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Abstract

Many jellyfish species areknowntocauseapainful sting, butbox jellyfish (classCubozoa) areawell-knowndanger tohumansdue to

exceptionally potent venoms. Cubozoan toxicity has been attributed to the presence and abundance of cnidarian-specific pore-

forming toxins called jellyfish toxins (JFTs), which are highly hemolytic and cardiotoxic. However, JFTs have also been found in other

cnidarians outside of Cubozoa, and no comprehensive analysis of their phylogenetic distribution has been conducted to date. Here,

we present a thorough annotation of JFTs from 147 cnidarian transcriptomes and document 111 novel putative JFTs from over 20

species within Medusozoa. Phylogenetic analyses show that JFTs form two distinct clades, which we call JFT-1 and JFT-2. JFT-1

includesall knownpotent cubozoan toxins, as well as hydrozoan and scyphozoan representatives, some of whichwere derived from

medically relevant species. JFT-2 contains primarily uncharacterized JFTs. Although our analyses detected broad purifying selection

across JFTs, we found that a subset of cubozoan JFT-1 sequences are influenced by gene-wide episodic positive selection compared

with homologous toxins from other taxonomic groups. This suggests that duplication followed by neofunctionalization or sub-

functionalization as a potential mechanism for the highly potent venom in cubozoans. Additionally, published RNA-seq data from

several medusozoan species indicate that JFTs are differentially expressed, spatially and temporally, between functionally distinct

tissues. Overall, our findings suggest a complex evolutionary history of JFTs involving duplication and selection that may have led to

functional diversification, including variability in toxin potency and specificity.

Significance

Medically relevant jellyfish, primarily cubozoans, are known to possess highly hemolytic and cardiotoxic pore-forming

toxins called jellyfish toxins, but the diversity of these toxins and the extent of their distribution across Cnidaria is

unclear. Our analyses of publicly available transcriptomes show that these toxins are widely distributed across the

cnidarian subphylum Medusozoa, with rampant duplication followed by episodic gene-wide positive selection within

the highly toxic Cubozoa. These findings provide a framework to better understand the evolutionary history of jellyfish

toxins across Medusozoa, and specifically highlight how these widespread medusozoan toxins may have evolved to be

particularly dominant and potent in cubozoan venoms.

� The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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Introduction

Cnidarians possess a remarkable ability to catch and subdue

prey due to a complex cocktail of toxins known as venom,

which is concentrated in a unique delivery apparatus called a

nematocyst housed within cells called nematocytes. Among

the three major cnidarian clades, anthozoans (anemones,

stony corals, octocorals, etc.) dominantly display low-

molecular weight neurotoxins within their venoms, whereas

medusozoan (jellyfish, box jellies, and hydroids) venoms con-

tain comparatively more cytolytic and enzymatic proteins

(Hessinger 1988; Rachamim et al. 2015), though there is a

sampling bias in cnidarian venoms toward anthozoans

(Ashwood et al. 2020). The third cnidarian clade, the parasitic

Endocnidozoa (Chang et al. 2015; Kayal et al. 2018), does not

appear to express any venom (Turk and Kem 2009), though

research into this question is still ongoing. Among the most

notorious and emblematic cnidarians, in terms of human en-

venomation, are the jellyfish-bearing species of the clade

Medusozoa, which includes the classes Scyphozoa (true jelly-

fish), Cubozoa (box jellyfish), Staurozoa (stalked jellyfish), and

Hydrozoa (hydroids, hydromedusae, and siphonophores)

(fig. 1). Human encounters with some medusozoan species

can result in painful and sometimes medically dangerous,

stings. Many jellyfish species known to be especially harmful

to humans belong to the class Cubozoa or box jellyfish

(Yanagihara et al. 2016). Envenomation from some box jelly-

fish species can cause cutaneous pain, tissue necrosis, intense

immunological responses, and cardiovascular or respiratory

complications severe enough to be fatal (Fenner and

Williamson 1996; Brinkman and Burnell 2009; Turk and

Kem 2009; Yanagihara et al. 2016).

The harmful effects of cubozoan envenomations have

been linked to the presence of a specific family of pore-

forming toxins (PFTs), described as the most potent cnidarian

toxin families currently known (Jouiaei, Yanagihara, et al.

2015). Broadly, PFTs are cytolytic proteins that disrupt the

cell membrane through the creation of pores, typically in

three sequential steps as follows: 1) soluble monomeric pro-

tein units are synthesized and released by the organism, 2)

bind to the lipids of the target membrane cell, where they

form a nonfunctional oligomer complex (often called a pre-

pore), and 3) conformational changes in the prepore allow

the membrane–bound complex to insert into the cell mem-

brane (Anderluh and Lakey 2008). A cnidarian-specific PFT

family called the jellyfish toxins or JFTs (�40–50 kDa) was first

identified in several cubozoan species (reviewed in Nagai

2003): CrTX-A from Carybdea brevipedalia Kishinouye,

1891 (Nagai, Takuwa-Kuroda, et al. 2000), CaTX-A from

Alatina alata Reynaud, 1830 (Nagai, Takuwa-Kuroda,

Nakao, et al. 2000), and CqTX-A from Chironex yamaguchii

(Lewis and Bentlage, 2009; Nagai et al. 2002). Of note, cubo-

zoan species names used throughout this study reflect

updated taxonomic understanding (Lewis and Bentlage

2009; Bentlage et al. 2010; Toshino et al. 2015; Lawley et

al. 2016). Several toxins within this family were subsequently

cloned from the Australian sea wasp Chironex fleckeri

Southcott, 1956, a cubozoan notoriously dangerous to

humans, including CfTX-1, CfTX-2 (Brinkman and Burnell

2007), CfTX-A, and CfTX-B (Brinkman et al. 2014). A total

of 15 JFT isoforms were described in the transcriptome for C.

fleckeri, 13 of which were also identified through proteomic

analysis (Brinkman et al. 2015), whereas transcriptomic anal-

yses recovered 11 homologs from the cubozoan A. alata

(Lewis Ames et al. 2016). A list of previously characterized

toxins that were reported as putative JFTs are shown in sup-

plementary table S1, Supplementary Material online.

PFTs can adopt two conformations, both of which are pre-

sent in bacteria and metazoans (Peraro and van der Goot

2016): a b-barrel pore (b-PFTs) or variable clusters of a-helices

that form a barrel structure (a-PFTs). Structural models for JFTs

from C. fleckeri showed the greatest structural homology to

the N-terminal domain of insecticidal 3d-Cry toxins found in

the Gram-positive soil-dwelling bacterium Bacillus thuringien-

sis, suggesting a pore-formation mechanism through a-heli-

ces (Brinkman and Burnell 2007, 2009). A structural analysis

of a partial CfTX-1 peptide (CfTX-122-47) spanning the pred-

icated amphiphilic a-helix region (residues 24-33) did not form

an a-helix in isolation, but the authors note that further work

on the full-length protein will be needed to confirm that this

region does not form a helical structure (Andreosso et al.

2018). The same study showed that a different partial peptide

(CfTX-173-100) in a predicted transmembrane motif displayed

the expected structural and behavioral features for a mem-

brane spanning region, which may be involved in the pore-

forming mechanism (Andreosso et al. 2018). In the case of

bioactivity, pore formation by JFTs was further supported by

the observation of 12 nm (internal diameter) pores in human

red blood cells exposed to JFTs (called porins) from C. fleckeri

and A. alata (Yanagihara and Shohet 2012). Although cubo-

zoan JFTs appear to share these putative a-helix and trans-

membrane regions, phylogenetic analysis of the protein

sequences suggested a further split into two major groups:

Type I (exemplified by CfTX-1/2) and Type II (exemplified by

CfTX-A/B) (Brinkman et al. 2014). Antibodies against Type I

and Type II toxins are not cross-reactive, suggesting some

unique structural features distinguish each group (Brinkman

et al. 2014).

Within functionally characterized cubozoan JFTs, there is

clear variation in both intensity and specificity of their pore-

forming properties. For instance, CfTX-A/B (Type II) toxins
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displayed at least 30 times more hemolytic activity compared

with CfTX-1/2 (Type I); however, CfTX-1/2 induces rapid car-

diovascular failure in rats compared with the relatively little

cardiovascular activity disruption observed with similar con-

centrations of CfTX-A/B (Brinkman et al. 2014). The substan-

tial reactivity of Type I toxins against vertebrate cardiac cells

suggests that they play a key role in human envenomation, as

illustrated by the intense cardiovascular issues observed in

reported cases of C. fleckeri stings (Brinkman et al. 2014).

The initial functional assays for CrTX-A, CaTX-A, and CqTX-

A toxins indicated variable levels of hemolytic activity (EC50 �
2, 70, 160 ng/ml, respectively) and lethality to crayfish (LD50

� 5, 5–25, 80 lg/kg, respectively) (Nagai 2003), as well as

cutaneous inflammation (likely leading to necrosis) and lethal-

ity in mice in the case of CrTX-A (LD50 � 20 lg/kg) (Nagai,

Takuwa-Kuroda, et al. 2000). Both Type II toxins display po-

tent hemolytic activity consistent with findings from Type II

toxins in C. fleckeri. The high potency in crayfish lethality

assays may indicate a greater effect of Type II toxins on crus-

taceans and other major invertebrates, which are common

prey items for cubozoans (Hamner et al. 1995; Lewis Ames

and Macrander 2016). Although the Type I toxin CqTX-A

appears to be comparatively less potent in both assays, C.

yamaguchii stings have previously caused deaths from cardiac

collapse (Fenner and Williamson 1996; Nagai et al. 2002;

Nagai 2003), which is consistent with findings of Type I toxins

in C. fleckeri.

Though JFTs were previously assumed to be specific to

cubozoans, they have recently been identified in scyphozo-

ans, such as Aurelia spp. (Rachamim et al. 2015; Gold et al.

2019), Cassiopea xamachana Bigelow, 1892 (Ames, Klompen

et al. 2020), Cyanea capillata (Linnaeus, 1758) (Lassen et al.

2011), Nemopilema nomurai Kishinouye, 1922 (Li et al. 2014

as Stomolophus meleagris, Wang et al. 2018, but see Li et al.

2020), and Chrysaora fuscescens Brandt, 1835 (Ponce et al.

2016), and the hydrozoan Hydra vulgaris Pallas, 1766 (as H.

magnipapillata) (Balasubramanian et al. 2012; Rachamim et

al. 2015) (see additional examples in supplementary table S1,

Supplementary Material online). Although a small number of

predicted genes or transcripts of putative JFTs have been

found in anthozoans (Rachamim et al. 2015; Gacesa et al.

2015; Surm et al. 2019; Klompen et al. 2020), no matching

peptides have been identified using proteomic analyses of

extracted crude venom or tentacle tissue from this clade, cast-

ing doubt that these are true toxin-coding genes. The appar-

ent restriction of JFTs to medusozoan venoms resulted in the

current nomenclature of “jellyfish toxins” (Jouiaei,

Yanagihara, et al. 2015), though several different names

have been used over the last two decades (table 1). The pres-

ence of JFT’s in other medusozoan species, in particular, those

that are mild or harmless to humans, complicates the narra-

tive that these toxins are solely responsible for the potent sting

of cubozoans. More recently, it has been suggested that the

potency of cubozoan venoms could be related to the follow-

ing two factors: 1) the dominance (i.e., relatively high abun-

dance) of JFT orthologs in the venom profile, as observed in

the cubozoan C. fleckeri and 2) an expansion of JFT orthologs

and, hypothetically, subsequent functional diversification

(Brinkman et al. 2014, 2015).

JFT gene duplication and subsequent alteration of function

is consistent with previous studies that show venom genes

can evolve through the duplication of physiologically impor-

tant and conserved gene families, which undergo subfunc-

tionalization (partition of ancestral function) or

neofunctionalization (obtaining a new function) through var-

ious molecular evolutionary mechanisms (Sunagar et al.

2014). Previous work on anthozoans has shown that duplica-

tion plays an important role in the venom repertoire of this

cnidarian group (Gacesa et al. 2015; Surm et al. 2019), and

that duplicated toxins with similar or newly evolved functions

may become differentially expressed in distinct tissues and/or

across life stages (e.g., Surm et al. 2019). This general process

of gene duplication followed by neo- or subfunctionalization

has been shown exceptionally clearly in the starlet sea anem-

one Nematostella vectensis, Stephenson, 1935, including the

NEP3 family across different nematocyte subpopulations

(Columbus-Shenkar et al. 2018) and Nv1 family across various

life stages and cell types (Sachkova et al. 2019). In particular,

the Nv1 derived toxins Nv4 and Nv5 showed a dramatic

change in function: while Nv1 is active against arthropod so-

dium channels, Nv4/Nv5 toxins are active against fish via an

unknown receptor (Sachkova et al. 2019). In the case of

cubozoan JFTs, whose ecological role is unknown but as-

sumed to be for predation, the presence of multiple orthologs

could reflect a shift in cubozoan behavior toward hunting and

FIG. 1.—Simplified phylogenetic tree of Cnidaria. Based on Zapata et

al. (2015) and Kayal et al. (2018), excluding the Endocnidozoa.
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a shift in diet toward vertebrate prey (e.g., fish) (Lewis Ames

and Macrander 2016). Thus, neo- and/or subfunctionalization

of duplicated toxin genes might also inform the evolution of

medusozoan ecological interactions, such as dietary changes

or defense against specific predators.

The emerging evidence that the JFT family evolved through

gene duplication and subsequent functional diversification

makes this family an ideal model to investigate the molecular

evolutionary mechanisms underlying the evolution of ecolog-

ical interactions across Medusozoa, including groups with ex-

treme toxicity. Previous work has shown that genes coding for

toxins of early diverging lineages of venomous organisms ex-

perience greater purifying selection than those of more re-

cently diverged venomous clades (Sunagar and Moran 2015),

which has also been suggested in more focused studies on

cnidarian venoms (Rachamim et al. 2015, Jouiaei, Sunagar, et

al. 2015). Jouiaei, Sunagar, et al. (2015) specifically tested the

influence of selection on a subset of JFTs and found that this

family was influenced by negative (purifying) selection,

though one test suggested up to 17 sites across these sequen-

ces were influenced by episodic periods of positive (diversify-

ing) selection. On the one hand, the high level of structural

conservation across diverse PFT families to create pores sug-

gests that the observed purifying selection in JFTs is likely re-

lated to the preservation of pore-forming activity (Jouiaei,

Sunagar, et al. 2015). However, the diversity of JFT specificity

toward different cell targets implies diversifying selection pres-

sure on functional regions or sites responsible for cell specific-

ity (Brinkman et al. 2014; Podobnik and Anderluh 2017). A

better understanding of JFT gene family evolution across

medusozoans could not only provide a framework for under-

standing the variable potency of these toxins, but could also

more broadly explain why some cubozoans are such

dangerous stingers for humans. The structural novelty of

these PFTs (as well as other cnidarian toxins) could lead to

the development of novel therapeutic drugs or other benefi-

cial research tools (Mariottini and Pane 2013; Herzig et al.

2020).

Here, we explored all available cnidarian transcriptome

data to identify and annotate putative JFT genes and classified

them within a phylogenetic framework. Using our well-

supported gene tree, we investigated the molecular evolution

of these genes to determine the potential role of positive se-

lection for various subgroups. Additionally, we investigated

temporal and spatial variation in the expression of JFTs be-

tween functionally distinct tissues across several species.

Results

Identification and Annotation of Novel Candidate JFTs

From an initial search of predicted open readings frames

(ORFs) from 147 transcriptome assemblies (supplementary ta-

ble S2, Supplementary Material online), we captured 293 total

potential JFT candidate genes after removing redundant

sequences (supplementary table S3, Supplementary Material

online), and before our stringent filtering step (see the custom

bioinformatic pipeline described in fig. 2). The final data set

consisted of 124 sequences, of which 111 are novel putative

JFTs from over 20 species of medusozoans selected for phy-

logenetic analyses (supplementary table S3, Supplementary

Material online). JFT-like toxin sequences that have previously

been reported for C. capillata (Liu et al. 2015, but see Wang et

al. 2018) and Nemopilema nomurai (Li et al. 2014, Wang et

al. 2018) were not included in our analyses as they were re-

covered as partial sequences and did not meet the more

Table 1

Past and Current Nomenclature for Jellyfish Toxin Family

References Nomenclature of Protein Group

Klompen et al. (2020) Jellyfish toxins

Surm et al. (2019) Jellyfish toxins

Andreosso et al. (2018) CfTX protein toxins

Podobnik and Anderluh (2017) Three-domain Cry-like toxin

Jaimes-Becerra et al. (2017) Jellyfish toxins

Lewis Ames et al. (2016), Ames and Klompen et al. (2020) CaTX/CrTX toxin family

Ponce et al. (2016) Box jellyfish toxins

Jouiaei, Sunagar, et al. (2015) and Jouiaei, Yanagihara, et al. (2015) Jellyfish toxins

Brinkman et al. (2015) CfTXs, CxTX

Rachamim et al. (2015) CaTX-like

Brinkman et al. (2014) CfTX-like

Yanagihara and Shohet (2012) Porins

Badr�e (2014) CaTX/CrTX toxin family

Anderluh et al. (2011) Box jellyfish and jellyfish cytolytic toxins

Brinkman and Burnell (2007, 2008) Box jellyfish toxins

Sher et al. (2005) CaTX-like

Nagai (2003) Box jellyfish toxin family
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stringent criteria of our annotation pipeline. Similarly, we only

retained two complete toxins out of the 15 previously

reported by Brinkman et al. (2015) in C. fleckeri (not including

the references JFT sequences derived from C. fleckeri). Several

conserved motifs were identified among the JFT set (111

novel toxins þ 13 references JFTs) that are similar to con-

served regions described in previously reported JFTs from

cubozoans (Brinkman et al. 2014), including a previously iden-

tified predicted transmembrane domain region (supplemen-

tary fig. S1 and table S4, Supplementary Material online).

However, no other distinguishable domain of known function

shared between all JFT sequences was detected using MEME-

suite, and outside the putative a-helical region and transmem-

brane domain, no distinct domain or domain architecture has

been reported for JFTs, further validated by our own search of

these 124 sequences against the Pfam database (supplemen-

tary table S4, Supplementary Material online).

We identified 15 putative JFTs from ten species of antho-

zoans that passed our filtering criteria, including four recently

reported sequences from three ceriantharian (tube ane-

mones) species (Klompen et al. 2020). Preliminary phyloge-

netic analyses did not recover stable placement for the

anthozoan sequences, with low bootstrap support for many

of the clades and little discernable taxonomic patterns. When

Cry toxins were included as the root, all anthozoan sequences

except the stony corals Madracis auretenra Weil and Coates,

2007 and Stylophora pistillata Esper, 1797 were weakly clus-

tered (bootstrap support ¼ 42) as a sister-clade to JFT-1 (see

below) (bootstrap support ¼ 36); when Cry toxins were not

included and the sequences from M. auretenura and S. pis-

tillata were used as the root the anthozoan cluster was better

resolved (bootstrap ¼ 100), but the clade remained weakly

placed as sister to JFT-1 (bootstrap support ¼ 27) and the

cerianthid sequence from Pachycerianthus cf. maua

(Carlgren, 1900) was very weakly placed in the same clade

as the Atolla vanhoeffeni Russell, 1957 sequences (bootstrap

support¼ 11) (supplementary figs. S2 and S3, Supplementary

Material online). To the best of our knowledge, predicted JFT-

like genes from anthozoans have only been identified via ge-

nomic (e.g., Gacesa et al. 2015) and transcriptomic studies

(e.g., Rachamim et al. 2015; Surm et al. 2019; Klompen et al.

2020), with no JFT-like peptides isolated from proteomic anal-

yses that included anthozoan venoms (e.g., Rachamim et al

2015; Surm et al. 2019). Given that current evidence does not

support anthozoans possessing JFT-like toxins in their venoms,

our study focused on medusozoan JFT-like candidates.

Phylogenetic Analysis Reveals Two Main Groups of JFTs

The maximum likelihood (ML) gene phylogeny partitioned

JFTs into two major groups, referred hereafter as JFT-1 (boot-

strap support ¼ 97) and JFT-2 (bootstrap support ¼ 99), re-

spectively (fig. 3), which is consistent with previous studies

that had less extensive gene sampling and less stringent filter-

ing criteria (Brinkman et al. 2015; Lewis Ames et al. 2016).

Within JFT-1, we recovered three separate clades named

JFT-1a, -1b, and -1c with high support values (100, 95, and

98, respectively; fig. 3). JFT-1a represents two paralogs from

A. vanhoeffeni, the only representative coronate scyphozoan.

JFT-1b contains a large set of cubozoan-only JFT genes, in-

cluding two subclades that roughly correspond to the Type I

and Type II subfamilies previously described by Brinkman et al.

(2014) (fig. 3). All previously described cubozoan toxins that

have biochemically supported evidence of a pore-forming ac-

tivity (e.g., CaTX-A, CrTX-1, CqTX-1, CfTX-A, CfTX-B, CfTX-1,

and CfTX-2) were recovered within the JFT-1b clade. JFT-1c

contains sequences from cubozoans, hydrozoans, and scy-

phozoans. The three cubozoan JFT-1c sequences are from

Morbakka virulenta (Kishinouyea, 1920) (n¼ 2) and C. yama-

guchii (n¼ 1), and both species also have multiple orthologs

in other JFT clades across the tree (fig. 3). The scyphozoans in

JFT-1c included a previously described Chrysaora fuscescens

toxin, Cfus-TX1 (Ponce et al. 2016), two toxins from the pol-

yps of Aurelia aurita (Linnaeus, 1785) (Toxin 1 and Toxin 2)

(The UniProt Consortium 2019), and a recently described

toxin from Cassiopea xamachana (CassTX-B) (Ames and

Klompen et al. 2020), as well as additional sequences from

Aurelia spp. and C. nozakii.

FIG. 2.—Custom bioinformatic pipeline used in this study to identify

and filter novel JFT-like genes within publicly available transcriptome data.
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FIG. 3.—Maximum likelihood phylogeny of medusozoan JFT genes in this study. Phylogeny was constructed using RAxML and 500 rapid bootstrap

replicates (all shown). Bolded sequences are previously identified JFTs or JFT-like sequences. Stared sequences (*) indicate those added based on proteomic

evidence. Blue ¼ Hydrozoa, yellow ¼ Scyphozoa, red ¼ Cubozoa. Maximum bootstraps support values (100) are indicated as black dots.
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JFT-2 was divided into three groups: 1) a strongly sup-

ported clade (bootstrap support ¼ 86) of exclusively hydro-

zoan sequences (JFT-2a); 2) a strongly supported clade

(bootstrap support ¼ 100) containing well-supported sub-

clades of hydrozoans, scyphozoans and cubozoans sequences

(JFT-2b); and 3) a weakly supported (bootstrap support¼ 53)

clade of hydrozoan sequences (JFT-2-like) sister to JFT-2b (fig.

3). JFT-2b is divided into two strongly supported subclades

(bootstrap support ¼ 100): a cubozoan-only clade that

includes putative toxins from A. alata, Copula sivickisi

(Stiasny, 1926), and a single M. virulenta sequence and a

scyphozoan-only clade represented by several Aurelia spp.

and a single Sanderia malayensis Goette, 1886 sequence

rooted by sequences from the trachyline hydrozoan

Craspedacusta sowerbyi Lankester, 1880. In contrast to JFT-

1 where hydrozoan representatives were restricted to hydrac-

tiniids, 12 species belonging to 6 hydrozoan families were

represented in JFT-2. Proteomic-level isolation of JFT-2 toxins

are limited to two peptides from H. vulgaris identified within

the nematocyst proteome (Balasubramanian et al. 2012),

both of which fall in JFT-2a.

Influence of Gene-Specific Episodic Positive Selection on
Cubozoan Toxins

Overall, the dN/dS ratio for sequences within the phylogeny

was consistently <1, suggesting that the JFT toxin family is

broadly under negative selection (fig. 4). The dN/dS ratio is

lower for JFT-1 (x¼ 0.1678) compared with JFT-2

(x¼ 0.2172), and JFT-1b (x¼ 0.1487) compared with JFT-

1c (x ¼ 0.1967), suggesting that negative selection may

be acting more strongly on these cubozoan-dominant clades.

However, to explicitly test for positive selection, we used

gene-specific and branch-specific (i.e., branch-site) tests as

implemented via HyPhy (Kosakovsky Pond et al. 2020), with

the hypothesis that cubozoan-specific JFTs have undergone

episodic positive selection across specific sites compared with

other taxonomic groups.

Using the Branch-Site Unrestricted Statistical Test for

Episodic Diversification (BUSTED) test, we found evidence of

episodic gene-wide positive selection across the cubozoan-

only JFT-1b clade when compared with JFT-1c (FDR-corrected

P-value¼ 0.000 across all three subsets) but not when JFT-1c

is compared with JFT-1b (FDR-corrected P-value �0.1901).

This indicates that at least one site on at least one branch of

the cubozoan-dominated JFT-1b subclade has undergone

positive selection compared with the scyphozoan and hydro-

zoan JFT-1c branches and genes. Using RELAX, we found

selection was intensified in JFT-1b versus JFT-1c in all three

subsets (FDR-corrected P-value �0.0474; fig. 4), suggesting

that the cubozoan JFT-1b lineages have undergone episodic

positive selection followed by intensification of selection.

Using BUSTED and RELAX on the three larger clades (i.e.,

JFT-1 vs. JFT-2, JFT-2 vs. JFT-1, and JFTs overall) indicated all

of these groups display a degree of gene-wide positive selec-

tion (FDR-corrected P-values �0.0339; fig. 4) but not relaxa-

tion (or intensification) of selection (FDR-corrected P-values

�0.0734; fig. 4), which further suggests that distinct selection

forces are acting on the cubozoan JFT-1b branches.

Adaptive branch-site random effects likelihood (aBSREL;

Smith et al. 2015) found evidence for episodic positive

*

/
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(only) JFT-1b JFT-1c

Global ω

BUSTED
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JFT (total)

q-value
0.3331
0.6548
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-
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JFT-1

-
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JFT-2
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0.0000
0.0000
0.0000

+
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0.0000
0.0000

+
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0.0000
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-
0.3472
0.2560
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+
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0.0047
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FIG. 4.—Summary of global dN/dS, BUSTED, and RELAX results using HyPhy. Global dN/dS values shown for each focal clade. FDR-corrected P-values (q-

values) are shown for the three subsets in both BUSTED and RELAX tests. For RELAX tests, q-values shown are the same given the FDR-correction was only for

two tests (JFT-1 vs. JFT-1, JFT-1b vs. JFT-1c); for example, q-values in the white box are the same for both JFT-1 versus JFT-2 and JFT-2 versus JFT-1. For

significant RELAX tests (q-value< 0.05) (in gray), k parameters are shown. For k>1, selection strength has been intensified, and for k<1, selection strength

has been relaxed. I¼ intensification of selection. R¼ relaxation of selection. (*) indicates RELAX tests run on Datamonkey server v2 (accessed January 2021;

Weaver et al. 2018). Slashes indicate no data shown. Uncorrected P-values and k parameters for all RELAX tests are shown in supplementary table S5,

Supplementary Material online.
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selection across several branches throughout the phylogeny

(supplementary figs. S4–S6, Supplementary Material online).

However, these tests were inconsistent between subsets and

typically resulted in terminal sequences. Both site-based tests

also found sites under the influence of pervasive positive se-

lection (four sites in FUBAR, posterior probability >0.9) and

episodic positive selection (18 sites in MEME, FDR-corrected P-

value <0.05) (supplementary table S5, Supplementary

Material online).

JFTs Display Differential Expression between Life Stages,

Tissues, and Cell Types

We explored publicly available RNA-seq data sets (with repli-

cates) for several medusozoan species, including for the

hydrozoans Hydractinia symbiolongicarpus, Buss and Yund

1989 (Sanders et al. 2014), Podocoryna carnea, Sars 1946

(Sanders and Cartwright (2015a), and Clytia hemisphaerica

(Linnaeus 1767) (Leclère et al. 2019), as well as the scypho-

zoan Aurelia coerulea, von Lendenfeld 1884 (Gold et al. 2019

as Aurelia sp. 1) to survey if JFT sequences uncovered by our

study were considered upregulated or downregulated in sim-

ilar tissue types or life stages (table 4). In medusae-bearing

species (Podocoryna, Clytia, and Aurelia), JFTs were upregu-

lated in developing or adult medusae. The colonial hydrozoan

H. symbiolongicarpus does not have a medusa stage but does

display a division of labor of functionally and morphologically

distinct polyp types: gastrozooids (prey capture, digestion),

gonozooids (reproduction, no mouth), and dactylozooids

(prey capture, no mouth). Four different JFT paralogs display

unique expression profiles in the different polyps; two

are upregulated in gastrozooids (GCHW01004545.1,

GCHW01017147.1), one is upregulated in dactylozooids

(GCHW01011460.1), and the fourth is downregulated in

dactylozooids (GCHW01003789.1), with all comparisons

made with respect to the other polyp types (Sanders et al.

2014; Sanders and Cartwright (2015b). Two other JFTs were

identified in the H. symbiolongicarpus genome that are also

found in JFT-1 but were not detected in this particular tran-

scriptomic study. For Hydra, all JFTs within the single-cell data

set were upregulated in cell lineages associated with nemato-

blasts (immature nematocysts), including some specifically as-

sociated with stenotele development (Siebert et al. 2019).

Discussion

Our survey of JFTs in cnidarians using publicly available data

reveals that they encompass considerable diversity across

medusozoans. Phylogenetic analysis of JFTs recovers distinct

taxonomic patterns across clades (fig. 3 and table 3), which

enables us to make predictions about functional variation ob-

served within this toxin family. In total, we assigned 111 com-

plete sequences to this family, a significant increase from

nonpartial toxins reported in previous studies (�30; supple-

mental table S1, Supplementary Material online), even despite

our more stringent identification criteria. We identified JFT-

like sequences in many species that are considered harmful

stingers to humans, including (but not limited to) the sipho-

nophore Physalia physalis, Linnaeus 1758 (Tamkun and

Hessinger 1981), and the scyphozoans C. nozakii (Feng et

al. 2010) and S. malayensis, as well as several species that

are considered harmless or weak stingers to humans, includ-

ing several hydrozoan species (table 3). Our ML phylogeny

recovered two major clades, one dominated by cubozoans

(JFT-1) and the other by hydrozoans and scyphozoans (JFT-

2; fig. 3). This topology is consistent with the two clades ob-

served in previous studies (e.g., Brinkman et al. 2015), but our

sampling vastly increases species representation, particularly

within the JFT-2 group.

Within JFT-1, we recovered a high number of sequences

within the cubozoan-specific clade; roughly twice as many

genes per species are represented in the JFT-1b group than

Table 2

Reference Jellyfish Toxins Used for Searches and Annotation

Name Species Class Len. UniProt Acc. NCBI Acc.

CrTX-A Carybdea brevipedalia (as C. rastonii) Cubozoa 450 Q9GV72 AB015878.1

CaTX-A Alatinia alata (as C. alata) Cubozoa 463 Q9GNN8 BAB12727.1

CqTX-A Chironex yamaguchii (as Chiropsalmus

quadrigatus)

Cubozoa 462 P58762 AB045319.1

CfTX-1 C. fleckeri Cubozoa 456 A7L035 ABS30940.1

CfTX-2 C. fleckeri Cubozoa 462 A7L036 ABS30941.1

CfTX-A C. fleckeri Cubozoa 454 T1PRE3 AFQ00677.1

CfTX-B C. fleckeri Cubozoa 461 T1PQV6 AFQ00676.1

TX-like C. fleckeri Cubozoa 296 W0K4S7 AHG06297.1

Cytotoxin A—Isoform 1 Malo kingi Cubozoa 457 D2DRC0 ACX30670.1

Cytotoxin A—Isoform 2 M. kingi Cubozoa 453 D2DRC1 ACX30671.1

Toxin TX1 Aurelia aurita Scyphozoa 486 3VAS1 AFK76348.1

Toxin TX2 A. aurita Scyphozoa 452 3VAS2 AFK76349.1

CfusTX-1 Chrysaora fuscescens Scyphozoa 457 A0A165TKZ8 AMY95568.1
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the JFT-1c clade. This suggests there has been an extensive

expansion of JFT-1 genes within Cubozoa through gene du-

plication, specifically in the JFT-1b subclade (fig. 3), consistent

with previous assumptions that an expansion of the JFT gene

repertoire through gene duplication is associated with the

comparatively higher potency of cubozoans venoms

(Brinkman et al. 2014, 2015). This assertion assumes that

cubozoan toxins have been influenced by positive (diversify-

ing) selection driving increased potency, potentially due to a

shift in the use of their venoms toward capturing vertebrate

prey (see below). Interestingly, the carybdeid species M. viru-

lenta (family Carukiidae) and A. alata (family Alatinidae), as

well as the chirodropid C. yamaguchii (family Chirodropida)

display some of the most extensive gene duplication patterns

in the pore-forming JFT-1b clade, which may explain why

these animals are notorious for their toxicity to humans

(Bentlage et al. 2010). Our analyses detected intensification

of selection and gene-wide positive selection within JFT-1b,

suggesting functional changes of duplicated JFTs in these dan-

gerous cubozoan species could be a driver for the increased

toxicity.

Based on the taxonomic distribution in our phylogeny and

our current functional understanding of specific JFTs, an in-

teresting pattern of hypothesized cytolytic function across the

JFT family, in particular within the JFT-1 clade, emerges. All

functionally characterized cubozoan toxins are found within

JFT-1b (Nagai, Takuwa-Kuroda, et al. 2000; Nagai, Takuwa-

Kuroda, Nakao, et al. 2000; Chung et al. 2001; Nagai et al.

2002; Brinkman and Burnell 2008; Yanagihara and Shohet

2012; Brinkman et al. 2014) and are subdivided into two

subclades that appear to correspond to previously character-

ized Type I and Type II toxins (fig. 3; Brinkman et al. 2014). The

clade corresponding to Type I, which is thought to have

greater cardiotoxic activity compared wirh Type II, includes

Table 3

Number of Annotated JFT Orthologs for Each Taxa Sorted by Subclade

Species Order Total JFT-1a JFT1-b JFT-1c JFT-2a JFT-2b JFT-2-like

Cubozoa

Chironex fleckeri Chirodroppida 5 0 5 0 0 0 0

C. yamaguchii Chirodroppida 12 0 11 1 0 0 0

Alatinia alata Carybdeida 8 0 3 0 0 5 0

Carybdea brevipedalia Carybdeida 1 0 1 0 0 0 0

Copula sivickisi Carybdeida 11 0 5 0 0 6 0

Morbakka virulenta Carybdeida 12 0 9 2 0 1 0

Tripedalia cystophora Carybdeida 2 0 2 0 0 0 0

Scyphozoa

Atolla vanhoeffeni Coronata 2 2 0 0 0 0 0

Aurelia aurita Ulmaridae (Disco) 6 0 0 3 0 3 0

A. aurita (Baltic) Ulmaridae (Disco) 3 0 0 2 0 1 0

A. aurita (Kuji) Ulmaridae (Disco) 2 0 0 0 0 2 0

A. aurita (Roscoff) Ulmaridae (Disco) 5 0 0 1 0 4 0

A. aurita (White sea) Ulmaridae (Disco) 5 0 0 2 0 3 0

A. coerulea (Aurelia sp.1) Ulmaridae (Disco) 4 0 0 3 0 1 0

Cassiopea xamachana Rhizostomeae 1 0 0 1 0 0 0

Cyanea nozakii Cyanidae 3 0 0 3 0 0 0

Chrysaora fuscescens Pelagiidae 1 0 0 1 0 0 0

Sanderia malayensis Pelagiidae 1 0 0 0 0 1 0

Hydrozoa

Craspedacusta sowerbyi Trachylina 4 0 0 0 1 3 0

Velella velella Capitata 3 0 0 0 3 0 0

Porpita porpita Capitata 6 0 0 0 6 0 0

Hydractinia polyclina Filifera (III) 4 0 0 2 1 0 1

H. symbiolongicarpus Filifera (III) 6 0 0 4 1 0 1

Podocoryna carnea Filifera (III) 4 0 0 2 1 0 1

Turritopsis sp. Gonoproxima (IV) 2 0 0 0 0 0 2

Clytia hemispherica Leptothecata 1 0 0 0 0 0 1

Physalia physalis Siphophora 1 0 0 0 1 0 0

Hydra viridissima Aplanulata 1 0 0 0 1 0 0

H. vulgaris (H.

magnipappilatta)

Aplanulata 7 0 0 0 7 0 0

Ectopleura larynx Aplanulata 1 0 0 0 1 0 0
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7/11 paralogs from C. yamaguchii, a dangerous stinger that is

responsible for many fatalities in Japan and the Philippines

(Fenner and Williamson 1996). However, this clade also

includes toxins from Tripedalia cystophora Conant, 1897,

which is not known to have a dangerous sting to humans,

potentially due to the small size of its nematocysts (Orellana

and Collins 2011). Several orthologs from C. sivickisi, M. viru-

lenta, and A. alata, as well as the two Chironex species are

found in the Type II group, which is considered to have greater

hemolytic bioactivity (Brinkman et al. 2014) though hemolytic

activity has not been reported as a feature of cubozoan en-

venomation in humans (Brinkman et al. 2014). Thus, in addi-

tion to early duplication, the functional partitioning (i.e.,

potency variation) of JFT-1b genes suggests that these toxins

may have undergone either neofunctionalization or subfunc-

tionalization. Further study would be needed on the spatial

and temporal expression of JFT-1b toxins in species where

both Type I and Type II JFTs genes are identified (e.g., C.

yamaguchii, M. virulenta, C. sivickisi) to determine which of

these mechanisms is the most likely.

Interestingly, all of the scyphozoan species that possess JFT-

1 genes have been known to cause painful envenomation to

humans and/or are associated with cytolytic and hemolytic

effects (Radwan et al. 2001; Feng et al. 2010; Kawabata et

al. 2013; Ponce et al. 2015).The presence of several paralogs

of toxin genes in some of these species could increase the

toxicity of their venom and may result in more harmful stings

to humans, such as in the lion’s mane jellyfish C. nozakii (Feng

et al. 2010; Li et al. 2014). However, we also found multiple

JFT paralogs in species considered much less potent stingers,

such as the upside-down jellyfish Cassiopea, moon jellyfish

Aurelia, and several species of hydrozoans. Even the less po-

tent venoms of Cassiopea and Aurelia have some cytolytic

activity that can cause irritation in the event of envenomation

(Radwan et al. 2001). Curiously, the only hydrozoan repre-

sentatives within the JFT-1 clade are from the family

Hydractiniidae (H. symbiolongicarpus, H. polyclina,

Podocoryna carnea), whereas many other hydrozoan species

were represented in JFT-2, in particular JFT-2a. It is unclear

why only hydractiniids have representatives within the JFT-1

clade, and what such representation means in terms of

venom function and potency. Put together, this suggests

that all JFT-1 sequences display broad cytolytic function with

some specificity toward hemolytic activity.

None of the JFT-2 representatives have been characterized

at a functional level, and it is unclear whether these toxins are

1) less potent than JFT-1 toxins, 2) have distinct cell targets,

and/or 3) display any cytolytic bioactivity. Several species that

only possess representatives from the JFT-2 clade have previ-

ously characterized hemolytic toxins, such as P. physalis

(Tamkun and Hessinger 1981), or cytotoxic bioactivity

in their venoms, such as Velella velella (Linnaeus 1758) (KilLi

et al. 2020). Our MEME-suite analyses detected a similar

domain structure within the majority of the JFTs in our

study (JFT-1 and JFT-2) that corresponds to a previously

proposed transmembrane region (supplementary fig. S1,

Supplementary Material online), which has been experimen-

tally determined to be functional in a representative CfTX-1

peptide and may be an important structural feature in pore

formation (Andreosso et al. 2018). Based on their phyloge-

netic distribution, and the presence of this putative transmem-

brane region, it is likely that all JFT-1 toxins, and possibly all

JFTs, display cytotoxic effects through a pore-forming mech-

anism. Further studies regarding the function of JFTs outside

Cubozoa (especially when multiple paralogs are present) will

provide greater insight into the ecological role played by these

diverse medusozoans.

Our selection analyses suggest that the JFT family overall is

under the influence of purifying (negative) selection across the

JFT phylogeny and within individual JFT clades (fig. 4) accord-

ing to dN/dS calculations, which is consistent with previous

studies that had lower taxonomic sampling for JFTs (Jouiaei,

Sunagar, et al. 2015; Surm et al. 2019). Negative selection

pressure can easily be explained by the functional constraint

of these proteins to create cell membrane pores (Anderluh

and Lakey 2008; Peraro and van der Goot 2016), and nega-

tive selection is generally observed across toxin families of

early diverging venomous animals (Sunagar et al. 2014;

Sunagar and Moran 2015). However, our expectation was

that while purifying, selection may be occurring broadly

across JFT sequences, a subset of genes (i.e., sites) along a

subset of lineages may be undergoing positive selection, re-

ferred to as episodic positive selection (Murrell et al. 2012).

BUSTED analysis detects if episodic positive selection has oc-

curred in at least one site on at least one branch within a set of

target branches, but this method cannot establish specific

sites under selection nor does it imply the same site has

been influenced by episodic positive selection across all test

branches (Murrell et al. 2015). BUSTED detected gene-specific

positives selection in all larger clades (JFT-1, JFT-2, JFT-total) as

well as JFT-1b compared with JFT-1c, but when JFT-1c was

compared with JFT-1b, no positive selection was detected.

The RELAX test does not explicitly test for positive selection,

but instead estimates the strength of natural selection of a set

of test branches compared with another (Wertheim et al.

2015). Although no evidence of relaxed selection was found

in the more broadly tested JFT-1 and JFT-2 groups, we iden-

tified intensification of selection in all three subsets of sequen-

ces where the cubozoan-dominant JFT-1b was compared

with JFT-1c (mainly hydrozoan and scyphozoan representa-

tives). Although it is unclear whether the detected regions in

our analysis are functionally relevant, our results suggest that

specific yet undetermined regions within cubozoan JFT-1b

toxins experienced intensification of selection as well as epi-

sodic positive selection that has not occurred (or is otherwise

not detectable) in JFT-1c toxins. We interpret this discrete (i.e.,

localized) positive selection of potentially functional regions as

likely concomitant with increased potency and/or specificity of
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the JFT-1b family. Overall, these patterns suggest that JFTs

have undergone a complex history of evolutionary selective

pressures, including wide-spread purifying selection, gene-

specific episodic positive selection on a particularly toxic clade

of cubozoan sequences, as well as a few instances of episodic

positive selection across certain taxa.

Notably, both site-specific tests detected sites undergoing

positive selection: 4 sites under pervasive selection according

to FUBAR and 18 sites under episodic selection based on cal-

culated FDR-corrected P-values from MEME (supplementary

table S5, Supplementary Material online), but neither of these

tests indicate the specific lineages where these sites are un-

dergoing positive selection. To our knowledge, no available

information exists on the functionally important residues in

JFT sequences, which means these site-specific results should

be regarded as exploratory. Additional structural research

complimented by functional tests to manipulate specific res-

idues in these JFTs are the best way to resolve the question of

which residues may be the most critical to bioactivity, and it is

our hope that this work will provide a foundation for such

studies.

The episodic positive selection signatures together with

high levels of gene expansion detected within the cubozoan

sequences in JFT-1b may be related to the predation patterns

of these species. Venom is an important evolutionary mech-

anism in an animal’s ability to subdue and consume specific

prey items, and as such several studies have explored the co-

evolution of venom composition and diet (e.g., Dutertre et al.

2014). Several cubozoan species are well known for being

active fish hunters, thus the potency of JFTs in cubozoans

may reflect selection pressure for an increased ability to cap-

ture and subdue fast, vertebrate prey (Courtney et al. 2015;

Lewis Ames and Macrander 2016), rendering these toxins

subsequently dangerous and potentially fatal to humans.

Interestingly, we identified two JFT-1b homologs in T. cysto-

phora, a cubozoan that is not as dangerous a stinger for

humans as other cubozoan species and appears to primarily

feed upon crustacean copepods rather than fish or other ver-

tebrate prey (Stewart 1996). Conversely, several species that

lack representatives from the JFT-1b clade are also known to

be toxic to vertebrates, including the scyphozoans C. nozakii

(Feng et al. 2010) and C. fuscescens (Ponce et al. 2016).

Instead, these relatively potent stingers have representatives

in the JFT-1c clade along with less toxic species such as the

moon jelly Aurelia and the upside-down jellyfish Cassiopea,

although mucus released from Cassiopea is able to sting fish

(Stoner et al. 2014) as well as humans (Ames and Klompen et

al. 2020). This suggests that not all JFT-1 proteins are potent

toxins or, alternatively, are not abundant enough within the

delivered venom cocktail of these specific species to cause

severe medical damage to humans. The function of JFT-2

representatives is even more enigmatic given no toxin within

this group has been functionally characterized to date. JFT-2 is

populated by several hydrozoan species ranging from weak to

potent stingers, and other than P. physalis, none are known to

prey on fish. It should be noted that our understanding of

cubozoan diets, and cnidarians in general, is relatively limited

and itself requires additional study (Lewis Ames and

Macrander 2016). The relationship between JFT potency

and specificity to vertebrate predation (or defense) will require

additional sampling, functional studies, and greater focus on

understanding the ecological interactions of these species, in

particular within noncubozoan medusozoans.

Unlike other venomous animals, cnidarians have a decen-

tralized venom system spread across their tissues. Thus, we

can predict distinct expression profiles of various venom com-

ponents (i.e., toxin orthologs) in different tissues to interpret

specific ecological functions (e.g., Columbus-Shenkar et al.

2018; Sachkova et al. 2019; Surm et al. 2019). In the case

of JFTs, the high number of gene duplication events within

several species suggests the possibility for biased gene expres-

sion across functionally different tissues.

Overall, we found that JFT paralogs have distinct expres-

sion profiles that are spatially and temporally distributed

across several biological levels (table 4): 1) distinct life cycle

stages of several species, 2) distinct functional tissues within

the colonial hydroid Hydractinia, and 3) distinct stinging cell

types within Hydra. In comparisons of life stages where de-

veloping medusae, juvenile medusae, and/or mature medu-

sae stages were available, all relevant species (i.e.,

Podocoryna, Clytia, and Aurelia) displayed upregulated JFT-

expression in the these specific tissues compared with the

earlier developmental stages such as planulae or polyps.

This suggests that JFTs are predominantly used within the

pelagic environment (e.g., Underwood and Seymour 2007),

which could be a reflection of the distinct lifestyle of the me-

dusa stage, including a wide range of diets and hunting strat-

egies across species as well as the variety of predators in the

pelagic realm. For instance, cassiosomes, stinging-cell struc-

tures released in the mucus of medusae of Cassiopea, contain

peptides corresponding to JFT toxins. Cassiosome-laden mu-

cus is assumed to assist with predation of zooplankton but

has also been reported to deter fish (Stoner et al. 2014) and is

associated with a stinging sensation in humans (Ames and

Klompen et al. 2020). Within the functionally distinct polyp

types of Hydractinia, the upregulated dactylozooid toxin and

one of the gastrozooid toxins are in clade JFT-1, which sug-

gests that both may display cytolytic function. Given both of

these polyp types are specific to prey capture, it may indicate

that JFTs are important to this key ecological role. The func-

tion of the two other toxins in JFT-2, one upregulated in the

gastrozooid and one downregulated in the dactylozooid, is

less clear, but they may be involved in digestion or defense

rather than prey capture. Previous studies on the cubozoan A.

alata showed some JFTs are expressed outside the nemato-

cytes (Nagai, Takuwa-Kuroda, Nakao, et al. 2000) and within

the gastric cirri (Lewis Ames et al. 2016), implying a role in

digestion, though both studies proposed that JFT toxin
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synthesis may be occurring outside the nematocysts before

being delivered to the mature stinging cell organelle (also see

Lewis Ames and Macrander 2016). In the single-cell data set

for Hydra (Siebert et al. 2019), all JFTs localized to nemato-

blasts, confirming that these are true toxins utilized by this

species. Furthermore, some JFTs were upregulated in cell lin-

eages specific to stenoteles, a type of penetrant nematocyst

used for prey capture (Kass-Simon and Scapppaticci 2002).

Overall, the distinct tissue profiles between JFT paralogs

within each of these species suggests that JFTs have evolved

in interesting and previously underappreciated ways across

Medusozoa. Furthermore, these toxins may possess many di-

verse functional roles within the venom repertoires across

other medusozoan species (Schendel et al. 2019), given that

the group displays significant developmental (polyp vs. me-

dusa, coloniality vs. solitary, etc.) and ecological diversity (var-

iation is size and habitat, prey type and predation, symbiosis,

etc.) (Kayal et al. 2018; Ashwood et al. 2020; Surm and

Moran 2021).

One of the caveats of our study is that our search methods

depended on queries with previously described JFTs, most of

which are from cubozoans. This suggests that our search

method likely biased our results toward cubozoan-like toxins,

which is further exacerbated by the relatively high sequence

divergences within the JFT family. However, given that the

initial searches within our pipeline used less stringent param-

eters (see Materials and Methods), we are confident that this

is unlikely to be the case. Furthermore, several proteomic

studies have identified peptides with close homology to JFTs

outside of cubozoans that were not used in our queries, in-

cluding peptides from a cubozoan (Jaimes-Becerra et al.

2017), scyphozoans (Lassen et al. 2011; Ponce et al. 2015;

Jaimes-Becerra et al. 2017; Wang et al. 2018) and, intrigu-

ingly, a staurozoan (Jaimes-Becerra and Gacesa et al. 2019),

but because these toxins were only identified via mass spec-

trometry methods, complete coding sequences were unavail-

able. It is clear that the JFT gene family is more widespread

across medusozoans than previously thought, and additional

transcriptomic, proteomic, and specifically functional studies

will be needed to evaluate the expression of JFTs and their role

in various venom repertoires. Additionally, it should be em-

phasized that medusozoans have varied and complex roles

within marine environments that are poorly studied or un-

known, and a better understanding of the ecological pres-

sures impacting most species is necessary to better

understand how JFTs (and venom function more broadly) in-

fluence prey type, prey capture, and predator deterrence

across the group.

Conclusion

Through extensive taxon sampling across Cnidaria, careful yet

stringent gene annotation, and by utilizing a phylogenetic

approach as well as molecular evolution methods, we provide

a more complete view of the distribution of jellyfish toxins

(JFTs) and their evolution across Medusozoa. Previous studies

Table 4

Summary of Expression Data of JFTs Compiled from Published Studies

Species Tissue Relative Diff. Expression Transcript Clade References

Hydractinia

symbiolongicarpus

Gastrozooid Up GCHW01004545.1 JFT-1c Sanders et al. (2014, 2015b)

H. symbiolongicarpus Dactylozooid Up GCHW01011460.1 JFT-1c Sanders et al. (2014), Sanders and

Cartwright (2015b)

H. symbiolongicarpus Gastrozooid Up GCHW01017147.1 JFT-2-like Sanders et al. (2014), Sanders and

Cartwright (2015b)

H. symbiolongicarpus Dactylozooid Down GCHW01003789.1 JFT-2a Sanders et al. (2014), Sanders and

Cartwright (2015b)

Podocoryna carnea Budding polyp Up GCHV01016059.1 JFT-1c Sanders and Cartwright (2015a,b)

P. carnea Medusa Up GCHV01015653.1 JFT-1c Sanders and Cartwright (2015a,b)

P. carnea Budding polyp Up GCHV01009776.1 JFT-2a Sanders and Cartwright (2015a, b)

Clytia hemispherica Gonozooid; Medusa Up TCONS_00024575 JFT-2-like Leclère et al. (2019)

Aurelia coerulea Ephyra; Juvenile Medusa Up Seg274.9 JFT-1c Gold et al. (2019)

A. coerulea Early Strobila Up Seg2604.6 JFT-1c Gold et al. (2019)

A. coerulea Ephyra; Juvenile Medusa Up Seg4224.1 JFT-1c Gold et al. (2019)

Hydra vulgaris Nematoblast, stenotele Up HAAC01018750.1 JFT-2a Siebert et al. (2019)

H. vulgaris Nematoblast Up GAOL01016183.1 JFT-2a Siebert et al. (2019)

H. vulgaris Nematoblast, stenotele Up GEVZ01006697.1 JFT-2a Siebert et al. (2019)

H. vulgaris Nematoblast, stenotele Up GEVZ01004121.1 JFT-2a Siebert et al. (2019)

H. vulgaris Nematoblast Up GEVZ01006272.1 JFT-2a Siebert et al. (2019)

H. vulgaris* Nematoblast, stenotele Up XP_002156857.2* JFT-2a Siebert et al. (2019)

H. vulgaris* Nematoblast Up XP_012556076.1* JFT-2a Siebert et al. (2019)

NOTE.—Transcripts labeled with (*) associated with peptides identified in Balasubramanian et al. (2012).
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that suggested a more taxonomically restricted distribution

did not take this multipronged approach and continued spe-

cies sampling and improved sequencing technologies will cer-

tainly lead to additional JFT candidates. Based on our findings,

the potency of cubozoan venoms may be the result of a com-

bination of extensive gene duplication and neofunctionaliza-

tion and/or subfunctionalization. The presence of JFTs in

other, less potent species may assist in predation or defense

given that JFTs are upregulated in the prey capture–specific

zooids/tissues/cells and developing medusae in several spe-

cies. Although venoms represent a highly complex mixture

of proteins and peptides with rampant convergence of venom

families, widespread gene duplication, and strong selection

pressures, our study shows that using proper annotation and

phylogenetic methods can help to uncover complex evolu-

tionary patterns as well as provide a framework to better un-

derstand their function.

Materials and Methods

Sampled Data

All analyses were conducted using 147 transcriptome assem-

blies, of which 143 are publicly available. The exceptions are

Sanderia malayensis, which was assembled using Trinity

v2.8.5 (Grabherr, Haas, Yassour et al. 2011; Haas et al.

2013) from publicly available sequence-read archives (SRAs;

Kim et al. 2019) (supplementary table S2, Supplementary

Material online), and four cerianthid transcriptomes from

Klompen et al. (2020), which were built using Trinity v2.2

from publicly available SRAs. In addition, our analysis included

the preliminary H. symbiolongicarpus genome assembly avail-

able at NHGRI (https://research.nhgri.nih.gov/hydractinia/, last

accessed April 12, 2019).

Gene Identification and Annotation

The annotation pipeline described below is illustrated in figure

2. Putative coding regions for each transcriptome were gen-

erated using the ORF predication tool TransDecoder v5.5.0

(Haas et al. 2013; https://github.com/TransDecoder, last

accessed September 3, 2019) under default settings to create

a searchable putative peptide database. Thirteen representa-

tive JFTs (table 2) were used as queries to identify putative

toxins within this database utilizing two search strategies (e-

value cutoff of 0.001): 1) blastp search (Blastþ v2.8.1,

Camacho et al. 2009) and 2) hmmsearch (HMMER v3.1b2,

hmmer.org) using a custom hmm-model created with the 13

reference JFTs (available at supplementary file S1,

Supplementary Material online). The results from each search

were combined and complete ORFs (start and stop codon

included) were extracted. CD-HIT (Huang et al. 2010; Fu et

al. 2012; http://weizhong-lab.ucsd.edu/cdhit-web-server/, last

accessed April 21, 2020) was used to reduce the number of

redundant sequences with a cutoff of 95% similarity (-c 0.95).

The presence of signal peptides and transmembrane domains

were predicted using SignalP v5.0 (Almagro Armenteros et al.

2019) on the SignalP server (http://www.cbs.dtu.dk/services/

SignalP/, last accessed April 21, 2020) and TMHMM v2.0

(Krogh et al. 2001) on the TMHMM server (http://www.cbs.

dtu.dk/services/TMHMM/, last accessed April 21, 2020), re-

spectively. Only sequences with a signal peptide and either

0 or 1 transmembrane domain were used for further analysis

(as in Brinkman et al. 2015). blastp searches were conducted

against the ToxProt Animal Toxin Annotation (Jungo et al.

2012) and UniProt/SwissProt (The UniProt Consortium 2019)

databases (both downloaded in April 2020) to determine if

the best match corresponded to a previously described JFT

(supplementary table S3, Supplementary Material online).

Medusozoan ORFs that passed these filtering criteria and

were greater than 300 amino acids in length (based on the

sizes of previously described JFTs) were used for phylogenetic

analysis.

Alignment and Phylogenetic Analysis

The 111 putative medusozoan JFTs identified by our annota-

tion pipeline were combined with 13 previously identified

JFTs, ten from the reference set with partial sequences ex-

cluded and two JFT-like toxins from H. vulgaris

(Balasubramanian et al. 2012) and one C. xamachana se-

quence (Ames and Klompen et al. 2020) for which there is

proteomic evidence, for a total of 124 putative JFTs. This total

of 124 putative JFTs were subject to phylogenetic analysis

along with six bacterial Cry toxins as outgroups (UniProt

accessions: spP16480, spP0A377, spP0A366, spP0A379,

spQ06117, and trB3LEP7). Sequences were aligned using

MAFFT v7.312 with the L-INS-I algorithm (Katoh and

Standley 2013) and ProtTest v3.4.2 was used to determine

the best-fit model (Darriba et al. 2011). An ML phylogeny was

constructed using RAxML v8.2.12 (Stamatakis 2014) under

the GAMMA þ I þ WAG model with 500 rapid bootstrap

replicates (-x 500). The tree was rooted with the six bacterial

Cry toxins given these sequences have been previously estab-

lished as the closest structural matches to JFTs via the I-

TASSER server (Brinkman and Burnell 2007; Brinkman et al.

2014). The tree was initially visualized in FigTree v1.4.4

(https://github.com/rambaut/figtree, last accessed November

25, 2018) and the final tree figure edited in Inkscape

v1.0beta2 (inkscape.org). Although there is no evidence

that anthozoan sequences most similar to JFT’s are expressed

as peptides or proteins (within the venom), we also con-

structed additional phylogenetic trees that included all 124

medusozoan sequences and 15 putative anthozoan JFT

sequences that passed our filtering criteria as above (supple-

mentary table S3, Supplementary Material online), both with

(supplementary fig. S2, Supplementary Material online) and

without (supplementary fig. S3, Supplementary Material on-

line) the bacterial Cry sequences as outgroups.
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Selection Analysis and Molecular Evolution

Because the signal peptide region is under different selection

regimes than the mature toxin sequences, the predicted signal

peptide region was removed from putative JFTs prior to se-

lection analyses (Sunagar et al. 2014). The overall synonymous

to nonsynonymous substitutions (dN/dS) ratio values were

evaluated using Analyze Codon Data analysis (hyphy acd,

model ¼ MG94CUSTOMCF3X4) from HyPhy using all

sequences for each data set derived from the phylogenetic

analyses (i.e., JFT1, JFT2, JFT1b, JFT1c, and all JFTs). Because of

the computational power required for these analyses and

concerns about the complexity of larger data sets that may

compromise specific tests (e.g., BUSTED, aBSREL; Spielman et

al. 2019), the total number of candidate toxin ORFs was

trimmed by �50% while retaining the species diversity in

the ML tree. To do so, only one sequence was randomly

retained for each species with multiple paralogs within a

clade, and the remaining subset of sequences was aligned

as above. The random subset selection was performed in trip-

licate to ensure that specific sequences were not biasing our

test results (sequences used in each subset are listed in sup-

plementary table S5, Supplementary Material online). Both

Atolla sequences were excluded from these analyses because

they interfered in our pairwise analyses of major focal clades.

Codon alignments were obtained by matching the aligned

amino acids to their DNA sequences using pal2nal v14 on

the online server (Suyama et al. 2006; http://www.bork.

embl.de/pal2nal/, last accessed January 8, 2021). An ML phy-

logeny was constructed for the codon alignment as described

above except using the GTRþ GAMMA model and 200 rapid

bootstrap replicates to ensure similar topology and support as

the full ML gene tree. Additionally, all putative JFTs found

within the JFT-1 clade from each subset were used in a sep-

arate selection analysis. Selection analyses were conducted

using HyPhy v2.5.7 (Pond et al. 2005; Kosakovsky Pond et

al. 2020), and for all tests both an exploratory search (all

branches selected as foreground) and a comparative search

(JFT-1 vs. JFT-2; JFT-1b vs. JFT-1c) were conducted. BUSTED

v3.0 was used to determine gene-wide episodic positive se-

lection (Murrell et al. 2015), aBSREL v2.1 for branch-specific

episodic selection (Smith et al. 2015), and RELAX v3.1 for

relaxation or intensification of selection (Wertheim et al.

2015). The resulting significance values for BUSTED (three

tests/subset) and RELAX (two tests/subset) have been FDR-

corrected using the p.adjust() function in R v3.6.2. (R Core

Team 2019); results from aBSREL are default corrected using

Holm-Bonferroni. Additionally, two site-specific tests were

used on the full data set via the Datamonkey server

(Weaver et al 2018; http://www.datamonkey.org, last

accessed January 15, 2021): FUBAR v2.2 utilizes a Bayesian

approach to detect pervasive positive selection (Murrell et al.

2013) and MEME v2.1.2 uses a mixed-effect model to test for

both pervasive and episodic positive selection (Murrell et al.

2012). Tree topologies were modified to be consistent with

the ML tree for all tests run through Datamonkey.

Domain Search and Annotation

Domain structure for all 124 putative JFTs was determined

using the MEME-suite v5.1.1 server (Bailey et al. 2015;

https://meme-suite.org/meme/, last accessed January 3,

2021) in classic mode using default settings to search for

zero or one site per sequence (ZOOPS), except set to search

for five possible motifs with a minimum length of 6 and max-

imum of 200 amino acids. We also compared the JFTs to

known domains within Pfam v33.1 (downloaded December

2020; El-Gebali et al. 2019) using hmmsearch (HMMER

v3.2.1).

Survey of Differential Expression of JFTs within Tissues and
Cells

To determine if JFTs are differentially expressed, we surveyed

publicly available RNA-seq studies that identified JFT-like

sequences (or included sequences we identified in our own

study) as upregulated or downregulated according to the

quantification methods described in each study. Because

each study utilized a different methodology for quantification

and had different expression criteria, these tests are not com-

parable between studies but can be used to determine trends

in JFT expression between similar life stages or tissues. We

found data sets for the hydrozoans H. symbiolognicarpus

(Sanders et al. 2014), P. carnea (Sanders and Cartwright

2015a), and C. hemisphaerica (Leclère et al. 2019), and for

the scyphozoan A. coerulea (Gold et al. 2019). We addition-

ally explored the single-cell data set for Hydra (Siebert et al.

2019) to determine what cell types JFTs are expressed within.

Data Availability

All transcriptomic data (assemblies and/or SRA) are publicly

available and noted in the supplementary tables S1 and S2,

Supplementary Material online. All software used for analyses

(including version numbers) are noted in the text. Alignment

for the ML trees in figure 3 and supplementary figure S2,

Supplementary Material online, are available as supplemen-

tary files, Supplementary Material online; alignments used for

the selection analyses are available upon request.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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