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The dorsal blastopore lip (known as the Spemann organizer) is important for making the body plan in amphibian
gastrulation. The organizer is believed to involute inward and migrate animally to make physical contact with the
prospective head neuroectoderm at the blastocoel roof of mid- to late-gastrula. However, we found that this
physical contact was already established at the equatorial region of very early gastrula in a wide variety of
amphibian species. Here we propose a unified model of amphibian gastrulation movement. In the model, the
organizer is present at the blastocoel roof of blastulae, moves vegetally to locate at the region that lies from the
blastocoel floor to the dorsal lip at the onset of gastrulation. The organizer located at the blastocoel floor con-
tributes to the anterior axial mesoderm including the prechordal plate, and the organizer at the dorsal lip ends
up as the posterior axial mesoderm. During the early step of gastrulation, the anterior organizer moves to estab-
lish the physical contact with the prospective neuroectoderm through the “subduction and zippering” move-
ments. Subduction makes a trench between the anterior organizer and the prospective neuroectoderm, and the
tissues face each other via the trench. Zippering movement, with forming Brachet’s cleft, gradually closes the
gap to establish the contact between them. The contact is completed at the equator of early gastrulae and it
continues throughout the gastrulation. After the contact is established, the dorsal axis is formed posteriorly, but
not anteriorly. The model also implies the possibility of constructing a common model of gastrulation among

chordate species.
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Introduction

Spemann and Mangold found that the dorsal blasto-
pore lip of an amphibian gastrula can induce a sec-
ondary axis when transplanted into another embryo’s
ventral side (Spemann & Mangold 1924). The dorsal
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blastopore lip was named as “the organizer” because
it induces the differentiation of cells that attach to it
into well-organized axial structures (such as head, tall,
and neural tissue).

Gastrulation is a critical stage in the formation of the
central nervous system. Neurulation of the dorsal ecto-
derm is regulated by the axial mesoderm, known as
the organizer which includes prechordal plate and the
notochord. In the amphibian gastrulation process, the
axial mesoderm, which is derived from the dorsal mar-
ginal zone, invaginates, involutes into the body, and
then migrates toward the animal pole on the inner sur-
face of the blastocoel roof. The inner surface of the
blastocoel roof is ready for the directional migration of
the leading edge along the surface of fibronectin sub-
strate (Nakatsuji et al. 1982; Boucaut et al. 1984;
Winklbauer & Nagel 1991; Johnson et al. 1993), and
the migration was observed in vivo and in vitro (Hara
et al. 2013; Moosmann et al. 2013).
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Anterior terminal neural tissue is determined when the
anterior tip of the axial mesoderm reaches the anterior-
most portion of the prospective neuroectoderm at the
blastocoel roof. In this work, the establishment of this
physical contact is called “anterior contact establish-
ment” (ACE) (cf. Fig. 10A-6). The establishment of
physical contact between the organizer and the pro-
spective neuroectoderm is one of the important steps
for axis formation. As the prospective head neuroecto-
derm is known to locate around the animal pole in fate
maps of early gastrula (Vogt 1929; Nakamura 1942;
Keller 1975), ACE should occur around the animal pole
area of mid- to late-gastrula embryo.

However, we found that gastrulation movement in
X. laevis is distinct from this conventional model of
amphibian gastrulation (cf. Fig. 10A) (Koide et al. 2002).
In that report, we suggested that ACE occurs at the
equator of early gastrula, and the physical contact of the
anterior organizer with the prospective head neuroecto-
derm continues throughout the gastrulation process.
The leading edge tissue migrates animally beyond the
region of anterior contact after ACE. Our model was
supported by live imaging of a single embryo using
microscopic magnetic resonance imaging (MRI; Papan
et al. 2007). Itis still unknown whether the X. Jaevis gas-
trulation movement is applicable to the movement of
other amphibians because it is believed that the features
of gastrulation vary among species (Shook et al. 2002;
Moya et al. 2007; del Pino et al. 2007).

Here, we show that the X. /aevis model is fundamen-
tally applicable to a wide variety of amphibian species,
and propose a unified model of amphibian gastrulation
movement (cf. Fig. 10B). In the model, the anterior orga-
nizer is present at the blastocoel floor at the onset of
gastrulation, and moves to the equator to make physical
contact with the prospective head neuroectoderm
through the “subduction and zippering” (S&Z) move-
ment (cf. Fig. 9) during the early step of gastrulation. The
blastocoel roof becomes not neural but epidermal tissue
after the contact. This physical contact continues to the
end of gastrulation movement, indicating that the head
is fixed at the dorsal equator of early gastrula so that the
A-P axis is formed toward the posterior as the posterior
organizer involutes inward (cf. Fig. 10B-6,7). This model
of amphibian gastrulation would enable us to make a
direct comparison with the gastrulation movements of
other chordate species.

Materials and methods

Adults

Xenopus laevis purchased from Watanabe Zoushoku
(Hyogo, Japan) and Cynops pyrrhogaster collected in

Hyogo, Japan were maintained in JT Biohistory
Research Hall (Osaka, Japan). Rana japonica was col-
lected in Kagoshima and Hiroshima, Japan. Odorrana
supranarina was collected in Okinawa, Japan. Silurana
tropicalis was maintained by the Institute for Amphib-
ian Biology (Hiroshima University) through the National
Bio-Resource Project of MEXT, Japan. The other
amphibians were kept by the strain maintenance team
of the Institute for Amphibian Biology.

Embryos

Embryos of R. japonica, Rana porosa brevipoda, X. la-
evis, and S. tropicalis were obtained by in vitro fertiliza-
tion. Embryos of the other species were obtained by
natural mating. The jelly coat was removed chemically
with 1.5% thioglycolic acid (pH 9.5) and/or removed
mechanically. The embryos were kept in 0.1x Stein-
berg’s solution (58 mmol/l NaCl, 0.67 mmol/I KCI,
0.44 mmol/l Ca[NOg]o, 1.3 mmol/l MgSQy,, 4.6 mmol/|
Tris, pH 7.8) until they reached the desired stage at
13°C for X. laevis; at 19°C for R. porosa brevipoda; at
20°C for Ambystoma mexicanum, Bombina orientals,
and Cynops ensicauda; at 22°C for S. tropicalis; at
23°C for C. pyrrhogaster; and at 18°C for the other
amphibians. Staging of gastrulae was performed
according to the time length after the time of blasto-
pore appearance. Note that we raised X. la-
evis embryos at low temperature (13°C) to determine
the embryonic stages exactly. In this condition, gastru-
lation completes in 20 h. The time of blastopore
appearance was defined by the appearance of a pig-
ment line formed by the accumulation of bottle cells.
As the need arises, the embryos were fixed with 10%
formalin in  PBS (175 mmol/l NaCl, 7.4 mmol/l
Na,HPO,, 1.9 mmol/l NaH,PO,, pH 7.8) at the indi-
cated stages, and were sagittally dissected with a
microtome blade.

Staining of inner surface of blastocoel cavity

For internal labeling, 20-250 nl (depending on egg
size) of 1% neutral red solution in saline was injected
into the blastocoel cavity at the indicated stages in 3%
Ficoll/0.5x Steinberg’s solution. Then, the embryos
were transferred to 0.5x Steinberg’s solution without
Ficoll where they developed into neurulae.

Labeling of external surface

Vital dye staining of the equatorial region of the
embryos was performed as described previously
(Kaneda et al. 2009) with minor modifications. To pre-
cisely stain tissue lined by the leading edge tissue, we
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measured the distance between the leading edge tis-
sue and the dorsal lip of blastopore at 7 h after blasto-
pore appearance (ACE) in the sagittal sections of
C. pyrrhogaster embryos. The distance was 1.3 mm
on average. Then, superficial vital dye staining of
C. pyrrhogaster embryos was performed at the dis-
tance of 1.3 mm from the dorsal lip using an ocular
micrometer in 0.1x Steinberg’s solution.

Blastocoel roof-less embryos

The blastocoel roof was removed at the level of the
blastocoel floor with fine forceps and eyebrow knives
at the indicated stages. The blastocoel roof-less
embryos were developed in 0.5x Steinberg’s solution
containing 100 pg/ml kanamycin.

Graft assay

The dorsal blastopore lip at blastopore appearance or
the blastocoel floor at ACE was detached from the
embryos with eyebrow knives, and grafted to the pro-
spective ventral side of the blastopore-appearance-
stage recipient embryos by the Einsteck method (Slack
& Isaacs 1994). The recipient X. laevis embryos were
allowed to develop in 1x Barth’s solution containing
100 pg/ml kanamycin at 18°C. The recipient C. pyrr-
hogaster embryos were allowed to develop in 1x
Steinberg’s solution containing 25 units/ml penicillin G
and 25 pg/ml streptomycin and 100 pg/ml kanamycin
at 20°C.

Preparation of probes

Xenopus laevis and C. pyrrhogaster chordin probes
(Yokota et al. 1998) were synthesized from cDNA
independently cloned from each gastrula cDNA library
in pCS2AT+, linearized with EcoRI, and transcribed
from the T7 promoter.

In situ hybridization

Whole-mount in situ hybridization was performed as
reported (Hemmati-Brivanlou et al. 1990). Section in situ
hybridization was performed essentially as described
(Butler et al. 2001) with the following modifications.
The embryos were fixed for 2 h in MEMFA for X. laevis
and 4% paraformaldehyde in PBS for C. pyrrhogaster.
The embryos were sectioned (10 um thickness) and
expanded in the water bath (Section Transfer System;
Thermo, MA, USA). The sections were arranged in lay-
ers on MAS-coated glass slides, and left to dry over-
night on a hot plate set at 40°C. As the
prehybridization treatment, the slides were rinsed with

© 2015 The Authors

1x PBST. The RNase treatment subsequent to the
hybridization was omitted, and probe washes were
carried out at 60°C with 5x standard saline citrate
(SSC) and 2x SSC three times for 10 min each,
respectively, and then at room temperature with 1x
TBST three times for 5 min each.

Time-lapse microscopy

For time-lapse microscopy, the embryos were embed-
ded in 10% gelatin/0.1x Steinberg’s solution, cut out
as cuboids with gelatin, and transferred to a new dish
containing 0.1x Steinberg’s solution with their posi-
tions fixed. Photomicrographs were taken every
10 min using a digital optical microscope (VHX-200;
Keyence, Osaka, Japan) in a temperature-controlled
room at 18-22°C.

Results

Prospective head neuroectoderm makes physical
contact with leading edge tissue at early gastrula
stage

As the first step toward understanding the mechanism
of amphibian gastrulation, we examined when the
physical contact between the organizer and the pro-
spective head neuroectoderm is established in various
amphibian species. We analyzed anuran amphibian
embryos of six species belonging to three families:
fire-bellied toad B. orientalis, Japanese brown frog
R. japonica, Nagoya daruma pond frog R. porosa
brevipoda, wrinkled frog Rana rugosa, X. laevis, and
Western clawed frog Silurana tropicalis. We also
observed the gastrulation of urodelan amphibian
embryos of four species belonging to three families:
Mexican salamander A. mexicanum, sword-tail newt
C. ensicauda, Japanese fire belly newt C. pyrrhogas-
ter, and Japanese clouded salamander Hynobius neb-
ulosus. We labeled the inner surface of blastocoel
cavities of the embryos at various gastrula stages with
neutral red (Fig. 1A-C). This labeling allows us to
determine the extent of the physical contact between
the leading edge tissue and the prospective head neu-
roectoderm, by observing the embryos at the neurula
stage. We categorized the labeled neurula embryos
into three types. In type-A embryo, the neural plate is
entirely stained with vital dye, which means that the
entire prospective neuroectoderm is still in the blasto-
coel roof when labeled (Fig. 1A). In type-B embryo, the
anterior portion of the neural plate is stained, which
means that the leading edge tissue is on the way to
the anterior end of the prospective neural region when
labeled (Fig. 1B). In type-C embryo, no neural plate
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Gastrula

Neurula

Fig. 1. Comparison of timing when leading edge tissue covers inner surface of entire prospective neuroectoderm among amphibian
species. (A-C) Schematic representation of neutral red labeling experiment. Blastocoels in embryos at the gastrula stage were injected
with neutral red. Once the blastocoel roof contacted the inner tissue directly, the area of contact would not be stained by neutral red.
When they grow up to neurulae, the stained state of the neural plate would enable us to know how the inner tissue lined the neuroecto-
derm at the injection time. The stippled area represents the prospective neuroectoderm (top panel) or the neural plate (middle panel).
Bottom panels show Hynobius nebulosus neurulae whose blastocoels at the gastrula stage were injected with neutral red. The neural
plate was entirely stained (type-A, A); the anterior portion of the neural plate was stained (type-B, B); no staining of the neural plate took
place (type-C, C). Note that type-C includes embryos whose neural crests were labeled without neural plate staining. Epi, epidermis;
NR, neutral red, NP, neural plate. (D) Graph of percentages of type-C neurula embryos in various amphibian species. In the horizontal
axis, the injection time is expressed as the ratio of the length of time of blastopore appearance (“0”) to that of circular blastopore pig-

ment line formation (“1”). Graph legends are shown on the right side. The number of embryos examined each time is shown in Table 1.

—e—, Bombina orientalis; —e—, Rana japonica; ——, Rana porosa brevipoda;

, Rana rugosa; —e—, Silurana tropicalis; —e—, Xenopus laevis;

—e—, Ambystoma mexicanum; —e—, Cynops ensicauda; —e—, Cynops pyrrhogaster; —e—, Hynobius nebulosus.

staining is observed, which means that the inner tissue
lines the entire prospective neuroectoderm when
labeled (Fig. 1C). Therefore, type-C embryo is charac-
terized by the establishment of physical contact at the
neurula stage (Table 1).

To know when the leading edge tissue reaches the
anterior-most portion of neural tissue, we examined
when the vital dye should be injected to make the
type-C embryo. The results are summarized in Fig-
ure 1D (detailed results are shown in Fig. S1). To
accommodate the difference in developmental speed
among species, the horizontal axis in Figure 1D indi-
cates the ratio of the length of time of blastopore
appearance (“0”) to that of circular blastopore pigment
line formation (“17). At the time length ratios of 0.4—
0.6, the rate of type-C embryo emergence exceeded
70% in all the species examined. The formation of the
circular blastopore is considered to be the onset of the
mid-gastrula stage (Keibfl 1925; Okada & Ichikawa
1947; Nieuwkoop & Faber 1956). In fact, it takes a
very short time from the blastopore appearance to
ACE (ACE occurs in the first 3 h in the whole 20-h
process of gastrulation in X laevis, and 7 h in 24-h in

C. pyrrhogaster). Taken together, those results indicate
that the establishment of physical contact between the
leading edge tissue and the anterior neuroectoderm
occurs at the early gastrula stage. In other words,
blastocoel roof at this stage does not contribute to
future neural tissue.

Equatorial region at ACE ends up to anterior-most
neural plate

To observe the internal morphology of the embryos
after physical contact was established, we fixed the
embryos at ACE and cut them along the mid-sagittal
plane (Fig. 2A-F,I-K). Figure 2 shows that the leading
edge is located at the equatorial region in all the
embryos. This suggests that the prospective head
neuroectoderm is located at the equatorial region at
ACE. If this were so, the ectoderm associated with the
leading edge around the dorsal equatorial region at
ACE would end up as the anterior-most neural tissue,
such as the forebrain. To confirm this possibility, we
labeled the dorsal equatorial region (tissue precisely
lined by the leading edge) of C. pyrrhogaster at ACE,
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Table 1. Number of embryos receiving neutral red injection into blastocoel roof at each time

Injection Bombina Rana Rana porosa Rana  Xenopus Xenopus Ambystoma Cynops Cynops Hynobius

time orien talis japonica brecipoda rugosa laevis tropicalis  mexicanum  ensicauda pyrrhogaster nebulosus
0 15 3 5 14 54 21 7 7 16
0.33 20
0.66 26
1 25 4 5 22 27 16 2 7
2 29 10 8 24 24 7 14 15
3 35 8 10 16 52 13
4 23 5 8 20 33 12 20 10
5 13 8 20 40 19 10
6 14 5 8 20 13 2 27 12
7 19 6 11
8 13 4 12 12
9 12

10 14 3 4

12 7 2

13 2

14 3 2

15 2

(hour
after BA)

Time of 5 6 6 6 5 1.5 15 24 15 14
circular
blastopore
pigment
line (hour
after BA)

and examined whether the labeled tissue contributes
to the anterior portion of the neural plate. As a result,
the labeled cells (Fig. 3A) were found in the anterior-
most neural plate (Fig. 3B). In combination with our
previous result (Koide et al. 2002), it seems that the
ectodermal layer on the equator at ACE corresponds
to the prospective head neuroectderm both in anuran
and urodele species.

The blastocoel roof at ACE does not contribute to
neural tissue but contribute to epidermis

From these observations, we hypothesized that the
blastocoel roof at ACE is dispensable for the formation
of dorsal structures. To check this hypothesis, we
removed blastocoel roofs at ACE in R. rugosa, X. la-
evis, B. orientalis, C. pyrrhogaster, and A. mexicanum
embryos, and monitored how the embryos would
develop. In all the blastocoel roof-less embryos, dorsal
structures, including complete head structures,
showed normal development, but the ventral epider-
mises were absent (Fig. 4A-E 3/3 in B. orientalis
B. orientalis, 4/5 in R. rugosa, 17/20 in X. laevis, 5/6
in A. mexicanum, and 5/5 in C. pyrrhogaster). In addi-
tion, we recognized the cement gland in the blastocoel
roof-less anuran embryos (Fig. 4A-C, black arrows),
reinforcing our conclusion that the anterior-most neural

© 2015 The Authors

structure was completely formed in the embryo.
Interestingly, when the blastocoel roof was removed
before ACE, at stages corresponding to type-A or -B,
the dorsal structure was absent or formed only poste-
riorly, according to the timing of blastocoel roof
removal (Fig. 5). From these results, we concluded
that the blastocoel roof at ACE contributes not to neu-
ral tissue but to ventral epidermis.

The physical contact between prospective head
neuroectderm and the leading edge tissue at ACE
continues throughout the gastrulation process

In X. laevis, it was shown that the anterior organizer
tissue remained attached to the future head neuroec-
toderm during gastrulation (Koide et al. 2002). This
was supported by the results of C. pyrrhogaster
experiment (Fig. 6). The outer surface of the dorsal-
equatorial region of C. pyrrhogaster embryo at ACE, a
region that corresponds to the prospective head neu-
roectoderm, was labeled with Nile blue. An agarose
bead was placed on the leading edge tissue correctly
lining the labeled ectoderm (Fig. 6A), and the embryo
was allowed to develop to observe the relative posi-
tions of the labeled tissue and the bead. At the end of
gastrulation, the Nile blue labeled tissue and the
agarose bead were in contact with each other (Fig. 6B),
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B. orientalis R. japonica R. porosa brevipoda R. rugosa

—

B. japonicus formosus

S. tropicalis X. laevis

B. gargarizans
miyakonis

H. nebulosus

A. mexicanum C. pyrrhogaster

Fig. 2. Leading edge tissue reaches anterior-most prospective neuroectoderm at equatorial region. Internal morphology of embryo at
ACE. Blastopore is indicated by a black arrowhead. (A) Bombina orientalis at 4 h after blastopore appearance, (B) Rana japonica at 4 h
after blastopore appearance, (C) Rana porosa brevipoda at 4 h after blastopore appearance, (D) Rana rugosa at 3 h after blastopore
appearance, (E) Silurana tropicalis at 60 min after blastopore appearance, (F) Xenopus laevis at 3 h after blastopore appearance, (G)
Bufo japonicus formosus at 4 h after blastopore appearance, (H) Bufo gargarizans miyakonis at 4 h after blastopore appearance, (I)
Ambystoma mexicanum at 8 h after blastopore appearance, (J) Cynops pyrrhogaster at 7 h after blastopore appearance, and (K) Hyno-
bius nebulosus at 9 h after blastopore appearance in gastrula embryos. (A-F, |-K) The embryo was cut sagittally. The leading edge tis-
sue is located in the equatorial region and the embryo has Brachet’s cleft. (G, H) The embryo was fixed when Brachet’s cleft was
formed. The leading edge is located at the equatorial region. It may be important to mention that embryos of Urodele species have rela-
tively long archenteron at anterior contact establishment (ACE), though anurans only have a dent at blastopore. This may be caused by
a difference of gastrulation movement between them.

strongly indicating that the leading edge tissue of
C. pyrrhogaster is continuously associated with the pro-
spective head neuroectoderm from ACE throughout
gastrulation, as was observed in X. laevis gastrulation.

ogy of other species’ embryos at ACE revealed that all
the embryos had Brachet’s cleft (Fig. 2A-K). It is also
shown that type A and B embryos in Figure 5 had very
poor Brachet’s cleft, if any, when the blastocoel roof
was removed (data not shown), but the type C embryo
definitely had the well-formed Brachet’s cleft.

Those observations underscored the importance of
the formation of Brachet’s cleft for ACE. If Brachet's

Brachet’s cleft is closely involved in the physical
contact

In the previous paper, we showed that the X laevis
embryo at ACE had a just-formed Brachet’s cleft
(Koide et al. 2002). Observation of the internal morphol-

cleft formation indicates the completion of ACE, the
blastocoel roof should be dispensable for the neural
formation when Brachet’s cleft is just formed. In East-
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Early gastrula Neurula
(at blastopore appearance)

Fig. 3. Vital dye staining of equatorial outer surface in Cynops pyrrhogaster. C. pyrrhogaster neurula with Nile blue staining of the equa-
torial surface at 7 h after blastopore appearance. The labeled region is indicated by a red arrowhead. (A) Immediately after labeling. (B)
Labeled cells are localized in the anterior-most neural plate (15/25). Black arrowhead in panel A indicates blastopore.

B. orientalis

. "Q, .

C. pyrrhogaster B. japonicus foosus

miyakonis

Fig. 4. Blastocoel roof after anterior contact establishment (ACE)is dispensable for neural formation. Tailbud embryos whose blastocoel
roof was removed at the gastrula stage. Lateral view. Head is left. (A) Bombina orientalis, (B) Rana rugosa, (C) Xenopus laevis, (D)
Ambystoma mexicanum, (E) Cynops pyrrhogaster, (F) Bufo japonicus formosus, and (G) Bufo gargarizans miyakonis. (A-E) The blasto-
coel roof was removed at ACE. Black arrows in A-C indicate cement gland. Broken line in (E) indicates the border of epidermis. (F, G)
The blastocoel roof was removed 4 h after blastopore appearance when Brachet’s cleft was just formed.

Fig. 5. Formation of neural tissue is influenced by blastocoel roof removal time in Xenopus laevis. The blastocoel roof was removed 1,
2, and 3 h after blastopore appearance. The resultant embryos showed some differences during development to the tailbud stage. (A)
The blastocoel roof was removed 1 h after blastopore appearance. The embryo has only a posterior dorsal axis. (B) The blastocoel roof
was removed 2 h after blastopore appearance. The embryo has an anterior axis but no head. (C) The blastocoel roof was removed 3 h
after blastopore appearance (ACE). The embryo has whole dorsal axis including cement gland.
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(A)

Culture

-

30 min before ACE

End of gastrula

Fig. 6. Prospective neuroectoderm and lining mesoderm are
continuously associated with each other during gastrulation in
Cynops pyrrhogaster. (A) Schematic illustration of the experimen-
tal procedure for internal and external labeling. At the beginning,
the external surface of the equatorial region was labeled with Nile
blue 30 min before anterior contact establishment (ACE) (6.5 h
after blastopore appearance), and then a bead was placed in the
internal tissue at the same location as the labeled external sur-
face, which can be seen from the internal side. (A) If the internal
and the external tissues do not slide in tandem, the bead is
under the labeled tissue at the end of gastrulation. (B) A labeled
embryo 24 h after blastopore appearance (sagittal section). White
bracket indicates the Nile blue labeled region. The bead in the
internal tissue was found below the surface layer labeled with
Nile blue. White arrowhead in panel B indicates blastopore.

ern-Japanese common toad Bufo japonicus formosus
and Miyako toad Bufo gargarizans miyakonis, the
embryos are too dark to enable visualization of vital
dye, and so the labeling experiments shown in Fig-
ure 1 could not be performed. Brachet's cleft was
observed 4 h after the time of blastopore appearance
in both embryos (Fig. 2G,H). To check whether ante-
rior contact was established in the embryos 4 h after
blastopore appearance, we removed the blastocoel
roof from the embryos and allowed the embryos to
develop to the tailbud stage (Fig. 4F,G). We found that
the resultant embryos had complete head structures
with reduced ventral epidermises as observed in other
amphibian embryos (5/5 in B. japonicus formosus and
2/2 in B. gargarizans miyakonis). The results suggest
that Brachet’s cleft formation may have a significance
in relation to the physical contact in amphibian
species.

Anterior organizer is located at the dorsal blastocoel
floor of the embryo at the onset of gastrulation

It may be important to know how the Brachet’s cleft is
formed during gastrulation processes. Since it was
suggested that Brachet’s cleft is formed not by delam-
ination but by the physical contact of blastocoel roof
with blastocoel floor (Winklbauer & Schirfeld 1999),
the tissue in contact with the prospective head neuro-
ectoderm at ACE should be located at the dorsal blas-
tocoel floor prior to ACE. To confirm this possibility,
we placed an agarose bead on the blastocoel floor

(Fig. 7A). When we placed the bead close to the
dorsal end of the blastocoel floor at the time of blasto-
pore appearance, it ended up around the tip of Bra-
chet's cleft at ACE (Fig. 7B,C). The bead was also
found in the middle of Brachet’s cleft when it was
placed on the blastocoel floor with a small distance
from the dorsal end (Fig. 7D,E) in both X. laevis and
C. pyrrhogaster. The results confirm that the contact
surface of Brachet’'s cleft is constructed between the
blastocoel floor and the blastocoel roof in both
amphibian species at the time of blastopore appear-
ance. Taken together, the leading edge tissue is local-
ized at the dorsal blastocoel floor at the time of
blastopore appearance, and moves to establish physi-
cal contact with the prospective head neuroectoderm
at ACE through the movement for Brachet’s cleft for-
mation.

If this inner tissue at the dorsal blastocoel floor is the
anterior organizer, it should have the ability to induce a
secondary axis when grafted ventrally. As expected,
when we grafted the inner tissue (Fig. 7F), 56% of
X. laevis embryos (n = 16) and 27% of C. pyrrhogaster
embryos (n = 15) had the secondary axes (Fig. 7G,H).
When the dorsal blastopore lip was transplanted, 51%
of X. laevis embryos (n = 37) and 22% of C. pyrrhog-
aster embryos (n = 9) had the secondary axes (Fig. 71,
J). Together, the results indicate that the dorsal blasto-
coel floor can act as a functional organizer in normal
development.

The physical contact is established by “subduction
and zippering” (S&Z2) movement

As the organizer equivalent tissue can be identified
from the expression of its marker genes, we checked
the expression pattern of chordin in C. pyrrhogaster
and X. laevis. Careful observation of the shift of chor-
din expression pattern may help us to understand how
the anterior organizer moves to establish the anterior
contact.

Chordin is initially expressed in the dorsal blastocoel
roof at the blastula stage in both species (Fig. 8A,F;
Kuroda et al. 2004) The chordin-negative ectoderm
animally located relative to the organizer (chordin-posi-
tive) tissue should correspond to the prospective neu-
roectoderm, meaning  that  the prospective
neuroectoderm and the organizer are aligned in tan-
dem in the blastocoel roof of late blastula (Fig. 9A), as
indicated by the fate map of amphibian late blastula/
early gastrula embryos (Vogt 1929; Nakamura 1942;
Keller 1975).

The chordin-positive tissue moves vegetally and
expands medially on the blastocoel floor (Fig. 8B,G) by
the time of blastopore appearance. At this stage,
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(F)

ACE Blastoporeappearance

Fig. 7. Not dorsal lip but dorsal blastocoel floor acts as anterior organizer in normal development. (A) Schematic representation of blas-
tocoel floor tracing experiments. (B, C) A bead was placed the inside corner of blastocoel at blastopore appearance, and the embryo
was dissected sagittally at ACE in Xenopus laevis and Cynops pyrrhogaster, respectively. (D, E) A bead was placed with a small dis-
tance from the corner in X. laevis and C. pyrrhogaster, respectively. Arrowheads indicate the tip of Brachet’s cleft. (F) Schematic repre-
sentation of the grafting assay. The embryo at blastopore appearance is grafted ventrally with blastocoel floor tissue of anterior contact
establishment (ACE) embryo, and allowed to develop to the tailbud stage. (G, H) X. laevis and C. pyrrhogaster tailbud embryos, respec-
tively. The embryos form a secondary axis containing head structures, as indicated by white brackets. (I, J) The embryo is grafted ven-
trally with the dorsal lip (Spemann organizer) tissue of ACE embryo, and allowed to develop to the tailbud stage.

the chordin-positive tissue no longer exists in the
blastocoel roof, and it turns out that the prospective
neuroectoderm becomes oriented at an angle of
approximately 90 degrees from the anterior organizer
located in the blastocoel floor (Fig. 9B). It may be
important to remark that the boundary between the
chordin-positive and -negative regions forms a pivot
for the following movements. As the downward move-
ment of the prospective neuroectoderm (chordin-nega-
tive ectoderm) progresses, the chordin-positive
blastocoel floor is forcibly dragged down, forming a
trench (Fig. 8C,H). This trench-making movement
resembles “subduction” (Fig. 9B-D), which means one
of the movements of plate tectonics. It may be note-
worthy to say that the bottom of the trench corre-
sponds to the boundary between chordin-positive and
-negative tissues, and will contribute to the vegetal tip
of future Brachet's cleft. Then, the chordin-positive

© 2015 The Authors

side of the trench approaches the other side to make
physical contact (Fig. 8D,E,l,J). As a result, Brachet’'s
cleft is formed from the posterior (vegetal) toward the
anterior (equatorial), just like “zippering” (Fig. 9D-F).
The S& movement model shows the significance
of Brachet's cleft for the proper function of the
organizer.

Discussion

In this study, we showed that the X. laevis gastrulation
movement proposed previously (Koide et al. 2002) is
applicable to a wide variety of amphibian species.
Here we propose a unified model of amphibian gastru-
lation (Fig. 10B).

In this model, the prospective organizer tissue is ini-
tially located in the blastocoel roof at the late blastula
stage (Fig. 8A, see also Kuroda et al. 2004). Since the
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Fig. 8. Expression patterns of chordin during early gastrulation in Xenopus laevis and Cynops pyrrhogaster. (A-E) Expression patterns
of X. laevis chordin from late blastula to anterior contact establishment (ACE) (3 h after blastopore appearance). (F-J) Expression pat-
terns of C. pyrrhogaster chordin from late blastula to ACE (7 h after blastopore appearance). (A, F) Expression in late blastula embryos.
Chordin expression is first detected in the dorsal blastocoel roof. (B, G) Expression at the onset of gastrulation. Chordin is expressed
not only in the surface layer (dorsal lip) but also internally in the blastocoel floor. (C, H) Expression in X. laevis 1 h after blastopore
appearance, and in C. pyrrhogaster 2 h after blastopore appearance. A trench (red arrowheads) is formed between chordin-positive
blastocoel floor and chordin-negative blastocoel roof. (D, I) Expression in X. laevis 2 h after blastopore appearance, and in C. pyrrhogas-
ter 4 h after blastopore appearance. (E, J) Expression in ACE embryos (in X. laevis 3 h after blastopore appearance, and in C. pyrrhog-
aster 7 h after blastopore appearance). Insets are schematic drawings of the expression pattern. The developmental stages are shown
at the bottom of each panel. Black arrowheads indicate blastopore. The outline of the embryo is shown by broken lines in panel (A).
Note that the boundary between chordin-positive and -negative tissues corresponds to the bottom of the trench, and contributes to the

tip of Brachet’s cleft (red arrows).

prospective neuroectoderm is shown to locate in
the animal hemisphere at the onset of gastrulation in
the fate maps of various amphibian species (Vogt
1929; Nakamura 1942; Keller 1975), it follows that the
prospective neuroectoderm and the organizer are
aligned in tandem at the animal hemisphere prior to
gastrulation (Fig. 10B-1). Subsequently, the prospec-
tive neuroectoderm moves downward to expand the
area of the organizer medially on the blastocoel floor
by the time of blastopore appearance. This downward
movement is also partially supported by the observa-
tion of MRI (Papan et al. 2007). Then, the prospective
neuroectoderm and the anterior organizer area make a
90-degree angle at the blastocoel corner between the
dorsal blastocoel floor and the blastocoel roof
(Fig. 10B-2). The “subduction” movement creates a
trench between the two tissues (Fig. 10B-2,3). Then,
the “zippering” movement induces the physical contact
via Brachet's cleft at ACE (Fig. 10B-4,5). This S&Z
movement could be seen in the live imaging of a single
embryo by microscopic MRI (Papan et al. 2007). As
this model clearly indicates that the prospective head
region is specified at the early gastrula stage at the
equatorial region, it follows that the axial structure

should be progressively formed toward the posterior
during the rest of the gastrulation movement. This pre-
diction is supported by the results of time-lapse mov-
ies of the gastrulation of embryos embedded in gelatin
to prevent the embryos from freely rotating due to the
shift of the center of gravity (Movies S1 and S2). In the
movies, as we expected, the blastopore lip starts clos-
ing from the position where the dorsal lip existed origi-
nally toward the ventral lip, so that the neural plate is
formed on the vegetal surface (Fig. 10B-6,7).

Kuroda et al. (2004) reported that the BCNE (Blas-
tula Chordin- and Noggin-Expressing) center, which is
defined by the region that expresses chordin and nog-
gin at the blastula stage, contains both the prospective
neuroectoderm and the Spemann organizer. In the
report they claimed that the prospective neuroecto-
derm in the BCNE center expresses chordin when it
was located at the blastocoel roof, and the expression
disappears when it reaches the equatorial region.
However, we found that the prospective neuroecto-
derm does not express chordin when it is located in
the blastocoel roof at the time of blastopore appear-
ance (Figs 1, 5, 7 and 8). And the prospective neuro-
ectoderm is found at the outer layer of the dorsal
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Subduction | Tm——

Fig. 9. Model of “subduction and zippering” movement. The organizer and the prospective neuroectoderm are represented by red and
blue, respectively, and the future A-P axis is indicated by numbers. The grey broken line indicates the blastocoel floor (equatorial) level
of the embryo. (A) The organizer and the prospective neuroectoderm are aligned in tandem in the dorsal blastocoel roof at the blastula
stage. (B-D) The “subduction” movement. (B) The prospective neuroectoderm (blastocoel roof) and the anterior organizer (blastocoel
floor) are at right angles to each other at the onset of gastrulation. (C) The blastocoel floor is pushed down by the epiboly-like movement
of the blastocoel roof (arrows). (D) The anterior organizer is dragged down, and the movements lead to the formation of a trench with
the prospective neuroectoderm. (D-F) The “zippering” movement. (D) The anterior organizer and the prospective neuroectoderm face
each other with the trench in between. (E) The red side of the trench approaches the blue side by vegetal rotation-like movement
(curved arrow). (F) Then, the anterior organizer and the prospective neuroectoderm make physical contact, and Brachet’s cleft (white
broken line) is formed. The conceptual diagram of the “subduction and zippering” movement is shown below. Note that if the arrange-
ment of the cells does not change in the region, the organizer seems to turn around during gastrulation (compare panel [A] with panel
[F]). The dorsal lip is known to contribute to the pharyngeal endoderm (Vogt 1929; Nakamura 1942; Keller 1975; and see below).

= Organizer; ===, prospective neuroectoderm.

marginal zone at ACE. These results make us think
that the BCNE center contains only the future orga-
nizer tissue and that the prospective neuroectoderm
has never expressed chordin, and move downward
from blastocoel roof to the equator to meet the ante-
rior organizer at ACE.

The blastocoel floor derived tissue makes physical
contact with the prospective neuroectoderm at the
equator at the early gastrula stage (ACE), and the con-
tact continues throughout gastrulation at the equatorial
region (Fig. 6, Koide et al. 2002). The earliest neural
marker gene, such as Xotx2, is expressed at an earlier
stage than the mid-gastrula stage (Blitz & Cho 1995).
This blastocoel floor derived tissue could be regarded
as a direct inducer of the anterior neuroectoderm,
although it is well known that various signals emanat-
ing from a variety of tissues are necessary for the
maintenance and patterning of the anterior neural tis-
sues during development.

It has long been believed that the dorsal blastopore
lip plays an important role in the organizer function
(Spemann & Mangold 1924). The tissue located origi-
nally at the dorsal lip at the time of blastopore appear-
ance was found in a region slightly farther from the
prospective head neuroectoderm at ACE in both X. /a-
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evis and C. pyrrhogaster (Fig. S2B,C). This means that
the dorsal lip derived tissue may never obtain an
opportunity to directly contact the prospective neural
tissue, and indicates that the dorsal blastopore lip may
not function to induce anterior neural tissue in normal
development, although the dorsal lip derived tissue
actually has the ability to do so. As both the dorsal lip
and the tissue at the dorsal blastocoel floor show the
same expression patterns of various genes for orga-
nizer function, such as chordin, goosecoid, and noggin
(Cho et al. 1991; Smith & Harland 1992; Sasai et al.
1994), it is not unusual that the dorsal lip is able to
mimic the organizer function, even though it is not the
functional organizer in normal development. The pro-
spective head neuroectoderm and the anterior orga-
nizer are tissues derived from the blastocoel roof and
the blastocoel floor, respectively, meaning that the
contact surface has never been exposed to the exter-
nal surface of the embryo at any time. Vogt’'s drawing
supports this prediction (Fig. S3). Vogt labeled the sur-
face of late blastula embryos with vital dye (Fig. S3A),
grew the embryos up to the tailbud stage to see
where the labeled tissues were localized, and found
that the anterior portion of chordamesoderm remained
unlabeled (indicated by the green bracket in Fig. S3B),
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Fig. 10. Conventional model and Proposed model of amphibian gastrulation. (A) Conventional mode of amphibian gastrulation. (B) Pro-
posed model of amphibian gastrulation “S&Z movement”. The organizer and the prospective neuroectoderm are represented by red and
blue, respectively. (A-1) Blastula embryo. (A-2, 3, 4, 5) The organizer which is derived from the dorsal marginal zone, invaginates, invo-
lutes into the body, and then migrates toward the animal pole on the inner surface of the blastocoel roof. (A-6) Anterior contact estab-
lishment (ACE) occurs around the animal pole area of mid- to late-gastrula embryo. (B-1) Blastula embryo. (B-2,3) The embryos undergo
subduction movement. (B-4, 5) The zippering movement leads to physical contact between the blastocoel floor and the blastocoel roof.
ACE occurs at equatorial region of very early gastrula. (B-6) The leading edge tissue migrates animally beyond the region of anterior con-
tact. (B-7) An axial structure is progressively formed toward the posterior during the rest of the gastrulation movement. Curved arrows
between A and P indicate the direction of axial structure formation. ===, organizer; ===, prospective neuroectoderm.

although most of the stained tissue contributed to the
internal axial tissue, including the pharyngeal endo-
derm and the posterior notochord (Vogt 1929). If our
explanation is correct, the unlabeled tissue shown in
Vogt’s drawing should be labeled when the inner sur-
face of the blastocoel cavity at the time of blastopore
appearance is labeled (the green bracket in Fig. S3B).
The result was what we expected (data not shown).
This indicates that the organizer tissue can be divided
into two regions: one is originally located at the blasto-
coel floor in early gastrulae and ends up as the ante-
rior axial mesoderm including the prechordal plate,
and the other is located at the surface of early gastrula
and ends up as the posterior axial mesoderm. This
may correspond to the upper blastopore lip because it
is known that the dorsal lip involutes into the embryo
at the early gastrula stage and contributes to the axial
mesoderm (Shih & Keller 1992; Winklbauer &
Schirfeld 1999), though the bottle cells are known to
come to lie in the anterior archenteron (Kaneda & Mot-
oki 2012)

In this report, we show that the anterior-most axial
mesoderm and the anterior neuroectoderm are in con-
tact with each other from the time of ACE through the
end of gastrulation (Fig. 10B-6). But the anterior migra-
tion of the leading edge after ACE is definitely
observed, as many researchers have reported (Nak-
atsuji et al. 1982; Boucaut et al. 1984; Winklbauer &
Nagel 1991; Johnson et al. 1993). In our model, we

propose that the leading edge tissue consists of the
predicted organizer (chordin-expressing cells) from the
time of blastopore appearance through ACE, and after
ACE, the prospective endodermal tissue precedes the
anterior terminus of the axial mesoderm. This means
that different cells contribute to the leading edge
before and after ACE (Fig. 10B-6). It was also reported
that the dorsal blastocoel floor of early gastrula embryo
ends up as the pharyngeal endoderm (Winklbauer &
Schurfeld 1999). This may suggest that only the dor-
sal-most portion of the blastocoel floor prior to ACE
functions as the organizer, and another part of the
blastocoel floor ends up as the pharyngeal endoderm,
or the dorsal-most portion of blastocoel floor after ACE
contributes to the pharyngeal endoderm. Indeed, it is
known that a tissue of the anterior archenteron roof
including the leading edge tissue of the late gastrula
does not express marker genes of the axial mesoderm
(such as chordin and goosecoid, Yamaguti et al.
2005; Kaneda & Motoki 2012).

We showed that the leading edge tissue can induce
the secondary axis as well as the dorsal lip (Fig. 7F-J).
However, Bouwmeester et al. (1996) showed that the
leading edge tissue is a rather weak inducer of the
secondary axis. This contradiction might be caused by
the difference in embryonic stages. Since it takes very
short time from the time of blastopore appearance to
ACE, it is difficult to know exactly the embryonic stage
from the external morphology. Moreover, it is said that
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the external morphology does not necessarily reflect
the internal morphology. Therefore, the leading edge
tissue used in their experiments may be slightly differ-
ent from what we used. The important thing is that
“the anterior contact” of the anterior axial mesoderm
with the head neuroectoderm is preserved until the
end of gastrulation, and they never slide from each
other. Therefore the leading edge tissue may be the
mesoderm or the endoderm depending on the devel-
opmental stage.

Although limited anterior migration of the head meso-
derm was reported recently for a few amphibian species
(Poznanski & Keller 1997; Kaneda & Motoki 2012), it is
still widely believed that the axial mesoderm migrates
animally during amphibian gastrulation. This confusion
might make it difficult to construct a general model of
amphibian gastrulation. We propose herein a unified
model of amphibian gastrulation, which may allow us to
directly compare the gastrulation movements of the
other chordates. In the previous paper (Koide et al.
2002), we indicated that a direct comparison of gastru-
lation movements between amphibians and amniotes
might be possible at this point. Here we would like to
propose a similarity between amphibian gastrulation
and that of a basal chordate, amphioxus (Fig. S4). For
example, basal chordates, such as cephalochordates
(amphioxus) or tunicates (ascidian), form simple tadpole
larvae with a small number of cells, and share the same
basic body plan with vertebrates (Jeffery 1992; Yu et al.
2007). Those embryos undergo simple invagination dur-
ing gastrulation with little involution, and the presump-
tive mesoderm cells fold into the depression (Zhang
et al. 1997; Munro et al. 2006). This gastrulation man-
ner closely resembles the S&Z movement in amphibian.
At the blastula stage, the organizer (presumptive noto-
chord) and the prospective neuroectoderm are aligned
in tandem in the surface layer (Fig. S4B-1). At the onset
of gastrulation, one side of the blastula is flattened, and
the organizer moves medially (Fig. S4B-2,3). Subse-
quently, the embryo undergoes simple invagination with
little involution, and then the presumptive notochord
cells fold into the depression (Fig. S4B-4,5). At last, the
organizer reaches the anterior tip of the prospective
neuroectoderm. We propose that this protochordate
gastrulation shows the S&Z movement. Compared with
the model of amphibian gastrulation, we may be able to
construct a common model of chordata gastrulation.

Acknowledgments

We thank Drs A. Kashiwagi and K. Kashiwagi for pro-
viding the research environment, and Dr M. Asashima
for the gift of C. pyrrhogaster chordin probe. We also
thank Ms H. Satsuki for technical assistance.

© 2015 The Authors

References

Blitz, I. L. & Cho, K. W. 1995. Anterior neuroectoderm is
progressively induced during gastrulation the role of the
Xenopus homeobox gene orthodenticle. Development 121,
993-1004.

Boucaut, J. C., Darribere, T., Boulekbache, H. & Thiery, J. P.
1984. Prevention of gastrulation but not neurulation by anti-
bodies to fibronectin in amphibian embryos. Nature 307,
364-367.

Bouwmeester, T., Kim, S. H., Sasai, Y., Lu, B. & De Robertis, E.
M. 1996. Cerberus is a head-inducing secreted factor
expressed in the anterior endoderm of Spemann’s organizer.
Nature 382, 595-601.

Butler, K., Zorn, A. M. & Gurdon, J. B. 2001. Non radioactive
in situ hybridization to Xenopus tissue sections. Methods 23,
303-312.

Cho, K. W., Blumberg, B., Steinbeisser, H. & De Robertis, E. M.
1991. Robertis. Molecular nature of Spemann’s organizer:
the role of the Xenopus homeobox gene goosecoid. Cell 67,
1111-1120.

Hara, Y., Nagayama, K., Yamamoto, T. S., Matsumoto, T., Su-
zuki, M. & Ueno, N. 2013. Directional migration of leading-
edge mesoderm generates physical forces: implication in
Xenopus notochord formation during gastrulation. Dev. Biol.
382, 482-495.

Hemmati-Brivanlou, A., Frank, D., Bolce, M. E., Brown, B. D.,
Sive, H. L. & Harland, R. M. 1990. Localization of specific
mRNAs in Xenopus embryos by whole-mount in situ hybrid-
ization. Development 110, 325-330.

Jeffery, W. R. 1992. A gastrulation center in the ascidian egg.
Development 116(Suppl.), 53-63.

Johnson, K. E., Darribere, T. & Boucaut, J. C. 1993. Mesodermal
cell adhesion to fibronectin-rich fibrillar extracellular matrix is
required for normal Rana pipiens gastrulation. J. Exp. Zool.
265, 40-53.

Kaneda, T. & Motoki, J. D. 2012. Gastrulation and pre-gastrula-
tion morphogenesis, inductions, and gene expression: simi-
larities and dissimilarities between urodelean and anuran
embryos. Dev. Biol. 369, 1-18.

Kaneda, T., lwamoto, Y. & Motoki, J. D. 2009. Origin of the pre-
chordal plate and patterning of the anteroposterior regional
specificity of the involuting and extending archenteron roof
of a urodele, Cynops pyrrhogaster. Dev. Biol. 334, 84-96.

Keibfl, F. 1925. Normentafeln zur Entwicklungsgeschichte der
Wirbeltiere. Gustav Fisher, Jena.

Keller, R. E. 1975. Vital dye mapping of the gastrula and neurula
of Xenopus laevis. |. Prospective areas and morphogenetic
movements of the superficial layer. Dev. Biol. 42, 222-241.

Koide, T., Umesono, K. & Hashimoto, C. 2002. When does the
anterior endomesderm meet the anterior-most neuroecto-
derm during Xenopus gastrulation? Int. J. Dev. Biol. 46,
777-784.

Kuroda, H., Wessely, O. & De Robertis, E. M. 2004. Neural
induction in Xenopus: requirement for ectodermal and endo-
mesodermal signals via Chordin, Noggin, beta-Catenin, and
Cerberus. PLoS Biol. 2, €92.

Moosmann, J., Ershov, A., Altapova, V., Baumbach, T., Prasad,
M. S., LaBonne, C., Xiao, X., Kashef, J. & Hofmann, R.
2013. X-ray phase-contrast in vivo microtomography probes
new aspects of Xenopus gastrulation. Nature 497, 374-377.

Moya, I. M., Alarcon, I. & del Pino, E. M. 2007. Gastrulation of
Gastrotheca riobambae in comparison with other frogs. Dev.
Biol. 304, 467-478.

Development, Growth & Differentiation published by Wiley Publishing Asia Pty Ltd on behalf of Japanese Society of Developmental Biologists.



A new model of amphibian gastrulation 231

Munro, E., Robin, F. & Lemaire, P. 2006. Cellular morphogenesis
in ascidians: how to shape a simple tadpole. Curr. Opin.
Genet. Dev. 16, 399-405.

Nakamura, O. 1942. Die Entwicklung der Hinteren Korperhalfte
bei Urodelen. Annot. Zool. Jpn. 21, 169-236.

Nakatsuji, N., Gould, A. C. & Johnson, K. E. 1982. Movement
and guidance of migrating mesodermal cells in Ambystoma
maculatum gastrulae. J. Cell Sci. 56, 207-222.

Nieuwkoop, P. D. & Faber, J. 1956. Normal Table of Xenopus
laevis (Daudin). North-Holland, Amsterdam.

Okada, Y. K. & Ichikawa, M. 1947. A new normal table of the
development of Triturus (Cynops) pyrrhogaster. Jpn. J. EXp.
Morphol. 3, 1-6. In Japanese.

Papan, C., Boulat, B., Velan, S. S., Fraser, S. E. & Jacobs, R. E.
2007. Formation of the dorsal marginal zone in Xenopus la-
evis analyzed by time-lapse microscopic magnetic reso-
nance imaging. Dev. Biol. 305, 161-171.

del Pino, E. M., Venegas-Ferrin, M., Romero-Carvajal, A., Monte-
negro-Larrea, P., Saenz-Ponce, N., Moya, I. M., Alarcon, .,
Sudou, N., Yamamoto, S. & Taira, M. 2007. A comparative
analysis of frog early development. Proc. Natl Acad. Sci.
USA 104, 11882-11888.

Poznanski, A. & Keller, R. 1997. The role of planar and early ver-
tical signaling in patterning the expression of Hoxb-1 in
Xenopus. Dev. Biol. 184, 351-366.

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

Shih, J. & Keller, R. 1992. The epithelium of the dorsal marginal
zone of Xenopus has organizer properties. Development
116, 887-899.

Shook, D. R., Majer, C. & Keller, R. 2002. Urodeles remove
mesoderm from the superficial layer by subduction
through a bilateral primitive streak. Dev. Biol. 248, 220—
239.

Slack, J. M. W. & lIsaacs, H. V. 1994. The Einsteck-method:
position and structure of projections formed by implants of a
ventral character. Dev. Biol. 161, 313-317.

Smith, W. C. & Harland, R. M. 1992. Expression cloning of nog-
gin, a new dorsalizing factor localized to the Spemann orga-
nizer in Xenopus embryos. Cell 70, 829-840.

Spemann, H. & Mangold, H. 1924, Uber Induktion von Embry-
onalanlagen durch Implantation artfremder Organisatoren.
Dev. Genes. Evol. 100, 599-638.

Vogt, W. 1929. Gestaltungsanalyse am Amphibienkeim mit ortli-
cher Vitalfarbung. Il. Teil Gastrulation und Mesodermbildung

bei Urodelen und Anuren. Wilhelm Roux Arch. Entwickl.
Mech. Org. 120, 384-706.

Winklbauer, R. & Nagel, M. 1991. Directional mesoderm cell
migration in the Xenopus gastrula. Dev. Biol. 148, 573-589.

Winklbauer, R. & Schurfeld, M. 1999. Vegetal rotation, a new
gastrulation movement involved in the internalization of the
mesoderm and endoderm in Xenopus. Development 126,
3703-3713.

Yamaguti, M., Cho, K. W. & Hashimoto, C. 2005. Xenopus
hairy2b specifies anterior prechordal mesoderm identity
within Spemann’s organizer. Dev. Dyn. 234, 102—113.

Yokota, C., Ariizumi, T. & Asashima, M. 1998. Patterns of gene
expression in the core of Spemann’s organizer and activin-
treated ectoderm in Cynops pyrrhogaster. Dev. Growth Dif-
fer. 40, 335-341.

Yu, J. K., Satou, Y., Holland, N. D., Shin, T., Kohara, Y., Satoh,
N., Bronner-Fraser, M. & Holland, L. Z. 2007. Axial pattern-
ing in cephalochordates and the evolution of the organizer.
Nature 445, 613-617.

Zhang, S. C., Holland, N. D. & Holland, L. Z. 1997. Topographic
changes in nascent and early mesoderm in amphioxus
embryos studied by Dil labeling and by in situ hybridization
for a Brachyury gene. Dev. Genes. Evol. 206, 532-535.

Supporting Information

Additional supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Rate of each type in the experiment of neutral
red injection into blastocoel roof.

Fig. S2. Not dorsal lip but dorsal blastocoel floor acts
as anterior organizer in normal development.

Fig. S3. Anterior axial tissue is prevented from labeling
surface cells at blastopore appearance.

Fig. S4. Proposed model of amphibian gastrulation is
comparable to protochordate gastrulation.

Movie S1. Time-lapse movie of vegetal view of Rana
nigromaculata embryo.

Movie S2. Time-lapse movie of vegetal view of Xeno-
pus laevis embryo.
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