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Abstract: Given that the global shark meat market is poised to grow in future years, the aim of this
study was to use DNA sequencing of the cytochrome c oxidase I (COI) and NADH dehydrogenase
subunit 2 (NADH2) mitochondrial genes to examine the market of shark meat products in Italy.
This made it possible to analyze patterns of species utilization and commercialization of threatened,
endangered and/or prohibited species, focusing on fraudulent activities in the shark food chain in
order to propose seafood safety and environmental sustainability solutions. The study shows that the
labeling of shark meat products generally lacks comprehensive information, thus making it difficult
for consumers to make informed purchasing decisions and fails to comply with European Union
(EU) legislation regarding seafood labelling. Molecular investigation reveals a high mislabeling rate
(45.4%), highlighting widespread use of cheaper species either in order to replace species that are
better known and more popular, or else in order to sell various threatened species. Considering
that seafood mislabeling can circumvent the management of sustainable fisheries and facilitate
Illegal, Unreported and Unregulated (IUU) fishing, the routine use of genetic analysis should be
encouraged among control and enforcement agencies in order to implement effective management
measures. This would help to build a species-specific reporting system for all catches, and enhance
control measures, in order to prevent illegal activities connected with shark catches and trade around
the world.

Keywords: shark meat products; DNA sequencing; species identification; food authenticity;
food safety; mislabeling; fishery regulations; environmental sustainability; traceability

1. Introduction

Sharks are fish of great commercial importance, highly appreciated and widely consumed in
many countries [1]. Although a large number of shark products, such as fins, cartilage, leather, liver
oil, jaws and teeth, are already being widely traded [2—4], the global shark meat market looks set to
grow in future years, with shark meat products commercialized in various forms, such as whole, fresh
or frozen, tails, slices, fillets or minced, smoked, salted and dried meat [1,5].

Species substitutions regularly occur in this sector and are recognized as being a significant
global issue. Unintentional mislabeling occurs when species are misidentified or when information
is lost at some point along the supply chain. Indeed, variations of derivative products associated
with morphological similarities between different species and the worldwide increase in commerce
and processing of sharks have favored the potential for species substitution with and among shark
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species, which are often misgraded and mislabeled [5-7]. Sometimes, mislabelling [8] can be related to
inconsistencies in the various commercial designations, drawn up and accepted in each EU country,
including accepted local or regional names and thus to adventitious assignment to a species with a
common vernacular name. Intentional mislabeling is often practiced in order to replace expensive,
popular and high-value species with cheaper ones. Specifically, substitution species linked to the
intentional replacement of species of greater economic value with species of a lesser value could be
ascribed to the low commercial value of shark meat compared to other fish species [9,10]. Intentional
mislabeling allows sellers to label cheaper species as more profitable ones, or to disguise the sale of
species. Indeed, illegal over-quota catches and catches of protected species may also be mislabeled and
placed on the market [11].

Currently, many shark populations have declined globally and are considered threatened or
endangered by the International Union for the Conservation of Nature (IUCN) Red List of Threatened
Species [12], due to a combination of anthropogenic stressors, such as habitat degradation, overfishing,
illegal fishing and recreational fishing [13]. The consequence of this over-exploitation is the thriving
illicit sale of endangered species at local markets, a trade which has a significant environmental
impact [14,15]. However, the illegal trading of endangered and protected species is often due to
unintentionally incorrect morphological identification, considering that the morphological identification
of fish depends to a great extent on personal experience, but also on abiotic factors such as environmental
perturbations, which can affect body shape, skin color and other external characteristics [16], leading
inevitably to controversy and misidentification [17]. Given that illegal practices can negatively impact
food safety and consumer confidence in the seafood supply, there is clearly a need for efficient schemes
to guarantee and reinforce the traceability of fish and fish products from sea to plate, in order to update
and reinforce fisheries control and strengthen schemes to fight intentional and unintentional species
substitution. Consequently, there is an increasing need for cheap, rapid, reliable testing to determine
the taxonomic identity of commercialized shark meat products. Identification of species based on a
DNA barcoding approach is a consolidated strategy in biodiversity assessments, and its applications
to food have also been growing in recent years. It is based on the use of a short and standardized
DNA-barcode region containing sufficient sequence variation to distinguish unambiguously between
species. Thanks to the quite easy procedures of amplification, sequencing, analyses and the amount of
molecular variation displayed (lower intra-specific variation and higher inter-species variation able to
discriminate even between sister species), the mitochondrial cytochrome c oxidase I (COI) gene was
identified as the official barcode region for metazoan groups [18]. This led to an enormous increase in
the use of this marker for several purposes with more reference sequences becoming available and
the generation of a curated public database [19]. Indeed, molecular identification helps overcome
difficulties related to the classical approach, such as the lack of morphological diagnostic characters
both in adults and in other life-stages, the shortage of trained taxonomists, but also the possibility to
identify species from fragments or parts of the body.

Fish represent half of all vertebrate species with about 35,000 species including marine and
freshwater [20]. For fish, the research project Fish Barcode of Life Initiative (FISH-BOL), launched in
2005 [21], is probably the most important initiative that not only increased the amount of reference
sequences on a global scale, but also provided laboratory protocols, alternative primer cocktails and
suggestions to overcome failures [22,23]. Identification of fish species by DNA barcoding has been
applied in several contexts [24-27] and has also been used to certificate the authenticity of fish species
by detecting species substitution on commercial markets [9,28-30]. Indeed, in the fields of seafood
safety, DNA barcoding has earned itself a central role, demonstrating its potential for fast and reliable
identification of frauds and is a valid method used by the US Food and Drug Administration for
species identification of fish [31].

However, due to species hybridization, introgression or incomplete lineage sorting, in some fishes
including some sharks [22,32] as well in other taxa [33], the official DNA-barcode region COI does not
allow for rigorous species discrimination. Moreover, the variability often present in conserved priming
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regions has forced researchers to develop and apply alternative primers and marker regions. The most
common alternative or complementary regions, used for fishes, include the mitochondrial cytochrome
b (Cytb) [34,35], mitochondrial 16S ribosomal RNA (165 rRNA) [7,36], mitochondrial 125 ribosomal
RNA (125 rRNA) [37,38] and the mitochondrial NADH dehydrogenase subunit 2 (NADH?2) [39-43].
The latter has been reported as a fast-evolving region [39,40,42] and has also been found to be decisive
in the identification of Mustelus higmani, which does not have COI reference sequences deposited in
any public repository [44].

Considering that several studies use multiple markers [45-50], thus highlighting the utility of
using multiple markers for species identification [44,51], this study aims to use the combination of DNA
sequencing of the cytochrome c oxidase subunit 1 gene (COI) and the NADH dehydrogenase subunit 2
gene (NADH?2), to obtain an accurate genetic identification of prepared shark meat products in Italy.
Firstly, similarity and phylogenetic approaches were applied to assess performance of the two regions
in the identification of species but also any differences related to the curation of the corresponding
databases; next, species substitutions and frauds detected in the shark food chain were linked to the
European legislation on commercialization of threatened, endangered and/or prohibited species.

2. Materials and Methods

2.1. Samples Collection

A total of 130 samples of shark fillets, made up of 42 labeled as palombo (Mustelus mustelus,
Mustelus asterias, Mustelus punctulatus), 35 as verdesca (Prionace glauca) 28 as gattuccio (Scyliorhinus
canicula) and 25 as spinarolo (Squalus acanthias, Squalus blainville) (commercial and scientific names
according to Italian MiPAAF Decree dated 22 September 2017) [52] were purchased from fish markets
and fishmongers, in the Apulia region (south-eastern Italy), and stored at —20 °C until further use.

2.2. Fish Labeling Analysis

The mandatory labeling requirements indicated by Council Regulation (EC) No. 1379/2013
(Art. 35) were evaluated for each sample [53]. In detail, the commercial designation, the scientific name,
the geographical area and production method, the category of fishing gear used in the capture of the
species and whether previously frozen were assessed.

2.3. DNA Extraction and Purification

Genomic DNA extraction and purification were performed starting from 10 mg aliquots of sample,
using the DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany) as reported by Handy et al. [54]

Specimens of authentic species were used as positive extraction controls. No added tissue was
included as negative extraction control to verify the purity of the extraction reagents. The DNA
concentration and purity were established by evaluating the A260 nm/A280 nm ratio using a
BioPhotometer D30 filter (Eppendorf, Milan, Italy).

2.4. Oligonucleotide Primers and Reference Genes

The universal primer set used in this study (Table 1), described by Ward et al. [55] and
Naylor et al. [40] and synthesized by EUROFINS GENOMICS s.r.l. (Ebersberg, Germany), targeted the
mitochondrial partial sequences of the cytochrome oxidase subunit I (COI) and NADH dehydrogenase
subunit 2 (NADH?2) mitochondrial DNA gene.
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Table 1. Oligonucleotide primers—target genes.

Target Gene Primer Sequences (5'-3’) Amplicon Length (bp) References

cor F- TCAACCAACCACAAAGACATTGGCAC 655 [55]
R- TAGACTTCTGGGTGGCCAAAGAATCA - o

F- AAGGAGCAGTTTGATAGAGT ,
NADH2 R- AACGCTTAGCTGTTAATTAA ~1050 [40]

2.5. COI and NADH?2 PCR Assay

The PCR reactions were conducted in a final volume of 25 uL, using 12.5 puL of HotStarTaq Master
Mix 2x (QIAGEN, Hilden, Germany), containing 2.5 units of HotStarTaq DNA Polymerase, 1.5 mM of
MgCl, and 200 puL of each ANTP. Subsequently 0.5 pM of each primer and 1 puL of DNA were added.
The amplification profiles for COI and NADH2 are described in Table 2.

Table 2. COI and NADH2 amplification profiles.

Target Gene Heat Activation Denaturation Annealing Extension Cycles Final Extension
Co1 95 °C/15 min 94°C/30's 54 °C/50 s 72°C/60 s 35 72 °C/10 min
NADH2 95 °C /15 min 94°C/30's 48°C/30's 72°C/90s 35 72 °C/10 min

Extraction and PCR positive and negative controls were encompassed. The PCR reactions
were processed in an Applied Biosystems™ SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific,
Milan, Italy). All reactions were performed in duplicate.

2.6. Detection of Amplified Products

PCR amplified products were electrophoretically analyzed on 1.5% (w/v) agarose NA (Pharmacia,
Uppsala, Sweden) gel in 1x Tris Acetate-EDTA buffer (TAE) containing 0.089 M Tris, 0.089 M acetic
acid, 0.002 M EDTA, pH 8.0 (USB, Cleveland, OH, USA), and then stained with Green Gel Safe10,000x
Nucleic Acid Stain (5 pL/100 mL) (Fisher Molecular Biology, Rome, Italy). A Gene Ruler™ 100 bp
DNA Ladder Plus (MBI Fermentas, Vilnius, Lithuania) was used as the molecular weight marker.
Images were acquired using the Gel Doc™ EZ Imaging System with Image Lab™ Software (Bio-rad,
Milan, Italy).

2.7. PCR Cleanup

The QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany) was used to purify the PCR
products, in order to generate an amplicon free of extra dNTPs and excess primers that might interfere
with the sequencing reaction.

2.8. Cycle Sequencing Reaction

Sequencing reactions using forward and reverse COI and NADH2 universal primers were
performed by EUROFINS GENOMICS s.1.l. (Ebersberg, Germany)

2.9. Analysis of Sequences

The sequences generated were dereplicated to identify and remove identical sequences using
mothur v.1.44.1 [56]. Identification by analysis of similarity was performed, in the case of COI fragments,
with a blast search against the Species Level Barcode Records database within BOLD SYSTEMS
(http://www.boldsystems.org/index.php/IDS_OpenldEngine) whereas the NADH2 fragments were
blasted against the GenBank nucleotide database [57]. Summary of identifications of specimens based
on analysis of similarity was visualized using Circos [58].

Identification by generation and placement in a tree was also performed. For COI analysis, all the
reference sequences belonging to the species expected from the original label (M. mustelus, M. asterias,
M. punctulatus, Prionace glauca, Scyliorhinus canicula, Squalus acanthias and Squalus blainville) and/or


http://www.boldsystems.org/index.php/IDS_OpenIdEngine

Foods 2020, 9, 1194 50f 16

those not expected but recovered with a match <98% of similarity in the blast output, were downloaded
from the BOLD SYSTEM. The reference sequences were dereplicated (i.e., identical sequences were
removed) and aligned with the samples using MAFFT [59]. The alignment was manually checked and
edited using SeaView v.4.0 [60].

A Maximum Likelihood tree was built with IQ-TREE v1.6.8 [61] with 1000 bootstrap replicates.
The best-fit model was selected using ModelFinder [62] implemented in an IQ-TREE. The tree was
visualized and annotated in iTOL [63,64]. An identical procedure was used for NADH?2. For this
marker, the hits were downloaded from the GenBank outputs, then dereplicated and multialigned
with the samples using MAFFT to build the tree. Chimaera monstrosa was taken as outgroup both for
COI (MN397913.1) and NADH?2 (JQ518716.1) trees [65].

2.10. Assessment Conservation Status

The conservation status of each species identified was determined based on the IUCN Red
List of Endangered Species [12], the appendices of CITES (Convention on International Trade of
Endangered Species of Wild Fauna and Flora) [66], Barcelona Convention for the protection of the
Mediterranean [67] and Bern Convention (Convention on the Conservation of European Wildlife and
Natural Habitats) [68].

3. Results

3.1. Analysis of the Fish Labels

Despite being required by Article 35 of EU Regulation No 1379/2013 [53], none of the shark
fillet labels showed complete information on commercial designations, scientific denominations,
geographical origins, production methods, categories of fishing gear used in capture and whether
they were previously frozen. The labels included only the Italian commercial designation (as per
Italian MiPAAF Decree dated 22 September 2017) [52], while the scientific name, geographical area
and category of fishing gear used in capture were missing from all samples.

3.2. Data Analysis

DNA of good yield and quality was isolated and purified from all 130 specimens. Following all
of these extractions, the PCR products were clearly visible as single bands of the predicted size, i.e.,
respectively ~655 for COI and ~1050 for NADH?2. Positive and negative controls for the extraction and
PCR gave the predicted results. Sequence lengths ranged between 657-724 bp (average 694) in COI
and 935-1391 bp (average 1084) in NADH2. After the removal of redundant haplotypes (fragments
identical in length and nucleotide), the 130 samples were reduced to 20 COI and 22 NADH2 unique
haplotypes (Table 3).

3.3. DNA-Based Species Identification

The clustering of haplotypes was in most cases congruent for both markers and contained samples
originally labelled as the same species. However, in four cases in COI and three in NADH?2, the cluster
included a mix of specimens originally labelled as different species, highlighting the presence of
mislabeling. Different numbers of total clusters in the two markers was due to two clusters including
mixed specimens: (i) in COI, a cluster containing verdesca and spinarolo samples (15C_Verd, 16C_Verd,
25C_Verd, 33C_Spin) was split into two clusters in NADH?2, one including verdesca and spinarolo
(156N_Verd, 33N_Spin) and another only with verdesca (16N_Verd, 25N_Verd); (ii) in COI, a cluster
containing verdesca and spinarolo samples (17C_Verd, 3C_Spin) was split into two 3N_Spin and
17N_Verd (Table 3). Analysis of similarity gave successful matches with references available, with the
pair-wise sequence identity fluctuating from 99% to 100%.
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Table 3. Summary of groups of identical haplotypes for COI and NADH2 markers. Groups of

haplotypes including samples originally labelled as different species are indicated in bold.

Haplotype COIl NADH2
H1 1C_Pal (9 specimens) 1N_Pal (9 specimens)
H2 6C_Pal (4 specimens), 9C_Pal (4 specimens) 6N_Pal (4 specimens), 9N_Pal (4 specimens)
H3 7C_Pal (3 specimens) 7N_Pal (3 specimens)
H4 8C_Pal (6 specimens), 18C_Verd (5 specimens) 8N_Pal (6 specimens), 18N_Verd (5 specimens)
H5 12C_Pal (4 specimens), 32C_Gat (4 specimens) 12N_Pal (4 specimens), 32N_Gat (4 specimens)
Heo 22C_Pal (3 specimens) 22N_Pal (3 specimens)
H7 24C_Pal (3 specimens) 24N_Pal (3 specimens)
H8 26C_Pal (3 specimens) 26N_Pal (3 specimens)
H9 30C_Pal (3 specimens) 30N_Pal (3 specimens)
H10 4C_Verd (6 specimens) 4N_Verd (6 specimens)
15C_Verd (5 specimens), 16C_Verd (5
H11 specimens), 25C_Verd (4 specimens), 33C_Spin  15N_Verd (5 specimens),33N_Spin (7 specimens)
(7 specimens)
H12 - 16N_Verd (5 specimens), 25N_Verd (4 specimens)
Hi13 17C_Verd (5 specimens), 3C_Spin (7 specimens) 17N_Verd (5 specimens)
Hi4 - 3N_Spin (7 specimens)
H15 31C_Verd (5 specimens) 31N_Verd (5 specimens)
Hi1é6 2C_Gat (4specimens) 2N_Gat (4 specimens)
H17 10C_Gat (4 specimens) 10N_Gat (4 specimens)
Hi18 11C_Gat (4 specimens) 11N_Gat (4 specimens)
H19 19C_Gat (4 specimens) 19N_Gat (4 specimens)
H20 20C_Gat (4specimens) 20N_Gat (4 specimens)
H21 21C_Gat (4 specimens) 21N_Gat (4 specimens)
H22 5C_Spin (11 specimens) 5N_Spin (11 specimens)

The results of molecular investigations for both markers revealed a high occurrence of incorrect
species declaration in 59/130 (45.4%) shark meat products. Of these, 15/42 (35.7%) fillets of palombo
(M. mustelus, M. asterias, M. punctulatus) were wrongly labeled, with 9/15 being identified as Scyliorinus
canicula and 6/15 as Prionace glauca. Among the prepared fillets sold as verdesca (Prionace glauca), 11/35
(31.4%) were incorrectly labeled, with 6/11 samples identified as belonging to Mustelus asterias and
5/11 as Isurus oxyrinchus. In addition, post-sequencing data analysis found that 8/28 (28.6%) fillets
of gattuccio (Scyliorhinus canicula) were not correctly labeled, with 8/8 being identified as belonging
to Mustelus punctulatus. Finally, all purported spinarolo (Squalus acanthias, Squalus blainville) (100%)
samples were mislabeled, all being identified as Prionace glauca. Details of blast results are reported in
Figure 1 and Supplementary Material Tables S1-54.

The final alignment of COI produced a matrix of 424 sequences with 590 characters with best-fit
model HKY + F + I + G4 chosen according to BIC criterion. In NADH?2, the final alignment produced
a matrix of 163 sequences with 865 characters with best-fit model TIM2 + F + I + G4 according
to BIC criterion. In the COI and NADH2 Maximum likelihood trees (Figure 2), the placement
of samples confirmed the identification (correctly or incorrectly labeled samples) obtained by the
similarity approach.
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Squalus spp
{Spinarolo)

Scyliorhinus canicula k
(Gattuccio)
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{Palombo) s o5 g

Figure 1. Circos plot summarizing correspondence between the original label of samples and the
molecular identification by similarity. On the left, results are reported based on species. Bundle colors
represent the four species expected from the original labels (Palombo gray; Verdesca blue; Gattuccio
purple; Spinarolo gold). Within each species, the bundle is split into two parts with width corresponding
to the relative abundance of samples found to be correctly labelled or mislabeled. Only in spinarolo
does the presence of a whole bundle highlight the absence of correct matches. On the right, results are
reported based on identifications (correct or mislabeled). The inner ring reports the total number of
specimens with correct labels (green) and mislabeled (red), while the external parts show the relative
abundance of each species for each condition (correct or incorrect label) using the color of the species.

The list of references used for the generation of the COI and NADH?2 trees is available in
Supplementary Material Tables S5-57.

3.4. Conservation Status of Identified Species

The study highlighted the use of threatened species in the International Union for Conservation
of Nature (IUCN) in the Mediterranean (critically endangered-CR): Prionace glauca and Isurus
oxyrinchus [12] (Table 4). None of the species was associated with CITES listings, prohibitions
on landings or restricted sales [66]. The study detected the use of species included in Annex II
(List of endangered and threatened species) of the Barcelona Convention for the Protection of the
Mediterranean [67], such as Isurus oxyrinchus and species listed in Appendix III (Protected Fauna
Species) of the Bern Convention such as Isurus oxyrinchus and Prionace glauca [68] (Table 4).
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Taxa
@ Prionace glauca
@ Mustelus spp

@ squalus spp

@ Scyliorhinus canicula

@ Isurus oxyrinchus

Figure 2. Maximum likelihood trees for the two markers including the reference sequences, outgroup
(black dash line) and the specimens to identify. Leaves corresponding to the specimens (taller bars)
have the color corresponding to that of the original labels while the names are colored based on the
congruence (green) or incongruence (red) between the original label and tree placement.

Table 4. Conservation status of identified species.

Conservation Status

Species Number of
Samples IUCN*  CITES Barcelona Bern

Convention ** Convention

Mustelus asterias 21 LC - Annex III -

Mustelus punctulatus 20 DD - Annex III -
Prionace glauca 55 CR - Annex IIT Appendix III
Isurus oxyrinchus 5 CR - Annex II Appendix III

Scyliorhinus canicula 29 LC - - -

* JUCN (International Union for the Conservation of Nature) Conservation status categories: Least Concern
(LC), Data-deficient (DD); Near-Threatened (NT), Endangered (EN). CITES: Convention on International Trade of
Endangered Species of Wild Fauna and Flora ** Barcelona Convention: Annex II: List of endangered and threatened
species; Annex III: List of species whose exploitation is regulated.

4. Discussion

The present study represents further evidence that mislabeling of seafood products, especially of
processed and prepared seafood, occurs on a global scale, confirming previous studies and reports
which provide documentary evidence that fish fraud through mislabeling and species substitution is a
widespread issue for fish and fishery products [7,9,10].

This study firstly shows that the labeling of shark meat products often completely lacks the
scientific name, showing only the common or local denomination, which makes it difficult for consumers
to make informed choices and fails to follow EU legislation regarding labelling of seafood. Indeed,
EU Reg. 1379/2013 [53] established strict legislation governing seafood labeling and the provision of
key information to consumers, such as commercial and scientific names, geographical area, production
method, category of fishing gear used in capture, as well as whether the product has been previously
frozen, thus ensuring their traceability and identification throughout the supply chain.

Molecular investigation detects a high occurrence of incorrect species declaration in shark meat
products in agreement with other studies [7,9,69]. The high mislabeling rate (45.4%) observed in this
study is in line with the Oceania Report, which showed that 33% of seafood from retail outlets in the
United States was mislabeled [70], and Marko et al. [8], who reported that between 60% and 94% of
fish sold as red snapper did not comply with their label. Barbuto et al. [71], Filonzi et al. [10] and
Armani et al. [72] found that 80%, 32% and 48.5% respectively of analyzed samples in Italy revealed an
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incorrect fish species declaration. Moreover, a high rate of commercial fraud, of about 60%, in shark
species was observed by Giovos et al. [6] and Pazartzi et al. [7].

This study highlighted widespread use of cheaper species, such as Scyliorhinus canicula and
Prionace glauca, to replace species that are better known and appreciated by Italian consumers, such
as M. mustelus; M. asterias; and M. punctulatus among shark meat products. Further, among samples
labelled as spinarolo, this investigation showed that Squalus acanthias and Squalus blainville, species
commonly found on Italian coasts and which have the most prized meats, were replaced with Prionace
glauca. On the other hand, the study shows that incorrectly labeled fillets sold as gattuccio (Scyliorhinus
canicula) and as verdesca (Prionace glauca) were identified as belonging to Mustelus punctulatus and
Mustelus asterias, respectively. Therefore, these results would argue that the high replacement rate
observed may be encouraged by difficulties in identifying morphologically similar species, especially
among prepared shark meat products. Taxonomically speaking, removing head and fins makes it more
challenging to identify species reliably based on morphological traits, thus allowing shark carcasses to
be sold fraudulently [73]. Therefore, the similar high variety of fillets or fillets of commercialized shark
species and the overall lack of taxonomical expertise, in addition to depletion in the Mediterranean Sea
of the best known and most appreciated species [15], make it hard to mitigate the negative effects of
human shark consumption and to inform consumers as to whether products come from a threatened
species or have been illegally traded.

Indeed, analysis of prepared shark meat products revealed marketing of different threatened
species, including endangered and Barcelona and Bern Convention-listed ones, thus confirming that
seafood mislabeling can prejudice sustainable fisheries management and facilitate Illegal, Unreported
and Unregulated (IUU) fishing [74]. Specifically, among the samples of verdesca, the results also
highlight significant sustainability issues regarding the use of Isurus oxyrinchus, a species classified as
Endangered (EN) due to a severe population decline [12] and listed in Appendix II of the Barcelona
Convention among endangered and threatened species [67] and in Appendix III of the Bern Convention
among protected fauna species [68]. In addition, its capture by bottom nets is prohibited in the
Mediterranean according to Regulations 2006/1967 and 2019/1241 [75,76]. The use of Isurus oxyrinchus
to replace Prionace glauca in this study could be from unreported and unregulated illegal (IUU) fishing
landed at Italian ports. In fact, mislabeling of fish products is used either to launder IUU fish into the
legal marketplace or else simply to defraud the industry and consumer in order to garner a higher sale
price [5,9]. Further, among the samples labeled as palombo, the over-exploitation in the Mediterranean
Sea of M. mustelus, currently classified as vulnerable on the [IUCN Red List [12], could justify the species’
non-identification [15,76]. The replacement of Squalus acanthias and Squalus blainville could also be
attributed to their decrease in the Mediterranean Sea as overfished species, classified as endangered
and data-deficient respectively in the IUCN Red List [12,15]. In addition, in 2019, EU Regulation
124/2019 (Articles 14, 34, 50) [77] prohibited the fishing, storage on board, trans-shipment and landing
of Squalus acanthias.

Considering the increasing decline worldwide of shark species, this study highlights the need
to manage shark populations sustainably, given that using Endangered (EN), Vulnerable (VU) or
Near-Threatened (NT) species may contribute to their extinction. A huge threat for the sustainable
management of these valuable resources is unregulated shark meat landings and commercialization [78].
Interestingly, the widespread use of Prionace glauca to replace spinarolo and palombo, in this study,
could highlight significant conservation implications, as it is another species in serious decline, classified
as Near-Threatened on the IUCN Red List [12] and listed in Appendix III of the Bern Convention [68]
among protected fauna species, especially within the Mediterranean, where population trends for
many shark species are negative because of over-exploitation [15]. On the other hand, it is worthwhile
underlining that the use of Prionace glauca may well indicate intentional and fraudulent deception of
consumers, as it is a larger species with no morphological similarity to Mustelus spp., Squalus acanthias
and Squalus blainville [7].
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In addition to conservation and commercial concerns, this study also gives rise to food safety and
consumer health concerns. Given their position at the head of the food chain, sharks are particularly
prone to bioaccumulate toxic metals, suggesting that their consumption may be consumers’ main
source of exposure to lead, cadmium, arsenic and mercury and that there are likely to be potential
health risks due to long-term exposure. Indeed, mercury levels in some larger shark species such as
Prionace glauca and Isurus oxyrinchus, have been found to be up to four times higher than the legal
maximum [79,80]. Further, Mull et al. [81] observed that high contamination levels in sharks are
directly connected with geographical areas that contained high levels of pollutants. Therefore, the use
of such ambiguous labels with species information completely missing in markets and fishmongers
greatly hampers consumers from exercising their right to avoid species associated with specific health
issues [82-84].

From a legislative point of view, this study underlines the need for rigorous application of
Regulation (EU) No 1379/2013 [53], not only to protect consumers against fraud, but also for its role in
preventing IUU and conserving vulnerable and endangered sharks, which will otherwise continue to be
sold to consumers in Italy, with huge effects on biodiversity and on the conservation of this species [85].
It is essential to harmonize the commercial designation of fish in the EU to train professional fishermen
and competent authorities in the identification of vulnerable and protected shark species and in order
to implement authenticity assessments in the fishery sector and thus to combat mislabeling and illegal
fishing. This study represents further evidence that a comprehensive traceability system is needed
for seafood products as set out in Reg EC 178/2002 [86]. If the implementation and application of a
strict traceability process within the fisheries supply chain were to be recommended by European
legislation, this would allow a complete control system to be set up, ensuring that all consignments of
fishery and aquaculture products can be traced at all stages of production, processing and distribution,
from capture or harvesting to retail (Regulation EC 1224/2009, Article 58) [87]. The need to improve
traceability and transparency in the fishing sector by implementing full traceability is a crucial step
in eliminating illegal fishing, seafood mislabeling and fraud [9]. In order to contrast fishery fraud,
the implementation of a reliable traceability system that would track fish from the point of harvest to
the consumer’s plate is required.

Contemporary traceability systems are based on a paper trail that traces various data including
geographical origin, species and vessel registration details. Experience from previous cases of food
fraud (e.g., the horsemeat scandal that occurred in Europe) demonstrates that such documentation may
be falsified. Moreover, fish sellers should be subject to stricter and more regular controls, as indicated
in the new Regulation (EU) 625/2017 [88] on official controls, thus preventing products of dubious or
unknown origin from reaching consumers, as well as discouraging illegal fishing practices.

Prevention of species substitution and mitigation of the practice of generalized and nonspecific
labeling in fish markets require the availability of fast, cheap, reliable and potentially automated
methods. The European Parliament report on food crises and fraud [89] proposed DNA-based methods
as the standard strategy to identify fish species and for surveillance of commercial fraud throughout the
production chain up to the final delivery of fish products to consumers. Analysis of the mitochondrial
genome, by using DNA barcoding, offers a powerful system for the identification of species even
when specimens are either incomplete or belong to species that exhibit cryptic diversity. Specifically,
the DNA sequencing used in this study is a helpful tool for the authentication of shark species in
fresh fish and lightly-processed products with total reliability, and adequate analysis costs in less than
two working days, permitting high-throughput screening of all kinds of shark samples. Nevertheless,
the manufacturing processes, such as high temperature, high pressure and the addition of certain
ingredients, used by the food industry, may cause DNA degradation, that may affect the quantity and
quality of DNA extracted from these products, precluding the use of PCR amplification of full-length
(i.e., ~650bp) barcodes [90]. In order to obtain DNA sequence information from commercially
processed fishery products with degraded DNA, a mini-barcoding approach, which analyses shorter
DNA fragments (e.g., 100-200 bp) could be efficient and effective for species identification [91].
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In this study, a multi-marker DNA barcoding approach provided reliable and accurate
discrimination of shark samples. In our dataset, the two mitochondrial regions COI and NADH?2
reveal the same capability to uncover food fraud, showing agreement in the identification of samples
using analysis by both similarity and tree placement. Although the two markers display the same
performances in our dataset, the use of COI provides more straightforward identification given the
availability of the BOLD curated resource. Indeed, even though the BOLD database also includes
sequences mined from GenBank, molecular reference data are harmonized by length and the blast
search provides results organized in such a way as to make it easy to identify down to species or genus
level. By contrast, for NADH2 fragments, identification against the GenBank nucleotide database
provided different best hits where results were sorted by query coverage, percentage identity or
total score. The discrepancy, due to the BLAST algorithm that attempts to extend the match both
forwards and backwards, continuing the extension as long as the alignment score continues to increase,
could generate pitfalls in the correct reading and interpretation of the output of blast in cases of sister
species or an absence of target species. Considering that all the resources available for identification
(BOLD included) are tools created for the exploration of biodiversity data, more efforts are required to
organize online databases dedicated to targeting seafood frauds, in order to implement more rigorous
food control programs [34]. Results of the performance of the two markers and patterns on fraudulent
activities will be important for future studies targeting traceability in the fisheries sector, managing
seafood safety, environmental sustainability and food product authenticity. This methodology might
also be useful to verify imports and exports of these species and to determine their geographical origin.
This would enable the allocated total allowable catches (TACs) for these species to be checked, as well
as helping to prevent Illegal, Unreported and Unregulated (IUU) fishing practices [74].

Moreover, the study indicates that the routine use of genetic analysis should be encouraged
in control and enforcement agencies. Therefore, DNA-analysis techniques in fisheries and
aquaculture compliance investigations could make it possible to control shark fisheries, implementing
efficient management measures, establishing a species-specific reporting system for all catches,
and strengthening control measures, in order to prevent illegal activities connected with shark catches
and trade around the world [92-95].
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