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Synopsis Venomous animals can deploy toxins for both predation and defense. These dual functions of toxins might be
expected to promote the evolution of new venoms and alteration of their composition. Cnidarians are the most ancient
venomous animals but our present understanding of their venom diversity is compromised by poor taxon sampling.
New proteomic data were therefore generated to characterize toxins in venoms of a staurozoan, a hydrozoan, and an
anthozoan. We then used a novel clustering approach to compare venom diversity in cnidarians to other venomous
animals. Comparison of the presence or absence of 32 toxin protein families indicated venom composition did not vary
widely among the 11 cnidarian species studied. Unsupervised clustering of toxin peptide sequences suggested that toxin
composition of cnidarian venoms is just as complex as that in many venomous bilaterians, including marine snakes. The
adaptive significance of maintaining a complex and relatively invariant venom remains unclear. Future study of cnidarian
venom diversity, venom variation with nematocyst types and in different body regions are required to better understand
venom evolution.

Introduction ranging physiological effects and are more complex

Venoms are a complex mixture of organic and inor-
ganic compounds that are delivered by inflicting a
wound. Peptides and proteins are the most prevalent
and deadliest constituents of venoms and are collo-
quially referred to as toxins (Nelsen et al. 2014). The
toxin complement of venom has been suggested to
reflect its function. For instance, defensive venoms of
teleost fish and insects, whose main action is often to
cause an extreme and immediate pain, tend to be
comparatively simple in composition (Church and
Hodgson 2002; Peiren et al. 2005; De Graaf et al.
2009). In contrast, predator venoms elicit wide
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and variable in composition (Fry et al. 2009).
Cnidarians are probably the most ancient group of
extant venomous animals. Their unique mechanism
of venom delivery involves nematocysts—intracellu-
lar organelles produced within “stinging cells” (nem-
atocytes) that are strategically positioned in the
ectoderm and endoderm. Approximately 30 different
types of nematocysts are known, and species are usu-
ally characterized by two to six types (Weill 1934;
Ostman 2000). Characterization of venom toxins us-
ing new and increasingly affordable sequencing plat-
forms, particularly for high-throughput proteomics,
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has significantly expanded our knowledge of venoms.
The first use of tandem mass spectrometry for high-
throughput characterization of cnidarian material
(Symbiodinium sp. endosymbionts in the coral
Stylophora pistillata) identified toxins of contaminat-
ing coral nematocysts. The study provided evidence
for an unexpectedly high sequence homology be-
tween cnidarian and vertebrate toxins (Weston
et al. 2012). A subsequent proteomics study of nem-
atocyst extracts of the hydrozoan Olindias samba-
quiensis confirmed this high homology (Weston
et al. 2013), and led to a reinvigoration of research
into the nature and provenance of venoms in these
early diverging metazoans (Starcevic and Long 2013).

The major toxic activities of venomous bilaterians
involve enzymatic, neurotoxic, and cytolytic actions
(Suput 2009; Badré 2014; Mariottini et al. 2015).
Data from recent proteomic and transcriptomic studies
collectively suggest that genes encoding toxins with pre-
dominantly cytolytic and neurotoxic activities were also
recruited into the venom of cnidarian precursors
(Balasubramanian et al. 2012; Li et al. 2014, 2016;
Brinkman et al. 2015; Macrander et al. 2015;
Rachamim et al. 2015; Huang et al. 2016; Ponce
et al. 2016; Madio et al. 2017). Subsequent divergence
entailed lineage-specific functional recruitment of cer-
tain toxin protein families, with cytolysins diversifying
in Medusozoa and neurotoxins in Anthozoa (Brinkman
et al. 2015; Rachamim et al. 2015; Jaimes-Becerra et al.
2017). Pore-forming toxins appear to be ubiquitous in
anthozoans and medusozoans, the most representative
examples being the actinoporins, Cry-like jellyfish tox-
ins, aerolysin-like toxins, and MACPF/CDC toxins
(Podobnik and Anderluh 2017). However, limited
taxon sampling may bias understanding of venom evo-
lution in cnidarians, and it is unclear how cnidarian
toxin diversity compares with that of other venomous
animals. A broader sampling of toxins across major
cnidarian lineages is required to enable more meaning-
ful insights into these issues. The aims of this study
were to: 1) gain the first insights into venom of a
staurozoan (Haliclystus antarcticus); 2) to broaden
taxon sampling by characterizing venoms of a hydro-
zoan (Ectopleura crocea) and an anthozoan (Tubastraea
coccinea), and 3) to compare toxin diversity and venom
evolution in cnidarians and other animals by employ-
ing unsupervised clustering of pair-wise sequence sim-
ilarity data using our new and previously acquired data.

Materials and methods
Material

All animals were collected in accordance with SISBIO
license 15031-2. Medusa stages of H. antarcticus were
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collected by bottom shrimp trawls at 19 m deep along
Hall Peninsula on the southeast coast of Snow Island
in the South Shetland Islands, Antarctica
(—62°46'59.99" S —61°22'59.99" W). Eight clusters
of secondary tentacles of approximately 3mm in
length were excised from one individual and lyophi-
lized. Proteomic determination of the tentacle toxin
content was conducted because recovery of sufficient
nematocyst material was not possible. E. crocea and
T. coccinea material was collected by hand from col-
onies on mooring pontoons at the Yacht Club de
Ilhabela in Brazil (23°46'20" S, 45°2120" W).
Approximately 50 hydranths were collected from a
single colony of E. crocea and some 20 tentacles
were cut from polyps of from a single colony of T.
coccinea. Nematocysts were isolated from the dissected
tissues of both animals using previously described
methods (Weston et al. 2013).

Protein extraction

Lyophilized tentacle tissue was homogenized in
micro-centrifuge tubes using a micro-tube pestle in
an equivalent weight of ice cold lysis buffer consisting
of 100 mM Tris—HCI pH 7.5, 1% (w/v) Triton X-100,
0.2% (w/v) SDS, 300 mM NaCl, 0.2% (w/v) sodium
deoxycholate, 2x protease inhibitors, and 2x phos-
phatase inhibitors (Halt Cocktail, Thermo Fisher
Scientific Inc., Hemel Hempstead, UK). Samples
were homogenized for 1 min, and then incubated on
ice for 4 min. This was repeated over the course of
1 h. The homogenate was centrifuged at 14,000x g for
20 min at 4°C. The supernatant was transferred to a
fresh tube. An equivalent volume of lysis buffer was
then added to the collected pellet, and the pellet was
re-homogenized for 30 min. The homogenate was
again centrifuged at 14,000 xg for 20 min at 4°C.
The two supernatants containing solubilized proteins
were then combined and the proteins precipitated us-
ing a mixture of methanol, chloroform, and water.
The protein pellet was collected by centrifugation
and dried to remove excess methanol. The pellet
was solubilized in a buffer consisting of 100 mM trie-
thylammonium bicarbonate, 0.1% (w/v) SDS, and
10mM Tris (2-carboxyethyl) phosphine hydrochlo-
ride. The pellet was disrupted using a water bath
sonicator and proteins allowed to solubilize at room
temperature. An aliquot of sample was taken to mea-
sure protein concentration using the Bradford assay.

Protein preparation

A total of 300 g of protein extract was reduced by
adding 5pL of 9mM TCEP (Tris(2-carboxyethyl)-
phosphine hydrochloride) in 50mM TEAB and
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incubated for 1h at 55°C. Iodoacetamide was then
added to give a final concentration of 18 mM and
the mixture then incubated for 30 min protected
from light to alkylate proteins. In-solution digestion
was performed by adding trypsin at a weight ratio of
1:40 trypsin to protein, and then incubating the reac-
tion mixture overnight at 37°C. Trifluoroacetic acid
was added to the sample to give a final concentration
of 0.1% (v/v). The sample was desalted by solid phase
extraction using an Oasis HLB lcc, 30 mg extraction
cartridge (Waters Ltd., Hertfordshire, UK). Eluted
peptides were lyophilized and then reconstituted in
OFFGEL peptide solubilization buffer containing
1.2% (v/v) IPG buffer pH 3-10 (GE Healthcare,
Amersham, UK). Peptides were fractionated into 12
fractions using a 3100 OFFGEL Fractionator (Agilent
Technologies, Cheadle, UK) and a 13 cm Immobiline
DryStrip, pH 3-10 (GE Healthcare) for a total run
time of 20 kV h. Fractionated peptides were collected
and trifluoroacetic acid was added to each fraction to
give a final concentration of 0.1% (v/v). Fractions
were desalted for a final time with Zip Tip c¢18
(Merck Millipore Ltd, Watford, UK) and lyophilized.

LC/MS

Fractionated peptides were reconstituted in a buffer
consisting of 2% (v/v) acetonitrile and 0.1% (v/v)
formic acid. One-third of each fraction was loaded
for tandem  mass  spectrometry  analysis.
Chromatography was performed with an EASY
NanoLC (Thermo Fisher Scientific). Peptides were
resolved by reverse phase chromatography on a
50cm length, 75um internal diameter Acclaim
PepMap RSLC column (Thermo Fisher Scientific)
using a 120 min, linear gradient ranging from 10%
(v/v) to 80% (v/v) acetonitrile in 0.1% (v/v) formic
acid delivered at a flow-rate of 300 nL/min. Eluted
peptides were ionized by electrospray ionization and
analyzed using a collision induced dissociation (CID)
method on an Orbitrap Fusion (Thermo Fisher
Scientific) operating under Xcalibur v2.2. Fractions
were analyzed sequentially with a 20 min column-
wash between each fraction.

Data analysis

Mass spectrometry rawfiles were processed for data-
base spectral matching using Proteome Discoverer
v1.4 (Thermo Fisher Scientific). Mascot software
v2.2 (Matrix Science Ltd., London, UK) was used
as the search algorithm specifying the use of trypsin
as the digestion enzyme allowing up to three missed
cleavages, with oxidized-methionine as a variable
modification and carbamidomethylated-cysteine as
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a fixed modification. A precursor ion mass tolerance
of 20ppm and a fragment ion mass tolerance of
0.8Da were set. All fractions were analyzed using
Multidimensional Protein Identification Technology
(MudPIT). Spectra were searched against well anno-
tated putative animal toxins downloaded from
UniProtKB/SwissProt-ToxProt (Jungo et al. 2012).
The dataset was also searched against our custom-
built database of cnidarian toxins absent in
UniProtKB/SwissProt-ToxProt. All duplicate entries
with identical sequence or sequence identifier were
removed. Mascot search results were uploaded to
Scaffold Proteomics Data Viewer (www.proteome-
software.com) and spectra were manually validated
for unbroken series of over-lapping b-type and y-
type sequence-specific fragment ions with neutral
losses consistent with the sequence.

The peptide fragments from each validated spec-
trum used to assign annotation were taken as the
input for a unique stringent nine step process to
validate the annotation using a machine learning
tool called “ToxClassifier” that was developed to ex-
clude proteins with possible non-toxic physiological
functions (Gacesa et al. 2016).

A Venn diagram was constructed using
InteractiVenn (Heberle et al. 2015) from a matrix
of presence and absence of putative toxin protein
families, together with eight previously published
venom proteomes (Jaimes-Becerra et al. 2017), to
reflect total similarity. The previously published
venom proteomes were selected to ensure identical
bioinformatics approaches for annotating unique
MS/MS events were employed across studies. The
toxins from the combined data set were assigned
to venom toxin protein families using established
KEGG ontology. Data were coded in a matrix as
presence (1) or absence (0) of each toxin protein
family in each species (Supplementary File S1).

Comparative venom profiles

To compare the toxin diversity of cnidarian venoms
with toxin diversity of higher animals we adapted an
unsupervised clustering method based on pairwise
sequence alignment, similar to the algorithm imple-
mented in the CLANS tool for visualization of pro-
teins (Frickey and Lupas 2004). This approach was
adopted in order to deal with problems of aligning
multiple input sequences. Generating such an align-
ment for the ~7000 toxin proteins is unfeasible due
to computational costs and sequence divergence be-
tween different venom families (Frickey and Lupas
2004). Therefore, the sequence similarity of each pair
of 6812 animal venom toxin proteins (downloaded
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from UniProtKB/Swiss-Prot Tox-Prot database of
animal venoms) (Jungo et al. 2012) was calculated
as the e-value of a pairwise blastp search (Camacho
et al. 2009) to generate a similarity matrix of tox-
ins. The #-distributed stochastic neighbor embed-
ding (#-SNE) clustering (van der Maaten and
Hinton 2008) implemented in Rtsne package
(v.0.13) for statistical programming language R
(v.3.4.3) was then applied to the similarity matrix
to cluster the data and allow visualization in two
dimensions.

Results and discussion

Three new venom toxin proteomes are herein
reported for H. antarcticus (Staurozoa), E. crocea
(Hydrozoa), and T. coccinea (Anthozoa) (Table 1
and Supplementary File S2). These data were com-
bined with venom proteomes previously reported by
us or obtained from the literature (Jaimes-Becerra
et al. 2017) for the anthozoans Acropora digitifera
(a zooxanthellate scleractinian coral) and Anemonia
viridis (also zooxanthellate); the hydrozoans Hydra
magnipapillata (freshwater polyp without medusa
in the life cycle) and O. sambaquiensis (a hydrome-
dusan); the scyphozoans Aurelia aurita and
Chrysaora lactea; and the cubozoans Chiropsalmus
quadrumanus and Tamoya haplonema. The distribu-
tion of the 32 protein families now revealed by pro-
teome analyses of representatives of the major clades
of cnidarians is shown in Fig. 1. 75% (24/32) of
toxin protein families were shared between two or
more cnidarian classes. Notably, Anthozoa contained
seven of the eight unique toxin protein families.
Inclusion of the first staurozoan data did not change
previous understanding of cnidarian venom compo-
sition (Jaimes-Becerra et al. 2017), as no unique
toxin protein families were identified in H. antarcti-
cus (Fig. 1). Future work will determine if inclusion
of myxozoans alters this perspective, and to address
whether toxins in endocnidozoans
(Polypodium + Myxozoa) are deployed differently
than in free-living relatives.

To our knowledge use of the unsupervised clus-
tering approach to analyze aligned sequence pairs has
not been used previously to compare toxin compo-
sition between groups of venomous animals. Results
of our analysis (Fig. 2) demonstrated that toxins
group based on function rather than taxonomy of
the venomous animal. Additionally, clustering and
spread of individual data points demonstrated that
despite the early divergence and morphological sim-
plicity of cnidarians (Fig. 2A), toxin constituents of
cnidarians venoms are variable and complex. Indeed,
cnidarian toxins are more diverse than those of
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amphibians (Fig. 2B) and fish (Fig. 2C) and are
comparable in complexity to those of insects
(Fig. 2D), gastropods (Fig. 2E), and elapid snakes
(which includes sea snakes, Fig. 2F). They appear
to be not as complex as toxins of viperid snakes
(Fig. 2G) or arachnids (spiders, scorpions,
Fig. 2H). The complexity and diversification of cni-
darian toxins reflect a long evolutionary history as-
sociated with lifestyles involving venoms for prey
capture, competition for space (e.g., nematocysts in
acrorhagi), and other defensive interactions in both
benthic and pelagic habitats. Venom delivery in cni-
darians is unique—nematocysts deployed across ep-
ithelial surfaces can be triggered to deliver venom
collectively when prey or enemies make contact.
Venom delivery in other animals tends to involve a
point source, i.e., single or paired delivery devices
situated anteriorly or posteriorly. The cnidarian de-
livery arrangement may facilitate immediate
responses in morphologically simple animals that
lack central nervous systems and hence have a lim-
ited ability to perceive threats and opportunities.
Nematocyst types and distribution are useful for
cnidarian classification (Weill 1934; Ostman 2000;
Acuna et al. 2003) and phylogenetics (Marques and
Collins 2004), and there is some evidence that nem-
atocysts differing in size or shape might differ in
venom composition (Macrander et al. 2016;
Columbus-Shenkar et al. 2018). Alternatively, venom
composition may alter according to requirements,
for example prey type, as in snakes (Panagides
et al. 2017). A recent quantitative proteomics study
provides evidence against the scenario of venom var-
iation with nematocyst type. Doonan et al. (2019)
determined the variety and relative abundance of
toxins present in enriched preparations of two nem-
atocyst types with different penetrative abilities
(microbasic mastigophore and microbasic eurytele
capsules) isolated from tentacles of the medusa stage
of the hydrozoan O. sambaquiensis. Venom compo-
sition of the nematocyst types was determined to be
nearly identical, and there was little difference in
toxin abundance. An emerging hypothesis from this
study is that different nematocyst types deliver a sin-
gle venom. Perhaps at least for some nematocyst
types it is advantageous to produce a standard
venom cocktail given the range of opportunities
and threats that cnidarians may encounter.
Morphologically more sophisticated animals with
central nervous systems might be more prone to
produce variable venoms that are suited to capture
specific prey that can be perceived, tracked, and tar-
geted. Evidence for tissue-specific toxicity (Kass-
Simon and Scappaticci 2002; Fautin 2009) however,
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Table 1 Potential venom toxins of Haliclystus antarcticus, Ectopleura crocea, and Tubastraea coccinea venoms

Peptide

Haliclystus antarcticus

Protein family

UniProt accession
number

Animal with closest similarity

DELTA-actitoxin-Ucs1a

A. superbus venom factor 1
Cobra venom factor
Conotoxin Lt%a
Turripeptide OL172
Cysteine-rich venom protein natrin-1
Venom allergen 5
Hyaluronidase
Hyaluronidase

Inactive hyaluronidase B
Toxin CfTX-2

Kunitz-type serine protease inhibitor
U1-aranetoxin-Avla

M-zodatoxin-Lt4b

Alpha-latroinsectotoxin-Lt1a (Fragment)
Delta-latroinsectotoxin-Lt1a

Coagulation factor X-activating enzyme heavy chain
Metalloproteinase

Metalloproteinase 5

Snake venom metalloproteinase
(Type 1ll) 6

SVMP-CohPH-2
Venom metalloproteinase 2
Zinc metalloproteinase homolog-disintegrin albolatin

Zinc metalloproteinase-disintegrin-like
atrolysin-A

Phospholipase A1

Beta-fibrinogenase stejnefibrase-2
Serine protease sp-Eoc49

Snake venom serine protease KN5
Snake venom serine proteinase 14
Venom plasminogen activator GPV-PA
Venom plasminogen activator TSV-PA
Basic phospholipase A2 nigroxin B
Phospholipase D LbSicTox-betalAla

Phospholipase D LiSicTox-alphal-1
(Fragment)

Phospholipase D LruSicTox-alphalC1a
(Fragment)

Phospholipase D StSicTox-betalC1
(Fragment)

Phospholipase D StSicTox-betalF1
(Fragment)

Snaclec mamushigin subunit alpha

Actinoporin
Complement C3
Complement C3
Conotoxin P superfamily
Conotoxin-like

CRISP

CRISP

Glycosyl hydrolase 56
Glycosyl hydrolase 56
Glycosyl hydrolase 56
Jellyfish toxin
Kunitz-type

Latarcin
Latrotoxin
Latrotoxin
Metalloproteinase
Metalloproteinase
Metalloproteinase

Metalloproteinase

Metalloproteinase
Metalloproteinase
Metalloproteinase

Metalloproteinase

Lipase

Peptidase S1
Peptidase S1
Peptidase S1
Peptidase S1
Peptidase S1
Peptidase S1
Phospholipase A2
Phospholipase D
Phospholipase D

Phospholipase D

Phospholipase D

Phospholipase D

Snaclec

C9EICT
Q0ZZJ6
Q91132
Q212P4
PODKP4
Q7T1Ké
P35784
Q08169
P86687
Q5D7H4
A7L036
Q8T3s7

QTELU4
Q02989
Q25338
Q7T046
E9JGH2
F85106
J3RY90

T1DEB4
BSAJT3

POC6B6
Q92043

POCH87
Q8AY79
B5U6Y3
Q71Ql4
J3SDW9
PODJF5
Q91516
P81166
Q5YD76
POC2LO

COJB03

COJB39

COJB54

Q9YGG9

Urticina crassicornis
Austrelaps superbus
Naja kaouthia
Conus litteratus
Lophiotoma olangoensis
Naja naja

Vespula germanica
Apis mellifera
Polybia paulista
Vespula vulgaris
Chironex fleckeri

Araneus ventricosus

Lachesana tarabaevi
Latrodectus tredecimguttatus
Latrodectus tredecimguttatus
Macrovipera lebetina

Echis carinatus sochureki
Crotalus adamanteus

Gloydius brevicaudus

Crotalus oreganus helleri
Eulophus pennicornis
Trimeresurus albolabris

Crotalus atrox

Vespa crabro

Heloderma horridum horridum
Echis ocellatus

Trimeresurus stejnegeri
Crotalus adamanteus
Trimeresurus albolabris
Trimeresurus stejnegeri
Micrurus nigrocinctus
Loxosceles boneti

Loxosceles intermedia

Loxosceles rufescens

Sicarius terrosus

Sicarius terrosus

Gloydius blomhoffii

(continued)
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Table 1 Continued

A. Jaimes-Becerra et al.

Peptide

Haliclystus antarcticus

Protein family

UniProt accession
number

Animal with closest similarity

Ectopleura crocea

A. superbus venom factor 1 Complement C3 Q0ZzZ)6 Austrelaps superbus
Cobra venom factor Complement C3 Q91132 Naja kaouthia
Venom allergen 5 CRISP P35780 Polistes fuscatus
Alpha-latrocrustotoxin-Lt1a Latrotoxin Q9XZCo Latrodectus tredecimguttatus
Alpha-latroinsectotoxin-Lt1a Latrotoxin Q02989 Latrodectus tredecimguttatus
Alpha-latrotoxin-Lh1a Latrotoxin GOLXV8 Latrodectus hasseltii
Alpha-latrotoxin-Lhe1a Latrotoxin PODJE3 Latrodectus hesperus
Venom metalloproteinase antarease Metalloproteinase P86392 Tityus serrulatus
TserMP_A
Zinc metalloproteinase-disintegrin-like Metalloproteinase Q2UXQ5 Echis ocellatus
EoVMP2
Zinc metalloproteinase-disintegrin-like Metalloproteinase Q4VMO7 Macrovipera lebetina
VLAIP-B
Bradykinin-potentiating and C-type Natriuretic peptide Q2PE51 Crotalus durissus collilineatus
natriuretic peptides
C-type natriuretic peptide Natriuretic peptide QO09GK2 Philodryas olfersii
Natriuretic peptide Natriuretic peptide D1MZV3 Rhabdophis tigrinus tigrinus
Natriuretic peptide BM026 Natriuretic peptide PODMD5 Bungarus multicinctus
Phospholipase D LhSicTox-alphalllli Phospholipase D Q81914 Loxosceles laeta
Phospholipase D LiSicTox-betallB1bx Phospholipase D COJB84 Sicarius cf. damarensis
Protein C activator Peptidase S1 P09872 Agkistrodon contortrix contortrix
Serine protease harobin Peptidase S1 Q5MCS0 Hydrophis hardwickii
Snake venom serine protease 2 Peptidase S1 Q9DFé67 Protobothrops jerdonii
Venom prothrombin activator Peptidase S1 Q56VR3 Pseduonaja textilis
pseutarin-C catalytic subunit
Stonustoxin subunit alpha SNTX/NTX Q98989 Synanceia horrida
DELTA-alicitoxin-Pse2b MAC-PF P58912 Phyllodiscus semoni
Tubastraea coccinea
Calglandulin Calmodulin adi_v1.03437 Acropora digitifera
Calglandulin Calmodulin adi_v1.01102 Acropora digitifera
Alpha-conotoxin Conotoxin A superfamily R4IKW2 Conus ebraeus
Conotoxin TsMLKM-02 Conotoxin M superfamily Q9BPH4 Conus tessulatus
Venom allergen 5 CRISP B2MVK7 Rynchium brunneum
L-amino-acid oxidase Flavin monoamine oxidase Q4JHE3 Oxyuranus scutellatus scutellatus
Hyaluronidase A Glycosyl hydrolase 56 P49370 Vespula vulgaris
Alpha-latrotoxin-Lh1a Latrotoxin GOLXV8 Latrodectus hasselti
Metalloproteinase Metalloproteinase E9)G33 Echis carinatus sochureki
Zinc metalloproteinase-disintegrin- Metalloproteinase 042138 Agkistrodon contortrix laticinctus
like ACLD
Q-theraphotoxin-Hs1a Neurotoxin 36 P68424 Haplopelma schmidti
Coagulation factor X isoform 2 Peptidase S1 Q1L658 Pseudonaja textilis
Peroxiredoxin-4 Peroxiredoxin POCV91 Crotalus atrox

(continued)
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Haliclystus antarcticus

UniProt accession

Peptide Protein family number Animal with closest similarity
Basic phospholipase A2 pseudexin A chain Phospholipase A2 P20258 Pseudechis porphyriacus
Phospholipase D SpaSicTox-betalF1 Phospholipase D C0JB52 Sicarius patagonicus
Waprin-Phi1 Snake Waprin A7X4K1 Philodryas olfersii

Stonustoxin subunit-o SNTX/NTX Q98989 Synanceia horrida

Three finger toxin Snake three finger AOAQ98LYI1 Pantherophis guttatus

Putative toxins were identified by homology of peptide sequences obtained from de novo sequencing of unique MS/MS events with known
animal venom toxins. Venomous animals and their toxins with closest sequence similarity are given together with the corresponding UniProt

accession number.

Kunitz-type / 0
Latarcin /

>,

Glycosyl Hydrolase 56
Peptidase S1
Snaclec

Conotoxins oy
CRISP ‘

Latrotoxin

Lipase
Metalloproteinase
Phospholipase A2/
Phospholipase D /

Actinoporin

Jellyfish Toxins

\ Complement C3

Potassium Channel Blocker
Sodium Channel Inhibitor

Flavin monoamine oxidase
Snake three-finger

Fig. 1 Comparison of the putative venom proteomes from the discharged nematocysts of 11 cnidarians. The Venn diagram shows the
number of toxin protein families shared among the major free-living cnidarian classes. Overall, 75% of the toxin protein families were shared
by two or more classes. Only 25% (8/32) of the toxin protein families were unique to a single class, with 88% (7/8) unique to the Anthozoa.

suggests that cnidarians may vary venom content
according to variation in activities associated with
internal and external epithelial surfaces.

Conclusions and closing remarks

Further scrutiny of cnidarian venom diversity, vari-
ation among nematocyst types and distributions in

body regions may provide insights into venom evo-
lution within cnidarians and other metazoans.
Results to date suggest little variation in venom com-
position between nematocyst types or according to
phylogeny, although the abundance of some toxins
may vary. How toxin abundances can be “tweaked”
remains elusive, and it is unclear if shifts in toxin
abundance influence behavior or whether behavior
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Fig. 2 Cluster free comparison of venom toxin composition
between major phyla of venomous animals. The comparison was
made using t-SNE clustering of over 6000 animal venom toxins
deposited in the UniProtKB/SwissProt-ToxProt based on a blastp-
generated distance matrix. Toxins with similar sequence can be
reduced to single data points. Data points that group closely are
indicative of toxins with similar predicted biological functions.
The greater the spread of data points the more broad spectrum
the venom of a particular taxon is forecast to possess. Despite
the early divergence of A) cnidarians, their venoms appear more
complex than B) amphibians and C) fish, and are just as diverse
as D) insects, E) gastropods, and F) elapid snakes; but not as
complicated as the venom of G) vipers and H) arachnids.

triggers regulation of toxin expression at the gene,
transcript, or protein level.

Further investigation of cnidarian venoms could
lead to discovery of novel therapeutic peptides of
pharmaceutical interest since LC/MS/MS data that
we and others have acquired also contain many

A. Jaimes-Becerra et al.

high-quality MS/MS spectra that remain unassigned
(Madio et al. 2017). Future research is required to
integrate de-novo peptide sequencing with homology
matching to other datasets in order to assign sequen-
ces to tandem mass spectra that at present are rou-
tinely discarded. Identifying venom diversity is also
challenging because of constraints in assigning bio-
logical function to sequence data solely using homol-
ogy searching without experimental validation.
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