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The assessment of fish stocks is often dependent on scientific trawl fisheries
surveys, which are both invasive and costly. The analysis of environmental DNA
(eDNA) from water samples is regarded as a non-invasive and cost-effective
alternative, but meaningful performance evaluations are required for a wider
application. The goal of this study was to comparatively analyze a newly
developed, more sensitive real-time PCR based eDNA approach with bottom
trawl fisheries catches to locally detect and quantify Atlantic cod (Gadus morhua)
in the North and Baltic Seas. With a species-specificity of the qPCR assay of 100%,
a minimal limit of 15 Cytochrome b eDNA copies was determined for the
detection of cod. In addition, a Gaussian processing regression proved a
significant correlation (95%) between eDNA (copies per L of water) and cod
biomass (CPUE/Ha) found by bottom trawling. The results presented here prove
the potential of eDNA analyses for quantitative assessments of commercial fish
stocks in the open ocean, although additional comparative analyses are needed
to demonstrate its performance under different oceanographic conditions.
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1 Introduction

A sustainable fishery requires accurate and up-to-date
information on the status of the fished stocks. Over the last
decade, several studies have demonstrated the potential of
exploiting eDNA for marine biodiversity assessment and
monitoring (Tillotson et al, 2018; Andruszkiewicz et al, 2019
Jerde, 2019; Jo et al.,, 2021; Stoeckle et al., 2021). The increased
interest in applying eDNA tools is mainly due to their non-invasive
properties with a half-life of the eDNA in sea water of up to 48 h
(Tsuji et al., 2017; Collins et al., 2018).

The monitoring and surveillance of fish diversity and the
estimation of fish abundance are usually carried out with methods
based on visual census, remotely operated vehicles (ROVs), as well
as fishing techniques, such as bottom trawls (Thompson et al., 1982;
Groeneveld, 2000; Sward et al., 2019; Trenkel et al., 2019). Despite
all the standardization and optimization protocols, these traditional
sampling methods provide information only on short sampling/
monitoring time within the stations that span over a few minutes to
an hour (Baudrier et al., 2018; Sward et al., 2019; Jourdain et al.,
2020) and can be altered by behavioral responses, like observer or
gear avoidance. In addition, fishing methods are invasive and cause
disturbances and disequilibrium in the marine ecosystems, and can
therefore threaten the conservation efforts for marine species.

Advances in molecular biology have allowed the extraction of
eDNA from water samples avoiding any invasive effects
(Lacoursiére-Roussel et al., 2016; Dickie et al., 2018; Jerde, 2019).
Water-extracted eDNA is therefore increasingly used for
biodiversity assessments as well as for semi-quantitative biomass
surveys based on eDNA copy numbers of specific species.

Knudsen et al. (2019) reported on the development of a new
PCR assay for quantifying eDNA copy numbers with a Limit of
Quantification (LoQ) of 665 copies per reaction, equivalent to a
minimum detection limit of 200 kg/h of trawling for Atlantic cod
(Gadus morhua). However, a significant correlation between eDNA
concentration and bottom trawl catches could not be found. A
similar study by Salter et al. (2019), based on a commercial qPCR kit
(Techne) to target Atlantic cod mitochondrial control region,
showed significantly positive correlations between regional
integrals of cod biomass (kg) and eDNA copy number (R2 =
0.79, P = 0.003) as well as between catch per unit effort,
normalized by sampling effort (kg/h), and eDNA concentrations
(copies LY (R2 = 0.71, P = 0.008). Nonetheless, despite first
promising results in the interpretation of eDNA copy number
analysis, the technology is still in its infancy and needs a much
more robust calibration to assist or even replace invasive routine
methods for quantitative fish stock assessments. Furthermore,
eDNA based methods can also not yet provide important stock
structure information such as length or age class distributions, even
though a few studies tried to tackle this issue with methylome
approaches (Sigsgaard et al., 2020; Minamoto, 2022; Zhao et al,,
2023). The goal of this study was to refine the existing quantitative
eDNA based assessment approaches for Atlantic cod, by focusing
on the development of a more sensitive qPCR assay with an
improved LoQ value compared to existing methods. In addition,
the suitability of various computational models to establish a
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correlation between eDNA copy number and bottom trawl
sampling are evaluated.

2 Methods
2.1 Primer development

2.1.1 Sequence selection

Reference sequences of whole mitochondrial genomes of
northeastern Atlantic fishes were downloaded from the public
databases Aquagene (Thiinen Institute of Fisheries Ecology)
(Hanel, 2019) and NCBI-GenBank (Benson et al., 2013) together
with single mitochondrial sequences of cytochrome oxidase (COT)
subunit 1, small unit ribosomal RNA (12S rRNA), NADH
dehydrogenase (NADH) subunits, cytochrome b (CYTB),
ATPase6 genes and control region (D-loop) of Atlantic cod
(Gadus morhua) and untargeted gadid species (Table SI:
Sequences Accession).

2.1.2 Primer development

The collected sequences were aligned using Bioedit (Hall et al.,
2011) and MAFFT (Katoh et al., 2018). Plotcon plots were produced
for every alignment to check for conserved regions between species
and the regions that distinguish Atlantic cod from other gadid
species. Subsequently, primers and probes were designed for the
COL 12§ rRNA, NADHS5, NADH3 and CYTB regions manually or
by using PrimerMiner (Elbrecht and Leese, 2017) and the R script
DECIPHER (Wright et al., 2012). All primers and probes targeted
regions with low intraspecific divergence while maximizing
mismatches between related species at the 3" end as described by
(Wilcox et al., 2013). Primers were designed to amplify fragments in
the size range of 80 to 250 bp. Annealing temperatures and cross-
amplifications of untargeted species were verified using Primer Blast
(Ye et al., 2012) and were adjusted to be adequate to the PCR/qPCR
kit used.

All designed primers and probes underwent a screening
according to their ability to amplify the target species (G.
morhua) versus cross-amplification of various untargeted species,
abundant in the region (Brosme brosme, Chelidonichthys lucerna,
Clupea harengus, Enchelyopus cimbrius, Engraulis encrasiolus,
Helicolenus dactylopterus, Lota lota, Melanogrammus aeglefinus,
Merlangius merlangus, Merluccius merluccius, Micromesistius
poutassou, Molva molva, Pollachius virens, Scophthalmus
maximus, Trachurus trachurus, Trisopterus luscus, Trisopterus
minutus) (Table S2).

A preliminary primer screening was performed in a
conventional PCR using Phusion® High-Fidelity PCR Master Mix
with HF Buffer, 2X (New England Biolabs, Germany) on a BioRad
T100""" PCR system in a final volume of 20 ul: 10 I of Phusion
Master Mix (2X), 0.5 pl of each primer (10 uM), 3 ul of DNA (5 -10
ng) and 6 pl of ultrapure distilled water, following these conditions:
98°C for 30 s, 34 cycles x [98°C for 10 s, 54-70*°C for 30 s], 72°C for
20s, in which (*) refers to a gradient PCR. Then, the PCR products
were visualized on a 1% electrophoresis agarose gel.
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Those primer pairs that showed strong amplification of the
target and weak or even no amplification of the non-targeted species
were selected and passed on for a second screening. This was
performed on SYBR Green qPCR, using Luna® Universal qPCR
Mastermix (New England Biolabs, Germany) in a qTOWER?® real-
time PCR thermal cycler (Analytik Jena, Germany), in a final
volume of 20 pl: 10 pl of Luna® Universal qPCR Master Mix
(2X), 0.5 pl of each primer (10 pM), 2 ul of DNA (5 -10 ng) and 7 ul
of ultrapure distilled water, following these conditions: 95°C for 60
s, 44 cycles x [95°C for 15 s, 54-70°C for 30 s]. Data collection was
enabled at each combined annealing/extension step. The
amplification cycle was followed by a melting curve protocol: 60-
95°C each for 15 s with an increment of 1°C.

At this stage, the selection of the potential primers was done
using two criteria: the specificity to the target species (i. e. Atlantic
cod) and in which cycle the first amplification signal started. The
two primers/probe pairs that fulfilled these criteria were then tested
on different polymerases: TagMan assay with TaqManTM
Environmental Master Mix 2.0 (ThermoFisher, Germany), KAPA
PROBE FORCE qPCR kit (Roche, Germany) and Luna Universal
probe qPCR mastermix (New England Biolabs, Germany),
according to the manufacturer’s protocols. All probes carried
5FAM fluorescence modifications and BHQI as a 3’ quencher.
Some probes were additionally tested with alternative fluorescence
technologies (Locked Nucleic Acids (LNA) and Minor Groove
Binder (MGB)) to increase specificity.

All PCR preparations were performed in a designated DNA-free
hood in a pre-PCR room.

2.2 Standard curve and assay sensitivity

A standard curve experiment was performed using purified and
diluted target amplicons as templates. The PCR products were first
purified by Monarch® PCR & DNA Cleanup Kit (New England
Biolabs, Frankfurt, Germany) and after 24 h at 4°C quantified by
Qubit using QubitTM dsDNA BR-Assay-Kits (Thermofisher).

PCR-products of Atlantic cod amplified with universal primers
for the complete CytB gene (Sevilla et al., 2007): FishCytbF (5 ACC
ACC GTT GTT ATT CAA CTA CAA GAA C-3), TruccytbR (5
CGA CTIT CCG GAT TAC AAG ACC G-3’) served as a target
amplicon for CytB standard curves. For the NADH5 gene, the
corresponding qPCR primers were used to create the template
including the target amplicon sequence.

From the amplicon stock solutions, diluted to 1.00E™"® copies/
ul, a series of tenfold dilutions (1,000,000, 1,00,000, 10,000, 1,000,
100, 10, 1, as well as 5000, 500, 50, and 25 copies per reaction) were
prepared. Nine replicates of each dilution were run to determine the
amplification efficiency and limit of detection defined as the lowest
copies per reaction with >95% amplification success for each
primer/probe set (Bustin et al., 2009).

In real-time PCR (qPCR), false positives can be caused by
various sources of molecular biological noise. Establishing a false-
positive threshold for the quantification of nucleic acids is essential
for the performance of a robust and reliable qPCR assay.
Establishing the analytical performance indicators of an assay,
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including the limit of blank (LoB) that can also be referred to as
the Negative Control, and limit of detection (LoD), is fundamental
and must be done according to precise procedures. The LoB is the
upper limit of the target concentration that is considered acceptable
in a blank sample. The LoB is then used to calculate the LoD, the
target concentration limit above which the presence of the target
can be asserted and quantified with a given statistical confidence.
The method to calculate the LoB, LoD and LoQ is described in the
Supplementary Data.

2.3 Sea sampling

2.3.1 Baltic Sea

In the Baltic Sea, 21 water samples (5L per sample) were collected
from seven sampling stations during research survey No. 441 of FRV
Walther Herwig III from 30.11. to 20.12.2020, conducted by the
Thiinen Institute of Fisheries Ecology in the frame of the North and
Baltic Sea monitoring of environmental radioactivity. Water samples
were collected from 3 different positions along the drag line of each
bottom trawl station (start, middle and end of each drag line). The
sampling was performed as described in the North Sea section.

In the Baltic Sea a 140 ft. bottom trawl gear with rock hoppers
and a mesh size of 20 mm in the cod-end was used immediately
after water sampling to collect Baltic cod. Catch time was 60 min
each with a towing speed of 3.9- 4.1 kn during daytime. Atlantic cod
catches varied between 0.00 and 9.25 kg/Ha.

2.3.2 North Sea

A total of 32 water samples consisting on 5L each were collected
during research survey No. 428 of FRV Walther Herwig III in the
North Sea in summer 2019, conducted by the Thiinen Institute of
Sea Fisheries (Figure 1). The procedure was performed before
trawling to minimize contamination from trawl-derived DNA
sources and possible disturbance due to the resuspension of
sediment caused by the bottom trawler gear. Six water samples
were collected along the drag line of each bottom trawl station (two
replicates each at the start, the middle and at the end).

Demersal trawling was carried out immediately after water
sampling to collect North Sea cod, according to International
Bottom Trawl Survey (IBTS) standards (ICES, 2020). Catch time
was up to 30 min each at a trawling speed of approximately 4 knots,
Total weight of each trawl catch was recorded, before sorting by
species. On predefined species, such as Atlantic cod (ICES, 2020),
individual length and weight were measured, sex and maturity stage
discrimination were performed and otoliths were removed for
subsequent age determination in the laboratory.

A total of 32 5 L seawater samples were collected at 16 trawl
positions (Figure 1) by Niskin bottles mounted on a stainless steel
CTD frame at a depth of 4 m above the seafloor to match the trawl
height of 5 m and to minimize the possibility of sampling eDNA
from non-recent sediment sources. Immediately after sampling, the
water was filtered through Sartorius' " PES membranes (pore size:
0.45 pm, diameter: 47 mm) with a vacuum pump. Filters were
subsequently stored at -20°C until DNA extraction at
the laboratory.
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Sampling sites in the North Sea and Baltic Seas (Latitude: 2.00°-8.00° and Longitude: 52.00°-63.00°), WH441 and WH428 refer to the research missions
aboard FFS Walther Herwig Ill conducted by the Thunen Institute in the Baltic Sea and North Sea, respectively. The map is constructed by QGIS

2.3.3 Negative controls and
contamination avoidance

Contamination avoidance was key throughout the analysis. Two
negative control samples were taken from the ultrapure water which
was used to rinse the Niskin bottles before each sampling. Field
blanks consisted of 2.5 L of ultrapure water rinsed through the
corresponding Niskin Bottles before water sample collection onboard
the research vessel. After recovery of the CTD rosette, all Niskin
sample bottles were thoroughly rinsed with fresh water on deck,
removed from the sampling frame and transported to a CTD control
laboratory isolated from the deck area where they were mounted on
wall mounts for further processing. Prior to sub-sampling, the
exterior of the Niskin bottles and the sampling nozzle were rinsed
with a solution of sodium hypochlorite (10% commercial bleach),
followed by ultrapure water. The on-board workbench area was
covered with aluminium foil and rinsed with a 20% commercial
bleach solution followed by ultrapure water. Each subsample bottle
was rinsed three times with sample water and then filled to a 2.5 L
mark. Negatives samples were treated as real samples and were
filtered immediately. All further processing of the samples took
place in a sterile environment in a molecular biology lab on land.

2.4 eDNA extraction

eDNA was extracted from the water according to the protocol of
(Renshaw et al., 2015). In brief, the frozen PES membranes from
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each samples were placed in 2 ml tubes filled with 700 uL of CTAB-
buffer (2% CTAB (w/v), 1.4 M NaCl, 100 mM Tris, 20 mM EDTA)
and incubated at 65°C for 10 min while shaking at 650 rpm.
Subsequently, 900 pl PCI phenol/chloroform/isoamyl alcohol
(25:24:1) was added and vortexed for 5 s, prior to centrifugation
at 15.000 x g for 5 min. 700 pl of supernatant were transferred to a
new 2 ml tube, and 700 pl of chloroform was added, followed by
centrifugation at 15.000 x g for 5 min. 500 pL of supernatant was
transferred to a new 2 mL tube, and from here we proceeded with
Monarch® Cleanup Kit (New England Biolabs, Frankfurt,
Germany) from the step of adding 1000 ul of binding buffer. The
final elution step was accomplished with 20 pl of elution buffer. The
eDNA extracts were either stored at -20°C until qPCR or archived at
-80°C. All steps of eDNA extractions were performed in a dedicated
lab area under a chemical hood.

2.5 Atlantic cod gPCR from North Sea
water samples

Quantitative Real-time PCR of Atlantic cod eDNA was
performed using the best primer/probe couple developed in the
first and second phase of this study. The primers Gm_Cytb_For2a
(5>- TACACTATACCTCAGACATCGAGAC-3’) and
Gm_Cytb_Rev2b (5-GGCAATGTGCATATAAAGACAAATG-3),
coupled with the LNA-based TagMan probe GmCytb-LNA-P (5*-
[FAM] A[+C]TA[+C]GGCTGA[+C]TAATTCG[+G]A[BHQ1]-3")
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were used for the amplification of the CytB gene. A qTOWER® Real-
time PCR thermal cycler (Analytik Jena, Germany) was used for
amplification. The 20 pL qPCR reaction mix contained 5.5 uL eDNA
template, 10 pL 2 x TaqManTM Environmental Master Mix 2.0
(Thermofisher, Germany), 0.4 uM of each primer, 0.2 pM of
Atlantic cod probe (GmCytb-LNA-P probe), 0.1 uL of
AmpEraseTM Uracil N-Glycosylase (UNG) (ThermoFisher,
Germany) and 2.4 uL of ultrapure water. qQPCR reactions were
performed under thermal cycler conditions of 10 min at 95°C
followed by 45 cycles of 15 s at 95°C and 59 s at 62°C. Data
collection was enabled at each combined annealing/extension step.
eDNA samples were measured in triplicate reactions without
dilution. Numerous qPCR assays were carried out to determine the
optimal PCR condition, including primers/probe concentrations as
well as the DNA amount to be added in each reaction.

During the DNA extraction and qPCR assays, negative controls
for extractions and no template controls (NTCs) were included in
all manipulations to ensure that no cross- contamination occurred.
All controls and NTCs contained only nuclease-free water. A
positive control consisting of Atlantic cod genomic DNA was
used to prove the qPCR reaction performance. Extractions were
performed identically. Field blanks consisted of 2.5 L of ultrapure
water rinsed through the corresponding Niskin Bottles before water
sample collection onboard the research vessel. Neither the
extraction blanks nor the field sample blanks showed
amplification with Atlantic cod gPCR primers.

2.6 Computational modeling of trawling
and eDNA data

The relationship between Atlantic cod eDNA concentrations
and trawl catches in the standard survey area was assessed by

10.3389/fmars.2023.1058354

various combinations of covariates where eDNA levels were above
LoQ. The response variable, eDNA level per fishing position, and all
explanatory variables were logl0 transformed with the exception
noted in the comment column in section 3.3. The Shapiro-Wilk test
was used to validate the dependent and independent variables
before the regression model. All variables and residuals used in
the regional regression models were characterized by Shapiro-Wilk
p-values > 0.05 confirming normal distributions.

The correlation between the number of Atlantic cod gene copies
obtained by qPCR and the catch per unit effort (CPUE) was tested
by simple correlation regression, generalized least squares (GLS),
forest-tree, nonlinear regression, and neural network. A model was
developed based on the data obtained by Knudsen et al., 2019 and
then readjusted according to the output of this study. The model
with the best correlation degree between real and predictive data
with a minimal RMSD and MRE was selected as the best model. The
model was developed using R and MATLAB scripts.

3 Results
3.1 Atlantic cod primer-probes development

3.1.1 Primer screening

Four primer pairs targeting the mitochondrial genes ATPase6,
NDS5, COI, and CytB, were designed in silico to distinguish Atlantic
cod from other species of the family Gadidae. By comparing the
four designed primers with the ones published by Knudsen et al.
(2019), ATPase6, ND5, and CytB showed more than 6 additional
mutations (Table 1). A first screening for cross-amplification of
other gadids via conventional PCR for ATPase6, ND5, COI, and
CytB was negative in each of the three technical replicates
(Tables 2, 3).

TABLE 1 The number of mutations observed In-silico between the primers designed or published compared to the reference Gadidae mitochondrial

genomes.
Species GenBank Acc. Nr. ATPase6_Cod
Gadus morhua 0
Gadus macrocephalus MK990531.1 6
Boreogadus saida MG100545.1 7
Gadus ogac LN908945.1 7
Gadus chalcogramma DQ356946.1 9
Eleginus gracilis MH061057.1 9
Theragra finnmarchica AM489719.1 10
Pollachius virens KP644330.1 10
Micromesistius australis AB550326.1 11
Trisopterus minutus KP644339.1 N
Microgadus proximus DQ174066.1 10
Melanogrammus aeglefinus KP644328.1 8

ND5_Cod  COl_Cod  GmCytb-LNAP  ( )
0 0 0 0
9 2 4 1
9 2 7 2
9 2 5 2
8 3 4 2
N - N 6
8 - 4 2
15 4 N 6
N 4 N 6
N 4 N 6
N 4 N 6
13 4 8 5

The presence of more than 5 mutations between the primer and the non-target species sequence and therefore a high distinction of Atlantic cod is highlighted in red. 4 to 5 primer mutations with
the non-target species and therefore a medium risk of detection is highlighted in yellow, less than 3 mutations in green. The letter N means that no combination/similarity was observed between

the primer and the untarget species.
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TABLE 2 List of primers/probes pairs developed and tested, with the optimal concentrations and lengths of target fragments.

species Primer/Probe Sequence Optimal concentration Fragment length
name [nM] (bp)
Gm_Cytb_For TACACTATACCTCAGACATCGAGAC 400 nM 140
S Gm_Cytb_Rev GGCAATGTGCATATAAAGACAAATG 400 nM
-~
~
g GmCytb-LNA-P [FAM]A[+C]TA[+C]GGCTGA[+C]TAATTCG[+G]A[BHQ1] 200 nM
=
N3
S

Sequence Cytb

Target fragments for each assay

TACACTATACCTCAGACATCGAGACAGCCTTCTCATCCGTAGTCCACATCTGTCGTG
ATGTAAACTACGGCTGACTAATTCGGAATATACATGCTAATGGTGCCTCTTTCTTTT

TCATTTGTCTTTATATGCACATTGCC

ND5-Cod_For GCAAGAATTTGGACATAACTCTCCCTCTA 400 nM 250
ND5_Cod_Rev AATATAGTGGTTAAGGCTCCTAGACAGA 400 nM
ND5_Cod-P [FAM] CCT AAT TCG GAT GAG CCC [MGBEQ] 200 nM

Target fragments for each assay

Sequence ND5

GCAAGAATTTGGACATAACTCTCCCTCTACTCGGTTTAATCTTGGCTGCCACTGGTAA
ATCCGCCCAGTTTGGACTTCACCCATGACTACCAGCCGCAATAGAAGGTCCAACGCC
AGTGTCTGCCCTACTTCATTCTAGCACAATAGTTGTAGCAGGAATTTTTCTCCTAATT
CGGATGAGCCCTCTTATAGAAAATAATCAGACTGCACTAACTCTCTGTCTCTGTCTA

GGAGCCTTAACCACTATATT
COI-Cod_For TATTAATATGAAACCTCCGGCA 400 nM 98
COI_Cod_Rev CGGGGAGAGATAATAGTAGAA 400 nM
COI_Cod-P [FAM]CCTATTTGTTTGAGCAGTACTAATTACAGCTGTG 200 nM

[BHQI]

Target fragments for each assay

Sequence COI

GCAAGAATTTGGACATAACTCTCCCTCTACTCGGTTTAATCTTGGCTGCCACTGGTA
AATCCGCCCAGTTTGGACTTCACCCATGACTACCAGCCGCAATAGAAGGTCCAACG

ATPase6Cod-F

ACCCTGACTTTTAATTCCTACACCTAC

400 nM

ATPase6Cod-R

TAGGAGTGAAGATATATGGTATTAAGC

400 nM

209

Target fragments for each assay

Sequence 125

ACCCTGACTTTTAATTCCTACACCTACTTCCCGATGACTAAGCAATCGAGTTGTATCTCTA
CAAGGATGGTTTATCGCCCGCTTTACTAATCAACTCTTTTTACCTCTAAATGTGGGAGGAC
ACAAATGAGCTCCTCTTCTTGCCTCACTAATAATGTTTTTACTCACTCTAAATATGTTAGG

CTTAATACCATATATCTTCACTCCTA

-For, forward primer; -Rev, reverse primer; -P, Probe.

TABLE 3 Comparison of polymerase performance based on LoD and LoQ values.

Primer Polymerase LoD LoQ Slope
GmCytb-LNA Environmental TF 12 16 -3.57
GmCytb-LNA KAPA 16 22 -3.74
GmCytb-LNA probe Luna 34 70 -3.37
ND5_Cod probe Luna 26 70 -4.03
ND5_Cod SybrGreen Luna 7.88 16 -3.85
Techne Techne 770 781 -4.35
Knudsen et al. (2019) 660 660 -
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However, when using SybrGreen PCR, some replicates showed
unintended cross-amplification of untargeted gadid species,
generally in the late cycles of the qPCR. The same bias was
observed when using the probe, resulting in a strategy of defining
specificity and sensitivity individually for each primer/probe pair
with LoQ being a minimum accepted specificity value, and LoD the
minimum sensitivity of a qPCR assay.

For ATPase, even both primers (forward and reverse) are
located in hypervariable sites and should allow high specificity, it
was problematic to determine probe regions for an unambiguous
discrimination of Atlantic cod. Therefore, the ATPase-targeted
primer pair is proposed for a qPCR assay coupled to SyberGreen.
For this primer pair, the initial Ct value for DNA control was in the
range of 12.02, while all investigated untargeted species would start
from 32, with an equivalent LoQ Ct value of 31.

For the COI primers/probes, we obtained an initial amplification
at Ct 18.3 for genomic DNA control, however, all untargeted species
started to show some Ct values equal to 33.43. the same genomics
DNA amount were used in all assays, the quantification of the
genomics DNA were made by Qubit 4.0. The in-silico evaluation
revealed a borderline number of mutations which allowed a
distinction between Atlantic cod (Gadus morhua), the congeneric
Pacific cod (Gadus macrocephalus), Greenland cod (Gadus ogac) and
Alaska pollock (Gadus chalcogramma) as well as the Polar cod
(Boreogadus saida).

The GmCytb-LNAP and ND5_Cod primers/probes were found
to amplify only Cytb, and ND5 DNA of Atlantic cod as the target
species. Cross-amplification tests on untargeted species collected
during different missions to the North Sea were performed to test
the specificity of the designed primers in qPCR. For the GmCytb-
LNA primer pair, DNA extracted from cod tissue samples amplified
at an initial Ct value of 18.8 + 0.25, whereas for non-target species
amplification was only proven after Ct 36.5, knowing that the LoQ

10.3389/fmars.2023.1058354

value equals Ct=35.5, equivalent to 15 copies per reaction. The
ND5_Cod primer/probe pair was able to reliably detect cod DNA at
an initial Ct value of 11.56 corresponding to 8 x 10” copies, its LoQ
value was 16.27 copies per reaction, equivalent to a Ct value of 29,
while non-target species appeared after a Ct value of 31. To prevent
the inclusion of false-positive test results, LoQ Ct values were
established as the positive threshold for the test. The standard
curve based on the genomic control had a slope of -3.57 and -3.85
for CytB and ND5, respectively.

3.1.2 Comparison of polymerase screening

The use of TaqManTM Environmental Master Mix 2.0
(Thermofisher, Germany) increased the specificity and sensitivity
of the assay compared to KAPA qPCR kit and Luna Universal probe
qPCR mastermix kit, observed at the initial Ct level for the control,
which was in the order of 16.80 and a final Ct of 36.1 for 10 copies
per reaction, whereas non-target species only began to appear after
a Ct of 36.01, with an LoQ value that went up to 16 copies per
reaction when the Environmental Master Mix 2.0 kit was used
(Figure 2). Similarly, the sensitivity also increased with the KAPA
qPCR kit, but less significantly than with the Environmental Master
mix. Using KAPA qPCR kit, the initial control Ct value was 16.45,
and final Ct was 35.04 for 10 copies per reaction, while the non-
target species started only after a Ct of 34.9, making the LoQ value
equal to 22 copies per reaction (equivalent to a Ct of 33.8). Whereas
for the Luna Universal probe qPCR mastermix kit, untarget species
started to appear at a Ct of 34.5 which is equivalent to 57 copies per
reaction, and therefore the LoQ value was 70 copies per reaction.
Similarly, the ND5_Cod results had almost similar results
concerning the sensitivity of the Environmental Taq polymerase
compared to Luna Probe (Table 3). Techne has an LoQ value
equivalent to 781 copies per reaction.
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with 0.08, 3.75, 9.25 kg/Ha of Atlantic cod in catch, respectively.
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3.2 Artificial and in situ validation

Considering that the GmCytb-LNA assay performed best in the
evaluation part (with a slope of about -3.5), we opted to proceed
with in situ validation steps only with the primer/probe pair, setting
the threshold of positive signal to a value of 1.7 for the GmCytb-
LNA primer/probe pair.

For the Baltic sea samples, all technical replicates from stations with
trawl catches of 9.25 and 3.75 kg/Ha of Atlantic cod were positive with
eDNA signals between Ct 34.06 and 35.48, equivalent to copy numbers
between 38.75 and 19.06 copies per reaction. For the stations with trawl
catches of 0.08 kg/ha, only one of the three replicates was positive.

In the analysis of eDNA North Sea samples, the obtained
Atlantic cod eDNA copy numbers were above the LOQ in 12 of
the 17 samples, with a maximum copy number equivalent to 153
copies L', clearly higher than those found in the Baltic Sea. Within
single stations, water samples taken in the middle of each drag line
were generally richer in Atlantic cod eDNA than those at the start
and the end (Figure 3). The highest Atlantic cod biomass recorded
by bottom trawling in this study was 9.5 kg/Ha in the Baltic Sea
(Station B10:54°49,377N; 013°55,848E), which corresponded to a
concentration of 134 eDNA copies per L. Conversely, with 153
copies per L, the highest eDNA concentration was found in the
North Sea, corresponding to a trawl biomass of 1.25 kg/Ha.

Overall, the GmCytb-LNA qPCR analysis of 15 eDNA samples
resulted in the detection of Atlantic cod at all sites where the species
was found in the concomitant trawl catches. Additionally, at station
ST51-2, where cod was absent in the trawl catch, eDNA analysis was
positive with 20 copies per reaction while all other negative trawl
stations tested also negative using QPCR. This means that our gPCR
assay was able to detect G. morhua in 112% of eDNA samples. All the
expected positive samples produced an amplification signal in all three

27%

46%

@Start @ Midll

FIGURE 3

10.3389/fmars.2023.1058354

qPCR replicates for each sample (Table 4). The qPCR assays had an
efficiency of 94.04% +/- 1.0%, with a slope equal to -3.53 +/-0.27. The
R2 values ranged from 0.99 +/-0.2%. All negative extraction and PCR
controls tested were negative with no sign of contamination.

Overall, Atlantic cod was detected in 60% (9/16) of the analyzed
trawl hauls at the North Sea.

3.3 Computational modeling of trawling
and eDNA data

The correlation between eDNA copy number and the amount
of Cod found by the simple models was insignificant and weak.
Despite attempts to standardize the data by logarithmic,
exceptional, (max-min)/max, (max-min)/(average-x) functions,
the best regression obtained was 28% between eDNA copy
number per L and biomass, for the abundance in CPUE/Ha the
best correlation obtained with the Log of eDNA copies/L was 40%.
The correlation between eDNA copy number and CPUE in
ordinary least squares (OLS) models was less than 25%, while for
biomass it was around 0. By adopting Gaussian process regression
(GPR), Neural network and non-linear regression modelling, we
observed an increase in the regression rate. However, the use of only
one variable (e(DNA/L copy number) achieved only 55%. The use of
two variables (eDNA/L copy number and sampling depth)
significantly increased the regression rates. This allowed us to
achieve 96% regression between the trawl results and the model
outputs by GPR and Neural Network method. At the same time, the
error rate was significantly reduced to 0.002 (MAE) (Table 5).

The Gaussian process regression (GPR) model (GPR_4) with
two explanatory variables was the best at explaining eDNA levels for
the fishing position (GPR_4, R2 98%, MAE=0,002), compared to

Percent of the number of copies per station, 46% of DNA copies obtained by qPCR were in middle stations of trawling. (p=0.004168%).
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TABLE 4 The average measured eDNA (copies/L of seawater) in seawater samples from 17 stations is presented together with catches (kg), eDNA
levels (copies/L of filtered water), and catches per unit effort (unit/ha).

Sampling Mission Number Station Sampling Nr. rep. pos Kg/ha eDNA (copies eDNA/L)

WH441 No1 1 0.1 16,5
B09 3 3.8 76
B10 3 9.3 134
B 01 0 03 -
B25 0 03 -
Bl1 3 04 19.56
B22 1 038 21.54
Pori 0 0 0

WH428 ST28-1 0 0 -
ST28-2 0 0 -
ST28-3 0 0 -
ST51-1 0 0 -
ST51-2 1 0 20.36
ST51-3 0 0 -
ST70-1 3 1.25 110.32
ST70-2 3 1.25 153.69
ST70-3 3 1.25 109.82
ST76-1 3 1.0 0
ST76-2 3 1.0 64.24
ST76-3 3 1.0 27.86
ST98-1 3 1.0 67.46
ST98-2 3 1.0 121.36
ST98-3 3 1.0 49.69
ST85 0 0 0

All water samples were analyzed by quantitative PCR in three replicates. The number of replicates with positive eDNA detection (eDNA level above the LOQ) is indicated for each sample
(columns designated “pos.”). If one or more replicates were above the level of quantification, LOQ = 16 copies of eDNA/L, an average was calculated using the positive replicates. Rep.pos, number

of replicates positive.

other models with only one (eDNA/L copy number) or two (eDNA/
L copy number and sampling depth) explanatory variables. In this
model, we did not consider the fishing position and the latitude of
the fishing position. The positive correlation between eDNA
concentrations and catch per unit effort (CPUE) per Hectare on a
station-by-station basis was statistically significant but considerably
weaker than the regional comparisons.

4 Discussion

eDNA promises to provide reliable answers on marine
diversity for marine and fisheries resource management studies,
without posing a risk to dangerous species, due to the non-
invasive approach. The objective of this study was to evaluate
the performance of eDNA tools for revealing the abundance of

Frontiers in Marine Science

Gadus morhua in the North and Baltic Sea, based on the
qPCR approach.

The results of this research provide a basis for future studies to
use this non-invasive tool. Significant differences were found by
comparing the performance of the primers previously published
and the ones designed in this study, and the type of primer used, as
well as the computational model, used to predict the relationship
between eDNA and the number of fishes per Ha. In addition, the
three sampling positions at the same station were comparable,
although the samples from the middle station were significantly
better to provide more eDNA than both others positions,
(according to Anova test, the f-ratio value is 6.5003. The p-value
is.004168. The result is significant at p < 0.05). Also, the models
used in this study were significantly different, with Gaussian process
regression (GPR) applied to logarithmic data offering the best
correlation between observed and predicted data.
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TABLE 5 Modeling results with tests for various combinations of covariates on cod eDNA concentrations at fishing positions where eDNA levels were
above the level of quantification.

Method Name Variable Error Regression (%) Comments
(MAE) Predicted vs
True

Gaussian process regression GPR_1 « Copies/L 59.4 94% Exponential, Model till 20 copies per
(GPR) o kg/h reaction
Gaussian process regression GPR_2 « Copies eDNA/L 74.5 92% Square Exponential, Model till 20copies kg/
(GPR) o kg/h
Gaussian process regression GPR_3 o Copies eDNA/L 0.03 94.7% Optimized GPR
(GPR) o kg/h
Gaussian process regression GPR_4 « Copies eDNA/L 0.002 96% Optimized GPR
(GPR) « CPUE/ha
Neural Network NN_1 « Copies eDNA/L 6.04 89% Wide NN

o kg/ha
Neural Network NN_2 « Copies eDNA/L 7,21 84.5% Trilayered NN

e kg/ha
Bayesian Fixed Bay_1 o Copies eDNA/L 0.05

o kg/ha
GLS regression GLS_1 e Log copies/L 0.5 92% Log copies
OLS OLS_1 « Log Copies/L 0.6 16% Log CPUE
OLS OLS_2 « Sqrt Copies/L 0.2 24% Sqrt CPUE
R2 R2_1 » Log Copies eDNA/L 40% Logl0 CUPE/ha
R2 R2_2 « Log Copies eDNA/L 28% Log kg/ha

GPR, Gaussian process regression; GLS regression, generalized least squares (GLS); OLS, ordinary least squares (OLS); R2, coefficient of determination, denoted R? or ¥ and pronounced "R
squared"; NN, Neural Network; CPUE, Catch per unit effort; Ha, hectare; MAE, mean absolute error.
Predicted vs True: regression between the outputs of the developed model basing on eDNA (predicted) and the catch results by trawl bottom (True).

4.1 Atlantic cod qPCR This means that environmental DNA studies are more accurate
test/ primer deve[opment and possible with the GmCytb-LNA pair than with other primers.

Four primer pairs targeting the mitochondrial genes mt-
ATPase6, mt-ND5, mt-COI, and mt-CytB were designed in silico 4.2 eDNA and Stock assighment
and validated in-situ. All designed qPCR assays were found to be
specific to Gadus morhua in the North and Baltic Sea regions, with A study of the variation in the number of eDNA copies was
high sensitivity and specificity. Although the primers may give a  carried out to determine the best horizontal position to sample the
positive signal for other untargeted species, this occurs only after a  water. Based on the data obtained (Figure 3), we observed that
Ct value higher than 36, which is equivalent to 16 copies per  samples taken at the middle/center of the station would cover 46%
reaction or less, which means that every signal after Ct 36 is a false  of the total copy number obtained by qPCR, whereas samples taken
positive signal. This false positive signal may be only due to primer  at the beginning and end of the station would only cover 27%. The
breaks or incomplete hybridization due to thermic exchange during  center of the station was, moreover, more consistent with the
PCR cycles. trawling data than the other two sampling points. We note here

The GmCytb-LNA and Cod_ND5 pair was found to be highly  that only one station had more significant samples taken at the
specific to Gadus morhua with the Environmental Thermo-Fisher  beginning of the station than at the middle or end of the station.
polymerase/master mix and the KAPA master mix than with other Despite the large number of studies that have dealt with the
polymerases. This highlights the importance of polymerase choice  subject of eDNA, on different organisms, there are still crucial open
in eDNA studies. (Knudsen et al., 2019) determined the LoQ value  questions that need further consideration, especially in the field of
of their Gadus morhua primers to be 669 copies per reaction, while  fish stock assessment in the sea. These not only include the
the commercial qPCR (Techne, Bibby Scientific, United Kingdom)  quantitative aspect, but also the richness of mathematical models,
has an LoQ value of around 771 copies per reaction. With an LoQ  which can offer solutions to accelerate the use of eDNA methods in
value equivalent to 16 copies per reaction, the GmCytb-LNA pair,  the field of standard fish population assessment and monitoring,
coupled with TaqManTM Environmental Master Mix 2.0, has  being a non-invasive method.
proven to provide more sensitive and reliable results than The comparison of eDNA data with trawling data showed that
previously available or published Gadus morhua primers/kits.  simple regression models were less effective in establishing a

Frontiers in Marine Science 10 frontiersin.org


https://doi.org/10.3389/fmars.2023.1058354
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kasmi et al.

significant relationship between the number of eDNA copies and
the amount of fish caught or the CPUE number, where the
regression percentage did not exceed 40%. On the contrary, the
regression models based on neural networks and the Gaussian
process allowed obtaining a high percentage of correlation
between the predicted results of the model and those obtained
from the trawling, especially when the predictor is the value of
CPUE, coupled with a standardization by logl0. Therefore, the
GPR-based model (GPR_4), predicting the CPUE based on the
copy number per liter, achieved a degree of correlation in the order
of 95% with an error rate in the order of 0.002 (Figure 4). In the
same line with our results, the outputs of modelling by
(Lacoursiere-Roussel et al., 2016), showed that a simple regression
is only able to offer a maximum of 40% regression between the
trawling data and the predictive. In addition, the works of (Tillotson
et al, 2018; Moushomi et al.,, 2019), showed that generalized least
squares (GLS) regression was able to provide a 90% regression,

05

Response (log_GPUEha)

-05

L

10.3389/fmars.2023.1058354

which is observed in our results, however, the error rate is of the
order of 0.5 which may introduce a bias in the predictive data. The
autoregressive integrated moving average (ARIMA) model invented
by (Thalinger et al, 2019) also offers significant results between
predicted and observed, however, this model focuses on studying
the relationship between target eDNA concentration and fish
numbers via time series modelling. Salter et al. (2019) found that
their qPCR test could detect cod only at catch densities higher than
200 kg/h. Furthermore, data published by (Mahon et al.,, 2013)
suggested that positive detection increased with the relative
abundance of fish species in the Chicago area waterway system.
In the same context, but in a controlled environment, (Doi et al.,
2015) found a positive correlation between fish biomass and eDNA
concentration in two experimental ponds.

In the present study, we were able to predict the stock
abundance of cod in the North Sea and the Baltic Sea using
eDNA tools from the samples. The results were similar to those
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L
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FIGURE 4

Comparison between output of Catch results and output of GPR model for eDNA copies. (R = 96%, Error MAE = 0,002). (A) co-Plot of the real data
from trawl (blue) and the predicted basing on the eDNA model (yellow), the x-axis present predictive values of Log Depth (log Deep) of sampling
and number of DNA copies (Log Copies); most of data were in predicted as it was observed. (B) The correlation between predicted data by the
model (Predicted response) and the real data collected from trawl (True response).
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obtained by trawling and CPUE for cod. Therefore, the
compatibility between the trawl and eDNA data, supports also
that eDNA can be used as a tool to reveal the cod stock situation in
real time. In addition, as the half-life of eDNA in water samples is
significantly short - around 48h- (Maruyama et al., 2014; Collins
et al., 2018; Harrison et al., 2019), which makes the effects of eDNA
accumulation in water through time negligible, and then eliminates
the assumption that the amount of eDNA due to the long-term
fishery repertoire of stations. But only for short times prior to
trawling (maximum 48h). The issues of transport from other areas
via currents are important to study, but the results from the three
sampling positions for each station show that transport by current
was not significant in our study. The sampling sites in the middle of
the stations are counted as the most eDNA rich sites in Gadus
morhua compared to the stations within the boundaries. The results
obtained at the different stations show that the intermediate
samples were richer in DNA copy numbers than those taken at
the beginning or end of the station. To the best of our knowledge,
there are currently no studies explaining these results. In this
respect, we suspect that it is a question of random chance or that
the ship created a secondary current along the flight path inside the
station, causing an accumulation of DNA in the middle. However,
this interpretation has been abandoned, as the amount of eDNA in
the samples from the end of the station were often lower than in the
center and the starting point, which contradicts this proposaland
therefore negates it. The true reasons remain unknown, and subject
to further studies in different locations and times of year, to examine
their results and compare them to the current results, as well as to
understand the impact of spatio-temporal variation on the validity
of the current results.

5 Conclusions

Our results support the idea that eDNA can be used in the
assessment of commercial fish stocks species to estimate the
abundance of marine species, and elaborate a new non-invasive
complementary method to the conventional methods currently
used. Although a total replacement of the reference methods in
the short term is not envisaged, a complementary integration of
eDNA tools and especially of our eDNA method, will be a plus to
put these technical tools on the right track of implementation and
familiarization for monitoring and stock assessment teams in the
short and medium term. This allows also to standardize and
determine the effect of biotic and abiotic conditions on the
performance and predictive capacity of fish stock assessment by
eDNA from marine waters for other marine species.
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