsolateral view of developing tail. s, somites; ac, adaxial cells.
Scale bar, 0.1 mm.

Fig. 7. Expression patterns of cell type and region-specific genes at
the 10 somite stage in ogom60 mutants affected in formation of
ventral and posterior fates. (A,C,E) Wild type (wt); (B,D,F) ogom60

mutant emryo. (A-D) In situ hybridization of myoD mRNA; (E,F)
Expression of myoD and eve1 mRNA (arrow). (G,H) Visualization
of dying cells in ogom60 mutants at the 13 somite stage. A ventral
region with increased numbers of dying cells is indicated by an
arrow. (G,H) Detection of apoptotic cells in wild-type (G) and ogo
(H) mutant embryos at the 13 somite stage. Arrow indicates a region
with increased number of dying cells. (A,B) Lateral views, anterior
towards the left and dorsal towards the top; (C,D) Dorsal view;
(E,F) Dorsoposterior view. s, somites, ac, adaxial cells. Scale bar,
0.1 mm.
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Fig. 8. Changes in cellular
rearrangements and patterns of
gene expression during
development of the volm712

mutants. (A,C,E,G,K) Wild
type (wt); (B,D,F,H,I,J,L)
volm712 mutant embryo.
(A,B) Dissecting microscope
images at the tail bud stage.
Lateral view, dorsal toward the
right. (E,F,I) Nomarski images
at the tail bud stage, 30 minutes
after the yolk plug closure in
wild-type embryos. pl, polster;
dcm, margin of deep cells; df,
dorsal forerunner cells.
(J) Dissecting microscope
image of a volm712 mutant
embryo at 10 hours. Embryo is
in chorion, blastoderm is
disintegrating.
(C,D,G,H) Expression of gsc
and ntl mRNA at 90% epiboly.
(K,L) Expression of axial
mRNA at 90% epiboly. nt,
notochord expression domain
of ntl; df, dorsal forerunner
expression domain of ntl. Scale
bars, 0.1 mm. 
fates and/or cellular rearrangements during gastrulation in
zebrafish. The mutations define at least 14 complementation
groups, with an average of 1.8 alleles per group. The number
of identified loci might be greater given that the cpt comple-
mentation group may contain mutations in more than one
locus, masked by semidominant behavior of some cpt alleles.
This issue will be unequivocally resolved by mapping these
mutations, and this is currently in progress (Knapik et al.,
1996). Since ten complementation groups contain one allele
each, only a fraction of all genes that mutate to visible gastru-
lation defects has been isolated in this screen (Driever et al.,
1996). Nevertheless, new alleles have been identified for all
previously described zebrafish gastrulation genes; cyc (Hatta
et al., 1991), ntl (Halpern et al., 1993), spt (Kimmel et al.,
1989) and flh (Halpern et al., 1995; Talbot et al., 1995). Since
the F2 genetic screen was designed to recover zygotically
acting recessive embryonic lethal mutations (Driever et al.,
1996), certain classes of developmental genes were excluded
from the screen. Fully penetrant dominant-lethal mutations
would be manifested and eliminated in the F1 generation. Low-
penetrance dominant mutations would also have a lower prob-
ability of recovery. This is an important consideration, since
mice heterozygous for a targeted deletion in the HNF3β gene
Fig. 9. Changes in expression patterns of cell type and region-specific
genes in mutants affected in convergence and extension.
(A,C,E,G) Wild type (wt); (B,D,F) trim209 and (H) knym119 mutant
embryos. (A,B) Expression of hlx1 and pax2 mRNA at the tail bud
stage, view of developing head region. Anterior is towards the left.
(C,D) Expression of pax2 at the tail bud stage. Dorsal view.
(E,F) Expression of myoD mRNA at the 10 somite stage. Dorsal view,
anterior toward the left. (G,H) Expression of eve1 mRNA in tail at 1
dpf. Note ectopic expression in the mutant embryo. Scale bar, 0.1 mm.
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exhibit a low penetrance mutant phenotype that decreases their
survival (Ang and Rossant, 1994; Weinstein et al., 1994).
Another set of mutations that is not represented in this screen
is recessive maternal effect mutations, which would be seen
only in the progeny of F3 females. A number of genes that
function during early vertebrate development are contributed
maternally, e.g. Vg-1, Xwnt-11 (Kessler and Melton, 1994).
Mutations in such genes would not be likely to be identified in
our screen. 

Phenotypic analysis defined three classes of mutations with
respect to their effect on embryonic pattern formation. The first
class of mutations affects specification of dorsal fates in the
embryo, while the second class interferes with specification of
ventroposterior fates. Therefore, dorsal and ventral fates in the
embryo are controlled by separate genetic pathways. Mutations
in the third class affect primarily cell rearrangements during
gastrulation and have complex effects on cell fates. Morpho-
genetic processes are also affected by some mutations from the
first two groups. Therefore, cell rearrangements during gastru-
lation are dependent both on the genes that control cell fates
and on separate genetic pathways. 

Genetics of gastrulation movements 
Mutations in eight new loci interfere with cell rearrangements
during gastrulation. Some mutations, e.g. boz and oep, cpt, gri
might initially lead to changes in specification of cell fates or
in embryonic polarity before or during gastrulation. In such
cases abnormalities in cellular rearrangements in these mutants
might be a consequence of altered cellular fates. For kny or tri
mutants we have not detected any changes in the expression of
dorsal and ventral markers prior to gastrulation. Therefore the
gastrulation defects observed in these mutants might reflect an
inability of cells to interpret the normal positional information,
or to execute the morphogenetic program. 

Morphogenetic changes during gastrulation are brought
about by a number of cellular activities. These include direc-
tional cell movement, cell intercalation, cell shape changes,
expansion and decrease of a surface area and cell prolifera-
tion (Trinkaus, 1984a; Keller et al., 1991). Our analysis of
the gastrulation mutants clearly shows that cell rearrange-
ments and morphogenetic changes during gastrulation are
abnormal. Further work should reveal whether the cellular
movements themselves or other specific cellular activities are
affected. 

Epiboly 
Epiboly is the first morphogenetic movement involving
vegetal expansion of the deep cell layer, the enveloping layer
(EVL) and the yolk syncytial layer (YSL; reviewed by
Trinkaus, 1984b; Solnica-Krezel et al., 1995). In volm712

mutants, epiboly of the majority of deep cells is arrested when
the blastoderm covers 60% of the yolk cell. However, the
yolk syncytial nuclei, the EVL and a small group of dorsal
forerunner deep cells, continue to undergo epiboly, until the
blastoderm disintegrates at about the 10 hpf. The volm712

phenotype indicates that the mechanism of epiboly of the
EVL and deep dorsal forerunner cells is independent of the
epiboly of the remaining deep cells. The fact that epiboly of
only a subset of cells is affected would argue against the
phenotype being the simple consequence of a generally
reduced cellular viability or motility. One caveat is that the
epibolic expansion of the EVL is thought to be passive and
driven by the expansion of the YSL surface to which the EVL
is attached (Trinkaus, 1951, 1984b). Therefore, it will be
important to determine whether in mutant embryos the dorsal
forerunner cells do actively migrate towards the vegetal pole,
or are passively carried on the expanding surface of the YSL
(or EVL). 

The uncoupling of epiboly of EVL from epiboly of deep
cells and yolk syncytial nuclei was observed when micro-
tubules were disrupted (Solnica-Krezel and Driever, 1994).
However, the volm712 phenotype demonstrates for the first time
a heterogeneity with respect to epibolic movements within the
deep cell population. Furthermore, epiboly of the YSL is not
sufficient for the epibolic expansion of the majority of deep
cells (Trinkaus, 1951). 

Convergence and extension
We found mutations in five loci that lead to reduction in the
extension of the embryonic axis. In teleost fish, convergence
of at least a part of the hypoblast is driven by directional
migration of more ventrally located cells towards the
embryonic shield. It is mainly in the more dorsal positions
where mediolateral intercalations occur (Trinkaus et al., 1992).
As in frogs, mediolateral intercalation leads to narrowing and
extension of the embryonic axis (Keller and Tibbetts, 1989;
Warga and Kimmel, 1990; Shih and Keller, 1992). In fish and
in frogs epiboly also contributes to extension. 

The most dramatic extension defect is observed for knym119

and trim209 mutants. Both convergence and extension are
affected. The decrease in extension could be a consequence of
the defect in convergence, since a smaller number of cells is
present on the dorsal side where the mediolateral intercalations
mainly occur. Alternatively, slower extension might reflect a
requirement for functions of those genes in both directional
migration of cells (convergence) and in mediolateral intercala-
tion. Indeed, in the spt mutant, while a large number of cells
from lateral mesoderm fail to converge (Kimmel et al., 1989;
Ho and Kane, 1990), chordamesoderm nevertheless converges
and extends, and the overall extension defect is less pro-
nounced than in the kny and tri mutants. 

A decrease in extension and convergence is also observed
in the volm712 mutants, and may be a direct consequence of the
arrested vegetal ward epibolic expansion of the blastoderm.
This is consistent with the idea that epiboly does contribute to
extension (Wilson and Keller, 1991). In contrast, for oepm134

and ogom60, reduction in extension does not correlate with an
obvious decrease in convergence, or in epiboly. Other defects
could lead to a reduced extension. Firstly, the number of cells
in the embryo could be reduced due to a proliferation defect.
Secondly, mediolateral intercalation could be affected. Finally,
a more elongated oval shape of the cptm52 mutant embryos at
the bud stage might result from an increase in convergence
and/or extension.

Tail forming movements
The nature of cell movements and patterning events involved
in tail morphogenesis in vertebrates is poorly understood.
Recent studies in frog and chick embryos indicate that the tail
bud consists of distinct cell populations (Gont et al., 1993;
Catala et al., 1995; Tucker and Slack, 1995). Furthermore, cell
intercalation (Gont et al., 1993), invagination and divergence
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occur during tail morphogenesis (Catala et al., 1995). Tail
formation is affected in several mutants described here.
Mutations in the genes kny and tri, result in decreased conver-
gence and extension, producing a shorter and wider tail. The
ogom60 mutants exhibit an abnormally shaped tail bud, as well
as abnormal morphology of the tail. Finally, the cpt and gri
mutations lead to premature eversion of the tail from the yolk
cell. Preliminary cinematographic analysis indicates that cell
movements in the tail bud of the cptm52 mutants differ from
those observed in the wild type (E. M.-S. and W. D., unpub-
lished observations). It is noteworthy that, with the exception
of tri and ntl, all the remaining mutations affecting tail mor-
phogenesis also affect the formation of ventroposterior fates in
the embryo. Further studies should explain the nature of
abnormal cell movements in this group of mutants, and the
relationship between tail morphogenesis and signals inducing
embryonic polarity.

Genetics of embryonic polarity
The analysis of the mutant phenotypes defines two groups of
mutations, according to their effects on the formation of cell
fates in the embryo. 

Dorsal fates
The first group of mutations affects six loci: oepm134, bozm168,
unfm768 (including the previously identified cyc) (Hatta et al.,
1991), flh (Halpern et al., 1995) and ntl (Halpern et al., 1993).
These mutations lead to defects in the formation of dorsal
mesodermal structures, notochord and/or prechordal plate,
and in ventral aspects of the CNS. During zebrafish develop-
ment, cellular fates can be predicted on the basis of position
within the embryo at the late blastula stage (50% epiboly)
(Kimmel et al., 1990). On this fate map, cells that will give
rise to notochord and prechordal plate are located in the dor-
salmost marginal positions (Kimmel et al., 1995). In this
region the organizer-specific gene gsc is expressed (Stachel
et al., 1993; Schulte-Merker et al., 1994) and the embryonic
shield, the fish gastrula organizer, will form (Warga and
Kimmel, 1990; Ho, 1992). Since mutations from this group
also affect expression of the organizer-specific genes (Thisse
et al., 1994; Talbot et al., 1995), they are likely to be involved
in the formation, maintenance or function of the organizer.
Consistent with this idea, some mutants in this group exhibit
defects in patterning of the neuroectoderm, partial or
complete cyclopia, reduction of the eyes, and deficiencies in
the ventral structures of the CNS. This combination of defects
resembles abnormalities displayed by experimentally ven-
tralized Xenopus embryos (Scharf and Gerhart, 1983).
Partially ventralized embryos with dorsoanterior index (DAI)
3 and 4 exhibit cyclopia or eye reduction, respectively, and
reduction of anterior brain structures (Kao and Elinson,
1988). These phenotypes are comparable to those caused by
mutations in oep, unf and cyc loci (Hatta et al., 1991). More
ventralized Xenopus embryos with DAI 2 also exhibit the loss
of notochord (Scharf and Gerhart, 1983), resembling the boz
mutant phenotype. Therefore mutations described here are
likely to identify components of the pathway(s) affected by
the ventralizing treatments. 

Mutant mice homozygous for a targeted deletion of one of
the genes expressed in the gastrula organizer, HNF-3β, lack
notochord and show defects in dorsoventral patterning of the
neural tube. Although the overall AP patterning of the neural
tube is maintained, HNF-3β mutant embryos frequently
exhibit an absence of expression of the anteriormost markers
(Ang and Rossant, 1994; Weinstein et al., 1994). Targeted
deletion of another gene expressed in the organizer region,
Lim-1, profoundly affects formation of the early node and
gastrulation movements, and results in formation of embryos
lacking head structures. Interestingly, somites and notochord
form in Lim-1 mutant embryos (Shawlot and Behringer,
1995). It is important to note that the zebrafish mutations in
this group also vary with respect to the anterior-posterior
position of dorsal mesodermal and ectodermal fates they
affect. While the bozm168 mutation affects the entire axial
mesoderm (prechordal plate and notochord), oepm134 and cyc
mutations affect predominantly prechordal plate, and lead
only to mild notochord abnormalities (Yan et al., 1995;
Thisse et al., 1994). In contrast, prechordal plate and ventral
brain are not affected in the flh and ntl mutants, despite the
absence or reduction of notochord, respectively (Halpern et
al., 1993; Talbot et al., 1995). These observations underscore
the genetic complexity of the organizer, which reflects its
functional complexity (Mangold, 1933). Further analysis of
the genes identified in this screen should reveal their rela-
tionships with the previously identified genes, and should
establish how they interact in the formation and inductive
functions of the organizer.

Ventroposterior fates
The second class of mutations in four complementation
groups leads to a reduction or malformation of ventral or ven-
troposterior structures. In addition to tail defects, ogom60 and
cptm52 are characterized by head malformations. It is not clear
whether head and tail malformations result from defects in
the same genetic pathway(s), or reflect pleiotropic action of
these mutations. The ventral and posterior fates are clustered
in the ventral marginal region of the zebrafish fate map
(Kimmel et al., 1990). During gastrulation this region
expresses eve1 (Joly et al., 1993). In Xenopus (Fainsod et al.,
1994; Schmidt et al., 1995) and mouse (Jones et al., 1991)
this region also expresses BMP-4. The central role of BMP-
4 in induction of ventral mesoderm is suggested by several
observations. In frogs ectopic expression of BMP-4 inhibits
formation of dorsal fates, while a decrease in BMP-4
signaling leads to a reduction of ventroposterior fates (Graff
et al., 1994; Schmidt et al., 1995). Moreover, deficiencies in
posterior and ventral structures are observed in mouse mutant
embryos homozygous for a null mutation in the BMP-4 gene
(Hogan et al., 1994). These phenotypes are similar to pheno-
types observed for the cpt and gri loci. Furthermore, a ventral
expansion of the myoD expression domain and reduction of
ventral markers were observed for the cpt and gri mutants,
similar to Xenopus embryos injected with a dominant-
negative BMP-4 receptor (Graff et al., 1994; Schmidt et al.,
1995). The opposite phenotype of an increased expression
domain of eve1 RNA was demonstrated for ogom60 mutant
embryos, and in the knym119 mutant embryos, eve1-express-
ing cells are localized to ectopic positions. We suggest that
genes in this group are likely to regulate specification of
ventral fates in the embryo, or to be downstream components
of the ventral pathway. Since mutations in cpt and gri loci
lead to reduction of ventral as well as posterior structures in
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the embryo, ventral and posterior fates are not only derived
from the similar region of the fate map (Kimmel et al., 1990)
but also might be dependent on the same genetic pathways.

Perspective
We have identified a group of zygotic effect genes required for
pattern formation during zebrafish embryogenesis. Our studies
indicate that specification of dorsal and ventroposterior fates,
and morphogenetic movements during gastrulation, can be
genetically dissected. The identified mutations provide a
genetic framework for analysis of inductive and morpho-
genetic processes during vertebrate embryonic development. 
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Note added in proof
In collaboration with Dr Mary Mullins, Philadelphia, we have
determined that the mutation m100 (previously named grinch)
is allelic to lost-a-fin, reported by Mullins et al. in this issue.
The locus will have the name lost-a-fin (laf).
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