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The origin of the pentaradial body plan of echinoderms from abilateral ancestor isone
of the most enduring zoological puzzles'?. Because echinoderms are defined by
morphological novelty, even the most basic axial comparisons with their bilaterian

relatives are problematic. To revisit this classical question, we used conserved
anteroposterior axial molecular markers to determine whether the highly derived
adultbody plan of echinoderms masks underlying patterning similarities with other
deuterostomes. We investigated the expression of a suite of conserved transcription
factors with well-established roles in the establishment of anteroposterior polarity
in deuterostomes’ and other bilaterians®® using RNA tomography and in situ
hybridizationin the seastar Patiria miniata. The relative spatial expression of these
markers in P. miniata ambulacral ectoderm shows similarity with other deuterostomes,
with the midline of each ray representing the most anterior territory and the most
lateral parts exhibiting a more posterior identity. Strikingly, there is no ectodermal
territory in the sea star that expresses the characteristic bilaterian trunk genetic
patterning programme. This finding suggests that from the perspective of ectoderm
patterning, echinoderms are mostly head-like animals and provides a developmental
rationale for the re-evaluation of the events that led to the evolution of the derived
adult body plan of echinoderms.

Echinoderms, defined by their calcitic endoskeleton, unique water
vascular system and perhaps most strikingly by their pentaradial
body plan'?, are among the most enigmatic animal phyla. Because
echinoderms are phylogenetically nested within the deuterostomes®*°
(echinoderms, hemichordates and chordates), their pentaradial organi-
zation was evidently derived from a bilateral ancestor. Yet, despite a
rich fossil record, comparative morphological studies have come to
conflicting conclusions about the axial transformations that led to
pentamery from the ancestral bilaterian state>"'. Among bilaterians,
the deployment of the gene regulatory network that specifies ectoderm
anteroposterior (A-P) polarity is highly conserved®® and represents
asuite of characters that is often more conserved than the body plans
they regulate*’ (Fig. 1a). The deployment of this A-P gene regulatory
network could therefore provide analternative way to test axial homol-
ogy in cases such as echinoderms in which morphological characters
are too divergent to reconstruct ancestral states®.

Detailed comparisons between chordate and hemichordate axial
patterning have established the exquisite conservation of the deuter-
ostome ectodermal A-P patterning programme*’, which provides a
phylogenetically robust framework for addressing the evolution of
echinodermaxial properties. We considered two contrasting scenarios.
First, the ancestral deuterostome A-P patterning network could have
been dismantled and reassembled into new conformations during the
radical body plan modifications along the echinoderm stemlineage. In

this scenario, expression of transcription factors in derived morpho-
logical structures without extensive conservation of relative spatial
expression would imply co-option into new developmental roles™*,
Alternatively, conservation of spatially coordinated expression of
this network during the elaboration of the echinoderm adult body
plan would provide a molecular basis for testing axial homology with
bilaterians and establish regional homologies masked by divergent
anatomies” (Fig. 1b).

Under the second scenario, four main proposals were made torelate
the echinodermbody planto other bilaterians that explicitly consider
axial homology (Fig. 1c). The bifurcation® and the circularization>'®
hypotheses can be ruled out since they require a unique molecular
identity for each of the five echinoderm rays that is inconsistent with
molecular data”. In the duplication hypothesis'>'8, each of the five
echinoderm rays is a copy of the ancestral A-P axis joined anteriorly
in the disk, and in the stacking hypothesis?>'* the oral-aboral axis of
adultechinodermsis homologous to the ancestral A-P axis. Although
broad bilaterian comparisons of A-P axis patterning are typically based
on ectodermal expression domains, the stacking hypothesis was pro-
posed largely on the basis of nested posterior Hox gene expression in
the posterior mesoderm of the bilateral larval stages in holothuroids
(sea cucumbers), crinoids (sea lilies) and echinoids (sea urchins)®%,
Althoughinitially restricted to coelomic compartments*'?, someitera-
tions of the stacking hypothesis have alsoincluded the oral ectoderm
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Fig.1|Deployment of the anteroposterior patterning systemin
deuterostomes. a, Expression map of the conserved transcription factors

and signalling ligandsinvolved in ectoderm patterning along the A-P axis,
asobservedinthe hemichordate Saccoglossus kowalevskii.b, Previous work
inchordates and hemichordates has demonstrated extensive regulatory
conservationin ectodermal A-P patterning, establishing the ancestral
regulatory characteristics of early deuterostomes. How this systemis deployed
inechinodermsremains unclear. c, Four hypotheses have been proposed for
the deployment of the A-P patterning systeminechinoderm adult body plan:
bifurcation, circularization, duplication and stacking.

Duplication Stacking

asthe most anterior compartment™. However, recent analyses suggest
that the anterior identity of the oral ectoderm should be considered
independent of mesoderm derivatives?.

Here, we tested these classical hypotheses by examining gene expres-
sionintheasteroid (seastar) Patiria miniata (Extended DataFig.1a,b),
usingastatistical approach based on spatial transcriptomics and in situ
hybridizations. Our data provide evidence for unexpected conser-
vation of the ancestral A-P ectodermal patterning network during
ambulacrum development in juveniles. Importantly, our results do
not fit with any of the established hypotheses and instead suggest
anew ambulacral-anterior model to relate echinoderm pentaradial
symmetry to the ancestral bilateral symmetry.

RNA tomography in adult P. miniata

The manifestation of pentaradial symmetry in asteroidsis simpler than
in other echinoderm classes because it follows a planar organization
with the rays extending around the oral-aboral axis through easily
distinguishable alternating ambulacral territories (where the grooves
bearing the tube feet are located) and interradial territories (Fig. 2a).
This makes asteroids well-suited for investigating potential axial
homologies between the pentaradial echinoderm body plan and closely
related bilateral deuterostomes using the molecular anatomy coordi-
nates offered by the conserved, ectodermal A-P patterning network.
The adultbody plan of asteroids is defined by the endoskeleton, which
underlies the body wall in the aboral and interradial areas, the diges-
tive tract and pyloric caeca, the mainbody muscles, the water vascular
system along each ambulacrum and the central nervous system that
includes five radial nerve cords (RNC) and the circumoral nerve ring
(CNR). We used microcomputed tomography (micro-CT) to show
the exact spatial arrangement of the principal anatomical features in
P. miniata juveniles along each organizational plane of the juvenile
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arms (Fig. 2a, Extended Data Fig. 1c,d, Supplementary Fig. 1and Sup-
plementary Video).

Within this anatomical framework, we beganinvestigating the tran-
scriptionallandscape of P. miniata along its body axes with an unbiased
spatial transcriptomics approach using RNA tomography?. We cryosec-
tioned three arms from P. miniatajuveniles at astage that matched the
micro-CT scanned specimens, along three different dimensions: from
the proximal to the distal part of the arm (P-D), from the oral to the
aboralside (O-A) and fromthe left to the right side (hereafter referred
toasmediolateral; M-L) (Fig. 2b, Extended DataFig. 1c, Supplementary
Video and Supplementary Fig. 2a-c). Sections were barcoded and
pooled for single-molecule real-time sequencing with PacBio IsoSeq
(Supplementary Figs. 2d,e and 3a-d and Supplementary Tables 1-4),
yielding a three-dimensional (3D) atlas of 25,794 gene expression pro-
filesalongthe P-D,0-Aand M-L dimensions of P. miniata arms (Fig. 2c).
Gene clustering based on the similarity of RNA tomography expres-
sion profiles highlighted seven principal patterns of gene expression
(Fig. 2¢). We confirmed that transcriptional landscape determined
by RNA tomography was consistent with the anatomy of the animal
by considering principal component analyses (PCA) and Spearman
correlations between sections along each dimension and analysing the
expression profile of marker genes known to be expressed in specific
tissues (Extended Data Fig. 1e-g). To aid in this analysis we generated
anew P. miniata genome assembly (Supplementary Figs. 2e and 3d,e
and Supplementary Tables 4 and 5).

To consider possible molecular anatomical homologies across
deuterostomes we identified 36 conserved molecular markers in the
RNA tomography dataset that define specific ectoderm territories
alongthe A-Paxisin hemichordates and chordates (Fig.1aand Supple-
mentary Fig.4) and retrieved their expression profiles (Fig. 2d). These
marker genes included transcription factors (fezF, six3/6, nkx2.1, foxG,
lhx2/9, otp, dmbx, tlx,emx, barHI, paxé, irx, dbx, otx, lhx1/5, engrailed,
gbx, pax2/5/8, hox1, hox2, hox3, hox4, hox5, hox7, hox8, hox9/10 and
hoxl11/13b), members of the Wnt signalling pathway (sfrp1/5, sfrp3/4,
fzd5/8 and wnt3) and the ligand hedgehog. Four more transcription
factor markers (rx, dix, hox11/13a and hox11/13c) were excluded from
the computational analyses because of low expression levels (Supple-
mentary Fig. 3f). Hox6 was absent in our Hox cluster assembly (Sup-
plementary Fig.5), as reported previously in the closely related species
P.pectinifera® and in the crown-of-thorns seastar Acanthaster planci*®,
consistent with its loss in valvatid asteroids.

The duplication and stacking hypotheses would be supported by
staggered expression of these A-P patterning markers along the P-D
or O-Adimensions, respectively. We ranked the A-P patterning mark-
ers from the anterior to posterior using the hemichordate Saccoglos-
sus kowalevskii as atemplate, as it is the most closely related bilateral
species with a comprehensive expression pattern dataset for these
markers (Supplementary Fig. 6). We then tested the Spearman cor-
relation between the ranking of the genes and their position along
the P-D and O-A dimensions. In both cases, we found moderate but
not statistically significant correlations (p = 0.25,P=0.16 and p = 0.27,
P=0.13, respectively) (Fig. 2e). Organizing the A-P patterning genes
into seven groups on the basis of their expression profiles (Supple-
mentary Fig. 6b), we found that the moderate correlation with the O-A
dimension was mostly explained by the Hox genes alone (Fig. 2f). This
was expected because the stacking hypothesis was primarily informed
by the sequential expression of Hox genes in mesoderm derivatives™".

Unexpectedly, we found a much stronger correlation (p = 0.62,
P=1.4x10"*) between gene order and the M-L axis (Fig. 2e). The most
anterior genes appeared to be largely expressed close to the midline of
thearm, whereas more posterior genes were expressed more laterally
oneitherside of the midline. To confirmthat the observed correlations
wererobustand not the result of sensitivity to the A-P patterning gene
ranking assigned from the in situ hybridization expression data, we
simultaneously shuffled the gene ranking within each of the seven
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Fig.2|RNA tomography reveals the mediolateral dimension of the arms
asthe maindriver of A-P patterning system deploymentin P. miniata.

a, Reconstructions of ayoungjuvenile P. miniata scanned by micro-CT and
segmented to highlight the endoskeleton (grey), the digestive tract (yellow),
the mainbody muscles (red), the water vascular system (purple) and the central
nervous system (blue). The ambulacral areas correspond to the grooves
harbouringthe podiaand are separated by interradial areas. Scale bar,1 mm.

b, Experimental design of the RNA tomography with the cutting plans along the
proximodistal (P-D), oral-aboral (O-A) and mediolateral (M-L) dimensions.
c,Heatmap of gene expression z-scores along the P-D, 0O-A and M-L dimensions
ofthe RNA tomography. d, Expression profiles of A-P patterning-related genes
along the P-D, 0O-A and M-L dimensions of the RNA tomography. For the M-L
dimension, the dotted line indicates the midline. Genes are ranked from the
most anterior to the most posterior on the basis of their expression patternsin

groups and probabilistically sampled the position for each gene, using
the expression z-score as a law of probability, in 10° replications. For
allthe simulated replications, the distribution of M-L correlations was
significantly superior tothe P-D and O-A correlations, withatwo-sided
Wilcoxon rank test P-value inferior to 10~ in both cases (Fig. 2¢). This
suggested that neither the duplication nor the stacking hypotheses
accurately describe the deployment of A-P-related patterning genes
in P. miniata and that most of the underlying patterning logic of the
pentaradial plan is not explained by existing models.

M-L deployment of A-P patterning genes

Although RNA tomography provides coarse average axial positional
information, these patterns cannotbe directly linked to germ layers or
anatomical structures. To investigate axial patterning in more detail,
we examined the expression pattern of the 36 marker genes using
in situ hybridization chain reactions (HCRs; Supplementary Fig. 7)
on postmetamorphicjuveniles. This representative stage follows the
resorption of larval structuresinto the rudiment during metamorphosis
(Fig.3a). Theelaboration of the pentaradial symmetryisinitiated earlier
within the larval mesoderm but the mechanistic basis of this process
is probably distinct from those that give their regional identity to the
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O-A ML
Saccoglossus kowalevskii. e, Spearman correlations between the ranking of the
A-P patterning-related genes and their position along the three dimensions
ofthe RNAtomography. Dotsindicate the raw correlation values. Boxplots
indicate the distribution of correlation values when determining the gene
positionalongeach dimension probabilistically and simultaneously shuffling
theranking of the A-P patterning-related genes for each group (n =10°
independent samples). The distribution of correlations for the M-L dimension
issignificantly higher than for the P-D and O-A dimensions (two-sided
Wilcoxonrank test; P<107*). Centre lines, median; box, interquartile range
(IQR); whiskers, highest and lowest values at +1.5x IQR. f, Relative contribution
of each group of A-P patterning-related genes to the Spearman correlation
between theranking of the A-P patterning-related genes and their position
along the three dimensions of the RNA tomography.

final axes of the pentaradial body plan. Expression of classical ectoderm
A-P patterning genes such as six3/6, nkx2.1, dmbx, pax6 and otx was
initiated at low levels in the presumptive adult tissues at the onset of
metamorphosis but only reached robust levels of expression which
were relatable to ambulacral polarity in postmetamorphic juveniles,
when the definitive adult body plan is elaborated (Fig. 3b and Sup-
plementary Fig. 8). We focused on early juvenile stages as areadout of
early establishment of axial patterning. Asinthe adult, the juvenile body
planisorganizedinto ambulacral territories onthe oral side and inter-
radial territories at the edge of the ambulacra and extending around
toenvelop theentire aboral side. The ambulacral ectodermis divided
intwo mainregions: the medial ambulacral ectoderm comprising the
RNCsandthe CNR and more laterally the epidermis covering the podia
(Fig. 3c,d).

We analysed the expression of four groups of patterning genes
expressed along the A-P axis in both hemichordates and chordates.
The first group (fzd5/8, nkx2.1, rx, sfrp1/5, foxG, six3/6 and hedgehog)
has strong anterior ectodermallocalizationin the proboscis of S. kowa-
levskii** and in the forebrain of vertebrates®** (Fig.1a,b). In P. miniata
we found similarly overlapping patterns of regional expression, mostly
restricted to the developing CNR, the RNCs and, in the case of six3/6
and hedgehog, inrepeated domains where lateral nerves fromthe RNCs
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Fig.3|Gene expression datareveal the deployment of the A-P patterning
systemin P. miniataambulacral ectoderm.a, Metamorphosis in P. miniata.
Theanterior partofthe brachiolarialarva(cyan asterisk) isresorbed into the
rudiment. b, HCRs showing pax6 (red) and otx (cyan) starting to be expressed
during metamorphosisin the developing adult pentaradial body plan.
Specimens are counterstained with DAPI (blue). ¢, Main anatomical features

of postmetamorphicjuveniles,imaged from the oral side: the nervous system
(cyan) stained with antibodies against acetylated tubulin highlighting the
nervetracts and the neuronal marker elav highlighting the cell bodies, the
hydrocoel (yellow) stained with the marker patched, the digestive tract (yellow)
stained with the marker lox and the endoskeleton (white) stained using calcein.
Specimens are counterstained with DAPI (blue). RNC, radial nerve cord; CNR,
circumoral nervering; RaC, radial canal; RiC, ring canal; St, stomachd, Schematics

connectwitheach pair of secondary podia (Fig. 3e-1and Supplementary
Fig. 9a-e). This region corresponded to the most medial part of the
ambulacral ectoderm (Fig. 3d). These findings are inconsistent with
the duplication hypothesis, which predicts a staggered expression of
anterior to posterior markers along each RNC.

The nextgroup (lhx1/5, dmbx, tlx, irx, fezF, dbx, otx, barH and pax6)
overlaps with the previous anterior-class genes in S. kowalevskii but
with a more caudal distribution in the posterior proboscis and into
the collar*; in chordates, these genes are primarily expressed either
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the close-upsinl,t,w,x,aa,ab. e-aj, HCRs of P. miniatajuvenilesimaged from
the oralside (e-ag) or the aboral side (ah-aj). In e-k,m-s,u,v)y,z,ac-aj, specimens
are counterstained with DAPI (blue). ,t,w,x,aa,ab, magnification of asingle
ambulacrum. e-1,Genes primarily expressed inthe medialambulacral ectoderm.
Colocalization with elavindicates expressioninthe CNR and the RNCs.

m-t, Genes primarily expressed in the podia epidermis. u-ab, Genes primarily
expressed inthe ambulacralboundary.Inaa,ab, orange dotted lines outline
the ambulacral ectoderm. ac-af, Hox genes primarily expressed in the coeloms.
ag-aj, Hox genes primarily expressedin the digestive tract.In ah-aj, red asterisks
indicate the position of the developingintestinal tract. Scale bars, 100 pm.

in the forebrain or the midbrain®* (Fig. 1a,b). In P. miniata, expression
of this group of genes overlaps in the most medial territory with the
most anterior-class genes but with expanded lateral domains oneither
side of the RNCs (Fig. 3d,m-s and Supplementary Fig. 9f-h), into the
epidermis covering the podia. FezF and dbx were only expressed in
afew cells in the ambulacral ectoderm (Supplementary Fig. 10a-c).
Only pax6 was not expressed in the medial ambulacral ectoderm and
was restricted to the podia epidermis, as previously reported in other
echinoderm species®*** (Fig. 3t). Thus, the lateral ambulacral ectoderm



appearsto have amore posterior molecular identity, similar to that of
the hemichordate collar or the vertebrate midbrain.

The third category (gbx, wnt3, hox1 and pax2/5/8) includes genes
that have more posterior expression patterns in hemichordates
and chordates (Fig. 1a,b). Gbx, hox1 and pax2/5/8 are all expressed
in hemichordates in the anterior trunk, close to the boundary with
the collar, and in chordates in the hindbrain and into the midbrain/
hindbrainboundary>*>*¢. Wnt3is expressed at the far posterior end of
the A-P axis in both phyla®. In P. miniata, we found that these four
genes are expressed at the boundary between the ambulacral ectoderm
andtheinterradial territory (Fig. 3d,u-ab and Supplementary Fig. 9i-1).
Gbxand wnt3were expressedinthe outer part of the ambulacral ecto-
derm, establishing a mutually exclusive boundary with more anterior
genes like six3/6 (Fig. 3u-x). HoxI and pax2/5/8 were expressed more
laterally compared to gbx and wnt3; hoxI outlined the entire ambulacral
area, whereas pax2/5/8had amore complex expression patternand was
primarily expressed between the ambulacra (Fig. 3y-ab). We suggest
that in P. miniata these genes marked the outer limit of an anterior
compartment.

Finally, Hox genes are expressed in hemichordates and chordates
posteriorly to the collar/trunk and midbrain/hindbrain boundary,
respectively, and are involved in trunk patterning*** (Fig. 1a,b). In
P. miniata, only hoxI was detected in the ectoderm. Hox3, hox5, hox8
and hox9/10 were expressed in mesoderm derivatives (Fig. 3ac-af).
Hox4 expression was barely above the detection threshold but was
foundinthe pharynx (Fig. 3ag), whereas hox7, hox11/13a and hox11/13b
were expressed in the developing intestinal tract (Fig. 3ah-aj). These
observations are in line with previous reports that Hox expression
in echinoderms is largely restricted to internal germ layers?®¢ and
consistent with the Hox-driven O-A correlation observed in our RNA
tomography dataset. In hemichordates and other bilaterians, Hox
gene domains areintercalated during trunk development between the
anterior domains and the posterior end of the animal, which expresses
posteriorizing factors such as wnt3 (ref. 35,40). We propose that there
isnoectoderm equivalenttoatrunkregionin P. miniatabecause wnt3
is expressed at the edge of the ambulacral region and because hox1 is
the only Hox gene expressed in the ectoderm. Therefore, the deploy-
ment of the A-P patterning systemin P. miniata seems to be limited to
the ambulacral region and its boundary.

We also found that in P. miniata some ancestral deuterostome A-P
patterning genes did not exhibit conserved relative expression com-
paredto hemichordates and vertebrates, either because they were not
detected (dlx), not expressed in the ectoderm (engrailed and sfrp3/4)
or exhibited different relative spatial arrangements (lhx2/9, emx and
otp) (Supplementary Fig. 10d-i). Some well-established bounda-
ries in hemichordates and vertebrates like the abutting otx and gbx
domains were also not observed in P. miniata. This presumably reflects
the plasticity of the A-P patterning system and its adaptation to the
radically different pentaradial body plan. Despite these discrepancies,
germ-layer-specific expression patterns corroborated that the M-L
dimensionrevealed by RNA tomography was the main and unexpected
driver of the ectoderm A-P patterning logic of the pentaradial body
planin P. miniata.

If the ancestral deuterostome A-P patterning system is used to
remodel the seastar body plan at metamorphosis, are other correlated
bilaterian axial patterning systems contributing to the patterning of
theadultbody planaswell? Inbilaterians, the dorsoventral (D-V) axis
is specified transiently during embryogenesis by conserved BMP2/4
and Chordin gradients**, Later on, the neuroectoderm and mesoderm
derivatives are patterned along the D-V axis via the deployment of
transcription factors such as pax3/7, msx and tbx2/3 in response to
BMPsignalling®* (Extended Data Fig. 2a). To investigate whether the
BMP/Chordin axis is involved in the formation of the adult body plan
inP. miniata, wefirstlooked at the expression of genes involved in D-V
axis specification through metamorphosis and in postmetamorphic

juveniles (Extended Data Fig. 2b-s and Supplementary Fig. 4). Although
chordinwas not detected by in situ hybridization, we found that BMP2/4,
BMP1 and ADMPI were consistently expressed in the distal part of the
developing tube feet mesoderm, starting early during metamorphosis
andintothejuvenile (Extended DataFig.2c-s).Inaddition, we looked
atknown target genes of BMP signalling (Extended Data Fig. 2b,t-vand
Supplementary Fig.4). Although pax3/7islostin echinoderms*, tbx2/3
and msxwere co-expressed with BMP2/4inthe tube feet and tbx2/3also
expressed in the overlying tube feet ectoderm, suggesting a similar
relationship to BMP signalling to that previously demonstratedin verte-
brates (Extended DataFig.2t-v). These expression data are consistent
with previous studies fromadirect-developing echinoid* and support
arole for BMP signalling in tube feet development, more equivalent
tothelaterrole of BMPin dorsal midline patterning in hemichordates
and vertebrates**%, However, our results do notindicate BMP/Chordin
signalling as defining an anatomical axis in the pentaradial body plan
of P. miniata.

Echinodermrays have also been proposed to be homologous to bila-
terian appendages***°. In principle, this scenario could be compatible
with our expression data, with the rays being appendages of an anterior
territory. To assess this possibility, we considered conserved markers
for P-D appendage development, whichinvolves polarized expression
of meis, pbx, dix and sp8-9in vertebrates, arthropods and cephalopods™
(Extended DataFig.2w,x and Supplementary Fig. 4). Although we found
the expression of Pbx and particularly sp8-9to be compatible with this
idea, dlx was not detected and meis had an inconsistent expression
domain (Extended Data Fig. 2x-«). The extension of the echinoderm
ambulacra probably involves substantial developmental novelty. The
RNA tomography dataset willbe aninvaluable resource for hypothesis
generation and identification of candidate genes to form the basis of a
more in depth developmental investigations of this process.

Evolution of axial properties in echinoderms

The organizational modifications to the ancestral bilateral deuteros-
tome body plan during early echinoderm evolution are so profound
that evenbasic axial comparisons with other deuterostome taxa have
been problematic at the morphological level>. Here, we investigated
this fundamental question by spatially mapping the deployment of
the ancestral bilaterian ectodermal A-P patterning system in the
pentaradial body plan of P. miniata. Because this patterning system
is largely conserved between hemichordates and chordates, we can
confidently reconstructits ancestryin early deuterostomes and at the
base of ambulacrarians*”.

We found that that much of the ancestral anterior patterning net-
work is spatially deployed in a manner incompatible with previously
proposed hypotheses of echinoderm axial homologies'". Rather,
expression patterns map onto a new coordinate system which we call
the ‘ambulacral-anterior’ model of echinoderm body plan evolution
(Fig. 4a,b). In this model, the midline of each ambulacrum expresses
the most anterior bilaterian molecular identity, equivalent to the fore-
brain and proboscis in vertebrates and hemichordates, respectively.
Themidlateral regions on either side of the nerve cords, including the
ectoderm wrapping the podia, share patterning similarities with more
caudal ectodermaltterritories of hemichordates and chordates, down
to the collar and midbrain, respectively. Finally, the boundary at the
edge of theambulacral ectoderm displays the most posterior molecular
profile corresponding to the collar/trunk boundary of hemichordates
and the midbrain/hindbrain boundary of vertebrates. According to
our ambulacral-anterior model, echinoderms are the first example of
bilaterians in which the ‘anterior’ identity is located at the centre of a
sheetof tissue, rather than beinglocated at an extremity. The anatomi-
cal outputs of this anterior domain, however, share similarities across
all deuterostome phyla (including echinoderms) in that they include
neural condensations and an extensive array of sensory structures.
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Fig.4|Theambulacral-anterior model ofechinodermbody plan evolution.
a, Expression map of the conserved transcription factors and signalling ligands
involvedinthe ambulacral ectoderm patterningin P. miniata, organized from
the midline of the ambulacrum (left) towards theinterradius (right). b, Diagram
ofthe ambulacral-anterior model in ageneralized asteroid. Anterior patterning
genesareexpressedinthe oralambulacral ectoderm, shown through a cut-away

Strikingly, despite the presence of agenomic Hox cluster, ectodermal
Hox gene expressionis largely absent in the sea star (except for hoxI),
suggesting a loss of the ancestral ectodermal trunk regulatory pro-
gramme, whichis consistent with previous observationsin the echinoid
Peronellajaponica”. Yet, Hox genes are expressed in the mesodermand
endoderm, displaying amarked uncoupling of germ-layer A-P pattern-
ing as recognized previously?”*?. The mesoderm and endoderm trunk
programmes are wrapped in an ectoderm with two clear territories,
including (1) an ambulacral-anterior-like domain that is the main focus
of our work and unexpectedly (2) an extensive interradial domain that
extends around the aboral side of the animal and displays uncertain
axial identity, without any detectable readout of the ancestral A-P
patterning programme, as previously observed in echinoids?. The
uncoupling of anectodermal head and trunk programmesis not unique
to P. miniata and has been demonstrated in both larval echinoderms
and hemichordates®** and more recently in protostome larvae*®>*,
suggesting that these regulatory programmes can be uncoupled over
macro-evolutionary time frames.

Previous studies™" proposed that the deployment of transcription
factors to pattern adult echinodermbody plans could be the result of
co-option, meaning recruitment of an existing gene or regulatory mod-
ule (or duplication thereof) to fulfilanew developmental role®. Here,
usingamuch larger set of genes, we demonstrate that the patterning of
theambulacral ectodermin P. miniatainvolves a collection of interact-
ing modules that define distinct regions along the A-P axis of bilateral
animalsrather thanasingle regulatory programme. Co-option of this
network would require redeployment of these interacting modules into
anewroleinstemechinoderms. Thus, although we acknowledge that
co-option remains a possible scenario, we propose that the observed
pattern in extant asteroid ambulacra is a result of modification of an
ancestral deuterostome axial programme during echinoderm evo-
lution. Documented cases of co-option such as the deployment of
posterior Hox genes during limb patterning>® involve the (re)use of
an existing regulatory network to pattern a new structure, without
affecting the ancestral role of the system. To our knowledge there is
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ofthe forward part of the animaland a cross-section through the forward arm.
Only genes expressed in the ectodermare shown. ¢, Ambulacral-anterior model
applied to echinoderm classes with available gene expression data, echinoids
(left) and crinoids (right). Inechinoids, the ambulacral ectodermisinternalized
and shown through a cut-away of the forward part of the test, whereas in crinoids
theambulacralectodermisembeddedinthe oral epidermis, similar to asteroids.

no example of co-option that involves dismantling of the ancestral
patterning networks following their recruitment into the develop-
ment of a new structure. A co-option scenario in echinoderms would
imply that the ancestral function of the A-P patterning network was
lostintheadultbody plan, after co-optioninto anevolvingambulacral
territory, which in our opinion is less parsimonious than proposing
descent with modification of an ancestral A-P axis. Interestingly, a
route to resolve this issue might come from some interpretations of
homalozoan and helicoplacoid echinoderms that propose these groups
tobe transitional forms between bilateral and pentaradial symmetry®”.
Re-interpreting these fossils in light of new patterning datasets could
allow us to discriminate between co-option with loss of the ancestral
axial registry or descent with modification.

Did the reorganization of the ancestral A-P axis documented here
occur during the early stem evolution of echinoderms as a defining
regulatory feature of crown group echinoderms or during the later
diversification of asteroids? Our model inferred from analysis of
asteroid data is consistent with published findings from two other
main echinoderm clades, crinoids and echinoids. In crinoids, the
expression of six3/6, otx and pax6 has been reported in the ambu-
lacral ectoderm®®. In echinoids, A-P patterning-related genes have
been surveyed in various species including Strongylocentrotus pur-
puratus and Heliocidaris erythrogramma®**** and most extensively in
Pjaponica®™¥ inwhich the anterior identity of the ambulacral ectoderm
was already reported®. In both crinoids and echinoids, most of the
anterior patterning-related genes studied show expression patterns
compatible with the ambulacral-anterior model. Furthermore, Hox
gene expression has been described in echinoids, holothuroids and
crinoids®*®*and is also largely congruent with the expression patterns
that we observedin P. miniata. This suggests that on the basis of limited
available comparative data, the ambulacral-anterior model could be
ageneral developmental feature of all extant echinoderm classes and
thatour observations reflect early regulatory changes which occurred
during stem echinoderm evolution (Fig. 4c). Further comprehensive
comparative analyses will be required to test this hypothesis.



The evolution of body plan variations across echinoderm classes
has proven challenging to reconstruct on the basis of morphological
features alone*’. The ambulacral-anterior model offers a powerful tool
to establish robust regional homologies between echinoderm classes.
Mostimportantly, the new axial paradigm established here can beinte-
grated with the exquisite fossil record of the phylum to reinvestigate
key morphological transformations in light of regulatory changes.
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Methods

Animal husbandry and tissue preparation

All animal collection and handling was in compliance with US ethical
regulations. Adultand young (-1-2 cmwide) P. miniata specimens were
collected off the coast of Monterey Bay, California, United States, and
kept in circulating seawater tanks. Young specimens were used for
X-ray micro-CT, extract genomic DNA (gDNA) and RNA tomography
(see below). For RNA tomography datasets and gDNA, two young speci-
mens of the same class of size as those used for micro-CT (referred to
as specimens 1and 2) were used. They were anaesthetized in filtered
seawater and 7.5% MgCl (1:1) and then four arms were dissected out.
One of the arms was proceeded for DNA extraction and the three oth-
erswereincludedin HistoPrep embedding medium (ThermoFischer).
Finally, to generate fixed material for HCRs and immunochemistry (see
below), several batches of gravid adults were spawned by injecting
1mlof 1 uM 1-methyladenine (Acros Organics) in each of the gonads.
Sperm and mature oocytes were released by the animals about 45 and
90 min after the injection, respectively. Following in vitro fertiliza-
tion, embryos were cultured at 14 °C in ultraviolet-sterilized filtered
seawater, first at a density of about 100 embryos per ml and in 31
glass jars oxygenated by a motorized paddle. At 48 h postfertiliza-
tion, the culture concentration was adjusted to about one larva per
ml and from then about 95% of the seawater was renewed every 2 or
3 days. Following water renewal, the larvae were fed ad libidum with
freshly grown Rhodomonas lens microalgae. Brachiolaria larvae started
to settle on the glass jars and to undergo metamorphosis between
1and 2 months postfertilization. After metamorphosis, juveniles
were collected from the glass jars by being first relaxed in a 1:1 mix
of 7.5% MgCl, and filtered seawater and then gently detached using
apaintbrush.

X-ray microcomputed tomography

For X-ray micro-CT analyses, P. miniata young juveniles of the same
size as those used for RNA tomography were relaxed in a 1:1 mix of
7.5% MgCl, and filtered seawater for 10 min and then fixed in a modi-
fied PHEM buffer®® (90 mM PIPES, 37 mM HEPES, 14 mMEGTA, 30 mM
MgCl,, 9% fructose) overnight at 4 °C. The samples were then washed
in modified PHEM buffer, before being counterstained in 2% osmium
tetroxide in deionized water for 2 h. Following staining, the samples
were washed extensively in deionized water, gradually dehydrated in
ethanol and stored in ethanol at 4 °C. Before imaging, samples were
dried and then pinned on their aboral side to animaging support. Scan-
ningwas carried out using a Zeiss Xradia 520 Versa 3D X-ray microscope.
Specimens were scanned at aresolution of12.138 pm per voxel. Toiden-
tify different tissues in the scans, regions of interest were segmented
using Dragonfly v.2022.2. For segmentation, the deep learning tool
was used to train a 3D U-net model, which has been shown to be ideal
for rapid and accurate automatic biomedical image segmentation®..
The U-net model had nine classes, corresponding to different tissue
types and was trained for 75 epochs (15.5 h) using a training set of 15
manually segmented slices from the dataset. During model training,
adata augmentation factor of 2 was used, including horizontally and
vertically slipping the data, rotation, shearing and zoom. Following
model training, this U-net was used to automatically segment and
identify our nine different tissue classes. Following the initial deep
learning-based segmentation, the nine classes were reduced to the
fiveregions of interest showninthe 3D model (endoskeleton, digestive
tract, musculature, water vascular system and central nervous system)
viathe merging of classes relating to similar tissue types (forinstance,
combining classes pertaining to different types of endoskeletal tissue).
Atthis point, further segmentation was carried out manually in Dragon-
fly to cleanup regions of interest and to produce 3D models and mesh
files for visualization. After segmentation, the consistency between
the size of the anatomical features reconstructed from the micro-CT

scans and the extent of tissue marker expression profiles from the RNA
tomography was checked manually. The samples used for micro-CT
wereregistered at the Natural History Museum (London, United King-
dom) under registration no. NHMUK 2023.263. The segmented scans
andreconstructed mesh files were deposited on Morphosource under
project no. 000529415.

Genomic DNA isolation

The gDNA for genome sequencing was isolated from a dissected arm
of the young P. miniata specimen 1. Using an extended handle conical
tip pestle (Bel-Art Proculture), the arm was homogenized in the pres-
ence of the extraction buffer and of proteinase K. The gDNA was then
isolated using the DNeasy Blood and Tissue Kit (Qiagen) following the
manufacturer’sinstructions.

Genome sequencing

Ultra-low input HiFi library preparation. Using gDNA from the arm
of specimen 1, we generated a HiFi genome of P. miniata. The general
workflow is described in Supplementary Fig. 2e. As the gDNA isolated
from the arm was predominantly shorter than the 10-15 kb which is
recommended size for HiFi genomic library creation, size selection
was performed before doing an ultra-low input (ULI) amplification
and library preparation to remove fragments less than 7 kb. The size
selection was done on a SAGE BluePippin system using the 0.75% aga-
rose dye-free gel cassette and the S1 marker (SAGE). Approximately
100 ng of DNA was recovered after size selection and used as input
for the ULI PCR-based HiFi library protocol. The sample was ampli-
fied using the SMRTbell gDNA Amplification Kit (PacBio) and a HiFi
SMRTbell library was constructed using the SMRTbell Express Tem-
plate Prep Kit 2.0 (PacBio) following manufacturer’s recommended
protocol. After library construction, a final size selection was per-
formed on the SAGE BluePippin as previously described using a size
cutoff of 7 kb. Library size was characterized on an Agilent 2100
BioAnalyzer using the DNA 12000 kit (Agilent). The extra size selec-
tion ensured having a final library with a fragment size range greater
than7 kb.

HiFi reads sequencing. Sequencingreactions were performed on the
PacBio Sequel Il System with the Sequel Sequencing Kit 2.0 (PacBio).
The kit uses a circular consensus sequencing (CCS) mode which pro-
vides more than 99.5% single-molecule read accuracy®. The samples
were pre-extended without exposure to illumination for 2 hto enable
the polymerase enzymes to transition into the highly progressive
strand-displacing state and sequencing data were collected for 30 h
to ensure maximal yield of high-quality CCS reads. CCS reads were
generated from the data using the SMRT Link v.9.0 (PacBio). For the
genomic HiFi sequencing, the library was bound to the sequencing
enzyme using the Sequel Il Binding Kit 2.2 and the Internal Control
Kit 1.0 (PacBio). The HiFi reads generated 15,614,751 HiFi reads with
amean read length of 9,039 + 1,671 base pairs (bp) (Supplementary
Fig.3e).

Genome assembly. Before de novo genome assembly, the reads were
trimmed on the ends to remove any PCR primer sequences from the
ultra-low amplification process using limav.2.2 (PacBio). The forward
sequence of the amplification adaptor used was AAGCAGTGGTAT
CAACGCAGAGTACT. Once the HiFi reads were trimmed, a filtering
step was performed to remove duplicate reads from the PCR step
using SMRT link v.9.0. After removing duplicate reads, the HiFi reads
(approximately 100x genomic coverage) were used to generate adraft
diploid assembly using Hifiasm v.0.15 (ref. 63). This resulted in two
highly contiguous haplotype primary assemblies of 680 and 674 Mb,
respectively (Supplementary Table 5). Assembly completeness was
assessed with the benchmarking single-copy orthologue® (BUSCO
v.3.0) gene set for Metazoa at 94.8% for each of the individual haplotype



primary assemblies and 96.2% overall for the diploid assembly as a
whole (Supplementary Fig. 3d and Supplementary Table 4). The two
haplotypes were deposited at DDBJ/ENA/GenBank under accession
numbers JAPJSQ000000000 and JAPJSROO0000000.

RNA tomography section preparation and RNA extraction

The three arms embedded in HistoPrep medium were cryosectioned
using aLeica CM3050-S microtome along the appropriate dimensions:
proximodistal (P-D), oral-aboral (O-A) or mediolateral (M-L) (Sup-
plementary Fig. 2a-c). The blocks used for the P-D and O-A dimen-
sions came from specimen 1, whereas the block used for the M-L
dimension came from specimen 2. Slice thickness was set to 25 um
for the P-D and O-A dimensions and to 30 um for the M-L dimension,
resulting in total in 430, 160 and 160 slices for the three respective
dimensions. Every 20 (P-D and O-A) or 10 (M-L) contiguous slices
were pooled together into 1.5 ml tubes during the sectioning of the
blocks. These resulted in a total of 22 tubes for the P-D dimension,
8 tubes for the O-A dimension and 16 tubes for the M-L dimension
(Supplementary Fig. 2d). Each tube was then processed for RNA
extraction using amodified Trizol/RNeasy RNA extraction protocol®.
In each tube, the slices were homogenized in 1 ml of Trizol using an
extended handle conical tip pestle (Bel-Art Proculture). After vigor-
ously mixing the Trizol homogenate with chloroform, each tube was
centrifuged at10,000gfor 18 min at 4 °C. The aqueous phase contain-
ing the RNA was carefully removed and the RNA was further purified
using the RNeasy Plus MicroKit (Qiagen) following the manufacturer’s
instructions.

RNA tomography

Barcoded cDNA IsoSeq SMRTbell library preparation. Using RNA
isolated from the three sets of cryosections, we generated a RNA
tomography®#® dataset for P. miniata juveniles. The general workflow
isdescribedin Supplementary Fig. 2e. Barcoded PacBio IsoSeq SMRT-
bell libraries were constructed using the SMRTbell Express Template
Prep Kit 2.0 (PacBio) following the manufacturer’s instructions. We
used a set of 22 barcoded sequences (Supplementary Table 1) which
were combined with each RNA extract (Supplementary Table 2). Typi-
cally, 12-14 PCR amplification cycles were used to generate enough
barcoded double-stranded complementary DNA (cDNA) for the
library preparation and subsequent sequencing runs (Supplementary
Table2).

Library sequencing. For the Iso-seq transcript libraries, library was
bound to the sequencing enzyme using the Sequel Il Binding Kit 2.1
and Internal Control Kit 1.0 (PacBio) and the sequencing reactions were
performed onthe PacBio Sequel Il System. The three dimensions were
sequencedindependently because there were sharedbarcodes between
the differentlibraries. We obtained a total of 71,582,642 reads (Supple-
mentary Table 3) with amean read length of 3,843, 3,152 and 2,450 bp
for the P-D, O-A and M-L dimensions, respectively (Supplementary
Fig. 3a). In addition, HiFi read length distributions were consistent
across each barcode within the respective RNA tomography dimen-
sion (Supplementary Fig. 3b). Sequence read archives were deposited
at DDBJ/ENA/GenBank under Bioproject PRINA873766 and individual
accession numbers for each barcode are provided in Supplementary
Table 3.Recentadvancementsin full-length transcript concatenation
protocols®, as well as higher multiplexed SMRT sequencing flow cells
haveincreased throughput with aconcomitant decreaseinsequencing
costoverasingle 24 hrun. Genomic, epigenetic and transcript datasets
can now all originate from the same individual greatly improving the
mappability and subsequent analysis of transcriptsin highly polymor-
phicnon-model organisms inwhich gene sequences can differ by more
than 5% in coding regions and as much as 40% in untranslated region
(UTR) sequences which complicate short read transcript alignment
andreliable quantitation.

Iso-seq reads demultiplexing and refining. For each HiFi read file
generated, the data were demultiplexed into barcode-specific read
filesusinglimav.2.2 (PacBio) and the barcodes listed inSupplementary
Table 1. Once the data were demultiplexed each read file was refined
to include only full-length non-chimaeric reads using isoseq3 v.3.4.0
(ref. 68). Chimaeras were identified by inclusion of 5’ or 3’ real-time
PCRprimer sequencesinternal to theinitial ‘full-length’ HiFiread. The
primer sequences used were NEB_5P (GCAATGAAGTCGCAGGGTTGGG),
Clontech_5P (AAGCAGTGGTATCAACGCAGAGTACATGGGG) and NEB_
Clontech_3P (GTACTCTGCGTTGATACCACTGCTT). Transcript clus-
ters were identified using Cupcake v.25.2.0 (ref. 69) which leverages
agenomic reference alignment-based strategy to identify redundant
isoforms/transcripts for geneloci. We leveraged the diploid assembly
to minimize dropouts that might be caused by haplotype-specific null
alleles and/or poor mapping between haplotypes for the same locus.
Comparative alignment of the two haplotype-derived transcriptomes
facilitated further collapse of the gene set to one representative per loci.

Transcriptome generation and curation. Using each haplotype pri-
mary assembly, the complete set of full-length non-chimaeric transcript
reads (FLNC) were clustered and collapsed to reduce gene redundancy
while maintaining the highest possible level of gene completeness. The
complete set of FLNC reads across all three combined RNA tomography
datasets were clustered from alist of input bam files based on each of
the haplotype-specific primary assemblies. Minimap2 v.2.21 (ref. 70)
was used to alignthe FLNC reads to each primary assembly and Sqanti2
v.7.4 (ref. 71) was used to cluster and filter redundancies. Once minimal
transcript sets were obtained for each haplotype, acomparative align-
mentbetween the sets was performed using Minimap2 v.2.21 aligner to
find unique transcripts between the two. From the ouput paffiles, tran-
scripts unique to haplotype 2 which were not present in the haplotpye
1wereidentified, filtered out fromthe haplotype 2 setand added to the
haplotype 1set to obtain a more complete single-copy transcript set.

Manually curated developmental genes of interest were identified
(see below). All sequences in our ‘single-copy’ transcript set were
aligned using TBLASTX to the manually curated set to (1) remove any
duplication of these key transcripts in our reference transcriptome
(for example, the high polymorphism rate resulted in both copies of
some of the manually curated genes being present) and (2) remove
partial duplications (non-full-length transcripts matching the manu-
ally curated set). The result of this curation step was to ensure that
for every gene of interest, we had only one sequence in our reference
transcriptome to maintain accurate downstream quantification. Given
the occasional duplication of transcriptsin our reference transcriptome
(eliminated for our genes of interest), itis assumed that the uncurated
transcripts have some level of duplication.

Oncewederived anear-complete curated transcriptome for P. min-
iata, the barcode-specific demultiplexed RNA tomography datasets
were aligned to the transcriptome reference using Minimap2 v.2.21.
Thefinal refined P. miniatatranscriptome comprised 25,794 transcripts
and represented a nearly complete (91.5%) set of metazoan BUSCO
genes (Supplementary Fig. 3d and Supplementary Table 4). Transcript
expression counts for each of the 25,794 gene modelsin our reference
transcriptome were tallied using a simple Perl v.5.30.1script that only
counted primary alignments (no supplementary alignments) with a
quality value of 15or greater. Each section was tallied independently and
the datamerged. The alignment counts for each section were normal-
ized to the total reads for each barcode to allow spatial comparisons
to be made across each dimension of the RNA tomography dataset.
This was done to account for variable recovery of total RNA in each
barcoded section (Supplementary Fig. 3c).

Orthologuesidentification
P. miniata orthologues of developmental genes of interest, which
included 36 A-P patterning-related genes, 6 D-V specification and
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patterning-related genes, 3 limb P-D patterning-related genes, the
pan-neuronal marker elav, the gut marker lox and the hydrocoel marker
patchedwereidentified fromthe FLNC reads by reciprocal best blast hit
andvalidated by phylogenetic trees (Supplementary Fig.4). Nucleotide
sequences for these transcripts were deposited at DDBJ/ENA/GenBank
and accession numbers are provided in Supplementary Table 6. Trees
were calculated with both the maximum likelihood and Bayesianinfer-
ence methods. Maximum likelihood trees were calculated in MEGA
v.7.0.26 (ref. 72) with the robustness of each node being estimated by
bootstrap analyses (in 1,000 pseudoreplicates). Bayesian inference
trees were calculated usingMrBayes v.3.1.2 (ref. 73) in1,000,000 gen-
erations with sampling of trees every 100 generations and a burn-in
period of 25%. The branching pattern of the maximum likelihood tree
was retained in the final tree figure, except for TALE class homeobox
transcription factors for which the bayesian topology was retained,
and displaying in both cases at each node the bootstrap support of
the maximum likelihood analysis as well as the posterior probability
support of the bayesian inference analysis.

RNA tomography analyses

RNA tomography analyses were performed in R v.4.1.2 using custom-
written code. For downstream analyses, the 22 sections of the P-D
dimension were merged pairwise by simple addition of theread counts
mapping for each transcripts, bringing the final number of sections
in the P-D dimension to 11 (Supplementary Fig. 2d). In addition,
section 14 of the M-L dataset was removed because it yielded a total
read count 77% lower than the average total read count per section
for the M-L dimension, which could have biased the quantification
analyses. To maintain the symmetry in the M-L dimension, section
3 was also removed, bringing the final number of sections in the M-L
dimension to 14 (Supplementary Fig. 2d).

Individual read counts from each section of the three RNA tomog-
raphy dimensions were normalized against the total read count of the
sectionto account for sequencing depth differences between the three
dimensions and for geometrical disparities between the different sec-
tions of a single dimension. Because we were interested in the profile
of highly expressed and variable genes, whereas genes with a uniform
expression across the sections were poorly informative, a cutoff was
applied todiscard genes which consistently had the 20% lowest average
expression level or 20% lowest variability in all of the three dimensions,
resultinginafinal set of 21,847 gene models (Supplementary Fig. 3f). Of
the36 A-P patterning-related genes investigated in this study, four of
them fellbelow the cutoff and were excluded from the computational
analyses because of their low expression levels: rx, dlx, hox11/13a and
hoxI11/13c (Supplementary Fig. 3f). For further analyses, the expression
levels of each gene along each of the three dimension sections was
transformed into z-score.

For the clustering analysis, the dimensionality of the dataset was first
reduced using a PCA performed simultaneously on the three dimen-
sions of the RNA tomography. Kaiser-Guttman'’s criterion’ was used
to select the significant PCs of the PCA. Then, the coordinates of the
transcripts along the retained PCA axes were used to compute the
Euclidean distance matrix and hierarchical agglomerative cluster-
ing using Ward’s aggregation to produce an expression profile den-
drogram®. Following the methodology established in previous RNA
tomography studies?, we estimated a maximal number of 12 clusters
based on discernible anatomical features in the Spearman correla-
tion matrices of the sections (Extended Data Fig. 1f). However, the
relevant number of clusters was probably lower than12 because of the
lack of independence of gene expression between the three dimen-
sions. We thus used a silhouette index™ to evaluate the consistency
of clusters when choosing between 2 and 12 clusters. The silhouette
indexindicated that 7 was the most appropriate number of clusters and
this number also minimized redundancy between the different gene
expression profiles.

For the hypothesis testing, we determined the ranking of the 36 inves-
tigated A-P patterning-related genes on the basis of their expression
profilesin the hemichordate S. kowaleskii, which is the closest bilat-
eral echinoderm-relative with an extensive dataset of A-P patterning
gene expression profiles*>**8778°_ Gene expression patterns in other
hemichordate studies are largely consistent with those observed in
S. kowalevskii*>®'. The 36 genes were divided into seven groups on the
basis of their expression domains (anterior proboscis (A), proboscis
(B), anterior collar (C), posterior proboscis and collar (D), collar-trunk
boundary (E), trunk (F) and posterior tip of the trunk (G)) (Supple-
mentary Fig. 6). Within each group, genes were ranked on the basis of
their expression pattern and, when required, tied on the basis of the
available gene expression patternsin other closely related species. We
were confident that the assignment of each gene to the groups Ato G
on the basis of their expression profile in S. kowalevskii was robust to
interpretation biases. Onthe other hand, given that the genes expressed
inthese groups are more or less coincident in parts of the A-P axis of
S. kowalevskii, we recognized that the internal gene ranking within each
group was more subject to possible interpretation biases.

Totest the Spearman correlation between the A-P patterning-related
generanking and the gene expression profiles along the three dimen-
sions of the RNA tomography, the symmetrical sections of the M-L were
averaged pairwise (1and14,2and 13 and so on). We then used the high-
estz-scoreasareadoutfor the position of each geneineach dimension
and correlated it to the ranking of the A-P genes as described above.
The significance of this raw correlation was assessed by a two-sided
Spearman correlation test. In addition, each of the seven groups of
genes was independently removed to assess its contribution to the
correlation. However, this approach is subjected to two potential
sources of errors, resulting (1) from choosing the single highest z-score
value for the position of genes with multimodal expression profiles and
(2) frombiases indetermining the ranking of the A-P genes withineach
of the seven gene groups, as mentioned above. To account for these
biases, we also ran10¢ independent correlations, with each correlation
(1) probabilistically determining the position of each gene by using the
z-score as a law of probability and (2) randomly shuffling the ranking
of the genes within the seven gene groups. The distribution of the 10°
correlations values was then compared across the three dimensions of
the RNA tomography using a two-sided Wilcoxon rank test.

Insitu hybridization

Shortinsituhybridization antisense DNA probes were designed on the
basis of the split-probe design of HCR v.3.0 (ref. 82) using HCR 3.0 Probe
Maker® with adjacent B1, B2 or B3 amplification sequences, depend-
ing on the genes (Supplementary Table 7). Between 14 and 33 probe
pairswere designed for each gene including the coding sequence and
for some of them adjacent 5’ and 3’ UTRs. The probe pairs were then
ordered as oligo pools (Integrated DNA Technology) and suspended
in nuclease-free water at a concentration of 0.5 uM.

For in situ hybridization, P. miniata brachiolaria larvae, metamor-
phosing larvae andjuveniles were incubated infixation buffer (1x phos-
phate buffered saline (PBS), 0.1 MMOPS, 0.5 MNaCl,2 mMEGTA,1 mM
MgCl,) containing 3.7% formaldehyde overnight at 4 °C. Fixed samples
were then dehydrated in methanol and stored at—20 °Cfor atleast 24 h
and up to several months. The samples were progressively rehydrated
in PBS containing 0.1% Tween-20 (PBST). They were permeabilized in
detergent solution (1.0% SDS, 0.5% Tween-20,150 mM NaCl,1mMEDTA
(pH 8),50 mM Tris-HCl at pH 7.5) 30 minforlarvae and 2 hfor juveniles.
Forjuveniles, this step was followed by an extra permeabilization step
in4 pg ml™ proteinase K (Sigma-Aldrich) for 10 min at 37° and postfixa-
tionin 3.7% formaldehyde for 25 min. The samples were extensively
washed in PBST and thenin 5x saline sodium citrate buffer containing
0.1% Tween-20 (SSCT), before being prehybridized in hybridization
buffer (Molecular Instruments) for 1 h at 37 °C. The probes were then
added to the hybridization buffer at a final concentration of 0.05 pM



and the samples were allowed to hybridize at 37 °C overnight under
gentle agitation. Following hybridization, the samples were washed
four times for 30 min in probe wash buffer (Molecular instruments)
at 37 °C and then in 5x SSCT at room temperature. They were then
pre-amplified in amplification buffer (Molecular Instruments) for
30 min. Meanwhile, H1and H2 components of the HCR hairpins B1, B2
or B3 coupledtoeither Alexa546 or Alexa647 fluorophores (Molecular
Instruments) were incubated separately at 95 °C for 90 s, cooled down
toroomtemperatureinthe dark and then pooled together beforebeing
added to the amplification buffer at a final concentration of 60 nM.
The amplification was then performed overnight at room tempera-
ture. The samples were subsequently washed four times for 30 minin
5% SSCT and incubated in PBST containing 1:1,000 DAPI (Invitrogen)
for 3 h. Finally, the samples were cleared in a series of 20%, 40%, 60%
and 80% fructose diluted in PBS. Each fructose bath was carried out
foratleast1h. Cleared samples were mounted in 80% fructose diluted
in PBS for imaging, which was done using a Zeiss LSM700 confocal
microscope. For eachsample, series of optical sections were taken with
a z-step interval of 2-3 um. Multichannel acquisitions were obtained
by sequentialimaging. Confocal optical sections spanning regions of
interest along the O-A axis were compiled into maximum intensity
z-projections using ImageJ v.1.52g (ref. 84) and assembled into figure
using Adobe Illustrator v.15.0.0.

The specificity of the antisense DNA probes and amplification hair-
pins was validated by running the protocol without hairpins and probes
or with hairpins alone and comparing antisense and sense probe sets
for nkx2.1 (Supplementary Fig. 7). The consistency of the expression
patterns obtained through this method was further validated by com-
parisons of elav, nkx2.1, dmbx and otx with colorimetric whole-mount
in situ hybridization using single antisense RNA probes as described
previously®® (Supplementary Fig. 7). To ensure reproducibility of the
insitu hybridization expression patterns, eachgene was surveyedin at
least two independent experiments and for each experiment at least
ten samples were analysed and gave consistent results.

Immunohistochemistry

Immunofluorescence stainings were performed as described
previously®® using an anti-acetylated tubulin produced in mouse
(Sigma-Aldrich, reference no. T7451-100UL, lot no. 036M4856V) diluted
at1:200. Secondary antibody used was a goat anti-mouse IgG (H + L)
coupled to Alexa Fluor 647 (Invitrogen, reference no. A21235, lot no.
2270554) diluted at1:500. For endoskeleton stainings, larvae reaching
thebrachiolariastage wereincubated in seawater supplemented with
5ml per 1l of saturated calcein solution (Sigma-Aldrich), a fluores-
cent calcium analogue whichisincorporated into the endoskeleton®,
until the completion of the metamorphosis. The postmetamorphic
juveniles were then fixed, counterstained with DAPI and cleared
following the same procedure as for immunofluorescence stain-
ings. Imaging was done following the same procedure as for in situ
hybridizations.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Specimens used for micro-CT analyses are registered at the Natu-
ral History Museum (London, UK) under registration no. NHMUK
2023.263. The segmented scans and reconstructed mesh files are
available in Morphosource under project no. 000529415. Genome
haplotypes are available at DDBJ/ENA/GenBank under accession nos.
JAPJSQO00000000 andJAPJSROO0000000. Sequence read archives
for RNA sequencing are available at DDBJ/ENA/GenBank under Biopro-
ject PRJNA873766. RNA tomography dataset is available at Zenodo:

https://doi.org/10.5281/zenodo.8327479. Source data are provided
with this paper.

Code availability

Custom code used for RNA tomography analysesis available at Zenodo:
https://doi.org/10.5281/zenod0.8327479.
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body muscles (red), the water vascular system (WVS; purple) and the central three dimensions of the RNA tomography for tissue marker genes knownbased
nervous system (CNS; blue). ¢, Lateral views showing virtual sections of the onpublished literatureto be expressedin the endoskeleton (grey), digestive
micro-CT reconstructionalong the proximodistal (P-D), oral-aboral (O-A) and tract (yellow), muscles (red), WVS (purple) and in the nervous system (blue) are
mediolateral (M-L) dimensions used in the RNA tomography. Scale bar,1 mm. consistent with the anatomy of the animal. Note thatin the case of digestive tract
d, Details of the different anatomical features shownin aboral or lateral views. markers, thereis aleft shift of expressioninthe M-L dimension that we assume

Thedifferent panels are shown at the same scale. TAM: transverse ambulacral resulted from displacement of the pyloric caecaduring the dissection of thearm.
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Extended DataFig.2|Dorsoventral and appendage patterningin Patiria
miniate. a,Schematicrepresentation of D-V patterningin bilaterians.

b, Expression profile of D-V specification and patterning genes along the P-D,
0O-Aand M-Ldimensions of the RNA tomography. For the M-L dimension,

the dotted lineindicates the midline. c-v,y-&, HCRs of P. miniata brachiolariae
(c,h,m), early metamorphosis (d,i,n), late metamorphosis (e,j,0) and
postmetamorphicjuveniles (f,g,k,I,p-v,y-a) imaged from the oral side.

Inc-q,t,uy-«, specimensare counterstained with DAPI (blue). g,1,q,1,s,v,
Magnification of asingle ambulacrum. c-v, Expression patterns of genes
involvedin D-V axis specification and patterning. w, Schematic representation
of limb proximodistal patterning in bilaterians. x, Expression profile of limb
proximodistal patterning genes along the P-D dimension of the RNA

tomography. y-«, Expression patterns of genes involved in limb proximodistal
patterning. Scale bars,100 pm.




nature portfolio

Corresponding author(s):  Laurent Formery, Christopher J. Lowe

Last updated by author(s): Jul 24, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XX OO 000000l
OO0X X X XX X XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection ~ SMRT Link v.9.0

Data analysis Lima v2.2; Hifiasm v.0.15; BUSCO v.3.0; Isoseq3 v.3.4.0; Cupcake v.25.2.0; Minimap2 v.2.21; Sqanti2 v.7.4; MEGA v.7.0.26; MrBayes v.3.1.2; R
v.4.1.2; Perl v.5.30.1; HCR 3.0 Probe Maker v.1.0; ImagelJ v.1.52g; Adobe Illustrator v.15.0.0; Dragonfly v.2022.2
Custom code used for RNA tomography analyses is available at Zenodo under DOI 10.5281/zenod0.8327479.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available upon request. Specimens used for Micro-CT analyses are registered at the Natural History Museum (London, UK) under the registration




number NHMUK 2023.263. The segmented scans and reconstructed mesh files are available in Morphosource under the project number 000529415. Genome
haplotypes have been deposited at DDBJ/ENA/GenBank under the accession numbers JAPJSQO00000000 and JAPJSRO00000000. Sequence read archives from the
RNA tomography were deposited at DDBJ/ENA/GenBank under the bioproject PRINA873766. SRA Bio-samples ID of RNA tomography sections are listed in
Supplementary Table 3. GenBank Accession numbers of genes of interest are provided in Supplementary Table 6. RNA tomography dataset is available at Zenodo
under DOI 10.5281/zenodo.8327479. Sequence of the HCR probes in this study are provided in Supplementary Table 7.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Two individuals were used for RNA tomography, which is standard for this type of experiment. Genome sequencing was done from one of the
specimen used for RNA tomography to facilitate alignment. The number of sections pooled for each dimension of the RNA tomography was
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in situ hybridizations and immunohistochemistry were performed at least 2 times and each time at least 10 specimens were imaged through
their entire thickness using a confocal microscope, in order to validate the consistency of the findings and expression patterns. The results
between the different samples was always consistent.

Randomization  The individuals used for RNA tomography, genome sequencing and micro-CT were picked randomly out of a pool of animals of similar size. For
juvenile rearing, the adult animal used for spawning were selected randomly, and all the juveniles from a culture were fixed. The specimens
used for HCR in situ hybridizations or immunohistochemistry and imaging among the pool of fixed juveniles were selected randomly for each

experiment.
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Antibodies
Antibodies used Mouse anti acetylated-tubulin antibody (Sigma aldrich, Reference# T7451-100UL, Lot# 036M4856V), 1:200 dilution.
Goat anti-mouse I1gG (H+L) secondary antibody coupled to Alexa Fluor 647 (Invitrogen, Reference#t A21235, Lot#2270554), 1:500
dilution.
Validation Antibody cross-reactivity against Patiria miniata has been demonstrated in published literature (Annunziata et al., 2013; Carter et al.,

2021; Formery et al., 2021)

Eukaryotic cell lines
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Dating methods N/A
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Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals No laboratory animals were used in this study.

Wild animals Adult Patiria miniata sea stars (age unknown) were collected by scuba diving by a local fishing company (Monterey Abalone
Company) in Monterey bay, (CA, USA) following Fish and Game regulations and with appropriate state permitting. Animals were
transported in coolers to the marine station and were then kept in tanks with circulating sea water pumped from the bay, and fed
with kelp (Macrocystis pyrifera) and commercial seafood until they were used for experiment (RNA tomography) or spawned. After
spawning, adult animals used for this study were returned to the tanks and maintained under the same conditions.

Reporting on sex N/A
Field-collected samples  Field-collected adult Patiria miniata were maintained at sea temperature with natural photoperiod.

Ethics oversight Animal collection was performed with appropriate state permitting. Handling of echinoderm species is not subject of ethical
approvals or restriction in the United States of America.
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