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Abstract
Deep-sea cephalopods are important in the bathyal ecosystems in terms of both abundance and diversity, but are seriously
understudied. One of the most intriguing groups among the deep-sea cephalopods are Cirrata, relatively primitive octopods.
Opisthoteuthis is the largest genus among the Cirrata. The least studied species of Opisthoteuthis in the Atlantic,
Opisthoteuthis borealis Collins, 2005 was known from nine specimens only prior to our study, and nothing was described about
its biology. Four males, all larger than the previously known maximum size (mantle length 78–96 mm cf. 75 mm), are described
and COI sequence of the species provided to ease the identification of the Atlantic Opisthoteuthis. Our findings expand the
known geographical (North Atlantic from 60° N northward and up to the Davis and Denmark Straits and the Iceland–Faroe
Ridge), depth (878–1321 m) and temperature (3.0–3.6 °C) ranges of O. borealis. Arm bifurcation is reported in Cirrata for the
first time, suggesting well-developed regeneration is present even in this ancient taxon of cephalopods. Ontogenetic increase of
spermatophore length, i.e., when the spermatophores produced later during ontogenesis are larger than those produced earlier, is
reported in Cirrata for the first time. The stomachs in all the studied specimens were at least one-third full, suggesting that
O. borealis continues to feed and grow after reaching maturity. Polychaetes dominated over crustaceans in the stomach contents.
Contrary to the assumption that Cirrata feed on relatively small prey only, large maturemales ofO. borealis consume polychaetes
reaching 41.5–45.9% ML of the specimens.

Keywords Deep-sea . Reproduction . Trophic ecology . Species identification . DNA barcoding . COI

Introduction

The bathypelagic zone of the world ocean, i.e., at or below
1000 m depth, is the least explored and at the same time the
largest biotope on the planet (Ramirez-Llodra et al. 2010;
Robison et al. 2010). Cephalopods are among the successful
taxa in deep-sea ecosystems; the majority of the families in-
clude deep-sea representatives (review: Hoving et al. 2014),
achieving large biomass and abundance values and thus occu-
pying important roles in food webs as prey and predators
(reviews: Clarke 1996; Klages 1996; Rodhouse and
Nigmatullin 1996; Smale 1996). Deep-sea cephalopods are
largely understudied in comparison to their shallow-living rel-
atives (Hoving et al. 2014).

One of such understudied group of cephalopods are the
Cirrata, the finned octopods (Collins and Villanueva 2006;
Hochberg et al. 2013). As the name indicates, they have paired
fins and paired cirri between the suckers (Collins and
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Villanueva 2006; Hochberg et al. 2013). Other key characters
are a semi-gelatinous body consistency, a well-developed
web, a large cartilaginous internal shell, a single row of
suckers on arms, and an absence of a radula in the majority
of cirrates (Collins and Villanueva 2006; Hochberg et al.
2013). It has been suggested, based on their morphology, that
this taxon is relatively primitive and close to ancestral forms of
octopods (Young et al. 1998). Later, the monophyly of cirrates
was proved by molecular study (Lindgren et al. 2012), with
the separation of cirrate and incirrate octopods estimated to
have happened in the early Jurassic, about 180 Ma (Tanner
et al. 2017). The cirrates are among the largest deep-sea inver-
tebrates, with total length (TL) reaching 1.7 m in directly
measured specimens (Collins et al. 2001) and 4 m in under-
water photos (Voss 1988). They inhabit meso- and bathype-
lagic layers worldwide (Collins and Villanueva 2006;
Hochberg et al. 2013) and have recently been proven to be
the deepest-dwelling cephalopods, reaching depths of 6957 m
(Jamieson and Vecchione 2020). Due to their semi-gelatinous
consistency and deep-sea habitat, the cirrates are often dam-
aged by the catching gear and, following pressure decrease,
while being lifted from the depths. They are easily damaged
when onboard and by subsequent fixation or freezing, which
leads to further confusion in their taxonomy (Vecchione and
Collins 2002; Collins and Villanueva 2006).

The majori ty of cir ra tes belong to the family
Opisthoteuthidae, the flapjack octopods, especially in the
more conservative sense, i.e., including the genus
Grimpoteuthis, following Hochberg et al. (2013) and
Vecchione et al. (2016) (cf. Piertney et al. 2003; Collins and
Villanueva 2006). Opisthoteuthis is the largest genus among
the cirrates (Hochberg et al. 2013). It includes the shallowest-
dwelling cirrates, found at depths of 130–3400 m and are
relatively more bottom-associated than the rest of the taxon
(Villanueva et al. 2002; Collins and Villanueva 2006;
Hochberg et al. 2013). Six species of Opisthoteuthis inhabit
the Atlantic Ocean (Villanueva et al. 2002; Collins 2005;
Collins et al. 2010): 1) O. agassizii Verrill 1883, north-
western Atlantic from ~ 40° N to the Caribbean Sea; 2)
O. borealis Collins 2005, northern North Atlantic, off West
Greenland and the south of Iceland (Fig. 1); 3) O. calypso
Villanueva et al. 2002, eastern Atlantic, from southwest
Ireland (~ 50° N) to Namibia, and the Mediterranean Sea; 4)
O. grimaldii (Joubin 1903), eastern Atlantic, from the Rockall
Trough (~ 56° N) to Namibia; 5) O. hardyi Villanueva et al.
2002, south-western Atlantic, from South Georgia to the
Falkland Islands and the Patagonian slope; and 6)
O. massyae (Grimpe 1920), eastern Atlantic, from the
Rockall Trough (~ 56° N) to Namibia. Among these,
O. borealis is the least-known species, of which only nine
specimens (sampled in 1902–1997) were known (Collins
2005) prior to our study. Three specimens ofO. borealiswere
captured recently during annual bottom-trawl surveys in West

Greenland, and one specimen was identified in the collection
of the Icelandic Institute of Natural History. All specimens
were male and larger than the previously known maximum
size, which had a mantle length (ML) of 75 mm (Collins
2005). Thus, the main goals of our study were as follows:
(1) to describe the morphology of these specimens and se-
quence the cytochrome oxidase subunit I (COI) gene, provid-
ing the DNA barcode of the species; and (2) to describe the
reproductive biology and trophic ecology of the species based
on newly available samples, as nothing is currently known of
the species biology and ecology.

Materials and methods

Sample collection, onboard treatment, fixation and
storage

Greenlandic specimens were all captured near the type locality
of the species in 2015–2019 by R/V ‘Paamiut’ and F/V ‘Helga
Maria’: HM-2019-4-16, specimen ID GRL_1; PA-2017-7-68,
specimen ID GRL_2; and PA-2015-6-44, specimen ID
GRL_3. The Icelandic specimen (NI-21, specimen ID
ICE_1) was captured on the European slope of Reykjanes
Ridge in 1994 by F/V ‘Venus HF 519 ’ (Fig. 1;
Online Resource 1). The specimens are referred to by their
specimen IDs from now on. Exact locations of the stations,
sampling details, depths, temperatures and dates are provided
in Online Resource 1. All specimens were captured as bycatch
in bottom trawls during the annual halibut monitoring surveys.
Specimens GRL_1 and GRL_3 were fixed in 6% formalin
onboard and stored in 6% formalin; specimen GRL_2 was
frozen onboard (− 20 °C), defrosted and relocated to formalin
6% in 2019; and specimen ICE_1 was fixed in formalin 6%
onboard, and relocated to ethanol 70% in 2017. All speci-
mens, except ICE_1, were weighed onboard prior to fixa-
tion/freezing. A sample for DNA barcoding was taken from
specimen GRL_1 prior to fixation and stored in 96% ethanol
in the freezer (− 20 °C). All specimens, except GRL_1, were
already dead once aboard. Specimen GRL_1 came onboard
alive, was kept alive for 2 h and subsequent gradual cooling
was used to euthanise it afterwards, following Fiorito et al.
(2015). Specimens GRL_1 and GRL_2 are kept at the
Greenland Institute of Natural Resources under their respec-
tive numbers. Specimen ICE_1 is kept at the Icelandic
Institute of Natural History (cat. no. IINH37690); specimen
GRL_3 was discarded after the analysis.

Morphological and statistical analysis

Definition of counts and measurements generally followed the
guideline for cephalopods (Roper and Voss 1983) and previ-
ous major studies on cirrate morphology (Voss and Pearcy
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1990; Guerra et al. 1998; Collins 2003), with the exceptions
being: (a) the beaks (rostrum and hood measurements
followed Clarke 1962); (b) the shells (length taken as a max-
imum, not as a medial (cf. Guerra et al. 1998), i.e., a direct line
from the central lowest point to the level of wing tips); and (c)
the male reproductive systems (see below). Counts of gill
lamellae refer to the total number of lamellae on each gill;
right and left gills are separated by ‘/’ in Online Resource 1.
All indices are related to ML and are always detailed when
used, except for weight indices of the male reproductive sys-
tem, which were: (a) RSI, reproductive system index—weight
of the reproductive system relative to fixed animal weight, %;
(b) GSI, gonadosomatic index—weight of the testis relative to
fixed animal weight, %; and (c) SCI, spermatophoric complex
index—weight of the spermatophoric complex relative to
fixed animal weight, %.

Proximal parts of the spermatophoric complex are referred
to as spermatophoric complex parts I–III, following
Nigmatullin et al. (2003) and Sabirov (2010), despite other
opinions regarding this terminology (detailed and explained
in Discussion). Accessory glands are referred to as accessory
glands 1–3 following the order previously used for
Opisthoteuthis (Villanueva et al. 2002; Collins 2005; Collins
et al. 2010). Other opinions are also detailed and explained in
the Discussion. Specimens with large numbers of spermato-
phores in the spermatophoric complex part III and
spermatophoric sac were considered mature (corresponding
to V2 maturity stage cf. Nigmatullin et al. 2003); a specimen
with just two spermatophores in the spermatophoric complex
was considered pre-mature; this was also based on smaller

s ize and propor t ions of i ts reproduct ive system
(corresponding to V1 maturity stage cf. Nigmatullin et al.
2003) (Online Resource 2). Spermatophores of specimens
GRL_1, GRL_3 and ICE_1were studied by scanning electron
microscopy (SEM), which was performed at the Department
of Zoology, Kazan Federal University,, using a Hitachi TM
Series SEM. In order to prepare for the analysis, the spermato-
phores were washed carefully with distilled water, dehydrated
using ascending ethanol concentrations (70, 80, 90, 96 and
100%), then CO2 critical-point dried.

Stomach contents were analysed and prey items identified
to the lowest possible taxonomic level in all specimens.
Stomach fullness was ranged from 0 (completely empty) to
4 (completely full) following Breiby and Jobling (1985).

Mann–Whitney U test (with a significance value of α =
0.05) was used to access the differences among groups of
spermatophores. Statistical analyses were performed in
PAST 3.25 (Hammer et al. 2001).

Barcoding COI DNA sequences and analyses

Total DNA extraction was performed on muscle tissue using
the standard extraction kit protocol from the DNeasy Blood &
Tissue kit (Qiagen GmbH, Hilden, Germany). Primers used
for the COI barcode were forward FishF2 (5′-TCGA
CTAATCATAAAGATATCGGCAC-3′) and reverse
FishR2 (5′-ACTTCAGGGTGACCGAAGAATCAGAA-3′)
(Folmer et al. 1994). PCR was performed according standard
thermal cycle protocols (e.g., Ward et al. 2005) with the pro-
tocol as follows: total reaction mixture volume was 25 mL,

Fig. 1 Distribution of Opisthoteuthis borealis in the North Atlantic. Our samples (larger circles) and all other known specimens (smaller circles; from
Collins 2005)
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including 18.75 mL of ultrapure water, 2.25 mL buffer,
1.25 mL of MgCl2 (50 mM), 0.25 mL of each primer
(0.01 mM), 0.125 mL dNTP (0.05 mM), 0.625 U Taq poly-
merase, and 1 mL of DNA template. Thermal cycling consists
of an initial step of 2 min at 94 °C followed by 35 cycles of
20 s at 94 °C, 15 s at 52 °C, and 40 s at 72 °C, followed by
3 min at 72 °C, and then held at 4 °C. PCR products were UV-
visualised on 1% agarose gels stained with ethidium bromide.
Successful PCR products were purified using the EXOSAP
method with Exonuclease 1 (EXO 10 units/μL) and Shrimp
Alkaline Phosphatase (SAP 1 unit/μL, USB©) in 10-μL reac-
tions. Reactions were carried out on a thermal cycler at 37 °C
(incubation) for 30 min followed by 15 min at 80 °C (enzyme
inactivation). Subsequently, 25 rounds of direct cycle-
sequencing with dye-labelled terminators BigDye terminator
3.1 (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
were performed following the manufacturer’s protocol.

The Kimura’s two-parameter substitution model (K2P)
(Kimura 1980) was used to obtain a COImolecular taxonomic
cladogram. However, we recognise that the K2P is not neces-
sarily an appropriate model choice for barcoding data
(Srivathsan and Meier 2012), and use it only to show the
differences among species.

Results

Distribution

All Greenlandic specimens were captured at depths greater
than 1100 m and within temperature range 3.5–3.6 °C
(Online Resource 1). Only three specimens were caught in
356 deep-sea trawl stations (depth 500–1514 m) conducted
in Greenland waters in 2015–2019: one specimen each in
2015, 2017 and 2019. The Icelandic specimen is the
shallowest and southernmost-known record of O. borealis,
at 878 m depth (Fig. 1; Online Resource 1). Opisthoteuthis
borealis was not recorded during the extensive surveys of the
BIOICE programme in 1991–2004, despite 132 deep-sea
trawl stations (depth 500–3007 m) being sampled.

Morphology and DNA barcoding

The studied specimens had ML 78–96 mm, TL 242–399 mm
andweighed 1252–2950 g with 1.5–3.6-fold weight shrinkage
due to fixation (Online Resource 1). The semi-gelatinous con-
sistency of the body increased in the defrosted specimen com-
pared to the fixed ones. The only live specimen (GRL_1) was
of a brick-orange colour, turning reddish and further to brown
and oral surface of the web to dark violet due to fixation
(Fig. 2). No pigment-free spots were found on the skin, which
was smooth.

The mantle in our specimens was relatively longer than
previously known, i.e. 22–32% TL (cf. Table 1 and
references therein). The head was wider than the mantle, with
large eyes that occupied the whole side of the head (Fig. 2;
Online Resource 1). The funnel was long and darker than the
rest of the body (Fig. 2; Online Resource 1), with an indis-
cernible funnel organ inside. The fins were postero-lateral in
location on the mantle and of moderate size (Online Resource
1); those on the Icelandic specimen being longer than previ-
ously known, at 86% ML (cf. Collins 2005).

Arms were relatively shorter than previously known
(cf. Collins 2005), of subequal length in specimens
GRL_2 and GRL_3 (Online Resource 1). The first pair
was clearly the longest, and the fourth or the second and
fourth were the shortest in specimens GRL_1 and ICE_1,
respectively (Online Resource 1). The first pair in males
was mean 5.6% ML thicker than the next thickest pair.
There were no web supports present on the arms (Fig. 2).
Web depth reached 1/3–2/3 arm length. Web formula
matched the species description (Collins 2005) in speci-
men GRL_1 and differed in the rest, with the web always
b e i n g mo r e d e v e l o p e d f r om t h e do r s a l s i d e
(Online Resource 1). Arm sucker count was 76–86
(Online Resource 1). Two fields of enlarged suckers
existed on all arms of every specimen studied (Fig. 2).
The proximal field comprised 5–8 enlarged suckers, locat-
ed between suckers 4–11, with the largest suckers being
between suckers 5–8 (Online Resource 1). The distal field
comprised 9–15 enlarged suckers, located between
suckers 23–38, with the largest suckers being between
suckers 26–32 (Online Resource 1). The largest suckers
were always in the proximal field and on all arms except
the first pair (Fig. 2). The first cirrus was located between
suckers 2 and 3 or suckers 3 and 4 (Online Resource 1).
Cirri were relatively short (Fig. 2; Online Resource 1).

The third left arm in specimen GRL_3 was bifurcated after
sucker 41, at 108 mm length (Online Resource 3k–m). The
main appendage of the bifurcated arm had 39 suckers and a
length of 42 mm. The secondary appendage had 36 suckers
and a length of 32 mm.

Pallial aperture, olfactory organs and the majority of inter-
nal characters coincided with the species description (Collins
2005), but a few things needed to be specified. The gills had
seven lamellae in all specimens. The beaks clearly showed
signs of wear from the smaller pre-mature specimen to the
large mature ones (Online Resource 3g–j). The broad U-
shaped shells were in different states of distortion
(Online Resource 3a–f), and the shell from specimen
GRL_1 was the one with a (relatively) undamaged natural
form (Online Resource 3a, b).

The slightly oval, almost rounded testis was attached to the
sperm duct in the manner typical for cirrates (Online Resource
4a–e). Among the proximal parts of spermatophoric complex,
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the sperm duct and part III were the longest (Online Resource
2). Among the accessory glands, gland 2 was the largest and
gland 1 the smallest (Online Resource 2). The spermatophoric
sac was clearly presented, visible from the dorsal side of the
spermatophoric complex (Online Resource 4b, d). The

terminal organ was pigmented in all the specimens studied,
and of e i ther reddish or l igh t brownish colour
(Online Resource 4a–e). The spermatophores were kept in
the spermatophoric complex part III, the distal part of which
had a wide lumen that occupied almost its entire volume, with

Fig. 2 External view of Opisthoteuthis borealis; a–d Specimen HM-
2019-4-16: dorsal (a), ventral (b), aboral (c) and oral (d) views; e, f
Specimen PA-2017-7-68: aboral (e) and oral (f) views; g, h Specimen
PA-2015-6-44: dorsal (g) and ventral (h) views; i, j Specimen NI-21:

aboral (i) and oral (j) views. Legends: aI–aIV first–forth arm pair, df distal
enlarged sucker field, e eye, fi fin, fu funnel, m mouth, pf proximal en-
larged sucker field. Scale bars = 20 mm
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thin glandular walls, and in the spermatophoric sac
(Online Resource 4a, b, e). Spermatophore length was 0.8–
2.1 mm. Each spermatophore was surrounded by a transparent
gelatinous covering, and in the fixed or defrosted specimens,
this gelatinous covering united into a continuous gelatinous
mass occupying the whole volume of the respective part of the
spermatophoric complex. Under the transparent gelatinous
covering, the spermatophores were oval in shape, white with
greenish metallic iridescence, this being seen only under
stereomicroscopy (Online Resource 4f, g). Relatively short
thin tapering ends were present on both sides of each sper-
matophore (Online Resource 4f, g). No pores existed on the
surface of spermatophores (Online Resource 4g, h). The sper-
matophore membrane had rough surface under SEM
(Online Resource 4h–j); its mean width was 9.9 μm. The
spermatozoa were oriented with their heads towards the mem-
brane and their tails towards the centre of the spermatophore
(Online Resource 4j, k). The spermatozoa had thin and elon-
gated nuclei with axially located flagella (Online Resource
4k); the mean nucleus length was 10.7 μm.

The COI sequence of O. borealis generated in this
study was deposited in GenBank (https://www.ncbi.nlm.
nih.gov/genbank/) under accession number LC573902.
There were no sequences of O. borealis in the GenBank
or BOLD (https://www.boldsystems.org/) databases prior
t o ou r s t udy . Ana ly s e s o f COI s equence s o f

Opisthoteuthis available from these databases showed
O. borealis was highly supported as a species, being
different from other Opisthoteuthis based on K2P model
distances (Fig. 3).

Reproductive biology

The testis was 2.3 times heavier than the spermatophoric
complex in the pre-mature male, and in the mature males,
the tes t is was 0.8–1.4 t imes the weight of the
spermatophoric complex (Online Resource 2). In the
pre-mature male, there were no spermatophores present
in the spermatophoric complex part III, and only two
spermatophores were present in the spermatophoric sac.
In the mature males, there were 84–158 spermatophores:
49–110 in the spermatophoric complex part III and 25–61
in the spermatophoric sac (Online Resource 2).

Ontogenetic increase of spermatophore length was found:
the spermatophores located in spermatophoric complex part
III, i.e., those produced later during ontogenesis, were signif-
icantly longer than the spermatophores located in
spermatophoric sac, i.e., those produced earlier in ontogene-
sis, in all the mature specimens studied (Online Resource 2).
The ontogenetic increase varied from 13.3 to 15.4% spermato-
phore length among the specimens.

Fig. 3 COI molecular taxonomic cladogram including all species of
Cirrata with available COI sequence in open access in BOLD (https://
www.boldsystems.org/) and GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) databases. Based on the Kimura’s two-parameter substitution
model, rooted using Vampyroteuthis infernalis as the outgroup. Our

sequence of O. borealis (specimen HM-2019-4-16) is in red. GenBank
accession numbers are shown for all the specimens, except for
Opisthoteuthis sp. (AAW9280), which is absent from GenBank: BOLD
ID given instead. aGrimpoteuthis glacialis is a synonym of Cirroctopus
glacialis (Collins and Villanueva 2006)
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Trophic ecology

Stomach fullness varied from 1 to 4 points of the scale.
Crustacean and polychaete remains, unidentifiable digested
organic material and sand were found in all the stomachs
studied. Crustaceans were isopods (one specimen in each
GRL_3 and ICE_1), copepods (one specimen in GRL_3) or
unidentifiable fragments (GRL_1, GRL_2 and ICE_1).
Crustacean length was never greater than 12 mm, i.e., 14.0–
15.4% ML of the respective specimens of O. borealis. Many
chaetae were found in all stomachs studied, and jaws of
Polynoidae (Polychaeta) were found in all specimens except
GRL_1. One, two and three sets of jaws were found in spec-
imens ICE_1, GRL_2 and GRL_3, respectively. The length of
polychaetes was back-calculated from their jaw length using
the equation from Abdullina et al. (2015): it was 15.0–
24.8 mm (19.2–31.9% ML) in the pre-mature specimen and
35.7–37.7 mm (41.5–45.9% ML) in the mature ones.

Discussion

Our findings expand the hitherto-known geographical range
(Fig. 1), as well as depth and temperature ranges (i.e., 878–
1321 m and 3.0–3.6 °C, respectively) of O. borealis (cf.
Collins 2005). Still, the majority of available specimens, i.e.,
11 out of 13, were collected near the type locality in West
Greenland at depths below 1000 m (Fig. 1), whereas two
specimens were caught above 1000 m near Iceland.

All the specimens studied largely fitted the type description
of O. borealis (cf. Collins 2005). All specimens were male
and were larger than the maximum known ML (cf. Collins
2005), and some counts (i.e., number of suckers, overall and
enlarged) and measurements (i.e., fins and cirri length) were
increased (Table 1; Online Resource 1). Three more species of
Opisthoteuthis inhabit the North Atlantic: O. calypso, and
O. grimaldii and O. massyae, but these have a more southerly
distribution (Villanueva et al. 2002). It is currently unknown
whether they reach the distributional range of O. borealis.
Only mature males of the genus Opisthoteuthis can be identi-
fied with reasonable accuracy (Villanueva et al. 2002; Collins
2005; Collins et al. 2010); moreover, cirrates in general are
prone to damage during catching, fixation and storage
(Vecchione and Collins 2002; Collins and Villanueva 2006).
To ease the identification of the Atlantic species of
Opisthoteuthis in the future, we provided the COI sequence
(i.e., DNA barcode), selected the morphological characters to
be used for species identification, and updated diagnostic
characters for O. borealis (Table 1). Increased thickness of
the first arm pair in mature males, previously described as
‘absent/slight/marked’ (Villanueva et al. 2002; Collins
2005), is one of the morphological identification features of
Opisthoteuthis. It is expressed as differences in relative

thickness (to ML, %) between the first arm pair and the next
thickest arm pair for the Atlantic species (Table 1). Increased
arm thickness has not before been found in O. agassizii,
O. calypso and O. grimaldii: the mean difference between
the first and the next thickest arm pair was 1.4–2.9% ML in
these species (based on available data from Villanueva et al.
2002). Species with ‘slight’ arm thickness (O. borealis and
O. hardyi) have 7.0–8.8% ML (our data and data from
Villanueva et al. 2002, Collins 2005 and Collins et al. 2010),
and species with ‘marked’ arm thickness (O. massyae) have
11.9% ML (data from Villanueva et al. 2002) (Table 1).
Overall, phylogenetic relationships among the species of
Opisthoteuthis worldwide, and even among Atlantic species,
are poorly known. All species of Cirrata with a COI sequence
available are included in Fig. 3; the resulting tree is congruent
with a current conservative morphological phylogenetic hy-
pothesis (Hochberg et al. 2013; Vecchione et al. 2016).
However, we note that the COI sequence analysed by K2P
is not unproblematic concerning the resolution of species in-
cluded (Srivathsan and Meier 2012) with more taxa and DNA
characters needed at this point.

Opisthoteuthis borealis is the second largest of the Atlantic
Opisthoteuthis species in terms of ML and TL, exceeded only
byO. calypso (Villanueva and Guerra 1991; Villanueva 1992;
Villanueva et al. 2002). In terms of observed weights, it is
smaller than both O. massyae and O. calypso (Boyle et al.
1998; Villanueva and Guerra 1991; Villanueva 1992;
Villanueva et al. 2002). Arm bifurcation, well known in
incirrate octopods (reviews: Toll and Binger 1991;
Imperadore and Fiorito 2018), is reported in cirrates for the
first time. Arm bifurcation has been related to regeneration
processes (Toll and Binger 1991; Imperadore and Fiorito
2018), and our finding strongly suggests well-developed re-
generation is present even in this relatively primitive and an-
cient taxon of cephalopods.

The reproductive system in O. borealis has a lower rel-
ative weight than that of incirrates, as previously reported
for O. grimaldii (Daly et al. 1998; Boyle and Daly 2000).
The proximal parts of the spermatophoric complex in
cirrates have long been considered homologous with the
respective parts in incirrates (Ebersbach 1915). Based on
that assumption, it seems logical to consider these parts as
spermatophoric complex parts I–III, following Nigmatullin
et al. (2003) and Sabirov (2010), to unify the terminology
of homologous parts of the spermatophoric complex.
However, these parts have been referred to as ‘seminal
vesicles’ I–III, following Meyer (1906) (cf. Ebersbach
1915; Aldred et al. 1983; Voss and Pearcy 1990; Guerra
et al. 1998; Villanueva et al. 2002; Collins 2003, 2005;
Collins et al. 2010) or spermatophore glands I–III
(Young et al. 2001). There is confusion in the literature
regarding the number and order of the accessory glands
in the spermatophoric complex of cirrates (Meyer 1906;
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Ebersbach 1915; Voss and Pearcy 1990; Young et al.
2001; Villanueva et al. 2002; Collins 2003, 2005; Collins
et al. 2010). In Opisthoteuthis, they are usually referred to
as accessory glands 1–3 (Villanueva et al. 2002; Collins
2005; Collins et al. 2010). Other ordering of the accessory
glands has been proposed (Meyer 1906; Ebersbach 1915;
Young et al. 2001) where glands 1 and 3 are sometimes
considered a single bilobed gland (Meyer 1906). The
spermatophoric sac, which was largely overlooked in the
studies of Opisthoteuthidae describing their male repro-
ductive system (cf. Villanueva 1992; Villanueva et al.
2002; Collins 2003, 2005; Cuccu et al. 2009; Collins
et al. 2010), was found in all the specimens studied. This
was also reported in older studies on Opisthoteuthis
(Meyer 1906), as well as in treatments of other cirrates
(Voss and Pearcy 1990; Young et al. 2001).

The number of spermatophores found in our studied
specimens (2–158) corresponds to other s tudied
Opisthoteuthis (2–172) (Villanueva 1992; Villanueva
et al. 2002), as well as to other cirrates (100–196) (Guerra
et al. 1998; Collins and Henriques 2000). In two of the three
specimens studied, more spermatophores were present in
the spermatophoric complex part I II than in the
spermatophoric sac. Spermatophore length in O. borealis
(0.8–2.1 mm) was also within known limits for cirrates
(Villanueva 1992; Guerra et al. 1998; Collins and
Henriques 2000; Villanueva et al. 2002; Collins 2005;
Cuccu et al. 2009; Collins et al. 2010). Ontogenetic increase
of spermatophore length, i.e., when the spermatophores
produced later during ontogenesis are larger than those pro-
duced earlier, is reported in cirrates for the first time.
Similar ontogenetic increase is known in squids and bobtail
squids (Sabirov 1995; Nigmatullin et al. 2003; Hoving et al.
2010; Golikov 2015; Golikov et al. 2013, 2019). The pres-
ence of the same pattern in cirrates can suggest that the
ontogenetic increase in spermatophore length may have
been present in the ancestral forms of coleoids.

No additional structures or pores were found in the sper-
matophores (cf. O. calypso and O. massyae in Villanueva
1992). The membrane of the spermatophore in O. borealis
was much thinner (mean 9.9 μm), than in O. calypso
(45 μm) and Cirrothauma murrayi (23 μm) (Aldred et al.
1983; Villanueva 1992). The spermatozoa with long tail and
thin elongated nucleus resemble those in O. persephone
(Healy 1993), Stauroteuthis syrtensis, S. gilchristi (Collins
and Henriques 2000) and C. murrayi (Aldred et al. 1983):
cf. O. calypso with a thick oval nucleus and O. massyae with
a very small one (Villanueva 1992). The nucleus length in
spermatozoa inO. borealis (mean 10.7μm)was close to those
of S. syrtensis and S. gilchristi (Collins and Henriques 2000),
shorter than in O. persephone (Healy 1993) and C. murrayi
(Aldred et al. 1983), and longer than in O. calypso and
O. massyae (Villanueva 1992).

The stomachs in all the specimens studied were at least
one-third full, suggesting O. borealis continues to feed and
grow after reaching maturity, which has been suggested for
other cirrates (Collins and Villanueva 2006). The genus
Opisthoteuthis, unlike other cirrates, has a relatively well-
known food spectrum dominated mostly by crustaceans and
sometimes by polychaetes (review: Collins and Villanueva
2006). Polychaetes dominated the stomach contents of the
studied specimens of O. borealis according to size of food
items (thus weight) and sometimes to number. Contrary to
the assumption that cirrates prey upon relatively small prey
only (Collins and Villanueva 2006), large mature males of
O. borealis consume polychaetes reaching 41.5–45.9% ML
of the specimens.

In summary, we studied four specimens of O. borealis,
the only specimens known since the type description of the
species. All were larger than the previously known maxi-
mum size. The study (1) expanded the species’ known
geographical, depth and temperature ranges; (2) provided
a COI sequence (i.e., DNA barcode) and expanded the
morphological description of the species; (3) prepared a
summary table (Table 1) which can be used to identify
the Atlantic representatives of the genus Opisthotheuthis
based on updated morphological characters; (4) described
the species’ reproductive biology and trophic ecology,
which were previously unknown; and (5) reported arm bi-
furcation and ontogenetic increase of spermatophore
length for the first time in Cirrata.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12526-020-01138-9.
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