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ARTICLE INFO ABSTRACT

Keywords: The blue-ringed octopus species complex (Hapalochlaena spp.), known to occur from Southern Australia to Japan,
Ceph‘alopoc?a . currently contains four formally described species (Hapalochlaena maculosa, Hapalochlaena fasciata, Hapalo-
Species delineation chlaena lunulata and Hapalochlaena nierstraszi). These species are distinguished based on morphological char-
Phylogenetics - . . . . . .

. . . acters (iridescent blue rings and/or lines) along with reproductive strategies. However, the observation of greater
Single nucleotide polymorphism . . . . . s ..
Systematics morphological diversity than previously captured by the current taxonomic framework indicates that a revision

is required. To examine species boundaries within the genus we used mitochondrial (12S rRNA, 16S rRNA,
cytochrome c oxidase subunit 1 [COI], cytochrome ¢ oxidase subunit 3 [COIII] and cytochrome b [Cytb]) and
genome-wide SNP data (DaRT seq) from specimens collected across its geographic range including variations in
depth from 3 m to >100 m. This investigation indicates substantially greater species diversity present within the
genus Hapalochlaena than is currently described. We identified 10,346 SNPs across all locations, which when
analysed support a minimum of 11 distinct clades. Bayesian phylogenetic analysis of the mitochondrial COI gene
on a more limited sample set dates the diversification of the genus to ~30 mya and corroborates eight of the
lineages indicated by the SNP analyses. Furthermore, we demonstrate that the diagnostic lined patterning of
H. fasciata found in North Pacific waters and NSW, Australia is polyphyletic and therefore likely the result of
convergent evolution. Several “deep water” (>100 m) lineages were also identified in this study with genetic
convergence likely to be driven by external selective pressures. Examination of morphological traits, currently
being undertaken in a parallel morphological study, is required to describe additional species within the
complex.

would-be predators in an aposematic manner (Norman, 2000). All
members of the genus thus far studied contain the potent neurotoxin

1. Introduction

The blue-ringed octopus genus Hapalochlaena was introduced by
Robson (1929) and currently comprises four species that are universally
accepted and have been adequately described Hapalochlaena maculosa
(Hoyle, 1883), Hapalochlaena lunulata (Quoy and Gaimard, 1832),
Hapalochlaena fasciata (Hoyle, 1886) and Hapalochlaena nierstraszi
(Adam 1938; Norman et al., 2016). The genus Hapalochlaena is
dispersed throughout the Asia Pacific from Temperate Australasia
(TAUS) to the Temperate North Pacific (TNP) (Fig. 1) and is identified by
distinct iridescent blue rings and/or lines, which advertise toxicity to
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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).

The genus Hapalochlaena was introduced by Robson in 1929. Hapa-
lochlaena 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 its synonym Octopus pictus
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var. fasciata Hoyle, 1886 (now known as H. fasciata) from Port Jackson,
New South Wales (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 behav-
ioural and life history traits. Hapalochlaena lunulata is the only described
member of the genus to exhibit a merobenthic lifestyle producing rela-
tively small eggs (3.5 mm in diameter) with paralarvae able to disperse
using water currents (Overath and von Boletzky, 1974). Of the four
species it has the largest described range (Central Indo-Pacific). 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), which hatch into crawl-away benthic hatchlings
(Tranter and Augustine, 1973).

Norman (2000) highlighted the potential existence of five additional
putative Hapalochlaena species based on morphological and life history
traits. One of the proposed new species, Hapalochlaena sp. 1, had pre-
viously been confused with H. lunulata based on general appearance
(Norman and Reid, 2000), however in contrast to H. lunulata, this spe-
cies 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 NSW, Australia and Japan may
represent sister taxa and was therefore noted as requiring further eval-
uation (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).

Clarifying the systematics of this genus has been subject to many of
the same challenges as other cephalopods, particularly octopods. Upon
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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 lo-
cations 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 examination 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). Phyloge-
netic analysis of partial sequences of two mitochondrial (cytochrome ¢
oxidase subunit 3 [COIII] and cytochrome b [Cytb]) and one nuclear
gene (eukaryotic translation elongation factor 1 alpha 1 [EF-1a]) 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). Whitelaw et al.
(2020) presented the genome of H. maculosa and estimated that the
divergence of this species from Octopus bimaculoides occurred around 59
mya. Additional studies analysing partial COI and COIII gene sequences
from 36 coleoid cephalopods, including representatives from the
Hapalochlaena genus identified as H. maculosa, H. fasciata and
H. lunulata in Japan and adjacent waters supported the monophyletic
status of the genus (Kaneko et al., 2011).

A large-scale population genetic 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., 2018). While genetic
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Fig. 1. Published distributions of Hapalochlaena species. Distributions of Hapalochlaena spp. in the Indo Pacific. (a) 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). (b)
Cephalopods, a World Guide (Norman, 2000). Additional reported localities, Northern Australia East to Cape York (Hapalochlaena sp. 1 [green]), Southern Japan
(Hapalochlaena sp. 2 [purple]), Subtropical Western Australia (Hapalochlaena sp. 3 [blue]), Sulawesi Indonesia (Hapalochlaena sp. 4 [pink]) and the Great Barrier Reef
Australia (Hapalochlaena sp. 5 [brown]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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distances between populations were insufficient to warrant species sta-
tus, 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. However, no systematic revisions were suggested or as yet
implemented as alleles were observed to be shared throughout the
species range through occasional migrations among adjacent
populations.

Two fatalities from Hapalochlaena bites have been reported 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 (Jacups and Currie, 2008;
Lane and Sutherland, 1967; White, 2018). 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 sig-
nificant 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 di-
versity across their range from southern Australia to Japan is not re-
flected 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. H. maculosa is particularly prone to this as some
specimens in the central and north Pacific have been observed to show a
greater level of similarity to H. maculosa from southern Australia as
opposed to H. lunulata. This has led to specimens from these regions
being listed in public databases as H. maculosa including a specimen
from Wuchi market Taiwan (Kaneko et al., 2011) and China (Dai et al.,
2012).

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 structure, diversification,
and putative species boundaries of the Hapalochlaena genus. This work
elucidates the radiation and evolution of the genus is elucidated with the
aim to provide a genetic context for ongoing and future species delin-
eation and descriptions.

2. Methods
2.1. Sample collection

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 sampled
tissue from representative morphotypes across the range. All individuals
used within this study were determined as belonging to the genus
Hapalochlaena due to the presence of blue rings or lines on the skin,
which are indicative of the genus. Morphological characteristics were
used to identify individual belonging to the currently described species
H. maculosa, H. fasciata and H. lunulata following their species de-
scriptions in Norman et al., (2016). Blue-ringed octopuses were
collected by SCUBA diving and intertidal reef-walking during the day
and night throughout Australia and Taiwan (MV AEC 12001/1). During
collection gloves were worn and no direct contact was made with any
blue-ringed octopus, mitigating risk of envenomation. All specimens
were collected intertidally using hand nets or subtidally using containers
with mesh nets. 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 Ter-
ritory (MAGNT, n = 2), Queensland Museum (QM, n = 11) and
Australian Museum (AM, n = 7). Additional samples collected by Peter
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Morse from Albany WA were also included (Morse et al., 2018). Storage
methods of samples differed across museums and included preservation
in 90% ethanol and frozen and maintained at —80 °C. (Supplementary
table 1).

2.2. Mitochondrial DNA extraction and amplification

DNA was extracted from muscle tissue for all samples (n = 62) using
the “High salt method” (Donnan Laboratories 2001). PCR amplification
was used to target the following partial mitochondrial genes based on
published primers; 12S ribosomal RNA (12S) (Simon et al., 1991), 16S
ribosomal RNA (16S) (Simon et al., 1991), cytochrome c oxidase subunit
1 (COI) (Folmer et al., 1994), cytochrome c oxidase subunit 3 (COIII)
(Guzik et al., 2005) and cytochrome b (Cytb) (Guzik et al., 2005). Re-
actions were composed of 0.5 uL forward primer (10 pM), 0.5 pL reverse
primer (10 uM), 0.1 pL Taq (Onetaq, New England Biolabs), 2.5 pL 10 x
buffer (Paq5000™), 2 yL. ANTP mix (10 uM, Bioline), 17.4 pyL ddH20 and
2 uL. DNA (diluted to between 1 and 5 ng/uL), totaling to 25 uL. Detailed
reaction conditions can be found in Allcock et al. 2008 (Allcock et al.,
2008). PCR products were sequenced by Macrogen Inc, Seoul, Korea.
Sequences are available on Genbank under the accession XXXXX.

2.3. DNA extraction and genotyping by sequencing

Complete genomic DNA was extracted from all 62 samples using the
“QIAamp 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 prepara-
tion, genotype by sequencing (GBS), data generation and QC).

2.4. 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 fre-
quency (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 pa-
rameters were selected for maximum data retention while minimising
errors and missingness due to the age and storage history of museum
samples.

2.5. Genetic structure/divergence of SNP data

Genetic clusters were visualised using Principal Coordinates Analysis
(PCoA) with the R package dartR (Gruber et al., 2018), and 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 and 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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2.6. Signatures of selection

Loci under putative selection were identified using three methods
(PCAdapt v4.3.3 (Luu et al., 2017), OutFLANK v0.2 (Whitlock and
Lotterhos, 2015), and Bayescan v2.1 (Foll and Gaggiotti, 2008) to
reduce methodological bias. The R package, PCAdapt, (Privé et al.,
2020) 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. 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 to
determine which method and data set was able to identify SNPs under
selection.

2.7. Putative species boundary estimation using mitochondrial genes

Genetic structuring of locations was examined using five mitochon-
drial genes (12S, n = 17; 16S, n = 16; COL, n = 36; COIIL, n = 18 and
Cytb, n = 13) (Supplementary Fig. 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 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
Markov chain Monte Carlo (MCMC) iterations were run with the first
10% discarded as burn-in and thinned to retain 1 in 100. sGYMC (Pons
et al., 2006) was run using the splits v1.0-20 package in R with a
Bayesian inference tree generated by BEAST2 using a strict clock model
from the same alignment used in Geneious v10.2.6 to generate the input
RAXML trees used in previous analyses, with the exception of the model
specifications were identical to bPTP.

2.8. Divergence time estimation

Divergence times were estimated using a concatenated alignment of
four mitochondrial genes (12S, 16S, COI and COIII) (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 exponential for 50
million generations, burnin of 10% and sampled every 1000 iterations.
Additional taxa were included as outgroups (Argonauta nodosus [NCBI:
MKO034303], Vampyroteuthis infernalis [NCBL: NC_009689], Tremoctopus
violaceus [NCBI: KY649286], Opisthoteuthis massyae [NCBI: ON3678071],
Muusoctopus longibrachus longibrachus [NCBI: HM572169] and Muu-
soctopus longibrachus akambei [NCBI: HM572177]. Estimations of
divergence times were generated using three fossil and one
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biogeographical calibrations as follows:

1. Cirrata x Incirrata: An exponential prior for the MCRA of the sub-
orders Cirrata (represented by Opisthoteuthis massyae [NCBI:
ON367807]) and Incirrata (represented by the fossil Styletoctopus
annae 95 mya-180 mya)(Fuchs et al., 2009). Prior was set with a
minimum age of 95 mya lower with an upper bound of 180 mya.

2. Vampyroteuthis x Octopoda: An exponential prior for the divergence
of Vampyroteuthis infernalis [NCBI: NC_009689] and Octopoda. The
lower bound was based on the fossil Vampyroteuthis rhodanica dated
to aminimum of 162 mya(Fischer and Riou, 2002). Upper bound was
based on previous publications (Kroger et al., 2011; Strugnell et al.,
2006), which place the divergence of Vampyroteuthis prior to the
Permian (250 mya).

3. Argonauta nodosus x Tremoctopus violaceus: An exponential prior for
the divergence of Argonauta nodosus x Tremoctopus violaceus was
based on the fossil Obinautilus pulcher. Dated to 29 mya this specimen
represents the earliest record of the Argonautidae. The upper bound
was set based on ammonite fossils which have not been found to be
olde than 64 mya(Kobayashi, 1954). This is an appropriate boundary
as no Argonauta fossils have been found which predate ammonite
records(Strugnell et al., 2008).

4. Muusoctopus longibrachus longibrachus x Muusoctopus longibrachus
akambei: A normal prior was set for divergence of the two Muu-
soctopus subspecies based on a biogeographic boundry created dur-
ing the Last Glacial Maximum (LGM)(Gleadall, 2013). This places the
physical separation of the lineages at 25 + 5kya.

To include a larger number of samples collected from a greater range
of locations the analysis was also conducted using a Hapalochlaena
dataset composed of only the COI gene (n = 30), for which more data
was available. Sequences were also included from the NCBI database
resulting in 25 additional sequences (Supplementary table 3).

The coalescent based approach, SVDQuartets (Chifman and Kubatko,
2014) was used to generate species trees based on 10,346 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 (Swof-
ford, 2002) using the following parameters: 100,000 tips assigned to
species, randomly sampled quartets, 10,000 bootstraps, multispecies
coalescent tree model.

3. Results
3.1. Species boundaries OTU identification

After removal of 1644 SNPs identified as outliers by PCAdapt the
remaining 8,702 neutral loci were used to examine population structure.
Analysis of SNP data identified supported the existence of 11 genetically
distinct clusters. Delimitation analysis of mitochondrial data supported
8 of the 11 clusters. It should be noted that the mitochondrial data set
did not contain representatives for three clusters (OTUs C, D and F)
identified in the SNP dataset. For the purpose of this study we refer to
these as operational taxonomic units (OTU) and have labelled them
alphabetically from A-K (Fig. 2).

3.1.1. Temperate Australasia (TAUS): OTU A (H. maculosa)
Individuals found across southern Australia from VIC to southern
Western Australia formed a single OTU (A). Fst values within this OTU
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 pop-
ulations across southern Australia, likewise STRUCTURE analyses could
not distinguish between populations (Fig. 2). High bootstrap support for
the clade (100%) was observed in the SVDQuartets phylogeny.
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North West Shelf, WA) and light green (K/Ningaloo, WA). 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. Boxes represent putative species in accordance to sPTP, GYMC SC (strict clock) and GYMC
RC (relaxed clock) methods. Boxes with diagonal lines represent specimens with lined markings as opposed to rings present in all other specimens. (c) Arrangement of
samples according to the first two principal components of a PCoA based on SNP data generated using the dartR package. (d) Map of sample locations coloured by
organisational taxonomic units A-K. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Delimitation analysis (ABGD, sPTP and GYMC) for the partial mito-
chondrial gene COI classified populations across southern Australia
(currently classified as H. maculosa) as a single unit (OTU A) across all
methods with the exception of a relaxed clock GYMC, which identified
three distinct genetic groups (VIC, SA and WA). Short branch lengths
separating Western and Eastern localities within this OTU and the
relationship between Fst and distance suggest that distinctions identified
by GYMC may reflect a continuous genetic gradient (isolation by dis-
tance) rather than species boundaries.

3.1.2. Lined Blue-ringed octopus: OTU B (H. fasciata), C & D

Hapalochlaena with lined markings from NSW (B) and Taiwan (C)
were found to form separate and distinct OTU units. The NSW OTU (B)
show the least similarity to other populations with Fst values > 0.78,
while individuals with lined markings collected from Taiwan (C) dis-
played the greatest similarity to Mackay, QLD (0.68). Ringed individuals
also sourced from Taiwan (D) did not display high similarity to OTU C
(0.88) (Supplementary table 3). Taiwan OTUs C and D are loosely
clustered with OTUs [, J, and K in PCoA and DAPC analyses while NSW
OTU B formed a tight distinct cluster. STRUCTURE analysis showed little
to no admixture in OTU B, similarly OTUs C and D also showed little
admixture with each being prescribed its own unit. The SVDQuartet
phylogeny displayed high bootstrap support for all OTUs (>90%)
(Fig. 2a). Delineation using mitochondrial genes (12S, 16S and COI)
supported the OTU status of NSW (B) across methods: ABGD, sPTP and
GYMC (strict and relaxed clocks). Comparison of COI between the NSW
OTU (B) and NCBI sequences obtained from Japan and Korea identified
as H. fasciata based on morphological characteristics does not support a
sister taxa status (Fig. 2b) suggesting the current description of
H. fasciata for both northern and southern hemisphere populations may
require re-evaluation.

3.1.3. Northwestern Australia and Timor Leste: OTU E & F

Individuals collected from Darwin, NT, Kimberly, WA and Exmouth,
WA formed a single OTU (E) spanning across northern Australia. Sam-
ples from these locations formed a single defined cluster in both PCoA
and DAPC analyses congruent with lower Fst values between pop-
ulations (<0.12) (Fig. 2¢, Supplementary table 3). STRUCTURE analysis
indicates OTU E forms a distinct group with traces of admixture to
nearby locations (Fig. 2a). 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 E and the J, K, C
and D cluster. Furthermore, high bootstrap support for the clade/OTU
was observed in the SVDQuartet phylogeny (100%). Mitochondrial se-
quences across all four genes (12S, 16S, COI and COIII) were examined
using delimitation methods ABGD, single rate-PTP and GYMC which all
supported the Darwin and Kimberley OTU (E), however the inclusion of
a sample from the Dampier archipelago to this group contradicts the SNP
analyses. Since SNP and mitochondrial data collected from Dampier
Archipelago WA were obtained from different individuals collected at
the same location this apparent contradiction could be indictive of
sympatry of OTUs H and E.

3.1.4. Great Barrier Reef: OTU G

Individual samples from along the Great Barrier Reef (GBR), QLD;
Gladstone, Yeppoon, Townsville, Lizard Island and Mackay comprised a
single OTU (G) with the exception of “deep water” Yeppoon samples
(OTU 1) (Fig. 2). Relatively low Fst values were observed between
populations along the GBR (<0.12) with clustering observed in both
PCoA and DAPC analyses (Fig. 2c, Supplementary table 3). Overall
admixture across the GBR OTU (G) is low with no clear distinction be-
tween populations observed, however one individual collected from
Mackay does show admixture with OTU A (Southern Australia/
H. maculosa) (G*) (Fig. 2a). Additionally, placement of this sample
within the SVDQuartets phylogeny suggests a distinction from other
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GBR samples and will warrant further investigation. COI could be suc-
cessfully sequenced from two individuals collected from the GBR OTU
had their COI genes successfully sequenced. Examination of COI genes
using the delimitation methods ABGD, sPTP and GYMC unanimously
supported the assignment of Yeppoon and Mackay individuals within
the same OTU (G).

3.1.5. North QLD and Western Australia: OTU H

Geographically distant populations (>2000 km) from QLD (Torres
Strait and Cape York) and central WA (Shark Bay and Dampier Archi-
pelago) were found to form an OTU (H). 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 rela-
tively low (0.15) congruent with the clustering of these populations
observed in PCoA and DPAC analyses (Fig. 2¢, Supplementary table 3).
Admixture was low within the OTU, the only exception being an indi-
vidual from Shark Bay, which displayed some admixture with OTU A
(southern Australia/H. maculosa). SVDQuartets phylogeny exhibited
strong support for a single clade comprising OTU J (100% bootstraps)
(Fig. 2a). Partial mitochondrial genes were sequenced for the Cape York
(128, COI, COIII and cytb) and Shark Bay (COI, COIII) samples. Delim-
itation analyses (ABGD, sPTP and GYMC) for COI were congruent with
placement of both samples within the same OTU. However, the COIII
gene showed greater genetic differences between individuals and each
sample was placed in its own unit (Fig. 2b).

3.1.6. “Deep water”: OTU I

“Deep water” specimens (>100 m) collected from Yeppoon, QLD and
North West (Deep) WA, formed a single OTU (I) despite their large
geographic separation (i.e. over ~ 2400 km). Specimens formed a
distinct cluster in both PCoA and DAPC analyses (Fig. 2c) with
STRUCTURE showing little admixture (Fig. 2a). No mitochondrial genes
could be sequenced for “deep water” Yeppoon samples, however partial
five mitochondrial genes (12S, 16S, COI and COIII 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 (Fig. 2b).

3.1.7. Singletons WA: OTU J & K

Singletons collected from North West Shelf, WA and Ningaloo, WA
each formed their own distinct OTUs termed J and K respectively. OTU
J, represented by a single sample (North West Shelf, WA), exhibits
admixture with all adjacent populations (Fig. 2a). Likewise, PCoA and
DAPC analyses place the sample in close proximity to OTUs I, K (Nin-
galoo), C (Taiwan-lined) and D (Taiwan-ringed) (Fig. 2¢, Supplementary
Fig. 1). Low bootstrap support from the SVDQuartet phylogeny was
observed for both singleton OTUs (J & K) (Fig. 2a). Species limits esti-
mated using fragments of five mitochondrial genes (12S, 16S, COI and
COIIl and Ctyb), ABGD, single rate-PTP and GYMC analyses unani-
mously supported the classification of both singletons as unique OTU
groups (Fig. 2b).

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

Divergence of the Hapalochlaena genus is estimated to have occurred
in the early Oligocene- early Pliocene between 4.3 and 33.4 mya based
on four concatenated mitochondrial genes (Supplementary Fig. 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 may suggest an
older origin with the most recent common ancestor (MRCA) predicted to
have emerged between 49.5 and 126.3 mya (Fig. 3a).

Radiation of the genus based on the COI gene is estimated to have
occurred in the Central Indo-Pacific (CIP). However, this result is
approximate and additional samples are required to identify the location
and time with greater confidence and specificity. RASP analysis using
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Fig. 3. Divergence and radiation of Hapalochlaena
throughout the Asia Pacific: a) Divergence time estimates
of Hapalochlaena throughout the Indo Pacific generated
using Bayesian methods, coloured branches represent
putative taxonomic units A-K: brown (A/Southern coast
of Australia), lilac (B/NSW), apple green (C/Taiwan
lined), pink (D/Taiwan ringed), light orange (E/Darwin,
NT & Kimberly & Exmouth, WA), red (F/Timor Leste),
dark orange (G&G*/ Great Barrier Reef, QLD), purple
(H/Cape York, QLD & Shark Bay, QLD) light blue (I/Deep
water Yeppoon, QLD & North West, WA), dark blue (J/
North West Shelf, WA) and light green (K/Ningaloo,
WA). 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) = beige. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)



B.L. Whitelaw et al.

the full set of sequences present in the phylogeny indicates colonisation
of northern Australia may have occurred twice with OTU E and OTUs J
and K representing separate events (Fig. 3b). A RASP analysis conducted
using a single representative from each OTU in conjunction with unique
locations display a largely congruent topology (Supplementary Fig. 6).

4. 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 encapsulated in the current systematics were identified
throughout the Central Info Pacific (CIP) and Temperate North Pacific
(TNP). Divergence time estimates suggest major lineages within Hapa-
lochlaena diversified between ~ 25-50 mya. These results indicate
current systematics are not sufficient to describe the diversity of the
genus Hapalochlaena and a revision is currently being conducted in a
parallel study.

4.1. Species boundaries and OTUs

Greater morphological variation within the Hapalochlaena genus,
which extends beyond the currently accepted species, has been recog-
nised 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) (Finn, 2015; Finn and Lu, 2015; Norman et al., 2016).
Norman (2000) proposed a putative species for specimens found be-
tween Darwin (NT) and Cape York (QLD), termed Hapalochlaena sp. 1.
This is corroborated by our analyses which showed a distinction be-
tween specimens collected from Darwin, Kimberly and Exmouth (OTU
E) 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 E and OTU H (Cape York, Torres Strait)
suggests that the described range for Hapalochlaena sp. 1 is likely to
contain two sympatric lineages. Norman (2000) also proposed a putative
species for the Great Barrier Reef (GBR) blue-ringed octopus (Hapalo-
chlaena 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 G and I) along the GBR collected between Lizard Island and
Mackay, “shallow water” (0-50 m) and “deep water” (>100 m). As
morphological features were not examined in this study; we cannot
confirm the relationship to the previously reported putative species.
Hapalochlaena collected from depths > 100 m prior have not been pre-
viously described. “Deep water” Yeppoon specimens were genetically
distinct from adjacent shallow water populations while displaying high
similarity to a distant singleton collected from northwest Australia (OTU
J) 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 identifying and obtaining specimens from
depths > 100 m, this also means that the range, distribution and effec-
tive population sizes of lineages from these depths have not been
established.

Of the 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
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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) frag-
mentation 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).

Low numbers of Hapalochlaena specimens preserved appropriately
for molecular work has strong implications for delimitation using ge-
netic information as common methods such as AGBD, PTP and GYMC
examine differences between intra and interspecific variation to estab-
lish 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 rela-
tionship of singletons (OTU J and OTU K) 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 nor compare patterns between
different population in Australia and the NTP. 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 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 con-
taining a minimum of four species (Norman and Kubodera, 2006).
Likewise, morphological distinctions have been observed with speci-
mens collected from Japan given the putative species assignment of
Hapalochlaena sp. 2 (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 in-
dicates 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 (Fig. 2). Similarly, allozyme
and mitochondrial gene analyses contradicted the previous anti-tropical
distribution (bipolarity) hypothesis for the anchovy genus (Engraulis)
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(Grant et al., 2005). Examination of molecular markers also revealed the
squid Ommastrephes bartramii (Lesueur 1821), which was previously
believed to exhibit an antitropical distribution was likely composed of
four significant “species” (Fernandez-Alvarez et al., 2020). Cryptic
species are becoming increasing relevant in cephalopod systematics
where morphological characteristics can be complicated by condition of
the specimens examined as well as environmental factors (Otilio et al.,
2020). 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 morphologi-
cally similar groups.

Examination of H. maculosa specimens across southern Australia
(OTU A) 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., 2018). 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. An
inability to successfully distinguish between morphologically distinct
groups using molecular methods has been observed in Sepiolidae. It has
been postulated that rapid speciation followed by strong drift of
morphological feature may result in genetically similar and morpho-
logically distinct species (Fernandez-Alvarez et al., 2021). An in-depth
morphological examination of H. maculosa across southern Australia
may aid in resolving contradictions in the molecular signals observed.

4.2. 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 ~50 mya based on divergence time estimates using
partial COI sequences. This estimate is corroborated by previous diver-
gence time estimates between octopod genomes, which indicated
H. maculosa diverged from O. bimaculoides ~59 mya (Tanner et al.,
2017; Whitelaw et al., 2020). A notable radiation of the genus occurs
post the Eocene-Oligocene extinction event (~33 mya) between ~50
and 25 mya, 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 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 to the
patterns observed as opposed to a single driver (Mironov, 2006). Tran-
sition of the global biodiversity hotspot (hopping hotspot) from the
Tethys/Arabian to the IAA during the late Eocene to early Oligocene
(~33 mya) extinction event was observed in patterns of four reef asso-
ciated 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
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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 (Pel-
lissier 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).

Fluctuating sea levels during the Pleistocene lead to the exposure of
the Sundra and Sahul shelves during glacial periods. Low sea levels
during the last glacial maximum led to approximately 90% loss of
shallow water coastal habitat up to 60 m 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 signa-
tures have been identified in olive sea snake (Apiysurus laevis) pop-
ulations 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).

4.3. Mechanisms of divergence and speciation

Dispersal ability plays an integral role in the distribution and pop-
ulation 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 immedi-
ately. In contrast, merobenthic species have a pelagic phase allowing for
dispersal on water currents post hatching before settling to a benthic
lifestyle (Ibanez 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 believed to be
associated with colonisation of temperate and deep-water environments
(Ibanez et al., 2014). Radiation of Hapalochlaena is predicted in this
study to have occurred in the tropical Indo Australian Archipelago (IAA)
during the ~25-50 mya. 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 merobenthic strategy, occupying shallow trop-
ical waters (Ibanez et al., 2014). A degree of reproductive plasticity in
some cephalopod species or genera, where by differences in egg size,
shape and number have been observed and are often associated with
environmental conditions (Laptikhovsky, 2006; Laptikhovsky et al.,
2009). 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). How-
ever, cuttlefish and sepiolid squids examined did not display any notable
difference in egg size along the same gradient, it should be noted this
does not take into account seasonality (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 struc-
tures 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 wa-
ters, such as Darwin ([Hapalochlaena sp. 1]) and the GBR ([Hapalo-
chlaena 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
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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.

5. 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 con-
ducted and compared based on genetic distances observed across loca-
tions. Detailed investigation of morphological features of Hapalochlaena
specimens, currently being undertaken in a parallel study, is required to
officially describe species within the genus.

CRediT authorship contribution statement

Brooke L. Whitelaw: Writing — original draft, Formal analysis,
Methodology, Visualization, Investigation. Julian K. Finn: Resources,
Supervision, Conceptualization, Writing — review & editing, Funding
acquisition. Kyall R. Zenger: Writing — review & editing, Methodology.
Ira R. Cooke: Writing — review & editing, Methodology. Peter Morse:
Resources, Writing — review & editing. Jan M. Strugnell: Supervision,
Conceptualization, Writing — review & editing, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We would like to thank Museums Victoria (NMV), the Western
Australia Museum (WAM), Australian Museum (AM) and the Museum
and Art Gallery of the Northern Territory (MAGNT) for allowing us ac-
cess to their extensive collections. Julian Finn would like to thank the
following people for assisting with the collection of blue-ringed octo-
puses in Australia and Taiwan, and for providing access to specimens in
museum collections: Mark Norman (NMV / Parks Victoria), Chung-
Cheng Lu (NMV / National Chung Hsing University), Colin Silvey
(NMV), Chris Rowley (NMV), Melanie Mackenzie (NMV), John Ahern
(University of Melbourne), Mandy Reid (AM), Alison Miller (AM), John
Healy (QM), Darryl Potter (QM), Richard Willan (MAGNT), Corey
Whisson (WAM), Clay Bryce (WAM), Shirley Slack-Smith (WAM),
Nick Chun-Yen Lin (National Tsing Hua University), Mong-Fong Lee
(National Penghu University of Science and Technology), Wensung
Chung (University of Queensland), Christine Huffard (Monterey Bay
Aquarium Research Institute), Roy Caldwell (Berkeley University of
California), Robert Condon (University of North Carolina at Wilming-
ton), Koji Nakamura (Japan Underwater Films), Nobuhito Yamashita
(JUF), Yasushi Okumura (JUF), Masahiko Sakata (JUF). Specimens
collected as part of the CRC-REEF C1.1.2 Seabed Biodiversity on the
Continental Shelf of the Great Barrier Reef World Heritage Area
(GBRWHA) (Principal Investigators C. Roland Pitcher (CSIRO), Peter
Doherty (AIMS), Neil Gribble (QDPI-F), Peter Arnold (QM) and John
Hooper (QM)) were essential to this study. We also thank Colin Silvey
and Erin Morgan for initial DNA extractions and PCRs which contributed
to this study.

10

Molecular Phylogenetics and Evolution 186 (2023) 107827
Funding Sources

This work was supported by an Australian Biological Resources

Study (ABRS) research grant awarded to Julian Finn, Mark Norman,
Jan Strugnell and Chung-Cheng Lu (ref: RF211-41) administered by
Museums Victoria. While Brooke Whitelaw was based at Melbourne
Museum under the co-supervision of Julian Finn (Oct 2018 to Nov 2021)
all associated cost were covered by Museums Victoria.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ympev.2023.107827.

References

Acosta-Jofré, M.S., Sahade, R., Laudien, J., Chiappero, M.B., 2012. A contribution to the
understanding of phylogenetic relationships among species of the genus Octopus
(Octopodidae: Cephalopoda). Sci. Mar. 76, 311-318. https://doi.org/10.3989/
scimar.03365.03B.

Adam, W., 1938. Sur quelques Céphalopodes octopodes des Iles Andamans. Bulletin du
Musée Royal d’Histoire Naturelle de Belgique 14 (7), 1-25.

Alekseev, F.E., 1981. Rass-Thorson-Marshall rule and biological structure of marine
communities. In: 4th Congress of All-Union Hydrobiological Society. Theses of
Reports. Part I. Naukova Dumka, Kiev, pp. 4-6.

Allcock, A.L., Strugnell, J.M., Johnson, M.P., 2008. How useful are the recommended
counts and indices in the systematics of the Octopodidae (Mollusca: Cephalopoda).
Biol. J. Linn. Soc. 95, 205-218. https://doi.org/10.1111/j.1095-8312.2008.01031.x.

Appleyard, S.A., Maher, S., Pogonoski, J.J., Bent, S.J., Chua, X.Y., McGrath, A., 2021.
Assessing DNA for fish identifications from reference collections: the good, bad and
ugly shed light on formalin fixation and sequencing approaches. J. Fish Biol. 98,
1421-1432. https://doi.org/10.1111/jfb.14687.

Bookstein, F.L., 1985. Morphometrics in evolutionary biology: the geometry of size and
shape change, with examples from fishes. Acad. Nat. Sci. Philadelphia.

Bouckaert, R., Heled, J., Kiithnert, D., Vaughan, T., Wu, C.H., Xie, D., Suchard, M.A.,
Rambaut, A., Drummond, A.J., 2014. BEAST 2: a software platform for bayesian
evolutionary analysis. PLoS Comput. Biol. 10, 1003537. https://doi.org/10.1371/
journal.pcbi.1003537.

Briggs, J.C., 1987. Antitropical distribution and evolution in the Indo-West Pacific
Ocean. Syst. Zool. 36, 237-247.

Briggs, J.C., 1999. Coincident biogeographic patterns: Indo-West Pacific Ocean.
Evolution (N. Y). 53, 326-335. https://doi.org/10.1111/j.1558-5646.1999.tb03769.
X.

Briggs, J.C., Bowen, B.W., 2013. Marine shelf habitat: biogeography and evolution.

J. Biogeogr. https://doi.org/10.1111/jbi.12082.

Chifman, J., Kubatko, L., 2014. Quartet inference from SNP data under the coalescent
model. Bioinformatics 30, 3317-3324. https://doi.org/10.1093/bioinformatics/
btu530.

Cowman, P.F., Bellwood, D.R., 2011. Coral reefs as drivers of cladogenesis: expanding
coral reefs, cryptic extinction events, and the development of biodiversity hotspots.
J. Evol. Biol. 24, 2543-2562. https://doi.org/10.1111/7.1420-9101.2011.02391 .x.

Cowman, P.F., Bellwood, D.R., 2013. Vicariance across major marine biogeographic
barriers: temporal concordance and the relative intensity of hard versus soft barriers.
Proc. R. Soc. B Biol. Sci. https://doi.org/10.1098/rspb.2013.1541.

Dai, L., Zheng, X., Kong, L., Li, Q.L., 2012. DNA barcoding analysis of Coleoidea
(Mollusca: Cephalopoda) from Chinese waters. Mol. Ecol. Resour. 12, 437-447.

Doubleday, Z.A., Pecl, G.T., Semmens, J.M., Danyushevsky, L., 2008. Stylet elemental
signatures indicate population structure in a holobenthic octopus species, Octopus
pallidus. Mar. Ecol. Prog. Ser. 371, 1-10. https://doi.org/10.3354/meps07722.

Earl, D.A., Vonholdt, B.M., 2012. STRUCTURE HARVESTER: a website and program for
visualizing STRUCTURE output and implementing the Evanno method. Conserv.
Genet. Resourses 4, 259-361. https://doi.org/10.1007/512686-011-9548-7.

Fernandez-Alvarez, F.A., Braid, H.E., Nigmatullin, C.M., Bolstad, K.S.R., Haimovici, M.,
Séanchez, P., Sajikumar, K.K., Ragesh, N., Villanueva, R., 2020. Global biodiversity of
the genus Ommastrephes (Ommastrephidae: Cephalopoda): an allopatric cryptic
species complex. Zool. J. Linn. Soc. 190, 460-482. https://doi.org/10.1093/
zoolinnean/zlaa014.

Fernandez-Alvarez, F.A., Sanchez, P., Villanueva, R., 2021. Morphological and molecular
assessments of bobtail squids (Cephalopoda: Sepiolidae) reveal a hidden history of
biodiversity. Front. Mar. Sci. 7 https://doi.org/10.3389/fmars.2020.632261.

Finn, J.K., Lu, C.C., 2015. Assessing purported anti-tropical distributions of Australian
blue-ringed octopuses (Octopodidae: Hapalochlaena) B. Abstr. Cephalop. Int. Advis.
Counc. Conf. Recent Adv. Cephalop. Sci. 237 https://doi.org/10.3389/
fmars.2020.632261.

Finn, J.K., 2015. Systematics of the blue-ringed octopuses (Octopodidae: Hapalochlaena)
of Australia and the Indo-West Pacific. B. Abstr. Cephalop. Int. Advis. Counc. Conf.
Recent Adv. Cephalop. Sci. 236 https://doi.org/10.3389/fmars.2020.632261.

Fischer, J.-C., Riou, B., 2002. Vampyronassa rhodanica nov. gen. nov sp., vampyromorphe
(Cephalopoda, Coleoidea) du Callovien inférieur de la Voulte-sur-Rhone (Ardeche,
France). Ann. Paléontologie 88, 1-17. https://doi.org/10.1016/50753-3969(02)
01037-6.


https://doi.org/10.1016/j.ympev.2023.107827
https://doi.org/10.1016/j.ympev.2023.107827
https://doi.org/10.3989/scimar.03365.03B
https://doi.org/10.3989/scimar.03365.03B
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0010
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0010
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0015
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0015
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0015
https://doi.org/10.1111/j.1095-8312.2008.01031.x
https://doi.org/10.1111/jfb.14687
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0030
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0030
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0040
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0040
https://doi.org/10.1111/jbi.12082
https://doi.org/10.1093/bioinformatics/btu530
https://doi.org/10.1093/bioinformatics/btu530
https://doi.org/10.1111/j.1420-9101.2011.02391.x
https://doi.org/10.1098/rspb.2013.1541
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0070
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0070
https://doi.org/10.3354/meps07722
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1093/zoolinnean/zlaa014
https://doi.org/10.1093/zoolinnean/zlaa014
https://doi.org/10.3389/fmars.2020.632261
https://doi.org/10.3389/fmars.2020.632261
https://doi.org/10.3389/fmars.2020.632261
https://doi.org/10.3389/fmars.2020.632261
https://doi.org/10.1016/S0753-3969(02)01037-6
https://doi.org/10.1016/S0753-3969(02)01037-6

B.L. Whitelaw et al.

Flachsenberger, W., Kerr, D.LB., 1985. Lack of effect of tetrodotoxin and of an extract
from the posterior salivary gland of the blue-ringed octopus following injection into
the octopus and following application to its brachial nerve. Toxicon 23, 997-999.

Foll, M., Gaggiotti, O., 2008. A genome-scan method to identify selected loci appropriate
for both dominant and codominant markers: a Bayesian perspective. Genetics 180,
977-993. https://doi.org/10.1534/genetics.108.092221.

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit I from diverse
metazoan invertebrates 3, 294-299.

Fonseca, E.M., Duckett, D.J., Carstens, B.C., 2021. P2C2M.GMYC: An R package for
assessing the utility of the Generalized Mixed Yule Coalescent model. Methods Ecol.
Evol. 12, 487-493. https://doi.org/10.1111/2041-210X.13541.

Fuchs, D., Bracchi, G., Weis, R., 2009. New Octopods (Cephalopoda: Coleoida) from the
late Cretaceous (Upper Cenomanian) of Hakel and Hadjoula, Lebanon.
Palaeontology 52, 65-81. https://doi.org/10.1111/j.1475-4983.2008.00828.x.

Gaboriau, T., Leprieur, F., Mouillot, D., Hubert, N., 2018. Influence of the geography of
speciation on current patterns of coral reef fish biodiversity across the Indo-Pacific.
Ecography (Cop.). https://doi.org/10.1111/ecog.02589.

Gleadall, 1.G., 2013. A molecular sequence proxy for Muusoctopus januarii and calibration
of recent divergence among a group of mesobenthic octopuses. J. Exp. Mar. Bio.
Ecol. 447, 106-122. https://doi.org/10.1016/j.jembe.2013.02.017.

Grant, W.S., Leslie, R.W., Bowen, B.W., 2005. Molecular genetic assessment of bipolarity
in the anchovy genus Engraulis. J. Fish Biol. 67, 1242-1265. https://doi.org/
10.1111/j.1095-8649.2005.00820.x.

Gruber, B., Unmack, P.J., Berry, O.F., Georges, A., 2018. dartr: An r package to facilitate
analysis of SNP data generated from reduced representation genome sequencing.
Mol. Ecol. Resour. 18, 691-699.

Guzik, M.T., Norman, M.D., Crozier, R.H., 2005. Molecular phylogeny of the benthic
shallow-water octopuses (Cephalopoda: Octopodinae). Mol. Phylogenet. Evol. 37,
235-248. https://doi.org/10.1016/j.ympev.2005.05.009.

Higgins, K.L., Semmens, J.M., Doubleday, Z.A., Burridge, C.P., 2013. Comparison of
population structuring in sympatric octopus species with and without a pelagic
larval stage. Mar. Ecol. Prog. Ser. 486, 203-212. https://doi.org/10.3354/
meps10330.

Hilbish, T.J., Mullinax, A., Dolven, S.I., Meyer, A., Koehn, R.K., Rawson, P.D., 2000.
Origin of the antitropical distribution pattern in marine mussels (Mytilus spp.): routes
and timing of transequatorial migration. Mar. Biol. 136, 69-77. https://doi.org/
10.1007/5002270050010.

Hoyle, W.E., 1883. On a new species of octopus (O. maculosus). Proc. R. Phys. Soc.
Edinburgh 7, 319-322.

Hoyle, W.E., 1886. Report on the Cephalopoda collected by H.M.S. Challenger during the
years 1873-76. Report on the Scientific Results of the Voyage of H.M.S. Challenger
during the years 1873-76, Zoology 16 (44), 1-245.

Hughes, T.P., Bellwood, D.R., Connolly, S.R., 2002. Biodiversity hotspots, centres of
endemicity, and the conservation of coral reefs. Ecol. Lett. 5, 775-784. https://doi.
org/10.1046/j.1461-0248.2002.00383.x.

Ibanez, C.M., Pena, F., Pardo-Gandarillas, M.C., Méndez, M.A., Hernandez, C.E.,
Poulin, E., 2014. Evolution of development type in benthic octopuses: Holobenthic
or pelago-benthic ancestor? Hydrobiologia. https://doi.org/10.1007/s10750-013-
1518-5.

Ibanez, C.M., Rezende, E.L., Septlveda, R.D., Avaria-Llautureo, J., Hernandez, C.E.,
Sellanes, J., Poulin, E., Pardo-Gandarillas, M.C., 2018. Thorson’s rule, life-history
evolution, and diversification of benthic octopuses (Cephalopoda: Octopodoidea).
Evolution (N.Y.) 72, 1829-1839. https://doi.org/10.1111/evo.13559.

Jacups, S.P., Currie, B.J., 2008. Blue-ringed octopuses: a brief review of their toxicology.
North. Territ. Nat. 50-57.

Jeon, H.K., Kim, K.H., Eom, K.S., 2011. Molecular identification of Taenia specimens
after long-term preservation in formalin. Parasitol. Int. 60, 203-205. https://doi.
0rg/10.1016/j.parint.2010.12.001.

Jokiel, P., Martinelli, F.J., 1992. The vortex model of coral reef biogeography.

J. Biogeogr. 19, 449. https://doi.org/10.2307/2845572.

Joly, S., Davies, T.J., Archambault, A., Bruneau, A., Derry, A., Kembel, S.W., Peres-
Neto, P., Vamosi, J., Wheeler, T.A., 2014. Ecology in the age of DNA barcoding: the
resource, the promise and the challenges ahead. Mol. Ecol. 14, 221-232. https://doi.
org/10.1111/1755-0998.12173.

Jombart, T., 2008. adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics 24, 1403-1405. https://doi.org/10.1093/bioinformatics/
btn129.

Jombart, T., Collins, C., 2015. A tutorial for Discriminant Analysis of Principal
Components (DAPC) using adegenet 2.0.0.

Kaneko, N., Kubodera, T., Iguchis, A., 2011. Taxonomic study of shallow-water octopuses
(Cephalopoda: Octopodidae) in Japan and adjacent waters using mitochondrial
genes with perspectives on octopus DNA barcoding. Malacologia 54, 97-108.
https://doi.org/10.4002,/040.054.0102.

Kapli, P., Lutteropp, S., Zhang, J., Kobert, K., Pavlidis, P., Stamatakis, A., Flouri, T., 2017.
Multi-rate Poisson tree processes for single-locus species delimitation under
maximum likelihood and Markov chain Monte Carlo. Bioinformatics 33, 1630-1638.
https://doi.org/10.1093/bioinformatics/btx025.

Kobayashi, T., 1954. A new Palaeogene paracenoceratoid from southern Kyushu in
Japan. Japanese J. Geol. Geogr. 24, 181-184.

Kokubugata, G., Nakamura, K., Forster, P.I., Hirayama, Y., Yokota, M., 2012. Antitropical
distribution of Lobelia species (Campanulaceae) between the Ryukyu Archipelago of
Japan and Oceania as indicated by molecular data. Aust. J. Bot. 60, 417-428.
https://doi.org/10.1071/BT11316.

11

Molecular Phylogenetics and Evolution 186 (2023) 107827

Kroger, B., Vinther, J., Fuchs, D., 2011. Cephalopod origin and evolution: A congruent
picture emerging from fossils, development and molecules. BioEssays 33, 602-613.
https://doi.org/10.1002/bies.201100001.

Lane, W.R., Sutherland, S., 1967. The ringed octopus bite: a unique medical emergency.
Med. J. Aust. 2, 475-476.

Laptikhovsky, V., 2006. Latitudinal and bathymetric trends in egg size variation: a new
look at Thorson’s and Rass’s rules. Mar. Ecol. https://doi.org/10.1111/j.1439-
0485.2006.00077.x.

Laptikhovsky, V., Pereira, J., Salman, A., Arkhipov, A., Costa, A., 2009. A habitat-
dependence in reproductive strategies of cephalopods and pelagophile fish in the
Mediterranean Sea. Boll. Malacol 45, 95-102.

Le Port, A., Pawley, M.D.M., Lavery, S.D., 2013. Speciation of two stingrays with
antitropical distributions: Low levels of divergence in mitochondrial dna and
morphological characters suggest recent evolution. Aquat. Biol. 19, 153-165.
https://doi.org/10.3354/ab00518.

Lefkaditou, E., Bekas, P., 2004. Analysis of beak morphometry of the horned octopus
Eledone cirrhosa (Cephalopoda: Octopoda) in the Thracian Sea (NE Mediterranean).
Mediterr. Mar. Sci. 5, 143-149 https://doi.org/10.12681/mms.219.

Leigh, J.W., Bryant, D., 2015. <scp>popart</scp> : full-feature software for haplotype
network construction. Methods Ecol. Evol. 6, 1110-1116. https://doi.org/10.1111/
2041-210X.12410.

Lim, G.S., Balke, M., Meier, R., 2012. Determining species boundaries in a world full of
rarity: singletons, species delimitation methods. Syst. Biol. https://doi.org/10.1093/
sysbio/syr030.

Lindgren, A.R., Anderson, F.E., 2018. Assessing the utility of transcriptome data for
inferring phylogenetic relationships among coleoid cephalopods. Mol. Phylogenet.
Evol. 118, 330-342.

Ludt, W.B., Rocha, L.A., 2015. Shifting seas: The impacts of Pleistocene sea-level
fluctuations on the evolution of tropical marine taxa. J. Biogeogr. https://doi.org/
10.1111/jbi.12416.

Lukoschek, V., Waycott, M., Marsh, H., 2007. Phylogeography of the olive sea snake,
Aipysurus laevis (Hydrophiinae) indicates Pleistocene range expansion around
northern Australia but low contemporary gene flow. Mol. Ecol. 16, 3406-3422.
https://doi.org/10.1111/j.1365-294X.2007.03392.x.

Lukoschek, V., Waycott, M., Keogh, J.S., 2008. Relative information content of
polymorphic microsatellites and mitochondrial DNA for inferring dispersal and
population genetic structure in the olive sea snake, Aipysurus laevis. Mol. Ecol. 17,
3062-3077. https://doi.org/10.1111/§.1365-294X.2008.03815.x.

Luu, K., Bazin, E., Blum, M.G.B., 2017. pcadapt : an <scp>R</scp> package to perform
genome scans for selection based on principal component analysis. Mol. Ecol.
Resour. 17, 67-77. https://doi.org/10.1111/1755-0998.12592.

Mironov, A.N., 2006. Centers of marine fauna redistribution. Entomol. Rev. 86, S32-S44.

Morse, P., Kjeldsen, S.R., Meekan, M.G., Mccormick, M.I., Finn, J.K., Huffard, C.L.,
Zenger, K.R., 2018. Genome-wide comparisons reveal a clinal species pattern within
a holobenthic octopod—the Australian Southern blue-ringed octopus, Hapalochlaena
maculosa (Cephalopoda: Octopodidae). Ecol. Evol. 8, 2253-2267. https://doi.org/
10.1111/j.1365-294X.2007.03392.x.

Norman, M.D., 2000. Cephalopods: A World Guide. Germany, IKAN Publishing,
Frankfurt, p. 320.

Norman, M.D., Finn, J.K., Hochberg, F.G., 2016. Family Octopodidae. In: Jereb, P.,
Roper, C.F.E., Norman, M.D., Finn, J.K. (Eds.), Cephalopods of the world. An
annotated and illustrated catalogue of cephalopod species known to date. Volume 3.
Octopods and Vampire Squids. FAO Species Catalogue for Fishery Purposes. No. 4, 3.
FAO, Rome, pp. 36-215.

Norman, M.D., Hochberg, F.G., 2005. The current state of octopus taxonomy. Phuket
mar. Biol. Cent. Res. Bull. 66, 127-154.

Norman, M., Kubodera, T., 2006. Taxonomy and biogeography of an Australian
subtropical octopus with Japanese affinities. In: Tomida, Y., et al. (Eds.), Proceedings
of the 7th and 8 th Symposia on Collection Building and Natural History Studies in
Asia and the Pacific Rim, 34. National Science Museum Monographs, pp. 171-189.

Norman, M., Reid, A., 2000. A Guide to Squid, Cuttlefish and Octopuses of Australasia.
CSIRO and Gould League of Australia, Melbourne, p. 96.

Otilio, A., Alvaro, R., Cedillo-Robles, C.E., Gonzalez, A.F., Rossanna, R.-C., Ivdn, V.-A.,
Angel, G., 2020. Octopus americanus: a cryptic species of the O. vulgaris species
complex redescribed from the Caribbean. Aquat. Ecol. 54, 909-925. https://doi.org/
10.1007/510452-020-09778-6.

Overath, H., von Boletzky, S., 1974. Laboratory observations on spawning and
embryonic development of a blue-ringed octopus. Mar. Biol. 27, 333-337. https://
doi.org/10.1007/BF00394369.

Pellissier, L., Leprieur, F., Parravicini, V., Cowman, P.F., Kulbicki, M., Litsios, G.,
Olsen, S.M., Wisz, M.S., Bellwood, D.R., Mouillot, D., 2014. Quaternary coral reef
refugia preserved fish diversity. Science 344, 1016-1019. https://doi.org/10.1126/
science.1249853.

Pembleton, L.W., Cogan, N.O.L, Forster, J.W., 2013. St <scp>AMPP</scp> : an R
package for calculation of genetic differentiation and structure of mixed-ploidy level
populations. Mol. Ecol. Resour. 13, 946-952. https://doi.org/10.1111/1755-
0998.12129.

Pons, J., Barraclough, T.G., Gomez-Zurita, J., Cardoso, A., Duran, D.P., Hazell, S.,
Kamoun, S., Sumlin, W.D., Vogler, A.P., 2006. Sequence-based species delimitation
for the DNA taxonomy of undescribed insects. Syst. Biol. 55, 595-609. https://doi.
0rg/10.1080/10635150600852011.

Privé, F., Luy, K., Vilhjalmsson, B.J., Blum, M.G.B., 2020. Performing highly efficient
genome scans for local adaptation with R package pcadapt version 4. Mol. Biol. Evol.
37, 2153-2154.

Puillandre, N., Modica, M.V., Zhang, Y., Sirovich, L., Boisselier, M.C., Cruaud, C.,
Holford, M., Samadi, S., 2012. Large-scale species delimitation method for


http://refhub.elsevier.com/S1055-7903(23)00127-6/h0110
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0110
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0110
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1111/2041-210X.13541
https://doi.org/10.1111/j.1475-4983.2008.00828.x
https://doi.org/10.1016/j.jembe.2013.02.017
https://doi.org/10.1111/j.1095-8649.2005.00820.x
https://doi.org/10.1111/j.1095-8649.2005.00820.x
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0150
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0150
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0150
https://doi.org/10.1016/j.ympev.2005.05.009
https://doi.org/10.3354/meps10330
https://doi.org/10.3354/meps10330
https://doi.org/10.1007/s002270050010
https://doi.org/10.1007/s002270050010
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0170
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0170
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0175
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0175
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0175
https://doi.org/10.1046/j.1461-0248.2002.00383.x
https://doi.org/10.1046/j.1461-0248.2002.00383.x
https://doi.org/10.1007/s10750-013-1518-5
https://doi.org/10.1007/s10750-013-1518-5
https://doi.org/10.1111/evo.13559
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0195
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0195
https://doi.org/10.1016/j.parint.2010.12.001
https://doi.org/10.1016/j.parint.2010.12.001
https://doi.org/10.2307/2845572
https://doi.org/10.1111/1755-0998.12173
https://doi.org/10.1111/1755-0998.12173
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.4002/040.054.0102
https://doi.org/10.1093/bioinformatics/btx025
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0240
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0240
https://doi.org/10.1071/BT11316
https://doi.org/10.1002/bies.201100001
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0255
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0255
https://doi.org/10.1111/j.1439-0485.2006.00077.x
https://doi.org/10.1111/j.1439-0485.2006.00077.x
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0265
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0265
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0265
https://doi.org/10.3354/ab00518
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0275
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0275
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0275
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1093/sysbio/syr030
https://doi.org/10.1093/sysbio/syr030
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0290
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0290
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0290
https://doi.org/10.1111/jbi.12416
https://doi.org/10.1111/jbi.12416
https://doi.org/10.1111/j.1365-294X.2007.03392.x
https://doi.org/10.1111/j.1365-294X.2008.03815.x
https://doi.org/10.1111/1755-0998.12592
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0315
https://doi.org/10.1111/j.1365-294X.2007.03392.x
https://doi.org/10.1111/j.1365-294X.2007.03392.x
http://refhub.elsevier.com/S1055-7903(23)00127-6/h9005
http://refhub.elsevier.com/S1055-7903(23)00127-6/h9005
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0341
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0341
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0341
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0341
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0341
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0335
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0335
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0340
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0340
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0340
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0340
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0345
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0345
https://doi.org/10.1007/s10452-020-09778-6
https://doi.org/10.1007/s10452-020-09778-6
https://doi.org/10.1007/BF00394369
https://doi.org/10.1007/BF00394369
https://doi.org/10.1126/science.1249853
https://doi.org/10.1126/science.1249853
https://doi.org/10.1111/1755-0998.12129
https://doi.org/10.1111/1755-0998.12129
https://doi.org/10.1080/10635150600852011
https://doi.org/10.1080/10635150600852011
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0375
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0375
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0375

B.L. Whitelaw et al.

hyperdiverse groups. Mol. Ecol. 21, 2671-2691. https://doi.org/10.1111/j.1365-
294X.2012.05559.x.

Quach, N., Goodman, M.F., Shibata, D., 2004. In vitro mutation artifacts after formalin
fixation and error prone translesion synthesis during PCR. BMC Clin. Pathol. 4, 1-5.
https://doi.org/10.1186/1472-6890-4-1.

Quoy, J.R.C., Gaimard, J.P., 1832. Voyage de la corvette 1'Astrolabe : exécuté par ordre
du roi, pendant les années 1826-1827-1828-1829, sous le commandement de M.

J. Dumont d’Urville. Zoologie. 2 (1), 1-321. https://doi.org/10.5962/bhl.title.2132.

Robson, G.C., 1929. A Monograph of the Recent Cephalopoda. Part I. Octopodinae.
British Museum (Natural History, London, p. 236.

Rocha, L.A., Bowen, B.W., 2008. Speciation in coral-reef fishes. J. Fish Biol. https://doi.
0rg/10.1111/j.1095-8649.2007.01770.x.

Roper, C., 1983. An overview of cephalopod systematics: status, problems and
recommendations. Memoirs of Museum Victoria 44, 13-27. https://doi.org/
10.24199/j.mmv.1983.44.01.

Rosa, R., Pissarra, V., Borges, F.O., Xavier, J., Gleadall, 1., Golikov, A., Bello, G.,
Morais, L., Lishchenko, F., Roura, A., Judkins, H., Ibafez, C.M., Piatkowski, U.,
Vecchione, M., Villanueva, R., 2019. Global patterns of species richness in coastal
cephalopods. Front. Mar. Sci. 6, 469. https://doi.org/10.3389/fmars.2019.00469.

Rosenberg, N.A., Burke, T., Elo, K., Feldman, M.W., Freidlin, P.J., Groenen, M.A.M.,
Hillel, J., Méki-Tanila, A., Tixier-Boichard, M., Vignal, A., Wimmers, K., Weigend, S.,
2001. Empirical evaluation of genetic clustering methods using multilocus genotypes
from 20 chicken breeds. Genetics 159, 699-713. https://doi.org/10.1093/genetics/
159.2.699.

Rozewicki, J., Li, S., Amada, K.M., Standley, D.M., Katoh, K., 2019. MAFFT-DASH:
integrated protein sequence and structural alignment. Nucl. Acids Res. 47, W5-W10.

Simon, C., Franke, A., Martin, A., 1991. The polymerase chain reaction: DNA extraction
and amplification. Mole. Tech. Taxon. Springer 329-355.

Spencer, D.H., Sehn, J.K., Abel, H.J., Watson, M.A., Pfeifer, J.D., Duncavage, E.J., 2013.
Comparison of clinical targeted next-generation sequence data from formalin-fixed
and fresh-frozen tissue specimens. J. Mol. Diagnostics 15, 623-633. https://doi.org/
10.1016/j.jmoldx.2013.05.004.

Strugnell, J., Jackson, J., Drummond, A.J., Cooper, A., 2006. Divergence time estimates
for major cephalopod groups: evidence from multiple genes. Cladistics 22, 89-96.

Strugnell, J.M., Rogers, A.D., Prodohl, P.A., Collins, M.A., Allcock, A.L., 2008. The
thermohaline expressway: the Southern Ocean as a centre of origin for deep-sea
octopuses. Cladistics 24, 853-860.

Swofford, D.L., 2002. PAUP*. Phylogenetic Analysis Using Parsimony (* and Other
Methods). Version 4.,(Sinauer Associates Inc.: Sunderland, MA, USA.).

12

Molecular Phylogenetics and Evolution 186 (2023) 107827

Takumiya, M., Kobayashi, M., Tsuneki, K., Furuya, H., 2005. Phylogenetic relationships
among major species of Japanese coleoid cephalopods (Mollusca: Cephalopoda)
using three mitochondrial DNA sequences. Zoolog. Sci. 22, 147-155. https://doi.
org/10.2108/zs.22.147.

Tanner, A.R., Fuchs, D., Winkelmann, L.E., Gilbert, M.T.P., Pankey, M.S., Ribeiro, AM.,,
Kocot, K.M., Halanych, K.M., Oakley, T.H., Da Fonseca, R.R., 2017. Molecular clocks
indicate turnover and diversification of modern coleoid cephalopods during the
Mesozoic Marine Revolution. Proc. R. Soc. B Biol. Sci. 284, 2016-2818.

Tranter, D.J., Augustine, O., 1973. Observations on the life history of the blue-ringed
octopus Hapalochlaena maculosa. Mar. Biol. 18, 115-128.

Villanueva, R., Vidal, E.A.G., Fernandez-Alvarez, F., Nabhitabhata, J., 2016. Early mode
of life and hatchling size in cephalopod molluscs: Influence on the species
distributional ranges. PLoS One. https://doi.org/10.1371/journal.pone.0165334.

Voight, J.R., 1994. Morphological variation in shallow-water octopuses (Mollusca:
Cephalopoda). J. Zool. 232, 491-504. https://doi.org/10.1111/j.1469-7998.1994.
tb01590.x.

White, J., 2018. Clinical toxicology of blue ringed octopus bites. In: Handbook of:
Clinical Toxicology of Animal Venoms and Poisons. CRC Press, pp. 171-175. https://
doi.org/10.1201/9780203719442-14.

Whitelaw, B.L., Cooke, LR., Finn, J., Da Fonseca, R.R., Ritschard, E.A., Gilbert, M.T.P.,
Simakov, O., Strugnell, J.M., 2020. Adaptive venom evolution and toxicity in
octopods is driven by extensive novel gene formation, expansion, and loss.
Gigascience 9, 1-15. https://doi.org/10.1093/gigascience/giaal 20.

Whitlock, M.C., Lotterhos, K.E., 2015. Reliable detection of loci responsible for local
adaptation: Inference of a null model through trimming the distribution of FST. Am.
Nat. 186, S24-S36. https://doi.org/10.1086/682949.

Wiegand, P., Domhéver, J., Brinkmann, B., 1996. DNA-Degradation in formalinfixierten
Geweben. Pathologe 17, 451-454. https://doi.org/10.1007/5002920050185.

Woodland, D.J., 1983. Zoogeography of the Siganidae (Pisces): an interpretation of
distribution and richness patterns. Bull. Mar. Sci. 33, 713-717.

Yasuhara, M., Iwatani, H., Hunt, G., Okahashi, H., Kase, T., Hayashi, H., Irizuki, T.,
Aguilar, Y.M., Fernando, A.G.S., Renema, W., 2017. Cenozoic dynamics of shallow-
marine biodiversity in the Western Pacific. J. Biogeogr. https://doi.org/10.1111/
jbi.12880.

Zhang, J., Kapli, P., Pavlidis, P., Stamatakis, A., 2013. A general species delimitation
method with applications to phylogenetic placements. Bioinformatics 29,
2869-2876. https://doi.org/10.1093/BIOINFORMATICS/BTT499.


https://doi.org/10.1111/j.1365-294X.2012.05559.x
https://doi.org/10.1111/j.1365-294X.2012.05559.x
https://doi.org/10.1186/1472-6890-4-1
https://doi.org/10.5962/bhl.title.2132
http://refhub.elsevier.com/S1055-7903(23)00127-6/optLjhFneBjeg
http://refhub.elsevier.com/S1055-7903(23)00127-6/optLjhFneBjeg
https://doi.org/10.1111/j.1095-8649.2007.01770.x
https://doi.org/10.1111/j.1095-8649.2007.01770.x
https://doi.org/10.24199/j.mmv.1983.44.01
https://doi.org/10.24199/j.mmv.1983.44.01
https://doi.org/10.3389/fmars.2019.00469
https://doi.org/10.1093/genetics/159.2.699
https://doi.org/10.1093/genetics/159.2.699
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0415
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0415
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0420
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0420
https://doi.org/10.1016/j.jmoldx.2013.05.004
https://doi.org/10.1016/j.jmoldx.2013.05.004
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0430
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0430
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0435
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0435
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0435
https://doi.org/10.2108/zsj.22.147
https://doi.org/10.2108/zsj.22.147
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0450
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0450
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0450
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0450
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0455
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0455
https://doi.org/10.1371/journal.pone.0165334
https://doi.org/10.1111/j.1469-7998.1994.tb01590.x
https://doi.org/10.1111/j.1469-7998.1994.tb01590.x
https://doi.org/10.1201/9780203719442-14
https://doi.org/10.1201/9780203719442-14
https://doi.org/10.1093/gigascience/giaa120
https://doi.org/10.1086/682949
https://doi.org/10.1007/s002920050185
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0490
http://refhub.elsevier.com/S1055-7903(23)00127-6/h0490
https://doi.org/10.1111/jbi.12880
https://doi.org/10.1111/jbi.12880
https://doi.org/10.1093/BIOINFORMATICS/BTT499

	SNP data reveals the complex and diverse evolutionary history of the blue-ringed octopus genus (Octopodidae: Hapalochlaena) ...
	1 Introduction
	2 Methods
	2.1 Sample collection
	2.2 Mitochondrial DNA extraction and amplification
	2.3 DNA extraction and genotyping by sequencing
	2.4 SNP identification
	2.5 Genetic structure/divergence of SNP data
	2.6 Signatures of selection
	2.7 Putative species boundary estimation using mitochondrial genes
	2.8 Divergence time estimation

	3 Results
	3.1 Species boundaries OTU identification
	3.1.1 Temperate Australasia (TAUS): OTU A (H. maculosa)
	3.1.2 Lined Blue-ringed octopus: OTU B (H. fasciata), C & D
	3.1.3 Northwestern Australia and Timor Leste: OTU E & F
	3.1.4 Great Barrier Reef: OTU G
	3.1.5 North QLD and Western Australia: OTU H
	3.1.6 “Deep water”: OTU I
	3.1.7 Singletons WA: OTU J & K

	3.2 Divergence time estimation/Ancestral state reconstruction (RASP)

	4 Discussion
	4.1 Species boundaries and OTUs
	4.2 Dating and diversification of the genus
	4.3 Mechanisms of divergence and speciation

	5 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	Funding Sources
	Appendix A Supplementary material
	References


