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Abstract

Interest in mesopelagic fish layers is on the rise due to the potential exploitability of their macrofauna; hence, profiling their fish
community is crucial to enable the sustainability of future fishing practices. In this context, a dedicated survey was carried out in
September 2022 along the Irish shelf break, where fishing (catch) and eDNA metabarcoding analysis using a portable high-throughput
sequencer were performed to investigate the fish community of the upper mesopelagic layer. Catch data showed that the targeted layers
consisted mainly of the young-of-the-year cohort of Mueller’s pearlside (Maurolicus muelleri), a mesopelagic fish, with little bycatch.
eDNA data reflected the high prevalence of M. muelleri's eDNA (56%-97% of assigned reads), identified species undetected by fishing,
and showed that the least represented species differed in water samples collected before or after fishing activities. While this reflects
current limitations of each technique, it also shows that a multidisciplinary approach may provide an increased level of resolution
for M. muelleri layer’s ancillary fish community. Findings from the present study provided important insights to further refine sample
acquisition and rapid processing of eDNA metabarcoding data, which beholds great potential to corroborate fishing methods when

ground truthing acoustic approaches in mesopelagic fish layers assessments.
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Introduction

Environmental DNA (eDNA) is made up of the genetic ma-
terial present in the environment that can be isolated and
extracted directly from samples such as soil, water, and air
(Taberlet et al. 2012). In the past two decades, there has
been a substantial increase in the use of eDNA in monitor-
ing and conservation efforts (Thomsen and Willerslev 20135).
In particular, eDNA metabarcoding, a molecular technique
that allows profiling of a community from an environmen-
tal sample using universal markers, has been widely used to
study fish communities in both freshwater and marine envi-
ronments (Rourke et al. 2022, Yao et al. 2022, Takahashi et
al. 2023). eDNA has not been widely adopted as a standalone
tool due to knowledge gaps in the understanding of its ecol-
ogy (e.g. shedding rates, transport, decay) (Hinz et al. 2022,
Coston-Guarini et al. 2023) and to the challenges described
in Thomsen and Willerslev (2015) (e.g. contamination, inhi-
bition, reference DNA databases). Instead, many studies have
focused on the comparison and integration of eDNA with tra-
ditional survey methods. For instance, eDNA detected over
60% of the species identified by underwater visual census (Ya-
mamoto et al. 2017), it equalled or outperformed multiple
conventionally used survey methods (Thomsen et al. 2012,

Valentini et al. 2016) and it detected more species compared
to underwater videos from a cabled observatory (Mirimin et
al.2021). Therefore, eDNA has shown great potential to com-
plement and corroborate direct methods in multidisciplinary
approaches, as well as greatly reducing sampling efforts re-
quired by traditional methods (Valentini et al. 2016, Veron
et al. 2023). The aforementioned studies based their metabar-
coding analysis on high-throughput sequencing (HTS) tech-
nologies targeting short DNA fragments (e.g. lllumina), but
recent technological advances have enabled the use and im-
plementation of portable and affordable HTS instruments [i.e.
Oxford Nanopore Technologies (ONT)], which have stood
out as promising tools to scale up eDNA analysis at global
levels (Thompson and Thielen 2023). Although few studies
have used short-read ONT sequencing in the context of fish
eDNA metabarcoding (Truelove et al. 2019, van der Reis et al.
2023, Munian et al. 2024), and fewer still have used long-read
ONT sequencing (Doorenspleet et al. 2023), this technology
is promising for its quick turnaround time (as little as 48 h
in Truelove et al. 2019), reduced costs, and portability (Sri-
vathsan et al. 2021). These characteristics allow sequencing
of samples directly in the field with the potential to provide
near-real-time results. In addition, ONT’s ability to sequence
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long fragments could provide better taxonomic resolution at
the family and genus levels, which can still be challenging with
short-fragment markers traditionally used with Illumina se-
quencing (Thomsen and Willerslev 2015).

In recent years, eDNA has found applications in fisheries
science, with focus on both single-species and community
approaches, with particular interest in supporting stock as-
sessments (Rourke et al. 2022). Most studies have applied
single-species approaches, based on real-time quantitative
PCR (qPCR) of environmental samples, to show that eDNA
can provide general quantitative information about fish stocks
(e.g. Shelton et al. 2022). Instead, when applying metabar-
coding, contrasting results have been shown, with some stud-
ies finding concordance between eDNA read abundance and
fish biomass in catches (Afzali et al. 2021, Stoeckle et al.
2021), and others not observing consistency between results
produced by the two methods (Fraija-Fernandez et al. 2020,
Veron et al. 2023). This indicates that, while eDNA metabar-
coding is a reliable tool to describe the community and distri-
bution of fish, further studies are needed to assess its applica-
tion as a quantitative method.

The mesopelagic zone or twilight zone (200-1000 m of
depth) is a largely understudied area of the ocean (St. John
et al. 2016). Although the mesopelagic fish community has
been virtually unexploited so far, estimates regarding the fish
biomass of the mesopelagic ocean range from 1.8 to 16 giga-
tonnes (Proud et al. 2019), making it an attractive economic
resource (e.g. as a source of protein and fatty acids, as well
as biodiscovery in nutraceutical industry) (Gatto et al. 2023).
Given their global distribution and large biomass, these organ-
isms are likely to play a key role in the carbon cycle. Research
gaps exist on the biodiversity of mesopelagic organisms, their
life cycle, and their roles in the carbon flux and as food sources
for key fisheries stocks. Thus, in order to hypothesize or build
a sustainable mesopelagic extraction fishery, it is of utmost im-
portance to address these research gaps (St. John et al. 2016,
Martin et al. 2020, Standal and Grimaldo 2021). In the North-
east Atlantic Ocean, the shallow mesopelagic layer, between
100 and 250 m, is composed mainly by the Sternoptychidae
Maurolicus muelleri, while the deeper layers, between 300 and
700 m, are usually more diverse and with a high biomass of
the Myctophidae Benthosema glaciale (Grimaldo et al. 2020).

Current methods to study the mesopelagic zone focus on
the use of echosounder acoustics, paired with direct catch, to
detect the presence of fish and other taxa in the water col-
umn, associate a species to its acoustic signature, and provide
fish biomass estimates (e.g. Gauthier et al. 2014, Dornan et
al. 2022). Recently, studies have used eDNA sampling to tar-
get the mesopelagic zone, in conjunction with echosounder
acoustic data. Particularly, Easson et al. (2020) and Govin-
darajan et al. (2021) collected samples at different depths
of the water column, corresponding to acoustic layers, and
used the 18S gene region to profile the taxonomic diversity.
In addition, Govindarajan et al. (2022) expanded on their
previous study by showing that filtering higher volumes of
seawater led to improved biodiversity detection. Fewer stud-
ies have focused specifically on mesopelagic fish communi-
ties. Namely, Canals et al. (2021) used eDNA metabarcod-
ing to investigate the vertical distribution of mesopelagic fish
in relation with diel migratory behaviours, and Govindara-
jan et al. (2023) looked into the composition and vertical mi-
grations of the twilight zone’s fish layers in the Northwest
Atlantic.

Tibone et al.

The overarching goal of the current study was to explore
the integrability of eDNA metabarcoding analysis in the as-
sessment of mesopelagic fish communities carried out in con-
junction with acoustic analysis and fishing. Specific objectives
were to (i) investigate whether water acquisition using the
CTD rosette produced consistent results when collected in
proximity to fish layers (as detected by acoustic methods) be-
fore versus after fishing hauls, (ii) adapt and apply an eDNA
metabarcoding workflow using novel portable technologies,
and (iii) integrate eDNA and fishing data to profile the upper
mesopelagic fish layer.

Materials and methods

The Multidisciplinary Mesopelagic Scouting Survey (M,S,)
was carried out from 31 August 2022 to 10 September 2022
on the Irish RV Tom Crean. Operations were conducted over
24 h and included echosounder acoustics, fishing, and eDNA
sample collection. The survey area was the Irish shelf break in
the Rockall Trough, between 54° and 55°N, and sampling ef-
forts were concentrated on the upper mesopelagic zone (from
100 to 350 m depth). Four candidate sites were selected when
echotraces of interest were detected and further investigated
using two main techniques (i.e. fishing and eDNA, as further
detailed below) (Fig. 1). When possible, seawater for eDNA
analysis was collected by CTD casts before and after the de-
ployment of the fishing gear, so to explore any variation in
community detected due to spatial heterogeneity of target
eDNA (as detailed in Fig. 1).

Acoustic detection and trawl sampling

Acoustic data were collected using a calibrated Simrad EK80
single beam scientific echosounder operating on four fre-
quencies (18, 70, 38, and 120 kHz frequencies) for quanti-
tative measurements. Directed trawling was carried out on
echotraces of interest at each survey site using a graded four-
panel single pelagic midwater trawl. The net had a vertical
opening of 35 m and a fishing circle with a diameter of 422 m.
The largest meshes measured 2.4 m in the mouth of the trawl
tapering to a terminal mesh of 5 mm in the codend. During the
survey, a total of eight trawls were conducted, of which seven
on-target, with trawl duration between 36 min and 1 h 28 min,
and one where the target aggregation was missed (trawl 4 >
2 h). Towing speed was between 2.2 and 2.6 knots to ensure
the optimal geometry of the net was maintained. Table S1 in
the supplementary materials provides metrics and catch in-
formation for each haul. All components of the trawl catch
were sorted, weighted, and identified to the lowest taxonomi-
cal level possible aboard the RV by a fish taxonomist. The ju-
venile stage of one species (pearlfish, Echiodon drummondii),
was identified at a later stage using the Cytochrome ¢ Oxi-
dase subunit I (COI) gene for molecular barcoding (Ward et
al. 2005) (data not shown). The catch data are publicly avail-
able from: https://acoustic.ices.dk/submissions (survey code
MEESO, country code IE).

Water sampling for eDNA analysis

All the procedures concerning eDNA processes detailed in the
following methods sections were carried out in the CTD lab-
oratory of the RV Tom Crean, or in dedicated eDNA labora-
tories on land in the Atlantic Technological University (ATU).
On the RV Tom Crean, to avoid potential contamination, the
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Figure 1. Sampling sites (1-4) investigated during M,S,. At all sites, eDNA sampling and fishing were carried out, with eDNA samples collected before
and after relative fishing hauls in sites 1 and 2, only before fishing hauls in site 3 or independently from fishing activities in site 4.

CTD lab was dedicated solely to seawater work, and dedi-
cated personnel collected/handled water samples for eDNA
analysis. Before each step of the process, all relevant surfaces
and reusable equipment were sterilized with 20% bleach and
wiped with 70% ethanol to reduce the risk of contamination.
In ATU, dedicated labs for eDNA extraction, pre-PCR, and
post-PCR work were used.

eDNA sampling was conducted by collecting seawater at
selected stations with a rosette of 10 I Niskin bottles mounted
on the CTD frame. CTD stations were defined in each sur-
vey site based on the fishing activity. At sites 1 and 2, eDNA
samples were collected before and after hauls 1, 2, 3, and 4.
The location and depth of the ‘before’ sampling point were
noted, and the vessel returned to the same location to col-
lect the ‘after’ samples, closing the Niskin bottles at the same
discreet depth. The sampling depth was selected by lowering
the CTD as close to the fish layer as possible (Fig. 2) and
firing two Niskin bottles. For haul 5, eDNA samples were
not collected as adverse weather conditions did not allow the
deployment of the CTD. At site 3, eDNA samples were col-
lected only before hauls 6 and 7. At site 4, eDNA samples
were collected to investigate a target layer without carrying
out fishing activity. Table S2 in the supplementary materi-
als includes metrics and further information about all CTD
stations.

At least 15 min before deployment, the selected Niskin bot-
tles were decontaminated by rinsing with 20% bleach. Only
at CTD station 1, the bottles were rinsed with freshwater af-
ter the decontamination. At all other stations, the Niskin bot-
tles were only decontaminated, as it was assumed that rins-
ing with seawater during the downcast would be enough to
minimize the amount of residual bleach. From each Niskin
bottle, four replicates of 2 | each were collected and filtered
through a 0.45 um Cellulose Nitrate membrane filter (What-
man™, UK) (47 mm diameter) using a GeoPump peristaltic
pump (Geotech, USA) and a ramp that allowed independent
filtering of up to three samples simultaneously. In total, eight
samples were collected per station, i.e. four replicates from
each of the two Niskin bottles fired. At CTD station 11, only
4 samples were collected as only 1 Niskin bottle was fired. The
filters were folded in half and stored in sterile Ziplock bags at
—20°C in a freezer dedicated to the CTD lab. Table S2 in the
supplementary materials includes a summary of the samples
collected.

Environmental DNA extraction

DNA was extracted from half of each filter using a modi-
fied version of the DNeasy Blood and Tissue Kit (QIAGEN,
Germany) adapted for eDNA filter samples (Supplementary
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Figure 2. Deployment of the CTD before the haul either (a) in the fish layer or (b) as close to it as possible.

Appendix 1). Half of the extractions (n = 44) were processed
on board the RV Tom Crean, and the remaining filters were
extracted in an eDNA-dedicated laboratory in ATU. For all
extractions, only filter tips were used to reduce the chance of
cross contaminations. No extraction negatives were carried
out during the extractions on board. Two extraction nega-
tives were included during the extractions in the ATU lab, by
performing the full extraction protocol on tubes that did not
contain a filter.

Library preparation and HTS

Amplification was carried out through PCR in a Mini-
Amp™ Plus thermal cycler (Applied Biosystems), using uni-
versal primers targeting fish: a combination of the V05_898
forward primer (5’-AAACTCGTGCCAGCCACC-3') and the
teleoR reverse primer (5'-CTTCCGGTACACTTACCATG-3')
(Thomsen et al. 2016), producing a ~650 bp long DNA frag-
ment of the 12S mitochondrial gene. The PCR products were
pooled for each CTD station (8 PCR products in each pool, 4
for CTD station 11).

Library preparation was carried out using the ligation
sequencing kit (SQK-LSK110) with the barcoding expan-
sion kit (EXP-PBC001), according to the manufacturer’s
protocol with minor modifications (see further details in
Supplementary Appendix 1). For each CTD station (7 = 11)

amplicons were barcoded, and subsequently pooled in
equimolar

quantities into a single library before loading onto an
R9.4.1 flow cell with 500 active pores at the start of the run.
Sequencing was carried out using the MinION Mk1C (ONT)
for a total run time of 72 h, selecting active barcoding and
fast basecalling in the run setup.

Bioinformatic processing

The Mk1C run produced demultiplexed sequences (one folder
per sample), from which barcodes and ONT adaptors were
removed with Guppy (v6.5.7+, Oxford Nanopore Technolo-
gies Ltd. 2023b) by selecting the EXP-PBC001 multiplexing
kit. Quality of reads was checked by inspecting the results of
the NanoPlot outputs (De Coster et al. 2018). The primers
were removed using Cutadapt (v3.5; Martin 2011). The de-
cona (v0.1.3; Doorenspleet et al. 2023) pipeline was used to
process the trimmed reads. The reads were filtered based on
length (min length = 550 bp, max length = 800 bp) and qual-
ity (g-score > 10). The clustering percentage was set at 90%
and only clusters containing a minimum of five sequences were
retained. The polished consensus from each cluster was re-
tained in the final output and used for taxonomic assignment.
Taxonomic assignment was carried out using the blastn func-
tion of the command-line version of Basic Local Alignment
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Search Tool+ (BLAST+) (v2.12.0+; Camacho et al. 2009).
The reference database used for this step was the MIDORI2
curated database (release 257; Leray et al. 2022) of metazoan
12S genes. The first 20 hits of the blast output were inspected,
and consensus sequences were assigned to the top hit species
(with a minimum alignment length of 500 bp and a minimum
identity percentage of 97%). If a sequence was assigned with
same alignment length, percentage of identity, and bit score
to multiple species of the same genus, the species’ global dis-
tribution was investigated, and the sequence was assigned to
the endemic species. If reads were assigned to a species that
was not expected to be found in that geographical area, all se-
quences were manually checked against the National Centre
for Biotechnology Information (NCBI) nucleotide database
using BLAST. Only sequences assigned to species level were
retained for the scope of this study.

Data analysis

Statistical analysis and graphical outputs were obtained using
R software (R Core Team 2021) and R Studio (Posit Team
2023). Packages vegan (Oksanen et al. 2022) and tidyverse
(Wickham et al. 2019) were used for data analysis. Packages
ggplot2 (Wickham 2016), VennDiagram (Chen 2022), and
wesanderson (Ram and Wickham 2018) were used for data vi-
sualization. Packages ggOceanMapsData and ggOceanMaps
(Vihtakari 2022) were used to produce maps. A rarefaction
analysis was run to evaluate if the sequencing depth was suf-
ficient using the iINEXT package (Chao et al. 2014, Hsieh et
al. 2016).

Principal coordinates analysis (PCoA) was performed to in-
vestigate similarities/differences between the eDNA samples
collected before/after the hauls.

The full script for the bioinformatic processing and the
R scripts for the data analysis are available in the follow-
ing GitHub repository: https://github.com/maddalena-tibone/
M2S2.git.

Results

Catch composition

A total of 17 fish taxa were identified, of which 16 on board,
14 to the species level, and 2 to the genus level (Argentina spp.
and Solea spp.), and 1 additional taxon was identified later
through post-survey analysis. After the survey, one pearlfish
specimen was identified molecularly as E. drummondii to the
species level. When considering only the fish species present in
trawl catches, all hauls were dominated by M. muelleri, as it
accounted between 85% and 99% of the fish biomass in the
net (Fig. 3).

eDNA amplification and HTS

eDNA sampling was carried out at 11 CTD stations, col-
lecting a total of 84 samples, that all amplified success-
fully. Both extraction negatives were also amplified using the
V05_898/teleoR primer combination, and, when visualized on
gel, one of them showed a faint band at the expected size. This
product was sequenced and resulted in 46 reads assigned to
metazoans (40 to Homo sapiens and 6 to M. muelleri). The
relative read abundance of M. muelleri detected in this neg-
ative (0.03%) was subtracted from all samples extracted in
the same batch (H1B, H1A, H2B, H2A, and H3B). All PCR

2069

negatives that were included in the amplification runs showed
no bands on gel, indicating no evidence of contamination dur-
ing the post-extraction steps, thus they were not processed fur-
ther.

After initial quality filtering, a total of 1 370 361 reads
were retained after primer removal and filtering based on
length and sequence quality, for an average of 124 578 reads
per sample (see further details in Table S3 in the supple-
mentary materials). The rarefaction analysis showed curves
that reached a plateau in the first 50 000 reads, confirming
that the sequencing depth was sufficient to recover the di-
versity in all samples (Fig. S1 in the supplementary materi-
als). Figure 4 represents the bar plots of the number of reads
for all samples after each filtering step. Human DNA was de-
tected in all samples (0.8 %—-63.4% of the clustered reads) and
these reads were excluded from the dataset prior to further
analysis.

Overall, eDNA allowed the detection of 19 fish species,
of which ~40% belonged to mesopelagic fish families (Sal-
vanes and Kristoffersen 2001) (Fig. 5). The target mesopelagic
species (M. muelleri) was dominant (over 95% of the reads)
in 5 out of 11 samples and overall had a relative read abun-
dance ranging from 32.51% to 97.74%. In Fig. 4, ‘Assigned
to species’ refers to reads that were assigned to a reference
database of metazoan 12S sequences with a minimum align-
ment length of 500 bp and minimum identity of 97%. Across
eDNA sampling points, ‘unassigned’ reads (i.e. unassigned
to the reference database with a minimum identity thresh-
old of 90%) were between 0.4% and 4.52% of the clustered
reads and increased up to 23.97% for sampling point H2B
and to 94.34% for H7B. Instead, considering the clustered
reads across samples, between 1% and 7% were unassigned
to species.

For all the fish species detected, the native range was
checked manually by investigating the FishBase database
(Froese and Pauly 2024) to detect potential false positives. All
but two species, Phycis chesteri and Helicolenus hilgendorfii,
were expected in the surveyed area.

The native range of P. chesteri is along the east coast
of North America, but one species of the same genus, P.
blennoides, is found in the Northeast Atlantic. The MIDORI2
reference database contained a partial 12S sequence for P.
blennoides (415 bp) and a full 12S sequence for P. chesteri
(953 bp). Given the geographical ranges of the species, all se-
quences assigned to P. chesteri were manually reassigned to P.
blennoides, as the erroneous taxonomic assignment was due
to an incomplete entry in the database.

Similarly, as the native range of H. hilgendorfii is the
Northwest Pacific Ocean, all the sequences assigned to this
species were manually checked against the NCBI nucleotide
database using the online BLAST tool, which confirmed the
assignment. As the 12S sequences of H. hilgendorfii and H.
dactylopterus differ from only one nucleotide, the detection
of H. hilgendorfii is most likely due to a sequencing error;
therefore, these reads were manually reassigned to H. dacty-
lopterus.

In Fig. 5, the first eight columns show the species detected
in the eDNA samples before and after hauls 1-4. When com-
paring the species detected in the ‘before’ and ‘after’ sam-
ples, species with high relative read abundance were consis-
tent, while species with low relative read abundance differed.
The percentage of common species between ‘before’ and ‘af-
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Figure 3. Stacked bar plots representing the species composition as relative biomass (%) for each haul. Large proportion of the catch in most hauls

consisted of M. muelleri.

ter’ samples varied from 37.5 to 83% (Fig. S2 in supplemen-
tary materials).

Comparison between eDNA and catch data

Species composition from hauls and eDNA samples were com-
pared for individual sampling stations (Fig. S3 in the supple-
mentary materials), showing that the species detected by both
methods were 8%-25% of the total. Figure 6 shows the over-
lap between species/taxa detected across hauls 1, 2, 3, 4, 6,
and 7 and relative eDNA sampling points. Each method de-
tected 16 species/taxa, with 5 species (18.6%) being detected
by both techniques.

The heatmap in Fig. 7 shows the percentages of relative read
abundance (for eDNA) or biomass (for fishing) at each sam-
pling point, including both ‘before’ and ‘after’ fishing eDNA
samplings, where available. Overall, M. muelleri was the only
species detected by both methodologies in all sampling occa-
sions, with low overlap of the less present species between
techniques. Only in some sampling points (H3B/H3A and
H4B/H4A) consistency was noticed in the species detected

by eDNA before and after fishing. This can also be observed
in Fig. 8, which shows the output of the PCoA analysis for
eDNA samples collected before and after hauls 1-4. In the
plot, grouping is observed only for H3B/H3A and H4B/H4A,
while for hauls 1 and 2, the communities detected by eDNA
before and after fishing were different.

Discussion

In the current study, we present the use of eDNA analysis to
describe the upper mesopelagic layer’s fish community in the
NE Atlantic. Different sample acquisition strategies were ap-
plied by sampling eDNA before and after fishing activities and
results showed this had an effect on the communities profiled.
In addition, we successfully showcased an eDNA metabarcod-
ing workflow targeting a 650 bp metabarcode of the 12S gene
using a portable MinION sequencer. Molecular data described
the upper mesopelagic layer as dominated by M. muelleri and
was in agreement with catch compositions, while also identi-
fying species not found in the hauls. In the following sections,
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Figure 4. Bar plots of the number of reads retained in all samples after three steps of the bioinformatic processing.

we highlight advantages and drawbacks of the main study
findings.

eDNA sampling and processing

At four out of six hauls, eDNA samples were collected with a
CTD cast before and after fishing activities. Results show that
species composition differed, with only the most abundant
species being consistent before/after, whilst the least abundant
species being more variable. Two of the four hauls (H3B/H3A
and H4B/H4A) showed consistency before/after (Figs 7-8),
while the other two did not. This suggests that the heteroge-
neous distribution of eDNA makes it more suitable to capture
the local communities as opposed to large-scale communi-
ties, particularly when sampling low volumes. Although stud-
ies on the dispersal of eDNA in the mesopelagic ocean have
suggested that eDNA can be found within tens of metres of
where it was shed (Andruszkiewicz Allan et al. 2021), the time
elapsed before the collection of the ‘after’ samples (from 1.5
to 4 h) could have had an impact on the species present in the
area, thus on the less abundant eDNA retrieved.

The collection of eDNA samples is a process that requires a
clean working environment and sterile equipment. Conduct-
ing such sampling on a research vessel added logistic diffi-
culties, such as limited space and equipment, and potential

contamination sources, as biological fish samples were pro-
cessed in the neighbouring wet lab. These conditions highlight
the importance of decontaminating, collecting field negatives,
and checking extraction and PCR negatives to account for
potential contamination during downstream protocols. Al-
though we applied strict decontamination procedures during
sampling and processing activities, the inclusion of additional
field and lab negative controls would have enabled a more
comprehensive assessment of potential sample contamination.
Thus, any unaccounted/undetected contamination may have
led to skewed species representation, especially when con-
sidering read counts. For future work in similar conditions,
we recommend collection and processing of negative controls
at all key steps (i.e. sample acquisition, eDNA extraction,
PCR amplification, and HTS), as sequencing any negative that
presents signs of contamination allows to account for contam-
inant DNA during the bioinformatic processing (Afzali et al.
2021).

High-throughput eDNA sequencing

This study used a primer set traditionally applied to barcode
fish specimens (Thomsen et al. 2016) in a metabarcoding ap-
proach by taking advantage of Nanopore’s long-read sequenc-
ing technology. The sequencing run resulted in an average
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number of filtered reads per sample of 124 578, with an av-
erage of 52% of the raw reads retained after filtering. Af-
ter rarefaction analysis, this sequencing depth was deemed
sufficient to detect the local diversity (Fig. S1 in supplemen-
tary materials).

As most fish eDNA metabarcoding studies up to now have
used Illumina sequencing technology, the amplicon length is
usually limited. One of the issues associated with reduced am-
plicon length is the difficulty to resolve species from the same
family or genus due to the low sequence coverage (Thom-
sen et al. 2016, Yamamoto et al. 2017, Afzali et al. 2021).
Instead, ONT sequencing allows to target longer fragments,
thus increasing the number of informative sites used for taxo-
nomic assignment and the resolution of closely related species
(Zhang et al. 2020, Doorenspleet et al. 2023). The length of
the region targeted by the primers used in this study (~650 bp)
provided good species resolution, with only 1%-7% of the
clustered reads not assigned to species level. In comparison,
other fish metabarcoding studies were not able to assign 6.5%

(Zhang et al. 2020), 7.6% (Yamamoto et al. 2017), and 9.5%
(Afzali et al. 2021) of the clustered reads to species level us-
ing MiFish primers, and 11.5% using teleo primers (Zhang
et al. 2020). Unassigned reads can be a result of lack of reso-
lution to species level but also incomplete reference databases.
Whilst incomplete reference databases are a drawback for all
sequencing platforms, Nanopore long-read sequencing could
help increase resolution.

Despite the good specificity for fish of the VO5_898/teleoR
primers, they did also amplify human DNA, which is a known
issue when targeting the 125 gene (Zhang et al. 2020, Afzali
et al. 2021). Although strict decontamination protocols were
followed, human contamination was inevitable, as sampling
equipment (Niskin bottles, water drums) was routinely han-
dled by both scientists and crew (including without gloves).
To limit this non-target amplification, H. sapiens blocking
primers have been used (e.g. Valentini et al. 2016). However,
previous studies have shown that including a blocking primer
for human DNA can result in a loss of species richness (Zhang
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et al. 2020, Doorenspleet et al. 2021), particularly of taxa
with low relative read abundance. Therefore, in the case of
fish eDNA metabarcoding, an increase in sequencing depth
could be the best solution to compensate for non-target am-
plification while avoiding a potential loss of species richness.

The erroneous detection of H. hilgendorfii, instead of H.
dactylopterus, in one eDNA sampling point was due to se-
quencing errors. In fact, the main limitation of ONT se-
quencing is the higher error rates compared to Illumina se-
quencing (Menegon et al. 2017). However, ONT’s technol-
ogy and chemistries are advancing quickly (Srivathsan et al.
2021), leading to an improvement in sequencing accuracy
that aims to align ONT with Illumina sequencing. The lat-
est kits/chemistry, released in 2023, promise up to 99.5%
raw read accuracy (Oxford Nanopore Technologies Ltd. UK
2023a).

On the other hand, the assignment of reads to P. chesteri in-
stead of P. blennoides was due to an incomplete entry for the
latter’s 12S gene on NCBI (and thus MIDORI2). Although
geographical range allowed a manual correction of the as-
signment, this issue underlines that the lack of complete refer-
ence databases is still a limitation of the application of eDNA
metabarcoding (Miya et al. 2015, Thomsen and Willerslev
2015), and that manually checking the taxonomic assignment
results is a necessary step.

Interpretation of fish communities obtained by
eDNA analysis

In total, 27 fish species were detected, with both fishing hauls
and eDNA identifying 16 species/taxa each across hauls 1, 2,
3,4, 6,and 7 and corresponding eDNA sampling points. Only
five species (18.6%) were detected by both methods: Arc-
tozenus risso, E. drummondii, H. dactylopterus, M. muelleri,

and Protomychtophum arcticum (Fig. 6). When investigating
the hauls individually (Fig. S3 in supplementary materials), the
overlap between the two techniques was as low as 8.33% (one
species). Only M. muelleri was consistently detected by both
methods and this reflected the nearly monospecific composi-
tion of catches (i.e. 85%—-99% of the biomass) and eDNA (i.e.
56%-97% of relative read abundance, excluding H7B). The
other four species were detected in small biomass percentages
(0.097%—1.25%) and low relative read abundances (0.22%—
1.68%). The dominance of M. muelleri confirms findings of
a previous study located in the northeast Atlantic (Grimaldo
et al. 2020), that described a high-biomass M. muelleri upper
mesopelagic layer (100-250 m) as a potential source of pro-
tein and oil for human exploitation.

A total of 11 species were only detected by eDNA. Of these,
five species (A. silus, Coryphoblennius galerita, Melanogram-
mus aeglefinus, Micromesistius poutassou, and Stomias boa)
were detected with <200 reads (Table S4 in supplemen-
tary materials). Previous studies have observed positive rela-
tionships between eDNA concentration and species biomass
(Rourke et al. 2022, Veron et al. 2023). Although further
investigation is required to confirm if this could be applied
to the present study, low biomass of these species in the en-
vironment could explain the lack of hauled individuals. In
addition, M. aeglefinus is a demersal species, mostly associ-
ated with the seabed; therefore, it is expected to have low
presence in the upper water column. Capros aper was de-
tected in most eDNA sampling points and it is known to
be present in this area (O’Donnell et al. 2022); therefore,
its detection may indicate that schools of fish were present
in the vicinity. Another 5 species (Lampanyctus macdonaldi,
Normichthys operosus, P. blennoides, Scomber scombrus, and
Xenodermichthys copei) were detected with higher number of
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reads, from 500 to 12 700 (Table S4, supplementary materi-
als). Phycis blennoides is a benthopelagic species that feeds
in the pelagic environment, which explains its eDNA detec-
tion, but lives in muddy bottoms, which explains its absence
in the catch. With regards to the other four species, their
absence in the haul could be explained by active net avoid-
ance (S. scombrus) aided by a low towing speed of 2.2-2.6
knots, behavioural traits such as diel vertical migration (L.
macodonaldi, N. operosus, and X. copei) and/or stochastic-
ity. Although the smallest individual caught by trawling was
11 mm in length and the mesh size at the cod end was very fine
(5 mm), size could be an explanatory factor for absence in the
hauls but detection by eDNA, as some species may have been
present in larval or juvenile stages. In fact, H. dactylopterus
in juvenile stages was detected only in 2 hauls, but its eDNA
was found in 7 out of 10 eDNA sampling points in low rela-
tive read abundances. In addition, the benthopelagic H. dacty-
lopterus made up 47% of the reads in eDNA11 sampling

point, where Niskin bottles were closed at 400 m of depth,
close to the seabed. As H. dactylopterus has been previously
observed to spawn in the Rockall Trough and northern slope
of the Porcupine bank, with juveniles being caught in shallow
trawls (60 m) (Kelly et al. 1999), this difference reflects the
sensitivity of eDNA to detect juvenile stages of fish that could
be missed during pelagic trawling.

A total of 11 species were only detected by fishing. Of
these only Macroparalepis affinis was missing from the ref-
erence database used for the taxonomic assignment of the
eDNA data. Argentina spp. was detected only in haul 4, and
it was not identified to the species level. In the corresponding
eDNA sampling point, A. silus was detected, suggesting that
this could be the correct taxonomic assignment. The remain-
ing 10 species made up between 0.001 and 5.9% of the catch’s
biomass. Their low biomasses, partly due to species present in
juvenile/larval stage (A. anguilla, C. conger, Solea spp., and
T. trachurus), ranged from 0.2 to 112 g (excluding 192 g of
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M. affinis) and could explain the failed detection in the eDNA
samples (Fraija-Ferndndez et al. 2020, Afzali et al. 2021). Ad-
ditional explanations of the missed detection of the species
found in the hauls include low primer selectivity and stochas-
tic eDNA sampling. Primer selectivity is a known bias associ-
ated to 128 fish eDNA metabarcoding primers (e.g. Miya et al.
2020) and it could have influenced the eDNA detection rates.
Further in silicolin vitro studies are recommended to under-
stand this effect for the VO5_898/teleoR primers, particularly
for understudied communities such as mesopelagic fish.
Overall, the low overlap in species detected by the two
methodologies can be explained by the differences in sampling
strategy. In fact, while seawater is collected using Niskin bot-
tles at a specific location and depth, during trawling the net
covers a wider spatial and temporal area, from the surface
to the target sampling depth and back up again. In addition,
trawling is a targeted approach as the headline transducer al-
lows to have a real-time sonar signal that facilitates dynamic
targeting the fish schools. Instead, when collecting eDNA sam-

ples, the CTD cast is lowered to a specific depth based on
the target echotraces seen on the echosounder, but there is no
way to ‘verify’ if eDNA is present. In addition, seawater is
collected in limited volumes (4 x 2 1 in this study), com-
pared to the volume of the oceanic environment, which deter-
mines, unavoidably, a stochastic sampling of the least abun-
dant eDNA.

The differences between the two techniques applied re-
flect some of the advantages and limitations of both meth-
ods. With regards to eDNA, on top of well-documented draw-
backs such as incomplete reference databases, an issue that
emerged was the stochastic sampling of low abundance eDNA
present in the environment. To mitigate this limitation, fil-
tering higher volumes of water has been shown to increase
the number of species detected (Govindarajan et al. 2022).
On the other hand, eDNA was very sensitive in detecting
rare species and was able to pick-up species from more than
just the mesopelagic environment. With regards to fishing,
while the net was able to cover a larger spatial area and
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detect many species, including very small individuals, it did
miss the detection of species that were present in eDNA
samples.

Integrating multidisciplinary methods

Similarly to previous studies that have shown the advantages
of integrating multidisciplinary methods (e.g. Thomsen et al.
2012, Valentini et al. 2016, Yamamoto et al. 2017, Mirimin
et al. 2021), we show that integrating the data obtained from
both techniques produces a more comprehensive description
of the target layer. In fact, integrating both methods helped to
ground truth target echograms as a nearly monospecific layer
of M. muelleri while describing the low abundance/bycatch
biodiversity that characterized the targeted mesopelagic fish
layer.

Given the extremely reduced sampling effort of eDNA col-
lection compared to trawling (Veron et al. 2023) and the
ease of sampling standardization, eDNA samples could be
routinely collected opportunistically on annual fisheries and
oceanographic surveys worldwide (Stoeckle et al. 2021), with
little disruption to core work programmes. Importantly, multi-
ple taxonomic groups can be investigated from the same sam-
pling effort, as shown by Govindarajan et al. (2023), that ex-
plored fish community compositions from the same sample set
previously used in Govindarajan et al. (2021) to describe the
invertebrate community of the mesopelagic layers.

We foresee that eDNA will be increasingly used in the
near future to study fish communities, including the ones
in the twilight zone. In this context, the use of ONT se-
quencing showcased here could find many applications as it
is inexpensive, quick, portable, and can offer a high taxo-
nomic resolution for fish species. Future recommendations in-
clude the filtration of high volumes, when possible, the in-
clusion of the metaprobe sampler (Maiello et al. 2022), as
a simple and cost-effective way to obtain eDNA samples
directly from the net, and the collection of water directly
from catch tanks (Green et al. 2024, Maggini et al. 2024).
Particularly, metaprobes and catch tank waters will increase
the comparability of eDNA and fishing data. In addition,
bulking up reference databases is always of utmost impor-
tance, particularly for less known areas of the ocean, like
the mesopelagic layer and the deep seas (Govindarajan et
al. 2023). As highlighted by Thomsen and Willerslev (2015),
focus should also be targeted on mitogenome reference se-
quences, which would aid the application of ONT sequenc-
ing with longer metabarcoding fragments. Finally, the efforts
presented here contribute to the implementation of omics sen-
sors to be included on high-tech autonomous sampling plat-
forms for the monitoring of deep-sea ecosystems (Aguzzi et al.
2019).

Conclusion

The present study showed the successful integration of eDNA
and fishing in a multidisciplinary approach that described tar-
get echotraces as layers of M. muelleri. Considering the ris-
ing interest in the commercial exploitation of mesopelagic fish
layers worldwide, further knowledge on their taxonomic com-
position is necessary. Integrating multidisciplinary techniques
is reccommended to maximize ship time efforts while provid-
ing direct and indirect data about these fish communities.
Given the ease of eDNA sampling and the augmented species

Tibone et al.

richness that it provides, future studies on the mesopelagic
zone would benefit from the inclusion of this approach. In
addition, the application of ONT sequencing with a long
metabarcode was showcased as a promising tool for fish
metabarcoding research, with advantages that include fast
turnaround time, cost-effectiveness, and high taxonomic res-
olution.

Acknowledgements

We are grateful to the crew and scientific team present on the
RV Tom Crean during the M,S; survey for their dedication.
Particularly, thanks to Jethro Reading for sharing his taxo-
nomic expertise and to Nicole Caputo for her help and avail-
ability during the survey.

Author contributions

All authors conceptualized and designed the study. M. T., T.C.,
and C.O.D. collected samples and data. M.T. and L.M. con-
ducted laboratory work. M.T. led bioinformatic and statisti-
cal analysis, with contribution from T.C. and help from L.M.
and S.S. All authors discussed and interpreted the results.
M.T. drafted the manuscript, with contributions from T.C.
and L.M. All authors provided feedback and approved the
final version of the manuscript. Ph.D. supervision to M.T. was
provided by L.M., S.S., J.A., and B.O.N.

Supplementary data

Supplementary data is available at ICES Journal of Marine
Science online.

Conflict of interest: None declared.

Funding

Funding for the RV Tom Crean ship time for the M, S, survey
was provided by Bord Iascaigh Mhara (BIM). Financial sup-
port was provided by the Marine Institute under contract for
service on ‘Mesopelagic fish eDNA analysis’ (SERV-22-FEAS-
049). Atlantic Technological University (Galway, Ireland) and
Stazione Zoologica Anton Dohrn (Naples, Italy) provided fi-
nancial support for M. T.’s Ph.D. scholarship.

Data availability

The raw sequencing data are available on the NCBI SRA (Bio-
Project PRJNA1112350).

References

Afzali SF, Bourdages H, Laporte M et al. Comparing environmental
metabarcoding and trawling survey of demersal fish communities
in the Gulf of St. Lawrence, Canada. Environ DNA 2021;3:22-42.
https://doi.org/10.1002/edn3.111

Aguzzi J, Chatzievangelou D, Marini S et al. New high-tech flexible
networks for the monitoring of deep-sea ecosystems. Environ Sci
Technol 2019;53:6616-31. https://doi.org/10.1021/acs.est.9b0040
9

Andruszkiewicz Allan E, DiBenedetto MH, Lavery AC et al. Model-
ing characterization of the vertical and temporal variability of envi-
ronmental DNA in the mesopelagic ocean. Sci Rep 2021;11:1-15.
https://doi.org/10.1038/s41598-021-00288-5

G20z Arenuer g0 uo 1senb Aq 0289882/5902/01/1.8/3I01E/SWIS801/W00"dNO"0IWapEese//:SARY WOl pepeojumoq


https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae152#supplementary-data
https://doi.org/10.1002/edn3.111
https://doi.org/10.1021/acs.est.9b00409
https://doi.org/10.1038/s41598-021-00288-5

Integration of environmental DNA analysis

Camacho C, Coulouris G, Avagyan V et al. BLAST+: architecture and
applications. BMC Bioinf 2009;10:1-9. https://doi.org/10.1186/14
71-2105-10-421

Canals O, Mendibil I, Santos M et al. Vertical stratification of envi-
ronmental DNA in the open ocean captures ecological patterns and
behavior of deep-sea fishes. Limnol Oceanogr Lett 2021;6:339-47.
https://doi.org/10.1002/1012.10213

Chao A, Gotelli NJ, Hsieh TC et al. Rarefaction and extrapolation with
Hill numbers: a framework for sampling and estimation in species
diversity studies. Ecol Monogr 2014;84:45-67. https://doi.org/10.1
890/13-0133.1

Chen H. 2022. VennDiagram: Generate High-Resolution Venn and Eu-
ler Plots. R package version 1.7.3. https://cran.r-project.org/packa
ge=VennDiagram(30 March 2024, date last accessed).

Coston-Guarini J, Hinz S, Mirimin L et al. A new simulation frame-
work to evaluate the suitability of eDNA for marine and aquatic
environmental impact assessments. Environ DNA 2023;5:1116-30.
https://doi.org/10.1002/edn3.429

De Coster W, D’Hert S, Schultz DT et al. NanoPack: visual-
izing and processing long-read sequencing data. Bioinformatics
2018;34:2666-9. https://doi.org/10.1093/bioinformatics/bty 149

Doorenspleet K, Jansen L, Oostenbroek S et al. High resolution species
detection: accurate long read eDNA metabarcoding of North Sea
fish using Oxford Nanopore sequencing. Biorxiv 2021;1-31. https:
/ldoi.org/10.1101/2021.11.26.470087

Doorenspleet K, Jansen L, Oosterbroek S ef al. The long and the
short of it: Nanopore based eDNA metabarcoding of marine verte-
brates works; sensitivity and specificity depend on amplicon lengths.
Biorxiv 2023. https://doi.org/10.1101/2021.11.26.470087

Dornan T, Fielding S, Saunders RA et al. Large mesopelagic fish
biomass in the Southern Ocean resolved by acoustic properties. Proc
Biol Sci 2022;289:20211781. https://doi.org/10.1098/rspb.2021.17
81

Easson CG, Boswell KM, Tucker N et al. Combined eDNA and acous-
tic analysis reflects diel vertical migration of mixed consortia in the
Gulf of Mexico. Front Mar Sci 2020;7:552. https://doi.org/10.338
9/fmars.2020.00552

Fraija-Ferndndez N, Bouquieaux MC, Rey A et al. Marine water envi-
ronmental DNA metabarcoding provides a comprehensive fish di-
versity assessment and reveals spatial patterns in a large oceanic
area. Ecol Evol 2020;10:7560-84. https://doi.org/10.1002/ece3.648
2

Froese R, Pauly D. FishBase. Norwell, MA: World Wide Web Electronic
Publication, 2024. www.fishbase.org

Gatto A, Sadik-Zada ER, Ozbek S et al. Deep-sea fisheries as resilient
bioeconomic systems for food and nutrition security and sustainable
development. Resour Conserv Recycl 2023;197:106907. https://do
i.org/10.1016/j.resconrec.2023.106907

Gauthier S, Oeffner J, O’Driscoll RL. Species composition and acous-
tic signatures of mesopelagic organisms in a subtropical conver-
gence zone, the New Zealand Chatham Rise. Mar Ecol Progr Ser
2014;503:23-40. https://doi.org/10.3354/meps10731

Govindarajan AF, Francolini RD, Jech JM et al. Exploring the
use of environmental DNA (eDNA) to detect animal taxa in the
Mesopelagic Zone. Front Ecol Evol 2021;9:574877. https://doi.or
¢/10.3389/fevo.2021.574877

Govindarajan AF, Llopiz JK, Caiger PE et al. Assessing mesopelagic
fish diversity and diel vertical migration with environmental DNA.
Front Mar Sci 2023;10:1-13. https://doi.org/10.3389/fmars.2023.1
219993

Govindarajan AF, McCartin L, Adams A et al. Improved biodiversity
detection using a large-volume environmental DNA sampler with in
situ filtration and implications for marine eDNA sampling strategies.
Deep Sea Res Part 1 2022;189:103871. https://doi.org/10.1016/j.ds
r.2022.103871

Green ME, Hardesty BD, Deagle BE ez al. Environmental DNA as a
tool to reconstruct catch composition for longline fisheries vessels.
Sci Rep 2024;14:1-10. hteps://doi.org/10.1038/s41598-024-60917
-7

2077

Grimaldo E, Grimsmo L, Alvarez P et al. Investigating the potential for
a commercial fishery in the Northeast Atlantic utilizing mesopelagic
species. ICES | Mar Sci 2020;77:2541-56. https://doi.org/10.1093/
icesjms/fsaal14

Hinz S, Coston-guarini J, Marnane M et al. Evaluating eDNA for
use within marine environmental impact assessments. | Mar Sci
Eng 2022;10:375. https://doi.org/https://doi.org/10.3390/jmse1003
0375

Hsiech TC, Ma KH, Chao A.iNEXT: an R package for rarefaction
and extrapolation of species diversity (Hill numbers). Methods Ecol
Evol 2016;7:1451-6. https://doi.org/10.1111/2041-210X.12613

Kelly CJ, Connolly PL, Bracken JJ. Age estimation, growth, matu-
rity, and distribution of the bluemouth rockfish Helicolenus dacty-
lopterus (Delaroche 1809) from the Rockall Trough. ICES ] Mar Sci
1999;56:61-74. https://doi.org/10.1006/jmsc.1998.0426

Leray M, Knowlton N, Machida R]J. MIDORI2: a collection of
quality controlled, preformatted, and regularly updated reference
databases for taxonomic assignment of eukaryotic mitochondrial
sequences. Environ DNA 2022;4:894-907. https://doi.org/10.1002/
edn3.303

Maggini S, Jacobsen MW, Urban P et al. Nanopore environmental
DNA sequencing of catch water for estimating species composition
in demersal bottom trawl fisheries. Environ DNA 2024;6:1-16. ht
tps://doi.org/10.1002/edn3.555

Maiello G, Talarico L, Carpentieri P et al. Little samplers, big fleet:
eDNA metabarcoding from commercial trawlers enhances ocean
monitoring. Fish Res 2022;249:106259. https://doi.org/10.1016/].
fishres.2022.106259

Martin A, Boyd P, Buesseler K ez al. The oceans’ twilight zone must
be studied now, before it is too late. Nature 2020;580:26-8. https:
/ldoi.org/10.1038/d41586-020-00915-7

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet | 2011;17:10-2. https://doi.org/10.148
06/¢j.17.1.200

Menegon M, Cantaloni C, Rodriguez-Prieto A et al. On site DNA
barcoding by nanopore sequencing. PLoS One 2017;12:1-18. https:
/ldoi.org/10.1371/journal.pone.0184741

Mirimin L, Desmet S, Romero DL et al. Don’t catch me if you
can—using cabled observatories as multidisciplinary platforms for
marine fish community monitoring: an in situ case study combin-
ing underwater video and environmental DNA data. Sci Total En-
viron 2021;773:145351. https://doi.org/10.1016/j.scitotenv.2021.1
45351

Miya M, Gotoh RO, Sado T. MiFish metabarcoding: a high-
throughput approach for simultaneous detection of multiple fish
species from environmental DNA and other samples. Fish Sci
2020;86:1-32. https://doi.org/10.1007/s12562-020-01461-x

Miya M, Sato Y, Fukunaga T et al. MiFish, a set of universal PCR
primers for metabarcoding environmental DNA from fishes: Detec-
tion of more than 230 subtropical marine species. R Soc Open Sci
2015;2:150088. https://doi.org/10.1098/rs0s.150088

Munian K, Ramli FF, Othman N et al. Environmental DNA metabar-
coding of freshwater fish in Malaysian tropical rivers using short-
read nanopore sequencing as a potential biomonitoring tool. Mol
Ecol Resour 2024;24:1-14. https://doi.org/10.1111/1755-0998.13
936

O’Donnell C, O’Malley M, Mullins E et al. Western European Shelf
Pelagic Acoustic Survey (WESPAS) 14 June-24 July, 2022. FSS Sur-
vey Series: 2022/03. Galway: Marine Institute, 2022.

Oksanen J, Simpson G, Blanchet F er al. 2022. vegan: Community
Ecology Package. R package version 2.6-4. https://cran.r-project.o
rg/package=vegan(30 March 2024, date last accessed).

Oxford Nanopore Technologies Ltd. UK. 2023a. Nanopore Sequenc-
ing Accuracy. https://nanoporetech.com/platform/accuracy(12 May
2024, date last accessed).

Oxford Nanopore Technologies Ltd. UK. 2023b. Guppy Software.
https://community.nanoporetech.com/docs/prepare/library_prep_p
rotocols/Guppy-protocol/v/gpb_2003_v1_revax_14dec2018/guppy
-software-overview(30 March 2024, date last accessed).

G20z Arenuer g0 uo 1senb Aq 0289882/5902/01/1.8/3I01E/SWIS801/W00"dNO"0IWapEese//:SARY WOl pepeojumoq


https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1002/lol2.10213
https://doi.org/10.1890/13-0133.1
https://cran.r-project.org/package=VennDiagram
https://doi.org/10.1002/edn3.429
https://doi.org/10.1093/bioinformatics/bty149
https://doi.org/10.1101/2021.11.26.470087
https://doi.org/10.1101/2021.11.26.470087
https://doi.org/10.1098/rspb.2021.1781
https://doi.org/10.3389/fmars.2020.00552
https://doi.org/10.1002/ece3.6482
http://www.fishbase.org
https://doi.org/10.1016/j.resconrec.2023.106907
https://doi.org/10.3354/meps10731
https://doi.org/10.3389/fevo.2021.574877
https://doi.org/10.3389/fmars.2023.1219993
https://doi.org/10.1016/j.dsr.2022.103871
https://doi.org/10.1038/s41598-024-60917-7
https://doi.org/10.1093/icesjms/fsaa114
https://doi.org/https://doi.org/10.3390/jmse10030375
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1006/jmsc.1998.0426
https://doi.org/10.1002/edn3.303
https://doi.org/10.1002/edn3.555
https://doi.org/10.1016/j.fishres.2022.106259
https://doi.org/10.1038/d41586-020-00915-7
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0184741
https://doi.org/10.1016/j.scitotenv.2021.145351
https://doi.org/10.1007/s12562-020-01461-x
https://doi.org/10.1098/rsos.150088
https://doi.org/10.1111/1755-0998.13936
https://cran.r-project.org/package=vegan
https://nanoporetech.com/platform/accuracy
https://community.nanoporetech.com/docs/prepare/library_prep_protocols/Guppy-protocol/v/gpb_2003_v1_revax_14dec2018/guppy-software-overview

2078

Posit Team. 2023. R Studio, version 2023.06.2. http://www.rstudio.co
m/(30 March 2024, date last accessed).

Proud R, Handegard NO, Kloser R] et al. From siphonophores
to deep scattering layers: uncertainty ranges for the estimation of
global mesopelagic fish biomass. ICES | Mar Sci 2019;76:718-33.
https://doi.org/10.1093/icesjms/fsy037

R Core Team. 2021. R Software, version 4.3.0. https://www.R-project.
org/(30 March 2024, date last accessed).

Ram K, Wickham H. 2018. A Wes Anderson Palette Generator. R
package version 0.3.6. https://cran.r-project.org/package=wesande
rson(30 March 2024, date last accessed).

Rourke ML, Fowler AM, Hughes JM et al. Environmental DNA
(eDNA) as a tool for assessing fish biomass: a review of ap-
proaches and future considerations for resource surveys. Environ
DNA 2022;4:9-33. https://doi.org/10.1002/edn3.185

Salvanes AGV, Kristoffersen JB. Mesopelagic Fishes. Encycl Ocean
Sci 2001;1983:748-54. https://doi.org/10.1016/B978-012374473
-9.00012-6

Shelton AO, Ramén-Laca A, Wells A et al. Environmental DNA pro-
vides quantitative estimates of Pacific hake abundance and distribu-
tion in the open ocean. Proc R Soc B Biol Sci 2022;289:20212613.
https://doi.org/10.1098/rspb.2021.2613

Srivathsan A, Lee L, Katoh K ez al. MinION barcodes: biodiversity
discovery and identification by everyone, for everyone. BMC Biol
2021;19:1-21. https://doi.org/10.1101/2021.03.09.434692

Standal D, Grimaldo E. Lost in translation? Practical- and sci-
entific input to the mesopelagic fisheries discourse. Mar Policy
2021;134:104785. https://doi.org/10.1016/j.marpol.2021.104785

St. John MA, Borja A, Chust G et al. A dark hole in our understand-
ing of marine ecosystems and their services: perspectives from the
mesopelagic community. Front Mar Sci 2016;3:1-6. https://doi.org/
10.3389/fmars.2016.00031

Stoeckle MY, Adolf J, Charlop-Powers Z et al. Trawl and eDNA
assessment of marine fish diversity, seasonality, and relative abun-
dance in coastal New Jersey, USA. ICES ] Mar Sci 2021;78:293-304.
https://doi.org/10.1093/icesims/fsaa225

Taberlet P, Coissac E, Hajibabaei M et al. Environmental DNA. Curr
Biol 2022;32:R1250-2. https://doi.org/10.1016/j.cub.2022.09.052

Takahashi M, Sacco M, Kestel JH et al. Aquatic environmental DNA:
a review of the macro-organismal biomonitoring revolution. Sci To-
tal Environ 2023;873:162322. https://doi.org/10.1016/j.scitotenv.
2023.162322

Thompson LR, Thielen P. Decoding dissolved information: environ-
mental DNA sequencing at global scale to monitor a changing
ocean. Curr Opin Biotechnol 2023;81:102936. https://doi.org/10.1
016/j.copbio.2023.102936

Thomsen PF, Kielgast J, Iversen LL ez al. Detection of a diverse ma-
rine fish fauna using environmental DNA from seawater samples.

Tibone et al.

PLoS One 2012;7:¢41732. https://doi.org/10.1371/journal.pone.0
041732

Thomsen PF, Moller PR, Sigsgaard EE ef al. Environmental DNA from
seawater samples correlate with trawl catches of subarctic, deepwa-
ter fishes. PLoS One 2016;11:1-22. https://doi.org/10.1371/journa
l.pone.0165252

Thomsen PF, Wiillerslev E. Environmental DNA—an emerging tool
in conservation for monitoring past and present biodiversity. Biol
Conserv 2015;183:4-18. https://doi.org/10.1016/j.biocon.2014.11
.019

Truelove NK, Andruszkiewicz EA, Block BA. A rapid environmental
DNA method for detecting white sharks in the open ocean. Meth-
ods Ecol Evol 2019;10:1128-335. https://doi.org/10.1111/2041-210
X.13201

Valentini A, Taberlet P, Miaud C et al. Next-generation monitoring of
aquatic biodiversity using environmental DNA metabarcoding. Mol
Ecol 2016;25:929-42. https://doi.org/10.1111/mec.13428

van der Reis AL, Beckley LE, Olivar MP et al. Nanopore short-read
sequencing: a quick, cost-effective and accurate method for DNA
metabarcoding. Environ DNA 2023;5:282-96. https://doi.org/10.1
002/edn3.374

Veron P, Rozanski R, Marques V et al. Environmental DNA comple-
ments scientific trawling in surveys of marine fish biodiversity. ICES
J Mar Sci 2023;80:2150-65. https://doi.org/10.1093/icesjms/fsad13
9

Vihtakari M. 2022. ggOceanMaps: Plot Data on Oceanographic Maps
using ‘ggplot2’. R package version 1.3.4. https://cran.r-project.org
/package=ggOceanMaps(30 March 2024, date last accessed).

Ward RD, Zemlak TS, Innes BH et al. DNA barcoding Australia’s
fish species. Philos Trans R Soc B Biol Sci 2005;360:1847-57. https:
/ldoi.org/10.1098/rstb.2005.1716

Wickham H. ggplor2: Elegant Graphics for Data Analysis. New York,
NY: Springer-Verlag, 2016.

Wickham H, Averick M, Bryan ] et al. Welcome to the Tidyverse. |
Open Source Software 2019;4:1686. https://doi.org/10.21105/joss.
01686

Yamamoto S, Masuda R, Sato Y et al. Environmental DNA
metabarcoding reveals local fish communities in a species-rich
coastal sea. Sci Rep 2017;7:40368. https://doi.org/10.1038/srep40
368

Yao M, Zhang S, Lu Q et al. Fishing for fish environmental DNA: eco-
logical applications, methodological considerations, surveying de-
signs, and ways forward. Mol Ecol 2022;31:5132—64. https://doi.or
¢/10.1111/mec.16659

Zhang S, Zhao J, Yao M. A comprehensive and comparative eval-
uation of primers for metabarcoding eDNA from fish. Methods
Ecol Evol 2020;11:1609-25. https://doi.org/10.1111/2041-210X.
13485

Handling Editor: John Horne

© The Author(s) 2024. Published by Oxford University Press on behalf of International Council for the Exploration of the Sea. This is an Open Access article distributed under the terms of the

Creative Commons Attribution License (https:/creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work

is properly cited.

G20z Arenuer g0 uo 1senb Aq 0289882/5902/01/1.8/3I01E/SWIS801/W00"dNO"0IWapEese//:SARY WOl pepeojumoq


http://www.rstudio.com/
https://doi.org/10.1093/icesjms/fsy037
https://www.R-project.org/
https://cran.r-project.org/package=wesanderson
https://doi.org/10.1002/edn3.185
https://doi.org/10.1016/B978-012374473-9.00012-6
https://doi.org/10.1098/rspb.2021.2613
https://doi.org/10.1101/2021.03.09.434692
https://doi.org/10.1016/j.marpol.2021.104785
https://doi.org/10.3389/fmars.2016.00031
https://doi.org/10.1093/icesjms/fsaa225
https://doi.org/10.1016/j.cub.2022.09.052
https://doi.org/10.1016/j.scitotenv.2023.162322
https://doi.org/10.1016/j.copbio.2023.102936
https://doi.org/10.1371/journal.pone.0041732
https://doi.org/10.1371/journal.pone.0165252
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1111/2041-210X.13201
https://doi.org/10.1111/mec.13428
https://doi.org/10.1002/edn3.374
https://doi.org/10.1093/icesjms/fsad139
https://cran.r-project.org/package=ggOceanMaps
https://doi.org/10.1098/rstb.2005.1716
https://doi.org/10.21105/joss.01686
https://doi.org/10.1038/srep40368
https://doi.org/10.1111/mec.16659
https://doi.org/10.1111/2041-210X.13485
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgements
	Author contributions
	Supplementary data
	Funding
	Data availability 
	References

