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SUMMARY

We report the characterisation of aBrachyury ortholog
(PvuBra) in the marine gastropodPatella vulgata In this
mollusc, the embryo displays an equal cleavage pattern

whose progeny will constitute the posterior edge of the
blastopore during gastrulation, suggesting a role for
PvuBra in regulating cell movements and cleavage

until the 32-cell stage. There, an inductive event takes place
that sets up the bilateral symmetry, by specifying one of the
four initially equipotent vegetal macromeres as the
posterior pole of all subsequent morphogenesis. This
macromere, usually designated as 3D, will subsequently act
as an organiser. We show that 3D expressBsuBraas soon
as its fate is determined. As reported for another mollusc
(J. D. Lambert and L. M. Nagy (2001)Developmenfi28, 45-
56), we found that 3D determination and activity also

morphology in Patella Until the completion of gastrulation,
PvuBraexpression is maintained at the posterior pole, and
along the developing anterior-posterior axis. Comparing
this expression pattern with what is known in other
Bilateria, we advocate that Brachyury might have a
conserved role in the regulation of anterior-posterior
patterning among Bilateria, through the maintenance of a
posterior growth zone, suggesting that a teloblastic mode
of axis formation might be ancestral to the Bilateria.

involve the activation of the MAP kinase ERK, and we
further show that PvuBra expression in 3D requires ERK
activity. PvuBra expression then rapidly spreads to
neighbouring cells that cleave in a bilateral fashion and
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INTRODUCTION et al., 2000), i.e. the deuterostomes and the ecdysozoans. In
contrast, the third major group, the lophotrochozoans (e.g.
Analysing the expression and function of homologous geneannelids, molluscs and platyhelminths), has remained one of
among species belonging to different bilaterian phyla offers théhe weak points of the molecular survey of metazoan
opportunity of investigating the evolution of their body plans.development.

One of the most important results obtained in this comparative In spite of the diversity of their body plans, many
perspective is the recognition, through the conservation of tHephotrochozoans share a highly conserved and well
colinear expression of the genes of H@X complex, that the documented early embryogenesis known as spiral cleavage
patterning along the anterior-posterior (AP) axis might b€Freeman and Lundelius, 1992). Spiral cleavage is mostly
homologous among Bilateria (Slack et al., 1993). Extendingharacterised by an invariant cell lineage, during which stem
this result with the aid of other genes, a quite detailedells for the main germ layers are rapidly segregated. In
topography of the body plan tfrbilateria, the last common addition, it most often leads to the development of a free
ancestor of all bilaterians, has been proposed (DeRobertis asdimming larva, of which the trochophore, observed in many
Sasai, 1996). Yet, the conservation, over larger evolutionamnolluscs, annelids and sipunculans, is the prototype (Nielsen,
scales, of the processes of body plan formation themselves H2801). Because of the conspicuous nature of the cellular
been much less investigated, and these development@pects of spiral development, and its remarkable conservation
processes are often considered to be highly divergent amoagthe interphyletic level, lophotrochozoans have been a major
distantly related Bilateria (Slack et al., 1993). focus of interest in classical embryology.

Most comparisons are based on the molecular analysis of theOne of the most important variations on the spiral theme is
development of a few model systems, such as varioube difference between equal and unequal cleavage (Freeman
vertebrates, the fl{prosophila melanogasterand the worm and Lundelius, 1992). In unequal cleavers, one of the
Caenorhabditis elegansThese species belong to two of theblastomeres of the 4-cell stage is larger than the others, and gives
three main groups of Bilateria that have been recognised bise to most of the posterior part of the adult, so that the AP axis
recent phylogenetic analyses (Aguinaldo et al., 1997; Adouttis specified as soon as the 4-cell stage in these species. In
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contrast, equal cleavers do not depart from the four-fold We have isolated Brachyuryorthologue inPatella vulgata
symmetry until later in the cleavage period (the 32-cell stage iwhich we namedPvuBra We show thaPvuBrais expressed
Patelld). Whether this symmetry corresponds to a trudn the trochophore larva #fatellafollowing a pattern identical
developmental equivalence between the four blastomeres of the that of its orthologue iPlatynereis We further observed
4-cell stage has been a long standing issue (Arnolds et al., 19&Bat PvuBrais expressed much earlier in development, first in
Martindale et al., 1985). A large set of experiments conducteithe 3D blastomere of the 32-cell stage, and then on the
on Patella vulgata have convincingly shown that the four posterior side of the embryo before and throughout
quadrants are indeed initially truly equipotent, until the 32-celjastrulation. We also demonstrate that the expression of
stage (van den Biggelaar, 1977; van den Biggelaar and GuerriBrachyury in 3D is controlled by the ERK MAP kinase
1979; Arnolds et al., 1983; Kuhtreiber et al., 1988). At this pointcascade, and that ERK activation confers to 3D the ability to
the four-fold symmetry is broken through a purely stochastiorganise all aspects of the bilaterally symmetrical cell cleavage
event, namely the competition between the four vegetalmogiatterns observed in the vegetal region of the embryo, between
cells, that leads to the determination of one of them (called 3D¥ye moment of 3D election and the start of gastrulation. Finally,
as the posterior pole of all subsequent morphogenesis. Thecomparative analysis &rachyuryexpression and function
bilateralisation of the embryo is soon illustrated by specifiés given, in which we propose th&rachyury expression
departures of the cleavage morphology of certain cells from th#uminates the evolution of gastrulation and AP axis
default, four-fold symmetrical pattern (van den Biggelaar, 1977)specification at the scale of the Bilateria.
These developmental events following the election of 3D, in
turn, most probably involve 3D as an important inductive centre,
although there is little evidence to demonstrate the way in whi
3D acts as an organiser in equal cleaving Spiralia (Martindale,
1986; Damen and Dictus, 1996).

The geneBrachyurywas first identified in mouse, where it

ATERIALS AND METHODS

Patella in vitro fertilisation and embryo rearing

. . . Adult animals were obtained from the Station Biologique de Roscoff,
was recognised to have a fundamental role in gastrulation, ax ance, and kept in artificial sea water. Embryos were obtained as

patternin_g an.d tail formation (Beddington et al., 1992), qnd WaSescribed previously (van den Biggelaar, 1977).
then rapidly isolated in many other vertebrates (Papaioannou
and Silver, 1998). In all specie®rachyury is expressed Cloning and sequencing of PvuBra

transiently during gastrulation around the blastopore, in thegenerate primers specific Boachyurywere designed and used in
involuting mesoderm and endoderm, and its expression snested PCR oRatella vulgatagenomic DNA. A 310 pb product
subsequently restricted to notochord and tailbud (Wilkinson etas amplified and cloned. 8 clones were sequenced and found to have
al., 1990; Herrmann, 1991; Kispert and Herrmann, 1994j,dentica}l sequence. Primers were forward BRAIW (NGRRMFP,
Smith et al., 1991; Schulte-Merker et al., 1992; Kispert et alucleotide sequence '-BYGGNMGNMGNATGTTYCC-3) and
1995). Genetic evidence, both in mouse (Wilson et al., 1995€verse BRASC (PFAKAF, nucleotide sequenteRAANSCYTTN-

. . - - GCRAANGG-3) for the first round of amplification; forward
Wilson and Beddington, 1997) and in zebrafish (SchulteBRAZW (WKYVNGEW, nucleotide sequence-5GGAARTAYG-

Merker et al., 1994; Melby et al., 1996) indicates that\yaayGGNGARTGG-3) and reverse BRA4C (AYONEE,
Brachyuryis required for gastrulation, axial specification andy cjeotide sequence -8TCYTCRTTYTGRTANGC-3) for the
caudal morphogenesis. Homologues have been identified §acond round of amplification; forward BRA2W and reverse BRA5C
many other metazoan phyla. In the other diverse deuteroston®FIAVTA, nucleotide sequence’-5CNGTNACNGCNATRAA-
lineages where it has been studied, in particular urochordat&3G-3') for the third round.

(Corbo et al., 1997; Yasuo and Satoh, 1998; Bassham andNext, PCR extensions were performed on a staged mass-zapped
Postlethwait, 2000) echinoderms (Harada et al., 1995; PeterseANA library (16 hours post first cleavage), kindly provided by L.

et al., 1999b; Shoguchi et al., 1999) and hemichordatdsederbragt and A. Van Loon (Van Loon et al.,, 1991) using non-
(Tagawa et al., 1998; Peterson et al., 199®xpchyury degenerate primers corresponding to the sequence of the 310 bp PCR

fragment and primers in the arm of the plasmid in which the cDNAs
orthologues are always expressed from the very early stag rge cloned. In this way, we isolated a cDNA of 2019 bp, coding for a

of gastr_ulatlon,_ in the blas_topore area, and_have recurreltn amino acid protein, homologous to a T-box transcription factor.
connections with gastrulation, morphogenetic movementsshe 1 5 kh fragment corresponding to theart of the gene was used
mesoderm formation and posterior patterning. Similarly, ino generate a RNA probe for in situ hybridisation. The full sequence
Drosophila the expression dbrachyenteronthe Brachyury s available on the EMBL Nucleotide Sequence Database (sequence
homologue, is restricted to the posterior part of the embryoumber AJ420986).

(Kispert et al., 1994), and is involved in the morphogenesis of

the caudal part of the gut (Singer et al., 1996), and of thélignment and phylogenetic analysis

visceral mesoderm (Kusch and Reuter, 1999). An orthologugequences ofBrachyury homologues and other T-box genes
of Brachyury has recently been identified in a were gathered using the NCBI PubMed database

clustalX (Thompson et al., 1997), and only the conserved T-domain

dumerilii, and its post-gastrulation expression profile is ket f b isis. Phvi .
remarkably similar to that found in the larva of hemichordate as kept for subsequent analysis. Phylogeny reconstruction was
~ . . erformed by Maximum Likelihood quartet puzzling, using the
(Arendt et al., 2001): in both cas&achyuryls_expressed in softwareTreepuzzle(Strimmer and von Haeseler, 1996). We used the
the lower part of the stomodaeum, the posterior tip of the larvar gypstitution model (Jones et al., 1992), and let rate heterogeneity
and the ventral midline, highlighting a possible homologyacross sites being modelled by two rate categories (one constant and
between the larval body plans between protostomes arghe variable). 10,000 puzzling steps were performed, and branches
deuterostomes. supported in less than half of the quartet trees were collapsed.
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A

PatellaBra LEDRSLWEKFKEFTNEMIVTKNGRRMFPVFRVSVSGVDPNAMYTLLLDFVQVDNHRWKYVNGDWVPGGKAEPAAPNHPDSPNFGAHWMKEP

Plat ynere is Bra LEDRELWGKFKELTNEMIVTKSGRRMFPVLRASVTGLDPNAMYSFLLDLVNVDNHRWKYVNGDWVPGGKAEPQPHNAVYIHPDSPNFGAHWMKEP
Drosophi laB yn LDDRELWLRFQNLTNEMIVTKNGRRMFPVVKISASGLDPAAMYTVLLEFVQIDSHRWKYVNGEWVPGGKAEVPPSNPIYVHPESPNFGAHWMKEP
Branchi ost omaBra 2 LGEKPLWEKFKSLTNEMIVTKSGRRMFPVLKVNVSGLDPNAMYSFLLDFTAADNHRWKYVNGEWVPGGBPHABBBENFGAHWMKSP

HydraBra LDDSELWKKFKTLTNEMIVTKNGRRMFPVLKLNIRGLESHAMY SILLDFVAVEDHRWKYVNGEWVAGGKPEPATTSSVYIHPDSPNFGTHWMKSP
XenopusVEGT LEDQDLWSQFHQEGTEMIITKSGRRMFPQCKIRLFGLHPYAKYMLLVDFVPLDNFRYKWNKNQWEAAGKAERRPPHPDSPAPGAHWMKDP

Bra chydani oSPT LEDPELWRSFHEIGTEMITKPGRRMFPHCKISLSGLVPYAKYILLVDMVPEDGLRYKWNKDKWEVAGKAEPQPPYRTYLHPDSPAPGSHWMKQP
Drosophila OMB  LEGKDLWEKFHKLGTEMVITKSGRQMFPQMKFRVSGLDAKAKYILLLDIVAADDYRYKFHNSRWMVAGKADPEMPKRMYIHPDSPTTGEQWMQKV

BRA 1w BRA 2W

PatellaBra LSFSKVKHTNKL - NGGGQ IMLNSLHKYGPRIHIVRV NSRTQKKSIMTFSFPETQFIAVTAYQNEEITSLKIKHNPFAKAFLDA

Plat ynere is Bra VSFSKVKLTNKM -HGSGQ IMLNSLHKYQPRIHIVKV GNKDEKRTISTHDFVETQFVAVTAYQNEEITALKIKYNPFAKAFQDA
Drosophi laB yn ISFAKVKLTNKT - NGNGQ IMLNSLHKYEPRVHLVR\GSE-- QRHVVTYPFPETQFIAVTAYQNEEVTSLKIKYNPFAKAFLDA
Branchi ost omaBra 2 VSFSKVKLTNKL - NGGGQQ@MLNSLHKYEPRIHIVK\: GGPDNQRTLSTHTFAETQFIAVTAYQNEELTALKIKHNPFAKAFLDA
HydraBra ISFTKVKLTNKM -NGEGQ VMLNSLHKYQPRVHIIRVMGAPEGERTISTHTFPETQFIAVTAYQNEEITGLKIKYNPFAKAFLDA
XenopusVEGT | CFQKLKLTNNTLDQQ& NILHSMHRYKPRFHVVQSDDMYNSPWGLVQVFSFPETEFTSVTAYQNEKITKLKINHNPFAKGFREQ
Brachydani oSPT  VSFLKLKLTNNALDQHG --- IILHSMHRYHPRFHIVQADDLYSVRWSVFQTFTFPETSFTAVTAYQNTKITKLKIDHNPFAKGFRDE

Drosophila OMB  VSFHKLKLTNNISDKHGFVSTILNSMHKYQPRFHLVRANDILKLPYSTFRTYVFKETEFIAVTAYQNEKITQLKIDNNPFAKGLRDT
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Fig. 1. Sequence alignment and phylogenetic tree. (A) The predicted amino acid sequencésoBtaéragment has been aligned with a
sample of metazoaBrachyuryand other T-box genes. Only the T domain is shown. The primers used for PCR amplification are indicated
by arrows. (B) Phylogenetic tree (amino acid) of sevBrathyuryorthologues, reconstructed by quartet puzzling. A sample of other T-box
genes has been taken to root Brachyurysubtree (see Materials and Methods).
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In situ hybridisation and Hoechst staining (Sigma). Washings and fixation in 4% paraformaldehyde were used

RNA in situ hybridisations were performed as described elsewher® stop the staining reaction.
(Lespinet et al.,, 2002), with the following modifications: probe s

concentration was raised tqug/ml, and hybridisation was performed ERK inhibition _
at 68°C. Anti-DIG antibody was used at a 1:200 dilution, and alkalinérk inhibition was performed as described by Lambert and Nagy
phosphatase staining was performed at 37°C. In some cases, followitlgmbert and Nagy, 2001).

the in situ hybridisation, the embryos were stained with Hoechst (5

pg/ml in TBS-T; 10 minutes of incubation) to highlight the nuclei of

their cells. A detailed protocol is available on request. RESULTS

Immunolabelling A Brachyury homologue in Patella vulgata

Embryos were fixed for 1 hour in 4% pa.raformaldehyde in Mops, aUsing degenerate primers, we amplified and cloned a 310 bp
the appropriate stage, and then stored in methanol. Next, they W%gment of a T-box gene Patella Vector anchored race PCR

transferred progressively to MNT buffer (150 mM NaCl, 100 mM . . .
maleic acid, pH 7.5, 0.1% Tween 20), blocked for 1 hour in MNT ,allowed the isolation, from a staged cDNA library (16 hours

3% BSA, incubated in anti-dpERK (Sigma), at a dilution of 1:1000,p03t first cleavage, h_.p.f.c.), of a CDNA of 2019 bp. On th's
for 1 hour, rinsed four times 10 minutes in MNT + 3% BSA, incubatePNA, one can predict an open reading frame of 450 amino
in biotin-conjugated anti-mouse antibody (Jackson), rinsed four timegCids encoding a putative T-box protein, which we called
10 minutes in MNT. The VectaStain Biotin-Avidin amplification PvuBra

system was used, and the embryos were then labelled with DAB Fig. 1A shows the predicted amino acid sequence of the

Fig. 2. Overview ofPatellaearly development: 3D induction and

AP axis specification. Unless mentioned explicitly, all views are
taken from the vegetal pole. D quadrant (posterior) is to the bottom,
so the left side of the embryo is to the right. Drawings are freely
adapted from van den Biggelaar (van den Biggelaar, 1977), except
A, which is adapted from Wilson (Wilson, 1904), and G. (A) 4-cell
stage (30 minutes after first cleavage). The four cells are of equal
size, and the progeny of each of them is called a quadrant. (B) 32-
cell stage (2 hours after first cleavage (h.p.f.c.)), displaying a four-
fold symmetry. (C) Early 32-cell stage (2.5 h.p.f.c.), meridional
cross section, before 3D determination. Animal is to the top. Two of
the four vegetal cells (macromeres) can be seen (3M). During this
period, the four macromeres invade the blastocoel, and compete for
contacting the animal micromeres that constitute the blastocoel roof.
(D) Mid 32-cell stage (3 h.p.f.c.), same section as in C: one of the
four macromeres contacts the blastocoel roof, and as a consequence,
takes a 3D fate. (E) 60-cell stage (3.5 to 4 h.p.f.c.). 3D looks
smaller, since most of its mass is internalised. 3a, 3b, 3c and 3d are
in metaphase. Together with 3D, these latter cells’ cleavage
adumbrates bilateral symmetry. (F) 64-cell stage (4 h.p.f.c.): 3c and
3d have yielded smaller vegetal cells3aad 3d) and larger

animal cells (3tand 3d), whereas 3a and 3b have divided in an
opposite fashion, budding off a larger cell towards the vegetal pole
(322 and 3B. Note that 3hand 3B are not visible on this drawing).

3D is the last cell to divide before completion of the 6th cleavage,
and yields 4d, or M, the mesentoblast, that will contribute to most

of the adult mesoderm. (G) 2 hours after the 64-cell stage (6
h.p.f.c.). The segregation of the prospective germ layers is now
achieved. The endodermal vegetal plate (yellow) is made from all
descendants of 3A, 3B, 3C and 4D. 4d, the mesentoblast divides in
a bilateral fashion, yielding Mand M, the paired stem cells giving

rise to the mesodermal germ bands (red). 3a and 3b derivatives also
contribute to mesoderm (light orange) (Dictus and Damen, 1997).
Cells coloured in dark blue are of ectodermal fate, and delineate the
posterior edge of the blastopore. The pink blastomeres are the three
stomodaeum founder cells, and are thus called stomatoblasts, as in
Nereis(Wilson, 1892). During gastrulation, the vegetal plate is
internalised by epiboly: the rim of ectoderm migrating over and
enclosing the vegetal plate is equivalent to a blastopore edge which,
in the case of gastropods, gives birth to the mouth. The dark blue
cells constitute a useful landmark: they are at the edge of the
vegetal plate, and will contribute to the ectoderm at the base of the
larval mouth, and thus define the posterior edge of the blastopore.
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PvuBrafragment that we have isolated. This has been alignellybridisation using digoxigenin-labelled RNA probes. An
with a sample oBrachyuryorthologues, as well as a few other overview ofPatella early development is depicted in Fig. 2.
T-box genes. Only the part of the alignment corresponding to PvuBrais first detected at the mid 32-cell stage (3 h.p.f.c.):
the conserved T-domain (Fig. 1A) has been used to performsérong transcript accumulation can be seen in one of the four
Maximum Likelihood phylogenetic analysis (quartet puzzling)macromeres (Fig. 3A,E). In optical sections (not shown) this
(Strimmer and von Haeseler, 1996). The tree that has beemacromere can be seen to have a central position and to contact
obtained is shown on Fig. 1BvuBraclusters reliably with the blastocoel roof, and is therefore blastomere 3D.

other metazoaBrachyuryhomologues, showing that we have At the end of the 6th cleavage (4 h.p.f.c.), substantial

isolated aBrachyuryorthologue inPatella vulgata staining is still observed in 3D, and then in its daughter cells

] ) ) 4D and 4d (or M). In additiorRvuBraexpression propagates
PvuBra is expressed throughout gastrulation and in to the derivatives of 3c and 3d, anc?ZBig. 3B,F,1,J). Note
the young trochophore that all these cells are neighbours of 3D.

We studiedPvuBra spatiotemporal expression during early About 1 hour after the 64-cell stage (5 h.p.f.c., Fig. 3C,G),
development, up to larval stages, by whole-mount in sit@ranscripts are weak in 4D and in M (Fig. 3C,G) 8ad 3d

i

iy

|’.'. :

3h. 4h. 5h. 6 h.

Fig. 3. PvuBraexpression during early development. (A-D) In situ hybridisation uBingBraantisense probe. (E-H) Schematic pictures
indicating lineage of expression. (I-L) In situ hybridisation combined with Hoechst staining of the nuclei. (A,E) Betw@2ndate40-cell

stage (3 h.p.f.c.PvuBrais strongly expressed in 3D. (B,F) 64-cell stage (4 h.p.f.c.), showing expression in 3D daughter cells (4D and 4d), as
well as a spread of expression in 3¢, 3d arfddadghter cells. Sister cells are linked by a short straight line. (C,G) Beginning of the 88-cell
stage (5 h.p.f.c.). 3and 3@ have not divided yet, and show strdPguBraexpression. Jcand 3@ have divided, with their spindles
approximately parallel to the plane of bilateral symmetry. Their daughters express weaker RvaBrafranscripts, compared to Band

3. The resulting pattern takes on the shape of two bilateral wings. Expression is also stréAgiamgs in 2d'2 and has nearly vanished

in 4D and 4d. (D,H) 6 h.p.f.c. The two wings ¥2@md 34 derivatives) still expresBvuBraat a medium level. 3and 3& have divided and,

in contrast to their sister cells, they have their spindles parallel to the posterior edge of the vegetal plate, sdératito@et?, they are

the five darkly stained cells at the posterior edge of the blastopore. Betit tiael midline stem cell (arrowhead, m.s.c.; see text for details),
has budded off a new small cell situated just next £, 2thd which also strongly expres$daiBra The midline stem cell itself shows much
weaker expression. Notice its typical asymmetrical position, markedly to the right (for us, to the left). Transcriptsrayer mietiected in 4D,

or in M and M. Gastrulation is about to start. (I) 63-cell stage. (J) 64-cell stage. (K) 30 minutes after the 88-cell stage, the paired
mesoteloblasts can be seen below the focal plane, with their spindles in metaphase. (L) 6 h.p.f.c.. The two wings are apparent.
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have divided, and their daughters weakly exprieésaBra 8h P, 10h
Their sister cells, 3cand 3d, closest to the vegetal pole, show m
a notably stronger expression, and their cleavage is delaye N
compared to Jcand 3d. 2cP? shows a strong expression22d o
has divided, and a weak signal can be detected?¥. 25 to ' ot
30 minutes later; M has divided, and the paired mesentoblas m.s.c.
(M and M) have sunk into the blastocoel (Fig. 3K).

Later on (6 h.p.f.c.), transcripts have completely disappeare A ap B
from 4D and Mand M. From now on, expression BivuBra S
is restricted to 3¢, 3d and 2derivatives (Fig. 3D-H). 3cand 13h 24h P
3 have eventually divided, with their spindles aligned with
the presumptive left-right axis. Their daughter cells display
high level of transcripts. BetweenZ3and 3@ daughter cells, pt. pt. st
two cells can be seen that expréssaBraand, more posteriorly st. ¢
and markedly displaced to the right of the embryo (to the lei 1_03, J'
on the picture), a cell derived from22dshows a very weak, tc.
but consistently detectable expression (Fig. 3D-H). These thre C D m.e.
cells derive from 24 although it is very difficult to determine
their exact lineage and cleavage schedule. Our interpretationfg). 4. PvuBrain situ hybridisation, later stages. (A) Posterior view
that 2& behaves like a stem cell, that will bud off the cells ofof a 8 h.p.f.c. embryo. The vegetal plate (v.p.) is just visible above
the ventral midline. Subsequently, we will call it the ‘midline the five stained cells marking its posterior edge. The apical pole
stem cell’ (m.s.c.; see Discussion) (a.p.) is below. Staining is now barely visible in the wings, and not

Thus, right at the start of gastrulation, the pattern becomépparent in the midline stem cell. (B) 10 h.p.f.c. embryo, ventral

b . . View. The posterior edge of the blastopore takes a V-shape
stabilised as follows (Fig. 3D,H,L). Six cells, descended frorT\(arrowhead). Posteriorly, the ventral midline is being formed, and

3c, 2d and 3d, show strofiyuBraexpression, and constitute a5 expresseBvuBra A spot of expression appears terminally,

the posterior edge of the blastopore. In addition, two pairs Qfonsistently on the right side. It probably corresponds to the midline

bilateral cells, posterior to the vegetal plate, and originatingtem cell (m.s.c.). The prototroch (pt.) is visible in the background.

from 3c1 and 3d1, express PvuBra at lower levels. TRe 3dC) Young trochophore (13 h.p.f.c.), three quarter view, from the

and 3é daughter cells, respectively on the left and rightright-ventral side. Gastrulation has proceeded to its end.

posterior side of the vegetal plate, exprBssiBraat lower Stomodaeum (st.) is to the right, ventral midline to the bottom, and

stomodaeum founder cells, or ‘stomatoblasts’, adlémeis ~ Ventral-posterior view. The ectodermal cells underlying the

(Wilson, 1892), whereas the posteriormost cellst{(3md stomoda}eum (st.).stlll show transcripts. Mldllne and terminal

3d') will end up in the terminal posterior region, and will (e;:p(;e)ssfucm EzafzggfsdOa;v;?(ﬁrzszrigndggsnalrl‘)gvy%r:Sa;etgesngantle edge

contribute to the anus. @car)d 341 will thus be called the stolm-a’toblast; pt., prototroch; m.e., mantle edge. T

‘terminal cells’. More posteriorly, on the left, is a larger cell,

displaying still lower levels dPvuBratranscripts, the ‘midline

stem cell’. faded away (Fig. 4D). The ectoderm below the stomodaeum
During the first phase of gastrulation (Fig. 4®yuBra still expresse®vuBra Four cells in the posteriormost part of

expression is nearly lost by the midline stem cell and the twthe dorsal mantle edge have started to transdribeBra

lateral wings. In contrast, the cells of the posterior edge of theRNA.

blastopore remain positive fBvuBraduring the whole period. The overall process can now be summarised as follows (Fig.
Often, a faint expression is seen in the nuclei of endoderm&). PvuBrais transiently expressed in 3D (Fig. 5A), and then
macromeres migrating to the apical pole (not shown). rapidly propagates to neighbouring 3c, 3d anéldztivatives

During the second phase of gastrulation (blastopore closurdf;ig. 5B). These latter cells cleave in an orderly and bilateral
the cells of the posterior edge migrate anteriorly over théashion (Fig. 5C,D), and their derivatives mark the posterior
vegetal plate, and take on a V-shape (Fig. 4B). Meanwhileedge of the blastopore. Then, during gastrulation (Fig. 5E-G),
expression appears on the midline posterior to the migratirtfpe posterior edge, still expressifguBrg migrates anteriorly,
edge, as well as in a spot more posterior, to the right side ofrer the vegetal plate. The anteriormost cells derived frdm 3c
the embryo. This latter spot of expression likely correspondand 3d, the lateral stomatoblasts, are carried along, and finally
to the midline stem cell, that starts re-expres§iagBra and  contribute to the stomodaeum. Meanwhile, the posteriormost
from which the stained cells on the midline might be buddingells derived from Jcand 3d, the terminal cells, stay behind
off. and contribute to the anus. During the whole period, the

In the young free swimming trochophore (13 h.p.f.c., Figmidline stem cell, derived from 2} lags posteriorly as well,
4C), PvuBrais expressed in a strip of ectoderm below theand, following our interpretation, buds off the cells of the
stomodaeum, continuous with a strand of stained cells alongidline. In this way, the pattern seen in the young trochophore
the ventral midline and, at the posterior tip of the embryo, irfFig. 5H) is completely derived from three founder cells: 3c,
two bilateral cells (terminal cells). This pattern is reminiscenBd and 28. Cells on the ventral midline originate from22d
of that seen for thBrachyuryhomologue in the trochophore whereas both the anterior and the terminal domains of
larva of Platynereis(Arendt et al., 2001). In 24 hour larvae, expression are made up of 3d and 3c derivatives, on the left
the expression on the midline and in the terminal region haand right, respectively.
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Fig. 5. Summary ofPvuBraexpression, from
3D induction to the end of gastrulation. Color
shading corresponds to obsen®diBraRNA
expression. (A) 32-cell stage (3 h.p.f.c.).

(B) 64-cell stage (4 h.p.f.c.). (C) 88-cell stage
(5 h.p.f.c.). Division of 3k 3d and 24 (see
text for details). (D) 6 h.p.f.c.. Division of 3¢
3c? and the midline stem cell, so that the
midline is now made of two cells. 3D A B C D
derivatives are now omitted. (E) 10 h.p.f.c..
The posterior edge of the blastopore migrates @.
anteriorly, together with the two lateral Q.

stomatoblasts. Terminal cells have IBsuBra

expression. A third small cell is added to the @)

midline by the stem cell. (F,G) Late gastrulae, '3"

showing the growing midline, and the closing | @ .S.C.
blastopore. (H) 13 h.p.f.c. young trochophore © S O t.‘n.
expression pattern. v.p., vegetal plate;

t.c. teminal cell; m.s.c. midline stem cell; E F G H

sh. stomatoblast; st. stomodaeum.

ERK MAP kinase is specifically expressed in 3D during DV (Promega) is known to specifically inhibit the MAPKK that
induction phosphorylates ERK MAPK, and has been used several times
ERK MAP kinase activation is involved in early developmentto address the role of ERK during development (see Lambert
in spiralian embryos. Itlyanassa which cleaves unequally, and Nagy, 2001, and references therein) (Lambert and Nagy,
ERK is activated in 3D, and then propagates, in a vegetal #001). We thus investigated the consequences of ERK
animal succession, in the micromeres of the D quadrarhibition by the drug U0126 during the early development of
(Lambert and Nagy, 2001). In contrast, in the equal cleavdatella

Chaetopleura it is activated only in 3D (J. D. Lambert, Embryos were selected at the 2- and 4-cell stage, raised until
personal communication). In order to investigate the roléhe 32-cell stage, and kept in U0126 during the following 5
of ERK activation in Patella and to test a possible hours. Two alternative doses of U0126 were used: a medium
connection between its activation aBdachyuryexpression, dose as in Lambert and Nagy (i) (Lambert and Nagy,
immunostainings were performed orPatella early 2001), and a high dose (§01). Next, the embryos were fixed
embryos, using an antibody raised against the activatedf regular intervals, examined for their cell cleavage pattern and
diphosphorylated form of ERK (dpERK) (Gabay et al., 1997)their PvuBraexpression profile.

Labelling is only seen between the 32- and the 40-cell In all embryos treated with U0126, the exclusive contact of
stages, in 3D (Fig. 6A), as i€haetopleura Staining is one of the macromeres with the blastocoel roof is still
observed throughout the cytoplasm and, somewhat mombserved, although it is less conspicuous when a higher
intensely, in the nucleus and at the boundary that 3D shareencentration of the drug is applied (not shown). This
with the roof of the blastocoel (Fig. 6B). Weak labelling is alsoqquantitative dose-response behaviour suggests that residual
detected in the three other macromeres (not shown). NJAP kinase activity is still present: indeed, when medium
labelling is seen in any other cell of the embryo, until afteldoses of U0126 are used, some labelling of 3D can be detected
gastrulation. As ERK MAP kinase is known to be a mediatowith the anti-dp-ERK antibody (not shown). No such labelling
of receptor tyrosine kinase (RTK) signalling in metazoansould be observed at high doses of ERK inhibitor. Although
(Bier, 1998), this strongly suggests that a RTK is involved irBD determination seems to occur, the pattern of the 6th and 7th
the process of 3D determination, and furthermore, that hig’
level of ERK activity might be necessary to mediate a 3D fate
In embryos simultaneously labelled with anti-dpERK antibody
and PvuBraantisense probé?vuBrawas always detected in
3D together with dpERK (not shown). Thus, ERK MAP kinase
and PvuBra expression are activated concomitantly, at leas
within a 20-minute window. This is compatible witlvuBra
being a target of ERK MAP kinase signalling.

MAP kinase inhibited embryos loose 3D-specific

PvuBra expression and display a radial cleavage _ o ) .
pattern Fig. 6. Localisation of activated ERK in a 32-cell stage embryo.

. . . . ) Vegetal view. The labelled cell is one of the four macromeres.
A way to assess the epistatic relationships between ERK afg ) Side view of the same embryo. The labelled cell is contacting
PvuBraand, more generally to determine the role played byhe blastocoel roof, and thus can be identified as 3D. Labelling is
3D-specific ERK activity in subsequent development, wouldstrong in the nucleus (arrow) and along the zone of contact with the
be to interfere with the ERK pathway. The drug U0126cap of micromeres (arrowhead).
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plan are present: foot, prototroch, and apical orga8)(
FurthermorePvuBrais expressed on the ventral side of the
larvae, although not restricted to the midline (Fig. 7D). This
indicates that no gross axial and gastrulation defects have
resulted from ERK inhibition.

DISCUSSION

We have isolated &rachyury homologue PvuBrg in the
gastropod Patella vulgata and analysed its expression
pattern during embryogenesBvuBrais first transcribed as
soon as the fourfold (spiral) symmetry is broken and an
i N pt. anterior-posterior (AP) axis is specified. Its expression is
e st restricted to the posterior quadrant: it is first seen in 3D, then
rﬁ 3 propagates to the first cells that switch to a bilaterally

ft. symmetrical pattern (3c and 3d), and finally marks the
posterior edge of the blastopore.

®-
¢ Possible roles for PvuBra in Patella early

G D development

_ o o o SincePvuBrais expressed in 3D, and then in the mesentoblast
Fig. 7. Mitotic pattern andPvuBraexpression in ERK inhibited 4d, which gives rise to most of the adult mesoderm, one may
embryos (medium dose). Unless specified otherwise, all views are \yonder about a possible role dfvuBra in mesoderm
from the vegetal pole. Presumed D quadrant to the bottom. (A) In gecification. In vertebratesBrachyury is expressed in
situ hybridisation, combined with Hoechst staining of the nuclei, Onmesodermal and endodermal derivatives. and has been claimed
a 64-cell stage embryo, showing an equalised cleavage pattern . T .

(compare with Fig. 31,J). Sister cells are indicated by a line. (B) 6410 have a central role in mesoderm formation (Smith et al.,
3c?, and at a weaker level, in Zdand 2dL. No staining is seen in  (Beddington et al., 1992) and zebrafish (Schulte-Merker et al.,
4D and 4d (the cleavage is equal: compare with Fig. 3B). (C) Late 1994) have not clearly established thBrachyury is

64-cell stage: somBvuBraexpression is now seen in 4D and 4d.  specifically required for mesoderm specification, and have

(D) Early trochophorePvuBraexpression is detected in cells instead raised the interesting alternative Braichyurymight

scattered on the ventral side of the trOChOphore. pt., prOtOtrOChe; be involved in the morphogenetic movements of gastru'ation

ft., foot lobe; st., stomodaeum. (Wilson et al., 1995; Wilson and Beddington, 1997; Melby et
al., 1996).

In Patella, PvuBraexpression in the mesentoblast 4d is very
cleavage is clearly equalised, in the sense that, in all fodransient. In addition, besides 4d, the 3a, 3c and 2b cells also
quadrants, third quartet macromeres and micromeres divideve a mesodermal fate Ratella (Dictus and Damen, 1997),
synchronously, according to the A and B quadrant pattern (Fignd they were never seen to expriégaBra Thus,PvuBrais
7A). This was true in more than 75% of the embryos, whateverot panmesodermal, which suggests that it does not have a
the dose of U0126 that had been appliee(Q andn=19, for = fundamental role in mesoderm formation Fatella In
medium and high dose, respectively). contrast, the expression &vuBrain 4d is reminiscent of

PvuBra expression is undetected in 3D by in situwhat is observed irDrosophila: at the blastoderm stage,
hybridisation in U0126-treated embryos (100% of the analysebrachyenteronis expressed in a posterior ring around the
embryos, in both low and high dose experiments,2 and embryo, only the ventral part of which is fated to mesoderm,
n=18, respectively). This shows tHawuBraexpression in 3D the caudal visceral mesoderm (CVM) (Kusch and Reuter,
is under the regulation of the MAP kinase pathway. 30 minute¥999), giving rise to the longitudinal visceral muscles (LVM)
after the 64-cell stage, sonf@vuBra expression is seen, (San Martin and Bate, 2001). Upon invagination, this anlage
following a pattern of expression reminiscent of what is usuallgoon loose&rachyenteroriranscripts, but the protein remains
observed in normal embryos, albeit superimposed on a fourfoktable in these cells for quite a long time thereafter, and is
symmetrical cleavage pattefdvuBraRNA is first detected in  required for most of the aspects of LVM morphogenesis and
3cl, 3¢, 3dt and 3@, and less often in Zdierivatives as well  signalling. Such a stability at the protein level cannot be
(Fig. 7B). The overall level of transcription is lower than inexcluded irPatellas mesentoblast, and for that reasew,Bra
control embryos, and furthermore, is delayed (approximatelprotein detection should be implemented.

30 minutes) at high doses of U0126. ThewyBratranscripts The pattern of expression BffuBraon the posterior edge of
appear in 4D and 4d, slightly before the 7th cleavage (Fig. 7Chhe blastopore dfatellagastrulating embryos is consistent with
We were not able to perform a detailed investigation of the role ofPvuBrain morphogenetic movements. Furthermore,
cleavage pattern nor of the expressiorPefiBraduring later  the behaviour of the mitotic spindles of 3c and 3d, right after
stages of gastrulation. 3D determination, also suggests tRatiBramight be involved

The overall morphology of the 24-hour trochophore larvaén the regulation of unequal cell cleavages. As radialisation
is somewhat disturbed (Fig. 7D), but the main traits of the bodgxperiments inPatella have shown, all asymmetries and
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asynchronies of cell cleavages in the dorsal quadrant after thggnalling has been shown to be required in most aspects of
64-cell stage can be interpreted as departures from a spighbryonic patterning attributed to the organising role of the D
default state, which are induced, directly or indirectly, by 3Dquadrant (Lambert and Nagy, 2001). An important fact that
Brachyuryis expressed at the right place and time to be involvethight explain why the consequences of ERK inhibition in

in such modulations of cell cleavage morphology. llyanassaare stronger than Ratellais that, inllyanassa ERK

_ ) ) _ is activated not only in 3D, but also in all blastomeres that
MAP kinase and the induction of 3D in  Patella require induction by 3D.
vulgata At any case, the experiments shown here demonstrate

ERK MAP kinase is activated at a low level in the fourthat different aspects of bilateral symmetry specification are
macromeres of the early 32-cell stage embryo, and then atd#ferentially controlled in a spiral cleaving embryo: the
much higher level in 3D. These observations suggest twaegulation of cell cleavage timing and morphology requires
distinct roles for ERK activation: it could be required for thehigh level of ERK signalling, whereas transcriptional
process of symmetry breaking proper, and in addition, highegulation, except for 3D-specifitvuBraactivation, seems to
levels of ERK activity in 3D might be necessary forbe partly independent of ERK, or to require only low levels of
determining 3D’s fate, and in particular, its organisingits activity. Surprisingly, ERK-inhibited embryos show
properties in the pre-gastrula. substantial regulative abilities, and seem to accomplish a fairly
Inhibition of ERK signalling, even partial, leads to ancomplete gastrulation, as witnessed by their more or less
equalised cell division pattern. The cleavage is equalised as faormally patterned trochophore, in spite of the suppression of
as we have been able to analyse it (up to the 88-cell staga]l the early bilateral cleavage patterns.
This strongly indicates that part of 3D organising function in Finally, the combined involvement of the ERK MAP kinase
Patella early development, i.e. the regulation of cell cleavagesignalling cascade aril/uBrain 3D induction inPatellaraises
asymmetries, requires ERK activity in 3D. Very similar cellinteresting questions about a possible conservation of their
cleavage modifications have also been observdlyanassa interactions amongBilateria. Indeed, Brachyury is also
as a result of ERK inhibition, including the suppression of 3cactivated by FGF in vertebrates (Smith et al., 1991), while in
and 3d-specific mitotic behaviour as opposed to 3a and 3b, abdosophila the Brachyury homologue brachyenteron is
the effect of ERK inhibition on 4d (Lambert and Nagy, 2001).downstream of the Torso RTK (Singer et al., 1996; Kusch and
All these alterations are more pronounceBatella, where for  Reuter, 1999). A crucial point here is to identify the RTK
instance 4d divides synchronously with, and cannot b@wolved in the process of 3D election Ratella Two likely
distinguished from the three other micromeres of the thir¢andidates would be FGF and EGF receptors.
quartet. This is probably due to the fact thatPatella the
cleavage is perfectly equal until the 32-cell stage, and thuBrachyury as a marker of the blastopore
offers the ideal background to observe the lack of its 3Dn the young trochophordvuBrais expressed in a domain
mediated regulation. Otherwise, the overall impression is tha&ncompassing the ectoderm right below the stomodaeum, as
the role of ERK in the regulation of cell cleavage induced byvell as two bilateral terminal cells and, in-between, the ventral
3D is well conserved in gastropods, irrespective of thenidline. This expression pattern is nearly identical to that of
differences observed between equal and unequal cleavers. the orthologue oBrachyuryin the young trochophore larvae
In addition, in ERK-inhibited embryoByuBratranscription  of Platynereis(Arendt et al., 2001). In order to interpret this
is suppressed in 3D, which shows tRatiBrais a target of the expression profile, it should be stressed that a different mode
ERK signalling cascade in 3D. This is all the more likely to beof gastrulation prevails in the two species. Rfatynereis
a direct epistatic relationship as no time lag could be resolved
between dpERK detection aRduBratranscripts localisation.
More importantly, the correlation between the 3D-specific A A A
suppression oPvuBraactivation and the equalisation of the
cleavage pattern raises the interesting possibility RraBra
expression in 3D might mediate at least part of ERK-depende
regulations of cell cleavage patterns.
However, interference with ERK signalling does not lead tc
a phenotype as extreme as that observed in embryos trea
with monensin: following such a treatment, embryos are P
completely equalised, and in particular, no 3D blastomere i
specified (Kuhtreiber et al., 1988). In contrast, in the case (
ERK inhibition, a 3D macromere is still determined, even wher A B C p
high doses of U0126 are applied, as indicated by the exclusive
contacts of one of the macromeres to the blastocoel roof. frig- 8. Amphistomy, AP axis formation, artachyuryexpression
addition, PvuBrais still expressed asymmetrically, in 3c and (Plué) in the common ancestor of the Bilateria. (A) Following AP
3d but not in 3a nor 3b. It is quite possible that ERK inhibitiorfXiS SPecification, the vegetal region of the embryo becomes
be only partial. Another interpretation would be that part of 3 ubdivided into an anterioBrachyurynegative, and posterior,

e . . Lo rachyurypositive, domains. (B) The blastopore closes in an
organising role, that of inducinigvuBraexpression in 3c, 3d amphistomous fashion. (C) The posteriorly located growth zone is

and 2d, is independent of ERK activity in 3D. A way 10 test responsible for the AP axis elongation (arrow). As a result of the
this possibility is to identify and interfere with the molecularwhole processBrachyuryis expressed posteriorly and on the
signals emitted by 3D. Inllyanassa in contrast, ERK ventral midline.
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gastrulation is amphistomous (asNerei§ (Wilson, 1892): the posterior growth zone*. The results we have obtained in
when closing, the blastopore takes the shape of an ‘8, tHeatella underline the teloblastic mode of AP axis formation
anterior and posterior loop of which give birth to mouth andhat also prevails in molluscs and, more importantly, suggest
anus opening, respectively. Only in a second step is the ventthkatBrachyurymight be involved in the developmental activity
midline formed, by invasion of the space in-between the twof the posterior pole.
loops by more lateral cells (Fig. 8). Patella in contrast, On a broader scale, it appears that the progressive growth of
gastrulation is of a protostomous type, the blastopore givinthe AP axis, in an anterior to posterior sequence, and through
rise to the mouth only, and the anus breaking througthe activity of a posterior growth zone, is observed in diverse
secondarily. However, results from classical comparativghyla across Bilateria as, for instance, in short-germ insects,
embryology tend to show that gastrulation was probablypolychaetes and chordates. In vertebrates, the posterior pole of
amphistomous in the common ancestor of the so-callethe developing axis is the organiser, in the form of the superior
‘protostomes’ (Nielsen, 2001), so tHedtellds protostomous lip of the blastopore of fish and frog, or the node of amniotes,
gastrulation can be considered a secondary modification.  and later on, the chordo-neural hinge of the tail Budchyury

The domain of expression Bfachyuryin Platynereisyoung  is expressed in the vertebrate organiser during the major part of
larva can be described very briefly: it merely delineates thembryonic development, and genetic studies in mouse and fish
closed blastopore, except for its anteriormost part (Fig. 8). Thishow that this expression is necessary for AP axis formation
might indicate thaBrachyuryhas, or has had, some functions (Wilson and Beddington, 1997; Melby et al., 1996). Similarly,
in the very process of blastopore closure and/or ventral midlinie Patella, as soon as the four-fold symmetry has been broken,
extension. Now, the fact that, iPatella, PvuBra expression PvuBrais a expressed in the D quadrant, and remains a marker
profile is so reminiscent of the expression pattern of it®f the posterior pole of the AP axis up to the end of larval
orthologue inPlatynereis in spite of a secondarily modified development, until the whole axis is laid down. This striking
gastrulation, could be interpreted as a ‘molecular vestige’ of themilarity is in favour of the hypothesis that the progressive
ancestral amphistomous blastopore: in other wordsiBra  growth of the AP axis represents a conserved developmental
marks what used to be blastopore-derived structures, befopeocess which, already in Urbilateria, would have taken the
gastrulation evolved to a protostomous mode. form of an organising posterior growth zone, controlled by a

One can go further along this line of reasoning: indeed, agenetic system involvingBrachyury among others. This
in Patella and Platynereis Brachyury orthologues are posterior pole would have evolved into the organiser of
expressed in the ventral part of the mouth and around the amertebrates, and into the set of teloblasts in Spiralia.
in the larvae of the hemichorda®tychodera(Tagawa et al.,
1998) and the echinodersterina(Shoguchi et al., 1999). By We V\_/ish to thank Dayid Lambert and Lisa Nagy for communicating
extension of our argument, this would tend to indicate, not onlynPublished information, as well as Lex Nederbragt, Hans
a one to one homology between foregut and hindgut %oedemans and Andre van Loon for making available the cDNA

: aries, and for all the work that has been done with their help. We
protostome and deuterostome larvae, as proposed preVIouaBé grateful to Martine Le Gouard for helping to rear the embryos,

(Arent;lt et fal" 2001), but .also_ the" important fact tha eter Damen for helping us to sort out many cell lineage issues,
amphistomy is ancestral to Bilateria (Jagersten, 1955; Aren@emadette Limbourg-Bouchon for her help with microscopy and

and Nubler-Jung, 1997; Technau, 2001). One could SUppOfRaging, Amer Ghandour for image edition, and Jo van den Biggelaar,
that, in the lineage leading to the last common ancestor of @enjamin Prudhomme, Renaud de Rosa, Jean-Francois Julien and
Bilateria, Brachyurywas expressed around the posterior halfGuillaume Balavoine and three anonymous referees for their useful
of the closed blastopore. There, its primitive function couldcomments on the manuscript. Work in the Centre de Geénétique
have been in the regulation of morphogenetic movements dfoléculaire is financially supported by the Centre National de la

gastrulatlon and Convergent extensu)n, as We” as th%echerche SCientifique and the Université Paris-Sud. This work was
maintenance of the posterior growth zone also supported by the Genome Project (CNRS), the Fondation de la

Recherche Médicale, and the Institut Francais de la Biodiversité.
Posterior functions of  Brachyury among Bilateria

Another striking aspect d?vuBraexpression profile is that it
illuminates the progressive growth of the AP axis durin
gaStrUIatiQn irPathIa(see Fig' 5)Pqur§1is eXpreS_sed in 3D, Adoutte, A., Balavoine, G., Lartillot, N., Lespinet, O., Prud’homme, B.
a_ﬂd then in 28which, qccordlng to our interpretation, beha_VeS and de Rosa, R.(2000). The new animal phylogeny: reliability and
like a stem cell, budding off the cells of the ventral midline. implications.Proc. Natl. Acad. Sci. US®7, 4453-4456.
This interpretation is mostly based on the assumption o‘ngU'nsldOéAﬁ MF; TAUfbevgbL Jk M-'JL'RfCErlﬁggl}-)S-éRéVEFa, Nf' C., Glargy, .
. ; ; . R, Raff, R. A. and Lake, J. A. . Evidence for a clade o

Ce"“""?‘r cont:nwt);_ OfP\{UBrieXpr:eSSIOn, an]fj awaits ”fu;the;] nematodes, arthropods and other moulting aninNgsure 387, 489-493.
eXpe”me.nta confirmation. Another report of stem cells for t %rendt, D. and Nubler-Jung, K. (1997). Dorsal or ventral: similarities in fate
ventral midline ectoderm was made by Robert (Robert, 1902), maps and gastrulation patterns in annelids, arthropods and choktiatbs.
in Trochus although in this case, not only2dut also 2& Dev. 61, 7-21. _ ' o
contributes to the midline ectoderm. More generally, DOSteriO’NEﬂ‘V’Q.'?c';rlec{’,ﬁit“'rﬁg?,&"g’lv'ggr"d" J.(2001). Evolution of the bilaterian
stem cells, oteloblasts are seen in other spiralians, such as gutTatu '
annelids (WGISbIat and Shankland' 1985)’ where they gve rlsﬁ should be mentioned that, since the bilateral symmetry appears along with the
to most of the ectoderm and the mesoderm of the trunkpecification of the D quadrant, a dorsal-ventral axis can in principle be defined at the very
Signiﬁcanﬂy’ these teloblasts are derived from the D quadraﬁ@me moment as the AP axis is visible. However, describing the process in terms of AP

: . Al is only, as we do here, leads to a simpler description, at least in a comparative perspective.
eXC|USIVer' ThUS,' n splral_lans, the. D q.uadran.t S?ems j[O pI":g)}more complete analysis of the implications of the expressioBrathyuryon the
a conserved role in AP axis formation, in that it gives birth tGomparison of DV axis formation at the scale of Bilateria will be developed elsewhere.

gREFERENCES



Arnolds, J. A., van den Biggelaar, J. A. M. and Verdonk, N. H(1983).

Brachyury and AP axis formation 1421

fates at the dorsal margin of the zebrafish gastDéaelopmeni22, 2225-

Spatial aspects of cell interactions involved in the determination of 2237.
dorsoventral polarity in equally cleaving gastropods and regulative abilitiedlielsen, C.(2001).Animal Evolution. Interrelationships of the Living Phyla.

of their embryos, as studied by micromere deletioiyyimneaandPatella
Roux’s Arch. Dev. Bioll92 75-85.

Bassham, S. and Postlethwait, J(2000). Brachyury (T)expression in
embryos of a larvacean urochordafkopleura dioica and the ancestral
role of T.Dev. Biol 220, 322-332.

Beddington, R. S., Rashbass, P. and Wilson, §992).Brachyury— a gene
affecting mouse gastrulation and early organogenBsigelopmensuppl.
157-165.

Bier, E. (1998). Localized activation of RTK/MAPK pathways during
DrosophiladevelopmentBioEssay<20, 189-194.

Corbo, J. C., Levine, M. and Zeller, R. W.(1997). Characterization of a
notochord-specific enhancer from tBeachyury promoter region of the
ascidian,Ciona intestinalisDevelopmenii24, 589-602.

Second Edition. Oxford: Oxford University Press.

Papaioannou, V. E. and Silver, L. M.(1998). The T-box gene family.
BioEssay<0, 9-19.

Peterson, K. J., Cameron, R. A., Tagawa, K., Satoh, N. and Davidson, E.
H. (1999a). A comparative molecular approach to mesodermal patterning
in basal deuterostomes: the expression pattern of Brachyury in the
enteropneust hemichorde®ychodera flavaDevelopmenii26, 85-95.

Peterson, K. J., Harada, Y., Cameron, R. A. and Davidson, E. K1999b).
Expression pattern dBrachyuryand Not in the sea urchin: comparative
implications for the origins of mesoderm in the basal deuterostddess.
Biol. 207, 419-431.

Robert, A. (1902). Recherche sur le développement des Troduels. Zool.
Exp. 3e Sériel0, 269-538.

Damen, P. and Dictus, W. J(1996). Organiser role of the stem cell of the San Martin, B. and Bate, M.(2001). Hindgut visceral mesoderm requires an

mesoderm in prototroch patterning
Gastropoda)Mech. Dev56, 41-60.

DeRobertis, E. M. and Sasai, Y(1996). A common plan for dorsoventral
patterning in BilateriaNature380, 37-40.

iRatella vulgata (Mollusca,

Dictus, W. J. and Damen, P(1997). Cell-lineage and clonal-contribution map

of the trochophore larva ¢fatella vulgataimollusca).Mech. Dev62, 213-
226.

Freeman, G. and Lundelius, J. W.(1992). Evolutionary implications ofthe
mode of D quadrant specification in coelomates with spiral cleadageol.
Biol. 5, 205-247.

Gabay, L., Seger, R. and Shilo, B. Z1997). MAP kinase in situ activation
atlas duringDrosophilaembryogenesiDevelopmenii24, 3535-3541.

Harada, Y., Yasuo, H. and Satoh, N(1995). A sea urchin homologue of the

ectodermal template for normal developmenDinosophila Development
128 233-242.

Schulte-Merker, S., Ho, R. K., Herrmann, B. G. and Nusslein-Volhard, C.
(1992). The protein product of the zebrafish homologue of the nayesee
is expressed in nuclei of the germ ring and the notochord of the early
embryo.Development 16, 1021-1032.

Schulte-Merker, S., van Eeden, F. J., Halpern, M. E., Kimmel, C. B. and
Nusslein-Volhard, C.(1994).no tail (ntl) is the zebrafish homologue of the
mouseT (Brachyury gene.Developmeni20, 1009-1015.

Shoguchi, E., Satoh, N. and Maruyama, Y. K(1999). Pattern dBrachyury
gene expression in starfish embryos resembles that of hemichordate embryos
but not of sea urchin embryddlech. Dev82, 185-189.

Singer, J. B., Harbecke, R., Kusch, T., Reuter, R. and Lengyel, J. £1996).

chordateBrachyury (T) gene is expressed in the secondary mesenchyme Drosophila brachyenteroregulates gene activity and morphogenesis in the

founder cellsDevelopmentl2l1, 2747-2754.

Herrmann, B. G. (1991). Expression pattern of tBeachyurygene in whole-
mountTWis/TWismutant embryosDevelopmeni13 913-917.

Isaacs, H. V., Pownall, M. E. and Slack, J. M(1994).eFGFregulates<bra
expression duringkenopugyastrulationEMBO J 13, 4469-4481.

Jagersten, G.(1955). On the early phylogney of the Metazgaol. BiDr.
Uppsala30, 321-354.

Jones, D. T., Taylor, W. R. and Thornton, J. M(1992). The rapid generation
of mutation data matrices from protein sequenCesnput. Appl. BioscB,
275-282.

Kispert, A. and Herrmann, B. G. (1994). Immunohistochemical analysis of
the Brachyury protein in wild-type and mutant mouse embiyes. Biol
161, 179-193.

Kispert, A., Herrmann, B. G., Leptin, M. and Reuter, R.(1994). Homologs

gut. Developmenii22 3707-3718.

Slack, J. M. W., Holland, P. W. H. and Graham, C. F(1993). The Zootype
and the phylotypic stag&lature361, 490-492.

Smith, J. C., Price, B. M., Green, J. B., Weigel, D. and Herrmann, B. G.
(1991). Expression of d¢enopusiomolog ofBrachyury(T) is an immediate-
early response to mesoderm inductiGell 67, 79-87.

Strimmer, K. and von Haeseler, A.(1996). Quartet Puzzling: A quartet
maximum-likelihood method for reconstructing tree topolodiésl. Biol.
Evol. 13, 964-969.

Tagawa, K., Humphreys, T. and Satoh, N.(1998). Novel pattern of
Brachyurygene expression in hemichordate embrjsbsch. Dev 75, 139-
143.

Technau, U. (2001). Brachyury the blastopore and the evolution of the
mesodermBioEssay®3, 788-794.

of the mousdBrachyurygene are involved in the specification of posterior Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F. and Higgins,

terminal structures iDrosophila Tribolium, andLocusta Genes Dev8,
2137-2150.
Kispert, A., Ortner, H., Cooke, J. and Herrmann, B. G.(1995). The chick

D. G. (1997). The CLUSTAL_X windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tbhlsleic Acids
Res 25, 4876-4882.

Brachyury gene: developmental expression pattern and response to axighn den Biggelaar, J. A.(1977). Development of dorsoventral polarity

induction by localized activirDev. Biol 168 406-415.
Kihtreiber, W. M., van Til, E. H. and van Dongen, C. A. M. (1988).

and mesentoblast determinationHatella vulgataJ. Morphol 154, 157-
186.

Monensin interferes with the determination of the mesodermal cell line ivan den Biggelaar, J. A. and Guerrier, P(1979). Dorsoventral polarity and

embryos ofPatella vulgata Roux’s Arch. Dev. Bioll97, 10-18.

Kusch, T. and Reuter, R(1999). Functions fobrosophila brachyenteroand
forkheadin mesoderm specification and cell signallibgvelopmenii26,
3991-4003.

Lambert, J. D. and Nagy, L. M.(2001). MAPK signaling by the D quadrant
embryonic organizer of the molludyanassa obsoletdDevelopmentl28
45-56.

Lespinet, O., Nederbragt, A. J., Cassan, M., Dictus, W. J. A. G., van Loon,
A. E. and Adoutte, A.(2002). Characterization of tw&nail genes in the
gastropod mollusdPatella vulgata Implications for understanding the
ancestral function of thenailrelated genes iBilateria. Dev. Genes. Evol.
(in press).

mesentoblast determination as concomitant results of cellular interactions in
the molluskPatella vulgataDev. Biol 68, 462-471.

Van Loon, A. E., Colas, P., Goedemans, H. J., Neant, |., Dalbon, P. and
Guenier, P.(1991). The role of cyclins in the maturationRaftella vulgata
oocytesEMBO J.10, 3343-3349.

Weisblat, D. A. and Shankland, M.(1985). Cell lineage and segmentation
in the leechPhilos. Trans. R. Soc. Series3B2, 39-56.

Wilkinson, D. G., Bhatt, S. and Herrmann, B. G(1990). Expression pattern
of the mousél gene and its role in mesoderm formatibiature 343 657-
659.

Wilson, E. B. (1892). The cell-lineage oNereis A contribution to the
cytogeny of the annelid body. Morphol 6, 361-480.

Martindale, M. Q. (1986). The ‘organizing’ role of the D quadrant in an Wilson, V. and Beddington, R.(1997). Expression of T protein in the

equal-cleaving spiralialbymnea stagnaljisas studied by UV laser deletion
of macromeres at intervals between third and fourth quartet formatton.
J. Inv. Reprod. De®, 229-242.

Martindale, M. Q., Doe, C. Q. and Morrill, J. B. (1985). The role of animal-

primitive streak is necessary and sufficient for posterior mesoderm
movement and somite differentiatidbev. Biol 192, 45-58.

Wilson, V., Manson, L., Skarnes, W. C. and Beddington, R. $1995). The
T gene is necessary for normal mesodermal morphogenetic cell movements

vegetal interaction with respect to the determination of dorsoventral polarity during gastrulationDevelopmeni21, 877-886.

in the equal-cleaving spiraliahymnaea palustrisRoux’s Arch. Dev. Biol.
194, 281-295.
Melby, A. E., Warga, R. M. and Kimmel, C. B.(1996). Specification of cell

Yasuo, H. and Satoh, N(1998). Conservation of the developmental role of
Brachyury in notochord formation in a urochordate, the ascidian
Halocynthia roretzi Dev. Biol 200, 158-170.



