
&p.1:Abstract The embryonic development of amphioxus
(cephalochordates) has much in common with that of
vertebrates, suggesting a close phylogenetic relationship
between the two chordate groups. To gain insight into al-
terations in the genetic cascade that accompanied the
evolution of vertebrate embryogenesis, we investigated
the formation of the chordamesoderm in amphioxus em-
bryos using the genes Brachyuryand fork head/HNF-3
as probes. Am(Bb)Bra1 and Am(Bb)Bra2 are homo-
logues of the mouse Brachyurygene isolated from Bran-
chiostoma belcheri. Molecular phylogenetic analysis
suggests that the genes are independently duplicated in
the amphioxus lineage. Both genes are initially ex-
pressed in the involuting mesoderm of the gastrula, then
in the differentiating somites of neurulae, followed by
the differentiating notochord and finally in the tail bud
of ten-somite stage embryos. On the other hand,
Am(Bb)fkh/HNF3-1, an amphioxus (B. belcheri) homo-
logue of the fork head/HNF-3gene, is initially expressed
in the invaginating endoderm and mesoderm, then later
in the differentiating notochord and in the tail bud. With
respect to these two types of genes, the formation of the
notochord and tail bud in amphioxus embryos shows
similarity and dissimilarity with that of the notochord
and tail bud in vertebrate embryos.
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Introduction

The embryogenesis of amphioxus (the subphylum Ceph-
alochordata) was first described around the 1880s (Ko-
walevsky 1876; Hatschek 1881), then Conklin (1932)
and others reported more details. Despite several experi-

mental investigations (Tung et al. 1958, 1962), the am-
phioxus embryo did not attract the attention of many em-
bryologists. Recently however, studies with molecular
probes have revealed the amphioxus embryo as a proto-
type of vertebrate embryogenesis (Holland et al. 1992,
1995). Amphioxus shares many embryological and mor-
phological features with vertebrates, including a noto-
chord, a dorsal nerve cord, pharyngeal gill slits and en-
dostyle (Brusca and Brusca 1990). However, amphioxus
does not develop jaws like vertebrates and migrating
neural crest cells have not been described in amphioxus
embryos.

Cephalochordates form one monophyletic chordate
group with urochordates and vertebrates (Wada and Sat-
oh 1994). Therefore, amphioxus occupies an important
phylogenetic position in terms of understanding the
origin and evolution of chordates. Moreover, Garcia-
Fernàndez and Holland (1994) found that amphioxus has
one Hox cluster in a genomic organization similar to that
of vertebrates. The single Hox cluster in the amphioxus
genome duplicated twice into four clusters during the
evolution of vertebrates (reviewed by Holland et al.
1994; Holland and Garcia-Fernàndez 1996), reconfirm-
ing their position intermediate to that of vertebrates.

In this study, we examined amphioxus development,
and especially the formation of the chordamesoderm, us-
ing the Brachyury (T) and fork head/HNF-3genes as
molecular probes, because both types of genes are impli-
cated in notochord formation. Brachyuryis a mouse mu-
tation that causes short-tailed mice as the heterozygous
phenotypes (Chesley 1935; for reviews see Herrmann
and Kispert 1994). In 1990, the gene was cloned by
Herrmann et al. Since then homologues have been identi-
fied in Xenopus(Xbra; Smith et al. 1991), zebrafish (no
tail; Schulte-Merker et al. 1992), ascidian (As-T; Yasuo
and Satoh 1993, 1994), Drosophila (Trg; Kispert et al.
1994), chicken (Kispert et al. 1995a), sea urchin (HpTa;
Harada et al. 1995) and amphioxus (Holland et al. 1995;
Terazawa and Satoh 1995). Brachyury encodes a tran-
scriptional factor (Kispert et al. 1995b). The gene is
thought to have two independent roles, notochord differ-
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entiation and posterior mesoderm formation (reviewed
by Herrmann 1995).

The vertebrate fork head/HNF-3genes are expressed
in three germ layers within the midline structure, includ-
ing the organizer (reviewed by Kaufmann and Knöchel
1996). In particular, mouse HNF-3β is required for the
formation of the notochord and the floor plate of the
neural tube (Sasaki and Hogan 1994; Ang and Rossant
1994; Weinstein et al. 1994). Drosophila fork headhas
important roles in development of the tip of the fore-gut
and hind-gut (Weigel et al. 1989). Fork head/HNF-3
genes are characterized by a 110 amino-acid DNA-bind-
ing domain (Weigel and Jäckle 1990; Lai et al. 1991).
The genes Pintallavis (Ruiz i Altaba and Jessell 1992)
and axial (Strahle et al. 1993) have been isolated from
Xenopusand zebrafish, respectively, and more related
genes have been cloned (Kaufmann and Knöchel 1996).

We report here the expression of amphioxus Brachy-
ury and fork head/HNF-3-related genes in relation to axi-
al mesoderm formation in the embryo. We isolated
cDNA clones for two Brachyury genes and for a fork
head/HNF-3-related gene, respectively. Both the Brachy-
ury genes and the fork head-related gene were expressed
in a manner similar to that of their vertebrate counter-
parts, suggesting that some developmental mechanisms
are shared by these two groups. However, there were
some differences between the two groups, suggesting
important implications for the evolution of developmen-
tal mechanisms in chordates.

Materials and methods

Biological materials

Branchiostoma belcheriwas collected during the spawning season
(June and July) at the Ariake-Kai near the Aizu Marine Biological
Station of Kumamoto University, Kyushu, Japan. Naturally
spawned eggs were fertilized and raised at room temperature (RT).
They developed into blastulae, gastrulae, neurulae and 10- to 11-
somite stage embryos, about 4, 5, 10 and 12 h after fertilization,
respectively. Neurulae hatched after about 10 h of development.

Eggs and embryos at various stages were collected by low-
speed centrifugation, washed several times with filtered seawater
and fixed for in situ hybridization as whole-mount specimens or
frozen quickly in chilled ethanol for RNA isolation. Adults were
also frozen quickly for RNA isolation. We also obtained fixed
specimens from Dr. Hidetoshi Saiga of Tokyo Metropolitan Uni-
versity, that were collected in the vicinity of the National Institute
of Oceanology, Qingtao, China.

Construction of an amphioxus cDNA library

Total RNA was extracted from embryos and adults as described by
Chomczynski and Sacchi (1987) and Lemaire and Gurdon (1994).
Poly(A)+ RNA was purified using Oligotex-dT30 beads (Roche
Japan, Tokyo, Japan) according to the manufacturer’s instructions.
An amphioxus cDNA library was constructed by means of the
λZAP II cDNA Synthesis kit (Stratagene, La Jolla, Calif.), using a
mixture of adult poly(A)+ RNA and gastrula total RNA.

Polymerase chain reaction (PCR) amplification of T
and fork head domains

T domain

The amino acid sequences of the T domain of Brachyury(T) gene
products are highly conserved among the mouse (Herrmann et al.
1990), Xenopus(Smith et al. 1991), zebrafish (Schulte-Merker et
al. 1992) and ascidians (Yasuo and Satoh 1994). The sense strand
oligonucleotide corresponding to the amino acid sequence
Y(I/V)HPDSP and the antisense strand corresponding to
NPFAK(G/A)(L/F) were constructed using an automated DNA
synthesizer (Applied Biosystem Inc, Fostercity, Calif.). Fragments
were amplified using a cDNA library as a template, by means of
30 PCR cycles at 94°C (1 min), 50°C (2 min) and 72°C (1 min).
The fragments were then purified by electrophoresis and sub-
cloned into pBluescriptII SK(+) (Stratagene).

Fork head (Fkh) domain

The amino acid sequences of the Fkh domain, especially of fork
head/HNF-3genes, are also highly conserved among the rat (Lai
et al. 1991, 1993), Xenopus(Ruiz i Altaba and Jessell 1992; Ruiz i
Altaba et al. 1993), zebrafish (Strahle et al. 1993) and Drosophila
(Weigel et al. 1989). We prepared sense and antisense oligonucle-
otides corresponding to HAKPPYS and (F/Y)W(A/T)LHP, respec-
tively. Thirty PCR cycles of 1 min at 94°C, 2 min at 42°C, and
1 min at 72°C followed.

Isolation of cDNA clones

Brachyury(T) genes

The candidate cDNA fragment was random-prime labelled with
[32P]-dCTP. Using this probe, we screened 3.0 × 105 pfu of the
amphioxus cDNA library under high-stringency conditions as fol-
lows: hybridization in 5 × SSPE, 0.1% sodium dodecyl sulphate
(SDS), 1 × Denhardt’s solution, 100µg/ml denaturated salmon
sperm DNA, 50% formamide at 42°C for 12 h followed by two
washes in 2 × SSC containing 0.1% SDS at 55°C for 15 min and
one in 1 × SSC containing 0.1% SDS at 55°C for 10 min. We ob-
tained two cDNA clones and subcloned them into pBluescriptII
SK(+). Both strands of the clones were determined using an ABI
PRISM auto sequencer with a dye primer cycle sequencing kit
(Perkin Elmer).

Fork head/HNF-3related genes

We screened 3.0 × 105 pfu of the cDNA library under the high
stringency conditions described above. This procedure yielded
three cDNA clones that partial sequencing showed were identical.
Therefore, we subcloned and sequenced the longest of them.

Sequence comparisons and molecular phylogenic analysis

Amino acid sequences of Brachyurygene products or those of fork
head/HNF-3-related gene products were aligned and gaps were in-
troduced for maximal similarity. Molecular phylogenetic relation-
ships among the gene products were estimated by means of Neigh-
bor-Joining (Saitou and Nei 1987) using the PHYLIP ver 3.5c
package (Felsenstein 1993). The degree of support for internal
branches of each tree was assessed by bootstrap resampling of the
data (Felsenstein 1985).

In situ hybridization

Whole-mount in situ hybridization proceeded essentially as de-
scribed by Holland et al. (1992). Embryos were fixed in 4% para-
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formaldehyde in 0.1 M MOPS (pH 7.5), 0.5 M NaCl at 4°C over-
night. Pre-hatched embryos were peeled off the fertilization mem-
brane with sharpened tungsten needles. RNA probes were synthe-
sized following the instructions supplied with the kit (Boehringer
Mannheim DIG RNA labelling kit), then brought to a uniform
length of about 500 bp by alkaline hydrolysis. Templates for the
probes were full-length cDNAs of each clone. The reacted speci-
mens were observed using an Olympus BX60 microscope and
photographed in 80% glycerol in PBT. Some specimens were sec-
tioned after ethanol dehydration and embedded in polyester wax
(BDH Laboratory Supplies).

Results

Isolation and characterization of cDNA clones
for the Brachyury(T) genes of the amphioxus B. belcheri

Using degenerate oligonucleotides primers, we amplified
PCR fragments of about 300 bp from a B. belcheri
cDNA library. The fragments contained sequences that
were conserved in vertebrate and invertebrate Brachyury
genes. Using the PCR fragments as a probe, we screened
the library and isolated two cDNA clones (partial se-
quence of one of them was previously described in a re-
port by Terazawa and Satoh 1995). The longer cDNA
clone consisted of a 3056-bp insert that contained a
single 1341-bp open reading frame encoding 447 amino
acids (Fig. 1; the sequence will appear under the
DDBJ/EMBL/GenBank accession number D84219). The
insert of the shorter clone was 1939 bp long, with a
single 1320-bp open reading frame encoding 440 amino
acids (Fig. 1; the sequence will appear under the
DDBJ/EMBL/GenBank accession number D84220). As
shown in Fig. 1, the predicted amino acid sequences of
these clones shared a highly conserved T domain in the
N terminal region with mouse Brachyury (T) (Herrmann
et al. 1990). Therefore, we named the former gene,
Am(Bb)Bra1[Amphioxus (B. belcheri) Brachyury gene
1] and the latter gene, Am(Bb)Bra2[Amphioxus (B. belc-
heri) Brachyury gene 2].

Am(Bb)Bra1and Am(Bb)Bra2relationships
with other Brachyurygenes

Holland et al. (1995) have isolated cDNA clones for two
closely related amphioxus Brachyurygenes, AmBra1and
AmBra2from B. floridae. As shown in Fig. 1, the amino
acid sequences of Am(Bb)Bra1 and Am(Bb)Bra2
showed a high degree of similarity with AmBra1 and
AmBra2, respectively, over the entire amino-acid coding
region of the polypeptides. To clarify the relationships
between the four amphioxus Brachyurygenes, we con-
structed a molecular phylogenetic tree of the chordate
Brachyurygene products taking ascidian Brachyury(As-
T) as an outgroup. When we used 174 confidently
aligned sites of the T domain, the 4 amphioxus genes,
Am(Bb)Bra1, Am(Bb)Bra2, AmBra1 and AmBra2,
formed a discrete group (data not shown). However, the
internal branch of the 4 amphioxus Brachyury polypep-

tides was not clear. We therefore constructed another tree
using 350 sites including the T domain and the following
C-terminal region. Mouse T, chick T and Xbra were tak-
en as the outgroup. As shown in Fig. 2, Am(Bb)Bra1 and
Am(Bb)Bra2 formed a discrete group with AmBra1 and
AmBra2, respectively. The branching of the 4 gene prod-
ucts was supported by 100% bootstrapping. This tree
therefore supported the notion suggested by Holland et
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Fig. 1 A comparison of the amino acid sequences of four amphi-
oxus Brachyurygene products with that of mouse Brachyury(T).
Asterisks indicate sequence identity among five gene products,
whilst dots indicate that of three or four proteins. Gaps (-) are in-
serted for maximal similarity. AmBra1 and AmBra2 are Brachy-
ury gene products of the amphioxus B. floridae reported by Hol-
land et al. (1995); mouse T was from Herrmann et al. (1990)&/fig.c:



al. (1995), that a single ancestral Brachyury(T) gene in-
dependently duplicated in the amphioxus lineage.

Expression of Am(Bb)Bra1and Am(Bb)Bra2
during B. belcheriembryogenesis

We examined the spatial expression of the Am(Bb)Bra1
and Am(Bb)Bra2genes by in situ hybridization of whole-
mount specimens (Fig. 3). Because we could not generate
specific probes from the 3’ untranslated regions of these
genes, RNA probes were generated from full-length
cDNAs as templates. Both genes showed a very similar
spatial expression pattern. We think that detected signals
may be a summation of expression of the two genes.
Here, we only describe the results of Am(Bb)Bra2. The
sense probes did not generate hybridization signals above
the background level (data not shown).

In situ hybridization could not be applied to embryos
at the cleavage and blastula stages because they col-
lapsed during the manipulations. At the mid-gastrula
stage, hybridization signals were evident in the involu-
ting cells (Fig. 3A, B). When viewed from the blastopore
(Fig. 3A), the dorsal side of the blastopore was flattened
and the signals were more intense there than at the ven-
tral side (Fig. 3A, C). As embryos developed from the
late-gastrula to the early-neurula stage, the dorsal side
was further flattened (Fig. 3D). The signals were intense
at the presumptive somite region, which contained one or
two pairs of bands in the dorsal view (Fig. 3E). In neuru-
lae, the neural plate was folded off from the ectoderm
(Fig. 3G). Am(Bb)Bra2was expressed in the paraxial
mesoderm (Fig. 3H). From the lateral view (Fig. 3I),
Am(Bb)Bra2was expressed in the presumptive somite
region as three pairs of bands. In addition, signals be-
came evident in the presumptive notochord region
(Fig. 3H, I). However, at the 10- to 11-somite stage
(Fig. 3J), signals became undetectable in the somite. In

contrast, signals were evident in the notochord at this
stage (Fig. 3J) and intense in the anterior tip of the noto-
chord as well as the tail bud (Fig. 3 K).

Isolation and characterization of a cDNA
clone for an amphioxus fork head/HNF-3-related gene

The fork head/HNF-3genes encode transcription factors
(Weigel et al. 1989; Weigel and Jäckle 1990) that form a
large family sharing the fork head (Fkh) domain (Kauf-
mann and Knöchel 1996). We generated a cDNA frag-
ment of about 250 bp using a pair of degenerate oligonu-
cleotide primers and used it as a probe to screen a B.
belcheri cDNA library. Partial sequencing showed that
the three isolated clones were identical. Therefore, we
further analysed the longest. The insert consisted of
2366 bp containing a single 1215-bp open reading frame
that encoded a polypeptide of 405 amino acids (Fig. 4;
the sequence will appear under the DDBJ/EMBL/Gen-
Bank accession number D84221). The predicted amino
acid sequence shared a highly conserved Fkh domain
(Fig. 4) within the N-terminal half and the transactiva-
tion site of the partial C-terminal half of this clone with
mouse HNF-3α, β, and γ genes (Kaestner et al. 1994),
Xenopus Pintallavis(Ruiz i Altaba and Jessell 1992) and
zebrafish axial (Strahle et al. 1993; Fig. 4). We therefore
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Fig. 2 Relationships among four amphioxus T products.
Am(Bb)Bra1 and Am(Bb)Bra2 of the Asian amphioxus (B. belc-
heri) were characterized in this study and AmBra1 and AmBra2
were determined by Holland et al. (1995) from a floridian (B. flor-
idae). The mouse T, chick T and Xbra were taken as outgroups.
Three hundred and fifty amino acid sites of the T domain and the
following C-terminal of each protein were analysed. The tree was
constructed based on Neighbor-Joining, and assessed by boot-
strapping (100 times; percentages are indicated by numbers; 0.01,
unit of distance). Sources: mouse T, Herrmann et al. (1990); chick
T, Kispert et al. (1995); Xbra, Smith et al. (1991)&/fig.c:

Fig. 3A–K The spatial expression of Am(Bb)Bra2, as revealed by
whole-mount in situ hybridization with a digoxigenin-labelled anti-
sense probe. Embryos are at the mid gastrula (A—C), late gastrula
(D—F), neurula (G—H) and 10- to 11-somite stages (J, K ), about
6, 9, 10 and 12 h after fertilization, respectively. A A mid gastrula,
viewed from the blastopore (bp), showing hybridization signals in
cells surrounding the blastopore (d dorsal, v ventral side of the em-
bryo). B Dorsal view of the same embryo showing intense signals
in cells involuting into the archenteron (ar; a anterior, p posterior,
ect ectoderm, en endoderm of the embryo). C A mid gastrula
viewed from the lateral side, showing signals in involuting cells. D
A late gastrula viewed from the blastopore. More intensive signals
are detected around both shoulders (arrows) of the flattened dorsal
side of the embryo. E The same embryo viewed from the dorsal
side. Transcripts are evident in the involuting cells and in a pair of
bands in the paraxial mesoderm (arrows). F Lateral view of a late
gastrula. The dorsal side is flattened and emits stronger signals than
that of the ventral side. G A neurula viewed from the blastopore.
Non-neural ectoderm is beginning to close (arrowheads). H, I The
same embryo, dorsal (H) and lateral (I ) views. H Signals are now
detected in the presumptive notochord (nc) in addition to the
somite (so) region (ms, muscle). Signals of the presumptive somite
appear as bands (arrows in I ). J, K An embryo at the somatic
stage. Transcripts are evident in the notochord and tail bud (nt neu-
ral tube; scale bar25 µm for all panels)&/fig.c:
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designated this gene as Am(Bb)fkh/HNF3-1(Amphioxus
B. belcheri fork head/HNF-3-related gene 1).

The relationship of Am(Bb)fkh/HNF3-1
with other Fkh domain genes

To understand the relationship of Am(Bb)fkh/HNF3-1to
other members of the family, we constructed a molecular

phylogenetic tree by the Neighbor-Joining method.
Eighty-six confidently aligned amino acid sites of the
Fkh domain were used in the analysis. The tree suggest-
ed that Am(Bb)fkh/HNF3-1forms a discrete subgroup
with the class I genes classified by Sasaki and Hogan
(1993) that includes mouse HNF-3α, β, γ, Xenopus Pin-
tallavis and HNF-3β, zebrafish axial and Drosophila
fork head(data not shown). To clarify further the rela-
tionships of Am(Bb)fkh/HNF3-1to other class I members
of the family, a hundred confidently aligned amino acid
sites of the Fkh domain were used for the analysis. The
tree shown in Fig. 5 suggests that Am(Bb)fkh/HNF3-1
forms a subgroup with Hphnf3, a sea urchin homologue
(Harada et al. 1996). These two invertebrate genes are
closer to each other than to any single vertebrate HNF-3
gene. The tree also suggests two separate duplications in
the lineage leading to vertebrates, the first including
HNF-3β and axial and the other including HNF-3α,
HNF-3γ and Pintallavis.

Spatial expression of Am(Bb)fkh/HNF3-1
during amphioxus development

Zygotic transcripts of mouse HNF-3β (Sasaki and Hogan
1993) or Xenopus Pintallavis(Ruiz i Altaba and Jessell
1992) first appear in the organizer region immediately
before gastrulation is initiated. However, we could not
apply in situ hybridization to amphioxus embryos at ear-
lier stages because they collapsed during the procedure.
At the mid-gastrula stage, we distinguished the dorsal
and ventral side of the embryo from the shape of the
blastopore. We detected weak signals (after 72 h of reac-
tion) in the most anterior endoderm and involuting cells
at the dorsal side of the blastopore (Fig. 6A, B). As the
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Fig. 4 A comparison of the amino-acid sequences of Am(Bb)fkh/
HNF3-1 with those of mouse HNF-3α, β, γ (Kaestner et al. 1994),
XenopusPintallavis (Ruiz i Altaba and Jessell 1992) and zebrafish
axial (Strahle et al. 1993). Asterisksindicate sequence identity,
whilst dots indicate similar amino-acids in four or five proteins.
Gaps (-) were inserted for maximal similarity)&/fig.c:

Fig. 5 Relationship of Am(Bb)fkh/HNF3-1 to other fork head-re-
lated gene products. The molecular phylogenetic tree was obtained
by Neighbor-Joining, using 86 amino-acid sites of the fork head
domains. Percentages of 100 bootstrap operations are indicated on
each branch (0.01, unit of distance). The sources are mouse HNF-
3α, β, γ, Kaestner et al. (1994); XenopusHNF-3β, Pintallavis,
Ruiz i Altaba and Jessell (1992), Ruiz i Altaba et al. (1993); ze-
brafish axial, Strahle et al. (1993); Drosophila fork head, Weigel
et al. (1989); and sea urchin Hpfkh, Harada et al. (1996)&/fig.c:
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Fig. 6A–H The spatial localization of Am(Bb)fkh/HNF3-1tran-
scripts in amphioxus embryos. The development stages are the
same as those shown in Fig. 3. A Dorsal and B lateral views of a
mid gastrula, showing hybridization signals in the dorsal lip of the
blastopore and the anterior-most region of the involuted endoderm
(ar archenteron; a anterior, p posterior, d dorsal, v ventral, en en-
doderm, ect ectoderm of the embryo). C Lateral and D anterior
views of a late gastrula. Signals are seen in the presumptive noto-
chord (nc, arrow in D) and in the presumptive endoderm (ar arch-
enteron). E, F A neurula from lateral (E) and anterior (F) views.
The arrowhead in F indicates elimination of the neural plate.
Transcripts are localized in a similar way to those of the late gas-
trula. H Dorsal view of the 10- to 11-somite stage and its trans-
verse section (G). Signals are evident in the notochord (nc) and
the archenteron, but not in the neural tube (arrowhead in G, so
somite; scale bar25 µm for all panels)&/fig.c:

embryo developed into late-gastrulae or early-neurulae,
intense signals were detected in the axial mesoderm of
the presumptive notochord region (Fig. 6C, D). In addi-
tion, intense signals were evident in the endoderm cells
of the archenteron floor (Fig. 6D); the signals were
stronger in its anterior region and weaker in its posterior
region (Fig. 6C). In the embryo shown in Fig. 6F, the
neural plate was folded off from the non-neural ecto-
derm. At this stage, signals in the axial mesoderm and
endoderm were retained (Fig. 6E, F) but became unde-
tectable from the neural plate. At the 10- to 11-somite
stage, Am(Bb)fkh/HNF3-1was expressed in the noto-
chord cells and in cells of the archenteron floor (Fig. 6H)
but apparently not in the neural tube in transverse sec-
tions (Fig. 6G).

Expressions of Am(Bb)Bra1, Am(Bb)Bra2
and Am(Bb)fkh/HNF3-1and elongation of the embryo

At the somite stage, the amphioxus embryo elongates in-
tensively along the anteroposterior axis. We examined
this phenomenon in detail in relation to expression of the
Am(Bb)Braand Am(Bb)fkh/HNF-3genes. Samples were
also sectioned to examine gene expression inside the em-
bryo (Fig. 7).

The Am(Bb)Bra2(Fig. 7A, D) and Am(Bb)fkh/HNF3-
1 (Fig. 7F) genes were both expressed in the anterior no-
tochord. As evident in sections, both signals were found
up to the anterior tip of the notochord (Fig. 7B, G). This
is discussed below, since this expression has not been
found in vertebrate counterparts.

When we examined the tail bud region, Am(Bb)Bra2
was expressed in the tip of the notochord, of the somite
mesoderm and of the archenteron (Fig. 7C, E). In
addition, signals were detected in inner ectoderm cells of
the tip region (Fig. 7E). On the other hand, Am(Bb)fkh/
HNF3-1 was expressed in the tips of the notochord and
in cells of the archenteron floor and roof but not in cells
of the lateral archenteron (Fig. 7H).

Discussion

Similarity and dissimilarity between Brachyury
genes of amphioxus and of other chordates

The T-domain genes encode a family of transcription
factors (Kispert et al. 1995b). In this study, we isolated
the T-related genes, Am(Bb)Bra1and Am(Bb)Bra2, from
the amphioxus B. belcheri. A molecular phylogenetic
analysis demonstrated that both genes are homologues of
mouse Brachyury. Therefore, they might have indepen-
dently duplicated in the amphioxus lineage as pointed
out by Holland et al. (1995), as AmBra1 and AmBra2.
Their position in the tree seems to reflect the evolution-
ary history of cephalochordates.

The results of the in situ hybridization showed that
Am(Bb)Bra1and Am(Bb)Bra2are expressed in involu-
ting mesodermal cells of the gastrulae, then in the noto-
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Fig. 7A–H Sections of 10- to 11-somite stage embryos showing
the distribution of Am(Bb)Bra2 and Am(Bb)fkh/HNF3-1 tran-
scripts. A–E Am(Bb)Braexpression. A Horizontal section, B ante-
rior (a) and C posterior (p) magnification. B Signals are also evi-
dent at the anterior end of the notochord (arrow). C Signals are
evident in the posterior tip of pre-somite mesoderm (arrow) and in
the post-anal ectoderm (arrowhead; sosomite, nc notochord of the
embryo). D A vertical section and the posterior region are en-
larged in E. D The neuropore (np, arrowhead) can be seen in the
section, suggesting that the embryo was cut along the midline of
the embryo. E Am(Bb)Bra2signals are located in the posterior tips

of the all three germ layers (chordoneural hinge, archenteron and
post-anal ectoderm, arrowhead). F–G Am(Bb)fkh/HNF3-1expres-
sion. F Horizontal section and its magnification (G). G Signals are
detected in the anterior tip of the notochord (arrow). H Vertical
section. Signals are absent from the posterior tip of the archenter-
on (ar) and the post-anal ectoderm (arrowhead; d dorsal, v ventral
regions of the embryo). All of the pictures are summarized in the
drawing at the bottom right (pink Am(Bb)fkh/HNF3-1, orange
Am(Bb)Bra2, red Am(Bb)Bra2plus Am(Bb)fkh/HNF3-1, canal
neurenteric canal, arf archenteron roof, cnh chordoneural hinge,
dnt dorsal neural tube, vnt ventral neural tube)



chord and tail bud of the neurulae and somite-stage em-
bryos. This pattern of Am(Bb)Bra expression corre-
sponds to that of vertebrate Brachyurygenes (Herrmann
1995). However, the role of amphioxus Brachyurygenes
does not always seem identical to that of vertebrates. In
the middle of vertebrate gastrulation, the Brachyurygene
is expressed in involuting cells and in the presumptive
notochord region. However, in amphioxus, we did not
detect Brachyurygene expression in the presumptive no-
tochord of the gastrulae (Fig. 3E; Terazawa and Satoh
1995). This is also true of B. floridae (Holland et al.
1995). Am(Bb)Bra2 expression in the notochord be-
comes detectable at the neurula stage when the embryo
begins to elongate after gastrulation (Fig. 3H). In verte-
brate embryos, Brachyurygene expression in the anterior
notochord quickly disappears (Herrmann 1995); in con-
trast, it remains in amphioxus embryos (Fig. 3J, K). Am-
phioxus adults have a notochord extending to the anteri-
or end of the head and the notochord contains actin or
paramyosin filaments (Flood 1975). Of interest is the ex-
pression of the genes in the paraxial mesoderm of the
presumptive somite (Fig. 3E, I). The expression was syn-
chronized with somite band formation, suggesting roles
for the genes in the formation of somites. A role for
Brachyurygenes in vertebrate somite formation has not
been described.

In contrast to these two chordate groups, the ascidian
(urochordates) Brachyurygene (As-T) is expressed only
in cells that are destined to differentiate into the noto-
chord (Yasuo and Satoh 1993, 1994). Urochordates are
regarded as a more basal type of chordate. The vertebrate
Brachyurygenes are thought to have two roles, namely
notochord differentiation and posterior mesoderm forma-
tion associated with cell surface activities (Herrmann
1995). It has been shown recently that the ascidian ge-
nome contains another T-domain gene (As-T2) that is ex-
pressed in differentiating muscle and the tail tip of the
embryo (Yasuo et al. 1996). Interestingly, the combined
pattern of spatial expression of As-T and As-T2appears
to correspond to that of a single vertebrate Brachyury
gene.

Similarity and dissimilarity between amphioxus
fork head/HNF-3and vertebrate HNF-3 gene expression

The Fkh domain is a 110-amino acid DNA-binding motif
(Weigel and Jäckle 1990), and related genes are divided
into several subtypes, depending on sequence similarity
(Sasaki and Hogan 1993; Kaufmann and Knöchel 1996).
The molecular phylogenetic tree indicated that
Am(Bb)fkh/HNF3-1is homologous to mouse HNF-3 and
Xenopus Pintallavis(Fig. 5). It is uncertain whether or
not there is another gene belonging to this subgroup in
the B. belcherigenome, because the B. floridaegenome
contains two HNF-3 genes (Sebastian Shimeld, personal
communication).

Am(Bb)fkh/HNF3-1expression was first detected in
the dorsal lip of the blastopore and in part of the

endoderm of gastrulae (Fig. 6B). This spatial Am(Bb)fkh/
HNF3-1expression is compatible with that of Pintallavis
in the organizer and presumptive endoderm in Xenopus
embryos and with Xenopus HNF-3β in the endoderm
(Ruiz i Altaba and Jessell 1992; Ruiz i Altaba et al.
1993). Furthermore, Am(Bb)fkh/HNF3-1expression re-
sembles that of Xenopus HNF-3β in that both are found
only in the anterior endoderm. In amphioxus embryos,
no hybridization signals were detected in the posterior
region of the archenteron (Fig. 7H), although the stage at
which Xenopus HNF-3β expression begins is later than
that of amphioxus (Ruiz i Altaba et al. 1993). On the
other hand, mouse HNF-3β is expressed throughout the
gut (Sasaki and Hogan 1993).

There are some differences in gene expression in the
midline of the neural region. In Xenopus, both HNF-3β
and Pintallavis are expressed in cells of the midline of
the three germ layers (Ruiz i Altaba and Jessell 1992;
Ruiz i Altaba et al. 1993). In addition, their expression in
the notochord and floor plate is associated with the com-
petence of notochord induction, because ectopic expres-
sion of mouse HNF-3β in the neural tube induces floor-
plate-like structures (Sasaki and Hogan 1994). From a
phylogenetic viewpoint, a common ancestor of cephaloc-
hordates and vertebrates is defined by the differentiation
of the neural tube into inner and outer layers with sepa-
rate dorsal and ventral innervation (Brusca and Brusca
1990). Therefore, the amphioxus neural tube may devel-
op by a similar underlying mechanism as that of verte-
brates and thus, Am(Bb)fkh/HNF3-1should be similarly
expressed in the neural tube. Nevertheless, we did not
detect this (Fig. 6G). It is unlikely that expression of fork
head/HNF-3-related genes in the floor plate evolved later
in the lineage to the vertebrates, because the ascidian
fork head/HNF-3related gene is expressed in the neural
lineage (Shimauchi et al., unpublished data). Amphioxus
neural development is different from that of vertebrates
because, in amphioxus, the neural plate is not eliminated
from the non-neural ectoderm and the tube is synchro-
nously formed (Fig. 6F; Hirakow and Kajita 1994).
Moreover, motor-neuron-like cells would exist but their
innervation differs between amphioxus and vertebrates
(Fritzsch and Northcutt 1993). Am(Bb)fkh/HNF3-1ex-
pression may be affected by these differences, although
there is no direct evidence at present. Another possibility
is that other fork head/HNF-3genes belonging to the
same subtype exist in amphioxus and the summation of
these genes, including Am(Bb)fkh/HNF3-1, is equivalent
to HNF-3β and others, as suggested by Ruiz i Altaba et
al. (1993).

Expression of Am(Bb)Bra1, Am(Bb)Bra2
and Am(Bb)fkh/HNF3-1in secondary development

As reviewed by Griffith et al. (1992), it has been sug-
gested that morphogenetic processes during vertebrate
development are separated into the establishment of the
three classical germ layers (endoderm, mesoderm and
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ectoderm) through gastrulation and the formation of the
tail bud that generates three germ layers from an undif-
ferentiated cell mass. Moreover, many genes, including
Brachyury(T), Pintallavis and Xnot (Talbot et al. 1995)
continue to be expressed in these regions. These genes
are thought to be required for cell differentiation or
growth (De Robertis et al. 1994). In addition, the tail bud
feature binds various chordates into one common group
because all chordates have tails at the larval stage (Satoh
and Jeffery 1995).

As reported by Gont et al. (1993), Xbra is expressed
in the chordoneural hinge, the notochord, posterior wall
of neurenteric canal and cells of the spinal cord. They
suggested that tail formation is a continuation of gastru-
lation. Amphioxus also has a neurenteric canal, which is
of the same structure as the vertebrate counterpart
(Conklin 1932). Therefore, tail formation may proceed
in a similar manner to that in vertebrates and
Am(Bb)Bra2is expressed in the chordoneural hinge and
ectoderm posterior to the canal. In addition to these two
regions, Am(Bb)Bra2was expressed in the posterior end
of the archenteron (Fig. 7). Therefore, amphioxus
Brachyurygenes are expressed in the three germ layers.
This correlates with the fact that zebrafish ntl expression
is not restricted to mesoderm precursor cells alone
(Schulte-Merker et al. 1992). However, Am(Bb)fkh/HNF3-
1 is not expressed in the posterior end of the archenteron
and little is expressed in the notochord and the following
chordoneural hinge. Therefore, it is unlikely that
Am(Bb)fkh/ HNF3-1functions like Pintallavis or mouse
HNF-3β in tail bud formation.

Am(Bb)Bra1, Am(Bb)Bra2and Am(Bb)fkh/HNF3-1
are expressed in the most rostral region of the notochord
(Fig. 7B, G). As discussed by Holland et al. (1995), this
region seems to differ from the more caudal region of the
notochord. The notochord runs along the anteroposterior
axis and bears the driving force of body elongation.
Therefore, the expression of these three genes may re-
flect their function in this region.

In conclusion, our characterization of amphioxus
Am(Bb)Bra1, Am(Bb)Bra2and Am(Bb)fkh/HNF3-1genes
and their expression in the chordamesodermal region
will provide useful information towards understanding
the molecular basis of amphioxus development, as it in-
dicated that they retain fundamental features of verte-
brate ancestors.
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