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Abstract
Recognized as biodiversity hotspots and by their high susceptibility to human activities, Vulnerable Marine Ecosystems (VMEs) are increasingly targeted for
protection from fishing practices, particularly bottom trawling, which may impact benthic communities. Safeguarding these ecosystems requires non-
destructive tools to describe and map seabed biodiversity at a faster pace than current imaged-based technologies. Environmental DNA (eDNA) is a
promising approach, requiring only water sampling. However, its effectiveness relies on public DNA databases, which remain incomplete and error-prone,
particularly for invertebrates in understudied habitats. One such area is the Flemish Cap, an isolated seamount with a long history of exploitation and home
to several VMEs species indicators, yet still poorly documented. To address this gap, a 2022 survey collected and identified marine invertebrates through
classical taxonomy and DNA barcoding (COI and 16S), providing essential reference data to support non-invasive conservation strategies. Morphological
analysis identified 91 morphospecies and 63 low-resolution categories among 434 specimens. DNA barcoding revealed that although over 85% of sequences
matched public database entries at 97% identity, only 30% yielded consistent assignments across markers and repositories. Further taxonomic revision
improved the classification of 46.6% of specimens, identifying 49 additional species, thereby expanding the reference library to 127 species. Persistent
challenges remain for Porifera and Cnidaria, reflecting database gaps and amplification biases. Our results demonstrate that integrative taxonomy markedly
improves assignment success and provides essential baseline data for deep-sea biodiversity assessments. By strengthening molecular reference resources
for VME indicator taxa, this study directly supports the development of robust, non-invasive ecological indicators for long-term monitoring and conservation
of vulnerable deep-sea habitats.

INTRODUCTION
The deep sea, usually defined as waters below 200 m depth, is one of the largest and most diverse ecosystems on Earth1,2. It harbours unique and fragile

communities, many of which form structurally complex habitats that support high biodiversity and provide essential ecosystem services to humans3,4.
Among these systems, Vulnerable Marine Ecosystems (VMEs) are particularly relevant. They include habitats dominated by species with low resistance to
disturbance and limited recovery capacity5. VMEs are often defined by their structural complexity, and key ecological functions that sustain rich biodiversity.
Examples of VMEs indicator species (VMEIs) include cold-water corals6,7 sponge-dominated communities and structural biogenic habitats8,9; as well as

endemic or rare types of hydrothermal vent and cold seep communities10,11. Because of their fragility and critical role in maintaining ecosystem integrity,
VMEs are a priority for conservation and management of the deep-sea fisheries, especially in the Areas Beyond National Jurisdiction (ABNJ) regulated by
Regional Fisheries Management Organizations (RFMOs)12.

Epibenthic megafauna are key components of VMEs. They contribute substantially to benthic biomass and link benthic and pelagic ecosystems13. These

organisms not only increase habitat complexity through their physical structures14,15, but also play a role in altering small-scale habitat structures and
biochemical conditions16. They also support higher trophic levels such as fish and marine mammals, and serve as indicators of fishing impacts17.

Despite their ecological importance, basic biological and ecological information remains limited for most VMEIs. This gap includes limited knowledge on
species ranges, population structure, genetic diversity, dispersal capacity and demographic parameters, all of which hinders the implementation of effective
conservation measures by RFMOs18,19. Currently, the majority of the information of VMEs comes from fisheries-dependent sources, such as trawl and

longline bycatch, which have an impact on these habitats. This highlights the need to collect non-invasive data for VME identification and monitoring18.
Current methods include kernel density estimates of VMEIs from trawl surveys20 and image-based multi-criteria assessments21,22. However, both
approaches have limitations in resolution, scalability or impact.

The use of molecular tools has significantly improved the ability of scientists and managers to understand, conserve and sustainably manage marine
resources, contributing to the preservation of marine ecosystems23. One of the molecular techniques that has recently attracted attention is environmental

DNA (eDNA) metabarcoding, which targets DNA extracted directly from environmental samples (such as soil, water or air) without isolating organisms24.
eDNA represents a complex mixture of genomic DNA from many taxa and degradation states offering a fast, non-invasive, efficient, and cost-effective
approach that involves only non-destructive methods while avoiding significant damage to the target species or its habitats. It enables simultaneous
biodiversity assessment across a wide range of taxa25–27 and even has demonstrated capacity to estimate abundance and biomass of marine
organisms28,29, although such inferences remain context dependent. Therefore, eDNA-based techniques show strong potential for the study and
management of marine benthic habitats and VMEs. However, its effectiveness depends on the completeness and accuracy of genetic information in public
DNA databases, which remain limited, potentially leading to assignment errors and detection failures30–32. Current molecular information on marine
organisms remain incomplete and taxonomically biased. In particular, marine invertebrates are frequently overlooked, in spite of their functional importance
and exceptional diversity33,34. This has resulted in a major lack of genetic and genomic baseline data35,36.

In the Northwest Atlantic Fisheries Organization (NAFO) regulatory area, several VMEs have been identified in both fished37 and unfished regions38.

Identification has largely relied on kernel density estimates of VME indicators derived from EU groundfish research surveys39. These estimates have
informed the closure of 18 areas to bottom fishing, most of which are located in Flemish Cap (NAFO 3M Division), to prevent impacts such as by-catch and
discarding of corals and sponges. This area is a dome-shaped, deep-water seamount, separated from the Newfoundland shelf by the > 1100 m deep Flemish
Pass, which limits faunal exchange with the Grand Banks. Since 1988, an annual bottom trawl research survey has been conducted in Flemish Cap under the
European Union Data Collection Framework40. This survey primarily assesses stock biomass and abundance indexes of commercial species, but also
records all species captured, including epibenthic invertebrates. Due to the low selectivity of trawl gear, catches encompass a broad range of faunal groups,
providing a comprehensive overview of the area’s biodiversity. While these surveys supply valuable data, they rely on invasive methods and involve the
sacrifice of VME indicator taxa.
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Recently, NAFO has been exploring the potential use of non-invasive sampling techniques to monitor VMEs41,42, as it remains one of the few RFMOs that
assess VMEs primarily through invasive bottom trawl research surveys. Incorporating non-invasive methods into VME monitoring programs could strengthen
NAFO's research capabilities, provide a model for VME studies in other regions, and enable large-scale, sustainable ecosystem observation.

In this context, the objective of the present study was to develop a taxonomically comprehensive barcode library of deep-sea invertebrates inhabiting Flemish
Cap. Accurate species identification using short DNA fragments is essential to develop non-destructive tools that can reliably assess benthic communities in
isolated areas, establish biodiversity baselines, monitor long-term changes, and protect these ecosystem engineers from the impacts of harmful human
activities.

RESULTS

Morphological identification
A total of 434 epibenthic invertebrates were classified morphologically into 154 unique taxonomic categories (Fig. 1). These comprised 91 morphospecies
(59%), while the remaining 63 taxa (41%) could not be identified to the species level. Of these, 37 were assigned at genus level (24%) and 26 to broader
taxonomic categories (17%). These 63 taxa were designated as Low Taxonomic Resolution (LTR), following Keck et al., (2023)43.

Most morphospecies had at least one representative COI sequence available in public databases. Specifically, 73.62% were represented in BOLD and 76.92%
in GenBank, with 68.13% represented in both repositories. For 16S, 53.84% of morphospecies had a reference sequence in GenBank. A substantial proportion
of these references were singletons (i.e., represented by only one sequence), accounting for 3.30% of species in BOLD, 9.89% in GenBank for COI, and 24.17%
in GenBank for 16S (Fig. 2). Overall, 17.58% of morphospecies lacked a COI reference sequence, and 46.15% lacked a 16S reference sequence in public
databases.

Sequence representation was uneven across taxonomic groups (Fig. 3). A clear taxonomic bias was evident in public sequence databases, with arthropods
showing the highest representation for both markers (BOLD: 75%; GenBank COI: 78.12%; GB_16S: 46.87%), followed by mollusks (BOLD: 45.83%; GenBank
COI: 50%; GenBank 16S: 41.66%) and echinoderms (BOLD: 48.38%; GenBank COI: 41.93%; GenBank 16S: 32.25%) (Fig. 3). Specimens designated as LTR
during morphological identification accounted for 40.91% of all unique taxonomic categories and comprised more than 50% of samples within the phyla
Annelida (75%), Chaetognatha (100%), Chordata (100%), Cnidaria (50%) and Porifera (60.71%) (Fig. 4). The lack of taxonomic identification prevented their
inclusion in searches against public genomic databases. Morphospecies assignments to BINs revealed a largely balanced distribution. Concordant and
discordant BINs each accounted for 29.67% of the cases, multiple BINs comprised 10.99%, and unclassified or NA values represented the remaining 29.67%.

DNA barcoding for molecular identification
DNA was successfully extracted from all 434 individuals. Universal primers effectively amplified most taxonomic groups but amplification success varied
considerably between markers across groups (COI and 16S, Table 1, Fig. 4). For COI, a ~ 640 bp fragment of the barcode region was successfully amplified in
342 samples (79%). All sequences were functional and showed no insertions, deletions, or stop codons. For 16S, a ~ 580 bp fragment of the rRNA gene was
obtained from 258 samples (59%).

Table 1
Summary of technical success in PCR amplification and

sequencing for COI and 16S markers. The table shows the number
of specimens (n) and their relative percentage according to

amplification outcome combinations for both markers.
Amplification COI Amplification 16S N Percentage %

Success Success 214 49.3

‍Success Failure 128 29.5

‍Failure Success 44 10.1

‍Failure Failure 48 11.1

‍   434 100

A comparison of the resulting sequences against BOLD and GenBank databases showed that 85.8% met the 97% pairwise identity threshold for at least one
marker in either database. Only 30.57% were successfully assigned across both markers and databases simultaneously. The remaining 14.2% fell below the
97% threshold, representing potential new genetic records for deep-sea macroinvertebrates (Fig. 5).

Amplification and database assignment success varied markedly at the order level, with clear differences among phyla (Fig. 6). Arthropoda and Cnidaria
were the most represented groups, with 67 and 113 specimens, respectively. Both achieved very high COI amplification success (> 98%) while 16S
performance was markedly lower (64.2% and 35.4%, respectively. Within Arthropoda, Decapoda (n = 45) dominated, showing 97.8% COI and 73.3% 16S
amplification. Smaller orders such as Lophogastrida (n = 9) and Scalpellomorpha (n = 5) exhibited 100% COI amplification but reduced 16S success (11.1%
and 80%, respectively). In Cnidaria, Actiniaria (n = 38) and Scleractinia (n = 12) achieved 100% COI but 0% 16S amplification, whereas Scleralcyonacea (n = 35)
showed high success for both markers (100% COI, 88.6% 16S). Database assignment success was generally high for COI in BOLD (100%) and GenBank (80–
90%), while 16S matches were more variable (51–83%). Echinodermata displayed the opposite trend, with moderate COI (63.8%) but near-complete 16S
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amplification (96.3%). This pattern was consistent across orders with Valvatida (n = 27) showing 55.6% COI vs 100% 16S, Paxillosida (n = 15) 53.3% COI vs
100% 16S, and Ophiurida (n = 8) 50% COI vs 100% 16S. Echinothurioida (n = 7) and Forcipulatida (n = 5) achieved 100% amplification for both markers.
Database assignments exceeded 70% in both GenBank and BOLD. Mollusca displayed balanced performance across both markers (COI 95.6%, 16S 84.4%),
with high assignment rates in all databases ( > = 72%). The dominant orders, Oegopsida (n = 13), Neogastropoda (n = 10), and Octopoda (n = 10), showed COI
amplification rates ≥ 90%, with the first two achieving 100%. For 16S, amplification ranged from 92.3% to 100%, indicating consistent marker performance
across major molluscan lineages. Porifera showed 86.6% COI and 77.6% 16S amplification, but GenBank assignment for 16S was low (32.7%). Tetractinellida
(n = 40) showed 90% COI and 95% 16S amplification, yet only 28.9% of 16S sequences matched GenBank references, while Polymastiida (n = 7) showed
100% COI but failed entirely for 16S. Annelida achieved 83.3% amplification for both markers, but only 40% of 16S sequences matched GenBank.
Phyllodocida (n = 4) had 75% success for both markers, and Eunicida (n = 1) achieved 100% amplification and assignment. Chordata, Brachiopoda, and
Chaetognatha all showed 100% COI amplification. However, 16S amplification failed in Chordata and Chaetognatha, while Brachiopoda achieved full
amplification but with variable assignment success (0-100%). Within Chordata, Stolidobranchia (n = 3) and Aplousobranchia (n = 1) amplified COI (100%) but
failed 16S (0%), a pattern also observed in Brachiopoda (Terebratulida, n = 3) and Chaetognatha (Aphragmophora, n = 1).

Integrative taxonomy
An integrative taxonomy approach combining expert morphological identification with molecular data was applied to all specimens, allowing comparison
between the initial 154 morphologically defined taxonomic categories and their corresponding genetic identities. Of these, 43.5% showed full congruence
between morphological and molecular identifications. In contrast, 45.6% displayed mismatches between the two approaches. A third group, comprising
10.9% of the specimens, did not reach the 97% similarity threshold for any marker in public databases and, therefore, could not be assigned to an existing
reference sequence. The proportion of specimens requiring expert revision varied across phyla. All chordate specimens (100%) required additional
evaluation, followed by Porifera (73.1%), Mollusca (37.8%), Annelida (33.3%), Echinodermata (22.5%), Arthropoda (20.9%), and Cnidaria (17.7%). No
specimens belonging to Brachiopoda or Chaetognatha required revision, although these phyla were represented by small sample sizes.

The integrative taxonomic approach resulted in variable changes in taxonomic resolution across phyla, as illustrated in matrices comparing morphological
identification (rows) with post-integration assignments (columns) (Fig. 7A-B). Overall, 180 out of 386 specimens (46.6%) improved their taxonomic resolution
through integration, 246 specimens (63.7%) retained their initial resolution, and 10 specimens (2.6%) were assigned to a higher level (Fig. 7A). Porifera
exhibited the highest improvement among well-represented phyla, with 53.7% of specimens (n = 36/67) reaching a lower taxonomic level (median taxonomic
improvement of 1 level). Mollusca, Cnidaria, Echinodermata, and Arthropoda exhibited more modest improvement rates of 37.8%, 36.3%, 23.8%, and 11.9%,
respectively, with median improvements of 0 levels (Fig. 7B). Phyla represented by few specimens showed variable outcomes. Chaetognatha (n = 1) and
Chordata (n = 4) achieved the highest proportional improvement for all specimens with a median improvement of 5 and 2 levels, respectively. Annelida (n = 6)
showed a median improvement of 1 level in 66.7% of the specimens (Fig. 7B) whereas Brachiopoda (n = 3) showed no changes in resolution (Fig. 7).

Integrative taxonomic refinement resulted in the identification of 42 additional morphospecies (49 when including open taxonomy), increasing the number
from 91 initially identified morphospecies to 120 (127 species considering open taxonomy). Our study also revealed significant data gaps in public sequence
databases. After initial morphological assignment, 70 unique taxonomic categories lacked reference sequences or could not be retrieved due to
classification as LTR. Following integrative refinement, this number increased to 85 unique taxonomic categories, which now have a representative sequence
in public genomic databases.

DISCUSSION
The present study aimed to enhance DNA reference databases for marine invertebrates from a poorly characterized deep-sea habitat by employing an
integrative taxonomic approach to build a robust reference library. By refining morphospecies assignments and resolving cryptic diversity, this approach
addresses the limitations of relying solely on DNA barcoding, which remains insufficient for some groups due to marker variability, incomplete reference
libraries, and persistent taxonomic gaps44–46. Our findings underscore the importance of developing local DNA sequence libraries to complement incomplete
or potentially inaccurate reference databases47–49. Strengthening such resources is critical for the development of non-destructive monitoring tools and for
accurate biodiversity assessments of epibenthic macroinvertebrates in the Flemish Cap region. This need is particularly pressing because Flemish Cap hosts
a high concentration of VMEs, including coral gardens and sponge grounds, which play key ecological roles yet remain highly sensitive to disturbance50–53.
Increasing anthropogenic pressures, such as bottom-contact fishing, deep sea mining, and climate change, further underscore the importance of
establishing robust biodiversity baselines to guide conservation and sustainable management.

Despite recent progress, marine invertebrates remain markedly underrepresented in reference databases, and many marine shelf, deep-water, and polar
areas continue to be insufficiently sampled54,55. Over the last decade, barcode libraries have expanded through both targeted projects and international
initiatives focusing on specific groups, including Annelida56, Mollusca48,57,58, Arthropoda59 and Porifera60. Nevertheless, substantial gaps remain, with
molecular coverage sometimes falling below 30% for several deep-sea and understudied taxa30,61. These gaps stem from multiple, well-documented factors,

including insufficient barcode coverage30,62, uneven taxonomic representation across phyla and regions61, and the presence of misidentified, low-quality, or
non-target sequences in public repositories63. Collectively, these limitations hinder accurate species delimitation and reduce the effectiveness of molecular
biodiversity assessments.

Consistent with these broader database limitations, COI reference sequences were available for just over 70% of the morphospecies analysed in our study,
whereas only 54% had representative 16S sequences. Importantly, even when reference data were present, our integrative analysis revealed notable
discrepancies, with 45.6% of the specimens showing mismatches between morphological and molecular identifications. These inconsistencies likely reflect
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cryptic diversity and the known prevalence of morphologically indistinguishable lineages in sponges and deep-sea corals, as well as potential
misidentifications arising from the plasticity of morphological traits in these groups64–66. In addition, they may reflect the uneven geographic and taxonomic
representation of deep-sea taxa, as well as the incomplete coverage and variable quality of reference sequences available in public genetic databases67–69.

Additionally, more than 10% of specimens lacked any reference sequence above the similarity threshold70, further underscoring the extent to which many
deep-sea lineages remain molecularly undersampled.

Amplification success also varied markedly across phyla. Porifera, polychaetes, and ascidians exhibited reduced COI amplification, consistent with previously
reported success rates ranging from ~ 20% in ascidians and sponges to ~ 50% in annelids71–73. Echinoderms showed over 35% COI amplification failure,
confirming earlier observations of poor COI performance in this group74,75. In contrast, 16S primers performed relatively well, supporting previous work

highlighting the advantages of a multigene approach for improving identification success48,76. Cnidarians displayed high COI amplification success and
database matches, yet low mitochondrial divergence and pronounced morphological plasticity limited species-level resolution, consistent with previous
studies77–79. A similar pattern was observed in Porifera, and, to a lesser extent, in Echinodermata. These findings align with earlier studies reporting that slow
mitochondrial evolution and the presence of pseudogenes can restrict interspecific divergence in these groups, thereby reducing the species-level
discriminatory power of COI80.

Additional complications arose from the recovery of non-target sequences in filter-feeding taxa such as corals, sponges, or ascidians, where DNA from
holobionts (Pseudomonadota and Proteobacteria) and co-inhabiting organisms was occasionally amplified. Although relatively uncommon, these events
were more frequent with 16S and are consistent with challenges in barcoding filter feeders documented in previous studies73.

The integrative approach also revealed substantial differences among phyla in the proportion of specimens requiring expert revision. These patterns likely
reflect variation in morphological complexity, taxonomic difficulty, and the prevalence of poorly resolved or highly diverse groups. The substantial revision
required in Chordata and Porifera is consistent with well-known taxonomic challenges in these phyla, where morphology-based identification is often difficult.
Cryptic diversity, phenotypic plasticity, unresolved systematics, and the limited availability of reliable reference sequences complicate the resolution of
species boundaries81–83. Similarly, the considerable revision needed for Mollusca and Annelida aligns with long-recognized taxonomic difficulties in these
groups, as well as with gaps and ambiguities in DNA reference libraries69,84–86. Despite these challenges, the integrative approach markedly improved
taxonomic resolution, particularly in Porifera and in phyla with small sample sizes, where individual specimens benefited substantially from the combined
evidence. In contrast, groups such as Cnidaria, Echinodermata, Mollusca, and Arthropoda showed more limited gains, suggesting that morphological
identifications were already close to their achievable resolution or that molecular markers alone were insufficient for further refinement due to incomplete
databases. Overall, 90.5% of LTR cases were successfully resolved, resulting in the identification of 42 additional morphospecies (49 including open
taxonomy) and expanding the reference library from 91 to 120 species (127 including open taxonomy).

Integrative taxonomy, combining molecular, morphological, ecological, and biogeographical data, provides a more robust framework to resolve species
boundaries and refine morphospecies assignments87,88. However, this approach remains heavily dependent on taxonomic expertise, which is increasingly
scarce, and further constrained by the decline in taxonomic positions since the 1990s89–91. As a result, deep-sea biodiversity remains largely uncharacterized
and molecular tools alone are insufficient to resolve these challenges. By providing a comprehensive characterization of epibenthic macroinvertebrates from
Flemish Cap, this study contributes to filling these critical gaps. The reference library developed here enhances the accuracy of biodiversity assessments,
supports the development of non-destructive monitoring tools, and strengthens the scientific basis for the sustainable management and protection of VME
indicator species. The future expansion of this library, together with the generalization of the environmental DNA approach, will enable progress towards
more sensitive, comparable and operational tools for assessing ecological status in deep-sea waters, thus contributing to the establishment of early-warning
indicators for ecosystem degradation.

CONCLUSIONS
Integrative taxonomy proved essential for resolving species-level diversity on Flemish Cap, where incomplete reference databases, cryptic lineages, and
morphologically challenging taxa hinder accurate identification. The combination of molecular, morphological, and ecological data substantially improved the
characterization of the epibenthic macroinvertebrate community and expanded the local reference library, providing a more reliable baseline for biodiversity
assessments in this remote deep-sea region. These advances not only enhance the accuracy of biodiversity species assessments in Flemish Cap but also
support the development of non-destructive monitoring tools tailored to its vulnerable marine ecosystems. As human pressures intensify across deep-sea
habitats, robust taxonomic and molecular resources such as those developed here are essential to guide conservation, sustainable management, and the
protection of ecologically critical species and communities. The implementation of this framework would enhance NAFO’s and other RFMOs ability to carry
out adaptive, ecosystem-based management, ultimately contributing to the long-term conservation of vulnerable deep-sea habitats.

MATERIALS AND METHODS

Study area, sample collection and morphological identification
The data and samples used in the present study were collected during the 2022 European Union Flemish Cap bottom-trawl survey aboard the research vessel
(RV) Vizconde de Eza between July and August 2022. Sampling followed a stratified random design using a Lofoten bottom trawl gear. A total of 183 daytime
trawls were conducted, each lasting 30 minutes, covering the entire bank down to depths of 1460 meters (Fig. 8).

Page 5/18



All epibenthic invertebrates retained by the trawl were sorted and identified on board to the lowest possible taxonomic level. For each taxon, both the number
of individuals and their wet weight were recorded, except for colonial organisms, which were computed as a single organism, with the weight representing
the entire colony. A total of 434 individuals were collected for this study, labelled and stored at -20°C until further processing.

Upon arrival at the laboratory, specimens were preserved in 95% ethanol for subsequent genomic analysis. A taxonomic revision of the on-board sample
classification was conducted to confirm identifications and refine taxonomic assignments. The resulting taxa checklist was then cross-referenced against
public genomic databases to confirm the availability of representative sequences for the regions targeted in subsequent genomic analysis. These regions
consisted of the 16S mitochondrial rRNA gene (16S) and the cytochrome c oxidase subunit I (COI), which were queried in GenBank (Clark et al., 2016) and for
COI also in the Barcode of Life Data Systems (BOLD)92. Moreover, for BOLD, species-level identifications were classified into three categories of taxonomic
congruence following Leite et al. (2020)62: discordant, where a single BIN is shared by more than one species; multiple BIN, where a single species is
assigned to more than one BIN; and concordant, where a single species is exclusively associated with one BIN. This classification enables the evaluation of
the correspondence between genetic clusters (BINs) and species-level identifications. BIN assignment depends on multiple factors related to the quality,
quantity, and characteristics of the available genetic data. Key determinants include sequence quality and length (> 500 base pairs with < 1% ambiguous
nucleotides), taxonomic coverage, availability of essential metadata (such as voucher specimens and geospatial information), genetic divergence and
accuracy of taxonomic identifications. These factors reflect the robustness of the genetic data and the taxonomic framework for each species, ensuring the
effective use of BINs in biodiversity studies.

DNA extraction, amplification, sequencing and barcoding assignment
DNA was extracted from a small tissue sample of each individual using the DNeasy Blood & Tissue DNA Kit (Qiagen Iberia S.L.; Barcelona, Spain) following
the manufacturer's instructions with minor modifications. Specimens with calcareous structures were homogenized with a handheld rotor-stator prior to
incubation to facilitate lysis. Samples were digested overnight with 250 µg of RNase A (Macherey-Nagel™; Düren, Germany), then centrifuged and transferred
into new tubes to remove debris. The concentration and purity of the isolated DNA was assessed using a NanoDrop™ One C spectrophotometer (Thermo
Fisher Scientific, Inc.; Waltham, US-MA), and integrity was checked by 1% agarose gel electrophoresis stained with Red Safe™ Nucleic Acid Staining Solution
(iNtRON Biotechnology; Seoul, Korea).

For species identification, primers targeting the 16S and COI mitochondrial regions, which have been extensively validated in barcoding studies, were
employed93,94. These primers provide complementary phylogenetic resolution, enable standardized comparisons and are broadly applicable across marine
invertebrate taxa. The targeted regions also allow the development of shorter amplicons suitable for eDNA analyses, facilitating scalable benthic
assessments. DNA amplifications were performed using 16Sar-L (5′-CGCCTGTTTATCAAAAACAT-3′) and 16Sbr-H (5′-CCGGTCTGAACTCAGATCACGT-3′) for
16S rRNA and jgLCO1490 (5′-TITCIACIAAYCAYAARGAYATTGG-3′) and jgHCO2198 (5′-TAIACYTCIGGRTGICCRAARAAYCA-3′) for COI. PCR reactions consisted
of 40 µL containing 1x Buffer A (Nippon Genetics; Düren, Germany), 0.45 mM dNTPs (Thermo Fisher Scientific, Inc.; Waltham, US-MA), 2.5 mM MgCl2
(Nippon Genetics; Düren, Germany), 0.4 µM of each primer, 200 ng BSA (Thermo Fisher Scientific, Inc.; Waltham, US-MA), 75 ng of DNA template and 0.5 U of
FastGene® Taq DNA Polymerase (Nippon Genetics; Düren, Germany). Reactions included positive and negative controls, as well as three technical replicates
per sample, and were run in a Bio-Rad CFX Connect Real-Time PCR thermal cycler (Bio-Rad Laboratories, Inc.; Hercules, US-CA). The amplification conditions
for 16S were as follows: an initial denaturation at 95 ºC for 5 min, followed by 35 cycles of denaturation at 94 ºC for 1 min, annealing at 55 ºC for 1 min and
extension at 72 ºC for 2 min, with a final extension at 72 ºC for 10 min. The thermocycling profile for COI amplification consisted of an initial denaturation at
95 ºC for 5 min, followed by 40 cycles of denaturation at 95 ºC for 1 min, annealing at 48 ºC for 1 min and extension at 72 ºC for 1 min, with a final extension
at 72 ºC for 5 min. PCR products were examined on 2% agarose gels stained with Red Safe™ Nucleic Acid Staining Solution (iNtRON Biotechnology; Seoul,
Korea) and visualized using Gel Doc™ XR + (Bio-Rad, Hercules, CA). For PCR products showing multiple bands, amplicons of the target size (~ 710 pb for COI
and ~ 620 pb for 16S rDNA) were excised and purified using a QIAquick Gel Extraction Kit (Qiagen Iberia S.L.; Barcelona, Spain). Purified PCR products were
bidirectionally sequenced on an ABI3730XL DNA analyzer (Applied Biosystems Inc., Foster City, CA) at Macrogen Spain (Madrid).

The forward and reverse sequences were reviewed, manually assembled, trimmed and edited using Geneious Prime® 2023.2.1 (https://www.geneious.com).
The resulting consensus sequences for COI were amino-acid translated to check for premature stop codons, which could indicate introns or pseudogenes.
For barcoding assignment, consensus sequences were searched against GenBank, and the BOLD database using BLASTn95 and the BOLD identification
engine92, respectively. A sequence identity threshold of 97% and an E- value of 0 were applied96, and the best BLAST hit or top BOLD match was used for
taxonomic assignment.

Integrated morphology and DNA barcoding taxonomy
Taxonomic assignments obtained from DNA barcoding were systematically compared with morphological identifications to evaluate the concordance
between both approaches. For specimens showing discordant results or low taxonomic resolution, a stepwise review was conducted. First, morphological
identifications were re-examined, and DNA sequences were re-checked for quality and potential errors.

Only samples with successful technical amplification for at least one marker (COI or 16S) were retained for analysis. Records were considered “congruent” if
the morphological identification matched at least one molecular identification (BLAST for COI or 16S, or BOLD for COI) at ≥ 97% sequence similarity, this
threshold was selected as a conservative compromise between species-level resolution and database limitations. In cases of multiple top matches, priority
was given to records with voucher specimens and complete metadata. “Non-congruent” records were further classified based on the availability of reference
sequences in public databases. If reference sequences existed for at least one marker, the record was labelled “Pending verification”, potentially indicating
misidentification or open taxonomy (e.g., cf.). If no reference sequences were available (i.e., missing entries or Low Taxonomic Resolution, LTR), the record
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was flagged as a “Potential new species”. This framework allowed simultaneous identification of congruent records, discrepancies, and candidate taxa for
further taxonomic investigation.

Persistent discrepancies were resolved by expert taxonomists, who reassessed specimens using both molecular and morphological evidence. Individuals
were examined under a stereo zoom microscope Leica S APO Stereo Zoom and identified to the lowest possible taxonomic level based on morphological
characters, using appropriate identification keys. To ensure consistency in taxonomic nomenclature across morphological and molecular assignments,
taxonomic nomenclature was standardized following the World Register of Marine Species (WoRMS) (WoRMS, 2026), using the WoRMS online taxon match
tool (https://www.marinespecies.org/).

Data analysis
The data analysis was conducted using RStudio 2024.12.1 + 563 "Kousa Dogwood" Release for Ubuntu Focal, running R version 4.4.3 (2025-02-28, "Trophy
Case"). Analyses were performed on a Linux x86_64 platform, and visualizations were carried out using the tidyverse package for data manipulation and
plotting97, along with viridis for colour-blind-friendly palettes98.

The analysis involved a comprehensive evaluation of DNA barcoding effectiveness for marine specimen identification using multiple analytical approaches.
First, taxonomic labels were standardized and parsed using regular expressions to enable automated counting and summarisation. Sequence availability
across reference databases (GenBank COI, GenBank 16S, and BOLD COI) was then examined, and the proportion of specimens with available molecular
reference data was calculated. The core barcoding analysis evaluated molecular identification success using similarity thresholds to determine assignment
rates against reference databases. A bidimensional success matrix was subsequently generated to distinguish between technical success (PCR
amplification and sequencing) and database assignment success (matching against reference sequences). Finally, taxonomic stratification by phylum and
order was performed to identify biases in barcoding performance, followed by a comparative analysis across molecular markers (COI vs. 16S) and reference
databases (GenBank vs. BOLD) to assess the relative effectiveness of each approach for marine biodiversity assessment.
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Figures

Figure 1

Treemap showing the taxonomic composition of sampled organisms based on the total number of unique taxonomic categories identified morphologically,
grouped by phylum. The relative proportion of each class within each phylum is shown. Individuals identified only to phylum (e.g., Porifera and Chaetognatha
are recorded as LTR (Low Taxonomic Resolution).
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Figure 2

Frequency of singleton species among the 91 morphospecies with reference sequences in public databases.
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Figure 3

Proportion of morphospecies with representative sequences in public databases (BOLD and GenBank) for COI and 16S, grouped by phylum. “Low
Taxonomic Resolution” (LTR) refers to species that could only be assigned to higher taxonomic categories during morphological classification, preventing
their inclusion in database searches.
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Figure 4

Amplification and sequencing success across taxonomic groups. Bars represent the percentage of specimens within each phylum that were successfully
amplified and sequenced for COI and 16S markers.
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Figure 5

Technical success of samples versus molecular assignment results in BOLD (COI), GenBank (COI), and GenBank (16S).Colours and percentages indicate
match levels, where Match ≥ 97: Greater than or equal to 97% pairwise sequence identity; Match < 97: Less than 97% pairwise sequence identity; No match:
Samples for which BOLD returns “No match”; No sequence: NA (sequence not available)
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Figure 6

Heatmap of DNA barcoding success (%) across taxonomic orders, grouped by phylum. Colour gradients indicate COI and 16S amplification success, as well
as species-level database assignment (≥97% similarity) in BOLD and GenBank. Sample sizes (n) are provided for each order, illustrating order-specific
limitations in molecular identification.
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Figure 7

Taxonomic resolution improvement by integrative identification. A) Overall matrix for all specimens with molecular information (n=386). B) Matrices by
phylum. Rows represent initial taxonomic resolution and columns represent final resolution. Color intensity indicates the percentage of specimens.
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Figure 8

Map of the Flemish Cap area in the Northwest Atlantic: A) Overview of the study area; B) Detailed view showing sampling points (yellow arrows). Areas
closed to bottom fishing are outlined in red. Depth is indicated by shading, with darker blue representing greater depth. Map created in QGIS 3.34
(https://www.qgis.org/), using a Lambert Azimuthal Equal Area projection (centered at 54° N, 45° W; datum WGS 84; units in meters).

Page 18/18

https://www.qgis.org/

