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Radical alterations in the roles
of homeobox genes during
echinoderm evolution

Christopher J. Lowe & Gregory A. Wray

Department of Ecology and Evolution, State University of New York, Stony Brook,
New York 11794, USA
Echinoderms possess one of the most highly derived body archi-
tectures of all metazoan phyla, with radial symmetry, a calcitic
endoskeleton, and a water vascular system"”. How these dramatic
morphological changes evolved has been the subject of extensive
speculation and debate’, but remains unresolved. Because echi-
noderms are closely related to chordates and postdate the proto-
stome/deuterostome divergence>**’, they must have evolved from
bilaterally symmetrical ancestors' . Here we report the expres-
sion domains in echinoderms of three important developmental
regulatory genes (distal-less, engrailed and orthodenticle), all of
which encode transcription factors that contain a homeodomain®.
Our findings show that the reorganization of body architecture
involved extensive changes in the deployment and roles of homeo-
box genes. These changes include modifications in the symmetry
of expression domains and the evolution of several new develop-
mental roles, as well as the loss of roles conserved between
arthropods and chordates. Some of these modifications seem to
have evolved very early in the history of echinoderms, whereas
others probably evolved during the subsequent diversification of
adult and larval morphology. These results demonstrate the
evolutionary lability of regulatory genes that are widely viewed
as conservative.

Orthologues of the developmental regulatory genes distal-less,
engrailed and orthodenticle are present in arthropods and chordates,
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where there are similarities in their roles and expression domains:
distal-less in proximodistal patterning during limb outgrowth’;
engrailed in neurogenesis along the axis of the central nervous
system'’; and orthodenticle in the specification of anterior
structures'' (Fig. 1a). Each gene also has other functions during
development®™", however, and it is not even clear whether these
superficially similar roles are conserved between phyla or evolved
independently'>"’. We examined the expression of these genes in
several echinoderm species representing four of the five extant
classes and a diversity of adult and larval morphologies within the
phylum.

The three homeoproteins are expressed in fivefold radially
symmetrical patterns during development of the radial adult body
(Fig. 2) in all echinoderms examined (Figs 3d,e, 4c—e, 5). Based on
time of expression, none of these genes seems to be involved in
establishing radial symmetry, but all three act downstream of the
genes that are. Most radial expression domains correspond to
structures that are unique to echinoderms, such as podia, endo-
skeleton, spines, arm-tip ectoderm, and imaginal rudiment. Podia
(tube-feet) function in locomotion, feeding and sensory
perception'?, and are extensions of the water vascular system, an
organ system unique to echinoderms"*®. The gene orthodenticle is
expressed in the podia of brittle stars (Fig. 4d) and sea urchins, and
in the homologous' buccal tentacles of sea cucumbers (sea stars
were not examined). The gene distal-less is expressed in the podia of
sea urchins’ (Fig. 3d) and sea stars, and in the buccal tentacles of sea
cucumbers (Fig. 3e), but was not detected in the podia of brittle
stars. In sea urchins, podial expression of distal-less begins within
the imaginal rudiment at the distal end of the five primary podia
soon after they form, and persists through early juvenile develop-
ment. The calcitic endoskeleton of echinoderms evolved after their
divergence from other deuterostome phyla®*~°. Ectodermal expres-
sion of engrailed in brittle stars (Fig. 5a—e) is restricted to the nuclei
of cells that overlie boundaries between newly forming skeletal
ossicles. This spatial correlation is present beginning with the
synthesis of the first ossicles of the adult skeleton (Fig. 5a, b) and
persists as far into postmetamorphic juvenile development as we
examined (Fig. 5c—e). This association suggests that engrailed is
involved in patterning axial skeletogenesis, which is consistent with
experimental evidence that skeletogenic mesenchyme cells in sea-
urchin larvae rely in part on ectodermally derived cues for
patterning'®. The spines of sea urchins are specialized derivatives
of the endoskeleton*". Ectodermal expression of distal-less is
evident at the tips of spines’, but was not detected in association
with other skeletal elements in sea urchins or in other echinoderms
examined. In brittle stars, orthodenticle is expressed in the ectoderm
overlying the terminal ossicles at the tips of the arms, with
diminishing expression proximally (Fig. 4¢). Ectodermal expression
was not detected overlying the homologous' ocular ossicles in sea
urchins. In sea urchins, a large imaginal rudiment gives rise to much
of the postmetamorphic juvenile''®. In most sea urchins, an
ectodermal invagination encloses the rudiment'®. Initially, distal-
less is expressed in all these ectodermal cells, but is later restricted to
the distal (inner) end of the invagination (Fig. 3a—c). No distal-less
expression was detected in the rudiment ectoderm of echinoderms
from other classes.

Each of these cases probably represents recruitment (co-option)
of a homeobox gene to a new developmental role'”"®, as the
structures where expression occurs evolved after the divergence of
echinoderms and chordates®*™. Role recruitment implies that the
downstream targets of these genes in echinoderms include loci that
are different from those in other phyla. Both engrailed and
orthodenticle exist as single-copy genes in sea urchins'®?, and
presumably other echinoderms, implying that these recruitment
events occurred without gene duplication. (The copy number of
distal-less has not been determined in any echinoderm.) In contrast,
recruitment of developmental roles in chordates is often associated
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with gene duplication followed by divergence of developmental
roles'”?!. Some features of expression are probably homologous
among echinoderm classes (such as orthodenticle expression in
podia), implying an origin over 450 Myr ago®’, whereas others
have a more restricted phylogenetic distribution (such as distal-
less in sea-urchin rudiments) and apparently evolved later (Fig. 1b).
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Figure 1 Evolutionary history of body architecture and regulatory genes within the
Metazoa (a) and Echinodermata (b). Reconstructed changes in morphology (left)
and in the developmental roles and expression domains of regulatory genes
(right) are shown. The expression domains and roles of several regulatory genes
are similar in arthropods and chordates (a, 8)®*" despite their phylogenetic
disjunction and morphological disparity>®®. These similarities probably reflect
homology in basic architectural features, such as bilateral symmetry and an
anteroposterior axis (a, 3) between protostomes and deuterostomes. Morpholo-
gical features that distinguish phyla (such as a,1) and groups of related phyla(a, 2)
evolved later. In some such cases, changes in the developmental roles of
regulatory genes (a, 5 and 7) have been identified that may have been involved
in the origin of these derived structures®®”. The origin of echinoderms followed
the divergence of arthropods and chordates, and involved substantive modifica-
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Not all expression domains in echinoderms imply recruited
developmental roles. In the brittle star Amphipholis squamata
(Fig. 5f), engrailed is expressed in a subset of neuronal cell bodies
(C. Lowe and M. Thorndyke, unpublished data) in paired ganglia
along the five radial nerves. This expression is superficially similar to
that in bilateral animals, in which engrailed is expressed within a
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tions in basic body architecture (b, 2)'*% already present was a complex life cycle
involving a larva that fed using a ciliated band (a, 3)'®. Data reported here and
taken from the literature®"™* allow us to reconstruct changes in the expression
domains of three regulatory genes during the origin and radiation of echino-
derms. Several derived features of gene expression are shared by asterozoan
and echinozoan echinoderm species (b, 7), implying that they were present
before the divergence of these clades over 490 Myr ago®. The origin of these
features could be even earlier (arrow near base of cladogram), but expression
data are currently unavailable for crinoids, the most basal clade of extant
echinoderms. Other features of gene expression appear to be limited to a
single class (such as b, 4 and 6), suggesting later origins or subsequent losses
within other lineages. Phylogenetic relationships are from refs 2, 6, 7 and 14.

Late larva Juvenile

bilaterally symmetrical

left-right asymmetrical

Figure 2 Summary of echinoderm development. Echinoderm embryos and larvae
are bilaterally symmetrical'®®. In late larvae, discrete populations of ectodermal
and mesodermal cells on the left side of the body proliferate to form the
imaginal adult rudiment (green crescent). The first radially symmetrical structures
appear within the rudiment (disc near late larva). During metamorphosis, many
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radially symmetrical

larval tissues (blue) are lost, and the rudiment gives rise to much of the juvenile
(green). Domains of regulatory gene expression fall into three distinct symmetry
classes: bilateral in embryos and early larvae; left-right asymmetric in late larvae,
during establishment of the imaginal rudiment; and radial during and after
metamorphosis.

719




letters to nature

serially repeated subset of ganglionic neurons along the antero-
posterior axis'®?. It is possible that a neurogenic role for engrailed is
widely conserved among triploblastic animals. However, the radial
nerves of echinoderms are ancestrally organized in a zigzag along
the proximodistal axis of the arms, and only in sea stars and brittle
stars are the ganglia arranged in bilateral pairs'*. Thus the superficial
similarity of engrailed expression between brittle stars and bilateral
animals is probably convergent. Another possibility for a conserved
role in echinoderms is that of orthodenticle in the ectoderm of sea-
urchin embryos"”.

Echinoderms begin development as bilaterally symmetrical
embryos and larvae"'. A few bilaterally symmetrical gene expres-
sion domains are present in larvae, notably the ciliated band of a
sea-cucumber larvae, the brachiolar arms of starfish larvae, and the
mesenchyme cells of sea-star larvae. Ciliated bands are present in
larvae from all five extant classes*'’, and are used for locomotion
and feeding’. The gene orthodenticle is expressed in ectodermal cells
of the circumferential ciliated bands of a bilateral sea-cucumber
larva (Fig. 4f), but was not detected in the ciliated bands of any other
echinoderm larvae. This restricted phylogenetic distribution sug-
gests role recruitment after the evolutionary origin of the ciliated
band (Fig. 1b), as the ciliated band almost certainly pre-dates the
origin of echinoderms™® (Fig. 1a). A similar case is the role of even-
skipped in insect segmentation, which evolved after segmental body
organization'’. Brachiolar arms are used for attachment to the
benthos during settlement and metamorphosis"'¢, and are present
only in the larvae of sea stars'®. Scattered cells within the ectoderm of

&

Figure 3 Expression of Distal-less protein. a, Mid-larva of the sea urchin
Strongylocentrotus droebachiensis. Expression is present throughout the
invagination that becomes the ectodermal component of the imaginal rudiment,
which gives rise to the bulk of the adult body. This expression domain is present
only on the left side of the larva. b, Close-up a, showing nuclear expression in all
invaginating cells. In b and ¢, blue arrowheads mark the opening of the
invagination, and black arrowheads mark the extent of distal-less expression. ¢,
Close-up of imaginal rudiment from later larva, showing expression restricted to
cells at the distal (innermost) end of the invagination. d, Juvenile sea urchin, S.
droebachiensis. Expression is limited to the distal ends of podia and spines. e,
Rudiment in mid-larva of the sea cucumber Cucumaria miniata. Scattered nuclei
in the ectoderm express Distal-less protein in the five primary podia; these are
probably neurons. f, Single arm from larva of a sea star (Evasterias troschelii)
showing expression in mesodermal cells (probably subtrochal cells) lying just
under the ectoderm near the arm tip (arrowheads). Expression of distal-less was
notdetected in other mesodermal cell types in asteroid larvae. g, Generalized late
starfish larva showing the location of structures shown in f and h. h, Two
brachiolararms from the larva of E. troschelii. The brachiolar complex is used for
attachment to the benthos during settlement”. Scattered nuclei throughout the
ectoderm of the distal pad in each brachiolar arm express Distal-less (arrow-
heads); these cells appearto be neurons. Scale bars: a, d-g,i,100 p.m; b, ¢, 30 um.
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the brachiolar arms express distal-less (Fig. 3h), and, judging by
their shape, number and position, they are probably neurons or
neuronal precursors. Expression of distal-less was also detected in
mesenchyme cells (Fig. 3f) lining the tips of the larval arms in sea
stars. On the basis of their location, these appear to be subtrochal
cells, which link muscles to the body wall in sea star larvae*.

Each of these cases probably represents a role recruitment that
occurred well after the origin of echinoderms, given that each is
restricted to a single class. To our knowledge, these cases are the first
reported examples of role recruitment associated with the evolution
of exclusively larval structures. Many phyla differ from arthropods
and chordates in patterning their larval and adult bodies at different
times during development, and in containing larvae that are
morphologically quite distinct from adults®**'%. Thus we predict
that role recruitment associated with the origin and modification of
larval structures will prove common in other metazoan phyla with
complex life cycles, such as annelids, molluscs, nemerteans, platy-
helminths and phoronids.

The paucity of conserved expression domains, and by implication
developmental roles, for the three genes we examined contrasts with
most comparisons between arthropods and chordates, which have
emphasized evolutionary conservation®'"*?, It seems reasonable
that conservation in expression domains is tied to morphological
conservation, and that altered expression domains may have pro-
duced many large-scale evolutionary changes in morphology>'®".
Accordingly, we predict that analyses of metazoan taxa with
divergent adult body architectures (such as cnidarians, ctenophores,

Figure 4 Expression of Orthodenticle protein. a, Generalized juvenile brittle star
(oral view), showing location of structures shown in d and e. b, Generalized
juvenile sea urchin (oral view), showing location of structures shown in ¢. ¢,
Close-up of single podium (arrowhead) from the sea urchin Strongylocentrotus
droebachiensis. Distal-less expression is restricted to nuclei along the length of
the podium and surrounding the mouth. d, Oral surface of part of an arm from a
juvenile brittle star (Amphipholis squamata). Ectodermal expression is evident
throughout podia (arrowheads), which in brittle stars lack suckers. e, Tip of one
arm from A. squamata. Expression is present at high levels throughout the
ectoderm near the distal end of the arm, and declines proximally. f, Mid-larva of
the sea cucumber Psolus chitinoides. Expression is evident in three circumfer-
ential stripes (4-6 cells wide) within the ectoderm. These cells bear large cilia and
make up the ciliated band, the locomotory organ in echinoderm larvae. Most
ectodermal cells between the circumferential bands lack cilia at this stage, but a
few have not yet lost them; these cells probably correspond to the nuclei
expressing distal-less protein that are scattered throughout the ectoderm. Scale
bars: ¢, f, 100 um; d, e, 500 wm.
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brachiopods, bryozoans, rotifers and pterobranch hemichordates),
will reveal many additional evolutionary changes in the develop-
mental roles of homeobox genes that are widely considered
conservative.

The highly derived body architecture of echinoderms evolved at
least in part through extensive modifications in the roles and
expression domains of regulatory genes inherited from their bilat-
eral ancestors. Even the limited number of genes and species we
examined demonstrates a remarkable evolutionary flexibility in
genes that have previously been considered interesting mainly for
their conserved roles in arthropods and chordates®'»**, However,
comparisons between these phyla must be supplemented with data
from additional phyla if we are to understand the role played by
regulatory genes in producing morphological change®”.

Methods

Adults and embryos. Adult echinoderms were collected intertidally or by
Scuba from various sites around San Juan Island, WA, USA. Embryos, larvae
and juveniles were reared in filtered sea water as described”. Planktotrophic
larvae were fed Rhodomonas lens and Dunaliella tertiolecta.

Antibody probes. Monoclonal antibody 4D9 (ref. 28) was used to detect
Engrailed protein in the brittle star Amphipholis squamata. To authenticate
binding, a fragment of engrailed spanning the epitope® was amplified from
genomic DNA using primers 5'-CGCCCTCGCACAGCCTTCA-3" and 5'-
TGGTTGTAMARDCCCTGHGCCAT-3', cloned into pCRScript (Stratagene),
and sequenced (Sequenase, Amersham). The resulting sequence (Genbank
accession no. U80674) was used to predict the amino-acid sequence of the

Figure 5 Expression of Engrailed protein in juvenile brittle stars (Amphipholis
squamata). a, b, Pentagon stage, when skeletal ossicles are just beginning to
form. Areas of active skeletogenesis, including the paired plates forming near
future arms, are bounded by nuclei expressing engrailed protein. ¢, Arm tip of
older juvenile, showing thin stripes of ectodermal expression (typically 1-2 cells
wide; arrowhead) between forming ossicles. Stripes are transient, and fade within
3 arm segments proximally. Neuronal expression is out of the plane of focus
(arrow). d, e, Juvenile under bright-field and polarizing light. Ectodermal stripes of
expression are present between ossicles (filled arrowheads). A few nuclei have
begun to express Engrailed protein where the boundary of the next arm segment
will appear (open arrowhead). Neuronal expression is present in the older, more
proximal arm segments (arrow). f, Decalcified arm of juvenile, showing neuronal
expression primarily within repeated, paired ganglia (filled arrow), and in a few
additional cells of unknown identity (open arrows). A few lateral cells within the
ectoderm also express Engrailed protein, in areas between and adjacent to the
lateral spine ossicles (arrowheads) as they form. Scale bars: a, d, e, 100 um; b,
50 um; ¢, f, 500 pm.
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epitope. Artificial peptides were synthesized (Bio-Synthesis) to this region of
Engrailed protein from Drosophila melanogaster (positive control®®), Helobdella
triserialis (negative control”) and Amphipholis squamata (test case). Both the
Drosophila and Amphipholis Engrailed fragments bound antibody on dot blots
and competed with Amphipholis samples for antibody binding, whereas the
Helobdella fragment did neither; both results suggest that the antibody 4D9
recognizes Engrailed protein in Amphipholis. Unfortunately, this antibody
could not be used to examine engrailed expression in sea urchins, where an
amino-acid substitution in the epitope interferes with binding®®. A polyclonal
antibody raised to a fusion protein containing Orthodenticle' from the sea
urchin Strongylocentrotus purpuratus was used to analyse orthodenticle expres-
sion in a variety of echinoderms. A polyclonal antibody raised to a fusion
protein containing Distal-less from the butterfly Precis coenia and having very
broad phylogenetic cross-reactivity’ was used to analyse distal-less expression in
echinoderms.

Immunolocalization. Samples were fixed in 4% formaldehyde in phosphate-
buffered saline for 10-30 min at room temperature, washed, dehydrated and
stored in 75% ethanol at —20°C. Blanking, probing and detection
(diaminobenzidine/Ni**) were performed as described”. Samples were
mounted in phosphate-buffered saline or cleared using a mixture of benzyl-
benzoate and benzyl alcohol before photography.
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