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Abstract While genetics has assisted fisheries management for over 50 years,
genetic applications aiming to alleviate or eliminate discards have received little
attention. In this chapter, we focus on how genetics can be applied under the EU
Landing Obligation, to identify and prevent unwanted catches and to estimate the
composition of products made from such catches. Three themes are covered: (i) the
genetic identification of bycatch; (ii) the genetic analysis of species composition in
nutritional products made from unwanted fish; (iii) the potential of using so-called
environmental DNA (DNA shedded from aquatic organisms into the water) to
reduce bycatch. For all themes, we introduce and explain the relevant genetic
techniques, including data formats and analyses. We present the most significant
limitations of the methodologies for their implementation in fisheries and provide
examples of their use through relevant case studies. Finally, we discuss the potential
future perspectives, with emphasis on the rapid progress in portable and automatic
DNA devices, which may revolutionize the use of real-time onsite genetic analyses.

Keywords Discard · Environmental DNA · Fisheries bycatch · Genetics · Species
composition · Species identification

20.1 Introduction

For more than 50 years, genetics has been assisting fisheries management and marine
conservation efforts (Ovenden et al. 2015). During this period, the molecular
techniques for studying genetic variation and associated analytical methods have
changed tremendously (e.g., Goodwin et al. 2016; Herbert et al. 2003), which in turn
have prompted new possibilities in relation to fisheries (Ovenden et al. 2015).
Examples of the application of genetics are diverse and cover issues like species
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identification, analysis of stock structure and food traceability, which are all relevant
for conservation, fisheries managers and consumers (reviewed by Ovenden et al.
2015). So far, most uses have focussed on ecosystem management and sustainable
harvest of fish resources, while genetic applications aiming to alleviate or eliminate
discards have received little attention.

In this chapter, we focus on how genetics can be applied under the EU Landing
Obligation, in order to assess and mitigate unwanted catches (e.g., undersized
juvenile and low-profit species that will have to be retained and landed under the
Landing Obligation) and identify the composition of processed products made from
these catches. For all themes, we introduce the relevant genetic techniques, the
associated data format and downstream analyses. Moreover, we present the most
significant limitations of the techniques, provide examples of their use through
relevant case studies and finally discuss potential future perspectives.

20.2 Genomes, Genes and Genetic Markers

All genetic approaches described in this chapter rely on the analysis of
Deoxyribonucleic acid (DNA), which constitutes the genetic code. When
populations of organisms are isolated from each other, they follow separate evolu-
tionary trajectories and accumulate genetic differences over time due to the evolu-
tionary forces of mutation, selection and genetic drift (stochastic changes in the
frequencies of genetic variants accumulating from generation to generation) (Coyne
and Orr 2004; Mayr 1942, 1963). Accordingly, when two sympathetic species have
been geographically separated for long enough, their DNA will contain genetic
differences, which can be used to unambiguously identify these species using
various techniques.

Within a normal animal cell, two different genomes can be found, i.e. the nuclear
genome and the mitochondrial genome also referred to as the “mitogenome”
(Fig. 20.1). The nuclear genome is located within the cell nucleus in one copy per
cell. This genome contains most of the organisms’ genes and is by far the largest,
consisting of millions or billions of base pairs. The mitochondrial genome is a much
smaller circular genome of around 15–17,000 base pairs in length, and normally
includes 37 genes (Ballard and Whitlock 2004). One mitogenome is located in each
mitochondrion, i.e. the small organelles responsible for energy production (Saraste
1999), which is also found in the cell. The number of mitochondria varies between cell
types, with numbers ranging from ~80 to ~2000 in mammals (Cole 2016). Hence,
there are many copies of the mitogenome, but only one nuclear genome within each
cell. The high number of mitogenomes per cell is an advantage for many genetic
applications, as it is easier to obtain a sufficient amount of intact DNA suitable for
downstream applications (Ballard and Whitlock 2004; Galtier et al. 2009). Combined
with other attributes like a highly conserved gene content and architecture, which
promote easy inter-species comparisons, this feature has made the mitochondrial DNA
the most widely used marker for many genetic applications.
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20.3 Species Detection and Bycatch Assignment

20.3.1 The Technology and Its Applications in Fisheries

With the implementation of the Landing Obligation, many species that previously
would have been discarded, e.g. undersized juvenile and low-profit species will now
have to be retained and landed. This will challenge the fishing industry, requiring
authorities and managers to ensure the correct identification of all landed fish. This
information will allow for a more accurate assessment of fisheries’ impacts on
species and populations, improving possibilities for evaluating the effect of fishing
on the viability of the species or populations of interest (Ovenden et al. 2015). Thus,
if fishing has a significant impact on certain species, legal actions can be put in place
to reduce bycatch.

Species identification is often based on morphological characters alone; however,
in many cases proper species assignment can be problematic. For example, diag-
nostic characters may not be present across juvenile life stages of some species
(McEachran and Musick 1973). Moreover, species may lack morphological charac-
ters for easy taxonomic identification because they are badly preserved (or damaged
by the fishing gear), are poorly defined (due to limited taxonomic knowledge), or do
not exist (cryptic species, i.e. different species that are morphological identical)
(Ovenden et al. 2015). Even when good diagnostic morphological characters exist,
taxonomic analysis can be difficult, labour intensive and expensive, as it relies on the
expertise of highly specialised taxonomists, the number of which is declining
worldwide (Hopkins and Freckleton 2002; Wheeler et al. 2004). Hence, alternative
ways of conducting species assignment are warranted.

DNA-based identification methods offer fast, standardized and accurate tools for
species assignment. The only prerequisites are that the focal species and its sister-
species have been described taxonomically, that regions of their DNA have been

Nuclear DNA Mitochondrial DNA

General information:
- One genome per cell
- Large genome
- Thousands of genes

General information
- Multiple genomes per cell
- Small genome
- Around 37 genes

An animal cell

Cell nucleus
Mitochondria

Fig. 20.1 Key differences between the nuclear and mitochondrial genomes. The drawing depicts
an animal cell and the arrows show the location of the nuclear and mitochondrial DNA. For
simplicity, not all cellular organelles are shown
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sequenced and that there is sufficient variation within these sequences to discrimi-
nate between target and other taxa. The most commonly used technique is “DNA
barcoding” described by Herbert et al. (2003) (for description of technical terms in
bold, see text box 20.1). This technique relies on region-specific DNA amplification
using a method known as Polymerase Chain Reaction (PCR) and is typically
followed by conventional Sanger DNA sequencing. Typically, for animals, the
mitochondrial cytochrome oxidase subunit 1 gene (abbreviated COI) is sequenced
and compared to a validated sequence reference database (Fig. 20.2a).

The amplified gene segment is approximately 650 base pairs long and was
originally chosen based on the level of sequence variation, for most taxa showing
only minute genetic variation within the species, while still enabling the discrimi-
nation of even closely related species (Hebert et al. 2003). Moreover, several
universal PCR assays have been developed rendering it possible to amplify and
sequence COI across large taxonomic groups, e.g. fish, vertebrates and invertebrates
(Ivanova et al. 2007). However, other gene regions of either mitochondrial or nuclear
origin are also used, but to a lesser degree, provided they are diagnostic for the
species under investigation. For example, in fish the mitochondrial cytochrome b
gene (Cytb) is extensively used as a DNA marker for species identification
(Teletchea 2009).

Textbox 20.1 Descriptions of the Molecular Methods Mentioned in This
Chapter
PCR

Polymerase Chain Reaction or PCR is a method to amplify a specific region
of the DNA, allowing the generation of billions of DNA copies of specific
genomic regions. The technique relies on two short DNA sequences, so-called
primers, and an enzyme, a polymerase, which copies DNA during repeated
cycles of heating and cooling (so-called PCR cycles). Primers only bind to a
specific region of the target DNA and serve as starting point for the DNA
polymerase. PCR can be conducted with species-specific primers, targeting a
single species, or universal primers that amplifies a specific region across taxa.
The latter is normally used for DNA barcoding when the identity of the
specimen is not known a priori.

PCR assay
The specific combination of primers used in PCR. For qPCR and ddPCR

the assay include primers and reporter molecule.
DNA barcoding
DNA barcoding relies on PCR using universal primers that amplifies a

specific region, normally the mitochondrial COI gene, across taxa. Following
amplification, the region can be purified, sequenced and finally compared to a
database in order to establish species identity.

(continued)
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TextBox 20.1 (continued)
Sanger sequencing
Sanger sequencing is a technique that allows for DNA sequencing of one

sequence at the time of up to around 1000 base pairs.
Next generation sequencing
Next generation sequencing or NGS refers to DNA sequencing, which

allows individual sequencing of million of sequences in parallel. Many plat-
forms only generate short sequences up to few hundred base pairs.

Meta-barcoding
Meta-barcoding is a method that combines DNA based identification and

Next generation Sequencing DNA sequencing. It relies on the use of universal
primers, which allows amplification of a specific target region across species
groups (e.g. fish) in environmental or other mixed species samples, which
subsequently can be sequenced. Output sequences can following be matched
to a reference database in order to analyse the number of species present in the
sample. Moreover, a measure of relative species composition can be made by
counting the number of sequences from each observed species. However, in
some cases, the primers may work better for some species than other, which
will bias such estimates.

qPCR
Real-time PCR, also called quantitative PCR or qPCR, is a method that

allows for analysis of a PCR reaction in real-time, which enables enumeration
of DNA copies. qPCR is based on the same approach as PCR but additionally
contains a fluorescence region-specific reporter molecule, which allows for
visualization of the increase in DNA copies during PCR. A positive detection
is based on the accumulation of the fluorescent signal and the cycle threshold
(Ct), which is defined as the number of cycles required for the signal to be
significantly higher than the background fluorescence level. If a qPCR reaction
is analysed together with a dilution series (a standard curve) of a known
number of targets, the number of DNA molecules in the reaction can be
estimated.

ddPCR
Like in qPCR, droplet digital PCR or ddPCR relies on PCR using region

specific primers and a DNA specific reporter. However, differently from qPCR
the total PCR reaction is fractionated into thousands of small oil droplets, and
PCR is subsequently carried out separately within each droplet. Following
PCR each droplet is analysed for positive amplification and number of initial
DNA targets. Compared to qPCR, ddPCR provide an absolute count of target
DNA copies per sample without the need for running a standard curve and
enables more accurate measurements of small fold changes in target DNA
amongst samples.
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When comparing a sequence from a specimen with unknown taxonomic identity to
the database, it is important to make sure that the obtained sequence is of high quality
and that the database includes all closely related species. If this is the case, the identity
of the specimen can be inferred with very high precision, except in cases where
diagnostic variants do not exist. A lack of diagnostic variants can be found e.g.
between extremely closely related species and in groups of organisms with low levels
of variation in the chosen barcoding region or due to introgression events where the
DNA is shared between species because of hybridization. When no close matches of
the DNA sequence can be found in the database, the sample likely belongs to an
unknown species or one that is not included in the database (Ovenden et al. 2015).
Genetics can also be used to assign individuals to populations within species (Nielsen
2016). In these cases, several nuclear genetic markers are normally used in a proba-
bilistic framework, combining the statistical power of individual genetic markers into
an overall likelihood of origin. This is necessary, as populations are rarely fixed for
specific (diagnostic) gene variants of either mitochondrial or nuclear genes.

20.3.2 Current Limitations

The accuracy of DNA barcoding is generally high with most species showing
distinctive COI sequences (Hebert et al. 2003). For example, among 207
Australian fish species, the identification success rate was 93–98% across groups

A B
Species identification by DNA barcoding Species identification by qPCR

?

ATGATAGTCGTAACTGATGACTGAGTCCGT

AAGATAGTCGTTACTGATGAATGAGTCCGT – Species 1 
AAGATAGTCCTAACTGATGACTGAGTTCGT – Species 2
ATGATAGTCGTAACTGATGACTGAGTCCGT – Species 3
ATGCTAGTCGTAACCGATGACTGAGTCCCT – Species 4
ATGCTAGTCGTAACCGATGACTGCGTCCCT – Species 5

1) Tissue from 
    unknown species
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Fig. 20.2 Overview of the analytical steps in genetic species-identification either by (a) DNA
barcoding or (b) Quantitative PCR (qPCR). In DNA barcoding, the barcoding gene (e.g. COI) is
amplified by PCR and the product subsequently sequenced and finally compared to a database for
species-match. In qPCR species-specific assays are used. Such assays are initially tested for possible
cross-amplification to other species in order to control for false-positive detections. Hence, a
positive amplification signal denotes a positive identification for the tested species

412 M. W. Jacobsen et al.



(Ward et al. 2005), and a 90% accuracy has been documented for North American
freshwater fish (April et al. 2011). Nonetheless, the overall precision of the
methods critically depends on the reference database used (Ovenden et al. 2015).
To assure transparency, sequences should optimally be matched against DNA
sequence data from voucher specimens or other curated museum specimens to
ensure the reliability of the data (Ratnasingham and Hebert 2007). Currently
several public DNA databases exist. GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) and the Barcode of Life (http://www.boldsystems.org/index.php/data
bases) are probably the best known and contain sequences from thousands of
species. While the Barcode of Life database consists of several recognized DNA
barcoding genes with high quality assurance assessment, Genbank acts as a general
repository for genetic data and has therefore a lower quality standard. Due to a
general increase in the use of genetics for species identification and taxonomic
purposes, as well as the establishment of databases for commercial species, the
databases already contain sequences from many species and are constantly
expanding. For example, the Barcode of Life database (on the 16th of June
2018) contained 18,843 species of ray-finned fishes. However, the databases
remain incomplete, especially for some cryptic, rare and non-commercial species
and for geographical regions with high species diversity.

Another limiting factor is the labour expenditure needed for sequencing and
analysing of the data. However, other genetic methods can be used for performing
species-level assignment that do not involve direct visualization of the genetic
code, thereby potentially allowing faster and easier species identification. One such
technique is real-time PCR, also known as quantitative PCR (qPCR)
(Fig. 20.2b). Quantitative PCR relies on species-specific detection and utilizes a
chemistry, which emit light when in contact with DNA from the target organism.
The technique allows for simultaneous analysis of one or multiple samples in
parallel thereby permitting a fast, sensitive and a potentially cost-efficient alterna-
tive to conventional DNA barcoding for routine presence/absence applications.
While the risk of false-positives in DNA barcoding both depends on the accuracy
of the reference databases and the target region’s ability to discriminate between
species, false-positives in qPCR analysis depend on potential cross-amplification
to non-target species (the method provides a signal of presence of the species,
while it is not there). Hence, for qPCR analysis thorough testing for cross-
amplification is needed before an assay can be validated. This can be particularly
laborious and expensive for marine species due to the often-large number of related
and co-occurring species. Moreover, since a single qPCR assay is specific to a
particular species or related group of organisms, qPCR is most useful to identify
samples where the number of candidate species can be restricted to a few (for
example by using morphological characteristics, see Helyar et al. 2014). In cases
where the species identity is completely unknown (e.g. highly damaged or
processed individuals) many independent qPCR analyses might be needed to
provide a positive detection, which increases the cost significantly. In these
cases, DNA barcoding may be more cost effective.
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20.3.3 Case Studies

Skates and rays are particularly vulnerable to overharvesting due to their life history
patterns involving slow growth rates, high age of maturity and low fecundity and
slow reproductive rates (Holden 1973). Currently, several species are considered
threatened and are therefore protected, while others are still targeted or caught as
bycatch and sold commercially (STECF 2017). These include several species that
can be difficult to distinguish from protected species based on morphology alone
(McEachran and Musick 1973): e.g., the thorny skate (Amblyraja radiata) is
protected in the North Sea fisheries (STECF 2017) but can be difficult to distinguish
from the thornback ray (Raja clavata), which may be landed (Larsen et al. 2013).
Moreover, identification is commonly based on the number of dorsal spines, which
in cases where only the ray “wings” are retained, as practiced in some countries (e.g.,
Denmark), renders species assessment nearly impossible - even by trained special-
ists. Hence, to monitor rays and skates, genetic tools should be applied. This may
especially become relevant with the introduction of the Landing Obligation, as there
is a risk that protected species will be landed. Here a standardized genetic approach
may be of vital importance for accurate species monitoring of the landed catches,
which in turn should eventually lead to better management of the species. Examples
of this already exist for other species. For example, albatrosses have suffered high
mortality as bycatch in long line fisheries (Burg 2007; Walsh and Edwards 2005).
These species are highly mobile, migrating thousands of kilometres between breed-
ing and feeding grounds. As feeding habitat often overlaps between species or
populations, and because bycatch carcasses may be highly degraded, it has been
difficult to assign individuals to species or populations. Analyses of genetic markers
either mitochondrial DNA (Walsh and Edwards 2005) alone or in combination with
nuclear markers (Burg 2007) have demonstrated that species, sub-species and even
breeding populations could be assigned with high accuracy. This has permitting the
impacts of bycatch on specific populations or species to be more accurately
estimated.

20.4 Monitoring Species Composition in Processed Fish
Products

20.4.1 The Technology and Its Applications in Fisheries

Millions of tonnes of fish are thrown back to the sea as bycatch every year
(Kelleher 2005). With the introduction of the EU Landing Obligation, all catches
of regulated commercial species will have to be landed and counted against quota.
This procedure is expected to lead to large amounts of bycatch being landed, which
can be utilized in the feed or food industry (Iñarra et al., this volume). Given a low
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price for unwanted catch (e.g. due to low valued species or individuals), methods for
minimizing handling time and costs are likely to be implemented, which will
probably lead to storing of catch as mixed or bulk products. One promising approach
is the application of fish silage (Viðarsson et al., this volume). Fish silage is a liquid
product made from grounded fish in the presence of added acids or lactic-acid-
producing bacteria. This product can be pre-processed on board at sea, requires low
investments and can be stored at room temperature for an extended period (Arruda
et al. 2007). Due the expanding aquaculture industry, especially salmon farming, the
demand for fish feed has grown. Accordingly, the price for prime fish silage has
increased and is now in a price range where it is a valid alternative to other storage
methods like freezing (personal communication, Erling P. Larsen, Senior Executive
Consultant, DTU Aqua, Technical University of Denmark). Frozen fish can be used
for production of feed (fish meal) but also for food like surimi. However, freezing of
low cost fish will reduce the storage capacity for more high-priced catch rendering
fish silage an economical and practical alternative. Fish silage can also be produced
from the discarded fraction of the primary catch, such as guts, liver and other organs
(Arruda et al. 2007), which increases the economic motivation for its use. However,
before such products can be introduced to the relevant industry, accurate labelling of
species composition according to the food safety standard regulation of the European
Union, needs to be ensured (EU Commission Directive 2002/86/EC). As this task
cannot be done by visual inspections of bulk products like fish silage, other
approaches are needed to analyse and quantify species composition.

Extensive research has been conducted into molecular methods enabling assess-
ment of the species-identity of processed meats. Immunological methods have
been used for species detection in meat (Ballin et al. 2009). These methods
typically rely on the detection of a species-specific protein, but have now largely
been replaced by genetic methods. Targeting DNA compared to proteins has
several advantages. First of all, DNA has a higher thermal stability, allowing
detection in both processed and raw products. DNA is present in all living cells,
regardless of tissue origin and hence easier to detect than proteins that may be
located in specific tissues (Lockley and Bardsley 2000). Secondly, the variation in
the genetic code between species makes DNA more suitable for species discrim-
ination, especially between closely related species. Finally, PCR-based techniques
have lower limits of detection (defined as the lowest concentration of target that
can be detected on 95% of occasions) with estimates of 0.001%–1% of the total
weight in mixed meat samples (Ballin et al. 2009).

Overall, the methods used for species identification can also detect species
presence in processed products. For example, DNA Barcoding, has been used in
investigations of adulterated labelling of fish products like fresh or frozen fish fillets,
fish fingers, fish cakes and surimi (Helyar et al. 2014; Huxley-Jones et al. 2012; Pepe
et al. 2007). However, as conventional Sanger sequencing techniques do not allow
for analysis of multiple DNA sequences, this technique only qualifies when used on
products originating from a single species. Moreover, in processed samples, shorter
and more variable DNA segments may be preferred, as the DNA normally is
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degraded into short fragments often only few hundred of base pairs long (e.g. Pepe
et al. 2007). Quantitative PCR can be used for detection of short species-specific
DNA sequences (often < 200 bases) in mixed species products and has been used for
example for testing the presence of haddock (Melanogrammus aeglefinus) and cod
(Gadus morhua) in products labelled as whitefish and sold from supermarkets in the
UK (Helyar et al. 2014). This technique also allows for quantitative estimation of
DNA copy numbers when analysed in combination with a standard dilution series of
known DNA concentration. It therefore combines fast identification with quantita-
tive applications (Fig. 20.3a). Another well-established PCR-based method is the
droplet digital PCR (abbreviated ddPCR) (Fig. 20.3b). This technique builds on
the same principles as qPCR but is more precise when used for quantification and
does not require a standard curve for quantification of DNA copies. Both qPCR and
ddPCR have been used with success to analyse species composition in mixed meat
products (e.g., Floren et al. 2015), but so far few studies exists for fish (Bojolly et al.
2017). However, with the increased focus on species identification in mixed fish
products and a continuous declining cost of the chemistry used, it is likely to become
a more common practice within a few years.

20.4.2 Current Limitations

Quantitative DNA based methods can be used to accurately determine the number of
DNA molecules present in a mixed-species product. However, translating this into
percentages by weight, which is the normal standard within the food industry, is
difficult. For example, the number of mitochondria and hence mitochondrial DNA
copies per cell varies across cell types, as well as species (Cole 2016). For this
reason, several researchers have advocated for the use of nuclear markers, as they
exist in a fixed number of copies per cell (Ballin et al. 2009). However, for products
like fish silage generated from whole un-gutted fish, complications may still arise.
For example, liver and intestines contain more cells and hence nuclear DNA copies
per weight than white muscle. As organ size is not fixed relative to the size of the
fish, but varies according to size, age, maturity and species, inaccuracies using
nuclear DNA is also expected. A solution may be to use a small fraction of the
total catch to estimate species weight composition, which then can be used to
estimate a correction factor (Thomas et al. 2016) or to label mixed products in a
genome to genome equivalent, instead of weight (Ballin et al. 2009). A final issue
with using whole fish, or fish guts, is that DNA from prey items also can be detected.
As part of the prey may be other commercial species, which in theory would then be
deducted from the quota. However, since prey items normally constitute a minute
fraction of the entire product, this risk may be avoided by using a minimum
threshold for quota deductions.

Another limitation relates to the fact that both qPCR and ddPCR rely on species-
specific detections, which make these techniques expensive for screening products
of unknown composition. In such cases, meta-barcoding may be a better

416 M. W. Jacobsen et al.



D
N

A 
ex

tr
ac

tio
n

C

PC
R 

us
in

g 
un

iv
er

sa
l 

ba
rc

od
in

g 
pr

im
er

s

A
B

En
vi

ro
nm

en
ta

l D
N

A
M

ix
ed

 fi
sh

 s
am

pl
es

 a
nd

 fi
sh

 s
ila

ge

qP
CR

 u
si

ng
 s

pe
ci

es
-s

pe
ci

fic
 a

ss
ay

an
d 

st
an

da
rd

 d
ilu

tio
ns

dd
PC

R
us

in
g 

sp
ec

ie
s-

sp
ec

ifi
c 

as
sa

y

H
ig

h 
th

ro
ug

hp
ut

 s
eq

ue
nc

in
g,

 q
ua

nt
ifi

ca
tio

n 
an

d 
sp

ec
ie

s 
m

at
ch

in
g

DNA targets

Cy
cl

e 
th

re
sh

ol
d 

va
lu

e 
(C

t)

M
ea

su
re

 D
N

A 
co

pi
es

 b
y 

co
m

pa
rin

g 
to

 d
ilu

tio
n 

se
rie

s
Ca

lc
ul

at
e 

D
N

A 
co

pi
es

 fr
om

 
nu

m
be

r o
f p

os
iti

ve
 d

ro
pl

et
s

0

20
00

40
00

60
00

80
00

Sp
ec

ie
s 

1
Sp

ec
ie

s 
2

Sp
ec

ie
s 

3

Number of 
sequences

F
ig
.
20

.3
O
ve
rv
ie
w

of
th
e
m
et
ho

ds
us
ed

fo
r
D
N
A

qu
an
tifi

ca
tio

n
us
in
g
ei
th
er

m
ix
ed

sp
ec
ie
s
sa
m
pl
es

or
eD

N
A
.
In
iti
al

D
N
A

ex
tr
ac
tio

n
is
un

iv
er
sa
l
fo
r
al
l

ap
pl
ic
at
io
ns
.I
n
qP

C
R
st
ud

ie
s,
(a
)a

di
lu
tio

n
se
ri
es

(s
ta
nd

ar
d
cu
rv
e)
w
ith

a
kn

ow
n
nu

m
be
ro

fD
N
A
co
pi
es

(d
ep
ic
te
d
in
bl
ac
k)

ca
n
be

us
ed

to
es
tim

at
e
th
e
nu

m
be
r

of
co
pi
es

in
th
e
un

kn
ow

n
sa
m
pl
e
(r
ed

do
t)
.H

er
e
cy
cl
e
th
re
sh
ol
d
va
lu
e
(C
t)
is
th
e
P
C
R
cy
cl
e
w
he
re
th
e
fl
uo

re
sc
en
ce

si
gn

al
be
co
m
es

si
gn

ifi
ca
nt
ly

hi
gh

er
th
an

th
e

ba
ck
gr
ou

nd
an
d
ca
n
be

us
ed

to
es
tim

at
e
th
e
am

ou
nt

of
D
N
A
in
th
e
un

kn
ow

n
sa
m
pl
e.
C
om

pa
re
d
to
qP

C
R
,(
b)

dd
P
C
R
pr
ov

id
es

an
ab
so
lu
te
co
un

to
ft
ar
ge
tD

N
A

co
pi
es

pe
r
sa
m
pl
e
w
ith

ou
t
th
e
ne
ed

fo
r
ru
nn

in
g
a
st
an
da
rd

cu
rv
e
en
ab
lin

g
m
or
e
ac
cu
ra
te

m
ea
su
re
m
en
ts

of
ta
rg
et

D
N
A

co
nt
en
t
am

on
g
sa
m
pl
es
.
In

m
et
a-

ba
rc
od

in
g,

(c
)
th
e
ge
ne

in
fo
cu
s
(e
.g
.
C
O
I)
is
fi
rs
t
am

pl
ifi
ed

in
or
de
r
to

up
-c
on

ce
nt
ra
te

th
e
nu

m
be
r
of

D
N
A

co
pi
es

fr
om

a
sp
ec
ifi
c
gr
ou

p
of

ta
xa
,
e.
g.

fi
sh
.

F
ol
lo
w
in
g
th
is
,D

N
A

is
se
qu

en
ce
d
us
in
g
a
N
ex
t-
ge
ne
ra
tio

n
(N

G
S
)
pl
at
fo
rm

ge
ne
ra
tin

g
m
ill
io
ns

of
se
qu

en
ce
s
th
at

su
bs
eq
ue
nt
ly

ca
n
be

so
rt
ed
,q

ua
nt
ifi
ed

an
d

co
m
pa
re
d
to

a
da
ta
ba
se

20 Possible Uses of Genetic Methods in Fisheries Under the EU Landing Obligation 417



alternative. In meta-barcoding, a gene, like COI, is sequenced across one taxon
(e.g. fish) using a high-throughput next generation sequencing (NGS) platform.
This allows for the sequencing of millions of individual gene sequences, which can
be matched to a reference database and counted, and hence combines DNA
barcoding with possible quantification (Fig. 20.3c). This method has been used to
assess species identity and composition for different kinds of mixed species samples.
Meta-barcoding has been used for assessing animal diet by analysing the gut content
(e.g., Murray et al. 2011) and has been one of the favoured tools for analysing
environmental DNA samples (see next section) (Hansen et al. 2018). However, often
only a subset of species can be targeted simultaneously due to variation in the DNA
code used for PCR amplification, which moreover can lead to quantification bias if
some species amplify better than others during PCR. In addition, as most NGS
platforms generate short sequences, the sequenced DNA region will be shorter than
for conventional Sanger sequencing. This represents a potential problem, as the
shorter sequences contain less variation to discriminate between species. Hence,
often sequences cannot be resolved to a species level but only to higher taxonomic
levels (Pompanon et al. 2012; Stat et al. 2017).

20.4.3 Case Study

In order for fish silage to be a valid alternative to frozen fish, several questions need
to be addressed. Earlier unpublished studies conducted by DTU Aqua, Technical
University of Denmark, have demonstrated that DNA is still present in fish silage
after 21 days at both 5 and 20 degrees, as confirmed by amplification and sequencing
of the mitochondrial COI gene. However, whether the product also allows accurate
quantification of species composition remains unknown. This was investigated in a
preliminary study, conducted as part of the Discardless project funded by the
European Union. Here specific mitochondrial qPCR assays were developed for
cod, haddock and whiting. Subsequently fish silage was made from the same species
and DNA samples were extracted over a period of 21 days. Finally, qPCR analysis
was undertaken in order to estimate the distribution of DNA copy number among
species in the mixture, which then could be compared to the relative difference in
weight. The results show that, overall, there is a good correspondence between the
input (in weight) of the three species and the number of DNA copies present. The
largest difference is found at the first day of the experiment, probably indicating
insufficient liquefaction and mixing (Fig. 20.4). After that, the difference decreased
significantly, although smaller differences could still be observed until day 21. In
general, whiting, which represented the smallest biomass, was overrepresented in the
DNA quantification. Similar results have been documented in other studies, but can
be improved by calculating a correction factor from a subsample (Thomas et al.
2016). Hence, although more empirical studies are needed, the results hold promise
for the application of DNA-based methods for determining the composition of
species in silage and other mixed products from bycatch.
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20.5 Environmental DNA and Pre-assessment
of Appropriate Fishing Grounds

20.5.1 The Technology and Its Applications in Fisheries

Traditional DNA-based monitoring of fisheries entails direct DNA sampling of the
catch. However, non-invasive monitoring is possible through analysis of so-called
environmental DNA (abbreviated eDNA). Environmental DNA simply refers to
genetic material, obtained directly from an environmental sample (water, air or
soil), without any obvious parts of macro-organisms (Hansen et al. 2018). DNA is
continuously shed by all organisms to the surrounding environment through skin
(scales and mucus from fish), faeces, gametes, etc. (Hansen et al. 2018). Since
marine organisms shed DNA “particles” directly into the sea, eDNA can be obtained
from a water sample. The procedure is relatively simple: following water collection
(normally ranging from typically 250 mL–5 L (Goldberg et al. 2016)), the water is
filtered through a filter that retains the minute particles containing DNA, which can
be extracted and analysed by either qPCR, ddPCR or meta-barcoding methods
(Fig. 20.3). Quantitative PCR has been the preferred method to analyse the presence
(and abundance) of specific species of interest (e.g., Thomsen et al. 2012b). For
example, qPCR has been used extensively as a tool for the detection of rare and
invasive species, which otherwise can be difficult to detect by conventional
methods (e.g. Thomsen et al. 2012b). On the other hand, meta-barcoding has
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been the favoured tool for identifying and describing entire marine biological
communities within or across taxonomic groups (e.g. Stat et al. 2017; Thomsen
et al. 2012a, 2016). For such purposes, meta-barcoding is considered superior to
qPCR because a large number of species can be targeted at the same time. For
example, a recent study by Stat et al. (2017) tested several ‘universal’ PCR
barcoding assays, including one for fish that recovered 69 different taxa, of
which 33 of them were resolved to species.

The application of eDNA has been shown to be a cost-effective and sensitive
sampling method (Sigsgaard et al. 2015) and shows comparable or even more
accurate estimates of species diversity compared to established monitoring
approaches like net fishing and diving (Thomsen et al. 2012a). Moreover, several
studies have found positive correlations between species-specific DNA concentra-
tions and biomass and abundance in controlled experimental settings like aquaria
and ponds (Doi et al. 2015; Klymus et al. 2015), thus opening up possibilities for
interesting applications. For example, it has been suggested that eDNA may be used
as a future substitute or supplement to established stock assessments of commercial
fish (Thomsen et al. 2016). Although we are still quite far from this scenario (Hansen
et al. 2018), eDNA may be used in the future to reduce potential bycatch by
focusing fishing efforts in areas with low numbers of potential bycatch species. In
fact, Thomsen et al. (2016) have already tested such an application indirectly. They
used a meta-barcoding approach to analyse seawater samples collected in South-
western Greenland and compared it to trawling catch data. They generally observed
weak but significant correlations between numbers of sequences belonging to
specific groups of fish and biomass/abundance data, indicating a potential applica-
tion for using eDNA as a tool for targeted fishing.

20.5.2 Current Limitations

Several issues exist which needs to be properly addressed before eDNA can be
implemented to assist in more selective fishing efforts. First, faster ways of
processing and analysing samples are needed to allow analysis directly at the fishing
grounds. Such techniques, however, are already under development (see below
section on future perspectives). Other more fundamental issues relate to
(i) retention time of DNA (i.e. how long can it be detected in the environment)
and (ii) its correlation with biomass. The first issue depends on the effects of abiotic
and biotic factors that influence the production, degradation and transport of eDNA
(see Hansen et al. (2018)). Here, abiotic factors like water temperature, pH and UV
light determine the rate of DNA decay in the water, while biotic factors like size, age,
species, health, sex and food condition influence eDNA production. Moreover,
ocean currents will determine the distribution of eDNA, which may be carried
hundreds of kilometres away from the source within days (Thomsen et al. 2012a).
Still, marine eDNA studies report good concordance between eDNA analyses and
visual surveys of local vertebrate communities (Port et al. 2016; Thomsen et al.
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2012a). Nonetheless, environmental conditions play a large role in the production
and turnover of eDNA and will likely vary significantly due to the widely different
geospatial environmental conditions in our oceans (Klymus et al. 2015; Strickler
et al. 2014).

An improved understanding of DNA production is crucial for assessing the
relationship between the number of observed eDNA copies and the biomass in
natural environments. While experimental studies in general have shown solid
positive correlations between DNA and biomass (Doi et al. 2015; Klymus et al.
2015), relationships from natural systems are less pronounced, or in some cases even
lacking (Spear et al. 2015; Thomsen et al. 2016). This is likely due to the complexity
of such systems. For example, compared to a controlled experiment, natural habitats
comprise many different size and age groups of fish, which will shed different
amounts of DNA per mass, e.g. due to differences in metabolism, life stage or
condition (Hansen et al. 2018). Moreover, different species of fish may shed more
DNA than others, rendering it difficult to directly compare eDNA levels across
species with widely different biology. Hence, before eDNA can be used in targeted
fisheries, more empirical research is needed. This will improve our understanding
about how these issues affect eDNA quantification and pave the way for future
research into fisheries application.

20.5.3 Case-Study

In a current study, conducted by DTU Aqua, Denmark, the potential for using eDNA
to avoid bycatch is being directly investigated. Specifically, this study aims at
testing the potential for applying qPCR as a tool for monitoring absolute and relative
biomass of European sprat (Sprattus sprattus), Atlantic herring (Clupea harengus)
and sand eel (Ammodytidae). While all species are harvested commercially, the
bycatch of herring is a well-known problem, especially in sprat fisheries, and to
some extent, in sand eel fisheries. Currently, bycatch of herring are discarded when
the bycatch quota is exceeded. However, with the introduction of the Landing
Obligation, all bycatch of herring should, in theory, be deducted from this quota.
This may lead to a scenario where herring is a “choke species” for sprat and sand eel
fisheries leading to their closure. Thus, approaches facilitating more selective fish-
eries are warranted by the industry.

In the study, water samples were collected on board the fishing vessels while
fishing and estimates of catch and bycatch were conducted. Subsequently the water
samples were analysed for the quantity of species-specific DNA to assess potential
correlations. The data are still being analysed, thus only a few preliminary results are
available. However, they demonstrate large differences in the relative proportion of
DNA from Atlantic herring in the European sprat fisheries across fishing localities
(Fig. 20.5). Whether this is also well correlated with the actual biomass caught is
currently being investigated.

20 Possible Uses of Genetic Methods in Fisheries Under the EU Landing Obligation 421



20.6 Future Perspectives

Some of the major limitations of the methods described in this chapter are their
accessibility, time from sampling to results, the required manual labour and associ-
ated cost. Most of the techniques are currently only performed by highly trained
personnel in well-equipped molecular laboratories. However, in the near future, it is
possible that people with little molecular training can use many of the techniques in
situ, e.g. on board fishing vessels or at fishing ports. This should lower the costs and
facilitate faster communication between fishers and managers regarding bycatch
and catch composition, potentially leading to more efficient fisheries management
and conservation. On board analyses of eDNA in water samples prior to fishing
would, moreover, enhance the potential of using eDNA for targeted fishing efforts,
as it would allow near real-time analysis at the fishing grounds.

Already today, novel portable devices and kits exist that allow for DNA extrac-
tion and sequencing outside the laboratory. For example, Oxford Nanopore Tech-
nologies has designed a device for automated sample preparation and even PCR
(https://nanoporetech.com/products/voltrax). Combined with small portable
sequencing machines like, for example, the MinION or the smartphone compatible
SmidgION (Oxford Nanopore Technologies), this allows for fast onsite DNA
barcoding (Menegon et al. 2017). The MinION device has the same size as a normal
smart phone but can sequence up to 20 Gigabases of DNA (20 billion A, C, T and
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G’s) per run. The sequences are directly uploaded to a laptop computer and can
therefore be analysed in close-to-real-time. The major disadvantage of the MinION
is a high sequencing error rate, compared to laboratory DNA sequencing. However,
this is to some degree neutralized by the large sequencing output and recent
development in analytical methods. This poses another challenge, as analysis of
genomic data is computationally intensive and hence some applications may need
internet access to upload the data to an online server for fast on site analysis
(Srivathsan et al. 2018) and subsequent storing of results. Moreover, automated
methods and software, that can transfer gigabytes of DNA data from these devices
into a format that can be interpreted by the non-expert (fishers), is a field, which
needs more research and development. Further, the cost per run is still high com-
pared to conventional DNA barcoding, however; sequencing methods exist for
tagging, pooling and subsequent sequencing of up to hundreds of samples per
MinION run, thereby lowering the cost per sample significantly (Srivathsan et al.
2018). Another option is stopping the sequencing run when just enough sequences
have been obtained for producing proper species identification. Subsequently, the
device can be washed and used again until reaching the overarching sequencing
capacity.

Onsite analysis of species composition and quantification in mixed species
products or eDNA may also be conducted using qPCR. For example, the
US-based company Biomeme (https://biomeme.com) has developed an ultra-small
qPCR device that attaches to a smartphone and can run up to nine samples with up to
two different target species within an hour (e.g. sprat and herring). The same
company has also developed fast DNA extraction kits that allows for DNA prepa-
ration within a few minutes without need of any lab equipment. This kit uses
disposable, single-use consumables, which decreases the possibility for DNA con-
tamination among samples. Lastly, future eDNA analysis may also be conducted by
so called “ecogenomic sensors”, which are submersible instruments for autonomous
in situ automatic DNA analysis of water samples (Scholin 2009). The 2nd generation
environmental sample processor (2G ESP) is such a device and is essentially a DNA
lab in a waterproof can. The 2G ESP has already shown practical applications for
monitoring microorganisms (Ottensen et al. 2014), zooplankton (Harvey et al. 2012)
and eDNA from fish (personal communication, Brian K. Hansen)). The 2G ESP can
be moored to a specific location (e.g. a dockside or buoy), be mobile (free drifting) or
carried on board fishing vessels where it can conduct automatized water sampling,
DNA extraction and qPCR analysis. The ESP provides two-way communications,
which allows the end-user to remotely assess the results in near real-time. This has
potential interesting applications for fisheries, as this may allow for eDNA analysis
directly at the fishing grounds, which then can be communicated to the fishing fleet
and act as a supplement in order to avoid bycatch.

In conclusion, DNA-based methods can already provide important information
that can be used under the Landing Obligation to identify and prevent bycatch as
well as in control, management and consumer protection. The rapid and continuous
development of portable and automatic real-time devices for DNA analysis are
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expected to become more powerful, user-friendly and much cheaper in the near
future. This will likely increase the incentives to use genetics in fisheries manage-
ment, including subjects related to discards.
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