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a b s t r a c t

The venom of Antarctic octopus remains completely unstudied. Here, a preliminary
investigation was conducted into the properties of posterior salivary gland (PSG) extracts
from four Antarctica eledonine (Incirrata; Octopodidae) species (Adelieledone polymorpha,
Megaleledone setebos, Pareledone aequipapillae, and Pareledone turqueti) collected from the
coast off George V’s Land, Antarctica. Specimens were assayed for alkaline phosphatase
(ALP), acetylcholinesterase (AChE), proteolytic, phospholipase A2 (PLA2), and haemolytic
activities. For comparison, stomach tissue from Cirroctopus sp. (Cirrata; Cirroctopodidae)
was also assayed for ALP, AChE, proteolytic and haemolytic activities. Dietary and
morphological data were collected from the literature to explore the ecological importance
of venom, taking an adaptive evolutionary approach.
Of the incirrate species, three showed activities in all assays, while P. turqueti did not
exhibit any haemolytic activity. There was evidence for cold-adaptation of ALP in all
incirrates, while proteolytic activity in all except P. turqueti. Cirroctopus sp. stomach tissue
extract showed ALP, AChE and some proteolytic activity. It was concluded that the AChE
activity seen in the PSG extracts was possibly due to a release of household proteins, and
not one of the secreted salivary toxins. Although venom undoubtedly plays an important
part in prey capture and processing by Antarctica eledonines, no obvious adaptations to
differences in diet or morphology were apparent from the enzymatic and haemolytic
assays. However, several morphological features including enlarged PSG, small buccal
mass, and small beak suggest such adaptations are present. Future studies should be
conducted on several levels: Venomic, providing more detailed information on the venom
compositions as well as the venom components themselves; ecological, for example
application of serological or genetic methods in identifying stomach contents; and
behavioural, including observations on capture of different types of prey.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Antarctic octopuses

The octopod (Cephalopoda: Octopoda) fauna of the
Southern Ocean is both rich and highly endemic, with 12
. All rights reserved.
cirrate (Octopoda: Cirrata) and incirrate (Octopoda: Incir-
rata) genera currently recognized, of which five genera are
endemic (Adelieledone, Bathypurpurata, Megaleledone, Par-
eledone, and Praealtus (Collins and Rodhouse, 2006)).
However, although several major clades are represented,
the Antarctic octopod fauna is dominated by a single ele-
donine (Incirrata: Octopodidae) lineage which contains
27 of the 36 octopod species currently recognized as part of
the Southern Ocean fauna (Allcock et al., 2007; Collins and
Rodhouse, 2006). The main radiation is thought to have
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occurred after the separation of the Antarctic continent and
formation of the Antarctic circumpolar current approxi-
mately 34 million years ago (Strugnell et al., 2008).

Themembers of the unique Antarctic octopod clade that
are not restricted to the deep sea can be found throughout
the Antarctic shelf and continental slope where they have
undergone extensive radiation, particularly in the case of
Pareledone, with each species usually having a fairly limited
geographic, and often bathyal, range (Collins and Rodhouse,
2006). While the species radiation has been contributed to
the effect of the shelf of isolated island groups combined
with glaciation cycles (Allcock et al., 1997, 2001), there are
large overlaps in species distributions, with often several
species appearing sympatrically in an area (Allcock, 2005).
As sympatry is often associated with trophic niche parti-
tioning, this may again lead to a range of adaptations,
including venom diversification.

1.2. Venom apparatus and diet

Venoms play a range of adaptive roles in the animal
kingdom; killing, paralyzing, immobilizing or pre-digesting
prey, as well as defence against predators and deterring
competitors (Kordis and Gubensek, 2000). In animals
relying on toxins for prey capture and handling, the
evolution of the molecular components of venom is often
tightly linked to diet and trophic ecology through an
evolutionary arms race between predator and prey (e.g.
Chetty et al., 2004; Fry et al., 2003; Heatwole and Poran,
1995). Due to the strong selection pressure that results
from this arms race, and because toxin genes are members
of multigene families (Kordis and Gubensek, 2000), toxins
often show very rapid evolutionary rates (e.g. Ohno et al.,
2002). The accelerated evolution may be in a diversifying
manner, such as conotoxins (Duda and Palumbi, 1999), or
convergent, like the fish-specialised venoms of sea kraits
(Elapidae; Elapinae) and sea snakes (Elapidae; Hydro-
phiinae) (Chetty et al., 2004). However, the redundancy in
genetic material also means that a niche shift causing
a relaxed or loss of selection pressure usually leads to
a rapid loss of venom, such as in obligate egg-eating elapid
snakes like Aipysurus eydouxii (Li et al., 2005b) and Bra-
chyurophis sp. (Fry et al., 2008).

Unlike poisonous animals such as toads, “true”
venomous animals (Goyffon, 2002) possess a venom
apparatus (glands, secretory tissues, etc.) that includes
specialised venom delivery structures. As venom is
a widespread feature in the animal kingdom, with every
major bilaterian metazoan clade having independently
evolved venomous representatives (Fry et al., 2009), the
array of structures adapted for envenomation of prey are
vast; with examples including teeth (snakes, varanid and
helodermatid lizards (Fry et al., 2006)), walking legs (chi-
lopods (Lewis, 1981)), chelate appendages (spiders and
pseudoscorpions), caudal segments (scorpions), oviposi-
tors (hymenoptera), antennae (a cerambycid beetle (Berkov
et al., 2008)), and radulae (conid gastropods). Along with
the rest of the venom apparatus, the evolution of these
structures is associated with the degree of dependence
upon venom. For example, while the above examples fol-
lowed the development of toxins, a shift in prey preference
can result in a secondary loss of the venom system e.g. eggs
(A. eydouxii (Li et al., 2005b), Dasypeltis sp. (Fry et al., 2008))
or slugs (Pareas sp. (Fry et al. 2008)). However, the venom
apparatus is not the only other structure that influences or
is influenced by the evolution of venom; the general ability
to catch and process the preferred prey by physical force is
often an important factor. This may ultimately determine
the degree of reliance upon toxins for prey capture, and
consequently the strength of the positive selection which
drives the recruitment of toxins and evolution of venom in
an animal.

1.3. Venom in the Octopoda

One group that uses venom in the capture of otherwise
tricky or potentially dangerous prey is members of the
Octopodidae, which are known to prey on a range of taxa,
including molluscs, crustaceans, fish, and even birds
(Grubert et al., 1999; Sazima and Bastos-de-Almeida, 2006).
Although small prey is often handled without the use of
venom,many octopods switch to the use of venom once the
use of physical force becomes inefficient (Fiorito and
Gherardi, 1999; Grisley et al., 1999). In large, shelled prey,
for example, small holes are often drilled through which
the octopus injects its toxic saliva, which then acts by
paralyzing and/or killing the prey as well as aiding in the
detachment of tissue from the exoskeleton (Grisley and
Boyle, 1987; Nixon, 1984; Pilson and Taylor, 1961).

The production of toxic saliva in octopod posterior
salivary glands (PSG) was first recognized at the end of the
1800s (Ghiretti, 1960). Despite findings as early as 1906 that
the toxin was a protein particularly potent against crusta-
ceans (Songdahl and Shapiro, 1974), it was long thought
that the paralysis and death observed in envenomated prey
was due to the actions of various amines isolated from
octopod PSG, such as tyramine, histamine, acetylcholine,
octopamine and serotonin (Erspamer and Asero, 1953;
Ghiretti, 1960; Henze, 1913). However, the findings that
these amines at realistic concentrations only caused the
initial symptoms of “overexcitability” in envenomated
crabs, and were unable to reproduce the irreversible
paralyzation achieved by injection of crude saliva, sug-
gested a more complex venom composition (Ghiretti,
1959). This resulted in the description of Cephalotoxin
(Ctx), a protein mixture consisting of four proteins,
including at least one glycoprotein, originally extracted
from the PSG of the cuttlefish Sepia officinalis, and later
Octopus vulgaris (Ghiretti, 1959, 1960). Ctx was reported to
have a number of activities, including inhibition of respi-
ration in crabs, inhibition of blood coagulation in both crabs
and humans, and paralyzation of crabs and cockroaches
(Ghiretti, 1960).

Since then, several proteinaceous toxins have been
isolated and their activities described from the salivary
glands from a range of octopodid species, for example
Eledone cirrhosa (e.g. Grisley, 1993), Hapalochlaena mac-
ulosa (e.g. Sheumack et al., 1978), Octopus dofleini
(Songdahl and Shapiro, 1974), and O. vulgaris (e.g. Kanda
et al., 2003). Being responsible for the serious symptoms
(even human fatalities) associated with bites from
members of Hapalochlaena (e.g. Cavazzoni et al., 2008), and
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proving useful in areas like clinical research (Lewis and
Garcia, 2003), much of cephalopod toxicological research
has been directed towards tetrodotoxin (TTX) and TTX-like
compounds (Fry et al., 2009). However, studies have shown
that like in many other marine organisms, Hapalochlaena
TTX is produced by endosymbiotic bacteria and distributed
not only in the salivary glands, but also all other parts of the
body (Yotsu-Yamashita et al., 2007).

Relatively little is known about the presumably endog-
enous salivary toxins found in octopods. It seems, however,
that various proteases and neurotoxins are important
venom constituents. In a recent study, Fry et al. (2009)
found large numbers of peptidase S1 transcripts in both
H. maculosa and Octopus kaurna, as well as evidence for
a basal radiation of these transcripts in the Cephalopoda.
Moreover, the molecular diversity in the functional resi-
dues of the encoded proteins coheres to the pattern seen in
multigene toxin families that have undergone adaptive
radiation through positive selection, such as conotoxins
(Duda and Palumbi, 1999; Fry et al., 2009). This basal
radiation and functional diversification is consistent with
observations on protease activities in octopodid species
belonging to phylogenetically relatively distant subfamilies
(Strugnell et al., 2005), such as the eledonine E. cirrhosa
(Grisley, 1993) and octopodine O. vulgaris (Morishita, 1974),
were ten and eight, respectively, caseinolytic proteases
were identified.

Like proteases, neuro/myotoxins seem to be a common
feature of most octopodid venoms. Small neuropeptides
with potent hypotensive properties have been isolated
from PSG extracts from species belonging to both Eledo-
ninae and Octopodinae; eledoisin from Eledone aldrovandi
and Eledone moschata (Erspamer and Anastasi, 1962),
Octopus tachykinins (OctTK) from O. vulgaris (Kanda et al.,
2003), and a peptide-transcript in O. kaurna homologous to
that coding for OctTK (Fry et al., 2009). Similarly, non-TTX-
like neuro/myotoxic proteins have been found in PSG
extracts from O. dofleini (Songdahl and Shapiro, 1974),
O. vulgaris (Ctx), and E. cirrhosa (McDonald and Cottrell,
1972).

In the Octopoda, the venom apparatus terminates in the
toothed salivary papilla, which is connected to the paired
PSG through ducts running adjacent to the oesophagus
(Grisley et al., 1996). As well as probably functioning as
a reservoir, the salivary papilla is used to inject saliva into
prey, often with great force, through either puncture
wounds caused by the beak or holes drilled mainly by the
physical actions of the radula (Runham et al., 1997). This
results in immobilization of prey, such as by hypotension
and paralysis followed by death in crustaceans (Ghiretti,
1960), but seemingly only temporary paralysis or hypo-
tension in molluscs (Pilson and Taylor, 1961). In addition to
the enlarged and well developed PSG found in species
relying on the use of venom (Gibbs and Greenaway, 1978),
taxa that bore holes also have other evident morphological
adaptations, including a concentration of receptory nerve
endings near the tip of the radula, a particularly well
developed sub-radular organ, and an extra supra-radular
organ which functions are to remove old radular teeth
(Messenger and Young, 1999). However, it is not known
how the venom composition itself is influenced by the
dietary preferences of octopods, nor whether octopods
with less robust morphology and physical strength
“compensate” in terms of toxicity of their venom.
1.4. Venom enzymes and temperature

Most enzymatic venom components for which the effect
of temperature on activity has been described appear to be
mesophilic enzymes: Thermal optima range between 25 �C
(Hernandez-Oliveira et al., 2005) and 65 �C (Pandya and
Budzynski, 1984) but are usually within 37–55 �C. Optima
do not seem to differ much between enzyme families except
for snake phosphodiesterases which with thermal optima
typically about 60 �C are in the higher end of the scale
(Valério et al., 2002). In addition to different types of
enzymes having similar thermal activity properties within
each species (e.g. Liu et al., 2006; Liu et al., 2008; Sun et al.,
2009), thewindowof optimal temperatures also seems to be
consistent across a wide range of venomous taxa, including
snakes (e.g. Costa et al., 2010; Farid et al., 1989), fish
(Magalhães et al., 2008; Poh et al., 1992), spiders (Devaraja
et al., 2008; Rodrigues et al., 2006), scorpions (Feng et al.,
2008; Morey et al., 2006), insects (de Jong et al., 1982; Zhu
et al., 2008), and jellyfish (Li et al., 2005a). As with other
mesophilic enzymes, the activity rates of these enzymatic
toxins tend to drop rapidly with a decrease in temperature,
often with 10–20% activity at 20 �C and virtually no activity
below 4 �C. Unlike previously described enzymatic toxin,
however, the enzymes in the venom of Antarctic octopods
are subjected to a set of environmental conditions very
different from the venoms of tropical or terrestrial
temperate organisms which need to function under warm
conditions (such as endothermal prey).
1.5. Aims

During participation in the Australian Antarctic Divi-
sion’s third International Polar Year research cruise,
“Voyage 3”, onboard the R/V “Aurora Australis” to
Commonwealth Bay, Eastern Antarctica, a large number of
octopods were collected. As well as being a unique
opportunity for an investigation of the properties of
venoms used under sub-zero conditions, where most
enzymes largely lose their function, it also provided
a chance to compare largely sympatric species of various
relatedness in terms of toxic activity, morphology and diet.

In the present study, we provide the first insights into
the properties and importance of venom in Antarctic
Incirrata, shedding some light on how octopod venom
composition may be influenced by diet and morphology.
The underlying hypothesis was that venom is an important
part of Antarctic octopod trophic ecology, and that there is
a strong link between venom composition, morphology
and diet. Hence, it might be expected that the size of prey
and difficulty in capturing is reflected in the morphology
and venom of a species, with a lack of strength in one being
compensated for in the other. In addition, due to their
radiation during and after the formation of the Antarctic
circumpolar current as well as considering the adaptive
nature of most toxin families, Antarctic octopodid venom is
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likely to exhibit adaptations to functioning under sub-zero
conditions.

2. Material and methods

2.1. Sample collection

During the Australian Antarctic Division’s third Inter-
national Polar Year research cruise “Voyage 3” onboard the
R/V “Aurora Australis”, 203 specimens of octopods were
collected using benthic beam trawls and box corer (one
individual). These were obtained from 52 of a total of 78
stations sampled off the coast of Eastern Antarctica, during
the six week duration of the cruise.

All specimens were photographed, locality and depth
recorded, and a tissue sample taken from the tip of a non-
hectocotylized arm. The tissue samples were put in liquid
nitrogen for storage, while the specimens were deposited
with the Collaborative East Antarctic Marine Census
(CEAMARC) collection, each specimen and its tissue sample
given a unique CEAMARC reference number. Posterior
salivary glands (PSG) were collected from specimens
designated by the shift leader (CEAMARC) and stored in
liquid nitrogen. Removal of the PSG was carried out by
a dorsal incision through the mantle immediately posterior
to the eyes (Fig. 1), revealing the paired glands on either
side of the oesophagus.

Identification of specimens identified 15 species groups,
nine of which could be positively assigned to named
species. Species to be included in the venom analyses were
selected so to include varying degrees of relatedness, as
well as based on their ecological and morphological traits.
Specimens included in the study are listed in Table 1 along
with their designated CEAMARC numbers and catch data,
and their phylogenetic relationships as described by
Undheim et al. (2010) are illustrated in Fig. 2.

2.2. Venom analyses

As the term implies, enzymatic assays detect and estimate
enzymatic activities byproviding a substrate (natural formor
Fig. 1. Dorsal view of the mantle of Pareledone turqueti showing the location
of the paired posterior salivary glands, indicated by arrows, on either side of
the oesophagus, immediately posterior of the eyes. Notice the three layers
through which the incision has been made.
analogue) and measuring the concentration of the products
over time. By testing for a variety of enzymatic and other
activity assays, both prey immobilizing and pre-digesting
effects can bepredicted. Because of thepreciousnature of the
material and to enable further, more detailed work, only one
specimen could be included from Megaleledone setebos and
Pareledone turqueti, and three specimens from Adelieledone
polymorpha and Pareledone aequipapillae.

2.2.1. Protein extraction
A “Total Protein Extraction Kit” (Millipore� Cat. #2140)

was used for the extraction of proteins from posterior
salivary glands (PSG), pooling conspecific extracts. All
extraction was done in a cold room keeping 4 �C. Buffer
containing protease inhibitors was created and kept on ice.
PSG tissuewas weighed, and approximately half of the total
2.5 mg/mL buffer added before homogenizing the tissue for
20 s using a manual tissue homogenizer, put on ice for 15 s,
and repeated three times. The homogenizer and edge of the
homogenizer-tube were then rinsed off using the remain-
ing buffer before allowed to rest on ice for 20 min, but
manually shaken for 5 s every 2 min. The extract was then
transferred to an Eppendorf tube and centrifuged at 4 �C for
30 min at 11 000 rcf (relative centrifugation force), the
resulting supernatant transferred to a 0.1 mm filtered spin
column. The pellet was resuspended in 200 mL buffer and
set on ice for 20 min, manually shaken every 2 min, before
centrifugation at 4 �C for 30 min at 11 000 rcf. The second
supernatant was then added to the first, and concentrated
in the spin column by centrifugation for approximately at
4 �C for 20 min at 7000 rcf, checking the total volume every
5–10 min. The total protein concentration of all extracts
used in assays were estimated using a Bradford (1976)
Assay.

2.2.2. Alkaline phosphatase Assay
ALP is an enzyme with relatively high pH optimum that

is widely distributed, both in terms of taxa and tissues
(McComb et al., 1979), and has been found in the venoms of
spiders (Heitz and Norment, 1974; Rodrigues et al., 2006)
and snakes (Sulkowski et al., 1963; Tu and Chua, 1966). As it
is not particularly substrate specific, ALP is known to
hydrolyze a wide variety of esters and anhydrite phos-
phoric acids to release phosphate (Guimarães et al., 2001).
By playing a part in the endogenous release of purines
during envenomation, ALP is thought to contribute to the
immobilization of prey through hypotension (Aird, 2002).
To test for the presence of ALP, a slightly modified assay
from Sulkowski et al. (1963) was used for detecting and
measuring ALP activity.

For each extract, an assay and a control was prepared by
adding the following to two Eppendorf tubes: 100 mL
0.01 M glycine–NaOH buffer pH 9, 120 mL 0.01 M p-nitro-
phenylphosphate (PNPP), 30 mL 1.00 M MgCl2, 40 mL H2O.
10 mL of extract and 10 mL of H2O, as control, was then
added to their respectively labelled tubes and immediately
placed on a thermo-shaker preheated to 37 �C or on ice.
After exactly 30 min, 300 mL 0.05 M NaOH was added in
order to terminate the reaction.

The two samples were then measured for absorption
at 400 nm (A400) using a NanoDrop� ND-1000



Table 1
CEAMARC number and catch data for specimens included in the venom analyses. Total length is the total length of the specimen from tip of mantle to end of
longest arm, trawl depths are at start and stop, while coordinates indicate the locations of the set CEAMARC sampling stations. The presence of a hectocotylus
(Hect.) shows specimen is a mature male; an absence may indicate both immature individual and mature female.

Species CEAMARC Voucher number Hect. Total length (mm) Trawl depth (m) Latitude Longitude

P. turqueti CEAMARC V3 2716 Yes 145 791–684 66�23.9400S 140�31.7800E
P. aequipapillae CEAMARC V3 1651 No 140 404–414 66�35.9300S 145�23.3650E

CEAMARC V3 1656 No 125 404–414 66�35.9300S 145�23.3650E
CEAMARC V3 1929 Yes 140 566–561 66�20.4170S 143�39.9000E

M. setebos CEAMARC V3 2801 No 980 444–331 66�19.8560S 140�39.8310E
A. polymorpha CEAMARC V3 497 ? 150 390–294 66�20.0200S 142�43.6830E

CEAMARC V3 740 ? 151 384–385 66�33.7420S 142�22.6890E
CEAMARC V3 3603 No 100 Ca. 748 65�41.4890S 140�31.6730E

Cirroctopus sp. CEAMARC V3 3120 No 620 414–402 66�10.0210S 139�41.0570E

E.A.B. Undheim et al. / Toxicon 56 (2010) 897–913 901
Spectrophotometer with software NanoDrop3.1.0, noting
the difference in A400 between the control and extract.
Specific activity was calculated as the amount of enzyme
which liberates 1 mmol of p-nitrophenol per minute per mg
protein in the extract. The activity was measured in tripli-
cate and averaged values were taken.

2.2.3. Acetylcholinesterase assay
In its ancestral state, AChE most commonly found as an

extrinsic membrane protein that terminates the acetyl-
choline-receptor meditated ion gating in the post-synaptic
neuron by hydrolyzing acetylcholine (ACh) (Quinn,1987). It
is extremely efficient and has one of the highest turnover
rates registered for any enzyme, hydrolyzing ACh faster
than its diffusion rate (Quinn, 1987). Although found in
high levels in many elapid snake venoms, the toxic role of
AChE is uncertain (Cousin et al., 1996). It is thought,
however, that it results in less musculatory control by
rapidly hydrolyzing ACh (Fry, 2005) and, like ALP, plays
a role in immobilizing prey due to hypotension, although in
an indirect manner (Aird, 2002).

Alkaline hydroxylamine was prepared by adding equal
parts of 1.7 M NaOH and 1 M hydroxyamine-HCl. Six 1.5 ml
Eppendorf tubes, one for each sample and one for control,
were labelled and added 10 mL sample and 10 mL H2O
(control). 2 mL 1MMgCl2 was then added before incubating
the tubes for 3 min at 37 �C. To initiate the reaction, 20 mL
0.0064 M acetylcholine chloride was added followed by
incubation at 37 �C on a thermo-shaker.

After exactly 10 min 80 mL of the freshly prepared
alkaline hydroxylamine was added to terminate the
reactions. 40 mL 1:6 grad HCl and 40 mL 0.185 M ferric
chloride were then added, carefully mixing with the
pipette. The resulting rusty-purple colour was then
measured for absorption at 540 nm using a NanoDrop
spectrophotometer.

2.2.4. Proteolytic assay
Although not a natural substrate for venom proteases,

casein gives an indication of general proteolytic activity and
is commonly used in the detection of proteases in venoms
from a range of taxa (e.g. Gusmani et al., 1997; Matsui et al.,
2000), including octopods (Grisley, 1993). Because of the
addition of protease inhibitors during the standard protein
extraction protocol (see 2.2.1) separate extracts had to be
prepared before running this assay. Same extraction
procedure was followed, except no protease inhibitors
were added to the extraction buffer. This meant that the
extracts needed to be prepared immediately prior to
running the proteolytic assay, alternatively frozen at�80 �C
and thawed as the assay was set up.

A modified assay based on that by Johnson et al. (1969)
was used for detecting and measuring the presence of
proteolytic activity. The substrate of the reaction, casein,
was prepared by adding 1.2 g casein to 70–80 mL of the
phosphate buffer, letting it sit for 10–15 min, placing the
beaker containing the casein mixture in a boiling water
bath, and stirring at 300 rpm for 20–30 min until all
casein was dissolved. The casein solution was then
allowed to cool down to room temperature before adding
phosphate buffer until the total volume of the casein
solution reached 100 mL. Because of the low solubility of
casein, the solution was filtered before use in order to
remove particles.

Phosphate buffer pH 7.4 was prepared from 0.1 M
NaH2PO4$2H2O and 0.15 M NaCl by adding 6.9 g NaH2PO4
and 4.4 g NaCl to 500 ml H2O. The pH of the phosphate
buffer was regulated by adding NaOHwhile monitoring the
pH until it reached 7.4. Assays were initiated by adding
20 mL extract to 50 mL casein solution, placed on a shaker for
10 min. To terminate the proteolytic reaction casein was
precipitated by adding 50 mL HClO4, made from 39 mL
HClO4 and 500 mL H2O, and placing the solution on
a shaker for 20 min. Due to the differences in absorption
between the extractions, each sample needed its own
control, where order of adding casein and HClO4 was
reversed. This meant extract enzymes were not given any
time to digest the casein before it was precipitated. The
assay was carried out at two temperatures, 0 �C and 37 �C.
One (37 �C) being the standard protocol temperature, while
the other (0 �C) being closer to the conditions of the
species’ natural environment.

Each tube was then centrifuged at maximum speed
(16 100 rcf) at 4 �C for 30 min. The resulting supernatants
were measured for absorbance at 280 nm using the
NanoDrop, noting the difference in A280 between control
and extract. Specific activity was calculated as the number
of Committee of Thrombolytic Agents (CTA) units per
milligram total protein, where one CTA unit liberates 0.1
micro equivalents of tyrosine from cow casein in 1 min at
37.5 �C. The activity was measured in triplicate and aver-
aged values were taken.



Fig. 2. K2P distance based NJ phylogenetic tree analysis of sample COI sequences onto a template of COI sequences obtained from GenBank (Undheim et al.,
2010). Names of species obtained are in bold, while species selected for further study are underlined. Scale represents a genetic distance of 0.1 units, which
corresponds to an average of 0.1 nucleotide substitutions per nucleotide.

E.A.B. Undheim et al. / Toxicon 56 (2010) 897–913902
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2.2.5. Secreted Phospholipase A2 assay (sPLA2)
Venom sPLA2 is found in awhole range of taxa, including

cone snails (McIntosh et al., 1995), bees (Tracy et al., 1980),
and snakes (Fry and Wuster, 2004). Although the down-
stream effects are diverse, threemainmechanisms inducing
pharmacological effects have been proposed (Rosenberg,
1990): i) Hydrolysis of membrane phospholipids to directly
disrupt functions such as selective membrane permeability
of cells. ii) Hydrolysis of membrane phospholipids to
produce pharmacologically active products, such as arach-
idonic acid, which then mediate PLA2 actions like inflam-
mation and tissue destruction (Fry et al., 2005). iii) Direct
membrane disruption, independent of phospholipid hydro-
lytic activity, leading to for example haemolytic activity.

A Cayman Chemical secretory Phospholipase A2 (sPLA2)
Assay Kit (http://www.caymanchem.com/app/template/
Product.vm/catalog/765001/a/z) was used to measure the
specific activity of the sPLA2s in the crude venom extracts.
Conducting the assay at two temperatures, one being 0 �C,
was attempted but failed due to the requirements for real-
time measurement of absorbance at 405 nm (A405).
The negative control was used to establish the baseline of
the activity to which the slopes, and hence activities, of the
remaining reactions were estimated. The activity was
measured in triplicate and averaged values were taken.

2.2.6. Haemolytic assay
Haemolysis is the eruption of red blood cells and the

subsequent release of cell contents, such as haemoglobin,
into the plasma. With several toxin types (both enzymatic
and non-enzymatic) exhibiting some form of haemolytic
activity (Chen et al., 1997), it is a common effect found in
venoms from a vast array of taxa, ranging from snakes (Fry,
2005) to cnidarians (Gusmani et al., 1997), and to octopods
(Key et al., 2002). Although haemolysis may have several
systemic effects, such as disseminated intravascular coagu-
lation and renal failure (Vetter, 2008), its detection in assays
can also be an indicator of general cytolytic activity, which
may again act as a spreading factor for the remaining toxins.

To test for haemolytic activity in the extracts, a modified
assay adopted from Key et al. (2002) was used. Phosphate
buffered saline (PBS), pH7.3, was prepared by adding 8 g
NaCl, 0.2 g KCl, 0.2 g KH2PO4, 1.725 g Na2HPO4$7H2O, 1L
distilled H2O, and adjusting the pH to 7.3. Mammalian
blood was then centrifuged for 5 min at 12 000 rpm, the
supernatant removed, and the red blood cells (RBC)
resuspended in an amount of PBS equal to that of the
supernatant removed. The RBC were centrifuged and
“washed” with PBS three times in order to reduce the
amount of non-erythrocyte matter present.

An appropriate RBC concentration was determined by
setting up a concentration series of 50%, 25%, 10%, 5%, 2%,
and 1.5% of original RBC density using PBS, and inducing
100% haemolysis by re-suspending the RBC in distilled
water. The mixtures were then centrifuged for 5 min at
12 000 rpm, and the supernatant measured for absorption
at 540 nm (A540). Due to 100% absorption at higher
concentrations, the 1.5% RBC solutionwas decided to be the
most appropriate. A haemolytic percentage curve was set
up by diluting the 100% haemolytic mixture to 50%, 25%
and 12.5% and measuring A540, and then solving the linear
best-fit line equation for X in order to estimate % haemol-
ysis from the observed A540: x ¼ (y þ 0.21)/0.013.

To minimize the error rate from inaccurate substrate
concentration, the same solution used for calibrating the
absorbance to % haemolysis curvewas used for assaying the
extracts. 50 mL extract was added to 500 mL 1.5% RBC in 1mL
Eppendorf tubes. For blank, 50 mL PBS was added instead of
extract. The tubes were then incubated at room tempera-
ture (approx. 20 �C) on a rotator for 2 h, before centrifu-
gation at 12 000 rpm for 5 min, and measuring A540 of the
supernatant. The assay could only be performed once due
to the lack of material, preventing calculation of the vari-
ation associated with the assay protocol. In addition, the
lack of resources and time prevented estimation of expec-
ted standard deviation of the assay results, which could not
be found in the literature.

2.2.7. SDS-PAGE
To visualize the contents of the extracts, samples were

run through an SDS-PAGE. A 14% poly-acrylamide gel was
used to get higher band-resolution in the area containing
the smaller proteins. This approach, however, also resulted
in lower resolution among larger-sized proteins. Due to
previous attempts at running SDS-PAGE using lower
protein concentrations and silver staining, it was decided
not to spend more extract on SDS-PAGE and instead save as
much as possible for further, more informative separation
methods. The extracts were prepared by adding 10 mL SDS-
buffer to equal parts extract and set for incubation for 5min
at 96 �C on a thermo-shaker, added to a pre-made gel,
focused for 30 min at 120 V in a 4% pre-gel, and run for
90 min at 180 V. The resulting gel was stained in CBB on
a shaker at room temperature before rinsed in a buffer
containing 40% EtOH, 10% Acetic Acid, and H2O.

2.3. Morphology

Information on characters considered relevant to prey
capture and use of venom was collected from the literature.
Two characters, the radular apparatus and the salivary
papilla, could not be included as no observations were made
during specimen collection or was found in the literature.
The following morphological features were therefore
included in the interspecific comparison: PSG shape and
size, beak shape, size of the buccalmass in relation tomantle
length, sucker count in relation to arm length, and any notes
on the muscularity or robustness of the body. All traits
except PSG shape and size were used as indicators of phys-
ical ability to subdue prey; while properties of the beak and
buccalmass reveal the ability to crush and bite chunks out of
prey, the number of suckers per arm length often indicates
the sucker size and hence ability to handle small prey.

2.4. Diet

Dietary data had to be taken from the literature as
stomach contents could not be recorded due to the parti-
tioning of samples and data between different research
groups participating on the cruise. However, very little is
known about the diet of Antarctic octopods; cephalopod
stomach contents are in general often difficult to identify
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Table 3
Proteolytic activity at 0 �C and 37 �C of Antarctic octopus venoms. Specific
proteolytic activity is defined as proteolytic units per mg total protein in
extract. One proteolytic unit represents one CTA unit which liberates 0.1
micro equivalents of tyrosine from cow casein in 1 min at 37.5 �C.

Species Specific activity
at 0 �C (U/mg)

Specific activity
at 37 �C (U/mg)

A. polymorpha 1.32 � 0.06 0.56 � 0.03
M. setebos 5.05 � 0.15 2.60 � 0.09
P. turqueti 0.22 � 0.01 2.45 � 0.09
P. aequipapillae 3.25 � 0.1 2.9 � 0.1
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due to themaceration of prey prior to ingestion, and the lack
of knowledge about the benthic shelf fauna of the Antarctica
makes a detailed description of any visually recognizable
items virtually impossible (Collins and Rodhouse, 2006).
Nevertheless, three studies have been published which give
general identifications of stomach contents from the cirrate
(Vecchione et al., 1998) and incirrate (Daly, 1996; Piatkowski
et al., 2003) species, or closely related congeners, included in
the venom analysis. Although these records are from the
western Antarctic region, they provide a general compara-
tive picture of diets of octopods inhabiting areas with an
unusual benthic faunal assemblage.

3. Results

3.1. Activity assays

The results obtained from the ALP assay are summarized
in Table 2. It is evident that all extractions have some form
of alkaline phosphatase present, with positive results at
both 37 �C and 0 �C. Three of the four species also showed
higher activities at 0 �C than 37 �C. P. aequipapillae,
however, exhibited 60% higher activity rate at 37 �C than at
the more ecologically realistic temperature of 0 �C.

In contrast, little or no acetylcholinesterase activity was
found in assays conducted at 37 �C, except P. aequipapillae,
which showed a ten-fold increase in activity at 37 �C
compared to 0 �C. All species had low activities at 0 �C, but
the results were very inconsistent, including highly vari-
able control values, and the results were consequently
excluded from the analyses.

The results obtained from the proteolytic assays are
summarized in Table 3. All species except P. turqueti
showed higher or approximately equal activities at 0 �C
compared to 37 �C, with M. setebos having the highest rate
of activity at 0 �C. P. turqueti showed a specific activity
similar to that ofM. setebos and P. aequipapillae at 37 �C, but
near zero activity at 0 �C.

The sPLA2 assay was only conducted at 29 �C, at which
all extracts showed some PLA2 activity, the highest rate
being that of P. turqueti which had a rate more than twice
than the congeneric P. aequipapillae. sPLA2 assay results are
summarized in Table 4.

Except for P. turqueti, all PSG extracts had weak hae-
molytic activity. Results from the haemolytic assay are
summarized in Table 5.

3.2. Cirroctopus stomach tissue

The protein extract from the stomach tissue of Cirro-
ctopus sp. was assayed for some, but not all of the
Table 2
Alkaline phosphatase (ALP) activity at 0 �C and 37 �C of Antarctic octopus
venoms. Specific ALP activity is defined as units per mg total protein in
extract. 1 Unit ALP activity represents the amount of enzyme which
liberates 1 mmole of p-nitrophenol per minute.

Species Specific activity
at 0 �C (U/mg)

Specific activity
at 37 �C (U/mg)

A. polymorpha 69.32 � 3.1 61.20 � 3.0
M. setebos 86.78 � 4.3 57.60 � 2.9
P. aequipapillae 116.22 � 4.0 166.13 � 3.8
P. turqueti 99.08 � 3.3 76.95 � 3.2
enzymatic groups, due to the low protein content of the
extract. The results from the assays conducted are
summarized in Table 6, which shows that ALP and
proteolytic activity is present, albeit low in the latter.

3.3. SDS-PAGE

The result from the SDS-PAGE is shown in Fig. 3. In
addition to the abundance of peptides too small for sepa-
ration, the gel showed a strong band at approximately 12–
13 kDa for P. turqueti and P. aequipapillae, whereas weak
bands were present in this region for both A. polymorpha
and M. setebos. M. setebos also showed definite bands at
14 kDa and 18 kDa. Considering the results from the activity
assays, these bands correspond to the molecular weight
range of sPLA2, which commonly is between 13.5 and
16 kDa.

A couple of weak bands were present in the region 25–
30 kDa for A. polymorpha, P. turqueti, P. aequipapillae, as well
as the stomach tissue extract from Cirroctopus sp. All PSG
extracts also had very weak bands at about 35 kDa.

Strong, broad bands along with 1–3 weaker bands
indicate the presence of several proteins around 45 kDa in
A. polymorpha, P. turqueti, and P. aequipapillae. The
stomach tissue extract of Cirroctopus sp. also contained
proteins in this region, though somewhat larger than
45 kDa. Although no ALP activities have been reported
from octopod venom, the molecular weights described for
this phosphatase family have generally been higher than
30 kDa (Rodrigues et al., 2006). Considering the activities
present in both the PSG and stomach tissue extracts, the
bands at about 45 kDa may represent ALP enzymes. The
lack of strong bands in the M. setebos extract above 18 kDa
but positive results in the proteolytic and ALP assays
suggest either that some of the protein content of the
extract may have degraded while running the gel, or that
activities of these enzymes are very high.
Table 4
Phospholipase A2 (PLA2) activity of Antarctic octopus venoms. Specific
sPLA2 activity is expressed as sPLA2 enzyme activity units per mg total
protein in extract, where one unit hydrolyzes 1 mmol of diheptanoyl Thio-
PC per minute at 25 �C.

Species Specific PLA2 activity
(mg protein)�1 (U/mg)

A. polymorpha 0.44 � 0.02
M. setebos 0.77 � 0.03
P. turqueti 1.21 � 0.05
P. aequipapillae 0.66 � 0.03



Table 5
Relative and specific relative haemolytic activity for each species. Values
denote the percentage haemolysis by extracts compared to 100% hae-
molysis induced by distilled water in a 1.5% dilution of mammalian red
blood cells. Specific relative activity is defined as the relative activity per
mg total protein in each extract. Variation due to measurements of
absorbance gave a standard deviation of 4.3%.

Species A540 % Haemolysis % Haemolysis
per mg protein

A. polymorpha 0.023 3.38 0.615
M. setebos 0.057 6.00 2.00
P. turqueti 0 0 0
P. aequipapillae 0.072 7.15 1.43
PBS only 0 0 N/A

Fig. 3. SDS-PAGE of all extracts with the following abbreviations; Mse ¼ M.
setebos, Apo ¼ A. polymorpha, Pae ¼ P. aequipapillae, Cma ¼ Cirroctopus sp.,
Ptu ¼ P. turqueti.
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3.4. Morphology

The size and shape of the PSG and beak of A. polymorpha
is very different in comparison to the other incirrates.
A. polymorpha also differs by having smaller buccal mass
and suckers, but resembles M. setebos in arm length and
shape although the webbing is not as deep. The main
difference between M. setebos and the two species of
Pareledone is the large size of M. setebos and its thick but
very loose and gelatinous integument. However, the stout
build and deep webbing combined with its large size
(largest specimen TL 980 mm) makes M. setebos a massive
octopus difficult to compare with its smaller eledonine
relatives. The two members of Pareledone only really differ
in the length of their arms and texture of their integument,
with P. turqueti having longer, seemingly thicker arms and
smooth skin. In comparison to the papillated skin of
P. aequipapillae, P. turqueti appears more gelatinous,
although not as much as A. polymorpha.

Compared to its incirrate counterparts, the cirrate Cir-
roctopus sp. has a very different build. In addition to a very
gelatinous body (perhaps particularly in large specimens)
and the use of “wings” as the primary form of locomotion,
Cirroctopus lack radulae, have no PSG, have two rows of cirri
lining each side of the suckers, and possibly have only
weakly chitinised beaks (Kubodera and Okutani, 1986; but
see Vecchione et al., 1998).

Hence, as apparent from the results summarized in
Tables 7 and 8, there seems to be three main morphological
groups. One, composed of P. aequipapillae, P. turqueti, and
M. setebos, generally fit into the typical morphology of
Table 6
Results from enzymatic assays on crude protein extract from the stomach
tissue of Cirroctopus sp. Units are as follows:1 Unit ALP activity represents
the amount of enzyme which liberates 1 mmole of p-nitrophenol per
minute; 1 Proteolytic unit represents one CTA unit which liberates 0.1
micro equivalents of tyrosine from cow casein in 1 min at 37.5 �C; Hae-
molytic values denote the percentage haemolysis by extracts compared to
100% haemolysis induced by distilled water in a 1.5% dilution of
mammalian red blood cells. Specific activity is defined as units per mg
total protein in each extract.

Enzymatic Assay Specific/Relative activity

Alkaline phosphatase (ALP) 76.09 � 3.3 U/mg
Acetylcholinesterase Weak
Proteolytic assay 0.38 � 0.02 U/mg
Haemolytic assay 0%
eledonine octopods, with a typical beak shape, “normally”
sized PSG, and slightly variable sizes and appearances of
buccal mass, arms, suckers, and integument. A. polymorpha,
however, has a very atypical shape and size of both the beak
and PSG, and has a fairly small buccal mass. The third
group, which consists of Cirroctopus sp., is again completely
different from the remaining species. This is not surprising,
however, as it is a member of Incirrata, which diverged
from the Cirrata approximately 215 million years ago
(Strugnell et al., 2008).
3.5. Diet

Most notable in the dietary components registered for
Antarctic incirrates is the lack of molluscs; no molluscan
remains were identified from the stomach contents of any
of the species apart from P. turqueti. Molluscs are, alongside
crabs, often one of the preferred types of prey in octopods
(Ambrose, 1984; Ambrose and Nelson, 1983; Grubert et al.,
1999), and the absence of brachyurans from the Antarctic
continental shelf fauna (Clarke, 2008) therefore suggests
that molluscs would be an important component of
Antarctic octopods’ diets. However, because the hard
exoskeleton of large shelled prey is rarely ingested by
octopods, molluscan, and particularly bivalve, remains are
probably particularly difficult to identify without employ-
ing molecular methods. Piatkowski et al. (2003), for
example, found no gastropod nor bivalve remains, but were
also unable to identify 44% of P. turqueti stomach contents.
This large proportion of the diet is not unlikely to include
shelled molluscs, which was identified as prey in an earlier
study by Daly (1996), and are known to be a quite diverse
and occasionally substantial part of the Antarctic shelf
fauna (Allcock et al., 2003c; Clarke, 2008).

P. turqueti seems to exhibit an opportunistic and
generalist diet more typical of octopods (Ambrose, 1984;
Ambrose and Nelson, 1983; Grubert et al., 1999).
Although, as mentioned, a large proportion could not be
determined, identified prey items include amphipods,
polychaetes, fish, octopods, and crustaceans in addition to
gastropods and bivalves. This cannot be said for all



Table 7
A comparison of morphological features considered important in prey capture, and for which observations were made or found in the literature. Abbreviations: TL ¼ Total body length.

Species Size (Max TL)
(mm)

Posterior salivary
gland

Beak shape and size Buccal mass size Relative sucker size Arm length Notes

P. aequipapillae 210 PSG length same as
buccal massa; Max PSG length
approx. 7% TL; Triangular shape

Normal octopod shape,
medium sizea

As P. turqueti? As P. turquetia,c Medium (approx. 60% TL)
and taperinga

Body more robust than
P. turquetif; Arms shorter
and not as thick.

P. turqueti 312 PSG length same as buccal massb;
Max PSG length approx. 7% TL;
Triangular shape

Normal octopod shape,
medium sizeb

Significantly larger
than A. polymorphae

Significantly larger
than A. polymorphae

Long (approx. 65% TL)
and taperingf

Slightly gelatinousf, but more
robust than A. polymorphae

M. setebos 980 Max PSG length approx. 7% TL;
Triangular shape

Normal octopod shape,
large sized

Large, but relative
size similar to P. turqueti?

Slightly larger than
Pareledonec

Long (approx. 67% TL)
and stoutf

Integument thickd, loose and
gelatinousf; Deep webbingb,d

A. polymorpha 200 PSG length almost twice that of
buccal massb; Max PSG length
approx. 10% TL; Square shapeb

Sharply pointed rostrum,
small sizeb

Significantly smaller
than P. turquetie

Smalle Moderately long (approx.
62% TL) and stoutb

Less robust than members of
Pareledonee

Cirroctopus sp. 620 Absentg (within the buccal mass?h) Normal octopod shapeh,
weakly chitinised?i

Medium, but lacks radulag Medium to smallg;
Row of cirri on both
sides of suckers

Mediumg (approx. 55% TL) Very gelatinous; “Wings”
primary mode of locomotion,
no observations on crawlingh

a (Allcock, 2005).
b (Allcock et al., 2003a).
c (Allcock and Piertney, 2002).
d (Allcock et al., 2003b).
e (Daly and Rodhouse, 1994).
f (Lu and Stranks, 1994).
g (Collins and Villanueva, 2006).
h (Vecchione et al., 1998).
i (Kubodera and Okutani, 1986).
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Table 8
Diets based on studies of stomach contents from Antarctica octopods.

P. aequipapillae P. turqueti M. setebos A. polymorpha Cirroctopus sp.

Amphipods xe,b xb xb xb

Copepods xf,c

Crustaceans xa xa xd

Polychaetes xa,b xa,b

Fish xb xb

Gastropods xa

Bivalves xa

Octopods xb

Ophiuroids xb

Others xe,b xb x
Unknown xe,b xb xb xb

a (Daly, 1996).
b (Piatkowski et al., 2003).
c (Vecchione et al., 1998).
d Personal observations.
e Based solely on observations on P. charcoti collected between 90 and 130 m, as opposed to P. aequipapillae’s depth range of 190–750 m.
f Based on Cirroctopus glacialis. Unidentifiable crustacean fragments.
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members of the genus, however, as Pareledone charcoti,
a closely related congener of P. aequipapillae, apparently
feeds almost exclusively on amphipods. Although this
could indicate a specialisation on amphipod prey, octopod
diet is often governed by prey abundance as well as pref-
erence (Ambrose, 1984), and could therefore reflect an
encounter rate in shallow waters rather than selective
foraging. Similarly, the high proportion of ophiuroids (62%)
in the stomach of M. setebos, which also contained fish
remains, is likely to reflect an abundance and ease of
capture rather than ability and preference. A. polymorpha
appears to specialise on amphipods and polychaetes,
although a large proportion remains to be identified.

In a study on Cirroctopus glacialis, Vecchione et al. (1998)
opened the stomachs of a few specimens, which turned out
to either be empty or contain unidentifiable fragments of
crustaceans. During the dissection of one specimen in this
study, crustacean fragments and what appeared to be
copepods were found in the digestive tract of a large indi-
vidual. This is concordant with literature on the diet of
other demersal cirrate octopods, which includes small,
slow swimming prey, such as copepods, amphipods, and
polychaetes (Collins and Villanueva, 2006).

Like in the morphological analysis, the species can be
divided into groups, where P. turqueti appear as the true
generalist,M. setebos as the opportunistic generalist, and A.
polymorpha and Cirroctopus sp. as specialising generalists.
Although the latter term may seem self-contradictory, it
simply reflects a trend towards certain prey types within
a generalist species’ diet (Mather, 1991). P. aequipapillae
cannot securely be grouped into either of these, as no
dietary data has been published, and the depth range
compared to P. charcoti is quite different.

Thus, considering both morphological traits and the
apparent relative difficulties in prey capture faced by each
species,M. setebos appears to be able to subdue preymainly
by brute force, P. turqueti seems to be dependent on venom
to catch some of its prey, while A. polymorpha has the
morphology and diet of a species adapted to the use of
venom. Cirroctopus sp. does not depend on venom for prey
capture, while P. aequipapillae remains inconclusive due to
the lack of dietary information.
4. Discussion

4.1. Properties of Antarctic octopodid venom

As evident from the results from the venom analyses,
Antarctic octopodid venom harbours a range of toxins, two
of which have not previously been described from the
Octopoda. Being the first investigation into the properties
of the venom of the Antarctic Octopoda, the results from
each assay are briefly discussed below.

4.1.1. Alkaline phosphatase
Previous activities reported for assays of venom ALP

using the same substrate range from 0.2� 10�3 to 0.4 U/mg
venom protein in the spider Loxosceles gaucho (Sales and
Santoro, 2008) and the viperid Vipera ammodytes (Risch
et al., 2009), respectively, ALP activities in the PSG
extracts were several orders of magnitude higher. There
was also evidence for cold-adaptation, with consistently
high activities at the enzymatically challenging tempera-
ture of 0 �C, actually exceeding those at 37 �C in all species
except P. aequipapillae. In comparison, ALP activity from the
photoreceptors of E. cirrhosa was shown to peak at 60 �C,
with less than 10% maximum activity at 10 �C (Romero-
Saravia and Hamdorf, 1983). This is similar to previously
described venom ALP, where maximum activities occur
between 45 and 55 �C and activity drops to 20–35% at 25 �C
(Zhu et al., 2008). Rather, the high ALP activities at 0 �C
suggest ALPs from Antarctic octopodid venom are
“extreme” cold-adapted, a term referring to cold-adapted
enzymes capable of functioning below sub-zero tempera-
tures (Roach, 2002).

Combined, these results are strong indicators that ALP
plays an important function in the prey capture: By causing
an endogenous release of purines, venom ALP may immo-
bilize prey by inducing hypotensive paralysis (Aird, 2002).
Although ALP activity has never previously been described
from octopod PSG, it is interesting to note that at least one
of the constituents of Ctx, which caused hypotensive
paralysis in crabs, was reported to be a glycoprotein, just
like ALP (Ghiretti, 1960; McComb et al., 1979). Furthermore,
the apparent absence of ALP in paralarval Octopus and
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Japatella (Boucaud-Camou and Roper, 1995) PSG could
indicate ontogenetic changes in the venom composition.

4.1.2. Acetylcholinesterase
By scavenging acetylcholine, AChE is thought to work

synergistically with ALP in paralyzing prey through hypo-
tension (Aird, 2002). Although there was probably very
weak AChE activity in all extracts, including that from the
Cirroctopus stomach tissue, inconsistent results within each
assay repetition prevented any activities from being
calculated with any degree of confidence. The presence of
activity at seemingly approximately equal rates in both PSG
and stomach, however, suggests that the AChE measured
was present as housekeeping enzymes in both tissue-types,
and is not present as an active ingredient in the secreted
saliva. Another possibility is that there were unrecognized
problems at some stage of the assay, as indicated by the
variable absorbance values obtained from the controls.

4.1.3. Proteolytic activity
The presence of general proteolytic activity in the PSG

extracts from the four assayed species is consistent with
previous investigations (e.g. Fry et al., 2009; Grisley, 1993),
confirming that proteases play an important part in prey
handling in incirrate octopods. Fry et al. (2009) calculated
that the molecular weights of the processed peptidase S1s
from O. kaurna ranged from 25.25 to 26.89 kDa, while
a molecular weight of 32 kDa was reported for a protease
isolated from the saliva of E. cirrhosa (Grisley, 1993). These
results fit well with the observed bands in the SDS-PAGE,
which were found between 25 and 30 kDa in all but M.
setebos, and at 35 kDa in PSG extracts.

Like ALP, there was also evidence for extreme cold-
adaptation of proteases in the PSG extracts; except for P.
turqueti, there was considerable proteolytic activity at 0 �C
in all species, with A. polymorpha and M. setebos even
showing almost twice the caseinolytic activity at 0 �C
compared to 37 �C. It has been argued that because casein is
not a natural substrate for the proteases contained in
venom, not too much significance should be accredited to
findings of suboptimal activity rates under near-natural
conditions (Robertson and Delpierre, 1969). However, as
the same substrate was used at both assay temperatures,
the presence of near-equal activities at the two tempera-
tures, or even a shift of an optimal enzymatic reaction
temperature from near or above 37 �C to temperatures
closer to 0 �C, still indicates an adaptation to colder envi-
ronments. This is a very interesting finding, considering
that most proteases from psychrophilic organisms have
activity optima at considerably higher temperatures than
their natural surroundings, often in the vicinity of 40 �C
(Brier et al., 2007; Dittrich, 1992a,b). As with ALP, proteases
previously described from venoms show a very different
thermal activity profile compared to that of Antarctic
octopodids; typically peaking at 37–65 �C and usually
showing a rapid drop in activity rates with reduced
temperatures (Li et al., 2005a; Nakar et al., 1986; Rodrigues
et al., 2000). The high activities at 0 �C is also unusual
compared to enzymes described from temperate and
tropical octopods where, although no data seems to avail-
able on their performance at 0 �C and not all studies give
variation of activity around the optimum temperature,
most seem to have maximum activity between 40 and
60 �C with a significant decrease in activity below 40 �C
(D’Aniello et al., 1982; Fan et al., 2009; Feng et al., 2008).

Although the near lack of proteolytic activity in P. tur-
queti initially suggests no cold-adaptation is present,
further indicating a less important role of proteases in the
species, this is not necessarily so. While it cannot be
deduced from the results of this study alone, findings of
previous studies on octopod venom (Fry et al., 2009;
Grisley, 1993; Morishita, 1974) suggest that several prote-
ases may be present in the saliva of Antarctica octopodids,
including P. turqueti. This means that, although the protease
(s) responsible for the proteolytic activity observed in the
assay may not be cold-adapted in P. turqueti, it does not
exclude the possibility of other important cold-adapted
proteases being present. The low proteolytic activity of the
venom can thus be explained by a high substrate specificity
of the venom proteases which cannot be realized with
casein as substrate. Another possibility is the presence of
protease inhibitors, which are common constituents in
snake venoms (Lu et al., 2008). However, the low proteo-
lytic activity level at 0 �C compared to 37 �C does indicate
that there are probably differences between the proteases
in the venom of P. turqueti compared to that of the
remaining incirrates.

4.1.4. Secreted Phospholipase A2

Although present, none of the detected sPLA2 activities
of the PSG extracts were especially high, with the
maximum activity being that of P. aequipapillae at 1.0511 U/
mg. In comparison to the positive control, bee venom PLA2,
(287.5 U/mg) or crude venoms known to contain potent
PLA2s, such as from the elapid Acanthophis rugosus
(140.2 U/mg) (Wickramaratna et al., 2003), it may seem
that sPLA2 is not a particularly important component of the
assayed venoms. However, the enzymatic activity of PLA2 is
not necessarily correlated with toxicity (Rosenberg, 1990).
Ecarpholin S, for example, a PLA2-type toxin found in the
venom of the viperid Echis carinatus, possesses very weak
specific enzymatic activity (0.1 U/mg) but is still a potent
myotoxin (Zhou et al., 2008). Because logistic constraints
prevented the assay from being carried out at 0 �C, it was
not found whether or not the sPLA2 present showed any
signs of adaptation to functioning under low temperatures.

The presence of sPLA2 in the venom of Antarctic octo-
pods is in itself an interesting find, however, as it has
implications for the understanding of the evolutionary
history of cephalopod toxins. While transcripts coding for
PLA2 have been found in the PSG of the cuttlefish Sepia
latimanus, none could be detected in neither O. kaurna nor
H. maculosa (Fry et al., 2009), which are both members of
the octopodid sub-family Octopodinae. As the venom-
producing species included here are all members of Ele-
doninae, another octopodid sub-family, the positive sPLA2
assay results suggest three possible scenarios: A basal
cephalopod sPLA2 radiation with a secondary loss in
Octopodinae; an independent recruitment in the Octopoda
with secondary loss in the Octopodinae; or an independent
recruitment at some stage of the evolutionary history of
Antarctic eledonine octopods after the divergence from
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Octopodinae but prior to their radiation approximately 50
million years ago (Strugnell et al., 2008). Unfortunately, the
results obtained here reveal nothing about which of these
scenarios is the most likely. Although the cuttlefish PLA2
was unusually large (22.3 kDa) (Fry et al., 2009), and venom
PLA2 known from other molluscs is much smaller
(13.6 kDa) (McIntosh et al., 1995), bands were observed in
both regions on the SDS-PAGE gel (Fig. 3). These latter
bands, however, also match the sizes of two of the novel
peptides discovered from O. kaurna (Fry et al., 2009), which
functions remain unknown. It will therefore be interesting
to follow future studies on the structure and size of the
proteins responsible for the sPLA2 activities observed,
particularly if a recruitment independent of that in cuttle-
fish is the case.

4.1.5. Haemolytic activity
PSG extracts from three species exhibited haemolytic

activity on mammalian red blood cells. Assuming salivary
protein concentrations estimated previously (Grisley et al.,
1999) and calculating percent haemolysis per mg protein,
the activities ofM. setebos and P. aequipapillaewere slightly
lower, but comparable, to that reported from the saliva of
E. cirrhosa (Key et al., 2002). Key et al. (2002) found the
presence of haemolytic activity in octopus saliva difficult to
explain, but suggested it was due to components that
generally caused an increase in the permeability of cell
membranes, thereby enabling a higher efficiency of
secreted digestive enzymes. An eruption of cell membranes
would also increase the amount of substrate available to
the salivary ALP, thereby playing a part in the hypotensive
actions of the venom. Although the increase in membrane
permeability could be due to the cytolytic action of one or
several different toxins (Harvey,1990), one component able
to destabilize and disrupt cell membranes detected in this
study is sPLA2, which may have this as an pharmacological
side-effect (Rosenberg, 1990). It may also be that the hae-
molysis observed was primarily caused by an unknown
component, which would explain the presence of sPLA2 but
absence of haemolytic activity in the PSG extracts of
P. turqueti. However, as haemolytic agents are extremely
heterogeneous, with no common mechanism of action and
molecular weights ranging from 2 to 290 kDa (Harvey,
1990), this remains at a purely speculative level.

4.1.6. The effect of small sample sizes
The fact that only a few specimens from each species

could be used leaves several factors that may influence the
composition of venom unaccounted for, including size, sex,
condition, and time allowed for regeneration of toxins (e.g.
Boevé et al., 1995; Herzig et al., 2008). The main implica-
tions of this are that negative assay results do not exclude
the possibility of the activity being present at another life
stage or in another specimen, and that the activity levels
cannot be compared between species with any real degree
of certainty. Although the positive results may in theory
only be applicable to individuals of a certain size and sex
(which is also the case in studies where large samples have
been pooled), and while one cannot draw conclusions
based on the difference in assay activities between species,
the assay results do provide useful information on what
activities are present in each species. Similarly, the fact that
only one sample (extract; pooled or not) could be assayed
for each species means the variation in enzymatic function
is unaccounted for, leaving a potentially high degree of
uncertainty as to the relative activity rates between 0 �C
and 37 �C. The results nevertheless show a presence or
absence of activity at 0 �C and whether this activity is
comparable or potentially higher than that at 37 �C.
4.2. The importance of venom

As mentioned introductorily, venom plays an important
part in the trophic ecologies of many temperate and trop-
ical octopod species, both in the immobilization of prey and
processing it prior to ingestion. This also seems to be the
case for Antarctic eledonines, as indicated by the range of
activities common to animal venoms exhibited by the PSG
extracts, particularly considering the apparent need for
selection in the maintenance of toxin functional properties
(Li et al., 2005b; Ohno et al., 2002).

In addition to such maintenance-level selection pres-
sure, the functional cold-adaptations of ALP and proteases
indicate such a central role of these enzymes that they may
have undergone adaptive evolution. One such rolemight be
as a way of compensating for the lowmetabolic rate in cold
environments: P. charcoti, a close Southern Ocean endemic
relative of the incirrate species included here, shows no
evidence of metabolic cold-adaptation and has an at least
as low metabolism as that extrapolated for E. cirrhosa at
0 �C (Daly and Peck, 2000). By increasing the efficiency of
their salivary toxins, Antarctic incirrates may therefore be
compensating for the low energy level available to foraging
by using venom to rapidly immobilize prey. Similarly, as
octopod proteases have been found to aid in the ingestion
of crustacean prey by facilitating musculo-skeletal
detachment (Grisley, 1993; Nixon, 1984), cold-adapted
salivary proteases could greatly increase not just the effi-
ciency of the energy spent on feeding but also the amount
of food obtained from each prey item.
4.3. Venom, morphology and diet

Although venom undoubtedly plays an important part
in the prey capture and processing of Antarctic eledonines,
no obvious venom-adaptations to differences in diet or
morphology were apparent from the results of the enzy-
matic and haemolytic assays. While this may be due to the
opportunistic generalist nature of octopodid diets pre-
venting any longer durations of selection from prey pref-
erence to occur, it is more likely to be due to limitations of
the activity assays; the use of a single substrate tells
nothing of an enzyme’s various substrate affinities and
hence possible adaptations to specific prey. For example,
like the potency of Ctx differs between various crustaceans
(Ghiretti, 1960), the enzymatic toxins assayed here may
have different reaction rates in different prey species and so
be adapted to particular diets. Conversely, the interspecific
differences in the assay results may reflect functional
adaptations to different roles or prey types, although they
do not indicate for what role or to which prey.
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Another possibility, of course, is the presence of toxins
other than those included here, such as the neuropeptides
described from both Eledoninae (Erspamer and Anastasi,
1962) and Octopodinae (Fry et al., 2009; Kanda et al.,
2003). This may be the case for A. polymorpha, which
venom appears from the assay results to be typical ancestral
venom, devoid of any particular specialisations. However,
compared to the remaining incirrates, A. polymorpha
possesses several unusualmorphological features, including
very large PSG, a sharp narrow beak, and a small buccal
mass. Combined, these traits appear characteristic of
a species relying heavily on venom: While large PSG by
themselves are indicators of venom being important (Gibbs
and Greenaway, 1978), the small buccal mass leaves little
room for powerful musculature enabling crushing force of
the beak, which rather seems adapted to piercing than
taking chunks out of prey. An increased importance of
venom through the specialisation in drilling holes in shelled
prey also seems unlikely considering the size of the buccal
mass, as this would then contain an extra organ and likely to
be larger due to the muscular actions required for the sus-
tained radular movement (Messenger and Young, 1999).

While several authors have commented on this unusual
set of traits, suggesting it may be an adaptation to hunting
in the water column (Allcock et al., 2003a; Daly and
Rodhouse, 1994), no evidence for this could be found in
the dietary data, as A. polymorpha seems to prey mainly on
amphipods and polychaetes (Piatkowski et al., 2003).
However, considering the size of many Antarctic poly-
chaetes, in the trawl commonly exceeding 14 cm by 2.5 cm,
and which often have powerful jaws, A. polymorpha may
have adapted to the use of venom to subdue large poly-
chaete prey. In contrast, the morphology of the other
species known to feed onpolychaetes, P. turqueti, is like that
of other octopodids (Allcock and Piertney, 2002), suggest-
ing it is adapted to a more generalist diet. Being of similar
sizes and often appearing sympatrically, ecological niche
partitioning between the two species may have resulted in
a trophic shift in A. polymorpha due to, or followed by,
adaptive toxin evolution and associated specialisation of
morphology. If so, this would then represent the opposite
scenario to that of Cirroctopus which is highly a gelatinous
body, docile locomotion, and lack of venom apparatus
could well be linked to its use of cirri in the feeding upon
small crustaceans such as copepods. In addition, the
remaining two species of Adelieledone, A. adeliana and
A. piatkowski, may be particularly interesting for future
Antarctic octopod venom research, as this morphological
adaptation must have occurred prior to the radiation of
Adelieledone (Allcock et al., 2003a).

4.4. Conclusions

This study provides the first ever insights into the
venomous function of Antarctic Octopodidae. From the
range of toxic activities found in all venoms, as well as
evidence for cold-adaptation in at least one venom
component in all incirrates studied, it is evident that venom
plays an important role in the ecology of Antarctic octo-
podids. Furthermore, although no clear link connecting
diet, morphology and venom properties was found due to
limitations of reliable prey-preference data, indications
that such a relationship exists are apparent from the
comparative morphologies of Cirroctopus, Adelieledone,
Megaleledone, and Pareledone. More research is needed to
confirm this, however, including dietary studies and
detailed characterization of venom components. Consid-
ering the issues raised by the results regarding both
Cephalopod venom evolution and functional adaptation of
psychrophilic toxin proteins, it seems that the possibilities
for further research into the field of Antarctic cephalopod
venoms are vast. Future research and progression towards
gaining a picture of both the evolutionary role of venom
and its means of functioning in this unique but inhospitable
environment is therefore likely to generate some very
interesting results, in terms of both molecular adaptive
evolution and potential pharmaceutical value.
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