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Abstract

Background: Nervous systems originated before the split of Proto- and Deuterostomia, more than 600 million
years ago. Four animal phyla (Cnidaria, Placozoa, Ctenophora, Porifera) diverged before this split and studying these
phyla could give us important information on the evolution of the nervous system. Here, we have annotated the
neuropeptide preprohormone genes of twenty species belonging to the subclass Hexacorallia or Ceriantharia
(Anthozoa: Cnidaria), using thirty-seven publicly accessible genome or transcriptome databases. Studying hexacorals
is important, because they are versatile laboratory models for development (e.g., Nematostella vectensis) and
symbiosis (e.g., Exaiptasia diaphana) and also are prominent reef-builders.

Results: We found that each hexacoral or ceriantharian species contains five to ten neuropeptide preprohormone
genes. Many of these preprohormones contain multiple copies of immature neuropeptides, which can be up to 50
copies of identical or similar neuropeptide sequences. We also discovered preprohormones that only contained
one neuropeptide sequence positioned directly after the signal sequence. Examples of them are neuropeptides that
terminate with the sequence RWamide (the Antho-RWamides). Most neuropeptide sequences are N-terminally
protected by pyroglutamyl (pQ) or one or more prolyl residues, while they are C-terminally protected by an amide
group. Previously, we isolated and sequenced small neuropeptides from hexacorals that were N-terminally
protected by an unusual L-3-phenyllactyl group. In our current analysis, we found that these N-phenyllactyl-
peptides are derived from N-phenylalanyl-peptides located directly after the signal sequence of the
preprohormone. The N-phenyllactyl- peptides appear to be confined to the hexacorallian order Actiniaria and do
not occur in other cnidarians. On the other hand, (1) the neuropeptide Antho-RFamide (pQGRFamide); (2) peptides
with the C-terminal sequence GLWamide; and (3) tetrapeptides with the X;PRX,amide consensus sequence (most
frequently GPRGamide) are ubiquitous in Hexacorallia.

Conclusions: We found GRFamide, GLWamide, and X;PRX,amide peptides in all tested Hexacorallia. Previously, we
discovered these three neuropeptide classes also in Cubozoa, Scyphozoa, and Staurozoa, indicating that these
neuropeptides originated in the common cnidarian ancestor and are evolutionarily ancient. In addition to these
ubiquitous neuropeptides, other neuropeptides appear to be confined to specific cnidarian orders or subclasses.
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Background

Four animal phyla (Cnidaria, Placozoa, Ctenophora, Por-
ifera) occupy an evolutionarily interesting position, be-
cause they diverged from other animal lineages before
the split of Proto- and Deuterostomia, more than 600
billion years ago [1]. Extant members of these four
phyla, therefore, are an important resource for studying
the early evolution of animal development, cell-to-cell
signaling, and of organs and tissues like the brain and
neuro-endocrine system.

The focus of this paper is on nervous systems and
neuropeptides from Cnidaria. Animals belonging to this
phylum often have a life cycle including a planula larva,
a polyp, and a medusa stage. Anatomically, the nervous
system of cnidarians consists of a nerve net, which
sometimes is condensed to form a nerve plexus in the
head or foot regions of polyps, or in the mouth re-
gions of medusae. These condensations can also lead
to giant axons in tentacles from polyps, or nerve
rings around the bell margins of medusae [2-9]. The
nervous systems of cnidarians are strongly peptidergic
and a large number of neuropeptides have been iso-
lated and sequenced from these animals (reviewed in
[9-13]). Many cnidarians are transparent and the use
of whole-mount animals and antibodies raised against
their neuropeptides have enabled scientists to
visualize the overall organization of the cnidarian ner-
vous systems in unmatched detail [5-7, 9-11, 14-17].

Cnidarian neuropeptides play a role in development,
metamorphosis, reproduction, feeding, muscle contraction,
and probably many other processes [9-11, 13, 18-23].

We and other research groups have cloned the prepro-
hormones for many of the sequenced cnidarian neuro-
peptides. This work showed that these preprohormones
contain multiple immature (=unprocessed) neuropeptide
copies, which can be up to 38 copies per preprohormone
[9-11, 24-30]. At the C-terminal side of each immature
neuropeptide sequence, we found the classical KR, RR,
or R sequences, which are cleaving signals for the pro-
hormone convertases PC1/PC3 and PC2. These prohor-
mone convertase cleavage sites were always preceded by
G residues that can be converted into C-terminal amide
groups by peptidylglycine monooxygenase [31-33]. At
the N-termini of the immature neuropeptide sequences,
however, and in contrast to the situation in mammals,
basic residues were lacking and, instead, acidic residues
(D or E), hydrophilic residues (S or T), or other amino
acid sequences occurred [9-11, 24—30]. From these find-
ings we concluded that the N-termini of immature cni-
darian neuropeptide sequences are processed by
unspecific aminopeptidases [10, 11]. We proposed that
such peptidases might cleave until the N-terminal
neuropeptide protecting groups (Q, X-P, or X-P-P se-
quences) would be reached, stopping further processing
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[34]. An endoproteinase might also be involved in the
propeptide cleavage around E and D residues [10, 11].
Therefore, this unorthodox and unspecific N-terminal
processing makes it sometimes difficult to predict the
precise N-terminal sequences of mature neuropeptides,
when annotating cnidarian preprohormones from gen-
omic or transcriptomic databases [19, 34]. It is interest-
ing that immature neuropeptides from Placozoa appear
to be processed by the same unorthodox N-terminal
processing enzymes as the neuropeptides from Cnidaria
[35], suggesting that this type of N-terminal peptide pro-
cessing is characteristic for early neuroendocrine
systems.

Most of the cnidarian neuropeptides have been iso-
lated from just a few model cnidarians, such as the fresh
water polyp Hydra magnipapillata, the hydrozoan me-
dusa Polyorchis penicillatus, the scyphomedusan Cyanea
lamarckii, and the sea anemones Anthopleura elegantis-
sima, Calliactis parasitica, and Nematostella vectensis
[9-13, 21, 36]. It was, therefore, unclear whether neuro-
peptides were present in all cnidarians and, if so, what
the structures of these neuropeptides were. This ques-
tion, however, can now be solved, because the genomes
from many cnidarians have been sequenced and numer-
ous cnidarian transcriptomes are also available [37-51].
Last year, we developed a bioinformatics tool that could
analyze cnidarian genomes and transcriptomes for the
presence of neuropeptide preprohormones genes [37].
Using this script, we analyzed all available genome and
transcriptome databases from Cubozoa, Scyphozoa,
Staurozoa (belonging to the subphylum Medusozoa) and
Octocorallia (belonging to the class Anthozoa) for the
presence of neuropeptide preprohormones [34, 37]. Our
analyses showed that all investigated cnidarians pos-
sessed a GRFamide neuropeptide: pQGRFamide in
Octocorallia, pQWLRGRFamide in Cubozoa and Scy-
phozoa; and pQFLRGRFamide in Staurozoa. Further-
more, we found that all investigated species produced
RPRSamide or a related neuropeptide sequence (consen-
sus sequence X;PRX,amide, where X, was S, A, or G)
[34, 37]. Because the Cubozoa, Scyphozoa, Staurozoa,
and Octocorallia have their closest evolutionary root in
the common ancestral cnidarian (Fig. 1), we concluded
that the GRFamide and X;PRXjamide are primordial
neuropeptides that evolved in the common cnidarian an-
cestor [34]. In addition to these ubiquitous neuropep-
tides, we also found 2 to 3 neuropeptide genes that were
confined to a certain cnidarian class. We assumed that
these neuropeptides originated later in evolution and
served class-specific functions [34].

In our previous analysis, we used the anthozoan
subclasss Octocorallia as an out-group, which made it
possible to draw conclusions on the early origins of
the GRFamide and X;PRX,amide neuropeptides [34]
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Fig. 1 Schematic drawing showing the phylogenetic positions of the subclasses Ceriantharia, Hexacorallia and Octocorallia and the classes
Hydrozoa, Cubozoa, Scyphozoa, and Staurozoa. Cnidaria are a sister group to Bilateria. The figure also shows that X;PRX;amide and GRFamide
peptides are present in all testet Octocorallia, Cubozoa, Scyphozoa, and Staurozoa [34]. In the current paper, we are investigating these and other
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(Fig. 1). The Anthozoa, however, consist of three sub-
classes (Fig. 1). In the current paper, therefore, we
have decided also to analyze the subclasses Hexacor-
allia and Ceriantharia. This analysis was especially
needed, because, thirty years ago, we isolated and se-
quenced many neuropeptides from sea anemones
(Hexacorallia) [9-11] that could not be identified in
Octocorallia [34]. Some of these neuropeptides from sea
anemones had the C-terminal sequence RPamide, such as
LPPGPLPRPamide, GPHypSLFRPamide (Hyp = hydroxy-
proline), pQNFHLRPamide, or pQVKLYRPamide [9-11,
52, 53]. Other neuropeptides had the C-terminal sequence
RWamide, such as pQSLRWamide, or pQGLRWamide [9—
11, 54, 55]. We also isolated and sequenced neuropeptides
from sea anemones that had the unusual L-3-phenyllactyl
residue as an N-terminal protecting group, such as L-3-
phelac-LRNamide, L-3-phelac-YRIamide, or L-3-phelac-
FKAamide [9-11, 56-58]. For the last group of neuropep-
tides, the identification of their preprohormones would be
especially rewarding, because we have not been able to
clone these preprohormones using the degenerate primer
PCR techniques of thirty years ago. These preprohormones
would also inform us on the biosynthesis of the N-terminal
L-3-phenyllactyl group: Would this group originate from
an N-terminal phenylalanine residue or would it be at-
tached to the unprotected tripeptide by a, so far unknown,
N-acyltranferase [9, 10, 56]?

In our current paper, we have identified the neuropep-
tide preprohormones from nineteen species belonging to
five different orders of Hexacorallia and from one spe-
cies belonging to the anthozoan subclass Ceriantharia
(Fig. 1, Fig. 2, and Table 1). This large number of hexa-
corallian species also includes the model sea anemones
N. vectensis, and E. diaphana, and the model coral
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Fig. 2 Phylogenetic relationships between the various Hexacorallia
orders and the subclasses Ceriantharia and Octocorallia. All hexacoral
orders were studied in this paper except for the Antipatharia, which
has no species with a sequenced genome or transcriptome. This
figure is based on data from [59, 60]
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Table 1 Accession numbers for the different databases used
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Species Subclass Order Database type Accession number
Anemonia viridis Hexacorallia Actiniaria WGS OCZR00000000.1
Anemonia viridis Hexacorallia Actiniaria TSA BBLT00000000.1
GHCD00000000.1
Anthopleura elegantissima Hexacorallia Actiniaria TSA GBXJ00000000.1
GBYC00000000.1
Exaiptasia diaphana Hexacorallia Actiniaria WGS [LJWW00000000.1
Exaiptasia diaphana Hexacorallia Actiniaria TSA JV077153-J)V134524
Nematostella vectensis Hexacorallia Actiniaria WGS ABAV00000000.1
Nematostella vectensis Hexacorallia Actiniaria TSA HADP00000000.1
HADNO00000000.1
Phymanthus crucifer Hexacorallia Actiniaria WGS WUCR0000000.1
Scolanthus callimorphus Hexacorallia Actiniaria TSA GGGEO0000000.1
Amplexidiscus fenestrafer Hexacorallia Corallimorpharia WGS PRINA354436
Corynactis australis Hexacorallia Corallimorpharia TSA GELMO00000000.1
Discosoma sp. Hexacorllia Corallimorpharia WGS PRINA35449
Ricordea yuma Hexacorallia Corallimorpharia TSA GELN00000000.1
Acropora digitifera Hexacorallia Scleractinia WGS BACK00000000.2
Acropora millepora Hexacorallia Scleractinia WGS QTZP00000000.1
Acropora millepora Hexacorallia Scleractinia TSA GHGU00000000.1
GHGMO00000000.1
GHGS00000000.1
GHGO00000000.1
GHGH00000000.1
GHGT00000000.1
GHGN00000000.1
GHGQ00000000.1
Montipora capitata Hexacorallia Scleractinia WGS RDEB00000000.1
Montipora capitata Hexacorallia Scleractinia TSA GEFRO00000000.1
Orbicella faveolata Hexacorallia Scleractinia WGS MZGG00000000.1
Pocillopora damicornis Hexacorallia Scleractinia WGS RCHS00000000.1
Pocillopora damicornis Hexacorallia Scleractinia TSA GEFF00000000.1
Porites rus Hexacorallia Scleractinia WGS OKRP00000000.1
Stylophora pistillata Hexacorallia Scleractinia WGS LSTM00000000.1
Stylophora pistillata Hexacorallia Scleractinia TSA GARY00000000.1
Protopalythoa variabilis Hexacorallia Zoantharia TSA GCVI00000000.1
Zoanthus sp. Hexacorallia Zoantharia TSA GGTWO00000000.1
Pachycerianthus borealis Ceriantharia Spirularia TSA HAGY00000000.1

Acropora millepora (Table 1). In our study, we have
clarified many of the questions raised in the preceding
paragraph.

Last year, a paper was published that described the an-
notation and sequencing of neuropeptides in N. vecten-
sis, using tandem mass spectrometry [36]. In our current
study, we have discovered several additional neuropep-
tides in N. vectensis. Thus, our study not only gives a
global overview of neuropeptide genes present in Hexa-
corallia, but it also supplies the scientific community
with a more complete inventory of the neuropeptides
present in several hexacoral laboratory models.

Results

Annotations of genes and transcripts coding for
neuropeptide preprohormones

Table 1 gives the accession numbers of the genome and
transcriptome databases that we used for the analyses of
the various members of Hexacorallia and Ceriantharia.
These analyses were carried out, using a script described in
[37] that was based on the presence of two or more similar
neuropeptide copies on a neuropeptide preprohormone
(see also Methods). However, to avoid the exclusion of sin-
gle copy neuropeptide preprohormones, we also applied
TBLASTN and a related software program named Regex
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(Regular expression). In the following sections, we identify
neuropeptide preprohormones in species belonging to the
orders Actinaria (sea anemones), Scleractinia (stony corals),
Corallimorpharia (hexacorallians resembling stony corals,
but lacking a stony skeleton), Zoantharia (sand-incorporat-
ing corals), and the subclass Ceriantaria (tube-dwelling
anemones). Figure 2 gives the most recently proposed
phylogenetic relationships between these orders and the
subclasses Ceriantharia, and Octocorallia [59, 60].

Preprohormones in Actiniaria containing multiple
neuropeptide copies

We annotated six neuropeptide gene families in Actinaria
(indicated as neuropeptide family #1to #6 in Table 2 and
Table 3) that coded for preprohormones with multiple
neuropeptide copies. The first family consists of prepro-
hormones that produce a large number of GPRGamide or
APRGamide neuropeptides (Table 2, neuropeptide family
#1). In the sea anemone A. elegantissima, we identified an
incomplete preprohormone, containing 19 copies of
GPRGamide; in A. viridis two non-overlapping preprohor-
mone fragments, one containing 17 and another 16 copies
of GPRGamide; in N. vectensis an incomplete preprohor-
mone, containing 15 copies of APRGamide and 13 copies
of GPRGamide; in P. crucifer a complete preprohormone,
containing 19 copies of GPRGamide; in S. callimorphus a
preprohormone fragment, containing 3 copies of APRGa-
mide; and in E. diaphana and incomplete preprohormone
containing 23 copies of GPRPamide. The amino acid se-
quences of these GPRGamide preprohormones are given
in Additional file 1.

The second family (Table 2) consists of preprohormones
that all contain a large number of pQGRFamide neuropep-
tides. These neuropeptides have been isolated and se-
quenced previously from several anthozoans, including A.
elegantissima and named Antho-RFamide [9-11, 61]. We
have also cloned the Antho-RFamide preprohormones [9—
11, 24, 25]. The complete, cloned and published Antho-
RFamide preprohormone from A. elegantissima contains 21
copies of Antho-RFamide [25]. This complete sequence is
given in Additional file 2. In the A. elegantissima transcrip-
tome that we investigated, however, we could only recover
a small preprohormone fragment, containing 5 Antho-
RFamide copies (Additional file 2). In the sea anemone A.
viridis, an Antho-RFamide preprohormone fragment
was identified, containing 11 copies of Antho-
RFamide; in N. vectensis an incomplete preprohor-
mone, containing 24 copies of Antho-RFamide; in P.
crucifer a preprohormone fragment, containing 10
copies of Antho-RFamide; in S. callimorphus an in-
complete preprohormone, containing 19 copies of
Antho-RFamide; and in E. diaphana an incomplete
preprohormone, containing 20 copies of Antho-
RFamide (Table 2, Additional file 2).
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In the N-terminal parts of all sea anemone Antho-
RFamide preprohormones, we found 8-11 repetitive
amino acid sequences, each of them 8 residues in length
and many having the QFWKGRES sequence that pos-
sibly  could represent neuropeptide sequences
(highlighted in yellow in Additional file 2). Because mul-
tiple copies of immature Antho-RFamide (QGRFGRE,
see Additional file 2) are also present on the same pro-
hormone, we assume that the cnidarian prohormone
convertase will only cleave between R and E, but not be-
tween the R and F residues, which would destroy the
Antho-RFamide sequences. Therefore, the N-terminal
QFWKGREFS sequences probably do not have a cleavage
site for the cnidarian prohormone convertase. Because
these sequences also lack a C-terminal amidation signal
(@), it is difficult to propose any mature neuropeptide
structures for them.

The third neuropeptide family (Table 2) consists of
peptides that have the C-terminal sequence GLWamide.
These neuropeptides include the isolated and sequenced
A. elegantissima neuropeptide Metamorphosin A (MMA),
which has the sequence pQQPPGLWamide. MMA in-
duces metamorphosis in planula larvae from the colonial
hydrozoan Hydractinia echinata [21] and the sea
anemone N. vectensis [62]. We have cloned the MMA
preprohormone from A. elegantissima and found that it
contains 11 copies of MMA together with 10 copies of
pQNPGLWamide, 8 copies of pQPGLWamide and several
copies of other related neuropeptide sequences [27]. The
sequence of this cloned MMA preprohormone from A.
elegantissima is given in Additional file 3. In the tested
transcriptomes from A. elegantissima (Table 1), we could
identify an MMA preprohormone fragment that con-
tained three copies of pQNPGLWamide and 5 copies of
pQPGLWamide, but no MMA (Additional file 3). This
preprohormone fragment corresponds to the N-terminal
half of the complete, cloned MMA preprohormone
(Additional file 3) [27]. In A. viridis, we found several
non-overlapping MMA preprohormone fragments, con-
taining 1 copy of MMA and 5 copies of the related peptide
pQNPGLWamide (Table 2, Additional file 3). In N.
vectensis, we identified a preprohormone fragment, con-
taining 6 copies of pPQAGAPGLWamide and 6 copies of
APGLWamide, but we could not discover true MMA
sequences (Table 2, Additional file 3). In P. crucifer, we
identified two preprohormone fragments, containing
altogether 7 copies of pQSPGLWamide, 4 copies of
MMA, and 5 other GLWamide peptides. In C. callimor-
phus, we identified a few non-overlapping preprohormone
fragments, containing 8 copies of pQAGSTGLWamide
and several other related sequences, but no genuine
MMA. In E. diaphana, we found a preprohormone frag-
ment, containing 1 copy of pQKSIGLWamide and several
other GLWamide peptides (Table 2, Additional file 3).
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Table 2 Neuropeptide families identified in six species of Actiniaria: Anthopleura elegantissima, Anemonia viridis, Nematostella
vectensis, Phymanthus crucifer, Scolanthus callimorphus, and Exaiptasia diaphana. Only those neuropeptides that have multiple
identical or similar copies on their preprohormones are listed here and from them only those with the highest copy numbers are
given. The isolated and sequenced neuropeptides from A. elegantissima are abbreviated: A-RFamide (=Antho-RFamide); MMA (=
Metamorphosin A); RP-1, -2, -3, -4 (= Antho-RPamide-1, -2, -3, -4). If more than one gene codes for the peptides, this is highlighted
in blue in the last row in parentheses. The amino acid sequences of the preprohormones are shown in Additional files 1 to

Additional files 5

Neuropeptide ~ Species  Species name

Neuropeptide sequence  Minimal number

family number number of neuropeptide
copies
1.
1. A. elegantissima GPRGamide 19
2. A. viridis GPRGamide 33
3. N. vectensis GPRGamide 13
4. P. crucifer GPRGamide 19
5. S. callimorphus APRGamide 3
6. E. diaphana GPRGamide 23
2.
1. A. elegantissima POGRFamide 21(A-RFamide)
2. A. viridis PQGRFamide 11
3. N. vectensis POGRFamide 24
4 P. crucifer PQGRFamide 10
5. S. callimorphus PQOGRFamide 19
6. E. diaphana PQGRFamide 20
3. Presentin Heacorallia, Cubo-, Scypho-, Sturozoe, NN
1. A. elegantissima PQOPGLWamide 11(MMA)
1. A. elegantissima PONPGLWamide 10
2. A. viridis PQOPGLWamide 1
2. A. viridis PONPGLWamide 5
3. N. vectensis POAGAPGLWamide 6
3. N. vectensis APGLWamide 6
4. P. crucifer POSPGLWamide 7
4. P. crucifer PQOPGLWamide 4(MMA)
5. S. callimorphus POAGSTGLWamide 8
6. E. diaphana PQKSIGLWamide 1
4. ﬁ_
1. A. elegantissima LPPGPLPRPamide [ (gene#I;RP-1)
1. A. elegantissima PONFHLRPamide 2 (gene#2;RP-2)
L. A. elegantissima PQVKLYRPamide 1 (gene#2;RP-3)
1. A. elegantissima GPPSLFRPamide 2 (gene#2;RP-4)
2. A. viridis GPPSLFRPamide 1
2. A. viridis PONLLRPamide 5
3. N. vectensis POLLFRPamide 2
3. N. vectensis POLFRPamide 1
4. P. crucifer PONNLLFRPamide 1
5. S. callimorphus GPRPPWPPRPamide 1
6. E. diaphana RPPSWPPRPamide 1
S. ﬁ_
2. A. viridis PQITRFamide 7
3. N. vectensis PQITRFamide 5
5. S. callimorphus PQITRFamide 11
6. E. diaphana PQVTRFamide

The fourth class of neuropeptides has the carboxyter-
minus RPamide (Table 2). Previously, we have isolated
and sequenced various RPamide neuropeptides from A.
elegantissima, which had the sequences LPPGPLPR
Pamide (Antho-RPamide-1), pQNFHLRPamide (Antho-
RPamide-2), pQVKLYRPamide (Antho-RPamide-3),
GPHypSLFRPamide  (Hyp = hydroxyproline;  Antho-
RPamide-4), and YRPamide (Antho-RPamide-5) [9-11,
52, 53, 63]. Using antisera against RPamide peptides, we
found that these peptides were produced in ectodermal
and endodermal sensory cells of the tentacles and oral
disk from the sea anemone Calliactis parasitica, show-
ing that these peptides were genuine neuropeptides [63].
This neuronal localization of Antho-RPamides was

recently confirmed in N. vectensis [64]. Also, thirty years
ago, we cloned a complete Antho-RPamide preprohor-
mone from A. elegantissima [10] (Additional file 4),
which contained one copy of Antho-RPamide-1 and one
copy of an additional RPRPamide, while the other
Antho-RPamides were lacking. This finding suggests the
presence of at least 2 Antho-RPamide preprohormone
genes (gene-1 and gene-2).

In the tested transcriptome from A. elegantissima, we
identified an incomplete Antho-RPamide preprohormone
that contained an Antho-RPamide-1 sequence and a sec-
ond sequence, RPRPamide (Table 2, Additional file 4).
This preprohormone fragment corresponds to the N-
terminal part of our complete, cloned Antho-RPamide-1
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Table 3 Neuropeptide families #6 to # 10 identified in six species of Actiniaria: A. elegantissima, A. viridis, N. vectensis, P. crucifer, S.
callimorphus, and E.diaphana. This table is a continuation of Table 2. Neuropeptide family #6 has multiple copy preprohormones,
while neuropeptide families #7 to #10 have single copy preprohormones. The isolated and sequenced neuropeptides from A.
elegantissima are abbreviated: A-RNamide (= Antho-RNamide), A-Rlamide (= Antho-Rlamide); A-KAamide (= Antho-KAamide);
ARWamidel and 2 (= Antho-RWamide-1 and -2). On some occasions, there are two or more genes coding for the same
neuropeptide, which is indicated (highlighted in blue) in the last column. The preprohormone amino acid sequences are shown in

Additional file 6 to Additional file 10

Neuropeptide  Species Species name Neuropeptide sequence Neuropeptide
family number copy number or
number gene number
o Drecentin Actmara and Scloractinis DI

1. A. elegantissima PQPPFLGGPAYFHIRamide 1

2. A. viridis PQPPFLGGPAYFHIRamide 2

3. N. vectensis PQPPIDLSPAAYFHIRamide 1

4. P. crucifer PQPPFLGQPAYFHIRamide 2

6. E. diaphana PQPPFVDLTQPAFYHIRamide 3
2 Present in Actiniaria and Cerianthari, S ESSSHENORGARE

1. A. elegantissima phelacLRNamide 2(A-RNamide)

2. A. viridis phelacLRNamide 3

3. N. vectensis phelacLRNamide 2

4. P. crucifer phelacLRNamide 2

5. S. callimorphus phelacLRNamide 2

E. diaphana phelacLRNamide 2

"i

1. A. elegantissima
2. A. viridis

3. N. vectensis

4. P. crucifer

E. diaphana

phelacYRIamide  1(A-Rlamide)
phelacYRIamide 1
phelacYRVamide 1
phelacYRIamide 1
phelacYKIamide 1

”'.

1. A elegantissima phelacFKAamide 1(A-KAamide)
2 A. viridis phelacFKAamide 1
3. N. vectensis phelacFKAamide 1
6. E. diaphana phelacFKAamide 1
10 -_
1. A. elegantissima POOQGLRWamide 1
1. A. elegantissima PQGLRWamide [(A.RWamide2)
1. A. elegantissima pQOSLRWamide [(A.RWamidel)
1. A. elegantissima POGGLRWamide 1
2. A. viridis POOQOGLRWamide 1
2. A. viridis PQGALRWamide 1
2. A. viridis POSLRWamide |(A RWamidel)
3. N. vectensis GPPQGLRWamide 1
3. N. vectensis POGLRWamide 2(A RWamide2)
3. N. vectensis PQGGLRWamide 1
4. P. crucifer PQKPPGLRWamide 1
4. P. crucifer POGIRWamide 1
5. S. callimorphus POSQGLRWamide 1
5. S. callimorphus POGLRWamide (A RWamide2)
5. S. callimorphus PQGGLRWamide 1
6. E. diaphana POMHLRWamide 1
6. E. diaphana POGLRWamide (A RWamide2)

preprohormone [10]. We also found another incomplete
preprohormone fragment that contained two copies of
Antho-RPamide-2, one copy of Antho-RWamide-3, two
copies of Antho-RPamide-4, and several other RPamide
fragments (Table 2, Additional file 4). In addition, we
identified a third complete preprohormone, coding for
three additional RPamide peptides. This preprohormone
must be coded for by a third RPamide gene (Additional
file 4). In A. viridis, we identified two incomplete

preprohormone sequences that are probably fragments of
the Antho-RPamide preprohormone, corresponding to
the Antho-RPamide gene-2 product from A. elegantis-
sima. These fragments contained the sequence of Antho-
RPamide-4 together with 14 other, novel RPamide se-
quences, of which pQNLLRPamide was the most frequent
one (Table 2, Additional file 4). In N. vectensis, a
preprohormone fragment was identified, containing 9
RPamide peptides, among them pQLLFRPamide, and
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pQLFRPamide (Table 2, Additional file 4). In P. crucifer, a
complete preprohormone was identified that contained 7
different RPamide peptides among them the sequence
pQNNLLFRPamide (Table 2, Additional file 4). In S. calli-
morphus, an incomplete RPamide preprohormone was
found, containing 8 different RPamide peptides (Table 2,
Additional file 4). Finally, in E. diaphana we found a pre-
prohormone with at least 10 copies of different RPamide
peptides (Table 2, Additional file 4).

The fifth class of neuropeptides comprises peptides
with the sequences pQITRFamide, pQVTRFamide, and
NPPITRIamide, (Table 2, Additional file 5). Although
they have the C-terminal sequence RFamide in common
with the Antho-RFamides (neuropeptide family number
2 in Table 2), these two peptide families are probably
not related, due to clear structural differences in the N-
terminal halves of the peptides. Using our script, TRFa-
mide/TRIamide preprohormones could not be identified
in A. elegantissima (Table 2). Also, previously, members
of this peptide family could not be purified and se-
quenced from extracts of A. elegantissima, although a
radioimmunoassay for monitoring the purification of
RFamide peptides was used [61]. These findings make
the status of this peptide family somewhat uncertain.

The sixth class of peptides all have the C-terminal se-
quence FHIRamide or YHIRamide in common (Table 3,
neuropeptide family #6). Their preprohormones contain
four to ten copies of identical or slightly different peptide
sequences (Additional file 6). These peptides are some-
what unusual, because they are quite long for a cnidarian
neuropeptide (14 to 19 amino acid residues long, Add-
itional file 6). Also, several members of this neuropeptide
family have one or more acidic residues in the middle of
their sequences. Most isolated and sequenced cnidarian
neuropeptides are short sequences that lack acidic resi-
dues [9-13]. Therefore, we are somewhat in doubt about
the neuropeptide status of these FHIRamide peptides.

Preprohormones in Actiniaria containing a single
neuropeptide copy

The seventh, eighth, and ninth class of neuropeptides
(Table 3) comprise peptides with N-terminal phenyllactyl
residues. Previously, using radioimmunoassays against
RNamide or RVamide peptides, we isolated and sequenced
three short neuropeptides from A. elegantissima that were
N-terminally protected by L-3-phenyllactyl residues [56—
58]. At that time, the biosynthesis of these N-terminal resi-
dues was unclear to us: It could be that the N-terminal L-
3-phenyllactylresidue was derived from an N-terminal phe-
nylalanyl residue, or that L-3-phenyllactyl was transferred
to the N-terminus of the peptide by an acyltransferase [56].
Using Regex, but not our script [37], as a search tool, we
identified the preprohormones for these neuropeptides in
A. elegantissima. For the first neuropeptide, L-3-
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phenyllactyl-LRNamide (abbreviated phelacLRNamide), we
found two different preprohormones, coded for by two
different genes (Table 3, neuropeptide family #7). Each pre-
prohormone had only one neuropeptide copy that was lo-
cated directly after the signal sequence of the
preprohormone (Additional file 7), thereby becoming the
N-terminus of the prohormone after protein translocation
through the rough endoplasmic reticulum (RER) mem-
brane. The N-terminus of the immature neuropeptide copy
was a phenylalanyl residue, thus confirming that L-3-
phenyllactyl-LRNamide originated from L-3-phenylalanyl-
LRNamide. In A. viridis, we found three different phelacLR-
Namide preprohormones; in N. vectensis, we found two; in
P. crucifer we found two; in S. callimorphus, we found two;
and also in E. diaphana, we found two preprohormones.
These preprohormones were all single peptide copy prepro-
hormones, where the immature neuropeptide sequences
were located immediately after the signal sequence (Table 3,
Additional file 7).

We have previously found that only neurons and no
other cell types were stained with RNamide antibodies
in the sea anemone C. parasitica, showing that the pre-
prohormone is most likely expressed in neurons and that
phelacLRNamide is probably a neuropeptide in all sea
anemones listed in Table 3 [56].

Using a radioimmunoassay against RVamide peptides,
we previously isolated L-3-phenyllactylYRIamide (abbre-
viated phelacYRIamide and named Antho-Rlamide)
from A. elegantissima, because this Rlamide peptide
crossreacted in our RVamide radioimmunoassay [58].
Using the software program Regex, we now found a pre-
prohormone in A. elegantissima with a single copy of the
immature neuropeptide sequence positioned directly after
the signal sequence. Again, an N-terminal phenylalanyl
residue is the substrate of the N-terminal L-3-phenyllactyl
residue (Additional file 8; Table 3 neuropeptide family 8).
A. viridis has a preprohormone, containing a single copy
of Antho-Rlamide located directly after the signal se-
quence (Table 3, Additional file 8). N. vectensis contains
one preprohormone with a single copy of FYRVGKR posi-
tioned directly after the signal sequence (Additional file 8),
thus likely yielding the mature peptide phelacYRVamide
(Table 3); P. crucifer contains one preprohormone with a
single copy of Antho-Rlamide; E. diaphana contains one
preprohormone with a single copy of FYKIamide, located
directly after the signal sequence (Additional file 8), thus
yielding the related peptide phelacYKlamide (Table 3).
We could not identify a phelacYRIamide or related pep-
tide preprohormone in S. callimorphus (Table 3, Add-
itional file 8).

By using immunocytochemistry and RVamide antisera,
we previously found that the Antho-Rlamide preprohor-
mone was located in neurons of the sea anemone C.
parasitica and that Antho-Rlamide, because of its
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crossreaction with RVamide antisera, therefore, was
likely to be a neuropeptide in all sea anemones [58].

We previously isolated L-3-phenyllactylFKAamide (ab-
breviated phelacFKAamide and dubbed Antho-
KAamide) from A. elegantissima [57]. Using Regex, we
could identify a preprohormone in A. elegantissima that
contained one copy of an immature Antho-KAmide se-
quence that was located immediately after the signal se-
quence (Table 3, Additional file 9). Also here, the N-
terminal L-3-phenyllactyl residue was derived from an
N-terminal phenylalanyl residue (Additional file 9). We
also identified an Antho-KAamide preprohormone in A.
viridis, N. vectensis and E. diaphana that had the same
overall organization as the Antho-KAamide preprohor-
mone from A. elegantissima (Table 3, Additional file 9).
We were not able to identify Antho-KAamide prepro-
hormones in P. crucifer or S. callimorphus.

The tenth class of peptides consists of short neuropep-
tides with the C-terminal sequence LRWamide (Table 3).
Previously, we published the isolation and sequencing of
two peptides from the sea anemone A. elegantissima,
pQSLRWamide (Antho-RWamide-1) and pQGLRWa-
mide (Antho-RWamide-2) [54, 55]. Using immunocyto-
chemistry with an antiserum against the sequence
RWamide, we found that these peptides were located in
endodermal sensory neurons from the sea anemone C.
parasitica that projected to the sphincter muscle located
below the oral disk region of the animal, which was heav-
ily innervated by these RWamide-positive processes [9].
This population of RWamide-positive sensory-motor-
neurons was different from the Antho-RFamide-positive
sensory neurons in the endoderm of that region, which
did not project to the sphincter [9]. Using our script, we
could not detect genes coding for LRWamide or SRWa-
mide peptides in A. elegantissima, but using Regex, we
found four genes, each coding for a complete, single copy-
type of LRWamide preprohormone (Table 3,
Additional file 10). The first preprohormone contains a
single copy of pPQQQGLRWamide; the second preprohor-
mone contains a single Antho-RWamide-2 sequence; the
third preprohormone has a single copy of Antho-
RWamide-1; and the fourth preprohormone has a single
copy of pQGGLRWamide. All four neuropeptide se-
quences are located immediately after the signal sequence
of the preprohormone (Table 3, Additional file 10).

In A. viridis, there are three single-copy preprohor-
mones, each containing a single LRWamide neuropeptide
sequence located directly after the signal sequence (Table
3, Additional file 10). One of these sequences is identical
to Antho-RWamide-1 (pQSLRWamide), while another
one is one amino residue longer than Antho-RWamide-2
(PQGALRWamide) (Table 3).

In N. vectensis, we identified four single-copy prepro-
hormones containing GLRWamide neuropeptides. These
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neuropeptide sequences were, again, located directly
after the signal sequence of the preprohormone (Add-
itional file 10). There are two different preprohormones
and, therefore, two different genes, encoding Antho-
RWamide-2 (pQGLRWamide); one preprohormone con-
taining a GPPQGLRWamide sequence; and one contain-
ing a pQGGLRWamide sequence (Additional file 10,
Table 3).

In P. crucifer, we identified two genes: One coding for
a single copy preprohormone containing the sequence
pQKPPGLRWamide and another gene, coding for a sin-
gle copy preprohormone containing the sequence
pQGIRWamide (Table 3, Additional file 10).

In S. callimorphus, we found a similar situation as in
N. vectensis with two different genes, encoding two dif-
ferent preprohomones that each contained a single copy
of Antho-RWamide-2. Furthermore, there were two pre-
prohormones with N-terminally elongated LRWamide
sequences (Table 3, Additional file 10).

In E. diaphana, we identified one preprohormone,
containing one Antho-RWamide-2 sequence and an-
other preprohormone, having an N-terminally elongated
LRWamide sequence (Table 3, Additional file 10).

Preprohormones in Scleractinia containing multiple
neuropeptide copies

Using our script [37], we could identify seven neuropep-
tide families in Scleractinia derived from more than seven
preprohormones. Five of these preprohormones contained
multiple neuropeptide copies (Table 4, Table 5).

In the stony coral Acropora millepora, we could iden-
tify a preprohormone fragment that contained 28 copies
of the neuropeptide GPRGamide (Table 4, neuropeptide
family number 1; Additional file 1, heading Scleractinia).
In Acropora digitifera, we found a preprohormone frag-
ment that contained 27 copies of GPRGamide; in Monti-
pora capitata a preprohormone fragment with 37 copies
of GPRGamide; in Pocillopora damicornis a preprohor-
mone fragment with 45 copies of GPRGamide; in Stylo-
phora pistillata a complete preprohormone with the
impressive number of 50 copies of GPRGamide; no
GPRGamide preprohormone in the transcriptome of
Porites rus; but in Orbicella faveolata a preprohormone
fragment with 48 copies of GPRGamide (Table 4;
Additional file 1).

The second neuropeptide family comprises the Antho-
RFamides (pQGRFamide). In A. millepora, we found an
incomplete Antho-RFamide preprohormone containing
12 copies of Antho-RFamide; in A. digitifera a complete
preprohormone containing 12 copies of Antho-RFamide;
in M. capatata a preprohormone fragment containing 5
copies of Antho-RFamide; in P. damicornis a preprohor-
mone fragment containing 18 copies of Antho-RFamide;
in S.pistillata a complete preprohormone containing 14
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Table 4 Neuropeptide families identified in seven species of Scleractinia: Acropora millepora, Acropora digitifera, Montipora capitata,
Pocillopora damicornis, Stylophora pistillata, Porites rus, and Orbicella faveolata. These neuropeptide families have preprohormones
that contain multiple identical or similar neuropeptide copies. Only those neuropeptides with the highest copy numbers are given.
The preprohormone amino acid sequences are shown in Additional files 1 to Additional files 5

Neuropeptide ~ Species ~ Species name Neuropeptide sequence  Minimal number
family number number of neuropeptide
copies
T ORI
7. A. millepora GPRGamide 28
8. A. digitifera GPRGamide 27
9. M. capitata GPRGamide 37
10. P. damicornis GPRGamide 45
11. S. pistillata GPRGamide 50
13. O. faveolata GPRGamide 48
2. Presentin other Anthozoa and Cubo-, Scypho-, and Staurozoa
7. A. millepora PQOGRFamide 12
8. A. digitifera PQGRFamide 12
9. M. capitata PQGRFamide 5
10. P. damicornis PQGRFamide 18
11. S. pistillata PQGRFamide 14
12. P. rus PQGRFamide 11
13. O. faveolata PQGRFamide 14
5 Presentin Hexacorallia, Cubo-, Scyphor, Staurocos, INGINNONNGNNNE
7. A. millepora GPPGLWamide 2
8. A. digitifera GPPGLWamide 2
9. M. capitata PQFKPPGLWamide 1
10. P. damicornis GPPGLWamide 9
11. S. pistillata RPPGLWamide 3
12. P.rus PQOPPGLWamide 2
13. 0. faveolata POPPGLWamide 5
4. Present in Hexacorallia, BllllbSCHUIRIOUCH CRidatA
7. A. millepora PORTRIRPamide 1
8. A. digitifera POGFIRPamide 1
10. P. damicornis PQFTNWRPamide 1
11. S. pistillata POKNPWRPamide 1
5. m_
7. A. millepora PQSITRFamide 19
8. A. digitifera POSITRFamide 30
9. M. capitata PQSVTRFamide 18
10. P. damicornis PQSITRFamide 2
11. S. pistillata PQSITRFamide 20
12. P.rus PQLVTRFamide 3

copies of Antho-RFamide; in P. rus a complete prepro-
hormone containing 11 copies of Antho-RFamide; and
in O. faveolata a preprohomone fragment containing 14
copies of Antho-RFamide (Table 4; Additional file 2).
Most members from the third neuropeptide family
consist of peptides having the PPGLWamide C-terminus
(Table 4; Additional file 3). In A. millepora we found a
preprohormone fragment containing 2 copies of GPPG
LWamide and 3 other GLWamide peptides; in A. digiti-
fera a preprohormone fragment with 2 GPPGLWamide
copies and 3 other GLWamide peptides; in M. capitata
a fragment with 1 copy of pQFKPPGLWamide and 4 other
GLWamide peptides; in P. damicornis a fragment with 9
copies of GPPGLWamide; in S. pistillata a complete pre-
prohormone with 3 copies of RPPGLWamide and 5 copies
of other GLWamide peptides; in P. rus a complete prepro-
hormone with 2 copies of pQPPGLWamide and 4 copies
of other GLWamide peptides; and in O. faveolata a

fragment with 5 copies of pQPPGLWamide and 1 other
GLWamide peptide (Table 4; Additional file 3).

We also found the fourth neuropeptide family, con-
taining the RPamide C-terminus, in Scleractinia. In A.
millepora, we identified an incomplete preprohormone,
containing 1 copy of pQRTRIRPamide and 2 other RPa-
mide peptides; in A. digitifera an incomplete preprohor-
mone, containing 1 copy of pQGFIRPamide and 2 other
RPamide peptides; in P. damicornis a preprohormone
fragment, containing one copy of pQFTNWRPamide
and two other RPamide peptides; and in S. pistillata a
complete preprohormone, containing 1 copy of
PQKNPWRPamide and 3 copies of other RPamide pep-
tides (Table 4; Additional file 4). In the other tested
scleractinians, we were not able to detect RPamide
preprohormones.

The fifth peptide family consists of pQSITRFamide
peptides or closely related peptide sequences (Table 4,



Koch and Grimmelikhuijzen BMC Genomics (2020) 21:666

Page 11 of 21

Table 5 Presence of neuropeptide families #6 and #10 in seven species of Scleractinia: A. millepora, A. digitifera, M. capitata, P. damicornis,
S. pistillata, P. rus, and O. faveolata. This table is a continuation of Table 4. Neuropeptide family #6 is derived from preprohormones with
multiple neuropeptide copies, while neuropeptide family #10 is derived from single neuropeptide copy preprohormones. The preprohormone

amino acid sequences are given in Additional file 6 and Additional file 10. ARWamide2 = Antho-RWamide-2

Neuropeptide ~ Species  Species name  Neuropeptide sequence Minimal
family number number number of
neuropeptide
genes

6.
7. A. millepora NPPLKEALNNAYFGHFRamide 1
9. M. capitata YPPLKEALSKTHFGHFRamide 1
10. P. damicornis NPPLEQALNNAYFGHIRamide 1
11. S. pistillata SPPLEQALNNAYFGHIRamide 1
12. P. rus DPPALKEALGNAYFGHIRamide 1
13. 0. faveolata YPPGLKEALSNAYYGHIRamide 1

10.
7 A. millepora PQGLRWamide 1(A.RWamide2)
7. A. millepora POLLGIRWamide 1
8. A. digitifera POGLRWamide 1(A.RWamide2)
9 M. capitata POGLRWamide 1(A RWamide2)
9. M. capitata POLLGIRWamide 1
9. M. capitata PQPVASQKHGLRWamide 1
10. P. damicornis POGLRWamide 1(A RWamide2)
10. P. damicornis POGLPGIRWamide 1
11. S. pistillata PQGLRWamide (A RWamide2)
12. P.rus POGLRWamide (A RWamide2)
13. 0. faveolata POGLRWamide (A RWamide2)

neuropeptide family 5). These peptides resemble neuro-
peptide family 5 from Table 2, but are elongated in their
N-terminal halves by one amino acid residue. We identi-
fied a complete preprohormone in A. millepora with 19
copies of pQSITRFamide; in A. digitifera a complete pre-
prohormone with 30 copies of the same peptide; in M.
capitata a complete preprohormone with 18 copies of
pQSVTRFamide; in P. damicornis an incomplete prepro-
hormone with two copies of pQSITRFamide and one
copy of pQSVTRFamide; in S. pistillata a complete pre-
prohormone with 20 copies of pQSITRFamide; and in P.
rus a complete preprohormone with 3 copies of
pQLVTRFamide (Table 4, Additional file 5).

Also members of the sixth peptide family, the FHIRa-
mides, are present in Scleractinia. We could identify
them in A. millipora, M. capitata, P. damicornis, S. pis-
tillata, P. rus, and O. faveolata (Table 5, neuropeptide
family #6; Additional file 6).

Preprohormones in Scleractinia containing a single
neuropeptide copy

We were unable to find phenyllactyl peptides in Sclerac-
tinia, corresponding to the ones identified in Actiniaria
(Table 3, neuropeptide families 7, 8, and 9). However,
we found preprohormones containing Antho-RWamide-
2 (pQGLRWamide) and related peptides (Table 5,
neuropeptide family #10). In all cases, these preprohor-
mones only contained one single neuropeptide copy,
which was situated directly after the signal sequence, just
as we saw earlier in Actiniaria (Additional file 10).

In A. millepora, we identified two complete preprohor-
mones, one containing a single copy of Antho-
RWamide-2, and the other one, containing a single copy
of pQLLGIRWamide. In A. digitifera, we identified a
complete preprohormone, containing a single copy of
Antho-RWamide-2. In M. capitata, we identified three
complete preprohormones, one containing a single copy
of Antho-RWamide-2, one containing the peptide
pQLLGIRWamide, and one containing the peptide
pQPVASQKHGLRWamide. In P. damicornis, we found
a preprohormone, containing one copy of Antho-
RWamide-2 and another preprohormone, containing the
sequence pQGLPGIRWamide. In P. rus, we identified a
preprohormone with one copy of Antho-RWamide-2.
The same was found in O. faveolata (Table 5;
Additional file 10).

Preprohormones in Corallimorpharia, Zoantharia, and
Ceriantharia containing multiple neuropeptide copies
In the following, we are investigating the presence of pre-
prohormones with multiple neuropeptide copies in four
species, belonging to the order Corallimorpharia (Amplex-
idiscus fenestrafer, Corynactis australis, Discosoma sp. and
Ricordea yuma); in two species, belonging to the order
Zoantharia (Protopalythoa variabilis and Zoanthus sp.);
and in one species, belonging to the subclass Ceriantharia
(Pachycerianthus borealis).

In all seven species we identified preprohormone frag-
ments with multiple copies of GPRGamide (neuropep-
tide family #1, Table 6): In A. fenestrafer there are 42
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copies; in C. australis 21 copies; in Discosoma sp. 46
copies; in R. yuma 45 copies; in P. variabilis 17 copies;
in Zoanthus sp. 19 copies; and in P. borealis 8 copies
(Additional file 1).

Similarly, we found preprohormones with multiple cop-
ies of Antho-RFamide (neuropeptide family #2, Table 6)
in all seven species: In A. fenestrafer, there are 24 copies of
Antho-RFamide; in C. australis 11 copies; in Discosoma
sp. 12 copies; in R. yuma 16 copies; in P. variabilis 7 cop-
ies; and in Zoanthus sp. 8 copies.

We encountered a short, unusual Antho-RFamide pre-
prohormone fragment in the ceriantharian P. borealis
(Table 6; Additional file 2). Here we identified 2 copies
of Antho-RFamide (out of 2), that were not C-terminally
amidated. The mature copies that would be released
would thus be pQGRF (Table 6) and, therefore, would
not correspond to genuine Antho-RFamide.
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The third neuropeptide family of GLWamides (Table 6,
Additional file 3) is present in all mentioned species: In A.
fenestrafer, we identified a complete preprohormone, con-
taining 4 copies of GPPGLWamide and 4 other GLWa-
mide peptides; in C. australis, two non-overlapping
preprohormone fragments, each containing 7 copies of
GPPGLWamide; in Discosoma sp. a fragment with 5 cop-
ies of GPPGLWamide; in R. yuma a preprohormone, con-
taining 4 copies of GPPGLWamide and 3 other
GLWamide peptides; in P. variabilis a preprohormone,
containing one copy of pQGGTGLWamide and 6 other
GLWamides; in Zoanthus sp. a preprohormone, contain-
ing one copy of pQFNGLWamide and 3 other GLWa-
mides; and in P. borealis two separate genes, one coding
for a copy of KPPTNFGLWamide and another GLWamide
peptide and one coding for a copy of RPPFGLWamide and
an additional GLWamide (Table 6; Additional file 3).

Table 6 Neuropeptide families identified in four species of the order Corallimorpharia: Amplexidiscus fenestrafer, Corynactis australis,
Discosoma sp., and Ricordea yuma; two species of the order Zoantharia: Protopalythoa variabilis and Zoanthus sp.; and one species
of the Ceriantharia subclass: Pachycerianthus borealis. Neuropeptide families # 1-5 always have multiple neuropeptide copies on
their preprohomones. Sometimes there are two genes, which is indicated (highlighted in blue) in the last column. The
preprohormone amino acid sequences are given in Additional file 1 to Additional file 5

Neuropeptide
family number

Species
number

Species name

i

Neuropeptide sequence  Neuropeptide
copy number or

gene number

14. A. fenestrafer GPRGamide 42

15. C. australis GPRGamide 21

16. Discosoma sp. GPRGamide 46

17. R. yuma GPRGamide 45

18. P. variabilis GPRGamide 17

19. Zoanthus sp. GPRGamide 19

20. P. borealis GPRGamide 8
3 ProseAniiosos and Gilir, Soypioe,and Siauson

14. A. fenestrafer POGRFamide 24

15. C. australis POGRFamide 11

16. Discosoma sp. PQGRFamide 12

17. R. yuma PQGRFamide 16

18. P. variabilis POGRFamide 7

19. Zoanthus sp. PQGRFamide 8

20. P. borealis POGRF————— 2
5 Presentin Henac/Cerianth, Cubor, Scyphor, Staurozos, SGHMOGEGORIN

14. A. fenestrafer GPPGLWamide 4

15. C. australis GPPGLWamide 14

16. Discosoma sp. GPPGLWamide 5

17. R. yuma GPPGLWamide 4

18. P. variabilis POGGTGLWamide 1

19. Zoanthus sp. POFNGLWamide 1

20. P. borealis KPPTNFGLWamide 1 (gene#l)

20. P. borealis RPPFGLWamide 1 (gene#2)
4. Present in Hexacorallia, UUADSCAUIRIOMET CRIGATIA

17. R. yuma KPFFMPRPamide 1

18. P. variabilis PORLHRPRPamide 1

19. Zoanthus sp. HPPLPRPamide 2

5. -_

14. A. fenestrafer PQLTRFamide 3

16. Discosoma sp. POOWTRYamide 2 (gene#l)

16. Discosoma sp. POOWTRYamide 9 (gene#2)
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The fourth neuropeptide family, comprising the
Antho-RPamides (Table 6), could be identified in all
mentioned species, except for A. fenestrafer, C. australis,
Discosoma sp., and P. borealis: In R. yuma we found a
preprohormone, containing 1 copy of KPFFMPRPamide
and another RPamide peptide; in P. variabilis a prepro-
hormone, containing 1 copy of pQRLHRPRPamide to-
gether with 2 other RPamide peptides; and in Zoanthus
sp. a preprohormone containing 2 copies of HPPLPRPa-
mide together with another resembling RPamide peptide
(Table 6; Additional file 4).

The fifth peptide family (Table 6) could only be identi-
fied in two corallimorpharian species, A. fenestrafer and
Discosoma sp. In A. fenestrafer we identified a prepro-
hormone, containing 3 copies of pQLTRFamide. In
Discosoma sp., we identified two genes (or 2 cDNAs):
One gene coding for 2 copies of pQQWTRYamide and
one gene coding for 9 copies of pQQWTRYamide
(Additional file 5).

The sixth peptide family, the FHIRamides, could be
identified in all four Corallimorpharia species: A. fenestra-
fer, C. australis, Discosoma sp., and R. yuma; and in one
Zoantharia species: Zoanthus sp. (Table 7, neuropeptide
family #6; Additional file 6). We were unable to find
FHIRamide peptides in Ceriantharia.
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Preprohormones in Corallimorpharia, Zoantharia, and
Ceriantharia containing a single neuropeptide copy

We were unable to find phenyllactyl peptides in
Corallimorpharia and Zoantharia species, correspond-
ing to the ones found in Actiniaria (Table 3, neuro-
peptide families 7, 8, and 9). Surprisingly, however,
we could identify an Antho-RNamide preprohormone
in the ceriantharian P. borealis (Table 7, neuropeptide
family 7; Additional file 7).

In all seven species, belonging to the Corallimorphia,
Zoantharia, or Ceriantharia, we found preprohormones,
containing a single copy of an RWamide peptide that
was located directly after the signal sequence (Table 7,
neuropeptide family number 10): In A. fenestrafer we
identified a preprohormone, containing a single copy of
pQGIRWamide and another preprohormone, containing
a single copy of pQHGLRWamide; in C. australis a pre-
prohormone, containing a single copy of pQGIRWamide
and another preprohomone, containing a single copy of
PQQKGVLRWamide; in Discosoma sp. one preprohor-
mone, containing a single copy of pQGIRWamide and a
second preprohormone, containing a single copy of
pQLPGIRWamide; in R. yuma a preprohormone, con-
taining 1 copy of Antho-RWamide-2 (pQGLRWamide)
and another preprohormone, containing a single copy of

Table 7 Presence of neuropeptide families in four species of the order Corallimorpharia: A. fenestrafer, C. australis, Discosoma sp.,
and R. yuma; two species of the order Zoantharia: P. variabilis and Zoanthus sp.; and one species of the Ceriantharia subclass: P.
borealis. This table is a continuation of Table 6. Peptide family #6 is derived from preprohormones containing several similar
neuropeptide copies. Peptide families #7 and #10 are derived from single copy preprohormones. Sometimes there are two genes,
which is indicated in the last column (highlighted in blue). The amino acid sequences of the preprohormones are given in

Additional file 6, Additional file 7, and Additional file 10

Neuropeptide Species Species name  Neuropeptide sequence Neuropeptide
famlly number copy number
number or gene
number
6.
14. A. fenestrafer DPPWAEALNAKYFGHIRamide 1
15. C. australis VPPYEEALNRAYFGHIRamide 1
16. Discosoma sp. DPPWAEALNAKYFGHIRamide 1
17. R. yuma DPPWEEALNSKFFGHIRamide 1
19. Zoanthus sp. POEIPLASLMKGNVAYGHIRamide 1
7.
20. P. borealis phelacLRNamide 1
10.
14. A. fenestrafer PQGIRWamide 1
14. A. fenestrafer POHGIRWamide 1
15. C. australis PQGIRWamide 1
15. C. australis POOKGVLRWamide 1
16. Discosoma sp. POGIRWamide 1
16. Discosoma sp. PQLPGIRWamide 1
17. R. yuma PQOGLRWamide 1
17. R. yuma PQLPGIRWamide 1
18. P. variabilis PQGLRWamide 1 (2 genes)
18. P. variabilis POMKGIRWamide 1
19. Zoanthus sp. PQGLRWamide 1
19. Zoanthus sp. POLGGMRWamide 1
20. P. borealis POAIKGLRWamide 1
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pQLPGIRWamide; in P. variabilis 2 preprohormones
(encoded by 2 genes), each containing a single copy of
Antho-RWamide-2, and another preprohormone, con-
taining a single copy of pPQMKGIRWamide; in Zoanthus
sp. a preprohormone, containing a single copy of Antho-
RWamide-2, and another preprohormone, containing a
single copy of pQLGGMRWamide; and in P. borealis a
preprohormone, containing a single copy of pQAIKGLR-
Wamide (Additional file 10).

Discussion

In a previous paper [34], we have found that two cnidar-
ian neuropeptide families, the GRFamides and X;PRX5a-
mides, are occurring in all investigated species belonging
to the cnidarian classes Cubozoa, Scyphozoa, Staurozoa,
and Octocorallia. Based on the phylogenetic positions of
these four cnidarian classes, we were able to conclude
that the GRFamide and X;PRX,amide peptides origi-
nated in the common cnidarian ancestor (Fig. 1) [34].
The data from our current analyses, which show that the
GRFamide and X;PRX,amide peptides (neuropeptide
families #1 and #2 from Tables 2, 4, and 6;
Additional files 1 and 2) are present in all investigated
Hexacorallia and Ceriantharia species, strongly support
this conclusion (Fig. 3).
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For the third class of neuropeptides, the GLWamides
(neuropeptide family #3 from Tables 2, 4, and 6; Add-
itional file 3) we have previously found that they were
present in Cubo-, Scypho-, and Staurozoa, but absent in
Octocorallia [34]. It appeared, therefore, that the GLWa-
mide family was limited to a part of the cnidarian sub-
phylum Medusozoa (Fig. 1). In our present study,
however, we find GLWamide peptides in all investigated
hexacorallian and ceriantharian species (Tables 2, 4, 6;
Additional file 3). Because Ceriantharia, Hexacorallia,
Cubo-, Scypho-, and Staurozoa root in their common
cnidarian ancestor (Fig. 1), we can now conclude that
also the GLWamide peptides must have originated in
the common cnidarian ancestor (Fig. 3) and that these
peptides probably evolved together with the functional
and molecular expansion of its nervous system.

The absence of GLWamide peptides in Octocorallia
[34] suggests that that this order has lost the genes
coding for the GLWamides. Gene losses have, so far,
not been observed, when studying the evolution of
cnidarian neuropeptides [34], but in other invertebrate
groups, such as insects, neuropeptide gene loss is
common [65].

When we aligned the amino acid sequences of the
GLWamide peptides from Cubo-, Scypho-, and

— GLWamide

Protostomia

Deuterostomia

peptides
XPRXamide
peptides
Octocorallia
— @)
cncaran Hydrozoa | =
d —
o y o
Cubozoa %_
Q

Scyphozoa
Staurozoa

Fig. 3 Presence of the GLWamide (highlighted in blue), GRFamide (highlighted in yellow), and X;PRX,amide (where X; is either S, A, or G;
highlighted in purple) peptides in the subclasses Ceriantharia, Hexacorallia, and Octocorallia and the classes Cubozoa, Scyphozoa, and Staurozoa.
This figure has the same structure as Fig.1. It shows that the three peptide families are present in all mentioned classes and subclasses, except for
the Octocorallia that lack the GLWamides. Nevertheless, it can be concluded that the three peptide families originated in the common cnidarian
ancestor. The other neuropeptide families identified in this paper (Additional files 4, 5, 6, 7, 8,9, and 10) are either class-, subclass-, or order-
specific and are no good candidate for being primordial neuropeptides
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Staurozoa with those from the Hexacorallia and Cer-
iantharia orders, we find many identical or highly similar
residues, despite the fact that the Cubo-, Scypho-, and
Staurozoa sequences do not have the GLWamide, but
the GVWamide C-terminal sequence (Fig. 4). For ex-
ample, the Metamorphosin A (MMA) sequence from A.
elegantissima, pQQPGLWamide [21], is highly similar to
the conserved pQPPGVWamide sequence from cubo-,
scypho-, and staurozoan species (Fig. 4). These findings
suggest that the family of pQPPGVWamide peptides
that we annotated from cubo-, scypho-, and staurozoan
species [34], might also be involved in planula metamor-
phosis, just as MMA is in hexacorals [21, 62].

The fourth family of neuropeptides (neuropeptide
family #4 in Tables 2, 4, and 6; Additional file 4) all have
the C-terminal sequence RPamide in common, but their
N-termini are quite variable, although there is an over-
representation of P, R, and aromatic and aliphatic resi-
dues. We have previously isolated and sequenced four
Antho-RPamides from the sea anemone A. elegantissima
[9-11, 52, 53, 63] and cloned the preprohormone for
one of them, namely Antho-RPamide-1 (LPPGPLPR
Pamide) [10]. In our current paper, we have identified
two additional Antho-RPamide preprohormones from A.
elegantissima, of which one (Table 2, neuropeptide fam-
ily #4, gene #2; Additional file 4) represents the complete
preprohormone for the isolated neuropeptides Antho-
RPamide-2, - 3, and - 4.

Very recently, another research group published the
cloning of a preprohormone for two potential N. vectensis
RPamide peptides, LPKPRPamide and FPPGFHRPamide
[64]. This preprohormone and its RPamide neuropeptides,
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however, are different from the preprohormone and its
RPamide peptides that we identified in our current paper
in N. vectensis (Table 2, neuropeptide family #4; Add-
itional file 4). These findings implicate that N. vectensis
has at least two genes, each coding for different RPamide
preprohormones, which is a situation resembling that in
A. elegantissima (Table 2, neuropeptide family #4).

We discovered RPamide preprohormones in all six in-
vestigated Actiniaria species, in four (out of seven) Scler-
actinia species, in one (out of four) Corallimorpharia
species, and in two (out of two) Zoantharia species,
showing that RPamide peptides are widespread in Hexa-
corallia (Tables 2, 4, 6, neuropeptide family #4). The fact
that we could not identify RPamide peptides in all tested
hexacorals was probably due to the varying qualities of
their transcriptomes. We were unable to find RPamides
in the classes Ceriantharia, Octocorallia, Cubo-, Scypho-,
and Staurozoa (Table 6, neuropeptide family #4) [34].
These negative results were probably not due to low-
quality databases, because several of the investigated
species had high-quality transcriptomes [37, 49]. The
conclusion is, therefore, that the RPamide peptides are
probably confined to the Hexacorallia.

Using RPamide antibodies, we established previously
that Antho-RPamides were produced by ecto- and endo-
dermal sensory neurons of the tentacles and oral disk of
the sea anemone C. parasitica [63] (Additional file 11).
Also, another research group recently localized RPamide
peptides in a sensory ectodermal nerve net at the aboral
pole of N. vectensis planula larvae [64]. Therefore, it can
be assumed that RPamides are neuropeptides in all
hexacorals.

Name Sequence Species Order/Class

MMA POOPGLWamide A. elegantissima Actiniaria

- GPPGLWamide A. millepora Scleractinia

- GPPGLWamide A. fenestrafer Corallimorpharia

- POFNGLWamide Zoanthus sp. Zoantharia

- RPPFGLWamide P. borealis Ceriantharia

- POQPPGVWamide A. alata Cubozoa

- PQOPPGVWamide A. aurita Scyphozoa

- PQPPGVWamide C. auricula Staurozoa
Fig. 4 Alignment of GLWamide and GVWamide peptides from species belonging to the subclasses Hexacorallia and Ceriantharia, or orders
Cubozoa, Scyphozoa, and Staurozoa. These alignments show that the GVWamides have four out of six residues in common with the canonical
GLWamide peptide MMA. In addition, there are conserved L/V residues at position 5 of all peptides
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The fifth peptide family, the pQITRFamides (Tables 2,
4, and 6, peptide family #5) is also Hexacorallia-specific. It
occurs as pQITRFamide in Actiniaria (Table 2, peptide
family #5), mainly as pQSITRFamide in Scleractinia (Table
4, peptide family #5) and as pQLTRFamide or
pQQWTRYamide in Corallimorpharia (Table 6, neuro-
peptide family #5). Although the pQITRFamide prepro-
hormones have all the characteristics of neuropeptide
preprohormones (Additional file 5), we are uncertain
about their status, mainly because their peptide products,
in contrast to all the neuropeptides mentioned above, have
never been isolated. Yet, the TRFamides could possibly
represent a neuropeptide family.

The sixth peptide family has a similar uncertain status
as the pQITRFamides. These peptides are characterized
by having an FHIRamide or FGHIRamide C-terminus
(Tables 3, 5, and 7, peptide family #6). Although their
preprohormones show all the characteristics of a cnidar-
ian neuropeptide preprohormone (Additional file 6), the
deduced mature neuropeptides have unusual properties
for a cnidarian neuropeptide. Most established cnidarian
neuropeptides are small (around six amino acid residues
long) and lack acidic residues, possibly because acidic
residues can be processing sites for prohormone endo-
proteinases [9-13, 64]. The FHIRamide peptide se-
quences that we derived from the FHIRamide
preprohormones, however, were unusually long, ranging
from 14 to 19 amino acid residues. Moreover, they often
contained one or more acidic residues in the middle of
their proposed amino acid sequences (Tables 3, 5, 7,
neuropeptide family #7; Additional file 7), which is un-
usual for cnidarian neuropeptides. It is correct that a
peptide with the proposed sequence QPPYLDLTPSYF
HIRamide and additional peptides with related se-
quences were recently isolated from the sea anemone N.
vectensis and sequenced using mass spectrometry (Fig. 2
from ref. [36]). Yet, we are not convinced that these se-
quences represent genuine neuropeptides.

The seventh (Antho-RNamide), eighth (Antho-Rla-
mide), and ninth (Antho-KAamide) peptide families all
have the unusual N-terminal L-3-phenyllactyl residues
and their occurrence is confined to the Actinaria (Table 3,
neuropeptide family # 7, 8, 9) and Ceriantharia (Table 7,
neuropeptide family #7). These peptides have been previ-
ously isolated from A. elegantissima and sequenced using
mass spectrometry [56—58]. Furthermore, varying bio-
logical actions on different sea anemone muscles and iso-
lated muscle cells have been measured for these peptides
[9, 10, 58, 66, 67] and for Antho-Rlamide its neuronal
localization has been determined [58]. It is, therefore,
likely that these peptides are also functional neuropeptides
in the other actiniarians and ceriantharians.

The identification of the phenyllactyl peptide prepro-
hormones showed that the N-terminal phenyllactyl
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group originates from an N-terminal phenylalanyl resi-
due that is located directly after the signal sequence
(Additional files 7, 8 and 9). The nature of the enzymes
that catalyze the posttranslational conversion of N-
terminal phenylalanyl into N-terminal phenyllactyl resi-
dues remains unclear. These enzymes are probably
present in the lumen of the rough endoplasmic
reticulum (RER) and act after removal of the signal se-
quence during preprohormone translocation across the
RER membrane.

The tenth neuropeptide family consists of peptides
with the C-terminus RWamide, being most frequently
LRWamide (Tables 3, 5, 7, neuropeptide family #10).
Their preprohormones contain only one copy of the
RWamide peptide that is located directly after the signal
sequence (Additional file 10). We have previously iso-
lated and sequenced two RWamide peptides from A. ele-
gantissima, Antho-RWamide-1 (pQSLRWamide) and
Antho-RWamide-2 (pQGLRWamide). Screening of the
A. elegantissima transcriptome database, however, re-
vealed four genes, coding for slightly different RWamide
peptides. The same phenomenon was observed for the
other actinarians (Table 3, neuropeptide family 10). The
creation of multiple neuropeptide genes might be an ef-
fective way of producing large amounts of neuropeptides
and be an alternative to single neuropeptide genes hav-
ing multiple copy preprohormones.

RWamide peptides occur in all tested species belong-
ing to the Actiniaria, Scleractinia, Corallimorpharia, Zo-
antharia, and Ceriantharia (Tables 3, 5, 6, neuropeptide
family #6). Earlier, we have been unable to identify RWa-
mide peptides in Octocorallia and in Cubo-, Scypho-,
and Staurozoa [34]. A re-investigation of these cnidarian
classes and subclass, however, has now shown that
Octocorallia produce RWamide peptides, but that the
Cubo-, Scypho-, and Staurozoa don’t (TL Koch, unpub-
lished results). The RWamide peptides, therefore, appear
to be confined to the Anthozoa (Fig. 1).

We have previously found that the RWamide peptides
are expressed by a set of endodermal sensory motor
neurons that project to the sphincter muscle of the sea
anemone C. parasitica, showing that the RWamides are
neuropeptides and suggesting a role in neuromuscular
transmission [9, 10]. In agreement with these anatomical
findings, we have observed that nanomolar concentra-
tions of Antho-RWamide-1 or — 2 induced contractions
in C. parasitica sphincter muscle preparations or iso-
lated sphincter muscle cells, showing that the Antho-
RWamides might be neuromuscular transmitters [68].
All these findings suggest that the RWamide peptides in
the other hexacorals and ceriantharians also might play
a role in neuromuscular transmission.

The phylogenetic position of the subclass Ceriantharia
within the class Anthozoa has remained uncertain [59,
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60, 69-71]. Based on the analyses of their mitochondrial
genomes, one study concluded that the ceriantharians
are a sister group to a clade containing the Octocorallia
plus the Hexacorallia, while other data suggested them
to be sister to the Hexacorallia [70, 71]. We realize, of
course, that neuropeptide genes are only a very small
fraction of all nuclear genes present in an animal
However, our data on the neuropeptide genes in the cer-
iantharian P. borealis strongly suggest that cerianthar-
ians are more closely related to Hexacorallia than to
Octocorallia. This is especially clear for the GLWamide
genes that are absent in Octocorallia [32], but present in
P. borealis and in all Hexacorallia (Table 6, Supplemen-
tary file 3). P. borealis even has two genes coding for
GLWamide preprohormones and these proteins contain
GLWamide neuropeptide sequences that are strongly re-
sembling the GLWamide neuropeptides from hexacorals
(Table 6, Fig. 4). These data argue for a phylogenetic pos-
ition of Ceriantharia as depicted in Fig. 2 and Fig. 3.

In addition to increasing our knowledge of neuropep-
tide evolution in Cnidaria (Fig. 3), our present study
could also contribute to obtaining a more realistic and
complete view on the molecular neurobiology of hexa-
coral models such as N. vectensis, E. diaphana, and A.
millepora. In the following paragraphs, we will illustrate
this point for N. vectensis.

Shortly after the publication of the N. vectensis gen-
ome paper [72], Anctil analyzed the N. vectensis genomic
sequence for the presence of receptors and neurohor-
mones involved in neurotransmission and intercellular
communication [73]. In addition to finding a large num-
ber of interesting and important proteins, he also postu-
lated the occurrence of vertebrate neuropeptides in N.
vectensis, such as gonadotropin-releasing hormone, gala-
nin, and vasopressin [73]. In our study, however, we find
no evidence for the presence of these neuropeptides in
N. vectensis or in any other anthozoan species. This con-
clusion is in line with the findings of Plachetzki et al.
[74], who concluded that gonadotropin-releasing hor-
mone, galanin, and vasopressin and their receptors were
absent in cnidarians. For assigning a peptide as vasopres-
sin, one needs, in addition to the three identical C-
terminal amino acid residues PRGamide found by Anctil
[73], the characteristic cystine bridge ring structure of
the peptide and other conserved residues [65, 75], which
were not present in the postulated N. vectensis peptide
[73]. In fact, from all the 30 postulated neuropeptide se-
quences in Table 4 from [73], we and others could only
confirm 6 neuropeptide sequences. These sequences
were (1) Antho-RFamide (pQGRFamide), which we also
found in N. vectensis (Table 2, neuropeptide family #2);
(2) pPQAGAPGLWamide (Table 2, neuropeptide family
3); (3) (G)APGLWamide — this peptide has slightly been
misinterpreted by Anctil [73] as is indicated by the
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parentheses around the residue that should probably be
omitted (Table 2, neuropeptide family 3); and (4) pQITR-
Famide (Table 2, neuropeptide family 5). In addition, we
annotated a preprohormone in N. vectensis that contained
ten RPamide peptides (Table 2, neuropeptide family #4;
Additional file 4). However, Anctil [73] annotated four
RPamide peptides, which were different from the ones
that were identified by us. The expression of two of them
could be confirmed by Zang and Nakanishi by molecular
cloning of their common preprohormone [64]. These two
sequences were originally annotated by Anctil as
(pQDAF)LPKPRPamide, and (pQDSSNYE)FPPGFHRPa-
mide [73]. However, the latter sequence was partly misin-
terpreted by Anctil [73] (the sequence in between the
parentheses should be omitted) and was later corrected by
Zang and Nakanishi [64], and Hayakawa et al. [36].
Similarly, also the first sequence might be shorter, due to
a potential endoproteolytic cleavage site at D [64]. Thus,
N. vectensis likely expresses two RPamide preprohormone
genes, one identified by us, producing ten (Additional file 4)
and the other identified by Anctil [73], producing two
RPamide neuropeptides.

In a recent paper [36], Hayakawa et al. analyzed the
neuropeptide content of N. vectensis, using a similar bio-
informatics approach as we published earlier [37] in com-
bination with mass spectrometry. Their findings [36],
however, were somewhat different from the ones that we
have summarized in Table 2 and Table 3. These differences
are shortly listed here: (1) Hayakawa et al. [36] concluded
that Antho-RFamide (Table 2, Neuropeptide family #2) oc-
curred as a kind of dimeric peptide with the sequence
PQGRFGREDQGRFamide (the two single peptide se-
quences are in bold). It is hard for us to agree with this
conclusion, because we have isolated, using RFamide radio-
immunoassays, large quantities of genuine Antho-RFamide
(pQGRFamide) from both the sea anemone A. elegantis-
sima [61] and the octocoral Renilla kollikeri [76], without
finding measurable amounts of pPQGRFGREDQGRFamide.
Furthermore, the dimeric peptide sequence contains sev-
eral established endoproteolytic processing sites for cnidar-
ian preprohormones, such as the RED sequence that
contains three such sites [9-11], including the basic cleav-
age site for prohormone convertase [77, 78]. Also, it would
not be possible to create the dimeric sequence, which con-
tains an N-terminal pQ group, without N-terminal cleav-
age at E or D residues in the prohormone (Additional file
2) [36]. We propose, therefore, that the dimeric peptide se-
quence might be an Antho-RFamide prohormone process-
ing intermediate. (2) Similarly, a peptide named PRGamide
was found with the sequence GPRGGRATEFGPRGamide
[36]. Again, this sequence is a dimeric form of two peptides
that we annotated as GPRGamides (Table 1, neuropeptide
family #1). Also in this case, the dimeric peptide has several
cleavage sites in the middle of its sequence, such as RATEF
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that has at least two of these sites, among them a site for
prohormone convertase [77, 78]. Furthermore, it is not
possible to release the dimeric peptide sequence from its
prohormone without cleavage at E and R residues (Add-
itional file 1) [36]. Therefore, we propose that GPRPamide
(and APRPamide) are the final peptide products from the
N. vectensis preprohormone given in Additional file 1, and
that the dimeric form found in [36] is a processing inter-
mediate. (3) A neuropeptide preprohormone, dubbed
QWamide precursor, was proposed that lacked a signal se-
quence [36]. According to current knowledge of basal cell
biology, however, this precursor cannot be part of the
secretory pathway and, thus, not be a preprohormone for
neuropeptides. (4) A neuropeptide preprohormone, named
HIRamide precursor, was identified [36], corresponding to
the FHIRamide preprohormone in our study (Additional
file 6; Table 3, neuropeptide family #6). The authors pro-
posed that the FHIRamide peptides produced by this pre-
prohormone are evolutionarily related to the vertebrate
tachykinins [79], indicating a deep evolutionary origin of
these bilatarian neuropeptides [36]. We find, however, that
the FHIRamide peptides only occur in Hexacorallia, which
would not support their presence in the common cnidarian
ancestor (Fig. 3). (5) In contrast to our current study,
Hayakawa et al. [36] failed to identify GLWamides, pQITR-
Famides, Antho-RNamides, —Rlamides, —KAamides, and
RWamides in N. vectensis (Table 2, neuropeptide families
#3 and #5; Table 3, neuropeptides families #7 to #10; Add-
itional files 3, 5, 7-10).

In conclusion, our study shows that three cnidarian
neuropeptide families, the X;PRX, amides, GRFamides,
and GLWamides, have likely originated in the common
cnidarian ancestor (Fig. 3), while other neuropeptides
are confined to a certain cnidarian class, subclass, or
order. In addition, our paper contributes to the creation
of neuropeptide inventories for hexacoral species. These
inventories might be useful resources for subsequent ex-
periments that will improve our understanding of hexa-
coral laboratory models, such as N. vectensis, E.
diaphana, and A. millepora.

Methods

Sequence data

For our analyses, we used the assembled genome and
transcriptome sequence data from the hexacorals and
ceriantharians given in Table 1. Here, also the accession
numbers for each of the databases are given.

Identification of neuropeptide preprohormones

To identify neuropeptide preprohormones, we applied a
bioinformatics tool that we published two years ago [37,
80]. In short, this script is based on identifying multiple
prohormone convertase cleavage sites (KR, RR, R) in
conjunction with a Gly residue (GKR, GRR, GR) for
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peptide C-terminal amidation. Using this script, we se-
lected proteins from the databases as being potential
neuropeptide preprohormones when (i) they contained
at least three of the above-mentioned processing sites,
(ii) contained at least three highly similar peptide se-
quences preceding these processing sites, and (iii) con-
tained a signal peptide for RER translocation [81, 82].

We also applied TBLASTN [83] and the Python sub-
program Regex [84], using previously identified cnidar-
ian neuropeptides or neuropeptide preprohormones as
queries [9-11, 21, 24, 25, 27, 34, 52-58, 61, 63].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512864-020-06945-9.

Additional file 1. Partial or complete amino acid sequences of the
GPRGamide preprohormones in species belonging to the orders
Actiniaria, Scleractinia, Corallimorpharia, or Zoantharia (belonging to the
subclass Hexacorallia), or the order Spirularia (belonging to the subclass
Ceriantharia).

Additional file 2. Partial or complete amino acid sequences of the
Antho-RFamide (pQGRFamide) preprohormones in species belonging to
the orders Actiniaria, Scleractinia, Corallimorpharia, or Zoantharia belong-
ing to the subclass Hexacorallia), or the order Spirularia (belonging to the
subclass Ceriantharia).

Additional file 3. Partial or complete amino acid sequences of the
Antho-LWamide preprohormones or related preprohormones in species
belonging to the orders Actiniaria, Scleractinia, Corallimorpharia, or Zoan-
tharia (belonging to the subclass Hexacorallia), or Spirularia (belonging to
the subclass Ceriantharia).

Additional file 4. Partial or complete amino acid sequences of the
Antho-RPamide preprohormones or related preprohormones in species
belonging to the orders Actiniaria, Scleractinia, Corallimorpharia, or Zoan-
tharia (belonging to the subclass Hexacorallia).

Additional file 5. Partial or complete amino acid sequences of the
pQITRFamide preprohormones or related preprohormones in species
belonging to the orders Actiniaria, Scleractinia, and Corallimorpharia
(belonging to the subclass Hexacorallia).

Additional file 6. Partial or complete amino acid sequences of the
FHIRamide preprohormones or related preprohormones in species
belonging to the orders Actiniaria, Scleractinia, Corallimorpharia, or
Zoantharia (belonging to the subclass Hexacorallia).

Additional file 7. Amino acid sequences of the Antho-RNamide prepro-
hormones in species belonging to the orders Actiniaria and Spirularia

Additional file 8. Amino acid sequences of the Antho-Rlamide or re-
lated preprohormones in species belonging to the order Actiniaria.

Additional file 9. Amino acid sequences of the Antho-KAamide or re-
lated preprohormones in species belonging to the order Actiniaria.

Additional file 10. Amino acid sequences of the Antho-RWamide or re-
lated preprohormones in species belonging to the orders Actiniaria and
Scleractinia.

Additional file 11. Scan of two pages from the Ph.D. thesis by:
Carstensen K. Struktur, Wirkungsweise und Biosynthese von Antho-
RPamiden, einer neuen Neuropeptidfamilie aus der Seeanemone Antho-
pleura elegantissima BRANDT. 1993; Ph.D. thesis, Faculty of Biology, Uni-

versity of Hamburg (written in German).
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A-RFamide: Antho-RFamide; A-Rlamide: Antho-Rlamide; A-RNamide: Antho-
RNamide; A-KAamide: Antho-KAamide; A-RWamide: Antho-RWamide;

Hyp: Hydroxyproline; MMA: Metamorphosin A; PC: Prohormone convertase;
Phelac: L-3-phenyllactyl; pQ: Pyroglutamate residue (cyclized glutamine
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residue); Regex: Regular expression (software program); RER: Rough
endoplasmic reticulum; RP-1: Antho-RPamide-1; RP-2: Antho-RPamide-2; RP-
3: Antho-RPamide-3; RP-4: Antho-RPamide-4

Acknowledgements
Not applicable.

Authors’ contributions

All authors contributed to the research project design and manuscript
preparation. Conceived and designed the experiments: TLK, CJPG. Performed
the experiments: TLK. Analysed the data: TLK, CJPG. Wrote the paper: CJIPG
(with continuous inputs from TLK). All authors read and approved the final
manuscript.

Funding

This project is supported by the Danish Council for Independent Research
(grant number 7014-0008B to CJPG) and Carlsberg Foundation to CJPG.
These funding bodies played no role in the design of the study and collec-
tion, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials

All protein sequences from Additional files 1, 2, 3, 4, 5,6, 7, 8 and 9 have
been retrieved from publicly available genomic and transcriptomic databases
(see Table 1).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Received: 29 April 2020 Accepted: 24 July 2020
Published online: 29 September 2020

References

1. Douzery EJ, Snell EA, Bapteste E, Delsuc F, Philippe H. The timing of
eukaryotic evolution: does a relaxed molecular clock reconcile proteins and
fossils? Proc Natl Acad Sci U S A. 2004;101:15386-91.

2. Mackie GO. Report on giant nerve fibres in Nanomia. Publ Seto Marine Lab.
1973;20:745-56.

3. Spencer AN. Neurobiology of Polyorchis. II. Structure of effector systems. J
Neurobiol. 1979;10:95-117.

4. Spencer AN, Satterlie RA. Electrical and dye coupling in an identified group
of neurons in a coelenterate. J Neurobiol. 1980;11:13-9.

5. Grimmelikhuijzen CJP, Spencer AN. FMRFamide immunoreactivity in the
nervous system of the medusa Polyorchis penicillatus. J Comp Neurol. 1984;
230:361-71.

6. Grimmelikhuijzen CJP. Antisera to the sequence Arg-Phe-amide visualize
neuronal centralization in hydroid polyps. Cell Tissue Res. 1985;241:171-82.

7. Grimmelikhuijzen CJP, Spencer AN, Carré D. Organization of the nervous
system of physonectid siphonophores. Cell Tissue Res. 1986;246:463-79.

8. Mackie GO. The elementary nervous system revisited. Amer Zool. 1990;30:
907-20.

9. Grimmelikhuijzen CJP, Carstensen K, Darmer D, Moosler A, Nothacker H-P,
Reinscheid RK, Schmutzler C, Vollert H, McFarlane ID, Rinehart KL.
Coelenterate neuropeptides: structure, action and biosynthesis. Amer Zool.
1992;32:1-12.

10.  Grimmelikhuijzen CJP, Leviev |, Carstensen K. Peptides in the nervous systems of
cnidarians: Structure, function and biosynthesis. Int Rev Cytol. 1996;167:37-89.
Website: https//www jstor.org/stable/388373070rigin=JSTOR-pdf&seq=
T#metadata_info_tab_contents (Date last accessed: 11 Apr 2020).

11, Grimmelikhuijzen CJP, Williamson M, Hansen GN. Neuropeptides in
cnidarians. Can J Zool. 2002;80:1690-702.

12. Takahashi T, Muneoka Y, Lohmann J, Lopez de Haro MS, Solleder G, Bosch
TCG, David CN, Bode HR, Koizumi O, Shimizu H, Hatta M, Fujisawa T,
Sugiyama T. Systematic isolation of peptide signal molecules regulating
development in Hydra; LWamide and PW families. Proc Natl Acad Sci U S A.
1997,94:1241-6.

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 19 of 21

Takahashi T, Takeda N. Insight into the molecular and functional diversity of
cnidarian neuropeptides. Int J Mol Sci. 2015;16:2610-25.

Koizumi O, Itazawa M, Mizumoto H, Minobe S, Javois LC, Grimmelikhuijzen
CJP, Bode HR. Nerve ring of the hypostome in Hydra. I. Its structure,
development, and maintenance. J Comp Neurol. 1992,326:7-21.

Eichinger JM, Satterlie RA. Organization of the ectodermal nervous
structures in medusae: Cubomedusae. Biol Bull. 2014;226:41-55.

Raikova O, Raikova EV. Nervous system immunohistochemistry of the
parasitic cnidarian Polypodium hydriforme at its free-living stage. Zoology.
2016;119:143-52.

Westlake HE, Page LR. Muscle and nerve net organization in stalked jellyfish
(Medusozoa: Staurozoa). J Morphol. 2017;278:29-49. https;//doi.org/10.1002/
jmor.20617.

Bosch TCG, Klimovich A, Domazet-Lo3o T, Grinder S, Holstein TW, Jékely G,
Miller DJ, Murillo-Rincon AP, Rentzsch F, Richards GS, Schroder K, Technau
U, Yuste R. Back to the basics: cnidarians start to fire. Trends Neurosci. 2017;
40:92-105.

Takeda N, Kon Y, Quiroga Artigas G, Lapébie P, Barreau C, Koizumi O,
Kishimoto T, Tachibana K, Houliston E, Deguchi R. Identification of jellyfish
neuropeptides that act directly as oocyte maturation-inducing hormones.
Development. 2018;145:dev156786. https://doi.org/10.1242/dev.156786.
Attenborough RME, Hayward DC, Wiedemann U, Forét S, Miller DJ, Ball EE.
Expression of the neuropeptides RFamide and LWamide during
development of the coral Acropora millepora in relation to settlement and
metamorphosis. Dev Biol. 2019;446:56-67.

Leitz T, Morand K, Mann M, Metamorphosin A. A novel peptide controlling
development of the lower metazoan Hydractinia echinata (Coelenterata,
Hydrozoa). Develop Biol. 1994;163:440-6.

Katsukura Y, David CN, Grimmelikhuijzen CJP, Sugiyama T. Inhibition of
metamorphosis by RFamide neuropeptides in planula larvae of Hydractinia
echinata. Dev Genes Evol. 2003;213:579-86.

Katsukura Y, Ando H, David CN, Grimmelikhuijzen CJP, Sugiyama T. Control
of planula migration by LWamide and RFamide neuropeptides in
Hydractinia echinata. J Exp Biol. 2004;207:1803-10.

Darmer D, Schmutzler C, Diekhoff D, Grimmelikhuijzen CJP. Primary
structure of the precursor for the sea anemone neuropeptide Antho-
RFamide (<Glu-Gly-Arg-Phe-NH,). Proc Natl Acad Sci U S A. 1991;88:2555-9.
Schmutzler C, Darmer D, Diekhoff D, Grimmelikhuijzen CJP. Identification of
a novel type of processing sites in the precursor for the sea anemone
neuropeptide Antho-RFamide (<Glu-Gly-Arg-Phe-NH,) from Anthopleura
elegantissima. J Biol Chem. 1992,267:22534-41.

Schmutzler C, Diekhoff D, Grimmelikhuijzen CJP. The primary structure of
the pol-RFamide neuropeptide precursor protein from the hydromedusa
Polyorchis penicillatus indicates a novel processing proteinase activity.
Biochem J. 1994,299:431-6.

Leviev I, Grimmelikhuijzen CJP. Molecular cloning of a preprohormone from
sea anemones containing numerous copies of a metamorphosis inducing
neuropeptide: a likely role for dipeptidyl aminopeptidase in neuropeptide
precursor processing. Proc Natl Acad Sci U S A. 1995,92:11647-51.

Leviev I, Williamson M, Grimmelikhuijzen CJP. Molecular cloning of a
preprohormone from Hydra magnipapillata containing multiple copies of
Hydra-LWamide (Leu-Trp-NH,) neuropeptides: evidence for processing at
Ser and Asn residues. J Neurochem. 1997:68:1319-25.

Darmer D, Hauser F, Nothacker H-P, Bosch TCG, Williamson M, Grimmelikhuijzen
CJP. Three different prohormones yield a variety of Hydra-RFamide (Arg-Phe-NH,)
neuropeptides in Hydra magnipapillata. Biochem J. 1998;332:403-12.

Yum S, Takahashi T, Hatta M, Fujisawa T. The structure and expression of a
preprohormone of a neuropeptide, Hym-176 in Hydra magnipapillata. FEBS
Lett. 1998439:31-4.

Eipper BA, Stoffers DA, Mains RE. The biosynthesis of neuropeptides:
peptide alpha-amidation. Ann Rev Neurosci. 1992;15:57-85.

Hauser F, Williamson M, Grimmelikhuijzen CJP. Molecular cloning of a
peptidylglycine a- hydroxylating monooxygenase from sea anemones.
Biochem Biophys Res Commun. 1997,241:509-12.

Williamson M, Hauser F, Grimmelikhuijzen CJP. Genomic organization and
splicing variants of a peptidylglycine a-hydroxylating monooxygenase from
sea anemones. Biochem Biophys Res Com. 2000,277:7-12.

Koch TL, Grimmelikhuijzen CJP. Global neuropeptide annotations from the
genomes and transcriptomes of Cubozoa, Scyphozoa, Staurozoa (Cnidaria:
Medusozoa), and Octocorallia (Cnidaria: Anthozoa). Front Endocrinol. 2019;
10:831. https://doi.org/10.3389/fendo.2019.00831.


https://www.jstor.org/stable/3883730?origin=JSTOR-pdf&seq=1#metadata_info_tab_contents
https://www.jstor.org/stable/3883730?origin=JSTOR-pdf&seq=1#metadata_info_tab_contents
https://doi.org/10.1002/jmor.20617
https://doi.org/10.1002/jmor.20617
https://doi.org/10.1242/dev.156786
https://doi.org/10.3389/fendo.2019.00831

Koch and Grimmelikhuijzen BMC Genomics

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2020) 21:666

Nikitin M. Bioinformatic prediction of Trichoplax adhaerens regulatory
peptides. Gen Comp Endocrinol. 2015;212:145-55.

Hayakawa E, Watanabe H, Menschaert G, Holstein TW, Baggerman G,
Schoofs L. A combined strategy of neuropeptide prediction and tandem
mass spectrometry identifies evolutionarily conserved ancient
neuropeptides in the sea anemone Nematostella vectensis. PLoS One. 2019;
14:€0215185. https://doi.org/10.1371/journal.pone.0215185.

Nielsen SKD, Koch TL, Hauser F, Garm A, Grimmelikhuijzen CJP. De novo
transcriptome assembly of the cubomedusa Tripedalia cystophora, including
the analysis of a set of genes involved in peptidergic neurotransmission.
BMC Genomics. 2019;20:175. https://doi.org/10.1186/512864-019-5514-7.
Chapman JA, Kirkness EF, Simakov O, Hampson SE, Mitros T, Weinmaier T,
Rattei T, Balasubramanian PG, Borman J, Busam D, Disbennett K, et al. The
dynamic genome of Hydra. Nature. 2010,464:592-6.

Shinzato C, Shoguchi E, Kawashima T, Hamada M, Hisata K, Tanaka M, Fujie
M, Fujiwara M, Koyanagi R, lkuta T, Fujiyama A, Miller DJ, Satoh N. Using the
Acropora digitifera genome to understand coral responses to environmental
change. Nature. 2011;476:320-3.

Gold DA, Katsuki T, Li Y, Yan X, Regulski M, Ibberson D, Holstein T, Steele RE,
Jacobs DK, Greenspan RJ. The genome of the jellyfish Aurelia and the
evolution of animal complexity. Nat Ecol Evol. 2019;3:96-104. https.//doi.
0rg/10.1038/541559-018-0719-8.

Jeon Y, Park SG, Lee N, Weber JA, Kim HS, Hwang SJ, Woo S, Kim HM, Bhak
Y, Jeon S, Lee N, Jo Y, Blazyte A, Ryu T, Cho YS, Kim H, Lee JH, Yim HS, Bhak
J, Yum S. The draft genome of an octocoral, Dendronephtya gigantea.
Genome Biol Evol. 2019;11:949-53. https://doi.org/10.1093/gbe/evz043.
Leclére L, Horin C, Chevalier S, Lapébie P, Dru P, Peron S, Jager M,
Condamine T, Pottin K, Romano S, Steger J, Sinigaglia C, Barreau C, Quiroga
Artigas G, Ruggiero A, Fourrage C, Kraus JEM, Poulain J, Aury JM, Wincker P,
Quéinnec E, Technau U, Manuel M, Momose T, Houliston E, Copley RR. The
genome of the jellyfish Clytia Hemisphaerica and the evolution of the
cnidarian life-cycle. Nat Ecol Evol. 2019;3:801-10. https://doi.org/10.1038/
s41559-019-0833-2.

Ohdera A, Lewis Ames C, Dikow RB, Kayal E, Chiodin M, Busby B, La S, Pirro S,
Collins AG, Medina M, Ryan JF. Box, stalked, and upside-down? Draft genomes
from diverse jellyfish (Cnidaria, Acraspeda) lineages: Alatina alata (Cubozoa),
Calvadosia cruxmelitensis (Staurozoa), and Cassiopea xamachana (Scyphozoa).
Gigascience. 2019;8. https:/doi.org/10.1093/gigascience/giz069.

Ying H, Hayward DC, Cook I, Wang W, Moya A, Siemering KR, Sprungala S,
Ball EE, Foret S, Miller DJ. The whole genome sequence of the coral
Acropora millepora. Genome Biol Evol. 2019;11:1374-9.

Sunagawa S, Wilson EC, Thaler M, Smith ML, Caruso C, Pringle JR, Weis VM,
Medina M, Schwarz JA. Generation and analysis of transcriptomic resources
for a model system on the rise: the sea anemone Aiptasia pallida and its
dinoflagellate endosymbiont. BMC Genomics. 2009;10:258. https://doi.org/
10.1186/1471-2164-10-258.

Stefanik DJ, Lubinski TJ, Granger BR, Byrd AL, Reitzel AM, DefFilippo L, Lorenc
A, Finnerty JR. Production of a reference transcriptome and transcriptomic
database (EdwardsiellaBase) for the lined sea anemone, Edwardsiella lineata,
a parasitic cnidarian. BMC Genomics. 2014;15:71. https://doi.org/10.1186/
1471-2164-15-71.

Baumgarten S, Simakov O, Esherick LY, Liew YJ, Lehnert EM, Michell CT, Li Y,
Hambleton EA, Guse A, Oates ME, Gough J, Weis VM, Aranda M, Pringle JR,
Voolstra CR. The genome of Aiptasia, a sea anemone model for coral
symbiosis. Proc Natl Acad Sci U S A. 2015;112:11893-8.

Kitchen SA, Crowder CM, Poole AZ, Weis VM, Meyer E. De novo assembly
and characterization of four anthozoan (phylum Cnidaria) transcriptomes.
G3 (Bethseda). 2015;5:2441-52. https://doi.org/10.1534/93-115.020164.
Lewis Ames C, Ryan JF, Bely AE, Cartwright P, Collins AG. A new
transcriptome and transcriptome profiling of adult and larval tissue in the
box jellyfish Alatina alata: an emerging model for studying venom, vision,
and sex. BMC Genomics. 2016;17:650. https://doi.org/10.1186/512864-016-
2944-3.

Ge J, Liu C, Tan J, Bian L, Chen S. Transcriptome analysis of scyphozoan
jellyfish Rhopilema esculentum from polyp to medusa identifies potential
genes regulating strobilation. Dev Genes Evol. 2018;228:243-54. https://doi.
0rg/10.1007/500427-018-0621-z.

Veglia AJ, Hammerman NM, Rivera-Vicéns RE, Schizas NV. De novo
transcriptome assembly of the coral Agaricia lamarcki (Lamarck's sheet
coral) from mesophotic depth in Southwest Puerto Rico. Mar Genomics.
201841:6-11. https://doi.org/10.1016/j.margen.2018.08.003.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Page 20 of 21

Carstensen K, Rinehart KL, McFarlane ID, Grimmelikhuijzen CJP. Isolation of Leu-
Pro-Pro-Gly-Pro-Leu-Pro-Arg-Pro-NH, (Antho-RPamide), an N-terminally protected,
biclogically active neuropeptide from sea anemones. Peptides. 1992,13:851-7.
Carstensen K, McFarlane ID, Rinehard KL, Hudman D, Sun F,
Grimmelikhuijzen CJP. Isolation of <Glu-Asn-Phe-His-Leu-Arg-Pro-NH,
(Antho-RPamide 1), a novel, biologically active neuropeptide from sea
anemones. Peptides. 1993;14:131-5.

Graff D, Grimmelikhuijzen CJP. Isolation of <Glu-Ser-Leu-Arg-Trp-NH,, a
novel neuropeptide from sea anemones. Brain Res. 1988,442:354-8.

Graff D, Grimmelikhuijzen CJP. Isolation of <Glu-Gly-Leu-Arg-Trp-NH,
(Antho-RWamide II), a novel neuropeptide from sea anemones. FEBS Lett.
1988;239:137-40.

Grimmelikhuijzen CJP, Rinehart KL, Jacob E, Graff D, Reinscheid RK,
Nothacker H-P, Staley AL. Isolation of L-3-phenyllactyl-Leu-Arg-Asn-NH,
(Antho-RNamide), a sea anemone neuropeptide containing an unusual
amino-terminal blocking group. Proc Natl Acad Sci U S A. 1990;87:5410-4.
Nothacker H-P, Rinehart KL, Grimmelikhuijzen CJP. Isolation of L-3-
phenyllactyl-Phe-Lys-Ala-NH, (Antho-KAamide), a novel neuropeptide from
sea anemones. Biochem Biophys Res Commun. 1991;179:1205-11.
Nothacker H-P, Rinehart KL, McFarlane 1D, Grimmelikhuijzen CJP. Isolation of
two novel neuropeptides from sea anemones: the unusual, biologically
active L-3-phenyllactyl-Tyr-Arg-lle-NH, and its des-phenyllactyl fragment Tyr-
Arg-lle-NH,. Peptides. 1991;12:1165-73.

Quattrini AM, Faircloth BC, Duefas LF, Bridge TCL, Brugler MR, Calixto-Botfa
IF, DelLeo DM, Forét S, Herrera S, Lee SMY, Miller DJ, Prada C, Radis-Baptista
G, Ramirez-Portilla C, Sdnchez JA, Rodriguez E, McFadden CS. Universal
target-enrichment baits for anthozoan (Cnidaria) phylogenomics: new
approaches to long-standing problems. Mol Ecol Resources. 2018;18:281-95.
https://doi.org/10.1111/1755-0998.12736.

Kayal E, Bentlage B, Pankey MS, Odera AH, Medina M, Plachetzi DC, Collins
AG, Ryan JF. Phylogenomics provides a robust topology of the major
cnidarian lineages and insights on the origins of key organismal traits. BMC
Evol Biol. 2018;18:68. https://doi.org/10.1186/512862-018-1142-0.
Grimmelikhuijzen CJP, Graff D. Isolation of <Glu-Gly-Arg-Phe-NH, (Antho-
RFamide), a neuropeptide from sea anemones. Proc Natl Acad Sci USA.
1986;83:9817-21.

Nakanishi N, Martindale MQ. CRISPR knockouts reveal an endogenous role
for ancient neuropeptides in regulating developmental timing in a sea
anemone. eLIFE. 2018;7:39742.

Carstensen K. Struktur, Wirkungsweise und Biosynthese von Antho-
RPamiden, einer neuen Neuropeptidfamilie aus der Seeanemone
Anthopleura elegantissima BRANDT. Germany: Ph.D. thesis, Faculty of
Biology, University of Hamburg; 1993.

Zang H, Nakanishi N. Expression analysis of cnidarian-specific neuropeptides
in a sea anemone unveils an apical-organ-associated nerve net that
disintegrates at metamorphosis. Front Endocrinol. 2020;11:63. https://doi.
0rg/10.3389/fendo.2020.00063.

Stafflinger E, Hansen KK, Hauser F, Schneider M, Cazzamali G, Williamson M,
Grimmelikhuijzen CJP. Cloning and identification of an oxytocin/
vasopressin-like receptor and its ligand from insects. Proc Natl Acad Sci U S
A. 2008;105:3262-7. https://doi.org/10.1073/pnas.0710897105.

McFarlane ID, Reinscheid RK, Grimmelikhuijzen CJP. Opposite actions of the
anthozoan neuropeptide Antho-RNamide on antagonistic muscle groups in
sea anemones. J Exp Biol. 1992;164:295-9.

McFarlane ID, Hudman D, Nothacker H-P, Grimmelikhuijzen CJP. The
expansion behaviour of sea anemones may be coordinated by two
inhibitory neuropeptides, Antho-KAamide and Antho-Rlamide. Proc Roy Soc
B (London). 1993;253:183-8.

McFarlane ID, Anderson PAV, Grimmelikhuijzen CJP. Effects of three
anthozoan neuropeptides, Antho-RWamide I, Antho-RWamide Il and Antho-
RFamide, on slow muscles from sea anemones. J Exp Biol. 1991;156:419-31.
Zapata F, Goetz FE, Smith SA, Howison M, Siebert S, Church SH, Sanders SM,
Lewis Ames C, McFadden CS, France SC, Daly M, Collins AG, Haddock SH,
Dunn CW, Cartwright P. Phylogenomic analysis support traditional
relationships within Cnidaria. PLoS One. 2015;10:e0139068.

Stampar SN, Maronna MM, Kitahara MV, Reimer JD, Morandini AC. Fast-evolving
mitochondrial DNA in Ceriantharia: a reflection of Hexacorallia paraphyly? PLoS
One. 2014;9:e86612. https//doiorg/10.1371/journal pone.0086612.

Stampar SN, Broe MB, Macrander J, Reitzel AM, Brugler MR, Daly M. Linear
mitochondrial genome in Anthozoa (Cnidaria): a case study in Ceriantharia.
Sci rep. 2019; 9:6094. 2019. https;//doi.org/10.1038/541598-019-42621-z.


https://doi.org/10.1371/journal.pone.0215185
https://doi.org/10.1186/s12864-019-5514-7
https://doi.org/10.1038/s41559-018-0719-8
https://doi.org/10.1038/s41559-018-0719-8
https://doi.org/10.1093/gbe/evz043
https://doi.org/10.1038/s41559-019-0833-2
https://doi.org/10.1038/s41559-019-0833-2
https://doi.org/10.1093/gigascience/giz069
https://doi.org/10.1186/1471-2164-10-258
https://doi.org/10.1186/1471-2164-10-258
https://doi.org/10.1186/1471-2164-15-71
https://doi.org/10.1186/1471-2164-15-71
https://doi.org/10.1534/g3-115.020164
https://doi.org/10.1186/s12864-016-2944-3
https://doi.org/10.1186/s12864-016-2944-3
https://doi.org/10.1007/s00427-018-0621-z
https://doi.org/10.1007/s00427-018-0621-z
https://doi.org/10.1016/j.margen.2018.08.003
https://doi.org/10.1111/1755-0998.12736
https://doi.org/10.1186/s12862-018-1142-0
https://doi.org/10.3389/fendo.2020.00063
https://doi.org/10.3389/fendo.2020.00063
https://doi.org/10.1073/pnas.0710897105
https://doi.org/10.1371/journal.pone.0086612
https://doi.org/10.1038/s41598-019-42621-z

Koch and Grimmelikhuijzen BMC Genomics (2020) 21:666 Page 21 of 21

72. Putnam NH, Srivastava M, Hellsten U, Dirks B, Chapman J, Salamov A, Terry
A, Shapiro H, Lindquist E, Kapitonov W, et al. Sea anemone genome reveals
ancestral eumetazoan gene repertoire and genomic organization. Science.
2007;317:86-94.

73.  Anctil M. Chemical transmission in the sea anemone Nematostella vectensis:
a genomic perspective. Comp Biochem Physiol Part D Genomics
Proteomics. 2009:4:268-89.

74.  Plachetzki DC, Tsai PS, Kavanaugh SI, Sower SA. Ancient origins of metazoan
gonadotropin-releasing hormone and their receptors revealed by
phylogenomic analyses. Gen Comp Endocrinol. 2016;234:10-9.

75.  Acher R, Chauvet J. The neurohypophyseal endocrine regulatory cascade:
precursors, mediators, receptors, and effectors. Front Neuroendocrinol. 1995;
16:237-89.

76.  Grimmelikhuijzen CJP, Groeger A. Isolation of the neuropeptide pGlu-
Gly-Arg-Phe-amide from the pennatulid Renilla kollikeri. FEBS Lett. 1987;
211:105-8.

77. Hook V, Funkelstein L, Lu D, Bark S, Wegrzyn J, Hwang S-Z. Proteases for
processing proneuropeptide neurotransmitters and hormones. Ann Rev
Pharmacol Toxicol. 2008,48:393-423 7.

78. Seidah NG, Prat A. The biology and therapeutic targeting of the proprotein
convertases. Nature Rev Drug Discover. 2012;11:367-83.

79. Néssel DR, Zandawala M, Kawada T, Satake H. Tachykinins: neuropeptides
that are ancient, diverse, widespread and functionally pleiotropic. Front
Neurosci. 2019. https://doi.org/10.3389/fnins.2019.01262.

80. httpsy//github.com/Thomaslundkoch/neuropeptide/ (Date last accessed: 09
Apr 2020).

81. http//www.cbs.dtu.dk/services/SignalP/ (Date last accessed: 09 Apr 2020).

82.  Almagro Armenteros JJ, Tsirigos KD, Senderby CK, Petersen TN, Winther O,
Brunak S, von Heijne G, Nielsen H. SignalP 5.0 improves signal peptide
predictions using deep neural networks. Nat Biotechnol. 2019;37:420-3.

83. Altschul SF, Madden TL, Schéffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ.
Gapped BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res. 1997;25:3389-402.

84. https//docs.python.org/3/howto/regex.html (Date last accessed: 20 Apr
2020).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.3389/fnins.2019.01262
https://github.com/Thomaslundkoch/neuropeptide/
http://www.cbs.dtu.dk/services/SignalP/
https://docs.python.org/3/howto/regex.html

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Annotations of genes and transcripts coding for neuropeptide preprohormones
	Preprohormones in Actiniaria containing multiple neuropeptide copies
	Preprohormones in Actiniaria containing a single neuropeptide copy
	Preprohormones in Scleractinia containing multiple neuropeptide copies
	Preprohormones in Scleractinia containing a single neuropeptide copy
	Preprohormones in Corallimorpharia, Zoantharia, and Ceriantharia containing multiple neuropeptide copies
	Preprohormones in Corallimorpharia, Zoantharia, and Ceriantharia containing a single neuropeptide copy

	Discussion
	Methods
	Sequence data
	Identification of neuropeptide preprohormones

	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

