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Somatostatin (SS) and allatostatin-C (ASTC) are inhibitory neuro-
peptides in chordates and protostomes, respectively, which hith-
erto were identified as orthologs. However, echinoderms have
two SS/ASTC-type neuropeptides (SS1 and SS2), and here, our
analysis of sequence data indicates that SS1 is an ortholog of ASTC
and SS2 is an ortholog of SS. The occurrence of both SS-type and
ASTC-type neuropeptides in echinoderms provides a unique con-
text to compare their physiological roles. Investigation of the
expression and actions of the ASTC-type neuropeptide ArSS1 in
the starfish Asterias rubens revealed that it causes muscle contrac-
tion (myoexcitation), contrasting with myoinhibitory effects of the
SS-type neuropeptide ArSS2. Our findings suggest that SS-type
and ASTC-type neuropeptides are paralogous and originated by
gene duplication in a common ancestor of the Bilateria, with only
one type being retained in chordates (SS) and protostomes (ASTC)
but with both types being retained in echinoderms. Loss of ASTC-
type and SS-type neuropeptides in chordates and protostomes,
respectively, may have been due to their functional redundancy as
inhibitory regulators of physiological processes. Conversely, the
retention of both neuropeptide types in echinoderms may be a
consequence of the evolution of a myoexcitatory role for ASTC-
type neuropeptides mediated by as yet unknown signaling
mechanisms.
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europeptides are neuronally secreted peptides that regu-

late diverse physiological and behavioral processes in ani-
mals, with their effects on target cells/tissues typically mediated
by G protein—coupled receptors (1). Investigation of the phylo-
genetic distribution of neuropeptides and their cognate receptors
has revealed that the evolutionary origin of over 30 neuropeptide
signaling systems can be traced back to the urbilaterian common
ancestor of protostomes and deuterostomes (2-6). Important
insights into neuropeptide evolution have been obtained from
nonchordate deuterostome invertebrates (e.g., echinoderms),
which occupy an “intermediate” phylogenetic position with
respect to chordates and protostomes (4, 7, 8). For example,
molecular and functional characterization of neuropeptide sig-
naling systems in echinoderms has identified “missing links” that
facilitated reconstruction of the evolutionary history of the neu-
ropeptide-S/crustacean cardioactive peptide-type, corazonin-
type, and prolactin-releasing peptide/short Neuropeptide-F-type
neuropeptide signaling systems in the Bilateria (9-11).

Here, we have investigated the evolution and comparative
physiology of somatostatin (SS)-type and allatostatin-C (ASTC)-
type peptides—structurally and evolutionarily related neuropepti-
des in chordates and protostomes, respectively (2, 3). Thus,
SS-type and ASTC-type neuropeptides have the common charac-
teristics of containing two cysteine residues that form a disul-
phide bridge and being derived from the carboxyl-terminal region
of their precursor proteins (12-16). Furthermore, the G
protein—coupled receptors that mediate the physiological effects
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of SS-type and ASTC-type neuropeptides in chordates and proto-
stomes, respectively, share sequence similarity indicative of
homology (2, 3, 17, 18). Accordingly, it has been proposed that
ASTC-type signaling in protostomes is orthologous to SS-type
signaling in chordates (19). Interestingly, analysis of transcrip-
tome/genome sequence data from echinoderms has revealed the
occurrence of two SS/ASTC-type neuropeptides in species
belonging to this phylum, which we have referred to as SS1 and
SS2 (8, 20, 21). Furthermore, comparison of the sequences of
these peptides with SS/ASTC-type neuropeptides in other bilater-
ian taxa has revealed that echinoderm SS1-type and SS2-type
neuropeptides have specific structural similarities with ASTC-
type neuropeptides in some protostomes and SS-type neuropepti-
des in chordates, respectively (21). This is intriguing because it
suggests that echinoderm SS1-type neuropeptides are orthologs
of protostome ASTC-type neuropeptides and that echinoderm
SS2-type neuropeptides are orthologs of chordate SS-type neuro-
peptides. To further investigate these relationships, here we pre-
sent a more extensive comparative analysis of the sequences of
SS/ASTC-type neuropeptides in echinoderms and other taxa
than previously reported (21). Furthermore, we report use of the
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cluster analysis of sequences (CLANS) method (22) to compare
the sequences of the precursors of SS/ASTC-type neuropeptides
in echinoderms and other taxa. In addition, we have employed
analysis of gene synteny at a chromosomal level to investigate
relationships of SS/ASTC-type neuropeptide precursors in echi-
noderms and other taxa.

Molecular characterization of SS/ASTC-type neuropeptide sig-
naling in the starfish Asterias rubens has determined the mature
structures of the SS1-type peptide ArSS1 (KCIGRFQPFSMPC)
and the SS2-type peptide ArSS2 (RAKNARCMADFWKGR
GLVDC), with both peptides having a disulphide bridge between
the underlined cysteine residues, consistent with the structures of
SS/ASTC-type peptides in other taxa (21). Furthermore, ArSS2,
but not ArSSl1, acts as a ligand for three G protein—coupled
receptors (ArSSR1-3) that are co-orthologs of SS-type receptors
in chordates (21). Detailed analysis of the anatomical expression
pattern and pharmacological actions of ArSS2 in A. rubens
revealed that it acts as a muscle relaxant and triggers stomach
eversion in this species (21). This myoinhibitory effect of ArSS2 in
starfish is noteworthy because it is consistent with the effects of
SS/ASTC-type neuropeptides as inhibitory regulators of a variety
of physiological processes in chordates and protostomes (13, 14,
23-26). Thus, an ancient role of SS/ASTC-type neuropeptides
as inhibitory regulators can be traced back to the common
ancestor of the Bilateria, with this role being retained in the action
of the SS2-type neuropeptide ArSS2 as a myoinhibitor in an echi-
noderm—the starfish 4. rubens (21). In this context, it was of
interest to determine the physiological roles of SS1-type neuro-
peptides in echinoderms, and to address this issue here, we have
investigated the expression and actions of ArSS1 in the starfish
A. rubens.
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Results

Sequence Analysis Indicates That Echinoderm SS1-Type Peptides Are
Orthologs of Protostome ASTC-Type Peptides and That Echinoderm
$S2-Type Peptides Are Orthologs of Chordate SS-Type Peptides.
Sequence alignments revealed that echinoderm SS1-type and
SS2-type peptides have sequence motifs in common with proto-
stome ASTC-type peptides and chordate SS-type peptides,
respectively (Fig. 1). Echinoderm SS1-type peptides have a
Phe-X-Pro (FXP) motif (in which X is variable) in common
with arthropod ASTC-type peptides and several Caenorhabditis
elegans ASTC-type peptides. However, in arthropod ASTCC/
ASTCCC-type peptides and lophotrochozoan ASTC-type pep-
tides, the proline (P) residue is substituted with alanine (A) or
valine (V)/leucine (L)/isoleucine (I), respectively. Furthermore,
in the sea cucumber Apostichopus japonicus, the P is followed
by an I residue, which is a characteristic of many protostome
ASTC-type peptides (Fig. 14). SS2-type peptides in the starfish
A. rubens and Acanthaster planci have a Phe-Trp-Lys (FWK)
motif, which is a conserved characteristic in many SS-type pep-
tides in chordates, whereas in other echinoderm species ana-
lyzed, the phenylalanine (F) is substituted with an I residue.
Furthermore, in all of the echinoderm SS2-type peptides ana-
lyzed, the lysine (K) residue is followed by a glycine residue,
which is also a characteristic of some SS-type peptides in teleost
fish (Fig. 1B). Collectively, these findings provide further evi-
dence that echinoderm SS1-type peptides are orthologs of pro-
tostome ASTC-type peptides and that echinoderm SS2-type
peptides are orthologs of chordate SS-type peptides.

To investigate relationships of echinoderm SS1-type and
SS2-type peptides with SS/ASTC-type peptides in other taxa,
we also analyzed the sequences of the precursor proteins for
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Sequence alignment of echinoderm SS1-type peptides with protostome ASTC-related peptides and echinoderm SS2-type peptides with chordate

SS-type peptides. (A) Alignment of echinoderm SS1-type neuropeptides with protostome ASTC-type peptides. Note that in addition to conserved cysteine
residues, there is a conserved FXP motif (in which X is variable) shared by some echinoderm SS1-type peptides, arthropod ASTC-type peptides, and several
C. elegans ASTC-type peptides. (B) Alignment of echinoderm SS2-type neuropeptides with chordate SS-type peptides. Note that in addition to conserved
cysteine residues, there is a conserved Phe-Trp-Lys/lle-Trp-Lys (FWK/IWK) motif shared by echinoderm SS2-type peptides and chordate SS-type peptides.
The aligned amino acids are highlighted in black if the residue is present in at least 60% of the sequences or highlighted in gray if conservative amino
acid substitutions are present in at least 60% of the sequences. The position of a disulphide bridge between the two conserved cysteine residues is shown
above the alignments. Species and peptide names are highlighted in taxon-specific colors: yellow (Echinodermata), light green (Arthropoda), dark green
(Nematoda), light red (Annelida), dark red (Mollusca), light orange (Brachiopoda), dark orange (Nemertea), pink (Cephalochordata), and blue (Verte-
brata). Species name abbreviations are as follows: Ajap (Apostichopus japonicus), Apla (A. planci), Arub (A. rubens), Bflo (B. floridae), Cele (C. elegans),
Cgig (Crassostrea gigas), Ctri (Charonia tritonis), Dmel (D. melanogaster), Drer (Danio rerio), Dret (Deroceras reticulatum), Ggal (Gallus gallus), Hsap
(Homo sapiens), Hrob (Helobdella robusta), Lame (Lophius americanus), Lana (Lingula anatine), Lgig (Lottia gigantea), Llon, (Lineus longissimus), Locu
(Lepisosteus oculatus), Lpol (Limulus polyphemus), Mmus (Mus musculus), Olat (Oryzias latipes), Ovic (Ophionotus victoriae), Pdum (Platynereis dumerilii),
Pmax (P. maximus), Spur (Strongylocentrotus purpuratus), and Trub (Takifugu rubripes). The accession numbers or references for sequences of the neuro-
peptides included in this figure are listed in S/ Appendix, Table S1.
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Fig. 2. BLOSUM®G2 cluster map showing sequence similarity of echinoderm
SS1-type and SS2-type peptide precursors with SS/ASTC-type peptide precur-
sors in other taxa. Nodes are labeled with phylum-specific colors, as shown
in the key, and connections represent BLAST relationships with a P value
>1e-2. Vertebrate precursors of Ull, URP-type peptides, and MCH, which are
structurally and evolutionarily related to SS/ASTC-type neuropeptides, were
also included for comparison. Note that echinoderm SS1-type peptide pre-
cursors only have connections with protostome ASTC-type precursors,
whereas echinoderm SS2-type peptide precursors only have connections
with vertebrate SS/CST-type precursors. This indicates that echinoderm SS1-
type peptide precursors are orthologs of protostome ASTC-type peptide
precursors and that echinoderm SS2-type peptide precursors are orthologs
of vertebrate SS/CST-type precursors. The A. rubens SS1 precursor (ArSSP1)
and SS2 precursor (ArSSP2) are boxed. The accession numbers or references
for sequences of the precursors included in this figure are listed in S/
Appendix, Table S2.

these peptides using the CLANS method, including precursors of
vertebrate SS-related peptides (urotensin II, UII; urotensin-
related peptide, URP; and melanin-concentrating hormone,
MCH) as out-groups. This revealed that vertebrate SS-type, verte-
brate UII/URP-type, vertebrate MCH-type, and protostome
ASTC-type precursors form four distinct clusters. Furthermore,
and notably, echinoderm SS1-type precursors only showed links
with protostome ASTC-type precursors, and echinoderm SS2-
type precursors only showed links with vertebrate SS-type precur-
sors (Fig. 2). Consistent with evidence from neuropeptide
sequence alignments (Fig. 1), these findings suggest that echino-
derm SS1-type neuropeptides are orthologs of protostome
ASTC-type neuropeptides and that echinoderm SS2-type neuro-
peptides are orthologs of vertebrate SS-type neuropeptides.

To further investigate orthology, we analyzed the gene reper-
toires of the chromosomes containing the genes encoding
ArSSP1 (chromosome 6; ArChr6) and ArSSP2 (chromosome
18; ArChrl18) in A. rubens and compared with the gene reper-
toires of chromosomes containing the SS-type precursor gene
in the chordate Branchiostoma floridae (chromosome 14;
BfChr14) and the ASTC-type precursor gene in the mollusk
Pecten maximus (chromosome 16; PmChr16). B. floridae and
P maximus were selected because both species have been
shown to have a high level of conservation of the predicted
urbilaterian karyotype (27-29). Our analysis revealed that
ArChrl8 (chromosome with ArSSP2 gene) contains 252 genes
and 258 genes that are putative orthologs (based on reciprocal
basic local alignment search tool [BLAST] analysis) of genes
located on BfChr14 and PmChr16, respectively (Fig. 3 4 and B
and Dataset S1). Likewise, BfChr14 and PmChr16 contain 283
genes that are putative orthologs (based on reciprocal BLAST)
(Fig. 3C). In contrast, ArChr6 (chromosome with ArSSP1
gene) contains only 33 genes and 21 genes that are putative
orthologs (based on reciprocal BLAST) of genes located on
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BfChr14 and PmChrl6, respectively (Fig. 3 D and E). These
findings indicate that the A. rubens SS2 precursor gene, B. flori-
dae SS precursor gene, and P maximus ASTC precursor gene
are located on chromosomes that are extensively derived from a

21 genes

47 genes

Fig. 3. Comparison of the number of putative orthologous genes on
chromosomes containing the ArSSP1 and ArSSP2 genes in A. rubens and
chromosomes containing the SS-type precursor gene in the cephalochor-
date B. floridae and the ASTC-type precursor gene in the mollusk P. maxi-
mus. (A) ArChr18 (contains SS2 gene) compared with B. floridae chromo-
some 14 (BfChr14; contains SST gene) = 252 putative orthologs. (B) A.
rubens chromosome 18 (ArChr18; contains SS2 gene) compared with P.
maximus chromosome 16 (PmChr16; contains ASTC gene) = 258 putative
orthologs. (C) B. floridae chromosome 14 (BfChr14; contains SST gene)
compared with P. maximus chromosome 16 (PmChr16; contains ASTC
gene) = 283 putative orthologs. (D) A. rubens chromosome 6 (ArChr6; con-
tains SS1 gene) compared with B. floridae chromosome 14 (BfChr14; con-
tains SST gene) = 33 putative orthologs. (E) A. rubens chromosome 6
(ArChré; contains SS1 gene) compared with P. maximus chromosome 16
(PmChr16; contains ASTC gene) = 21 putative orthologs. (F). A. rubens
chromosome 18 (ArChr18; contains SS2 gene) compared with A. rubens
chromosome 6 (ArChr6; contains SS1 gene) = 44 putative orthologs. This
intraspecies chromosomal analysis provides a comparator for the interspe-
cies chromosomal analysis in A—E. Chromosome lengths and gene positions
can be inferred from markers at 1- and 5-Megabase (M) intervals. The
large numbers of putative orthologs identified in the comparisons in A
(252), B (258), and C (283) provide evidence that the A. rubens SS2 precur-
sor gene, B. floridae SS precursor gene, and P. maximus ASTC precursor
gene are located on chromosomes that are extensively derived from the
urbilaterian chromosome that contained a gene that is the common ances-
tor of bilaterian SS/ASTC-type precursor genes. Conversely, the smaller
number of putative orthologs in D (33) and E (21) indicates that the
ArSSP1 gene is located on a chromosome that is to a much lesser extent
derived from the urbilaterian chromosome that contained a gene that is
the common ancestor of bilaterian SS/ASTC-type precursor genes.
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common ancestral urbilaterian chromosome, which we can infer
would have contained a gene that is the common ancestor of
bilaterian SS/ASTC-type precursor genes. Conversely, the rela-
tively smaller number genes on the ArSSP1 gene—containing
chromosome in A. rubens (ArChr6) that have orthologs on
BfChr14 and PmChr16 indicate that the ArSSP1 gene is located
on a chromosome that is to a far lesser extent derived from the
urbilaterian chromosome that contained the common ancestor of
bilaterian SS/ASTC-type precursor genes.

Localization of ASTC-Type Precursor (ArSSP1) and Peptide (ArSS1)
Expression in A. rubens. Informed by evidence that echinoderms
have both ASTC-type (SS1) and SS-type (SS2) neuropeptides,
we then investigated the expression and pharmacological effects
of ArSS1 in A. rubens to enable comparison with previously
reported findings for ArSS2 (21).

Analysis of the distribution of ArSSP1 transcripts in A. rubens
using messenger RNA (mRNA) in situ hybridization revealed
expression in the nervous system, digestive system, tube feet, and
body wall (Fig. 4). In the nervous system, ArSSP1-expressing cells
were revealed in both the ectoneural and hyponeural regions of
the radial nerve cords and circumoral nerve ring and in the mar-
ginal nerves (Fig. 4 A-E). ArSSP1-expressing cells were revealed
in several regions of the digestive system, including the peristo-
mial membrane (Fig. 4 F-H), esophagus (Fig. 4H), cardiac stom-
ach (Fig. 4 I and J), pyloric stomach (Fig. 4 K and L), pyloric duct
(Fig. 4 M and N), and pyloric caeca (Fig. 40). In tube feet,
ArSSP1-expressing cells were revealed at the junction between
the stem and the disk regions proximal to the basal nerve ring
(Fig. 4 P and Q) and in the coelomic lining of the ampulla (Fig. 4R).
Lastly, ArSSP1-expressing cells were revealed in the coelomic
lining of the body wall and apical muscle, a longitudinally orien-
tated strand of muscle that runs along the midline of the inner
surface of the aboral body wall in each arm (Fig. 4 M and S).

To facilitate visualization of the expression of the mature
ArSS1 peptide in A. rubens, a rabbit antiserum to this peptide
was generated and characterized using an enzyme-linked
immunosorbent assay (ELISA) (SI Appendix, Fig. S1 A and B).
Then, ArSS1-specific antibodies were affinity purified from the
antiserum (SI Appendix, Fig. S1C) and used for immunohisto-
chemical analysis of ArSS1 expression in A. rubens. Consistent
with the distribution of ArSSP1 transcripts in A. rubens (Fig. 4),
ArSS1-immunoreactivity (ir) was detected in the nervous sys-
tem, digestive system, tube feet, and body wall (Fig. 5). In the
nervous system, ArSS1-ir was revealed in 1) cells located in
the epithelial layer of the ectoneural region of the radial
nerve cords and circumoral nerve ring and the underlying
neuropile, with regional variation in the density of immunos-
tained fibers (Fig. 5 A-C and E); 2) cells and their axonal pro-
cesses located in the hyponeural region of the radial nerve
cords and circumoral nerve ring (Fig. 5 A-C and E); and 3) the
marginal nerve (Fig. 5D). In the digestive system, ArSS1-ir was
revealed in the peristomial membrane (Fig. 5 F-H), esophagus
(Fig. 5H), cardiac and pyloric regions of the stomach (Fig. 5
I-L), pyloric duct (Fig. 5 M and N), and pyloric caeca (Fig. 5 O
and P). In tube feet, ArSS1-ir was revealed in the subepithelial
nerve plexus of the podium (Fig. 50Q), the basal nerve ring of the
disk (Fig. 50), and the coelomic epithelial layer of the ampulla
(Fig. 5R). In the body wall, ArSS1-ir was revealed in basiepithe-
lial nerve plexus beneath the external epithelium of the body wall
(Fig. 5S) and in fibers that innervate muscles in the pedicellariae
(Fig. 5T7). Lastly, an extensive population of cells and fibers
exhibiting ArSS1-ir were revealed in the arm tips localized in the
terminal tentacle, lateral lappets, optic cushion, and the external
epithelium of the body wall (Fig. 5U).

In summary, the overall expression pattern of ArSSP1/ArSS1
is not dissimilar to that of ArSSP2/ArSS2 and many other
neuropeptides in A. rubens, as summarized in SI Appendix,
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Table S3. However, there are specific regional differences, as
illustrated in SI Appendix, Fig. S2, which shows that ArSS1, but
not ArSS2, is expressed by cells/fibers in the coelomic epithelial
layer of tube foot ampullae.

ArSS1 Causes Concentration-Dependent Contraction of Tube Foot,
Apical Muscle, and Cardiac Stomach In Vitro Preparations from
A. rubens. Informed by the expression of ArSSP1 (Fig. 4) and
ArSS1 (Fig. 5) in the tube feet, apical muscle, and cardiac
stomach of A. rubens, we investigated the effects of ArSS1 on
in vitro preparations of these organs. To facilitate comparison
with known myoactive substances in A. rubens, effects of ArSS1
were compared with the contracting effects of acetylcholine
(ACh) on tube foot and apical muscle preparations (30) and
the contracting effect of the neuropeptide NGFFYamide on
cardiac stomach preparations (31). ArSS1 caused concentration-
dependent contractlon of tube foot preparations at concentra-
tions between 10~ M and 10~° M. At the highest concentration
tested (10°® M), ArSS1 caused 43 + 4.5% of ACh (107° M)-
induced tube foot contraction (Fig. 6 A and B). Thus, ArSS1 was
less effective than ACh as a contractant of tube foot prepara-
tions. ArSS1 caused concentration-dependent contraction of apl-
cal muscle preparatlons at concentrations between 5 x 10°° M
and 107 M. At 1077 M, the contractlng effect of ArSS1 on the
aplcal muscle was 136 + 6.0%, in comparison Wlth the contract-
ing effect of ACh at 10~ M. Similarly, at 10°® M, the con-
tracting effect of ArSS1 on the apical muscle was 138 + 6.0% in
comparison with the contractmg effect of ACh at 107° M (Fig. 6
C and D).Thus, at both 1077 M and 10~® M, ArSS1 was more
effective than 107® M ACh in inducing contraction of apical
muscle preparations. For cardiac stomach preparations, ArSS1
caused concentration-del(:))endent contraction at concentrations
between 107~ M and 107" M. At the highest concentration tested
(10°° M) ArSS1 caused 52 + 5.0% of the contraction induced
by 1077 M NGFFYamide (Fig. 6 E and F). Thus, ArSS1 was less
effective than NGFFYamide as a cardiac stomach contractant.

Previous studies have revealed that in vivo injection of
NGFFYamide in A. rubens triggers retraction of the everted
cardiac stomach and inhibition of feeding behavior (31, 32).
Because ArSS1, like NGFFYamide, causes contraction of the car-
diac stomach in vitro, albeit with less efficacy, we investigated the
effects of in vivo injection of ArSS1 on feedlng -related behavior
in A. rubens. Injection of ArSS1 (10 pL - 10> M) did not induce
cardiac stomach retraction in A. rubens. Thus, the mean area of
the everted cardiac stomach in water-injected animals (negative
control) and ArSSl-injected animals was not significantly differ-
ent over a period of 300 s from the time of injection (S/
Appendix, Fig. S3). In contrast in positive control experiments,
NGFFYamide (10 pL - 107 M) triggered cardiac stomach retrac-
tion, with the area of the everted cardiac stomach 300 s after
injection being 43 + 2.5% of the area everted prior to injection
(SI Appendix, Fig. S2), findings that are consistent with previously
reported experiments with NGFFYamide (31). Experiments
designed to investigate if ArSS1 affects feeding behavior in A.
rubens revealed that, by comparlson with control experiments (10
pL water), ArSS1 (10 puL - 10~ M) did not cause a significant
difference in the time elapsed before starfish touched or enclosed
a mussel (SI Appendix, Fig. S4).

Discussion

Sequence Analysis of SS/ASTC-Type Neuropeptides and Precursors
in Echinoderms Indicates That Chordate SS-Type Neuropeptides and
Protostome ASTC-Type Neuropeptides Are Paralogous. Chordate
SS-type neuropeptides and protostome ASTC-type neuropepti-
des have the shared characteristics of being derived from the
carboxyl-terminal region of precursor proteins and then being
posttranslationally modified to acquire a disulphide bridge
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Fig. 4. Localization of ArSSP1 mRNA in A. rubens using in situ hybridization. (A) Transverse section of radial nerve cord incubated with antisense probes
showing ArSSP1-expressing cells in both the hyponeural region (arrow) and the ectoneural region (arrowhead). Stained cells can also be seen in an adja-
cent tube foot. The /nset shows that no staining is observed in a section incubated with sense probes, demonstrating the specificity of staining observed
in sections incubated with antisense probes. (B) Higher-magnification image of the boxed region in A, showing stained cells in the hyponeural region
(arrow) and in the subcuticular epithelial layer of the ectoneural region (arrowheads). (C) Transverse section of circumoral nerve ring showing stained
cells in the hyponeural region (arrow) and the ectoneural region (arrowhead). Stained cells can also be observed in the coelomic epithelial lining of the
peristomial membrane (white arrowhead). (D) Stained cells can be seen in the external epithelial layer of the marginal nerve (arrowhead) and in an adja-
cent tube foot (arrow). (E) Parasagittal longitudinal section of radial nerve cord showing stained cells in both the hyponeural region (arrows) and ecto-
neural region (arrowhead). (F) Transverse section of the central disk region showing ArSSP1-expressing cells in the coelomic epithelial lining of the peristo-
mial membrane (arrowhead). (G) Higher-magnification image of the boxed region in F, showing stained cells in the coelomic epithelial lining of the peristomial
membrane (arrowheads). (H) Transverse section of the central disk region showing stained cells in the esophagus (white arrowhead) and in the peristomial
membrane (black arrowheads). (/) Transverse section of the central disk region showing stained cells in the cardiac stomach (arrowheads). (J) Higher-
magnification image of the boxed region in /, showing round-shaped stained cells (arrowheads) adjacent to the visceral muscle layer. (K) Transverse section
of the central disk region showing staining in the pyloric stomach. (L) Higher-magnification image of the boxed region in K, showing elongate-shaped
stained cells in the mucosal layer (arrowhead). (M) Transverse section of the central disk region showing stained cells in the pyloric duct (black arrowheads)
and in the coelomic epithelial lining of the apical muscle (white arrowheads). (V) Higher-magnification image of the boxed region in M, showing
elongate-shaped stained cells in the mucosal layer (arrowhead). (O) Transverse section of an arm showing stained cells in a pyloric cecum. Elongate-shaped
stained cells can be seen in the mucosal layer (arrowhead), and round-shaped stained cells (arrows) can be seen close to the position of the basiepithelial
nerve plexus. (P) Longitudinal section of a tube foot showing stained cells at the junction between the stem and the disk region. (Q) Higher-magnification
image of the boxed region in P, showing stained cells (arrowheads) are located around the basal nerve ring. (R) Transverse section of an ampulla of a tube
foot showing stained cells in the coelomic epithelial lining. The Inset shows higher-magnification image of the boxed region, showing stained cells (arrowheads)
in the coelomic epithelial lining of the ampulla. (S) Transverse section of the central disk region showing stained cells in the coelomic lining of the body wall
(arrowheads) and the coelomic epithelial layer of the apical muscle (arrow). Abbreviations: AM, apical muscle; BNP, basiepithelial nerve plexus; BNR, basal nerve
ring; CE, coelomic epithelium; CONR, circumoral nerve ring; CT, collagenous tissue; Di, disk; Ec, ectoneural region; Es; esophagus; Hy, hyponeural region; Lu,
lumen; ML, muscle layer; MN, marginal nerve; Mu, mucosa; PD, pyloric duct; PM, peristomial membrane; RHS, radial hemal strand; RNC, radial nerve cord; St,
stem. TF, tube foot; THS, transverse hemal strand; VML, visceral muscle layer. (Scale bars, 8 um in R, Inset; 32 um in A, B, D, E, J, and L; 60 um in A, Inset, C, G, H,
K, N, O, Q R ,and S; 120 pm in F, I, M, and P.)
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Fig. 5. Localization of ArSS1 in A. rubens using
immunohistochemistry. (A) Transverse section of a
radial nerve cord showing ArSS1 immunoreactivity
(immunostaining) in the hyponeural (arrow) and
ectoneural (arrowhead) regions. The Inset shows
that no staining is observed in sections of radial
nerve cord incubated with affinity-purified ArSS1
4 S . antibodies preabsorbed with ArSS1 peptide,
— . . demonstrating the specificity of immunostaining
F observed in sections incubated with affinity-
purified ArSS1 antibodies. (B) Transverse section
of the circumoral nerve ring showing immunos-
tained cells in the hyponeural region (arrow) and
in the subcuticular epithelial layer of the ectoneu-
ral region (arrowheads); note the regional varia-
tion in the density of immunostained fibers in the
ectoneural neuropile (asterisks). Immunostaining
can also be seen here in the basiepithelial nerve
plexus of the adjacent peristomial membrane. (C)
Higher-magnification image of the boxed region
in B, showing round-shaped monopolar immunos-
tained cells (arrows) in the hyponeural region and
immunostained fibers (white arrows) parallel to
the collagenous tissue layer (white arrowhead),
which is located between the hyponeural and
ectoneural regions. (D) Immunostaining can be
seen here in a marginal nerve; note the strongly
immunostained fibers (arrowhead) emanating
from the marginal nerve. (E) Parasagittal longitu-
dinal section of a radial nerve cord showing
immunostained cells in the hyponeural region
(arrow) and in the subcuticular epithelial layer of
the ectoneural region (arrowheads); note also the
regional variation in the density of immunos-
tained fibers in the ectoneural neuropile (aster-
isks). (F) Transverse section through the central
disk region showing ArSS1 immunoreactivity
(immunostaining) in the peristomial membrane
and the adjacent circumoral nerve ring. (G)
Higher-magnification image of the boxed region

=1

b \ i T gt ; in F, showing immunostained cells in the coelomic
r£| N \ : - : epithelium (white arrowhead) and immunos-
§ut \ ‘ > pe o tained fibers in the underlyi lexus (black

5 0s Y oc o 4 ained fibers in the underlying nerve plexus (blac

\‘J" t o arrowhead). Immunostained fibers can also be

— . — —_ - B Py seen here in the basiepithelial nerve plexus

(arrow) underlying the external epithelial layer of
the peristomial membrane. The collagenous tissue layer that separates the two nerve plexi is unstained. (H) Transverse section through the central disk
region showing immunostaining in a longitudinal section of the esophagus and in the peristomial membrane and circumoral nerve ring. More specifically,
immunostaining can be seen in the coelomic epithelium (arrowhead) and the basiepithelial nerve plexus (arrow). (/) Horizontal section of the cardiac
stomach showing immunostained fibers in the basiepithelial nerve plexus (arrow) with regional variation in staining intensity. The Inset shows a higher-
magnification image of the boxed region, showing immunostained bipolar shaped cells present in the mucosal layer (arrowhead) and immunostained
fibers in the basiepithelial nerve plexus (arrow). (J) Horizontal section of the pyloric stomach showing immunostained fibers in the basiepithelial nerve
plexus (arrow) with regional variation in staining intensity. The Inset shows a higher-magnification image of the boxed region, showing immunostained
bipolar shaped cells in the mucosal layer (arrowhead) and immunostained fibers in the basiepithelial nerve plexus (arrow). (K) Transverse section through
the central disk region showing intense immunostaining in the region of the digestive system linking the cardiac stomach with the pyloric stomach. (L)
Higher-magnification image of the boxed region in K, showing immunostained bipolar-shaped cells present in the mucosal layer (arrowhead) and intense
immunostaining in the basiepithelial nerve plexus (arrow). (M) Transverse section of a pyloric duct showing immunostaining in the basiepithelial nerve
plexus on both the aboral and oral sides but with denser staining on the oral side (arrow). (N) Higher-magnification image of the boxed region in M,
showing immunostained bipolar-shaped cells (arrowhead) present in the mucosal layer and immunostained fibers in the basiepithelial nerve plexus
(arrow). (O) Transverse section of a starfish arm showing regional variation in the intensity of immunostaining in a pyloric cecum, with immunostaining
most intense in the oral region that is continuous with the pyloric ducts. (P) Higher-magnification image of the boxed region in O, showing immunos-
tained bipolar-shaped cells in the mucosal layer (arrowhead) and immunostaining in the basiepithelial nerve plexus (arrow). (Q) Longitudinal section of a
tube foot showing ArSS1 immunoreactivity in the subepithelial nerve plexus along the length of the stem and extending into the basal nerve ring of the
disk region. The Inset shows a higher-magnification image of the boxed region, showing immunostaining in the basal nerve ring of the disk region. (R)
Parasagittal longitudinal section of an ampulla of a tube foot showing immunostaining in the coelomic epithelial lining of the ampulla. The Inset shows a
higher-magnification image of the boxed region, showing immunostaining in the coelomic epithelial layer (arrowhead). (S) Transverse section of the
aboral body wall showing immunostaining in the subepithelial nerve plexus beneath the external epithelial layer of aboral body wall. (T) Transverse sec-
tion of the aboral body wall showing immunostaining (arrow) in a pedicellaria. (U) Transverse section of an arm tip, showing immunostaining in the ter-
minal tentacle, lateral lappet, optic cushion, and the surrounding body wall epithelium. Abbreviations: Amp, ampulla; BNP, basi-epithelial nerve plexus;
BW, body wall; CE, coelomic epithelium; CONR, circumoral nerve ring; CS, cardiac stomach; CT, collagenous tissue; Di, disk; Ec, ectoneural region; Ep, epi-
thelium; Es, esophagus; Hy, hyponeural region; LL, lateral lappet; Lu, lumen; MN, marginal nerve; Mu, mucosa; OC, optic cushion; OS, ossicle; Pe, pedicel-
laria; PM, peristomial membrane; PS, pyloric stomach; RHS, radial hemal strand; RNC: radial nerve cord; SNP, subepithelial nerve plexus; St, stem; TF, tube
foot. THS, transverse hemal strand; TT, terminal tentacle. (Scale bars, 12 pm in Q, Inset; 20 um in C, G, |, Inset, and R, Inset; 32 um in D, J, Inset, N, P, S, and
T; 60 pm in A, A, Inset, B, E, F, L, M, O, Q, R, and U; 120 pm in H, I, and K; and 160 pm in J.)
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Fig. 6. ArSS1 causes concentration-dependent contraction of tube foot,
apical muscle, and cardiac stomach preparations from A. rubens. (A) Rep-
resentative recordings showing that ACh (black) and ArSS1 (red) cause
contraction of a tube foot preparation when tested at a concentration of
107® M. The upward-pointing arrowheads show when test agents were
added, and the downward-pointing arrowheads show when the prepara-
tion was washed with seawater. (B) Graph showing that ArSS1 causes
concentration-dependent contraction of tube foot preparations at concen-
trations ranging from 1078 M to 107® M. The responses are expressed as
the mean percentage (+ SEM; n = 8) of the contraction induced by 107 M
ACh. (C) Representative recordings showing that ACh (black) and ArSS1
(red) cause contraction of an apical muscle preparation when tested at a
concentration of 107® M. The upward-pointing arrowheads show when
test agents were added, and the downward-pointing arrowheads show
when the preparation was washed with seawater. (D) Graph showing that
ArSS1 causes concentration-dependent contraction of apical muscle prepa-
rations at concentrations ranging from 1078 M to 107® M. The responses
are expressed as the mean percentage (+ SEM; n = 8) of the contraction
induced by 107® M ACh. (E) Representative recordings showing that
NGFFYamide (10~7 M; black) and ArSS1 (10~® M; red) cause contraction of
a cardiac stomach preparation. The upward-pointing arrowheads show
when test agents were added, and the downward-pointing arrowheads
show when the preparation was washed with seawater. (F) Graph showing
that ArSS1 causes concentration-dependent contraction of cardiac stomach
preparations at concentrations ranging from 107° M to 107® M. The
responses are expressed as the mean percentage (+ SEM; n = 8) of the con-
traction induced by 1077 M NGFFYamide.

between two cysteine residues (12-16). Identification of two G
protein—coupled receptors that mediate effects of ASTC in
Drosophila melanogaster revealed that these proteins are closely
related to vertebrate SS-type receptors (18). Accordingly,
subsequent phylogenetic analysis of G protein—coupled neuro-
peptide receptors in the Bilateria has also revealed a close rela-
tionship between chordate SS-type receptors and protostome
ASTC-type receptors (2, 3). Furthermore, it was recently pro-
posed that protostome ASTC-type neuropeptides are orthologs
of chordate SS-type neuropeptides (19).
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Discovery of two SS/ASTC-type neuropeptide precursors
(SSP1 and SSP2) in species belonging to the phylum Echinoder-
mata provides a new perspective on the evolution of SS/ASTC-
type neuropeptides (8, 20). Comparison of the sequences of
echinoderm SSl-type and SS2-type neuropeptides with SS/
ASTC-type neuropeptides from other taxa revealed that the SS1-
type neuropeptides have an FXP motif (in which X is variable) in
common with some protostome ASTC-type neuropeptides, while
an FWK motif is a characteristic shared by some SS2-type neuro-
peptides and chordate-type SS-type neuropeptides (Fig. 1) (21).
These findings suggest that echinoderm SS1-type neuropeptides
are orthologs of protostome ASTC-type neuropeptides and that
echinoderm SS2-type neuropeptides are orthologs of chordate
SS-type neuropeptides. However, with sequence identity limited
to a two- to three-residue motif, evolutionary convergence cannot
be ruled out. Therefore, additional evidence of orthology has
been sought. The exon—intron structure of genes encoding SS/
ASTC-type neuropeptides has been compared in echinoderms
and other bilaterians, but specific characteristics that distinguish
SS-type neuropeptide genes and ASTC-type neuropeptide genes
were not identified (21). Here, relationships between echinoderm
SS/ASTC-type neuropeptides and SS/ASTC-type neuropeptides
in other taxa were investigated using the CLANS method to com-
pare the sequences of the protein precursors of these neuropepti-
des. Importantly, this revealed that vertebrate SS-type precursors
and protostome ASTC-type precursors form two distinct clusters.
Furthermore, echinoderm SS1-type precursors only have links
with protostome ASTC-type precursors, and echinoderm SS2-
type precursors only have links with chordate SS-type precursors
(Fig. 2). Combined with the evidence provided by the sequence
motif (FXP) that echinoderm SS1-type neuropeptides share with
some protostome ASTC-type neuropeptides and the sequence
motif (FWK) that some echinoderm SS2-type neuropeptides
share with chordate SS-type neuropeptides (Fig. 1), these
findings suggest that echinoderm SS1-type neuropeptides are
orthologs of protostome ASTC-type neuropeptides and that
echinoderm SS2-type neuropeptides are orthologs of chordate
SS-type neuropeptides. Furthermore, our analysis of gene
synteny at the chromosomal level revealed that chromosomes
containing the ASTC/SS-type precursor gene in the mollusk
P maximus and the cephalochordate B. floridae have a much
larger number of putative orthologs on the A. rubens chromo-
some containing the ArSSP2 gene (ArChrl8) than on the
A. rubens chromosome containing the ArSSP1 gene (ArChr6)
(Fig. 3). These findings indicate that the A. rubens SS2 precursor
gene, B. floridae SS precursor gene, and P maximus ASTC pre-
cursor gene are located on chromosomes that are extensively
derived from a common ancestral urbilaterian chromosome,
which we infer would have contained the gene that is the com-
mon ancestor of bilaterian SS/ASTC-type precursor genes.
Conversely, we infer that interchromosomal gene translocation
may have resulted in the positioning of the ArSSP1 gene on a
chromosome that has fewer orthologs on chromosomes contain-
ing the ASTC/SS-type precursor gene in the mollusk P maximus
and the cephalochordate B. floridae.

Collectively, our analysis of sequence data suggests that pro-
tostome ASTC-type neuropeptides are paralogs, not orthologs,
of chordate SS-type neuropeptides. Importantly, this changes
our perspective on the evolution of SS/ASTC-type neuropep-
tide signaling in the Bilateria because previously it has been
proposed that protostome ASTC-type neuropeptides are ortho-
logs of chordate SS-type neuropeptides (19). As illustrated in
Fig. 7, the discovery of both SS-type and ASTC-type neuropep-
tide precursors in echinoderms suggests that duplication of a
gene encoding an SS/ASTC-type neuropeptide precursor in a
common ancestor of the Bilateria gave rise to paralogous genes
encoding SS-type and ASTC-type neuropeptide precursors.
Both of these neuropeptide precursor types were then retained
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in echinoderms (SSP2 and SSP1, respectively), but there was
differential gene loss in protostomes and chordates, with chor-
dates retaining SS-type precursors but losing ASTC-type pre-
cursors and with protostomes retaining ASTC-type precursors
but losing SS-type precursors. Furthermore, the discovery that
both SS-type and ASTC-type neuropeptides may occur in echi-
noderms has provided a unique opportunity to compare the
physiological roles of these paralogous neuropeptides in an
echinoderm.

SS-Type and ASTC-Type Neuropeptides Have Opposing Myoinhibi-
tory and Myoexcitatory Effects in an Echinoderm. A detailed anal-
ysis of the expression of the SS-type neuropeptide ArSS2 in the
starfish A. rubens was reported previously (21), which revealed
a widespread pattern of expression in the central nervous
system, digestive system, and body wall-associated tissues/
organs. Furthermore, analysis of the pharmacological actions of
ArSS2 revealed that it acts as a muscle relaxant, an action that is
consistent with the actions of SS-type neuropeptides in verte-
brates and ASTC-type neuropeptides in protostomes as inhibitory
regulators of physiological processes (13, 14, 23-26). Here, the
expression and actions of the ASTC-type neuropeptide ArSS1 in
A. rubens were investigated. As with ArSS2, ArSS1 was found to
have a widespread pattern of expression in the central nervous
system, digestive system, and body wall-associated tissues/organs.
In this respect, both ArSS1 and ArSS2 are similar to many other
neuropeptides in A. rubens (30, 33-38) (see SI Appendix, Table S3
for a comparative overview of neuropeptide expression and action
in A. rubens). However, it remains to be determined to what
extent ArSS1, ArSS2, and other neuropeptides are coexpressed at
the cellular level, which will require use of double-labeling meth-
ods. Nevertheless, specific regional differences in patterns of neu-
ropeptide expression are observed (SI Appendix, Table S3). For
example, expression of ArSS1, but not ArSS2, is revealed in cells/
fibers in the coelomic epithelial layer of ampullae (SI Appendix,
Fig. S2), fluid-filled contractile organs that control the protraction
and retraction of the tube feet that enable locomotor activity in
starfish. Accordingly, use of mRNA in situ hybridization revealed
ArSSP1 transcripts in the coelomic epithelium of tube foot
ampullae. Furthermore, the occurrence of neurons in coelomic
epithelia is a known characteristic of echinoderm nervous systems
(39), and cells with neurites and/or cells proximal to nerve plexi
that are immunoreactive with antibodies to ArSS1 and to other
neuropeptides are also present in the coelomic epithelial layer of
other organs/tissues (e.g., peristomial membrane and apical mus-
cle) in A. rubens (Fig. 5G) (30, 33-36, 40).

Informed by the expression of ArSSP1/ArSS1 in the cardiac
stomach region of the digestive system, tube feet, and the body
wall-associated apical muscle, the pharmacological effects of
ArSS1 on in vitro preparations of these three neuromuscular
tissues/organs were investigated. Interestingly, ArSS1 had
a myoexcitatory effect on all three preparations, causing
concentration-dependent contraction at physiologically relevant
concentrations ranging from 10~° M to 10~% M. ArSS1 joins a
growing list of neuropeptides that have been found to act as
myoexcitatory neuropeptides in starfish, as summarized in SI
Appendix, Table S3. However, the myoexcitatory effect of
ArSS1 in A. rubens is interesting because hitherto it has been
discovered that SS-type and ASTC-type neuropeptides in other
taxa typically act as inhibitory regulators of physiological pro-
cesses at the cellular level (13, 14, 23-26). There are reports of
SS causing muscle contraction of guinea pig gastric smooth
muscle cells, but investigation of the mechanisms of action indi-
cate that this is a consequence of SS causing inhibition of the
release of a muscle relaxant (e.g., vasoactive intestinal peptide)
[i.e., SS is causing disinhibition (41, 42)]. The mechanisms by
which ArSS1 causes muscle contraction in A. rubens are
unknown. One possibility would be that it inhibits the release
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of a muscle relaxant, as has been reported for SS (41, 42).
Alternatively, ArSS1 may have a direct excitatory effect on
muscle in starfish. Further insights into this issue will be
obtained if the receptor(s) that mediate the myoexcitatory
effects of ArSS1 in A. rubens can be identified.

The Myoexcitatory Effect of an ASTC-Type Neuropeptide in an Echi-
noderm Changes our Perspective on the Evolution of SS/ASTC-Type
Neuropeptide Function. Analysis of neural transcriptome
sequence data from A. rubens enabled identification of three
transcripts encoding proteins (ArSSR1-3) that are orthologs of
SS/ASTC-type G protein—coupled receptors that have been
characterized in other taxa. Furthermore, pharmacological
characterization of ArSSR1-3 revealed that ArSS2 acts as a
ligand for all three receptors, while ArSS1 does not act as a
ligand for any of the receptors (21). Recognizing that neural
transcriptome sequence data may provide an incomplete repre-
sentation of SS/ASTC-type G protein—coupled receptors in A.
rubens, we reported previously our analysis of the genome
sequence of another starfish species, the crown-of-thorns star-
fish A. planci (43), which revealed that orthologs of ArSSR1-3
were the only SS/ASTC-type G protein—coupled receptors to be
identified in this species (21). Subsequently, we have analyzed a
chromosomal assembly of the genome sequence of A. rubens
(National Center for Biotechnology Information [NCBI] acces-
sion no. PRJEB33974), and this has revealed that the ArSSR1-3
genes, which each are located on different chromosomes, are the
only genes encoding SS/ASTC-type G protein—coupled receptors
in this species. Therefore, we conclude that myoexcitatory effects
of ArSS1 in A. rubens are mediated by as yet unknown signaling
mechanisms for SS/ASTC-type neuropeptides. One possibility is
that coexpression of an interacting protein alters the ligand-
binding properties of one or more of the ArSSR1-3 proteins to
preferentially bind ArSS1 instead of ArSS2. Alternatively, a hith-
erto uncharacterized family of G protein—coupled receptors may
mediate effects of SS1-type peptides in echinoderms. Another
possibility is that the myoexcitatory effect of ArSS1 in A. rubens
is mediated by peptide-gated cation channels, which have been
shown to mediate effects of some neuropeptides in other
taxa (44-46).

How do the findings of this study impact our broader under-
standing of the evolution of SS/ASTC-type neuropeptide signal-
ing? Our findings indicate that the SS-type and ASTC-type
neuropeptide signaling systems are paralogous and evolved by
duplication of an ancestral SS/ASTC-type signaling system in
the common ancestor of the Bilateria (Fig. 7). It should be
noted, however, that evidence for the existence of SS/ASTC-
type signaling in a nonbilaterian phylum (Cnidaria) has been
reported (47), but this is not supported by more comprehensive
analyses of the phylogenetic distribution of neuropeptide recep-
tors (2, 5). From a functional perspective, it is noteworthy that
SS-type neuropeptides typically exert inhibitory effects in chor-
dates and ASTC-type neuropeptides typically exert inhibitory
effects in protostomes (13, 14, 23-26). This suggests that the
hypothetical ancestral SS/ASTC-type signaling system in Urbi-
lateria would likewise have had inhibitory roles. Therefore, the
loss of ASTC-type neuropeptides and receptors in chordates
and the loss of SS-type neuropeptides and receptors in proto-
stomes may be consequences of functional redundancy of paral-
ogous signaling systems. In this context, our discovery that both
the SS-type and ASTC-type neuropeptides have been retained
in echinoderms and have opposing roles as myoinhibitory and
myoexcitatory agents is interesting. We speculate that both sig-
naling systems may have been retained in echinoderms because
ASTC-type neuropeptides acquired an excitatory role, and this
was achieved by the evolution of a novel ligand-receptor signaling
mechanism, which may be linked with interchromosomal translo-
cation of the ASTC-type precursor gene in this lineage.
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Fig. 7. Diagram showing a model of the evolution of SS/ASTC-type neuropeptide signaling in the Bilateria, informed by the findings of this study. The
occurrence of SS-type neuropeptides/precursors (red-filled boxes) and ASTC-type neuropeptide/precursors (blue-filled boxes) in different taxa is shown on
the right side of the phylogenetic tree, with a dash (-) indicating absence of an SS-type and/or ASTC-type neuropeptide/precursor. Taxa in which the
receptors for a SS-type or ASTC-type neuropeptide have been identified experimentally are identified by black outlining of boxes. Based on the phyloge-
netic distribution of SS/ASTC-type neuropeptides, it is inferred that duplication of a gene encoding an ancestral SS/ASTC-type neuropeptide (purple box) in a
common ancestor of the Bilateria gave rise to genes encoding precursors of paralogous SS-type and ASTC-type neuropeptides, as shown at the root of the
tree. ASTC-type and SS-type neuropeptides were lost in chordates and protostomes, respectively, because of functional redundancy as inhibitory neuropepti-
des. However, both ASTC-type (e.g., ArSS1) and SS-type (e.g., ArSS2) neuropeptides were retained in echinoderms because SS-type neuropeptides (e.g., ArSS2)
were retained as inhibitory neuropeptides and ASTC-type neuropeptides (e.g., ArSS1) acquired a new role as excitatory neuropeptides. Lineage-specific
genome/gene duplications (e.g., X2) or gene losses (e.g., —1) that have given rise to variation in the number of SS/ASTC-type neuropeptides in different taxa
are shown in parentheses. Species names are as follows: H. sapiens (Homo sapiens), C. intestinalis (Ciona intestinalis), B. floridae (Branchiostoma floridae), A.
rubens (Asterias rubens), P. dumerilii (Platynereis dumerilii), P. maximus (Pecten maximus), L. anatine (Lingula anatine), L. longissimus (Lineus longissimus), C.

elegans (Caenorhabditis elegans), L. polyphemus (Limulus polyphemus), and D. melanogaster (Drosophila melanogaster).

Therefore, discovery of the receptor(s) that mediate the excit-
atory effects of ArSS1 in A. rubens represents a fascinating
objective for future work. Furthermore, from an evolutionary
perspective, it will also be of interest to determine the occurrence
and characteristics of SS/ASTC-type neuropeptides in hemichor-
dates and xenacoelomorphs, phyla recognized as being closely
related to echinoderms within the proposed deuterostome clade
Xenambulacraria (48). SS/ASTC-type receptors are present in
species belonging to these phyla (e.g., GenBank accession no.
XP_002731809) (5), but we and others (2, 3, 5) have yet to iden-
tify genes encoding precursors of SS/ASTC-type neuropeptides
that are candidate ligands for these receptors. If this can be
accomplished, it would reveal whether the occurrence of both
ASTC-type and SS-type neuropeptides is a unique feature of
echinoderms or a more extensive characteristic of the Xenambu-
lacraria or Ambulacraria.

Materials and Methods

Animals. Starfish (A. rubens) used for the anatomical and pharmacological
experiments reported here were collected at low tide near Margate (Kent,
United Kingdom) or were obtained from a fisherman based in Whitstable
(Kent, United Kingdom) and then transported to an aquarium located in the
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School of Biological and Behavioural Sciences at Queen Mary University of
London. The animals were maintained in circulating artificial seawater (Pre-
mium Reef-Salt, Tropical Marine Centre) at a salinity of 329, and at a tempera-
ture of ~12°C under a 12 h/12 h light/dark cycle. The starfish were fed on
mussels (Mytilus edulis) that were also collected near Margate at low tide.
Smaller juvenile specimens of A. rubens were also used for anatomical studies,
and these were collected at the University of Gothenburg Sven Lovén Centre
for Marine Infrastructure (Kristenberg, Sweden) and fixed in Bouin's solution.
Approval by an institutional review board was not required for this study
because experimental research on starfish is not regulated.

Sequence Alignment of Echinoderm SS-Type Peptides with SS/ASTC-Related
Peptides in Other Taxa. The amino acid sequences of ArSS1 and related pepti-
des from other echinoderms were aligned with the sequences of ASTC-related
neuropeptides from a variety of protostome species. Separately, the amino
acid sequences of ArSS2 and related peptides from other echinoderms were
aligned with the sequences of SS-type neuropeptides from chordates (see
SI Appendix, Table S1 for a list of the sequences; identification of sequences
was facilitated by reference to ref. 12 and BLAST analysis of sequence data
on GenBank). This was accomplished using MAFFT 7 with the iterative refine-
ment method set to L-INS-i and scoring matrix for amino acid sequences set
to BLOSUM62, ensuring an optimal alignment. BOXSHADE software (https:/
github.com/mdbaron42/pyBoxshade) was used to highlight residues that
are identical or are conservative substitutions in at least 60% of the
aligned sequences.
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Investigation of the Relationships of the Echinoderm SS/ASTC-Type Neuropeptides
with SS/ASTC-Type Peptides in Other Taxa Using CLANS to Compare the Sequences
of Precursor Proteins. Sequence alignment of ArSS1 and ArSS2 with other SS/
ASTC-type peptides revealed that echinoderm SS1-type neuropeptides share
more sequence similarities with protostome ASTC-type peptides and that SS2-
type neuropeptides share more sequence similarities with chordate SS-type
peptides. To enable further investigation of the relationships of SS1-type and
SS2-type neuropeptides with SS/ASTC-type neuropeptides in other taxa, a
database of neuropeptide precursors was produced, which included echino-
derm SS1/5S2-type precursors, vertebrate SS/UII/MCH-type precursors, cephalo-
chordate SS-type precursors, and protostome ASTC-type precursors (see S/
Appendix, Table S2 for a list of the sequences; production of this database
was facilitated by reference to ref. 12 and BLAST analysis of sequence data on
GenBank). Then the CLANS method was employed for comparative analysis of
the sequences of the neuropeptide precursors (22). An all-against-all BLAST
was performed using the scoring matrix BLOSUM62, and linkage clustering
was performed with an e-value of 1e-2 to identify coherent clusters. The clus-
tering was first performed in three dimensions, and then the map was col-
lapsed to two dimensions (2D) to enable generation of the diagram shown in
Fig. 2.

Comparative Analysis of the Gene Repertoire of Chromosomes Containing
SS/ASTC-Type Genes in A. rubens, the Chordate B. floridae, and the
Protostome P. maximus. The sequences of the A. rubens chromosomes con-
taining the ArSSP1 gene (chromosome 6; NCBI accession no. NC_047067.1)
and the ArSSP2 gene (chromosome 18; NCBI accession no. NC_047079.1) were
analyzed to investigate the occurrence of genes with putative orthologs
located on the chromosomes that contain the ASTC-type precursor gene in
the mollusk P. maximus (chromosome 16; NCBI accession no. NC_047030.1)
and the SS-type precursor gene in the cephalochordate B. floridae (chromo-
some 14; NCBI accession no. NC_049992.1), respectively. This gene synteny
analysis was carried out using the TBtools (Toolbox for biologists) version
1.098652 (49). BLAST and reciprocal BLAST, with the e-value set to 1e-20 and
the number of hits restricted to one, were used to compare the sequences of
proteins encoded by genes located on 1) A. rubens chromosome 6 and P. maxi-
mus chromosome 16 and 2) A. rubens chromosome 18 and B. floridae chromo-
some 14. Protein pairs identified as putative orthologs were curated to
combine data for predicted proteins encoded by the same gene and to match
results from reciprocal BLAST analysis. Pairs of genes identified as encoding
putative orthologs are listed in Dataset S1, and to enable visualization, these
were mapped on circular plots generated using Circos 0.69-6 (50)

Localization of ArSSP1 Expression in A. rubens Using mRNA In Situ
Hybridization. A complementary DNA (cDNA) comprising the complete open
reading frame of ArSSP1 from A. rubens was amplified and cloned into a
pBluescript Il SK+ vector, as reported previously (21). Here, the pBluescript Il
SK+ plasmid containing ArSSP1 cDNA was used as a template for synthesis of
digoxigenin (DIG)-labeled antisense and sense probes for mRNA in situ hybrid-
ization. The methods employed for the generation of probes, fixation and sec-
tioning of specimens of A. rubens, and visualization of ArSSP1 transcripts in
sections of A. rubens were the same as reported for ArSSP2 previously (21).
The concentration of antisense or sense probes used for mRNA in situ hybridi-
zation was 800 ng/mL.

Production and Characterization of Antibodies to ArSS1. ArSS1 (KCIGRFQPFSMPC
with a disulphide bridge between the cysteines as determined by ref. 21) was
custom synthesized by Peptide Protein Research Ltd. and used as an antigen
to generate rabbit antisera to ArSS1. ArSS1 has an N-terminal lysine residue
providing two reactive amine groups that were utilized for glutaraldehyde-
mediated coupling to thyroglobulin (Sigma-Aldrich) as a carrier protein.
Rabbit immunization and serum collection was performed by Charles River
Biologics. To assess production of antibodies during the immunization proto-
col and following collection of a terminal bleed, ELISAs were carried out to
test antisera for the presence of antibodies to ArSS1. The method employed
for antiserum production and characterization was the same as described for
generation of an antiserum to ArSS2 (21).

Antibodies to ArSS1 were affinity purified using AminoLink Plus Immobili-
zation Kit (Thermo Fisher Scientific). A total of 1 mg ArSS1 was dissolved in 2
mL phosphate-buffered saline (PBS) and coupled to a column of beaded aga-
rose. After washing with PBS twice, 2 mL ArSS1 antiserum was added to the
column and incubated at room temperature for 2 h on a rocking table. The
column was then washed six times with 5 mL PBS to remove any unbound pro-
teins from the column. The bound antibodies were first eluted with 6 mL gly-
cine buffer (5.4 mL 100 mM glycine [VWR] and 0.6 mL Tris [1 M, pH = 7.0]).
Then the column was washed with 5 mL PBS six times, and bound antibodies
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were eluted with 6 mL triethylamine buffer (5.4 mL 100 mM triethylamine
[Sigma-Aldrich] and 0.6 mL Tris [1 M, pH = 7.0]). The glycine eluate and trie-
thylamine eluate were dialyzed separately in PBS at 4°C for 48 h. After addi-
tion of 0.1% sodium azide (VWR), the dialyzed purified antibodies were
stored at 4 °C. ELISA was used to assess the titer of antibodies to ArSS1 in the
dialyzed eluates.

Localization of ArSS1 in A. rubens Using Inmunohistochemistry. The methods
employed for fixation and sectioning of specimens of A. rubens and visualiza-
tion of ArSS1 expression in sections of A. rubens using immunohistochemistry
were the same as reported for ArSS2 (21). To assess the specificity of immunos-
taining, preabsorption was performed by incubating 10 pL affinity-purified
antibodies with 4 pL 1 mM ArSS1 that was then diluted in PBS to a total
volume of 100 pL. Then, the mixture was placed on a rocking shaker at room
temperature for 2 h and diluted to 1:10 in 5% normal goat serum in PBS con-
taining 0.1% Tween-20 (NGS/PBST) for testing on starfish sections. Affinity-
purified antibodies to ArSS1 were diluted to 1:10 in 5% goat serum/PBST and
then used for immunohistochemistry.

Imaging. Photographs of sections processed for mRNA in situ hybridization or
immunohistochemistry were captured using a QIClich CCD Color Camera
(Qimaging) linked to a DMRA2 light microscope (Leica Microsystems) and
Volocity version 6.3.1 image analysis software (Perkin-Elmer) running on an
iMac computer (27 inch with operating system Yosemite, version 10.10).

Analysis of the In Vitro Pharmacological Effects of ArSS1 on Tube Foot,
Apical Muscle, and Cardiac Stomach Preparations from A. rubens. Synthetic
ArSS1 (KCIGRFQPFSMPC with a disulphide bridge between the cysteine resi-
dues) was custom synthesized (Peptide Protein Research Ltd.) to enable test-
ing of its pharmacological effects on in vitro preparations of organs/muscles
from A. rubens. The methods employed to dissect tube feet, apical muscles,
and cardiac stomachs and then set them up as organ bath preparations were
the same as reported for ArSS2 (21). Once set up in the organ bath, prepara-
tions were incubated in artificial seawater until a stable baseline state was
achieved. ArSS1 was added into the organ bath to achieve final concentra-
tions in the range of 107'° M to 10 ® M, and preliminary tests revealed that
ArSS1 caused contraction of all three preparations. To enable normalization
of responses to ArSS1 in different preparations, a known contractant of tube
foot and apical muscle preparations (ACh) was tested on each preparation at
a concentration of 107° M (30). Likewise, to enable normalization of responses
to ArSS1 in cardiac stomach preparations, a known cardiac stomach contrac-
tant (NGFFYamide) was tested on each preparation at a concentration of 10~/
M (31). Thus, in these experiments, the contracting effect of 10~7 M NGFFYa-
mide or 107% M ACh was defined as 100%, and the contracting effect of ArsS1
was then calculated as a percentage of the effect of NGFFYamide or ACh.
Concentration-response curves were generated using the nonlinear regression
(curve fit) model in Prism 6 (GraphPad).

Analysis of the In Vivo Pharmacological of Effects of ArSS1 on A. rubens.
When A. rubens feed, the cardiac stomach is relaxed and everted out of the
mouth over the digestible soft tissues of prey (e.g., mussels) (51, 52). Previous
studies have revealed that the neuropeptide NGFFYamide not only causes car-
diac stomach contraction in vitro but also triggers cardiac stomach retraction
in vivo (31) and regulates feeding behavior in A. rubens (32). Therefore,
because ArSS1 also causes contraction of cardiac stomach preparations in vitro,
we proceeded to investigate if ArSS1 also triggers cardiac stomach retraction
and/or affects feeding behavior in A. rubens.

Investigating if ArSS1 Triggers Cardiac Stomach Retraction in A. rubens. Nine
medium-sized starfish (8 to 12 cm in diameter) were starved for 1 wk to nor-
malize their physiological status. To induce cardiac stomach eversion, starfish
were placed in seawater containing 2% added MgCly, which acts as a muscle
relaxant in marine invertebrates (53) and typically causes cardiac stomach
eversion in A. rubens within a period of about 30 min (31). A 50-uL syringe
was used to inject test agents into the perivisceral coelom of starfish. For each
starfish, the test agent was injected via two opposite sites (5 pL each) in the
dorsal body wall of the arms proximal to the junctions with the central disk
region. Care was taken to inject test agents into the perivisceral coelom and
not into the cardiac stomach. Starfish were first injected with 10 uL distilled
water (control) and video recorded using a camera (Canon EOS 700D) for 5
min. Then, the same starfish was injected with 10 pL 100 nmol NGFFYamide
(positive control) or 10 uL 1 mM ArSS1 and video recorded for 5 min. ArSS1
and NGFFYamide were tested on six and three individuals, respectively. Static
images from video recordings were captured at 30-s intervals from the time of
injection, and the 2D area of the everted cardiac stomach was measured using
Image) software (https:/imagej.nih.gov/ij/). Retraction of the cardiac stomach

Zhang et al.
Somatostatin-type and allatostatin-C—type neuropeptides are paralogous and
have opposing myoregulatory roles in an echinoderm


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113589119/-/DCSupplemental
https://imagej.nih.gov/ij/

was calculated as a percentage of the area of cardiac stomach everted at the
time of injection, as described previously (31). Data were analyzed statistically
using the mixed-effect regression model in Prism 6 (GraphPad).

Investigating if ArSS1 Affects Feeding Behavior in A. rubens. A total of 30
medium-sized starfish (8 to 12 cm in diameter) with a normal righting
response (54) and showing normal feeding behavior on a mussel after 24 d of
starvation were selected and kept in an aquarium for another 24 d starvation.
Then, the starfish were transferred and kept individually in Plexiglass aquaria
(27.5 x 19 x 19.6 cm) containing 6 L aerated seawater with the base covered
by gravel (Tropical Marine Centre Gravel Coarse #5). The exterior of the sides
and base of the aquarium tanks were covered with black plastic, as described
previously (32). After 3 d acclimation, the control group comprising 14 individ-
uals was injected with distilled water, while the test group comprising 16
individuals was injected with 10 puL - 1073 M ArSS1. A total of 10 min after
injection, one mussel (25 to 33 mm) without any encrusting organisms
attached (55) was placed at one end of the tank, while the starfish was put at
the opposite end with one arm touching the wall of the tank and the madre-
porite directed toward the mussel. The distance between the starfish and the
mussel was about 15 cm. Then the starfish behavior was continuously
observed for 3 h and checked every 15 min for another 2 h. A total of 24
h later, the tank was checked to determine whether or not the starfish had
successfully fed on the mussel. Two starfish from the control group and one

1. G.Jékely etal., The long and the short of it—A perspective on peptidergic regulation
of circuits and behaviour. J. Exp. Biol. 221, jeb166710 (2018).

. G. Jékely, Global view of the evolution and diversity of metazoan neuropeptide sig-
naling. Proc. Natl. Acad. Sci. U.S.A. 110, 8702-8707 (2013).

3. O. Mirabeau, J. S. Joly, Molecular evolution of peptidergic signaling systems in bilat-

erians. Proc. Natl. Acad. Sci. U.S.A. 110, E2028-E2037 (2013).
4. M. R. Elphick, O. Mirabeau, D. Larhammar, Evolution of neuropeptide signalling sys-
tems. J. Exp. Biol. 221, jeb151092 (2018).

5. D. Thiel, M. Franz-Wachtel, F. Aguilera, A. Hejnol, Xenacoelomorph neuropepti-
domes reveal a major expansion of neuropeptide systems during early Bilaterian evo-
lution. Mol. Biol. Evol. 35, 2528-2543 (2018).

. D.Thiel, L. A. Yanez-Guerra, M. Franz-Wachtel, A. Hejnol, G. Jékely, Nemertean, bra-
chiopod, and phoronid neuropeptidomics reveals ancestral Spiralian signaling sys-
tems. Mol. Biol. Evol. 38, 4847-4866 (2021).

7. D. C. Semmens, M. R. Elphick, The evolution of neuropeptide signalling: Insights
from echinoderms. Brief. Funct. Genomics 16, 288-298 (2017).

8. D. C. Semmens et al., Transcriptomic identification of starfish neuropeptide
precursors yields new insights into neuropeptide evolution. Open Biol. 6, 150224
(2016).

9. L. A. Yanez-Guerra et al., Echinoderms provide missing link in the evolution of PrRP/
sNPF-type neuropeptide signalling. eLife 9, 57640 (2020).

10. D. C.Semmens et al., Discovery of sea urchin NGFFFamide receptor unites a Bilaterian
neuropeptide family. Open Biol. 5, 150030 (2015).

11. S. Tian et al., Urbilaterian origin of paralogous GnRH and corazonin neuropeptide
signalling pathways. Sci. Rep. 6, 28788 (2016).

12. H. Tostivint, A. L. Gaillard, S. Mazan, G. Pézeron, Revisiting the evolution of the
somatostatin family: Already five genes in the Gnathostome ancestor. Gen. Comp.
Endocrinol. 279, 139-147 (2019).

13. S.J. Kramer et al., Identification of an allatostatin from the tobacco hornworm Man-
duca sexta. Proc. Natl. Acad. Sci. U.S.A. 88, 9458-9462 (1991).

14. P.Brazeau et al., Hypothalamic polypeptide that inhibits the secretion of immunore-
active pituitary growth hormone. Science 179, 77-79 (1973).

15. J. A. Veenstra, Allatostatin C and its paralog allatostatin double C: The arthropod
somatostatins. Insect Biochem. Mol. Biol. 39, 161-170 (2009).

16. J. A.Veenstra, C. Allatostatins, Allatostatins C, double C and triple C, the result of a local gene
triplication in an ancestral arthropod. Gen. Comp. Endocrinol. 230-231, 153-157 (2016).

17. H.Tostivint et al., Molecular evolution of GPCRs: Somatostatin/urotensin Il receptors.
J. Mol. Endocrinol. 52, T61-T86 (2014).

18. H. J. Kreienkamp et al., Functional annotation of two orphan G-protein-coupled
receptors, Drostar1 and -2, from Drosophila melanogaster and their ligands by
reverse pharmacology. J. Biol. Chem. 277, 39937-39943 (2002).

19. C.Zhang et al., The neuropeptide allatostatin C from clock-associated DN1p neurons
generates the circadian rhythm for oogenesis. Proc. Natl. Acad. Sci. U.S.A. 118,
2016878118 (2021).

20. M. Zandawala et al., Discovery of novel representatives of bilaterian neuropeptide
families and reconstruction of neuropeptide precursor evolution in ophiuroid echi-
noderms. Open Biol. 7, 170129 (2017).

21. Y. Zhang et al., Molecular and functional characterization of somatostatin-type sig-
nalling in a deuterostome invertebrate. Open Biol. 10, 200172 (2020).

22. T.Frickey, A. Lupas, CLANS: A Java application for visualizing protein families based
on pairwise similarity. Bioinformatics 20, 3702-3704 (2004).

23. U.Rai, T.R. Thrimawithana, C. Valery, S. A. Young, Therapeutic uses of somatostatin and its
analogues: Current view and potential applications. Pharmacol. Ther. 152, 98-110 (2015).

N

<))

Zhang et al.
Somatostatin-type and allatostatin-C-type neuropeptides are paralogous and
have opposing myoregulatory roles in an echinoderm

starfish from the test group that did not feed on a mussel were not used for
data analysis. The time taken for starfish to first touch the mussel and then
enclose the mussel was recorded and then compared for water-injected (con-
trol) and ArSS1-injected animals using Prism 6 (GraphPad) with statistical anal-
ysis (two-tailed Student’s t test).

Data Availability. A. rubens genome sequence data have been deposited in
the NCBI BioProject database (PRJIEB33974).

ACKNOWLEDGMENTS. This study was supported by grants awarded to
M.R.E. by the Biotechnology and Biological Sciences Research Council (BB/
MO001644/1) and the Leverhulme Trust (RPG-2018-200). Y.Z. was supported by
a PhD studentship awarded by the China Scholarship Council and Queen Mary
University of London. L.A.Y.-G. and N.E.C. were supported by PhD student-
ships awarded by the Mexican Council of Science and Technology (Consejo
Nacional de Ciencia y Tecnologia [CONACyT] studentship nos. 418612 and
471864, respectively) and Queen Mary University of London. We are grateful
to the Tree of Life Programme at the Wellcome Sanger Institute that
sequenced and assembled the A. rubens genome, in partnership with the
M.R.E. laboratory, for the 25 Genomes Project (https:/www.sanger.ac.uk/
collaboration/25-genomes-for-25-years/) and the Darwin Tree of Life Project
(https://www.darwintreeoflife.org/). We are also grateful to Phil Edwards for
his help with obtaining starfish and to Paul Fletcher and lan Sanders for main-
taining our seawater aquarium.

24. N. Audsley, R. J. Weaver, J. P. Edwards, In vivo effects of Manduca sexta allatostatin
and allatotropin on larvae of the tomato moth, Lacanobia oleracea. Physiol. Ento-
mol. 26, 181-188 (2001).

25. S. Gonkowski, L. Rytel, Somatostatin as an active substance in the mammalian enteric
nervous system. Int. J. Mol. Sci. 20, 4461 (2019).

26. T.Gunther etal., International Union of Basic and Clinical Pharmacology CV. Somato-
statin receptors: Structure, function, ligands, and new nomenclature. Pharmacol.
Rev. 70, 763-835 (2018).

27. Q. Zeng et al., High-quality reannotation of the king scallop genome reveals no
‘gene-rich’ feature and evolution of toxin resistance. Comput. Struct. Biotechnol. J.
19, 4954-4960 (2021).

28. S. Wang et al., Scallop genome provides insights into evolution of bilaterian karyo-
type and development. Nat. Ecol. Evol. 1, 120 (2017).

29. O.Simakov et al., Deeply conserved synteny resolves early events in vertebrate evolu-
tion. Nat. Ecol. Evol. 4, 820-830 (2020).

30. S. Tian, M. Egertova, M. R. Elphick, Functional characterization of paralogous
gonadotropin-releasing hormone-type and corazonin-type neuropeptides in an
Echinoderm. Front. Endocrinol. (Lausanne) 8, 259 (2017).

31. D. C.Semmens et al., Discovery of a novel neurophysin-associated neuropeptide that
triggers cardiac stomach contraction and retraction in starfish. J. Exp. Biol. 216,
4047-4053 (2013).

32. A.B.Tinoco et al., Characterization of NGFFYamide signaling in starfish reveals roles
in regulation of feeding behavior and locomotory systems. Front. Endocrinol. (Lau-
sanne) 9, 507 (2018).

33. W. Cai et al., Biochemical, anatomical, and pharmacological characterization of
calcitonin-type neuropeptides in starfish: Discovery of an ancient role as muscle
relaxants. Front. Neurosci. 12, 382 (2018).

34. E.A.Odekunle etal., Ancient role of vasopressin/oxytocin-type neuropeptides as reg-
ulators of feeding revealed in an echinoderm. BMC Biol. 17, 60 (2019).

35. M. Lin, M. Egertova, C. G. Zampronio, A. M. Jones, M. R. Elphick, Pedal peptide/
orcokinin-type neuropeptide signaling in a deuterostome: The anatomy and phar-
macology of starfish myorelaxant peptide in Asterias rubens. J. Comp. Neurol. 525,
3890-3917 (2017).

36. M. Lin, M. Egertova, C. G. Zampronio, A. M. Jones, M. R. Elphick, Functional charac-
terization of a second pedal peptide/orcokinin-type neuropeptide signaling system
in the starfish Asterias rubens. J. Comp. Neurol. 526, 858-876 (2018).

37. M. Lin et al., Cellular localization of relaxin-like gonad-stimulating peptide expres-
sion in Asterias rubens: New insights into neurohormonal control of spawning in
starfish. J. Comp. Neurol. 525, 1599-1617 (2017).

38. L. A. Yanez-Guerra et al., Discovery and functional characterisation of a lugin-type
neuropeptide signalling system in a deuterostome. Sci. Rep. 8, 7220 (2018).

39. V. Mashanov, O. Zueva, T. Rubilar, L. Epherra, J. Garcia-Arraras, "Echniodermata"
in Structure and Evolution of Invertebrate Nervous Systems, A. Schmidt-Rhaesa,
S. Harzsch, G. Purschke, Eds. (Oxford University Press, Oxford, 2016), pp. 665-688.

40. W. Cai, M. Egertova, C. G. Zampronio, A. M. Jones, M. R. Elphick, Molecular identifica-
tion and cellular localisation of a corticotropin-releasing hormone type neuropep-
tide in an echinoderm. Neuroendocrinology, 10.1159/000517087. (2021).

41. L.McHenry, K. S. Murthy, J. R. Grider, G. M. Makhlouf, Inhibition of muscle cell relaxa-
tion by somatostatin: Tissue-specific, CAMP-dependent, pertussis toxin-sensitive. Am.
J. Physiol. 261, G45-G49 (1991).

42. M. J. Carmena, J. I. Sancho, M. A. Fernandez-Gonzalez, F. Escudero, J. C. Prieto,
Somatostatin inhibits VIP- and isoproterenol-stimulated cyclic AMP accumulation in
rat prostatic epithelial cells. FEBS Lett. 218, 73-76 (1987).

PNAS | 110f12
https://doi.org/10.1073/pnas.2113589119

PHYSIOLOGY


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB33974
https://www.sanger.ac.uk/collaboration/25-genomes-for-25-years/
https://www.sanger.ac.uk/collaboration/25-genomes-for-25-years/
https://www.darwintreeoflife.org/
https://doi.org/10.1159/000517087

43

44,

45.

46.

47.

48.

12

. M. R. Hall et al., The crown-of-thorns starfish genome as a guide for biocontrol of
this coral reef pest. Nature 544, 231-234 (2017).

A. Golubovic et al., A peptide-gated ion channel from the freshwater polyp Hydra. J.
Biol. Chem. 282, 35098-35103 (2007).

A. Schmidt et al., Dual signaling of Wamide myoinhibitory peptides through a
peptide-gated channel and a GPCR in Platynereis. FASEB J. 32, 5338-5349 (2018).

E. Lingueglia, G. Champigny, M. Lazdunski, P. Barbry, Cloning of the amiloride-
sensitive FMRFamide peptide-gated sodium channel. Nature 378, 730-733 (1995).
M. E. Alzugaray, S. Hernandez-Martinez, J. R. Ronderos, Somatostatin signaling sys-
tem as an ancestral mechanism: Myoregulatory activity of an Allatostatin-C peptide
in Hydra. Peptides 82, 67-75 (2016).

H. Philippe et al., Mitigating anticipated effects of systematic errors supports sister-
group relationship between Xenacoelomorpha and Ambulacraria. Curr. Biol. 29,
1818-1826.1816 (2019).

of 12 | PNAS

https://doi.org/10.1073/pnas.2113589119

49

50.

51.

52.
53.

54.

55.

. C. Chen et al., TBtools: An integrative toolkit developed for interactive analyses of
big biological data. Mol. Plant 13, 1194-1202 (2020).

M. Krzywinski et al., Circos: An information aesthetic for comparative genomics.
Genome Res. 19, 1639-1645 (2009).

J. M. Anderson, Studies on the cardiac stomach of the starfish, Asterias forbesi. Biol.
Bull. 107, 157-173 (1954).

M. E. Lavoie, How sea stars open bivalves. Biol. Bull. 111, 114-122 (1956).

A. G. Mayer, On the use of magnesium in stupefying marine animals. Biol. Bull. 17,
341-342(1909).

J. M. Lawrence, B. C. Cowell, The righting response as an indication of stress in Stichaster
striatus (Echinodermata, Asteroidea). Mar. Freshwat. Behav. Physiol. 27, 239-248 (1996).
C. Hummel, P. Honkoop, J. van der Meer, Small is profitable: No support for the opti-
mal foraging theory in sea stars Asterias rubens foraging on the blue edible mussel
Mytilus edulis. Estuar. Coast. Shelf Sci. 94, 89-92 (2011).

Zhang et al.
Somatostatin-type and allatostatin-C—type neuropeptides are paralogous and
have opposing myoregulatory roles in an echinoderm



