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ABSTRACT The zebrafish bozozok (boz) gene encoding a homeodomain protein (also named
Dharma/Nieuwkoid) is required during blastula stages for the formation of a complete Spemann-
Mangold gastrula organizer and subsequent development of axial mesoderm and anterior neural
structures. Expression of bozin the dorsal yolk syncytial layer (YSL) and overlying marginal blastomeres
is activated by (-catenin. Bozozok itself acts as a transcriptional repressor, and promotes organizer
formation by directly inhibiting expression of the bmp2b (swirl) gene and by negatively regulating Wnt
signalingby an unknown mechanism. bozcooperates with the Nodal-related secreted factors, Cyclops
and Squint, in organizer formation. The incomplete organizer in boz mutants is deficient in expression
of a number of factors such as Chordin that antagonize Bone morphogenetic proteins (Bmps), and
Dickkopf 1, a Wnt antagonist. Conversely, the dorsal blastoderm of boz mutants exhibits ectopic
expression of genes normally excluded from the dorsal midline such as wnt8or tbx6. bozspecifies the
formation of anterior neuroectoderm by regulating Bmp and Wnt pathways in a fashion consistent
with Nieuwkoop’s two-step neural patterning model. boz promotes neural induction by limiting the
anti-neuralizing activity of Bmp morphogens. In addition, by negative regulation of Wnt signaling, boz
limits posteriorization of neuroectoderm. bozozok chordino double mutants exhibit a synergistic loss
of head and trunk. This synthetic phenotype is due to dramatically increased Bmp signaling and
consequent massive accumulation of cells in the tailbud at the expense of dorso-anterior structures.
Therefore, boz and din act in overlapping pathways that provide the main mechanism to limit Bmp
signaling in the zebrafish gastrula and allow for head and trunk development. Notably, Bozozok
appears to function by repressing transcription of target genes such as swr(bmp2b) gene, and as such
is the earliest acting repressor that the nascent dorsal axis is using to antagonize ventral influences.
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Introduction

The Zebrafish Spemann-Mangold Organizer

Atthe onset of gastrulation the blastoderm of zebrafish embryos
takes the shape of an inverted cup covering the animal hemisphere
of alarge syncytial yolk cell (Kimmel et al., 1995; Solnica-Krezel et
al., 1995). Fate mapping experiments revealed that endodermal
precursors occupy the most marginal position in the blastoderm,
partially intermixed with a broader mesodermal region, and thatthe
endodermal precursors are the first to undergo involution/ingres-
sion movements (Warga and Nusslein-Volhard, 1999). Prospec-
tive ectodermal cells reside in the animal region partially overlap-
ping with the mesodermal territory (Kimmel et al, 1990). The
embryonic shield, a thickening at the dorsal blastoderm margin,

has been considered equivalent to the Spemann-Mangold organ-
izer of amphibian embryos (Spemann, 1938), based on its axis
inducing potential (Ho, 1992; Oppenheimer, 1936). The embryonic
shield is also characterized by expression of a number of genes
detected in the dorsal blastopore lip of the frog, or node of amniote
embryos (Cho et al., 1991; Glinka et al., 1998; Sasai et al., 1994,
Smith et al., 1993). Among those genes are chordino (din) and
nogginl (nogl), encoding antagonists of ventralizing Bone mor-
phogenetic proteins (Bmp) (Furthauer et al., 1999; Miller-Bertoglio
et al., 1999; Miller-Bertoglio et al., 1997; Piccolo et al., 1996;
Schulte-Merker etal., 1997; Zimmerman et al., 1996), and dickkopf1

Abbreviations used in this paper: dpf, days post fertilization; hpf, hours post
fertilization; YSL, yolk syncytial layer, YSN, yolk syncytial nuclei.
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(dkk1) encoding an antagonists of Wnt signaling (Glinka et al.,
1998; Hashimoto et al., 1999). Furthermore, mutational analyses
provided evidence that the function of din in the shield region is
required for its ability to dorsalize surrounding neuroectoderm and
mesoderm (Hammerschmidt et al., 1996b). However, transplanta-
tions of the embryonic shield to the ventral margin of a host embryo
result in formation of partial secondary axes only, in which donor
tissue is found predominantly in the notochord, prechordal meso-
derm and the floor plate of the neural tube (Ho, 1992; Shih and
Fraser, 1996). Recent experiments revealed that the removal of
the morphological shield fails to eliminate all cells expressing the
organizer-specific genes goosecoid (gsc) and floating head (flh)
(Choetal., 1991; Schulte-Merker etal., 1994a; Stachel et al., 1993;
Talbot et al., 1995), indicating that the physical boundaries of the
organizer extend beyond this region (Saude et al., 2000). Accord-
ingly, transplantation of a larger piece of the dorsal margin,
containing all gsc and flh expressing cells, leads to formation of
complete secondary axes. Surprisingly, the removal of such “en-
larged embryonic shield” does not completely block formation of
the endogenous axis. The resulting embryos are deficient in axial
mesoderm, show significant loss of floor plate and are cyclopic, but
their anterior-posterior neural pattern is relatively normal (Saude et
al., 2000). One interpretation of these results is that activities
outside of such a morphologically defined organizer are sufficient
to ensure normal AP neural pattern and development of a residual
axis. Consistent with this notion, one of the key organizer genes
chordino (din), is broadly expressed in the dorsal region of the
zebrafish gastrula (Miller-Bertoglio et al., 1997; Schulte-Merker et
al., 1997). Alternatively, some patterning events are completed
before the embryonic shield stage, when the extirpation experi-
ments are performed.

In this manuscript we focus on the homeobox gene bozozok
(boz), the function of which is required for the formation of a normal
gastrula organizer and subsequent development of dorso-anterior

Fig. 1. boz™'% mutation leads to deficiencies in dorso-anterior
embryonic structures with variable penetrance and expressivity. (A)
Lateral and (B) dorsal views of 3 day old boz mutants and their wild-type
siblings (right). (C) shows an enlarged lateral view of an intermediate
strength mutant phenotype. Note cyclopic eye (ey), interrupted notochord
(n) and somites (so) fused in the midline, where notochord is absent. (A)
Reprinted from Development, Fekany et al., 1999.

embryonic structures. We review evidence that boz promotes
organizer formation acting at the blastula stage downstream of f3-
catenin and synergistically with Nodal signaling. boz functions as
atranscriptional repressor that directly and/or indirectly limits Bmp
and Wnt signaling during organizer formation. In addition, we
discuss which organizer activities are compromised in boz mutant
embryos, and how these deficiencies in specific signaling path-
ways lead to defined morphological abnormalities.

The homeobox gene bozozok is essential for develop-
ment of dorso-anterior embryonic structures

The mutation bozozok™68 (Japanese for: motorcycle thug)
(boz) was identified in the course of a large scale mutagenesis
screen for zygotic, recessive, lethal mutations that affect early
embryonic developmentin zebrafish (Driever et al., 1996; Solnica-
Krezel etal., 1996). The boz phenotype exhibits variable penetrance
and expressivity, both decreasing with the age of the female
parent. The least affected mutants display notochord discontinuities
in the trunk region, while more affected mutants have large gaps in
the notochord, associated with normal heads or with synopthalmia
(Fig. 1). The most severe mutants lack notochord completely and
show a range of head defects from cyclopia and eye reduction, to
complete loss of eyes and forebrain, reduction of midbrain and
apparent enlargement of the hindbrain region (Fekany et al., 1999;
Solnica-Krezel et al., 1996). A similarly variable phenotype has
been reported for an independently isolated boz? mutation that
fails to complement boz™68 (Blagden et al., 1997). In addition, the
momo™211 mutation characterized by somewhat milder notochord
deficiencies (Hafter et al., 1996; Odenthal et al., 1996), also falls
into the bozcomplementation group (Wilm, T. and LSK, upublished
observations).

A homeoprotein Dharma (Japanese for: a famous buddhist
priest), which had beenidentified based on its ability to induce ectopic
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Fig. 2. boz acts as a component of
the Nieuwkoop center in zebrafish.
(A) In the zebrafish zygote, the blasto-
derm covers a large yolk cell. Dorsal
determinants of unknown identity are
thought to be located at the vegetal
pole of the zygote. Microtubules form-
ing in this region initiate transport of
dorsal determinants towards future
dorsal blastoderm. (B) During early
cleavage stages, microtubules con-
tinue transport of dorsal determinants
towards prospective dorsal marginal
blastomeres. (C) At high stage (3.3
hpf), after the onset of zygotic tran-
scription, the zebrafish embryo con-
sists of cellular blastoderm covering
large syncytial yolk cell with two rows
of syncytial nuclei (YSN). At this stage
of development, B-catenin has been
detected in the dorsal YSN, whereas
boz transcripts are observed in the
overlying dorsal blastoderm. (D) At
sphere stage (4 hpf), the yolk syncytial
layer (YSL) features three rows of YSN.
Nuclear localization of B-catenin and
boztranscripts are detectedinan over-
lapping region, encompassing dorsal
YSL and dorsal marginal blastomeres.
This region most likely corresponds to
the Nieuwkoop center (NC) of the
zebrafish embryo.

expression of organizer-specific genes in a non-cell-autonomous
manner, emerged as an excellent candidate for being encoded by
the boz locus (Yamanaka et al., 1998). The fact that Dharma is
encoded by the bozlocus is now supported by large body of evidence
(Fekany et al., 1999). Firstly, dharma and boz reside in the same
interval on Linkage Group 15. Secondly, sequence analysis revealed
a nonsense mutation (TGG—TGA transition) within codon 70 of the
Dharma ORF, creating a truncated protein that lacks the
homeodomain. A restriction fragment length polymorphism created
by this mutation has been shown to segregate faithfully with the boz
phenotype, indicating that boz and dharma are less than 0.06 cM
apart. In addition, the dharma sequence is deleted in the y-irradiation
induced boz" allele. Finally, injections of synthetic dharma RNA
could completely rescue the boz mutant phenotype (Fekany et al.,
1999). These conclusions have been confirmed by a recent study
demonstrating that boz™68is a mutation in an independently isolated
nieuwkoid gene identical to dharma (Koos and Ho, 1998; Koos and
Ho, 1999). Sequencing the boz/dharma/nieuwkoid ORF from momth211
mutants uncovered a distinct nonsense mutation upstream of the
homeodomain (Wilm, T. and LSK, unpublished observations)
(Odenthal et al., 1996). Together these observations conclusively
show that boz™68 and mom™2!1 mutations are allelic and disrupt
Dharma/Nieuwkoid protein. From that point on we will refer to this
locus as bozozok (boz) and to its protein product as Bozozok.

high, 3.3 hpf

blastomeres

detarminants

icratubules
s

sphere, 4 hpf

A truncated amino-terminal portion of the Bozozok protein
encoded by the boz™68 mutant allele has been shown to be
incapable of inducing organizer genes in overexpression experi-
ments, suggesting that this part of the protein is insufficient to
mediate the organizer-inducing function of boz (Koos and Ho,
1999). Intriguingly, injections of boz™68 mutant RNA resulted in a
very inefficient induction of ectopic gsc expression compared to
wild-type RNA. This suggeststhatalow level of reading through the
stop codon during translation of boz™68 mutant RNA might pro-
duce a full length product (Koos and Ho, 1999), a possibility that
should be tested with antibodies to the Bozozok protein. However,
the observation that the phenotype of boz™68 in trans with the
boz"? deletion does not produce a stronger phenotype than that
observed for boz™168/m168 mutants supports the notion that the
boz™68 mutation eliminates the majority of the bozfunction (Fekany
etal., 1999).

Due to the low penetrance of the boz phenotype in the progeny
of older females, a fraction of homozygous mutants are able to
survive to adulthood. Homozygous boz mutant females produce
100% wild-type progeny in crosses with wild-type males, indicating
that there is no strict maternal requirement for boz. However,
progeny obtained from bozm168/m168 females and heterozygous
boz™168/* males usually exhibits a slightly more severe phenotype
than the progeny of heterozygous parents, suggesting that mater-
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nal boz function partially rescues the zygotic mutant phenotype
(Fekany-Lee, K. et al., 2000).

Bozozok acts downstream of dorsal determinants and
[3-catenin

During zebrafish development, the formation of the gastrula
organizer and the establishment of dorso-ventral polarity can be
traced to the early zygote, in which so-called “dorsal determinants”
are thought to reside at the vegetal pole (Fig. 2A)(Mizuno et al.,
1999; Mizuno et al., 1997; Ober and Schulte-Merker, 1999).
Removal of this region of the zygote results in phenotypes that
range from a lack of notochord and eyes, phenocopying the boz
phenotype, to the complete absence of head and trunk (Mizuno et
al., 1999; Mizuno et al., 1997; Ober and Schulte-Merker, 1999).
During the first cleavages microtubules forming in the cortical
cytoplasmic layer of the yolk transport the dorsal determinants
towards the marginal blastomeres contacting the yolk (Fig. 2B).
This transport is highly asymmetric and thought to specify the
future dorsal side of the embryo. Whereas the molecular identity of
the dorsal determinants remains unknown in zebrafish, their trans-
location is required for nuclear accumulation of 3-catenin in the
presumptive dorsal side of the embryo (Fig. 2C) (Jesuthasan and
Strahle, 1997; Schneider et al., 1996; Trimble and Fluck, 1995).

Several lines of evidence indicate that expression of boz is
activated via dorsal determinants/B-catenin pathway. During
zebrafish development the zygotic transcription is initiated around
the 1,000 cell stage (3 hours post fertilization, hpf) (Kane and
Kimmel, 1993; Kimmel etal., 1995). Coincidentwith the midblastula
transition, the marginal blastomeres collapse on the yolk cell
contributing their cytoplasm and nuclei, thus forming the yolk
syncytial layer (YSL). This process creates an embryo, in which a
syncytial yolk cell supports the overlying mound of blastomeres
(Kimmel and Law, 1985). At high stage (3.3 hpf), two rows of
syncytial nuclei are present and 3-catenin is detected in an island
of these syncytial nucleiin the prospective dorsal region of the yolk
syncytial layer (YSL) (Schneider et al., 1996). Intriguingly, at this
stage of development, boz mRNA is detected in the marginal
blastomeres, overlying the region of nuclear accumulation of (3-
catenin in the YSL (Fig. 2C). After the next division of syncytial
nuclei (sphere stage), bozexpression and nuclear localization of 3-
catenin are detected in both the dorsal YSL and the marginal
blastomeres (Fig. 2C)(Koos and Ho, 1998; Schneider et al., 1996;

Fig. 3. boz mutants exibit a reduction of neural anlage, which is a
BMP-dependent defect, and excessive posteriorization of neuroecto-
derm, a BMP-independent defect. In the late gastrula, the orthodenticle
(otx1) forebrain and midbrain expression domain (Li et al., 1994) is severely
reduced in (B) boz mutants compared to (A)wild-type siblings. Note that
the posterior border of the otx1 expression domain is dramatically shifted
anteriorly in boz mutants. At the onset of segmentation, deficiency of
anterior neural fates in boz is further revealed by reduction of (C,D)the
forebrain and midbrain expression domain of din (Miller-Bertoglio et al.,
1997), (E,F) the forebrain expression domain of odd-paired-like (opl) gene
(Grinblat et al., 1998) and (G,H) the sine oculis —related (six3) gene
(Kobayashi et al., 1998). Posteriorization of neuroectoderm in boz mutants
is revealed by anterior shift of hindbrain din expression domains (C,D).
Overexpression of Chordin results in neuralization of ectoderm in both
(D wild type and (J)boz mutants,; however it fails to suppress the reduction
of forebrain anlage (six3 expression domain) (J). (A,B,G,H,l,J) Reprinted
from Development, Fekany-Lee et al., 2000.
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Yamanaka et al., 1998). Removal of dorsal determinants or inter-
ference with their translocation prevents nuclear accumulation of
B-catenin as well as expression of the bozgene (Ober and Schulte-
Merker, 1999). Likewise, overexpression of Axin and Axil, scaffold-
ing proteins that interact with 3-catenin and facilitate its degrada-
tion, reduce expression of boz at blastula and gastrula stages
(Shimizu et al., 2000). Furthermore, in embryos treated with
lithium, an inhibitor of GSK-3p (Hedgepeth et al., 1997; Klein and
Melton, 1996), there is ectopic nuclear accumulation of 3-catenin
(Schneider et al., 1996), and ectopic expression of boz in the YSL
(Yamanaka et al., 1998). Overexpression of -catenin results in
ectopic activation of boz transcription from MBT on, and characteri-
zation of the boz promoter identified several sites, which are bound
efficiently by TCF/Lefl (Leung et al, 2000). Together, these data
demonstrate that bozis a direct downstream target of the 3-catenin
pathway. Accordingly, epistatic analysis demonstrated that activa-
tion of the B-catenin pathway in boz mutants is unable to suppress
the deficiency of axial mesoderm (Fekany et al., 1999). boz mutant
embryos, in which B-catenin has been ectopically expressed, often
form secondary axes. These secondary axes however, are defi-
cient in prechordal and chordamesoderm. Similarly, treatments at
early blastula stages with lithium lead to massive marginal expres-
sion of gsc, an organizer-specific gene (Cho et al., 1991, Stachel
etal., 1993), inwild type, but notin bozmutantembryos. In addition,
bozfunction is not required for the nuclear localization of B-catenin
(Fekany et al., 1999). These observations are consistent with a
model, in which the function of boz downstream of [3-catenin is
essential for organizer formation and subsequent development of
axial mesoderm (Fekany et al., 1999; Leung et al., 2000).

boz acts as a key component of the Nieuwkoop center

The expression pattern of boz and the requirement for its function
downstream of B-catenin during axis formation establish boz as a
candidate component of Nieuwkoop center activity in the zebrafish
blastula. Inamphibian embryos, the Nieuwkoop center was identified
based on the ability of dorso-vegetal blastomeres to induce full
secondary axes upon transplantation into the ventral hemisphere
(Nieuwkoop, 1973). Itis thought that the Nieuwkoop center promotes
axis formation by inducing, in a non-autonomous manner, the
gastrula Spemann-Mangold organizer in the overlying blastomeres
(Nieuwkoop, 1973; Wylie et al., 1996). However, further transplanta-
tion experiments indicated that whereas the greatest axis inducing
activity indeed resides in the dorsal vegetal cells, just below the
equator of the Xenopus blastula, this activity is also broadly distrib-
uted throughout the dorsal side of the embryo, including cells that will
populate the organizer [reviewed in (Moon and Kimelman, 1998)].
Consistent with this notion, the nuclear localization of B-catenin is
also observed in a broad dorsal domain corresponding well with the
localization of the dorsal determining activity (Larabell et al., 1997;
Schneider et al., 1996). B-catenin is thought to directly activate the
homeobox genes siamois and twin, which would in turn activate
expression of the organizer-specific gene gsc by binding to its
promoter (Brannon et al., 1997; Laurent et al., 1997). These studies
indicate that the Nieuwkoop center and the Spemann-Mangold
organizer might physically overlap. Hence, in the amphibian embryo
both non-cell-autonomous and cell-autonomous processes are in-
volved in specification of the Spemann-Mangold organizer by the
Nieuwkoop center (reviewed in Moon and Kimelman, 1998).

In the zebrafish embryo the majority of Nieuwkoop center — like
activity is thought to reside in the dorsal YSL (reviewed in Driever,
1995; Solnica-Krezel, 1999). Indeed, when blastoderm-free yolk
cells are transplanted onto the animal pole of another embryo, they
induce ectopic expression of mesodermal markers as well as
organizer-specific markers and dictate the dorso-ventral polarity of
the host blastoderm (Long, 1983; Mizuno et al., 1996; Ober and
Schulte-Merker, 1999). Notably, yolk cells from which dorsal
determinants were surgically removed at the onset of development
retain their mesoderm inducing potential but are incapable of
inducing ectopic organizer gene expression upon transplantation
(Mizuno et al., 1999). Therefore, it is an attractive hypothesis that
the Nieuwkoop center activity located in the dorsal YSL induces,
vianon-autonomous signals, the formation of the Spemann-Mangold
organizer in the overlying blastoderm. However, gene expression
patterns suggestthatin zebrafish, asinthe frog embryo, Nieuwkoop
center activity might have a broader distribution and that there
might be a physical overlap between the Nieuwkoop center and the
Spemann-Mangold organizer. As described above, 3-catenin ac-
cumulates not only in the nuclei of the dorsal YSL but also in the
dorsal blastomeres as well (Schneider et al., 1996). Furthermore,
expression of boz and other genes with axis inducing activity like
squint (nodal-related 2) is observed in the YSL and marginal
blastomeres (Erter et al., 1998; Feldman et al., 1998; Rebagliati et
al., 1998a).

As suggested by its expression pattern, boz might act both in
dorsal YSL and dorsal blastoderm (reviewed in Kodjabachian and
Lemaire, 1998). Expression of boz becomes progressively re-
stricted to the YSL by the onset of gastrulation (Koos and Ho, 1998;
Yamanaka et al., 1998). Moreover, injections of boz RNA exclu-
sively into the YSL can induce expression of organizer genes inthe
overlying blastoderm in wild-type embryos (Yamanaka et al., 1998)
and can rescue the boz mutant phenotype (Fekany et al., 1999;
Koos and Ho, 1999). Hence, function of bozinthe YSL is most likely
sufficient for normal development of the overlying blastoderm. It is
noteworthy, however, that overexpression of boz in the entire
embryo induces dorsal genes in wild-type and boz blastoderm
more effectively than RNA injections into the YSL (Fekany et al.,
1999; Yamanaka et al., 1998). In addition, when blastomeres
expressing boz were transplanted into a blastoderm of another
embryo, they induced ectopic organizer gene expression in host
cells surrounding the transplant (Koos and Ho, 1998). It follows that
bozis capable of promoting non-autonomous, organizer-inducing
signals in the YSL as well as in blastodermal cells. It will be
important to determine the functional significance of boz within the
blastoderm.

One important physical link between the YSL, the blastoderm
and bozfunction might be noninvoluting endocytic marginal (NEM)
cells (D’Amico and Cooper, 1997). The NEM cell cluster lies in a
superficial position of the dorsal blastoderm margin of zebrafish
blastula encompassing enveloping layer cells and one or two
layers of underlying deep cells. The close association of NEM cells
with dorsal YSL and their endocytic properties are suggestive that
these cells might maintain a physical contact with YSL longer than
the remaining blastoderm cells (D’Amico and Cooper, 1997).
During gastrulation NEM cells move in front of the blastoderm,
becoming forerunner cells that lead in epibolic movements towards
the vegetal pole. Their descendants generate during segmentation
the entire structure of Kupffer’s vesicle that forms transiently in the
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elongating tail of teleost embryos (Melby et al.,, 1996). Dorsal
forerunner cells and Kupffer's vesicle are not observed in boz
mutants (Fekany et al., 1999). Since NEM cells form in the region
of the embryo expressing the boz gene (Koos and Ho, 1998;
Yamanaka et al., 1998), it will be important to determine what
aspect of NEM/forerunner cells development is dependent on boz
function.

boz isrequired for the formation of acomplete Spemann-
Mangold organizer

In strongly affected boz mutants, a morphologically distinct
embryonic shield does not form and expression of organizer-
related genes is altered (Fekany et al., 1999). Four distinct classes
of genes can be distinguished based on how their expression in the
organizer region is regulated by boz. The first class comprises the
majority of known organizer-specific genes, such as gsc, fih, lim1,
axial, nogginl (nog1)and others (Furthauer et al., 1999; Stachel et
al., 1993; Strahle et al., 1993; Talbot et al., 1995; Toyama et al.,
1995), whose expression is reduced or eliminated in boz mutants
already at blastula stages, and continues to be deficient throughout
gastrulation (Fekany et al., 1999; Koos and Ho, 1999; Sirotkin et al.,
2000; Solnica-Krezel et al., 1996). The second class of organizer-
specific genes, including chordino (din), show a more severe
reduction of expression at the blastula and early gastrula, than at
later stages of development (Fekany-Lee, K. et al., 2000). Genes
of the third class do not require bozfor initiation of their expression
at the blastula stages but only for the maintenance of their expres-
sion in the organizer region during gastrulation. Two nodal-related
genes, sqt and cyclops (cyc), and the dickkopfl (dkk1) gene
encoding a Wnt antagonist belong to this category (Hashimoto et
al., 1999; Sampath et al., 1998; Shimizu et al., 2000; Sirotkin et al.,
2000). Finally, boz is also required to eliminate dorsal expression
of a fourth class of genes, including wnt8, tbx6 and spadetail (spt;
tbx16), which are expressed exclusively in the nonaxial mesoderm
of wild-type embryos (Fekany-Lee, K. et al., 2000; Koos and Ho,
1999).

boz cooperates with mesendodermal Nodal inducers as
a dorsal modifier during gastrula organizer formation

According to the current model, induction of the Xenopus
gastrula organizer involves a synergistic action of two maternal
components that function as mesendodermal inducer and dorsal
modifier (Harland and Gerhart, 1997; Heasman, 1997). In both frog
and zebrafish, the maternal 3-catenin pathway activated by dorsal
deteminants is thought to serve as a dorsal modifier (Moon and
Kimelman, 1998). Itis tempting to hypothesize that in zebrafish boz
acts downstream of (-catenin as a key regulator of the zygotic
dorsal modifier pathway. On the other hand, nodal-related zebrafish
genes serve as zygotic mesendoderminducers [reviewed in (Schier
and Shen, 2000)] that cooperate with the pathway regulated by boz
in organizer formation and function. As discussed above, boz
function is required for initiation and/or maintenance of expression
of many organizer-specific genes. However, bozis not essential for
induction of mesoderm, as general mesodermal markers are
expressed around the blastoderm margin of boz mutants at the
blastula stages and throughout gastrulation (Fekany et al., 1999;
Sampath et al., 1998; Solnica-Krezel et al., 1996). Therefore, boz

is required for the induced mesoderm to acquire its dorsal-most
(axial) character, and to subsequently develop into prechordal
mesoderm and notochord (Fekany et al., 1999).

Similarly to boz, in mutants deficient in Nodal signaling sqt, cyc,
sqt;cyc double mutants and MZ oep (embryos mutant for their
zygotic and maternal contribution of one eyed pinnhead, oep,
encoding a cofactor for Nodal signal), dorsal-most mesoderm
development is compromised or completely blocked (Feldman et
al., 1998; Gritsman et al., 1999; Rebagliati et al., 1998b; Sampath
etal., 1998; Thisse and Thisse, 1999; also see Schier and Talbot,
in this volume, pp. 289-298, for review). However, in contrast to
boz, mutants deficient in Nodal-signaling lack the dorsal expres-
sion of all mesodermal markers tested, including nt/ and snaill
(Feldman et al., 1998; Gritsman et al., 1999; Thisse and Thisse,
1999). Therefore, Nodal signaling is required for specification of
dorso-lateral mesoderm, whereas boz function is essential for this
mesoderm to obtain the dorsal most, axial identity. Recent work
revealed that the early expression of sqt is not altered in boz
mutants and that injections of boz/dharma RNA do not induce
ectopic expression of sqt in the blastula (Shimizu et al., 2000;
Sirotkin et al., 2000). In addition, in Nodal signaling deficient
embryos injected with boz RNA, din expression is upregulated,
indicating that boz is able to induce directly or indirectly some
dorsalizing signals independent of Nodal signaling (Shimizu et al.,
2000; Sirotkin et al., 2000). This further suggests that in the early
stages of organizer and dorsal mesoderm specification, nodal-
related genes and boz might act in parallel pathways activated by 3-
catenin (Shimizu et al., 2000). It is noteworthy however, that during
gastrulation expression of cycand sqtin the embryonic shield region
is reduced or missing in boz mutants (Sampath et al., 1998; Shimizu
et al,, 2000; Sirotkin et al, 2000), suggesting a more complex
relationship between these genes.

Ithas been demonstrated that differential levels of Nodal signaling
pattern the mesoderm and the organizer, with the highest level of
activity required for anterior fates (prechordal mesoderm) and
lower activity required for posterior (chordamesoderm) fates (Belo
etal., 2000; Gritsman et al., 1999). Since overexpression of Nodal,
or an activated TGF-3 receptor (TARAM-A) can suppress pre-
chordal and chordamesoderm deficiency in boz mutants (Fekany
et al., 1999), it is intriguing that boz promotes formation of axial
mesodermal fates by directly or indirectly ensuring high levels of
sqtand cyc expression in the organizer region.

Bozozok promotes organizer formation as a transcrip-
tional repressor of the  swirl (bmp2b) gene

The various positive and negative effects of boz on gene
expression during development may be due to direct or indirect
effects. In order to understand the role of boz during development
of dorsal structures in zebrafish, its activities as a transcription
factor are of crucial importance. The effects of overexpression of
fusion proteins joining the Bozozok homeodomain and a transcrip-
tional activator domain, VP-16, or a transcriptional repressor
domain from the Drosophila engrailed gene have recently been
described (Leung et al., 2000). When ectopically expressed in
zebrafish embryos, the VP16-Boz fusion protein can induce boz
like phenotypes and ventralization. Conversely, the EN-Boz fusion
protein can rescue the boz mutant phenotype and at higher levels
of expression dorsalizes the embryos. The fact that the activator
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fusion VP16-boz phenocopies the boz phenotype, while the
repressor fusion resembles native Bozozok protein in its activities,
strongly indicates that native Bozozok acts as a transcriptional
repressor. These findings are confirmed by tests of boz activities
in heterologous systems, yeast and Drosophila, which demon-
strate that boz does not act as an activator. Indeed, in a sophisti-
cated assay, it has been shown that boz acting as an antimorph (or
neomorph) inhibits function of its Drosophila homolog bicoid and
represses transcriptional activation of Bicoid target genes (Leung
et al., 2000).

Analysis of the interaction between boz and swirl (swr, bmp2b)
(Kishimoto et al., 1997, Nguyen et al., 1998) in zebrafish revealed
several high affinity binding sites in the bmp2b promoter (Leung et
al., 2000). Thus the best current model for understanding boz
action in the blastula is that one of its activities is direct transcrip-
tional repression of swr (bmp2b). Detailed analysis of changes in
expression of swr (bmp2b), bmp4 and bmp?7 reveal that only swr
(bmp2b) may be a direct target of boz repression. boz dependent
repression of swr (bmp2b) is reflected by a small dorsomarginal
domain devoid of swr (bmp2b) transcripts at sphere stage, which
is not observed in boz mutants (Fekany-Lee et al., 2000; Koos and
Ho, 1999). This repressed domain does not appear to be depend-
ent on previous activation of din expression (Leung et al., 2000).
The direct transcriptional repression of swr (bmp2b) gene by
Bozozok in the zebrafish blastula provides one mechanism by
which boz limits ventralizing Bmp activity and promotes organizer
formation. However, since inhibition of Bmp signaling is unable to
suppress the deficiency of axial mesoderm in the strongly affected
boz mutants, boz must advance organizer formation also through
a Bmp-independent mechanism (Fekany-Lee et al., 2000).

Inhibition of Wnt signaling by
formation

boz promotes organizer

It has been suggested previously that Wnt signaling during
gastrula stages might inhibit dorsal gene expression and organizer
formation in frog (Christian and Moon, 1993; Itoh and Sokol, 1999)
as well as in zebrafish embryos (Pelegri and Maischein, 1998).
Furthermore, inhibition of Wnt signaling by overexpressing domi-
nant negative Xenopus Wnt 8 (dnXWnt8) (Hoppler et al., 1996)
suppresses deficiencies in din and gsc expression in the organizer
of boz mutants (Fekany-Lee et al., 2000). Hence, inhibition of Wnt
expression and/or activity in the blastula provides an additional
mechanism by which boz promotes organizer formation.

boz is required for the ability of the gastrula organizer to
inhibit Bmp and Wnt signaling

boz mutants develop an incomplete gastrula organizer and
subsequently form an axis with multiple deficiencies. Therefore,
linking molecular defects in the rudimentary boz organizer with
their morphological consequences should enhance our under-
standing of the mechanisms by which the organizer patterns the
germ layers. However, additional roles for boz independent of the
organizer cannot be excluded at the moment. One of the key
functions of the Spemann-Mangold organizer is to inhibit the
activity of the ventralizing BMP morphogens through production of
secreted proteins, Noggin, Chordin, Cerberus and Follistatin that
bind to BMP ligands and interfere with their ability to activate the
signal transduction pathway (Bouwmeester et al., 1996; Hemmati-
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Fig. 4. Development of midline tissues is dependent on boz function.
Expression of sonic hedgehog (shh) in developing notochord, prechordal
mesoderm and ventral neuroectoderm (Krauss et al., 1993) is dramatically
reduced in (B)strongly affected boz mutants, compared to (A)wild-type
siblings. (D) A similar effect of boz mutation is observed on the expression
of type Il collagen gene (col2a1) in midline tissues (mt: notochord, hypochord
and floor plate (Yan et al., 1995)) of trunk and tail (C,E). (F) In moderately
affected boz mutants, expression of col2al reveals reduced numbers of
notochord (nt), hypochord (hy) and floor plate (fp) cells, whose positions
along the axis do not coincide with one another.

Brivanlou and Melton, 1997; Lamb et al., 1993; Piccolo etal., 1999;
Sasai et al., 1995; Sasai et al., 1994; Smith et al., 1993). boz has
been shown to be required for expression of the zebrafish homolog
of chordin, chordino (din) at the blastula and early gastrula stages
(Koos and Ho, 1999; Shimizu et al.,, 2000; Fekany-Lee, et al.,
2000), as well as for the expression of the zebrafish homolog of
noggin, nogl, in the organizer region (Sirotkin et al, 2000).
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wi boz

ntl

Fig.5. Mesoderm of bozmutantsis not strongly ventralized. (A,B) At the
end of gastrulation, expression of the bmp4 gene in the ventro-posterior
region of the embryo is not increased in (B) boz mutants (compared to earlier
stages of development), but the prechordal plate (pp) expression domain is
absent. (C,D) Expression of din is not observed in the dorsal midline of boz
mutants due to the absence of axial mesoderm. However, the broad lateral
expression domain is not significantly reduced in (D) boz mutants in the late
gastrula, in contrast to earlier stages of development. (E) During early
segmentation, the axial mesoderm expression domain of the no tail (ntl)
gene (Schulte-Merker et al., 1994b) is not observed in (F)boz mutants.
However expression of the gatal (gtal) gene in blood precursors (Dietrich
et al., 1995) is not significantly increased.

Consistent with the reduced expression of Bmp antagonists in the
organizer region of boz mutants, during gastrulation the ventro-
lateral expression domains of bmp2b and bmp4 genes are en-
larged in boz mutants with respect to wild-type siblings. Therefore,
boz function is required for the ability of the gastrula organizer to
inhibit Bmp.

Studies in amphibia revealed that another mechanism the
organizer utilizes to pattern germ layers is the inhibition of Wnt
signaling (reviewed in Moon et al., 1997). The organizer accom-
plishes this by production of several secreted factors that are
capable of binding to Wnt ligands and preventing their interactions
with Frizzled receptors, or antagonizing Wnt signaling by an
unknown mechanism. Among those factors are Frzb, bearing
similarity to a putative Wnt binding domain of the Frizzled receptors

(Leyns etal., 1997; Moon etal., 1997; Wang et al., 1997); Dickkopf-
1 (Glinka et al, 1998) and a multifunctional protein Cerberus
(Bouwmeester et al., 1996; Piccolo et al., 1999). As discussed
previously inhibition of Wnt signaling by boz might be important
during organizer formation. Furthermore, several observations
indicate that the residual organizer that forms in boz mutants is
defective in its ability to antagonize Wnt signaling. Of the several
Whntantagonists known in Xenopus, ahomolog of only one of them,
dickkopfl (dkk1) has been reported so far in zebrafish (Hashimoto
et al., 1999). boz mutants have normal expression of dkk1 in the
dorsal blastoderm margin and YSL at blastula stages, however
they exhibit very reduced expression of this gene in the gastrula
organizer region (Hashimoto et al., 1999). Moreover, boz also
antagonizes Wnt signaling by negatively regulating expression of
the wnt8 gene. The wnt8 gene in zebrafish is expressed in the
entire blastoderm margin during early gastrulation, and subse-
guently becomes excluded from the dorsal midline at midgastrulation
(Kelly et al., 1995). This downregulation of wnt8 expression is not
observed in the dorsal margin of boz mutant gastrulae, which also
appears to exhibit elevated levels of wnt8 RNA in the lateral
blastoderm margin (Fekany-Lee et al., 2000). The overall increase
in wnt8 expression observed in boz mutants is intriguing, consid-
ering dorsal localization of bozRNA (Koos and Ho, 1998; Yamanaka
et al,, 1998), and might reveal a requirement for boz function
throughout the embryo. In addition, injection of boz RNA at 1-8 cell
stage of development results in the reduction or complete elimina-
tion of wnt8 expression in the gastrula, indicating that boz function
is essential and sufficient for negative regulation of wnt8 expres-
sion (Fekany-Lee et al., 2000). It will be crucial to determine
whether the negative regulation of wnt8 expression is due to a
direct repressor activity of the Bozozok protein, or only an indirect,
downstream consequence of its action (Fekany-Lee et al., 2000).
Together, these studies indicate that boz negatively regulates Wnt
signaling both by inhibiting expression of the wnt8 gene and by
promoting dorsal expression of Wnt antagonist(s). Effectively, the
residual organizer that forms in boz mutants is compromised in its
ability to inhibit Bmp and Wnt signaling.

Bozozok specifies anterior neural fates by promoting
neural induction and negatively regulating
posteriorization of neuroectoderm

An intriguing aspect of the boz phenotype is the anterior-
posterior (AP) neural patterning defect; boz mutants are character-
ized by deficiencies of the anterior-most neural structures, includ-
ing the telencephalon and apparent expansion of the hindbrain
(Fekany et al., 1999). Our recent work revealed that this AP neural
patterning defectin bozmutants is due to a combination of reduced
neural induction and excessive posteriorization of neuroectoderm
during gastrulation (Fekany-Lee et al., 2000). The neural induction
defectin bozis dynamic and is more severe during than at the end
of gastrulation. Effectively, the neuroectoderm forming in the late
boz mutant gastrulae is reduced medio-laterally and is slightly
shorter along the AP axis compared to wild-type embryos (Fig. 3 A-
F). The reduction of neuroectoderm in boz mutants is most likely
due to an increase in BMP2b/4 activity and expression. Accord-
ingly, overexpression of Chordin or Noggin can suppress the
neural induction defect and completely neuralize boz mutant
ectoderm (Fig. 3 G-H)(Fekany-Lee et al., 2000).
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Notably, the expression of anterior neural markers induced by
BMP inhibition in early boz gastrulae is not maintained in the
neuralized ectoderm of boz mutants during late gastrulation (Fig.
3 G-H). Hence, boz influences AP neural patterning independent
of neural induction. Several observations indicate that a BMP-
independent posteriorization of neuroectoderm contributes to the
loss of anterior structures in boz. At early segmentation stages in
boz mutants, the MHB and hindbrain anlagen are shifted toward
the anterior border of the neuroectoderm (Fig. 3 C,D). Further-
more, fate mapping studies indicate that prospective forebrain
cells located at the animal pole of the boz gastrula instead contrib-
ute to nonneural ectoderm or to the more posterior neural fates
(Fekany-Lee et al., 2000).

It has been reported that inhibition of Wnt signaling via
overexpression of dominant negative Xenopus Wnt8 (dnXWnt8)
(Hoppler et al., 1996), or via overexpression of a Wnt-antagonist,
Dkk1, rescues forebrain and axial mesoderm deficiencies in boz
mutants (Hashimoto et al., 1999; Fekany-Lee et al., 2000). Two
possibilities present themselves as mechanisms for suppression
of AP neural patterning defects by antagonists of Wnt signaling.
One possibility is that inhibition of Wnt signaling simply rescues an
organizer activity (see above), which in turn suppresses the
excessive posteriorization of neuroectoderm by a Wnt- and BMP-
independent mechanism.

The second possibility is that continued inhibition of Wnt signaling
during gastrulation rescues forebrain developmentin bozembryos
injected with dnXwnt8RNA. This model deserves consideration for
several reasons. Firstly, in zebrafish gastrula, the lateral but not
dorsal blastoderm margin exerts a posteriorizing influence upon
transplantation into the prospective forebrain region (Woo and
Fraser, 1997). Secondly, fate mapping of the zebrafish gastrula
places the prospective hindbrain territory above the lateral, wnt8-
expressing marginal region. Conversely, the prospective anterior
and ventral neural fates reside in the dorsal midline of the gastrula
fate map above the dorsal margin, from which wnt8 expression
disappears at midgastrulation (Kelly et al., 1995; Woo and Fraser,
1997). Thirdly, as discussed above, the organizer region in boz
mutants is deficient in expression of the Wnt antagonist Dkk1 and
exhibits ectopic expression of wnt8gene (Fekany-Lee et al., 2000;
Hashimoto et al., 1999). Finally, there is an ample evidence from
amphibia and other systems that Wnt signaling can posteriorize
neuroectoderm [reviewed in (Sasai and De Robertis, 1997)], that
inhibition of Wnt signaling is important for head development
(Glinka et al., 1998; Glinka et al., 1997), and that in Xenopus
engrailed-2geneis directly regulated by the Wnt signaling pathway
(McGrew et al., 1999). Therefore, itis tempting to hypothesize that
three pathways are involved in AP neural patterning in zebrafish.
In the early gastrula, (1) the prospective anterior neuroectoderm is
specified by Bmp/boz-dependent neural induction that determines
its anterior and lateral boundaries, and (2) a Bmp/boz independent
pathway that sets the posterior boundary of anterior neuroecto-
derm. Subsequently, (3) a transforming activity, directly or indi-
rectly dependent on Wnt signaling and limited dorsally by boz,
posteriorizes some of the anterior neuroectoderm, producing the
normal AP progression of neural structures. Hence, Bozozok could
play a key role in both steps of the two step AP neural patterning
model of Nieuwkoop (Nieuwkoop et al., 1952). boz promotes the
initial induction of anterior neuroectoderm by limiting the antineural
function of the BMP morphogen. Subsequently, boz negatively

regulates factors such as Wnt8 to promote organizer formation and
to limit posteriorization of neuroectoderm (Fekany-Lee et al.,
2000).

DV neural patterning defects in  boz mutants

The reduced neuroectoderm of boz mutants exhibits severe
dorso-ventral patterning defects that remain only poorly under-
stood. The ventral-most cell types including floor plate (Fekany et
al., 1999) and primary as well secondary motorneurons do not form
in boz mutants (Fig. 4). The deficiency of ventral neural structures
is also evident by midline fusion of the bilateral pax2 expression
domains in the prospective midbrain-hindbrain boundary of boz
mutants (Fig. 3 G,H)(Fekany-Lee et al., 2000)

Can boz teach us anything about the mechanisms involved in
specification of midline cell types? Itis intriguing thatin boz mutants
all the midline structures, notochord, prechordal plate, hypochord
and floor plate are reduced or missing completely (Fig. 4 C,D).
These deficiencies are correlated with reduction/loss of expression
of genes shown in zebrafish and other organisms to be required for
ventral neural development. Indeed, expression all of zebrafish
hedgehog homologs, shh (Fig. 4 A,B), twhh and ehhis reduced or
lostin bozmutants from the early stages of gastrulation (Currie and
Ingham, 1996; Ekker et al., 1995; Fekany etal., 1999; Krauss et al.,
1993). Similarly, as discussed above, the expression of the nodal-
related genes cycand sqtinthe embryonic shield is also dependent
on normal boz activity (Sampath et al., 1998; Shimizu et al., 2000;
Sirotkin et al., 2000). The less affected mutants show only reduced
expression of these genes during gastrulation and subsequently
they form a fragmented notochord, hypochord and floor plate along
their body axis. It is noteworthy that the fragments of nascent
notochord, floor plate and hypochord in such mutants are out of
register with one another (Fig. 4F). This is consistent with other
studies in zebrafish suggesting that specification of floor plate in
zebrafish might occur at earlier stages of gastrulation rather than
via vertical signaling from differentiating notochord (Le Douarin
and Halpern, 2000; Rebagliati et al., 1998b; Sampath et al., 1998).
One attractive scenario is that notochord, prechordal plate,
hypochord and floor plate, form an equivalence group, specifica-
tion of which, is dependent on boz activity. Further subdivision of
cell fates within this equivalence group might occur via the influ-
ence of other signaling systems such as Delta/Notch (Appel et al.,
1999), Nodal (Rebagliati et al., 1998b; Sampath et al., 1998) and
Hedgehog (Currie and Ingham, 1996; Ekker et al., 1995; Krauss et
al., 1993).

Surprisingly normal non-axial mesoderm patterning in
boz

In striking contrast to the ventralized mutants like din or ogon
(ogo) that show expanded mesodermal expression domains of
gtal/2 genes and subsequently develop excess ventral mesoder-
mal fates like blood (Detrich et al., 1995; Hammerschmidt et al.,
19964a; Miller-Bertoglio et al., 1999; Solnica-Krezel et al., 1996),
boz mutants exhibit relatively normal expression of the gtal gene
during segmentation and have normal amounts of blood at 1 dpf
(Fig. 5 E,F). Similarly, boz mutants develop normal fin folds in
contrast to multiple finfolds featured on the tails of din or ogo
mutants (reviewed in Solnica-Krezel, 1999). This difference in the
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degree of ventralization of posterior and lateral mesoderm is likely
due to the fact that boz mutants show only a mild reduction of din
expression and small expansion of bmp2b/4 expression in the late
gastrula and during segmentation, compared to dinor ogo mutants
(Fig. 5 A-D)(Fisher et al., 1997; Hammerschmidt et al., 1996b;
Miller-Bertoglio etal., 1999; Fekany-Lee et al., 2000). Therefore, at
the onset of segmentation when boz expression is no longer
detected (Koos and Ho, 1998; Yamanaka et al., 1998), other genes
are likely to promote din and downregulate bmp expression and
activity in boz mutants (Fekany-Lee et al., 2000).

Synergistic functions of
head and trunk

boz and din in development of

The persistence of residual din expression in the boz mutant
organizer and its recovery in the later stages of gastrulation could
explain why axis formation is not completely blocked in these
mutants. This notion is supported by the synergistic phenotype of
boz din double mutants, which exhibit a complete absence of head
and trunk. These double mutants develop a tail-like structure with
a few posterior somites and very reduced neural tissue (Gonzalez,
et al., 2000). Two key observations indicate that this synergistic
phenotype is primarily due to an excess of BMP signaling, rather
than other redundant functions of boz and din loci. First, boz din
double mutants exhibit a dramatic expansion of swr (bmp2b) and
bmp4 gene expression, compared to single mutants. Second, boz
din;swirl triple mutants exhibit a swirl-like dorsalized phenotype,
but with axial mesoderm missing and a deficiency of anterior
neuroectoderm typical of the boz mutant phenotype. This triple
mutant phenotype is identical to that shown by boz;swr double
mutants, or by boz mutants dorsalized by overexpression of
Xenopus Noggin or Chordin (Fekany-Lee et al., 2000). The simple
explanation of these epistatic relationships is that loss of din
function in boz mutants exacerbates ventralization of germ layers
primarily by expansion of bmp expression and activity.

Acknowldedgements

We thank members of our laboratories and Toshio Hirano for critical
discussions and comments on the manuscript. We are indebted to our
colleagues in the zebrafish community for sharing fish strains and cDNA
clones. We thank Kim Fekany-Lee and Encina Gonzalez for Figs. 3 E,F and
5 E,F. This work in the LSK lab was supported by a NIH training grant (Kim
Fekany-Lee), a postdoctoral fellowship from UCM-Spain (Encina M.
Gonzalez), and a grant from the March of Dimes Birth Defects Foundation
#FY99-0480 to LSK, who is a Pew Scholar. Work in WD lab was supported
by grant DR 362/1 from the DFG, and a postdoctoral fellowship from the
Alexander von Humboldt Foundation (TinChung Leung).

References

APPEL, B., FRITZ, A., WESTERFIELD, M., GRUNWALD, D.J., EISEN, J.S., and
RILEY, B.B. (1999). Delta-mediated specification of midline cell fates in zebrafish
embryos. Curr.Biol. 9: 247-56.

BELO, J.A,, BACHILLER, D., AGIUS, E., KEMP, C., BORGES, A.C., MARQUES, S.,
PICCOLO, S.,and DE ROBERTIS, E.M. (2000). Cerberus-likeis a secreted BMP and
nodal antagonist not essential for mouse development [letter]. Genesis 26: 265-70.

BLAGDEN, C.S., CURRIE, P.D., INGHAM, P.W., and HUGHES, S.M. (1997).
Notochord induction of zebrafish slow muscle mediated by Sonic hedgehog.
Genes Dev. 11: 2163-75.

BOUWMEESTER, T.,KIM, S.-H., SASAI, Y., LU, B.,and DE ROBERTIS, E.M. (1996).
Cerberus is a head-inducing secreated factor expressed in the anterior endoderm
of Spemann’s organizer. Nature 382: 595-601.

BRANNON, M., GOMPERTS, M., SUMOY, L., MOON, R.T., and KIMELMAN, D.
(1997). a B-catenin/Xtcf-3 complex binds to the siamois promoter to regulate
dorsal axis specification in Xenopus. Genes Dev.11: 2359-2370.

CHO, K.W.Y., BLUMBERG, B., STEINBEISSER, H., and DEROBERTIS, E.M.
(1991). Molecular nature of Spemann’s organizer: the role of the Xenopus
homeobox gene goosecoid. Cell 67: 1111-1120.

CHRISTIAN, J.L.,and MOON, R.T. (1993). Interactions between Xwnt-8 and spemann
organizer signaling pathways generate dorsoventral pattern in the embryonic
mesoderm of xenopus. Genes Dev.7: 13-28.

CURRIE, P.D., and INGHAM, P.W. (1996). Induction of a specific muscle cell type by
a hedgehog-like protein in zebrafish. Nature 382: 452-455.

D’AMICO, L.A., and COOPER, M.S. (1997). Spatially distinct domains of cell behav-
iour in the zebrafish organizer region. Biochem.and Cell Biol. 75: 563-577.

DIETRICH, H.W., KIERAN, M.W., CHAN, F.Y., BARONE, L.M., YEE, K.,
RUNDSTADLER, J.A., and ZON, L.I. (1995). Intraembryonic hematopoietic cell
migration during vertebrate development. Proc. Natl. Acad. Sci. USA 92: 37-46.

DRIEVER, W. (1995). Axis formation in zebrafish. Curr. Opin. Genet. Dev. 5: 610-618.

DRIEVER, W., SOLNICA-KREZEL, L., SCHIER, A.F., NEUHAUSS, S.C.F., MALICKI,
J., STEMPLE, D.L., STAINIER, D.Y.R., ZWARTKRUIS, F., ABDELILAH, S,
RANGINI, Z., MOUNTCASTLE-SHAH, E.,HARVEY, M., BELAK, J.,and BOGGS,
C. (1996). A genetic screen for mutations affecting embryogenesis in zebrafish.
Development 37: 37-46.

EKKER, 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
hedgehog proteins in the developing eye and brain. Current Biol.5: 944-955.

ERTER, C.E., SOLNICA-KREZEL, L., and WRIGHT, C.V. (1998). Zebrafish nodal-
related 2 encodes an early mesendodermal inducer signaling from the
extraembryonic yolk syncytial layer. Dev. Biol. 204: 361-72.

FEKANY, K., YAMANAKA, Y., LEUNG, T., SIROTKIN, H.l., TOPCZEWSKI, J.,
GATES, M.A,, HIBI, M., RENUCCI, A., STEMPLE, D., RADBILL, A., SCHIER,
A.F., DRIEVER, W., HIRANO, T., TALBOT, W.S., and SOLNICA-KREZEL, L.
(1999). The zebrafish bozozok locus encodes Dharma, a homeodomain protein
essential for induction of gastrula organizer and dorsoanterior embryonic struc-
tures. Development 126: 1427-1438.

FEKANY-LEE, K., GONZALEZ, M.E., MILLER-BERTOGLIO, V., and SOLNICA-
KREZEL, L. (2000). The homeobox gene bozozok promotes anterior neuroecto-
derm formation in zebrafish through negative regulation of BMP2/4 and Wnt
pathways. Development 127: 2333-2345.

FELDMAN, B., GATES, M.A., EGAN, E.S., DOUGAN, S.T., RENNEBECK, G.,
SIROTKIN, H.l., SCHIER, A.F., and TALBOT, W.S. (1998). Zebrafish organizer
development and germ-layer formation require nodal-related signals. Nature 395:
181-185.

FISHER, S., AMACHER, S.L.,and HALPERN, M.E. (1997). Loss of cerebum function
ventralizes the zebrafish embryo. Development 124: 1301-1311.

FURTHAUER, M., THISSE, B., and THISSE, C. (1999). Three different noggin genes
antagonize the activity of bone morphogenetic proteins in the zebrafish embryo.
Dev. Biol .214: 181-96.

GLINKA, A., WU, W., MONAGHAN, A.P., BLUMENSTOCK, C., and NIEHRS, C.

(1998). Dickkopf-1 is a member of a new family of secreted proteins and functions in
head induction. Nature 391: 357-362.

GLINKA, A., WU, W., ONICHTCHOUK, D., BLUMENSTOCK, C., and NIEHRS, C.
(1997). Head induction by simultaneous repression of Bmp and Wnt signalling in
Xenopus. Nature 389: 517-519.

GONZALEZ, E.M., FEKANY-LEE, K., CARMANY-RAMPEY, A., ERTER, C.,
TOPCZEWSKI, J., WRIGHT, C.V.E. and SOLNICA-KREZEL, L. Head and Trunk
in zebrafish arise via coinhibition of BMP signaling by Bozozok and Chordino.
Genes Dev. (in press).

GRINBLAT, Y., GAMSE, J., PATEL, M., and SIVE, H. (1998). Determination of the
zebrafish forebrain: induction and patterning. Development 125: 4403-4416.

GRITSMAN, K., ZHANG, J., CHENG, S., HECKSCHER, E., TALBOT, W.S., and
SCHIER, A.F. (1999). The EGF-CFC protein one-eyed pinhead is essential for
Nodal signaling. Cell 97: 121-32.

HAFTER, P., GRANATO, M., BRAND, M., MULLINS, M.C., HAMMERSCHMIDT, M.,
KANE, D.A., ODENTHAL, J., VAN EEDEN, F.J.M., JIANG, Y .-J., HEISENBERG,
C.-P., KELSH, R.N., FURUTANI-SEIKI, M., VOGELSANG, E., BEUSCHLE, U.,
SCHACH, U., FABIAN, C., and NUSSLEIN-VOLHARD, C. (1996). The identifica-



The homeoprotein Bozozok and the Zebrafish organiz&09

tion of genes with unique and essential functions in the develolopment of
zebrafish, Danio rerio. Development 123: 1-36.

HAMMERSCHMIDT, M., PELEGRI, F., MULLINS, M.C., KANE, D.A., VAN EEDEN,
F.J.M., GRANATO, M., BRAND, M., FURUTANI-SEIKI, M., HAFTER, P.,
HEISENBERG, C.-P.,JIANG, R.N.,ODENTHAL, J., WARGA, R.M.,and NUSSLEIN-
VOLHARD, C. (1996a). dino and mercedes, two genes regulating dorsal develop-
ment in the zebrafish embryo. Development 123: 95-102.

HAMMERSCHMIDT, M., SERBEDZIJA, G.N., and MCMAHON, A. (1996b). Genetic
analysis of dorsoventral pattern formation in the zebrafish: requirement of BMP-like
ventralizing activity and its dorsal repressor. Genes Devel. 10: 2452-2461.

HARLAND, R., and GERHART, J. (1997). Formation and function of Spemann’s
organizer. Annu. Rev. Cell Dev. Biol .13: 611-67.

HASHIMOTO, H.,ITOH, M., YAMANAKA, Y.,YAMASHITA, S., SHIMIZU, T., SOLNICA-
KREZEL, L., HIBI,M.,and HIRANO, T. (1999). Zebrafish Dkk1 funcitons in forebrain
specification and axial mesoderm formation. Dev.Biol.217: 138-152.

HEASMAN, J. (1997). Patterning in Xenopus blastula. Development 124: 4179-4191.

HEDGEPETH, C.M., CONRAD, L.J., ZHANG, J., HUANG, H.C., LEE, V.M., and
KLEIN, P.S. (1997). Activation of the Wnt signaling pathway: a molecular mecha-
nism for lithium action. Dev. Biol 185: 82-91.

HEMMATI-BRIVANLOU, A., and MELTON, D. (1997). Vertebrate embryonic cells will
become nerve cells unless told otherwise. Cell 88: 13-17.

HO, R. (1992). Axis formation in the embryo of the zebrafish Brachydanio rerio.
Seminars in Devel. Biol. 3: 53-64.

HOPPLER, S., BROWN, J., and MOON, R.T. (1996). Expression of a dominant-
negative Wnt blocks induction of myoD in Xenopus embryos. Genes Devel. 10:
2805-2817.

ITOH, K., and SOKOL, S. (1999). Axis determination by inhibition of Wnt signaling in
Xenopus. Genes Devel. 13: 2328-2336.

JESUTHASAN, S., and STRAHLE, U. (1997). Dynamic microtubules and specification
of the zebrafish embryonic axis. Curr. Biol. 7: 31-42.

KANE, D.A., and KIMMEL, C.B. (1993). The zebrafish midblastula transition. Develop-
ment 119: 447-56.

KELLY, G.M., GREENSTEIN, P., EREZYILMAZ, D.F., and MOON, R.T. (1995).
Zebrafish wnt8 and wnt8b share a common activity but are involved in distinct
developmental pathways. Development 121: 1787-1799.

KIMMEL, C.B., BALLARD, W.W., KIMMEL, S.R., ULLMANN, B., and SCHILLING, T.F.
(1995). Stages of embryonic development of the zebrafish. Dev.Dynam. 203: 253-
310.

KIMMEL, C.B., and LAW, R.D. (1985). Cell lineage of zebrafish blastomeres. II.
Formation of the yolk syncytial layer. Dev.Biol 108: 86-93.

KIMMEL, C.B., WARGA, R.M., and SCHILLING, T.F. (1990). Origin and organization
of the zebrafish fate map. Development 108: 581-94.

KISHIMOTO, Y., LEE, K.H., ZON, L., HAMMERSCHMIDT, M., and SCHULTE-
MERKER, S. (1997). The molecular nature of zebrafish swirl: BMP2 function is
essential during early dorsoventral patterning. Development 124: 4457-66.

KLEIN, P.S.,and MELTON, D.A. (1996). A molecular mechanism for the effect of lithium
on development. Proc. Natl. Acad. Sci. USA 93: 8455 - 8459.

KOBAYASHI, M., TOYAMA, R., TAKEDA, H., DAWID, |.B., and KAWAKAMI, K. (1998).
Overexpression of the forebrain-specific homeobox gene six3 induces rostral
forebrain enlargement in zebrafish. Development 125: 2973-2982.

KODJABACHIAN, L., and LEMAIRE, P. (1998). Embryonicinduction: is the Nieuwkoop
centre a useful concept? Curr. Biol. 8: R918-21.

KOOS, D.S., and HO, R.K. (1998). The nieuwkoid gene characterizes and mediates a
Nieuwkoop-center-like activity in zebrafish. Curr. Biol. 8: 1199-1206.

KOOS, D.S., and HO, R.K. (1999). The nieuwkoid/dharma homeobox gene is essential
for bmp2b repression in the zebrafish pregastrula. Dev. Biol. 215: 190-207.

KRAUSS, S., CONCORDET, J.P., and INGHAM, P.W. (1993). A functionally con-
served homolog of the Drosophila segment polarity gene hh is expressed in tissues
with polarizing activity in zebrafish embryos. Cell 75: 1431-44.

LAMB, T.M., KNECHT, AK., SMITH, W.C., STACHEL, S.E., ECONOMIDES, A.N.,
STAHL, N., YANCOPOLOUS, G.D.,and HARLAND, R.M. (1993). Neural induction
by the secreted polypeptide noggin. Science 262: 713-718.

LARABELL, C.A., TORRES, M., ROWNING, B.A., YOST, C., MILLER, J.R., WU, M.,
KIMELMAN, D., and MOON, R.T. (1997). Establishment of the dorso-ventral axis
in Xenopus embryos is presaged by early asymmetries in beta-catenin that are

modulated by the Wnt signaling pathway. J. Cell. Biol. 136: 1123-36.

LAURENT, M.N., BLITZ, I.L., HASHIMOTO, C., ROTHBACHER, U., and CHO, K.W.
(1997). The Xenopus homeobox gene twin mediates Wnt induction of goosecoid in
establishment of Spemann’s organizer. Development 124: 4905-16.

LE DOUARIN, N.M., and HALPERN, M.E. (2000). Discussion point. Origin and
specification of the neural tube floor plate: insights from the chick and zebrafish [see
comments]. Curr. Opin. Neurobiol. 10: 23-30.

LEUNG, T., BISCHOF, J., NISSING, D., ZHANG, D., ARNOLD, S.J., MA, J., JACKLE,
H., and DRIEVER, W. (2000). A molecular pathway for axis formation in zebrafish:
bozozok initiates dorsoventral patterning by transcriptional repression of bmp2b.
Submitted .

LEYNS, L., BOUWMEESTER, T., KIM, S.H., PICCOLO, S., and DE ROBERTIS, E.M.
(1997). Frzb-1is a secreted antagonist of Wnt signalling expressed in the Spemann
organizer. Cell 88: 747-756.

LI, Y., ALLENDE, M.L., FINKELSTEIN, R., and WEINBERG, E.S. (1994). Expression
of two zebrafish orthodenticle-related genes in the embryonic brain. Mech. Dev. 48:
229-44.

LONG, W.L. (1983). The role of the yolk syncytial layer in determination of the plane of
bilateral symmetry in rainbow trout, Salmo gairdneri Richardson. J. Exp. Zool. 228:
91-97.

MCGREW, L.L., TAKEMARU, K., BATES, R., and MOON, R.T. (1999). Direct regula-
tion of the Xenopus engrailed-2 promoter by the Wnt signaling pathway, and a
molecular screen for Wnt-responsive genes, confirm a role for Wnt signaling during
neural patterning in Xenopus. Mech. Dev. 87: 21-32.

MELBY, A.E., WARGA, R.M., and KIMMEL, C.B. (1996). Specification of cell fates at
the dorsal margin of the zebrafish gastrula. Development 122: 2225-37.

MILLER-BERTOGLIO, V., CARMANY-RAMPEY, A., FURTHAUER, M., GONZALEZ,
E.M., THISSE, C., THISSE, B., HALPERN, M.E., and SOLNICA-KREZEL, L.
(1999). Maternal and zygotic activity of the zebrafish ogonlocus antagonizes BMP
signaling. Dev. Biol. 214: 72-86.

MILLER-BERTOGLIO, V.E., FISHER, S., SANCHEZ, A., MULLINS, M.C., and
HALPERN, M.E. (1997). Differential regulation of chordin expression domains in
mutant zebrafish. Dev. Biol. 192: 537-50.

MIZUNO, T., YAMAHA, E., KUROIWA, A.,and TAKEDA, H. (1999). Removal of vegetal
yolk causes dorsal deficencies and impairs dorsal- inducing ability of the yolk cell
in zebrafish. Mech. Dev. 81: 35-47.

MIZUNO, T., YAMAHA, E., WAKAHARA, M., KUROIWA, A., and TAKEDA, H. (1996).
Mesoderm induction in zebrafish. Nature 383: 131-132.

MIZUNO, T., YAMAHA, E., and YAMAZAKI, F. (1997). Localized determinant in the
early cleavage of the goldfish, Carassius auratus. Dev. Genes Evol. 206: 389-396.

MOON, R.T., BROWN, J.D., YANG-SNYDER, J.A., and MILLER, J.R. (1997). Struc-
turally related receptors and antagonists compete for secreted Wntligands. Cell88:
725-728.

MOON, R.T., and KIMELMAN, D. (1998). From cortical rotation to organizer gene
expression: toward a molecular explanation of axis specification in Xenopus.
BioEssays 20: 536-545.

NGUYEN, V.H., SCHMID, B., TROUT, J., CONNORS, S.A., EKKER, M.,and MULLINS,
M.C. (1998). Ventral and lateral regions of the zebrafish gastrula, including the
neural crest progenitors, are established by a bmp2b/swirl pathway of genes. Dev.
Biol. 199: 93-110.

NIEUWKOORP, P.D., BOTERENBROOD, E.C., KREMER, A., BLOESMA, F.F.S.N.,
HOESSELS, E.L.M.J., MEYER, G., and VERHEYEN, F.J. (1952). Activation and
organization of the central nervous system in amphibians. J. Exp. Zool. 120: 1-108.

NIEUWKOOP, P.D. (1973). The organization center of the amphibian embryo: its origin,
spatial organization, and morphogenetic action. Adv. Morphog. 10: 1-39.

OBER, E.A., and SCHULTE-MERKER, S. (1999). Signals from the yolk cell induce
mesoderm, neuroectoderm, the trunk organizer, and the notochord in zebrafish.
Dev. Biol. 215: 167-181.

ODENTHAL, J., HAFFTER, P., VOGELSANG, E., BRAND, M., VAN EEDEN, F.J.M.,
FURUTANI-SEIKI, M., GRANATO, M., HAMMERSCHMIDT, M., HEISENBERG,
C.-P., JIANG, J.-Y., KANE, D.A., KELSH, R.N., MULLINS, M.C., WARGA, R.M,,
ALLENDE, M.L., WEINBERG, E.S., and NUSSLEIN-VOLHARD, C. (1996). Muta-
tions affecting the formation of the notochord in the zebrafish, Danio rerio. Devel-
opment 123: 103-115.

OPPENHEIMER, J. (1936). Transplantation experiments on developing teleosts
(Fundulus and Perca). J. Exp. Zool. 72: 409-437.



310 L. Solnica-Krezel and W. Driever

PELEGRI, F., and MAISCHEIN, H.-M. (1998). Function of zebrafish b-catenin and
TCF-3 in dorsoventral patterning. Mech. Dev. 77: 63-74.

PICCOLO, S., AGIUS, E., LEYNS, L., PHATTACHARYYA, S., GRUNZ, H.,
BOUWMEESTER, T., and DE ROBERTIS, E.M. (1999). The head inducer
cerberus is a multifunctional antagonist of Nodal, BMP and Wnt signals. Nature
397: 707-710.

PICCOLO, S., SASAI Y., LU, B., and DE ROBERTIS, E. (1996). Dorsoventral
patterning in Xenopus: inhibition of ventral signals by direct binding of chordin
to BMP-4. Cell 86: 589-98.

REBAGLIATI, M.R., TOYAMA, R., FRICKE, C., HAFFTER, P., and DAWID, |.B.
(1998a). Zebrafish nodal-related genes are implicated in axial patterning and
establishing left-right asymmetry. Dev. Biol. 199: 261-72.

REBAGLIATI,M.R., TOYAMA, R.,HAFFTER, P.,and DAWID, |.B. (1998b). cyclops
encodes a nodal-related factor involved in midline signaling. Proc. Natl. Acad.
Sci. USA 95: 9932-7.

SAMPATH, K., RUBINSTEIN, A.L., CHENG, A.M.S., LIANG, J.O., FEKANY, K.,
SOLNICA-KREZEL, L., KORZH, V., HALPERN, M.E., and WRIGHT, C.V.E.
(1998). Induction of the zebrafish ventral brain and floor plate requires Cyclops/
Nodal Signaling. Nature 395: 185-189.

SASAI, Y., and DE ROBERTIS, E. (1997). Ectodermal Patterning in Vertebrate
Embryos. Dev. Biol. 182: 5-20.

SASAI Y., LU, B., STEINBEISSER, H., and DE ROBERTIS, E.M. (1995). Regula-
tion of neural induction by the chordin and Bmp-4 antagonistic patterning
signals in Xenopus. Nature 376: 333-337.

SASAL Y., LU,B., STEINBEISSER, H., GEISSERT, GONT, L., and DE ROBERTIS,
E.M. (1994). Xenopus chordin: anovel dorsalizing factor activated by organizer-
specific homeobox genes. Cell 79: 779-790.

SAUDE, L., WOOLLEY, K., MARTIN, P., DRIEVER, W., and STEMPLE, D. (2000).
Axis inducing activity and cell fates of the zebrafish organizer. Development
127: 3407-3417

SCHIER, A.F.,and SHEN, M.M. (2000). Nodal signaling in vertebrate development.
Nature 403: 385-389.

SCHIER, A.F., and TALBOT, W.S. (2001). Nodal signaling and the zebrafish
organizer. Int. J. Dev. Biol. 45: 289-298.

SCHNEIDER, S., STEINBESSER, H., WARGA, R.M., and HAUSEN, P. (1996). 3-
catenin translocation into nuclei demarcates the dorsalizing centers in frog and
fish embryos. Mech. Dev. 57: 191-198.

SCHULTE-MERKER, S., HAMMERSCHMIDT, M., BEUCHLE, D., CHO, K.W., DE
ROBERTIS, E.M., and NUSSLEIN-VOLHARD, C. (1994a). Expression of
Zebrafish Goosecoid and No Tail Gene Products in Wild-Type and Mutant No
Tail Embryos. Development 120: 843-852.

SCHULTE-MERKER, S., LEE, K.J., MCMAHON, A.P., and HAMMERSCHMIDT,
M. (1997). The zebrafish organizer requires chordino. Nature 387: 862-863.

SCHULTE-MERKER, S., VANEEDEN, F.J.M., HALPERN, M.E., KIMMEL, C.B.,
and NUSSLEIN-VOLHARD, C. (1994b). No Tail (Ntl) Is the Zebrafish Homo-
logue of the Mouse T (Brachyury) Gene. Development 120: 1009-1015.

SHIH, J., and FRASER, S.E. (1996). Characterizing the zebrafish organizer:
microsurgical analysis at the early-shield stage. Development 122: 1313-1322.

SHIMIZU, T., YAMANAKA, Y., RYU, S.-L., HASHIMOTO, H., YABE, T., HIRATA,
T., BAE, Y., HIBI, M., and HIRANO, T. (2000). Cooperative roles of Bozozok/
Dharma and Nodal-related proteins in the formation of the dorsal organizer in
zebrafish. Mech. Dev. 91: 293-303.

SIROTKIN, H.I., DOUGAN, S.T., SCHIER, A.F., and TALBOT, W.S. (2000). bozozok
and squint act in parallel to specify dorsal mesoderm and anterior neuroectoderm
in zebrafish. Development 127: 2583-2592.

SMITH, W.C., KNECHT, A.K., WU, M., and HARLAND, R.M. (1993). Secreted noggin
protein mimics the spemann organizer in dorsalizing xenopus mesoderm. Nature
361: 547-49.

SOLNICA-KREZEL, L. (1999). Pattern formation in Zebrafish - Fruitful Liasons between
Embryology and Genetics. Curr. Top. Dev. Biol. 41: 1-35.

SOLNICA-KREZEL, L., STEMPLE, D.L., and DRIEVER, W. (1995). Transparent
things: Cell fates and cell movements during early embryogenesis of zebrafish.
BioEssays 17: 931-939.

SOLNICA-KREZEL, L., STEMPLE, D.L., MOUNTCASTLE-SHAH, E., RANGINI, Z.,
NEUHAUSS, S.C.F., MALICKI, J.,SCHIER, A.,STAINIER, D.Y.R.,ZWARTKRUIS,
F., ABDELILAH, S., and DRIEVER, W. (1996). Mutations affecting cell fates and
cellular rearrangements during gastrulation in zebrafish. Development 123: 117-
128.

STACHEL, S.E., GRUNWALD, D.J., and MYERS, P.Z. (1993). Lithium perturbation
and goosecoid expression identify a dorsal specification pathway in the pregastrula
zebrafish. Development 117: 1261-74.

STRAHLE, U., BLADER, P., HENRIQUE, D., and INGHAM, P.W. (1993). Axial, a
zebrafish gene expressed along the developing body axis, shows altered expres-
sion in cyclops mutant embryos. Genes Dev.7: 1436-46.

TALBOT, W.S., TREVARROW, W., HALPERN, M.E., MELBY, AE., FARR, G,
POSTLETHWAIT, J.H., JOWETT, T., KIMMEL, C.B., and KIMELMAN, D. (1995).
Ahomeobox gene essential for zebrafish notochord development. Nature 378: 150-
157.

THISSE, C., and THISSE, B. (1999). Antivin, a novel and divergent member of the
TGFbeta superfamily, negatively regulates mesoderm induction. Development
126: 229-40.

TOYAMA, R., OCONNELL, M.L., WRIGHT, C.V.E., KUEHN, M.R., and DAWID, I.B.
(1995). Nodal induces ectopic goosecoid and lim1 expression and axis duplication
in zebrafish. Development 121: 383-391.

TRIMBLE, L.M., and FLUCK, R.A. (1995). Indicators of the dorsoventral axis in medaka
(Oryzias latipes) zygotes. The Fish Biology Journal Medaka 7: 37-41.

WANG, S., KRINKS, M., LIN, K., LUYTEN, F.P., and MOOS, M.J. (1997). Frzb, a
secreted protein expressed in the Spemann organizer, binds and inhibits Wnt-8.
Cell 88: 757-766.

WARGA, R.M., and NUSSLEIN-VOLHARD, C. (1999). Origin and development of the
zebrafish endoderm. Development 126: 827-38.

WOO, K., and FRASER, S. (1997). Specification of the zebrafish nervous system by
nonaxial signals. Science 277: 254-257.

WYLIE, C., KOFRON, M., PAYNE, C., ANDERSON, R., HOSOBUCH]I, M., JOSEPH,
E., and HEASMAN, J. (1996). Maternal 3-catenin establishes a “dorsal signal” in
early Xenopus embryos. Development 122: 2987-2996.

YAMANAKA, Y., MIZUNA, T., SASAI, Y., KHISHI, M., TAKEDA, H., KIM, C.-H., HIBI,
M., and HIRANO, T. (1998). A novel homeobox gene, dharma, can induce the
organizer in a non-cell-autonomous manner. Genes Dev. 12: 2345 - 2353.

YAN, Y.-L., HATTA, K., RIGGLEMAN, B., and POSTLETHWAIT, J.H. (1995). Expres-
sion of a type Il collagen gene in the zebrafish embryonic axis. Dev. Dyanm. 203
363-376.

ZIMMERMAN, L.B., DE JESUS-ESCOBAR, J.M., and HARLAND, R.M. (1996). The
Spemann Organizer Signal noggin Binds and Inactivates Bone Morphogentic
Protein 4. Cell 86: 599-606.



