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Early dorsoventral pattern formation in vertebrate
embryos is regulated by opposing activities of ventralizing
bone morphogenetic proteins (BMPs) and dorsal-specific
BMP antagonists such as Chordin, Noggin and Follistatin.
Specific defects in early dorsoventral patterning have been
recently found in a number of zebrafish mutants, which
exhibit either a ventralized or dorsalized phenotype. One
of these, the ventralized mutant chordino (originally called
dino) is caused by a mutation in the zebrafish chordin
homologue and interacts genetically with the dorsalized
mutant swirl. In swirl mutant embryos, dorsal structures
such as notochord and somites are expanded while ventral
structures such as blood and nephros are missing. Here we
demonstrate that the swirl phenotype is caused by

mutations in the zebrafish bmp2 gene (zbmp2). While
injection of mRNAs encoded by the mutant alleles has no
ventralizing effect, injection of wild-type zbmp2 mRNA
leads to a complete rescue of the swirl mutant phenotype.
Fertile adult mutant fish were obtained, showing that devel-
opment after gastrulation is not dependent on zbmp2
function. In addition zBMP2 has no maternal role in
mesoderm induction. Our analysis shows that swirl/BMP2,
unlike mouse BMP2 but like mouse BMP4, is required for
early dorsoventral patterning of the zebrafish embryo.

Key words: zebrafish, mutation, swirl, BMP2, dorsoventral
patterning
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INTRODUCTION

The mechanisms of dorsal-ventral pattern formation in v
tebrates are best understood in amphibians. In Xenopus laevis,
during early cleavage stages, dorsal and ventral vegetal c
respectively, induce dorsal and ventral mesoderm in neighb
ing cells of the marginal zone (reviewed by Slack, 1994). T
molecular nature of the inducing signals is unknown, b
members of the TGFβ family probably play a crucial role. Sub-
sequently, prior to and during gastrulation, various factors su
as BMPs and Wnts on the ventral side and their antagon
within the dorsal organizer specify the different ventral a
dorsal fates of the mesodermal cells, such as blood, neph
muscle and notochord (Moon et al., 1997). 

As far as ventral signals are concerned, Bone morphogen
protein-4 (BMP4) has received most attention as a candidate
ventralizing activity, while various other members of the BM
family have been either implicated or shown to play a role
numerous embryological processes, based on their expres
patterns and on the result of gene targeting experime
(reviewed by Hogan, 1996, and see below). BMP4 has been
ognized as a potent ventralizing factor (Dale et al., 1992; Jo
et al., 1992; Fainsod et al., 1994; Neave et al., 1997; Nikaid
al., 1997) in both frog and fish embryos, where RNA overe
pression in embryos leads to a strong reduction of dorsal st
tures. In frogs, bmp4 is expressed in cells of the animal pol
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and in ventrolateral regions of the marginal zone but is exclud
from the organizer region (Fainsod et al., 1994). In zebrafis
the situation is different in that bmp4is also expressed at low
levels in the embryonic shield, while bmp2is confined to ven-
trolateral regions (Nikaido et al., 1997). Mesoderm dorsaliz
tion occurs when BMP4 signaling is inhibited by a dominan
negative BMP receptor (Graff et al., 1994; Suzuki et al., 1994
dominant negative ligand (Hawley et al., 1995) and antisen
bmp4RNA (Steinbeisser et al., 1995), suggesting that a fun
tional BMP4 signaling pathway is essential for ventral specifi
cation in the Xenopusembryo. 

Biochemical studies show that chordin (Sasai et al., 1994),
noggin (Smith and Harland, 1992), and follistatin (Hemmati-
Brivanlou et al., 1994), all of which are secreted polypeptide
expressed by an embryonic structure called the organizer, c
directly bind to BMP4, and block binding of BMP4 to its
natural receptor (Piccolo et al., 1996; Zimmerman et al., 199
Fainsod et al., 1997). The antagonistic interaction betwe
BMP2/4 and Chordin probably establishes an activity gradie
of BMP, and the gradient plays an important role in dorsa
ventral pattern formation in the Xenopusembryo. This pat-
terning system is functionally conserved in the Drosophila
embryo (Padgett et al., 1993; Holley et al., 1995). Genet
studies revealed that short-gastrulation(sog) acts as an antag-
onist of decapentaplegic (dpp), and the resulting dpp activity
gradient organizes dorsal-ventral patterning (Ferguson a
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Anderson, 1992; Wharton et al., 1993). sog is the homologue
of Xenopus chordin(Sasai et al., 1994) and the zebrafish ge
chordino(Schulte-Merker et al., 1997), which is expressed 
dorsal structures such as embryonic shield and neuroectod
in the zebrafish gastrula (Schulte-Merker et al., 1997; Schu
Merker and Hammerschmidt, unpublished).

Recently, it was shown that the chordinomutant (previously
named dino; Hammerschmidt et al., 1996b) is a mutant in th
chordino gene (Schulte-Merker et al., 1997). The chordino
mutant has a strongly ventralized phenotype, and chordinoand
swirl have antagonizing functions in the zebrafish embr
(Hammerschmidt et al., 1996a).

Consistent with the notion of a Dpp/BMP activity gradien
BMP4 mutant mouse embryos have severe abnormalities
embryonic mesodermal structures (Winnier et al., 1995). M
of them die at the egg cylinder stage when mesoderm
formation normally commences. Some homozygous embry
that develop further show retarded development, and have
ficiencies of hematopoietic cells and posterior structures. T
demonstrates that in mouse development, consistent with o
expression studies in Xenopusand fish, BMP4 plays an
important role in development of ventroposterior mesoderm.
contrast, bmp2, which is expressed in extraembryoni
mesoderm and the precardium of mouse embryos (Lyons et
1989,1990 and 1995), has a role in amnion and heart deve
ment, as demonstrated by the phenotype of homozyg
mutant embryos (Zhang and Bradley, 1996). 

In recent years, large scale mutant screens were perfor
in the zebrafish, Danio rerio, yielding mutants in various devel-
opmental processes (Haffter, 1996; Driever et al., 199
Among them, several mutations which cause dorsal-ven
patterning defects were isolated (Mullins et al., 1996; Ha
merschmidt, 1996b; Solnica-Krezel et al., 1996). Mutants in
least 6 genes (pending complementation tests between mu
from the two screens) show different strengths of dorsaliz
phenotypes (Mullins et al., 1996). Embryos mutant in swirl
(swrta72and swrtc300) exhibit the most severe degree of dorsa
ization and completely lack ventral structures such as blo
and pronephros, as judged by morphology and alte
expression patterns of marker genes. In swirl embryos, the
region expressing dorsal and dorsolateral markers such ano
tail, fkd 3and myoDis expanded, whereas expression of ventr
markers such as eve1and gata1 are reduced (Mullins et al.,
1996; this paper). The phenotype of swirl mutant embryos
resembles that of embryos injected with mRNA encoding
dominant negative BMP receptor (Hammerschmidt et a
1996a). This suggests that the BMP signaling pathway may
interrupted in swirl mutant embryos. 

Here we demonstrate that swirl encodes the zebrafish
homolog of bmp2. The dorsalized swirl mutant phenotype can
be completely rescued by injection of zbmp2mRNA, which
allows us to raise mutant fish to adulthood and to demonst
that BMP2 plays no maternal role in mesoderm induction. O
findings indicate that zbmp2functions during dorsoventral pat-
terning in a role analogous to that of bmp4in mouse embryo-
genesis.

MATERIALS AND METHODS

Fish
Zebrafish stocks were maintained as described previously (Haff
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1996). All experiments were performed using the Tübingen wild-typ
strain, and swrta72 and swrtc300 mutant alleles (Mullins et al., 1996).
Embryos were obtained by natural matings. 

Cell transplantations
Cell transplantation experiments were performed essentially 
described by Ho and Kane (1990). Donor embryos were dye-labe
by injection of either a mixture of tetramethylrhodamine dextran an
lysine fixable biotinylated dextran, or lysine fixable fluorescei
dextran (Molecular Probes). All dyes were disolved at a final co
centration of 5% (w/v) in 0.2 M KCl. Host embryos were not labeled
All embryos were dechorionated on 1.5% agarose plates prior to tra
plantation. At sphere stage, 5-10 cells were taken from one labe
donor embryo using a transplantation pipette, and then another 5
cells from a differently labeled donor embryo were drawn up into th
same pipette. Donor cells were transplanted simultaneously in
unlabeled host embryo. To record the positions of the transplan
cells in respect to the embryonic shield, donor cells were visualiz
at the shield stage using an Axioskop microscope (Zeiss) equipp
with epifluorescence optics and a CCD camera with image intensifi
(Videoscope), and images were recorded using AxioVideo ima
softwear. Host embryos were fixed at 36 hours in 4% paraformald
hyde and processed using the ABC kit (Vector Laboratories) f
detection of biotinylated dextran-containing cells, and anti-fluoresce
antibody-alkaline phosphatase conjugate (Boehringer) for fluoresc
dextran-containing cells. 

RNA injection
Capped mRNAs were synthesized using SP6 RNA polymerase fr
linearized pSP64T-based constructs as described previously (Ha
merschmidt et al., 1996a) and were injected at the 1-2 cell stage in
pl of 0.2 M KCl using an Eppendorf Microinjector 5242.

Artificial mutant zbmp2 mRNA was prepared as follows. The
pSP64T-plasmid containing the zbmp2 cDNA was linearized with
ApaI, blunt-ended and self-ligated with T4 DNA ligase. The construc
produces zbmp2mRNA containing 4 additional bases in the pro-
domain cording region, which results in a frameshift.

Molecular methods
Total RNA was prepared as previously described (Schulte-Merker
al., 1992). First strand cDNA synthesis was carried out using Sup
script (GIBCO BRL) according to the manufacturer’s instructions
Genomic DNA of adult fish was prepared as described by Schul
Merker et al. (1997). PCR reactions were carried out using either fi
strand cDNA or genomic DNA as a template. The enzyme used w
Pfu DNA polymerase (Stratagene). The following primers were use
for the whole coding region of zbmp2: sense primer: 5′ GAA-
GATCTCTCCTCCGGAACTGACTG 3′, antisense primer: 5′ GAA-
GATCTGTTCATTCAACATAAATATATTC 3 ′; for the mature protein
coding region of zbmp2: sense primer: 5′ GCAAAGCCGAGGA-
GAAAGC 3′, antisense primer: 5′ TCCTCCAAAATAGCTCGCTC
3′. The PCR product of the fragment containing the whole codin
region of zbmp2was digested with BglII, purified by agarose gel elec-
trophoresis and cloned into the pSP64T vector (Krieg and Melto
1984). All other PCR fragments were cloned using the TA cloning k
(Invitrogen).

Sequencing was performed on an ALF sequencer (Pharmacia)
all cases, both strands were sequenced.

Sequencing of alleles
At the time of this analysis we had no heterozygous females availa
for swrtc300. By crossing swrtc300 heterozygous males with swrta72 het-
erozygous females, we obtained transheterozygous mutant swirl
embryos. RT-PCR fragments containing the open reading frame
zbmp2were amplified and cloned and 6 independent clones we
sequenced. Four of them showed the sequence alteration as previo
found in swrta72. The other two clones showed a base substitutio
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Table 1. The effects of XBMP-4 mRNA injection into
swrta72 embryos

Amount
of mRNA Dorsalized (%) Ventralized (%)
injected Normal
(pg) C5 C4 C3 C2 C1 (%) V1 V2 V3 V4 n

0 27 0 0 0 0 73 0 0 0 0 62
0.4 15 0 0 0 0 85 0 0 0 0 32
1.0 35 0 3 0 0 62 0 0 0 0 31
2.0 0 5 0 13 3 56 10 5 5 3 39
3.0 0 0 0 0 3 52 12 18 12 3 33
4.0 0 0 0 0 0 6 3 31 40 20 35

40.0 0 0 0 0 0 3 0 0 0 97 29
(Fig. 3A) which replaces a cysteine in the mature domain of zBM
2 with a tryptophan (TGT→TGG).

To confirm this finding, we used genomic DNA from an adu
swrtc300 heterozygous fish as a template to generate a PCR pro
containing the site in which the base substitution was fou
Sequences of the clones analysed were either wild-type (in 4 out
cases) or showed the sequence alteration in the third position o
cysteine residue (in 2 out of 6 cases).

Single-strand conformation polymorphism (SSCP)
analysis
Genomic DNA was extracted from single embryos using the met
described previously (Westerfield, 1993). PCR amplifications w
performed using Taq DNA polymerase (Pharmacia) with 500 ng
genomic DNA as templates in 20 µl reaction. The primers used were
TCCAACATTCCCAAAGCCTG as the sense primer, and TCCTC
CAAAATAGCTCGCTC as the antisense primer. SSCP analysis w
performed as described previously (Orita et al., 1989). The P
products were precipitated with 2 volumes of ethanol and 0.1 volu
of 3 M sodium acetate, and redissolved in 12 µl of water. 5.4 µl of
the respective samples were mixed with 0.6 µl of denaturing solu
(10 mM EDTA, 500 mM NaOH) and 2.4 µl of loading buffer
(consisting of 1 ml formamide, 1 µl saturated bromophenol blue, an
1 µl xylenecyanol). The mixtures were incubated for 10 minutes
80°C and chilled on ice. 7 µl of each sample were loaded on nativ
precast acrylamide gels (CleanGel DNA-HP 15%, ETC Ele
trophorese-Technik) supported by Multiphor II Flatbed Ele
trophorasis system (Pharmacia), and electrophoresed at even 
perature (15.0°C). The gels were processed using a silver stainin
(Pharmacia).

In situ hybridization
Whole-mount in situ hybridization was performed as previous
described (Schulte-Merker et al., 1994; Hammerschmidt et 
1996a).

RESULTS

Xenopus BMP4 rescues the swirl mutant phenotype
BMP4, a member of the TGFβ superfamily, has been demon
strated in a number of assays to be able to ventralize mesod
(Dale et al., 1992; Jones et al., 1992; Neave et al., 19
Nikaido et al., 1997), and it has been shown previously t
swirl mutant embryos are partially rescued by injection 
xbmp4 DNA under the control of the cytoskeletal acti
promoter (Hammerschmidt et al., 1996a). We tested whe
swirl mutant embryos can be rescued completely by micro
jecting xbmp4mRNA, and whether the dorsalized phenotyp
can be reverted into a ventralized one. The result is show
Table 1. Homozygous uninjected embryos showed a stron
dorsalized phenotype (C5), with all posterior and ventral str
tures missing (Fig. 1A). In embryos injected with more than
pg of mRNA, strongly dorsalized embryos were complete
missing as a consequence of the ventralizing activity 
XBMP4, and less severely dorsalized phenotypes were fo
(Fig. 1B-E). At the same time, the number of normal embry
(Fig. 1F) decreased and the fraction of ventralized emby
(Fig. 1G-J) was increased. This suggests that the weaker 
salized embryos (C1-4) are likely to be homozygous mut
embryos rescued by mRNA injection. In embryos injected w
3 pg of mRNA or more, the proportion of dorsalized embry
totalled 1%, indicating that normal and weakly ventraliz
embryos must contain rescued mutant embryos. 
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swirl acts non cell-autonomously
To determine whether swirl acts in a cell autonomous fashion
we carried out cell transplantation experiments. Lineage-trac
labelled mutant cells were transplanted into wild-typ
embryos. The position of the transplanted cells was monitor
at shield stage, and embryos were scored at tailbud stage 
at 24 hours postfertilization. Donor embryos were labele
either with a mixture of rhodamindextran (RDA) and biotin
dextran (BDA), or with fluoresceindextran (FDA). Smal
groups of 10-20 cells from two distinctively labeled dono
embryos were drawn up into the same transplantation pipe
and cotransplanted into unlabeled embryos from two adu
heterozygous for swirl. Donor embryos were produced by
crossing double heterozygotes for swirl and dino, and kept to
develop to determine their phenotype. We compared fates a
locations of swirl, dino and wild-type cells.

Homozygous swirl embryos lack ventral structures such a
blood and pronephros. Surprisingly, when swirl mutant cells
were transplanted into the ventral side of wild-type embryo
(Fig. 2A, red: swirl, green: wild-type), in some cases they we
observed to differentiate into blood cells (Fig. 2A, brown cells
Wild-type cells, cotransplanted with swirl cells, also gave rise
to blood cells (Fig. 2A, blue cells). Before fixation of the
embryo, we observed red and green fluorescent cells circu
ing through blood vessels in the same live embryos (data 
shown). When swirl cells were cotransplanted together with
dino cells into the ventral side of host embryos (Fig. 2B), bo
cell populations gave rise to blood (Fig. 2B). As expected, swirl
mutant cells also gave rise to various other cells types, such
muscle (Fig. 2C) and notochord (Fig. 2D). We did not obser
significant differences between the fates and locations of swirl,
dino and wild-type cells in host wild-type embryos when two
groups of cells were transplanted at the same position. Th
results demonstrate that swirl acts non cell-autonomously.

Mutations in swr ta72 and swr tc300

As swirl acts non cell-autonomously, and as XBMP4 ca
rescue the swirl mutant phenotype, we expected the swirl gene
product to encode a secreted molecule involved in BM
signaling. In zebrafish, two BMP-related genes, designated
zbmp2and zbmp4, have been reported (Nikaido et al., 1997
Lee and Zon, unpublished). In order to determine whether swirl
encodes BMP2 or BMP4, we prepared poly(A)+ RNA from
mutant swirl embryos at the 2 somite stage, and obtained R
PCR fragments that spanned the translated region of b
zbmp2 and zbmp4. No difference was found between the
deduced amino acid sequence of zBMP4 from swrta72 and
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Fig. 1.Phenotypes of embryos from two heterozygous swrta72

parents injected with xbmp4mRNA. (A) Uninjected swrta72

homozygous embryo showing the dorsalized C5 phenotype.
(B-J) Injected embryos. (B) Dorsalized C4. (C) Dorsalized C3.
(D) Dorsalized C2. (E) Dorsalized C1 phenotype. Only the ventra
tail fin (arrow) is affected, and most of these embryos survive.
(F) Normal embryo. (G) Ventralized V1 embryo with anterior neur
defects (arrow points to reduced eyes), but with a notochord.
(H) Ventralized V2 embryo with reduced or absent notochord,
expanded posterior somites (arrows), but remaining head structur
(I) Ventralized V3 embryo with little or no head structures left, no
notochord, and expanded posterior somites (arrows) as well as
enlarged blood islands (arrowhead). (J) Ventralized V4 embryo
which is grossly abnormal, lacks all anterior structures, but still
shows somites. Scale bar, 500 µm.
wild-type (data not shown). However, in the case of zBMP2
base substitution was found in the termination codon of swrta72

(Fig. 3A), altering the termination codon into a tryptopha
codon (TGA→TGG). Consequently, the resulting conceptu
protein uses the next in frame stop codon, which follows a
18 nucleotides. The resulting zBMP2 mutant protein theref
contains an additional 6 amino acids at the carboxy end o
, a

n
al
fter
ore
f. 

In the case of the second swirl allele, swrtc300, we found a
base substitution (Fig. 3A) which exchanges a cysteine in t
mature domain of zBMP2 into a tryptophan (TGT→TGG).
Additionally, we sequenced PCR fragments of zbmp2
amplified from genomic DNA of the relevant founder fish
which was used for the initial mutagenesis in the Tübinge
mutant screen. As expected, we found no base substitution
the relevant fragment from the founder fish, confirming that th
base substitution had been induced by the ENU-mutagenes

swirl and zbmp2 are linked
To investigate genetic linkage between swirl and zbmp2,
single-strand conformation polymorphism (SSCP) analys
was performed (Orita et al., 1989). In preliminary experiment
a 189 base-pair fragment containing the stop codon w
amplified from both a mutant swrta72 cDNA and wild-type
genomic DNA. When the PCR products were analysed 
SSCP, the respective products yielded different SSCP patte
(data not shown). 

The ability to distinguish wild-type and mutant forms o
zbmp2allowed us to test linkage between zbmp2and swrta72.
Genomic DNA was extracted from 38 individual mutant and 3
individual wild-type sibling embryos, and analysed by SSC
Fig. 3B shows representive SSCP patterns of PCR products fr
4 mutants (lane 1-4) and 4 wild-type siblings (lane 5-8). Thre
distinctive patterns were observed. Pattern A was observed in
38 mutants as shown in lane 1-4. This pattern is identical to 
pattern from the swrta72 cDNA (not shown, but compare Fig. 4,
lane 1). The second type of pattern was observed in siblin
(pattern B: lanes 5 and 8) and in the case of a wild-type zbmp2
cDNA (not shown, but compare Fig. 4, lane 10). The thir
pattern C (lanes 6 and 7) consists of an addition of the A and
pattern, suggesting that pattern B represents the wild-type swirl
(+/+) situation and that pattern C stems from heterozygo
embryos. This interpretation is consistent with the fact th
pattern B was observed in 9 siblings, whereas pattern C was s
in 29 siblings. This demonstrates that swirl and zbmp2are
closely linked genetically (not more than 1.3 cM apart).

swirl mutant embryos can be rescued by wild-type
zbmp2 mRNA, but not by mutant mRNAs
In order to investigate whether zbmp2mRNA can rescue the
swirl mutant phenotype, synthetic mRNA of wild-type zbmp2
was injected into embryos produced by crossing heterozygo
fish for swrta72. As expected, the proportion of C5 dorsalize
embryos was significantly reduced (Table 2), and it is wor
noticing that the amount of RNA needed to achieve rescue w
lower than when xbmp4was used (compare with results from
Table 1). To confirm that some of the embryos which show
a wild-type phenotype were homozygous for swirl, we
genotyped eight of these embryos by SSCP analysis. Geno
DNA was extracted from single embryos and analysed b
SSCP as described above (see Fig. 3A). In 2 out of 8 embry
the SSCP pattern indicative of swrta72 homozygotes was
observed. Fig. 4A and B show a representive example o
rescued swirl homozygote and of a wild-type sibling. This
demonstrates that homozygous embryos for swirl can be
rescued completely by zbmp2mRNA injection.

To test to what extent the activity of zBMP2 is reduced b
the base substitutions in each swirl allele, mRNA generated
from swrta72 and swrtc300 constructs was injected into swirl
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Fig. 2.Cell transplantation analysis of
swirl and dino. Mutant or wild-type
donor cells were transplanted into wild-
type host embryos. The genotype of the
donor cells is indicated at the lower left
of each picture. All embryos were fixed
and stained at 36 hours. Brown or blue
cells correspond to cells containing
mixture of rhodamine dextran and
biotin dextran, or fluorescein dextran,
respectively. Animal pole views of
embryos at shield stage are shown in
insets with dorsal to the right. (A) swirl
mutant cells (brown) can differentiate
into blood cells (arrow), as do
cotransplanted wild-type cells. (B) dino
(brown) and swirl (blue) mutant cells
form blood in a wild-type environment.
(C) swirl (brown) and dino (blue)
mutant cells can differentiate into
muscle cells. (D) swirl (brown) and
wild-type (blue) can form notochord
cells. Scale bar, 50 µm. 

Fig. 3.Molecular lesions in the zbmp2open reading frame of swirl.
(A) Schematic representation of mutations of swrta72 and swrtc300

alleles in the zbmp2gene. The biologically active, mature region of
zBMP2 (white box) contains seven characteristic cysteine residues,
which are almost invariantly conserved in members of the TGFβ
superfamily. In swrtc300, a cysteine is substituted by a tryptophan
residue. In swrta72, the stop codon is also changed into a tryptophan
residue, leading to the addition of an extra 6 amino acids. The region
used for SSCP analysis is indicated. (B) SSCP linkage analysis to
demonstrate linkeage between swirl and zbmp2. Representative
patterns of swrta72 mutants (lanes 1-4) and sibling embryos (lanes 5-
8) are shown. 
embryos. In contrast to injections using wild-type zbmp2, ven-
tralized embryos were never observed, and the proportion
C5 dorsalized embryos was not decreased, even when emb
were injected with up to 20 pg of the respective mutant cDN
(Table 2). These experiments clearly demonstrate that 
activities of zBMP2 from mutant alleles are strongly reduce

swr ta72 mRNA exhibits dorsalizing activity
Interestingly, in embryos injected with 4 pg of swrta72 mRNA,
the proportion of normal embryos was strongly reduced, wh
some weakly dorsalized embryos were observed. This sugg
that the mutant protein might exhibit a dominant negat
function, for example by interfering with other BMPs in th
embryo. To test this we injected wild-type and mutant zbmp2
mRNAs into wild-type embryos. In embryos injected with 
pg of wild-type zbmp2mRNA, all embryos were ventralized
and 75% of the injected embryos showed the severest pos
phenotype (Table 3). In contrast, 4 pg of swrta72mRNA did not
result in ventralization of embryos, but most embryos show
a weak C1 or C2 dorsalized phenotype. The most severe 
notypes observed were C3 phenotypes (Table 3). swrtc300

mRNA caused neither ventralization nor dorsalization of wil
type embryos when 4 pg were injected, but injection of ev
higher amounts causes strong dorsalization (Table 3). Injec
of a zbmp2control mRNA carrying a frame shift mutation (se
Materials and Methods) did not affect the phenotype 
embryos. Therefore these mutant proteins behave as domin
negative products.

swirl mutants lack blood and heart precursors
Mouse embryos lacking a functional copy of bmp2show defi-
ciencies in blood and heart formation (Zhang and Bradley, 19
We have analysed the appearance of both these tissues inswirl
mutant embryos by carrying out in situ hybridizations for gata1
 of
ryos
As

and Nkx2.5/Nkx2.7. gata1is expressed in blood precursors at th
8 somite stage (Detrich et al., 1995), while Nkx2.5and 2.7 are
expressed in cardiac mesodermal precursors (Lee et al., 199
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Table 2. Comparison of the effects of wild-type and mutant zBMP-2 mRNA injection on swrta72 embryos
Amount

Type of of mRNA Dorsalized (%) Ventralized (%)
mRNA injected Normal
injected (pg) C5 C4 C3 C2 C1 (%) V1 V2 V3 V4 n

Uninjected 0 32 0 0 0 0 68 0 0 0 0 148

Wild-type 1 0 0 4 2 0 37 26 7 14 11 57
zBMP-2 2 0 0 0 0 0 0 8 12 35 45 65

4 0 0 0 0 0 1 14 17 20 47 70

swrta72 1 23 0 0 0 0 77 0 0 0 0 30
zBMP-2 2 38 0 0 6 9 47 0 0 0 0 34

4 32 6 12 14 18 18 0 0 0 0 34

swrtc300 1 27 2 0 0 6 65 0 0 0 0 52
zBMP-2 2 22 0 0 0 0 78 0 0 0 0 50

4 23 3 0 3 7 63 0 0 0 0 30
20 58 17 8 4 4 8 0 0 0 0 24

Artificial 4 32 0 0 0 0 68 0 0 0 0 28
Mutant 20 19 0 0 0 0 81 0 0 0 0 36
zBMP-2
The absence of gata1-positive blood precursor cells in swirl
mutants has been previously reported (Mullins et al., 199
and was confirmed by us (data not shown). The effects of
swirl mutant phenotype on heart morphogenesis had not b
addressed previously. Using both Nkx2.5and Nkx2.7(Lee et
al., 1996) as markers for cardiac mesodermal precursors
found that expression of Nkx2.5 is completely absent in the
majority of homozygous mutant embryos, while in wild-typ
embryos two bilateral rows of cells express Nkx2.5 (Fig.
5A,B). In a minority of mutant embryos, we found a fe
patches of cells positive for Nkx2.5at ectopic positions (Fig.
5C). The results obtained for Nkx2.7are essentially the same
(data not shown).

Generation of swirl homozygous adult fish
We wished to investigate whether swirl homozygous embryos
can give rise to adult fish. 215 embryos produced by swrta72

heterozygotes were each injected with 3 pg of xbmp4mRNA.
79 embryos did not survive day 1. However, 86 embry
showed a normal phenotype, 7 were weakly dorsalized an
weakly ventralized. Of those, 111 fish reached adultho
Genotyping was performed for the normal-looking fish both 
SSCP analysis, using genomic DNA extracted from tail fi
and by crossing against swirl heterozygotes. So far, we hav
Table 3. Comparison of the effects of wild-type and 
Amount

Type of of mRNA Dorsalized (%)
mRNA injected
injected (pg) C5 C4 C3 C2

Uninjected 0 0 0 0 0

Wild-type 2 0 0 0 0
zBMP-2 4 0 0 0 0

swrta72 2 0 0 0 4
zBMP-2 4 0 0 5 24

swrtc300 2 0 0 0 0
zBMP-2 4 0 0 0 0

20 84 12 0 0

Artificial 20 0 0 0 0
Mutant 40 0 0 0 0
zBMP-2
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identified two female and two male swirl homozygotes from
30 fish tested. They produced a total of 52% C5 muta
(n=464) and 48% normal (n=425) offspring when crossed
against swirl heterozygotes. 

Adult mutant fish of both sexes were fertile and appeare
phenotypically normal. It is clear, therefore, that zBMP2 is no
required for viability and fertility. 

swirl does not have a maternal effect in mesoderm
induction 
Both BMP2 and BMP4 have been implied to induce ventra
mesoderm in vivo.The progeny of mutant females appear
completely normal when crossed to a wild-type male, a
assayed by observing live embryos microscopically, and b
performing in situ analysis using ntl (Schulte-Merker et al.,
1992), gata1(Detrich et al., 1995), and myoD(Weinberg et al.,
1996) as markers for normal dorsoventral polarity (data n
shown). Therefore, swirl does not have a maternal effect in
mesoderm induction.

Expression of zbmp2 and zbmp4 is affected in swirl
mutants
To gain information about the regulation of zbmp2expression
and the interplay of zBMP2 and zBMP4, we studied th
mutant zBMP-2 mRNA injection on wild-type embryos

Ventralized (%)
Normal

C1 (%) V1 V2 V3 V4 n

0 100 0 0 0 0 50

0 19 26 7 14 11 21
0 0 8 12 35 45 20

0 96 0 0 0 0 24
48 24 0 0 0 0 21

0 100 0 0 0 0 19
0 100 0 0 0 0 19
0 4 0 0 0 0 25

0 100 0 0 0 0 23
0 100 0 0 0 0 26



4463A dorsalized zebrafish BMP2 mutant

s

h

P2
-

-
ng
in
-

e
a-
t
r
l.,

s
t

in

g.
s

r
rth

C-
y
 of
C

s

g
d
 a

he

e

ral
r

en
expression patterns of both zbmp2and zbmp4in wild-type and
swirl mutant embryos. In wild-type embryos, both zbmp2and
zbmp4initially display a rather broad ventrolateral expressio
domain which extends far into the dorsal side of the preg
trula and becomes progressively restricted to ventral regi
during the late blastula and gastrula stages (Nikaido et 
1997). However, striking differences between zbmp2 and
zbmp4expression were found in the degree of this vent
restriction: while the expression of zbmp2is maintained in both
marginal and animal ventral regions and eventually is pres
in ventral and lateral regions surrounding the entire body a
(Fig. 6E,I,J), the expression of zbmp4becomes restricted to the
ventral marginal zone and is later found in posterior regions
the postgastrula embryo (Fig. 6G,K). In addition to the vent
expression, both zbmp2and zbmp4are expressed in a subse
of cells on the dorsal side of the zebrafish embryo. T
expression starts before the onset of gastrulation in do
marginal cells of the presumptive organizer (Fig. 6A
arrowhead). The zbmp4expression domain moves anteriorl
during the course of gastrulation (Fig. 6G,K, arrowhead), in
cating zbmp4expression is maintained in a subset of organiz
cells that eventually form the hatching gland precursors.
contrast, the expression domain of zbmp2 remains in the
marginal region throughout gastrulation (Fig. 6A,E
arrowhead). Thus, zbmp2expression in dorsal cells is rathe
transient and only found while cells involute.

The dorsal expression of both zbmp2and zbmp4is indepen-
dent of zBMP2 and normal in swirl mutant embryos (Figs.
6B,F,H, arrowhead). However, zbmp2and zbmp4are affected to
different degrees in ventral regions of swirl mutant embryos
(Figs. 6B,D,F,H). zbmp2, whose expression starts at midblastu
stages (Nakaido et al., 1997), shows an indistinguisha
expression pattern in swirl mutant embryos and their wildtype
siblings at 30% and 40% epiboly (not shown). At the onset
gastrulation, zbmp2transcripts disappear very rapidly in anima
ventral regions of swirl mutant embryos, but remain to be foun
at almost normal levels in the ventral marginal zone and the Y
Syncytial layer (Fig. 6E,F). In contrast, the marginal express
of zbmp4, which starts at late blastula stages significantly la
then zbmp2(Nikaido et al., 1997), comes up at strongly reduc
levels (Fig. 6C,D; 50% epiboly), and disappears completely
early gastrula stages (60% epiboly, see Fig. 6H for 80% epibo
This indicates that both initiation and maintenance of the ven
zbmp4expression depend on zBMP2. In addition, the ma
tenance of the animal expression of zbmp2itself requires func-
tional zBMP2 protein, while the marginal zbmp2expression is
maintained independently of zBMP2.

DISCUSSION 

In this study, we show that BMP2 plays an essential role dur
the establishment of the dorsoventral axis in zebrafish embry
Therefore, BMP2 function in fish seems to be more similar
the function of mouse BMP4 than to mouse BMP2. 

swirl encodes zbmp2
We have demonstrated that swirl, a gene which if mutated leads
to a strong dorsalization of the zebrafish embryo, enco
zBMP2, a member of the BMP-related proteins in zebrafi
First, in each of the alleles base substitutions in the open rea
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frame of zbmp2 were found. Second, these base substitution
(Fig. 3A) lead to a complete loss of ventralizing activity in
injection assays (Tables 2 and 3). Third, swirl and zbmp2 are
closely linked genetically (Fig. 3B). In 38 diploid embryos, no
recombination was detected between swirl and the zbmp2locus,
showing that swirl and zbmp2are at most 1.3 cM apart. Fourth,
swirl mutant embryos were rescued by microinjection wit
wild-type zbmp2mRNA but not with mutant mRNA (Table 2),
suggesting that the base substitutions disturb native zBM
activity. Thus, our findings show that ventral cell fate specifi
cation in the zebrafish embryo is mediated via zBMP2. 

swr tc300 and swr ta72 zBMP2 completely lack
ventralizing activity but might act as dominant
negative dorsalizing factor
BMPs are members of the transforming growth factor-β
(TGFβ) superfamily. They are initially synthesized as pre-pro
proteins, with a signal sequence and a pro-domain of varyi
size at the N terminus (Kingsley, 1994). The precursor prote
is cleaved to yield the biologically active, mature carboxy
terminal protein, which then dimerizes. Almost all TGFβ
molecules contain a nearly invariant array of 7 cystein
residues within the mature region of the protein. Crystallogr
phy studies of TGF-β2 suggest that the cysteine residue a
position 4 links two monomers into a dimer, while the othe
six cysteines form a so-called cysteine knot (Daopin et a
1992; Schlunegger and Grutter, 1992) in each monomer.

Mutation in swrtc300 causes exchange of one of 7 cysteine
in the mature domain into a tryptophan (Fig. 3A) which mos
likely causes the disruption of the cysteine knot, resulting 
conformational changes in the zBMP2 monomer. 

In the other allele, swrta72 allele, a base substitution in the
stop codon of zbmp2results in the addition of 6 amino acids
at the carboxy terminus of the conceptual zBMP2 protein (Fi
3A). It is possible that the elongated amino acid tail interfere
with the binding of zBMP2 to its receptor. While it is unclea
at present what the effect of the elongated protein is, it is wo
noticing that all BMPs and the large majority of all TGFβ
molecules show the amino acid sequence CXCX at their 
terminal end. Thus, this region of the protein is highl
conserved and our analysis demonstrates that the function
zBMP2 is impaired by the addition of 6 amino acids at the 
terminus.

Interestingly, injection of both swrta72 and swrtc300 mRNAs
lead to dorsalization of wild-type embryos (Table 3). Thi
result suggests the possibility that swrta72 and swrtc300 may
function as dominant negative forms capable of interferin
with either the endogenous wild-type zBMP2 protein, or/an
with other BMPs. Since mutant zBMP2 protein also exhibits
dominant negative effect in swirl mutant embryos and therefore
in the absence of wild-type BMP2 protein, we suggest that t
protein products of swrta72 and swrtc300 either interfer with the
receptor or heterodimerize with other BMPs. It is worthwhil
to note that swrta72 initially displayed a weak dominant zygotic
dorsalized phenotype before the fish had undergone seve
rounds of outcrosses (Mullins et al., 1996). Our molecula
analysis of swrta72 offers an explanation for this observation.

Phenotypic comparison between swirl mutants and
BMP knock-out mice
There are considerable phenotypical differences betwe
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Fig. 4. Rescue of swrta72 homozygous embryos by zbmp2mRNA
injection. (A) A representative example of a swrta72 homozygous
embryo completely rescued by zbmp2mRNA injection. (B) A
heterozygous sibling embryo. (C) SSCP genotyping of zbmp2
mRNA injected embryos which show a normal phenotype. Lane 1
swrta72 mutant, uninjected. Lanes 2-9: mRNA-injected embryos
(#1-8). Lane 10: wild-type homozygote. Embryo #8 yields the sam
pattern as the swrta72 homozygous embryo (lane 1). Embryo #8 is
shown in A; embryo #6 is shown in B. Scale bar in A, 500 µm.

mutant embryos fail to form heart structures, as detected by in situ
 with Nkx 2.5markers (A-C; 15 somite stage, lateral view). Arrows in

 few ectopically placed cells positive for Nkx 2.5.
mouse and zebrafish bmp2 mutants. By gene targeting tech
nology using embryonic stem cells, mice deficient for th
BMP2 mature region were produced (Zhang and Bradl
1996). Homozygous embryos die around 9.5 days post coit
with defects in development of the amnion/chorion and t
heart. In fish, the loss of BMP2 activity leads to a much mo
severe phenotype: deficiencies in ventral structures 
observed in swirl mutant embryos with a concomitan
expansion of dorsal structures (Mullins et al., 1996). Moreov
the expression pattern of bmp2 in mouse embryos is also
different from that of zebrafish. In mice, bmp2is expressed in
the extraembryonic mesoderm and precardium (Lyons et 
1989, 1990 and 1995), whereas, in zebrafish, zbmp2expression
in the heart anlage and the heart proper is not detecta
(Nikaido et al., 1997; our data, not shown). We conclude th
swirl mutants lack blood and heart precursors (Fig. 5) beca
these fates do not exist in mutant embryos.

The swirl mutant phenotype more closely
resembles the phenotype of BMP4 knock-out mice
(Winnier et al., 1995), and the similarity of
expression patterns of zebrafish bmp2 and
Xenopus bmp4has been interpreted to mean that
zBMP2 is functionally the equivalent of Xenopus
BMP4 (Nikaido et al., 1997). BMP4 homozygous
mutant mouse embryos die early, show disorga-
nized mesoderm and strongly truncated posterior
structures (Winnier et al., 1995). This supports the
idea that zBMP2 resembles mBMP4, rather than
mBMP2, in function. 

We have considered the possibility that, given

Fig. 5.swirl
hybridization
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the high similarity between zBMP2 and zBMP4, these gen
were named incorrectly. Within the C-terminal matur
domains, the identity between zebrafish and mouse BMP2
only 2% higher than that between zBMP2 and mouse BM
(zBMP2-mBMP2, 83%; zBMP2-mBMP4, 81%). However, th
differences between amino acid sequence identities in the p
domains are higher (zBMP2-mBMP2, 54%; zBMP2-mBMP4
47%) (Nikaido et al., 1997). In humans, mouse, Xenopusand
zebrafish, amino acid residues can be found that are spec
for BMP2 and BMP4, respectively. For example, the tw
amino acids next to the RXKR processing site are Gln Ala 
BMP2, but Ser Pro in BMP4. By comparing the protei
sequences of zebrafish and mouse BMP2/4, we found tha
25 cases there were amino acids present in both BM
proteins, while at the same time there was a different pair
amino acids present in both BMP4 proteins. There was no
single case where an amino acid present in zBMP2 was pres
in mBMP4, while a different pair of amino acids was to b
found in zBMP4 and mBMP2. Therefore, we believe tha
zbmp2and tetrapods bmp2 stem from a common ancestor
Originally, both bmp2and bmp4ancestors might have acted a
signaling molecule to specify ventral structures. In the cour
of evolution, however, different BMPs have taken up differe
functions, exemplified by the fact that mouse BMP4 an
zebrafish BMP2 pattern the mesoderm in the early gastru
while mouse BMP2 does not function there. It is also possib
that more BMP2-like paralogues will be found in mouse o
fish.

Conservation of the BMP/Chordin system
We have recently shown that lack of chordinoaffects the tran-
scriptional regulation of both chordinoand zbmp4(Hammer-
schmidt et al., 1996a; Schulte-Merker et al., 1997), and th
interfering with the BMP-signaling pathway has severe effec
on chordino transcriptional regulation (Schulte-Merker et al.
1997). Here we show that transcript levels of both zbmp2and
zbmp4are downregulated in swirl mutant embryos (Fig. 6).
This provides more evidence for our previous model, whe
Chordin and BMPs not only interact on the protein level, b
also set up a balance of Chordin activity (high dorsally) an
BMP activity (high ventrally), which, if disturbed, regulates
itself: The loss of swirl activity leads to downregulation of
zBMP2 and zBMP4 levels, while a loss of chordino function
causes expansion of the expression domains of zbmp2and
zbmp4, respectively. 

Our findings presented here provide genetic evidence t
the Chordin-BMP interaction establishes the dorsal-vent

:

e
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Fig. 6.Maintenance, but not induction, of both
zbmp2and zbmp4, is affected in swirl mutant
embryos. In situ hybridization with zbmp2
(A-B,E-F,I-J) and zbmp4(C-D,G-H,K-L)
antisense probes. Stages analyzed were 60%
epiboly (A-B), 50% epiboly (C-D), 80% epiboly
(E-H), and tailbud stage (I-L). Animal pole is up
and dorsal is to the right, except in J and L,
which are animal pole views. Arrowheads in
A,B,E-H,K and L point at dorsal expression of
zbmp2and zbmp4. 
axis of zebrafish embryos. We propose that common mec
nisms are used for dorsal-ventral pattern formation 
Drosophila, Xenopusand zebrafish.

Are BMP2 and BMP4 redundant?
In ectopic expression studies in amphibian and fish embry
BMP2 and BMP4 both promote ventral specification of th
mesoderm and prevent neural specification in the ectode
This has led to speculation that the functions of BMP2 a
BMP4 in the regulation of early dorsoventral pattern formati
might be redundant. Here we show that in fish this is not 
case, and that deficiencies in the zebrafish bmp2gene lead to
a severe dorsalization of the embryo in both the mesoderm
the marginal zone and the ectoderm of the animal zone in
cating that BMP4 cannot compensate for the loss of BMP2
dorsoventral patterning. This is consistent with the express
patterns of zbmp2and zbmp4in wild-type and swirl mutant
embryos. In animal ventral regions of wild-type embryos, t
expression of zbmp2is maintained during the course of gas
trulation, while zbmp4is not expressed, indicating that at thi
stage, zBMP2 is the only ventralizing agent. In margin
ventral regions, zbmp2and zbmp4are coexpressed, however
zbmp4expression depends on zBMP2, as indicated by 
reduced initial expression and subsequent loss of the marg
zbmp4expression in swirl mutant embryos. Thus, swirl mutant
embryos appear to contain only little if any ventralizing activi
in the form of zBMP4 from its initial, possibly zBMP2-inde
pendent expression at pregastrula stages. This notion is 
sistent with the previously reported expression of the ven
marker gene eve1, which is present at reduced levels in swirl
mutant embryos of early gastrula stages, but not detecta
during later stages of gastrulation (Mullins et al., 1996). 

swirl function is not essential after gastrulation
We have been able to completely rescue the swirl mutant
phenotype. Homozygous mutant adults were obtained t
appeared normal in all aspects analyzed thus far. Interestin
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while BMP2 has been implied to have a function in a varie
of processes such as fin development, bone formation, br
development and others (reviewed by Hogan, 1996), in fis
the activity of zBMP2/swirl is not essential for any of these
processes. Also, while it has been often speculated that eit
BMP2 or BMP4 plays a role as the initial inducer of ventra
mesoderm, we have failed to find evidence supporting th
notion: embryos derived from a homozygous mutant swirl
mother do not show defects in ventral mesoderm specificati
Therefore, it appears that BMP2 activity is only require
during gastrulation, but can be compensated for or is n
essential during later stages of life.
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for critical reading of the manuscript. S. S.-M. wants to thank C
Nüsslein-Volhard for support. Y. K. is a recipient of a long-term fe
lowship from the Human Frontier Science Program.

REFERENCES

Dale, L., Howes, G., Price, B. M. J., and Smith, J. C.(1992). Bone
morphogenetic protein 4: a ventralizing factor in early Xenopus
development. Development 115,573-585.

Daopin, S., Piez, K. A., Ogawa, Y., and Davies, D. R.(1992). Crystal structure
of transforming growth factor-beta 2: An unusual fold for the superfamil
Science 257,369-373.

Detrich, H. W., Kieran, M. W., Chan, F. Y., Barone, L. M., Yee, K., Pratt, S.,
Ransom, D., and Zon, L.I. (1995). Intraembryonic hematopoietic cell
migration during vertebrate development. Proc. Natl. Acad. Sci. USA 92,
10713-10717.

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., Belak, J. and Boggs, C. (1996). A genetic screen for mutations affecting
embryogenesis in zebrafish. Development 123,37-46.

Fainsod, A., Steinbeisser, H., and Robertis, E. M. D.(1994). On the function



4466

fish

the

le-

f

th

 tail

ene
yo.

us

sh.

r

il

n

ing

ne

Y. Kishimoto and others
of BMP-4 in patterning the marginal zone of the Xenopus embryo. The
EMBO J. 13,5015-5025.

Fainsod, A., Deißler, K., Yelin, R., Marom, K., Epstein, M., Pillemer, G.,
Steinbeisser, H., and Blum, M.(1997). The dorsalizing and neural inducing
gene follistatin is an antagonist of BMP-4. Mech. Dev. 63,39-50.

Ferguson, E. L., and Anderson, K. V.(1992). decapentaplegicacts as a
morphogen to organize dorsal-ventral pattern in the Drosophilaembryo. Cell
71,451-461.

Graff, J. M., Thies, R. S., Song, J. J., Celeste, A. J., and Melton, D. A.(1994).
Studies with a Xenopus BMP receptor suggest that ventral mesode
inducing signals override dorsal signals in vivo. Cell 79,169-179.

Haffter, P., Granato, M., Brand, M., Mullins, M. C., Hammerschmidt, M.,
Kane, D. A., Odenthal, J., van Eeden, F. J., Jiang, Y. J., Heisenberg, C. P.
Kelsh, R. N., Furutani-Seiki, M.,Vogelsang, E., Beuchle, D., Schach, U.,
Fabian, C. and Nusslein-Volhard, C. (1996). The identification of genes
with unique and essential functions in the development of the zebrafi
Danio rerio. Development123, 1-36. 

Hammerschmidt, M., Serbedzija, G. N., and McMahon, A. P.(1996a).
Genetic analysis of dorsoventral pattern formation in the zebrafi
requirement of a BMP-like ventralizing activity and its dorsal repress
Genes Dev. 10,2452-2461.

Hammerschmidt, M., Pelegri, F., Mullins, M. C., Kane, D. A., van Eeden, F.
J., Granato, M., Brand, M., Furutani-Seiki, M., Haffter, P., Heisenberg,
C. P., Jiang, Y. J., Kelsh, R. N., Odenthal, J., Warga, R. M. and Nusslein-
Volhard, C. (1996b). dino and mercedes, two genes regulating dorsal
development in the zebrafish embryo. Development 123,95-102.

Hawley, S. H. B., Wünnenberg-Stapleton, K., Hashimoto, C., Laurent, M.
N., Watabe, T., Blumberg, B. W., and Cho, K. W. Y.(1995). Disruption of
BMP signals in embryonic Xenopus ectoderm leads to direct neu
induction. Genes Dev. 9,2923-2935.

Hemmati-Brivanlou, A., Kelly, O. G., and Melton, D. A.(1994). Follistatin,
an antagonist of activin, is expressed in the Spemann organizer and disp
direct neuralizing activity. Cell 77,283-295.

Ho, R. K., and Kane, D. A.(1990). Cell-autonomous action of zebrafish spt-
mutation in specific mesodermal precursors. Nature 348,728-730.

Hogan, B. L. M. (1996). Bone morphogenetic proteins: multifunctiona
regulators of vertebrate development. Genes Dev. 10,1580-1594.

Holley, S. A., Jackson, P. D., Sasai, Y., Lu, B., De Robertis, E. M. D.,
Hoffmann, F. M., and Ferguson, E. L.(1995). A conserved system for
dorsal-ventral pattering in insects and vertebrates involving sogand chordin.
Nature 376, 249-253.

Jones, C. M., Lyons, K. M., Lapan, P. M., Wright, C. V. E., and Hogan, B. L.
M. (1992). DVR-4 (Bone Morphogenetic Protein-4) as a posterio
ventralizing factor in Xenopusmesoderm induction. Development 115,639-
647.

Kingsley, D. M.(1994). The TGF-β superfamily: new members, new receptors
and new genetic tests of function in different organisms. Genes Dev. 8, 133-
146.

Krieg, P. A., and Melton, D. A. (1984). Functional messenger RNAs are
produced by SP6 in vitro transcription of cloned cDNAs. Nucleic Acids Res.
12,7057-7070.

Lee, K.-H., Xu, Q., and Breitbart, R. E.(1996). A new tinman-related gene,
nkx2.7, anticipates the expression of nkx2.5and nkx2.3in zebrafish heart and
pharyngeal endoderm. Dev. Biol. 180,722-731.

Lyons, K. M., Pelton, R. W., and Hogan, B. L. M.(1989). Patterns of
expression of murine Vgr-1 and BMP2a RNA suggest that transforming
growth factor-—like genes coodinately regulate aspects of embryo
development. Genes Dev. 3,1647-1668.

Lyons, K. M., Pelton, R. W., and Hogan, B. L. M.(1990). Organogenesis
and pattern formation in the mouse: RNA distribution pattern sugges
role for Bone Morphogenetic Protein-2A (BMP2A). Development 109,
833-844.

Lyons, K. M., Hogan, B. L. M., and Robertson, E. J.(1995). Colocalization
of BMP7 and BMP2 RNAs suggests the these factors cooperatively med
tissue interactions during murine development. Mech. Dev. 50,71-83.

Moon, R. T., Brown, J. D., Yang-Snyder, J. A., and Miller, J. R.(1997).
Structurally related receptors and antagonists compete for secreted 
ligands. Cell 88,725-728.

Mullins, M. C., Hammerschmidt, M., Kane, D. A., Odenthal, J., Brand, M.,
van Eeden, F. J., Furutani-Seiki, M., Granato, M., Haffter, P.,
Heisenberg, C. P., Jiang, Y. J., Kelsh, R. N. and Nusslein-Volhard, C.
rm-

,

sh,

sh:
or.

ral

lays

1

l

r-

,

nic

t a

iate

Wnt

(1996). Genes establishing dorsoventral pattern foramation in the zebra
embryo: the ventral specifying genes. Development 123,81-93.

Neave, B., Holder, N., and Patient, R.(1997). A graded response to BMP-4
spatially coordinates patterning of the mesoderm and ectoderm in 
zebrafish. Mech. Dev. 62,183-195.

Nikaido, M., Tada, M., Saji, T., and Ueno, N.(1997). Conservation of BMP
signaling in zebrafish mesoderm patterning. Mech. Dev. 61,75-88.

Orita, M., Iwahana, H., Kanazawa, H., Hayashi, K., and Sekiya, T.(1989).
Detection of polymorphisms of human DNA by gel electrophoresis as sing
strand conformation polymorphism. Proc. Natl. Acad. Sci. USA 86, 2766-
2770.

Padgett, R. W., Wozney, J. M., and Gelbart, W. M.(1993). Human BMP
sequences can confer normal dorsal-ventral patterning in the Drosophila
embryo. Proc. Natl. Acad. Sci. USA 90,2905-2909.

Piccolo, S., Sasai, Y., Lu, B., and Robertis, E. M. D.(1996). Dorsoventral
patterning in Xenopus: Inhibition of ventral signals by direct binding o
chordin to BMP-4. Cell 86,589-598.

Sasai, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L. K., and DeRobertis,
E. M. D. (1994). Xenopus chordin: a novel dorsalizing factor activated by
organizer-specific homeobox genes. Cell 79,779-790.

Schlunegger, M. P., and Grutter, M. G.(1992). An unusual feature revealed
by the crystal structure at 2.2Å resolution of human transforming grow
factor-beta 2. Nature 358,430-434.

Schulte-Merker, S., Hammerschmidt, M., Beuchle, D., Cho, K. W.,
Robertis, E. M. D., and Nüsslein-Volhard, C.(1994). Expression of
zebrafish goosecoid and no tail gene products in wild-type and mutant no
embryos. Development 120,843-852.

Schulte-Merker, S., Ho, R. K., Herrmann, B. G., and Nüsslein-Volhard, C.
(1992). The protein product of the zebrafish homologue of the mouse T g
is expressed in nuclei of the germ ring and the notochord of the early embr
Development 116,1021-1032.

Schulte-Merker, S., Lee, K. J., McMahon, A. P., and Hammerschmidt, M.
(1997). The zebrafish organizer requires chordino. Nature 387,862-863.

Slack, J. M. W.(1994). Inducing factors in Xenopus early embryos. Curr. Biol.
4,116-126.

Smith, W. C., and Harland, R. M. (1992). Expression cloning of noggin, a
new dorsalizing factor localized to the Spemann organizer in Xenop
embryos. Cell 70,829-840.

Solnica-Krezel, L., Stemple, D. L., Mountcastle-Shah, E., Rangini, Z.,
Neuhauss, S. C. F., Malicki, J., Schier, A. F., Stainier, D. Y. R.,
Zwartkruis, F., Abdelilah, S. and Driever, W. (1996). Mutation affecting
cell fates and cellular rearrangements during gastrulation in zebrafi
Development 123,67-80.

Steinbeisser, H., Fainsod, A., Niehrs, C., Sasai, Y., and Robertis, E. M. D.
(1995). The role of gsc and BMP-4 in dorsal-ventral patterning of the
marginal zone in Xenopus: a loss-of-function study using antisense RNA.
EMBO J. 14,5230-5243.

Suzuki, A., Thies, R. S., Yamaji, N., Song, J. J., Wozney, J. M., Murakami,
K., and Ueno, N.(1994). A truncated bone morphogenetic protein recepto
affects dorsal-ventral patterning in the early Xenopusembryo. Proc. Natl.
Acad. Sci. USA 91,10255-10259.

Weinberg, E. S., Allende, M. L., Kelly, C. S., Abdelhamid, A., Murakami,
T., Andermann, P., Doerre, O. G., Grunwald, D. J., and Riggleman, B.
(1996). Developmental regulation of zebrafish MyoD in wild-type, no ta
and spadetail embryos. Development 122,271-280.

Westerfield, M. (1993). The Zebrafish Book. (Eugene: University of Oregon
Press).

Wharton, K. A., Ray, R. P., and Gelbart, W. M.(1993). An activity gradient
of decapentaplegicis necessary for the specification of dorsalpatter
elements in the Drosophilaembryo. Development 117,807-822.

Winnier, G., Blessing, M., Labosky, P. A., and Hogan, B. L. M.(1995). Bone
morphogenetic protein-4 is required for mesoderm formation and pattern
in the mouse. Genes Dev. 9,2105-2116.

Zhang, H., and Bradley, A.(1996). Mice deficient for BMP2 are nonviable
and have defects in amnion/chorion and cardiac development. Development
122,2977-2986.

Zimmerman, L. B., Jesus-Escobar, J. M. D., and Harland, R. M.(1996).
The Spemann organizer signal noggin binds and inactivates Bo
Morphogenetic Protein 4. Cell 86,599-606.

(Accepted 22 August 1997)


