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1. Abstract

Fisheries enforcement relies on visual catch identification and quantification at sea or when landed. Silage
(fish dissolved in acid) and fish blocks (block frozen fish) are promising methods for on-board processing and
storage of low-value catches. We examined the use of two DNA based methods, quantitative PCR (qPCR) and
metabarcoding, for assessing species composition and quantity in industrial grade experimental fish blocks
and silage. Using non-destructive sampling and standard DNA analysis, we demonstrate the ability to identify
and quantify DNA from fish species in both products. qPCR analysis of small silage samples collected over
21 days, detected all target control species. DNA from one species (wolf fish) was consistently overrepresented
while for three species of gadoids (cod, haddock and whiting), DNA content matched input tissue proportions
with high accuracy. Both gPCR and metabarcoding of fish blocks, sampled as run-off water and exterior swabs,
provided consistent species detection, with the highest variance observed in quantification from swab samples.
Our analysis show that DNA based methods have significant potential as a tool for species identification and
quantification of complex onboard-processed seafood products and are readily applicable to taxonomically
and morphologically similar fish. There is, however; a need for establishing DNA/weight calibration factors

for primary fisheries species.

2. Introduction

Historically, discards of fish have represented a considerable fraction of the total catch in many fisheries (Heath
et al., 2014; Guillen et al., 2018). Discarding generally occurs when fish are undersized, represent no
commercial value or are outside existing quotas (Guillen et al., 2018). However, discarding is widely regarded
as a waste of resources and has many undesirable ecological and socio-economical side effects (Heath ef al.,
2014; Guillen et al., 2018). As a result, a number of countries are starting to implement regulations obliging
fishermen to land all caught species, including the most recent European Landing Obligation under the
Common Fisheries Policy (European Commission, 2013). However, on board handling, sorting and storing of
low-value species or specimen is not economically attractive for fisheries (Batsleer et al., 2015). Hence,

alternatives to minimize handling and storage of unwanted catches have been suggested, including



development of bulk products (Larsen ef al., 2013). These include for example block-frozen fish or skinless
fillets, minced fish and silage. On board silage production entails dissolving fish in strong acid. The silage
process both concentrates and conserves the raw material for further processing and importantly saves valuable
space for storage of high-value fish. Another bulk handling and storage option is to pack and freeze low-value
species on board into so-called “fish blocks” (Larsen et al., 2013). However, on board production of silage and
fish blocks makes Monitoring Control and Surveillance (MCS) by fisheries inspectors virtually impossible, as
it effectively prohibits crosscheck reporting in the mandatory landing manifest with the content of the landed
bulk product. Currently therefore, such mixed products cannot be landed in the EU due to the principle of
control throughout the food chain - from the catch of fish to landing in the European Union (Reg. EC
1005/2008). Hence, finding reliable and cost-efficient alternatives to visual identification methods for
assessing contents of these complex fish products could potentially benefit both the MCS practitioners and
commercial fisheries by allowing landing of analytically certified bulk products.

Over the last decade, genetic methods for species identification have gone through extensive
development, from being restricted to identifying a single species from specimen based samples, to the present
state of the art allowing both qualitative and quantitative information to be derived from complex multi-species
samples (e.g. Floren ef al., 2015; Thomas et al., 2016; Ushio ef al., 2018). Quantifying input biomass from
DNA analysed in fish products is an emerging area of research and has a large unexplored potential in
comparison to traditional visual identification, especially in samples where the morphological characteristics
are sparse or absent (Nagase et al., 2010; Bojolly et al., 2017; Sanchez et al., 2019). Further, DNA, particularly
mitochondrial DNA (mtDNA), has been found suitable for species detection and quantification even when
products are highly processed (e.g. Nagase ef al., 2010; Wen et al., 2015; Piskata et al., 2017). Quantitative
real-time PCR (qPCR) is the gold standard of DNA quantification and has been utilized in food fraud detection
of raw and processed meat for over a decade (e.g. Lopez and Pardo, 2005; Tanabe et al., 2007). More recent
metabarcoding approaches using high-throughput sequencing (HTS) can also potentially be used to quantity
target DNA but have not yet been developed to the same extent. One advantage of metabarcoding is that it can
provide information on the entire DNA biodiversity within a sample, without a priori knowledge of which

species to assess, as required for qPCR (Miya ef al., 2015; Menegon et al., 2017; Stat et al., 2017; Srivathsan



et al., 2018). One particularly promising device for metabarcoding is the miniaturised nanopore based DNA
sequencing platform, the MinlON (Oxford Nanopore Technologies, UK), which offers several advantages over
traditional HTS technologies, including portability, low initial start-up costs and real-time analysis (Mikheyev
and Tin, 2014).

Our aim was to test DNA based methods for species identification and quantification in mixed fish
species products using silage and fish block products as examples of products high on the agenda in relation
to practical use in fisheries under the European landing obligation. We focused analyses on three gadoids,
Atlantic cod (Gadus morhua - hereafter cod), whiting (Merlangius merlangus) and haddock
(Merlanogrammus aeglefinus), as they are all important fisheries species subject to quotas, but also often
unintentionally caught as bycatch, which historically has led to discarding (Heath et al., 2014). In addition, we
used wolffish (4dnarhichas lupus), which represents a taxonomically different and less common species, that
due to its demersal behaviour is a bycatch in gadoid fisheries (Grant and Hiscock, 2014). Using experimental
mixes of tissue from individuals of these species we calculated and compared relative estimates of DNA
abundance and input tissue using both qPCR and MinlON metabarcoding. Our focus was on experimentally
mixed silage and fish block samples, but we developed and test a series of control samples of known species
mixtures using normalized tissue and DNA, in order to understand variation in the relationships between levels

of input tissue, DNA and resulting species measurements.

3. Materials and methods

3.1. Tissue and DNA normalized samples
Three whole individuals of each species were purchased at a local fish store and fin tissue was collected using
sterile forceps and scalpels. The tissue was stored at room temperature in sterile tubes filled with 99% EtOH
until sample preparation. Single- and mixed species samples for both tissue and DNA normalized samples
were prepared (See Supplementary Table S1). Tissue samples were weighed on a Mettler AT460 (Mettler-
Toledo, Slovenia) using a maximum of 30 mg tissue/sample to minimize the risk of saturating extraction yield.

Forceps and scalpels were changed between each individual for both collection and preparation of tissue



samples. DNA extractions were conducted using the Omega Biotek E.Z.N.A. Tissue DNA kit (Omega Biotek,
USA) applying the Tissue DNA protocol. Final elution volume was 2 x 100 pl in elution buffer. DNA
concentration was measured using a Qubit 3.0 fluorometer (dssSDNA BR Assay Kit, Thermo Fisher Scientific,
USA). DNA normalized samples was made with DNA extracted from single species samples and was
normalized using nuclease free water to 10 ng/ul. After dilution, the samples were measured again in order to
verify that the final concentration was close to the targeted 10 ng/ul. Tissue and DNA normalized samples are

hereafter referred to as control samples.

3.2. Silage samples
The silage acid solution consisted of 1.5% formic acid, 0.1% of potassium sorbate and 200 ppm ethoxyquin.
The pH was adjusted with sodium hydroxide to reach a target pH of 3.5. In total 6.9 kg whole gutted fish
representing all four species, i.e. cod, whiting, haddock and wolffish were added to the silage solution on day
0. The silage was kept at RT during the entire experiment. 250 pl silage samples were collected at day 1, 2, 3,
4,5,7,8,9, 14 and 21 from the centre of the silage container, roughly 1 cm below the surface. Before sampling
(except for day 1), the silage was stirred to homogenize and improve the decomposition of the fish. DNA
extraction followed the standard Omega Biotek E.Z.N.A. tissue DNA kit protocol, with one hour incubation
and final elution in 2 x 100pl elution buffer. Extracted DNA was measured on a Qubit and with a Bioanalyzer
(Agilent Technologies, USA) using the High Sensitivity DNA assay. Samples from day 2 and day 21 were
analysed on MinION and samples from all days were analysed with qPCR. Two different laboratories carried

out parallel sample analysis, each with their own MinlON (termed MinlON-1 and MinION-2).

3.3. Fish block samples
A fish block was prepared from fresh cod (83%) and wolffish (17%). The fish were weighed, put into a box
and frozen at -24 °C, identical to standard fish block operating procedures. Before sampling, collection tools
were cleaned with a 0.5% bleach solution and rinsed with nuclease free water. Two approaches for fish block
content assessment were tested, referred to as “swab” (SW) and “runoff water” (RO). Three swab samples

(SW1-3) were collected from fish block surfaces using a sterile cotton swab (806-WC, Puritan, USA) swiped



across the surface of the fish block. For each sample, we altered the sampling pattern, i.e. front (SW1), back
(SW2) and edges of the fish block (SW3). DNA was extracted from the swabs using the QlAamp DNA Mini
Kit (QIAGEN, Germany). All swab sample replicates were analysed using qPCR and MinlON-2, while PCR
products, using a universal primer set (see section 3.5), for all three samples were pooled (SWp) for the
MinION-1 analysis. For the RO method 8 litres of demineralized water were poured over the fish block,
repeating it three times reusing the same water and each time collecting run-off in a tray. Subsequently,
triplicate 200-300 ml RO water samples (RO1-3) were subsampled and filtered using a sterile 60 ml syringe
and a 0.22 um Sterivex filter (SVGPL10RC, Merck, USA). DNA was extracted with a modified protocol of
QIAGEN?’s blood and tissue kit (QIAGEN, Germany) following Spens and colleagues (2017). The protocol
was modified to include a 2-hour incubation period at 56°C and with final elution carried out in 2 x 100ul AE
buffer. DNA concentration was assessed using Qubit. All three RO samples were analysed with both qPCR

and MinlON-2 metabarcoding, while RO1 was also analysed on MinION-1.

3.4. Quantitative PCR
We used species-selective assays targeting cod, whiting, haddock and wolffish (Gm, Mm, Ma and Al,
respectively). Mm, Ma and Al assays were developed by aligning sequences of the mtDNA cytochrome b
(cytb) or NADH dehydrogenase subunit 4 (ND4) genes and identifying gene regions with maximum
interspecific sequence difference between target and non-target species. The Gm assay was developed by
Knudsen and colleagues (2018). As DNA is susceptible to degradation in processed samples (Piskata et al.,
2017), we developed assays to produce short PCR products (70-150 bp). Sequences were obtained from

Genbank (https://www.ncbi.nlm.nih.gov/genbank/) using an integrated search tool in Geneious v. 9.1.6. where

candidate primers and probes were found using the built-in Primer3 v.2.3.4 search engine (Kearse ef al., 2012).
Distance matrices of nucleotide differences between target and non-target species were developed for primers
and probes (Supplementary Table S2). Finally, the assays were tested in silico using Genbank’s online BLAST
function, Primer-BLAST and Nucleotide BLAST to assess global specificity of primers and probes. Assays

were tested and evaluated in vitro using the control samples.


https://www.ncbi.nlm.nih.gov/genbank/

Prior to qPCR analysis, control and RO samples were diluted (between 1:10 and 1:100) with nuclease
free water to avoid PCR inhibition. qPCR reactions were conducted in 10 pl volumes with 4 pl TagMan
Universal PCR Master Mix (ThermoFisher Scientific, USA) and 1 pl template DNA. Final PCR reaction
volume was 10 pl, varying volumes of primers, probes and nuclease free water were used to obtain optimal
qPCR concentrations for each assay (see Supplementary Table S3). Assays used a double-quencher probe,
5S'FAM/ZEN/3'IBFQ (Integrated DNA technologies, USA) to improve delta fluorescence. Assay sequences,
qPCR concentrations and standard curve parameters are found in Supplementary Table S3. Thermal cycling
cycle conditions were: 50°C for 2 minutes and 95°C for 10 min followed by 40 cycles at 95°C for 15 seconds
and 60°C for 1 minute. All samples were run in triplicate on a StepOnePlus Real-Time PCR System (Life
Technologies, USA). Each run had minimum three negative plate controls and a standard curve of 10-fold

dilutions ranging from 10 to 1x107 copies/reaction.

3.5. MinlON and bioinformatics
For the MinlON based metabarcoding approach, we used universal primers (Hereafter COIP, forward primer
5’-ACAAATCAYAARGAYATYGG-3’ and reverse 5’-TTCAGGRTGNCCRAARAAYCA-3’) (Mikkelsen
et al., 2006), which target a 699bp fragment of the Cytochrome oxidase subunit I gene (COI). PCR was carried
out in 50 pl reaction volumes containing 3 ul DNA, 0.4 ul Tag DNA polymerase (New England BioLabs,
UK), 5 ul 10x standard buffer (New England BioLabs, UK), 5 ul of 10 mM dNTP, 0.3 ul of the forward primer
(100 uM) and 0.3 pl of the reverse primer (100 uM). The PCR thermal profile was: 4 min at 94°C followed
by 35 cycles of 50 s at 94°C, 40 s at 48°C, 1 min at 68°C, with a final elongation step of 7 min at 68°C. The
DNA was sequenced on the MinlON with the 2D Amplicon sequencing protocol (SQK-LSK208, Oxford
Nanopore Technologies, UK). To extract the nucleotide sequences from the raw data generated by MinKNOW,
we used Albacore v.2.3.1 for base-calling and de-multiplexing. The de-multiplexed fastq files were converted
to fasta files using bash scripts. The resulting sequences were blasted to a database of 5220 COI sequences
using blastn with an e-value cut-off of 1¢*, minimum percent identity of 50 and a maximum number of target
sequences of two. Best blast hits (highest bit score) were selected when queries were assigned to multiple

sequences. The BLAST database included 5004 full-length sequences downloaded from NCBI, plus additional



216 sequences of Gadiformes and Anarhichadidae that were not already included. This ensured that our
assignment approach would be robust in the presence of closely related species. Database sequences were
identical to the region of COI targeted by the primers. The composition of species within each sample was
determined with an identity cut-off threshold of <85%. Besides the four target species, species representing

<2% of sequences from a sample were categorized to ‘other’.

4. Results

4.1. Cross reactivity and false positives
Throughout the study, we employed a rigorous system of controls for monitoring potential contamination,
including DNA extraction blanks and at minimum triplicate PCR blanks for each qPCR run. Contamination
was observed in a few negative controls (Supplementary Table S4). However, levels of contamination in
negative controls were extremely low compared to qPCR results from positive samples, with a maximum of
<0.86% (wolffish, in silage day 3) and overall average of <0.0008% contaminant DNA within samples
(Supplementary Table S4). We assessed potential cross-amplification of non-target species using single
species samples. Minute cross-amplification was observed when using high template concentrations, but the
target species always amplified over four orders of magnitude better than non-target species (Supplementary
Table S4 and S5), and non-target samples always amplified below the limit of quantification (<10
copies/reaction; Supplementary Table S3). False positive species were detected with the MinlON
(Supplementary Table S6). Across all samples, the cumulated read counts assigned to false-positive species
was on average 1.39%, with the highest single species average of 0.75% of the reads. One pure haddock
sample, HExt1a (see Supplementary Table S1), showed an unexpectedly high contribution of cod reads (9.2%).
This was likely caused by insufficient cleaning of the MINION flow cell since it had previously been used for
a pure cod analysis (CExtla) sample, and inference on cod was therefore omitted for this sample. With the
exclusion of this sample, averages of false positives were down to 1.05% and 0.38%, for all species and for

the most quantitatively dominant species, respectively.



4.2. Basic inferences
Estimation of tissue proportions from DNA copies (QPCR) or reads (MinlON), commonly build on the
assumption that there is a linear relationship between proportions of DNA and tissue, and thus that there is
little or no variation in copies/reads per weight unit tissue. To assess intra- and inter-specific variation in
DNA/tissue ratios we compared estimates of DNA copies per mg tissue (copies/mg tissue), DNA concentration
per tissue weight (ngDNA/mg tissue) and copies per total DNA concentration (copies/ngDNA) among
individuals and species. Average DNA concentrations in tissue were in the same range (107 copies/mg); only
one individual, H3, showed a slightly lower concentration (See Supplementary Table S1 and Figure S1). Still,
it is apparent that cod and whiting generally had slightly higher average DNA copies/mg tissue, than wolffish
and haddock (Supplementary Figure S1). Cod also had the highest ngDNA/mg tissue ratio whereas whiting,
haddock and wolffish, has more similar ngDNA/mg tissue ratios (Supplementary Figure S1). For the copies/ng
DNA, we found average concentrations in the order 10* copies/ng DNA across all species (Supplementary
Figure S1). The highest variation within species was found for cod, having both the highest 2.3 x 10* copies/ng
DNA, and lowest, 1.4 x 10* copies/ng DNA estimated across individuals. Individual C2 showed a lower ratio
of copies/ng DNA of any individual fish (see Supplementary Table S1 and Figure S1), despite having relatively

high copies/mg tissue, potentially illustrating DNA degradation.

4.3. qPCR analysis of control samples
Single species control samples showed the expected 100% target species proportions (Supplementary Table
S7). Still, qPCR analysis revealed minute proportions of non-target species averaging at 0.0075% (Max =
0.03%). The mixed species tissue samples, with controlled weight of starting tissue, showed modest power for
DNA-based estimation of initial tissue proportions (Figure 1(A-D), Supplementary Table S7 and S8).
Normalized mixed species tissue samples (hereafter mixed tissue samples) showed overall deviation from the
expected proportions of 12% +15 (Cod, C), -17% £8 (Haddock, H) and 5% £16 (Whiting, W). The systematic
errors, i.e. percentage deviation of the determined value from the expected proportion, were estimated to 49%
+67, -54% +23 and 12% +49 for C, H, W. In contrast, qPCR results for normalized mixed species DNA

samples, with controlled input DNA concentration (hereafter mixed DNA samples), showed better



correspondence with DNA input proportions, as seen from the lower level of deviation, 9% +13, -6% +5 and
-3% =10, and systematic error, 28% %55, -11% +13, -8% £26, for C, H and W, respectively. For all samples,
gqPCR had an average accuracy of 11% +15, -14% +9 and 3% +14 for C, H and W, respectively. These results
suggest that haddock mtDNA copies were under-represented, in particular for the mixed tissue samples, as
seen in sample CHW1, CHW2 and CHW3. However, samples CHW299 and CHW929 were exceptions with
less underrepresentation and deviation (average -5% and -7%, respectively). Variation among replicate

samples was on average 11% =5 for the mixed tissue samples.

4.4. qPCR analysis of silage and fish block
Tissue from fish in the acid solution dissolved and liquefied within days after submergence. From observations
on day 2 it was estimated that >80% of fish tissue was dissolved beyond visual recognition. Still, all four
species were detected by DNA even after 21 days at room temperature. Comparison of DNA based qPCR to
expected proportions from tissue in the silage showed initial average systematic errors of -74% +10, -68% +9,
-44% £23 and 279% £34 for cod, haddock, whiting and wolffish, respectively, with average deviations of
37% +5, -17% + 2, -2% =1 and 56% +7 (Figure 2A, Supplementary Table S9). The primary reason for
deviations between observed and expected contents was that wolffish was considerably overrepresented.
Therefore, we then assessed silage composition excluding information for wolffish, which considerably
lowered the systematic errors for the gadoids, -13% %16, 9% £32, 83% +47 for C, H, W and significantly
increased accuracy (-8% =*10, 3% £10 and 6% =3) for the qPCR methodology, (Figure 2B, Supplementary

Table S10).
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Figure 1: Comparison of tissue input weight percentages (Expected) with qPCR estimated DNA
proportions for control samples. Tissue and DNA mixture percentages for cod, haddock,
whiting and wolffish are 33:33:33:0 (A), 10:45:45:0 (B), 45:10:45:0 (C) and 45:45:10:0 (D).
Tissue mixed samples are denoted as CHW1, CHW2, CHW3, CHW299, CHW929 and CHW992.
In (A) analysis of DNA normalized samples are shown as CHWEXT and in B-D denoted as A.

See text and Supplementary Table S1 for explanation.
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Further, it was evident that DNA copy concentration increased on day 7, 14 and 21, where silage stirring had
not been conducted in days leading up to the sampling (Supplementary Figure S2). However, this did not
obscure the proportional DNA estimates among species (Figure 2). Surprisingly, the highest copy
concentrations for any sample were found on day 21 for whiting and cod.

The qPCR method consistently detected both species in the fish blocks for all RO and swab samples.
As for the silage analysis, wolffish DNA copies were significantly overrepresented (except for sample SW3)
with an average deviation of 20% +1 and 23% + 27 in RO and swab samples, respectively (Figure 3A;
Supplementary Table S11). Systematic errors were estimated to be -25% +1 and -28% + 32 for cod and 119%
+5 and 136% + 158 for wolffish in RO and swab samples, respectively. There was little variation (SD=1)
between estimates from the RO samples, illustrating their homogeneity. As expected, the swab method showed

higher variation (SD£27), as the samples originated from different non-replicated swabbing patterns.
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block samples collected through run-off water (RO) and external surface swabs (swab). (A)
gqPCR estimates, (B) MinION metabarcoding estimates. In (B) sample 1-1 refers to analysis of
sample replicate 1 on MinION-1.

4.5. Metabarcoding of samples with MinION
Selected samples were analysed with the metabarcoding approach on the MinlON (Supplementary Table S1).
Single species samples (see section 4.1) showed close to 100% read assignment to the sampled species. The
highest proportion of reads assigned to other species was 0.42%; likely due to random sequencing errors (Jain
et al., 2016; Quick et al., 2016). The mixed tissue samples showed deviations from input proptions of of -8%
+12, -13% = 10 and 21% + 17 with systematic errors averaging -17% 42, -31% £35 and 93% +59 for C, H,
W (Figure 4A). Similar to the qPCR analysis, the MinlON also showed improved accuracy, 0% = 3, 7% *14
and -7% %12, and lower systematic error, 9% £24, 72% = 121 and -18% %26, for C, H, W when analysing
mixed DNA samples (Figure 4B). All target species were detected in all mixed samples and were represented

by a considerable proportion of the generated reads (>2% of the accumulated reads). Averaging across all



mixed control samples, the MinlON metabarcoding approach showed deviations of -3% + 10, -4% + 14 and

7% + 18 for C, H, W (Figure 4; Supplementary Table S12).
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Figure 4: Comparison of tissue (A) and DNA (B) input percentages (Expected) with DNA
proportions (reads) estimated with MinION based metabarcoding. All samples were analysed

on MinION-1 (1), while some samples were analysed on both MinION-1 and MinION-2 (1-2).

Silage samples (day 2 and 21) analysed on the MinlON, showed overrepresentation of wolffish DNA reads,
similar to the qPCR copy number analysis (Supplementary Figure S3 and Table S13). The day 2 sample was
analysed on both MinlON-1 and MinlON-2, revealing quantitatively different results from the same sample.
For MinlON-2 analysis, all gadoids were equally underrepresented, while only haddock and whiting were
underrepresented for MinlON-1. Altogether, MinlON-2 metabarcoding provided proportion estimates similar
to those of JPCR with a relatively lower inaccuracy, -10%, 13% and -3%, and systematic error, -16%, 41%
and -47%, for C, H, W respectively.

Wolffish was also overrepresented in run-off and swab samples with an average deviation of 52% + 2
and 43% =+ 19 and a systematic error of 305% + 11 and -27% + 22 for RO and swab samples, respectively
(Figure 3B; Supplementary Table S14). Consequently, cod was underestimated with deviations -54% +2 and

-46 £17 and systematic errors of -65% +2 and 119% %102 for RO and swab samples, respectively. Similar to



for qPCR, the MinlON metabarcoding also returned low sample variance (SD £2) in analysis of the replicated

RO samples.

5. Discussion

The present study demonstrates that DNA is a powerful tool for detecting and quantifying species contributions
in complex fish samples, which can supplement or even replace visual inspection for MSC. DNA based
methods are versatile and robust allowing quick and easy sample collection and analysis for a broad range of
samples and species. The successful demonstration of high-throughput sequencing using the ONT Minlon
suggests that such platforms can yield equivalent semi-quantitative results to those generated using traditional
qPCR approaches, raising the possibility of developing diagnostic, laboratory-free testing of fish discard
products. However, the results also revealed significant species-specific quantification bias and further
development would be needed to prior to routine implementation of DNA methods for particular fisheries and
products.

Relative quantification is a tug-of-war between DNA contributions among species. Hence, for relative
quantification to be directly applicable, all individuals and species should contain similar numbers of DNA
copies per weight of tissue. However, we found that control tissue samples showed relatively weak
relationships between tissue weight and DNA copies available for both gPCR and MinlON metabarcoding.
Accordingly, for the single tissue type investigated (fin tissue), the relationship varied substantially among
individuals and species. This variation may reflect natural variations in tissue mtDNA content among species
and individuals, but could also reflect multiple technical factors, such as different DNA extraction and
gqPCR/metabarcoding efficiencies, as well as sample variation and degradation. The many potential sources of
variance are highlighted by the finding of more accurate and precise estimates of contributions to mixed
samples from mixing DNA than from mixing tissue by weight, for both qPCR and MinION. The improved
accuracy from DNA mixed samples suggests that the ratio between mtDNA and nuclear DNA (nDNA) is
relatively stable in the samples analysed, while variation in DNA content (mtDNA) among even relatively

homogenous tissue samples, is a potentially important source of intra- and interspecific variation. We found



DNA copies of wolffish to be considerably overrepresented in silage and fish block samples for both gPCR
and MinlON metabarcoding, while the wolffish control samples derived from fin tissue had the lowest
estimated number copies/mg of tissue. Thus, there was no straightforward link between tissue DNA content
and DNA results in mixed samples. Other studies have found 5-10 fold variation in DNA content between
tissue types (Hartmann et al., 2011; Cole, 2016), suggesting that other tissue types, or more likely, proportions
of different tissue types among species, can explain the disproportional number/weight of mtDNA copies in
wolffish compared to gadoids. We speculate that wolffish in general contain more “active” tissue with higher
respiratory needs, e.g. thick skin, explaining the elevated mtDNA copy number per unit weight of whole fish.
Noticeably, DNA copies/reads among the gadoids varied much less and were more proportional to tissue input,
especially in the silage samples. This may suggest that species that are closely related and morphologically
similar also contain more similar mtDNA copies per weight tissue than unrelated species. Other studies of
sister-species generally demonstrate proportional estimates for relative quantification (Lopez and Pardo, 2005;
Bojolly et al., 2017), whereas disproportional relationships are seen in mixtures with more distantly related
species (Thomas et al., 2014; Floren et al., 2015). There is generally little evidence that unrelated species
contain the same amount of mtDNA per weight tissue (Hartmann et al., 2011; Floren et al., 2015; Cole, 2016),
which supports our observations of interspecific variance. A potential way to minimise this difference is by
targeting nuclear DNA, instead of mtDNA, as each cell only contains one nDNA copy, but can contain many
and variable numbers of mtDNA copies (Cole, 2016). Still, cell number per tissue weight may vary
considerably (Koztowski et al., 2010). A more robust approach to this challenge would be to implement assay-
specific correction factors, as has previously been successfully applied to minimize biasing factors (Thomas
et al., 2016; Vasselon et al., 2018). Noticeably, a correction factor can account for all biases in concert,
regardless of biological or technical origin. For the silage analysis, wolffish contributions appear to be
estimated approximately four times higher than expected, suggesting a specific correction factor of ~0.25.
Further studies are warranted in order to determine the local and global robustness of correction factors; our
analysis suggests that appropriate correction factors would need to be calculated across specific analysis types

and different species.



Despite reservations regarding estimation of tissue proportions from DNA suggested by the mixed tissue
control samples, silage results for gadoids were encouraging, with high precision for determining relative
proportions of starting tissue weight used in silage sample production. We hypothesize that the lower precision
for mixed tissue samples may be due to the relatively higher sampling stochasticity. For the silage, the
dissolved fish contributed to a homogeneous DNA pool, which provides a robust integrated DNA signal for
the entire pool of organisms in the sample. Thus, we expect well-mixed commercial scale silage production to
be more stable regarding DNA/tissue ratios than smaller mixtures. Similarly, the run-off samples provide an
integrated signal of all fish from the frozen block, which have been in contact with the water, thereby likely
providing a better representation the full content than the swab samples. Still, if the content of the fish block
is not homogeneous, e.g. with different species compositions in centre and on surface, both run-off and swab
samples are likely to provide only a crude assessment of species content. On the other hand, these methods
may prove highly valuable as they are non-invasive and can be conducted without spoiling the content, in
contrast to visual inspection, where fish blocks have to be thawed, fish identified and weighed for MCS
purposes.

The MinlON and qPCR analyses provided highly similar results for the qualitative and quantitative
analysis of the control samples. The main difference was the additional occurrence of false positive species
(other), associated with high read abundance (Supplementary Table S6). The MinlON uses 3™ generation
sequencing technology, which besides a number of positive aspects, also currently has a relatively high error
rate (~10-20%) (Quick ef al., 2016). Thus, by chance a number of sequences may show higher affinity to
species not present in the sample. In particular, higher throughput increases the risks of random sequencing
errors (Jain et al., 2016; Quick et al., 2016), and a high error rate coupled with a relatively low identity
threshold (85%) will generate false positive species identification. However, true- and false positive
proportions are expected to be stabile regardless of throughput, thus false positives will remain at a very low
rate.

For control and fish block samples the sequence error rate did not seem to be problematic, as long as
species detection was based on a 2% minimum threshold of cumulated reads. In contrast, the MinlON struggled

with reliable detection of some included species (i.e. haddock and whiting represented <2% of the cumulated



reads) and for obtaining accurate biomass proportions in silage. We suspect that the difference between the
two approaches is due to the targeted DNA fragment sizes. qPCR targeted DNA fragments between 72 and
129 bp whereas the MinlON based metabarcoding approach targeted a 699 bp mtDNA fragment. Longer DNA
fragments are in general rare in processed material, such as silage, and the analysis will be more stochastic
when only few long molecules (>200bp) remain (Deiner et al., 2017; Jo et al., 2017; Piskata et al., 2017).
Smaller fragment, so-called “minibarcodes” would likely improve detection power, but there is a trade-off
between minimizing amplicon length and taxonomic resolution (Shokralla et al., 2015; Thomsen et al., 2016).
Clear taxonomic sequence distinction provided by long DNA barcodes is still vital for MinION based species
assignment due to the system’s high sequencing error rate and relative poor sequence performance with short
target amplicons. Future application of “direct sequencing” that is independent of an initial taxon-specific PCR
represents an appealing approach to avoiding both the targeted sequence analysis and amplification biases
(Thomas et al., 2016; Stat et al., 2017; Fonseca, 2018). This approach can also be combined with MinION
analysis known as “selective sequencing”, where only predefined target sequences are processed (Loose et al.,
2016).

The general issues of contamination and sensitivity are important to address before implementing the
techniques in fisheries MCS. Catching, handling and processing related to commercial fishing practices are far
from sterile procedures with many possibilities for both natural and “technical” contamination. For example,
many commercial fish species are predators, potentially with stomach contents including other MCS target
species. Likewise, all exterior fish surfaces have potentially been in contact with other species likely leaving
false-positive DNA traces. However, low level contamination in the the samples utilized here did not generally
approach the normal limits of detection or quantification in the assays and we expect that fish present in the
silage and fish blocks to swamp-out any trace contaminant species. Hence, setting a quantitative threshold (e.g.
at <30 PCR cycles) and/or a ratio threshold (e.g. proportion of target to contaminant species DNA), while
decreasing the effective sensitivity of an assay, would also provide more robust estimates of the true species
composition of bulk fish products.

In conclusion, this study yielded some very encouraging results for the use of DNA-based product

analysis to estimate the initial relative biomass of different fish species in processed discard products. It



represents a “proof of concept” rather than an exhaustive evaluation of all parameters of importance for robust
species quantification relevant to all fisheries and products. Any future practical application would require
significant refinement and calibration to be conducted, and methods would need to be formally validated to
fully characterise the sensitivity, specificity and robustness of diagnostic tests. However, the DNA analysis
platforms assessed here potentially form the basis of robust, standardized and cost effective methods to verify
the species composition of complex bulk fish products, which would be of significant interest to the industry,

wherever visual identification and quantification are not possible.
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