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Abstract We morphologically analyzed 79 cephalopod
specimens from the North and Baltic Seas belonging to 13
separate species. Another 29 specimens showed morpho-
logical features of either Alloteuthis mediaor Alloteuthis
subulata or were found to be in between. Reliable identi-
fication features to distinguish between A. media and A.
subulata are currently not available. The analysis of the
DNA barcoding region of the COI gene revealed in-
traspecific distances (uncorrected p) ranging from 0O to
2.13 % (average 0.1 %) and interspecific distances be-
tween 3.31 and 22 % (average 15.52 %). All species
formed monophyletic clusters in a neighbor-joining ana-
lysis and were supported by bootstrap values of >99 %. All
COI haplotypes belonging to the 29 Alloteuthis specimens
were grouped in one cluster. Neither COI nor 18S rDNA
sequences helped to distinguish between the different Al-
loteuthis morphotypes. For species identification purposes,
we recommend the use of COI, as it showed higher boot-
strap support of species clusters and less amplification and
sequencing failure compared to 18S. Our data strongly
support the assumption that the genus Alloteuthis is only

Communicated by H.-D. Franke.

Electronic supplementary material The online version of this
article (doi:10.1007/s10152-015-0434-7) contains supplementary
material, which is available to authorized users.

< Thomas Knebelsberger
tknebelsberger @senckenberg.de

Department of Biology and Environmental Sciences,
Carl von Ossietzky University of Oldenburg, Carl-von-
Ossietzky-Stralle 9-11, 26129 Oldenburg, Germany

Senckenberg am Meer, German Center for Marine
Biodiversity Research (DZMB), Siidstrand 44,
26382 Wilhelmshaven, Germany

represented by a single species, at least in the North Sea. It
remained unclear whether this species is A. subulata or A.
media. All COI sequences including important metadata
were uploaded to the Barcode of Life Data Systems and
can be used as reference library for the molecular identi-
fication of more than 50 % of the cephalopod fauna known
from the North and Baltic Seas.
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Introduction

Cephalopods play a significant role in marine ecosystems,
both as consumers and as prey (Hastie et al. 2009). Ap-
proximately 30 cephalopod species have been recorded in
the northeastern Atlantic and adjacent waters, including 18
squids (Teuthida), seven bobtail squids (Sepiolida), three
cuttlefish (Sepiida) and 10 octopuses (Octopoda) (Hastie
et al. 2009). Some of these are of economic and commer-
cial interest, such as Eledone cirrhosa Lamarck, 1798,
Loligo vulgaris Lamarck, 1798, Loligo forbesii Steenstrup,
1857, Todarodes sagitattus Lamarck, 1798, Illex coindetii
Vérany, 1839 and Todaropsis eblanae Ball, 1841 (Hastie
et al. 2009). The identification of cephalopod species is
traditionally based on the examination of morphological
features using identification keys or species descriptions.
Two groups of North Sea cephalopods are especially
challenging concerning morphological identification; these
are the Sepiolida, which are likely misidentified due to
their small size and physical resemblance (Groenenberg
et al. 2009; Goud and De Heij 2012) and the squids of the
genus Alloteuthis, namely Alloteuthis subulata Lamarck,
1798 and Alloteuthis media Linnaeus, 1758. The latter two
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lack confident distinguishing features, questioning their
taxonomic status as different species (Anderson et al. 2008;
Laptikhovsky et al. 2002).

Where morphological differentiation of species is diffi-
cult, molecular data might lead to new conclusions. In this
context, a defined region of the cytochrome ¢ oxidase
subunit I (COI) gene has been designated to serve as “DNA
barcode” for species identification, as intraspecific vari-
ability is considerably lower than the distance to the nearest
relative among most species (Hebert et al. 2003a, b). The
explicit divergence between intra- and interspecific genetic
distances (barcoding gap) is a quality criterion for bar-
coding in general and a measurement for the accuracy of
this method (Hebert et al. 2004).

DNA barcoding of cephalopods has already successfully
been applied to the identification of octopuses and various
other cephalopod species from Asian waters and the
Southern Ocean (Dai et al. 2012; Kaneko et al. 2011; All-
cock et al. 2011; Undheim et al. 2010; Badhe et al. 2013).
So far, barcoding of cephalopods from the North Sea has
focused on bobtail squids (Groenenberg et al. 2009).

Furthermore, the analysis of molecular data enables the
detection of cryptic diversity. A study on the molecular
phylogeny of Sepiolinae using the mitochondrial cy-
tochrome ¢ oxidase subunit I (COI) recently discovered
cryptic species from the North Sea (Groenenberg et al.
2009). Specimens initially identified as Sepiola atlantica
d’Orbigny, 1842 split into two distinct groups, the original
S. atlantica and the previously undescribed species Sepiola
tridens De Heij and Goud 2010. Thorough morphological
and ecological investigations of S. atlantica and S. tridens
revealed consistent differences between these two closely
related species.

While COI offers benefits as a genetic marker for spe-
cies identification, it may cause problems in some cases.
Introgressive hybridization or incomplete lineage sorting
may lead to haplotype sharing between closely related
species (Conflitti et al. 2012; Funk and Omland 2003), as
COI is maternally inherited. Additionally, the analysis of
nuclear copies of mitochondrial DNA (NUMTs) can lead to
an overestimation of species numbers (Song et al. 2008).
As NUMTs contain stop codons, indels or non-synony-
mous mutations, they can easily be detected (Strugnell and
Lindgren 2007).

In cases where COI fails for species delineation, sup-
plementary markers can be useful. A promising candidate
is the 18S rDNA gene. Although 18S is one of the most
frequently used markers in phylogenetic studies (e.g., Field
et al. 1988; Aguinaldo et al. 1997; Halanych 2004; Telford
et al. 2005), it is also useful for species identification
purposes (Raupach et al. 2010). The high amount of 18S
rDNA in eukaryotic cells and the highly conserved flanking
regions, that allow the use of universal primers, make it
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relatively easy to amplify (Hillis and Dixon 1991). The 18S
rDNA fulfills the same function in every species and is thus
exposed to similar selective forces in all organisms,
evolving at a comparably similar rate (Moore and Steitz
2002).

The success of a worldwide species identification system
based on DNA barcodes is dependent on the availability and
quality of barcode reference libraries. In this context, an
open-access informatics workbench, the Barcode of Life
Data Systems (BOLD, http://www.boldsystems.org/), was
launched in 2007 (Ratnasingham and Hebert 2007). The
development of a DNA barcode database for Cephalopoda
was first proposed at the cephalopod international advisory
council symposium in 2006 (Strugnell and Lindgren 2007).
Currently, 4775 cephalopod barcode sequences belonging
to 418 different species are recorded on BOLD, represent-
ing approximately 40 % of the known cephalopod species.
This study aimed at establishing a reliable DNA barcode
database of cephalopod species from the North and Baltic
Seas, based on morphologically identified material. COI
sequences were uploaded to BOLD for comparison with
public data. Additionally, we tested the performance of 18S
rDNA sequences as an alternative approach for species
identification purposes.

Materials and methods
Sampling

A total of 108 cephalopod specimens from the North and
Baltic Seas were examined for this study (Fig. 1, Table
S1). Specimens were collected during several cruises of the
Thiinen-Institute of Sea Fisheries (Hamburg, Germany)
with the research vessels Solea and Walther Herwig III
between December 2009 and August 2012. Voucher spe-
cimens and tissue samples, as well as DNA extracts, were
stored by using unique identifiers (MT numbers shown in
Figs. 4, 5, and Table S1) at the German Center for Marine
Biodiversity Research (DZMB; Senckenberg am Meer,
Wilhelmshaven, Germany). DNA sequences, metadata and
specimen images were uploaded to BOLD in the corre-
sponding project folder “Barcoding Northeast Atlantic
Cephalopoda” (BNEAC). All sequences were deposited in
GenBank under the accession numbers KMS517882-
KM517947 (COI) and KP136800-KP136827(18S rDNA).

Morphological species identification

For morphological a priori identification, electronic and
printed identification keys (Hayward and Ryland 1995;
Marine Species Identification portal http://species-identifi
cation.org) and species descriptions (Hastie et al. 2009; De
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Fig. 1 Sampling sites of cephalopods from the North and Baltic Seas. a Myopsida, b Oegopsida and Eledone cirrhosa, ¢ Sepiola, d Sepiolida.
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Heij and Goud 2010; Goud and De Heij 2012; Jereb and
Roper 2005, 2011) were used. For Alloteuthis squids, fur-
ther literature was required (Anderson et al. 2008; Lap-
tikhovsky 2005). Specimens were examined either by eye
or by using a M125 binocular (Leica), and measurements
were taken with a calliper. Common informative structures
for species identification were the tentacular clubs with
suckers, the number of sucker rows, the hectocotylus of the
males and in case of Alloteuthis squid the length and form
of fin and tail.

DNA extraction and amplification of COI

DNA from all 108 specimens was extracted using DNeasy
Blood and Tissue Kit (Qiagen) following a protocol of

Knebelsberger and Stoger (2012). A 658-base pair (bp)
fragment of COI was amplified using universal metazoan
primers LCO1490 and HCO2198 (Table 1). PCR products
were obtained using three protocols on an Eppendorf
Mastercycler® pro. Each PCR contained 20.125 pl H,0,
225 W 10x PCR buffer, 0.5 pI dNTP (2 mM each),
0.125 pl Taq polymerase (5 U/ul, Qiagen), 0.25 pl of each
primer (10 pM) and 1.5 pl DNA template. The temperature
profile consisted of an initial step for 2 min at 94 °C, fol-
lowed by 35 cycles of 30 s at 94 °C, 30 s at 42 °C and 60 s
at 72 °C. The final extension was at 72 °C for 10 min.
Unsuccessful reactions were repeated with the following
modifications: 2 pl H,O were replaced by the same volume
of Q-Solution (Qiagen), and the PCR was performed with a
decreased annealing temperature of 40 °C and 40 cycles. If
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Table 1 Primers LCO1490 and HCO2198 were used for PCR and sequencing of COI. 18A1 and 1800 amplified the whole 18S rDNA; F1, F2,

R1 and R2 served as internal primers

Primer Sequence (in 5'-3’ direction) Orientation References

LCO1490 GGTCAACAAATCATAAAGATATTGG forward Folmer et al. (1994)

HCO2198 TAAACTTCAGGGTGACCAAAAAATCA reverse Folmer et al. (1994)

18A1 CTGGTTGATCCTGCCAGTAGTCATATGC forward Wollscheid and Wigele (1999)
1800 GATCCTTCCGCAGGTTCACCTACG reverse Wollscheid and Wigele (1999)
F1 AGCAGCCGCGGTAATTCCAGCT forward Laakmann et al (2013)

F2 GAAACTTAAAGGAATTGACGGAA forward Laakmann et al. (2013)

R1 CCTTCCGTCAATTCCTTTAAGT reverse Laakmann et al. (2013)

R2 AGCTGGAATTACCGCGGCTGCT reverse Laakmann et al. (2013)

All six primers were used for sequencing of the whole 18S rDNA fragment

necessary, PCRs were finally carried out using Illustra™
Ready-To-Go PCR Beads (GE Healthcare), 20 pul H,O,
0.5 pl of each primer (10 pM), 4 ul DNA template and the
temperature profile of the modified protocol.

Amplification of 18S

A 1800-bp region of 18S was amplified using the primers
18A1 and 1800 (Table 1). Each sample contained 29 pl
H,O, 4 ul 10x PCR buffer, 4 pl ANTP (2 mM each),
0.2 ul Taq polymerase (5 U/ul, Qiagen), 0.4 pul of each
primer (10 pM) and 2 pl DNA template. The temperature
profile consisted of an initial step for 5 min at 94 °C, fol-
lowed by 36 cycles of 45 s at 94 °C, 50 s at 50 °C and
200 s at 72 °C. The final extension was at 72 °C for
10 min. Unsuccessful reactions were first repeated with a
decreased annealing temperature of 42 °C, and if neces-
sary, the number of cycles was increased to 50. In cases
where the previous protocols failed, PCRs were carried out
using Ilustra™ Ready-To-Go PCR Beads (GE Health-
care), 37.5 ul H,O, 0.4 pl of each primer (10 pM), 2 pul
DNA template and 40 PCR cycles.

Purification and sequencing

Size and quality of PCR products were checked via agarose
gel electrophoresis prior to purification and sequencing.
The samples were enzymatically purified using Exonucle-
ase I (EXO, 20 U/ul) and Shrimp Alkaline Phosphatase
(SAP, 1 U/ul) (both Thermo Scientific). For COI, 23 pl (or
the leftover amount) of each PCR product was added by
5 pl SAP and 1.25 pl EXO. For 18S, 38 pul of PCR prod-
ucts was mixed with 7.6 pl SAP and 1.9 pl EXO. The
suspensions were then incubated at 37 °C for 15 min,
followed by 20 min at 75 °C. Purified PCR products were
sent to Macrogen Inc. (Amsterdam, Netherlands) for se-
quencing. For COIL, PCR primers were used for sequencing
(Table 1). Products of 18S were sequenced using PCR
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primers plus the four internal primers F1, F2, R1 and R2
(Table 1).

Sequences from GenBank

Nineteen COI sequences (Table S2) of Sepiolida from the
North Sea, Northeast Atlantic Ocean and the Mediter-
ranean were mined from GenBank (http://www.ncbi.nlm.
nih.gov/genbank/) in order to verify the morphological
identification. Ten sequences originated from a study by
Groenenberg et al. (2009), who demonstrated wrong spe-
cies assignments for a high percentage of the available
Sepiolida sequences in GenBank. Based on their conclu-
sions, sequences were selected carefully and only further
nine COI barcodes from GenBank were included in our
study. For all other available Sepiolida sequences, a pre-
liminary NJ analysis (data not shown) demonstrated wrong
species assignment.

Data analysis

Electropherograms received from Macrogen were assem-
bled and edited using Geneious 6.1.6 created by Biomatters
(http://www.geneious.com/). COI consensus sequences
were aligned by MUSCLE (Edgar 2004) using the default
settings in MEGA 5.2 (Tamura et al. 2011). Consensus
sequences as well as trace files were uploaded to the
BNEAC project on BOLD. Sequence statistics were per-
formed using BOLD’s “Sequence Composition” analysis
tool (sequence length >50 bp, no filters, GC % calculated
on first, second and third codon positions and all positions
combined), and distances to the nearest neighbor (NN)
were calculated using the “Barcode Gap” analysis tool
(pairwise distance, aligned by MUSCLE, sequence length
>50 bp, no filters, pairwise deletion). The barcoding gap is
a quality criterion for barcoding in general and a mea-
surement for the accuracy of this method (Meyer and
Paulay 2005). Intraspecific variability is considerably
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lower than the distance to the nearest relative among most
species (Hebert et al. 2003b). This difference between the
highest intraspecific and the lowest interspecific (nearest
neighbor) genetic distance is called barcoding gap (Meyer
and Paulay 2005). The absence of a barcoding gap can be
due to misidentification, DNA contamination or a real
evolutionary background (hybridization, incomplete lin-
eage sorting, recent speciation).

Uncorrected pairwise p-distances for COI were gener-
ated in MEGA 5.2 (variance estimation method: none;
substitution type: nucleotide; substitutions including tran-
sitions and transversions; gaps/missing data treatment:
pairwise deletion). Pairwise distances were visualized as
histograms using PAST 2.17 (Hammer et al. 2001). A
neighbor-joining (NJ) analysis (Saitou and Nei 1987) was
performed (substitution type: nucleotide; substitutions in-
cluding transitions and transversions; gaps/missing data
treatment: pairwise deletion on first, second and third
codon positions plus noncoding sites) based on p-distances
with 10,000 bootstrap replicates (Efron 1982; Felsenstein
1985) for all COI data from this study and 19 Sepiolida
sequences mined from GenBank (Table S2).

The 18S consensus sequences were aligned in MEGA
5.2 using MUSCLE under default settings. A NJ tree was
generated in MEGA 5.2 (substitution type: nucleotide;
substitutions including transitions and transversions; gaps/
missing data treatment: pairwise deletion on first, second
and third codon positions plus noncoding sites) based on
p-distances with 10,000 bootstrap replicates.

Results
Morphological species identification

All cephalopod specimens in this study could be success-
fully identified and assigned to 13 different species based
on morphological features, except those belonging to the
genus Alloteuthis. The specimens representing the Oe-
gopsida, the squids of the genus Loligo and the species E.
cirrhosa, Sepia elegans Blainville, 1827 and Rossia
macrosoma Delle Chiaje, 1830 were easily identified by
distinct morphological features.

Within the genus Alloteuthis, we found three different
morphotypes: specimens displayed features of either A.
subulata or A. media or a mixture of both species. As a
consequence, all Alloteuthis specimens were assigned to
Alloteuthis sp.

DNA barcoding

A total of 108 PCR products obtained from the COI bar-
coding gene could be successfully sequenced in both

directions. The sequences were composed of 33.01 % GC
(£0.17 % SE, min = 30.41 %, max = 36.78 %), not in-
cluding stop codons, insertions and deletions. The sequence
alignment was 658 bp long; the mean consensus sequence
length was 651 bp. Of the 108 sequences, 89.1 % reached
the full fragment length of 658 bp. The sequence length of
one Todarodes sagittatus specimen was 311 bp; however,
it remained in the analysis as there was only one other
conspecific sequence available.

The analysis of the uncorrected pairwise p-distances
showed a clear difference between intra- and interspecific
distance values. Intraspecific distances ranged from 0 to
2.13 %, while interspecific distances varied between 3.31
and 22 % (Table 2). By plotting the frequencies of all in-
tra- and interspecific distances (Fig. 2), the present study
showed a clear gap between all intra- and interspecific
distances without any overlaps.

Genetic distances increased with the taxonomic level,
being smallest within species (0-2.13 %), followed by
genus (3.31-9.92 %), family (8.97-17.32 %), order
(15.53-17.17 %) and finally class (12.80-22.02 %)
(Table 2). Distances at order level comprise only speci-
mens of Sepiolida represented by the two families Sepi-
olidae and Sepiidae.

In each species, the maximum intraspecific distance was
considerably lower than the distance to the nearest neigh-
bor, resulting in explicit barcoding gaps (Table 3). The
latter ranged from 3.41 % (between S. atlantica and S.
tridens) up to 19.20 % (between E. cirrhosa and Sepiola
pfefferi Grimpe 1921). The results were demonstrated by
plotting the maximum intraspecific distance of each species
against the distance to the nearest neighbor (Fig. 3). Two
singleton species were not considered for barcoding gap
analysis, as they lack intraspecific distance values. How-
ever, both species may exhibit pronounced barcoding gaps
too, as S. pfefferi differed by 8.59 % and Sepietta neglecta
Naef, 1916 by 7.91 % from their NN.

The NJ analysis of the COI sequence data showed a
well-resolved topology with 13 distinct species clusters and
no haplotype sharing between species (Fig. 4). Species
clades were supported by bootstrap values >99 %. All
sequences assigned to Alloteuthis sp. clustered together as
well. Alloteuthis specimens morphologically identified as
belonging rather than A. media or A. subulata, or those
exhibiting morphological features of both species cannot
be distinguished using the COI approach. For five species,
barcodes from GenBank were added to our dataset to
confirm the morphological identification of Sepiolida,
which are difficult to identify based on morphological
features. The NJ analysis confirmed the results of our
morphological identification, resulting in distinct species
clusters with 100 % bootstrap support for all sepiolid
species (Fig. 4). We confidently demonstrated here that the
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Table 2 Summary of uncorrected pairwise (p) distances at different taxonomic levels

Comparisons Number of Taxa Number of Minimum distance Maximum distance Mean Dist + SD
within specimens comparisons (%) (%) (%)
Species 106 12 858 0.00 2.13 0.11 £ 0.16
Genus 50 3 123 3.31 9.92 7.81 £ 2.65
Family 100 3 1091 8.97 17.32 12.64 £+ 2.36
Order 35 1 96 15.53 17.17 16.46 £+ 0.36
Class 108 1 3574 12.80 22.02 16.61 £+ 1.75
Fig. 2 Uncorrected 800
p-distances; intraspecific
distances in dark gray,
interspecific distances in light 700+
gray. The enlarged cutaway
view empbhasizes on the 600+
“global” barcoding gap (gray
area) between all intra- and
interspecific distances 500
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members of the genera Sepiola and Sepietta can be clearly
distinguished using DNA barcode sequences.

18S rDNA sequence analysis

The analysis of the 18S rDNA sequence data focused on
the genus Alloteuthis. It was based on 21 sequences be-
longing to nine species plus seven Alloteuthis sequences.
The sequence lengths ranged from 1078 to 2776 bp with a
mean of 1901 bp. The length of the alignment was
2977 bp.

The seven 18S rDNA sequences obtained from speci-
mens belonging to the genus Alloteuthis included speci-
mens of all three morphotypes exhibiting morphological
features of A. media, A. subulata and specimens that
showed features of both. In the NJ analysis, Alloteuthis
sequences appeared monophyletic with a bootstrap support
of 95 % (Fig. 5). The sequences belonging to the three
different Alloteuthis morphotypes did not appear in
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P-distance (%)

separate clades
identification.
High bootstrap values of >98 % were found for the
species E. cirrhosa, R. macrosoma, T. eblanae and L.
vulgaris. The S. tridens cluster was supported with a
bootstrap value of 85 %. A low bootstrap value of only
64 % was found for L. forbesii. Furthermore, the tree
contained three singleton species, of which S. atlantica
appeared closely related to the congeneric S. tridens..

corresponding to the morphological

Discussion
Morphological species identification

Species descriptions and identification keys provide easily
applicable diagnostic features (De Heij and Goud 2010;
Goud and De Heij 2012; Hayward and Ryland 1995),
sometime including supplementary information about
species’ distribution, biology and ecology, which makes
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Table 3 Distance summary for each species including the distance to the nearest neighbor (NN) and species’ barcoding gaps

Species n  Minimum distance ~ Maximum distance = Mean Dist = SD  Nearest Distance to NN Barcoding gap
(%) (%) (%) neighbor (%) (%)

Alloteuthis sp. 29 0.00 0.61 0.17 £ 0.14 L. forbesii 12.25 11.64

Loligo forbesii 23 0.00 0.30 0.04 £+ 0.06 L. vulgaris 10.25 9.95

Loligo vulgaris 3 046 2.13 1.42 + 0.86 L. forbesii 10.25 8.12

Todarodes 2 033 0.33 N/A 1. coindetti 14.50 14.17
sagittatus

Todaropsis 7 0.00 0.61 0.23 + 0.20 L. coindetti 14.78 14.17
eblanae

lllex coindetii 4 0.00 0.33 0.16 £ 0.17 S. tridens 14.05 13.72

Sepietta 4 0.00 0.15 0.08 + 0.08 S. neglecta 7.91 7.76
oweniana

Sepietta neglecta 1 NA N/A N/A S. oweniana 791 N/A

Sepiola atlantica 2 0.00 0.00 N/A S. tridens 341 341

Sepiola tridens 16 0.00 0.00 0.00 + 0.00 S. atlantica 341 341

Sepiola pfefferi 1 N/A N/A N/A S. tridens 8.59 N/A

Rossia 8 0.00 0.00 0.00 £ 0.00 S. pfefferi 14.84 14.84
macrosoma

Sepia elegans 0.00 0.00 0.00 £ 0.00 S. pfefferi 17.47 17.47

Eledone cirrhosa 0.00 0.49 0.24 + 0.17 S. pfefferi 19.20 18.71

N/A = missing data due to small sample size
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Fig. 3 Barcode Gap analysis. Each species is represented by a single
dot. Along the 1:1 slope, the difference between maximum in-
traspecific distance and distance to the NN nearest neighbor is zero.
All dots are located above the 1:1 slope, indicating the presence of
barcoding gaps; a indicates the species with the highest distance to its
nearest neighbor, and b shows two overlapping data points,
representing species with the lowest distance to a nearest neighbor

them a highly valuable source (Hastie et al. 2009; Pierce
2010; Jereb and Roper 2005, 2011; Marine Species Iden-
tification portal http://species-identification.org/). The two
dichotomous keys used in this study differed substantially

in their contents and integrity. While the key provided by
the Marine Species Identification Portal (http://species-
identification.org/) lacked only one species found in this
study, the recently discovered S. tridens (Goud and De Heij
2012), the handbook of the marine fauna of Northwest
Europe (Hayward and Ryland 1995) lacked the whole
family Ommastrephidae, represented by 13 specimens in
this study, and the genus Sepietta, represented by a total of
five species in this study.

The subfamily Sepiolinae is a controversial group, in
which species are difficult to distinguish from one another
by external morphology, especially concerning females and
juveniles (Groenenberg et al. 2009). Specific structures
such as club sucker size or head and mantle width were
inherently hard to measure due to their small size and their
preservation in ethanol. However, this study confirmed the
occurrence of five species belonging to the Sepiolinae in
the North Sea—Sepietta oweniana d’Orbigny, 1841, S.
neglecta, S. pfefferi, S. atlantica and the recently discov-
ered S. tridens (De Heij and Goud 2010). These results
strongly correspond to those proposed by Groenenberg
et al. (2009), which confirmed the occurrence of the same
five species that we found.

According to Jereb and Roper (2005), however, the
Sepiolinae are represented by seven species in the North
Sea—S. oweniana, S. neglecta, S. atlantica, S. pfefferi,
Sepiola intermedia Naef, 1912, Sepiola aurantiaca Jatta,
1896 and Sepiola rondeletii Leach, 1817. The occurrence
of S. intermedia and S. rondeletii in the North Sea is highly
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Fig. 4 Neighbor-joining tree (separated into two parts) based on
uncorrected p-distances between 127 COI barcodes including 19
GenBank sequences. Squares indicate different morphotypes of

doubted (Groenenberg et al. 2009; Goud and De Heij
2012). The present study supports these doubts, since
neither S. intermedia nor S. rondeletii was found among the
studied specimens.

Goud and De Heij (2012) recently examined the lit-
erature and specimens of S. pfefferi and S. aurantiaca, from
museum collections and recently collected specimens, to
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Alloteuthis; filled squares = A. subulata-like, blank = A. media-like,
half filled = intermediate morphotype. MT numbers represent DZMB
sample identifiers

determine the validity of the two species. Although the
original species descriptions are detailed, their analysis
revealed inconsistencies in the older literature leading to
the usage of both species names for specimens occurring in
the northeast Atlantic, which clearly belonged to the same
species (Goud and De Heij 2012). What started as two
different species (Grimpe 1921) ended as synonyms. An
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Fig. 5 Neighbor-joining tree based on uncorrected p-distances
between 18S rDNA sequences. Squares indicate different morpho-
types of Alloteuthis; filled squares = A. subulata-like, blank = A.

additional complication is the loss of both species’ holo-
types; the S. aurantiaca-type samples were last seen in the
1970s, and the type specimens of S. pfefferi were most
likely destroyed during World War II (Goud and De Heij
2012). Thus, a neotype for S. pfefferi has been designated
(Goud and De Heij 2012). Furthermore, there were no
specimens found, which were assignable to S. aurantiaca;
instead, all studied Atlantic specimens were consistent with
the descriptions for S. pefferi (Goud and De Heij 2012).
The present study confirms these results. One specimen
(MT04868) superficially resembled S. aurantiaca had to be
assigned to S. pfefferi after the investigation of further
features that distinguish S. pfefferi and S. aurantiaca (e.g.,
morphology of the first armpair and the tentacular clubs).

Eledone cirrhosa
MT04936

media-like, half filled = intermediate morphotype. MT numbers
represent DZMB sample identifiers

Thus, it becomes evident that the five Sepiolinae species
analyzed in the present study represent the complete North
Sea species composition of Sepiolinae according to the
current state of knowledge.

S. atlantica and its sister species S. tridens can be dis-
tinguished through morphology and geographic distribu-
tion (Groenenberg et al. 2009; De Heij and Goud 2010). S.
atlantica occurs in the southern part of the North Sea,
living in rather shallow regions, and S. tridens on the other
hand is distributed in the northern parts of the North Sea,
living in depths >50 m (Groenenberg et al. 2009). The
present study confirms this geographic delineation (Fig. 1).

The long-finned squid species of the genus Alloteuthis
were the most challenging group in terms of morphological
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species identification. The present study revealed extreme
difficulties to clearly distinguish A. media and A. subulata
due to the lack of clear identifying features. A. media and
A. subulata can be distinguished from other long-finned
squids by a slender posterior extension of the mantle—the
“tail”. The length of the fins (which includes the tail)
relative to the dorsal mantle length (DML) was a traditional
measure to differentiate between A. media and A. subulata;
specimens with a relative fin length above 50 % DML were
assigned to A. media, and specimens with a fin length be-
low 50 % DML were assigned to A. subulata. Recent
studies have shown that this character is unreliable for
species identification, since relative fin length increases
with body length in mature squids (Anderson et al. 2008;
Laptikhovsky et al. 2002). Furthermore, tail length differs
between sexes with males having longer tails than females
(Anderson et al. 2008).

Further diagnostic features are the central club sucker
angle relative to club axis, the size of the largest club
sucker relative to head width, maximum mantle length, arm
length relative to mantle length, tentacle length, fin shape,
the number of normal suckers on hectocotylus and the
width of the tentacular club (e.g., Nesis 1987). One of these
characters only applies to males, and others are difficult to
measure, especially in preserved animals (e.g., tentacle
length, head width). A more recent study discussed the
difficulty of distinguishing A. media and A. subulata
morphologically with the conclusion that these species
could not be separated by traditional features (Lap-
tikhovsky 2005). Another study revealed that only two of
these characters are informative—the tentacular club width
and central club sucker size (Anderson et al. 2008). Using a
suite of possible diagnostic features, species assignable to
A. media, A. subulata and a wide range of intermediate
forms were found in this study.

As with S. aurantiaca and S. pfefferi, the holotypes of A.
media and A. subulata have been lost and the original
species descriptions are insufficient for distinguishing these
two species (Anderson et al. 2008). It has also been pro-
posed that these two species only represent different eco-
logical forms or ontogenetic stages of one single species
(Laptikhovsky et al. 2002).

The results of our molecular analysis support this hy-
pothesis, as A. media and A. subulata could not be distin-
guished by mitochondrial COI DNA barcoding or nuclear
18S rDNA sequences. All studied North Sea Alloteuthis
specimens assigned to three different morphotypes form
just one distinct clade without any correlation to morpho-
logical features.

The systematics of Alloteuthis squids has been investi-
gated using an integrative approach before (Anderson et al.
2008; Pilsits 2007). These two studies, analyzing the same
dataset of Mediterranean and northeast Atlantic specimens,
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proposed different conclusions. Despite morphological
discrepancies, both agree that one clade, including
Mediterranean as well as northeast Atlantic specimens, can
be assigned to A. media. Another clade, which is ge-
netically distinct from the other and comprised of only
three specimens from the Adriatic, is either assigned to A.
subulata (Anderson et al. 2008) or to another cryptic spe-
cies (Pilsits 2007).

A. media and A. subulata are highly sympatric, and both
occur in the eastern Atlantic from the northwest coast of
Africa to the North Sea and throughout the Mediterranean
(Hastie et al. 2009). A. media is thought to prefer rather
warm waters, like the Mediterranean, and only occasion-
ally occurs in the Irish and southern North Sea. A. subulata
however is supposed to be common in the North Sea and
rare in the Mediterranean, where it is only found in deep
waters (Nesis et al. 2003; Naef 1923). Recalling the spe-
cies’ geographic distributions reveals additional conflicts.
A. media is thought to be common in the warm Mediter-
ranean, which is true for both studies. Still, both found A.
media to be very abundant in colder regions of the north-
east Atlantic as well. More striking is the fact that A.
subulata is suggested to be rare in the Mediterranean but
common in the northeast Atlantic and the North Sea.
Nevertheless, Anderson et al. (2008) assigned the Adriatic
specimens to this species, which is thought to prefer cold
and deep waters. This raises the questions whether the
description of the geographic distribution for both species
is accurate and whether the assignment of the Adriatic
specimens by Anderson et al. (2008) is reliable.

The present study strongly supports the assumption that
the genus Alloteuthis is only represented by a single spe-
cies, at least in the North Sea. It could not be clarified
whether this species is A. subulata or A. media.

Currently, the taxonomic status of A. media and A.
subulata is untenable, and a redescription and designation
of a neotype for both species would be essential to stabilize
the taxonomy (Pierce 2010).

DNA barcoding success

The results of the barcoding analysis clearly demonstrated
the efficiency of COI as a marker in separating different,
even closely related, cephalopod species. All species
formed distinct clusters which were supported by bootstrap
values of >99 %. The correct morphological identification
of the Sepiolida species was confirmed by additional se-
quence data obtained from GenBank. These sequences
were chosen with caution and checked thoroughly before
adding them to the analysis. During this process, it became
evident that many sequences available from GenBank and
BOLD are assigned to the wrong species. This is a general
problem, which is prominent among mollusks
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(Groenenberg et al. 2009; Gasca and Janssen 2014). Thus,
external data should be used with caution.

Our results demonstrate that DNA barcoding is still
successful using shorter sequences as the suggested COI
barcoding fragment. The sequence of one specimen of T.
sagittatus (MTO03075) had a length of 311 bp and still
clustered together with a conspecific sequence of the full
barcode length. Several studies demonstrated that DNA
barcoding is an effective method for the identification of
cephalopod species (e.g., Dai et al. 2012; Kaneko et al.
2011; Allcock et al. 2011; Undheim et al. 2010). The ge-
netic distances within and between species calculated in
our study are similar to those found by others: Dai et al.
(2012) found intraspecific distances (K2P distances) rang-
ing from 0 to 1.4 % (average 0.2 %) and interspecific
distances ranging from 6.2 to 21.6 % (average 17.1 %).
Badhe et al. (2013) found an average genetic distance (K2P
distances) of 0.2 % within species, 10.6 % within genus
and 17.1 % within family. Furthermore, intraspecific dis-
tances rarely exceed 2 %, and most are below 1 % (Avise
2000), which is in concordance with our results.

Another quality criterion for successful DNA barcoding is
the presence of the so-called barcoding gap. It can be inter-
preted in two ways, as a “global” and a “local” barcoding
gap (Collins and Cruickshank 2013). The global barcoding
gap is the gap between all intra- and interspecific distances,
while the local one represents the gap between the highest
intraspecific distance and the distance to the NN, and
demonstrates the accuracy of DNA barcoding in delimiting
species. The present study demonstrated the presence of
both. The global barcoding gap of 1.18 % genetic distance
represents the difference between the highest intraspecific
distance (2.13 %) and the lowest interspecific distance
(3.31 %). Local barcoding gaps ranged from 3.41 % up to
19.20 %. The species S. neglecta and S. pfefferi are only
represented by a single specimen, and no intraspecific dis-
tance values could be considered for the calculation of bar-
coding gaps. However, these two species exhibited high
distance values to their NN (8.59 and 7.91 %, respectively).
Taking into account that intraspecific distances in cephalo-
pods are usually below 1 % and only slightly exceed that
threshold, we anticipate the existence of a barcoding gap for
these two species, though this assertion has yet to be verified
by additional sequence data.

Performance of 18S rDNA for species discrimination

18S rDNA is widely used as a standard marker for
different applications, such as phylogenetic studies and
biodiversity analyses (Meyer et al. 2010). In the present
study, 18S was used to test its performance as alternative
marker for species identification in particular concerning
the genus Alloteuthis. Just like mitochondrial COI,

nuclear DNA did not help to distinguish between the
different morphotypes identified within the genus Allo-
teuthis (Figs. 4, 5). In all other cases, 18S was able to
distinguish between species, as sequences belonging to
the same species were clustered together. However,
bootstrap support values were low in some cases (S.
tridens and L. forbesii), which may hinder unambiguous
and reliable identification. Furthermore, 18S cannot
compete with COI from a technical point of view.
Amplification and sequencing failures occurred fre-
quently in 18S compared to COIL. This may be caused by
pronounced secondary structures in GC-rich regions and
high intramolecular forces within the 18S rDNA, both
hampering standard amplification methods (Meyer et al.
2010).

Sequence reference libraries

The sequence data obtained in the present study were
uploaded to BOLD and submitted to GenBank and can
now be used as a sequence reference library for the
identification of cephalopod species from the North and
the Baltic Seas. Species identification based on molecular
data can be very useful in cases where morphological
features are hard to access or unreliable, or in cases where
no morphological features are available at all, like in
damaged specimens, juveniles, larvae or eggs. Thus, the
global DNA barcode library BOLD is not only important
for researchers working on systematics, but has wide-
reaching benefits for fishery management, surveys and
stock assessments (Strugnell and Lindgren 2007). The
submission of sequences to BOLD is bound to explicit
guidelines (Hanner 2005), in order to guarantee high re-
liability and quality of the data. Nevertheless, recent
studies have shown that a high percentage of the cepha-
lopod COI sequences on GenBank are most likely as-
signed to the wrong species (Groenenberg et al. 2009).
This also affects BOLD as a consequence of uploaded data
mined from GenBank. As a consequence, sequences as-
signed to the same species differed greatly from one an-
other, or sequences assigned to different species showed
very low divergence and clustered together (Groenenberg
et al. 2009). Misidentification is a serious problem con-
cerning the reliability of databases such as BOLD or
GenBank. Sequences mined from any open-access data-
base should be checked thoroughly concerning their re-
liability prior to any analysis, as done for the public
sequences of Sepiolida used in the present study
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