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Abstract: Cnidarians (corals, sea anemones, and jellyfish) produce toxins that play central roles in
key ecological processes, including predation, defense, and competition, being the oldest extant
venomous animal lineage. Cnidaria small cysteine-rich proteins (SCRiPs) were the first family of
neurotoxins detected in stony corals, one of the ocean’s most crucial foundation species. Yet, their
molecular evolution remains poorly understood. Moreover, the lack of a clear classification system
has hindered the establishment of an accurate and phylogenetically informed nomenclature. In
this study, we extensively surveyed 117 genomes and 103 transcriptomes of cnidarians to identify
orthologous SCRiP gene sequences. We annotated a total of 168 novel putative SCRiPs from over
36 species of stony corals and 12 species of sea anemones. Phylogenetic reconstruction identified
four distinct SCRiP subfamilies, according to strict discrimination criteria based on well-supported
monophyly with a high percentage of nucleotide and amino acids’ identity. Although there is
a high prevalence of purifying selection for most SCRiP subfamilies, with few positively selected
sites detected, a subset of Acroporidae sequences is influenced by diversifying positive selection,
suggesting potential neofunctionalizations related to the fine-tuning of toxin potency. We propose
a new nomenclature classification system relying on the phylogenetic distribution and evolution of
SCRiPs across Anthozoa, which will further assist future proteomic and functional research efforts.

Keywords: cnidaria; SCRiP; toxin; evolution

Key Contribution: The SCRiP family is abundant in stony corals and sea anemones, being defined by
four phylogenetically supported gene subfamilies, which likely resulted from neofunctionalizations
related to the fine-tuning of toxin potency. We propose a new SCRiP nomenclature system.

1. Introduction

Cnidarians are the oldest extant lineage of venomous animals [1–4], with more than
11,000 described species [5]. This phylum emerged during the Cryogenian-to-Tonian period,
around 798 Mya [6–8], being the sister-group of Bilateria in metazoans [9]. Cnidaria is es-
tablished by three major clades—the sessile Anthozoa, divided in the subclasses Hexacorallia
(e.g., stony corals and sea anemones), Ceriantharia (tube-dwelling anemones/ceriantharians),
and Octocorallia (e.g., soft corals, sea pans and sea fans); the free-living Medusozoa
(e.g., jellyfish and hydrozoans); and the microscopical endoparasites Myxozoa [8–12].
Cnidarians subdue prey and protect themselves through the injection of stinging structures
filled with venom—nematocysts—into the target organisms [1,13,14], and their venomous
arsenal varies between groups [15–20]. Currently, research efforts are mostly focused on
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cnidaria venom composition and pharmacological effects [21–23], neglecting their ecologi-
cal relevance. Only more recently, multi-omics tools contributed to the expansion of evolu-
tionary studies in cnidaria toxins [24–29], including in stony corals (Scleractinia) [30,31],
whose venomous traits are largely unexplored [32].

The first major toxin family detected in stony corals was the cnidaria small cysteine-rich
proteins (SCRiP). SCRiPs were first discovered in silico by an initial search for antimicro-
bial peptides (AMPs), particularly β-defensin-like AMPs, in expressed sequence tag (EST)
libraries from the stony corals Orbicella faveolata (prior Montastraea faveolata), Montipora capi-
tata, and Acropora millepora [33]. Like other toxins, SCRiPs are secretory [34,35], containing
a hydrophobic signal peptide. Some exhibit potential proprotein convertase (PC) cleavage
sites, with the preprotein being around 68–83 amino acids (aa) in length, the proprotein
being 53–62 aa, and the mature protein being 40–48 aa. The molecular weight of mature pro-
teins ranges from 4.3 to 5.8 KDa [33]. Their most remarkable characteristic is the conserved
eight-cysteine framework with three cysteines together in the C-terminal region [28,33].

SCRiPs were previously thought to be involved in calcifying roles, as they were
identified as unique genes in stony corals and exhibited a similar downregulated temporal
expression pattern to that of galaxin, a key protein involved in the biomineralization process,
during heat stress [33]. However, SCRiPs were also detected in sea anemones [24,28,36],
which do not calcify, refuting this statement. Moreover, zebrafish (Danio rerio) larvae
incubated with two recombinantly expressed SCRiPs from A. millepora at a concentration
of 230 µg/mL exhibited abnormal neurotoxic signals, such as twitching and shivering,
followed by paralysis and death, suggesting that SCRiPs are neurotoxins [28]. From these,
Amil_SCRiP2 (UniProt: COH691) was more potent than Amil_SCRiP3 (UniProt: COH692)
(death after 200 min and 16 h, respectively) [28]. Later, a cDNA sequence member of
the SCRiP family was found in the ectoderm of A. millepora via in situ hybridization,
which is filled with nematocytes [37], and one of the most expressed toxin genes in the
branches of the stony coral Stylophora pistillata was a SCRiP [38], reinforcing this assumption.
SCRiPs are also highly duplicated in stony coral genomes, which could contribute to their
ecological success [39], and some may be differentially expressed in distinct life stages of
A. millepora [33] and Acropora digitifera [39]. In fact, gene duplication has a substantial role
in shaping the venom repertoire of anthozoans [31,36,40].

Recently, SCRiPs were isolated at the protein level in nematocyst extracts from the ten-
tacles of the stony coral Heliofungia actiniformis (Hact_SCRiP1; PDB: 7LX4) [41] (Figure 1b),
and a remarkable SCRiP-like peptide with a similar cysteine framework from ectoderm
secretions of the sea anemone Urticina eques (Ueq 12-1; PDB: 5LAH) was also isolated [42]
(Figure 1c), suggesting that SCRiPs’ transcripts are true toxin-coding genes. Both peptides
have a β-defensin-like fold, with Ueq 12-1 showing antimicrobial and transient receptor
potential ankyrin 1 (TRPA1) potentiating properties (analgesic) [42]. The dual effect of Ueq
12-1 may explain the function of active predation by neurotoxin production, while resisting
bacterial infections caused by eventual tentacle injury [42].

The lack of information about the evolution and phylogenetic distribution of SCRiPs
in cnidarians may cause misunderstanding for potential research on this family of toxins.
Moreover, SCRiPs lack a well-supported nomenclature system, as they were not named
based on sequence similarity, but on the order in which they were discovered. Here, we
intend to fill these gaps for future proteomic and functional studies.
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Figure 1. (a) Simplified phylogenetic tree of Anthozoa [8,11,12], considering recent taxonomic
revisions [10,43]. Each sub-class from Anthozoa is colored differently. SCRiPs detected at the protein
level in Anthozoa are represented by the 3D structures of (b) Hact_SCRiP1 (PDB: 7LX4) from the stony
coral Heliofungia actiniformis, with 4 disulfide bonds; and the SCRiP-like peptide (c) Ueq 12-1 (PDB:
5LAH) from the sea anemone Urticina eques, with 5 disulfide bonds. Cysteines are represented in red.
Protein structures were rendered in VMD: https://www.ks.uiuc.edu/Research/vmd/ (accessed on
16 September 2023).

2. Results
2.1. SCRiPs Have a Wide Distribution within Stony Corals (Scleractinia) and Sea
Anemones (Actiniaria)

From an initial search in 117 genomes and 104 transcriptome assemblies from Cnidaria
(Supplementary Table S1), using 24 SCRiP queries, we identified a total of 426 potential
SCRiP sequences. However, after filtering and gene validation (see bioinformatic pipeline,
Figure 2), the final dataset consisted of 168 new putative SCRiP sequences, half of those from
genomic data (84) and the other half from transcriptomic data (Supplementary Table S2).
These sequences belong to 36 species of stony corals and 12 species of sea anemones,
both from Hexacorallia (Figure 1). A total of 106 (63.09%) sequences obtained from the
genomes and transcriptomes are complete, while 62 (36.91%) are partial sequences (smaller
sequences with high similarity with the queries) obtained only from the genomes. These
were selected for phylogenetic analysis, along with the 24 query sequences (Table 1),
compiling 192 SCRiP sequences: 173 (90.10%) from 37 stony corals and 19 (9.90%) from
14 sea anemones. We found SCRiP sequences with 100% similarity within Acropora spp.,
as well as in the transcriptomes of the sea anemones Entacmaea quadricolor and Heteractis
aurora (Supplementary Table S2).

No SCRiP sequences were identified in Corallimorpharia, Zoantharia (Hexacorallia),
and Ceriantharia data, nor in Scleralcyonacea and Malacalcyonacea (Octocorallia) data,
except for the presence of five SCRiP-like sequences in the malacalcyonacean Scleronephthya
gracillima. Curiously, we also identified two putative SCRiPs from two species of Cubozoa
that passed our filtering criteria: Copula sivickisi and Morbakka virulenta (Supplementary
Table S2), which belong within Medusozoa and, therefore, were not considered for further
analysis. SCRiPs were not detected in the non-venomous phylum Ctenophora, but four
SCRiPs were detected in two (12.5%) Symbiodinium spp. transcriptomes. A SCRiP sequence
from the endosymbiotic algae Symbiodinium muscatinei (GenBank: GFDR00000000.3), with

https://www.ks.uiuc.edu/Research/vmd/
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the sea anemone Anthopleura elegantissima as host, has a 96.67% identity to the SCRiP
retrieved from the A. elegantissima transcriptome in this study (Supplementary File S1).
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Table 1. Cnidaria SCRiPs (n = 24) retrieved from publicly available databases used as queries for
an ortholog search and phylogenetic analysis. Toxin names of predicted genomic sequences retrieved
from NCBI were conferred according to species name and similarity to reviewed SCRiPs.

Toxin Name Species
(Order)

Protein Entry
(Length aa)

Cysteine
Framework Reference

Amil_SCRiP1 * A. millepora (S) C0H690 (89) C(6)C(6)C(7)C(5)C(6)CCC(12) [33]
Amil_SCRiP2 * A. millepora (S) C0H691 (79) C(6)C(6)CP(5)C(6)C(6)CCC(2) [33]
Amil_SCRiP3 * A. millepora (S) C0H692 (83) C(6)C(6)CP(5)C(5)C(6)CCC(2) [33]
Ofav_SCRiP1 * O. faveolata (S) C1KIY9 (79) C(6)C(4)CP(5)C(6)C(6)CCC(2) [33]
Ofav_SCRiP2 * O. faveolata (S) C1KIZ0 (68) C(6)C(6)CP(6)C(5)C(6)CCC(2) [33]
Ofav_SCRiP4 * O. faveolata (S) C1KIZ3 (81) C(7)C(5)CP(5)C(4)C(6)CCC(4) [33]
Ofav_SCRiP5 * O. faveolata (S) C1KIZ4 (68) C(6)C(6)CP(6)C(5)C(6)CCC(2) [33]
Ofav_SCRiP6 * O. faveolata (S) C1KIZ5 (81) C(7)C(6)CP(5)C(5)C(5)CCC(5) [33]
Ofav_SCRiP8 * O. faveolata (S) B2ZG38 (74) C(6)C(6)CP(3)C(4)C(6)CCC(2) [33]

Mcap_SCRiP1a * M. capitata (S) C0H693 (81) C(6)C(6)CP(5)C(4)C(5)CCC(2) [33]
Mcap_SCRiP1b * M. capitata (S) C0H694 (81) C(6)C(6)CP(5)C(4)C(5)CCC(2) [33]

Msen_SCRiP * M. senile (A) P0DL60 (69) C(6)C(6)CP(5)C(5)C(7)CCC(3) [28]
Aten_SCRiP A. tenebrosa (A) A0A3P8MJV5 (98) C(6)C(6)C(6)C(5)C(6)CCC(7) [36]

Amil_SCRiP3like A. millepora (S) XP_044181782.1 (84) C(6)C(6)C(6)C(5)C(5)CCC(4) Predicted
Amil_SCRiP1like A. millepora (S) XP_044164975.1 (89) C(6)C(6)C(7)C(5)C(6)CCC(12) Predicted
Spis_SCRiP1like S. pistillata (S) XP_022810608.1 (89) C(6)C(6)C(7)C(5)C(6)CCC(12) Predicted

Ofav_SCRiP8like2 O. faveolata (S) XP_020613277.1 (87) C(6)C(6)CP(3)C(4)C(6)CCC(6) Predicted
Ofav_SCRiP6like2 O. faveolata (S) XP_020610104.1 (80) C(8)C(6)CP(5)C(3)C(5)CCC(6) Predicted
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Table 1. Cont.

Toxin Name Species
(Order)

Protein Entry
(Length aa)

Cysteine
Framework Reference

Adig_SCRiP3like1 A. digitifera (S) XP_015749964.1 (84) C(6)C(6)C(6)C(5)C(5)CCC(4) Predicted
Adig_SCRiP3like2.1 A. digitifera (S) XP_015749963.1 (84) C(6)C(6)C(6)C(5)C(5)CCC(4) Predicted
Adig_SCRiP3like2.2 A. digitifera (S) XP_015780210.1 (84) C(6)C(6)C(6)C(5)C(5)CCC(4) Predicted

Adig_SCRiP1 A. digitifera (S) XP_015773994.1 (89) C(6)C(6)C(7)C(5)C(6)CCC(12) Predicted
Adig_SCRiP3 A. digitifera (S) XP_015772574.1 (83) C(6)C(6)CP(5)C(5)C(6)CCC(2) Predicted

Adig_SCRiP3like3 A. digitifera (S) XP_015765712.1 (89) C(6)C(6)C(6)C(4)C(5)CCC(10) Predicted

* Reviewed SCRiPs retrieved from UniProt. Amil—Acropora millepora. Adig—Acropora digitifera. Aten—Actinia
tenebrosa. Mcap—Montipora capitata. Msen—Metridium senile. Ofav—Orbicella faveolata. Spis—Stylophora
pistillata. S—Scleractinia. A—Actiniaria. (n)—n represents the number of amino acids (aa) between cysteines © in
each SCRiP sequence. P—proline.

2.2. A New SCRiP Nomenclature Supported by Phylogenetic Data

Considering the SCRiP-like sequences from the octocoral S. gracillima as an outgroup,
the Maximum Likelihood (ML) nucleotide gene tree formed four monophyletic clades with
strong bootstrap support (bs) values (Figure 3a,b). Moreover, the parametric approximate
likelihood-ratio test (SH-aLRT) and approximate Bayes test also support the division of
the SCRiP subfamilies in the ML gene tree (Figure 3c and Supplementary Figure S1).
The nomenclature of the SCRiP family was given in alphabetic order, starting with the
first major clade in the ML tree.

The SCRiP-α (alfa) clade (bs = 99%; nucleotide identity (ni) = 74.4%) seems to be further
divided into two subgroups, one containing previous SCRiP3 and Mcap_SCRiP queries
(“Acropora sp. 3 cluster”; bs = 93%; ni = 83.4%) and another with previous SCRiP3like
queries (“Acropora sp. 3like cluster”; bs = 74%; ni = 77.3%). However, given the high-
percentage identity (ni = 74.4%) of the SCRiP-α group, we considered it one major group.
SCRiP-α is formed by 84 sequences of stony corals of the family Acroporidae (Table 2), with
2 (2.4%) belonging to M. capitata and 82 (97.6%) to 18 species of the Acropora genus.

Our phylogenetic results show that the SCRiP-α sister clade (bs = 99%) is further
divided into the SCRiP-β (beta) clade (bs = 70%; ni = 47.3%), and another (bs = 99%)
constituted by SCRiP-
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Figure 3. (a) Maximum Likelihood (ML) gene tree of SCRiP nucleotide sequences. Phylogeny was
constructed using IQ-Tree and 10,000 ultrafast bootstraps replicates. Bootstrap values above 70% are
shown above the branches. Nucleotide identity (ni) and protein identity (pi) (%) are represented in
each SCRiP subfamily in black and gray, respectively. Colored dots mark SCRiP sequences previously
identified in other studies and available in public databases. (b) Number of SCRiPs identified in
each subfamily. (c) The radiation tree of SCRiPs includes statistics for the parametric approximate
likelihood-ratio test (SH-aLRT), approximate Bayes test, and ultrafast bootstraps in the divergence
nodes, respectively. See Supplementary Figure S1 for the remaining values.
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Figure 4. Number of SCRiP orthologs (n = 192) from each SCRiP subfamily expressed in stony corals
(Scleractinia) and sea anemones (Actiniaria). Phylogeny of “complex” and “robust” stony corals is
adapted from previous phylogenetic studies of Scleractinia [44,45]. SCRiPs from each phylogenetic
clade are colored according to their expression: green means that there is evidence of expression, and
red means that it was not detected in any species. Stars and crosses indicate the birth and death of
a gene, respectively. Transcriptomes with available sample information are marked with asterisks:
* adults, ** larvae, *** gastrula, and **** all life stages. In Actiniaria families, the superfamily is
indicated in brackets, and the SCRiPs identified in adults belong to the tentacles (except for Anemonia
viridis, which is unknown). Species names were verified using the WoRMS database [43].
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Table 2. Placement of previously described SCRiP sequences in each SCRiP subfamily, together with
information about the percentage of SCRiPs found in each stony coral (Scleractinia) and sea anemone
(Actiniaria) families (Hexacorallia).

SCRiP Subfamily Previous SCRiP Sequences
from Uniprot (Entry)

Previous SCRiP Sequences from
NCBI (Entry)

Hexacorallia Families
(Percentage of SCRiP Sequences)

SCRiP-α
Amil_SCRiP3 (C0H692)

Mcap_SCRiP1a (C0H693)
Mcap_SCRiP1b (C0H694)

Adig_SCRiP3 (XP_015772574.1)
Amil_SCRiP3like (XP_044181782.1)
Adig_SCRiP3like1 (XP_015749964.1)

Adig_SCRiP3like2.1 (XP_015749963.1)
Adig_SCRiP3like2.2 (XP_015780210.1)
Adig_SCRiP3like3 (XP_015765712.1)

Acroporidae (100%)

SCRiP-β

Ofav_SCRiP1 (C1KIY9)
Ofav_SCRiP4 (C1KIZ3)
Ofav_SCRiP6 (C1KIZ5)
Ofav_SCRiP8 (B2ZG38)

Ofav_SCRiP6like2 (XP_020610104.1)
Ofav_SCRiP8like2 (XP_020613277.1)

Acroporidae (2.22%)
Caryophylliidae (22.22%)

Faviidae (2.22%)
Fungiidae (2.22%)

Merulinidae (51.11%)
Montastraeidae (8.89%)
Pocilloporidae (11.11%)

SCRiP-
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Uniprot and NCBI entries are represented in brackets. * Sea anemones (Actiniaria) families.

2.3. Selection Analysis Reveal Different Evolutionary Constrains
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model (mean of 1.30) and the presence of more positively selected sites (PSSs) (Table 3).
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Table 3. Site-models selection analyses of each SCRiP subfamily. Each group was randomly reduced
to three replicates, maintaining the species diversity (see Supplementary File S2). Global ω was
calculated using the MG94xREV model included in the SLAC analysis.

SCRiP Subfamily (n) MEME
(p < 0.05)

FEL
(PP > 95%)

FUBAR
(p < 0.05)

SLAC
(p < 0.05)

Global ω
(MG94xREV)

SCRiP-α
(19)

8 ω > 1:2; ω < 1:2 ω > 1:3; ω < 1:0 ω > 1:0; ω < 1:0 1.36
8 ω > 1:3; ω < 1:5 ω > 1:5; ω < 1:1 ω > 1:0; ω < 1:2 1.28
4 ω > 1:3; ω < 1:5 ω > 1:6; ω < 1:2 ω > 1:2; ω < 1:3 1.26

SCRiP-β
(15)

4 ω > 1:0; ω < 1:16 ω > 1:2; ω < 1:12 ω > 1:3; ω < 1:13 0.647
5 ω > 1:0; ω < 1:14 ω > 1:1; ω < 1:12 ω > 1:0; ω < 1:9 0.595
7 ω > 1:2; ω < 1:12 ω > 1:2; ω < 1:11 ω > 1:0; ω < 1:10 0.673
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(18)

3 ω > 1:2; ω < 1:10 ω > 1:5; ω < 1:6 ω > 1:0; ω < 1:3 0.688
2 ω > 1:1; ω < 1:12 ω > 1:2; ω < 1:5 ω > 1:0; ω < 1:6 0.599
4 ω > 1:2; ω < 1:14 ω > 1:3; ω < 1:6 ω > 1:0; ω < 1:6 0.569

SCRiP-δ
(22)

4 ω > 1:1; ω < 1:8 ω > 1:2; ω < 1:4 ω > 1:0; ω < 1:4 0.605
3 ω > 1:2; ω < 1:10 ω > 1:1; ω < 1:5 ω > 1:0; ω < 1:5 0.577
3 ω > 1:2; ω < 1:11 ω > 1:1; ω < 1:5 ω > 1:0; ω < 1:5 0.545

n—number of SCRiPs; p—p-value; PP—posterior probability.
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2.4. SCRiPs May Be Differentially Expressed across Stony Corals and Sea Anemones

SCRiP subfamilies were detected in transcriptomes of stony corals belonging to distinct
life stages: Acropora cervicornis (SCRiP-α), Desmophyllum pertusum (SCRiP-β and SCRiP-
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Pocillopora verrucosa (SCRiP-β), and S. pistillata (SCRiP-β and SCRiP-
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) from adults; Fungia
scutaria (SCRiP-β) and Pocillopora damicornis (SCRiP-β) from larvae; and Favia lizardensis
(SCRiP-β) from gastrula (Figure 4 and Supplementary Table S2). In the case of A. millepora,
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is not
expressed in the gastrula, post-gastrula, and adult phases, while SCRiP-δ was not detected
in the unfertilized egg (Supplementary Table S2).

Conversely, in sea anemones from the Actinioidea superfamily (13), more than half of
the SCRiP-δ orthologs were known to be retrieved from adults (69.2%). Of these nine adults,
eight samples belonged to the tentacles (88.89%) (Figure 4 and Supplementary Table S2).

3. Discussion
3.1. SCRiPs Are Common in Several Families of Stony Corals (Scleractinia) and Sea
Anemones (Actiniaria)

Stony corals are considerably less explored regarding their venom content compared
with sea anemones [18], being an interesting target for ecological, evolutionary, and bio-
prospecting studies of their toxins. Curiously, these two orders express the same family of
neurotoxins—SCRiPs [24,28,36,41]—constituting the first characterized toxins from stony
corals [32]. Here, we detected 168 new SCRiP sequences from 36 species of stony corals
and 12 species of sea anemones following a strict bioinformatic pipeline (Figure 2), a major
improvement from the 14 SCRiP sequences currently reviewed in Uniprot.

SCRiPs were detected in seven families of stony corals—Acroporidae, Caryophylliidae,
Faviidae, Fungiidae, Merulinidae, Montastraeidae, and Pocilloporidae—demonstrating
their higher phylogenetic distribution. A SCRiP peptide was already isolated from the
nematocysts of a species from the family Fungiidae—Heliofungia actiniformis [41]. Moreover,
a previous study demonstrated the presence of unknown peptides with toxic activity and
low molecular weights in nematocyst extracts of species belonging to other families—Porites
astreoides (Poritidae), Pseudodiploria strigosa (Faviidae), and Siderastrea siderea (Rhizangi-
idae) [46]—which may have some similarity with the SCRiP family. We identified a SCRiP
in Dipsastraea lizardensis (Faviidae), but not in the transcriptome of P. lutea and the genomes
of P. australiensis and P. rus (Poritidae) (Supplementary Table S2). However, in sea anemones,
SCRiPs were detected in three families of the Actinioidea superfamily—Actiniidae, Het-
eractidae, and Stichodactylidae—with the SCRiP from M. senile (Uniprot: P0DL60) being
unique to the Metridioidea superfamily [28]. In accordance with previous transcriptomic
studies [24,36], we did not detect SCRiPs outside the Actinioidea superfamily (Edward-
sioidea and Metridioidea) (Supplementary Table S2). However, bioinformatic homology
searches are dependent on query sequences from public databases, and the sampling of
more species outside Actinioidea may potentially lead to the retrieval of novel SCRiPs.

Although few genetic data were analyzed from Ctenophora (comb jellies), the absence
of SCRiP sequences in this phylum may indicate their specificity to venomous organ-
isms [9], i.e., of the phylum Cnidaria. Moreover, metagenomic studies may be interesting
to understand if similar SCRiP sequences from cnidarian hosts are indeed present in
some symbionts, as we detected them in two (12.5%) Symbiodinium spp. transcriptomes
(Supplementary File S1). For example, a previous study revealed potential phylogenetic
evidence for the horizontal gene transfer of a toxin (natterin-4 homologue) from fungi to
the coral A. digitifera [47]. However, it could be a case of host contamination [48].

3.2. The Presence of SCRiPs in Other Cnidarians Should Not Be Discarded

No SCRiP sequences were found in the remaining Hexacorallia orders—Corallimorpharia
(corallimorpharians), Antipatharia (black corals), and Zoantharia (zoanthids)—or in Ceri-
antharia (ceriantharians). This is in accordance with a previous transcriptomic analysis of
four ceriantharians—although 500 novel toxin-like genes were present, no SCRiP sequences
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were detected [26]. However, the lack of Zoantharia transcriptomes and the low number of
assembled genomic data from Ceriantharia and Corallimorpharia might have influenced
our results. In addition, Antipatharia data are lacking, and given the similar usage of ne-
matocytes for feeding purposes as stony corals [49], these organisms should be targeted for
venom research. Although we only detected SCRiP-like sequences in the malacalcyonacean
S. gracillima, the potential presence of SCRiPs in Octocorallia should not be discarded.
A previous study assessing nematocyst extracts from three malacalcyonaceans—Nepthea
sp., Dendronephthya sp., and Heteroxenia fuscescens—showed low molecular-weight proteins
exhibiting several bioactive effects [50].

Moreover, two potential SCRiPs were identified in cubozoans (Medusozoa)—C. sivick-
isi and M. virulenta—but were not considered for phylogenetic analysis. Contrary to antho-
zoans, who produce mostly low molecular-weight peptide neurotoxins, medusozoans rely
more on enzymatic toxins [15,51].

3.3. Proposal of a Novel SCRiP Nomenclature Based on Well-Supported Monophyly

Phylogenetic studies of toxin families can elucidate their evolution and clustering
within groups [52–54], as observed with other cnidaria toxins [25,27,28]. Given that homol-
ogous sequences frequently possess similar functions [27,28,55], this approach is a valuable
step for further functional studies. Here, phylogenetic analyses of the SCRiP family revealed
four distinct monophyletic gene subfamilies (Figure 3) according to strict discrimination
criteria, allowing the proposal of a new nomenclature. This approach managed to group
previously identified toxins that were named by their order of discovery, rather than by
sequence similarity (Table 2). SCRiP-α includes only Acroporidae corals (mainly Acrop-
ora spp.), and, thus, it may be specific to this family. Contrarily, SCRiP-β and SCRiP-
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were detected in several families of stony corals—Acroporidae, Caryophylliidae, Faviidae,
Fungiidae, Merulinidae, Montastraeidae, and Pocilloporidae. SCRiP-δ, on the other hand,
is divided in two clusters—one formed by sea anemones and another by stony corals of the
genus Acropora (Figure 4).

These groups can change over time with the discovery of new SCRiP sequences,
especially SCRiP-β, which is the most diverse subfamily and the one with the lowest
nucleotide and amino acid percentage identity. Additionally, sea anemones toxins already
have a well-defined nomenclature [56], and the continuous detection of peptide toxins from
Anthozoa may be a steppingstone for a global nomenclature system.

3.4. SCRiPs May Evolve via the “Birth and Death” Gene Evolution

Many toxins evolve according to the “birth and death” gene evolution [4,57] in
which a physiological gene duplicates and gains a venomous function, followed by either
(i) additional duplications with neo- or sub-functionalization, resulting in large multilocus
gene families with distinct roles; or (ii) by pseudogenization, in which some copies lose func-
tionality, suffering the relaxation of selective pressures with a subsequent accumulation of
mutations and degeneration [4,58]. Considering the evolution of Hexacorallia [8,11,44,45],
the most parsimonious hypothesis suggests that SCRiP-δ could be the most basal, given its
presence in both Actiniaria and Scleractinia, indicating a potential origin in the common
ancestral. Subsequently, SCRiP-β and SCRiP-
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might have emerged in the common ances-
tral of stony corals via gene duplication and neofunctionalization, followed by the loss of
SCRiP-δ in the “robust” clade and the birth of SCRiP-α in the “complex” clade (Figure 4).

The use of our new retrieved sequences (Supplementary Table S2) as queries for
searching future sequenced target genomes and transcriptomes could potentially retrieve
additional SCRiP sequences, further clarifying the origins of each SCRiP subfamily. The
absence of SCRiP sequences in Octocorallia, Ceriantharia, and the remaining Hexacorallia
orders (Zoantharia, Antipatharia, and Corallimorpharia) limits the generalization of our
conclusions about gene losses and gains during evolution. Further evidence would be
welcome to unequivocally claim that SCRiPs are specific to Actiniaria and Scleractinia.
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3.5. SCRiPs May Have Different Functions

The ecological role of SCRiPs is currently unknown. Only one study demonstrated
that SCRiPs from the stony coral A. millepora caused neurotoxicity in zebrafish larvae,
but not in blowfly (Sarcophaga falculata) larvae [28], suggesting that (i) these toxins may
only act on vertebrate receptors for defense of the coral or even for predation of fish lar-
vae; or (ii) blowflies have specific barriers against SCRiPs, and these toxins may target
other marine invertebrates, such as zooplanktonic decapods. Stony corals are predated by
several species, including corallivorous fish [59–61], decapods [59], and crown-of-thorns
starfish (COTS) [62]. Interestingly, Acropora valida and Acropora tenuis were observed to
inflict damage through stinging on COTS juveniles, delaying their transition into coral-
livorous adults [62]. Conversely, stony corals are also effective zooplankton feeders that
capture prey or particles via mucus adhesion or tentacle grabbing through nematocyst
discharge [63,64]. In conclusion, stony corals may use their toxins, including SCRiPs, for
deterrence of corallivorous species or predation. Curiously, Acropora spp. contain SCRiPs
from three subfamilies—SCRiP-α, SCRiP-
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Adig_SCRiP3like2.1 A. digitifera (S) XP_015749963.1 (84) C(6)C(6)C(6)C(5)C(5)CCC(4) Predicted 
Adig_SCRiP3like2.2 A. digitifera (S) XP_015780210.1 (84) C(6)C(6)C(6)C(5)C(5)CCC(4) Predicted 

Adig_SCRiP1 A. digitifera (S) XP_015773994.1 (89) C(6)C(6)C(7)C(5)C(6)CCC(12) Predicted 
Adig_SCRiP3 A. digitifera (S) XP_015772574.1 (83) C(6)C(6)CP(5)C(5)C(6)CCC(2) Predicted 

Adig_SCRiP3like3 A. digitifera (S) XP_015765712.1 (89) C(6)C(6)C(6)C(4)C(5)CCC(10) Predicted 
* Reviewed SCRiPs retrieved from UniProt. Amil—Acropora millepora. Adig—Acropora digitifera. 
Aten—Actinia tenebrosa. Mcap—Montipora capitata. Msen—Metridium senile. Ofav—Orbicella 
faveolata. Spis—Stylophora pistillata. S—Scleractinia. A—Actiniaria. (n)—n represents the number of 
amino acids (aa) between cysteines © in each SCRiP sequence. P—proline. 

2.2. A New SCRiP Nomenclature Supported by Phylogenetic Data 
Considering the SCRiP-like sequences from the octocoral S. gracillima as an outgroup, 

the Maximum Likelihood (ML) nucleotide gene tree formed four monophyletic clades 
with strong bootstrap support (bs) values (Figure 3a,b). Moreover, the parametric 
approximate likelihood-ratio test (SH-aLRT) and approximate Bayes test also support the 
division of the SCRiP subfamilies in the ML gene tree (Figure 3c and Supplementary 
Figure S1). The nomenclature of the SCRiP family was given in alphabetic order, starting 
with the first major clade in the ML tree. 

The SCRiP-α (alfa) clade (bs = 99%; nucleotide identity (ni) = 74.4%) seems to be 
further divided into two subgroups, one containing previous SCRiP3 and Mcap_SCRiP 
queries (“Acropora sp. 3 cluster”; bs = 93%; ni = 83.4%) and another with previous 
SCRiP3like queries (“Acropora sp. 3like cluster”; bs = 74%; ni = 77.3%). However, given the 
high-percentage identity (ni = 74.4%) of the SCRiP-α group, we considered it one major 
group. SCRiP-α is formed by 84 sequences of stony corals of the family Acroporidae (Table 
2), with 2 (2.4%) belonging to M. capitata and 82 (97.6%) to 18 species of the Acropora genus. 

Our phylogenetic results show that the SCRiP-α sister clade (bs = 99%) is further 
divided into the SCRiP-β (beta) clade (bs = 70%; ni = 47.3%), and another (bs = 99%) 
constituted by SCRiP-ϒ (gamma) (bs = 72%; ni = 70.2%) and SCRiP-δ (delta) (bs = 91%; ni = 
58.8%). 

SCRiP-β subfamily encompasses the highest taxonomic diversity, formed by 45 
sequences from over 15 species of 7 families of stony corals, including 1 (2.22%) from 
Acroporidae, 10 (22.22%) from Caryophylliidae, 1 (2.22%) from Faviidae, 1 (2.22%) from 
Fungiidae, 23 (51.11%) from Merulinidae, 4 (8.89%) from Montastraeidae, and 5 (11.11%) 
from Pocilloporidae (Table 2). Interestingly, SCRiP-β does not contain any Acropora sp. 
sequences. 

SCRiP-ϒ is formed by 32 sequences from over 18 species of 4 families of stony corals, 
including 16 (50%) from Acroporidae, 6 (18.75%) from Caryophylliidae, 8 (25.00%) from 
Merulinidae, and 2 (6.25%) from Pocilloporidae (Table 2). 

SCRiP-δ is formed by 31 sequences, including 19 (61.3%) from sea anemones that 
cluster together (“Actiniaria cluster”; bs = 90%; ni = 67.00%) and 12 (38.70%) from stony 
corals of the genus Acropora that also cluster together (“Acropora sp. cluster”; bs = 100%; ni 
= 93.30). Within the 19 sea anemone sequences, 18 (94.74%) belong to the Actinioidea 
superfamily (Actiniidae, Heteractidae, and Stichodactylidae) and 1 (5.26%) to the 
Metridioidea superfamily (Metridiidae) (Table 2). 

SCRiP subfamilies are distributed among phylogenetically distinct groups within 
Actiniaria and Scleractinia (Figure 3), suggesting potential gene losses and gains 
throughout evolution. Sea anemones only express SCRiP-δ. Within stony corals, 
“complex” stony corals express all SCRiP subfamilies, while “robust” stony corals only 
express SCRiP-β and SCRiP-ϒ (Figure 4). 

, and SCRiP-δ—that are present in distinct life
stages (Figure 4 and Supplementary Table S2) and, thus, may have specific functions. Toxins
from the same family can have distinct functions within different life stages in cnidarians,
which correlates with transitions from defensive to predatory phases or with changes in
feeding ecology [65–68]. In our study, SCRiPs were also detected in gastrula, larvae, and
adult stages from other stony corals (Figure 4).

In sea anemones, the ecological function of toxins can be slightly inferred by their
anatomical localization. Enzymatic toxins are highly expressed in the gastrodermis and
mesenteric filaments for digestive roles, while neurotoxins and membrane-active toxins are
more expressed in the epidermis and tentacles, supporting prey immobilization and preda-
tor deterrence [2,36,69,70]. Here, SCRiP-δ was the only subfamily detected in sea anemones,
being mainly retrieved from the transcriptomic data of adults’ tentacles (Figure 4). Hence,
SCRiP-δ may have an important role in predation or defense in these organisms. In
a previous study, SCRiPs from sea anemones were found to be massively upregulated in
the acrorhagi [36]. Although we found possible SCRiP-like sequences in the acrorhagi of
A. elegantissima, they did not pass our filtering criteria (Supplementary Table S2). Future
studies should test whether SCRiPs are expressed in both structures, as they can also have
a role in intraspecific competition [36]. Also, retrieving juvenile samples from sea anemones
may confirm if SCRiPs are only produced by adult individuals. In the ML gene tree, all sea
anemone sequences clustered together, forming a sister group with the Acropora sp. cluster
within the SCRiP-δ subfamily (Figure 3). Given that Amil_SCRiP2 (Uniprot: C0H691) be-
longs within this clade (Table 2) and had strong neurotoxic effects on zebra fish larvae [28],
SCRiPs from sea anemone may be likewise potent and have comparable functions.

3.6. SCRiP Subfamilies Evolve under Distinct Selective Pressures, Suggesting Potential
Neofunctionalizations

In contrast with evolutionary younger lineages, such as snakes and cone snails, whose
venom evolution is driven by the strong influence of diversifying positive selection, puri-
fying selection is broadly observed within toxin families of ancient diverging venomous
animals, such as cnidarians and coleoids [71,72], in which toxin function and potency is
well preserved after an initial period of expansion. However, when venomous animals
venture into novel ecological niches and encounter new types of prey and predators, new
selective pressures act on venom proteins to efficiently target them [71]. Some episodically
adaptive sites may be reflective of such shifts in ecology [73], and some clades within the
same toxin family can evolve under the influence of diversifying positive selection [52], as
seen in sea anemone neurotoxins [28] and jellyfish toxins [25]. Curiously, Jouiaei, Sunagar,
et al. (2015) examined the impact of selection on seven SCRiP sequences (five from stony
corals and two from sea anemones), which were under the influence of purifying selec-
tion. However, seven sites across these sequences displayed signs of episodic diversifying
positive selection [28].
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In contrast, we assessed the influence of selection for each SCRiP subfamily individu-
ally. All SCRiP subfamilies were generally under purifying selection, except for SCRiP-α,
which is under diversifying positive selection. However, all SCRiP subfamilies show signals
of similar PSSs across tests (Table 3 and Supplementary Table S3). Currently, there is no
available information regarding functionally important residues in SCRiP sequences, thus
hindering the interpretation of the evolutionary importance of these PSS. The manipulation
of specific SCRiP residues, complemented with functional testing, will elucidate which
residues are more important for bioactivity.

The higher prevalence of purifying selection on SCRiP-δ implies its environmentally
functional relevancy, which is in accordance with their basal origin, as supported by the
most parsimonious hypothesis (Figure 4). This may be explained by the higher potency
of Amil_SCRiP2 (Uniprot: COH691) [28] within this group. In contrast, signals of diver-
sifying positive selection across sites in SCRiP-α might indicate an ongoing adaptation,
as Amil_SCRiP3 (Uniprot: COH692), which belongs within this group, showed lower
potency [28]. Future studies should address how environmental factors and SCRiP toxin
targets are influencing selection. Also, distinct populations can modulate their venom
production levels [74] via the action of distinct selective pressures, leading to the decrease
in the expression or even loss of toxin genes at the genome level.

4. Conclusions

Here, we undertook the first analysis of the evolutionary history of SCRiPs, and, to our
knowledge, the first attempt to explore the evolution of a specific toxin family derived from
stony corals. Through an extensive taxon sampling and a strict bioinformatic approach, we
annotated 168 novel putative SCRiP genes from 36 stony corals (Scleractinia) and 12 sea
anemones (Actiniaria). Our findings allowed for the proposal of a new SCRiP nomenclature
comprising four distinct subfamilies, with one of them demonstrating influence from diver-
sifying positive selection. Our results also led to a wider understanding of the distribution
and evolution of SCRiPs within Anthozoa. Although a broader range of scleractinian-like
toxins were assessed due to the available genomic and transcriptomic data, the stringent
parameters employed in our bioinformatic pipeline provide confidence in the fidelity of the
suggested subfamily structure. The sampling of more species, coupled with highly accurate
sequencing technologies and the improvement of genome and transcriptome assembly,
will further support the identification of additional SCRiPs candidates. We expect that our
study will assist future proteomic and functional research on this enigmatic neurotoxin
family from stony corals and sea anemones.

5. Materials and Methods
5.1. Species Assortment and Sequence Gathering

A total of 119 genomes (Scleractinia (n = 36), Actiniaria (n = 13), Zoantharia (n = 29), Coral-
limorpharia (n = 1), Octocorallia (n = 10), and Medusozoa (n = 30)); and 104 transcriptomes
(Scleractinia (n = 37), Actiniaria (n = 19), Corallimorpharia (n = 3), Ceriantharia (n = 1),
Octocorallia (n = 10), and Medusozoa (n = 30)) were extracted from NCBI and GitHub
publicly available databases: https://www.ncbi.nlm.nih.gov/assembly/ (accessed on
9 January 2023) for genomes; and https://www.ncbi.nlm.nih.gov/nuccore/ (accessed
on 14 February 2023) and https://github.com/XylotrupesGideon/Cnidarian-Sequence-
resources (accessed on 14 February 2023) [75] for transcriptomes. Also, 6 genomes and
4 transcriptomes of the comb jellies Ctenophora (non-venomous) and 7 genomes and
16 transcriptomes of the algae Symbiodinium sp. (cnidaria symbionts) were retrieved from
the same databases (Supplementary Table S1). SCRiP protein sequences were searched on
the VenomZone database: https://venomzone.expasy.org (accessed on 20 February 2023)
and retrieved from UniProt (n = 15) [76], as well as predicted genomic sequences from
NCBI (n = 11). Only SCRiPs with a well-defined eight-cysteine framework were used
for further analyses (n = 24) (Table 1), excluding SCRiP-like sequences, such as Ueq-12
(UniProt: C0HK26). Previously described SCRiPs from H. actiniformis (Hact_SCRiP1;

https://www.ncbi.nlm.nih.gov/assembly/
https://www.ncbi.nlm.nih.gov/nuccore/
https://github.com/XylotrupesGideon/Cnidarian-Sequence-resources
https://github.com/XylotrupesGideon/Cnidarian-Sequence-resources
https://venomzone.expasy.org
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UniProt: 7LX4) [41] and A. viridis (Avir_SCRiP; UniProt: PODL61) [28] were not con-
sidered due to the lack of a nucleotide sequence and higher divergency, respectively
(Supplementary Table S2).

5.2. Ortholog Identification

The protein2genome option of the Exonerate v2.4.0 [77] software was used to identify
putative orthologous SCRiPs from the genomes. Both complete coding sequences (CDSs)
and partial sequences with high similarity with the queries (similar intron size and cysteine
framework) were extracted. TransDecoder v5.5.0 [78] software was used to predict long
open reading frames (ORFs) from the transcriptomes to create a searchable putative peptide
database, with a minimum sequence length of 60 amino acids (parameter-m set to 60).
A hidden Markov model (HMM) (Supplementary File S3) was established with the SCRiP
queries, using HHMER v3.3.2 [79] to extract CDSs from the transcriptomes, with an e-value
cutoff of 1 × 10−5. HMM-based methods are more accurate for homology search, as they
provide important information about protein conserved regions [55]. All CDSs and partial
sequences with a maximum length of 100 amino acids were considered for downstream
analyses (Supplementary Table S2).

5.3. Sequence Filtering and Gene Validation

The CD-HIT v4.8.1 [80] software was used to identify equal protein sequences
(parameter-c set to 1) in order to remove redundant sequences. We then used SignalP
v6.0 [81] to predict the presence of a signal peptide (>65% probability), as toxins are
secretory (Supplementary Table S2); and DeepTMHMM v1.0.24 [82] confirmed if these
sequences had 0 or 1 transmembrane domains (TDs), with the only known TD of SCRiPs
corresponding to the signal peptide (Supplementary File S4).

A final BLASTp search using NCBI-BLAST+ v2.12 [83] was conducted against a customized
database of the ToxProt Animal Toxin Annotation from UniProt/SwissProt [76,84]
and the NCBI protein database: https://www.ncbi.nlm.nih.gov/protein (accessed on
30 March 2023), using the keywords “Cnidaria” AND (“Toxin” OR “Venom”) with
an e-value cutoff of 1 × 10−5 to determine if the best match corresponds to previously de-
scribed SCRiPs. Those with less than 40% percentage identity were removed, except for pu-
tative SCRiP-like sequences from the octocoral Scleronephthya gracillima (Malacalcyonacea)
(32.50% to 37.98% percentage identity). Only Anthozoan sequences were considered. Se-
quences that met these criteria were considered for phylogenetic and selection analyses
(Supplementary Table S2).

5.4. Phylogenetic Analysis and SCRiP Family Classification

A codon multiple sequence alignment (MSA) of the putative sequences, queries, and
outgroups (n = 192) was created, employing the MAFFT algorithm and 100 bootstrap
repeats on the GUIDANCE2 webserver [85]. The alignment was refined by removing
codon positions with less than 10% of informative codons (non-ambiguous codons or gaps)
(Supplementary File S5). The MSA was submitted to a nucleotide substitution model
analysis in the JModelTest v2.1.7 software [86]. The likelihood of different nucleotide substi-
tution models was calculated, and the best-fit model was chosen after the corrected Akaike
information criterion (AICc) [87] (Supplementary File S6). Phylogenetic inference was per-
formed by employing the TVM+I+G model, using the maximum-likelihood (ML) algorithm
in the IQ-TREE v2.0.7 [88] software, applying 10,000 replicates for ultrafast bootstraps [89],
10,000 replicates for parametric approximate likelihood-ratio test (SH-aLRT) [90], and
an approximate Bayes test [91] (Figure 3 and Supplementary Figure S1). Putative SCRiP-
like sequences from the octocoral S. gracillima were used as an outgroup, given their basal
separation from Hexacorallia within Anthozoa (Figure 1).

SCRiP subfamilies were defined according to well-established monophyly, high boot-
strap support values in the divergence nodes of the phylogeny (bs > 95%) and nucleotide
identity (ni) higher and less than 55% within and between groups, respectively. Protein

https://www.ncbi.nlm.nih.gov/protein
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identity (pi) was also calculated. Both percentage identities were calculated using the
Geneious v11.1.5 software [92].

5.5. Selection Analysis

Prior to the selection analysis, the predicted signal peptide was removed from SCRiP
sequences, as this region is likely evolving under different selective pressures than the
mature toxin sequence (Supplementary Table S2) [72]. Given that larger datasets with highly
similar sequences may compromise results [93], the total number of candidate genes was
reduced by randomly removing sequence paralogs from each species in triplicate, retaining
the species diversity. Also, the sequences from M. senile (UniProt: P0DL60) and Favites
colemani (GIVN01215367.p1) were removed due to high divergency from their orthologs.

An MSA was created for each SCRiP subfamily, using the methodology mentioned above,
removing codon positions with less than 50% of informative codons (Supplementary File S2).
Selection analyses were conducted separately in each replicate of each SCRiP subfamily,
using the Hyphy v2.5 package [94] on the DataMonkey web server [95] (Table 3 and
Supplementary Table S3). MEME [73] was used to determine sites under episodic positive
selection, using a mixed-effects ML approach. To further infer non-synonymous (dN) and
synonymous (dS) substitution rates on a per-site basis, three additional methods were used:
FEL [96]—ML approach; FUBAR [97]—Bayesian approach; and SLAC [96]—combination of
ML and counting approaches. Positive selection predictions were accepted if the posterior
probability was PP > 0.95 in FUBAR and the p-value was p < 0.05 in the remaining tests.
The overall dN/dS (ω) ratio values for each clade were estimated using the global fitted
MG94xREV model [98] included in the SLAC analysis.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/toxins16020075/s1, Figure S1: Maximum Likelihood (ML) gene tree
of SCRiP nucleotide sequences with statistics for the ultrafast bootstraps, approximate likelihood-
ratio test (SH-aLRT), and approximate Bayes Test; Table S1: Transcriptomic and genomic data from
Cnidaria, Ctenophora, and Symbiodinium sp.; Table S2: Data from ortholog gene search, filtering, and
validation; Table S3: Selection analysis data with retrieved PSS; File S1: BLASTp output of SCRiPs
retrieved from Symbiodinium sp. transcriptomes; File S2: Triplicate MSA of each SCRiP subfamily
submitted to selection analysis; File S3: Hidden Markov model (HMM) of SCRiPs retrieved from
pubic databases (Uniprot and NCBI); File S4: DeepTMHMM output of filtered SCRiP sequences;
File S5: Refined MSA of the ortholog SCRiPs (n = 192) submitted to phylogenetic analysis; File S6:
JModelTest output with the best-fit models after the Akaike information criterion (AICc).

Author Contributions: Conceptualization, R.A.B. and A.A.; methodology, R.A.B., L.R. and H.M.;
software, A.A.; validation, R.A.B., L.R. and H.M.; formal analysis, R.A.B., L.R. and H.M.; investi-
gation, R.A.B.; resources, A.A.; data curation, R.A.B.; writing—original draft preparation, R.A.B.;
writing—review and editing, R.A.B., L.R., H.M. and A.A.; visualization, R.A.B., L.R., H.M. and A.A.;
supervision, A.A.; project administration, A.A.; funding acquisition, A.A. All authors have read and
agreed to the published version of the manuscript.

Funding: R.A.B. was supported by the PhD grant 2022.09707.BD provided by FCT—Fundação
para a Ciência e a Tecnologia. A.A. was partially supported by the FCT projects UIDB/04423/2020,
UIDP/04423/2020, PTDC/CTA-AMB/31774/2017 (POCI-01-0145- FEDER/031774/2017), and At-
lantida (NORTE-01-0145- FEDER-000040).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this study was not de novo generated, but extracted
from publicly available data (genomes and transcriptomes). In any case, the extracted sequences are
available in the Supplementary Table S2 (both protein and nucleotide sequences, with and wihtout
signal peptides), in the sections “Final Database Transcriptomes” and “Final Database Genomes”.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/toxins16020075/s1
https://www.mdpi.com/article/10.3390/toxins16020075/s1


Toxins 2024, 16, 75 15 of 18

References
1. Surm, J.M.; Moran, Y. Insights into how development and life-history dynamics shape the evolution of venom. Evodevo 2021, 12, 1.

[CrossRef] [PubMed]
2. Schendel, V.; Rash, L.D.; Jenner, R.A.; Undheim, E.A.B. The Diversity of Venom: The Importance of Behavior and Venom System

Morphology in Understanding Its Ecology and Evolution. Toxins 2019, 11, 666. [CrossRef] [PubMed]
3. Arbuckle, K. Evolutionary context of venom in animals. Evol. Venom. Anim. Their Toxins 2017, 24, 3–31. [CrossRef]
4. Casewell, N.R.; Wuster, W.; Vonk, F.J.; Harrison, R.A.; Fry, B.G. Complex cocktails: The evolutionary novelty of venoms.

Trends Ecol. Evol. 2013, 28, 219–229. [CrossRef]
5. Ledoux, J.B.; Antunes, A. Beyond the beaten path: Improving natural products bioprospecting using an eco-evolutionary

framework—The case of the octocorals. Crit. Rev. Biotechnol. 2018, 38, 184–198. [CrossRef]
6. Park, E.; Hwang, D.S.; Lee, J.S.; Song, J.I.; Seo, T.K.; Won, Y.J. Estimation of divergence times in cnidarian evolution based on

mitochondrial protein-coding genes and the fossil record. Mol. Phylogenet. Evol. 2012, 62, 329–345. [CrossRef] [PubMed]
7. Erwin, D.H.; Laflamme, M.; Tweedt, S.M.; Sperling, E.A.; Pisani, D.; Peterson, K.J. The Cambrian conundrum: Early divergence

and later ecological success in the early history of animals. Science 2011, 334, 1091–1097. [CrossRef] [PubMed]
8. McFadden, C.S.; Quattrini, A.M.; Brugler, M.R.; Cowman, P.F.; Duenas, L.F.; Kitahara, M.V.; Paz-Garcia, D.A.; Reimer, J.D.;

Rodriguez, E. Phylogenomics, Origin, and Diversification of Anthozoans (Phylum Cnidaria). Syst. Biol. 2021, 70, 635–647. [CrossRef]
9. Senatore, A.; Raiss, H.; Le, P. Physiology and Evolution of Voltage-Gated Calcium Channels in Early Diverging Animal Phyla:

Cnidaria, Placozoa, Porifera and Ctenophora. Front. Physiol. 2016, 7, 481. [CrossRef]
10. McFadden, C.S.; Van Ofwegen, L.P.; Quattrini, A.M. Revisionary systematics of Octocorallia (Cnidaria: Anthozoa) guided by

phylogenomics. Bull. Soc. Syst. Biol. 2022, 1, 8735. [CrossRef]
11. Kayal, E.; Bentlage, B.; Sabrina Pankey, M.; Ohdera, A.H.; Medina, M.; Plachetzki, D.C.; Collins, A.G.; Ryan, J.F. 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. [CrossRef]

12. Zapata, F.; Goetz, F.E.; Smith, S.A.; Howison, M.; Siebert, S.; Church, S.H.; Sanders, S.M.; Ames, C.L.; McFadden, C.S.;
France, S.C.; et al. Phylogenomic Analyses Support Traditional Relationships within Cnidaria. PLoS ONE 2015, 10, e0139068.
[CrossRef] [PubMed]

13. Menezes, C.; Thakur, N.L. Sea anemone venom: Ecological interactions and bioactive potential. Toxicon 2022, 208, 31–46.
[CrossRef] [PubMed]

14. Fautin, D.G. Structural diversity, systematics, and evolution of cnidae. Toxicon 2009, 54, 1054–1064. [CrossRef] [PubMed]
15. Rachamim, T.; Morgenstern, D.; Aharonovich, D.; Brekhman, V.; Lotan, T.; Sher, D. The dynamically evolving nematocyst content

of an anthozoan, a scyphozoan, and a hydrozoan. Mol. Biol. Evol. 2015, 32, 740–753. [CrossRef] [PubMed]
16. Jaimes-Becerra, A.; Gacesa, R.; Doonan, L.B.; Hartigan, A.; Marques, A.C.; Okamura, B.; Long, P.F. “Beyond Primary

Sequence”—Proteomic Data Reveal Complex Toxins in Cnidarian Venoms. Integr. Comp. Biol. 2019, 59, 777–785. [CrossRef]
17. D’Ambra, I.; Lauritano, C. A Review of Toxins from Cnidaria. Mar. Drugs 2020, 18, 507. [CrossRef] [PubMed]
18. Prentis, P.J.; Pavasovic, A.; Norton, R.S. Sea Anemones: Quiet Achievers in the Field of Peptide Toxins. Toxins 2018,

10, 36. [CrossRef]
19. Jouiaei, M.; Yanagihara, A.A.; Madio, B.; Nevalainen, T.J.; Alewood, P.F.; Fry, B.G. Ancient Venom Systems: A Review on Cnidaria

Toxins. Toxins 2015, 7, 2251. [CrossRef]
20. Frazão, B.; Vasconcelos, V.; Antunes, A. Sea anemone (Cnidaria, Anthozoa, Actiniaria) toxins: An overview. Mar. Drugs 2012, 10,

1812–1851. [CrossRef]
21. Kvetkina, A.; Pislyagin, E.; Menchinskaya, E.; Yurchenko, E.; Kalina, R.; Kozlovskiy, S.; Kaluzhskiy, L.; Menshov, A.; Kim, N.;

Peigneur, S.; et al. Kunitz-Type Peptides from Sea Anemones Protect Neuronal Cells against Parkinson’s Disease Inductors via
Inhibition of ROS Production and ATP-Induced P2X7 Receptor Activation. Int. J. Mol. Sci. 2022, 23, 5115. [CrossRef]

22. Osmakov, D.I.; Kozlov, S.A.; Andreev, Y.A.; Koshelev, S.G.; Sanamyan, N.P.; Sanamyan, K.E.; Dyachenko, I.A.; Bondarenko, D.A.;
Murashev, A.N.; Mineev, K.S.; et al. Sea anemone peptide with uncommon beta-hairpin structure inhibits acid-sensing ion
channel 3 (ASIC3) and reveals analgesic activity. J. Biol. Chem. 2013, 288, 23116–23127. [CrossRef] [PubMed]

23. Chi, V.; Pennington, M.W.; Norton, R.S.; Tarcha, E.J.; Londono, L.M.; Sims-Fahey, B.; Upadhyay, S.K.; Lakey, J.T.; Iadonato, S.;
Wulff, H.; et al. Development of a sea anemone toxin as an immunomodulator for therapy of autoimmune diseases. Toxicon 2012,
59, 529–546. [CrossRef] [PubMed]

24. Delgado, A.; Benedict, C.; Macrander, J.; Daly, M. Never, Ever Make an Enemy. . . Out of an Anemone: Transcriptomic Comparison
of Clownfish Hosting Sea Anemone Venoms. Mar. Drugs 2022, 20, 730. [CrossRef] [PubMed]

25. Klompen, A.M.L.; Kayal, E.; Collins, A.G.; Cartwright, P. Phylogenetic and Selection Analysis of an Expanded Family of Putatively
Pore-Forming Jellyfish Toxins (Cnidaria: Medusozoa). Genome Biol. Evol. 2021, 13, evab081. [CrossRef]

26. Klompen, A.M.L.; Macrander, J.; Reitzel, A.M.; Stampar, S.N. Transcriptomic Analysis of Four Cerianthid (Cnidaria, Ceriantharia)
Venoms. Mar. Drugs 2020, 18, 413. [CrossRef] [PubMed]

27. Macrander, J.; Daly, M. Evolution of the Cytolytic Pore-Forming Proteins (Actinoporins) in Sea Anemones. Toxins 2016, 8, 368.
[CrossRef] [PubMed]

https://doi.org/10.1186/s13227-020-00171-w
https://www.ncbi.nlm.nih.gov/pubmed/33413660
https://doi.org/10.3390/toxins11110666
https://www.ncbi.nlm.nih.gov/pubmed/31739590
https://doi.org/10.1007/978-94-007-6727-0_16-1
https://doi.org/10.1016/j.tree.2012.10.020
https://doi.org/10.1080/07388551.2017.1331335
https://doi.org/10.1016/j.ympev.2011.10.008
https://www.ncbi.nlm.nih.gov/pubmed/22040765
https://doi.org/10.1126/science.1206375
https://www.ncbi.nlm.nih.gov/pubmed/22116879
https://doi.org/10.1093/sysbio/syaa103
https://doi.org/10.3389/fphys.2016.00481
https://doi.org/10.18061/bssb.v1i3.8735
https://doi.org/10.1186/s12862-018-1142-0
https://doi.org/10.1371/journal.pone.0139068
https://www.ncbi.nlm.nih.gov/pubmed/26465609
https://doi.org/10.1016/j.toxicon.2022.01.004
https://www.ncbi.nlm.nih.gov/pubmed/35065159
https://doi.org/10.1016/j.toxicon.2009.02.024
https://www.ncbi.nlm.nih.gov/pubmed/19268491
https://doi.org/10.1093/molbev/msu335
https://www.ncbi.nlm.nih.gov/pubmed/25518955
https://doi.org/10.1093/icb/icz106
https://doi.org/10.3390/md18100507
https://www.ncbi.nlm.nih.gov/pubmed/33036158
https://doi.org/10.3390/toxins10010036
https://doi.org/10.3390/toxins7062251
https://doi.org/10.3390/md10081812
https://doi.org/10.3390/ijms23095115
https://doi.org/10.1074/jbc.M113.485516
https://www.ncbi.nlm.nih.gov/pubmed/23801332
https://doi.org/10.1016/j.toxicon.2011.07.016
https://www.ncbi.nlm.nih.gov/pubmed/21867724
https://doi.org/10.3390/md20120730
https://www.ncbi.nlm.nih.gov/pubmed/36547877
https://doi.org/10.1093/gbe/evab081
https://doi.org/10.3390/md18080413
https://www.ncbi.nlm.nih.gov/pubmed/32764303
https://doi.org/10.3390/toxins8120368
https://www.ncbi.nlm.nih.gov/pubmed/27941639


Toxins 2024, 16, 75 16 of 18

28. Jouiaei, M.; Sunagar, K.; Federman Gross, A.; Scheib, H.; Alewood, P.F.; Moran, Y.; Fry, B.G. Evolution of an ancient venom:
Recognition of a novel family of cnidarian toxins and the common evolutionary origin of sodium and potassium neurotoxins in
sea anemone. Mol. Biol. Evol. 2015, 32, 1598–1610. [CrossRef]

29. von Reumont, B.M.; Anderluh, G.; Antunes, A.; Ayvazyan, N.; Beis, D.; Caliskan, F.; Crnkovic, A.; Damm, M.; Dutertre, S.;
Ellgaard, L.; et al. Modern venomics-Current insights, novel methods, and future perspectives in biological and applied animal
venom research. Gigascience 2022, 11, giac048. [CrossRef]

30. Ben-Ari, H.; Paz, M.; Sher, D. The chemical armament of reef-building corals: Inter- and intra-specific variation and the
identification of an unusual actinoporin in Stylophora pistilata. Sci. Rep. 2018, 8, 251. [CrossRef]

31. Gacesa, R.; Chung, R.; Dunn, S.R.; Weston, A.J.; Jaimes-Becerra, A.; Marques, A.C.; Morandini, A.C.; Hranueli, D.; Starcevic, A.;
Ward, M.; et al. Gene duplications are extensive and contribute significantly to the toxic proteome of nematocysts isolated from
Acropora digitifera (Cnidaria: Anthozoa: Scleractinia). BMC Genom. 2015, 16, 774. [CrossRef]

32. Schmidt, C.A.; Daly, N.L.; Wilson, D.T. Coral Venom Toxins. Front. Ecol. Evol. 2019, 7, 320. [CrossRef]
33. Sunagawa, S.; DeSalvo, M.K.; Voolstra, C.R.; Reyes-Bermudez, A.; Medina, M. Identification and gene expression analysis of

a taxonomically restricted cysteine-rich protein family in reef-building corals. PLoS ONE 2009, 4, e4865. [CrossRef]
34. Wong, E.S.W.; Belov, K. Venom evolution through gene duplications. Gene 2012, 496, 1–7. [CrossRef] [PubMed]
35. Fry, B.G.; Roelants, K.; Champagne, D.E.; Scheib, H.; Tyndall, J.D.; King, G.F.; Nevalainen, T.J.; Norman, J.A.; Lewis, R.J.;

Norton, R.S.; et al. The toxicogenomic multiverse: Convergent recruitment of proteins into animal venoms. Annu. Rev. Genom.
Hum. Genet. 2009, 10, 483–511. [CrossRef] [PubMed]

36. Surm, J.M.; Smith, H.L.; Madio, B.; Undheim, E.A.B.; King, G.F.; Hamilton, B.R.; van der Burg, C.A.; Pavasovic, A.; Prentis, P.J.
A process of convergent amplification and tissue-specific expression dominates the evolution of toxin and toxin-like genes in sea
anemones. Mol. Ecol. 2019, 28, 2272–2289. [CrossRef]

37. Grasso, L.C.; Negri, A.P.; Foret, S.; Saint, R.; Hayward, D.C.; Miller, D.J.; Ball, E.E. The biology of coral metamorphosis: Molecular
responses of larvae to inducers of settlement and metamorphosis. Dev. Biol. 2011, 353, 411–419. [CrossRef] [PubMed]

38. Drake, J.L.; Malik, A.; Popovits, Y.; Yosef, O.; Shemesh, E.; Stolarski, J.; Tchernov, D.; Sher, D.; Mass, T. Physiological and
Transcriptomic Variability Indicative of Differences in Key Functions Within a Single Coral Colony. Front. Mar. Sci. 2021,
8, 768. [CrossRef]

39. Shinzato, C.; Khalturin, K.; Inoue, J.; Zayasu, Y.; Kanda, M.; Kawamitsu, M.; Yoshioka, Y.; Yamashita, H.; Suzuki, G.; Satoh, N.
Eighteen Coral Genomes Reveal the Evolutionary Origin of Acropora Strategies to Accommodate Environmental Changes.
Mol. Biol. Evol. 2021, 38, 16–30. [CrossRef]

40. Surm, J.M.; Stewart, Z.K.; Papanicolaou, A.; Pavasovic, A.; Prentis, P.J. The draft genome of Actinia tenebrosa reveals insights into
toxin evolution. Ecol. Evol. 2019, 9, 11314–11328. [CrossRef]

41. Schmidt, C.A.; Cooke, I.; Wilson, D.T.; Miller, D.J.; Peigneur, S.; Tytgat, J.; Field, M.; Takjoo, R.; Smout, M.J.; Loukas, A.; et al.
Newly Discovered Peptides from the Coral Heliofungia actiniformis Show Structural and Functional Diversity. J. Nat. Prod. 2022,
85, 1789–1798. [CrossRef] [PubMed]

42. Logashina, Y.A.; Solstad, R.G.; Mineev, K.S.; Korolkova, Y.V.; Mosharova, I.V.; Dyachenko, I.A.; Palikov, V.A.; Palikova, Y.A.;
Murashev, A.N.; Arseniev, A.S.; et al. New Disulfide-Stabilized Fold Provides Sea Anemone Peptide to Exhibit Both Antimicrobial
and TRPA1 Potentiating Properties. Toxins 2017, 9, 154. [CrossRef] [PubMed]

43. WoRMS Editorial Board. World Register of Marine Species. VLIZ. 2024. Available online: https://www.marinespecies.org
(accessed on 11 January 2024).

44. Zhang, Y.; Chen, Q.; Xie, J.Y.; Yeung, Y.H.; Xiao, B.; Liao, B.; Xu, J.; Qiu, J.W. Development of a transcriptomic database for
14 species of scleractinian corals. BMC Genom. 2019, 20, 387. [CrossRef] [PubMed]

45. Campoy, A.N.; Addamo, A.M.; Machordom, A.; Meade, A.; Rivadeneira, M.M.; Hernández, C.E.; Venditti, C. The Origin and
Correlated Evolution of Symbiosis and Coloniality in Scleractinian Corals. Front. Mar. Sci. 2020, 7, 461. [CrossRef]

46. Garcia-Arredondo, A.; Rojas-Molina, A.; Ibarra-Alvarado, C.; Lazcano-Perez, F.; Arreguin-Espinosa, R.; Sanchez-Rodriguez, J.
Composition and biological activities of the aqueous extracts of three scleractinian corals from the Mexican Caribbean:
Pseudodiploria strigosa, Porites astreoides and Siderastrea siderea. J. Venom. Anim. Toxins Incl. Trop. Dis. 2016, 22, 32.
[CrossRef] [PubMed]

47. Gacesa, R.; Hung, J.Y.; Bourne, D.G.; Long, P.F. Horizontal transfer of a natterin-like toxin encoding gene within the holobiont of
the reef building coral Acropora digitifera (Cnidaria: Anthozoa: Scleractinia) and across multiple animal linages. J. Venom. Res.
2020, 10, 7–12.

48. Macrander, J.C.; Dimond, J.L.; Bingham, B.L.; Reitzel, A.M. Transcriptome sequencing and characterization of Symbiodinium mus-
catinei and Elliptochloris marina, symbionts found within the aggregating sea anemone Anthopleura elegantissima. Mar. Genom.
2018, 37, 82–91. [CrossRef]

49. Lewis, J.B. Feeding mechanisms in black corals (Antipatharia). J. Zool. 2009, 186, 393–396. [CrossRef]
50. Radwan, F.F.; Aboul-Dahab, H.M.; Burnett, J.W. Some toxicological characteristics of three venomous soft corals from the Red Sea.

Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2002, 132, 25–35. [CrossRef] [PubMed]
51. Ashwood, L.M.; Norton, R.S.; Undheim, E.A.B.; Hurwood, D.A.; Prentis, P.J. Characterising Functional Venom Profiles of

Anthozoans and Medusozoans within Their Ecological Context. Mar. Drugs 2020, 18, 202. [CrossRef] [PubMed]

https://doi.org/10.1093/molbev/msv050
https://doi.org/10.1093/gigascience/giac048
https://doi.org/10.1038/s41598-017-18355-1
https://doi.org/10.1186/s12864-015-1976-4
https://doi.org/10.3389/fevo.2019.00320
https://doi.org/10.1371/journal.pone.0004865
https://doi.org/10.1016/j.gene.2012.01.009
https://www.ncbi.nlm.nih.gov/pubmed/22285376
https://doi.org/10.1146/annurev.genom.9.081307.164356
https://www.ncbi.nlm.nih.gov/pubmed/19640225
https://doi.org/10.1111/mec.15084
https://doi.org/10.1016/j.ydbio.2011.02.010
https://www.ncbi.nlm.nih.gov/pubmed/21338599
https://doi.org/10.3389/fmars.2021.685876
https://doi.org/10.1093/molbev/msaa216
https://doi.org/10.1002/ece3.5633
https://doi.org/10.1021/acs.jnatprod.2c00325
https://www.ncbi.nlm.nih.gov/pubmed/35829679
https://doi.org/10.3390/toxins9050154
https://www.ncbi.nlm.nih.gov/pubmed/28468269
https://www.marinespecies.org
https://doi.org/10.1186/s12864-019-5744-8
https://www.ncbi.nlm.nih.gov/pubmed/31101011
https://doi.org/10.3389/fmars.2020.00461
https://doi.org/10.1186/s40409-016-0087-2
https://www.ncbi.nlm.nih.gov/pubmed/27904505
https://doi.org/10.1016/j.margen.2017.08.010
https://doi.org/10.1111/j.1469-7998.1978.tb03927.x
https://doi.org/10.1016/S1532-0456(02)00045-5
https://www.ncbi.nlm.nih.gov/pubmed/12039682
https://doi.org/10.3390/md18040202
https://www.ncbi.nlm.nih.gov/pubmed/32283847


Toxins 2024, 16, 75 17 of 18

52. Pineda, S.S.; Sollod, B.L.; Wilson, D.; Darling, A.; Sunagar, K.; Undheim, E.A.; Kely, L.; Antunes, A.; Fry, B.G.; King, G.F.
Diversification of a single ancestral gene into a successful toxin superfamily in highly venomous Australian funnel-web spiders.
BMC Genom. 2014, 15, 177. [CrossRef]

53. Sunagar, K.; Fry, B.G.; Jackson, T.N.; Casewell, N.R.; Undheim, E.A.; Vidal, N.; Ali, S.A.; King, G.F.; Vasudevan, K.;
Vasconcelos, V.; et al. Molecular evolution of vertebrate neurotrophins: Co-option of the highly conserved nerve growth factor
gene into the advanced snake venom arsenal. PLoS ONE 2013, 8, e81827. [CrossRef]

54. Fry, B.G.; Undheim, E.A.; Ali, S.A.; Jackson, T.N.; Debono, J.; Scheib, H.; Ruder, T.; Morgenstern, D.; Cadwallader, L.;
Whitehead, D.; et al. Squeezers and leaf-cutters: Differential diversification and degeneration of the venom system in toxicoferan
reptiles. Mol. Cell. Proteom. 2013, 12, 1881–1899. [CrossRef] [PubMed]

55. Pearson, W.R. An introduction to sequence similarity (“homology”) searching. Curr. Protoc. Bioinform. 2013, 42, 3.1.1–3.1.8.
[CrossRef] [PubMed]

56. Oliveira, J.S.; Fuentes-Silva, D.; King, G.F. Development of a rational nomenclature for naming peptide and protein toxins from
sea anemones. Toxicon 2012, 60, 539–550. [CrossRef] [PubMed]

57. Nei, M.; Gu, X.; Sitnikova, T. Evolution by the birth-and-death process in multigene families of the vertebrate immune system.
Proc. Natl. Acad. Sci. USA 1997, 94, 7799–7806. [CrossRef] [PubMed]

58. Lahti, D.C.; Johnson, N.A.; Ajie, B.C.; Otto, S.P.; Hendry, A.P.; Blumstein, D.T.; Coss, R.G.; Donohue, K.; Foster, S.A. Relaxed
selection in the wild. Trends Ecol. Evol. 2009, 24, 487–496. [CrossRef] [PubMed]

59. Patton, W.K. Distribution and ecology of animals associated with branching corals (Acropora spp.) from the Great Barrier Reef,
Australia. Bull. Mar. Sci. 1994, 55, 193–211.

60. Cole, A.J.; Pratchett, M.S.; Jones, G.P. Diversity and functional importance of coral-feeding fishes on tropical coral reefs. Fish Fish.
2008, 9, 286–307. [CrossRef]

61. Graham, N.A.J. Ecological versatility and the decline of coral feeding fishes following climate driven coral mortality. Mar. Biol.
2007, 153, 119–127. [CrossRef]

62. Deaker, D.J.; Mos, B.; Lawson, C.; Dworjanyn, S.A.; Budden, C.; Byrne, M. Coral defences: The perilous transition of juvenile
crown-of-thorns starfish to corallivory. Mar. Ecol. Prog. Ser. 2021, 665, 115–125. [CrossRef]

63. Houlbreque, F.; Ferrier-Pages, C. Heterotrophy in tropical scleractinian corals. Biol. Rev. Camb. Philos. Soc. 2009, 84, 1–17. [CrossRef]
64. Lewis, J.B.; Price, W.S. Feeding mechanisms and feeding strategies of Atlantic reef corals. J. Zool. 2009, 176, 527–544. [CrossRef]
65. Columbus-Shenkar, Y.Y.; Sachkova, M.Y.; Macrander, J.; Fridrich, A.; Modepalli, V.; Reitzel, A.M.; Sunagar, K.; Moran, Y. Dynamics

of venom composition across a complex life cycle. Elife 2018, 7, e35014. [CrossRef] [PubMed]
66. Sachkova, M.Y.; Singer, S.A.; Macrander, J.; Reitzel, A.M.; Peigneur, S.; Tytgat, J.; Moran, Y. The Birth and Death of Toxins with

Distinct Functions: A Case Study in the Sea Anemone Nematostella. Mol. Biol. Evol. 2019, 36, 2001–2012. [CrossRef] [PubMed]
67. Underwood, A.H.; Seymour, J.E. Venom ontogeny, diet and morphology in Carukia barnesi, a species of Australian box jellyfish

that causes Irukandji syndrome. Toxicon 2007, 49, 1073–1082. [CrossRef] [PubMed]
68. McClounan, S.; Seymour, J. Venom and cnidome ontogeny of the cubomedusae Chironex fleckeri. Toxicon 2012, 60, 1335–1341.

[CrossRef] [PubMed]
69. Ashwood, L.M.; Undheim, E.A.B.; Madio, B.; Hamilton, B.R.; Daly, M.; Hurwood, D.A.; King, G.F.; Prentis, P.J. Venoms for all

occasions: The functional toxin profiles of different anatomical regions in sea anemones are related to their ecological function.
Mol. Ecol. 2022, 31, 866–883. [CrossRef] [PubMed]

70. Macrander, J.; Broe, M.; Daly, M. Tissue-Specific Venom Composition and Differential Gene Expression in Sea Anemones.
Genome Biol. Evol. 2016, 8, 2358–2375. [CrossRef] [PubMed]

71. Sunagar, K.; Moran, Y. The Rise and Fall of an Evolutionary Innovation: Contrasting Strategies of Venom Evolution in Ancient
and Young Animals. PLoS Genet. 2015, 11, e1005596. [CrossRef]

72. Sunagar, K.; Casewell, N.R.; Varma, S.; Kolla, R.; Antunes, A.; Moran, Y. Deadly innovations: Unraveling the molecular evolution
of animal venoms. In Venom Genomics and Proteomics; Springer: Dordrecht, The Netherlands, 2014; pp. 1–23. [CrossRef]

73. Murrell, B.; Wertheim, J.O.; Moola, S.; Weighill, T.; Scheffler, K.; Kosakovsky Pond, S.L. Detecting individual sites subject to
episodic diversifying selection. PLoS Genet. 2012, 8, e1002764. [CrossRef]

74. Sachkova, M.Y.; Macrander, J.; Surm, J.M.; Aharoni, R.; Menard-Harvey, S.S.; Klock, A.; Leach, W.B.; Reitzel, A.M.; Moran, Y.
Some like it hot: Population-specific adaptations in venom production to abiotic stressors in a widely distributed cnidarian.
BMC Biol. 2020, 18, 121. [CrossRef]

75. Kitchen, S.A.; Crowder, C.M.; Poole, A.Z.; Weis, V.M.; Meyer, E. De Novo Assembly and Characterization of Four Anthozoan
(Phylum Cnidaria) Transcriptomes. G3 2015, 5, 2441–2452. [CrossRef]

76. UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47, D506–D515. [CrossRef]
77. Slater, G.S.; Birney, E. Automated generation of heuristics for biological sequence comparison. BMC Bioinform. 2005, 6, 31.

[CrossRef] [PubMed]
78. Haas, B.J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood, P.D.; Bowden, J.; Couger, M.B.; Eccles, D.; Li, B.; Lieber, M.; et al.

De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis.
Nat. Protoc. 2013, 8, 1494–1512. [CrossRef] [PubMed]

79. Zhang, Z.; Wood, W.I. A profile hidden Markov model for signal peptides generated by HMMER. Bioinformatics 2003, 19, 307–308.
[CrossRef] [PubMed]

https://doi.org/10.1186/1471-2164-15-177
https://doi.org/10.1371/annotation/accecc73-91b2-45d4-bb33-774b1f394ca1
https://doi.org/10.1074/mcp.M112.023143
https://www.ncbi.nlm.nih.gov/pubmed/23547263
https://doi.org/10.1002/0471250953.bi0301s42
https://www.ncbi.nlm.nih.gov/pubmed/23749753
https://doi.org/10.1016/j.toxicon.2012.05.020
https://www.ncbi.nlm.nih.gov/pubmed/22683676
https://doi.org/10.1073/pnas.94.15.7799
https://www.ncbi.nlm.nih.gov/pubmed/9223266
https://doi.org/10.1016/j.tree.2009.03.010
https://www.ncbi.nlm.nih.gov/pubmed/19500875
https://doi.org/10.1111/j.1467-2979.2008.00290.x
https://doi.org/10.1007/s00227-007-0786-x
https://doi.org/10.3354/meps13660
https://doi.org/10.1111/j.1469-185X.2008.00058.x
https://doi.org/10.1111/j.1469-7998.1975.tb03219.x
https://doi.org/10.7554/eLife.35014
https://www.ncbi.nlm.nih.gov/pubmed/29424690
https://doi.org/10.1093/molbev/msz132
https://www.ncbi.nlm.nih.gov/pubmed/31134275
https://doi.org/10.1016/j.toxicon.2007.01.014
https://www.ncbi.nlm.nih.gov/pubmed/17395227
https://doi.org/10.1016/j.toxicon.2012.08.020
https://www.ncbi.nlm.nih.gov/pubmed/23010166
https://doi.org/10.1111/mec.16286
https://www.ncbi.nlm.nih.gov/pubmed/34837433
https://doi.org/10.1093/gbe/evw155
https://www.ncbi.nlm.nih.gov/pubmed/27389690
https://doi.org/10.1371/journal.pgen.1005596
https://doi.org/10.1007/978-94-007-6416-3_27
https://doi.org/10.1371/journal.pgen.1002764
https://doi.org/10.1186/s12915-020-00855-8
https://doi.org/10.1534/g3.115.020164
https://doi.org/10.1093/nar/gky1049
https://doi.org/10.1186/1471-2105-6-31
https://www.ncbi.nlm.nih.gov/pubmed/15713233
https://doi.org/10.1038/nprot.2013.084
https://www.ncbi.nlm.nih.gov/pubmed/23845962
https://doi.org/10.1093/bioinformatics/19.2.307
https://www.ncbi.nlm.nih.gov/pubmed/12538263


Toxins 2024, 16, 75 18 of 18

80. Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing data. Bioinformatics 2012,
28, 3150–3152. [CrossRef]

81. Teufel, F.; Almagro Armenteros, J.J.; Johansen, A.R.; Gislason, M.H.; Pihl, S.I.; Tsirigos, K.D.; Winther, O.; Brunak, S.;
von Heijne, G.; Nielsen, H. SignalP 6.0 predicts all five types of signal peptides using protein language models. Nat. Biotechnol.
2022, 40, 1023–1025. [CrossRef] [PubMed]

82. Hallgren, J.; Tsirigos, K.D.; Pedersen, M.D.; Almagro Armenteros, J.J.; Marcatili, P.; Nielsen, H.; Krogh, A.; Winther, O.
DeepTMHMM predicts alpha and beta transmembrane proteins using deep neural networks. bioRxiv 2022. [CrossRef]

83. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215,
403–410. [CrossRef]

84. Jungo, F.; Bougueleret, L.; Xenarios, I.; Poux, S. The UniProtKB/Swiss-Prot Tox-Prot program: A central hub of integrated venom
protein data. Toxicon 2012, 60, 551–557. [CrossRef]

85. Sela, I.; Ashkenazy, H.; Katoh, K.; Pupko, T. GUIDANCE2: Accurate detection of unreliable alignment regions accounting for the
uncertainty of multiple parameters. Nucleic Acids Res. 2015, 43, W7–W14. [CrossRef]

86. Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. jModelTest 2: More models, new heuristics and parallel computing. Nat. Methods
2012, 9, 772. [CrossRef]

87. Vrieze, S.I. Model selection and psychological theory: A discussion of the differences between the Akaike information criterion
(AIC) and the Bayesian information criterion (BIC). Psychol. Methods 2012, 17, 228–243. [CrossRef] [PubMed]

88. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New Models
and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol. Evol. 2020, 37, 1530–1534. [CrossRef] [PubMed]

89. Minh, B.Q.; Nguyen, M.A.; von Haeseler, A. Ultrafast approximation for phylogenetic bootstrap. Mol. Biol. Evol. 2013, 30,
1188–1195. [CrossRef]

90. Guindon, S.; Dufayard, J.F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307–321. [CrossRef] [PubMed]

91. Anisimova, M.; Gil, M.; Dufayard, J.F.; Dessimoz, C.; Gascuel, O. Survey of branch support methods demonstrates accuracy,
power, and robustness of fast likelihood-based approximation schemes. Syst. Biol. 2011, 60, 685–699. [CrossRef]

92. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647–1649. [CrossRef]

93. Spielman, S.J.; Weaver, S.; Shank, S.D.; Magalis, B.R.; Li, M.; Kosakovsky Pond, S.L. Evolution of Viral Genomes: Interplay
Between Selection, Recombination, and Other Forces. Methods Mol. Biol. 2019, 1910, 427–468. [CrossRef]

94. Kosakovsky Pond, S.L.; Poon, A.F.Y.; Velazquez, R.; Weaver, S.; Hepler, N.L.; Murrell, B.; Shank, S.D.; Magalis, B.R.; Bouvier, D.;
Nekrutenko, A.; et al. HyPhy 2.5-A Customizable Platform for Evolutionary Hypothesis Testing Using Phylogenies. Mol. Biol.
Evol. 2020, 37, 295–299. [CrossRef]

95. Weaver, S.; Shank, S.D.; Spielman, S.J.; Li, M.; Muse, S.V.; Kosakovsky Pond, S.L. Datamonkey 2.0: A Modern Web Application for
Characterizing Selective and Other Evolutionary Processes. Mol. Biol. Evol. 2018, 35, 773–777. [CrossRef]

96. Kosakovsky Pond, S.L.; Frost, S.D. Not so different after all: A comparison of methods for detecting amino acid sites under
selection. Mol. Biol. Evol. 2005, 22, 1208–1222. [CrossRef] [PubMed]

97. Murrell, B.; Moola, S.; Mabona, A.; Weighill, T.; Sheward, D.; Kosakovsky Pond, S.L.; Scheffler, K. FUBAR: A fast, unconstrained
bayesian approximation for inferring selection. Mol. Biol. Evol. 2013, 30, 1196–1205. [CrossRef] [PubMed]

98. Pond, S.K.; Muse, S.V. Site-to-site variation of synonymous substitution rates. Mol. Biol. Evol. 2005, 22, 2375–2385.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1038/s41587-021-01156-3
https://www.ncbi.nlm.nih.gov/pubmed/34980915
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/j.toxicon.2012.03.010
https://doi.org/10.1093/nar/gkv318
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1037/a0027127
https://www.ncbi.nlm.nih.gov/pubmed/22309957
https://doi.org/10.1093/molbev/msaa015
https://www.ncbi.nlm.nih.gov/pubmed/32011700
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1093/sysbio/syq010
https://www.ncbi.nlm.nih.gov/pubmed/20525638
https://doi.org/10.1093/sysbio/syr041
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1007/978-1-4939-9074-0_14
https://doi.org/10.1093/molbev/msz197
https://doi.org/10.1093/molbev/msx335
https://doi.org/10.1093/molbev/msi105
https://www.ncbi.nlm.nih.gov/pubmed/15703242
https://doi.org/10.1093/molbev/mst030
https://www.ncbi.nlm.nih.gov/pubmed/23420840
https://doi.org/10.1093/molbev/msi232
https://www.ncbi.nlm.nih.gov/pubmed/16107593

	Introduction 
	Results 
	SCRiPs Have a Wide Distribution within Stony Corals (Scleractinia) and Sea Anemones (Actiniaria) 
	A New SCRiP Nomenclature Supported by Phylogenetic Data 
	Selection Analysis Reveal Different Evolutionary Constrains 
	SCRiPs May Be Differentially Expressed across Stony Corals and Sea Anemones 

	Discussion 
	SCRiPs Are Common in Several Families of Stony Corals (Scleractinia) and Sea Anemones (Actiniaria) 
	The Presence of SCRiPs in Other Cnidarians Should Not Be Discarded 
	Proposal of a Novel SCRiP Nomenclature Based on Well-Supported Monophyly 
	SCRiPs May Evolve via the “Birth and Death” Gene Evolution 
	SCRiPs May Have Different Functions 
	SCRiP Subfamilies Evolve under Distinct Selective Pressures, Suggesting Potential Neofunctionalizations 

	Conclusions 
	Materials and Methods 
	Species Assortment and Sequence Gathering 
	Ortholog Identification 
	Sequence Filtering and Gene Validation 
	Phylogenetic Analysis and SCRiP Family Classification 
	Selection Analysis 

	References

