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Expression of an Otx gene in the adult rudiment and the
developing central nervous system in the vestibula larva of the

sea urchin Holopneustes purpurescens
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ABSTRACT Expression of the Otxgene, HprOtx, from the sea urchin Holopneustes purpurescens,
is described during the development of the adult echinoid rudiment in the vestibula larva of this
species. The adult rudiment forms directly after gastrulation in the vestibula larva since, unlike the
pluteus larva of most other sea urchin species, it is not a feeding larva. The expression is described
during the period from hatching to a late vestibula larva. At hatching, HprOtx is expressed
throughout the ectoderm of the gastrula. A short time later, expression is absent from the ectoderm
on the oral side of the gastrula where the vestibule will form. In an early vestibula larva, HprOtx is
not expressed in the ectodermal floor of the vestibule but is expressed in an asymmetric pattern in
the aboral ectoderm. As the vestibule invaginates, HprOtx is newly expressed in the ectodermal
floor of the vestibule as it develops into the neuroectoderm that is the anlage of the circum-oral
central nervous system. The expression is at first in the central part of the floor, then it extends
outwards to the ectoderm around the five primary podia and to the epineural folds between the
podia. The epineural folds later close to form the radial nerves and the circum-oral nerve ring. In a
late vestibula larva, HprOtx is expressed in the radial nerves and the nerve ring. The expression of
an Otx gene in the developing echinoid central nervous system is interpreted as an instance of
conserved gene expression in echinoderm development.
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Introduction

The radial design of the echinoderm body plan is very different
from the bilateral body plan of most other metazoans and as a
consequence raises questions with respect to its evolutionary
origin. That echinoderms evolved from a bilateral ancestor is
generally accepted (Hyman, 1955; Lowe and Wray, 1997) but who
the ancestor was and what the homologies are between the radial
body plan and the bilateral body plan of the ancestor are unknown.
In reporting the expression of the Ozx gene here, it is relevant to
decide whether the expression is indicative of a conserved function
orwhetheritshould be interpreted as a co-option of the gene to new
uses. The idea of the co-option to new uses of the patterning genes
shared with bilateral forms has been suggested as an explanation
of the origin of the echinoderm radial body plan (Lowe and Wray,
1997; Davidson, 2001).

Orxgenes are orthologues of the Drosophiiagene orthodenticle
(ota) (Finkelstein er a/, 1990) and were first identified in mouse
(Simeone eral, 1992). Subsequently, in flies and mice, the o/ad/Ortx
genes were reported to have a conserved role in embryonic brain
development (Hirth and Reichert, 1999). In particular, they specify
the anterior brain regions in flies and mice, in contrast to the Hox
genes which specify the posterior brain regions and the nerve cord
(Hirth and Reichert, 1999; Arendt and Nubler-Jung, 1999).

Otx genes have also been identified widely in other species
(Klein and Li, 1999). In sea urchins, Otxgenes have been charac-
terized in Strongylocentrotus purpuratus (Li et al, 1997) and
Hemicentrotus pulcherrimus (Kiyama er a/,, 1998). Two proteins,
SpOtx(a) and SpOtx(B), are generated from a single gene in S.
purpuratus(Li etal., 1997) and correspond respectively to the early
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and late proteins, HpOtx. and HpOtx, in H. pulcherrimus, also
generated from a single gene (Kiyama ez a/., 1998). The two forms
of protein are identical in the homeodomains and C terminal
regions but differ in the N terminal regions. The SpOtx(B) form has
similarities with the vertebrate OtxZ and Otx2gene products (Li ef
al, 1997). The cDNA sequence of the Otx gene we report for A.
purpurescens, HprOkx, aligns with the cDNA of SpOixa) and
HpOIx, Our probe for HprOix transcripts includes the identical
coding region and recognizes both possible transcripts.

We describe the expression of AprOexin the vestibula larva of the
sea urchin Holopneustes purpurescens. In this larva, the adult
rudiment in which the adult sea urchin structures form begins
development directly after gastrulation, reaching a pre-metamorphic
juvenile sea urchin stage in about four days (Morris, 1995). This
development is in contrast to that in most other sea urchin species
which form a feeding larva, the pluteus, after gastrulation
(Hyman,1955). In the pluteus, the adult rudiment begins develop-
ment as a small structure rather like an imaginal disc on the side of
the pluteus, taking several weeks to reach the juvenile sea urchin
stage (Hyman, 1955). The adult rudiment in the AH. purpurescens
vestibula larva is large throughout its development by comparison,
forming in a vestibule that occupies most of the larval body (Morris,
1995). Using this species, it has been possible to visualize the
expression of AprOLxin the adult rudiment in whole-mount prepara-
tions of the larvae following /7 s/t hybridization with a digoxigenin-
(DIG)-labelled probe. This method contrasts with that in a recent
report of Ofx expression in the vestibula larva of the sea urchin
Heliocidaris erythrogramma where the expression in the adult rudi-
ment was described from histological sections of larvae hybridized
with a radio-labelled probe (Nielsen et a/, 2003). Our images of the
whole-mount preparations in different orientations give an integrated
picture of the three-dimensional expression patterns of HprOtxinthe
larvae, particularly during the morphogenesis of the adult echinoid
central nervous system.

Results

Two genomic fragments and a cDNA fragment of the Ozxgene,
HprOLx, were cloned from AH. purpurescens. The amino acid
conceptual translation of these AprOtxfragments is aligned in Fig.
1 with the amino acid sequences of the complete coding regions of
SpOix(a)(Gan etal, 1995; Li etal, 1997) and AHpOix-(Sakamoto
et al, 1997). The alignment is divided into two regions: an N
terminal region which characterizes the a protein isoform of SpOtx
and the E protein isoform of HpOtx, then a C terminal region which
is common to both the a and  isoforms of SpOtx (Li ef a/, 1997)
and the E and L isoforms of HpOtx (Sakamoto ef &/, 1997). This
common C terminal region includes the homeodomain. The align-
ment of the HprOtx sequence in the N terminal region indicates
identity with the SpOtx(a) and HpOtx, isoforms. There are, how-
ever, amino acid substitutions, small insertions and deletions and
two substantial insertions in the HprOtx sequence in this region. In
the common C terminal region, there is high sequence identity
between HprOtx, SpOtx(a) and HpOtx. and the homeodomains
are identical. The region from which the /7 s/zzhybridization probe
was constructed (Fig. 1) comprises mainly the common region and
would be expected to bind to either of the two forms of transcript.
Even so, using forward primers specific for the N terminal region of
HprOtx (Fig. 1) we showed in an RT-PCR experiment that the
HprOix transcript was present from hatching up to late vestibula
larval stages.

The expression of AprOtx in H. purpurescens larvae is de-
scribed from /7 s/ifishybridizations using a DIG-labelled antisense
RNA probe during the period from hatching up to a late vestibula
larva. In control /n7 s/itv hybridizations, a DIG-labelled sense RNA
probe was used.

HprOixis expressed throughout the ectoderm of the gastrula at
hatching (Fig. 2A). A short time after hatching, when the gastrula
is rounded and as long as it is broad, the expression is no longer
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The common C terminal regions, where the a and 8 forms of SpOtx and the

Eand L forms of HpOtx are each the same, are shaded. The homeodomain within the common region is marked by dark shading. The HporOtx sequence
aligns with the SpOtx(a) and HpOtxE isoforms in the N terminal region but includes two insertions (underlined). In the common region, HprOtx is almost
identical to SpOtx(a) and HpOtxE. Vertical arrows mark the region of the in situ hybridization probe. Two forward arrows and one reverse arrow mark
the positions of primers used in an RT-PCR experiment showing the HprOtx transcript was expressed in larvae from hatching to late larval stages.
SpOtx(a) (AAB33568) and HpOtxE (BAA28675) sequences were obtained from GenPept.



Fig. 2. HprOtxexpression in gastrulae (A,B,C) and early vestibulalarvae
(D,E,F). A,B,D,E in agueous media; C,F, cleared specimens. Arrows mark
the blastopore in A,B,C. (A) Oblique vegetal view, the expression is
throughout the ectoderm, 15 hours after fertilization (h). (B,C) Lateral views,
oral left, showing lack of expression in the vestibule anlage (v). (C) is an
optical section. (B) 19 h; (C) 17 h. Vegetal pole down in D to F. (D) Oral view
showing lack of expression in the vestibule (v) and around its margin; 33 h.
(E) Aboral view, an asymmetric expression pattern in the ectoderm (see text)
and expression in the aboral coelom (arrow); 33 h. (F) Optical section, aboral
view, showing expression in the head of the aboral coelom (large arrow) and
no expression in the fundus (small arrow); 34 h. Scale bar, 50 um.

detected in the ectoderm of the vestibule anlage on the adult oral
side of the gastrula (Fig. 2 B,C). Several hours later, when the
gastrula has elongated and invagination of the vestibule has
begun, there is no HprOixexpression in the vestibule ectoderm or
in a band around the margin of the vestibule (Fig. 2D). Aborally at
this stage, on the side opposite the vestibule, AprOx expression
is extensive but not uniform. There are two zones of lesser HprOtx
expression, transverse with respect to the long larval axis, with a
dark band of expression between them (Fig. 2E). The dark band,
however, does not extend across all the aboral ectoderm. On the
right in aboral view, there is a distinct patch of lesser HprOix
expression (Fig. 2E). Thus, HprOftx expression in the aboral
ectoderm is asymmetric. Internally in the vestibula larva, AprOx
expression is intense at the head of the aboral coelom and this is
visible in the stereomicroscope images in aqueous media (Fig. 2E)
and in the cleared specimens (Fig. 2F). The AHprOtxexpression is
absent from the fundus of the aboral coelom (Fig. 2F). The aboral
coelom in the vestibula larva is the same structure as the right
coelom in the pluteus.

The expression of AHprOtxin the central nervous system as it
develops in early to late vestibula larvae is shown in Figs. 3, 5 and
6. Figure 4 shows control /77 s/izwzhybridizations where the absence
of a colour reaction indicates that the sense probe transcribed from
the AHprOixsequence has failed to bind mRNA. The first expression
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in the nervous system is the expression that newly appears in the
ectoderm of the vestibule floor, as invagination of the vestibule
progresses (Fig. 3A). The expression is in the central vestibule
floor partly overlying the medial portions of the mesodermal pouches
of the hydrocoele that form the primary podia (Fig. 3B). Two pairs
of these podia lie astride the midline of the larva with a fifth podium
on the midline (Fig. 3 B,D). In its early stages, the HprOtxexpres-
sion is most intense in the ectoderm overlying the first and second
pairs of podia (Fig. 3B). As the podial buds develop, the HprOtx
expression is distinct in the ectoderm overlying the medial portions
of all primary podia (Fig. 3 C,D). The mouth anlage is central with
respect to these primary podia.

Later in nervous system development, AHprOtx expression has
spread outwards in the ectoderm around the primary podia finally
encircling each podium (Fig. 5 A,B). This expression is in the
ectoderm around the bases of the podia and does not reach the
podial termini (Fig. 5C). Between the primary podia are the five
epineural folds. AHprOtxis expressed throughout these folds at this
stage (Fig. 5 B,C). The expression in the folds is continuous with

Fig. 3. HprOtx expression in the ectodermal floor of the vestibule in
vestibula larvae. Vegetal pole down. (A,C) In aqueous media; (B,D)
cleared specimens. (A) Oral view, showing early expression in the central
vestibule floor. (B) Optical section, aboral view, showing expression in the
medial regions over the hydrocoele pouches (hp) mostly over the first (I)
and second (ll) pairs of pouches. (C,D) Oral views showing later expression
in the medial ectoderm of nascent primary podia (p). (D) An optical section.
(A,B,C,D) 37 h. (A,C)and (B, D) illustrate the range of developmental stages
which is often present at any one age. Scale bar, 50 um.
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Fig. 4. Vestibula larvae from control in situ hybridizations. The mRNA
in situ hybridizations were done with the sense (control) probe (see
Materials and Methods). (A,B) Four larvae, two in oral view (o) and two in
aboral view (ab) photographed in aqueous medium with epi-illumination.
No colour reaction is evident, indicating that the sense DIG-labelled probe
has not bound. (A) 39 h; (B) 45 h. Scale bar, 100 um.

the expression in the epithelium of the central vestibule floor (Fig.
5 B,C) at whose outer edges the folds arise (Fig. 5 B,C).

The later growth of the epineural folds centrally and their fusion
over the bases of the primary podia and between the primary
podia is an important morphogenetic movement in the develop-
ment of the echinoid central nervous system. One side of an
epineural fold fuses with the side of a neighbouring fold over the
medial base of a primary podium forming the radial nerve (Fig. 6
A,B). HprOixis expressed in the epithelium of the radial nerve
(Fig. 6B). The leading edges of each epineural fold between the
primary podia complete the coverage of the circum-oral nerve
ring. AprOtxis expressed in the epineural folds between the podia
(Fig. 6A). The epineural folds are entirely ectodermal (von Ubisch,
1913). The mesodermal tooth sacs between the five arms of the

C

Fig. 5. HprOtx expression in a vestibula larva at an early epineural fold
stage. Cleared specimen, vegetal pole down. (A,B) Optical sections, aboral
views. The focus in (A) is on expression in the ectoderm around the five
primary podia. In (B), the focus is ata more aboral level than in (A) showing
expression in the vestibule floor (f) and the epineural folds (arrow) between
the podia. (C) Optical section of the same specimen in lateral view showing
expression in the neuroepithelium (n) of the vestibule floor, the epineural
folds (arrow) and around the bases of the podia (p). (A,B,C) 51 h. Scale bar,
50 um.

hydrocoele lie under the epineural folds at early stages of devel-
opment, not within them (von Ubisch, 1913). In our observations,
the mesodermal tooth sacs between the hydrocoele arms are, in
optical sections, aboral to the epineural folds (not shown). Atalate
stage of rudiment formation, AprOcx is expressed only in the
nerve ring and proximal radial nerves (Fig. 6B).

Discussion

Expression of the Orzx gene in the vestibula larva of H.
purpurescens has some parallels with Ozx expression in other
species. The early expression of the Otx gene throughout the
ectoderm of the newly hatched larva is similar to the expression
of the late form of the Otxgene in the ectoderm of gastrulae of the
sea urchin Heterocentrotus pulcherrimus (Mitsunaga-Nakatsubo
et al, 1998), as well as perhaps to the expression of Ox2
throughout the early mouse epiblast (Hirth and Reichert, 1999).
The subsequent down-regulation of the Otxgene in the ectoderm
of the vestibule of the H. purpurescens larva is similar to that
described in another non-feeding larva, from the holothurian class
of echinoderms (Lowe et a/., 2002). The dark band of expression
in the aboral ectoderm of the H. purpurescens larva has some
resemblance to the Ozx expression in the ciliated bands of this
same holothurian larva, although the ectoderm is uniformly cili-
ated in the H. purpurescenslarva (Morris, 1995). With respect to
expression in the nervous system, expression has been reported
in the vestibula larva of Heliocidaris eryithrogramma at the future
site of the radial nerve and in the nerve ring (Nielsen ez a/., 2003).

Our results from the whole-mount /7 s/fu hybridizations show
thatthe Ozxgene is expressed throughout the development of the
central nervous system in the vestibula larva of ~. purpurescens.
The expression is first evident in the ectodermal floor of the
vestibule, starting centrally in this ectoderm, then spreading
outwards to the medial and outer faces of the developing primary
podia and the epineural folds. The Otx gene continues to be
expressed in the radial nerves and nerve ring after fusion of the
epineural folds completes the development of the circum-oral
nerve ring.

This expression of an Otxgene in the central nervous system
of an echinoderm can be likened to the expression of the o/d/Orx
genes inthe central nervous systems of flies and mice. In flies and
mice, the suggestion of an evolutionary conserved role of the ot/
Orxgenes in anterior embryonic brain development is based on
similar expression patterns in the anterior brain regions (Hirth and
Reichert, 1999) and on experiments that show these genes share
conserved genetic functions (Acampora ez a/., 1998). To suppose
that the expression we report of an Ofxgene in central nervous
system developmentin an echinoderm should also be considered
to point to a conserved role might be justified if there were
structural homology between the central nervous system of
echinoderms and the anterior brain regions of flies and mice.
Such homology is to a degree supported by evidence that the
mouth in echinoderms is at the anterior end of the anterior-
posterior axis of the postulated bilateral echinoderm ancestor
(Peterson ef a/., 2000).

The central nervous system of an echinoderm is unusual in
thatit has radial symmetry consisting of a circum-oral nerve ring
and five radial nerves connecting with the nerve ring (Hyman,
1955). The tissue of which it is composed, however, and the



Fig. 6. HprOtx expression in late vestibula larvae. Cleared specimens,
vegetal pole down. (A) Optical section, oral view. Expression is in the leading
(medial) edges of the epineural folds (arrow) between the podia. Some
expression still remains in the ectoderm of the five primary podia; 79 h. (B)
Optical section in lateral view, oral left. Expression is in the radial nerve
(arrow) and the epithelial roof of the radial nerve, and the nerve ring (n); 95
h. Expression was also detected in cells in the ring canal, to the right of the
radial nerve in the figure. Scale bar, 50 um.

manner in which it folds in sea urchins has similarities with the
neural tube of vertebrates (Heinzeller and Welsch, 1999).
Homology between the central nervous system of an echino-
derm and the anterior central nervous systems of other meta-
zoans was argued for previously (Morris, 2001) on the basis of
the circum-oral character of the echinoderm nervous system.
An anterior circum-oral nervous system is a character of
protostomes, a supraphyletic group that includes the phylum to
which flies belong as well as most of the other metazoan phyla
excepting chordates. In flies, the anterior nervous system
consists of the supraoesophageal ganglia and suboesophageal
ganglia that encircle the mouth. The anterior nervous system of
chordates is not circum-oral, however, and for it to be homolo-
gous with the circum-oral anterior nervous system of
protostomes, requires a closure of the mouth opening in the
anterior brain region as proposed (Arendt and Nibler-Jung,
1994, 1997) and an inversion of the chordate dorsoventral axis
(Arendt and Nbler-Jung, 1994, 1997, 1999; De Robertis and
Sasai, 1996; Nielsen, 1999). The echinoderm nervous system
becomes homologous with these other metazoan nervous
systems when itis assumed that its circum-oral nervous system
is homologous with the circum-oral anterior nervous system of
protostomes. On this assumption, we conclude that the expres-
sion of the O¢x gene in the echinoderm nervous system is
conserved and comparable with the expression of 07/a/Otx in
flies and mice.

Our conclusion implies that conserved gene function has arole
in body plan patterning in echinoderms as it does in bilateral
metazoans and links echinoderms with other groups with respect
to the ways that genes might act in development. Other reports of
expression data of common body plan patterning genes in echi-
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noderm development have mostly interpreted the expression
patterns as a co-option of genes to new uses and the divergent
radial body plan of echinoderms has been attributed to the
recruitment of some conserved genes to new uses (Davidson,
2001; Lowe et a/., 2002). Our interpretation of Ozx expression,
however, is of a conserved gene function in central nervous
system development.

Materials and Methods

Isolation of HprOtx cDNA

Two HprOtx gene fragments were isolated from genomic DNA of A.

purpurescens using two pairs of primers with degeneracy. The primers
were designed from SpOtx (Gan et al., 1995) and AHpOtx:(Sakamoto et
al,1997) sequences, and an HfOtxsequence from Heliocidaris tuberculata
(Nielsen et a/., 2003).
Thefirst primer pair, primer A (5"-TCGTGWAATCAAGATGGAATCACAT-3")
and primer B (5"-CGAATGCGGCCTTTCACTGG-3), isolated a fragment
in the coding region 5” of the homeobox. The second primer pair, primer
C (5"-AATAGGAGAGCRAAGTGYAGGC-3") and primer D
(5"-GACTGGAACTTCCATTGCGG-3"), isolated a fragment in the coding
region that included the 5" end of the homeobox and ended just 5™ of the
termination codon.

From the sequences of these two fragments, two gene specific
primers, primer E (5'-GGGATCACCAGGAGCTCAAG-3),immediately 3’
of primer A and primer F (5"-CTATGTAAGACGTGAGCTGTAAC-3),
immediately 5° of primer D, were designed to amplify a single fragment
from cDNA from AH. purpurescens, prepared as described (Morris et a/,
2002). The single fragment, AHprOtx, was characterized (GenBank acces-
sion no. AY278119).

RNA probe preparation

Probe template DNA for an /77 vitrotranscription labelling reaction was
amplified from a cloned AHprOtx fragment using two gene specific primers,
one with a T7 RNA polymerase binding site at the 5" end. For the
antisense probe template, the T7 binding site was on the reverse strand
primer and for the sense (control) probe template, the T7 binding site was
on the forward strand primer. The probe template was purified by
extraction from an agarose gel and concentrated by ethanol precipitation.
The probe template of 1 kb was used in an /7 vifrotranscription reaction,
labelling the product with DIG-11-UTP (Roche) using a MEGAscript™ T7
kit (Ambion) according to the manufacturer's instructions. The RNA
product was purified by precipitationin5M NH4—acetate before use in the
hybridization reactions.

Fixation of larvae and in situ hybridization

H. purpurescens larvae, cultured as previously described (Morris,
1995), were fixed in 4% (w/v) paraformaldehyde in RNAase-free sea
water for 2 h. They were then processed for mRNA /77 s/fvhybridization of
whole-mounts following the procedure of Davidson ef a/. (1999) except
that the RNA probes were synthesized as described above. The alkaline
phosphate conjugated DIG-labelled probe was detected with the NBT-
BCIP colour detection system (Roche).

Observations

After /n s/itu hybridization, larvae were photographed in aqueous
media through a stereomicroscope with epi-illumination, or they were
dehydrated in a series of ethanols, cleared in 2:1 (v/v) benzyl benzoate
and benzyl alcohol and photographed in a Zeiss Axiophot microscope
with transmitted illumination.
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