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Introduction

Abstract

Skates are characterised by conservative body morphology which hampers identifi-
cation and leads to frequent taxonomic confusion and market mislabelling. Accu-
rate specimen classification is crucial for reliable stock assessments and effective
conservation plans, otherwise the risk of extinction could be unnoticed. The mis-
classification issue is evident for the genus Dipturus, distributed worldwide, from
the continental shelf and slope to the deep sea. In this study, barcode cytochrome
oxidase I gene (COI) sequences were used along with species delimitation and
specimen assignment methods to improve taxonomy and zoogeography of species
of conservation interest inhabiting the Atlantic Ocean and Mediterranean Sea. In
this study, we provided new evidence of the occurence of D. nidarosiensis in the
Central-Western Mediterranean Sea and the lack of Atlantic-Mediterranean genetic
divergence. The Atlantic endangered species D. laevis and D. batis clustered
together under the same molecular operational taxonomic unit (MOTU) with any
delimitation methods used, while the assignment approach correctly discriminated
specimens into the two species. These results provided evidence that the presence
of the barcode gap is not an essential predictor of identification success, but the
use of different approaches is crucially needed for specimen classification, espe-
cially when threshold- or tree-based methods result less powerful. The analyses
also showed how different putative, vulnerable, species dwelling across South-
Western Atlantic and South-Eastern Pacific are frequently misidentified in public
sequence repositories. Our study emphasised the limits associated to public data-
bases, highlighting the urgency to verify and implement the information deposited
therein in order to guarantee accurate species identification and thus effective con-
servation measures for deep-sea skates.

However, due to their conserved dorsoventrally flattened
body morphology, the identification of skates based solely

Skates are cartilaginous fish of the family Rajidae (order
Rajiformes) which includes more than 150 described species,
belonging to 17 genera (Last et al., 2016a). Most of them
are benthic organisms with restricted geographical distribu-
tions, living between the shoreline and >4000 m depth
(Orlov, Cotton and Byrkjedal, 2006; Ebert and Compagno,
2007). Despite their apparent restrictive habitat preferences
(e.g., soft bottom substrates), skates exhibit a high degree of
biodiversity and endemism (Ebert and Compagno, 2007).

on morphological characters can be problematic (Geraci
et al., 2017).

The identification of species boundaries is fundamental for
undertaking effective conservation and management mea-
sures. The difficulties encountered among this family have
led to a high degree of mislabelling in scientific trawl sur-
veys (Cariani ef al., 2017) and commercial landings (Iglésias
et al., 2010; Griffiths e al., 2013). Skates are rarely specifi-
cally targeted by fisheries, but their high susceptibility to by-
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catch make them some of the most vulnerable marine fishes
(Stevens et al., 2000; Dulvy et al., 2016). Accurate species
identification of individuals is thus needed and is critical for
reliable conservation plans and stock assessments, otherwise
declines, especially of threatened taxa, could be unnoticed.

The misclassification problem is particularly evident in the
genus Dipturus (Griffiths et al., 2010; Iglésias et al., 2010)
which includes more than 40 species (Last et al., 2016a),
which are widely distributed from temperate to tropical
regions, from continental shelves and slopes to the deep sea
(Ebert and Compagno, 2007; Follesa et al., 2019). According
to the current state of knowledge (Last et al., 2016a), in the
European waters (considering Mediterranean and Black Sea,
North-Eastern Atlantic Ocean), Dipturus currently encom-
passes three species of conservation concern: the longnosed
skate, Dipturus oxyrinchus (Linnaeus, 1758), the Norwegian
skate, Dipturus nidarosiensis (Storm, 1881), and the common
skate, Dipturus batis (Linnaeus, 1758).

The longnosed skate is distributed in both the Mediter-
ranean and North-Eastern Atlantic, to depths of 900 m (Ser-
ena, 2005; Ebert and Stehmann, 2013; Ellis et al., 2015;
Mulas et al., 2015). The Norwegian skate was thought to
inhabit only the North-Eastern Atlantic and Bay of Biscay
(Priede et al., 2010; Rodriguez-Cabello, Pérez and Sanchez,
2013), but its occurrence has been recently reported in differ-
ent areas of the Western Mediterranean (Cannas et al., 2010;
Cariani et al., 2017; Ramirez-Amaro et al., 2017; Carbonara
et al., 2019). Their presence in the Mediterranean Sea has
been further confirmed by the recent finding of paintings in
manuscripts by Cuvier and Valenciennes (Ms-535), unpub-
lished in their Histoire naturelle des poissons, published
between 1829 and 1849. The two original paintings represent
both D. oxyrinchus and D. nidarosiensis collected off Nice
(France) in 1829 (Figure 1). For both species, it is still
debated the potential genetic distinctiveness and connectivity
between Atlantic and Mediterranean populations (Griffiths
et al., 2011; Ramirez-Amaro et al., 2017, Melis et al.,
2020). The low genetic differentiation among Atlantic and
Mediterranean D. oxyrinchus specimens seems to exclude the
possibility that the two basins host totally isolated popula-
tions or even different species as proposed in the past (Melis
et al., 2020 and references therein), but additional data are
needed to confirm this picture also for D. nidarosiensis.

Previous molecular studies (Griffiths et al., 2010; Iglésias
et al., 2010) pointed out that D. batis is a complex of two
cryptic species: the flapper skate, D. intermedius (Parnell,
1937) and the common blue skate, D. batis (Linnaeus,
1758), also sometimes referred to as D. c¢f. flossada (Risso,
1826). Considering the long historical taxonomic confusion
under the name Dipturus batis, in the present study we use
the name ‘D. Batis’ as defined by Last et al. (2016a,b) and
Fricke et al., (2020), to designate the smaller of the two spe-
cies formerly confused in the common skate complex, syn-
onym to the definition of D. ¢f flossada by lglésias et al.
(2010).

Both species were historically present in most of the
European Atlantic and Mediterranean Sea waters, but nowa-
days they are mostly restricted around the British Isles: D.
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intermedius mainly appears along the Western and Northern
coasts of Scotland (Neat et al., 2015), while D. batis dwells
mostly in the Celtic Sea (Lynghammar et al., 2014). Both
species are still very occasionally found in other parts of the
North Atlantic Ocean.

Previous studies (Compagno and Ebert, 2007) reported
that D. batis was often confused with the barndoor skate, D.
laevis (Mitchill, 1818), which is distributed in the North-
Western Atlantic (Leavitt et al., 2018), usually caught as
bycatch and classified as ‘Endangered’ (EN), and with the
slime skate, D. pullopunctatus (Smith, 1964), which is a
common endemic Southern African skate, classified at ‘Least
Concern’ (LC) in the International Union for Conservation
of Nature (IUCN) Red List (Pollom et al., 2020). In addi-
tion, the slime skate presents an overlap in the geographical
distribution with D. nidarosiensis, which has been found also
off South-Eastern Africa and frequently confused with other
skates (Last et al., 2016a; Geraci et al., 2019).

Reporting species-specific landings became European law
in 2009 (EC No 43/2009); however, such legislation requires
an unambiguous classification of the individuals. DNA bar-
coding has been proven a smart and integrative taxonomic
toolbox that can effectively contribute to species identifica-
tion among closely related skates (Serra-Pereira et al., 2011,
Lynghammar et al., 2014; Frodella et al., 2016; Cariani
et al., 2017). This approach relies on the concept that the
genetic variation, that is the ‘barcode gap’, between species
is larger than that within species (although this term should
be treated with caution, see e.g., Moritz and Cicero 2004;
Meyer and Paulay, 2005). Previous studies demonstrated the
effectiveness of COI to uncover cryptic diversity and to con-
tribute to solve doubts regarding species-complex in skates
(de Astarloa et al., 2008; Smith et al., 2008; Griffiths et al.,
2010; Coulson et al., 2011; Pasolini et al., 2011; Cariani
et al., 2017).

Currently, one of the main limitations in skate species
identification appears to be the invalid and/or outdated infor-
mation contained in public databases (Cerutti-Pereyra et al.,
2012). Delimitation methods and specimen assignment
approaches have proved to be helpful in solving species
identification issues, especially in the presence of taxonomi-
cally difficult lineages (Piemontese et al., 2020). In integra-
tive taxonomic and systematic studies, species delimitation
methods are increasingly applied to delineate species-level
entities and ascertain the number of species in a sample
(Dellicour and Flot, 2018 and references therein). Whereas,
species assignment methods have proved to be helpful in the
reliable assignment of an unknown query sequence to its
correct species, which remains one of the most important
methodological problem for DNA barcoding (Zhang et al.,
2012a). Here, we highlighted how the joint use of these two
approaches could provide important data in outlining species
relationships, improve the accuracy of specimen assignment
and help to feed databases with correctly assigned entries
(Delrieu-Trottin et al., 2020).

In this study, DNA sequences were used along with two
complementary approaches (species delimitation and speci-
men assignment methods) in order to (1) provide new
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(a)

(b)

Figure 1 Original paintings of two specimens of D. oxyrinchus and D. nidarosiensis collected off Nice, France (Mediterranean Sea). D. oxy-
rinchus has been reported under the name ‘Raia rostrata’ (a), while D. nidorosiensis under the name ‘Raie négre, espéce nouvelle’ (b). Paint-
ings from 1829 have been found in the manuscript Ms-535 of Cuvier and Valenciennes conserved at the Library of the Muséum national
d'Histoire naturelle (Paris, France). Photograph: © Muséum national d'Histoire naturelle. D. nidarosiensis is morphologically distinguished
from D. oxyrinchus mainly for its rhombic disc and its very elongate and narrowly pointed snout. Whereas, the longnosed skate presents a

more deeply concave anterior disc and narrower snout.

insights into the Atlantic-Mediterranean D. oxyrinchus and
D. nidarosiensis, (2) improve the taxonomy and zoogeogra-
phy of D. intermedius and D. batis and (3) identify and criti-
cally discuss species assignment errors or outdated
information occurring in public databases which may jeopar-
dise proper conservation and management of the investigated
taxa.

Materials and methods

Sampling

Overall, 105 sequences of six putative species belonging to the
genus Dipturus were retrieved from individuals collected
across Central-Western Mediterranean Sea and Atlantic Ocean,
at depths ranging from 55 to 1573 m, during commercial fish-
ing cruises, scientific trawl surveys or obtained from landings
or fish markets (Figure 2). Details related to sequences gener-
ated in the present study are reported in Tables 1 and S1. After
identification, muscle tissue samples were collected and pre-
served in 96% ethanol and kept at —20°C until laboratory anal-
yses. The morphometric data were provided by the samplers
(C. Osio and S.P. Iglésias, for the North-Western and North-
Eastern Atlantic, respectively, and Rob Leslie for the South-
Eastern Atlantic samples).

Genetic data analysis

DNA extraction, amplification and sequencing analysis are
described in the Supplementary Material. Sequence trace files
were checked and manually edited in MEGA v7 (Kumar,

Stecher and Tamura, 2016). A more comprehensive barcode
dataset was built by adding 314 COI sequences attributed to
D. oxyrinchus, D. nidarosiensis, D. batis, D. intermedius, D.
laevis and D. pullopunctatus retrieved from GenBank® (Gen-
Bank; Clark ef al., 2016) and the Barcode of Life Data Sys-
tems (BOLD; Ratnasingham and Hebert, 2013) (Table S2).

Newly generated and retrieved sequences, for a total of
419 records, constituted the ‘DIPTURUS’ dataset. Sequences
were aligned using the ClustalW multiple sequence align-
ment algorithm (Thompson, Higgins and Gibson, 1994) and
haplotypes were retrieved using DnaSP v6.12 (Rozas et al.,
2017). The relationships among haplotypes were investigated
using the TCS method (named after Templeton, Crandall and
Sing 1992, and fully described in Clement et al., (2002),
using the PopART software for building the network of hap-
lotypes (Leigh &Bryant, 2015). To estimate the occurrence
of population structuring between the Mediterranean and
Atlantic basins (for D. oxyrinchus and D. nidarosiensis), the
Analysis of Molecular Variance (AMOVA) was carried out,
performing conventional F-statistics for haplotype frequencies
and 10000 permutations, by using Arlequin v3.5 software
(Excoffier and Lischer, 2010).

To identify and critically discuss species assignment errors
or outdated information occurring in public sequence reposito-
ries, the ‘DIPTURUS’ dataset was further extended by adding
COI sequences retrieved from GenBank and BOLD public
databases assigned to all the other Dipturus species, including
the genera Zearaja, Spiniraja, Dentiraja (Tables S3), generat-
ing a new dataset called ‘DIPTURUS EXT’, composed by 828
sequences. We also included sequences deposited as Zearaja,
because they are now currently renamed as Dipturus (Concha

Animal Conservation ee (2021) ee—ee © 2021 The Authors. Animal Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London 3


www.zslpublications.onlinelibrary.wiley.com

Avoid mislabelling of threatened deep-sea skates

250 200 -15°

CARUGATI et al.

5 o

Sea

- g

Gulf of
Maine
North -
* West
Atlantic |
Ocean

North
- East
Atlantic
L. Ocean

T I — T T
Greenland ~ ~

Norwegian

* [~ South +
| East +

e | Atlantic

f~ Ocean 38
1 1 | I I
15° 18° 21° 24° 27°
QO D. oxyri Ob.i
2° /\ D. nidarosiensis <> D. batis

ok D. pullopunctatus Y% D. laevis

Figure 2 Sampling areas and sites of Dipturus specimens collected. All specimens were collected from commercial fishing cruises or scien-
tific trawl surveys with exception of D. pullopunctatus specimens that were obtained from landings or fish markets.

Table 1 Number of individual sequences (N), individual specimen sex (M = male, F = female, u = unsexed) and related sampling area of the
six Dipturus target species generated and analysed in the present paper. For each species, the GenBank accession numbers of sequences

retrieved are given

Species N Sex (M/F/u) Sampling area Reference GenBank accession

D. oxyrinchus 11 2/6/3 Mediteranean Sea Present paper MK675197-MK675207

D. nidarosiensis 54 15/31/8 Mediteranean Sea Present paper MK675121-MK675169; MW074310-MW074314
4 3/0/1 North-Eastern Atlantic Ocean Present paper MW074309; MK675171-MK675173

D. batis 8 1/8/2 North-Eastern Atlantic Ocean Present paper MK675174-MK675176; MW074302-MW074306

D. intermedius 8 3/3/2 North-Eastern Atlantic Ocean Present paper MK675177-MK675182; MW074307-MW074308

D. laevis 14 6/6/2 North-Western Atlantic Ocean Present paper MK675183-MK675196

D. pullopunctatus 6 4/5/0 South-Eastern Atlantic Ocean Present paper MW074315-MW074320

et al., 2019). We also included sequences of Dentiraja spp. and
Spiniraja whitleyi because they were originally deposited as
Dipturus but currently renamed (Last, Weigmann and Yang,
2016b). Finally, we retrieved additional 1462 sequences
assigned to the family Rajidae, to further check on the presence
of Dipturus’ sequences erroneously labelled (Table S4). A
sequence of Torpedo marmorata was used as outgroup
(KT307460; Cariani et al., 2017). All the haplotypes were anal-
ysed using tree-based approaches: Neighbour-Joining (NJ,
implemented in MEGA), Bayesian inference (BI, using
MrBayes v3.2.7; Ronquist ef al., 2012) and Maximum Likeli-
hood method (ML, with PhyML; Guindon ef al., 2010). DNA
barcodes were further used for both species’ delineation and
specimen assignment analyses, whose combined use is poten-
tially beneficial for species identification (Delrieu-Trottin et al.,
2020).

Species delimitation analyses

Species identified based on morphology are referred to as
‘species’, while species delimited by DNA barcode are

referred to as Molecular Operational Taxonomic Unit (hence-
forth MOTU; Moritz, 1994; Vogler and DeSalle, 1994).

In the present study, MOTUs were delimitated using three
different algorithms: (a) Refined Single Linkage (RESL) as
implemented in BOLD and used to produce Barcode Index
Numbers (BINs; Ratnasingham and Hebert, 2013), (b) Auto-
matic Barcode Gap Discovery (ABGD; Puillandre et al.,
2012), (c) tree-based Bayesian Poisson Tree Processes
(bPTP) method (Zhang et al., 2013). More details are pro-
vided in the Supplementary Material. A final delimitation cri-
terion was established based on a 66% consensus among the
three methods (Garcia-Melo et al., 2019).

Specimen assignment method using
distance

To test the accuracy of COI for species identification, the
proportion of correct identifications was calculated using the
‘Best Close Match Analysis’ (henceforth BCMA, Meier
et al., 2006), which is a distance-based analysis incorporat-
ing a threshold, carried out in the R package Spider v1.5
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(Brown et al., 2012). For this method, successful identifica-
tion requires that a query sequence should have the closest
barcode match with a sequence from the same nominal spe-
cies, while the identification is considered ambiguous or
incorrect if the former has closest matches with barcodes of
different species (Meier et al., 2006). We here used the func-
tion threshOpt() implemented in the same R package to iden-
tify the optimal threshold value for our dataset following the
author’s tutorial indications (Brown and Collins, 2011). Fur-
ther, we checked for the presence of a barcoding gap that is
the lack of overlap between the distributions of the maxi-
mum intraspecific (MI) and the nearest neighbour (NN)
genetic distances (Meyer and Paulay, 2005). The occurrence
of a distinct gap between intraspecific and interspecific vari-
ability was assessed by plotting the MI distance against the
distance to the NN for each putative species (Collins and
Cruickshank, 2013); MI and NN distances were calculated
using the Kimura’s two parameter model (K2P; Kimura,
1980).

Other specimen assignment methods

One of the most important methodological problem in the
field of DNA barcoding remains the reliable assignment of
an unknown query sequence to its correct species. Consider-
ing issues associated to the use of distance measures to infer
species affiliation (Zhang et al., 2008), we here applied new
specimen assignment methods recently proposed for allocat-
ing specimens to species. Four specimen assignment methods
implemented in the R package BarcodingR v1.0.2 (Zhang
et al., 2017) were used: (a) the back-propagation neural net-
works method (BP) (Zhang et al., 2008; Zhang and Savolai-
nen, 2009); (b) the fuzzy set-based approach method (FZ)
(Zhang et al., 2012a); (c) the alignment-free kmer-based
method (FZKMER) (Zhang et al., 2012b) and (d) the
Bayesian-based (Ba) method (Jin et al., 2013). Both FZ and
FZKMER methods assign to each potential identification an
‘FMF value’ in the range of 0-1, which indicates the likeli-
hood of the assignment (Zhang et al., 2012b), while BP and

Avoid mislabelling of threatened deep-sea skates

Ba assign to each identification a ‘bp.probabilities’ or ‘Baye-
sian.prob’, respectively, also in a range of 0—1. For the sake
of clarity, we will refer hereafter to FMF values, bp.probabil-
ities and Bayesian.prob as ‘probabilities’. As the different
methods can lead to conflicting results, a consensus has been
established for the multiple methods using the consen-
sus.identify function of the barcodingR package. We consid-
ered that a consensus emerged if at least three methods were
converging. More details are provided in the Supplementary
material.

Results

The final alignment of the ‘DIPTURUS’ barcode dataset con-
sisted of 555 bp and included 41 haplotypes (DIPHI1-
DIPH41; Tables S1 and S2). The TCS haplotype network
revealed the occurrence of four main haplogroups (Groups I,
II, III and 1V) and two single haplotypes (Figure 3). Group I
included exclusively specimens morphologically assigned to
D. oxyrinchus, while Groups IV was formed by specimens
morphologically identified as D. nidarosiensis, with the only
exception of DIPHI13 which corresponded to a sequence
erroneously attributed to D. oxyrinchus (Vargas-Caro, 2018)
and DIPH20 recorded in GenBank as D. springeri but
reported in BOLD as D. nidarosiensis (Table S2). Group II
included three haplotypes (DIPH29-31), shared by individu-
als ‘morphologically’ identified as D. intermedius (or D.
batis). Group III included 12 haplotypes shared by speci-
mens ‘morphologically’ identified as D. batis (DIPH26-28)
and D. laevis (DIPH33-40). The haplotype DIPH25 was
shared by individuals of both species (11 common blue skate
individuals and 2 barndoor skates). The network showed the
presence of two haplotypes (DIPH32 and DIPH41) out of
the main four delimited groups. DIPH41 was shared by indi-
viduals morphologically identified as D. pullopunctatus col-
lected in the South-Eastern Atlantic. DIPH32 was found in a
single individual caught in the Indian Ocean (IND) and
deposited in BOLD as D. intermedius. Both Groups I and
IV presented haplotypes shared by individuals coming from

DIPH2S Haplogroup D. nidarosiensis
DIPH18
RIEHIS DIPH21

Haplogroup
Haplogroup D. oxyrinchus D. intermedius
REACH ol Haplogroup D. batis + D. leavis
DIPH36
II DIPH30

DIPH38

DIPH34 DIPH35
@ ® @

DIPH1S X DIPH22
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® HHHH e

® S—fHHHT—@ 1 ®
DIPH12

DIPH37
@ Mediterranean Sea

@ North East Atlantic
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© South East Atlantic
O Atlantic Ocean

@ Indian Ocean III
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DIPH11

DIPH10
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DIPHAO~._ . fouze /‘\%\:V D DIPH1Z
b -

DIPH32

Figure 3 TCS network of haplotypes for COl sequences (both newly obtained and downloaded from public databases) belonging to individu-
als of D. oxyrinchus, D. nidarosiensis, D. laevis, D. batis, D. intermedius and D. pullopunctatus. The grey boxes correspond to haplogroups |
to IV. The size of the circle represents the frequency of each haplotype; each segment represents one mutational event.
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the Mediterranean Sea and the Atlantic Ocean. In addition,
for both D. oxyrinchus and D. nidarosiensis, AMOVA analy-
sis confirmed the lack of genetic differentiation between
Mediterranean and Atlantic sites (FST = 0; P = 1.0).

The extended dataset ‘DIPTURUS EXT’ gave a final
alignment of 514 bp with 120 haplotypes. Within the genus
Dipturus we found the presence of mislabelled sequences,
deposited in the public repositories as Raja or Rajiformes
spp. (Table S3). After adding sequences from the family
Rajidae (Table S4), we obtained a final alignment of 514 bp,
with a total of 453 haplotypes. The COl-based taxonomy at
the family level accounted for three clusters corresponding to
the subfamilies Rostrorajini, Amblyrajini and Rajini, and the
latter included all the sequences assigned to Dipturus (Fig-
ure S1; ML and BA trees not shown).

The molecular-based taxonomy at Dipturus level (Fig-
ure 4) revealed that haplotypes corresponding to Group I of
the haplotype network formed a monospecific group with
public sequences assigned to D. oxyrinchus and those of the
Group IV clustered with sequences assigned in public reposi-
tories to D. nidarosiensis. The three haplotypes of Group II
assigned to D. intermedius clustered separately from the hap-
lotype DIPH32 (deposited as D. intermedius), which in con-
trast clustered together with DENH94 and DENH9S assigned
to Dentiraja healdi. Haplotypes of Group III (assigned to D.
laevis and D. batis) clustered in a single cluster (supported
by the 94% of bootstrap replicates) together with public
sequences of the two nominal species. Finally, all the trees
showed the presence of the single haplotype DIPH41 which
included all the sequences assigned to D. pullopunctatus.

Refined Single Linkage algorithm (RESL, Figure 4) attrib-
uted a single BIN to each of the nominal species, except a
few cases where a unique BIN included haplotypes assigned
to two species (i.e., D. laevis — D. batis and Dentiraja
endeavouri — Dentiraja polyommata) or to several nominal
species (i.e., the unique BIN AAB5857 included haplotypes
attributed to D. argentinensis, D. chilensis, D. nasutus, D.
maugeanus and D. trachyderma). The species delimitation
analyses, performed on the ‘DIPTURUS EXT’ dataset which
included 41 nominal species, yielded a varying number of
MOTUs: 32, 30 and 32 MOTUs using RESL, ABGD and
bPTP, respectively. A consensus number of 31 MOTUs was
obtained from the three methods (Figure 4).

The BCMA carried out on the ‘DIPTURUS’ dataset, using
0.3% as the optimal threshold, showed that 96.4% of specimens
were correctly recognised to their species (Table S5); errors in
species identification amounted to 3.6% and mostly concerned
sequences morphologically identified as D. batis (2.9%) and to
a lesser extent to those classified as D. laevis (0.7%). The same
analysis performed on the ‘DIPTURUS EXT’ dataset, using
0.1% as the optimal threshold, revealed that 92% of sequences
were correctly identified (Table S6); most of the 8% of errors
concerned sequences morphologically classified as D. chilensis
(2.5%), D. argentinensis (1.8%) and D. batis (1.3%)
(Table S6). The analysis of the ‘barcoding gap’ performed on
the ‘DIPTURUS’ dataset revealed that the genetic distance
between each conspecific individual was smaller than to any
allospecific individual for all species except for D. laevis and
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D. batis (Figure 5A). When the analysis was performed on
‘DIPTURUS EXT’ dataset (Figure 5B), besides D. laevis and
D. batis, the barcode gap was also lacking for D. argentinensis,
D. brevicaudatus, D. chilensis, Dentiraja lemprieri, D. poly-
ommata, D. nasutus, Dipturus sp. A, Dipturus springeri and D.
trachyderma.

The COI identification efficacy of the newly generated
sequences was 100% based on the results of BP, FZ and Ba
assignment methods and 96% in the FZKMER approach.
Probabilities associated to each specimen assignment varied
between the four methods (Table S7). Despite this, a consen-
sus emerged for all the specimens analysed, with all the
methods converging in 96% of the cases. When the species
assignment analyses were performed on the ‘DIPTURU-
S _EXT’ dataset, the identification was confirmed for 99% of
the cases based on the results of BP, FZ and FZKMER
methods and for the 97% looking at the results of Ba
approach. In eight cases, the four methods provided the same
results regarding the wrongly identified specimens
(Table S8). Despite differences among methods, a consensus
emerged for all the specimens and in 97% of the cases the
four methods converged.

Discussion

DNA-based identification methods, such as DNA barcoding,
have been used across broad taxonomic ranges and represent
an especially useful tool for species identification, especially
when morphological classification may be problematic. In
the last half of century, DNA barcoding approach not only
proved to be useful to assign unknown specimens to known
species (Bazinet and Cummings, 2012) but also led to the
development of multiple DNA-based methods to delineate
species (Brown et al., 2012; Puillandre et al., 2012; Ratnas-
ingham and Hebert, 2013). This study highlights that a joint
use of species delimitation methods and specimen assign-
ment approaches is beneficial not only to improve the accu-
racy of specimen assignment but also to build curate
reference libraries which currently host a substantial portion
of taxonomic misidentification (Hubert ez al., 2010; Hubert
and Hanner, 2015).

Our case study focussed on skates that are among the most
complex organisms for species identification due to their con-
served body morphology and thus plagued by misidentifica-
tions. Here we report that in most cases, clear identification is
possible, indicating the efficacy of combined COI-based meth-
ods in a problematic group. As applied here, the proposed
workflow could be useful for a wide range of taxa to success-
fully assign an unknown specimen to a known species, with a
certain level of confidence. The applied methods prove to be
extremely useful when tree- and threshold-based methods are
less informative, that is when the barcode gaps lacks, and
when working on species showing strikingly conserved mor-
phological attributes. In this framework, considering the limits
of traditional morphological identification, the correct assign-
ment of specimens to the species level using molecular analy-
ses is critical for the accurate status assessments and
conservation of species, whatever the system considered.
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Figure 4 Bayesian tree of haplotypes from Dipturus sequences; near the node are the posterior probabilities (>50%). On the right, MOTU
delimitation schemes according to the three species delimitation methods implemented (aqua green) and the resulting consensus MOTU
(green). Names in red indicate the haplotypes obtained in the present study (Table S1). Names in black represent haplotypes from published
sequences deposited in the GenBank and BOLD. All the other haplotypes (grey) are from public but unpublished (i.e., deposited in the data-

base but not published yet in a scientific paper) sequences.

Species delimitation and effectiveness of
specimen assignment methods in the genus
Dipturus

Our study revealed that any of the delimitation methods used
cannot retrieve all the 41 Dipturus putative species, but 80%

as maximum, represented by 32 MOTUs recovered by RESL
and bPTP. Discordant cases could be due to intrinsic limita-
tions of the methods and problems in identification (Garcia-
Melo et al., 2019). Among the delimitation methods used,
ABGD performed worst and the main error type produced is
over lumping. ABGD, indeed, is known to under split
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Figure 5 Comparison of NN (Nearest Neighbour or minimum interspecific distance) and Ml (Maximum Intraspecific) distances for D. oxy-
rinchus, D. nidarosiensis, D. intermedius, D. batis, D. laevis and D. pullopunctatus (a) and for all the species belonging to 'DIPTURUS-EXT
dataset (b). Equal intra- and inter-specific variation is marked by the black line. Points above the black line indicate ‘species’ with ‘barcode

gap'.

species, and poorly perform on datasets with many species
and faster speciation rates (Dellicour and Flot, 2018). By
contrast, bPTP cannot discriminate all the morphological spe-
cies, since it is typically influenced by the under sampling of
rare species and over sampling of species with small
intraspecific variation, as D. oxyrinchus and D. nidarosiensis
(Zhang et al., 2013).

As concerns the results of additional analyses, BCMA
returned a percentage of ambiguous identifications, mostly
linked to species lacking the barcode gap and also to wrong
taxonomic identifications which could bias data analyses and
the interpretation of results. However, the use of specimen
assignment methods solved most of these uncertainties and
shed light on errors reported in public databases. A series of
misidentification problems were found for the following spe-
cies dwelling in two near-by areas, i.e., South-Western Atlan-
tic and South-Eastern Pacific: D. argentinensis, D.
brevicaudatus, D. chilensis, D. maugeanus, D. nasutus, and
D. trachyderma. All these species, except D. brevicaudatus,
fall in the same BIN AABS5857 and the same MOTU with
any delimitation method used. In particular, D. brevicaudatus
(also known as Zearaja brevicaudata) has been resurrected a
few years ago thanks to a study (Gabbanelli et al., 2018)
providing evidences that specimens from South-Western
Atlantic (i.e., Argentina) were separated from those dwelling
in the South-Eastern Pacific. Our results, however, showed
that a few sequences of specimens caught in the South-
Eastern Pacific were assigned to D. brevicaudatus. Consider-
ing the currently high levels of exploitation of D. brevicau-
datus and its ‘Vulnerable’ (VU) status, there is the urgent
need to further study its abundance trend and geographic
range. Our results also highlighted that a sequence of D.

trachyderma was recognised as D. argentinensis. The rough-
skin skate D. trachyderma is typically confused with all the
other smaller skates of the genus Dipturus dwelling off the
South America, i.e., the yellownose skate D. chilensis and
the Argentine skate D. argentinensis (Last et al., 2016a).
The external morphology of these skates is remarkably simi-
lar, especially in early life stages, leading to frequent misla-
belling (Vargas-Caro et al., 2017). Both D. chilensis and D.
trachyderma are important components of commercial elas-
mobranchs in South American fisheries (Agnew et al., 2000;
Estalles et al., 2011; Bustamante et al., 2012) and classified
as ‘Vulnerable’ (VU). Thus, their correct identification is cru-
cial for the effectiveness of fishery monitoring and conserva-
tion (Vargas Caro et al., 2017). Finally, we reported that two
unpublished (i.e., present in public database, but not pub-
lished yet in a scientific paper) sequences of D. nasutus were
identified as D. chilensis. However, D. chilensis is morpho-
logically different to D. nasutus, and the two specimens
came from New Zealand, out of the typical range of D.
chilensis (Last et al., 2016a; Concha et al., 2019). D. nasu-
tus is at ‘Least Concern’ (LC) for IUCN, but since it is
becoming an increasingly important commercial fish species
in New Zealand, its populations needed to be more carefully
examined and we need to deepen the knowledge on the
range distribution of species living in this wide area.

The difficulties encountered in identifying species and the
lack of curation of international repositories could lead to
an increasing number of misidentified records in elasmo-
branchs (Hobbs et al., 2006; Verissimo et al., 2017; Wan-
nell et al, 2020), and the family Rajidaec is not an
exception (Cerutti-Pereira et al., 2012). There is the urgent
need to check and update the information reported in public
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databases and feed them with new verified entries. The
expected increase of reference libraries will likely disclose
taxonomic ambiguities, guarantee the correct species identifi-
cation and the reliable assessment of resource status. This
could pave the way for more effective conservation of vul-
nerable skates, whose risk of decline could be underesti-
mated if not correctly identified.

Zoogeography of the Atlantic-
Mediterranean D. oxyrinchus and D.
nidarosiensis

While it is consolidated that D. oxyrinchus has a wide geo-
graphical distribution, the zoogeography of D. nidarosiensis
is frequently a matter of debate. Our findings provided new
evidence of its presence in the Mediterranean Sea. Indeed,
despite being historically considered endemic of the Atlantic
Ocean, the occurrence of D. nidarosiensis has been recently
reported in several Mediterranean areas as the Southern Sar-
dinia coast (Cannas et al., 2010; Follesa et al., 2012; Cariani
et al., 2017; Marongiu et al., 2017; Porcu et al., 2017), off
Algeria (Cariani et al., 2017), Alboran Sea (Ramirez-Amaro
et al., 2017), in the Southern Adriatic and Ionian Seas (Cari-
ani et al., 2017; Carbonara et al., 2019) and the Strait of
Sicily (Geraci et al., 2019). All these areas are characterised
by the presence of numerous deep-sea canyons which pro-
vide more heterogenous habitat than the adjacent slopes,
potentially representing a favourable ecosystem for deep-sea
chondrichthyan species (Rey et al., 2010; Baro, Rueda and
Diaz del Rio, 2012; Ramirez-Amaro et al., 2016). The distri-
bution of D. nidarosiensis in the Mediterranean could be
even wider but possibly still unreported because of misiden-
tification issues (i.e., confused with D. oxyrinchus; Follesa
et al., 2011; Cariani et al., 2017; Ramirez Amaro et al.,
2017; Cannas et al., 2010; Iglésias, Toulhoat and Sellos,
2010) or technical constraints related to its deep bathymetric
distribution. Dipturus nidarosiensis is indeed one of the
deepest living skates, found till 1573 m in the present study,
dwelling beyond the range of either commercial fishing or
bottom trawl surveys; because of this, it has been supposed
to be rarely caught so far. In order to fill the gaps in knowl-
edge on this species and other deep-sea elasmobranchs, there
is an urgent need to further monitor by-catches of deep-sea
fisheries, especially those coming from shrimp’ fishing ves-
sels, which are recognised as the main source of skates by-
catches (CIESM, 2003; Tudela, 2004; Bensch et al., 2009).
Nevertheless, in light of multiple records in most of the
Western Mediterranean basin, the distribution of the Norwe-
gian skate should be revised and updated in the IUCN Red
List and in all the fish databases.

Network analysis showed the presence of shared haplo-
types between Atlantic and Mediterranean specimens, likely
confirming their low genetic differentiation. In addition,
AMOVA analysis confirmed the lack of genetic differentia-
tion between the two areas for both species, in line with
what has been previously reported (Cannas et al., 2010;
Ramirez-Amaro et al., 2017; Carbonara et al., 2019; Melis
et al., 2020).

Avoid mislabelling of threatened deep-sea skates

Although our results could be biased by the low number
of public sequences from the Atlantic Ocean, the lack of
genetic differentiation between the Atlantic and Mediter-
ranean individuals could be explained by the capability of
big skates to travel for longer distances than previously
thought. Recent studies, indeed, based on satellite tagging,
have reported that individual skates can travel up to
2100 km (Farrugia et al., 2016; Bird et al., 2020), despite
what has been previously observed using fishery-based tag-
ging (Wearmouth and Sims, 2009; King and McFarlane,
2010). Such results contrast with increasing findings of dis-
tinct populations in other elasmobranchs species such as
deep-sea sharks for which limited gene flow has been
reported between the Atlantic and Mediterranean, potentially
linked to bathymetric constraints limiting their dispersal
potential (e.g., Catarino et al., 2015, 2017; Gubili et al.,
2016).

Further research is needed to further quantify the connec-
tivity of deep-sea skates between the Mediterranean and
Atlantic Ocean keeping the feeding of current databases with
new sequences as a priority. Both satellite tagging and
genetic studies (with the use of additional nuclear markers,
such as microsatellites or single-nucleotide polymorphisms)
should be performed in order to address the important issues
of connectivity and thus genetic conservation of these spe-
cies.

D. intermedius and the close relatedness
between D. batis and D. laevis

The phylogenetic reconstruction showed that all the haplo-
types of the Group II, morphologically identified as D. inter-
medius, do form a strongly supported clade, differentiated
with respect to other Dipturus species, supporting D. inter-
medius as a distinctive taxon. In addition, all the sequences
attributed to the flapper skate derived from individuals
caught in the North-Eastern Atlantic, confirming its range
distribution in North-Western Scotland (Neat ez al., 2015).
The haplotype network (Figure 2) and tree (Figure 4)
showed that haplotypes from specimens morphologically
identified as D. batis and D. laevis clustered together in the
same Group III and in the same BIN/MOTU with any delim-
itation methods used. The inability to resolve D. batis from
D. laevis is not an unexpected result: a previous study
showed the close evolutionary distance between these species
(Ball et al., 2016) which were included in the same mono-
phyletic group in their COI phylogenetic analysis. However,
this finding was never properly discussed, getting almost
unnoticed. Moreover, the BCMA approach returned an over-
all 4% of ambiguous identification entirely due to the inabil-
ity to assign sequences attributed to these two species. This
result can be explained in two ways. Firstly, the ambiguous
identification with the BCMA could be due to the increasing
geographic scale of sampling which could increase the
chances of encountering closely related species (Lukhtanov
et al., 2009), as in our case. Indeed, the increase of geo-
graphical sampling range could lead to a high genetic dis-
tance within the same species and low distance to the
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nearest neighbour, thus making the identification more diffi-
cult (Bergsten et al., 2012). Secondly, errors produced by
the BCMA, that is false negatives in our case, are reported
to occur when little or no sequence variation in the barcod-
ing fragment is found between two different species; such
errors are critical in the barcoding approach because the
method results less powerful to delimit species boundaries
(Wiemers and Fiedler, 2007). Conversely, the four species
assignment methods correctly assigned all the sequences
morphologically attributed to D. batis and D. laevis. The
only exception was represented by two public sequences
deposited as D. laevis which were indeed assigned to D.
batis. In the light of these results, haplotype DIPH2S5 is not
shared between the two species but actually formed only by
D. batis sequences.

The contrasting results obtained by using the tree-based
method and the BCMA vs the assignment approaches could
be explained considering a series of issues linked to DNA
barcoding (Zhang et al., 2012a4). First, in the BCMA, the
query sequence is identified by the closest barcode match at
a genetic distance below a defined threshold (Li et al.,
2016). However, the use of thresholds in species assignments
has been extensively debated because of the lack of strong
biological support and universality to all animal species
(Meyer and Paulay, 2005; Hickerson, Meyer and Moritz,
2006; Ward, Hanner and Hebert, 2009). In our case, the
threshold approach is not completely reliable because the
barcode gap, which guarantees the correct species identifica-
tion, did not exist for the two investigated species. A second
issue is related to sampling: the 14 available sequences of D.
batis included in this study should not be enough to cover
all the genetic diversity of a population (Zhang et al., 2010).
Another issue is related to errors encountered with tree-based
methods, which assume that species are monophyletic, and
this may be unrealistic, especially for recently diverged spe-
cies (Hudson and Coyne 2002; Hickerson et al., 2006;
Knowles and Carstens 2007; Lou and Golding 2010), which
likely is the case of D. laevis and D. batis.

On the contrary, specimen assignment methods based on
artificial intelligence (Zhang et al., 2008), fuzzy-set-theory
(Zhang et al., 2012a) non-tree-based Bayesian methods (Jin
et al., 2013) successfully identified specimens belonging to
both species and seem to outperform tree- and threshold-
based methods when the barcode gap lacks. Thus, in our
data the presence of the barcode gap is not considered as a
strict predictor of the identification success, as also previ-
ously reported in other case studies (i.e., Little, Knopf and
Schulz, 2013; Li et al., 2016; Gibbs, 2018).

D. batis and D. laevis should be easily morphologically
distinguished (Last et al., 2016a) and overall, they do not
have any overlap in their geographical distribution, at least
as far as we know. Indeed, still few data are available
regarding the distribution of these species, especially for D.
batis (Lynghammar et al., 2014). Nevertheless, we cannot
exclude that D. batis and D. laevis could be single species
with an amphi-Atlantic distribution, whose observed morpho-
logical variations constitute the intraspecific population vari-
ability corresponding to the beginning of an allopatric
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speciation. Considering the status of conservation concern of
both species, more studies integrating morphological and
molecular analyses are needed in order to shed light on their
distribution and relationship.

Conclusion

This study provides evidences that the joint use of DNA bar-
coding with species delimitation methods and specimen
assignment approaches proved to be extremely useful to
improve the accuracy of species identification and build
curate reference libraries. Our results also pinpoint out that
the lack of barcode gap does not mean a certain failure in
species identification, but the need of combining different
COl-based methods especially when dealing with species
characterised by conserved body morphology and when tree-
or threshold-based methods results less powerful.

Besides problems arisen using a single, mitochondrial
marker, the application of DNA barcoding is further compli-
cated by databases’ limitations. The number of published,
verified entries is still too low for some species, especially
for the latest described ones, and there is the need to check
and update the information as well as to feed databases with
new verified entries. The expected increase of reference
libraries will likely disclose taxonomic ambiguities, guarantee
the correct species identification and the assessment of
resource status. This could pave the way for more effective
fishery management and conservation of vulnerable deep-sea
skates, whose risk of decline could be underestimated if not
correctly identified.

Finally, we here provided additional evidences of the
occurrence of D. nidarosiensis in the Central-Western
Mediterranean Sea and also confirmed the lack of genetic
distinctness between Mediterranean and Atlantic individuals
of longnosed and Norwegian skates. We also reported the
close evolutionary distance between D. batis and D. laevis
and the need of further studies to shed light on their phylo-
genetic relationship.
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