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ABSTRACT

Understanding the evolution of unique evolutionary traits in octopods
provides an interesting challenge due to their large and complex genomes. The
genus of focus for this thesis is the blue-ringed octopus genus (Hapalochlaena),
currently composed of three accepted species (H. maculosa, H. lunulata, and H.
fasciata). Members of this genus are identifiable by their iridescent blue lines &/or
rings, which are flashed in an aposematic display advertising their toxicity.
Hapalochlaena are the only octopods known to sequester the potent neurotoxin
tetrodotoxin (TTX) within their tissues and venom. Inclusion of this toxin within
their venom is responsible for human fatalities and hospitalisations. Given this
negative impact on human health, understanding the evolution of this genus at a
genomic and taxonomic level is crucial. Genomic resources for the genus are
currently limited with no published genomes available. Additionally, the impact of
TTX acquisition on the evolution of Hapalochlaena at a genomic level has not been

elucidated.

In order to compare the genome evolution of the TTX bearing octopod

lineage (Hapalochlaena) to other non-TTX-bearing octopods (Octopus bimaculoides

vii



& Callistoctopus minor) the southern blue-ringed octopus (H. maculosa) genome
was annotated and comparative analyses performed. Annotation identified 29,328
genes and a high repeat content with repetitive elements comprising 37.09% of the
H. maculosa genome. Divergence times between lineages were calculated using a
concatenated alignment of 2,108 genes, placing the divergence of H. maculosa from
the genus Octopus at ~59 mya. Additionally, gene families associated with neural
development and function (zinc finger and cadherin) were identified as exhibiting
the largest octopod specific gene family expansions. Examination of tissue specific
expression in the posterior salivary glands (venom glands) revealed a dominance of
serine protease expression in non-TTX octopods relative to the TTX bearing H.
maculosa in accordance with an overall reduction in gene family size exhibited in H.
maculosa. Mutations, which confer tetrodotoxin resistance in pufferfish (Tetraodon
nigroviridis) and newt (Taricha granulosa) were identified in the sodium channel of
H. maculosa along with additional mutations exclusive to the genus, which are
candidates for resistance. The source of tetrodotoxin within Hapalochlaena is yet
to be confirmed, however bacterial production is one hypothesis. Analysis of the
microbiome of the posterior salivary gland revealed a diverse array of bacterial
families with no single dominant family as a candidate for production. This study
provides the first annotated blue-ringed octopus genome and large-scale genomic

comparisons between three octopod genomes.
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In the absence of a published genetic linkage map for any cephalopod, a
high-density genetic linkage map for the southern blue-ringed octopus H. maculosa
was generated. Linkage maps have high versatility in genetic studies and can be
used to aid in the reassembly and refinement of non-model genomes. The linkage
map was generated using 2,166 single nucleotide polymorphisms (SNP) and 2,455
presence absence variant (PAV) loci from 10 families comprised of 276 individuals. A
total of 47 linkage groups (LG) spanning 2016cM were resolved for an estimated 30n
chromosomes. The H. maculosa genome was composed of 47K scaffolds and
reassembly using the generated linkage map allowed for the placement of 1,151
scaffolds using 1,278 markers covering 34.7% of the total genome. The updated
assembly was used to examine placement of HOX genes, a highly conserved cluster
in metazoa involved in development. Genes within the HOX gene cluster are usually
found within close proximity within the Phylum Mollusca. However, in Octopus
bimaculoides all HOX genes were demonstrated to occur on separate scaffolds, with
no greater resolution of their placement in relation to each other possible. Due to
the combination of both genomic and linkage data in H. maculosa, three (SCR, LOX4
and POST1) of the eight genes identified in cephalopod genomes were able to be
placed within a single pseudo-chromosome (LG 9). Contrary to other molluscan

clusters such as Lottia gigantea the order of genes differs in H. maculosa with LOX4



not located between SCR and POST1. Implications of these changes have yet to be

investigated.

Delineation of species within the blue-ringed octopus (Hapalochlaena)
species complex was achieved using a combination of SNPs (10,346 resolved) and
mitochondrial sequence data (12S rRNA, 16S rRNA, cytochrome c oxidase subunit 1

[COI], cytochrome c oxidase subunit 3 [COIII] and cytochrome b [Cytb]). Inferred

relationships indicated the current species diversity observed is incongruent with
the number of accepted species. A minimum of 11 distinct organisational taxonomic
units (OTU) were identified from 21 sampling locations throughout the Asia Pacific
from depths between 3m-100m using 10,346 resolved SNPs. Currently, only three
species are accepted within the complex (H. maculosa, H. fasciata and H. lunulata).
Support was present for H. maculosa as currently defined, spanning across
southern Australian waters (Victoria to Western Australia). Likewise, the blue-lined
octopus (H. fasciata) located off NSW, Australia also formed a single defined unit.
However, lined octopus collected from the North Pacific, also recognised as H.
fasciata, were not found to be a sister taxon to NSW populations and determined to
be a distinct OTU. Where samples were shared between data sets, delineation
methods (ABGD, single rate-PTP and GYMC) corroborated OTU assignments.

Bayesian analysis of the COI gene estimated divergence of the Hapalochlaena genus



from Amphioctopus to have occurred ~50mya, with major Hapalochlaena lineages
diverging between ~50-25mya. The point of origin for the genus was estimated by
RASP (Reconstruct Ancestral State in Phylogenies) analysis using COI genes to be
located within the Central Indo Pacific. In order to fully resolve systematics within
the genus and describe new species, additional morphological work is required to

be used in conjunction with this study.

This thesis investigated the evolution of the Hapalochlaena species complex
using a range of genetic tools including whole genomic comparisons, genetic
linkage and reduced representation sequencing (GBS), while also providing genetic
tools and resources for future research. The current state of Hapalochlaena
systematics was revealed to be insufficient for the species diversity observed.
Furthermore, evolution of the Hapalochlaena genome revealed distinct differences

to the genomes of non-TTX-bearing octopods.
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species (left) to octopod-specific (middle) and lineage-specific (right). Donut plots
show gene expression as some expression in any tissue (purple), no expression
(blue), or expression that has been lost (dark blue). Loss of expression requires an
ortholog of the gene to be expressed in >1 species and not expressed in the other
species. Heatmaps at each specificity level show average expression of genes within

their respective tissues, low expression (cream) to high expression (dark red)......... 14

Figure 2.3. Dynamics of gene expression in neural and venom-producing tissues of
octopods. Tissue-specific expression of genes within the brain (red) and posterior
salivary gland (PSG) (blue) of H. maculosa (H.mac), O. bimaculoides (O.bim), and C.
minor (C.min). A) Venn diagram shows numbers of shared and exclusive genes
between species (left). B) Bar chart of the top 5 Pfams and their contribution to

overall expression in the brain (Fright)......c..covininecee e 16

Figure 2.4. Examination of posterior salivary gland (PSG) gene expression between
3 octopod genomes. (A) Heat map of genes expressed specifically in the PSG of H.
maculosa (t > 0.8) and their orthologs in O. bimaculoides and C. minor lacking

specific expression to the PSG (t < 0.8). Genes with an ortholog lacking expression

XX



are coloured in grey while the absence of an ortholog is white. (B) Heat map of
genes expressed specifically in the PSG of both O. bimaculoides and C. minor (t >

0.8) and their orthologs in H. maculosa lacking specific expression to the

Figure 2.5. Mechanism of tetrodotoxin resistance within the posterior salivary
gland of H. maculosa (PSG). (A) Alignment of voltage-gated sodium channel a-
subunits (DI, DII, DIII, and DIV) p-loop regions. Mutations conferring resistance are
coloured in green (pufferfish), orange (salamander), purple (clam), and blue
(octopus). Susceptible mutations at the same site are black and boldface. Sites that
may be involved with resistance are in boldface. (B) Schematic of voltage-gated
sodium channel (Nav) a-subunits (DI, DII, DIII, and DIV). Each unit is composed of 6
subunits, 1-4 (blue) and 5-6 (yellow). Alternating extra- and intracellular loops are
shown in black with the p-loops between subunits 5 and 6 highlighted in red.

Mutations conferring resistance are shown within black circles on p-loops............. 18

Figure 2.6. Assessment of bacteria within the posterior salivary gland of H.
maculosa (PSG). (A) Bacterial composition at the phylum level of an H. maculosa
posterior salivary /venom gland. (B) Composition of the largest phylum,

Protobacteria, of an H. maculosa posterior salivary /venom gland............ccocceueuueeee. 19

Figure 3.1. Genetic linkage map generated using LEPMAP3 for Hapalochlaena
maculosa a) sex averaged map b) maternal map c) paternal map. Marker density

(cm/Locus) is visualised in a scale from red (high) to blue (I10W)........ccccceevvevenenenenee 42
Figure 3.2. Comparison of HOX gene arrangement in the a) owl limpet (Lottia

gigantea) b) California two spot octopus (Octopus bimacloides) and the southern

blue-ringed octopus (Hapalochlaena maculosa). Genes are coloured consistently

XXi



between species. Scaffold lengths are not to

Figure 3.3. Maximum likelihood phylogeny of the HOX genes (aa) in six
cephalopods. Bootstrap values >70 present on branches. Taxa are coloured in

accordance with HOX

Figure 4.1. Published distributions of Hapalochlaena species. Distributions of
Hapalochlaena sp. in the Indo Pacific. a) A guide to Squid, Cuttlefish and Octopuses
of Australasia (Norman and Reid, 2000). Hapalochlaena are shown as follows, H.
maculosa (orange), H. fasciata (red) and H. lunulata (mustard). b) Cephalopods a
World Guide (Norman, 2000). Additional reported localities, Hapalochlaena sp. 1
(green), Hapalochlaena sp. 2 (purple), Hapalochlaena sp. 3 (blue), Hapalochlaena sp.
4 (pink) and Hapalochlaena sp. 5 (brown). ¢) FAO. Cephalopods of the world. Volume
3. Octopods and Vampire Squids (Norman et al., 2016). Hapalochlaena are shown as
follows, H. maculosa (orange), H. fasciata (red) and H. lunulata (mustard). d)
Cephalopods of Australia and Sub-Antarctic Territories (Reid, 2016). Hapalochlaena
are shown as follows, H. maculosa (orange), H. fasciata (red) and H. cf. lunulata

(TIUSEATA). ettt et st es 80

Figure 4.2. Figure 4.2. Delineation of Hapalochlanea species boundaries and genetic
structure throughout the Indo Pacific using 10,346 SNPs: a) SVDQuartet phylogeny
of Hapalochlaena throughout the Indo Pacific generated using 10,346 SNPs,
coloured branches represent putative taxonomic units A-K: light blue (A/Deep
water Yeppoon, QLD & North West, WA), dark blue (B/North West Shelf, WA), light
green (C/Ningaloo, WA), apple green (D /Taiwan lined), pink (E /Taiwan ringed), red
(F/Timor Leste), light orange (G/Great Barrier Reef, QLD), dark orange
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(H/H* /Darwin, NT & Kimberly & Exmouth, WA ), lilac (I/NSW), purple (J /Cape
York, QLD & Shark Bay, QLD) and brown (K/Southern coast of Australia). Posterior
support values > 0.90 present on nodes. Bars at terminal branches indicate
admixture of OTUs inferred using STRUCTURE, colours approximately correspond
to OTUs. Lined box adjacent to OTU indicated lined markings while, OTUs without
a box exhibit ringed markings; b) Species delineation using the mitochondrial COI
gene. Bayesian phylogeny (MrBayes) of Hapalochlaena throughout the Indo Pacific
is coloured according to OTU with black used to represent taxa included from
NCBI. Grey boxes represent putative species in accordance to sPTP, GYMC SC
(strict clock) and GYMC RC (relaxed clock) methods; ¢) Map of sample locations
coloured by organisational taxonomic units A-K; d) Arrangement of samples
according to the first two principal components of a PCoA based on SNP data

generated using the R dartR.......c..cooiinininiiiiicc e 81

Figure 4.3. Divergence and radiation of Hapalochlaena throughout the Asia Pacific:
a) Divergence time estimates of Hapalochlaena throughout the Indo Pacific
generated using Bayesian methods. Bars (blue) represent standard error within a
95% confidence interval; b) Reconstructed Ancestral State Phylogeny constructed
using RASP BBM. Most likely points of origin inferred for each node in the tree are
shown as pie charts coloured according to major geographic regions using the
colour scheme shown in c; ¢) Map of oceanic zones: temperate Australasia (TAUS) =
Green, North East Australia (N_QLD) = Pink, North West Australia (NW_AUS) =

Red, Central Indo Pacific (CIP) = Blue and temperate north Pacific (TNP) =

XXiii
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Tetrodotoxin is a potent non-proteinaceous neurotoxin, which is commonly found in the marine environment.
Synthesised by bacteria, tetrodotoxin has been isolated from the tissues of several genera including pufferfish,
salamanders and octopus. Believed to provide a defensive function, the independent evolution of tetrodotoxin
sequestration is poorly understood in most species. Two mechanisms of tetrodotoxin resistance have been
identified to date, tetrodotoxin binding proteins in the circulatory system and mutations to voltage gated sodium
channels, the binding target of tetrodotoxin with the former potentially succeeding the latter in evolutionary

time. This review focuses on the evolution of tetrodotoxin acquisition, in particular how it may have occurred
within the blue-ringed octopus genus (Hapalochlaena) and the subsequent impact on venom evolution.

1. Introduction

Toxicity is a trait found among a diverse array of phyla. The ability
to produce, contain and/or secrete toxins may provide a defensive ad-
vantage against predators (Nelsen et al., 2014), or a competitive ad-
vantage by enabling a predator to tackle larger or more challenging
prey (Mebs, 2001; Casewell et al., 2013). Endogenous production of
proteinaceous toxins is a common feature among both poisonous and
venomous species. Alternatively, non-proteinaceous toxins may be ac-
quired from an exogenous source (Magarlamov et al., 2017), but the
ability to utilise these freely available resources requires: i) sufficient
resistance to the toxin to prevent harm to the host (Jost et al., 2008;
Soong and Venkatesh, 2006); ii) availability of the toxin in sufficient
quantities from an exogenous source; iii) transport and sequestration
mechanisms to store adequate quantities of toxin within specific tissues
(Matsumoto et al., 2007, 2010).

The marine environment contains free-living bacteria and dino-
flagellates, which produce potent neurotoxins such as tetrodotoxin
(TTX) and saxitoxin (STX) (Kem, 2014). For many marine species, ex-
posure to these toxins can be fatal, with mass strandings of the Hum-
boldt squid Dosidicus gigas a potential result of STX produced from di-
noflagellate blooms (Reyero et al., 1999; Geraci et al., 1989). However,
a select group of species have evolved the ability to use these potent
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toxins to their advantage. This ability is likely to be the result of con-
vergent evolution as it is spread throughout many taxonomic groups
across both semi-terrestrial and marine phyla including Mollusca
(Cheng et al., 1995; Crone et al., 1976; Kudo et al., 2014), Amphibia
(Kotaki and Shimizu, 1993), Arthropoda (Noguchi et al., 1984), Chae-
tognatha (Thuesen and Kogure, 1989), Chordata (Yasumoto et al.,
1988), Plathyhelminthes (Miyazawa et al., 1987) and Echinodermata
(Narita et al., 1987).

The presence of TTX and related toxins within species is often as-
sociated with a defensive function. A notable exception is the blue-
ringed octopus genus (Hapalochlaena) (Williams and Caldwell, 2009;
Yotsu-Yamashita et al., 2007), which has a distinct (most likely
aposematic) appearance with iridescent blue lines and/or rings adver-
tising the sequestration of the potent neurotoxin TTX within tissues and
venom (Freeman and Turner, 1970; Gage et al., 1975). Evolution of
toxicity in this unique lineage has received little attention; as a result
the methods of TTX attainment, transport and storage are largely un-
resolved (Williams et al., 2012a). Although Hapalochlaena are the most
widely known octopod lineage to use an exogenous toxin other rare
cases of toxicity within related octopus species have been observed and
are associated with ingestion of STX contaminated bivalves. Octopus
vulgaris was found to retain STX within the digestive gland post-inges-
tion of bivalves exposed to a toxic algal bloom and exhibit no symptoms
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of intoxication (Lopes et al., 2014, 2013). This review details the cur-
rent understanding of the evolutionary processes involved in TTX ac-
quisition and the current state of research on toxicity in Hapalochlaena.

2. Tetrodotoxin (TTX)
2.1. Basis of TTX toxicity

TTX intoxication results in the inhibition of signal transduction by
nerve cells inducing paralysis and death in susceptible taxa (Cestéle and
Catterall, 2000; How et al., 2003; Noguchi et al., 2011a). TTX is a
potent non-proteinaceous neurotoxin composed of a guanidinium
moiety, pyrimidine ring and six hydroxyl groups on a highly-oxyge-
nated carbon backbone (C-4, C-6, C8, C-9, C-10 and C-11) (Lee and
Ruben, 2008). TTX derives its name from the Tetraodontidae; the fa-
mily of fishes from which it was first isolated (Yasumoto et al., 1986).
TTX analogues have been isolated from all TTX bearing taxa, among the
most common are 4-epiTTX and anhydroTTX, which are putative con-
version or equilibrium products (Hanifin, 2010; Yasumoto and Yotsu-
Yamashita, 1996).

TTX inhibits action potential propagation by binding to voltage
gated sodium channels (Na,) in muscle and nerve tissue resulting in
paralysis (Catterall et al., 2007). Na, are membrane bound proteins
responsible for the regulation of sodium channel flow between the intra
and extracellular environment of cells in muscle and nerve tissues.
Propagation of an action potential in a nerve cell is reliant on Na,
channel activity; inhibition of sodium ion flow can result in paralysis of
affected tissues (Frank and Catterall, 2003). Na, channels are composed
of a large alpha subunit flanked by one or more accessory beta subunits.
Functionally, the beta subunits influence kinetics of Na, gating, voltage
dependency signal transduction, cell adhesion and channel expression
(Lee and Ruben, 2008). The main alpha unit is a transmembrane bound
protein composed of four homologous domains (DI-DIV), each domain
is composed of six subdomains (S1-S6) and the subdomains are con-
nected by alternating extra and intercellular loops. The P-loop region is
located on the extracellular loop between the S5 and S6 subdomains
and is crucial in the binding affinity of TTX to the Na, channel.

The biochemical processes underlying TTX binding affinity to Na,
have been investigated through inhibition of TTX binding with car-
boxyl-modifying reagents (Schrager and Profera, 1973), pH titration
(Hille, 1968), specific monovalent cations, divalent protons and metal
ions (Henderson et al., 1974). These experiments provide evidence for
interactions of the guanidinium and hydroxyl groups with the P-loop
domains of Na,. Specifically, the hydroxyl groups of TTX C9, C10 and
C11 are proposed to form hydrogen bonds with the Glu at position 945
in DII and Asp at position 1532 in DIV respectively, while negatively
charged functional groups located in the DI domain form ion pairs with
the guanidinium group (Lipkind and Fozzard, 1994; Hille, 1975;
Choudhary et al., 2003).

2.2. Convergent occurrence of TTX in distant taxa

TTX is widespread throughout the animal kingdom and has been
isolated from both marine and terrestrial species (Bane et al., 2014).
The occurrence of TTX among phylogenetically unrelated species has
been attributed to a bacterial origin (Chau et al., 2011; Simidu et al.,
1987; Yan et al., 2005). TTX is abundant in the marine environment.
Sediments examined from the western Pacific coast of Japan contained
on average one lethal mouse unit of TTX within 10 g of sediment. Depth
did not have a significant impact on TTX concentration with 21 m, 82m
and 4033 m samples containing similar quantities of the toxin (Kogure
et al., 1988). Examination of bacterial communities in deep-sea marine
sediments (4033 m) has revealed a diverse array of 22 TTX-producing
strains from ten genera: Bacillus, Micrococcus, Acinetobacter, Aeromonas,
Alcaligenes, Altermonas, Flavobacterium, Moraxella, Pseudomonas and
Vibrio (Do et al., 1991, 1990). TTX-producing bacteria are not exclusive

Aquatic Toxicology 206 (2019) 114-122

to marine environments with five genera isolated from freshwater se-
diments (Do et al., 1993).

Bioaccumulation of TTX through direct ingestion of TTX-producing
bacteria or TTX contaminated food sources at higher trophic levels has
been supported for several members of the family Tetraodontidae. Non-
toxic Takifugu niphobles and T. rubripes have been observed to acquire
toxicity when fed a TTX containing diet (Kono et al., 2008a; Honda
et al., 2005a), absence of toxicity was also observed in T. rubripes when
fed a TTX-free diet (Noguchi et al., 2006a). Similar cases of bioaccu-
mulation of the structurally and functionally similar toxin STX have
been observed in bivalve molluscs through ingestion of toxic dino-
flagellates (Bricelj and Shumway, 1998; Kvitek, 1991).

Not all TTX-producing bacteria have been isolated as free-living
with Pseudoaltermonas tetradonis exclusively isolated from the puffer-
fish, T. poecilonotus and red algae (Ivanova et al., 2001; Simisu et al.,
1990). Commensal associations with bacteria have been proposed as a
source of TTX for TTX-bearing genera with high abundances of TTX-
producing strains isolated from their tissues. The first culture of a TTX-
producing strain from a toxic species was a Vibrio from the floral egg
crab, Atergatis floridus (Noguchi et al., 1984). Subsequent studies have
cultured TTX-producing bacterial strains from over 20 genera from a
diverse range of TTX-bearing taxa including pufferfish (Noguchi et al.,
1987), gastropods (Cheng et al., 1995; Wang et al., 2008), octopus
(Hwang et al., 1989) and crustaceans (Noguchi et al., 1984). While
impressive, this may be an underrepresentation of the true diversity and
prevalence of TTX-producing endosymbiotic bacteria for two main
reasons: i) Not all bacteria can be cultured in laboratory conditions; ii)
The production of secondary metabolites by a host can interact with
endosymbiotic bacteria and result in the up regulation of specific
compounds (Chau et al., 2011).

A unique case of endogenous TTX production has been described
from the newt, Taricha granulosa (Lehman and Brodie, 2004). Within T.
granulosa, TTX is distributed throughout the skin, ovaries and muscle,
yet none of these tissues have been found to contain TTX-producing
bacteria (Lehman and Brodie, 2004). Self-production of TTX has been
suggested for this species as subsequent studies found TTX was able to
be generated in this species when held in a captive environment and fed
a TTX free diet (Cardall et al., 2004; Hanifin and Brodie, 2002). Despite
the wide occurrence of TTX among phyla, the biosynthetic pathway has
yet to be elucidated.

3. Evolution of tetrodotoxin (TTX) and saxitoxin (STX) acquisition
3.1. TTX and STX resistant channels

Resistance to exogenous toxins is an initial requirement for the
evolution of toxicity. Exposure to paralytic shellfish toxins and TTX
from algae blooms and bacterial sources respectively is common in
marine ecosystems and is likely to have been a powerful driver in the
evolution of toxin resistance (Kem, 2014). TTX intoxication for a sus-
ceptible organism is severely compromising resulting in death directly
though action potential (AP) inhibition and paralysis or indirectly
through-inhibited responses to other organisms (predators or prey)
(Brodie, 1990). Since resistance of Na, channels to TTX and STX is
present through a diverse array of taxa it is likely to have evolved many
times independently, the parallel evolution of isoforms is a common
phenomenon among closely related species (McGlothlin et al., 2014).
This has been well-documented in the TTX resistant garter snakes
which prey on tetronogenic newts of the genus Taricha, where the
Na,1.4 member of the sodium channel family has acquired independent
substitutions conferring TTX resistance (Table 1) (Brodie, 1990;
McGlothlin et al., 2014; Williams et al., 2003).

A single P-loop integral to TTX binding affinity is located within
each of the four domains in the alpha subunit (DI, DII, DIII and DIV)
(Goldin et al., 2000). Resistance can be conferred through substitutions
in one or several of the P-loop regions with the most common being an
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Table 1
Substitutions conferring tetrodotoxin and saxitoxin resistance in the Na, P-loop regions of domains I, II, III, IV.
Organism Channel Substitution Resistance Ref
DI Salamander Na, 1.5Lb and Na,1.6b Phe-Tyr or a 190-2500 fold resistance to (Kaneko et al., 1997)
(Cynops pyrrhogaster) nonaromatic residue TTX
Mammalian channels Na,1.5, Na,1.8 and (Satin et al., 1992; Cummins et al.,
Na,1.9 1999)
Pufferfish (Takifugu and Tetraodon) Na,1.4a, (Soong and Venkatesh, 2006;
Venkatesh et al., 2005; Yotsu-
Yamashita et al., 2000)
Pufferfish (Arothron, Canthigaster, Takifugu and  Na,1.1La, Na, 1.4a, Phe-Asn/Cys or Ala NA (Jost et al., 2008)
Tetraodon) Na,1.5La, Na,1.5Lb and
Na,1.6b
DII  Pufferfish (Tetraodon) Na,1.4b Glu-Asp 1500 and 3000 fold resistance  (Venkatesh et al., 2005)
Soft shelled clam to STX and TTX respectively (Bricelj et al., 2010, 2005)
(Mya arenaria)
Pufferfish Na,1.4a, Thr-Ser or Asn NA (Jost et al., 2008)
(Arothron, Canthigaster, Takifugu and Tetraodon) Na,1.5Lb and Na,1.6b
DIII  Garter snakes Na,1.4 Met to Thr 15 fold resistance to STX and  (Feldman et al., 2012)
(Thamnophis couchii) TTX
Pufferfish Na,1.1La, Na,1.1Lb, (Jost et al., 2008)
(Arothron, Canthigaster, Takifugu and Tetraodon) Na,1.4a,
Na,1.4b,
and Na,1.5Lb
Salamanders salSCN4a (Na,1.4) (Hanifin and Gilly, 2015)
(Taricha granulosa, Taricha torosa, Cynops
pyrrhogaster, Pachytriton labiatus, Triturus
dobrogicus and Notophthalmus viridescens)
DIV  Garter snake (Thamnophis sirtalis) Na,1.4 Ile to Leu NA (Feldman et al., 2012)
Garter snake (Thamnophis sirtalis W, WC and B)  Na,1.4 Ile to Val Halves TTX binding affinity (Geffeney et al., 2005)
Pufferfish Na,1.4a and Na,1.6b Ile to Met (same site May increase resistance by 5 (Jost et al., 2008)
(Arothron, Canthigaster and Takifugu) as above) fold (unconfirmed)
Garter snake (Thamnophis sirtalis WC) Na,1.4 Gly to Ala 1.5 fold (Geffeney et al., 2005)
Pufferfish Na,1.1Lb, Na,1.4a and (Jost et al., 2008)
(Arothron, Canthigaster, Takifugu and Tetraodon) Na,1.6a
Garter snake (Thamnophis atratus and Na,1.4 Asp to Asn 30 to 40 fold resistance to TTX  (Choudhary et al., 2003; Penzotti
Thamnophis sirtalis B) et al., 1998)
Pufferfish (Canthigaster) Na,1.4b (Jost et al., 2008; Choudhary et al.,
2003)

DI

DIl

Extracellular

DIl DIV

NH2

b1 %26 DIl
'

DIV DIl

p-loop
—

COOH

Intercellular

Fig. 1. Schematic of voltage-gated sodium channel (Na,) alpha subunits (DI, DII, DIII and DIV). Each unit is composed of six subunits 1-4 (orange) and 5-6 (green).
Alternating extra and intercellular loops are shown in black with the p-loops between subunits 5 and 6 highlighted in red (p-loops are site of TTX binding, sequences
shown in Fig.2). A) A lateral view of the units imbedded within the cellular membrane (grey). B) Top down view of the alpha subunits (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

aromatic to non-aromatic substitution believed to inhibit binding of the
guanidinium moiety (Lee and Ruben, 2008). Alternate substitutions
have also been discovered which contribute to TTX resistance, however
the direct mechanisms for most have not been elucidated. A list of TTX
resistance associated mutations is shown in Table 1 (Figs. 1 and 2).

3.1.1. Domain I (DI)
Substitutions providing TTX resistance within the DI region were
the first to be discovered and are the most well studied. One

116

substitution in particular of Phe or Tyr to a non-aromatic residue can
inhibit binding of the guanidinium moiety resulting in between 190 to
2500 fold TTX and STX resistance (Soong and Venkatesh, 2006; Kaneko
et al., 1997; Satin et al., 1992; Venkatesh et al., 2005). This substitution
is responsible for TTX resistance in the mammalian cardiac channel
Na,1.5 and nervous system channels Na,1.8 and Na,1.9 as well as one
salamander species, Cynops pyrrhogaster (Na, 1.5Lb and Na, 1.6b)
(Satin et al., 1992; Cummins et al., 1999). Jost et al. (2008) identified a
further three substitutions conferring resistance (Asn, Cys or Ala) in five
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DI

Consensus FXWAFLALFRLMTQDYWENLFQLTL

Mya arenaria

Tetraodon nigrovirisis Nav 1.4a
Tetraodon nigrovirisis Nav 1.
Takifugu rubripes Nav 1.4a
Thamnophis siralis W
Thamnophis siralis WC
Thamnophis siralis B
Thamnophis atratus

Taricha granulosa

Pachytriron labiatus
Notophthalmus viridescens

Cynops pyrrhogaster

FFHSFLIVFRILCGEWIETMW
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DIIX DIIIX DIV

GLGYLSLLQVATFKGWMDIMYA

FGSSIICLFOXTTSAGWDGLLNP

BREE

Fig. 2. Alignment of the four p-loop domains (DI, DII, DIII and DIV) in the Nay1.4 sequences from pufferfish (blue), salamanders (green), garter snakes (orange) and
the soft shelled clam (red). Mutations known to confer tetrodotoxin and saxitoxin resistance are shown in bold and coloured appropriately. Mutations suspected to
provide resistance are shown underlined in bold (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).

independently evolving Na, genes from Takifugu, Tetraodon and Aro-
thron. Tissues included cardiac, neural and skeletal (Na, 1.1La, Na,1.4a,
Na,1.5La, Na,1.5Lb and Na,1.6b) (Jost et al., 2008).

3.1.2. Domain II (DII)

The only characterized STX resistance substitutions for molluscs are
found in Domain II. Mya arenaria (soft shelled clam) contains a single
substitution of Glu-Asp at position 758, which confers 1500 and 3000
fold resistance to STX and TTX respectively (Bricelj et al., 2010). An
identical substitution occurs in the pufferfish, T. nigroviridis, Na,1.4b
channel (Venkatesh et al., 2005). Substitution of the adjacent site Thr-
Ser or Asn are observed in three independent events (Tetraodon and
Arothron [1.4a], Takifugu [1.5Lb], Cathigaster [1.6b]). Additionally, the
mammalian channels Na,1.8 and Na,1.9 also exhibit this substitution.
The functional significance of this remains untested. However, sub-
stitutions at the same site to Ile, Asp or Lys are known to increase TTX
resistance by 2000 fold. An alternate hypothesis relates to substitutions
at DI, which is also present in all of the aforementioned sequences. It
has been suggested that fitness lost by the initial DI mutation may be
compensated for by the subsequent DII substitution (Jost et al., 2008).

3.1.3. Domain III (DIII)

Convergent evolution of the DIII domain has resulted in a Met to Thr
mutation conferring 15 fold resistance to both TTX and STX occurring
in the garter snake, T. couchii (Feldman et al., 2012), six genera of the
family Salamandridae (Hanifin and Gilly, 2015) and four genera within
the family Tetraodontidae (Jost et al., 2008). Higher resistance of
6,000-10,000 fold was observed through a synthesised Glu or Lys re-
placement at this site. However, impairment of channel conductance
was strong and likely results in negative selection for this substitution
(Terlau et al., 1991).

3.1.4. Domain (DIV)

DIV is the only channel to contain a mutation in the inner pore
region of Na,, which does not directly interact with sodium ions. In
addition, mutational changes at this site have been identified, which are
unique to specific populations of T. sirtalis W (Warrenton), WC (Willow
Creek) and B (Benton) (Geffeney et al., 2005). Three independent oc-
currences of an Ala to Gly substitution at site 1529 were discovered;
Na,1.1Lb, Na,1.4a and Na,1.6a in pufferfish (Jost et al., 2008) along
with the WC population of T. sirtalis (Geffeney et al., 2005). This mu-
tation has is believed to have an indirect impact of the binding of TTX
conferring 1.5 fold resistance (Jost et al., 2008). An Asp to Asn con-
ferring 30-40 fold TTX resistance has also been found in the garter
snake, T. sirtalis B, T. aratus and in the pufferfish genus Canthigaster
(Magarlamov et al., 2017; Geffeney et al., 2005). All three T. sirtalis

populations also possess a Ile to Val substitution that reduces the
binding affinity of TTX by half (Geffeney et al., 2005).

3.2. Transport of TTX and STX

Mechanisms of toxin transport are required for the safe excretion or
sequestration of toxins from an exogenous source (Monteiro and Costa,
2011). Several mechanisms are employed for toxin neutralization,
transport and excretion, the most prominent being toxin binding pro-
teins. TTX binding proteins (TBP) have been isolated from non-toxic
organisms including shore crabs (Nagashima et al., 2002) and toxic
species including gastropods (Hwang et al., 2007), pufferfish
(Matsumoto et al., 2007), newts and horseshoe crabs (Ho et al., 1994).
Given the widespread presence of TTX it seems likely that these pro-
teins may originally have evolved as a defence against environmental
TTX for organisms with TTX sensitive Na, channels. Proteins able to
bind and neutralize toxins provide protection for intermittent or low
exposure. However, high doses of TTX can still be lethal to organisms
with TTX resistant Na, and TPB may perform a homeostatic role by
regulating the quantity and distribution of TTX throughout the animal.
It has also been suggested that TBP and STX Binding Proteins (SBP)
could inhibit bioaccumulation of toxins (Llewellyn, 1997). Divergent
lineages and independent evolutionary histories could result in alter-
nate applications of TBP. TBP as a defence against TTX intoxication is
known to occur within the haemolymph of the shore crab, Hemigrapsus
sanguineus. The neutralizing ability of TBP in H. sanguineus provides
protection from ingestion of or exposure to TTX (Shiomi et al., 1992).
Likewise, SBP isolated from the non-toxic shore crabs, Thalamita cre-
nata, provide resistance against STX produced during algal blooms (Lin
et al., 2015). A shortfall of reliance on TBP or SBP lies in their binding
specificity, with the TPB in H. sanguineus providing no resistance to
other Na, targeting toxins such as STX (Shiomi et al., 1992). Only a few
proteins have been identified as TTX binding and implicated as trans-
port or defensive proteins. Of the TBP characterised to date, the Puf-
ferfish STX and TTX Binding Protein (PSTBP) remains the best-docu-
mented (Hashiguchi et al., 2015).

Originally isolated from the plasma of Takifugu niphobles by Matsui
et al. (2000), PSTBP was suggested to be involved in TTX transport and
sequestration (Matsui et al., 2000). A protein of similar weight and
homologous to the PSTBP characterised by Matsui et al. (2000) was
isolated from Takifugu pardalis and sequenced as a partial N-terminus
peptide and complete cDNA by Yotsu-Yamashita et al. (2002). Proteins
homologous to PSTBP have since been isolated from an additional five
members of the family Tetraodontidae (T. poecilonotus, T. synderi, T.
vermicularis, T. porphyreus and T. rubripes) (Yotsu-Yamashita et al.,
2010). Investigation into the evolutionary history of the protein found
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that PSTBP are glycoproteins with high sequence similarity (47%) to
the tributyltin-binding protein type 2 (TBT-bp2) found in the plasma of
the Japanese flounder, Paralichthys olivaceus (Oba et al., 2007). PSTBP
is believed to have originated through fusions of pre-existing TBT-bp2
proteins due to the occurrence of two tandemly repeating domains
homologous to TBT-bp2 within the protein (Hashiguchi et al., 2015).
While both non-toxic and toxic pufferfish species contain copies of TBT-
bp2 genes, PSTBP was found to be exclusive to the Takifugu genus.
Phylogenetic analysis of PSTBP suggests a common origin of the protein
followed by subsequent duplication events.

Studies have confirmed the liver as the site of PSTBP synthesis in
Takifugu through examination of PSTBP gene expression (Yotsu-
Yamashita et al., 2013). Originating in the liver, PSTBP is distributed
via the circulatory system throughout bodily tissues. The circulatory
system plays a key role in the transport of toxins for elimination or
sequestration purposes (Lopes et al., 2014). Therefore, it is not sur-
prising that all known TBP proteins have been isolated from either
blood or haemolymph in addition to tissues such as the liver in mem-
bers of the family Tetraodontidae (Matsumoto et al., 2010; Nagashima
et al., 2002; Hwang et al., 2007; Matsui et al., 2000; Yotsu-Yamashita
et al., 2013, 2002). Cultured non-toxic juvenile T. niphobles first accu-
mulate the toxin within the liver and later transport TTX to the skin
when they are fed a TTX containing diet (Kono et al., 2008a). Similarly
intramuscular administration of TTX in T. rubripes was transported to
the skin over time (Ikeda et al., 2009). The distribution of PSTBP sup-
ports the role of the protein in TTX transport, however PSTBP does not
play a role in the sequestration of TTX. Evidence against a sequestering
function for PSTBP has been observed in T. rubripes where PSTBP was
restricted to the ovarian wall and not found within the yolk where TTX
is stored (Yotsu-Yamashita et al., 2013). Similar patterns were observed
within the skin where PTSPB was abundant in the surrounding dermis
of secretory glands and absent from tissues where TTX was accumu-
lated. The opposite was true for T. vermicularis with PSTBP only found
within the secretory glands (Mahmud et al., 2003).

The complete biological pathways of TBP and SBP have not been
elucidated in any species to date and no studies to date have examined
the possibility of a defensive origin for toxin transport proteins

3.3. Sequestering of TTX and STX

The ability to sequester and concentrate toxins is a key feature
among TTX bearing organisms (Noguchi et al., 2006b). The potent
neurotoxin can act as an effective defence against predators and is often
actively concentrated in specific tissues (Tanu et al., 2002; Tsuruda
et al., 2002). This targeted strategy allows for effective use of an evo-
lutionarily costly resource. Bioaccumulation requires active uptake of a
compound into the intracellular environment where the concentration
can be increased. As opposed to passive biosorption in which the
compound is bound to the cellular membrane and conforms to the
concentration of the environment (Mebs, 2001). Additional processes
are required for the uptake of compounds, however mechanisms un-
derlying TTX bioaccumulation have yet to be fully elucidated in any
TTX bearing organisms.

3.4. Cost of TTX exploitation

The ability to exploit TTX confers several advantages but the ability
to sequester TTX is not without cost. Resistance to the toxin in the form
of mutations to Na,, the production of TBP and the biological im-
plication of a venom use, all incur varying degrees of cost on the an-
imal. Mutations to the Na, channels in TTX bearing taxa affect the
ability of these pores to function resulting in a reduction of action po-
tential generation. Na, resistance is constrained in order to maintain
adequate function of these crucial channels (Lee and Ruben, 2008; Lee
et al., 2011). Convergent evolution of the DIII domain has resulted in a
Met to Thr mutation conferring 15 fold resistance to both TTX and STX

118

Aquatic Toxicology 206 (2019) 114-122

occurring in the two garter snakes T. atratus and T. couchii (Geffeney
et al.,, 2005) and four genera within the family Tetraodontidae (Jost
et al., 2008). Higher resistance of 6,000-10,000 fold was observed
through a synthesised Glu or Lys replacement at this site. However,
impairment of channel conductance was strong and resulted in negative
selection for this substitution (Terlau et al., 1991). It should be noted
that amino acid substitution to Na, channels provides resistance not
immunity. TTX resistant garter snakes still exhibit symptoms of TTX
intoxication post-ingestion of a TTX-bearing newt. Impairment of
physical activity of up to 197 min post-ingestion was observed in re-
sistant T. sirtalis, leaving them vulnerable to predators and reducing
their ability to thermoregulate (Brodie, 1990; Williams et al., 2003).

Alternate methods of TTX resistance, which may or may not func-
tion in tandem with resistant Na, involve the production of TBP. These
proteins have been suggested to play a role in the resistance to and
transport of TTX, however their production incurs a metabolic cost. The
degree by which TPB production negatively impacts the animal meta-
bolically or through other unknown interactions has yet to be studied.

In the case of the blue-ringed octopus genus the inclusion of TTX
within venom may incur or subsidise costs. Venom production is be-
lieved to be a metabolically costly activity with many organisms dis-
playing venom-conserving behaviour (Morgenstern and King, 2013).
Some contention remains as to the extent this impacts venom evolution
in different lineages with some evidence suggesting a lower cost than
previously hypothesised (Pintor et al., 2010; Smith et al., 2014). Re-
gardless, the direct cost of toxin production is partially circumvented by
acquiring toxins through environmental or bacterial sources. However,
the speed of venom restoration is crucial to the fitness of venomous
organisms. TTX accumulation rates in Hapalochlaena have not yet been
investigated. Restoration of TTX levels through proposed self-produc-
tion in the newt T. granulosa required up to nine months for most in-
dividuals (Cardall et al., 2004). Rates of TTX accumulation through
dietary sources can also vary.

4. TTX and STX acquisition in Octopoda
4.1. STX accumulation in O. vulgaris

STX is a potent neurotoxin, which has the same mode of action as
TTX and enters the food chain through dinoflagellates ingested by bi-
valve molluscs and crustaceans (Kem, 2014; Noguchi et al., 2011b).
Bioaccumulation of STX has been well-documented in key fishery spe-
cies such as bivalve molluscs due to their potential to cause paralytic
shellfish poisoning (Kvitek, 1991; Noguchi et al., 2011b). Higher
trophic organisms are also at risk of poisoning or accumulation of STX
including (Atlantic mackerel) (Castonguay et al., 1997) and octopods.
Octopods are opportunistic predators, which prey on diverse organisms
including bivalve molluscs, crustaceans, sea birds and small fish (Cornet
et al., 2014; Fiorito and Gherardi, 1999; Grisley, 1993; Sazima and de
Almeida, 2008). To date STX has been isolated from two octopod spe-
cies (Octopus vulgaris and Octopus australis) (Monteiro and Costa, 2011;
Robertson et al., 2004; Lopes et al., 2014) and one squid (Dosidicus
gigas) (Braid et al., 2012).

Octopus vulgaris show no symptoms of intoxication post-ingestion of
STX contaminated bivalves (Lopes et al., 2014). The ability to consume
contaminated prey allows for exploitation of an additional resource.
Pharmacokinetics of STX uptake, transfer and elimination in O. vulgaris
revealed high retention in the digestive gland (DG) followed by a three
fold decrease in the kidneys and minimal concentrations within other
tissues including the posterior salivary gland (PSG). Low elimination
and depurination rates results in accumulation of STX for long periods
of time within the DG of O. vulgaris (Lopes et al., 2014). The inability to
transfer high quantities of STX into tissues apart from the DG suggests
STX does not provide a deterrent to predators. In contrast, STX se-
questered by O. australis is contained within the arms and may confer a
defensive advantage (Robertson et al., 2004). No sequencing of sodium
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channels has been conducted for either species or discovery of a STX
binding protein and the mechanism of resistance is unknown.

Unlike octopods, no evidence for resistance to TTX or STX has been
found for squids. Early investigations of TTX function found squid
mantle tissue was susceptible, however the species of squid was not
noted in the study (Gage et al., 1975, 1976). Additional studies have
supported this finding for the veined squid, Loligo forbesi and longfin
inshore squid, Loligo pealei with Na, channels of the giant axons binding
to TTX and STX respectively (Strichartz et al., 1979; Keynes and
Ritchie, 1984). STX has been implicated in several mass strandings of
Humboldt squid, Dosidicus gigas on Vancouver Island in 2009. Stomach
contents of stranded specimens were found to contain paralytic shellfish
toxin contaminated Pacific herring and Pacific sardines (Braid et al.,
2012). Further dietary/feeding studies are required to confirm the hy-
pothesis of STX intoxication as the cause of D. gigas strandings.

4.2. Recruitment of TTX into Hapalochlaena venom

Octopods are efficient predators and are known to prey on a variety
of organisms including crustaceans and bivalve molluscs (Norman and
Reid, 2000). The strategic use of venom injected via vulnerable chinks
(eye stalks) has allowed soft bodied octopods to target comparatively
well-armored crustaceans (Fiorito and Gherardi, 1999; Hanlon and
Messenger, 1998). Venom use in octopods was observed as early as
1888 where the paralytic effect against crabs was noted by Lo Bainco
(Ghiretti, 1960). Subsequent studies which injected pure posterior
salivary gland extract into crabs confirmed the toxic effect and gland of
production within Octopus vulgaris (Ghiretti, 1959). The primary lethal
component was later identified as a highly glycosylated protein
(Ghiretti, 1959; Cariello and Zanetti, 1977). Proteinaceous toxins are
the primary lethal component of all studied octopod venom; the ex-
ception is the genus Hapalochlaena, the only known octopods to re-
quisition the non-proteinaceous compound TTX for a venomous pur-
pose (Freeman and Turner, 1970; Gage et al., 1975, 1976; Gage and
Dulhunty, 1973). Non-proteinaceous toxins often serve defensive
functions through incorporation into tissue (Fuhrman, 1986) or excre-
tion from skin glands (Tsuruda et al., 2002). In comparison to other
octopods, Hapalochlaena venom is capable of targeting a diverse range
of large invertebrate and vertebrate predators or prey. Most notably,
species within the genus Hapalochlaena are the only octopods whose
bite has resulted in human fatalities (Jacups and Currie, 2008; Flecker
and Cotton, 1955). Venomous applications for TTX have been also
suggested for four species of arrow worm (Chaetognatha), due to the
presence of TTX within the head of captured animals (Thuesen and
Kogure, 1989; Thuesen et al., 1988).

The duality of TTX use for defensive and offensive purposes in
Hapalochlaena has not been exploited in related octopod lineages de-
spite its incorporation into other venomous taxa. Sequestration of TTX
from ingestion of toxic newts has been observed in garter snake livers,
however no TTX has been isolated from the venom gland (Williams
et al., 2012b). Similarly hognose snakes that prey on TTX-producing
newts do not sequester TTX within their venom glands (Feldman et al.,
2016).

4.3. Microbiome of the Hapalochlaena posterior salivary gland

The origin of TTX in Hapalochlaena, as in many other marine spe-
cies, remains contentious (Chau et al., 2013). Due to the wide occur-
rence of TTX among unrelated taxa, two main mechanisms of recruit-
ment are often cited, bioaccumulation via dietary sources and
production by bacteria living within the host tissues (Chau et al., 2011).
It has been suggested that due to the absence of TTX-producing bac-
terial strains isolated from Taricha newts and the increase of TTX level
while in captivity that self-production is responsible. However, more
research needs to be conducted as this is unlikely to be a common
strategy (Lehman and Brodie, 2004; Cardall et al., 2004; Hanifin and
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Brodie, 2002) (Gall et al., 2012), and no evidence has been found for
endogenous production in Hapalochlaena. Bacteria are known produ-
cers of TTX and occur throughout most marine environments entering
the food chain via detritivores and planktonic feeders (Kem, 2014; Do
et al., 1990; Jal and Khora, 2015). Evidence for bioaccumulation has
been suggested for several species of pufferfish including T. rubripes and
Takifugu niphobles (Honda et al., 2005b; Kono et al., 2008b). No evi-
dence for a dietary origin of TTX in Hapalochlaena has been in-
vestigated.

The bacterial origin has been suggested and is often accepted for
Hapalochlaena however, few studies have been conducted on the sub-
ject and no conclusive evidence exists. An early study by Hwang et al.
(1989) isolated and successfully cultured TTX-producing strains from
three specimens collected from the Philippines including Vibrio, Alter-
omonas, Bacillus and Pseudomonas. The production of TTX was assessed
using five separate methods (mouse bioassay, thin-layer chromato-
graphy, gas chromatography-mass spectrometry [GC-MS], electro-
phoresis and high performance liquid chromatography[HPLC]) (Hwang
et al., 1989) negating the issues of relying on each method individually
(Magarlamov et al., 2017) and providing some assurance of TTX de-
tection. Methods tended to agree with some variance in the strength of
TTX detection between HPLC and GC-MS the later providing a stronger
signal. The strains isolated are known TTX producers and have been
found in deep-sea sediments (Do et al., 1990) as well as a range of TTX-
bearing taxa.

A more recent study on a blue-ringed octopus specimen from
eastern Australia (H. sp.) was unable to repeat these results (Chau et al.,
2013). Similar strains were isolated from the PSG, however several key
differences should be noted. Strains were selected based on the pre-
sence of polyketide synthase (PKS), non-ribosomal peptide synthase
(NRPS) and aminotransferase (AMT) genes introducing a bias and po-
tentially excluding some TTX-producing strains (Chau et al., 2013).
Additionally, while the three genes are hypothesised to play a role in
TTX synthesis the biosynthetic pathway of TTX is unknown and no
evidence exists to support that these genes are true indicators of a TTX-
producing organism (Chau et al., 2011).

The dynamics of the bacterial associations in Hapalochlaena have
yet to be addressed. The aforementioned studies provide a snapshot of
bacterial communities within the particular animal examined, during a
given time. Limitations due to sampling, one and three animals
homogenised together in the case of Chau et al. (2013) and Hwang et al.
(1989) respectively prevent some key questions from being addressed.
While some bacterial families were found to be shared between the two
studies the relationship of bacterial communities as transient or co-
evolving cannot be established. Furthermore impacts of age, gender,
location and species have yet to be examined. If the bacteria are re-
sponsible for TTX production in Hapalochlaena it may not be possible to
culture these bacteria outside of the host. Additionally, secondary in-
ducers provided by the host may be required to trigger or up regulate
production of TTX. Absence of these triggers could result in only basal
levels of TTX production outside of the host (Chau et al., 2011).

5. Role of TTX in Hapalochlaena
5.1. Role of TTX in defence and offense

The incorporation of TTX into tissues unrelated to venom produc-
tion coupled with the aposematic colouration suggests a defensive ap-
plication in the genus Hapalochlaena (Méthger et al., 2012). Accumu-
lation of TTX into body tissues of all studied species has been observed,
however distribution and quantity appear to differ between species and
individuals (Williams and Caldwell, 2009; Yotsu-Yamashita et al.,
2007). While three accepted species have been examined, discrepancies
between studies have led to incomparable results between species.

Yotsu-Yamashita et al. (2007) sub-sectioned H. maculosa juveniles
into arms, cephalothorax and abdomen and quantified TTX with a post
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column fluorescent-HPLC system. All sections contained TTX, however
due to the groupings of tissues the fine scale distribution could not be
determined (Yotsu-Yamashita et al., 2007). A similar study by Williams
et al. (2009) examined adult Hapalochlaena and were not able to ac-
count for age specific impacts (Williams and Caldwell, 2009). Ontoge-
netic effects of TTX accumulation and distribution have been observed
in pufferfish when injected with TTX. Juvenile T. rubripes transferred
and sequestered TTX primarily within skin while adults retained TTX
within liver tissues (Kiriake et al., 2016).

Williams and Caldwell (2009) thoroughly examined five and four
adult H. lunulata and H. fasciata respectively for TTX accumulation
within 12 tissues through TTX quantification via HPLC (Williams and
Caldwell, 2009). Hapalochlaena fasciata contained TTX within all 11
tissues (posterior salivary gland [PSG], anterior salivary gland, ne-
phridia, gill, ventral mantle, dorsal mantle, arm, digestive gland, ovi-
duct gland, brachial heart and testes) while H. lunulata had a limited
distribution of TTX isolated only from the PSG, mantle and ink. How-
ever, unlike the wild caught H. fasciata, the H. lunulata used in this
study were obtained through the pet trade and were in captivity for an
undetermined period of time (Williams and Caldwell, 2009). Loss of
toxicity has been previously observed in captive pufferfish and has been
attributed to the absence of a TTX food source or loss of TTX-producing
bacteria (Kono et al., 2008a).

Sex specific TTX accumulation occurs within Hapalochlaena, with
females storing large quantities of TTX within reproductive tissues prior
to laying eggs (Sheumack et al., 1984). Hapalochlaena lunulata eggs are
imbued with TTX initially and evidence has been found for potential
self-production of TTX post-laying (Williams et al., 2011a). TTX has
also been isolated from H. maculosa eggs (Sheumack et al., 1984). The
presence of TTX within eggs and juveniles was initially believed to
provide protection from predators, however some stomatopod pre-
dators were found to be unaffected by a similar amount of TTX within a
food source suggesting protection is not due to TTX alone (Williams
et al., 2011b).

Ink is a primary defensive strategy for coleoid cephalopods.
Reduction of the ink sac has been observed in Hapalochlaena (Huffard
and Caldwell, 2002). While TTX has been incorporated into the ink sac
of H. lunulata (Williams and Caldwell, 2009) this is not believed to be
an adaptive strategy as inking behavior is the result of incidental
muscle contractions of the mantle when stressed (Huffard and Caldwell,
2002).

5.2. Impact of TTX on venom evolution

Proteinaceous toxins dominate the study of venom evolution. One
prominent hypothesis proposes that proteinaceous venom evolution
occurs through a process of duplication and neofunctionalization where
by a copy of an innocuous key-processing gene is requisitioned for a
new purpose (Casewell et al., 2013). Proteinaceous toxins form the
lethal component of several octopod and cuttlefish venoms examined to
date (Fry et al., 2009a; Ruder et al., 2013a, b; Undheim et al., 2010).
Hapalochlaena represents an exception with the inclusion of the potent
non-proteinaceous toxin TTX. The inclusion of TTX in Hapalochlaena
introduces redundancy to ancestrally crucial protein neurotoxins. The
impact of TTX on venom evolution is poorly understood. This is due to
two main factors: (i) The inclusion of a compound neurotoxin potent
enough to impact proteinaceous venom evolution is uncommon and
understudied with only one other phyla (Chaetognatha) believed to
contain TTX within its venom; (ii) Venom evolution in octopods is not
well-known with only two species containing expression information at
the protein level and three venom proteins functionally annotated.

One of the best-studied examples of an octopus neurotoxin is the
tachykinin related peptide, Eledoisin. Tachykinins are present within
the neural tissue of O. vulgaris and act as functional neurotransmitters
(Kanda et al., 2003, 2007). A related peptide serves as a potent short
neurotoxin able to affect invertebrate and vertebrate prey in the PSG of
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the octopods O. vulgaris and O. kaurna (Ruder et al., 2013a). Tachyki-
nins serve a key neurotoxic role in several octopod species, however
this role may be usurped in Hapalochlaena by TTX as expression is
notably absent in the PSG of H. maculosa despite retention of tachykinin
sequences in the genome (Whitelaw et al., 2016). Loss of redundant
neurotoxins is not the only impact of TTX. Venom is not solely com-
posed of neurotoxins and contains proteins known as dispersal factors,
which aid in the transport of toxic components (Escoubas et al., 2008;
Fry et al., 2009b). Hyaluronidase is a well-known dispersal factor iso-
lated from rattlesnakes (Bordon et al., 2012; Kemparaju and Girish,
2006) shows relatively high expression in the PSG of Hapalochlaena
maculosa (Whitelaw et al., 2016).

6. Conclusion

The ability to exploit toxic compounds is a strategy which extends
through a diverse array of unrelated phyla and provides a powerful
offense or defence. Evolution of this strategy is complex and varies
between taxa, however the key features of resistance, sequestration,
retention and acquisition are required in each system. TTX and STX are
commonly sourced throughout the marine environment and have be-
come integral to the survival of taxa. Octopods such as O. vulgaris have
been exposed to STX via contaminated bivalves during algal blooms
and have acquired a measure of resistance. Similarly, Hapalochlaena
possesses resistance to TTX and is known to incorporate the toxin
within its tissues and venom. The origin of TTX acquisition is unknown,
however the evolution of resistance through ingestion of contaminated
food sources may be the first step in the evolutionary process. We
propose that the evolution of TTX use in Hapalochlaena originated with
resistance to TTX, which could either be an ancestral state resulting
from exposure to contaminated food sources or an independent event
followed by the evolution of further processes allowing for sequestra-
tion of TTX in these species.
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Abstract

Background: Cephalopods represent a rich system for investigating the genetic basis underlying organismal novelties. This
diverse group of specialized predators has evolved many adaptations including proteinaceous venom. Of particular interest
is the blue-ringed octopus genus (Hapalochlaena), which are the only octopods known to store large quantities of the potent
neurotoxin, tetrodotoxin, within their tissues and venom gland. Findings: To reveal genomic correlates of organismal
novelties, we conducted a comparative study of 3 octopod genomes, including the Southern blue-ringed octopus
(Hapalochlaena maculosa). We present the genome of this species and reveal highly dynamic evolutionary patterns at both
non-coding and coding organizational levels. Gene family expansions previously reported in Octopus bimaculoides (e.g., zinc
finger and cadherins, both associated with neural functions), as well as formation of novel gene families, dominate the
genomic landscape in all octopods. Examination of tissue-specific genes in the posterior salivary gland revealed that
expression was dominated by serine proteases in non-tetrodotoxin-bearing octopods, while this family was a minor
component in H. maculosa. Moreover, voltage-gated sodium channels in H. maculosa contain a resistance mutation found in
pufferfish and garter snakes, which is exclusive to the genus. Analysis of the posterior salivary gland microbiome revealed a
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diverse array of bacterial species, including genera that can produce tetrodotoxin, suggestive of a possible production
source. Conclusions: We present the first tetrodotoxin-bearing octopod genome H. maculosa, which displays lineage-specific
adaptations to tetrodotoxin acquisition. This genome, along with other recently published cephalopod genomes, represents
a valuable resource from which future work could advance our understanding of the evolution of genomic novelty in this

family.

Keywords: cephalopod genome; comparative genomics; gene family expansions; transposable elements; venom evolution

Reconstructing the evolution of novelties at the genomic level
is becoming an increasingly viable approach to elucidate their
origin. The recent publication of octopod genomes provides an
opportunity to investigate the link between genomic and organ-
ismal evolution in this unique lineage for which genomic re-
sources have been lacking [1]. From their emergence 275 million
years ago (mya) [2], octopods have diversified into >300 species,
inhabiting tropical to polar regions, from the deep sea to shallow
intertidal zones [3]. As a highly diverse group, octopods show re-
markable variation in body form and function. They are special-
ized soft-bodied predators that are well adapted to their envi-
ronment with prehensile limbs lined with chemosensory suck-
ers [4], the ability to manipulate skin texture and colour using
specialized chromatophores [5], the largest invertebrate nervous
systems (excluding those of other cephalopods) [6], and a rela-
tively large circumesophageal brain allowing for complex prob-
lem solving and retention of information [7]. Furthermore, the
cephalopods have independently evolved proteinaceous venom,
which is produced and stored within a specialized gland known
as the posterior salivary gland (PSG). All octopods are believed to
possess a form of proteinaceous venom used to subdue prey [8-
10]. Serine proteases are a common component of cephalopod
venoms and have been observed in the PSG of squids, cuttle-
fish, and octopods [10-13]. Convergent recruitment of serine pro-
teases has been observed between many vertebrate (Squamata
[14-16] and Monotremata [17]) and invertebrate (Hymenoptera
[18], Arachnida [19], Gastropoda [20], Remipedia [21], and Cnidar-
ian [22]) venomous lineages.

In addition to these proteinaceous venoms, the blue-ringed
octopus (genus Hapalochlaena) is the only group that also con-
tains the potent non-proteinaceous neurotoxin tetrodotoxin
(TTX) [12, 23]. The mechanism of TTX resistance, which allows
for safe sequestration of TTX, has been attributed to several sub-
stitutions in the p-loop regions of voltage-gated sodium chan-
nels (Nay) in Hapalochlaena lunulata [24]. However, these chan-
nels have yet to be examined in Hapalochlaena maculosa and Ha-
palochlaena fasciata. TTX resistance has also been studied in a
range of other genera including pufferfish [25], newts [26, 27],
arachnids [28], snakes [29], and gastropods [30].

The blue-ringed octopus is easily identified by iridescent blue
rings, which advertise its toxicity in an aposematic display [31-
33]. Sequestration of the TTX within bodily tissues is unique
to this genus among cephalopods [32, 34]. While other unre-
lated TTX-bearing species primarily use TTX for defense, Ha-
palochlaena is the only known taxon to utilize TTX in venom
[23, 35]. The effect of TTX inclusion on venom composition and
function has been previously investigated in the southern blue-
ringed octopus (H. maculosa) [9]. Relative to the non-TTX-bearing
species Octopus kaurna, H. maculosa exhibited greater expression
of putative dispersal factors such as hyaluronidase, which serve
to aid in the dispersal of toxic venom components [9]. Con-
versely, tachykinins—neurotoxins known from other octopods
[36, 37]—were absent from the H. maculosa PSG [9]. Further in-

vestigation into the broader impact of TTX on the evolutionary
trajectory of the species has yet to be addressed owing to the
absence of a genome.

This study presents the genome of the southern blue-ringed
octopus (H. maculosa, NCBI:txid61716; marinespecies.org: tax-
name:342334), the first from the genus Hapalochlaena. By using
a comparative genomic approach we are able to examine the
emergence of octopod novelties, at a molecular level between H.
maculosa and the 2 non-TTX-bearing octopods: the California 2-
spot octopus (Octopus bimaculoides) and the long-armed octopus
(Callistoctopus minor). We also address unique features of venom
evolution in octopods while also addressing the species-specific
evolution of tetrodotoxin acquisition and resistance in H. macu-
losa.

The southern blue-ringed octopus genome was sequenced us-
ing Illumina paired-end and Dovetail sequencing from a single
female collected at Beaumaris Sea Scout Boat Shed, Beaumaris,
Port Phillip Bay, Victoria, Australia. The assembly was composed
of 48,285 scaffolds with an N50 of 0.93 Mb and total size of 4.08
Gb. A total of 29,328 inferred protein-coding genes were pre-
dicted using a PASA [38] and an Augustus [39] pipeline and sup-
plemented with zinc finger and cadherin genes obtained from
aligning H. maculosa transcripts to O. bimaculoides gene models
(Supplementary Note S1.1-S1.4). Completeness of the genome
was estimated using BUSCO [40], which identified 87.7% com-
plete and 7.5% fragmented genes against the metazoan database
of 978 groups (Supplementary Note S3.2).

H. maculosa has a highly heterozygous genome (0.95%), sim-
ilar to Octopus vulgaris (1.1%) [41] but far higher than O. bimac-
uloides (0.08%) [42]. While the low heterozygosity of O. bimacu-
loides is surprising, other molluscs also have highly heterozy-
gous genomes in accordance with H. maculosa, including the gas-
tropods (1-3.66%) [43, 44] and bivalves (0.51-3%) [45-51] (Supple-
mentary Table S5).

The mutation rate for H. maculosa was estimated to be 2.4 x 10~°
per site per generation on the basis of analysis of synonymous
differences with O. bimaculoides (Supplementary Note S1.5). The
mutation rate is comparable to the average mammalian muta-
tion rate of 2.2 x 107° per site per generation, and Drosophila,
2.8 x 107° [52, 53]. Owing to the unavailability of a suitable
closely related and comprehensive genome until the publication
of O. bimaculoides in 2015 [42], this is the first genome-wide mu-
tation rate estimated for any cephalopod genome.

The historic effective population size (N.) of H. maculosa was
estimated using the pairwise sequentially Markovian coales-
cent (PSMC) model (Supplementary Fig. S2). Population size was
found to initially increase during the early Pleistocene, followed
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by a steady decline that slows slightly at ~100 kya. It should be
noted that PSMC estimates are not reliable at very recent times
owing to a scarcity of genomic blocks that share a recent com-
mon ancestor in this highly heterozygous genome. A decline
in population size started during the mid-Pleistocene ~1 mya,
a time of unstable environmental conditions with fluctuations
in both temperature and glaciation events [54-56]. Corals in the
genus Acropora show a similar pattern of expansion and contrac-
tion attributed to niche availability after the mass extinction of
shallow-water marine organisms 2-3 mya, followed by the un-
stable mid-Pleistocene climate [57, 58]. A similar pattern of ex-
pansion and decline in effective population size has also been
observed in the Antarctic icefish among other marine organisms
distributed in the Southern Hemisphere [59].

A total of 2,108 (single copy/1-to-1) orthologous clusters were
identified between the molluscan genomes and transcriptomes
of 11 species and used to construct a time-calibrated maximum
likelihood tree (Fig. 1a). The phylogenetic reconstruction esti-
mated the divergence time between H. maculosa and its nearest
relative, O. bimaculoides, to be ~59 mya. C. minor diverged from
this clade much earlier at ~183 mya. Previous phylogenies using
a combination of a small number of mitochondrial and nuclear
genes [60-62] and orthologs derived from transcriptomes [63]
support this topology. Likewise, estimates by Tanner et al. 2017,
using a concatenated alignment of 197 genes with a Bayesian ap-
proach, placed divergence of H. maculosa from Abdopus aculeatus
at ~59 mya [2].

Inference of “shared” phenotypic traits can be difficult to
resolve with the current literature. For example, false eye
spots/ocelli observed in both O. bimaculoides and H. maculosa are
structurally very different. Each ocellus in H. maculosa is com-
posed of a continuous single blue ring [33], while O. bimacu-
loides has a blue ring composed of multiple small rings. Morpho-
logical variations of ocelli structure and colour, in conjunction
with the taxonomically sporadic occurrence of this trait across
species within Octopus and Amphioctopus, limit our interpreta-
tion as to the evolutionary history of this trait in octopods [3].
Large gaps remain in the literature between phenotypic traits in
cephalopods and their genomic source [1]. This study aims to
provide a genomic framework to enable resolution of these fea-
tures by profiling changes in several genomic characters: (i) gene
duplications, (ii) novel gene formation, and (iii) non-coding ele-
ment evolution.

Gene family expansions between octopods (O. bimaculoides, C.
minor, and H. maculosa) and 3 other molluscan genomes (Aplysia
californica, Lottia gigantea, and Crassostrea gigas) were examined
using Pfam annotations. A total of 5,565 Pfam domains were
identified among 6 molluscan genomes. H. maculosa and C. minor
exhibit expansions in the cadherin gene family, characteristic of
other octopod genomes, including O. bimaculoides (Fig. 1B) [42,
64]. C. minor, in particular, shows the greatest expansion of this
family within octopods. Expansions of protocadherins, a sub-
set of the cadherin family, have also occurred independently in
squid [42], with the octopod expansions occurring after diver-
gence ~135 mya [42]. The shared ancestry of octopod cadherins
was also documented by Styfhals et al. [64] using phylogenetic
inference between O. bimaculoides and O. vulgaris. Cadherins,

specifically protocadherins, play crucial roles in synapse forma-
tion, elimination, and axon targeting within mammals and are
essential mediators of short-range neuronal connections [65-
68]. It should be noted that octopods lack a myelin sheath; as a
result short-range connections are integral to maintaining sig-
nal fidelity over distance [6]. The independent expansions of
protocadherins within chordate and cephalopod lineages are be-
lieved to be associated with increased neuronal complexity [42,
64]. Elevated expression of protocadherins within neural tissues
has been observed in O. vulgaris and O. bimaculoides by Styfhals et
al. [64] and Albertin et al. [42], respectively. In particular Styfhals
et al. [64] noted differential expression across neural tissues
including supra-esophageal mass, sub-esophageal mass, optic
lobe, and the stellate ganglion [64]. However, functional implica-
tions of observed expression patterns remain speculative with-
out further study.

H. maculosa also shows expansions in the C2H2-type zinc fin-
ger family. Zinc fingers form an ancient family of transcription
factors, which among other roles serve to regulate transposon
splicing, as well as embryonic and neural development [69, 70].
Expansion of this type of zinc finger in O. bimaculoides has been
associated with neural tissues. It should be noted that due to the
inherent difficulty in fully annotating the zinc finger family, al-
ternative methods were used to examine the number of exons
in C. minor with high similarity to annotated zinc finger genes
in O. bimaculoides (Supplementary Note S5.1). A total of 609 ex-
ons (not captured by published gene models) from C. minor were
found with high similarity to accepted zinc finger genes in O. bi-
maculoides, suggesting that this family is larger than that which
the genome annotation infers.

Examination of genes specifically expressed within neural
tissues found that cadherins were among the most highly ex-
pressed gene families of all octopod species. Particularly in C.
minor, relative to the other octopods, such a trend reflects the
gene family expansions found in this species (Fig. 2). Zinc fingers
were less pronounced, representing 1.1% of overall expression in
C. minor compared to cadherins at 11.3%. Overall, neural tissues
express a large diversity of Pfams with each species, exhibiting a
similar profile and proportion of orthologous to lineage-specific
genes.

High-level examination of gene dynamics (expression, loss of
expression, and absence of expression) between octopods across
different levels of orthology provides insight into large-scale ex-
pression patterns and highlights lineage-specific loss of expres-
sion.

The greatest proportion of genes in each species examined
were not specific to octopods or an octopus lineage (ancient
genes) (Fig. 2). Expression of these genes was enriched in neu-
ral tissues across all species, indicating the core conservation
of neural development and function. However, we also find that
genes specific to each octopod species also show this expression
pattern. The overall elevated expression of genes within neu-
ral tissues could be reflective of the extensive neural network
present in cephalopods, which comprises ~520 million nerve
cells [71], rivalling vertebrates/mammals in size [6]. Expression
of many novel genes in the nervous system may also indicate
contribution of those genes to lineage-specific neural network
evolution. In contrast, genes that date back to the shared oc-
topod ancestor show highest expression in male reproductive
tissues in all species.
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Figure 1: Comparisons of molluscan genomes and gene families. (A) Time-calibrated maximum likelihood phylogeny of 7 molluscan genomes (Aplysia californica,
Lottia gigantea, Crassostrea gigas, Euprymna scolopes, Octopus bimaculoides, Callistoctopus minor, and Hapalochlaena maculosa) and 4 transcriptomes (Octopus kaurna, Octopus
vulgaris, Sepia officinalis, and Idiosepius notoides) using 2,108 single-copy orthologous sequence clusters. Node labels show divergence times in millions of years (mya);
blue (divergence to octopods) and orange bars (decapods) represent standard error within a 95% confidence interval. Octopodiformes lineages are highlighted in blue
and decapod orange. Scale bar represents mya. (B) Expansions of octopod gene families relative to molluscan genomes Aplysia californica (A. cali), Biomphalaria glabrata
(B. glab), C. gigas (C. gig), L. gigantea (L. gig), E. scolopes (E. scol), C. minor (C. min), O. bimaculoides (O. bim), and H. maculosa (H. mac). (C) Lineage-specific gene expansions
in the octopod genomes C. minor (C. min), O. bimaculoides (O. bim), and H. maculosa (H. mac). CHGN: chondroitin N-acetylgalactosaminyltransferase; C2H2: Cys2-His2;
SPRR: small proline-rich proteins.
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Figure 2: Dynamics of gene expression in octopod genomes. Proportion of gene expression across levels of specificity from not specific to octopods or an octopus
species (left) to octopod-specific (middle) and lineage-specific (right). Donut plots show gene expression as some expression in any tissue (purple), no expression
(blue), or expression that has been lost (dark blue). Loss of expression requires an ortholog of the gene to be expressed in >1 species and not expressed in the other
species. Heatmaps at each specificity level show average expression of genes within their respective tissues, low expression (cream) to high expression (dark red).

Loss of expression between octopod genomes is exhibited
most clearly in H. maculosa, with 11% (1,993 genes) of all ancient
genes having no expression, compared to 1% in both O. bimacu-
loides and C. minor. Absence of gene expression for genes whose
orthologs have retained expression in >1 other species suggests
a unique evolutionary trajectory from other octopods. It should
be noted that differences in tissue sampling may in part influ-
ence these values and owing to the limited sampling of species,
loss of expression cannot be inferred at a species level and may
have occurred at any point in the lineage. To fully understand
the implications of the gene family contractions and loss of ex-
pression in H. maculosa, relative to other octopods, further inves-
tigation is required.

Evolution of the octopod non-coding genome

Similar to other cephalopod genomes, the H. maculosa genome
has a high repeat content of 37.09% (bases masked). O. bimacu-
loides and C. minor are also highly repetitive, with 46% and 44%
of their genomes composed of transposable elements (TE), re-
spectively. Of the repetitive elements, LINEs dominate the de-
capodiform Euprymna scolopes genome, accounting for its larger
genome size [72], while SINEs are expanded in all 4 octopod
genomes. SINEs have been previously documented in O. bi-
maculoides (7.86%) [42], comparable with H. maculosa (7.53%),
while fewer SINEs were previously reported for C. minor (4.7%)
[73]. SINE elements also dominate the O. vulgaris genome, with

an expansion occurring after divergence from O. bimaculoides
[41]. Rolling circle elements are a prominent minor component
in octopods, particularly in H. maculosa. Rolling circle trans-
posons have been isolated from plant (Zea mays) and mam-
malian genomes. They depend greatly on proteins used in host
DNA replication and are the only known class of eukaryotic mo-
bile element (transposon) to have this dependence [74]. TE el-
ements in cephalopod lineages show differing expansions be-
tween most of the genomes currently available, suggesting that
they are highly active and play a strong role in cephalopod evo-
lution.

Enrichment of transposable elements associated with genes
(flanking regions 10 kb up- and downstream) was not observed
compared to the whole genome for any species examined. More
notable were differences between species; in particular C. minor
shows a greater proportion of LINE to SINE elements relative to
both O. bimaculoides and H. maculosa.

Together, this highlights a very dynamic evolutionary com-
position of repeats in cephalopods that requires further study to
test for any potential association with changes in gene expres-
sion or genome evolution.

Dynamics of gene expression in the PSG

The PSG is the primary venom-producing gland in octopods.
Venom composition in the majority of octopods is primarily
composed of proteinaceous toxins. Hapalochlaena is an excep-
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tion, containing an additional non-proteinaceous neurotoxin,
TTX, within their venom. We hypothesize that the Hapalochlaena
PSG will exhibit a loss of redundant proteinaceous toxins due to
the presence of TTX.

Examination of all PSG-specific genes from the 3 octopods re-
vealed a disproportionate number of genes exclusive to H. mac-
ulosa (Fig. 3A). A total of 623 genes were exclusive to H. maculosa
PSG compared with only 230 and 164 exclusive to O. bimaculoides
and C. minor PSGs, respectively. Additionally, we predict that the
H. maculosa PSG is functionally more diverse on the basis of the
number of Pfam families detected, 532 in total. Comparatively,
the PSG genes in O. bimaculoides and C. minor are fewer and more
specialized. Gene family expansions of serine proteases domi-
nate expression, comprising >30% of total PSG-specific expres-
sion in C. minor and 17-20% in O. bimaculoides (Fig. 3B). Serine
proteases were also among genes whose expression seems to
have shifted between octopod species. Several serine proteases
show specific expression to the PSG of O. bimaculoides and C. mi-
nor while being expressed in a non-specific pattern among brain,
skin, muscle, and anterior salivary gland tissues in H. maculosa
(Fig. 4B). Most notable is the absence of many paralogs in both
H. maculosa and O. bimaculoides, suggesting a lineage-specific ex-
pansion of this cluster in C. minor. Fewer serine protease genes
can also be observed in H. maculosa (Fig. 4). Similarly, reprolysin
(M12B) exhibits shifting expression in H. maculosa, presumably
from the PSG to the branchial heart, and a complete loss of par-
alogs from the genome. While the function of this protein has
not been assessed in octopus, members of this protein family
exhibit anticoagulant properties in snake venom [75-78].

Serine proteases have been previously documented in
cephalopod venom and are prime candidates for conserved
toxins in octopods. Cephalopod-specific expansions have been
identified with strong association to the PSG in 11 cephalopods
(7 octopus, 2 squid, and 2 cuttlefish) [8, 13]. All serine pro-
teases identified from the PSG of these species were found to
belong to the cephalopod-specific clade. Functionally, cephalo-
pod venom serine proteases have yet to be assessed. However,
octopod venom has been observed to have strong digestive and
hemolytic properties, which may be in part due to this crucial
protein family [79-81]. The reduced number and expression of
serine proteases in H. maculosa suggests a change in function of
the PSG for this species. These results support the hypothesis of
toxin redundancy in the H. maculosa PSG due to the incorpora-
tion of tetrodotoxin. Previous proteomic analysis of the H. macu-
losa PSG revealed high expression of hyaluronidase, which often
serves as a dispersal factor within snake venom, facilitating the
spread of toxin while not being directly toxic to their prey [9,
82]. While further investigation is required, the incorporation of
TTX within H. maculosa venom may have contributed to a shift
in function, with proteins present acting to support the spread
of venom and digestion of tissues.

To identify the mechanism of TTX resistance in H. maculosa,
the voltage-gated sodium channel (Na,) sequences were com-
pared between susceptible (human) and resistant (pufferfish,
salamanders, and garter snakes) species. TTX binds to the p-
loop regions of sodium channels, inhibiting the flow of sodium
ions in neurons, resulting in paralysis [83, 84]. Inhibition of TTX
binding has been observed in species that either ingest TTX via
prey, such as garter snakes [85], and in those that retain TTX
within their tissues like pufferfish [86].

Two Na, genes were identified in the H. maculosa genome
(Nay1 and Nay2); this is congruent with the recent identifica-
tion of 2 Nay isoforms in H. lunulata [24] (Supplementary Figs S8
and S9). Among cephalopods with sequenced Na, 1 channels, p-
loop regions are highly conserved, with both DI and DII shared
between all species. The regions DIII and DIV closer to the C-
terminal end of the protein in Hapalochlaena sp. contain muta-
tions, which may affect TTX binding and differ between families
and species as follows. Similar to the pufferfish (Arothron, Canthi-
gaster, Takifugu, and Tetraodon) [87] and garter snake Thamnophis
couchii [88], H. maculosa Nav1 has a mutation within the third p-
loop at site (DIII) from M1406T, while all other cephalopods have
an Ile(I) at this position (Fig. 5A). The dumbo octopus (Grimpo-
teuthis) is the only exception, retaining the susceptible M at this
site similar to humans and other non-resistant mammals [83].
Additionally, the fourth p-loop (DIV) in H. maculosa exhibits 2
substitutions at known TTX binding sites: D1669H and H1670S.
In a previous study a Met to Thr substitution into a TTX-sensitive
Nav1.4 channel decreased binding affinity to TTX by 15-fold [87].
Likewise, a 10-fold increase in sensitivity was observed from a
T1674M substitution in a mite (Varroa destructor) channel Vd-
Nav1 [28]. However, resistance is often a result of multiple sub-
stitutions and when 11674T/D1967S occur together in VdNav1,
resistance is multiplicative, resulting in “super-resistant” chan-
nels with binding inhibition of 1,000-fold. The combination of
M1406T/D1669H in H. maculosa also occurs in the turbellarian
flatworm Bdelloura candida (BcNav1) [87, 89]. While it has yet to
be assessed for TTX resistance, the replacement of aspartic acid
in B. candida with a neutral amino acid has been predicted to
disrupt TTX binding by preventing formation of a salt bridge or
hydrogen bond [89, 90]. These 3 substitutions (M1406T, D1669H,
and H1670S) in H. maculosa, with the potential to inhibit TTX
binding, have also been identified by Geffeney et al. [24] in H.
lunulata. It has yet to be established whether these mutations
are derived from a shared ancestor or have occurred indepen-
dently.

While Hapalochlaena remains the best-documented example
of TTX resistance among cephalopods, other species may con-
tain some level of TTX resistance (e.g., O. vulgaris) [91, 92]. Saxi-
toxin (STX) is a similar toxin in structure and function, and mu-
tations resistant to TTX are often also STX inhibiting [93]. O. vul-
garis has been observed consuming STX-contaminated bivalves
with no negative effects and as such is believed to be resistant
[92]. However, no mutations known to reduce TTX/STX binding
affinity occur in its Nav1 [92, 94]. The selective pressure facilitat-
ing the evolution of STX/TTX resistance in these shallow-water
benthic octopods may be toxic prey, similar to garter snakes. STX
is also known as a paralytic shellfish poison. Produced by pho-
tosynthetic dinoflagellates and bioaccumulated in bivalves [95],
this toxin contaminates a common octopus food source. Pelagic
squids such as the Humboldt (Doryteuthis gigas) and longfin in-
shore squid (Doryteuthis pealeii) do not appear to be TTX/STX
resistant; mass strandings of Humboldt squid have been asso-
ciated with ingestion of STX-contaminated fish [96]. Likewise,
no evidence of resistance was found in the sodium channel of
the dumbo octopus (Grimpoteuthis). This species typically inhab-
its depths of 2,000-5,000 m and is unlikely to encounter STX-
contaminated food sources [97].

TTX is produced through a wide variety of bacteria, which are
common in marine sediments and have been isolated from or-
ganisms such as pufferfish [25, 98, 99]. Sequestration of TTX
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is not exclusive to the blue-ringed octopus among molluscs.
Gastropods such as Pleurobranchaea maculata [100] and Niotha
clathrata [30], as well as some bivalves, are also capable of se-
questering TTX [95]. The commonly held hypothesis for TTX
acquisition within Hapalochlaena is that it is bacterial in origin
and is either ingested or endosymbiotic [100, 101]. Analysis of a
ribo-depleted RNA sample from the PSG of H. maculosa revealed
a highly diverse composition of bacterial genera with Simpson
and Shannon diversity indices of 4.77 and 0.94, respectively. The
dominant phyla were Proteobacteria and Firmicutes, compos-
ing, respectively, 41% and 22% of overall bacterial species de-
tected (Fig. 6). To date, 151 strains of TTX-producing bacteria
have been identified from 31 genera. Of these, 104 are members
of Proteobacteria [102]. The genera Pseudomonas and Bacillus be-
longing to the phyla Proteobacteria and Firmicutes, respectively,
have been previously identified in the PSG of Hapalochlaena sp.
(Octopus maculosus) [101]. Examination of these bacterial strains
revealed TTX production, and extracts injected into mice proved
to be lethal [101]. A more recent study on the bacterial compo-
sition of H. maculosa PSG did not identify TTX-producing strains
[100]. However, only a small subset of the many strains identi-
fied were tested. Congruent with our findings the diversity of
bacterial genera was high and this may complicate identifica-
tion of species responsible for TTX production. The biosynthetic
pathway of TTX has yet to be elucidated, and as a result, only
culturable bacterial species can be tested for TTX production.

Conclusions

This work describes the genome of a unique TTX-bearing mol-
lusc, the southern blue-ringed octopus (H. maculosa). Much of
cephalopod evolution is barely understood owing to sparseness
of genomic data. Our analysis provides the first glimpse into ge-
nomic changes underlying genome evolution of closely related
octopod species. While the size, heterozygosity, and repetitive-
ness of the blue ring genome is congruent with previously pub-
lished octopod genomes, we find similar yet independent expan-
sions of key neuronal gene families across all 3 species and show

evidence for the involvement of gene novelty in the evolution of
key neuronal, reproductive, and sensory tissues. The evolution
of venom in octopods also differs between species, with H. mac-
ulosa showing a reduction in the number and expression of ser-
ine proteases in their venom gland relative to the other octopods
in this study. Inclusion of TTX in H. maculosa distinguishes this
species from related octopods and is believed to affect toxin re-
cruitment and retention because the highly potent TTX is suffi-
cient to subdue common octopod prey without additional tox-
ins.

Methods

Genome sequencing and assembly

DNA was extracted from a single H. maculosa female col-
lected at Port Phillip Bay, Victoria, Australia. Two types of Illu-
mina libraries were constructed, standard paired end and Illu-
mina mate pairs (Supplementary Data S2). Dovetail sequencing,
Chicago libraries improved upon original sequencing,c resulting
in an overall coverage of 71x. Assembly-stats [103] was used to
ascertain the quality of the assembly and relevant metrics (Sup-
plementary Note S1).

Transcriptome sequencing

The H. maculosa transcriptome was generated using 12 tissues
(brain, anterior salivary gland, digestive gland, renal, brachial
heart, male reproductive tract, systemic heart, eyeballs, gills,
posterior salivary gland, dorsal mantle, and ventral mantle tis-
sue). RNA was extracted using the Qiagen RNeasy kit. Con-
struction of complementary DNA libraries was outsourced to
AGRF (Australian Genome Research Facility), Melbourne, and
conducted using their TruSeq mRNA Library Prep with polyA se-
lection and unique dual indexing method. Libraries were con-
structed using 3 ug of RNA at a concentration of >100 ng/uL.
Each tissue was sequenced on 1/12th of an Illumina HiSeq2000
lane with 1 lane used in total.
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Figure 4: Examination of posterior salivary gland (PSG) gene expression between 3 octopod genomes. (A) Heat map of genes expressed specifically in the PSG of H.
maculosa (r > 0.8) and their orthologs in O. bimaculoides and C. minor lacking specific expression to the PSG (r < 0.8). Genes with an ortholog lacking expression are
coloured in grey while the absence of an ortholog is white. (B) Heat map of genes expressed specifically in the PSG of both O. bimaculoides and C. minor (r > 0.8) and

their orthologs in H. maculosa lacking specific expression to the PSG.

De novo transcriptome assembly

De novo assembly of the H. maculosa transcriptome was con-
ducted using sequencing data from 11 tissues (as listed above)
and Trinity v10.11.201 (Trinity, RRID:SCR_013048) [104]. Default

parameters were used aside from k-mer coverage, which was
set to 3 to account for the large data volume. Protein-coding se-
quences were identified using Trinotate (Trinotate, RRID:SCR-0
18930) [105] and domains assigned by Interpro v72.0 (InterPro,
RRID:SCR_006695) [106].
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Figure 5: Mechanism of tetrodotoxin resistance within the posterior salivary gland of H. maculosa (PSG). (A) Alignment of voltage-gated sodium channel «-subunits (DI,
DII, DIII, and DIV) p-loop regions. Mutations conferring resistance are coloured in green (pufferfish), orange (salamander), purple (clam), and blue (octopus). Susceptible
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the p-loops between subunits 5 and 6 highlighted in red. Mutations conferring resistance are shown within black circles on p-loops.

Genome annotation

Genes were annotated using a de novo predictor supplemented
with transcriptomic evidence. Training models were produced
by PASA (PASA, RRID:SCR.014656) [38] using a transcriptome
composed of 12 tissues (as listed above) and supplied to the
de novo predictor Augustus (Augustus, RRID:SCR-008417) [39]
along with intron, exon, and repeat hints (generated by re-
peatmasker). Alternative splicing of gene models was also pre-
dicted using PASA (PASA, RRID:SCR_014656). Methods used for
annotation have been documented in an online git repository
[107]. Additional genes were predicted by mapping raw ex-
pressed reads against the genome. Functional annotation of
gene models was achieved using InterPro v72.0 (InterPro, RR
ID:SCR_006695) [106]. Completeness of genes was assessed us-

ing BUSCO v3 Metazoan database (BUSCO, RRID:SCR-015008)
[40].

Heterozygosity

JELLYFISH v2.2.1 (Jellyfish, RRID:SCR_005491) was used in con-
junction with GenomeScope (GenomeScope, RRID:SCR-017014)
[108] to calculate heterozygosity in H. maculosa using a k-mer fre-
quency of 21 (Supplementary Table S5).

Repetitive and transposable elements

Repetitive and transposable elements were annotated using Re-
peatModeler v1.0.9 (RepeatScout) (RepeatModeler, RRID:SCR-0
15027) and masking performed with RepeatMasker v4.0.8 (Re-
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Figure 6: Assessment of bacteria within the posterior salivary gland of H. macu-
losa (PSG). (A) Bacterial composition at the phylum level of anH. maculosa poste-
rior salivary/venom gland. (B) Composition of the largest phylum, Protobacteria,
of an H. maculosa posterior salivary/venom gland.

peatMasker, RRID:SCR_012954) [109] (Supplementary Note S3.3).
Analysis of gene-associated TEs was conducted by extracting
TEs within flanking regions 10 kb upstream and downstream of
genes using Bedtools v2.27.1 (BEDTools, RRID:SCR_006646) [110].

Calibration of sequence divergence with respect to time

Divergence times between the molluscan genomes (C. gigas, L.
gigantea, A. californica, E. scolopes, O. bimaculoides, C. minor, and H.
maculosa) and transcriptomes (Sepia officinalis, Idiosepius notoides,
O. kaurna, and O. vulgaris) was obtained using a mutual best hit
approach. Bioprojects for each genome used are as follows: C. gi-
gas (PRINA629593 and PRJEB3535), L. gigantea (PRINA259762 and
PRJNA175706), A. californica (PRINA629593 and PRJNA13635), and
E. scolopes (PRJNA47095). O. bimaculoides was obtained from [111].
The I. notoides (BioProject: PRINA302677) transcriptome was se-
quenced and assembled using the same method previously de-
scribed for the H. maculosa transcriptome. Whole genomes and
transcriptomes were BLASTed against O. bimaculoides. The re-
sulting hits were filtered, and alignments shared between all
species extracted. A maximum likelihood phylogeny was gen-
erated using RAXML v8.0 (RAXML, RRID:SCR-006086) [112]. Phy-
lobayes v3.3 (PhyloBayes, RRID:SCR_006402) [113] was used to
calculate divergence times (Supplementary NoteS4.1).

Effective population size (PSMCQ)

Historical changes in effective population size were estimated
using PSMC implemented in the software MSMC [114, 115]. To
generate inputs for MSMC we selected a subset of the reads

used for genome assembly corresponding to 38x coverage of
reads from libraries with short (500 bp) insert sizes. These were
pre-processed according to GATK best practices; briefly, adapters
were marked with Picard 2.2.1, reads were mapped to the H. mac-
ulosa genome using bwa mem v 0.7.17 (BWA, RRID:SCR_010910)
[116], and PCR duplicates identified using Picard v2.2.1. To avoid
inaccuracies due to poor coverage or ambiguous read mapping
we masked regions where short reads would be unable to find
unique matches using SNPable [117] and where coverage was
more than double or less than half the genome-wide average of
38x. Variant sites were called within unmasked regions and re-
sults converted to MSMC input format using msmec-tools [118].
All data for H. maculosa scaffolds of length >1 Mb were then used
to generate 100 bootstrap replicates by dividing data into 500-
kb chunks and assembling them into 20 chromosomes with 100
chunks each. We then ran msmc2 on each bootstrap replicate
and assembled and imported the resulting data into R for plot-
ting. A mutation rate of 2.4e—9 per base per year and a genera-
tion time of 1 year were assumed in order to set a timescale in
years and convert coalescence rates to effective population size.

Mutation rate

Mutation rate was calculated by extracting orthologous genes
from O. bimaculoides and H. maculosa. Neutrality was assumed
for genes with very low expression (<10 TPM across all tis-
sues). Neutral genes were aligned using MAFFT v7.407 [119] and
codeml (PAML, RRID:SCR.014932) [120] was used to calculate
substitution metrics (dS). Per base neutral substitution between
lineages was determined using the mean dS value divided by
divergence time (refer to "Calibration of sequence divergence
with respect to time”) over the number of generations. Because
octopus are diploid the rate was divided by 2. Divergence be-
tween species was calculated using Phylobayes v3.3 (PhyloBayes,
RRID:SCR_006402) [113].

Quantifying gene expression/specificity

Gene expression (as TPM) within individual tissues was calcu-
lated using Kallisto (kallisto, RRID:SCR_016582) [121] for the tran-
scriptomic data sets of H. maculosa, O. bimaculoides, and C. minor.
Defaults were used and counts of specific genes were calculated
as TPM defined as any gene with r > 0.80.

Gene model expression dynamics

Patterns of gene expression and loss were assessed across oc-
topod genomes at differing taxonomic/organismal levels. Gene
models were classified as lineage-specific, octopod specific, or
non-specific (orthologous to a gene outside of octopods). Expres-
sion at each level was determined using whole transcriptomes
from all tissues of each species. Genes with expression within >1
tissue were determined to be expressed; loss of expression was
classified as a gene with a single ortholog in each species, which
is expressed in >1 species and not expressed in the remaining
species.

Dynamics of PSG gene expression

To identify patterns of PSG-specific gene expression (losses and
shifts) between the 3 available octopod genomes, genes with ex-
pression specific to the PSG of each species were examined sep-
arately. Specific gene expression was defined as = > 0.8. Ortholo-
gous groups were identified between species using Orthovenn?2
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[122] and sequences that were identified as lineage specific were
confirmed using BLAST. Types of expressions were categorized
as follows: a loss of expression requires a gene to be present in
all 3 octopods and expressed in >1 species while having no de-
tectable expression in >1 species. A shift in expression occurs
when an ortholog present in all species is expressed in different
tissues.

Sodium channels for the 3 octopus genomes along with all avail-
able in-house cephalopod transcriptomes were extracted man-
ually using a series of BLAST searches against the nr database.
Annotation was achieved using Interpro v72.0 (InterPro, RRID:
SCR-006695) [106] and identification and extraction of p-loop
regions of the sodium channel «-subunit were manually per-
formed. Where sodium channels were incomplete, alignment
against related complete channels was used to extract the p-
loop regions. Individual mutations with potential to confer re-
sistance were identified manually in Geneious v10.1 [123].

A single ribo-depleted RNA sample of H. maculosa PSG was ex-
amined using the SAMSA?2 pipeline [124] to identify the bacte-
rial composition and corresponding molecular functions. Two
databases were used, Subsys and NCBI RefBac. The Krona pack-
age [125] was used to produce visualizations of each dataset.

Project name: BRO_annotation

Project home page: https://github.com/blwhitelaw/BRO_annotat
ion

Operating system(s): Linux

Programming language: Unix/Bash

Other requirements: high-performance computing

License: GPL-2.0 License

Any restrictions to use by non-academics: none
RRID:SCR_019072

Genomic and transcriptomic data produced and used in this
article have been made available in the NCBI BioProject: PR-
JNA602771 under the following accession numbers: raw tran-
scriptome (SAMN13930963-SAMN13930975), genome assembly
(SAMN13906985), raw genome reads (SAMN13906958), and gene
models (SAMN13942395). Voucher specimen for the transcrip-
tome is stored at Melbourne Museum. All supporting data and
materials are available in the GigaScience GigaDB database [126].
This includes expression data for the transcriptome, raw tran-
scriptome reads, gene models, gene annotation gff and assem-
bled genome, as well as files used in figure generation (i.e., trees,
heat maps).
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BLAST: Basic Local Alignment Search Tool; bp: base pairs;
BUSCO: Benchmarking Universal Single-Copy Orthologs;
BWA: Burrows-Wheeler Aligner; CHGN: chondroitin N-
acetylgalactosaminyltransferase, C2H2: Cys2-His2; GATK:
Genome Analysis Toolkit; Gb: gigabase pairs; kb: kilobase pairs;
LINE: long interspersed nuclear element; MAFFT: Multiple Align-
ment using Fast Fourier Transform; Mb: megabase pairs; MSMC:
multiple sequentially Markovian coalescent; mya: million years
ago; NCBI: National Center for Biotechnology Information:
PASA: Program to Assemble Spliced Alignments; PSG: posterior
salivary gland; PSMC: pairwise sequentially Markovian coales-
cent; RAxXML: Randomized Axelerated Maximum Likelihood;
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SINE: short interspersed nuclear element; SPRR: small proline-
rich proteins; STX: saxitoxin; TE: transposable element; TPM:
transcripts per million; TTX: tetrodotoxin.
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CHAPTER 3

High density genetic linkage map of the southern blue-ringed octopus
(Octopodidae: Hapalochlaena maculosa)

Brooke L. Whitelaw, David B. Jones, Jarrod Guppy, Peter Morse, Jan M. Strugnell, Ira R. Cooke,

Kyall Zenger

3.1 ABSTRACT

The southern blue-ringed octopus (Hapalochlaena maculosa) is distributed across the
Southern Australian coast and, among other species within the genus, it is known to sequester
the potent neurotoxin tetrodotoxin (TTX) within its venom and tissues. Hapalochlaena are the
only octopods known to sequester TTX, however its biosynthetic origin remains unresolved.
Members of the genus represent an interesting case study within octopods. A draft genome
was first published in 2020 (Whitelaw et al., 2020), however no chromosome level assembly is
available. Genetic linkage maps provide a useful resource for non-model genomes and can aid
in genome reassembly to form more contiguous pseudo-chromosomes. We present the first
linkage map of any cephalopod, the southern blue-ringed octopus, composed of 47 linkage
groups (LG). A total of 2,166 single nucleotide polymorphisms (SNPs) and 2,455 presence
absence variant (PAV) loci were utilised by Lep-Map3 in linkage map construction. The map
length spans 2016.62cM with an average marker distance of 0.85cM. Integration of the recent

H. maculosa genome allowed 1,151 scaffolds comprising 34% of the total genomic sequence to
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be orientated and/or placed using 1,278 markers across all 47 LG. Long range genomic
information provided by the linkage map provides a new perspective on previous findings that
conserved HOX genes in Octopus genomes are distributed on separate scaffolds. In the H.
maculosa linkage map three (SCR, LOX4 and POST1) of six identified HOX genes (HOX1/LAB,
SCR, LOX2, LOX4, LOX5, POST1) were located within the same LG (LG 9). Generation of a linkage
map for H. maculosa has provided a valuable resource for understanding the evolution of
cephalopod genomes and will provide a base for future work including Qualitative trait loci

(QTL) mapping.

3.2 INTRODUCTION

Members of the blue-ringed octopus genus (Hapalochlaena) are the only octopods
known to sequester the potent neurotoxin tetrodotoxin (TTX) within their tissues and venom
(Sheumack et al., 1984). They are easily identified by their iridescent blue rings and/or lines
which are flashed when threatened in an aposematic advertisement of their toxicity (Mathger
et al., 2012). They also remain the only octopod known to be capable of inflicting a lethal bite
to humans (Jacups and Currie, 2008; White, 2018). Investigations into venom evolution at a
transcriptomic and proteomic level have indicated lowered abundance of venom and venom-
associated proteins in venom glands of Hapalochlaena maculosa relative to other octopods.
This is hypothesised to reflect the inclusion of TTX resulting in the redundancy of other octopod

venom components (Whitelaw et al., 2016). Additionally, analysis of the Hapalochlaena
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maculosa genome detected a potential contraction of a key family of venom proteins (serine

proteases) relative to related octopods (Whitelaw et al., 2020).

The current genome assembly for H. maculosa is highly fragmented (47K+ scaffolds)
(Whitelaw et al., 2020). Similar to other cephalopods the H. maculosa genome exhibits a high
proportion of repetitive elements (37%), in conjunction with high heterozygosity (0.95%), and a
relatively large size overall (4Gb) (Whitelaw et al., 2020). These features are not conducive to
generating a chromosome level assembly (Sohn and Nam, 2018). The first octopod genome (the
California two-spot octopus, Octopus bimaculoides) was published in 2015 (Albertin et al.,
2015) and since then an additional four octopod genomes have been published (Callistoctopus
minor, Octopus vulgaris, H. maculosa and Octopus sinensis) (Kim et al., 2018; Li et al., 2020;
Whitelaw et al., 2020; Zarrella et al., 2019). To date, the only chromosomal level octopus
genome published is that of O. sinensis, (Li et al., 2020). Earlier karyotyping studies of
cephalopods revealed a chromosomal number of 30n for four members of Octopodiformes (C.
minor, Cistopus chinesis, O. vulgaris and Amphioctopus fangsiao) (Gao and Natsukari, 1990;
Wang and Zheng, 2017) and 46n for five decapodiformes (Sepia esculenta, Sepia lycidas,
Sepioteuthis lessoniana, Heterololigo bleekeri and Photololigo edulis) (Gao and Natsukari,
1990). While genetic resources such as genomes are gaining traction in the elucidation of

cephalopod evolution they are difficult to generate and do not provide a complete picture.

Linkage maps are a valuable tool that facilitate the examination of key processes
governing genome evolution by acting as a platform for analysing large (chromosomal

rearrangements) and fine scale (gene specific) events (Leitwein et al., 2017). They form an
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important component of comparative whole genomic analyses, providing support for genome
assembly and annotation in non-model species (Velmurugan et al., 2016). Historically, genetic
linkage maps have been used to elucidate the inheritance of complex disease traits and for
marker-assisted selection in agricultural species via Qualitative Trait Loci (QTL) analyses (Choi et
al., 2020). More recently linkage maps have been utilised in non-model species in an ecological
context, aiding the untangling of genotypic and phenotypic traits and their modes of selection

(Hagen et al., 2020; Manousaki et al., 2016).

Genetic linkage maps have great utility when applied to cephalopod genomics and could
improve our understanding in three key ways, i) improvement of current fragmented genome
assemblies, ii) supporting the assembly of new genomes, improving ease and reliability and iii)
bridging the gap between genetics and phenotype. Chromosome level genome assemblies are
also valuable because they allow for examination of the role of large scale structural variation in
evolutionary processes such as speciation, while also providing the genomic context to
understand the evolution of key gene families. The HOX gene cluster is a highly conserved set of
developmental genes occurring throughout metazoans (Duboule, 2007). Cephalopods exhibit
drastic changes to their body plan relative to other metazoans courtesy of unique expression
patterns of recruited HOX genes (Lee et al., 2003). A total of nine genes were first identified in
the Hawaiian bobtail squid Euprymna scolopes (Callaerts et al., 2002) and later found to be
shared with O. bimaculoides. However, unlike related molluscan genomes (Biscotti et al., 2014)
the HOX genes did not form a cluster and were instead scattered across different scaffolds
ranging in length between 53kb and 751kb (Albertin et al., 2015). Although this suggests that

there is no HOX cluster in cephalopods, potential co-location of cephalopod HOX genes at the
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chromosome level has not yet been investigated. Furthermore, genetic linkage maps for one
species can aid in the generation of maps for related taxa as has been demonstrated for the
reed warbler (Acrocephalus arundinaceus) whose linkage map was derived from the common
chicken (Dawson et al., 2006). Lastly, a genetic linkage map also provides a method to link
octopod genomics and phenomics, facilitating the investigation of the genetic basis of biological
traits. Such studies have applications in evolutionary biology (QTL associated with retention of
paedomorphic traits in salamanders) (Voss et al., 2012) and aquaculture (body weight and
length of turbot) (Sdnchez-Molano et al., 2011). QTL studies could be valuable for commercial
species such as Octopus vulgaris which are within the early stages of development as an

aquaculture species (Estefanell et al., 2011).

Generation of a linkage map for cephalopods has not previously been attempted, in part
due to the absence of genome assemblies and genetic marker resources prior to 2015 (Albertin
et al., 2015), but also due the difficulty in keeping and breeding cephalopods in captivity. This
latter requirement is essential to track pedigree information and attain the large family sizes,
which are required for robust linkage analysis (Kawakami et al., 2014). This chapter presents
the first linkage map of any cephalopod, the southern blue-ringed octopus (Hapalochlaena
maculosa) constructed using a combination of single nucleotide polymorphism (SNP) and
presence absence variant (PAV) markers. The assembly generated in chapter 2 is incorporated
here with the linkage map to produce an improved assembly leading to insights in HOX gene

placement within H. maculosa.
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3.3 METHODS

3.3.1. Sample collection and family structure

Detailed descriptions of sample collection, mating structure and housing are available in (Morse
et al., 2018a) and were performed by Dr Peter Morse. Briefly, specimens of H. maculosa were
collected from Cockburn Sound, Western Australia using false shelter traps. Animals were
individually housed at the Fremantle octopus facility in 1 litre aquaria. Collected animals (36 in
total) were divided into 12 groups with each female being paired with one of the two males
sequentially. Animals were paired in a larger separate 30L aquarium overnight and interactions

recorded. Resulting families' clutch sizes are located in table 3.1.

3.3.2. DNA extraction and SNP generation

Muscle tissue samples were taken from the arm tip of adults and the body of hatchlings
by Dr Shannon Kjeldsen and submitted to Diversity Arrays Technology PL, Canberra ACT,
Australia, where they underwent DNA extraction, restriction enzyme digestion, library
preparation, genotype-by-sequencing data generation and QA/QC of sequences via DArTseqTM

1.0 technology (Sansaloni et al., 2011).
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3.3.3. SNP selection, quality control and genotyping

Filters were applied to the SNP data provided by Diversity Arrays using the program
DARTQC ( ). Retained SNPs met the following criteria,
individual genotypes were called on a minimum of 5 read counts, average SNP repeatability >
0.9, SNP call rate > 0.6, and MAF (Minor Allele Frequency) > 0.01. In addition, sequence
similarity searches of 95% identity were conducted within CD-HIT (Fu et al., 2012; Li and Godzik,
2006) and for any SNPs that were identified within the same flanking regions, only the SNP with
the highest MAF was retained. Individual families were identified (see section 3.3.4), and PLINK
(Purcell et al., 2007) was used to identify and remove mendelian errors at a threshold of 0.1
with any remaining errors set to missing. Presence-absence variant (PAV) loci were filtered for
reproducibility > 0.9 and a chi-square test performed to identify mendelian errors (p > 0.05).
SNP markers were merged across ten families using bedtools merge (Quinlan and Hall, 2010),
SNPs were included if they occurred in a single family. PAV and SNP markers for ten families
were combined to form a single file, and only markers which occurred in at least one family

were retained.

3.3.4. Paternity and family designation

Due to the potential of copulations prior to capture and the ability for females to
produce offspring fathered by multiple males (Morse et al., 2018a), paternity was evaluated
using 7,100 of the filtered SNPs. Cervus was used to calculate allele frequencies across all
samples, simulate parentage and assign parent to offspring as follows (parent pairs with known

sexes, 1,600 offspring, 15 candidate mothers, probability mother sampled 0.95, 20 candidate
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fathers, probability father sampled 0.95, probability of loci typed 0.95, probability of loci
mistyped 0.01, and minimum loci typed 200). Colony was also used to validate families with the
following parameter settings (female monogamy, male polygamy, no inbreeding, no clones,
diecious, diploid, full-likelihood, medium precision, updating allele frequencies — yes, sibship
scaling — yes, weak prior, paternal sibship size 20, maternal sibship size 20, 968 markers, 511

progeny, and respective parents) (Jones and Wang, 2010).

3.3.5. Map construction

The Lep-MAP3 pipeline (Rastas, 2017) was used to construct the final map composed of
10 families with a total of 277 individuals. Markers were filtered for high levels of segregation
distortion (parameter dataTolerance 0.001, X2 test, df = 1-2, P < 0.001) using the Filtering2
module. Missing parental genotypes were then predicted using the ParentCall2 module with
half siblings taken into account with the --halfsib flag. SeparateChromosomes2 was used to
assign markers to linkage groups (LG) based on a LOD threshold of 10 and minimum group size

of 10.

The resulting 47 LG were ordered using OrderMarkers to create a sex averaged map. Sex
informative maps were generated using the preserved marker order obtained from the sex
averaged map with intervals recalculated based on female and male informative meiotic

events. Maps were visualised using the LinkageMapView package in R.
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3.3.6. Re-orientation of genomic scaffolds and genes of interest

In order to improve contiguity of the H. maculosa genome, markers were mapped to
their genomic locations and used in conjunction with the generated linkage map to re-orientate
and/or place scaffolds. This produced 47 pseudo-chromosomes, each corresponding to a
linkage group. SNP and PAV markers were mapped to the genome of the southern-blue-ringed
octopus (NCBI: PRINA602771, Hapalochlaena maculosa) (Whitelaw et al., 2020) using the bwa
mem (Li, 2013) with a seed length of k = 20. Input files for chromonomer were generated using
the output from Lep-Map3 in R in conjunction with the mapped loci locations. Chromonomer
was run with default parameters (Catchen et al., 2020) including the following inputs: genomic
locations for mapped markers and contigs, genome.fasta, and genetic linkage map
structure. To determine the proportion of the genome included in the 47 pseudo-
chromosomes the sum of base pairs from each pseudo-chromosome generated by
chromonomer was divided by the total genome length (bp). Assembly-stats
( ) was run to assess the new pseudo-

chromosome assembly produced by chromonomer.

Conserved HOX genes were identified from the H. maculosa genome by conducting
BLAST searches against a data base of known cephalopod HOX genes manually curated from
NCBI. The mutual best hits were retained and annotated using InterPro (Finn et al., 2016).
Genomic positions were ascertained by aligning genes to the genome using est2genome from

exonerate v2.2 (Slater and Birney, 2005). Cephalopod HOX genes were aligned using MAFFT
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v7.407 (Rozewicki et al., 2019) and a consensus maximum likelihood phylogeny generated using

RAXML v 8.0 with the WAG substitution model for 100 bootstraps (Stamatakis, 2006).

3.3.7 Genome Coverage

Genome coverage was ascertained by estimated genome size/summed length of all
linkage groups. Genome size was estimated in centimorgans (cM) using two methods (Yu et al.,
2015) and the average taken for coverage estimation. It should be noted that genome size here
does not refer to a physical distance but to a distance calculated using recombination
frequencies similar to the linkage map. The average interval for each linkage group (LG) was
calculated by dividing total LG length by the number of intervals. Genome size estimation 1 (Ge
1) multiplied the total LG length by the factor (m+1)/(m-1), where by m = number of markers
within each LG (Chakravarti et al., 1991). Genome size estimation 2 (Ge 2) was calculated by
adding 2*(average marker interval) to the total LG length (Postlethwait et al., 1994) (Table 3.5).
The sum across all LGs was calculated with each method and the average between the two

used.

3.3.8. Segregation distortion and sex specific recombination

Gametic and post zygotic selection can result in deviations from Mendelian inheritance
of codominant alleles known as segregation distortion. In order to detect segregation distortion
between families and across markers log-likelihood ratio tests were performed for goodness of
fit to Mendelian expectations. Tests were performed using the software LINKMFEX v3.4

(Danzmann, 2006) which calculates G-values across all parents for each family. Insufficient
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number of loci significantly deviated from expected segregation (p > 0.05) within and between
families to perform further testing with confidence (Supplementary table 2). Sex specific
recombination rates were ascertained using LINKMFEX v3.4. Intervals shared between genders
independent of family were identified in R and are located in Supplementary table 1. Due to the
low number of intervals shared between sexes, sex specific recombination rates could not be

calculated nor compared with confidence.

3.4 RESULTS

3.4.1. Genotyping and paternity

A total of 25,253 presence-absence variant (PAV) loci and 19,729 SNPs were discovered using
DArTSeq™ genotyping (Diversity Arrays). Stringent filtering, as previously described (methods
section 3.3.2), resulted in the retention of 5,656 SNPs and 11,179 PAV for linkage mapping
analysis (Tables 3.2 - 3.3). Parentage analysis revealed multiple paternity in 12 clutches
resulting in 28 families and 543 offspring in total. Additionally, of the 28 families, pre-capture
copulation of five females resulted in five families fathered by a non-genotyped male, and as
such, these were excluded from downstream analyses. Families with fewer than 10 individuals
or with a parent which did not pass PLINK filtering thresholds (Mendelian errors > 10% per
marker and 10% per individual) were also excluded. The remaining 10 families were used in

linkage map generation (Table 3.1.).
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Table 3.1. Summary of Hapalochlaena maculosa families generated in this study. Bolded rows

represent families which passed filtering and were included in linkage map generation. n = size

of family.

Female

131

132

133

136
137
138
140
144

145

146

148

149

Male

127

128

142

143

132
Unknown male 2

131

134

145
Unknown male 1

136

133

135

155

149

144

151

148

138

139
Unknown male 3

137
Unknown male 4

153

156
Unknown male 5

154

158

Family ID

131_127
131_128
132_142
132_143
133_132
133 02
133_131
136_134
136_145
137_01
137_136
138_133
138 135
140_155
140_149
144 144
144 151
145_148
145_138
146_139
146_03
146_137
146 04
148 153
148 156
149 05
149 154
149 158

n (pre filtering)

37
10
43
5
33
16
6
26
26
35
13
37
8
27
14
36
5
34
3
24
15
11
5
11
6
35
9
4

Status

Included
excluded due to small size
Included
excluded due to small size
Included
excluded due to unknown male
excluded due to small size
Included
Included
excluded due to unknown male
male removed by filtering
Included
excluded due to small size
Included
Included
Included
excluded due to small size
Included
excluded due to small size
Female removed by filtering
excluded due to unknown male
Female removed by filtering
excluded due to unknown male
Both parents removed by filtering
excluded due to small size
excluded due to unknown male
excluded due to small size
excluded due to small size
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Table 3.2. Filtering and quality assessment of SNPs produced using DARTQC. Rep average is a

metric specific to DArT (Diversity Arrays) specifying the proportion of alleles that give

repeatable results over 30 replicates.

FILTER PARAMETERS SILENCED SILENCED SILENCED CHANGED CALLS
SAMPLES SNPS CALLS

Read Counts 5 0 0 4510437 0

Min SNP Call Rate 0.7 0 17542 0 0

Count Comparison [0.05','0.17 0 0 11462 4353

DART SNP Metric (RepAvg', '<', 0.9) 0 0 0 0

Cluster 0.95 0 1166 0 0

MAF ['0.021 0 1460 0 0

TOTAL SILENCED 0 20168 4521899 4353

TOTAL IN DATASET 548 24199 13261052 13261052
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Table 3.3. SNPs removed through filtering in ten Hapalochlaena maculosa families using PLINK.

Family SNPs Post family Missing SNPs removed Mendel errors individuals SNPs
DARTQC size genotype (MAF 0.05) excluded (SNPs 0.1, retained retained
filtering threshold (0.1) individuals 0.1)
F131_M127 7240 37 1656 3370 289 33 1925
F132_M142 7240 42 1275 3529 275 42 2161
F133_M132 7240 24 2331 2897 305 24 1707
F136_M134 7240 28 2476 3256 184 28 1324
F136_M145 7240 23 2828 2606 315 23 1491
F138_M133 7240 36 1126 3680 426 33 2008
F140_M149 7240 14 2198 2758 0 11 2284
F140_M155 7240 27 1987 3352 299 27 1602
F144 M144 7240 36 1125 3722 363 36 2030
F145_M148 7240 26 1615 3481 395 26 1749
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3.4.2. Linkage map construction and genome coverage

A high-density sex averaged map was generated using 4,621 informative loci across 10
families and resulted in 47 linkage groups (LGs). Total map length was 2016.62cM with LGs
ranging between 4.97cM (LG 36) and 113.68cM (LG 7) and averaging to 42.9cM. Intervals
between markers averaged to 0.85cm (0.44cM, OcM intervals inclusive) with the estimated
chromosome number for H. maculosa, based on other octopods being 30 (Wang and Zheng,
2017). Markers per linkage group ranged between 370 (LG 1) to 10 (LG 47), with 20 LGs
containing > 80 markers. Sex specific maps were relatively shorter with maternal and paternal
maps totalling 1860.89cM and 1832.08cM in length respectively. Intervals between markers
were slightly greater in the maternal map compared to the paternal map. Paternal maps
exhibited an average interval of 1.38cM (0.53, OcM intervals inclusive) while maternal maps
were on average 1.46¢cM (0.51, OcM intervals inclusive). More markers were found to be
informative in the maternal (3,681) map relative to the paternal (3,478). Overall, linkage group
length ranged from <1cM (LG 44 & 45) to 102.5cM (LG 2), and from <1cM (LG 43) - 105.93 (LG
1) for maternal and paternal maps respectively. Linkage group lengths between maternal and
paternal maps were highly comparable. Genome coverage for sex average, maternal and

paternal maps was estimated to be 96.4%, 94% and 97.2% respectively.
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Table 3.4. Statistical summary of Hapalochlaena maculosa sex averaged, male and female

linkage maps.
LG  Total Length Number of Average
(cM) Markers Interval (cM)
Sex average Female Male Sex average Female Male Sex average Female Male

1 101.31 88.98 105.93 370 305 279 0.27 0.29 0.38
2 102.98 102.05 91.81 356 289 269 0.29 0.35 0.34
3 95.24 84.20 95.51 354 288 272 0.27 0.29 0.35
4 63.49 50.57 62.69 287 244 215 0.22 0.21 0.29
5 93.96 90.51 96.63 257 210 187 0.37 0.43 0.52
6 86.02 66.12 68.29 254 189 198 0.34 0.35 0.35
7 113.68 89.83 98.66 243 196 189 0.47 0.46 0.52
8 55.50 34.80 50.94 234 150 194 0.24 0.23 0.26
9 78.21 82.11 82.55 208 149 165 0.38 0.55 0.50
10 44.96 43.07 40.95 184 154 129 0.25 0.28 0.32
11 62.05 50.22 70.16 163 136 105 0.38 0.37 0.67
12 66.77 64.19 61.34 161 120 126 0.42 0.54 0.49
13 53.70 52.67 55.69 138 111 117 0.39 0.48 0.48
14  65.09 37.14 67.88 126 115 81 0.52 0.33 0.85
15 58.09 59.86 50.87 125 98 92 0.47 0.62 0.56
16 40.05 42.89 35.54 125 85 92 0.32 0.44 0.39
17 60.77 56.83 77.62 113 93 79 0.54 0.62 1.00
18 54.33 51.58 54.52 94 74 74 0.58 0.71 0.75
19 59.61 63.96 50.76 91 71 73 0.66 0.91 0.70
20 54.87 46.72 45.57 82 65 63 0.68 0.73 0.74
21 56.85 48.76 48.77 73 57 51 0.79 0.87 0.98
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22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

36.55

27.91

30.36

46.10

33.59

33.13

27.44

33.12

25.93

16.90

26.47

21.44

26.78

24.86

4.97

16.39

8.71

6.74

19.26

15.74

16.22

14.57

5.79

7.81

10.37

11.96

30.84

30.26

29.02

57.29

31.70

32.50

32.76

41.40

16.98

20.27

24.32

36.84

41.37

13.57

2.13

6.67

3.34

6.91

23.48

21.25

12.45

21.06

10.17

7.24

37.58

25.38

17.11

40.64

16.67

32.35

11.96

22.82

21.63

13.62

32.99

17.30

12.59

42.30

1.32

11.58

6.38

431

6.94

8.01

3.85

8.41

12.28

6.91

4.55

66

49

43

38

35

34

28

28

27

26

23

20

18

16

14

13

12

11

11

11

10

10

10

10

10

10

52

37

38

26

34

28

22

24

20

23

19

17

16

12

13

10

51

40

25

36

16

26

22

17

18

22

21

15

15

12

10

10

10

0.56

0.58

0.72

1.25

0.99

1.00

1.02

1.23

1.00

0.68

1.20

1.13

1.58

1.66

0.38

1.37

0.79

0.67

1.93

1.57

1.80

1.62

0.64

0.87

1.15

1.33

0.60

0.84

0.78

2.29

0.96

1.20

1.56

1.80

0.89

0.92

1.35

2.30

2.76

1.23

0.18

0.95

0.42

1.73

2.61

2.66

1.78

2.34

0.00

0.00

1.13

0.91

0.75

0.65

0.71

1.16

1.11

1.29

0.57

1.43

1.27

0.65

1.65

1.24

0.90

3.85

0.19

1.29

0.71

0.48

0.99

1.33

0.64

0.00

0.93

1.53

3.45

0.76
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Table 3.5. Genome coverage estimation of sex average, female and male linkage maps.

Method Map Ge result Average between methods Gel+Ge2/2 % coverage
Gel = LG length * (marker number + 1/

marker number - 1) Sex average 2091.75 2091.75 96.41
Ge2 = LG length +(2*average interval) Sex average 2091.75

Gel = LG length * (marker number + 1/

marker number - 1) Male 1914.07 1914.06 97.22
Ge2 = LG length +(2* average interval) Male 1914.06

Gel = LG length * (marker number + 1/

marker number - 1) Female 1949.44 1949.44 93.98
Ge2 = LG length +(2* average interval) Female 1949.44

3.4.3. Genome mapping and scaffold reorientation

Consolidation of genetic linkage and sequence maps was achieved using 1,278 markers
across 47 LGs which successfully arranged 1,151 scaffolds covering 34% (1.39GB) of the
sequenced genome for H. maculosa. Orientation was possible in 105 scaffolds with >1 SNPs
mapped, the remaining 1,239 scaffolds with a single mapped marker were able to be placed
within a linkage group. Splits occurred in 10 genomic scaffolds to maintain congruence of
linkage map marker order, which was given precedence over genomic contig order, additionally

286 inconsistent markers were excluded.

Pseudo-chromosome lengths varied greatly with the largest scaffold LG 3 (150Mb)
dwarfing the smallest LG39 (6,049bp), with an average length of 29.58Mb. Promising scaffolds
containing a minimum of one mapped marker, were absent from the linkage map and therefore
excluded (n=311). Conflicting markers were identified in 203 scaffolds indicating possible
assembly errors within the genome. A total of 5,876 genes were annotated across all pseudo-

chromosomes.
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The most common Pfam domain within the gene set was cadherins, which were present

in 53 genes (Supplementary table 4). The new assembly resulted in an overall reduction in the

number of scaffolds from 48K to 47K and the largest scaffold increased from 11Mb in the

original assembly to 150Mb. A summary of chromonomer results is available at this link

(http://203.101.230.130/chromonomer/index.php?v=hmac2020).

Table 3.6. Characteristics and summary of Hapalochlaena maculosa Chromonomer assembly

LG Length (Mb)  Markers Number of genes

per

Scaffold

1 2 >2 Total
1 112.76 95 7 4 106 444
2 126.98 91 11 2 104 609
3 150.54 101 12 2 115 606
4 79.88 75 12 87 496
5 70.24 71 4 75 255
6 82.68 66 6 2 74 296
7 80.66 74 2 76 366
8 78.33 64 4 68 312
9 64.34 49 4 53 198
10 61.35 57 3 60 271
11 67.60 39 2 3 44 181
12 48.97 49 4 1 54 252
13 40.98 31 3 34 79
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192

35

33

24.50

15

207

27

35.90 27

17

78

31

30

21.35

19

31

17

17

8.54

21

29

12

11

5.68

23

0.63

25

66

9.52

27

30

3.45

29

10

10

5.07

31

27

191

33

12

1.23

35

10

0.59

37

NA

0.01

39

45



40 0.76 2 2 4

41 3.33 2 2 7
42 4.96 4 4 0

43 0.01 1 1 0

44 3.64 2 2 1

45 1.87 4 4 21
46 0.33 1 1 5

47 1.68 3 3 12
Total 1,390 1239 87 18 1344 5876

Table 3.7. Assembly statistics for the original Hapalochlaena maculosa assembly and the new

chromonomer generated assembly.

Metrics Original genome assembly Chromonomer assembly
total length (Mb) 4009.60 4009.63
number of Scaffolds 48284.00 47190.00
largest scaffold (Mb) 11.01 150.55
Average scaffold length (Mb) 0.08 0.08

N50 (Mb) 0.93 1.25

N60 (Mb) 0.65 0.79

N70 (Mb) 0.44 0.49

N80 (Mb) 0.27 0.28

N90 (Mb) 0.12 0.13
N100 (Mb) 0.01 0.01
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N count 1,574,315,944 1,574,344,251

Gaps 4,318,181 4,319,275

3.4.4. Genes of interest (HOX)

HOX genes, which are integral to development, and are conserved throughout
metazoans, were identified from the annotated H. maculosa genome and located within the
updated assembly. Of the eight HOX genes identified within octopods six were present in H.
maculosa assembly (HOX1/LAB, SCR, LOX2, LOX4, LOX5 and POST1). All HOX genes occurred on
separate scaffolds within the original assembly (Supplementary table 6), however the updated
assembly was able to place all three genes within LG 9 (SCR, LOX4 and POST1). The remaining
three genes (HOX1/LAB, LOX2 and LOX5) were not present within a linkage group and were
located on separate scaffolds (Figure 3.2). A total of four HOX genes (HOX1/LAB, LOX2, LOX5
and POST1) were also identified from the chromosomal level genome assembly of O. sinensis (Li
et al., 2020). HOX genes identified in O. sinensis could not corroborate the arrangement
observed in H. maculosa LG9 as only one of the three genes (POST1) was identified.
Phylogenetic analysis of HOX genes identified from five cephalopod species, three octopods (O.
bimaculoides, O. sinensis and H. maculosa), two bobtail squids (Euprymna scolopes and
Euprymna tasmanica) and a cuttlefish (Sepia officinalis) displayed high bootstrap support (> 70)
(Hillis and Bull, 1993) for all the gene clades observed (Figure 3.3) in accordance with findings

by Hills and Bull, 1993.
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Figure 3.2. Comparison of HOX gene arrangement in the a) owl limpet (Lottia gigantea), b)
California two spot octopus (Octopus bimaculoides) and the southern blue-ringed octopus
(Hapalochlaena maculosa). Genes are coloured consistently between species. Scaffold lengths

are not to scale.
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Figure 3.3. Maximum likelihood phylogeny of the HOX genes (aa) in six cephalopods. Bootstrap
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3.5 DISCUSSION

This study presents a high-density genetic linkage map for the southern blue-ringed
octopus (Hapalochlaena maculosa), the first generated for any cephalopod. Integration of the
genetic linkage maps with the current genome assembly (Whitelaw et al., 2020) facilitated
consolidation and reorientation of scaffolds into a more contiguous assembly. The improved
assembly provided new insights into genome evolution of cephalopods, revealing the genomic
placement of several key developmental HOX genes, which has previously not been possible in
any other cephalopod genome assembly to date. Genetic resources generated in this study
pave the way for future studies examining genomic and functional evolution across

cephalopods.

3.5.1 Paternity and linkage map generation

Robust linkage map generation is highly dependent on the number of families, adequate
family sizes and reliable pedigree reconstruction (Semagn et al., 2006). Larger families present
greater opportunities to detect informative meiotic events, which are crucial in linkage analysis.
Linkage maps are generated by calculating recombination events between loci and are thus
dependant on the number of recombination events observed for the statistical strength of
these calculations. The reduced family sizes present in this result in subsequently fewer
recombination events observed between loci. This demonstrates some of the challenges
associated with using wild caught octopods for linkage map generation. Even though mapping
can be conducted across small families, it is estimated that a minimum of 200 individuals was

ideal for map generation in several simulated data sets (recombinant inbred lines, F2 with
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dominant and co-dominant markers, double haploid and backcrossing) (Ferreira et al., 2006).
However, standardization of linkage map generation is difficult due to the differences in
genome structure (i.e. size and number of chromosomes), recombination rates, and variation of
life history traits between organisms which impacts the size and structure of families available
to be sampled (Kawakami et al., 2014). The data presented here provided the best genetic

linkage map available to date in cephalopods, despite the small relative clutch sizes.

This study utilised data generated from a complimentary multiple paternity study on H.
maculosa with parental samples sourced from the wild (Cockburn Sound, Western Australia)
(Morse et al., 2018a), while this was the most successful captive breeding attempt to date in
this genus and rendered our current work possible, the data was not without limitations. Before
capture, and during the multiple paternity study, females were exposed to multiple males
resulting in observed cases of multiple paternity. All females exhibited multiple paternity,
including five unknown males (presumably from matings in the wild prior to the females
capture). As a result, family sizes were reduced as female clutches were divided among the
multiple males, which resulted in the loss of nine families, each containing < 10 individuals, in

addition to the five families containing unknown paternity.

Hapalochlaena maculosa are semelparous and produce a single relatively small clutch
(30-170) of large eggs (6-7mm) (Morse et al., 2018a; Tranter and Augustine, 1973), which they
carry within their web. On hatching offspring are well-developed and assume a benthic lifestyle

immediately. Other members of the genus such as H. lunulata exhibit a merobenthic lifestyle
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and produce a larger quantity (270) of smaller eggs (3.5mm) (Overath and von Boletzky, 1974;
Williams et al., 2011), which may make them more suitable for linkage mapping purposes. Due
to the smaller family sizes used in this study resulting from limitations in clutch size and
multiple paternity, a linkage mapping algorithm was selected, that was able to use a combined
dataset integrating all families to maximise power in linkage group determination and marker
order. Lep-Map3 was employed in this study because it allows not only for the integration of all
families as one dataset, but also takes into account sibship between offspring (Rastas, 2017).
This was of particular importance for this study since all H. maculosa females produced clutches
with multiple paternity. To ensure quality of families analysed, paternity was verified using

multiple methods and loci screened for Mendelian errors prior to map construction.

A total of 47 linkage groups were resolved using 4,621 markers with a sex average map
length of 2,016cM (average interval length of 0.85). Map length in H. maculosa is larger than
many other published molluscan linkage maps including of the bivalve Pinctada maxima
(831.7cM) (Jones et al., 2013) and the gastropod Biomphalaria glabrata (746.7cM) (Adema et
al., 2017) in line with their relatively smaller genomes 290Mb (Neomenia permagna) - 2.21Gb
(Bathymodiolus plantifrons) (Takeuchi, 2017) compared to H. maculosa (4Gb). This suggests a
similar recombination rate between molluscan lineages. Modelling conducted by Stapley et al.
(2017) demonstrated a negative relationship between genome size and recombination rate
within plant genomes. However, animals and fungi did not exhibit a reduction in recombination
rate with an increase in genome size (Stapley et al., 2017). Genomic features may also impact

recombination rates with the density of repetitive elements correlated negatively, while gene
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density exhibits a positive relationship with recombination rate (Bartolomé et al., 2002;
Boissinot et al., 2001; Fu et al., 2002; Tiley and Burleigh, 2015). Fine scale analysis of
recombination rates along linkage groups was not possible with the current linkage map of H.
maculosa generated in this study. However, future linkage maps could be utilized to examine
patterns of recombination within the large and repeat-rich genomes characteristic of

cephalopods.

3.5.2 Cephalopod genome evolution and structure

Prior to this study, no genetic linkage maps have been produced for any cephalopod,
however, karyological studies conducted on a subset of 11 cephalopods estimate chromosome
numbers for octopodiformes (n30), decapodiformes (n46) and nautiloids (n26) (Gao and
Natsukari, 1990; Nakamura, 1985; Wang and Zheng, 2017). Structural variation was present
between octopod karyotypes with the most divergent being Amphioctopus fangsiao (d’Obigny,
1839-1841), which exhibited no sub-telocentric chromosomes (Wang and Zheng, 2017). In
composition, metacentric, submetacentric, teleocentric and sub-teleocentric chromosomes
displayed slight variation between Callistoctopus minor (Sasaki, 1920) and Cistopus chinensis
(zheng et al., 2012). Karyograms revealed evolutionary distances between species to be
congruent with molecular phylogenies conducted on the three octopods, C. minor, A. fangsiao
and C. chinensis (Wang and Zheng, 2017). Linkage groups generated in this study do not
correspond 1:1 with the expected chromosome number for H. maculosa suggesting the need
for either a larger number of families, a larger number of progeny per family, or a larger set of

informative markers to allow for chromosome level resolution and improved contiguity.
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Cephalopods are characterised by their large and repetitive and heterozygous genomes
ranging between 3Gb (0. bimaculoides) and 5Gb (C. minor) with 46% and 44% repetitive
element composition (Albertin et al., 2015; Kim et al., 2018). These characteristics are
compounded by the use of short read sequencing techniques to generate many older genomes
(Sanger, lllumina) often resulting in difficult to assemble and highly fragmented genomes
(Takeuchi, 2017). Long-read sequencing technologies such as Pac-Bio and Oxford Nanopore
have improved the quality and contiguity of genomes, however factors such as cost and DNA
guality can be prohibitive in some cases (Amarasinghe et al., 2020). The H. maculosa genome
published recently was highly fragmented and was composed of 48K scaffolds (Whitelaw et al.,
2020). After integration with the linkage map generated in this study the genome was
reassembled into 47 pseudo-chromosomes covering 1.3 Gb and integrating 34.6% of the total
genome. It should be noted that pseudo-chromosomes as used here denotes the closest to a
chromosome assembly currently produced for a member of this genus. This improved genome
assembly could be applied to examine evolutionary history of genomes, in addition to assisting
in the generation of future octopod genomes (Simakov et al., 2020). Fragmented non-model
genomes greatly benefit from complementary linkage maps, which allow for reorientation and
placement of scaffolds into a chromosome level assembly (Fierst, 2015). Because linkage maps
are independent of the primary assembly they can be used for continuous improvement of
genomes as new primary assemblies become available (Hedgecock et al., 2015). This issue is
highlighted by the results of this study where our highly fragmented primary assembly for H.

maculosa meant that comparatively few scaffolds contained SNPs that could be incorporated
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into the linkage map. Future improvements in the primary assembly (e.g. by long-read
sequencing) could make use of the linkage map presented here to achieve a much more

contiguous final result.

3.5.3 Evolution of the HOX gene cluster in cephalopods

Due to the improved contiguity of the H. maculosa genome, six of the eight expected
genes from the HOX cluster were placed into a greater genomic context than has previously
been possible in cephalopods. The HOX gene cluster forms a highly conserved set of
developmental genes in metazoans (Duboule, 2007). A single set of nine genes was first
observed in E. scolopes, and corroborated in the O. bimaculoides genome as a coleoid specific
trait (Albertin et al., 2015). HOX genes in E. scolopes were assumed to form a cluster based on
the pattern of expression along the central nervous system (CNS), which was found to be
congruent with the ancestral role of axial patterning (Lee et al., 2003). Examination of
homologous genes in O. bimaculoides revealed rearrangements of HOX genes inconsistent with
other classes present within Mollusca as each gene was located on a separate scaffold (Albertin
et al., 2015). However, greater resolution of each genes placement in relation to each other
was not possible due to the fragmentation of the genome (Albertin et al., 2015). The improved
assembly for H. maculosa generated in this study was able to place three HOX genes within the
same scaffold (LOX4, SCR and POST1). Genomic placement of HOX genes within the
chromosome level assembly of O. sinensis could not support or contradict the co-location of
genes within H. maculosa as only a single gene (POST1) could be identified. Implications behind

HOX gene placement in H. maculosa are difficult to infer without expression studies.
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Unfortunately, patterns of HOX gene expression have not yet been examined in octopods and

the implications of these gene placement rearrangements in H. maculosa remain unknown.

3.5.4 QTL mapping and future work

Linkage maps provide a framework for understanding the evolution and inheritance of
particular phenotypic traits through qualitative trait loci (QTL) studies (Shaw and Lesnick, 2009).
Historically, such studies have been used to improve desirable traits in agricultural and
aquacultural species including disease resistance (Han et al., 2018), fibre quality (cotton) (Zhang
et al., 2009) and growth rate (Asian seabass) (Wang et al., 2019), to name a few. Aquacultural
significance may not be applicable for Hapalochlaena directly, however an increasing number
of octopod species are being raised for human consumption with 745,054 tonnes produced in
2003 within Japan alone (Berger, 2010). Octopus vulgaris is a prime target for aquacultural
production due their relatively large clutch sizes and growth rates (Vaz-Pires et al., 2004). The
H. maculosa linkage map produced in this study may aid in the prediction and construction of
similar maps for related octopods, in addition to supporting the construction of additional
octopod genomes. A similar application has been conducted when the draft chicken genome
was used to predict the linkage map of passerine birds, which was then verified using the more
closely related reed warbler (Acrocephalus arundinaceus) linkage map (Dawson et al., 2006).
Despite the divergence times between the Galliformes (chicken) and Passeriformes lineages
(~80-100mya) (Shetty et al., 1999; Van Tuinen and Hedges, 2001) sufficient synteny and
microsatellite markers were conserved to facilitate map linkage map construction (Dawson et

al., 2006). Furthermore, linkage maps and resultant QTL studies have applications in unravelling
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the evolution of complex multigenic traits associated with adaptation and speciation (Price et
al., 2018; Strasburg et al., 2012). A link was observed between QTL associated with male song
and female song preference for two cricket species Laupala kohalensis and Laupala paranigra
(Shaw and Lesnick, 2009). While the genes underlying the traits have yet to be identified,
analysis of QTL allows for investigation of evolutionarily relevant traits and provides a guide for

future genomic work (Shaw and Lesnick, 2009).

3.6 CONCLUSION

This study successfully fulfilled the primary aim by producing the first linkage map of a
cephalopod, the southern blue-ringed octopus (Hapalochlaena maculosa). Integration of the
linkage map with the current genome assembly reduced fragmentation and enabled the
placement of three HOX genes within the same linkage group providing a greater genomic
context for this gene family compared to currently available cephalopod genomes. The linkage
map produced in this study will provide a valuable resource for the generation of
Hapalochlaena genomes while also providing a framework for understanding the inheritance of

phenotypic traits through future work.
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CHAPTER 4

SNP data reveals the complex and diverse evolutionary history of the
blue-ringed octopus genus (Octopodidae: Hapalochlaena) in the Asia-

Pacific

Brooke L. Whitelaw, Julian Finn, Kyall Zenger, Ira R. Cooke, Jan M. Strugnell

4.1 ABSTRACT

The blue-ringed octopus complex (Hapalochlaena), known to occur from Southern
Australia to Japan, currently contains four species (H. maculosa, H. fasciata, H. lunulata and H.
nierstraszi). These species are often distinguished using morphological characters (iridescent
blue rings and/or lines) along with reproductive strategies. To examine species boundaries
within the genus we used mitochondrial (12S rRNA, 16S rRNA, cytochrome c oxidase subunit 1
[COI], cytochrome c oxidase subunit 3 [COIII] and cytochrome b [Cytb]) and SNP data from
specimens collected across its geographic range including variations in depth from 3m to
>100m. Our investigation indicates greater species diversity present within the genus
Hapalochlaena than is currently recognised. We identified 10,346 SNPs across all locations,

which when analysed support a minimum of 11 distinct clades. Bayesian phylogenetic analysis
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of the mitochondrial COl gene on a more limited sample set dates the diversification of the
genus to ~30mya and corroborates eight of the lineages indicated by the SNP analyses.
Furthermore, the diagnostic lined patterning of H. fasciata found in North Pacific waters and
NSW, Australia is likely the result of convergent evolution based on genetic distance between
the clades. Several “deep water” (> 100m) lineages were also identified in this study with
genetic convergence likely to be driven by external selective pressures. Additional examination

of morphological traits is required to describe additional species within the complex.

4.2 INTRODUCTION

The blue-ringed octopus genus (Hapalochlaena) currently comprises of three species
that are universally accepted and have been adequately described (H. maculosa, H. lunulata
and H. fasciata), with a fourth species for which very little information is known (Hapalochlaena
nierstrazi, Adam 1938) (Norman et al., 2016) (Jereb et al., 2014). The genus Hapalochlaena is
dispersed throughout the Asia Pacific from Temperate Australasia (TAUS) to the Temperate
North Pacific (TAUS) (Figure 4.3c) and is easily identified by their distinct iridescent blue rings
and/or lines, which advertise their toxicity to would-be predators in an aposematic manner
(Norman 2000) (Figure 4.1). All members of the genus thus far studied contain the potent
neurotoxin tetrodotoxin (TTX) within their venom and tissues and are the only octopods known
to inflict a lethal bite to humans (Flachsenberger and Kerr, 1985; Jacups and Currie, 2008).
Human fatalities from both accidental ingestion of tissues and envenomation have been

recorded (White, 2018; Wu et al., 2014). It should be noted that out of 12 documented bites
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between 1954-1995 only half required medical care with the remaining six resulting in no
symptoms (White, 2018). Dry bites (i.e. bites without the injection of venom) are a common
mechanism to conserve valuable resources in many venomous taxa (Pucca et al., 2020),
however it is unknown if Hapalochlaena are utilising dry bites or if venom potency fluctuates
between or within individuals. Studies quantifying tetrodotoxin within tissues found variation
both within and between species (Williams and Caldwell, 2009). Hapalochlaena lunulata
collected from the aquarium trade exhibited lower overall quantities within fewer tissues
compared to wild caught H. fasciata with minimum total amounts of TTX of 0-174ug to 60-
405ug respectively (Williams and Caldwell, 2009). Hapalochlaena maculosa collected from
South Australia exhibited the lowest total quantities at TTX 2.40 - 6.63ug per individual (Yotsu-
Yamashita et al., 2007). The most recent study examined H. fasciata from Japanese waters and
found large variation in TTX concentrations between individuals which may be associated with

seasonality, gender and age, indicating the need for further research (Yamate et al., 2021).

The genus Hapalochlaena was introduced by Robson in 1929. Hapalochlaena lunulata,
the Greater Blue-ringed Octopus, previously named Octopus lunulatus by Quoy and Gaimard
(1832), based on a specimen from Papua New Guinea, was designated the type species. Robson
(1929) also included in this genus, Octopus maculosus Hoyle 1883 (now known as H. maculosa)
from “Australia”, and Octopus pictus var. fasciata Hoyle, 1886 (now known as H. fasciata) from
Port Jackson NSW Australia. Key diagnostic features used to distinguish these species include
morphological characters (size, shape, and placement of rings and/or lines and papillae) along

with behavioural and life history traits. Hapalochlaena lunulata is the only described member of
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the genus to exhibit a merobenthic lifestyle producing relatively small eggs (3.5 mm in
diameter) with paralarva able to disperse using water currents (Overath and von Boletzky,
1974). Of the four species it has the largest described range (Central Indo Pacific) (Figure 4.1c).
In contrast, both H. maculosa and H. fasciata are holobenthic, producing relatively larger eggs
(7-9 mm and 6-9 mm in diameter respectively) (Norman et al., 2016; Reid, 2016), which hatch

into crawl-away (benthic) young (Tranter and Augustine, 1973).

Norman (2000) highlighted the potential existence of five additional putative
Hapalochlaena species based on morphological and life history traits. The proposed species
Hapalochlaena sp. 1, had previously been confused with H. lunulata based on general
appearance, however in contrast to H. lunulata, this species exhibits a holobenthic lifestyle,
attains a larger size, has a more muscular form and occupies a different habitat. Additionally,
the anti-tropical distribution of H. fasciata led to the suggestion that the disjunct ‘populations’
distributed in New South Wales (NSW), Australia and Japan may represent sister taxa and was
therefore noted as requiring further evaluation (Norman, 2000; Norman and Hochberg, 2005).
As part of an ongoing morphological study, Finn (2015) reported a total of 12 blue-ringed
octopus species occurring in Australia (Finn, 2015). While Finn and Lu (2015) reported that the
two species from the Indo-West Pacific, historically treated under the Australian names H.
maculosa and H. fasciata were morphologically distinct from the Australian fauna (Finn and Lu,

2015).
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Clarifying the systematics of this genus has been subject to many of the same challenges
as other cephalopods, particularly octopods. Upon death cephalopods exhibit a loss of many
physical structures and pigmentation (Bookstein, 1985); this, in combination with few hard
body parts and distortion upon preservation (Voight, 1994), can lead to difficulty distinguishing
between closely related species (Roper, 1983). Museum collections contain invaluable
specimens from a variety of locations across time, however the method of preservation can

vary greatly and thus impact species identification and re-evaluation (Roper, 1983).

The phylogenetic status of proposed species within Hapalochlaena remains unresolved
due to limited sampling across the geographic range and/or resolution of markers assessed in
previous molecular studies (Acosta-Jofré et al., 2012; Guzik et al., 2005; Lindgren and Anderson,
2018; Takumiya et al., 2005; Tanner et al., 2017). Phylogenetic analysis of partial sequences of
two mitochondrial (cytochrome c oxidase subunit 3 [COIlll] and cytochrome b [Cytb]) and one
nuclear gene (eukaryotic translation elongation factor 1 alpha 1 [EF-17]) of a single
representative of each of H. fasciata (NSW), H. maculosa (Victoria) and Hapalochlaena sp. 1
(Darwin, Northern Territory NT), in conjunction with 23 other octopod species and four
octopod genera supported the monophyletic status of Hapalochlaena and found it to be
distinct from the genus Octopus Cuvier 1797 (Guzik et al., 2005). This corroborated previous
work conducted based on morphological features (Norman, 2000; Roper, 1983). Whitelaw et al.
(2020) presented the genome of H. maculosa and estimated the divergence of this species from
Octopus bimaculoides occurred 59mya. Additional studies analysing partial COl and COlll gene

sequences from 36 coleoid cephalopods, including representatives from each of the three
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accepted Hapalochlaena species in Japan and adjacent waters supported the monophyletic
status of the genus (Kaneko et al., 2011). The identification of three distinct specimens each
designated to a different species within the Hapalochlaena genus in this geographical range
clearly indicates that the species diversity in this genus greatly exceeds that presented in
popular guides (e.g. Norman, 2000; Reid, 2016). A large-scale phylogenetic study using genome
wide SNP markers has been conducted on H. maculosa which discovered a clinal species
pattern across its geographical range from southern Western Australia to Victoria/ Tasmania
(Morse et al., 2018b). While genetic distances between populations were insufficient to
warrant species status, phylogenetic reconstructions including the sister taxon, H. fasciata
demonstrated genetic distances between distal populations of H. maculosa were equivalent to
distances between H. maculosa and H. fasciata. Nevertheless, no systematic revisions were
suggested or implemented. The advent of next generation sequencing technology provides a
means to examine the underlying structure and evolutionary history of this species complex
(Gueidan et al., 2007). While still dependent on particular preservation methods, genomic
techniques can be utilised to reconcile species complexes and to provide a greater
understanding of their evolutionary history, population dynamics, and genetic divergence

(Richards et al., 2009; Schwentner et al., 2011).

Two known fatalities from Hapalochlaena bites have occurred in Australia, however
identification of species involved in these cases lacked clarity due to the lack of taxonomic
resolution at the time and the fact that neither victim retained the octopus. The first recorded

fatality from an octopus bite occurred in Darwin, Australia (1954). The original published
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medical report incorrectly identified the specimen as Octopus rugosus based on an “identica
specimen collected from the same location (Willan and Willan, 2008). Later examination of the
preserved specimen resulted in a reclassification to Hapalochlaena sp. 1. (Jacups and Currie,
2008). Likewise the southern blue-ringed octopus (H. maculosa) was identified as being
responsible for the second fatality in NSW 1967 (Lane et al., 1967; White, 2018). While the
specimen was not retained, and therefore cannot be re-examined, the identification of H.
maculosa is likely to be erroneous, as the range of this species is not currently considered to
extend to NSW. Due to the potential risk to human health it is crucial to have clear systematics,
which allow for confident identification of individuals involved in both medically significant
cases and in academic studies. Misidentification has become a common problem in many
sequence databases due to the current state of Hapalochlaena systematics. Currently, the
observed morphological diversity across their range from southern Australia to Japan is not
reflected in their taxonomy (Finn, 2015; Finn and Lu, 2015; Norman, 2000; Norman and
Hochberg, 2005) and often leads to misidentification in both academia and popular media.
Further confusion is introduced through collection of specimens from markets where the

collection location is unknown.

The relationship between the geographically distant H. maculosa and H. fasciata
populations in Temperate Australasia (TAUS) and their counterparts in the Temperate North
Pacific (TNP) have yet to be thoroughly investigated. To date there has been no comprehensive
phylogenetic study of the genus Hapalochlaena. Here we utilise genome-wide single nucleotide

polymorphisms (SNP) in conjunction with mitochondrial genes to examine the genetic
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structure, diversification, and putative species boundaries of the Hapalochlaena genus. Dating
the point of origin and the subsequent radiation of the genus forms an additional avenue of
investigation. This chapter builds on the previous by providing evolutionary context for H.
maculosa, which was the focus of whole genomic comparisons with other octopus genera in
chapter 2 and linkage map generation in chapter 3. Here the radiation and evolution of the
genus is elucidated with the aim to provide a genetic context for ongoing and future species

delineation and descriptions.

4.3 METHODS

4.3.1. Sample collection

In order to assess species boundaries within Hapalochlaena samples were sourced,
throughout their range. As part of an ongoing morphological examination of the group, Julian
Finn collected, identified and tissue sampled suitable material of representative morphological
OTUs across the range. Tissue samples were lodged in and obtained from the collections of
Museums Victoria (NMV, n = 35), Western Australian Museum (WAM, n = 7), Museum and Art
Gallery of the Northern Territory (MAGNT, n = 2), Queensland Museum (QM, n=11) and
Australian Museum (AM, n = 7). Additional samples collected by Peter Morse from Woodman's
Jetty and Albany WA were also included (Morse et al., 2018b). Storage methods of samples
differed across museums and included preservation in 90% ethanol and frozen and maintained

at -80 C (Supplementary table 1).
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4.3.2. Mitochondrial DNA extraction and amplification

DNA was extracted from muscle tissue (n = 62) using the “High salt method” (Donnan
Laboratories 2001). PCR amplification of partial mitochondrial genes 12S ribosomal RNA (12S)
(Simon et al., 1991), 16S ribosomal RNA (16S) (Simon et al., 1991), cytochrome c oxidase
subunit 1 (COl) (Folmer et al., 1994), cytochrome c oxidase subunit 3 (COIIl) (Guzik et al., 2005)
and cytochrome b (Cytb) (Guzik et al., 2005). Reactions were composed of 0.5 pL forward
primer (10 uM), 0.5 pL reverse primer (10 uM), 0.1 pL Taq (Onetaq, New England Biolabs), 2.5
pL 10 x buffer (Pag5000™), 2 uL dNTP mix (10 uM, Bioline), 17.4 pL ddH,0 and 2 uL DNA
(diluted to between 1-5 ng/uL), totaling to 25uL. Detailed reaction conditions can be found in
Allcock et al. 2008 (Allcock et al., 2008). PCR products were sequenced by Macrogen Inc, Seoul,

Korea.

4.3.3. DNA extraction and Genotyping by Sequencing

Complete genomic DNA was extracted from all 62 samples using the “QlAamp DNA
Micro Kit (Cat No./ID: 56304)” (Qiagen) according to the manufacturer's protocol.
Concentration and quality of DNA extracted was assessed by visualisation on a 0.8% agarose gel
DNA quantification and using NanoDrop 3300™. DNA extracts were transferred to Diversity
Arrays Technology PL, Canberra ACT, Australia who conducted their DArTseq™ pipeline (i.e.
restriction enzyme digestion, library preparation, genotype by sequencing (GBS), data

generation and QC).
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4.3.4. SNP identification

SNP data returned by Diversity Arrays were imported into R and filtered by loci call rate
(> 80%) (removes loci), individual call rate (> 70%) (removes individuals), repeatability (the
proportion of identical genotypes between technical replicates) (0.9) and minor allele
frequency (1%) in this order using the dartR package (Gruber et al., 2018). Monomorphic loci
resulting from the removal of individuals and/or populations were also removed using the
dartR package. Filtering parameters were selected for maximum data retention while

minimising errors and missingness due to the age and storage history of museum samples.

4.3.5. Genetic structure/divergence of SNP data

Genetic clusters were investigated using Principal Coordinates Analysis (PCoA) with the
R package dartR (Gruber et al., 2018). SNP clusters were assessed for AIC and BIC from K =1 to
25 using the snap.clust.choose.k function in Adegenet (Jombart, 2008). K was selected based on
the lowest value from both criteria and used to examine admixture of populations in
ADMIXTURE v1.3.0. STRUCTURE v2.3.4 (Rosenberg et al., 2001) was run for K values between
8-14 and evaluated using the Evanno method implemented in STRUCTURE HARVESTER v0.6.94
(Earl and Vonholdt, 2012). In addition, a Discriminate Analysis of Principal Components (DAPC)
(Jombart and Collins, 2015) using the best K was conducted to identify clusters of samples
based on genetic similarity. Genetic divergence between populations and putative taxonomic
groups was assessed using Weir and Cockerham’s unbiased F-statistics (Fst). Pairwise Fst values
and their significance were calculated between populations and putative species in R using the

Stampp v1.6.1 package (Pembleton et al., 2013).
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4.3.6. Signatures of selection

Loci under putative selection were identified using three methods (PCAdapt v4.3.3 (Luu
et al., 2017), OutFLANK vO0.2 (Whitlock and Lotterhos, 2015), and Bayescan v2.1 (Foll and
Gaggiotti, 2008) to reduce methodological bias. The R package, PCAdapt, is able to detect
population structure using an initial principal component analysis (PCA) followed by
identification of specific markers highly correlated with populations. The analysis was
conducted on the full set of 10,346 SNPs. In order to reduce the impact of linkage
disequilibrium (LD) on the detection of population structure a further thinning step was
conducted with a window size of 200 and an r2 of 0.1. A scree plot was used to choose the
optimal number of principal components (K=6) and SNPs were considered to be outliers (under
selection) if they had a qvalue < 0.01 (estimated false discovery rate of 1%). Bayescan and
Outflank required predefined populations and were conducted in R on all populations grouped
by location (Supplementary table 1). A further analysis using each method was conducted on
populations grouped by location, where appropriate, to minimize the impact of low population

sizes (Supplementary table 1). The results were then contrasted.

4.3.7. Putative species boundary estimation using mitochondrial genes

Genetic structuring of locations was examined using five mitochondrial genes (125,
n=17; 16S, n=16; COI, n=36; COIll, n=18 and Cytb, n=13) (Supplementary figure 4). Samples
were obtained throughout the Asia Pacific (this study; see Supplementary table 2). Additional

sequences were obtained from NCBI (Supplementary table 2). Alignments for each gene were
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generated using MAFFT v7.45 (Rozewicki et al., 2019) and a median joining network calculated

in POPART v1.0 (Population Analysis with Reticulate Trees) (Leigh and Bryant, 2015).

Species boundaries were estimated using the PTP (Poisson Tree Processes) (Kapli et al.,
2017) method on all genes as single-rate, multi-rate and Bayesian. Additionally, sGYMC (single-
threshold general mixed yule coalescent) and ABGD (Automated Barcode Gap Discovery) were
also run on all genes. All PTP analyses accepted a RAXML tree in Newick format generated in
Geneious v10.2.6 from a MAFFT alignment. Both single-rate and multi-rate PTP were calculated
using the online server (https://mptp.h-its.org) with a p value of 0.001 specified for single-rate
PTP. Specifications for the bPTP run were as follows, a total of 500,000 MCMC generations
were run with the first 10% discarded as burn-in and thinning occurring every 100 iterations.
sGYMC (Pons et al., 2006) was run using a Bayesian inference tree generated by BEAST2 from
the same alignment used in Geneious v10.2.6 to generate the input RAXML trees used in

previous analyses.

4.3.8. Divergence time estimation

Divergence times were estimated using a concatenated alignment of four mitochondrial
genes (12S, 16S, COl and COIIl) (n = 7) in BEAST2 (Bouckaert et al., 2014) (Cytb was not included
as too few sequences were available). The alignment was generated using MAFFT v 1.4 in
Geneious v10.2.6 on a subset of Hapalochlaena taxa. BEAST2 was run using a calibrated Yule
model, relaxed clock log normal for 50 million generations, burnin of 10% and sampled every

1000 iterations. Additional taxa were included as outgroups (Argonauta nodosus [NCBI:
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MKO034303], Amphioctopus aegina [NCBI: KX108697], Amphioctopus fangsiao [NCBI:
AB240156], Amphioctopus marginatus [NBCI: KY646153], Callistoctopus luteus
[NCBI:NC_039848], Callistoctopus minor [NCBI: HQ638215.1], Octopus bimaculoides [NCBI:
KU295559] and Octopus vulgaris [NC_006353]). Previously estimated divergence times using
whole mitochondrial genomes for the node O. bimaculoides/O. vulgaris and calibrations for the
node A. nodosus/(all octopods) were included to estimate divergence times within the
phylogenetic tree (Uribe and Zardoya, 2017). In order to include a larger number of samples
collected from a greater range of locations the analysis was also conducted using a dataset
composed of only the COI gene, for which more data was available. Sequences were also

included from the NCBI database resulting in 25 additional samples (Supplementary table 3).

The coalescent based approach, SVDQuartets (Chifman and Kubatko, 2014) was used to
generate species trees based on 10,346 unlinked SNP loci and 62 individuals. Populations were
renamed using their putative species groups for analysis and input alignments for each method
generated using the functions gl2snapp or gl2svdquartets from the dartR package (Gruber et
al., 2018). SVDQuartets was run using Paup v 4.0a (Swofford, 2002) using the following
parameters: 100,000, tips assigned to species, randomly sampled quartets, 10,000 bootstraps,

multispecies coalescent tree model.
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4.4 RESULTS

4.4.1. Species boundaries OTU identification

After removal of 1,644 SNPs identified as outliers by PCAdapt the remaining 8,702
neutral loci were used to examine population structure. Support from mitochondrial and SNP
analyses indicated between 8-11 operational taxonomic units (OTU) were present in this data
set. For the purpose of this study when discussing results samples were classified into 11 OTUs

from A-K (Figure 4.2).

4.4.1.1. Temperate Australasia (TAUS): OTU K

Individuals found across southern Australia from VIC to southern WA formed a single
OTU (K). Fst values increase relative to distance, with populations at the extremities of the
range showing the greatest genetic divergence (Supplementary table 3). PCoA and DAPC
analyses showed no clear structure between populations across southern Australia, likewise
STRUCTURE analyses could not distinguish between populations (Figure 4.2). High bootstrap
support for the clade (100) was observed in the SVDQuartets phylogeny. Delimitation analysis
(ABGD, sPTP and GYMC) for the partial mitochondrial gene COI classified populations across
southern Australia (currently classified as H. maculosa) as a single unit (OTU K) across all
methods with the exception of a relaxed clock GYMC, which identified three distinct genetic
groups (VIC, SA and WA). It should be noted that short branch lengths observed between the
divergence of Western and Eastern localities suggest a more recent divergence compared to

other OTUs identified in this study.
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Figure 4.1. Published distributions of Hapalochlaena species. Distributions of Hapalochlaena sp.

in the Indo Pacific. a) A guide to Squid, Cuttlefish and Octopuses of Australasia (Norman and

Reid, 2000). Hapalochlaena are shown as follows, H. maculosa (orange), H. fasciata (red) and H.

lunulata (mustard). b) Cephalopods a World Guide (Norman, 2000). Additional reported

localities, Hapalochlaena sp. 1 (green), Hapalochlaena sp. 2 (purple), Hapalochlaena sp. 3

(blue), Hapalochlaena sp. 4 (pink) and Hapalochlaena sp. 5 (brown). ¢) FAO. Cephalopods of the

world. Volume 3. Octopods and Vampire Squids (Norman et al., 2016). Hapalochlaena are

shown as follows, H. maculosa (orange), H. fasciata (red) and H. lunulata (mustard). d)

72



Cephalopods of Australia and Sub-Antarctic Territories (Reid, 2016). Hapalochlaena are shown

as follows, H. maculosa (orange), H. fasciata (red) and H. cf. lunulata (mustard).
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Figure 4.2. Delineation of Hapalochlanea species boundaries and genetic structure throughout
the Indo Pacific using 10,346 SNPs: a) SVDQuartet phylogeny of Hapalochlaena throughout the
Indo Pacific generated using 10,346 SNPs, coloured branches represent putative taxonomic
units A-K: light blue (A/Deep water Yeppoon, QLD & North West, WA), dark blue (B/North West
Shelf, WA), light green (C/Ningaloo, WA), apple green (D/Taiwan lined), pink (E/Taiwan ringed),
red (F/Timor Leste), light orange (G/Great Barrier Reef, QLD), dark orange (H/H*/Darwin, NT &
Kimberly & Exmouth, WA ), lilac (I/NSW), purple (J/Cape York, QLD & Shark Bay, QLD) and
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brown (K/Southern coast of Australia). Posterior support values > 0.90 present on nodes. Bars
at terminal branches indicate admixture of OTUs inferred using STRUCTURE, colours
approximately correspond to OTUs. Lined box adjacent to OTU indicated lined markings while,
OTUs without a box exhibit ringed markings; b) Species delineation using the mitochondrial COI
gene. Bayesian phylogeny (MrBayes) of Hapalochlaena throughout the Indo Pacific is coloured
according to OTU with black used to represent taxa included from NCBI. Grey boxes represent
putative species in accordance to sPTP, GYMC SC (strict clock) and GYMC RC (relaxed clock)
methods; c) Map of sample locations coloured by organisational taxonomic units A-K; d)
Arrangement of samples according to the first two principal components of a PCoA based on

SNP data generated using the R dartR.

4.4.1.2. Lined Blue-ringed octopus: OTUD, E& |

Hapalochlaena with lined markings from NSW (1) and Taiwan (D) were found to form separate
and distinct OTU units. The NSW OTU (I) show the least similarity to other populations with Fst
values > 0.78, while individuals with lined markers collected from Taiwan (D) displayed the
greatest similarity to Mackay, QLD (0.68). Ringed individuals also sourced from Taiwan (E) did
not display high similarity to OTU D (0.88) (Supplementary table 3). Taiwan OTUs D and E are
loosely clustered with OTUs A, B, and C in PCoA and DAPC analyses while NSW OTU | formed a
tight distinct cluster. STRUCTURE analysis showed little to no admixture in OTU I, similarly OTUs
D and E also showed little admixture with each being prescribed its own unit. The SVDQuartet
phylogeny displayed high bootstrap support for all OTUs (> 90) (Figure 4.2a). Delineation using
mitochondrial genes (12S, 16S and COI) supported the OTU status of NSW (I) across methods:

ABGD, sPTP and GYMC. Comparison of COIl between the NSW OTU (I) and NCBI sequences
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obtained from Japan and Korea does not support a sister taxa status (Figure 4.2a) suggesting

the current description of H. fasciata for both populations may require re-evaluation.

4.4.1.3. North Western Australia and Timor Leste: OTU G & F

Individuals collected from Darwin, NT, Kimberly, WA and Exmouth, WA formed a single
OTU (G) spanning across northern Australia. Samples from these locations formed a single
defined cluster in both PCoA and DAPC analyses congruent with lower Fst values between
populations (< 0.12) (Figure 4.2d, Supplementary table 3). STRUCTURE analysis indicates OTU G
forms a distinct group with traces of admixture to nearby locations (Figure 4.2a), in particular
admixture observed in Timor Leste samples (OTU F) suggests that this location may receive
gene flow from both northern Australia and the Indo Pacific. This is also reflected in the
placement of OTU F within the PCoA plot between OTU G and the B, C D and E cluster.
Furthermore, high bootstrap support for the clade/OTU was observed in the SVDQuartet
phylogeny (100). Mitochondrial sequences across all four genes (12S, 16S, COI and COIIl) were
examined using delimitation methods ABGD, single rate-PTP and GYMC which all supported the
Darwin and Kimberley OTU (G), however the inclusion of a sample from the Dampier
archipelago to this group contradicts the previous SNP analyses. It should be noted the SNP and
mitochondrial data collected from Dampier Archipelago WA were obtained from different

individuals collected at the same location. This could be indictive of sympatry of multiple OTUs.
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4.4.1.4. Great Barrier Reef: OTU H

Individual samples from along the Great Barrier Reef (GBR), QLD; Gladstone, Yeppoon,
Townsville, Lizard Island and Mackay comprised a single OTU (H) with the exception of “deep
water” Yeppoon samples (OTU A) (Figure 4.2). Relatively low Fst values were observed between
populations along the GBR (< 0.12) with clustering observed in both PCoA and DAPC analyses
(Figure 4.2d, Supplementary table 3). Overall admixture across the GBR OTU (H) is low with no
clear distinction between populations observed, however one individual collected from Mackay
does show admixture with OTU K (Southern Australia/H. maculosa) (H*) (Figure 4.2a).
Additionally, placement of this sample within the SVDQuartets phylogeny suggests a distinction
from other GBR samples and will warrant further investigation. COI could be successfully
sequenced from two individuals collected from the GBR OTU had their COI genes successfully
sequenced. Examination of COIl genes using the delimitation methods ABGD, sPTP and GYMC
unanimously supported the assignment of Yeppoon and Mackay individuals within the same

OTU (H).

4.4.1.5. North QLD and Western Australia: OTU J

Geographically distant populations (>2000km) from QLD (Torres Strait and Cape York)
and southern WA (Shark Bay and Dampier Archipelago) were found to form an OTU (J). Due to
low sample numbers the Torres Strait + Cape York individuals and the Shark Bay + Dampier
Archipelago were examined as two populations. Fst values were relatively low (0.15) congruent
with the clustering of these populations observed in PCoA and DPAC analyses (Figure 4.2d,

Supplementary table 3). Admixture was low within the OTU, the only exception being an
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individual from Shark Bay, which displayed some admixture with OTU K (southern Australia/H.
maculosa). SVDQuartets phylogeny exhibited strong support for a single clade comprising OTU J
(100 bootstrap) (Figure 4.2a). Partial mitochondrial genes were sequenced for the Cape York
(12S, COl, COlll and cytb) and Shark Bay (COlI, COIlIl) samples. Delimitation analyses (ABGD, sPTP
and GYMC) for COIl were congruent with placement of both samples within the same OTU.
However, the COIll gene showed greater genetic differences between individuals and each

sample was placed in its own unit (Figure 4.2b).

4.4.1.6. “Deep water”: OTU A

“Deep water” specimens (>100 m) collected from Yeppoon, QLD and North West (Deep)
WA, formed a single OTU (A) despite their large geographic separation (i.e. over ~2400km).
Specimens formed a distinct cluster in both PCoA and DAPC analyses (Figure 4.2d) with
STRUCTURE showing little admixture (Figure 4.2a). No mitochondrial genes could be sequenced
for “deep water” Yeppoon samples, however partial five mitochondrial genes (12S, 16S, COI
and COIIl and Cytb) for North West (Deep) WA were analysed. Delimitation methods (ABGD,
single rate-PTP and GYMC) placed North West (Deep) WA as a unique unit distinct from all

other specimens (Figure 4.2b).

4.4.1.7. Singletons WA: OTUB & C

Singletons collected from North West Shelf, WA and Ningaloo, WA each formed their
own distinct OTUs termed B and C respectively. OTU B, represented by a single sample (North

West Shelf, WA), exhibits admixture with all adjacent populations (Figure 2a). Likewise, PCoA
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and DAPC analyses place the sample in close proximity to OTUs A, C (Ningaloo), D (Taiwan-
lined) and E (Taiwan-ringed) (Figure 2d, Supplementary figure 1). Low bootstrap support from
the SVDQuartet phylogeny was observed for both singleton OTUs (B & C) (Figure 4.2a). Species
limits estimated using fragments of five mitochondrial genes (12S, 16S, COIl and COIIl and Ctyb),
ABGD, single rate-PTP and GYMC analyses unanimously supported the classification of both

singletons as unique OTU groups (Figure 4.2b).
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Figure 4.3. Divergence and radiation of Hapalochlaena throughout the Asia Pacific: a)
Divergence time estimates of Hapalochlaena throughout the Indo Pacific generated using
Bayesian methods. Bars (blue) represent standard error within a 95% confidence interval; b)
Reconstructed Ancestral State Phylogeny constructed using RASP BBM. Most likely points of
origin inferred for each node in the tree are shown as pie charts coloured according to major

geographic regions using the colour scheme shown in c; c) Map of oceanic zones: temperate
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Australasia (TAUS) = Green, North East Australia (N_QLD) = Pink, North West Australia
(NW_AUS) = Red, Central Indo Pacific (CIP) = Blue and temperate north Pacific (TNP) = beige

4.4.2. Divergence time estimation/Ancestral state reconstruction (RASP)

Divergence of the Hapalochlaena genus is estimated to have occurred in the late
Cretaceous - mid Eocene between 72.9 and 45.5mya based on four concatenated mitochondrial
genes (Supplementary figure 2). A separate genealogy of the COI gene, which was able to
include a greater coverage of Hapalochlaena populations concurred with the topology of
shared samples, however divergence time estimates suggest a more recent origin with the
most recent common ancestor (MRCA) predicted to have emerged between 12.9 and 29.5mya
(Figure 4.3a). Due to our limited sampling size and the high diversity present within the genus
we are unable to identify with confidence the earliest exact location of origin for this genus.
However, radiation of the genus is estimated to have occurred approximately 25mya occurring
in the Central Indo-Pacific (CIP). RASP analysis indicates colonisation of northern Australia may

have occurred twice with OTU G and OTUs C and B representing separate events (Figure 4.3b).
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4.5. DISCUSSION

Using SNP and mitochondrial data from specimens across the Asia Pacific we show that
the genus Hapalochlaena is highly diverse, encompassing between 8 and 11 genetically distinct
lineages supported by a combination of Bayesian, maximum likelihood and delimitation
analyses. Support was present for the current species assignments of H. maculosa across
southern Australia and also H. fasciata located in NSW, Australia with each forming a single
OTU. A greater diversity of OTUs than previously recognised were identified throughout the
Central Info Pacific (CIP) and Temperate North Pacific (TNP) not encapsulated in current
systematics. Divergence time estimates suggest major lineages within Hapalochlaena
diversified between ~50-25mya. These results suggest current systematics are not sufficient to

describe genetic species diversity and a revision of the genus Hapalochlaena is required.

4.5.1 Species boundaries and OTUs

Greater morphological variation within the Hapalochlaena genus, which extends beyond
the currently accepted species, has been recognised in several publications documenting
differences in size, the nature of patterning of iridescent blue rings and/or lines, variability in
the functionality of their ink sac and reproductive strategy (holobenthic/merobenthic)
(Norman, 2000; Reid, 2016). Norman (2000) proposed a putative species for specimens found
between Darwin (NT) and Cape York (QLD), termed Hapalochlaena sp. 1. This is corroborated

by our analyses which showed a distinction between specimens collected from Darwin,
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Kimberly and Exmouth (OTU G) compared with Timor Leste (OTU F) specimens sequenced in
this study and believed to be H. lunulata (Quoy and Gaimard 1832), based on collection locality
and external morphology (J. Finn pers. comm.). Low genetic similarity between OTU G and OTU
J (Cape York, Torres Strait) however, suggests that the described range for Hapalochlaena sp. 1
may contain two distinct lineages. Norman (2000) also proposed a putative species for the
Great Barrier Reef (GBR) blue-ringed octopus (Hapalochlaena sp. 5), which exhibits a functional
ink sac and a holobenthic lifestyle distinguishing it from currently accepted species (Norman,
2000). Evidence was found for the presence of two distinct lineages (OTUs H and A) along the
GBR collected between Lizard Island and Mackay, “shallow water” (0-50m) and “deep water” (>
100m). As morphological features were not examined in this study; we cannot confirm the
relationship to the previously reported putative species, however Hapalochlaena sp. 5 may
correspond to shallow water specimens used in this study due to shared location.
Hapalochlaena collected from depths > 100m prior have not been previously described due to
scarcity and difficulty in locating specimens. “Deep water” Yeppoon specimens were genetically
distinct from adjacent shallow water populations while displaying high similarity to a distant
singleton collected from north west WA (OTU B) and Yeppoon samples collected from a similar
depth. The impact of depth on reproductive isolation in this genus has not been investigated
and due to the difficulty in obtaining specimens from depths > 100m, this also means that the
range, distribution and effective population sizes of lineages from these depths have not been

established.
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Of the museum samples included in this study two were unique specimens with no
replicates suitable for genetic analyses. Rarity in systematics is common with 13% of
invertebrates identified from single specimens in American Museum of Natural History
publications (Lim et al., 2012). Singletons within studies can result from difficulty in obtaining
samples and/or preservation methods used (Roper, 1983). Preservation methods can greatly
impact both morphological and genetic studies, this is a particular issue when examining
comprehensive historic repositories for species delimitation (Appleyard et al., 2021). Formalin is
a common preservative used most prominently on older samples for preservation of
morphological traits (Jeon et al., 2011; Roper, 1983). However, formalin preservation inhibits
genetic analyses through three main mechanisms i) facilitating binding of DNA to itself or
proteins, ii) fragmentation and iii) base modification (Quach et al., 2004; Wiegand et al., 1996).
With the advent of next generation sequencing in conjunction with the growing concern around
the safety of formalin use an increasing number of specimens are being preserved using DNA
friendly methods (ethanol/freezing) (Spencer et al., 2013). Conversely, ethanol preservation
and freezing frequently results in the loss of some morphological features, particularly in
octopus, which exhibit few hard body parts/diagnostic features (Lefkaditou and Bekas, 2004).
As a result, many samples used in this study lack well preserved diagnostic morphological

features.

Low numbers of Hapalochlaena specimens preserved appropriately for molecular work
has strong implications for delimitation using genetic information as common methods such as

AGBD (Automatic Barcode Gap Discovery), PTP (Poisson Tree Process) and GYMC (General

89



Mixed Yule Coalescent) examine differences between intra and interspecific variation to
establish species boundaries (Lim et al., 2012). In particular, ABGD generates pairwise
comparisons and examines their distribution to determine the “gap” between inter and intra
specific divergences (Puillandre et al., 2012). In contrast GYMC examines lineages through time
and identifies the increased rate of divergence indictive of allele coalescence within a single
species, assuming that a speciation event occurs at a much slower rate. The speciation event
can then be inferred as occurring prior to the rapid radiation (Fonseca et al., 2021). Similar to
GYMC, PTP models substitutions on a phylogenetic tree, however, it does not require time
calibration (Zhang et al., 2013). These methodologies can be sensitive to sample sizes and
prone to bias when applied to low and non-representative sampling (Puillandre et al., 2012). As
a result, the relationship of singletons (OTU B and OTU C) could not be definitively established
with each placed within its own OTU. Observed taxonomic uncertainty could be due to multiple
factors including being represented by a single specimen, relatively long divergence times and

incomplete sampling of close relatives (Joly et al., 2014).

Identification of Hapalochlaena species for use in genetic studies is often conducted
based upon the iridescent blue lines and/or rings patterning the mantle and arms in
conjunction with location (Kim et al., 2018). This can be misleading as it does not account for
convergent evolution of morphological traits. Currently, H. fasciata is the only accepted species
which exhibits lined patterning and has been documented from NSW, Australia. However,
“lined” Hapalochlaena have also been documented in Japanese waters leading to the proposal

of an anti-tropical distribution for this species (Norman and Kubodera, 2006). By definition
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anti-tropical distributions are characterised as one contiguous range disrupted due to a range
of factors (climatic shift, fluctuating sea levels etc) resulting in contraction to the extremities of
the range (Briggs, 1987). While many marine taxa do exhibit true anti-tropical distributions
(Lobelia, Mytilus spp., Dasyatis) (Hilbish et al., 2000; Kokubugata et al., 2012; Le Port et al.,
2013) some species, particularly those with limited distinct morphological characteristics and
incomplete systematics can be mischaracterized (Grant et al., 2005). A morphological revision
of the labrid Bidianus vulpinus contradicted the previous anti-tropical status for the species,
suggesting a complex containing a minimum of four species (Norman and Kubodera, 2006).
Likewise, morphological distinctions have been observed with specimens collected from Japan
given the putative species assignment of Hapalochlaena sp. 2 (Finn and Lu, 2015; Norman,
2000). Molecular methods can aid in the evaluation of anti-tropical taxa with limited diagnostic
characters (Norman and Kubodera, 2006). Analysis of SNP data in this study indicates the
morphological similarity between these groups is likely the result of convergent evolution as
lined specimens from NSW and from Japan did not form a monophyletic group (Figure 4.2).
Similarly, allozyme and mitochondrial gene analyses contradicted the previous anti-tropical
distribution (bipolarity) hypothesis for the anchovy genus (Engraulis) (Grant et al., 2005).
Several previous phylogenetic studies of Hapalochlaena included a single representation of
each species and did not sample “lined” octopus from the North Pacific and NSW, Australia. As
a result, this study represents the first genetic comparison of these two morphologically similar

groups.

91



Examination of H. maculosa specimens across southern Australia (OTU K) using SNP data
was congruent with previous work by Morse et al. (2018) suggesting a clinal species complex
based on greater genetic divergence between locations at the extremities of their range (Morse
et al., 2018b). Mitochondrial delimitation methods (ABGD, mPTP, bPTP & GYMC) indicate
divergence between H. maculosa locations was insufficient to warrant species status, however
when GYMC was run using a relaxed as opposed to a strict clock model, locations in the West

(WA) and East (VIC and SA) were delimited as separate species.

4.5.2 Dating and diversification of the genus

The Hapalochlaena species complex is estimated to have diverged from the lineage
containing Amphioctopus during the early Eocene era approximately ~50mya based on
divergence time estimates using partial COIl sequences. This estimate is corroborated by
previous divergence time estimates between octopod genomes, which indicated H. maculosa
diverged from O. bimaculoides ~59mya (Tanner et al., 2017; Whitelaw et al., 2020). A notable
radiation of the genus occurs post the Eocene-Oligocene extinction event (~33mya) between
~50- 25mya, which gives rise to lineages in the Central Indo Pacific (CIP) and temperate
Australasia (TAUS). This suggests the point of origin for the genus is likely to have occurred in
the CIP, potentially within the Indo Australian archipelago (IAA) a known hotspot for
biodiversity and speciation at this time (Yasuhara et al., 2017). Composed of broad shallow
water areas with complex reef systems interconnecting a large geographical area (Briggs and
Bowen, 2013), the IAA currently contains the greatest species richness for coastal cephalopods

globally (Rosa et al., 2019). Patterns of low endemism within the IAA coinciding with shared
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taxa in TAUS and the temperate northern Pacific (TNP) indicate the IAA as a point of origin for
many cephalopod species including Hapalochlaena in the North Western Pacific. Three main
hypotheses have been suggested for the patterns of species richness in the IAA i) overlapping
distributions of taxa each dispersing outward from their point of origin (centre of overlap) ii)
centre of diversification/radiation (centre of origin) and iii) refugia for species during climatic
change (centre of accumulation/survival) (Briggs, 1999; Hughes et al., 2002; Jokiel and
Martinelli, 1992; Rosa et al., 2019; Woodland, 1983). There is evidence to suggest multiple
hypotheses may be contributing the patterns observed as opposed to a single driver (Mironov,
2006). Transition of the global biodiversity hotspot (hopping hotspot) from the Tethys/Arabian
to the IAA during the late Eocene to early Oligocene (~¥33mya) extinction event was observed in
patterns of four reef associated fish lineages, which showed a rapid diversification correlated
with reef habitat in the IAA (Cowman and Bellwood, 2013; Gaboriau et al., 2018). Furthermore,
a higher proportion of reef associated taxa indicated a greater resilience to extinction event
allowing for a greater than expected retention of species diversity (Cowman and Bellwood,
2011). Heterogeneity of the IAA reefs is believed to be an important factor in retaining
diversity through events of climatic upheaval providing a range of refugia compared to
homogeneous habitats (Pellissier et al., 2014). Additionally, heterogeneous and complex
benthic habitats may aid in facilitating sympatric and/or allopatric speciation of benthic
octopods and nektobenthic cuttlefishes and sepiolids when compared to pelagic squid (Rosa et

al., 2019).
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Fluctuating sea levels during the Pleistocene often coinciding with glacial periods
resulted in lower sea levels leading to the exposure of the Sundra and Sahul shelves and an
approximately 90% loss of shallow water coastal habitat up to 60m deep throughout the Pacific
(Ludt and Rocha, 2015). Restricted water flow throughout the Indo Pacific and loss of coastal
habitat during these periods greatly influenced marine species composition (Rocha and Bowen,
2008). Genetic signatures have been identified in olive sea snake (Apiysurus laevis) populations
across Northern Australia consistent with contractions to refugia during low sea levels.
Subsequent colonisation events from western to eastern populations were identified based on
diversity indices indicating refugia in WA during the Pleistocene retained populations that were
lost in the east (Lukoschek et al., 2008, 2007). Distributions of Hapalochlaena also show a
distinction between east and west population across Northern Australia, which may be

indicative of isolation to refugia during the Pleistocene (Ludt and Rocha, 2015).

4.5.3 Mechanisms of divergence and speciation

Dispersal ability plays an integral role on the distribution and population dynamics of
marine organisms (Higgins et al., 2013). Coleoid cephalopods utilise two main reproductive
strategies holobenthic and merobenthic (Doubleday et al., 2008). Holobenthic cephalopods
exhibit a reduced dispersal ability relative to merobenthic species as the offspring hatch well-
developed and assume a benthic lifestyle immediately. In contrast, merobenthic species have a
pelagic phase allowing for dispersal on water currents post hatching before settling to a benthic
lifestyle (Ibafiez et al., 2018; Villanueva et al., 2016). A merobenthic strategy has been proposed

as the ancestral state for members of the family Octopodidae with the holobenthic life history
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believed to be associated with colonisation of temperate and deep-water environments (lbanez
et al., 2014). Radiation of Hapalochlaena is predicted to have occurred in the tropical Indo
Australian Archipelago (IAA) during the ~50-25mya. The subsequent colonisation of temperate
zones including temperate Australasia (TAUS) are associated with the shift to a holobenthic
strategy for H. maculosa and H. fasciata followed by minimal diversification relative to tropical
zones. H. lunulata retains the predicted ancestral merobethic strategy, occupying shallow
tropical waters (Ibdfiez et al., 2014). Plasticity of reproductive strategies has been observed in
many octopod genera and are often associated with environmental conditions. Egg size was
demonstrated to decrease from the Eastern to Western Mediterranean for the mysopsid squids
(Loligo and Alloteuthis), an octopod (Eledone cirrhosa) and an argonaut (Argonauta argo).
However, cuttlefish and sepiolid squids examined did not display any notable difference in egg
size (Laptikhovsky et al., 2009). Cooler and less productive waters have been suggested to
favour larger eggs and consequently larger yolks resulting in larger more robust offspring
(Alekseev, 1981). The comparatively complex trophic structures found in tropical waters with
high predator diversity may support the quantity of offspring over other adaptive strategies
(Alekseev, 1981). Conversely putative Hapalochlaena species identified from warmer waters,
such as Darwin ([Hapalochlaena sp. 1] and the GBR [Hapalochlaena sp. 5]) exhibit larger eggs,
however it should be noted that the life history of these specimens have not been fully
elucidated (Norman, 2000). Additionally, many of the putative species identified in this study
have completely unknown life histories. Therefore, further investigation is required to fully
elucidate the evolution of reproductive strategies within this genus and the resulting impact of

genetic structure and speciation.
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4.6 CONCLUSION

This study presents the first large scale genetic analyses of the Hapalochlaena genus and
demonstrates that the level of species diversity exceeds current systematics for the genus.
Previously described morphological diversity within the genus is supported by the genetic
analyses conducted in this study including a distinction between lined Hapalochlaena
populations within NSW, Australia and the Northern Pacific. This provides a greater
understanding of species diversity within the genus and has implications for how future studies
should be conducted and compared based on genetic distances observed across locations.
Detailed investigation of morphological features of Hapalochlaena specimens is required in the

future to officially described species within the genus.
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GENERAL DISCUSSION

5.1 Summary

The aim of this chapter is to summarise the major findings of the thesis and place them
into the broader scientific context while also highlighting future directions for research. Section
5.2 synthesises all major outcomes resulting from each chapter, which in Section 5.3, are placed
into a broader context. Section 5.3 details the significance of research conducted in this thesis
alongside encapsulating the current state of research and specific relevant contributions from

researchers in the field. Lastly, Section 5.4 highlights areas for future research.

5.2 Major outcomes

The overall aim of this thesis is to provide a greater understanding of genome evolution
and speciation as it pertains to the blue-ringed octopus genus (Hapalochlaena), in conjunction
with providing genetic tools and resources to facilitate future and ongoing research. Firstly, the
genome of H. maculosa was annotated and compared to other available octopod genomes.
Secondly, a genetic linkage map was generated for H. maculosa and used to aid in scaffolding of
the genome. Finally, the Hapalochlaena species complex was examined using specimens
collected from throughout its range to provide a genetic basis for re-evaluation of the

systematics of the genus.
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Chapter 2 of this thesis encompassed the annotation of the first blue-ringed octopus
genome, the southern blue-ringed octopus (H. maculosa) and subsequent whole genomic and
transcriptomic comparisons to non-TTX bearing octopod genomes (Octopus bimaculoides and
Callistoctopus minor). Annotation of the H. maculosa genome identified 29,328 genes, in line
with published octopod genomes O. bimaculoides and C. minor which exhibit 33,638 and
30,010 genes respectively (Albertin et al., 2015; Kim et al., 2018). Divergence times between
octopod genomes place divergence of the Hapalochlaena lineage ~59 mya from the lineage
comprising O. bimaculoides and ~183 mya from the lineage leading to C. minor. The
phylogenetic relationships between the main octopod lineages observed in this study were
supported by a combination of partial mitochondrial and nuclear genes (Guzik et al., 2005;
Strugnell et al., 2006). Furthermore, Bayesian estimates of divergence times using a
concatenated alignment of 197 genes by Tanner et al. (2017) concur with the present study,

placing the divergence of Hapalochlaena from the Abdopus lineage at ~59mya.

Comparisons of gene family expansions between Molluscan lineages revealed octopod
specific expansions of the neural gene families; cadherins and zinc fingers. These findings are
congruent with previous analyses of the O. bimaculoides genome at the time of publication
(Albertin et al., 2015). However, the present study utilised multiple octopod genomes and was
able to determine if these expansions were lineage or octopod specific. Investigation into the
impact of TTX inclusion within the venom of H. maculosa revealed a relatively reduced gene

expansion of serine proteases in conjunction with lower expression within the posterior salivary
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gland (PSG) in comparison with the two non-TTX bearing octopods. Serine proteases have been
identified from the venom glands of all major coleoid cephalopod lineages (octopus, squid and
cuttlefish) and are believed to play an integral role in prey capture and digestion (Fry et al.,

2009; Ruder et al., 2013).

Investigation of the sodium channels (Nay) of octopods in this study revealed the
presence of a M-T mutation shared by Hapalochlaena lunulata (Geffeney et al., 2019) as well as
other TTX bearing taxa, a pufferfish (Tetraodon nigroviridis), and newt (Taricha granulosa) (Jost
et al., 2008). This particular mutation was verified by Jost et al. (2009) to confer 10-15 fold

binding resistance to TTX.

Lastly, the microbiome of H. maculosa was investigated to identify potential candidates
for TTX production in this species. However, the PSG was found to house a diverse array of
bacterial families with no dominant lineage identified. While bacteria are known producers of
tetrodotoxin and common in the marine environment (Do et al., 1990), this study could not

reach a consensus for the origin of TTX production within Hapalochlaena.

Linkage maps are highly versatile and act as a platform to conduct a plethora of studies
and often act as complementary to a genome. The third chapter of this thesis details the

generation of the first linkage map for any cephalopod, the southern blue-ringed octopus (H.
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maculosa). Linkage map construction was achieved using 10 families and a total of 276
individuals to form a sex-averaged map with 47 linkage groups totalling 2016cM in length and
composed of 5,663 loci. Currently, no octopod linkage maps are available for comparison,
however karyotypes have been generated for the octopod genera Octopus, Amphioctopus and
Callistoctopus, all of which exhibit 30n chromosomes (Wang and Zheng, 2017). The greater
number of linkage groups (47) than the estimated number of chromosomes from previous
studies (30) can be attributed to statistical limitations imposed by relatively small family sizes.
H. maculosa exhibits a holobenthic life history whereby they produce a fewer number of larger
eggs (6-7mm) (Tranter and Augustine, 1973) compared to the merobenthic H. lunulata
(3.5mm) (Overath and von Boletzky, 1974). The relatively small families produced by H.
maculosa reduce the number of informative meioses observed and as a result the resolution of

linkage map can be lower.

Linkage maps often complement genome assembly allowing for reorientation of
scaffolds and placement of previously disconnected scaffolds into a set of pseudo-
chromosomes (Glazer et al., 2015). The H. maculosa genome assembly was relatively
fragmented and composed of 47K scaffolds. The generated linkage map was utilized to place
and orientate 1,151 scaffolds covering 34.7% of the total genome. This updated assembly
allowed for the placement of three HOX genes within the same pseudo-chromosome despite
being separated by large intergenic distances (~3-25Mb). This is the first documented case of

HOX gene co-location for an octopod and was only possible due to the high contiguity afforded
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by the linkage map. The HOX gene cluster forms a highly conserved set of genes integral for
development in Metazoa (Kourakis and Martindale, 2000). Prior to the present study, the best
documented set of HOX genes in an octopod (O. bimaculoides) places each gene within the
cluster on a separate scaffold with no known order or relationship between them known. This
study demonstrates the utility of a linkage map to improve fragmented non-model genome

assemblies, providing a greater genetic context for gene family evolution.

Chapter 4 of this thesis aims to increase understanding of the diversity, genetic
structure and species boundaries of Hapalochlaena throughout their range. Museum specimens
were collected and genotyped from 21 locations throughout the Asia Pacific. Support was
found for the current species assighnment of H. maculosa for all locations across southern
Australia (Victoria to Western Australia). However, locations at the extremities of their range
showed the greatest genetic divergence. A similar pattern was observed by Morse et al. (2018)
who found populations of H. maculosa exhibit a clinal species complex following a signature of
isolation-by-distance. Similarly, H. fasciata observed from NSW were supported in their current
species designation (Norman, 2000; Norman et al., 2016; Reid, 2016). An anti-tropical
distribution of this species with purported sister taxa in the North Pacific (Japan and
surrounding waters) was questioned by previous publications (Norman and Kubodera, 2006;
Norman and Hochberg, 2005). Genetic analyses in this study demonstrated that any
morphological similarities, primarily iridescent blue lines, are likely the result of convergence.

Similarly, Norman et al. (2000) noted the North Pacific lined octopus as a potential species in its
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own right designating it with the name Hapalochlaena sp. 2. Subsequent morphological
examination has confirmed that the North Pacific lined octopus is morphologically distinct from

H. fasciata (Finn and Lu, 2015).

Diversity within the Hapalochlaena species complex has previously been observed to be
greater than is currently described in the systematics with three/four species accepted. Norman
et al. (2000) described an additional five Hapalochlaena sp. which require further revision. Finn
(2015) reported 12 species of blue-ringed octopus from Australia and the Indo-west Pacific,
while Norman et al. (2016) reported at least 10 species across this range. In this study
singletons were examined each representing a rare and difficult to collect specimen, with each
forming a distinct OTU. Rarity, incomplete sampling and preservation methods for historic
collections is a common issue for poorly described taxa where the full range and diversity is
unknown (Lim et al., 2012). Additionally, deep water Hapalochlaena were also examined in this
study with a minimum of two independent lineages identified. Inclusion of the rare samples in
this study provide insight into the previously undocumented diversity and directs future
research to address the current gaps in literature. Radiation of major Hapalochlaena lineages
was dated to between ~50 and 25mya and estimated to have originated in the Central Indo
Pacific (CIP). Currently the Indo Australian Archipelago (IAA) hosts the greatest species diversity
for coastal shallow water cephalopods globally (Rosa et al., 2019). Low endemism within the
IAA for cephalopods including Hapalochlaena indicates its location as a potential point of origin

(Rosa et al., 2019). This was further supported in this study by a reconstruction of ancestral
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state phylogeny, which indicated the CIP as the central point of origin for Hapalochlaena

lineages in the North and South Pacific.

5.3 Significance and contributions to a greater understanding

How did the distinctive blue-ringed octopus evolve? Understanding the evolution of an
organism characterised by complex and poorly understood traits, such as TTX acquisition,
requires extensive genomic resources from members of the genus and related lineages. This
study investigated the species diversity of the genus, in conjunction with genome evolution

between the TTX bearing H. maculosa genome and non TTX bearing octopods.

Members of the genus are well documented to sequester the potent neurotoxin TTX
within both venom and tissues. Quantification of TTX within tissues revealed variation both
within and between species (Williams and Caldwell, 2009). Williams and Caldwell (2009)
examined wild caught H. fasciata and H. lunulata from the aquarium trade and found that TTX
concentrations within H. lunulata (0-174ug) were lower overall and occurred in fewer tissues
compared to H. fasciata (60-405ug). Hapalochlaena fasciata from Japanese waters were
examined most recently by Yamate et al. (2021) who found large variations in TTX
concentrations potentially associated with age, sex and seasonality. This suggests further
research is required to fully understand the dynamics of TTX sequestration between and within

Hapalochlaena. The results from chapter 4 provide a framework for such future work by
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identifying the genetically distinct populations and their geographic ranges. In particular, OTUs
identified in chapter 4 need to be taken into consideration and treated as distinct units by

future studies examining TTX production and dynamics.

Understanding how TTX concentrations can vary is particularly important when it comes
to venom. Hapalochlaena are the only documented species to include TTX within their venom
(Sheumack et al., 1984). This study supports the hypothesis that acquisition of TTX as a
component of venom has impacted venom evolution in the Hapalochlaena lineage, potentially
by replacing proteinaceous octopod toxins conserved in related lineages. Comparisons of
venom gland (PSG) proteomes between H. maculosa and the southern sand octopus (Octopus
kaurna) demonstrated a reduction of serine protease expression in conjunction with the
absence of the octopod neurotoxin tachykinin in H. maculosa (Whitelaw et al., 2016).
Hapalochlaena pose a genuine risk to human health with human fatalities reported from both
envenomation and accidental ingestion (Jacups and Currie, 2008; Meier and White, 2017).
Clarification of systematics within this genus is crucial to prevent misidentification for both
medical and academic purposes. This study provided a genetic framework to aid in the revision

of systematics in conjunction with providing a taxonomic structure for future studies.

Additionally, understanding the evolution of TTX acquisition and impact on genome

evolution within this genus is of importance. To date no whole genomic studies have been
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conducted on members of the Hapalochlaena genus. The ability to perform whole genomic
analyses of a cephalopod genome was only made possible in 2015 with the publication of the
first cephalopod genome Octopus bimaculoides. The O. bimaculoides genome was found to be
large (2.7Gb), highly repetitive and lacking evidence for whole genome duplications
hypothesised to play an integral role in the evolution of the cephalopod body plan (Albertin et
al., 2015). Extensive expansions of the neural gene families zinc fingers and cadherins within O.
bimaculoides were previously believed to be exclusive to vertebrates. This study provides a
greater taxonomic context to these findings demonstrating the presence of similar expansions
in two other octopod genomes, suggesting that this is a shared genomic trait rather than being

restricted to the genus Octopus.

Investigation of HOX genes in O. bimaculoides revealed a departure from most
metazoan genomes with each gene located on a separate scaffold (Albertin et al., 2015). The
HOX gene cluster plays an important role in the development of metazoans, genes are usually
located in close proximity (Biscotti et al., 2014). Expression of HOX genes in E. scolopes revealed
no deviation from collinearity, with expression along the CNS congruent with the ancestral role
of axial patterning. This suggested no deviation in gene placement from related molluscan
clusters (Lee et al., 2003). However, prior to this study the genomic location of HOX genes in
relation to each other was unknown due to the scarcity of chromosome level cephalopod
genomes. HOX genes identified in the O. bimaculoides genome were scattered with each

located on a separate scaffold (Albertin et al., 2015). This study provided the first annotated
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Hapalochlaena genome and the first genetic linkage map of a cephalopod, which revealed the
placement of three HOX genes within the same pseudo-chromosome while three additional
genes from the cluster were identified on separate scaffolds. This demonstrates large intergenic
distances between HOX genes are also present in H. maculosa, however at least three of the
genes exhibit a level of co-location. It should also be noted that the order of the genes on LG 9

do not exhibit the order observed in related molluscan clusters.

TTX acquisition has occurred convergently through a plethora of distantly related taxa
including gastropods, arachnids, reptiles, pufferfish and amphibians (Geffeney et al., 2005;
Kaneko et al., 1997; Venkatesh et al., 2005). TTX binding resistance of sodium channels (Nay) is
a key feature in many TTX bearing taxa allowing for the safe sequestration of the toxin. Jost et
al. (2008) determined that a common M-T mutation within the third p-loop of Na, channels in
12 taxa provided 10-15 fold binding resistance. Mutations can occur on one or more of the four
Nay p-loops and may act synergistically. The mite, Varroa destructor, exhibits “super resistant”
channels with two mutations one on the third p-loop (M-T) and one on the fourth (D-S)
conferring 1000 fold binding resistance (Du et al., 2009). Hapalochlaena maculosa shares the
M-T mutation on the third p-loop in addition to a substitution on the fourth p-loop (D-H).
Located in a key binding position, the D-S substitution has also been identified in the flatworm,
Bdelloura candida (Jeziorski et al., 1997), however TTX binding inhibition of this mutation has
yet to be tested. The set of mutations observed in H. maculosa are shared by H. lunulata

(Geffeney et al., 2019), however it is unknown if these mutations result from a shared ancestor
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or occurred independently. Additionally, some taxa, including pufferfish, also produce TTX
binding proteins within their blood or hemolymph, which may facilitate transport and/or
excretion of the toxin (Matsumoto et al., 2010). Unfortunately, no homologous proteins were
identified in H. maculosa. The source of TTX in Hapalochlaena is still contentious with two
studies conducted to date presenting conflicting results (Chau et al., 2013; Hwang et al., 1989).
Culturing of bacterial strains by Hwang et al. (1989) produced TTX producing strains from the
PSG of Hapalochlaena collected in the Philippines. In contrast, a molecular study performed on
the PSG of a Hapalochlaena sp. screened bacteria for three genes (polyketide synthase, non-
ribosomal peptide synthase and aminotransferase) predicted to be involved in TTX biosynthesis
and did not detect TTX producing bacterial strains (Chau et al., 2013). Additionally, no loci
under selection detected in chapter 4 were associated with the production, transport or
sequestration were identified in Hapalochlaena. This is due to a few key factors: i) no genes
involved in the biosynthetic pathway of TTX production have been identified ii) as stated above,
while a TTX binding protein has been identified in pufferfish, no genes involved in the
sequestration or transport of TTX have been identified in Hapalochlaena iii) the large genetic
divergences between locations and small sample sizes present in the study resulted in few loci
under selection detected with a high level of confidence. However, if genes involved in the
biosynthetic pathway of TTX could be identified the data and analysis conducted here could be

applied to future work on this subject.
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5.4 Future directions

Cephalopod genomes remain a relatively new resource for understanding the evolution
of these unique organisms and this thesis provides a strong base for myriad future work, some

of which | will detail here.

The H. maculosa genome presented in this study could be improved by the inclusion of
long read sequencing such as PacBio and/or Hi-C to generate a chromosome level assembly.
Additional long read sequencing could improve contiguity and resolve scaffolds, previously
unable to be joined due to the large proportion of repetitive elements present. Assembly of the
additional sequencing could be aided by utilising the linkage map generated in chapter 3 to

resolve ambiguous connections and correct misassembles.

The resulting assembly could aid in the generation of related genomes within the
Hapalochlaena genus, providing a framework from, which genus and/or species-specific
features could be examined. One of the limitations present in chapter 2 is the small number of
genomes examined and the large evolutionary distances between lineage, while such
comparisons are useful they are limited to comparing lineages and do not provide more recent
insights into the evolution of the genus. Additionally a more contiguous assembly would
facilitate powerful synteny analyses with the recently published chromosome level assembly of
the Octopus sinensis genome (Kim et al. 2020) allowing for investigation into potential genome

expansions and translocations at a micro and macro scale (D’Alengon et al., 2010).
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Chromosome level assemblies allow for examination of large-scale chromosomal translocation
events, which have yet to be elucidated in cephalopods. Karyograms of three octopods
demonstrated differences in structure, while all species contained the same number of
chromosomes (30n) (Wang and Zheng, 2017). On a smaller scale the evolutionary history of
key gene families such as serine proteases could be elucidated, including the number and

timing of duplication and contraction events between lineages.

To further understanding of TTX acquisition in the genus several experiments are
required. Firstly, the mutations identified within sodium channels in H. maculosa should be
assayed for TTX binding inhibition. Quantification of binding inhibition is commonly tested by
inducing mutation within a TTX sensitive/susceptible channel (rat example Nay 1.4) (Jost et al.,

2008).

Secondly, in order to investigate the mechanism of distribution for the toxin blood
should be assayed for TTX/STX binding proteins. Such proteins have been identified in the TTX
bearing pufferfish (Takifugu niphobles) (Matsui et al., 2000), however no ortholog was present
in the H. maculosa genome and | was unable to find a candidate using only bioinformatic
means. By using a TTX/STX binding assay, proteins, which have independently evolved in

octopods could be identified (Yotsu-Yamashita et al., 2001).
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Thirdly, the origin of TTX in H. maculosa could not be resolved in this study, however if
the genes involved in the biosynthetic pathway were known, then organisms could be
“scanned” for bacteria containing said genes and identified as candidates for TTX production. |
propose a future study examining bacteria from several genera with members able to produce
TTX whereby full genomes are sequenced from a verified producer of the toxin and closely
related species, which does not produce TTX. These genomes could then be compared to
identify similarities between TTX producing strains independent of their relatedness. This type
of study does pose some challenges, bacteria are not always culturable and as a result
verification of TTX production via cultures may not be possible for some bacteria. Bacterial
growth and TTX production may also be impacted by media type, temperature, salinity and pH
among others (Magarlamov et al., 2017). This may be a particular issue for those strains

isolated from TTX producing taxa which may facilitate production under specific conditions.

The linkage map presented here could form the basis for quantitative trait loci (QTL)
analyses examining the inheritance of quantitative traits. Often QTL analyses are used in
agriculture and aquaculture to understand the inheritance of desirable traits such as disease
resistance (Wang et al., 2016). However, they also possess great utility in ecological studies. The
ability to examine the inheritance of genes linked to specific traits throughout a geographical
range opens possibilities for the investigation of local adaptation. Verhoeven et al. (2008)

identified a QTL associated with flowering time which played a role in local adaptation in one
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wild barley population but not another. Such studies demonstrate the applicability of QTL

approaches in understanding local adaptation and selective pressures (Verhoeven et al., 2008).

Loci under selection, which could indicate adaptation to increased depth would be
interesting to identify in Hapalochlaena. Morse et al. (2018) noted high genetic similarity
between relatively distant populations sharing similar habitat, likewise “deep water” specimens
from northern WA and Yeppoon, QLD examined in chapter 4 displayed a similar pattern. A
future genotyping study with a larger sampling effort across northern Australia that includes
several deep-water locations, each with an adjacent “shallow water” location could elucidate
loci under selection for this trait. Alternatively, given an extensive budget whole genome
sequencing (WGS) of a larger sample set than examined in chapter 4 could be conducted at low
depth and assembled using the improved assembly of H. maculosa mentioned previously. This
would provide a greater resource from which not only genes under selection but other genomic
features could be examined such as transposable elements. The previous SNP based approach
used in chapter 4 is limited to providing a subset of genomic locations, in comparison WGS
would allow for genome wide association studies to be conducted. If loci under selection and
their associated quantifiable traits could be identified than the linkage map presented here
could form the basis for quantitative trait loci (QTL) analyses examining the inheritance of these
guantitative traits. Often QTL analyses are used in agriculture and aquaculture to understand
the inheritance of desirable traits such as disease resistance (Wang et al., 2016). However, they
also possess great utility in ecological studies. The ability to examine the inheritance of genes
linked to specific traits throughout a geographical range opens possibilities for the investigation

of local adaptation. Verhoeven et al. (2008) identified a QTL associated with flowering time
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which played a role in local adaptation in one wild barley population but not another. Such
studies demonstrate the applicability of QTL approaches in understanding local adaptation and

selective pressures (Verhoeven et al., 2008).

Species diversity within Hapalochlaena examined in chapter 4 highlighted the need for a
revision of current systematics for the genus. In order to describe new species extensive
morphological work must be concluded including elucidation of behaviour and life history.
Taxonomic descriptions from specimens across all locations are required, in addition to a larger
sampling effort to increase chances of capturing potentially overlapping ranges of species
and/or OTUs. Furthermore, additional sampling efforts and genetic work are required for
singleton and rare specimens examined in order to properly describe the potential species and

establish their distributions.
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APPENDICES
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1. GENOME SEQUENCING, ASSEMBLY AND ANALYSES

1.1. Library preparation

A single female specimen of Hapalochlaena maculosa was collected at Beaumaris Sea Scout
Boat Shed, Beaumaris, Port Phillip bay, Australia (37°59'43.70"S 145°21.17"E) at a depth of 3m.
The whole animal was stored at -80°C immediately after sampling. DNA was extracted from
muscle tissue using QIAmp DNA mini kit. lllumina library preparation was conducted at the

genome institute in Washington University, USA.

In order to increase coverage and improve the contiguity of contig assembly a total of 4g of arm
and mantle tissue was submitted to DovetailGenomics which was then used to generate a
Chicago™ library. Resulting Dovetail library concentration was 13.8nM and 4.2ng/ul with a

mean size of 488nt and a total volume of 30ul.

1.2. Sequencing and assembly

The lllumina library was sequenced using lllumina HiSeq 2000 at the genome institute in
Washington University. Insert sizes for mate pair libraries can be found in the attached
Supplementary data 2. Reads were trimmed with trimgalore

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove adapters.

Several runs of Meraculous (meraculoususing) different kmer sizes were used to determine the
optimal kmer (51). Dovetail sequencing was used to improve on the lllumina assembly. A
HiRise ™ assembly was conducted by Dovetail and compared against the original assembly

(Table 2 & 3, Figure 1).
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Table 1. Summary for Illumina libraries.

3-8kb insert

Read Type Coverage at 4.3GB
All 39X
700bp insert 13X
19X

Table 2. Comparison of original Illumina and Dovetail augmented assemblies.

Estimated Chicago physical coverage (1-50 Kb pairs): 20.5 X

Dovetail HiRise Assembly

Starting Assembly
Total Length | 2,667.5 Mb 2,677.9 Mb
N50 Length | 15,792 scaffolds ; min length 0.045 Mb | 2,467 scaffolds ; min length 0.267 Mb
NO90 Length | 66,787 scaffolds ; min length 0.008 Mb | 12,837 scaffolds ; min length 0.037 Mb
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Figure 1. Comparison of assembly contiguity between original lllumina (input scaffolds) and

Dovetail (Final scaffolds) augmented assemblies.
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Comparative Assembly Statistics
Input Assembly | Dovetail HiRise Assembly
Longest scaffold 595698 3496984
Number of scaffolds 168388 64744
Number of scaffolds >1 kb 161468 57877
Contig N50 3.1 kb 3.1 kb
Number of gaps 490479 594146
Percent of genome in gaps 36.894% 37.139%

* Note: Every join made by HiRise creates a gap.

Other Statistics

Number of breaks made to input assembly by HiRise 172
Number of joins made by HiRise 103816
Number of gaps closed after HiRise 149

Chicago library 1 stats

365M read pairs; 2x151 bp

Table 3. Statistical comparisons between original lllumina and Dovetail augmented assemblies.

1.3. Assembly statistics

The H. maculosa genome assembly was assessed using assembly-stats

(https://github.com/sanger-pathogens/assembly-stats), O. bimaculoides and C. minor

assemblies were similarly examined.
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Table 4. Assembly statistics for the three octopod genomes used in this study.

Species H. maculosa C. minor 0. bimaculoides
total_length 4009.6Mb 5090.35Mb 2371.52Mb
number 48,285 41,584 379,696
mean_length 0.083040Mb 0.122411Mb 0.006245Mb
longest 11.01Mb 3.03Mb 4.06Mb
shortest 771bp 4876bp 56bp

Gaps 4.32Mb 0 0.56Mb

N50 0.93Mb 0.29Mb 0.47Mb
N50n 1,044 3,696 1,369

N70 0.44Mb 0.2Mb 0.25Mb
N70n 2,299 6,735 2,776

N90 0.12Mb 0.09Mb 0.07Mb
N9On 5,607 11,789 6,239
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1.4 Genome heterozygosity estimate

JELLYFISH was used in conjunction with GenomeScope? to calculate heterozygosity in H.

maculosa using a kmer frequency of 21.

Table 5. GenomeScope version 1.0 H. maculosa results.

Property Min Max
Heterozygosity 0.92% 0.97%
Genome haploid length 5,141.97 Mb 5,165.40 Mb
Genome repeat length 1,840.19 Mb 1,848.57 Mb
Genome unique length 3,301.78 Mb 3,316.82 Mb
Model fit 95.23% 99.35%
Read error rate 0.48% 0.48%
Table 6. Heterozygosity for published molluscan genomes.
Classification Species Heterozygosity Publication
Cephalopod Hapalochlaena maculosa 0.98% This study
Octopus bimaculoides 0.08% 2
Octopus vulgaris 1.10% 3
Gastropod Elysia chlorotica 3.66% 4
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Pomacea canaliculata 1-2% >
Bivalve Pinctada fucata martensii 2.5-3% 6
Saccostrea glomerata 0.51% 7
Modiolus philippinarum 2.02% 8
Bathymodiolus platifrons 1.24% 8
Limnoperna fortunei 2.30% 9
Chlamys farreri 1.40% 10
Crassostrea gigas 0.73% 1
Dreissena polymorpha 2.13% 12

1.5 Mutation rate

Base neutral mutation rate was calculated between the H. maculosa and O. bimaculoides
lineages with the assumption that the rate of mutations is equal to the rate of fixed differences
between the two populations®3. Orthologous genes from O. bimaculoides and H. maculosa
were used. Neutrality was assumed for genes with very low expression (>10 TMP across all
tissues). Neutral genes were aligned using MAFFT** and codem/*> was used to calculate
substitution metrics (dS). Per base neutral substitution between lineages was determined using
the mean dS value divided by divergence time usually over number of generations, however H.

maculosa is a single generation species. As octopus are diploid the rate was divided by two.
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1.6 Effective population size (PSMC)

Historical changes in effective population size were estimated using Pairwise Sequentially
Markovian Coalescent (PSMC) implemented in the software MSMC®'’, To generate inputs for
MSMC we selected reads from libraries with short (500bp) insert sizes which provided 38x
coverage of the genome. These were pre-processed according to GATK best practices; briefly,
adapters were marked with Picard 2.2.1, reads were mapped to the H. maculosa genome using
bwa mem (version 0.7.17) and PCR duplicates identified using Picard 2.2.1. In order to avoid
inaccuracies due to poor coverage or ambiguous read mapping we masked regions where short
reads would be unable to find unique matches using SNPable

(http://Ih3Ih3.users.sourceforge.net/snpable.shtml) and where coverage was more than double

or less than half the genome wide average of 38x. Variant sites were called within unmasked
regions and results converted to MSMC input format using msmc-tools

https://github.com/stschiff/msmc-tools. All data for H. maculosa scaffolds of length greater

than 1Mb was then used to generate 100 bootstrap replicates by dividing data into 500kb
chunks and assembling them into 20 chromosomes with 100 chunks each. We then ran msmc2
on each bootstrap replicate and imported the resulting data into R for plotting. A mutation rate
of 2.4e-9 per base per year and a generation time of 1 year were assumed in order to set a

timescale in years and convert coalescence rates to effective population size.
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Figure 2. PSMC estimation of effective population size in H. maculosa.

2. TRANSCRIPTOME SEQUENCING AND ANALYSIS

2.1. Tissues sampled, RNA preparation and sequencing

Tissues were extracted from 12 tissues (brain, anterior salivary gland, digestive gland, renal,
brachial heart, male reproductive tract, systemic heart, eyeballs, gills, posterior salivary gland,
dorsal mantle and ventral mantle tissue) taken from a single H. maculosa individual collected at
Beaumaris Sea Scout Boat Shed, Beaumaris, Port Phillip Bay, Australia (37°59'43.70"S
145°21.17"E). RNA was extracted using the Qiagen RNeasy mini kit according to the
manufacturer's protocol. Extracted tissues were homogenised using a desktop homogeniser

(IKA). Quality and quantity of samples was assessed using a Bioanalyser (nanochip)(Agilent).
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Sequencing was conducted on a single lane of an lllumina HiSeq2000, with each forming 1/12th

of a lane. Libraries were constructed using 3 pug of RNA at a concentration of >100 ng/uL.

2.2. Mapping reads to the genome for expression analysis

Expression of gene models was determined using kallisto'®, which performs pseudoalighments
to determine the compatibility of transcripts. Transcripts used were filtered for low quality and
adaptors removed prior to quantification using the kallisto package
(https://pachterlab.github.io/kallisto/). Each tissue was examined separately, and abundances
calculated in transcripts per million (TPM). Expression was calculated for all three octopus in

this study using this method.

2.3. de novo transcriptome assembly using Trinity

H. maculosa transcriptome assembly and annotation is described in a previous

publication!®. De novo assembly of the H. maculosa transcriptome was conducted using
sequencing data from 11 tissues (brain, anterior salivary gland, digestive gland, renal, brachial
heart, male reproductive tract, eyeballs, gills, posterior salivary gland, dorsal mantle and ventral
mantle tissue) and Trinity (v10.11.201). Default parameters were used aside from kmer
coverage, which was set to three to account for the large data volume. Protein coding

sequences were identified using Trinotate® and domains assigned by Interpro®.
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3. ANNOTATION OF TRANSPOSABLE ELEMENTS AND PROTEIN CODING GENES

3.1. Annotation of protein coding genes

The first step in the annotation pipeline was identification of a training dataset suitable for
training the augustus algorithm?!. This data was derived using transcriptomic evidence via the
PASA pipeline??. Transcripts were cleaned and filtered prior to mapping against the genome
with both BLAT?? and GMAP?*, Validation of alignments required a percent identity of > 95%
along 90% of the transcript length (default settings). ORFs were identified and extracted from
the alignments using Transdecoder within the PASA package. ORF.gff extracted from PASA was
converted to genbank format and split into a training subset (3,391 sequences) and a test
subset (200 sequences). eTraining the augustus algorithm was performed using the training set
of sequences and the results tested for sensitivity and specificity. The results were compared
with gene prediction conducted using the gene sets for human and Drosophila. Optimization
was then conducted using the H. maculosa training set for 12 rounds, after which the sensitivity
and specificity were re-evaluated. Hint files were created for exons, introns and repeats to
assist in gene model prediction by augustus?l. Repeat hits were derived from the repeatmasker
output, exons. Exon hints were identified by aligning transcripts against the genome and
extracting alignments with a min identity of 92%, these results were filtered further using
pslCDnaFilter to extract the best alignments (-localNearBest=0.005). Intron hints were extracted
initially from TRINITY accepted_hits.bam output using bam2hints. Augustus was run using
these preliminary hints and an exon-exon junction database generated from the output. The

pipeline has been documented in the git:https://github.com/blwhitelaw/BRO annotation.
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Table 6. H. maculosa annotation statistics.

H. maculosa annotation

Primary transcripts (augustus) 22,530

Primary 6,798
Transcripts (transcriptome based)

Alternative transcripts 4,031

total 33,359

Primary transcript (augustus)

Average number of exons 6
Median exon length 116
Median intron length 3,671

Gene model support

transcriptome support 25,257
Pfam annotation 11,578
PANTHER annotation 13,219

149



3.2 Annotation completeness (BUSCO)

Completeness of the genome was estimated using BUSCO?°, which identified 87.7% complete

and 7.5% fragmented genes against the metazoan database of 978 groups (Table 7).

Table 7. H. maculosa assembly assessed for completeness against the

BUSCO Metazoan database.

Complete BUSCOs (C) 858 0.88%

Complete and single-copy 760 0.78%
BUSCOs (S)

Complete and duplicated 98 0.10%
BUSCOs (D)

Fragmented BUSCOs (F) 73 0.08%

Missing BUSCOs (M) 47 0.05%

Total BUSCO groups searched 978

3.3 Transposable element annotation and expansions

Repratmodeller?® was used to create a de novo library of repeats for each of the three genomes

(H. maculosa, O. bimaculoides and C. minor). Genomes were masked using the repeatmodeller

library via Repeatmasker?®.

Table 8. Summary for H. maculosa repeat annotation

Elements

Number of
elements

Length

percentage of
sequence
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SINEs 1968743 301771845bp 7.53%
ALUs 4 194bp 0.00%
MIRs 118334 18379936bp 0.46%

LINEs 1099904 339826118bp 8.48%
LINE1 37733 10860451bp 0.27%
LINE2 159621 18598760bp 0.46%
L3/CR1 89080 38967232bp 0.97%

LTR 162516 39307347bp 0.98%
ERVL 42 2749bp 0.00%
ERVL- 3 176bp 0.00%
MaLRs
ERV_classl 19710 1655988bp 0.04%
ERV_classll 3265 161438bp 0.00%

DNA 2901024 400984061bp 10.00%
hAT-Charlie 274907 40257595bp 1.00%
TcMar- 16417 4508191bp 0.11%
Tigger

Unclassified 1606419 314382396bp 7.84%
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Total interspersed 34.82% 1396271767bp 34.82%
repeats

Small RNA 343070 50368808bp 1.26%
Satellites 22693 5497063bp 0.14%
Simple repeats 2141863 107567262bp 2.68%
Low complexity 121842 8404129bp 0.21%

4. MULTI-GENE PHYLOGENY AND GENE FAMILY EXPANSION ANALYSES

4.1 Multi-gene cephalopod phylogeny and dating

The cephalopod phylogeny was constructed using the genomes (Aplysia californica?’, Lottia
gigantea, Crassostrea gigas, Octopus bimaculoides, Callistoctopus minor and Hapalochlaena
maculosa) and transcriptomes (Octopus kaurna, Octopus vulgaris, Sepia officinalis®® and
Idiosepius notoides) where genomes were not available. Of the transcriptomes used, Octopus
kaurna and Octopus vulgaris were sequenced and assembled in house using the same method
previously described (Supplementary 2.1 & 2.3). Proteome pairs were identified using BLASTp
in a mutual-best-hit approach with O. bimaculoides acting as the reference. We grouped
together proteins from separate proteomes belonging to the same gene to form a cluster.
Clusters were aligned individually with MUSCLE?® and gapless alignments were ascertained by
trimming using Gblocks 3° with default parameters. A total of 2,108 clusters were obtained.
Phylogenies were constructed using RAxML v8.0°! and divergence times estimated by
Phylobayes v4.1%2. RAXML v8.03! was run using the GTR+G+l model ascertained from JmodelTest

v2.1.10. using the cAlIC criterion for 100 bootstraps. Phylobayes estimated divergence times
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under a strict clock with a mixture model of F81 + G with a burn-in of 10%. Calibrations were
used as follows : divergence between H. maculosa and E. scolopes 275mya & divergence
between C. gigas and E. scolopes 500mya. Two runs were performed and convergence verified
using bpcomp, which confirmed a maximum difference of < 0.1 and tracecomp, which also
indicated convergence with an effective sample size (EES) of > 200 for all parameters. Both

programs used were from the Phylobayes package.
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Figure 3. QI-TREE Maximum-likelihood tree.

4.2 Genome-wide gene family expansions

In order to examine genome-wide gene family expansions Pfam3! annotations were used to
first categorize genes. Each gene was annotated using InterPro3? and annotations were filtered
to remove duplicates among each gene, which may contain several copies of a single domain. A
total of 5565 Pfams were identified among six molluscan genomes (Aplysia californica, Lottia

gigantea, Crassostrea gigas, Octopus bimaculoides, Callistoctopus minor and Hapalochlaena
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maculosa). Significant expansions were identified by conducting an iterative Fisher's exact test
in R33 on a counts table. Counts of Pfams were compared between a select group (octopods)
and the background (average of remaining molluscs). In addition, each of the three octopods
were tested against the background to identify species specific expansions. Expansions were
deemed significant if a minimum of half of the species showed a significant p-value (0.01) for

the Pfam.

5. ANALYSIS OF NEURAL ASSOCIATED GENE FAMILIES

5.1 zinc finger C2H2

The zinc-finger gene family was examined separately due to issues with de novo annotation
using a single method i.e augustus. Zinc fingers were previously dismissed as repetitive and

required additional annotation methods in the previous O. bimaculoides genome publication?.

Members of the family were extracted from gene models annotated with the following Pfams
(PF13894, PF09337, PF13912, PFO0096, PF12874). However, to capture zinc fingers missed in
the initial gene annotation in H. maculosa we examined the transcriptome for zinc finger
proteins and mapped them back to the genome to identify exons. This approach could not be
used in C. minor as all transcripts had a corresponding gene model. As an alternative,
exonerate was used to identify potentially missed zinc finger genes in the C. minor annotation.
zinc fingers identified in the previously published O. bimaculoides genome were aligned against

the C. minor genome and filtered to attain matches which were > 80% identity.
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5.2 Cadherin/Protocadherin

The cadherin family was found to be more complete than the zinc fingers and additional
annotation steps were not conducted as it was not necessary. Cadherin genes were identified
using the Pfams (PF08266, PF00028, PF08374). In order to identify members of the subfamily,
protocadherin domains genes were examined for the number of domains. Genes with between
4-7 domains were manually classified into the protocadherin family (Figure 4). A total of 77, 164
and 116 were identified for H. maculosa, C. minor and O. bimaculoides, respectively.
Alignments were made for the cadherin and protocadherin families using MAFFT** and

Fastree3* was used to generate a phylogeny.
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Figure 4. Phylogenetic tree of cadherins in H. maculosa (blue), O. bimaculoides (orange) and C.

minor (green).
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Figure 5. Phylogenetic tree of protocadherins in H. maculosa (blue), O. bimaculoides (orange)

and C. minor (green).

6. EVOLUTION OF THE VENOM/POSTERIOR SALIVARY GLAND (PSG) IN OCTOPODS

6.1 Extraction of tissue specific genes

Specificity of gene expression was examined for all genes in H. maculosa, C. minor and O.
bimaculoides. Expression of transcripts for each gene model within each tissue was calculated

using Kallisto'8. Expression was normalised prior to calculation of tau in R. A gene was deemed
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to be specifically expressed in a tissue if the tau value was > 0.8. This cutoff has been previously
used by 3>36 to classify a gene as specifically expressed or promiscuous. Overall trends shows
peaks at low tau/highly generalised expression and high tau/specifically expressed within one

tissue.

All tissues

species

H_mac

ount

O_bin

O_mn

tau_val

Figure 6. Distribution of tau values for genes in H. maculosa, C. minor and O. bimaculoides.

6.2 Examination of gene families and orthology

In order to identify orthologous groups between the three octopod genomes a combination of
proteinortho and Orthovenn23” was used. Tau values for each gene were calculated in R to
determine their level of fidelity to a tissue (>0.8 = tissue specific) and Pfams used to categorise
families. Specific tissues of interest shared between species (Brain and PSG) were then

examined for their gene composition and expression.
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6.3 Gene loss, shift

Patterns of gene expression, expansion and loss were examined between species. Using the
defined orthologous groups, criteria were created to classify genes as shared/orthologous,
specific to a species and loss of expression (expression must occur in one species and its
ortholog unexpressed in another). The PSG was of particular interest in order to examine the
impact of tetrodotoxin on PSG gene expression and composition. Genes with PSG specific
expression in both O. bimaculoides and C. minor (non-TTX bearing) which had orthologs not
specific to PSG in H. maculosa were examined. Additionally, the inverse of genes specific to the
H. maculosa PSG and non-specific to the PSG of both O. bimaculoides and C. minor were

compared.
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Figure 7. Orthologous genes specifically expressed in the PSG of O. bimaculoides and C. minor

which have no ortholog in H. maculosa.

6.4 Examination of selection and evolutionary rates in octopod serine proteases

Gene models (aa) from the three octopod genomes (H. maculosa, O. bimaculoides and
C. minor) were annotated with Interproscan and serine proteases with the Pfam PFO0089
extracted for examination. Gene models and their corresponding CDS sequences were
imported into Geneious v10.2.6 and selected for a single trypsin (PFO0089) domain greater than
200aa/600bp long. The region containing the trypsin domain was then extracted from the
nucleic acid sequences and MAFFT v7.407 was used to align sequences using Translation align
in Geneious v10.2.6, which interpreted the first codon as the start of the codon region and used

the first translation frame. The resulting alignment was tested for an appropriate substitution
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model in jModelTest v2.2.10 and a tree was generated with RAXML v8.0 using the GTR +G+I
model and 100 bootstraps. The resulting tree and alignment were examined using codeml via
EasyCodeml! v1.21 from the PAML package to examine non-synonymous to synonymous
substitution rates for evidence of positive selection. We first used a site-based model which
allows for w values to vary between sites along the protein. Comparison of the nested models
(M1a-M2a) and (M7-M8) did not reveal any sites under positive selection (p >0.05). In order to
access the potential for different rates of evolution within specific lineages we used a branch
site model which allows for w values to vary between sites and branches. For the foreground a
large clade of genes, majority of which were specifically expressed in the posterior salivary
gland (PSG) was selected and compared to all other non-PSG specific genes. No sites among the
foreground branches were significantly accelerated relative to the background. The last method
implemented is similar to the branch site model, however, the rate along sites is constant and
the rate between the background and foreground can differ. This also found no evidence of
positive selection between the background and foreground lineages. It should be noted that
serine proteases are a large and complex family and are due a more in-depth analysis in coleoid

cephalopods, which could form a complete stand-alone study.

7. EVOLUTION OF TETRODOTOXIN RESISTANCE IN H. MACULOSA

7.1 Extraction and identification of Nav channels and p-loop regions

Sodium channels (Nay) for the three octopus genomes along with all available in-house
cephalopod transcriptomes were extracted manually using a series of BLAST searches against

the nr database. Annotation was achieved using interproscan?® and identification and
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extraction of p-loop regions of the sodium channel alpha subunit were manually performed.
Where sodium channels were incomplete alignment against related complete channels were

used to extract the p-loop regions.

7.2 Identification of TTX resistance mutation

An assessment of current literature detailing the binding affinity of various mutations to the
Nay were used to assess TTX resistant mutations3®44. Two Nay genes were identified in H.
maculosa and found to contain mutations shared with the recently published Hapalochlaena
lunulata®, which have potential to inhibit TTX binding and provide resistance. Three
substitutions (M1406T, D1669H and H1670S) were identified in Na,1(Fig 8), the former of which
is consistent with TTX resistance in pufferfish and garter snakes. A Met-Thr substitution in a TTX
sensitive Nay1.4 rat channel was found to decreased binding affinity in pufferfish by 15-fold*®.
The latter two substitutions occur in the fourth p-loop at known TTX binding sites. Similar
mutations at the same site in the turbellarian flatworm Bdelloura candida (BcNay1)** are

predicted to inhibit TTX binding by preventing formation of a hydrogen bond32.

7.3 Patterns of resistance and expression in the Nav gene family

A total of two Nav genes were recovered for all three octopods (Nay1, Na,2), however Na,2 for
O. bimaculoides and C. minor were incomplete. Function of the Na,2 gene remains unknown in
cephalopods and is not believed to contribute to activation of the action potential®®. However,

expression data suggests it plays an important role in neural tissue with similar expression to
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Nay1 in the brain of all octopods species examined (Fig 10). Unlike the Nav1 gene Na,2 lacks the

Met-Thr mutation believed to provide TTX resistance (Fig 9).
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Figure 8. Alignment of Nav1 p-loop regions
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Figure 9. Alignment of Nav2 p-loop regions
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Figure 10. Expression of Navl and Nav2 channels across shared tissues of H. maculosa (Hmac),
O. bimaculoides (Obim) and C. minor (Cmin).
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8. MICROBIOME OF THE H. MACULOSA POSTERIOR SALIVARY GLAND

8.1 SAMSA

Bacterial composition in the PSG of H. maculosa was examined using a single ribo-depleted RNA
sample. The SAMSA? pipeline*® was used to identify and quantify bacterial species. Reads were
trimmed and filtered using trimmomatic*’ and sortMeRNA* was used to remove ribosomal
DNA. As the reads were paired end PEAR* was used to merge reads prior to annotation.
Annotation using DIAMOND in conjunction with the
RefSeq(ftp://ftp.ncbi.nim.nih.gov/refseq/release/complete/) and
Subsystems(ftp://ftp.theseed.org/subsystems/) databases. Annotation and analyses using
these databases was conducted in parallel. Analysis was limited by sample size however

diversity indices were calculated in R using the SAMSA?2 script “diversity_graphs_mod.R”.
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SUPPLEMENTARY MATERIALS FOR CHAPTER 3: “High density Genetic Linkage map of

the southern blue-ringed octopus (Hapalochlaena maculosa)”

Supplementary table 1. Recombination rates for shared loci intervals in female and male maps.

interval_name Rec LOD N family_sex
8777195_8793682 0 8.729 29 F131_M127_F
0.047 4.575 21 F133_M132_M
8777838_16715831 0.033 7.126 30 F138_M133_F
0.06 6.657 33 F144 M144 M
8778429 16717674 0 6.622 22 F145_M148 F
0.029 8.275 34 F144 M144 M
8782658 _16719272 0 2.709 9 F140_M149 F
0 7.525 25 F140_M155_F
0 5.418 18 F136_M145 M
8786079_8821975 0.1 4.795 30 F131_M127_F
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0 6.622 22 F145_M148_ M

8788246_8819402 0.047 4.575 21 F133_M132_F
0.333 0.811 33 F144_M144_M
8789815_8807862 0.031 7.7 32 F144_M144_F
0.043 5.137 23 F136_M134_M
8790307_16719120 0 8.428 28 F131_M127_F
0.03 7.987 33 F144_M144_M
8790488_8813350 0.5 0 18 F133_M132_F
0.033 7.126 30 F144_M144 M
8791588_8818502 0 9.03 30 F138_M133_F
0.047 4.575 21 F133_M132_M
8791778_16714510 0 7.525 25 F140_M155_F
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Supplementary table 2. Significant G-values for segregation distortion test performed using

LINKMFEX

Marker G_value N family sex p_value
8797869 4.614 27 F131_M127 F 0.03171198
8777491 4.438 19 F133_M132 F 0.035147399
8779158 3.984 21 F133_M132 F 0.045934359
8780341 5.883 18 F133_M132 F 0.015287752
8782521 3.984 21 F133_M132 F 0.045934359
8782571 4.716 22 F133_M132 F 0.02988318
8788301 5.883 18 F133_M132 F 0.015287752
8813160 4.438 19 F133_M132 F 0.035147399
8814776 3.984 21 F133_M132 F 0.045934359
8819339 5.883 18 F133_M132 F 0.015287752
16716266 5.883 18 F133_M132 F 0.015287752
8802252 6.526 27 F138_M133 F 0.010630876
8819069 4.614 27 F138_M133 F 0.03171198
8781769 3.962 7 F140_M149 F 0.046538379
16716535 3.984 21 F140_M155 F 0.045934359
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8790887 3.962 7 F140_M149 0.046538379

8801915 3.962 7 F140_M149 0.046538379

8779743 3.984 21 F145_M148 0.045934359

8798154 4.716 22 F145_M148 0.02988318

8801588 4.716 22 F145_M148 0.02988318

8819731 5.232 20 F145_M148 0.02217502

16715113 4,716 22 F145_M148 0.02988318

16716336 4,716 22 F145_M148 0.02988318

16716880 3.984 21 F145_M148 0.045934359
Supplementary table 3. HOX gene summary

Scaffold Gene id Hox Gene Location Scaffold/LG length

ScBNHFi_16706 g2744.t1 HOX1 Scaffold 360kb

ScBNHFi_31566 £9405.t1 LOX5 Scaffold 3.16Mb

ScBNHFi_22735 g5544.t1 ANTP/LOX2 Scaffold 8.53Mb

ScBNHFi_13142 g1245.t1 LOX4 LG_9 64Mb

ScBNHFi_16629 g2698.t1 POST1 LG_9 64Mb

ScBNHFi_31566 g9400.t1 SCR LG_9 64Mb
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Supplementary table 4. The top 30 Pfam domains for genes mapped within the 47 pseudo-
chromosomes generated using chromonomer.

Description Pfam ID Number of genes
Cadherin domain PF00028 51
WD domain, G-beta repeat PFO0400 42
Protein kinase domain PFO0069 37
Ankyrin repeats (3 copies) PF12796 32
von Willebrand factor type A domain PF00092 32
Zinc finger, C2H2 type PF00096 32
Cadherin-like PF08266 31
RNA recognition motif. (a.k.a. RRM, RBD, or RNP domain) PFO0076 27
7 transmembrane receptor (rhodopsin family) PFO0001 24
Neurotransmitter-gated ion-channel ligand binding domain PF02931 22
Helicase conserved C-terminal domain PF00271 20
Neurotransmitter-gated ion-channel transmembrane region PF02932 18
Ras family PFO0071 17
Major Facilitator Superfamily PF07690 16
SAM domain (Sterile alpha motif) PFO0536 16
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Supplementary table 5. Genome coverage estimation of sex average, female and male linkage

maps.
Method Map Ge result Average between methods Gel+Ge2/2 % coverage
Gel = LG length * (marker number + 1/

marker number - 1) Sex average 2091.75 2091.75 96.41
Ge2 = LG length +(2*ave_interval) Sex average 2091.75

Gel = LG length * (marker number + 1/

marker number - 1) Male 1914.07 1914.06 97.22
Ge2 = LG length +(2*ave_interval) Male 1914.06

Gel = LG length * (marker number + 1/

marker number - 1) Female 1949.44 1949.44 93.98
Ge2 = LG length +(2*ave_interval) Female 1949.44
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SUPPLEMENTARY MATERIALS FOR CHAPTER 4: “SNP data reveals the complex and diverse evolutionary history of the blue-ringed
octopus genus (Octopodidae: Hapalochlaena) in the Asia-Pacific”

Supplementary table 1. Details for specimens used in SNP analyses. Registration numbers of samples are from museum collections.
Outlier test grouping indicate how samples were grouped to perform outlier analyses.

OTU_code Sample number Registration number Collection location Collection date Location Outlier test groupings
NMV F236978
A 3043 (SBD535496) NE of Yeppoon, QLD 24-Nov-05 QLb GLYE_Liz_Is_Townsville
NMV F236978
A 3092 (SBD535496) NE of Yeppoon, QLD 24-Nov-05 QLb GLYE_Liz_Is_Townsville
North West, WA (Deep) SS0507;
A 3023 NMV F230251 Stn 017-006, WA 11-Jun-07 WA North West, WA (Deep)

C 3006 WAM S 43835 Ningaloo, WA 15-Aug-08 WA Ningaloo

E 3066 NMV F230256 Taiwan 8-Aug-13 Taiwan Taiwan
E 3065 NMV F230257 Taiwan 8-Aug-13 Taiwan Taiwan
E 3064 C.C. Lu Taiwan 5-Apr-11 Taiwan Taiwan

G DAR95 NTM DAR95 Darwin NT Darwin_Kimberly
G 3005 WAM S 58813 Long Reef, Kimberly, WA 21-Dec-10 WA Darwin_Kimberly
G 3003 NMV F101643 Darwin, NT 29-Apr-95 NT Darwin_Kimberly
G 3088 Darwin tissue Darwin, NT NT Darwin_Kimberly
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3009
$92350

3082
3001
483774.001
483770.001
483771.001
3080
483769.001
483773.001
483772.001

WAM S 58662
592350

NMV F230252
483774.001
483770.001
483771.001
NMV F239775
483769.001
483773.001
483772.001

Kimberly, WA
ExmouthGulf;PebbleBeach

CapeThreePoints
Redcliffe, QLD
Sydney:Manly
Sydney,NorthHarbour
Sydney,NorthHarbour
Scarborough Spit, QLD
Sydney:Manly
Manly,DelwoodBeach
Sydney,BotanyBay

23-Oct-09

29-Jul-96

WA
WA

NSW
QLb

NSW
NSW
NSW
QLb

NSW
NSW
NSW

Darwin_Kimberly

Exmouth

NSW_Brisbane_Redcliffe

NSW_Brisbane_Redcliffe
NSW_Brisbane_Redcliffe
NSW_Brisbane_Redcliffe
NSW_Brisbane_Redcliffe
NSW_Brisbane_Redcliffe
NSW_Brisbane_Redcliffe
NSW_Brisbane_Redcliffe
NSW_Brisbane_Redcliffe
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Supplementary table 2. Samples shared between SNP and mitochondrial data sets. Sequences
obtained for a mitochondrial genes are indicated with *. Hapalochlaena NCBI sequence names
are structured as follows: accession_species recorded (HLU/H. lunulata, HFA/H. fasciata and

HMA/H. maculosa) loaction_author_year.

Samples with corresponding SNP data 12S 16S COl colll Cytb OoTU
3023_North West, WA (Deep) WA * * A
3012_WA_136mshelf * * * * * B
3006_Ningaloo * * * * * C
3007_Ningaloo_egg * * * * * C
Vietnam_JF057 * D
3003_Darwin * * * G
3005_Kimberly * * * * G
3008_Kimberly * * * G
3009_Kimberly * * * * G
Dampier_Region * G
3019_Yeppoon * H
3020_Mackay * * * H
3011_Shark_bay * J
3018 Cape_York * * * * J
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3022_Edi_SA * * * * * K
3024_Edi_SA * * K
3025_Edi_SA * * K
3078_VIC * * * * * K
3079_VIC * * * * K
Albany_CT128 * K
Albany_CT138 * K
Albany _CT137 * K
Albany_CT139 * K
Rockingham_CT115 * K
Woodmans_CT120 * K
Additional NCBI seq 12s 16S col colil Cytb COI NCBI
accession
AJ628175.1_HSP1_Darwain_Guzik2005 * * * * AJ628175
GQ900736.1_HLU_Cebu_Phillip_Huffard2010 * * GQ900736
JX268600.1_HLU_Pos_Taiwan_Hwang2012 * * 1X268600
MT214021_HLU_China_Xu_2020 * MT214021
MT214005_HLU_China_Xu_2020 * MT214005
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MT214012_HLU_China_Xu_2020 MT214012
MT214055_HLU_China_Xu_2020 MT214055
MT214056_HLU_China_Xu_2020 MT214056
LC553363_HFA_Indonesia_Afiati_2020 LC553363
LC553364_HFA Indonesia_Afiati_2020 LC553364
LC553365_HFA_Indonesia_Afiati_2020 LC553365
MW514190_HFA_Bandladesh_Ahmed_at_al_2021 MW514190
AB430530.1_HLU_RK1_Okinawa_Kaneko2011 AB430530
HQ846163.1_HMA_Lingao_China_Dai2012 HQ846163
MT214022_HMA_China_Xu_2020 MT214022
AB430529.1_HFA_Taiwan_Kaneko2011 AB430529
MF440346.1_HFA_Jeju_Korea_Kim2018 MF440346
MN263864.1_HFA_Koh_2019 MN263864
NC_051545_HFA_Korea_Kim_et_al_2020 NC51545
JN790685.1_HFA_Taiwan_Wu2014 JN790685
MT213998 HMA_China_Xu_2020 MT213998
AJ628176.1_HMA_VIC_Guzik2005 AJ628176
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AF000043.1_HMA_len_VIC_Carlini1999 * AF000043
GQ900735.1_HFA_NSW_Huffard2010 * * GQ900735
AJ628210.1_HFA_MoretonBay_Guzik2005 * * * * * AJ628210

Amphioctopus_aegina_KX108697 * * * * * KX108697
Amphioctopus_marginatus_KY646153 * * * * * KY646153
Ampbhioctopus_fangsiao_AB240156 * * * * * AB240156
Octopus_bimaculoides_KU295559 * * * * * KU295559
Octopus_vulgaris_AB052253 * * * * * AB052253
Callistoctopus_luteus_NC_039848 * * * * * NC39848

Argonauta_nodosa_MK034303 * * * * * MK034303
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Supplementary table 3. Pairwise Fst analysis for outlier and neutral SNPs across grouped locations. Red indicates Fst values > 0.4,
yellow indicates non-significant values (p>0.05)

OUTLIERS

NSW_Brisbane_Redcliffe SharkBay DampierA Ningaloo GLYE Liz_Is Townsville DEEP GLYE Liz_Is Townsville Albany Cape York TS VIC Woodmans Taiwan Mackay Darwin Kimberly SA CMAR Timor_Leste WA 136m Taiwan_Vietnam Rockmans Exmouth

NSW_Brisbane_Redcliffe
SharkBay_DampierA
Ningaloo
GLYE_Liz_Is_Townsville_DEEP
GLYE_Liz_Is_Townsville
Albany

Cape_York_TS

vic

Woodmans

Taiwan

Mackay
Darwin_Kimberly

SA

CMAR

Timor_Leste

WA_136m
Taiwan_Vietnam
Rockmans

Exmouth

NEUTRAL
NSW_Brisbane_Redcliffe SharkBay_DampierA Ningaloo GLYE_Liz_Is Townsville DEEP GLYE Liz_Is_Townsville Albany Cape York TS Woodmans Taiwan Mackay Darwin_Kimberly CMAR Timor_Leste WA_136m Taiwan_Vietnam Rockmans Exmouth

NSW_Brisbane_Redcliffe

SharkBay_DampierA

Ningaloo

GLYE_Liz_Is_Townsville_DEEP

GLYE_Liz_Is_Townsville

Albany

Cape_York_TS

vic

Woodmans

Taiwan

Mackay

Darwin_Kimberly

SA

CMAR

Timor_Leste

WA_136m

Taiwan_Vietnam ;i X . K 3 1 k : B ; 3 0.85 0.90

Rockmans § 5 . K 7 X X 3 i X .89 0.39
Exmouth ; . X . X . . . X . .12 0.90
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Supplementary figure 1. Delineation of Hapalochlanea species boundaries and genetic structure throughout the Indo Pacific using
10,346 SNPs a) Arrangement of samples according to the first two principal components of a PCoA based on SNP data generated
using the R dartR b) Complementary DAPC plot. Samples are coloured to represent putative taxonomic units A-K : light blue (A), dark

blue (B), light green (C), light green (D), pink (E), red (F), light orange (G), dark orange (H), lilac (), purple (J) and brown (K).
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Supplementary figure 2. Bayesian phylogeny using four concatenated mitochondrial genes (12S,
16S, COl and COIll) of Hapalochlaena throughout the Asia Pacific generated using BEAST2. Blue
node bars display standard error of divergence time estimations.

188



031

0.27

0.7

3005 _Kimberly
3008 _Kimberly
3009 _Kimberly
Dampler Region

GQ900736.1_HLU_Cebu_Phillip_Huffard2010
9 268600 1_HLU_Pos_Taiwan_Hwang2012
MT214021 _HLU_China_Xu_2020

3012_WA_1 f
AB191279
AB430530.1_HLU_RK1_Okinawa_Kaneko2011

0.53

3006_

,UT214005_HLU_China Xu_2020
O§#7214012_HLU_China_Xu_2020
MT214055_HLU_China_Xu_2020

°0?4355214oss HLU_China_Xu_2020
Vietnam_JFO57

0.97

0.6

091

0.9

3023_CMAR_WA
3018_Cape_York

0.93

3078_VIC

3079_VIC
AF000043.1_HMA_len_VIC_Carlini1999
GQ900735 1_HFA_NSW_Huffard2010
NSW /_NQO37E

3022_Edi_SA

0.79

3025_Edi_SA

Alb. 12

g lsany Cr128

Nbany CT138

ﬂbany CT139

Alt;any CT137

RN d _CT120
t{E Rockingham_CT115

3020_Mackay
,HQ846163.1_HMA _Lingao_China_Dai2012

0.3

L "MT214022_HMA_China_xu_2020
LC553363_HFA_Indonesia_Afiati_2020
-4 C553364_HFA_Indonesia_Afiati_2020
1L 1C553365_HFA_Indonesia_Afiati_2020
MWS514190_HFA_Bandladesh_Ahmed_at_al_2021

AB430529.1_HFA_Taiwan_Kaneko2011

0.99

oN;Fl440345A 1_HFA_Jeju_Korea_Kim2018
_E MN263864.1_HFA_Koh_2019
NC_051545_HFA_Korea_Kim_et_al_2020

JN790685.1_HFA_Taiwan_Wu2014
MT213998_HMA_China_Xu_2020

Amphioctopus_aegina_KX108697

Amphioctopus_marginatus_KY646153

Amphioctopus_fangsiao_AB240156

Octopus_bimaculoides_KU295559

Octopus_vulgaris_AB052253

Callistoctopus_luteus_NC_039848

g _nodosa_MK034303

Supplementary figure 3. Bayesian COl tree of Hapalochlaena throughout the Asia Pacific
generated using BEAST2. Nodes display posterior probabilities
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Supplementary table 4. Diversity indices for the mitochondrial COl gene in four Hapalochlaena
organisational taxonomic units (OTU).

Nucleotide
OoTU diversity Haplotype diversity
G 0.4 0.4
H 0 0
| 0 0
J 5 1
K 1.62 0.79
Variations within samples Variations between samples
- - e
- S -
9 = —
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Supplementary figure 4. AMOVA of populations and predicted species using 10,346 SNPs
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Supplementary table 4. Table of AMOVA of populations and predicted species using 10,346

SNPs.
Results Df Sum Sq Mean Sq
Between Species 14 110411.818 7886.5584
Between pop Within Species 14 3513.348 250.9535
Between samples Within pop 33 7318.048 221.759
Within samples 62 9949.851 160.4815
Total 123 131193.066 1066.6103
Components of Covariance Sigma %
Variations Between Species 957.824858 82.72
Variations Between pop Within Species 9.015923 0.78
Variations Between samples Within pop 30.64 2.65
Variations Within samples 160.481472 13.86
Total variations 1157.96 100.00
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