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Abstract The big blue octopus, Octopus cyanea, occurs on
coral reefs throughout the Indo-Pacific region from East
Africa to the Hawaiian Islands, wherein it is of great ecological and socio-economic importance. However, many components of its intraspecific biodiversity, such as population structure, are unresolved due to a lack of informative genetic
markers. To address this issue, which may compromise conservation and sustainability efforts, the development and characterisation of the first species-specific microsatellite loci for
O. cyanea are described here. The eight loci were
characterised by the genotyping of 40 adults from
Madagascar, which revealed an average of 13.5 alleles per
locus (range 9–18). The observed and expected heterozygosity per locus ranged from 0.432 to 0.949 and from 0.481 to
0.989, respectively. No evidence of linkage disequilibrium
was detected between pairs of loci. Genotype proportions at
six loci conformed to Hardy–Weinberg equilibrium expectations, with two loci exhibiting significant heterozygote deficits. These loci are applicable to multiple areas of ecoevolutionary research and, thus, represent a valuable resource
for future studies of O. cyanea.
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Octopus cyanea, commonly referred to as either the big blue
octopus or day octopus, is a benthic species occurring on coral
reefs throughout the Indo-Pacific region from East Africa to
the Hawaiian Islands. Artisanal fishing for O. cyanea is an
important economic and subsistence activity along the eastern
coast of Africa and islands of the Southwestern Indian Ocean
(Guard and Mgaya 2002), providing a national source of foreign currency earnings through export to Europe and the Far
East and a protein-rich food source for local people. Despite
the socioeconomic importance of the species, and the
increasing harvesting pressure, fishery data are extremely
limited. Taylor et al. (2012) developed a genetic assay permitting the identification of O. cyanea and two co-occurring morphologically similar species (O. vulgaris and Callistoctopus
ornatus) and, thus, offering potential for the collection of
species-specific catch data and other information (e.g.
McKeown et al. 2015) relevant to conservation and management. However, while O. cyanea is recognised as an important
component of reef communities (Guard and Mgaya 2002),
little is known about its intraspecific biocomplexity and informative genetic markers, such as microsatellites, would greatly
enhance eco-evolutionary studies. This research reports the
development of the first polymorphic microsatellite markers
from O. cyanea.
Microsatellites were isolated from an enriched partial genomic library created by methods outlined by Glenn and
Schable (2005) and McKeown and Shaw (2008). Briefly, genomic DNA extracted from muscle tissue was digested with
the restriction enzyme RsaI (New England Biolabs) and the
blunt-ended fragments ligated to double-stranded SuperSNX
linkers. Enrichment was then performed by selective
hybridisation of biotin-labelled repeat motif oligonucleotide
probes [(TG)12, (GA)12, (AAAT)8, (AACT)8, (AAGT)8,
(ACAT)8, (AGAT)8] with hybridised complexes captured
using streptavidin-coated magnetic beads (DYNAL) and
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Table 1 Summary information for eight microsatellite loci developed
for Octopus cyanea, including primer sequences, repeat motif observed in
the clone used to develop each locus, allele numbers (Na), size range,

observed (HO) and expected (HE) heterozygosity and P-values for tests
of Hardy–Weinberg equilibrium (PHW) calculated from the analysis of 40
adults from Madagascan waters

Locus

Primer sequences (5′–3′)

Repeat motif in cloned allele

Na

Size range (bp)

HO

HE

Ocya-1

F: TTTCATCCACCCATTGATATCTC
R: CATCATGGTGTCTGATATGGC
F: TTCAACACTCAAATCGTTAGGG
R: TGAACAGAGCTCTTAATTACTATGAA
F: TCCCGCATCAACCTTTAATG
R: TTAGCCGGACCGTTAGTTTG
F: AAATGCACACGCATAAAAACA
R: GCGTCAGGTCCAGGACTTAT
F: ACATCGACCCCAGGACTTAG
R: TGCAATAACCTTCGGTTGTG
F: TAAGTCCTGGGATCGAATGG
R: TGCCCCTTTAAAATAGAGTTGC
F: TAGAATGTGCGTCGCAAAAG
R: GCGTAAGCATGCATGTATGC
F: TTATGAAATTGGGTGGACGG
R: ACATCGACTCACGTGCACAC

(GTAT)13

14

156–212

0.949

0.906

0.816

(CATA)17

9

200–248

0.432

0.481

0.109

(GATA)19

16

208–272

0.872

0.925

0.767

(CATA)20

14

172–224

0.850

0.989

0.128

(CA)7…(CA)6…(CA)7…(CA)5

10

320–384

0.433

0.870

<0.001

(GTAT)14

13

212–284

0.872

0.883

0.769

(CATA)16

18

128–196

0.949

0.942

0.679

(GT)6…(GT)15

14

215–253

0.556

0.989

<0.001

Ocya-2
Ocya-3
Ocya-4
Ocya-5
Ocya-6
Ocya-7
Ocya-8

unbound DNA removed by a series of washes. DNA fragments were then eluted from the magnetic beads and amplified
by polymerase chain reaction (PCR) using the SuperSNX24F
oligonucleotide. The PCR products were cloned using the
TOPO-TA Cloning Kit (Invitrogen) and recombinant colonies
identified by disruption of β-galactosidase activity.
Recombinants were individually transferred into 50 μL of
water and incubated at 95 °C for 10 min to promote plasmid
DNA release. One microlitre of each plasmid extract was submitted to PCR using M13 forward and reverse primers. The
PCR mixture contained 1× buffer, 1.5 mM MgCl2, 0.2 mM
dNTPs, 0.2 U of Taq DNA polymerase (Bioline, UK), 1 pmol
of each primer and the thermoprofile consisted of 30 cycles of
95 °C for 30 s, 50 °C for 30 s and 72 °C for 30 s. PCR products
were then sequenced directly using the internal T7 vector
primer. For sequences containing microsatellite arrays, PCR
primers were designed from flanking regions using the program Primer3 (Untergasser et al. 2012).
Eight microsatellite loci (Table 1) were assessed by
genotyping 40 adult O. cyanea collected from Madagascar.
For each locus, the respective forward primer was labelled
with a fluorescent dye at the 5′ end (Life Technologies).
Each locus was individually PCR amplified in a 10-μL reaction containing 100–200 ng DNA, 5 μL Biomix (Bioline, UK)
and 0.2 pmol of each primer. PCR thermoprofiles included an
initial denaturation step (95 °C for 3 min), followed by 35 cycles of 95 °C for 30 s, 55 °C for 60 s and 72 °C for 30 s.
Amplicons were separated using an AB3500 genetic analyser
(Applied Biosystems) and alleles designated using the
GeneMapper software (version 4.1, Applied Biosystems).
All loci produced high quality products, with allele
sizes differing in expected multiples of their repeated motifs. However, in the case of Ocya-5, alleles differed in

PHW

multiples of four base pairs, despite the microsatellite array being composed of a dinucleotide motif. Standard diversity indices for each locus along with primer sequences
and allele size ranges are presented in Table 1. Tests for
linkage disequilibrium (LD) and deviations from Hardy–
Weinberg equilibrium (HWE) expectations were performed using default parameters in GENEPOP 4.0
(Raymond and Rousset 1995). No significant LD was
detected between any locus pair. Genotype proportions
conformed to HWE expectations for 6 of the 8 loci, with
Ocya-5 and Ocya-8 exhibiting significant heterozygote
deficits. Such heterozygote deficits are quite common
for cephalopod microsatellites (McKeown and Shaw
2014) and may be due to null alleles (Shaw et al. 2010).
The markers described here represent the first
microsatellites isolated from, and characterised in,
O. cyanea and offer considerable potential as tools for
diverse areas of eco-evolutionary research, such as studies
of population structure/dynamics, phylogeography and
adaptation. Cephalopods display some of the most complex behavioural adaptations among marine invertebrates,
particularly in respect to their mating strategies (Hanlon
and Messenger 1996). For O. cyanea, sexual cannibalism
(Hanlon and Forsythe 2008) and putative sexual displays
(Wells and Wells 1972) have been described and these
microsatellites could be used to investigate such behaviours in the context of fertilisation success (e.g. Naud
et al. 2016).
Acknowledgements This research was funded by NERC. We are indebted to many individuals/groups for their assistance, including: Sophie
Benbow and Blue Ventures, the Seychelles Fisheries staff, Daryl and
Stella Green, Dan the octopus fisherman, Dr. Adriano Junior and the staff
at CEPAM.

Mar Biodiv
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
Glenn TC, Schable NA (2005) Isolating microsatellite DNA loci. Meth
Enzymol 395:202–222
Guard M, Mgaya YD (2002) The artisanal fishery for Octopus cyanea
Gray in Tanzania. Ambio 31:528–536
Hanlon RT, Forsythe JW (2008) Sexual cannibalism by Octopus cyanea
on a Pacific coral reef. Mar Freshw Behav Phy 41(1):19–28
Hanlon RT, Messenger JB (1996) Cephalopod behaviour. Cambridge
University Press, Cambridge
McKeown NJ, Shaw PW (2008) Polymorphic nuclear microsatellite loci for
studies of brown crab, Cancer pagurus L. Mol Ecol Res 8:653–655
McKeown NJ, Shaw PW (2014) Microsatellite loci for studies of the
common cuttlefish, Sepia officinalis. Con Gen Res 6(3):701–703

McKeown NJ, Robin J-P, Shaw PW (2015) Species-specific PCR-RFLP
for identification of early life history stages of squid and other applications to fisheries research. Fish Res 167:207–209
Naud MJ, Sauer WHH, McKeown NJ, Shaw PW (2016) Multiple mating, paternity and complex fertilisation patterns in the chokka squid
Loligo reynaudii. PLoS One 11(2):e0146995
Raymond M, Rousset F (1995) GENEPOP (version 1.2.): population
genetics software for exact tests and ecumenicism. J Hered 86:
248–249
Shaw PW, Hendrickson L, McKeown NJ, Stonier T, Naud MJ, Sauer
WHH (2010) Discrete spawning aggregations of loliginid squid do
not represent genetically distinct populations. Mar Ecol Prog Ser
408:117–127
Taylor AL, McKeown NJ, Shaw PW (2012) Molecular identification of
three co-occurring and easily misidentified octopus species using
PCR–RFLP techniques. Con Gen Res 4:885–887
Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M,
Rozen SG (2012) Primer3—new capabilities and interfaces. Nucleic
Acids Res 40(15):e115
Wells MJ, Wells J (1972) Sexual displays and mating of Octopus vulgaris
Curvier and O. cyanea Gray and attempts to alter the performance
by manipulating the glandular condition of the animals. Anim
Behav 20:293–308

