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Abstract 27 

The origin of the pentaradial body plan of echinoderms from a bilateral ancestor is one of the most 28 
enduring zoological puzzles. Since echinoderms are defined by morphological novelty, even the most 29 
basic axial comparisons with their bilaterian relatives are problematic. Here, we used conserved antero-30 
posterior (AP) axial molecular markers to determine whether the highly derived adult body plan of 31 
echinoderms masks underlying patterning similarities with other deuterostomes. To revisit this classical 32 
question, we used RNA tomography and in situ hybridizations in the sea star Patiria miniata to 33 
investigate the expression of a suite of conserved transcription factors with well-established roles in the 34 
establishment of AP polarity in bilaterians. We find that the relative spatial expression of these markers 35 
in P. miniata ambulacral ectoderm shows similarity with other deuterostomes, with the midline of each 36 
ray representing the most anterior territory and the most lateral parts exhibiting a more posterior identity. 37 
Interestingly, there is no ectodermal territory in the sea star that expresses the characteristic bilaterian 38 
trunk genetic patterning program. This suggests that from the perspective of ectoderm patterning, 39 
echinoderms are mostly head-like animals, and prompts a reinterpretation of the evolutionary trends that 40 
made echinoderms the most derived animal group. 41 

Introduction and results 42 

Echinoderms, defined by their calcitic endoskeleton, unique water vasculature system, and perhaps most 43 
strikingly by their pentaradial body plan1,2, are among the most enigmatic animal phyla. Since 44 
echinoderms are phylogenetically nested within the deuterostomes3-5 (echinoderms, hemichordates, and 45 
chordates), their pentaradial organization was evidently derived from a bilaterian ancestor. Yet, despite 46 
a rich fossil record, comparative morphological studies have come to conflicting conclusions regarding 47 
the axial transformations that led to pentamery from the ancestral bilaterian state2,6. Among bilaterians, 48 
the deployment of the gene regulatory network that specifies ectoderm AP polarity is highly conserved 49 
and represents a suite of characters that is often more conserved than the body plans they regulate7-14 50 
(Fig.1a). The deployment of this AP regulatory network could therefore provide an alternative way to 51 
test hypotheses of axial homology in cases such as echinoderms where morphological characters are too 52 
divergent to reconstruct ancestral states15. 53 

Detailed comparisons between chordate and hemichordate axial patterning have established the 54 
ancestral deuterostome AP patterning program11-14. The fate of this conserved network and its role in 55 
patterning the adult body plan of extant echinoderms could provide key insights into the evolution of 56 
echinoderm axial properties, with two distinct scenarios. First, the ancestral deuterostome AP patterning 57 
network could have been dismantled and reassembled into novel conformations during the radical body 58 
plan modifications along the echinoderm stem lineage. In this scenario, expression of transcription 59 
factors in derived morphological structures without conservation of relative spatial expression across 60 
the network would imply co-option into novel developmental roles16,17. Alternatively, conservation of 61 
spatially coordinated expression of this network during the elaboration of the echinoderm adult body 62 
plan would provide a molecular basis for testing hypotheses of axial homology with bilaterians, and 63 
establish regional homologies masked by divergent anatomies15,18 (Fig.1b). 64 

Four main hypotheses have been proposed to relate the echinoderm body plan to other bilaterians 65 
(Fig.1c). The bifurcation19 and the circularization19,20 hypotheses can be ruled out, since they require a 66 
unique molecular identity for each of the five echinoderm rays that is inconsistent with molecular 67 
data18,21. In the duplication hypothesis19,22, each of the five echinoderm rays is a copy of the ancestral 68 
AP axis, and in the stacking hypothesis 2,6,23,24 the oral-aboral axis of adult echinoderms is homologous 69 
to the ancestral AP axis. While broad bilaterian comparisons of AP axis patterning are typically based 70 
on ectodermal expression domains, the stacking hypothesis was proposed largely on the basis of nested 71 
posterior Hox gene expression in the posterior mesoderm of the bilateral larval stages in holothuroids 72 
(sea cucumbers), crinoids (sea lilies), and echinoids (sea urchins)25-31, and need to be tested based on 73 
ectodermal expression.   74 
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SCIENTISTS trying to work 
out where a starfish’s head 
is have come to a startling 
conclusion: it is effectively 
the whole animal. As well 
as solving this long-standing 
mystery, the finding will help 
us understand how evolution 
generates the dramatic diversity 
of animal forms on Earth.

Starfish, also known as 
sea stars, belong to a group 
of animals called echinoderms, 
which includes sea urchins and 
sea cucumbers. Their strange 
body plans have long puzzled 
biologists. Most animals, 
including humans, have a 
distinct head end and tail 
end, with a line of symmetry 
running down the middle of 
their body, dividing it into two 
mirror-image halves. Animals 
with this two-sided symmetry 
are called bilaterians.

Echinoderms, on the 
other hand, have five lines 
of symmetry radiating 

from a central point and no 
physically obvious head or tail. 
Yet they are closely related to 
animals like us and evolved 
from a bilaterian ancestor. 
Even their larvae are bilaterally 
symmetrical, later radically  
reorganising their bodies as 
they metamorphose into adults.

These profound differences 
make it hard for scientists to 
find and compare equivalent 
body parts in bilaterians to work 
out how echinoderms evolved. 
“The morphology cannot tell 
you anything, almost,” says 
Laurent Formery at Stanford 
University in California. “It is 
just too weird.”

Formery and his colleagues 
decided to look at a set of genes 
known to direct the head-to-tail 
organisation of all bilaterians. 
In these animals, the genes 
are turned on, or expressed, 
in stripes in the outer layer 

of the developing embryo. 
The genes that are expressed 
in each stripe define which 
point on the head-to-tail axis 
it will become.

The idea was to see if the 
gene expression patterns 
would reveal a “molecular 
anatomy” hidden in 
echinoderms. “This particular 
suite of genes is just good for 
exploring animal diversity in 
its most extreme forms,” says 
team leader Chris Lowe, also 
at Stanford University. “I think 
echinoderms represent a really 
extreme experiment in how 
to use that bilateral network 
to produce a very, very 
different body plan.” 

To the team’s surprise, 
the genes that determine the 
head end in bilaterians were 
expressed in a line running 
down the middle of each arm 
on the underside of a starfish. 
The next “head-most” genes 
were expressed on either side of 
this line, and so on (Nature, DOI: 
10.1038/s41586-023-06669-2).

Even more strangely, the 
genes normally expressed in 
the trunk of bilaterians were 
missing in the outer layer of 
the animal. This suggests that 
starfish have jettisoned their 
trunk regions and freed up the 
outer layer to evolve in new 
directions, says Formery.

The findings show that 
“the body of an echinoderm, 
at least in terms of the external 
body surface, is essentially a 
head walking about the seafloor 
on its lips”, says Thurston Lacalli 
at the University of Victoria in 
Canada. Animals like us may 
have kept their trunks to escape 
predation by swimming away. 
“Echinoderms hunkered down 
and armoured themselves, 
so they didn’t need a trunk,” 
says Lacalli.  ❚
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Fluorescent stains 
labelling various 
tissues in a starfish
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Starfish are actually flattened 
heads with no bodies

MOUSE embryos have been 
cultured on the International 
Space Station (ISS) for the first 
time, in an effort to explore whether 
it might be safe for humans to 
become pregnant in space.

“There is a possibility of 
pregnancy during a future trip 
to Mars because it will take more 
than 6 months to travel there,” 
says Teruhiko Wakayama at the 
University of Yamanashi in Japan, 
who led the study. “We are 
conducting research to ensure we 
will be able to safely have children 
if that time comes.”

Wakayama and his colleagues 
performed the first steps of the 
experiment in their lab on Earth, 
extracting embryos that were 
at an early two-cell stage from 
pregnant mice and freezing them.

The frozen embryos were 
sent to the ISS on a SpaceX 
rocket that launched from Florida 
in August 2021. Astronauts on 
the station thawed the embryos 
and cultured them for four days, 
which is how long they can survive 
outside a uterus. The astronauts 
then chemically preserved the 
embryos and sent them back 
to Earth on a return vessel. 

Wakayama’s team studied 
the returned embryos to see if 
they had been affected by their 
exposure to the higher radiation 
and low gravity in space. The 
embryos didn’t show signs of 
DNA damage from the radiation 
exposure, possibly because they 
were only in space for a short 
time (iScience, doi.org/k234).

They also displayed normal 
structural development, including 
differentiation into two groups of 
cells that form the basis of the fetus 
and placenta. This was an important 
finding because it was previously 
thought that microgravity may 
affect the ability of embryos to 
separate into these two different 
groups of cells, says Wakayama. ❚

Biology

Alice Klein

Trip to space and 
back has no effect 
on mouse embryos

“ The body of an 
echinoderm is essentially 
a head walking about  
the seafloor on its lips”

Claire Ainsworth

Claire Ainsworth
Reproduced with permission from New Scientist magazine
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