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A B S T R A C T

The natural history and pharmacology of tetrodotoxin (TTX) has long intrigued biologists. This toxin has a

remarkable distribution that spans two domains of life (Bacteria and Eukarya). Within Eukaryotes, TTX has only

been identified in animals but is known to be present in over five-dozen species of phylogenetically distant

Metazoans. Despite decades of work, the origin and biosynthetic pathways of TTX remain unresolved.

Investigations in puffer fishes and salamanders have provided insights into the acquisition of auto-resistance to

TTX through the evolution of voltage-gated sodium ion channels (VGSCs) that have reduced binding affinity for

TTX. To date there have been no studies of these proteins in tetrodotoxic Blue-Ringed Octopuses. Here we report

data demonstrating that the Greater Blue-ringed Octopus (Hapalochlaena lunulata) expresses a VGSC (HlNaV1)

gene with mutations that reduce the channel's TTX-binding affinity and likely render the organism TTX resistant.

We identified three amino-acid substitutions in the TTX-binding site of HlNaV1 that likely confer TTX-resistance

to both the channel and the organism. These substitutions are associated with organismal TTX-resistance in other

TTX-bearing taxa and are convergent with substitutions that have evolved in fish, salamanders, and some TTX-

resistant invertebrates.

1. Introduction

A wide variety of animal species produce or sequester secondary

metabolites that play important roles in their natural history (see

Bornancin et al., 2017; Nishida, 2014; Savitzky et al., 2012 for reviews).

Toxins represent a common class of these natural products and toxin

use is remarkably prevalent across a diverse array of phyla given the

potential for negative physiological consequences for species that use

them (e.g., Forbey et al., 2009; Riley and Wertz, 2002). One particularly

interesting case centers on the neurotoxin tetrodotoxin (TTX) and the

evolution of its sodium channel targets.

Tetrodotoxin is a potent neurotoxin with a broad distribution in

Metazoans. This toxin has been documented in well over 60 species

representing 8 phyla, including Chordata, Echinodermata, Mollusca,

Arthropoda, Chaetognatha, Annelida, Platyhelminthes, and Nemertea

(see Noguchi and Arakawa, 2008 for review). The ecological role of

TTX in many of these species is poorly understood but work in a

number of organisms suggests that TTX is primarily used as a defense

against predators and parasites at multiple life-history stages (Brodie,

1968; Brodie et al., 1974; Calhoun et al., 2017; Gall et al., 2012; Hanifin

et al., 2003, 2008; Itoi et al., 2016, 2014; Johnson et al., 2018;

Sakakura et al., 2017; Stokes et al., 2014; Williams et al., 2010, 2011b).

In some species, including Blue-ringed Octopuses, TTX may also func-

tion as venom to enhance prey capture (e.g., Ritson-Williams et al.,

2006; Salvitti et al., 2015; Sheumack et al., 1978; Stokes et al., 2014;

Williams and Caldwell, 2009).

The origin and biosynthesis of TTX in Metazoans has intrigued

biologists since the discovery that puffer fish (Tetraodontidae) and

newts of the genus Taricha possessed chemically identical toxins

(Brown and Mosher, 1963; Buchwald et al., 1964; Goto et al., 1965;

Tsuda et al., 1964; Woodward, 1964). Although TTX has been identified

in a wide array of ecologically disparate taxa, decades of research have

still not identified the biosynthetic pathways underlying TTX produc-

tion in either Bacteria or Metazoans. Indeed, the very origin of TTX
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used by any metazoan is still debated (Chau et al., 2011; Hanifin, 2010;

Kudo et al., 2017, 2015; 2014; Mebs et al., 2019; Ueyama et al., 2018;

Yotsu-Yamashita et al., 2012; Yotsu-Yamashita and Tateki, 2010). Al-

though questions about the source of TTX in Metazoans have compli-

cated examination of the evolution and ecology of TTX in TTX-bearing

species, examinations of the physiology and genetic basis of resistance

to TTX in these species has provided important insights into the origin

of auto resistance to TTX. In TTX-bearing salamanders, the evolutionary

history of organismal TTX-resistance has demonstrated that the TTX-

bearing phenotype is ancient and likely a synapomorphy associated

with the Modern Newt Clade (Hanifin and Gilly, 2015). In puffer fishes,

examination of the molecular basis of TTX-resistance suggests that TTX-

resistance and the TTX-bearing phenotype have evolved through mul-

tiple and repeated evolutionary pathways (Jost et al., 2008).

Characterizing resistance in TTX-bearing species is straightforward

because the mode and action of TTX is well understood (Furukawa

et al., 1959; Hille, 2001, 1975; Moore et al., 1967; Narahashi, 1974;

Narahashi et al., 1964). Tetrodotoxin selectively binds to and blocks the

ion-conducting pore of voltage-gated sodium ion channels (VGSCs).

These channels are responsible for the initiation and propagation of

action potentials in neurons and many muscle cells. Action potential

generation by VGSCs results from the rapid influx of sodium ions

through the ion-conducting pore (Catterall, 2012; Hodgkin and Huxley,

1952). Tetrodotoxin binds to the outer portion of this pore and occludes

it, thereby preventing sodium ion influx (Narahashi et al., 1964). In all

but one of the species that are known to be TTX-resistant, organismal

TTX-resistance results from amino acid substitutions in the TTX-binding

site of VGSCs that dramatically reduce the binding of TTX to the

channel pore (Feldman et al., 2016; Toledo et al., 2016).

The binding site of TTX in the pore is well characterized (Choudhary

et al., 2003; Santarelli et al., 2007; Shen et al., 2018, 2019; Terlau et al.,

1991). Metazoan VGSC alpha-subunits are formed from four homo-

logous protein domains (Noda and Numa, 1987). The outer pore of the

channel is formed by the linker region between two transmembrane

helices from each of these domains. The four linkers include amino

acids that form the ion selectivity filter, the TTX-binding site, and other

structures that modulate channel activity (Capes et al., 2012; Cervenka

et al., 2010; Favre et al., 1996; Huang et al., 2000; Otagiri et al., 2008;

Sun et al., 1997; Terlau et al., 1991; Todt et al., 1999; Vilin et al., 2001).

Two highly-conserved amino acid motifs, DEKA and EEMD (EEID in

invertebrates) form two rings of mostly negatively charged amino acids

at the opening of the pore (Du et al., 2009; Terlau et al., 1991). Amino

acids in the DEKA motif form the selectivity filter and altering amino

acids in this motif disrupts sodium ion selectivity and permeability as

well as TTX-binding (Favre et al., 1996; Huang et al., 2000; Sun et al.,

1997; Terlau et al., 1991). Tetrodotoxin binds to a highly conserved

aromatic amino acid positioned one residue downstream of the domain

I aspartic acid (D) in the DEKA motif (Santarelli et al., 2007; Shen et al.,

2018). Altering amino acids in the EEMD motif also alters ion perme-

ability and TTX binding (Choudhary et al., 2003; Terlau et al., 1991).

Tetrodotoxin binds directly to the aspartic acid (D) in the EEMD ring

(Choudhary et al., 2003; Shen et al., 2018). Substitutions associated

with the adaptive evolution of TTX-resistance show remarkable con-

vergence and parallel evolution across phyla and are typically at posi-

tions in or near residues in either the DEKA or EEMD motif. These re-

peated patterns of substitutions suggest that the evolutionary pathway

to TTX-resistance may be highly constrained across species (Toledo

et al., 2016).

Blue-ringed Octopuses (genus: Hapalochlaena) have long been

known to possess TTX (Sheumack et al., 1978) and extensive work on

the distribution and ecology of TTX in this genus suggests that it plays

an important role in the natural history of the group (Asakawa et al.,

2019; Hwang et al., 1989; Sheumack et al., 1978, 1984; Williams et al.,

2011a, 2011b; Williams and Caldwell, 2009, 2012; Yotsu-Yamashita

et al., 2007). As with other taxa, the origin and evolutionary history of

TTX in Hapalochlaena is still poorly understood. Whitelaw reviewed

what little is known of TTX acquisition in this group but there have

been no studies of Hapalochlaena VGSCs (Whitelaw et al., 2019). Ar-

thropods and Mollusks appear to have two VGSC orthologs: NaV1 and

NaV2 (Liebeskind et al., 2011; Moran et al., 2015; Zhou et al., 2004).

One of these (NaV1) includes insect para channels (Dong et al., 2014)

and is homologous to the entire family of VGSCs found in vertebrates

(Liebeskind et al., 2011; Moran et al., 2015; Zakon, 2012). Studies of

squid giant axons have shown that NaV1 is responsible for propagation

of action potentials in Cephalopod neurons (Liu and Gilly, 1995;

Rosenthal and Gilly, 2003). The other ortholog (NaV2) is categorized as

a VGSC based on sequence and expression patterns but is permeable to

Ca2+, insensitive to TTX, and does not appear to propagate action

potentials in any group but Cnidarians (Anderson, 1987; Gur Barzilai

et al., 2012; Spafford et al., 1996). This physiological background

suggests that evolution of TTX-resistance in NaV1 orthologs of Blue-

Ringed Octopuses is likely a critical component of the TTX-bearing

phenotype in this genus.

This study examined the VGSCs of a single species of TTX-bearing

octopus, the Greater Blue-ringed Octopus: H. lunulata as well as a

sympatric species, the Pacific Brown Octopus (Abdopus aculeatus), that

is not known to possess TTX. We used a combination of transcriptomics

and direct sequencing of expressed VGSCs to gain insight into the

physiological and mechanistic basis of TTX-resistance in H. lunulata. We

found that organismal resistance in this species likely arises from a

combination of amino acid substitutions in the TTX-binding site of the

primary voltage-gated sodium channel of H. lunulata that are con-

vergent (functionally homologous but divergent) or parallel (identical)

with described TTX-resistant voltage-gated sodium channels from other

metazoans that either possess or are resistant to TTX. We identify both

Our results add to a body of literature documenting a striking degree of

convergent and parallel evolution in Metazoan VGSCs associated with

TTX-resistance.

2. Materials and Methods

2.1. Samples

We investigated the structure of VGSCs present in two species of

octopuses from the eastern portion of the Indo-Pacific (i.e. Greater

Indonesia). The Greater Blue-ringed Octopus (Hapalochlaena lunulata)

and the Pacific Brown Octopus (Abdopus aculeatus). These two species

are sympatric but only H. lunulata is known to possess TTX. Live ani-

mals (two for each species) were obtained through the commercial pet

trade and shipped to Utah State University. Animals were held briefly

and euthanized in compliance with IACUC protocols for work with

invertebrates at Utah State University.

2.2. Sample preparation and sequencing

Immediately following death, stellate ganglia and optic lobes were

surgically removed and total RNA extracted. We used either an RNeasy

Mini or Micro kit (Qiagen) to extract total RNA from each individual

ganglion or optic lobe. RNA was resuspended in RNase-free water. A

portion of this total RNA was used for RNAseq analysis and a portion

was saved at −80 °C for later rtPCR analysis. Total RNA used for

transcriptomes was treated with DNase (University of Rochester

Genomics Research Center (URGRC)) and RNA integrity checked with

an Agilent 2100 Bioanalyzer. We used four samples for transcriptome

sequencing: HL0714-230SG (RIN > 8), HL0714-230OL (RIN>4),

AA714-233OL (RIN N/A), and AA714-232SG (RN N/A). All libraries

and sequencing were completed at the URGRC. Libraries from each of

the four samples were generated using poly-A selection with the

Illumina TruSeq Stranded mRNA library preparation kit LT. We pooled

libraries prior to sequencing. These samples were then sequenced using

the Illumina HiSeq 2500 Rapid Run flow cell with Rapid SBS reagents.

All samples were sequenced using 2×100 bp paired-end sequencing
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cycles on a single lane producing 154, 263, 318 read pairs. Base-calling

was done by Illumina Real Time Analysis (RTA) and RTA output was

demultiplexed and converted to FastQ format. Final transcriptome data

are based only on a single animal for each species because of challenges

associated with RNA quality.

2.3. Transcriptome processing, assembly, and annotation

Post-sequencing processing and assembly were completed in the

Rosenthal lab at the University of Puerto Rico's Recinto de Ciencias

Medicas with additional analysis (MAB) at the Marine Biological

Laboratory (MBL). Sequencing data were pooled for each species. Data

went through two stages of read trimming: first quality-based trimming

using Trimmomatic v0.33 (Bolger et al., 2014) was performed. A sliding

window of 4 bp and trimming threshold of phred score equal to 2 were

chosen to maximize sensitivity. This process was followed by K-mer

spectral analysis to remove low abundance k-mers using “filter-

abund.py-V″ from the Khmer 2.0 package (Crusoe et al., 2015). FastQC

v0.11.3 was used to check data quality before and after trimming

(Heiman et al., 2014). After filtering, the remaining 150, 155, 243 high-

quality read pairs were used for de novo transcriptome assembly using

Trinity v6.0.2 (Grabherr et al., 2011) producing 166,402 and 139,657

transcripts for H. lunulata and A. aculeatus, respectively. Seq-Clean was

used to trim poly-A tails and remove low complexity sequences. For

functional annotation, assembled transcripts were blasted against the

Swiss-Prot database and best hits with E-values less than 1 x e10−3

were selected. Assembly statistics are provided in the Supplemental

Materials.

2.4. Identification and sequence confirmation of VGSC genes and HlNaV1

Voltage-gated sodium channel alpha-subunit transcripts were

identified in the annotated transcriptome manually and by comparison

of BLAST results. All transcripts identified as VGSCs were aligned using

Clustal Ω and were placed in a simplified gene tree using the UPGMA

tool in simple phylogeny (Clustal Ω). This preliminary analysis con-

firmed the presence of two different VGSC genes in both species. A

general examination of these octopus VGSC orthologs showed that they

are broadly similar in terms of structure and, likely, function to other

invertebrate VGSCs. Each included the typical structure composed of

four homologous domains with clearly identifiable pore regions as well

as the other functional regions associated with metazoan VGSCs (e.g.,

voltage sensors, inactivation gate, and a sodium selectivity filter). An

initial examination using the DEKA-DEEA polymorphism that differ-

entiates invertebrate NaV1 and NaV2 channels followed by alignments

using Codoncode v6.02 allowed us to identify the presence of complete

ORFs as well as any sequence variation associated with different tran-

scripts and orthologs. The final sequence for HlNaV1 was then con-

firmed using 3′ and 5′ rapid amplification of cDNA ends (RACE) and

reverse transcriptase PCR (rtPCR). We generated both 5′ and 3′ cDNA

from reserved HL714-231 stellate ganglia RNA using the SMARTer

RACE 5’/3′ kit (Clontech). Overlapping gene-specific primers were

designed using the built-in primer design function in Codoncode. These

primers amplified portions of both the 5′ and 3’ untranslated regions

(UTRs) of the gene as well as the complete coding sequence of the

channel. We used PCR (Takara ExHotstart TAQ) with a touchdown

protocol to generate 20 overlapping amplicons that covered the entire

HlNaV1 gene. Overlapping regions and additional PCR amplicons gave

us at least 6X coverage of the pore regions of the channel and a

minimum of 2x coverage in all other regions of the gene. Primer se-

quences for HlNaV1 as well as PCR protocols are provided in

Supplemental Materials.

For the three orthologs (HlNaV2, AaNaV1, and AaNaV2) that were

not independently confirmed by PCR, read alignment scores using

Bowtie 2 (Langmead and Salzberg, 2012) and per-residue read depth

coverage were calculated for the consensus amino acid sequences to

quantify the read support for the assembled transcripts (see Supple-

mental Materials).

2.5. Gene identification and orthology

We established the evolutionary relationships and gene orthology of

the four VGSCs identified above using both Maximum Likelihood and

Bayesian analyses. We converted cDNA sequences from our tran-

scriptome data and rtPCR data to protein sequences using either

CodonCode or ExPASy (https://www.expasy.org/). We obtained addi-

tional invertebrate and vertebrate VGSC protein sequences from either

Genbank or the Joint Genome Institute protein database (JGI; https://

jgi.doe.gov/) to build a gene tree that integrated our samples with

previously identified VGSC orthologs from both invertebrates (both

NaV1 and NaV2) and vertebrates. We included nine VGSC NaV1.x or-

thologs (NaV 1.1–1.9) from each of two vertebrates (Homo sapiens and

Rattus norvegicus) and known invertebrate NaV1 orthologs from eight

species. Invertebrate NaV1 orthologs included para channels from in-

sects as well as cephalopod NaV1 sequences. We included NaV2 se-

quences from five species of invertebrates. A table of species and

Genbank accession numbers are provided in the Supplemental

Materials. Hapalochlaena lunulata and A. aculeatus VGSC sequences are

archived at Genbank (accession numbers: MN384671-MN384676).

Protein sequences were aligned using MUSCLE (CIPRES; (Miller et al.,

2010); and then trimmed using the gappyout algorithm in trimAI

(Phylemon2; Sánchez et al., 2011). We used Modeltest (CIPRES) to

determine the best evolutionary model for our data. Trimmed align-

ments were then analyzed using both RAxML (Stamatakis, 2014);

Maximum-likelihood) and MrBayes (Huelsenbeck and Ronquist, 2001;

Bayesian). We used a general ‘variable time’ (VT) matrix (Müller and

Vingron, 2000) model for both Bayesian and Maximum-likelihood (ML)

analyses with Drosophila melanogaster voltage-gated calcium channel

(DmCa1) set as the outgroup sequence. Bootstraps were set to 1000 for

ML analyses. Four Markov chains of 5,000,000 generations were run at

the default temperature setting (0.2) with every 1000th tree save to a

file for Bayesian analysis. Burn in was set at the default value (0.25) and

a majority rule consensus was calculated to estimate posterior prob-

abilities in MrBayes. Tree topologies for both analyses were congruent

when DmCa1 was used as the outgroup sequence.

3. Results and discussion

We identified two distinct VGSC orthologs, NaV1 and NaV2, ex-

pressed in both the stellate ganglia and optic lobe of Hapalochlaena

lunulata and Abdopus aculeatus (Fig. 1). Predicted ortholog sequences

were well supported by the reads as demonstrated by high alignment

scores and mean per-residue read depth coverage exceeding 110 reads

for all four orthologs (Supplementary Materials). Three key amino acid

substitutions in the TTX-binding site of the H. lunulata NaV1 ortholog

HlNaV1 (I1406T, D1699H, and G1700S) are likely associated with re-

duced TTX-binding affinity of HlNaV1 (Fig. 2). These substitutions

occur in a region (and at amino acid positions) of the channel asso-

ciated with TTX-binding and are absent in the pore of Abdopus aculeatus

NaV1 (AaNaV1) as well as NaV1 channels from other TTX-sensitive in-

vertebrates (Fig. 2). Furthermore, natural studies of TTX-resistant spe-

cies and experimental manipulations of NaV1 provide extensive evi-

dence that amino acid replacements at these positions contribute to

adaptive TTX-resistance in multiple taxa (see below and Fig. 2).

Two substitutions located in the EEM(I)D motif of HlNaV1 (I1406T

in domain III and D1699H in domain IV), likely render HlNaV1 TTX-

insensitive (Fig. 2). Amino acid substitutions at these two positions can

disrupt TTX-binding and are associated with TTX-resistance in other

metazoans including TTX-resistant newts, snakes, and puffer fishes

(Fig. 2; see Toledo et al., 2016 for review). An identical isoleucine to

threonine replacement and a homologous aspartic acid to serine amino

acid replacement in the EEM(I)D ring of a TTX-resistant NaV1 channel
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(VdNaV1) from mites each decrease TTX-binding affinity by 10-fold (Du

et al., 2009). In vertebrates, the EEM(I)D motif is characterized by a

methionine in domain III. Substitutions of this methionine with threo-

nine have been identified in at least 17 TTX-resistant vertebrate VGSCs

and are associated with organismal TTX-resistance in multiple species

of unrelated snakes, salamanders, and puffer fishes (Fig. 2; reviewed in

Toledo et al., 2016) Replacements of the aspartic acid in domain IV

demonstrate convergent patterns in vertebrates and substitutions at this

position are associated with high levels of TTX-resistance in sala-

manders (TgNaV1.4; D1431S; Hanifin and Gilly, 2015), and TTX-re-

sistant garter snakes (TsNaV1.4; D1574N; Geffeney et al., 2005).

The mode of action for each of these substitutions is likely shared

Fig. 1. Phylogeny of metazoan VGSCs demonstrating orthology of VGSCs identified in Hapalochlaena lunulata and Abdopus aculeatus. Orthologs of the

invertebrate VGSC NaV1 (in red) are present in both H. lunulata (HlNaV1) and A. aculeatus (AaNaV1). Orthologs of invertebrate NaV2 (in blue) are present in H.

lunulata and A. aculeatus (HlNaV2 and AaNaV2 respectively). Vertebrate VGSCs (Humans and Rat; in purple) show homology and a shared DEKA selectivity pore motif

with invertebrate NaV1 while NaV2 orthologs possess a DEEA selectivity pore motif. Chordate VGSCs (Tunicate; HrNaV1 and HrNaV2) are shown in black and

included to clarify the evolutionary history of NaV1 and NaV2. Tree topology is based on a maximum-likelihood analysis using a general VT model. Percent bootstrap

support out of 1000 are shown for each node. A Bayesian analysis returned a similar topology (see Materials and Methods sec. 2.5). Nodes marked with * had 100%

posterior probability support, lower support is indicated in (). All sequences are predicted amino acids from cDNA. All sequences are predicted amino acids from

cDNA. Accession numbers and species names are provided in Table S4 (Supplemental Materials).
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across TTX-resistant VGSCs. In HlNaV1 and VdNaV1, a hydrophobic

isoleucine is replaced with a hydrophilic threonine in the domain III

EEM(I)D motif (I1406T and I1699T respectively; Fig. 2). In TTX-re-

sistant vertebrate VGSCs, replacement of a hydrophobic methionine in

the EEM(I)D motif with threonine is likely functionally homologous

(e.g. TcNaV1.4, TgNaV1.4, and TnNaV1.4a; Fig. 2). In domain IV, a re-

duction in TTX-binding affinity likely results from disruption of a hy-

drogen bond or salt bridge between the aspartic acid in the EEM(I)D

ring and TTX (Shen et al., 2018). Tetrodotoxin binds to the aspartic acid

in the EEM(I)D motif and loss of an acidic side chain at this position

disrupts TTX binding (Choudhary et al., 2003; Shen et al., 2018; Terlau

et al., 1991). In HlNaV1, D1699H replaces an acidic aspartic acid with a

basic histidine (Fig. 2). Although the specific replacements associated

with TTX-resistance in other species are polymorphic, they all result in

a replacement of an acid side chain with either a neutral or basic amino

acid (Fig. 2). In Varroa mites (VdNaV1; Du et al., 2009), a flatworm

(BcNaV1; Du et al., 2009), toad-eating snakes (LeNaV1.4; Feldman et al.,

2012), and TTX-bearing salamanders (TgNaV1.4; Hanifin and Gilly,

2015) the replacement is a polar, neutral serine (Fig. 2). In some puf-

ferfish VGSCs (CsNaV1.4b, AnNaV1.4b; Jost et al., 2008), super-resistant

garter snake muscle (Ts(Wc)NaV1.4; Geffeney et al., 2005) and nerve

(TsNaV1.7; McGlothlin et al., 2016) channels, the replacement is an

asparagine, which is polar and neutral (Fig. 2). In all of these cases a

hydrogen bond/salt bridge is likely disrupted as a result of the loss of

the aspartic acid.

Amino acid substitutions in the EEM(I)D motif of HlNaV1 (i.e.

I1406T and D1699H) do not have additive effects on TTX binding but

instead are multiplicative when they occur together (Du et al., 2009).

Single and double mutant analysis of I1674T and D1967S in VdNaV1

demonstrate that the changes individually reduced TTX-binding affinity

by 10-fold but channels including both have a 1000-fold reduction in

TTX-binding (Du et al., 2009). Combinations of these two substitutions

in the EEM(I)D motif are present in multiple species that possess TTX-

resistant VGSCs and are associated with a “super” TTX-resistant phe-

notype in other vertebrate VGSCs including TTX-resistant newts

(TgNaV1.4; Hanifin and Gilly, 2015) and TTX-bearing puffer fishes

Fig. 2. Sequence Alignment and Comparison of Key Amino Acids Associated with TTX-binding and the Pore of HlNaV1, AaNaV1, as well as Select Metazoan

VGSCs. The NaV1/1.x gene family is above and divided into TTX-sensitive (TTX-S) and TTX-resistant (TTX-R) groups (top). The DEKA and EE(M/I)D pore motifs are

shaded (blue and orange respectively). Substitutions associated with TTX-resistance are boxed. Animals that are known to be TTX-resistant are in bold. Also included

are HlNaV2 and AaNaV2 (below) with other invertebrate NaV2 sequences (bottom). A diagram of a typical VGSC is included to identify the functional regions on the

channel and is based on the vertebrate NaV1.x VGSC group. Accession numbers and species names are provided in Table S4 (Supplemental Materials). Because a clear

domain I pore sequence for ObNaV2 could not be identified it is not shown in this figure.
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(CnNaV1.4b and AnNaV1.4b Jost et al., 2008); Fig. 2).

The functional effects of the G1700S replacement in domain IV are

not well characterized but substitutions at this position are present in

multiple TTX-resistant taxa that possess replacements at the upstream

aspartic acid (e.g. mite VdNaV1, newt TgNaV1.4, and snake Ts(Wc)

NaV1.4; Fig. 2). In HlNaV1, glycine is replaced with a larger, polar

serine. In TTX-resistant mites (VdNaV1) and TTX-resistant newts

(TgNaV1.4), glycine is replaced with a larger, acidic aspartic acid. In

TTX-resistant snakes (TsNaV1.4), the glycine is replaced with a larger,

non-polar valine. This repeated pairing of substitutions in domain IV

associated with the evolution of extreme TTX-resistance (e.g. D1574N

and G1575V in Ts(Wc)NaV1.4; Fig. 2) suggests that D1699H-G1700S

combination is important in HlNaV1 but the specific functional con-

tribution of the changes (e.g. TTX resistance or other functional prop-

erties) are, as yet, unclear.

We saw no substitutions in the pore DEKA motif associated with

either NaV1 ortholog from octopuses (HlNaV1 and AaNaV1; Fig. 2).

These results are not surprising given how highly conserved these re-

sidues are in metazoan NaV1 VGSCs. Sequence comparisons did docu-

ment expected differences between the selectivity filter motif (DEKA vs.

DEEA) of our two classes of orthologs (NaV1 and NaV2 respectively),

with one exception (Fig. 2). HlNaV2 possesses a glutamic acid residue in

domain III and the A. aculeatus NaV2 VGSC (AaNaV2) appears to be

polymorphic with both glycine and glutamic acid at this position. Al-

though this sequence is based solely on transcriptome data and has not

been confirmed through direct rtPCR, the residue in question is covered

by 310 reads (Fig. S1). Of these, 29% contain adenosines (leading to

glutamic acid) and 71% contain guanines (leading to glycine). Given

the abundance of A-to-G mRNA editing activity in cephalopod nervous

tissue (Liscovitch-Brauer et al., 2017), this may be an RNA editing site

(see Supplemental Materials) that generates a glycine/glutamic acid

polymorphism in the expressed channel. The importance of this poly-

morphism is unclear. Unlike Cnidarians (Anderson, 1987; Gur Barzilai

et al., 2012; Spafford et al., 1996), NaV2 does not appear to be re-

sponsible for action potential propagation in Cephalopod neurons (Liu

and Gilly, 1995; Rosenthal and Gilly, 2003). In insects NaV2 may play a

role in regulating cell excitability in a small number of neuronal circuits

(Liu and Gilly, 1995; Rosenthal and Gilly, 2003; Zhang et al., 2013), but

this role has not been demonstrated in Cephalopods.

Alternative splicing is common in invertebrate VGSC channels and

plays an important role in modulating the properties of excitable tissues

in these taxa (Olson et al., 2008; Zhang et al., 2011). We saw some

evidence of splice variants in the VGSC orthologs (both NaV1 and NaV2)

present in our transcriptome data (data not shown). However, rtPCR

data and alignments of transcriptome data provided no evidence of

alternative splicing in the pore regions that form the TTX-binding site in

any of our identified VGSCs. These results suggest that differential ex-

pression of splice variants of octopus VGSCs does not play a role in

organismal resistance in H. lunulata or the evolution of the TTX-bearing

phenotype in this species.

4. Conclusions

We identified three amino acid replacements in the VGSC ortholog,

NaV1, from the Greater Blue-ringed Octopus (Hapalochlaena lunulata)

that likely render this channel highly resistant to TTX. NaV1 is both

structurally and functionally homologous to the VGSCs responsible for

action potential propagation in the neurons of most Metazoans (the

NaV1.x gene family in vertebrates and NaV1 in other invertebrates)

suggesting that TTX-resistance in this channel likely confers organismal

resistance to TTX in H. lunulata. Our results and patterns of convergence

and parallelism associated with the evolution of TTX-resistance within

the NaV1 gene family suggest two additional dynamics. Firstly, that a

core mix of channel functionality and constraints are applicable across

NaV1/1.x orthologs despite the deep evolutionary time that separates

invertebrate NaV1 VGSCs from vertebrate VGSCs. Secondly, that

underlying functional similarities and constraints across metazoan

VGSCs may facilitate the evolution of auto-resistance to TTX and, in

turn, the evolution of the TTX-bearing phenotype in Metazoans.

Acknowledgments

This project was funded by internal Utah State University start-up

funding to CTH, SLG, and BLW. Funding from the Uintah Impact

Mitigation Service District provided support for USU undergraduate

workers for the project under the supervision of SLG, BLW, and CTH.

Additional support was provided through the Uintah Basin Research

Internship program to JLF, CMW, and ERC. Support for JJCR was

provided by NSF IOS 1528863 and United States-Israel Binational

Science Foundation 2017262. MAB was supported by a National

Science Foundation postdoctoral fellowship (DBI-1907197). The au-

thors wish to thank the USU-Uintah Basin campus for its support of

undergraduate researchers and programs. No funding source had any

role in the design, analysis, writing, or dissemination of results pre-

sented in this work. The authors thank R. Caldwell for photos. The

manuscript was improved by comments from five anonymous re-

viewers.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.toxicon.2019.09.013.

References

Anderson, P.A.V., 1987. Properties and pharmacology of a TTX-insensitive Na+current in

neurones of the jellyfish Cyanea capillata. J. Exp. Biol. 133, 231–248.

Asakawa, M., Matsumoto, T., Umezaki, K., Kaneko, K., Yu, X., Gomez-Delan, G., Tomano,

S., Noguchi, T., Ohtsuka, S., 2019. Toxicity and toxin composition of the greater blue-

ringed Octopus Hapalochlaena lunulata from ishigaki island, okinawa prefecture,

Japan. Toxins (Basel) 11, 245. https://doi.org/10.3390/toxins11050245.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina

sequence data. Bioinformatics 30, 2114–2120. https://doi.org/10.1093/

bioinformatics/btu170.

Bornancin, L., Bonnard, I., Mills, S.C., Banaigs, B., 2017. Chemical mediation as a

structuring element in marine gastropod predator-prey interactions. Nat. Prod. Rep.

34, 644–676. https://doi.org/10.1039/c6np00097e.

Brodie Jr., E.D., 1968. Investigations on the skin toxin of the adult rough-skinned newt,

Taricha granulosa. Copeia 307–313. https://doi.org/10.2307/1441757. 1968.

Brodie Jr., E.D., Hensel Jr., J.L., Johnson, J.A., 1974. Toxicity of the urodele Amphibians

Taricha, Notophthalmus, Cynops and Paramesotriton (salamandridae). Copeia 506–511.

https://doi.org/10.2307/1442542. 1974.

Brown, M.S., Mosher, H.S., 1963. Tarichatoxin: isolation and purification. Science 140,

295–296. https://doi.org/10.1126/science.140.3564.295.

Buchwald, H.D., Durham, L., Fischer, H.G., Harada, R., Mosher, H.S., Kao, C.Y., Fuhrman,

F.A., 1964. Identity of tarichatoxin and tetrodotoxin. Science 143, 474–475. https://

doi.org/10.1126/science.143.3605.474.

Calhoun, D.M., Bucciarelli, G.M., Kats, L.B., Zimmer, R.K., Johnson, P.T.J., 2017. Noxious

newts and their natural enemies: experimental effects of tetrodotoxin exposure on

trematode parasites and aquatic macroinvertebrates. Toxicon 137, 120–127. https://

doi.org/10.1016/j.toxicon.2017.07.021.

Capes, D.L., Arcisio-Miranda, M., Jarecki, B.W., French, R.J., Chanda, B., 2012. Gating

transitions in the selectivity filter region of a sodium channel are coupled to the

domain IV voltage sensor. Proc. Natl. Acad. Sci. U.S.A. 109, 2648–2653. https://doi.

org/10.1073/pnas.1115575109.

Catterall, W.A., 2012. Voltage-gated sodium channels at 60: structure, function and pa-

thophysiology. J. Physiol. (Lond.) 590, 2577–2589. https://doi.org/10.1113/

jphysiol.2011.224204.

Cervenka, R., Zarrabi, T., Lukacs, P., Todt, H., 2010. The outer vestibule of the Na +

channel-toxin receptor and modulator of permeation as well as gating. Mar. Drugs 8,

1373–1393. https://doi.org/10.3390/md8041373.

Chau, R., Kalaitzis, J.A., Neilan, B.A., 2011. On the origins and biosynthesis of te-

trodotoxin. Aquat. Toxicol. 104, 61–72. https://doi.org/10.1016/j.aquatox.2011.04.

001.

Choudhary, G., Yotsu-Yamashita, M., Shang, L., Yasumoto, T., Dudley, S.C., 2003.

Interactions of the C-11 hydroxyl of tetrodotoxin with the sodium channel outer

vestibule. Biophys. J. 84, 287–294. https://doi.org/10.1016/S0006-3495(03)

74849-8.

Crusoe, M.R., Alameldin, H.F., Awad, S., Boucher, E., Caldwell, A., Cartwright, R.,

Charbonneau, A., Constantinides, B., Edvenson, G., Fay, S., Fenton, J., Fenzl, T., Fish,

J., Garcia-Gutierrez, L., Garland, P., Gluck, J., González, I., Guermond, S., Guo, J.,

Gupta, A., Herr, J.R., Howe, A., Hyer, A., Härpfer, A., Irber, L., Kidd, R., Lin, D., Lippi,

J., Mansour, T., McA'Nulty, P., McDonald, E., Mizzi, J., Murray, K.D., Nahum, J.R.,

S.L. Geffeney, et al. 7R[LFRQ��������������²��

��



Nanlohy, K., Nederbragt, A.J., Ortiz-Zuazaga, H., Ory, J., Pell, J., Pepe-Ranney, C.,

Russ, Z.N., Schwarz, E., Scott, C., Seaman, J., Sievert, S., Simpson, J., Skennerton,

C.T., Spencer, J., Srinivasan, R., Standage, D., Stapleton, J.A., Steinman, S.R., Stein,

J., Taylor, B., Trimble, W., Wiencko, H.L., Wright, M., Wyss, B., Zhang, Q., Zyme, E.,

Brown, C.T., 2015. The Khmer software package: enabling efficient nucleotide se-

quence analysis. F1000Res 4, 900. https://doi.org/10.12688/f1000research.6924.1.

Dong, K., Du, Y., Rinkevich, F., Nomura, Y., Xu, P., Wang, L., Silver, K., Zhorov, B.S.,

2014. Molecular biology of insect sodium channels and pyrethroid resistance. Insect

Biochem. Mol. Biol. 50, 1–17. https://doi.org/10.1016/j.ibmb.2014.03.012.

Du, Y., Nomura, Y., Liu, Z., Huang, Z.Y., Dong, K., 2009. Functional expression of an

arachnid sodium channel reveals residues responsible for tetrodotoxin resistance in

invertebrate sodium channels. J. Biol. Chem. 284, 33869–33875. https://doi.org/10.

1074/jbc.M109.045690.

Favre, I., Moczydlowski, E., Schild, L., 1996. On the structural basis for ionic selectivity

among Na+, K+, and Ca2+ in the voltage-gated sodium channel. Biophys. J. 71,

3110–3125. https://doi.org/10.1016/S0006-3495(96)79505-X.

Feldman, C.R., Brodie, E.D., Pfrender, M.E., 2012. Constraint shapes convergence in te-

trodotoxin-resistant sodium channels of snakes. Proc. Natl. Acad. Sci. U.S.A. 109,

4556–4561. https://doi.org/10.1073/pnas.1113468109.

Feldman, C.R., Durso, A.M., Hanifin, C.T., Pfrender, M.E., Ducey, P.K., Stokes, A.N.,

Barnett, K.E., Brodie, E.D., 2016. Is there more than one way to skin a newt?

Convergent toxin resistance in snakes is not due to a common genetic mechanism.

Heredity 116, 84–91. https://doi.org/10.1038/hdy.2015.73.

Forbey, J.S., Harvey, A.L., Huffman, M.A., Provenza, F.D., Sullivan, R., Tasdemir, D.,

2009. Exploitation of secondary metabolites by animals: a response to homeostatic

challenges. Integr. Comp. Biol. 49, 314–328. https://doi.org/10.1093/icb/icp046.

Furukawa, T., Sakaoka, T., Hosoya, Y., 1959. Effects of tetrodotoxin on the neuromus-

cular junction. Jpn. J. Physiol. 9, 143–152. https://doi.org/10.2170/jjphysiol.9.143.

Gall, B.G., Stokes, A.N., French, S.S., Brodie, E.D., 2012. Predatory caddisfly larvae se-

quester tetrodotoxin from their prey, eggs of the rough-skinned newt (Taricha gran-

ulosa). J. Chem. Ecol. 38, 1351–1357. https://doi.org/10.1007/s10886-012-0213-8.

Geffeney, S.L., Fujimoto, E., Brodie, E.D., Ruben, P.C., 2005. Evolutionary diversification

of TTX-resistant sodium channels in a predator-prey interaction. Nature 434,

759–763. https://doi.org/10.1038/nature03444.

Goto, T., Kishi, Y., Takahashi, S., Hirata, Y., 1965. Tetrodotoxin. Tetrahedron 21,

2059–2088. https://doi.org/10.1016/S0040-4020(01)98344-9.

Grabherr, M.G., Haas, B.J., Yassour, M., Levin, J.Z., Thompson, D.A., Amit, I., Adiconis,

X., Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z., Mauceli, E., Hacohen, N., Gnirke,

A., Rhind, N., di Palma, F., Birren, B.W., Nusbaum, C., Lindblad-Toh, K., Friedman,

N., Regev, A., 2011. Trinity: reconstructing a full-length transcriptome assembly from

RNA-Seq data without a reference genome. Nat. Biotechnol. 29, 644–652. https://

doi.org/10.1038/nbt.1883.

Gur Barzilai, M., Reitzel, A.M., Kraus, J.E.M., Gordon, D., Technau, U., Gurevitz, M.,

Moran, Y., 2012. Convergent evolution of sodium ion selectivity in metazoan neu-

ronal signaling. Cell Rep. 2, 242–248. https://doi.org/10.1016/j.celrep.2012.06.016.

Hanifin, C.T., 2010. The chemical and evolutionary ecology of tetrodotoxin (TTX) toxicity

in terrestrial vertebrates. Mar. Drugs 8, 577–593. https://doi.org/10.3390/

md8030577.

Hanifin, C.T., Brodie III, E.D., Brodie Jr., E.D., 2003. Tetrodotoxin levels in eggs of the

rough-skin newt, Taricha granulosa, are correlated with female toxicity. J. Chem.

Ecol. 29, 1729–1739. https://doi.org/10.1023/A:1024885824823.

Hanifin, C.T., Brodie Jr., E.D., Brodie III, E.D., Brodie, E.D., 2008. Phenotypic mismatches

reveal escape from arms-race coevolution. PLoS Biol. 6, 0471–0482. https://doi.org/

10.1371/journal.pbio.0060060.

Hanifin, C.T., Gilly, W.F., 2015. Evolutionary history of a complex adaptation: te-

trodotoxin resistance in salamanders. Evolution 69, 232–244. https://doi.org/10.

1111/evo.12552.

Heiman, A., Pallottie, A., Heary, R.F., Elkabes, S., 2014. Brain, behavior, and immunity.

Brain Behav. Immun. 42, 232–245. https://doi.org/10.1016/j.bbi.2014.06.203.

Hille, B., 2001. Ion Channels of Excitable Membranes, third ed. Sinauer Associates

Incorporated.

Hille, B., 1975. The receptor for tetrodotoxin and saxitoxin. A structural hypothesis.

Biophys. J. 15, 615–619. https://doi.org/10.1016/S0006-3495(75)85842-5.

Hodgkin, A.L., Huxley, A.F., 1952. The components of membrane conductance in the

giant axon of Loligo. J. Physiol. (Lond.) 116, 473–496. https://doi.org/10.1113/

jphysiol.1952.sp004718.

Huang, C.-J., Favre, I., Moczydlowski, E., 2000. Permeation of large tetra-alkylammo-

nium cations through mutant and wild- type voltage-gated sodium channels as re-

vealed by relief of block at high voltage. J. Gen. Physiol. 115, 435–453. https://doi.

org/10.1085/jgp.115.4.435.

Huelsenbeck, J.P., Ronquist, F., 2001. MRBAYES: Bayesian inference of phylogenetic

trees. Bioinformatics 17, 754–755. https://doi.org/10.1093/bioinformatics/17.8.

754.

Hwang, D.F., Arakawa, O., Saito, T., Noguchi, T., Simidu, U., Tsukamoto, K., Shida, Y.,

Hashimoto, K., 1989. Tetrodotoxin-producing bacteria from the blue-ringed octopus

Octopus maculosus. Mar. Biol. 100, 327–332. https://doi.org/10.1007/BF00391147.

Itoi, S., Ishizuka, K., Mitsuoka, R., Takimoto, N., Yokoyama, N., Detake, A., Takayanagi,

C., Yoshikawa, S., Sugita, H., 2016. Seasonal changes in the tetrodotoxin content of

the pufferfish Takifugu niphobles. Toxicon 114, 53–58. https://doi.org/10.1016/j.

toxicon.2016.02.020.

Itoi, S., Yoshikawa, S., Asahina, K., Suzuki, M., Ishizuka, K., Takimoto, N., Mitsuoka, R.,

Yokoyama, N., Detake, A., Takayanagi, C., Eguchi, M., Tatsuno, R., Kawane, M.,

Kokubo, S., Takanashi, S., Miura, A., Suitoh, K., Takatani, T., Arakawa, O., Sakakura,

Y., Sugita, H., 2014. Larval pufferfish protected by maternal tetrodotoxin. Toxicon

78, 35–40. https://doi.org/10.1016/j.toxicon.2013.11.003.

Johnson, P.T.J., Calhoun, D.M., Stokes, A.N., Susbilla, C.B., McDevitt-Galles, T., Briggs,

C.J., Hoverman, J.T., Tkach, V.V., de Roode, J.C., 2018. Of poisons and parasites-the

defensive role of tetrodotoxin against infections in newts. J. Anim. Ecol. 87,

1192–1204. https://doi.org/10.1111/1365-2656.12816.

Jost, M.C., Hillis, D.M., Lu, Y., Kyle, J.W., Fozzard, H.A., Zakon, H.H., 2008. Toxin-re-

sistant sodium channels: parallel adaptive evolution across a complete gene family.

Mol. Biol. Evol. 25, 1016–1024. https://doi.org/10.1093/molbev/msn025.

Kudo, Y., Chiba, C., Konoki, K., Cho, Y., Yotsu-Yamashita, M., 2017. Dietary adminis-

tration of tetrodotoxin and its putative biosynthetic intermediates to the captive-

reared non-toxic Japanese fire-bellied newt, Cynops pyrrhogaster. Toxicon 137, 78–82.

https://doi.org/10.1016/j.toxicon.2017.07.016.

Kudo, Y., Chiba, C., Konoki, K., Cho, Y., Yotsu-Yamashita, M., 2015. Confirmation of the

absence of tetrodotoxin and its analogues in the juveniles of the Japanese fire-bellied

newt, Cynops pyrrhogaster, captive-reared from eggs in the laboratory using HILIC-LC-

MS. Toxicon 101, 101–105. https://doi.org/10.1016/j.toxicon.2015.05.008.

Kudo, Y., Yamashita, Y., Mebs, D., Cho, Y., Konoki, K., Yasumoto, T., Yotsu-Yamashita,

M., 2014. C5-C10 directly bonded tetrodotoxin analogues: possible biosynthetic

precursors of tetrodotoxin from newts. Angew. Chem., Int. Ed. Engl. 53,

14546–14549. https://doi.org/10.1002/anie.201408913.

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat.

Methods 9, 357–359. https://doi.org/10.1038/nmeth.1923.

Liebeskind, B.J., Hillis, D.M., Zakon, H.H., 2011. Evolution of sodium channels predates

the origin of nervous systems in animals. Proc. Natl. Acad. Sci. U.S.A. 108,

9154–9159. https://doi.org/10.1073/pnas.1106363108.

Liscovitch-Brauer, N., Alon, S., Porath, H.T., Elstein, B., Unger, R., Ziv, T., Admon, A.,

Levanon, E.Y., Rosenthal, J.J.C., Eisenberg, E., 2017. Trade-off between tran-

scriptome plasticity and genome evolution in cephalopods. Cell 169, 191–202.

https://doi.org/10.1016/j.cell.2017.03.025. e11.

Liu, T.I., Gilly, W.F., 1995. Tissue distribution and subcellular localization of Na+ channel

mRNA in the nervous system of the squid. Loligo opalescens. Recept. Channels 3,

243–254.

McGlothlin, J.W., Kobiela, M.E., Feldman, C.R., Castoe, T.A., Geffeney, S.L., Hanifin, C.T.,

Toledo, G., Vonk, F.J., Richardson, M.K., Brodie, E.D., Pfrender, M.E., 2016.

Historical contingency in a multigene family facilitates adaptive evolution of toxin

resistance. Curr. Biol. 26, 1616–1621. https://doi.org/10.1016/j.cub.2016.04.056.

Mebs, D., Yotsu-Yamashita, M., Toennes, S.W., 2019. Tetrodotoxin content of rough-

skinned newts, Taricha granulosa (salamandridae), from their northern distribution

range, British columbia, Canada, and southeast-Alaska, USA. Salamandra 55, 82–88.

Miller, M.A., Pfeiffer, W., Schwartz, T., 2010. Creating the CIPRES science gateway for

inference of large phylogenetic trees. Presented at the 2010 gateway computing

environments workshop. GCE 2010. https://doi.org/10.1109/GCE.2010.5676129.

Moore, J.W., Blaustein, M.P., Anderson, N.C., Narahashi, T., 1967. Basis of tetrodotoxin's

selectivity in blockage of squid axons. J. Gen. Physiol. 50, 1401–1411. https://doi.

org/10.1085/jgp.50.5.1401.

Moran, Y., Barzilai, M.G., Liebeskind, B.J., Zakon, H.H., 2015. Evolution of voltage-gated

ion channels at the emergence of Metazoa. J. Exp. Biol. 218, 515–525. https://doi.

org/10.1242/jeb.110270.

Müller, T., Vingron, M., 2000. Modeling amino acid replacement. J. Comput. Biol. 7,

761–776. https://doi.org/10.1089/10665270050514918.

Narahashi, T., 1974. Chemicals as tools in the study of excitable membranes. Physiol. Rev.

54, 813–889. https://doi.org/10.1152/physrev.1974.54.4.813.

Narahashi, T., Moore, J.W., Scott, W.R., 1964. Tetrodotoxin blockage of sodium con-

ductance increase in lobster giant axons. J. Gen. Physiol. 47, 965–974. https://doi.

org/10.1085/jgp.47.5.965.

Nishida, R., 2014. Chemical ecology of insect-plant interactions: ecological significance of

plant secondary metabolites. Biosci. Biotechnol. Biochem. 78, 1–13. https://doi.org/

10.1080/09168451.2014.877836.

Noda, M., Numa, S., 1987. Structure and function of sodium channel. J. Recept. Res. 7,

467–497. https://doi.org/10.3109/10799898709054998.

Noguchi, T., Arakawa, O., 2008. Tetrodotoxin - distribution and accumulation in aquatic

organisms, and cases of human intoxication. Mar. Drugs 6, 220–242. https://doi.org/

10.3390/md20080011.

Olson, R.O., Liu, Z., Nomura, Y., Song, W., Dong, K., 2008. Molecular and functional

characterization of voltage-gated sodium channel variants from Drosophila melano-

gaster. Insect Biochem. Mol. Biol. 38, 604–610. https://doi.org/10.1016/j.ibmb.

2008.01.003.

Otagiri, T., Kijima, K., Osawa, M., Ishii, K., Makita, N., Matoba, R., Umetsu, K., Hayasaka,

K., 2008. Cardiac ion channel gene mutations in sudden infant death syndrome.

Pediatr. Res. 64, 482–487. https://doi.org/10.1203/PDR.0b013e3181841eca.

Riley, M.A., Wertz, J.E., 2002. Bacteriocins: evolution, ecology, and application. Annu.

Rev. Microbiol. 56, 117–137. https://doi.org/10.1146/annurev.micro.56.012302.

161024.

Ritson-Williams, R., Yotsu-Yamashita, M., Paul, V.J., 2006. Ecological functions of te-

trodotoxin in a deadly polyclad flatworm. Proc. Natl. Acad. Sci. U.S.A. 103,

3176–3179. https://doi.org/10.1073/pnas.0506093103.

Rosenthal, J.J.C., Gilly, W.F., 2003. Identified ion channels in the squid nervous system.

Neurosignals 12, 126–141. https://doi.org/10.1159/000072160.

Sakakura, Y., Takatani, T., Nakayasu, J., Yamazaki, H., Sakiyama, K., 2017.

Administration of tetrodotoxin protects artificially raised juvenile tiger puffer

Takifugu rubripes from predators. Fish. Sci. 83, 191–197. https://doi.org/10.1007/

s12562-016-1046-0.

Salvitti, L.R., Wood, S.A., Winsor, L., Cary, S.C., 2015. Intracellular immunohistochemical

detection of tetrodotoxin in Pleurobranchaea maculata (Gastropoda) and Stylochoplana

sp. (Turbellaria). Mar. Drugs 13, 756–769. https://doi.org/10.3390/md13020756.

Santarelli, V.P., Eastwood, A.L., Dougherty, D.A., Horn, R., Ahern, C.A., 2007. A cation-pi

interaction discriminates among sodium channels that are either sensitive or resistant

to tetrodotoxin block. J. Biol. Chem. 282, 8044–8051. https://doi.org/10.1074/jbc.

S.L. Geffeney, et al. 7R[LFRQ��������������²��

��



M611334200.

Savitzky, A.H., Mori, A., Hutchinson, D.A., Saporito, R.A., Burghardt, G.M., Lillywhite,

H.B., Meinwald, J., 2012. Sequestered defensive toxins in tetrapod vertebrates:

principles, patterns, and prospects for future studies. Chemoecology 22, 141–158.

https://doi.org/10.1007/s00049-012-0112-z.

Sánchez, R., Serra, F., Tárraga, J., Medina, I., Carbonell, J., Pulido, L., De María, A.,

Capella-Gutíerrez, S., Huerta-Cepas, J., Gabaldón, T., Dopazo, J., Dopazo, H., 2011.

Phylemon 2.0: a suite of web-tools for molecular evolution, phylogenetics, phylo-

genomics and hypotheses testing. Nucleic Acids Res. 39, W470–W474. https://doi.

org/10.1093/nar/gkr408.

Shen, H., Li, Z., Jiang, Y., Pan, X., Wu, J., Cristofori-Armstrong, B., Smith, J.J., Chin,

Y.K.Y., Lei, J., Zhou, Q., King, G.F., Yan, N., 2018. Structural basis for the modulation

of voltage-gated sodium channels by animal toxins. Science 362. https://doi.org/10.

1126/science.aau2596.

Shen, H., Liu, D., Wu, K., Lei, J., Yan, N., 2019. Structures of human Nav1.7 channel in

complex with auxiliary subunits and animal toxins. Science 363, 1303–1308. https://

doi.org/10.1126/science.aaw2493.

Sheumack, D.D., Howden, M.E., Spence, I., 1984. Occurrence of a tetrodotoxin-like

compound in the eggs of the venomous blue-ringed octopus (Hapalochlaena macu-

losa). Toxicon 22, 811–812. https://doi.org/10.1016/0041-0101(84)90164-8.

Sheumack, D.D., Howden, M.E.H., Spence, I., Quinn, R.J., 1978. Maculotoxin: a neuro-

toxin from the venom glands of the octopus Hapalochlaena maculosa identified as

tetrodotoxin. Science 199, 188–189. https://doi.org/10.1126/science.619451.

Spafford, J., Grigoriev, N., Spencer, A., 1996. Pharmacological properties of voltage-gated

Na+ currents in motor neurones from a hydrozoan jellyfish Polyorchis penicillatus. J.

Exp. Biol. 199, 941–948.

Stamatakis, A., 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis

of large phylogenies. Bioinformatics 30, 1312–1313. https://doi.org/10.1093/

bioinformatics/btu033.

Stokes, A.N., Ducey, P.K., Neuman-Lee, L., Hanifin, C.T., French, S.S., Pfrender, M.E.,

Brodie, E.D., 2014. Confirmation and distribution of tetrodotoxin for the first time in

terrestrial invertebrates: two terrestrial flatworm species (Bipalium adventitium and

Bipalium kewense). PLoS One 9, e100718. https://doi.org/10.1371/journal.pone.

0100718.

Sun, Y.M., Favre, I., Schild, L., Moczydlowski, E., 1997. On the structural basis for size-

selective permeation of organic cations through the voltage-gated sodium channel:

effect of alanine mutations at the DEKA locus on selectivity, inhibition by Ca2+ and

H+, and molecular sieving. J. Gen. Physiol. 110, 693–715. https://doi.org/10.1085/

jgp.110.6.693.

Terlau, H., Heinemann, S.H., Stühmer, W., Pusch, M., Conti, F., Imoto, K., Numa, S., 1991.

Mapping the site of block by tetrodotoxin and saxitoxin of sodium channel II. FEBS

Lett. 293, 93–96. https://doi.org/10.1016/0014-5793(91)81159-6.

Todt, H., Dudley, S.C., Kyle, J.W., French, R.J., Fozzard, H.A., 1999. Ultra-slow in-

activation in mu1 Na+ channels is produced by a structural rearrangement of the

outer vestibule. Biophys. J. 76, 1335–1345. https://doi.org/10.1016/S0006-

3495(99)77296-6.

Toledo, G., Hanifin, C., Geffeney, S., Brodie, E.D., 2016. Convergent evolution of te-

trodotoxin-resistant sodium channels in predators and prey. Curr. Top. Membr. 78,

87–113. https://doi.org/10.1016/bs.ctm.2016.07.006.

Tsuda, K., Tachikawa, R., Sakai, K., Tamura, C., Amakasu, O., Kawamura, M., Ikuma, S.,

1964. On the structure of tetrodotoxin. Chem. Pharm. Bull. 12, 642. https://doi.org/

10.1248/cpb.12.642.

Ueyama, N., Sugimoto, K., Kudo, Y., Onodera, K.I., Cho, Y., Konoki, K., Nishikawa, T.,

Yotsu-Yamashita, M., 2018. Spiro bicyclic guanidino compounds from pufferfish:

possible biosynthetic intermediates of tetrodotoxin in marine environments.

Chemistry 24, 7250–7258. https://doi.org/10.1002/chem.201801006.

Vilin, Y.Y., Fujimoto, E., Ruben, P.C., 2001. A single residue differentiates between

human cardiac and skeletal muscle Na+ channel slow inactivation. Biophys. J. 80,

2221–2230. https://doi.org/10.1016/S0006-3495(01)76195-4.

Whitelaw, B.L., Cooke, I.R., Finn, J., Zenger, K., Strugnell, J.M., 2019. The evolution and

origin of tetrodotoxin acquisition in the blue-ringed octopus (genus Hapalochlaena).

Aquat. Toxicol. 206, 114–122. https://doi.org/10.1016/j.aquatox.2018.10.012.

Williams, B.L., Caldwell, R.L., 2009. Intra-organismal distribution of tetrodotoxin in two

species of blue-ringed octopuses (Hapalochlaena fasciata and H. lunulata). Toxicon 54,

345–353. https://doi.org/10.1016/j.toxicon.2009.05.019.

Williams, B.L., Hanifin, C.T., Brodie, E.D., 2010. Tetrodotoxin affects survival probability

of rough-skinned newts (Taricha granulosa) faced with TTX-resistant garter snake

predators (Thamnophis sirtalis). Chemoecology 20, 285–290. https://doi.org/10.

1007/s00049-010-0057-z.

Williams, B.L., Hanifin, C.T., Brodie, E.D., Caldwell, R.L., 2011a. Ontogeny of te-

trodotoxin levels in blue-ringed octopuses: maternal investment and apparent in-

dependent production in offspring of Hapalochlaena lunulata. J. Chem. Ecol. 37,

10–17. https://doi.org/10.1007/s10886-010-9901-4.

Williams, B.L., Lovenburg, V., Huffard, C.L., Caldwell, R.L., 2011b. Chemical defense in

pelagic octopus paralarvae: tetrodotoxin alone does not protect individual paralarvae

of the greater blue-ringed octopus (Hapalochlaena lunulata) from common reef pre-

dators. Chemoecology 21, 131–141. https://doi.org/10.1007/s00049-011-0075-5.

Williams, B.L., Stark, M.R., Caldwell, R.L., 2012. Microdistribution of tetrodotoxin in two

species of blue-ringed octopuses (Hapalochlaena lunulata and Hapalochlaena fasciata)

detected by fluorescent immunolabeling. Toxicon 60, 1307–1313. https://doi.org/

10.1016/j.toxicon.2012.08.015.

Woodward, R.B., 1964. The structure of tetrodotoxin. Pure Appl. Chem. 9, 49–74. https://

doi.org/10.1351/pac196409010049.

Yotsu-Yamashita, M., Gilhen, J., Russell, R.W., Krysko, K.L., Melaun, C., Kurz, A.,

Kauferstein, S., Kordis, D., Mebs, D., 2012. Variability of tetrodotoxin and of its

analogues in the red-spotted newt, Notophthalmus viridescens (Amphibia: urodela:

Salamandridae). Toxicon 59, 257–264. https://doi.org/10.1016/j.toxicon.2011.12.

004.

Yotsu-Yamashita, M., Mebs, D., Flachsenberger, W., 2007. Distribution of tetrodotoxin in

the body of the blue-ringed octopus (Hapalochlaena maculosa). Toxicon 49, 410–412.

https://doi.org/10.1016/j.toxicon.2006.10.008.

Yotsu-Yamashita, M., Tateki, E., 2010. First report on toxins in the Panamanian toads

Atelopus limosus, A. glyphus and A. certus. Toxicon 55, 153–156. https://doi.org/10.

1016/j.toxicon.2009.07.003.

Zakon, H.H., 2012. Adaptive evolution of voltage-gated sodium channels: the first 800

million years. Proc. Natl. Acad. Sci. U.S.A. 109 (Suppl. 1), 10619–10625. https://doi.

org/10.1073/pnas.1201884109.

Zhang, T., Liu, Z., Song, W., Du, Y., Dong, K., 2011. Molecular characterization and

functional expression of the DSC1 channel. Insect Biochem. Mol. Biol. 41, 451–458.

https://doi.org/10.1016/j.ibmb.2011.04.010.

Zhang, T., Wang, Z., Wang, L., Luo, N., Jiang, L., Liu, Z., Wu, C.-F., Dong, K., 2013. Role of

the DSC1 channel in regulating neuronal excitability in Drosophila melanogaster: ex-

tending nervous system stability under stress. PLoS Genet. 9, e1003327–10. https://

doi.org/10.1371/journal.pgen.1003327.

Zhou, W., Chung, I., Liu, Z., Goldin, A.L., Dong, K., 2004. A voltage-gated calcium-se-

lective channel encoded by a sodium channel-like gene. Neuron 42, 101–112.

https://doi.org/10.1016/S0896-6273(04)00148-5.

S.L. Geffeney, et al. 7R[LFRQ��������������²��

��


