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Executive summary

The Working Group on the Application of Genetics in Fisheries and Mariculture
(WGAGFM) met at Pitlochry, Scotland 14 April 2008. The meeting was very well
attended; with a total of 25 representatives present from 11 countries (14 national

delegates and 11 experts appointed by the Chair).

Five Terms of Reference (ToRs) were on the agenda for 2008. The first issue
addressed was to review the application of a new class of genetic markers,
“SNP’s” (Single Nucleotide Polymorphisms), in fisheries genetics and
aquaculture. The molecular genetic revolution has facilitated the
investigation of a high number of genetic markers (SNP’s) spread
throughout the genome of an organism. SNP’s have revolutionised many
other fields of genetics, and is also expected to gain wider application and
become “state of the art” for many purposes in fisheries genetics and
aquaculture. For instance, the application of SNP analysis allows analysis
of both demographic processes as well as natural and human induced
selection. Likewise, SNP’s are very well suited for analysis of DNA from
historical samples thereby facilitating genetic monitoring of populations.
Still, different technical platforms for scoring SNP variability have to be
assessed for reliability and cost effectiveness. Likewise, the development of
new analytical tools to make full use of the large datasets generated should
be encouraged. Finally, the group does not recommend to abandon
previously employed genetic methods, but to critically evaluate the best
suited method for different purposes.

The second term of reference was to review current and future prospects of
QTL (Quantitative Trait Loci) based studies in fisheries and aquaculture.
There was a general agreement that QTL studies should be encouraged
and supported as they are one of the most direct ways to understand the
genetic basis of phenotypic variation, linking classic quantitative genetic
and genomic studies. The application of QTL studies should, however, not
only be restricted to Marker Assisted Selection (MAS). More effort should
be diverted for identification of QTL in a wider variety of aquatic species.
To aid this identification the current development of genomic resources —
notably linkage and physical maps, genomic libraries and whole genome
sequences — should be encouraged. Likewise, the development and
maintenance of divergent lines, family data, or other biological material of
interest for QTL mapping should be encouraged.

The 3 item on the agenda was to update progress on the establishment of
a meta-data base for genetic data, which was a follow up from a ToR from
2007. The group has identified that a centrally administered, web
accessible meta-data base could prove vital for integration among
researchers within the ICES remit. The meta-database should serve as a
portal cataloguing relevant primary information with respect to generated
population genetic data, primary and secondary research reports, available
biological samples, and point to the locations and contact points from
which to get such data, samples and extended information. The WGAGFM
should agree before September 2008 which types of meta-data to include
and the database structure, as well as the functionalities of the interface
providing access to the data and about other features to be made available.
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Positive feedback from both ICES and the European Commission on the
development and hosting of the data-base was achieved.

The next ToR was to review progress for optimizing the storing of otoliths
and scales. Historical collections represent an invaluable source for
conducting retrospective genetic analysis and, accordingly, there is an
urgent need to establish optimal storage conditions which will facilitate
future use of such samples. It is recommended that ICES should request
information on all scale and otolith collections held by fisheries
laboratories, institutes and universities. This information should be
accessible via the proposed ICES genetic database (see above). If disposal
of archived material is envisaged, the scientific community should be
notified via the ICES network. Archived material should be inspected on a
regular basis and subsequently stored in controlled conditions. It should
be borne in mind that most fungi prefer dark humid environments. Thus
dry storage conditions are vital. Preferably a non-mineralised tissue should
be sampled in the future, (e.g. a fin clip), solely for genetic analysis, due to
the clear benefits of molecular approaches in fisheries biology. This is also
important because of the competing uses for scale and otolith material (e.g.
microchemistry).

The final issue was to evaluate prospects for genetic monitoring for
evaluating the conservation status, intraspecific biodiversity and
population health in fishes. The group agreed that monitoring of fish
stocks should be based on genetic as well as on demographic metrics,
which are informative with regard to the status of their contributing
breeding populations as this will help to provide insights needed for
sustainable management. The insights should be generated by building
working models of local, regional and global breeding population
structure in commercial fish species of interest to ICES, using existing
information on their breeding biology and genetics, to help realise
management based on breeding populations and focus research directed at
model improvement (a ToR to conduct this exercise for cod has been
suggested for 2009). Genetic studies should be incorporated into existing
fisheries research programmes to advance understanding of population
structuring and to help assess the benefits of using genetic metrics to
assess population status. Finally, the group strongly recommends that
ICES promotes the establishment of direct links between individual species
assessment working groups and the WGAGEFM to facilitate the above.
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Introduction

The Working Group on the Application of Genetics in Fisheries and Mariculture
(WGAGFM) met at Pitlochry, Scotland from 1-4 April 2008. The ToRs were decided
in Council Resolutions adopted at the ICES Statutory meeting held in Copenhagen,
Denmark in 2007. Dr. E. E. Nielsen (Denmark) chaired the meeting, which opened at
0900 h on Tuesday, 1 April and closed at 12.00, Friday, 4 April 2008.

1.1 Attendance

Twenty-five persons from eleven countries (Canada, Denmark, Estonia, Latvia,
France, Germany, Ireland, Italy, Norway, Poland, and United Kingdom) attended the
meeting (Annex 2). Fourteen were official members (or substitutes) for their countries
and eleven were appointed experts by the chair for 2008. The latter were registered
with ICES prior to the meeting.

1.2 Venue

The meeting was held at the FRS Freshwater Laboratory, Pitlochery Scotland. The
WG wishes to express their appreciation to the local hosts Dr. Eric Verspoor and Dr.
John Gilbey and the rest of the staff at the institute for their kind hospitality. The
meeting venue was ideal with accommodation available at the “castle” in Pitlocery
and “taxi service” provided by our local hosts which took us to the Laboratory in the
morning and to the hotel in the evenings.

1.3 Meeting Format

WGAGFM has an established framework for completing its ToRs. Prior to the
meeting, small ad hoc working groups, under the leadership of one person, are
established to prepare position papers related to specific issues in the Terms of
Reference. The leader of the ToR is responsible for presenting the position paper in
plenary at the meeting and chairing the discussion. Thereafter, volunteers undertake
the task of editing and updating position papers according to points raised in the
plenary discussions. The ToR leader is responsible for preparing the final report text
from their sessions. Prior to the meeting an agenda is circulated to all members.
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ToR a): Review the potential for application of SNP“s (single
nucleotide polymorphisms) in fisheries genetics and aquaculture

Geir Dahle, Torild Johansen, Anti Vasemaigi, Gary Carvalho, Ann-Britt Florin,
Anna Was, Paolo Prodohl. Anastasia M. Khrustaleva

2.1 Background

One of the more recent additions to the “molecular toolbox” is single nucleotide
polymorphisms (SNPs), which comprise a usual alternative of only two possible
nucleotides at a given position. Much of the continuing quest for new molecular
markers stems from the realisation that no individual marker is ideal for all
applications, and it is important to appreciate from the outset that SNPs are no
exception to this. As new markers become available, it is necessary to assess their
characteristics and potential utility, and to match them to appropriate questions,
especially to identify new opportunities that become tractable.

SNP genotyping is rapidly becoming a powerful tool for assessing genetic variation
in natural populations (reviewed in Brumfield et al., 2003). Recent applications show
that SNPs are extremely frequent and relatively easy to ascertain in many non-model
organism genomes (Elfstrom et al., 2006; Morin et al., 2007a), and can be applied to a
wide range of population studies, from individual identification to population
structure and taxonomy (Glaubitz et al., 2003; Seddon et al., 2005; Elfstrom et al., 2006).
An important attribute of SNPs is that they are bi-allelic markers and not based on
length polymorphism. This facilitates comparison of data from different sources and
reduces the need for cross-laboratory calibration. Studies on conservation and
management of natural resources will benefit from using markers that allow datasets
to build over decades, and that are amenable to augmentation, both spatially and
temporally. Microsatellites can be constrained in long-term studies that require
addition of data from multiple laboratories because of the difficulties in calibrating
size-based alleles, often of only a few differences in nucleotide size (Broquet and Peti,
2004; Hoffman et al., 2006). A major attribute of SNPs is that SNP genotypes are based
on detection of nucleotide sequence differences rather than PCR product size
differences, so that genotype data are universally comparable and portable, without
the need to include common controls, as in the case of size-based markers. Other
benefits of using SNPs relative to other nuclear markers such as microsatellites
include ease and efficiency of discovery and genotyping (e.g. Elfstrom et al., 2006;
Morin et al., 2007a; Hinten et al., 2007), ability to target variation in random genomic
regions or known genes (Aitken et al., 2004; Kohn et al., 2006), and analytical tools and
methods for assessing power and population parameters (Ryman 2006; Ryman and
Palm 2006). The potential application of SNPs to degraded, historical, and ancient
samples has been discussed (Asher and Hofreiter 2006; Poinar et al., 2006; Rompler et
al., 2006), and there are some examples to date (Rompler et al., 2006, Consuega et al.,
2002, Leonard et al., 2000).

SNPs are a class of genetic markers that is well suited to a broad range of research
and management applications, and has recently been used in various areas of
ecology, evolution, conservation, and aquaculture (Brumfield et al., 2003; Morin et al.,
2004). SNPs are the most frequent type of variation and thus provide the unique
possibility to screen a larger part of the species’” genome. SNPs have the advantages
that they are found in coding and non-coding areas, whereas most microsatellites
used in population genetics, for example, are typically in non-coding regions of the
genome that is expected to be less influenced by selection. Based on direct sequencing



ICES WGAGFM Report 2008

of 27 genes (not random ESTs) the frequency of SNPs in Atlantic salmon (S. salar) has
been estimated to be 1/680 base pair (bp). The frequency varied between introns
(1/405bp) and exons (1/1448 bp) (Ryynédnen and Primmer 2006). The frequency of
single nucleotide substitutions at the origin of SNPs has been estimated to between
1x10° and 5x10° in mammals, but 1-10 per 1000bp in humans (Lee et al., 2005). The
two most used main approaches is to develop SNPs either from known genes (target
genes; Smith ef al., 2005a) or develop a large number of SNP markers from the
alignment of Expressed Sequence Tag (EST) (Moen et al., 2008). A limitation of the
targeted-gene approach is that SNP discovery is restricted to the genes for which
sequence data are available from sister taxa (Elfstrom et al., 2005).EST based SNPs
uncovers usually a larger number of loci, but not all loci might be identified in the
model species (Moen et al., 2008; Johansen et al., submitted).

Table 1. Characteristics of different molecular markers and their applicability using various
analysis methods (from Vignal et al., 2002).

Variation type Information content

Marker SNP! Indel? VNTR® 2dominant 2 co-dominant Muli allelic
name alleles alleles co-dominant
RFLP + Bt — + (+)*
PCR-RFLP + B ) - + -
RAPD + B ) + — -
AFLP + B 4 + (+)° -
SSCP + ) - + (+)3
Microsatellie — ()7  + - - +

SNP + (= — + —

| Single nucleotide polymorphism: any kind of base substitution. The fact that
SNPs appear both as a variation type and a marker name, is due to the fact that in
reality, many genotyping techniques used for genotyping SNPs are grouped under
this generic marker name.

? Insertions and deletions.

*Wariable number of tandem repeats.

* Although the RAPD, AFLP, RFLP. PCR-RFLP and SSCP techniques will detect
base substitutions in the vast majority of cases, the two other types of DINA variation
can also be analy sed.

*In some instances, more than two alleles can be analysed.

® With an automatic sequencer, some markers can be scored as co-dominant.

" Variations in PCR product length can be due toa deletion in the sequence flanking
the microsatellite.

# Many SNP detection techniques can also be used for scoring small insertions or
deletions (indels).
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Mitochondrial DNA

Mitochondri
(E l:;ctl)ﬁlli‘:n |(3<1:8%|100r|a - One linked array of genes (one locus) ...ATCATCCC... Wolf
beoo pait base pairs) « Control region sequence — 4
p + Maternally inherited ...ATCTTCCC... Coyote

+ Nonrecombining
+ Few—thousands of copies per cell

Microsatellites (short variable length repeats) ATCAC CACACACACA TGAC Wolf

« Nuclear DNA 5 Repeats

* Generally 10-20 loci analyzed
- Biparentally inherited

+ Hypervariable in repeat lengths (alleles) -.ATCAC CACACACACACATGAC... Coyote

« Often spaced every 5000-50 000 base pairs 6 Repeats

Single nucleotide polymorphisms ACAGA ATCA GCATA Wolt

« Nuclear DNA FA o ¢

- Millions of loci

- Spaced every 300-1000 base pairs "'ACAA"‘\"' """"'AAC"‘\ """"" ‘"GCTTA --- Coyote
» Biparentally inherited 300-1000 bp 300-1000 bp

TRENDS in Ecology & Evalution

Figure 1. Comparison of the characterization of mtDNA, microsatellites and single nucleotide
polymorphism (SNPs) as genetic markers. The figure show example of possible DNA sequence
differences between wolf and coyote; these types of differences can be found within or between
taxa). (from Morin et al., 2004).

Most population genetic statistic theory is based on neutral markers. Thus, markers
that are suspected to be under the influence of selection are often discarded for
subsequent estimation of population parameters including evolutionary relationships
(Luikart et al., 2003). While markers displaying strong population differentiation
might be useful in the delimitation of units of management, full evaluation of their
statistical properties should be undertaken.

2.2 SNP discovery

There are many available approaches for SNP discovery. The simplest possibility is
comparison of PCR products from different individuals using direct sequencing of
target fragment. A very convenient method is comparison of sequence data from EST
production projects, which is potentially effective for discovering large numbers of
SNPs. Alternatively we can capitalize on the use of sequences which are readily
available in genomic databases. There are also many other non-sequencing methods
to identify new SNPs such as Denaturing High Performance Liquid Chromatography
(DHPLC), Denaturing Gradient Gel Electrophoresis (DGGE), Temperature Gradient
Gel Electrophoresis (TDDE), Single-Stranded Conformation Polymorphism analysis,
mismatch-targeting using endonucleases such as CEL I (also known as EcoTILLING)
or transposons (Orsini et al., 2007).

Ascertainment bias in SNP discovery:

An appropriate sampling design in population genetic studies is of particular
relevance for the identification of SNPs (Renwick et al., 2003, Clark et al., 2007). In
most instances, SNPs are identified by sequencing regions of nuclear and/or mtDNA
genome for a limited number of individuals. Considering that the probability that a
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SNP is identified in a particular sample is a function of its frequency, the use of
inadequate sample sizes and/or geographical coverage during SNP discovery, will
result in misrepresentation of true levels of genetic variation (i.e. a number of
potentially relevant variations will not be detected). A primary consequence of this
ascertainment bias is that any population genetic statistics that rely on frequency data
including nucleotide diversity and index of population substructuring (e.g. Fst) will
be potentially compromised. For instance, because several SNPs might be missing,
the average heterozygosity estimates for polymorphic sites will be overestimated.
Similarly, the overall average heterozygosity estimates (across all sites encompassing
the assayed SNPs) will be underestimated. Insofar as population structuring is
concerned, ascertainment bias will result in an underestimation of among-population
genetic heterogeneity because the most common SNPs are more likely to be shared
among populations. Clarke et al. 2007 have extensively discussed this particular
problem during an empirical study in human populations using different sets of
SNPs. The authors suggested that careful consideration is required in the
identification and use of SNPs in population genetic studies. The most appropriate
strategy in many cases will therefore be to collect individuals from a representative
geographic or ecological range of a species, thereby maximising the inclusion of any
population-specific polymorphisms.

2.3 SNP genotyping

Since SNP genotyping technologies vary widely, they allow a choice of systems to
match the cost, throughput and equipment capacity of each laboratory. Techniques
can vary from simple and standard (e.g. electrophoresis-based systems) to highly
multi-plexed systems for rapid screening (e.g. microarrays). One key feature of most
SNP genotyping techniques, apart from those based on direct hybridisation, is the
two step separation: 1. generation of allele-specific molecular reaction products; 2.
separation and detection of the allele specific products of their identification.

The enzyme-based methods utilize a broad range of enzymes including DNA ligase,
DNA polymerase and nucleases (e.g. flap endonuclease that catalyzes structure-
specific cleavage). They include Tetra-primer ARMS-PCR, primer extension, in which
two oligonucleotides are used, each with a 30 nucleotide complementary to one of the
SNP alleles. Since only perfectly matched oligonucleotides will prime DNA
polymerase extension with dNTPs (allele specific PCR), ‘mini-sequencing’ reactions,
in which DNA polymerase extends the hybridized primer by adding a base that is
complementary to the SNP nucleotide, Tagman assay in which Taq DNA
polymerase’s 5’-nuclease activity is used for SNP genotyping, oligonucleotide
ligation assay (OLA), invasive cleavage of oligonucleotide probes (invader assay),
next-generation sequencing technologies such as pyrosequencing etc.

The hybridization-based methods include dynamic allele-specific hybridization
(DASH) that is based on the differences in the melting temperature in DNA that
results from the instability of mismatched base pairs from hybridization signals. Most
hybridization techniques are derived from the Dot Blot, in which DNA to be tested,
either genomic, cDNA or a PCR reaction, is fixed on a membrane and hybridized
with a probe, usually an oligonucleotide. In the Reverse Dot Blot technique, it is the
oligonucleotide probes that are immobilized. When using allele specific
oligonucleotides (ASOs), genotypes can be inferred. Different kinds of fluorescent
labelled probes, such as molecular beacons can be used. Dozens or even thousands of
the probes can be placed on a small chip, allowing for many SNPs to be genotyped
simultaneously.
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Depending on a specific requirements of the analyses it is possible to choose most
appropriate SNP genotyping platform that either maximises the sample throughput
allowing genotyping of thousands of individuals or the number of SNPs genotyped
allowing to screen thousands of SNPs in relatively limited number of samples. For
example, in snow crab Smith and co-workers 2005 were able to screen XX SNPs in 384
samples in five minutes. On the other side of the scale, several commercial array-
based genotyping technologies enable analysis of over 100000 SNPs in model
organisms but such high-throughput genotyping is usually applicable to a limited
number of samples.

2.4 Comparison with other markers

The fact that SNPs are bi-allelic markers could be considered a step backwards when
compared to the highly informative multi-allelic microsatellites, but there are several
major drawbacks with microsatellites and other markers presently used in genetic
studies. Alternative marker types like allozymes, and microsatellites suffer from
attributes that negatively impact either through-put rates or inter-laboratory
standardization, and would lead to development of redundant data bases. The
problem of defining, often numerous, microsatellite alleles often with small length-
based differences at a locus, poses a major disadvantage in the use of these markers.
One common error is the misinterpretation of microsatellite genotypes. Especially
problematic is distinguishing between homozygous and adjacent-allele heterozygous
genotypes, and large allele drop-out. The fact that it is difficult to compare
microsatellites data produced by different laboratories, due to inconsistencies in allele
size calling, is usually not a problem for family based studies, but it can be a serious
issue in between population comparisons. It is believed that these inconsistencies are
mainly due to variety in sequencing machine/platform, fluorescent dye and allele
calling software.

When all population genetic and analytical considerations are considered, SNPs
seems superior to microsatellites for elucidating historical demography. Mutation
rates at microsatellite loci are difficult to estimate, and vary across loci and across
alleles within the same locus. Perhaps most importantly for comparative studies of
historical demography, the difference in evolution and variation of the same
microsatellite locus in even closely related species make them ill suited for
interspecific comparisons of genomic variability. Many more tests for deviations from
neutrality, for population size changes and for recombination exist for SNP data than
for microsatellites, and the fit of models to data is probably better for SNPs. The
recent focus on microsatellites might have caused an unconscious ascertainment bias
in the estimation of genomic variability for many species. In addition, measures of
population differentiation, such as Fs, can be very sensitive to the level of within-
population variation, resulting in suspiciously low values in many microsatellite
studies (Brumfield et al., 2003). However, because of their low variability, bi-allelic
SNP markers are expected to be less effective than microsatellites in detecting recent
demographic events such as very recent genetic bottlenecks. In addition, some
statistical test for detecting genetic bottlenecks is only suitable for markers that
evolve in stepwise manner (Garza and Williamson 2001) and thus, are not suitable for
SNP data.

Compared to the microsatellites, SNP data should be easier to standardize across
chemistries, hardware platform, and laboratories. They are conducive to high
throughput genotyping platforms, and the assays and data are readily transferred
among laboratories via unambiguous allele reporting. (i.e. base identities rather than
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relative electrophoretic mobilities). The allele nomenclature problem is much simpler
in the case of SNPs, for which the results can just be coded as a YES/NO problem, in
which each of the two alleles can be simply considered as being present or absent.
This simplification in the scoring of alleles will enable the data analysis step of
genotyping to be automated to a higher degree than with microsatellites, which still
require a great investment of time for reading the data, even with the use of
analytical software or automated allele analysis methods. It is also likely that SNPs
can provide better resolution to discriminate populations compared to microsatellites
because of the effects of size homoplasy in microsatellite markers can be substantial
(O'Reilly et al., 2004). The bi-allelic nature of SNPs necessitates the examination of
variation at many more loci than is typically the case for microsatellites. A recent
study in Atlantic salmon, for example, demonstrated that even a relatively small set
of SNP markers can be sufficient for obtaining concordant results compared to
microsatellites in various population genetic analyses, although estimates of genetic
distance are generally more concordant than estimates of genetic diversity (Ryynéanen
et al., 2007).

The other advantage of using SNPs as population-level markers is the ability to
efficiently target coding and non-coding regions of the genome simultaneously and
even to predict the functional importance of the SNP depending on the position of
the polymorphism (i.e. amino acid changing, silent, regulatory mutation). Although
the presumed neutrality of most microsatellelite markers is of use to infer
demographic processes (ref), the potential for detecting genes under selection is likely
higher when targeting coding regions (Zayed and Whitfield 2007; Barreiro et al.,
2008).

2.5 Range of Applications

Most SNP studies in fisheries and aquaculture to date have focused on gene
mapping, QTL analysis and functional genomics (refs). Here, we focus our attention
on population genetic and individual-multilocus genotype based applications, and
review briefly examples that illustrate their performance relative to other marker
systems (Table 1).

Using neutral SNPs, population structure can be estimated from genetic distance
measures such as Fs, Rst and Nei’s D. The use of such population parameters for SNPs
under selection has yet to be fully evaluated. Microsatellites and allozymes have
historically been the most commonly used molecular markers in most aquatic species.
However, there is an increased interest in the development and use of SNPs in
evolutionary and ecological studies of natural populations. Such markers should
prove useful not only for population genetic studies, but also for monitoring genetic
interactions between resident/anadromous fish, the reconstruction of pedigrees and
the application of gene-based tagging techniques (Anderson and Garza, 2006).

There is an increasing requirement for traceability of fish and fish products, both for
consumer protection and for regulatory enforcement, in particular with respect to
illegal, unreported and unregulated (IUU) fishing. For example, in the UK, the
Marine Stewardship Council encourages consumers to eat particular landings of cod
that are taken from ‘stocks maintained within safe limits’. A traceability system based
on regional stocks is necessary to preclude fraudulent allocations. IUU fishing is a
serious global problem and one of the main impediments to the achievement of
sustainable world fisheries. Traceability is defined by the EU (Anon, 2002) as “the
ability to trace and follow a food, feed, food-producing animal or substance intended
to be, or expected to be, incorporated into a food or feed, through all stages of
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production, processing and distribution”. There is an urgent need to identify
traceability markers that can be used throughout the food supply chain, from on-
board samples, to processed product (“fish to fork”), and which exhibit minimal
variance. Furthermore, it is essential that such tools are validated to internationally
recognise forensic standards. Only under such stringent conditions can traceability
data be used for legal enforcement and as evidence in a court of law.

One option to secure high statistical power is to use a full battery of all available
traceability methods. However, to provide laboratories within several European
countries with stand-by certified procedures for a wide range of traceability methods
would prove difficult and costly. Instead, we think focus should be on those methods
with the highest discriminatory power, greatest reproducibility, simplest validation
and most flexibility with respect to type of tissue and degree of processing. While
most traceability methods can be applied to a whole fresh fish, only DNA analysis
can be readily applied to all tissue types throughout the food supply chain. If the
same method(s) can be used for monitoring potential changes in the population
structure and intrapopulation diversity, this should be considered a highly desirable
by-product. On the basis of the above considerations, we conclude that applying
forensically validated genetic methods (SNPs), supplemented with the most robust
high power non-genetic alternatives, such as otolith morphometrics and
microchemistry methods, and is the optimum strategy to facilitate technology uptake
and integration across laboratories.

SNPs have recently started to replace or complement microsatellites, especially where
the application of individual assignment (IA) or mixed stock analysis (MSA) is most
advanced (e.g. Pacific salmonids; Smith, CT et al., 2005 N Am ] Fish Manage 25, 944—
953; Smith, CT et al., 2005 T Am Fish Soc 134, 207-217). Although SNP markers have
been limited by sampling difficulties, number of available loci and levels of
polymorphism, the higher reproducibility and transferability among laboratories for
SNPs outweigh the advantages of microsatellites. For traceability and associated
forensic applications, it is essential that a tool is employed that exhibits high
reproducibility, comparability and stability, thereby facilitating precise signatures of
identity and collation across databases. SNPs offer the most promising category of
molecular genetic markers for such application, both in terms of their ability to
discriminate populations and in their relative ease of validation as enforcement tools.

2.6 Individual multi-locus genotype based analysis

Today the molecular markers of choice for parentage inference are highly
polymorphic, repetitive loci such as the microsatellites (Queller et al., 1993). In
contrast, SNPs have not been widely employed for parentage inference and other
forms of relationship estimation, because, possessing only two alleles, each SNP have
a lower resolving power per locus than most microsatellites (Glaubitz ef al., 2003). In
a simulation study Gaubitz et al. 2003 explored the potential for relationship
estimation with SNP, and their conclusion was that 16-20 “typical” microsatellites
would be expected to provide information equivalent to that given by 100
independent SNPs, each with a minor allele frequency of 0.2. Seddon et al. 2005 also
concluded that the number of SNPs required for population studies will vary
considerably based on the species objectives of the study, distinctiveness of the
taxonomic units of interest, information content of the species markers available, and
the desired probability level.

By selecting SNPs that are highly informative it is possible to increase their statistical
power significantly, and SNPs have recently been employed for individual
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identification and paternity inference in large herds of cattle (Heaton et al. 2002;
Werner et al., 2004). Selecting SNPs that had a minor allele frequency of at least 0.1
and that were not closely linked, 32 SNPs gave a probability of identity (PI) of less
than 10-® and a resolving power of 99.9% for multi-breed U.S. beef cattle (Heaton et
al., 2002). Using the same selection criteria 58 SNP’s gave a PI of less than 103 and a
resolving power of 99.99% for European dairy breeds (Werner et al., 2004). SNPs have
also been developed for human forensic purposes (Lee et al., 2005), and based on
frequency data from of 30 unrelated Koreans, the estimated PI and probability of
paternity exclusion (PE) with 22 highly informative (allele frequencies close to 0.5)
autosomal SNP loci, were 1.905 * 10-° and 98.9%, respectively, which is comparable to
that of nine microsatellite loci for the same population (P1=2.31 * 102, PE=99.9%) (Lee
et al., 2005).

In an experimental study at the Institute of Marine Research, 20 out of 96 individual
wild cod from one fjord sample in Norway were grouped randomly into ten families.
The FAP-program (Taggart, 2007) predicted a resolving power for 40 SNP loci to be
0.9847, while 2 microsatellite loci data from the same 20 cod and an additional 20
(altogether 20 families) resulted in resolving power of 1.000 (Dahle, data not shown).

2.7 Case studies — salmon

Genetic markers like allozymes and microsatellites have historically been the most
commonly used molecular markers in population studies of salmonids, but there has
been an increasing interest in the development and use of SNPs in evolutionary and
ecological studies of natural populations of Pacific salmon; chum salmon (Smith et al.,
2005b; Elfstrom et al., 2007) coastal steelhead (O. mykiss) (Aguilar and Garza, 2007),
sockey salmon (O. nerka) (Elfstrom et al., 2006), and coho salmon (O. kisutch) (Smith et
al., 2006). Indeed, microsatellite-based Mixed Stock Analysis (MSA), though the
dominant approach, is beginning to replace MSA and IA in routine studies of
population-based management in Pacific salmon, primarily to assure reproducibility
and transferability of data.

In a survey of 19 populations of chinook salmon (O. tschawytscha) a comparison of
microsatellite stock identification power with an existing nine-locus SNP baseline
indicated that nine SNPs or one single microsatellite locus can provide accurate and
reasonably precise estimates of stock composition to country of origin. In
comparisons of population-specific estimation, the nine-SNP baseline was
approximately equivalent to a single microsatellite locus with 17-22 alleles (Beacham
et al., 2008). While nine SNPs were sufficient for addressing international treaty
objectives for O. tshawytscha in the Yukon River (Smith et al., 2005c), a larger number
of loci will be necessary for analyses of salmon collected on the high seas and for
projects in other species. Assuming it is possible to generalize the number necessary
in other species, approximately 500 loci would be needed to be sequenced in a species
in order to discover an adequate SNP panel (Smith ef al., 2005c) However, recent
breakthroughs in massively parallel sequencing technologies have considerably
increased the efficiency and speed of SNP discovery making it possible to identify
thousands of SNPs in very short time (Hudson 2008).

2.8 Case studies — cod

Whereas many markers display significant structuring of cod in the North Atlantic,
the question have been raised to which degree the genetic variation reflects breeding
structure or the effect of varying selectional constraints. In marine species, the
number of alleles at microsatellite loci, which are at present the most used marker in



12 |

ICES WGAGFM Report 2008

population genetic studies of cod, is in general high. However, the relatively low
levels of Fst values observed between populations of cod at microsatellite loci
(Knutsen et al., 2003; O'Leary et al., 2007; Sarvas and Fevolden, 2005), might indicate
that microsatellites are less suitable for assigning individuals to local populations.
Moreover, some microsatellite markers are possibly affected by selection (Nielsen et
al., 2006; Westgaard and Fevolden, 2007). To confirm the validity of the suggested
genetic structure of cod, it is important to increase the number of variable loci. There
is also a need for new markers to be applied in family identification related to the
growing cod aquaculture industry.

For cod, as in many marine fishes, no large scale nuclear SNP-based MiSA project has
been conducted to our knowledge, though single SNPs have been included in
population genetic analysis of marine fishes. The Pan I locus (Pogson, GH, 2001
Genetics 157, 317-330) has been widely used for population studies of gadoids, in
particular Atlantic cod. In some cases this locus alone can provide almost
unambiguous assignment to population (Case, RAJ et al., 2006 T Am Fish Soc 135, 241-
250). The reason for the high divergence among populations is most likely divergent
selection on the two different allele classes identified. The finding highlights the
potential of SNPs to detect selection in marine fish with low levels of neutral
divergence, either through direct effects on target loci or through hitch-hiking
selection. Thus, the identification of SNPs subject to differential selection in marine
fish species ¥ would greatly improve the power and resolution in relation to
traceability

From aligned Expressed Sequence Tags (EST) provided by the Institute of Marine
Research in Bergen, 318 loci have been described by Moen et al. 2008. Of these loci,
270 were screened for 96 randomly collected wild cod from nine locations along the
Norwegian coast from the Skagerrak up to the White Sea, and although the study
was based on a limited sample size, the samples reflects the geographic distribution
of the Atlantic cod in the northeast Atlantic and should therefore give a good
indication on the performance and potential of the selected SNP markers. (Johansen
et al., submitted).

2.9 Case studies — other species

Commercial aggregations of the weathervane scallop (P. caurinus) are found in
Alaskan waters, and growth rates and age at maturation appears to differ between
different areas in these waters. In order to improve the knowledge about the genetic
stock structure of weathervane scallop in Alaskan waters, SNP markers were
developed (Elfstrom et al., 2005).

There is no clear picture of the world wide stock structure of the sperm whale (P.
macrochephalus), although it is still on the US Endangered Species List and currently
protected from commercial hunting under the International Whaling Commission
treaties. In order to complement existing mtDNA and microsatellite analysis for the
sperm whale a targeted approach was used to detect SNPs in a panel of sperm whale
samples resulting in a genotyping assay for 18 independent loci (Morin et al., 2007)

Very few DNA markers have been described for gilthead seabream (S. aurata)
compared to other species like salmon and sea bass, but Cendelli et al. 2007 have
introduced SNP markers for use in studies of natural populations in aquaculture and
selective breeding programmes of seabream.
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1)

2)

3)
4)

5)

6)

7)

Recommendations

Prior to inter-laboratory use of SNPs the performance of different
platforms available should be evaluated to minimize potential bias in
presently unknown error-rates.

SNP discovery should be based on a panel of individuals that optimises
the “ascertainment width” (geographic coverage) and “ascertainment
depth” (number of chromosomes and individuals per location) to avoid
ascertainment bias.

Use SNPs in addition to other markers, not as a replacement.

SNPs should be the preferred markers for establishing long-term genetic
datasets and subsequent genetic monitoring.

As with other markers the extent to which the employed SNPs are
influenced by selection (and other evolutionary forces) should be
determined.

Applying a combination of selected and neutral SNPs is possible and is
likely to yield novel information on population structure.

The development and application of new analytical tools should be a
research priority for examining large datasets such as generated by SNP
studies.

| 13
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Abstract. An increasing number of studies aim to identify quantitative trait loci
(QTLs) in species of interest for fisheries and/or aquaculture. Such studies commonly
imply the availability of polymorphic markers, linkage maps, informative biological
material and high through-put genotyping facilities. Until now, most of the QTL
studies ultimately relate to marker-assisted selection (MAS) in species of major
aquaculture interest. QTL mapping is also of more general interest to better
understand the genetic architecture of quantitative traits. The identity and number of
loci controlling quantitative trait variation are indeed central to the understanding of
their evolutionary potential and patterns of population differentiation. However, the
usage of QTL-based approaches in the assessment of genetic variability in adaptive
traits and for prediction of trait values from known QTLs in natural populations of
fish and shellfish remains largely untested. We review the present status and
prospects of QTL mapping in fisheries and aquaculture in the light of the current
research in plant and animal genetics and breeding.
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3.1 Introduction

Many phenotypic traits in plants and animals are quantitative in nature, i.e.
influenced by a number of genes. The individual loci controlling a quantitative trait
are called polygenes or quantitative trait loci (QTLs). On the other hand, a few major
genes control some qualitative phenotypic variation e.g. albinism in rainbow trout
(Onchorynchus mykiss), which is determined by a recessive mutation at a single locus
(Thorgaard et al., 1995). A QTL is a chromosomal region containing DNA
polymorphism that has a significant effect on a phenotypic trait. A QTL is associated
with a given percentage of the variance of a trait. Identification and mapping of QTLs
requires appropriate biological resources i.e. informative segregating families,
information on phenotype and together with genomic resources i.e. polymorphic
markers. The combination of individual phenotypes and genotypes allows QTL
detection. Determining the number of QTLs that explain variation in the phenotypic
trait tells us about the genetic architecture (the way phenotypes map to genotypes) of
a trait, whether a particular trait is controlled by many genes with small effect, or by
few “major” genes with a large effect. Genotypic information can be used to establish
linkage maps which provide a more elaborate framework for identification and
localisation of QTL. Determination of the number of QTLs that contribute
significantly to the variation of traits both within and between populations, and
identification of markers linked to these QTL contributes to the improvement of
breeding schemes (in mariculture and wild situations) using marker assisted
selection (MAS). Identification of QTL may also be of use in the management of wild
populations. QTL mapping has to potential to identify genetic markers that have
greater discriminatory power when used to in population genetic analysis. QTL
mapping can also aid in the understanding of the genetic basis of within population
phenotypic variation, which in turn may be of use in managing the exploitation of
different within population phenotypes.

3.2 Linkage Maps

A linkage map is an ordered collection of genes and genetic markers occurring along
the chromosomes of a species, with distances between them estimated on the basis of
the number of recombination events observed in the data, rather than as specific
physical distance along each chromosome. Linkage maps provide a framework for
identification and localization of QTLs. A variety of markers (allozymes, RAPDs,
AFLPs, microsatellites, SNPs) have been used for the construction of linkage maps for
several major aquaculture species (See Table 1 in Wenne et al., 2007). The most
frequently used markers are microsatellites (SSRs, single sequence repeats) chiefly
because they are co-dominant and highly informative, are evenly distributed through
the genome and are locus specific. More recently, expressed sequence tags (ESTs)
have been explored as a new source of SSR markers. In species where large numbers
of ESTs are available, mining them for SSRs is a cost-effective alternative (Vasemagi et
al., 2005). In addition, EST-SSRs may allow increased cross-species transferability and
comparative mapping. Single nucleotide polymorphisms (SNPs) are regarded as the
marker of choice for the future because of the need for high density of genetic
markers, and the recent progress in polymorphism detection and genotyping
techniques. Increasing numbers of SNPs have been identified for a number of species,
including Atlantic salmon (Hayes et al., 2007), cod (Delghandi et al., 2007) and Pacific
oyster (Sauvage et al.,, 2007). For most linkage maps, the average distance between
markers is 2-10 cM. However, generation of much denser linkage maps (<1cM) are in
progress for several economically important aquatic species.
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3.3 Identifying QTL

Two approaches have been developed to achieve this goal: detection of major genes
relying on multimodal distribution and complex segregation analysis, and QTL

mapping.
3.3.1 Estimation of number of major genes influencing a trait

Most of the variation of quantitative traits can be explained by the segregation of a
few major genes, and there are several methods used to detect these. The simplest
rely on features of the phenotypic distribution: multimodal distribution or departure
from normality can be taken as an indicator of the presence of a major gene. Another
approach is based on offspring/parent resemblance. Under polygenic inheritance (no
major gene), the mean of offspring will resemble more closely the mid-parent value
than single parents. But if a major gene is segregating, the mean of offspring will
resemble more closely one of the parents. The most powerful approach, complex
segregation analysis, relies on quantitative genetics and consists of finding parameter
estimates for a series of increasingly complicated hypotheses: a pure environmental
model, a single gene model, a polygene model and the full mixed model (Lynch and
Walsh 1998).

3.3.2 QTL mapping

QTL mapping relies on linkage between marker alleles and QTL alleles, which result
in marker-trait associations, i.e. different marker genotypes having different expected
values for characters influenced by QTLs linked to these markers. Therefore, in QTL
mapping one needs to analyse segregation of markers showing disequilibrium, using
either crosses between inbred lines (fixed for different alleles) or analysis of relatives.
Mapping QTLs consists of genotyping individuals at the marker locus and scoring
their phenotype for the quantitative trait. The presence of a QTL linked to the marker
is inferred if there is a difference in phenotypic value among marker genotype
classes.

3.3.3 Experimental design to map QTLs

Both natural pedigrees and various types of artificial crosses have been used for QTL
identification. The most powerful approaches are those derived from isogenic lines,
inbred lines, nearly inbred lines and double haploids (Mfller-Belecke 2005). Most
statistical methods developed are suitable for this kind of experimental design.
However, the most widely used experimental designs in aquatic organisms are
backcrosses or F: intercrosses of hybrids between two strains, or populations or
species with strong phenotypic divergence, in order to maximise the likelihood of
identifying QTLs. Alternatively, F1 crosses have also been used (e.g. Wang et al.,
2006).

Other critical factors affecting the power of QTL detection include: number of
individuals per family, number of families, number and type of markers, genome
coverage of markers, accuracy of phenotyping and genotyping, and heritability of the
trait. Commonly, several hundreds of individuals are genotyped for more than one
hundred markers in QTL studies. However, more cost effective approaches have
been developed such as selective genotyping, which consists of scoring individuals
for the trait and then genotyping only individuals selected from the tails of the
character distribution. This is particularly useful in QTL studies of aquatic organisms
because of high progeny numbers. For example, Darvasi and Soller 1992 showed that
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selective genotyping can reduce the number of individuals genotyped by seven fold
for a given power of detecting QTL.

3.3.4 Statistical methods

A variety of statistical methods and software have been developed to identify the
most likely QTL position and effects, and to test their significance (Manly and Olsen
1999, see also Table 1 in Slate 2005).

The most simple and commonly used QTL identification method is single marker
trait association because it does not require linkage map information (Broman 2001).
Other more elaborate and powerful approaches include: Interval mapping, multiple
regression analysis, composite interval mapping and Bayesian methods (Lynch and
Walsh 1998). Among these, interval mapping has been the most widely used QTL
mapping method, which explores the interval between pairs of markers for the
presence of QTL (Lander and Botstein, 1989). Trait information from each adjacent
pair of marker loci is examined and the information is used to infer the likelihood of a
QTL being at any given position between them. The test of significance is based on a
log likelihood ratio, or LOD score (logwL/Lo L being the observed likelihood
assuming one QTL in the interval, and Lo the likelihood under the null hypothesis of
no QTL segregating). A LOD score greater than 3.0 has been traditionally considered
evidence for linkage; a score of 3.0 means the likelihood of observing the given
pedigree if the two loci are not linked is less than 1 in 1000. However, several
statistically more justified approaches have been developed to determine the
appropriate statistical thresholds when testing for evidence of QTL.

3.4 QTL mapping in aquatic species

To date, a number of QTL studies have been carried out, particularly in salmonids
(Table 1). QTLs have been detected for traits of economic and evolutionary
importance in fisheries: life history, meristic and morphological, behavioural, disease
and parasite resistance, and thermal tolerance traits. The individual QTLs detected
explained a different amount of the phenotypic variance of the trait, ranging from 1
up to 64%. Commonly, several QTLs were found for a single trait, confirming the
polygenic inheritance of the traits. Below, we outline recent studies that illustrate the
application of QTL mapping in fisheries management and aquaculture.

Case study 1 — Gyrodactylus salaris resistance in Atlantic salmon: linking
QTL mapping, population genetics and fishery management

Gyrodactylus salaris Malmberg, 1957 is a freshwater monogenean ectoparasite of
salmonids endemic in the Baltic area. It was first recorded in Norway in 1975, and has
been responsible for extensive epizootics of wild Atlantic salmon (Salmo salar L.)
leading to an annual loss of 250 to 500 t of salmon (NOU 1999) and a total cost
exceeding 500 million dollars (Bakke et al, 2004). Identification of resistant
individuals and of the genes involved in the host response to infection can be
incorporated into selective breeding programs to produce both wild and aquaculture
stocks which are less susceptible to parasite attack (Jones et al., 2002).

In order to examine the genetic basis of resistance to G. salaris, Gilbey et al. 2006
carried out a classical QTL mapping study. They produced crosses using Baltic
salmon from the river Neva, which have been shown to be relatively resistant to G.
salaris infection (Bakke et al., 1990, Cable et al., 2000), and Scottish salmon from the
river Conon, which have been shown to be extremely susceptible (Bakke and
MacKenzie 1993, Dalgaard et al., 2003). They challenged the fish with G. salaris and
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counted parasite loads on individuals over a 30-day period. Each fish was then
screened at 39 microsatellite loci chosen from the partial linkage map of Gilbey et al.
2004. Marker/trait associations and the amount of trait variance associated with each
significant association were determined using GLM. Ten genomic regions were
identified associated with heterogeneity in both the innate and acquired immune
resistance, explaining up to 27.3% of the total variation in parasite loads. They found
that both innate and acquired parasite resistance in Atlantic salmon are under
polygenic control, and that salmon would be well suited to a management program
designed to increase resistance to G. salaris in wild or farmed stocks (Gilbey et al.,
2006).

C. Thompson (2006, unpublished) went on to examine the markers found to be
associated with G. salaris resistance in the QTL mapping study in relation to their
ability to determine wild Atlantic salmon population structuring. She took samples
from three rivers in Scotland (Conon, North Esk and Spaddagh) and three from the
Baltic (Torne, Simojoki and Numendalslagen) and compared Fsr estimates both
within and between the two areas using 5 of the loci linked to resistance and 10
randomly chosen microsatellite markers. Fsr values calculated using microsatellite
markers linked to resistance in the QTL mapping study were found to be higher than
those at randomly chosen markers both within regions and between regions, with the
greatest difference found in comparisons between regions (Figure. 1).
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Fig. 1. Comparisons of Fst values between pairs of populations within Scottish
and Baltic regions (blue) and between Baltic and Scottish populations (red) at
microsatellite markers found to be linked to G. salaris resistance in the QTL
mapping study compared to randomly chosen microsatellite markers.

QTL mapping of markers linked to G. salaris resistance has thus achieved three
outcomes: 1) it has helped in the understanding of the genetic architecture of parasite
resistance; 2) it has been able to identify genetic markers which give greater
discriminatory power when used in population genetic analysis of wild stocks; 3) it
has provided markers which could aid in the establishment of more resistant stocks
in both an aquaculture and wild fisheries context and so aid in the management of
salmon stocks.

Case study 2 — QTL for disease resistance in oysters

Oyster farming is strongly impacted by diseases in many production areas (Renault,
1996). The most dramatic cases are probably the Eastern oyster Crassostrea virginica,
infected by Dermo (Perkinsus marinus) and MSX (Haplosporidium nelsoni) and the
European flat oyster Ostrea edulis infected by Martelia refringens and Bonamia ostreae.
Additionally, summer mortality affects the Pacific oyster Crassostrea gigas in many
countries, but its causal factors are complex, being related due to different
environmental factors and pathogens. Taking into account the specificities of
bivalves’ biology (notably their lack of adaptive immune system) and aquaculture
(i.e. extensive rearing in tidal or shallow coastal areas), breeding of resistant strains
has been proposed as one of the most efficient way to counteract negative effects of
pathogens. Selective breeding programs to improve resistance to Bonamia ostreae
(Naciri-Graven et al., 1998; Culloty et al., 2004), Dermo, or MSX (Ford and Haskin,
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1987; Ford et al,, 1990, Guo et al., 2003) have been initiated, giving encouraging
results. However, in most cases, no proper estimate of heritability of resistance is
available do to the technical difficulty to set up such experiments.

Yu and Guo 2006 identified QTLs for resistance to Perkinsus marinus in the American
oyster C. virginica by comparing genotype frequency at = 110 segregating AFLP loci
before and after mortality in two F1 families (the first resulting from a cross, between
two oysters from a disease-resistant strain, the second family being an hybrid cross
between a wild female and a selected male from the selected strain). In this study, the
genome of the eastern oyster was scanned with AFLP) markers before and after = 60
% mortalities. Significant shifts in genotype frequency were detected at a large
number of loci and linkage analysis revealed that most these markers were closely
linked on the genetic map, identifying twelve QTLs. This method does not however
evaluate the proportion of phenotypic variance associated with these identified
QTLs. In continuation to this work, the research group leaded by Pr. Guo (Haskin
Shellfish Laboratory, Rutgers University, NJ, USA) is currently mapping SSRs and
SNPs in a backcross family.

Lallias 2007 used an F2 family derived from a bi-parental cross between a wild oyster
and an individual from one of the flat oyster families selected for improved resistance
to Bonamia ostreae to identify QTL for that trait. F2 individuals from the family
cohabited with wild oysters that were injected with the parasite. Selective genotyping
was used and the F2 progeny was scored for 309 segregating AFLP loci and 17
polymorphic microsatellites. Firstly, using the multistage testing strategy for
detection of quantitative trait loci affecting disease resistance in Atlantic salmon
developed by Moen et al. 2004, fifteen AFLPs (out of 304) showed a significant
difference of allele frequencies between the two phenotypically extreme groups.
Secondly, QTL interval mapping approach identified 3 QTLs in the first parental map
and 2 in the second. Some of the 15 markers identified in the survival analysis were
mapped to the same locations as the QTLs. In continuation to this work, the research
group leaded by Dr. Sylvie Lapegue (Ifrermer, La Tremblade, France) and Andy
Beaumont (Bangor University, Wales) are currently developing additional SSR
markers. The comparison between MAS and non-MAS is proposed to validate the
utility of QTLs to improve resistance to Bonamia ostrea.

Sauvage 2008 used Pacific oyster lines selected of high or low survival to summer
mortality (Samain and McCombie, 2008) to generate F2 families, among which 3
presented significant levels of mortality over their first summer. Interestingly,
individual viral load was also estimated by qPCR (Pepin et al.,, 2008) for ostreid
herpes virus-1 (OsHV-1), known to be associated with oyster mortality (Renaud and
Novoa, 2004). QTL detection was successful for the two studied traits. Over the three
F2s, five QTL explained 49 and 33% of mortality and viral load variances
respectively. Most of the QTL co-localized for the two traits. These results support the
high heritability of resistance to summer mortality (Dégremont et al., 2007) and open
new perspectives in terms of causal factors of summer mortality. Current research
notably aims to map polymorphic genes (Sauvage ef al., 2007) that are differentially
expressed in resistant and sensitive lines (Huvet et al., 2004; Fleury et al., 2008) to test
for their eventual co-localisation with these QTL.

These QTL mapping studies for disease resistance in oysters have provided
interesting new information concerning the genetic basis of disease resistance in
oysters. They contributed to better understand the studied disease by setting up
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novel experimental designs, establishing new links between oyster genetics,
pathology and genomics.

3.5 Marker-Assisted Selection (MAS)

Once QTLs have been identified one major application is incorporation of QTL-linked
marker information into selective breeding programs. This is known as marker-
assisted selection (MAS). Allelic variation in genetic markers can be linked to the
variation in traits of interest, and thus the marker provides DNA level information on
the inheritance of the traits and the breeding value of individuals. This in turn can
increase the efficiency of breeding programs by a significant factor over non-MAS
programs (e.g. > 50% in simulations of MAS in aquaculture breeding programs,
Sonesson 2007). The efficiency of MAS depends on three factors: heritability of the
trait, proportion of genetic variance associated with marker (s), and the selection
scheme used. MAS is of particular value for traits of low heritability and as a way of
improving accuracy of selection to reduce generation interval by early selection
before maturity e.g. carcass trait (Bertrand ef al., 2001). To our knowledge MAS has
not been applied to any aquatic species. However, MAS has been successfully used in
many breeding programs in livestock and crop plants (Mohan et al., 1997; Dekkers
and Chakraborty 2004; Tsilo et al., 2008). If the gene affecting a trait is known, then
gene-assisted selection (GAS) can be applied which is expected to be even more
effective than MAS. For example, this selection method is being applied to increase
scrapie resistance in sheep (Brochard et al., 2006).

The identification and location of QTL for several traits and in several species
highlights the potential for MAS in breeding programs in mariculture and fisheries
management. There are several challenges ahead: in order to test the feasibility of
MAS it is important to assess the role of genomic background and epistasis (when
action of one gene is modified by one or several other genes) on the effects of these
QTL. Most of the studies report the location of QTLs in a quite large area, spanning
10 to 60 cM. Therefore, it is not clear if a QTL might be made up of several genes with
more effects, some acting in opposing directions. Before applying MAS it is therefore
important restrict the region of interest to a more narrow area to increase the
likelihood of successful MAS. A further step will be to go from the QTL down to the
specific genes and ultimately to identification of the causative polymorphism
(sometimes referred as Quantitative Trait Nucleotide, QTN). Various genomic
resources can contribute to this task including physical maps, large EST databases
and BAC (bacterial artificial chromosome) libraries. For example, BAC libraries have
been constructed in several aquaculture species, e.g. Japanese flounder (Katagiri et al.,
2000), rainbow trout, Atlantic salmon, carp, tilapia (Katagiri et al. 2001) and the Pacific
oyster (Cunningham et al., 2006).

3.6 Potential application in wild populations

QTL mapping allows the identification of markers linked to genes influencing
phenotypic traits and, using fine-scale QTL mapping and other techniques, the
potential for eventual detection of the actual genes. Identification of such genetic
markers provides information that is of use in helping to understand the basic genetic
architecture of quantitative traits, and this information can also then be of use in the
management of wild populations.

An important first step in the effective management of such populations is to define
the actual breeding units of interest. This can be achieved using classical population
genetic analysis techniques (e.g. Carvalho and Hauser 1994; Ward, 2000; Hallerman,
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2003). However, the ability to identify population structures in a species using these
techniques is dependant on the discriminatory power of the genetic markers used.
QTL mapping allows markers to be identified that are linked to functional genes
potentially under differential selection in the different breeding units. These markers
might then be better able to define population structuring, as was seen in the Atlantic
salmon case study outlined above (see also Le Corre and Kremer 2003; Rogers and
Bernatchez, 2005; Raeymaekers et al., 2007; Leinonen et al., 2008).

QTL mapping may also be of use when managing populations, which contain
individuals exhibiting different life-history phenotypes, and which may be under
differential exploitation rates. For example, Atlantic salmon populations contain fish
that may return to the rivers after their ocean migrations as 1 sea-winter ‘grilse’ or 2
sea-winter ‘salmon’. The larger salmon tend to suffer greater fisheries exploitation
than the smaller grilse, and proportions of these fish have been falling in recent years.
QTL mapping could help in the identification of genetic markers for the different life-
history types, which in turn would be of great use in helping to understand within
population dynamics and allow basic fishery management questions to be addressed
(e.g. ocean mortality rates of the different types).

Understanding the genetic architecture of phenotypic traits, and identifying markers
linked to QTL, provides information that, as has been pointed out above, can be used
in MAS programs. These programs are of obvious use in the mariculture industry,
where they can be focused on traits of commercial interest, but might also be of use in
the management of wild stocks, where, for instance, such stocks are threatened by a
novel infective agent. MAS schemes could be envisaged that seek to increase
resistance to the agent using broodstock collected from the wild and selected based
on their QTL genotypes.

In summary, effective fishery management relies on an understanding of the
structure of the populations of interest, and of the phenotypic composition of these
populations. QTL mapping can aid in this understanding by helping to identify the
genetic basis of the structure and phenotype compositions observed.

3.7 Recommendations

1) QTL studies should be supported in both in wild and farmed aquatic
species as they are one of the most direct ways to understand the genetic
basis of phenotypic variation, linking classic quantitative genetic and
genomic studies.

2) QTL studies should not be restricted to MAS. The development of QTL
studies should be supported as they can also contribute to a better
understanding of the genetic architecture of adaptive traits of interest to
fisheries and their management.

3) To aid identification of QTL in a wider variety of aquatic species, the
current development of genomic resources — notably linkage and physical
maps, EST and BAC libraries and whole genome sequences — should be
encouraged.

4) The development of statistical methods and software adapted to aquatic
species should be supported to facilitate the development of linkage maps
and to identify QTLs.

5) The development and maintenance of divergent lines, segregating
progenies, or other biological material of interest for QTL mapping should
be encouraged.
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Table 1. A list of quantitative trait loci (QTL) studies in aquaculture species.

SPECIES

TRAITS STUDIED

REFERENCE

Rainbow trout

Hatching time, embryonic length, weight

Martinez et al. 2005

Embryonic development rate

Robison et al. 2001

Development rate

Sundin et al. 2005

Body length, thermotolerance

Perry et al. 2005

Weight, age at sexual maturity

Fotherby et al. 2007

Growth, condition factor, maturity age

Martyniuk et al. 2003

Spawning time

Sakamoto ef al. 1999

Spawning time

O'Malley et al. 2003

Length, pyloric caeca, no of scales

Nichols et al. 2004

Embryonic growth rate

Nichols et al. 2007

Pyloric caeca

Zimmerman et al. 2005

Thermotolerance

Jackson et al. 1998

Thermotolerance

Danzmann et al. 1999

Infectious pancreatic necrosis virus

Ozaki et al. 2001

Infectious hematopoietic necrosis

Rodriquez et al. 2004

Ceratomyxa shasta resistance

Nichols et al. 2003

INHYV resistance

Palti et al. 1999

IHNYV resistance

Khoo et al. 2004

Killer-cell activity

Zimmerman et al. 2004

Cortisol levels

Drew et al. 2007

Early maturation

Haidle et al., 2007

Atlantic
salmon/Rainbow
trout/Arctic charr

Body weight, condition factor

Reid et al. 2005

Atlantic salmon

Growth, development and morphology

Gilbey 2003

Infectious salmon anaemia

Moen et al. 2004

IPN, furunculosis, ISA

Kjoglum et al. 2005

Furunculosis, infectious salmon anaemia

Grimholt et al. 2003

Resistance to Gyrodactylus salaris

Gilbey et al. 2006

PKD mortality Cauwelier 2007
Resistance to ISA Moen et al. 2007
Condition, percentage lipid composition =~ Derayat 2007

Resistance to IPN

Houston et al. (2007, 2008)

Coho salmon

Fillet colour

Araneda et al. 2005

Arctic charr

Growth rate

Tao and Boulding 2003

Thermotolerance Somorjai et al. 2003
Sexual maturity, condition, weight Mogahadam 2007
Common carp Cold tolerance Sun and Liang 2004

Tilapia

Innate immunity, response to stress,
growth

Cnaani et al. 2004

Thermotolerance

Moen et al. 2004c

Growth under salt challenge, sex ratio,
susceptibility to inbreeding

Palti ef al. 2002

Asian seabass

Growth traits

Wang et al. 2006
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SPECIES TRAITS STUDIED REFERENCE
Japanese flounder Lymphocystis disease resistance Fuji et al. (2002; 2006)
Kuruma prawn Growth traits Li et al. 2006
Blacklip abalone Growth rate Baranski 2007
Pacific oyster Heterosis Hedgecock 2007

Summer mortality resistance Sauvage 2008
Eastern oyster Perkinsus marinus resistance Yu and Guo 2006
Bay scallop Size-related traits Qin et al. 2007

European flat oyster Bonamia ostreaea resistance Lallias et al. 2007
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ToR c): Update progress on the establishment of a meta-database
for genetic data on fish and shellfish genetics covered under the
ICES remit

Jann Th. Martinsohn and Eric Verspoor

4.1 Context and relevance

A wide range of studies have been carried out worldwide into the structuring of fish
and shellfish stocks into genetic populations, into the effect of selective pressures
such as fisheries exploitation and environmental change on levels of genetic
variation, and into the genomic architecture of heritable performance traits important
to local adaptation and aquaculture economics. The results of these studies represent
a tremendously valuable source of biological understanding which is highly valuable
not only to fisheries management and conservation, and to aquaculture, but also to
fisheries control and enforcement issues related to fish and fish product traceability.
The output from such work is continually expanding, driven by rapid technological
advances in the field of molecular genetics. Yet, in contrast, the capacity to access and
integrate the increasing body of information has advanced relatively slowly. In the
main, primary population data sets generated are highly dispersed and at significant
risk of being lost after the conclusion of research projects; few if any are published in
detail and there is no formal mechanism for keeping them in the public domain as
there is for genomic information using publicly accessible electronic data bases such
as GENBANK.

This increasing discrepancy between data generation and data storage and
management means that maximal benefits are unlikely to be gained by the research
community and fisheries managers from the work carried out. To address this issue,
the WGAGFM proposed in 2007 to establish a meta-database cataloguing existing
data in the field of fish and shellfish genetics. Its existence would significantly help to
promote coherence across research programmes, enhance research progress, and
facilitate the translation of results from fundamental research to support the above
described applications in the fisheries and aquaculture sector1.

The complete solution to the loss of primary population genetic data would lie in its
assembly into an all-embracing databank. However this concept, as recognised by the
WGAGPFY, is unrealistic and unlikely to be cost-effective due to the extremely large
effort required and relatively large inherent costs needed for database
implementation and maintenance. Instead, the WGAGFM recommended building a
public online portal (metadata base) cataloguing existing genetic data sets and
biological materials, as well as their location where they can be accessed, and which
could catalogue historical and contemporary research projects for the species of
interest. This would be expected to be a much more cost-effective option and advance
science and its application in two ways. Firstly, it would allow researchers to more
easily gain a comprehensive overview of existing population genetic information for
a given fish or shellfish species of commercial or conservation interest, enhancing the
capacity to carry out meaningful reviews to underpin advice and for rapidly
developing new optimally targeted research programmes. Secondly, it could provide
stakeholders, such as policy makers or fisheries managers, with a one-stop location

1 Report of the Working Group on the Application of Genetics in Fisheries and Mariculture
(WGAGFM); 19-23 March 2007; Ispra, Italy.
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for rapidly identifying where information can be found which they can use to assess
the state of the art for a given species, or assess work carried out on the population
genetics on species generally, as well as the extent of progress made with respect to
applications of the research to fisheries and mariculture.

4.2 Progress and further action

The ICES response to the 2007 recommendation of establishing a meta-database on
fish genetics was positive. The ICES data centre is in principle willing to host the
database, subject to clarification of some critical issues (see below)2.

The general support for the development of such a database within the WGAGFM, as
regards the need for such a data base, and for its development, was assessed by a
formal internal Group survey carried out during the 2008 WGAGFM meeting. This
survey confirmed that Group members saw development of such a database as
adding a very valuable fisheries research tool to their science programmes. Positives
mentioned repeatedly included a boosting effect on scientific cooperation, the
prevention of duplicated efforts, ease of acquisition of knowledge about available
data and biological material and where to obtain it. Furthermore it was stressed that
such a database would not be an alternative to “classical” information resources such
a literature databases (Pubmed etc.) or genetic databanks (e.g. EBI and Genbank).
Rather, appropriately constructed, it could fill significant database gaps and
complement existing resources, significantly facilitating day to day research
activities. However, some useful refinements to the initial proposal were suggested
and discussed.

4.3 Development and implementation strategy

The general consensus view was that the development of the proposed meta database
would require considerable effort and has little if any potential for attracting specific
funding to support its creation. This observation, combined with recognition of the
need for a coordinated input into its development by all WGAGFM members, lead to
the conclusion that making an operational on-line version the Fish Genetic meta-
database online would not be something which could be achieved quickly and in the
short-term. Rather, its creation would require working creatively with existing
organisational infrastructure and research programmes, and taking a staged,
progressive approach over the medium term i.e. the next 12-18 months. However, to
do this, it was recognised the first step will be to produce a detailed database
description and implementation scheme which is agreed upon by all involved
stakeholders. The objective of producing such a plan by September 2008 was agreed.
The most crucial issue, both in this first step and throughout the database
development progress to ensure the successful implementation of the fish genetic
meta-database will be to establish in this first stage a close dialogue between the
WGAGEFM (as the entity providing the input and a major user), the JRC (as the
proposed developing entity), and ICES (as the hosting entity — see figure 1).

A further crucial issue is to ensure that the database developed is capable of dealing
with real data and real data access needs. To help in this regard, as a template for
initial data base development, it was agreed to focus on using Atlantic salmon
metadata which is being complied as part of the NASCO Salmon at Sea programme

2 Neil Holdsworth; Head of ICES Data Centre (http://www.ices.dk/datacentre/) — personal
communication
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(SALSEA; http://www.nasco.int/sas/salsea.htm) under the EU funded FP7 SALSEA-
MERGE project. This will help to identify key information types to be included, to
assess access and data presentation features needed, and allow the underlying IT
requirements to be specified in detail and realistically tested.

It was pointed out by ICES, in response to the meta-database recommendation 2007,
that pre-existing reference code lists (species, country etc.) derived from the ICES
online database RECO should be used for compatibility reasons and as to facilitate
implementation. This was agreed to be an important issue which should be
incorporated into the database design.

From discussions, it emerged that a number of specific issues from both the IT and
scientific angle require to be clarified during this first step before embarking on
subsequent steps in the development of a functioning database prototype.

IT-related issues:

Access and login control: This aspect is crucial for ensuring database quality. For the
login control the WGAGFM group, who would run the database, has first to decide
who will be endowed with what level of accessibility and administrative rights. From
initial discussions, it was proposed that there will be a main administrator (level 1 -
access/administrative rights for all data; see figure 2) nominated and that additionally
volunteers, appointed for a distinct period of time and responsible for a defined set of
data (e.g. species related) will get administrative rights for all data relevant to their
respective fields (level 2). Users of the database, wishing to upload data will establish
a user account by applying for a password and access to the database. The
application will solely be admitted provided all relevant information such as
institution affiliation and user contact details are submitted and after verification by
level 2 database administrators. Upon admission, the user has the possibility to
upload her/his data onto the database (level 3). However, to assure data quality the
uploaded data sets will be scrutinized by second level administrators (see also 2b).
Given this arrangement, it will be crucial to ensure that the system used for login
control can be accommodated by the host. This must be clarified in the first step of
the development process.

Database size: The size of the database is not yet predictable, in the absence of
knowledge of the final database design and the extent of the data to be
accommodated for all the species covered. Additionally, this is likely to increase over
time as new information is produced annually. Presently it is planned to start out
with a database “fed” with data supplied by WAGFM members. However, once
established, it is expected that the database will be advertised and data entry by
fellow researchers encouraged. In light of this, maximal flexibility should be assured
with respect to the size of the database as ideally a constant addition of data should
eventually set in.

Underlying technology: Given different partners will be involved in the
development and hosting of the database, the database and interface technology used
has to be compatible between the developer and host, which may be problematic if
they use different technologies. If so, the technological issues and solutions will have
to be clarified before starting the development, and ways to circumvent
incompatibilities, where they exist, have to be found as part of the dialogue
established between developer and host.

Upgrading: To remain fully functional, the database will need to be upgraded and
versioned at regular intervals to ensure that the database itself and the interface are
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supported by the latest software versions. This should be done by the database host
(if needed with support from the developer) while the actual database content should
be the responsibility of the WGAGFM members who are in the best position to vet
database content (see “User friendliness and data quality control” below).

Content relationship: The content of the database has to be decided upon with
regards to scientific relevance and the scope of the meta-database. However for the
development of the database it is important to identify the content items at early
stages and to define their respective relationships. This will help to design an entity
relationship scheme which in turn underlies the database development (see figure 3).

Scientific issues:

From the research point of view to achieve the database goals as outline, information
and data accessibility have not only to be ensured but also greatly facilitated.
Additionally the quality and validity of information and data should be closely
monitored, of which the most relevant issues are:

Content: The basic content of the meta-database was discussed during the WGAGFM
meeting 20073 and, at this point, it is worth stressing that, as currently
conceptualised, the proposed fish genetics meta-database is not seen as containing
primary genetic data. To encompass primary genetic data would represent a much
greater development challenge and, most of all, require considerably more effort to
manage and maintain. Not only would this increase the risk of the data based being
problematic to develop and less user-friendly, it is also likely to be have a much
higher cost to benefit ratio, bringing into serious question its sustainability with the
available limited resources. For these reasons, it is seen to focus only on building a
portal which simply catalogues what information exists, lists past and ongoing
projects, collections of biological material which are available for genetic analysis in
different host institutions, and available raw genetic databases with contact details
for those wishing to obtain more information. However, there are a number of
different types of metadata which it would potentially be of interest to include.
Therefore, for database development, it will be crucial to define in detail the nature of
the meta data to be covered and uploaded. This may include lists of researchers,
research projects, project summaries, data bases and descriptions of data base
contents, lists of archival material, and lists of known primary and secondary
publications on the population genetics of species of interest. Optionally, the database
may also wish to include pdf files which provide brief potted reviews or summaries
of what is known about the population genetics of a given species. As well it may
have a bulletin board to facilitate information exchange among researchers, as well as
between researchers and stakeholders, where people seeking information or
highlighting its availability can advertise to the fish population genetics community
as a whole.

User friendliness and data quality control: Keeping both the upload and download
interfaces easy to use and intuitively comprehensible will be critical to database
success. The upload of data and information should be highly automated and take
advantage of already routinely used formats e.g. by providing pre-formatted
spreadsheets (e.g. MS Excel) which can be submitted for upload. In this regard, in
reaction to the WGAGFM report 2007, the ICES DC unit indicated that their

3 Report of the Working Group on the Application of Genetics in Fisheries and Mariculture
(WGAGFM); 19-23 March 2007; Ispra, Italy
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EcoSystem Data team possesses very considerable experience with the development
of data entry web pages and would be happy to assist the development of the fish
genetics Meta database. This help would be both by providing inside into the design
and construction of their existing portals and by helping to develop a simple,
functional logic structure for the fish population genetic meta database. To help with
this, it will be important for WGAGEFM to clearly specify the relatedness of different
types of meta data to be included to the database developer as this will be a crucial
determinant of the portal architecture and design. Finally, in a largely autonomous
system which relies on the input of its end-users, data quality assurance is a highly
critical issue. It is envisioned that data validation and control can most effectively be
carried out by assigned “second-level” administrators as outlined in 1a). To place this
within an organisational context where it can be appropriately managed and
monitored, it is proposed to include data base review as part of annual WGAGFM
meetings as a reporting ToR.

Response and user monitoring: Database use should be monitored to provide
feedback on functionality of data base design and the usefulness of different database
components. This can in large measure be achieved by documenting levels of use (in
the simplest case a “contact” link), and the number of visitors using different
interface levels (e.g. Google™ analytics — http://www.google.com/analytics/). The
results of this feedback, in combination with the recorded user frequency, should be
evaluated at regular intervals by the WGAGFM to ensure a constant adaptation of the
meta-database to user needs and to establish the merit of its continued existence.

Links to other marine meta databases: The underlying motivation for the
development of a fish genetic meta-database is to address the problem of ensuring
general awareness of the increasing amounts and types of data available to workers
in the field of fish population genetics which is relevant to fisheries research, and to
ensure avoid its loss over time. This can potentially be achieved in a variety of ways
and it will be of value to examine other similar efforts, assess to what extent these
efforts are relevant to addressing the objectives of the proposed fish genetic meta-
database, and establish to what extent it would be worth developing linkages to
promote these objectives. For example, the European Commission is currently
investigating the possibilities of setting up a European Marine Observation and Data
Network (EMODNET)4. EMODNET intends to provide a sustainable focus for
improving systematic observation (in situ and from space), interoperability, and
increasing access to data related to maritime affairs and fisheries, based on robust,
open and generic ICT solutions. It should be explored to what extent the WGAGFM
fish genetic Meta-Database might fit into this large database project to maximize its
benefits to the research and resource management communities.

4.4 Recommendations
WGAGFM recommends:

1) The development and implementation of a web-based fish population
genetic meta-database, under the responsibility of WGAGFM, within the
remit of ICES and in collaboration with the European Commission, as
proposed in the WGAGFM report 2007, is progressed;

4 GREEN PAPER (2007) Towards a future Maritime Policy for the Union: A European vision for
the oceans and seas (presented by the Commission; SEC(2006) 689).
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2)

3)

4)

5)

6)

7)

8)

9)

- J R c Requirements
—

EUROPEAN COMMISSION

Development

The meta-database serve as a portal cataloguing relevant primary
information with respect to generated population genetic data, primary
and secondary research reports, available biological samples, and point to
the locations and contact points from which to get such data, samples and
extended information;

The WGAGFM agree before September 2008 which types of meta data to
include and the database structure, and the functionalities of the interface
providing access to the data as well as about other features to be made
available;

The WGAGEFM agree access regulation and control by database end-users
as well as strategies to ensure data quality and validity before September
2008;

Decisions regarding 3) and 4) the WGAGFM report to the database
developer and host before September 2008;

When 5) is delivered, database developer and host should establish contact
and establish a practical, workable strategy for development and
implementation of the database;

The Atlantic salmon meta-data set developed as part of the NASCO
Salmon at Sea initiative under the EU SALSEA MERGE project be used as
a development template for a prototype fish population genetics database;
Work on 3) to 7) should be progressed, facilitated and monitored by the
WGAGFM members leading this ToR;

Progress should be reported to the 2009 WGAGFM by the ToR leaders.

MDB Consortium (WGAGFM)

Delivery/Advice
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Figure 1. Proposed activity structure during the fish population genetics meta-databse (FPG-

MDB).
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Figure 2. Schematic illustrating the allocation of administrative rights with regard to the proposed
fish population genetics meta-database. One level 1 administrator would be nominated by the
WGAGEFM for a yet to be determined time period. This administrator would have access and
administrative rights for all parts of the database. Level 2 administrators would also be assigned
by the WGAGFM for a determined time period. Their administrative rights would be restricted to
a defined set of data (e.g. species specific). Their major task would be data quality assurance and
to provide end-users applying for database access with admissions. At level 3, end-users would
be permitted access to the database by level two administrators for data upload.
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Figure 3. Example of an Entity Relationship Scheme (ERS) (here for a fish specimen collection
database), illustrating database content and architecture (kind permission of Alessandro Ghigi;
European Commission Joint Research Centre). As pointed out in the text an ERS should be
developed as one of the first steps of the database developments. This must be is preceded by the
identification of data categories and their relationship, by the WGAGFM.
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ToR d): Review progress for optimising the storing of otoliths and
scales for DNA analysis

M.C. Crosss’, T.F. Cross, A-B. Florin, R. Hanel, R. Kirby and M. O’Sullivan

5.1 Introduction

Archived material (such as scales and otoliths) is proving to be a useful source of
DNA for molecular genetics in fisheries and aquaculture, but this was not the original
purpose of these collections. Beginning with Reibisch’s observations of otolith annuli in
1899, mineralised fish tissues, like otoliths and scales (but also cephalopod statoliths
(Zumbholz et al., 2007) and other invertebrate samples) have been collected and stored
for biochronology. An informal survey of 30 fisheries laboratories, estimated a
minimum of 800,000 otoliths were used for ageing worldwide in 1999 (Campana and
Thorrold, 2001). Exact age determination of fish is one of the most important
elements in the study of their population dynamics (Rodriguez Mendoza, 2006).
Incremental rings provide information on age, and the widths of daily, as well as
annual rings, reflect individual growth patterns. Besides age and growth
determination, otoliths and to a lesser extent scales, have been the object of studies in
many different fields including species and stock identification, environmental
reconstruction of fish habitats (Campana, 1999, 2005; Brazner et al., 2004; Humphreys
et al., 2005, Popper et al., 2005) and to provide information on the ambient
environmental conditions by trace element analysis. Microchemical studies of otoliths
and other biogenic aragonites are based on a variety of analytical techniques,
including particle induced X-ray emission PIXE (Elfman et al., 1999), Synchrotron X-
ray Fluorescence Analysis SYXRF (Tsukamoto et al., 1998; Zumholz et al., 2007),
electron probe microanalysis EPMA (Daverat et al., 2005), solution-based inductively-
coupled plasma mass spectrometry ICP-MS and Laser Ablation ICP-MS (Arai et al.,
2006). Furthermore, these high-resolution analytical techniques allow the information
to be related to age and growth based on the ring structure. Thus, otoliths and also
scales can be regarded as archives recording individual life histories.

Archived collections of scales and otoliths are often the only source of samples for
retrospective research on fish populations and, as noted above, they are also an
invaluable source of DNA. Scales and otoliths will also continue to be collected by
fisheries biologists for ageing studies. In addition, field personnel are very familiar
with collecting these materials and collection of additional material is often restricted
by time constraints. While it is recognised that non-mineralised tissue would be the
best source of DNA in the future, such as a fin clip stored appropriately, the present
report concentrates on DNA in scales and otoliths.

5.2 Traditional Methods

Traditionally, scales were removed from fish, air dried in paper envelopes then
stored together in groups. When required for ageing, scales were soaked in water or
sodium peroxide. Alternatively, scales were sometimes mounted in resin or
impressions made on plastic ribbon. It is likely that all this archive material, including
plastic ribbon, could provide samples for genetic analysis. In the case of otoliths these
were also allowed to air-dry in paper envelopes. Prior to reading otoliths were

5 m.cross@ucc.ie
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cleaned, burnt, cracked or ground. Thus untreated otoliths are a much more reliable
source of DNA (Heath et al., 2007).

The issue of cross contamination between specimens when sampling scales or otoliths
is more serious when DNA extraction is envisaged because it is easy to carry small
amounts of soft tissue or mucous between specimens unless precautions are taken
(instruments are cleaned (wiped) thoroughly between samples). It is also likely that
sample processing stations will be contaminated by slime and tissues from a number
of fish.

5.3 Location of DNA

In scales, DNA is contained in the overlying dermal tissue and to a much lesser extent
within the scale matrix. Therefore, DNA may be extracted from unwashed and
mounted scales (Mitchell et al., 2008) and in some cases from scales preserved in
formalin (Hua Yue and Orban, 2001). In the case of otoliths, the structure is mostly
inorganic (Paabo et al., 2004). Thus DNA is extracted largely from the tissue left
adhering to the surface of the otolith after removal from the fish. The quality and
quantity of DNA extracted depends on how well the scales or otoliths have been
collected (no contamination) and stored.

5.4 Previous Genetic Studies

Numerous studies exist whereby archived scales and otoliths have been used as a
source of DNA. The results of such temporal studies can serve to answer questions in
relation to natural (e.g. bottlenecks, geographic expansion/contraction of a species
range) and anthropogenic (e.g. over-fishing, restocking) effects. Hutchinson et al. 2003
used archived cod (Gadus morhua) otoliths for large-scale temporal genetic analysis
after successful extraction of nuclear DNA from otoliths dating from 1954, stored in
damp warehouse conditions. The extracts were amplified using the polymerase chain
reaction (PCR) and screened for variation at three nuclear microsatellite DNA loci.
Loci that yielded small products (less than 220 base pairs (bp)) were selected owing to
the degraded nature of the recovered DNA. This study illustrates how mineralised
tissue may still be a viable source of genetic information despite unsuitable storage
conditions. Martinez et al. 2001 used archived Atlantic salmon (Salmo salar) scale
samples to evaluate the effect of restocking policies on natural populations.
Microsatellite alleles up to 232 bp long were successfully amplified after the DNA
had been extracted from two to four unwashed scales using a rapid Chelex-based
extraction method (Estoup et al.,, 1996). These are just two of the many examples
where archived mineralised tissues have yielded genetic information. Other
examples include Nielsen ef al. (1999, 2007), Adcock et al. 2000, Hoarau et al. 2005 and
Poulsen et al. 2006. These studies used available archival materials. Methods of
minimizing deterioration of DNA quantity and quality in archived or newly collected
materials would be advantageous for future studies.

5.5 Degradation of DNA

DNA is very susceptible to degradation by hydrolysis, radiation and naturally
occurring enzymes. This often results in the break-up of DNA into fragments
consisting of between 100 and 400 bp. Probably the most important factors in the
long-term storage of DNA are the presence of water, specifically the amount of
'available water', and enzyme cofactors, typically metal cations (Rollo, 1998; Hofreiter
et al, 2001; Paabo et al, 2004) Since DNA is acidic, it can catalyze its own
depurination (hydrolysis of purine moieties) in the presence of water. In addition
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deoxyribonuclease (DNase) enzymes, like most proteins, require water to maintain
their conformation, and so their activity declines as the amount of available water is
reduced. Humidity also encourages the growth of bacteria and fungi. Therefore
archived samples in paper envelopes should be stored in the driest conditions
possible and protected from direct sunlight to favour the preservation of DNA
(Rivers and Ardren, 1998; Nielsen et al., 1999).

5.6 Optimal Methods

Two situations must be considered; treatment of archival collections to ensure
minimum future DNA degradation and, recommendations in relation to new
collections. However, the subsequent optimization of storage methods pertains to
both situations. Sub-optimal storage conditions of archived material in paper
envelopes and inevitable degradation of DNA will lead to low quality and quantity
of DNA, which, due to the sensitivity of the molecular techniques, makes cross
contamination in the laboratory (as opposed to cross contamination at sampling, as
discussed above) a particular threat (Nielsen ef al., 1999; Hutchinson et al., 1999;
Hofreiter et al., 2001; Gilbert et al., 2005; Wandeler et al., 2007). DNA that has
degraded into small fragments leads to fewer template molecules to extract, and
these can be overwhelmed by the amplification of fresh contaminant DNA during
PCR. Specific care should be taken when handling such samples. Gloves should be
worn to minimise contamination by human DNA, and any instruments used need to
be cleaned to prevent cross-contamination between samples.

5.6.1 Archival collections

So far, little attention has been given to the storage of these important collections as a
source of DNA, although we know of steps being taken in a Swedish institute where
new facilities have been provided to store scales and otoliths in a controlled-
environment; 45 +/- 8% humidity and 21 +/- 2°C (Mecklenburg et al., 2004). It is
recognised that one of the most common sources of contamination is by fungi, and
this can be detected by simple visual inspection. Prior to continued storage, archived
samples should therefore be checked and then inspected annually thereafter. In the
event of fungal contamination, samples may be dried at 65°C for at least twenty
minutes. Whether obviously contaminated (requiring heat treatment) or not, all
sample envelopes should subsequently be spread out in a single layer in a dry
environment for a day or two prior to re-storage. Samples should then be stored in
the driest possible environment taking into consideration that humid, dark
environments favour fungal growth. If this material is considered as being of high
value, transferring it to 70% ethanol or immediate DNA extraction and storage
should be considered (De Salle et al., 1993; Yoshinaga et al., 1997; Rohland et al., 2004;
Hunter et al., 2008, and see also ICES WGAGFM 2007 report ToR c), though there
may be merit to keeping both the original scales or otoliths and also extracted DNA-
see below.

5.6.2 New Collections

Best practice for new collections of scales and otoliths should ensure rapid drying of
material to minimise biological degradation. Due to the sensitivity of molecular
techniques, relatively little material is required. Therefore, scales should be spread
thinly within the envelope when being collected (Nielsen ef al., 1999), and then the
envelopes laid out to air-dry individually as soon as possible after collection prior to
accumulating for storage. Acid free paper envelopes are recommended (Monica
Akerlund, Stockholm Natural History Museum, pers. comm.). Subsequently the
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storage conditions described above to minimise further DNA degradation, should be
applied. It is worth considering a dual approach, where DNA is immediately
extracted from scales or otoliths using the most appropriate techniques, but that
aliquots of the mineralised tissues are also stored under optimal conditions. Setting
aside scales or otoliths for future use in this way will allow for the advent of new
improved DNA extraction technologies (Rivers and Ardren, 1998; Hutchinson et al.,
2003; Rainbow-in press).

5.7 Multiple Uses

In the past, otoliths have been collected primarily for ageing, and the preparation
methods involved may reduce DNA quantity and quality. Thus, consideration
should be given to the order in which otoliths are used in various laboratory studies
to allow for initial DNA extraction prior to subsequent experimentation.
Furthermore, Heath et al. 2007 reported that DNA extraction from the otoliths of
common coral trout (Plectropomus leopardus) had no significant effect on their integral
structure and subsequently allowed age estimation. In the case of scales, there is
usually enough material collected to allow sampling exclusively for DNA. Many of
the scales collected from an individual fish may consist of replacement scales and
may not be suitable for ageing, and thus will be available for other techniques
including DNA extraction.

5.8 Conclusions

As stated above many archived collections exist in fisheries laboratories and research
institutes around the world and in some cases may be known only to a few people.
As their value extends to the whole scientific community a means of informing
researchers in this field of the existence of these collections would be very valuable.
According to Rivers and Ardren 1998, the age of samples suitable for DNA extraction
should not be an issue, as sufficient DNA has been extracted from sub-fossil
mammalian bones up to 47,000 years old. This depends entirely on the conditions in
which the tissue was preserved. With the development of new technologies in the
future, optimal preservation of archival collections will facilitate further valuable
research for conservation and sustainable exploitation of fish stocks.

5.9 Recommendations

e ICES should request information on all scale and otolith collections held by
fisheries laboratories, institutes and universities. This information should
be accessible via the proposed ICES genetic database.

e If disposal of archived material is envisaged, the scientific community
should be notified via the ICES network, so that alternative storage can be
arranged if there is sufficient interest.

e Archived material should be inspected on a regular basis and subsequently
stored in controlled conditions. It should be borne in mind that most fungi
prefer dark humid environments. Thus dry storage conditions are vital.
Samples contaminated with fungi may be heated to 65°C for twenty
minutes to halt current fungal growth.

e For new scale or otolith collections, every precaution should be taken to
prevent cross-contamination. There is a much greater risk of contamination
due to the sensitivity of molecular techniques.

e Preferably a non-mineralised tissue should be sampled in the future, (e.g. a
fin clip), solely for genetic analysis, due to the clear benefits of molecular
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e If the only samples being taken in future surveys are scales or otoliths
collected in the traditional way, then the material should be placed in a
thin layer within the envelope to aid rapid drying. Both scales and otoliths
should be stored as recommended for archived material.
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6 ToR e): To evaluate prospects for the use of genetic monitoring for
evaluating conservation status, intraspecific biodiversity, and stock
“health” in fishes.

Eric Verspoor, Ellen Kenchington, Philip McGinnity, Niklas Tysklind, Eef
Cauwelier and Oleg Vasin

6.1 Rationale

Fisheries around the world are in crisis (e.g. Beddington et al., 2007) and there is
increasing recognition of the importance of monitoring, not only “stock” abundance
to regulate fisheries exploitation, but also the inherent (i.e. genetic) spatial and
temporal biological diversity within fish species (Hedgecock et al., 2007), both in
support of fisheries management and fish conservation. The effective management of
marine fisheries remains an on-going challenge beset by the lack of essential insights
for the effective regulation of exploitation.

In their recent review, Schwartz et al. (2006) conclude that few management
programmes “...take full advantage of the potential afforded by molecular genetic
markers, which can provide information relevant to both ecological and evolutionary
time frames, while costing less and being more sensitive and reliable than traditional
monitoring approaches.” With the notable exception of Pacific Salmon (e.g. Beacham
et al., 2004), there are only a few examples of the routine application of genetic tools
in fisheries management.

Perceptions, such as those of Walters and Martell (2004), that “Some newer and very
expensive activities, such as genetic stock identification ....have produced some
apparently useful results ...but suspiciously little contribution to the actual practice
of management.”, remain widespread. This is undoubtedly conditioned to some
extent by the usefulness and cost of gaining genetic information using molecular
markers. However, there is also an institutional inertia and resistance to new
approaches and paradigms.

The last decade has seen the scope for the cost-effective application of genetic
monitoring increase dramatically as new, more technologies are exploited (Schwartz
et al., 2006), increasing the potential for gaining important and useful demographic
and evolutionary insights. This arises from new classes of markers, such as
microsatellite loci and SNPs (single nucleotide polymorphisms— e.g. Morin et al.,
2004), as well as new screening (e.g. capillary electrophoresis and DNA microchips —
e.g. Hardenbol et al., 2005) and statistical methodologies (e.g. Bayesian methods —
Beaumont, 2003). The potential for deriving useful insights from the analysis of
genetic variation in marine fishes covered by the ICES remit is considered here.

6.2 Breeding populations and fisheries

Harvesting of fish biomass needs to be sustainable i.e. to be carried out so as to
maintain the viability of the fish stocks targeted and their ability to produce an
exploitable recruitment surplus. Fundamentally, this means maintaining the breeding
capacity of a stock, and in the longer term, its adaptive diversity for coping with
environmental change. These concerns are fundamentally genetic issues.

Breeding populations or aggregates were recognised by early fisheries scientists as
being of fundamental importance in fisheries recruitment and, therefore, to fisheries
management (see Berst and Simon, 1981). However, despite early recognition of their
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importance, identifying and managing breeding populations has proved difficult in
practise, particularly in marine fish as their logistically challenging environment
makes it difficult to define their spatial and temporal dynamics. Yet spatial or
temporal structuring into distinct breeding groups (genetic populations), where it
occurs, will be of fundamental importance to local species recruitment in marine
fisheries where they differ inherently in their distribution in time or space, or in
characteristics such as size at age, age of maturation, or spawning success. As such
the conservation of breeding populations, and the heritable adaptive diversity they
represent, will be central to the maintenance of healthy fish stocks, and fisheries
management must be focused on assessing and monitoring their viability and
capacity for fisheries exploitation. Currently, in the absence of detailed population
genetic insights, management of many species is focused on geographical stocks,
often defined on the basis of oceanographic regions or arbitrary map co-ordinates
(e.g. “ICES rectangles”). Such stocks may represent part or all of one or more
breeding populations.

Ideally, management should be specifically focused on breeding populations rather
than on arbitrary spatial clusters of conspecifics. The importance of doing so is
increasing, as more and more species undergo local and regional declines and the
fisheries they support collapse (e.g. Grand Banks Atlantic cod - Smedbol and
Wroblewski, 2002). Reversing these declines and developing sustainable fisheries
represents a growing challenge, one which can be met by adopting population-
sensitive approaches within overall ecosystem-based management (e.g. Policansky
and Magnuson, 1998).

Structuring into breeding populations

Most marine fish species are widely distributed across a range of geographical and
environmental conditions. Depending on their inherent biological character, habitat
fragmentation combined with homing to natal spawning areas can variously lead to
structuring into multiple, distinct breeding aggregations. To the extent that these are
temporally coherent and interbreeding is more or less constrained over time,
aggregations will evolve distinct gene pools, reinforced in some cases by selective
processes associated with environmental heterogeneity and adaptation to local
environmental conditions. This can lead to a wide range of potential population
structuring scenarios.

The issue of connectivity of breeding groups (=genetic populations or sub-
populations) has recently reviewed by Hedgecock et al. (2007). Its extent will depend
on the interaction of evolved biological characteristics of the species with specific
environmental conditions. Biological factors of particular importance will be the basic
breeding strategy of a species (broadcast spawning vs. pair-mating vs. brood
guarding) and, where it is disposed to disperse or migrate, on the strength and scope
for natal homing. Important environmental factors will be the physical or
hydrographic fragmentation and isolation of spawning areas, and its temporal
stability, as well as their spatial and temporal environmental differentiation with
regard to physiochemical factors which affect growth, survival and reproductive
success. The latter may lead to differential selection on the heritable variation for
these traits found in all species and, where genetic exchange is limited, lead to
adaptive genetic differentiation among populations. Environmental variations may
also lead to locally varying population abundance which may influence levels of
dispersal and genetic exchange. The collective interaction of these factors over time
will determine the nature and extent of contemporary structuring into populations.
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Most of the 34 fin and shell fish species of interest to ICES have been studied with
regard to genetic population structuring (Table 1) but for most species understanding
of population structuring remains rudimentary or local. Indeed, for many species
even rudimentary biogeographical understanding of species ranges, overall
distribution within range, and distribution of spawning areas (Figure 1) is still more
or less unknown. Even for the best studied species such as the Atlantic salmon,
Atlantic cod and Atlantic herring, understanding is far from complete, though for
Atlantic salmon this incompleteness relates largely to the distribution of spawning
within river systems and in many areas this type of information is already available.

From the species which have been studied, however, it is clear that the full gamut of
population structuring scenarios is likely to exist, among as well as within species. At
one extreme, is the generally high degree of structuring seen in the anadromous
Atlantic salmon (King ef al., 2007; Vaha et al., 2008), and at the other extreme the
apparent absence of structuring in the catadromous eel (e.g. Dannewitz ef al., 2005;
Maes et al., 2006). In other species it would appear that in some areas structuring may
encompass populations which are more or less completely reproductively isolated
(e.g. herring — Bekkevold et al, 2005; cod - Pogson and Fevolden, 2003) to
populations that may be transient and only exist in more or less isolation for
relatively short periods of time in evolutionary terms (e.g. herring — Jorgensen et al.,
2005; cod — Smedbol and Wroblewski, 2002), though these times may still be highly
significant from a management perspective (years, decades or centuries). Potentially
at least populations within species may exhibit a range of continuous or ephemeral
genetic connectivity ranging from no genetic exchange to rates that approach
effective panmixia.

The nature and extent of structuring of species stocks into distinct breeding
populations, together with their degree of connectivity, will have important
implications for both short and long-term stock demographics and for species
conservation requirements. It will also have important implications for the way that
fisheries can best be managed to achieve sustainability in the face of exploitation
pressures and environmental change (e.g. global warming). This needs to be
understood along with the demographic and reproductive status of the breeding
populations of which fish stocks are composed. In many respects, this can be most
effectively achieved by the application of genetic assessment and monitoring
methods.
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Species range

Distribution within
Range

(includes both adults
and juveniles)

Breeding areas
(mature adults only
at time of spawning)

Figure 1. A schematic of the different levels of biogeographical information relevant to
understanding structuring of fish into genetic populations.
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Table 1. List of species for which ICES undertakes assessments with associated level of
information available to provide genetic advice. Categories summarizing the state of knowledge
on population structure refer to Figure 1 (1=range known; 2=distribution within range known;
3=breeding areas known). The number of crosses reflects the relative number of population
genetic studies undertaken for each species (range 0-5). Categories summarizing the geographic
scale of existing population genetic models are: N=none, L=local, R=range. Table is based on

rough assessments of existing information sources by WGAGFM members.

POPULATION  POPULATION
GENETIC GENETIC
AL CLASSIFICATION COMMON NAME SPECIES BioLoGy DATA MODELLING
Demersal Fish
Gadoids Cod Gadus morhua 3 ot L RG
Haddock Melanogrammus aeglefinus ~ + ++ R
Saithe/Pollock Pollachius virens + + R
Pollack Pollachius pollachius + + R
Whiting Merlangius merlangus + ++ R,G
Norway Pout Trisopterus esmarkii + + R
Hake Merluccius merluccius + +++ LRG
Flatfish Plaice Pleuronectes platessa 3 + LR
Sole Solea solea 3 +++ L, R
Dab Limanda limanda 3 in progress N
Lemon Sole Microstomus kitt +
Witch Flounder Glyptocephalus cynoglossus 2 + N
Megrim Lepidorhombus whiffiagonis 2 + N
Turbot Psetta maxima 2 ++ L
Brill Scophthalmus rhombus 2 + N
Flounder Platichthys flesus 2 ++ L, R
Greenland Halibut Reinhardtius hippoglossoides — + + L
Halibut Hippoglossus hippoglossus 3 ++ L R
Monkfish Anglerfish Lophius budegassa + + N
Anglerfish Lophius piscatorius + + N
Redfish Beaked Redfish Sebastes mentella + ++ LR
Golden Redfish Sebastes marinus + ++ LR
Acadian Redfish Sebastes fasciatus + ++ LR
Crustaceans Nephrops Nephrops norvegicus + ++ Yes
Northern prawn Pandalus borealis + ++ Yes
Pelagic Fish Mackerel Scomber scombrus + + R
Horse Mackerel Trachurus trachurus + ++ Yes
Herring Clupea harengus + -+ Yes
Capelin Mallotus villosus + +++
Sandeel Ammodytes marinus + + No
Blue Whiting Micromesistius poutassou + -+ Yes
Sprat Sprattus sprattus 2 ++ R
European Anchovy Engraulis encrasicolus + ++ Yes
Sardine Sardina pilchardus + -+ Yes
Swordfish Xiphias gladius + +H+ Yes
Bluefin Tuna Thunnus thynnus + ++ Yes
Deepwater Fish ~ Blue Ling Molva dypterygia ? No No
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POPULATION  POPULATION
GENETIC GENETIC

AL CLASSIFICATION COMMON NAME SPECIES BioLocy DATA MODELLING
Ling Molva molva ? No No
Tusk Brosme brosme + + No
Alfonsinos Beryx spp. + ++ Yes
Argentine Argentina silus ? No No
Black Scabbardfish Aphanopus carbo ? ++ No
Greater forkbeard Phycis blennoides ? No No
Orange Roughy Hoplostethus atlanticus + + Yes
Roundnose Grenadier  Coryphaenoides rupestris + ++ Yes
Blackspot Sea Bream  Pagellus bogaraveo + ++ Yes
Diadramous Fish  Salmon Salmo salar 3 A LR
Sea Trout Salmo trutta 3 ++ LR

*(B. splendens; B. decadactylus)
6.4 Genetic assessment and monitoring

A wide range of genetic metrics have been developed within the conceptual
framework of general population genetics theory (Weir 1996; Balding et al., 2003). At
the centre of this framework is the concept of distinct breeding assemblages known
as demes or genetic populations, which constitute local groups of conspecific
individuals within which interbreeding is more or less random but among which
interbreeding is constrained. Each such population, by virtue of its reproductive
isolation, represents a distinct pool of genetic material (=gene pool). Where a species
contains many such biological groups they are also often referred to in the literature
as sub-populations; in this conceptualization they are seen to exist as subunits of the
overall species population. The conceptual framework of population genetics makes
it possible to draw inferences on breeding populations from the analysis of the
distribution of genetic variation and how this change over time (genetic monitoring),
and has the potential to provide valuable insights for fisheries management. These
insights relate to the structuring of stocks into breeding populations and the extent of
their reproductive connectivity, as well as to their demographic and evolutionary
status.

Despite early recognition of their importance to fisheries recruitment and
management, identifying and managing breeding populations has proved difficult,
particularly for marine species. The lack until recently of simple, cost-effective
methods for studying and monitoring genetic variation have, until recently, made it
almost impossible to integrate population genetic considerations into practical
species conservation and management. As a result the field of population genetics
developed over the last century largely as a theoretical discipline, supported by
genetic analyses whose scope was highly constrained and based largely on laborious
methods such as the microscopic analysis of chromosome structure of model
organisms such as Drosophila. Building on advances in DNA screening over the last
two decades, it is becoming increasingly possible to achieve this essential integration
and the general potential that now exists for applying genetic methods to biological
monitoring in species conservation and management has been reviewed by Schwartz
et al. (2006).
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Identifying Individuals, Populations and Species

Species

Biodiversity is fundamentally genetic diversity and is easily assessed at the species
and ecosystem level where underlying genetic diversity leads to unambiguous
morphological differentiation among different species. This area applies to both fin
fish and shell fish, and their diseases and pathogens. However, it is more difficult to
assess where well defined heritable differences are lacking as species designations
become more arbitrary. This may be the case at some or all life history stages and
provide little scope for assessing levels of interspecific hybridisation and genetic
introgression, or identifying cryptic species, whose evolutionary divergence is only
unambiguously resolvable at the molecular level (e.g. Hyde et al., 2008).

True evolutionarily and biologically distinct species can be expected to have evolved
heritable diagnostic differences in many regions of their nuclear and mitochondrial
genomes. Thus in most cases where morphological differentiation is not possible or
reliable, rapid cost-effective diagnostic molecular markers will be able to be identified
e.g. restriction fragment digestion of amplified DNA regions (e.g. Pendas et al., 1995;
Rocha-Olivares, 1998). The key issue, as with any diagnostic marker, be they
morphological or molecular, is to be able to demonstrate that it is indeed diagnostic.
If so, diagnostic nuclear markers can be used to identify first generation hybrids
which will be heterozygous for the marker used. Levels of introgression (i.e. the
proportion of individuals of one species, or of its genome, containing gene variants
derived from another species can also be assessed by sampling. However, not all
offspring in post-F1 generations will inherit species diagnostic markers, and the
probability of inheritance of a marker needs to be taken into account in estimating
introgression levels. By using more diagnostic markers, the accuracy of estimation of
rates and degrees of introgression can be increased (Campton, 1987).

Populations

Understanding how fish and pathogen species are structured into breeding
populations arguably poses one of the biggest biological challenges facing fisheries
managers. This encompasses long standing phylogenetic biodiversity associated with
long-term genetic isolation, often encompassing large groups of breeding
populations, and more evolutionarily ephemeral short and long term metapopulation
structuring within phylogeographic groups. The nature of the structuring that exists
will be reflected in the nature and distribution of genetic diversity within and among
individuals. However, identifying informative variation and devising appropriate
sampling strategies for discriminating the wide range of possible population
structuring scenarios is not a trivial problem. Developing a complete understanding,
particularly where evolutionary divergence is limited and transient can be expected
to require an iterative process of sample collection and analysis, and careful collective
consideration of genetic, demographic and environmental information. Indeed,
where evolutionary divergence is transient and short-term within a metapopulation
dynamic, standard genetic metrics such as Fsr will often prove to be relatively
uninformative. However, in population studies, considerable care must be taken as
the absence of evidence in many cases will not be evidence of absence as the absence
of evidence will often be a reflection of the limitation of the genetic loci and metrics
used.

In principal, at least, population structure can be resolved by analysing the level of
genetic differentiation with regard to molecular variation either among samples or
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among individuals. At the sample level, genetic distance metrics such as Fsr or others
(see chapters in Balding et al., 2003) are generally used to establish whether the level
of genetic differentiation is inconsistent with samples having derived from a single
genetic population. Differentiation can arise variously due to genetic drift, new local
mutations, and selectively driven local adaptation. Using individual information, an
assessment is made to determine whether more than one distinct cluster of related
individuals is observed as expected if they belong to different more or less distinct
breeding populations (e.g. Pritchard et al., 2000). For both approaches, it is essential
that observed differentiation is stable across generations rather than due to within-
generation selection among different temporal or spatial groups derived from a
single breeding population.

The degree of genetic differentiation, and hence the ability to resolve structuring,
depends on a number of interacting variables. These include the length and degree of
isolation, generation time, effective population size, mutation rate, and degree of
adaptive selection. In general, differentiation increases the longer and greater the
degree of reproductive isolation, and with shorter generation times and stronger local
adaptation. At loci unaffected by selection, it is inversely proportional to the
historical numbers of breeders (N. - effective size of populations) and, assuming the
same level of genetic exchange, the same level of differentiation takes longer to
achieve in larger populations than in smaller populations. Thus it is easiest to detect
structure where species have a short generation time and populations are small and
locally adapted, have been isolated for a long time, and have no genetic exchange. It
is hardest to resolve structuring in species with a long generation time and composed
of large, recently established populations with little adaptive differentiation and
relatively high levels of continuous, or sporadic, genetic exchange.

The degree of genetic differentiation observed will also vary depending on the
molecular variation considered. At loci subject to genetic drift, the level of genetic
differentiation will vary due to chance with some showing higher levels than others.
Also, in general, loci that have higher mutation rates can be expected to differentiate
more quickly among populations. Furthermore, other things equal, in large
populations, loci subject to adaptive differentiation will be relatively more
differentiated than those subject to genetic drift as genetic drift decreases with
increasing population size. Thus “neutral loci” can be expected to be more useful in
identifying population structuring where populations are small and loci involved in
adaptive differentiation more useful where populations are large.

The analysis of variation at loci showing differentiation among breeding populations
can be used to determine the proportional contribution of different breeding
populations to samples of fish taken in fisheries or captured as part of ecological
studies into the temporal and spatial dynamics of stocks at sea. This methodology,
known as mixed stock analysis (MSA), is routinely used in the management of Pacific
salmon fisheries and in studies of their marine ecology (e.g. Beacham et al., 2005,
2006), and has recently been reviewed by Koljonen et al. (2007). It has also been
explored for some marine species (e.g. Ruzzante et al., 2000; Jonsdéttir ef al., 2007).

Individuals

Where structuring into breeding populations occurs, variation at loci showing
differentiation can be used to determine the population membership of individual
fish. The ability to assign individuals successfully will depend on a number of factors:
level of genetic differentiation, level of polymorphism at loci used, the number of loci,
the size of baseline samples, the number of populations, and the statistical method
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used (Koljonen et al., 2007). In general the power of individual assignment (IA)
decreases as Fsr gets smaller. Thus it is likely to be more useful in situations where
populations are both smaller as well as smaller in number, particularly when using
hypervariable loci such as microsatellite DNA. To date the use of IA has been limited
largely to species such as salmonids where breeding populations are highly
differentiated (e.g. Beacham et al., 2005, 2006), though its use has been explored in
some marine species (e.g. Sebastes - Roques et al., 1999; Clupea - Jorgensen et al., 2005).
In situations where IA is possible, it can be used to study the spatial boundaries of
populations and estimate the degree of population mixing, and to provide insights
into population dynamic processes such as dispersal and migration (Schwartz ef al.,
2006).

Monitoring Population Status

Analysis of genetic variation can, in principal, be used to provide insight into the
short or long-term biological status of populations (Swartz et al., 2006), either by
using genetic variation to tag individuals, or by providing genetic metrics that can be
monitored for changes. However, the routine application of genetic markers to
fisheries management remains largely confined to Pacific salmon fisheries (e.g.
Beacham et al., 2005, 2006) and relates largely to insights gained from MSA and IA
analyses. There is potential for the application of genetic markers in mark and
recapture studies to assess abundance and vital rates (mortality/survival), exploiting
the fact that each individual has a unique genotype (Lukacs and Burnham, 2005).
However, in practise, this application is likely to be restricted to small populations
where there is a reasonably high probability of recapture/detection of “marked”
individuals. It is also likely to be further limited to species where physical tagging is
difficult but biological material can still be obtained.

The lack of wider routine application, particularly to most other marine fish species,
is likely to be attributable to two factors. Firstly, as discussed above, understanding of
population structuring in most species is limited and the use of genetic metrics is in
most cases dependent on having such an understanding. Secondly, the estimation of
most genetic metrics is based on evaluating the distorting effects on the distribution
of genetic variation of genetic drift, mutation and migration. Unfortunately, the effect
decreases as the number of breeders increases and therefore, in general, increasingly
large sample sizes appear to be needed to obtain equivalently accurate and reliable
estimates as population size increases. Thus, in general, monitoring populations
using genetic methods and metrics becomes increasingly difficult as the size of the
breeding populations monitored increases (Figure 2). The only exception is metrics
such as reaction norm that measure genetically-based phenotypic change (e.g. Barot
et al., 2004). Here the changes measured are due to selection rather than genetic drift,
a force which has the potential to be increasingly strong, and therefore more easily
detected, in larger populations.

The numbers of spawners contributing to the next generation is a key management
metric in fish conservation and establishing sustainable levels of exploitation, but
direct counts are difficult and proxy estimates of spawning escapement and biomass
are generally employed. This demographic variable is generally difficult to estimate.
One genetic metric that is being increasingly seen as useful in this regard is N. — the
effective breeding size of populations, or its related derivative, Nv — the effective
number of breeders. In a population with no genetically effective immigrants, this is
related to the historical number of breeders contributing to each generation and their
relative reproductive success. In so far as genetic exchange increases, N. also
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increases for a given number of breeders. Estimates of N. can be obtained by a
number of different methods based on the analysis of linkage disequilibrium across
loci, departures from Hardy-Weinberg expectations, and changes in allelic diversity
over time (Waples, 2005). However, obtaining accurate estimates of N. with tight
confidence limits is problematic and appears to be a direct function of sample sizes, at
least for some methods (Waples, 2006). As such employing N. as a monitoring metric
is potentially practical for small to medium sized populations, where sample sizes of
50 to a few hundred will provide useful estimates for detecting changes. It is unlikely
to prove to be a useful monitoring metric for large breeding populations except
where changes in numbers of breeders are in terms of orders of magnitude. New
methods need to be developed to calculate N. values more accurately where
confidence limits are not a function of N. itself, if this metric is to be able to be more
widely applied.

Size of Breeding Population

Small Medium Larqg

Figure 2. The ease with which some of the more typical genetic metrics can in principal be
expected to be estimated and used for monitoring, relative to the size of the breeding population
involved; population size range is from few individuals to hundreds of thousands; genetic
metrics: Ne — effective breeding size of population, R - allelic richness (standardized allelic
diversity), PRN - genetic probabilistic reaction norms for quantitative traits, Fis — coefficient of
inbreeding.

N. is affected by the breeding behaviour (e.g. life time monogamy, random mating —
Waples, 2006) as well as the extent of genetic connectivity of populations i.e. m, the
migration rate, and the joint analysis of these two parameters, for which theoretical
approaches have been developed (e.g. Wang and Whitlock 2003) can be highly
informative (e.g. Frazer et al., 2007). However, again, the use of N. and accurate
estimation of m generally requires a good basic understanding of structuring into
populations to ensure appropriate sampling is carried out.

In general, levels of genetic diversity will be a function of N; as N. increases, levels of
genetic diversity can be expected to increase. In addition to using N. as a proxy for
genetic diversity, a number of other well-developed metrics are available for
monitoring levels of genetic diversity within populations. Their routine and
meaningful use in monitoring requires that sampling is random and encompasses
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only the population of interest. Thus, again, an understanding of population
structuring is essential if they are to be meaningfully employed. Also, ideally, loci
should be representative markers of overall levels and types of genetic diversity in
the genome so as to reflect overall genetic diversity. The size of sample required to
obtain useful estimates depends on the number and frequency of allelic variants in a
population and the required sample sizes to obtain robust estimates for monitoring
population status will need to be assessed in each individual case.

The metric A is the absolute number of genetic variants (alleles) observed at a locus,
or across loci. However, as increasingly variable loci are employed, the estimate of A
becomes dependent on sample size and it is more informative to use the metric Az or
R (Allelic Richness) which is A standardized with respect to sample size. This
provides a useful metric for assessing changes in diversity based on the average
number of alleles detected in each generation for a given sample size. Other metrics
that++++ can be used are H (heterozygosity) and Fis (coefficient of inbreeding). In
general, the loss of alleles happens more rapidly than reductions in heterozygosity
(Allendorf, 1986) and can be a more sensitive indicator of losses due to increased
genetic drift associated with a decrease in the effective size of the breeding
population (also known as a bottleneck). As population size increases, the effect of
drift decreases and the magnitude of chance genetic change decreases, such that
increasingly large samples are needed to detect change and routine monitoring
becomes more difficult and less meaningful.

The random loss of genetic diversity will be of greatest in small populations where
levels are relatively easy to monitor. However, significant changes can be expected
when there is mass mortality and severe bottlenecking of large populations occurs.
To detect such changes estimates of Ar are required before and after the mass
mortality which may be quite difficult. For example, in the case of plaice, increase of
fishing pressure in the 1950s, combined with breeding aggregation fishing in the
North Sea triggered a rise in the number of inbred individuals, a situation that
continues to the present (Hoarau et al., 2005). This can be expected to be associated
with a loss of molecular genetic diversity.

6.5 Conclusions

e Genetic metrics have considerable potential for application to the
monitoring of fish populations, particularly in helping to define
structuring into breeding populations, but also to provide demographic
and biodiversity insights.

e For most commercial fish species covered by the ICES remit, the
understanding of structuring into breeding populations is limited and
further biological and genetical studies are required to understand this
aspect of their biology which is fundamental to effective fisheries
management and fish conservation.

o The full scope for using genetic metrics in marine fish species to monitor
population status remains unclear and will depend, among other things,
on the way they are structured into breeding populations, the sizes of the
populations and their degree of interconnectivity.

e The scope for routine application of genetic metrics is currently largely
restricted to anadromous species such as salmon, which are composed of
large numbers of relatively small breeding populations.
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e More work is needed to assess the potential for developing analytical
methods for practical estimation of demographically informative genetic
metrics such as N. in large, relatively highly interconnected populations, as
are likely to exist for many marine species.

e Genetic metrics can be usefully used in conjunction with existing
demographic metrics derived using methods, such as tagging.
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Recommendations

1) Base the monitoring of fish stocks on genetic as well as demographic
metrics that are informative with regard to the status of their contributing
breeding populations as this will help to provide insights needed for
sustainable management

2) Build working models of local, regional and global breeding population
structure in commercial fish species of interest to ICES, using existing
information on their breeding biology and genetics, to help realise
management based on breeding populations, and focus research directed
at model improvement.

3) Incorporate genetic studies into existing fisheries research programmes to
advance understanding of population structuring, and to help assess the
benefits of using genetic metrics to assess population status.

4) Develop new and improved methods for estimating genetic metrics (e.g.
Ne), particularly for large breeding populations and breeding populations
with high connectivity, so as to make possible cost-effective monitoring of
breeding populations

5) Establish strong direct links between individual species assessment
working groups and the WGAGFM to facilitate 1-4 above.
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7 Group Business

7.1 Draft Resolutions for 2009

The WG considered ToRs for the 2009 meeting and prepared a draft set for
consideration by ICES (Annex 3). Five items were proposed.

7.2 Meeting Places in 2009 and 2010

In 2004 it was agreed that future meetings should plan for 3.5 days of business in
order to allow for a full discussion of the ToRs. Over the past few years the ToRs are
increasing in complexity and require more time for discussion in order to reach
consensus on the report.

The WG finds it useful for planning purposes to determine meeting venues two years
in advance. The 2009 meeting is provisionally planned for Poland at the invitation of
R. Wenne. For 2010, Tom Cross from The University College Cork kindly offered to
host the meeting.
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Annex 2: Proposed Draft Resolutions for 2009

The Working Group on the Application of Genetics in Fisheries and Mariculture
[WGAGFM] (Chair: E. Eg Nielsen, Denmark) will meet in Sopot, Poland from 1-3
April 2009 to:

a) Report on progress with the establishment of a meta-database for genetic
data on fish and shellfish genetics covered under the ICES remit;

b) Review current status of the application of traceability methods in the
fisheries sector based on genetics;

c¢) Update and insights from the EU project SalseaMerge on establishment of
a large scale genetic database for assigning individuals to population of
origin;

d) Assess the possibility for the development of an integrated global
management model for Atlantic cod based on genetic information;

e) To evaluate prospects for application of genetics/genomics to study and
reduce the impact of fish and shellfish diseases in natural and cultured
populations.

WGAGEFM will report by 30 April 2009 to the attention of the Mariculture Committee.

Supporting Information

Priority: The current activities of this Group will lead ICES into issues related to the
ecosystem affects of fisheries and mariculture, especially with regard to the
application of the Precautionary Approach. Consequently these activities are
considered to have a very high priority.

Scientific Term of Reference a)

Justification The WGAGFM recommended in 2007 to establish a meta-database cataloguing
existing data in the field of fish and shellfish genetics in order to counteract the
increasing discrepancy between data generation and data storage, management
and accessibility in the field of fish and shellfish genetics (see WGAGFM report
2007). It was argued that the existence of such a meta-database would
significantly help to promote coherence across research programmes, enhance
research progress, and facilitate the translation of results from fundamental
research to support other stakeholders such as fisheries managers.

After consultation of the ICES Data Centre (DC), and further discussion
between the WGAGFM members, nine recommendations were forwarded
aiming at streamlining and facilitating the development and implementation of
the fish genetic meta-database. These recommendations will serve as a basis to
monitor and scrutinize the progress of the database development. Results from
our discussions with the ICES DC as well as our experience with the database
prototype will be reported to the WGAGFM panel and serve as a basis for
reviewing the database utility and to establish prospects.

(Lead: J. Martinsohn, E. Verspoor)

Term of Reference b)

The latest FAO report on the state of fisheries and aquaculture 2007 estimates
that globally, 60% of marine fish stocks are at their maximum sustainable limits
or overexploited. This disquieting level is even more alarming due to the
growing serious global problem of Illegal, Unreported and Unregulated (IUU)
fishing, a major impediment to the achievement of sustainable world fisheries.
Worth between $4bn and $9bn per year, IUU fishing leads to major revenue
losses, and effective measures to fight IUU fishing are still lacking. To reduce
the market for illegal catches is of utmost importance, and the development of
an effective traceability system to verify the species and origins of fish and
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shellfish caught would greatly support such an approach, both for regulatory
enforcement but also for consumer protection. In addition to species
verification, a traceability system based on the identification of regional stocks
is necessary to preclude fraudulent allocations. There is an urgent need to
identify traceability markers that can be used throughout the food supply
chain, from on-board samples, to processed product (“fish to fork”), and which
exhibit minimal variance. Furthermore, it is essential that tools based on such
markers are validated to internationally recognized forensic standards. Only
under such stringent conditions can traceability data be used for legal
enforcement and as evidence in a court of law. We will review briefly the range
of genetic markers available for traceability of species and population identity,
and then consider critically the potential contribution of molecular genetic
approaches to traceability systems, with particular emphasis on the
development of technologies that facilitate forensic validation.

(Lead: G. Carvalho, J. Martinsohn)

Term of Reference c)

Over the past two decades, an increasing proportion of North Atlantic salmon
are dying at sea during their oceanic feeding migration. The specific reasons for
the decline in this important species are as yet unknown. However, climate
change is likely to be an important factor. In some rivers in the southern part of
the salmons range, wild salmon now face extinction. This is in spite of
unprecedented management measures to halt this decline. Arguably the
greatest challenge in salmon conservation is to gain insight into the spatial and
ecological use of the marine environment by different regional and river stocks,
which are known to show variation in marine growth, condition, and survival.
Salmon populations may migrate to different marine zones, whose
environmental conditions may vary. To date it has been impossible to sample
and identify the origin of sufficient numbers of wild salmon at sea to enable this
vital question to be addressed. SALSEA-Merge will provide the basis for
advancing our understanding of oceanic-scale, ecological and ecosystem
processes. Such knowledge is fundamental to the future sustainable
management of this key marine species. Through a partnership of 9 European
nations the programme will deliver innovation in the areas of: genetic stock
identification techniques, new genetic marker development, fine scale estimates
of growth on a weekly and monthly basis, the use of novel high seas pelagic
trawling technology and individual stock linked estimates of food and feeding
patterns. In addition, the use of the three-dimensional Regional Ocean
Modelling System, merging hydrography, oceanographic, genetic and
ecological data, will deliver novel stock specific migration and distribution
models. This widely supported project provides the basis for a comprehensive
investigation into the problems facing salmon at sea. It will also act as an
important model for understanding the factors affecting survival of many other
important marine species. This ToR will report on progress made in the first
year of this important ocean ecology project, particularly with regard to the
application of genetics.

(Lead P. McGinnity, E. Verspoor).

Term of Reference d)

Alot of information has been gathered on the genetic population structure of
commercially important marine fish. However, to date this knowledge has been
poorly utilized in management. Even in cases where genetic data has shown that
previously defined management areas conflict with the biology of the species, little
or no action has been taken to change management practices. This is in contrast to
the intention of e.g. the EU Common Fisheries Policy, which has identified the
population the natural unit of evolutionary change, and as such, provides the genetic
resources required for adaptive response to natural and man-made changes in the
environment. In this ToR we aim at incorporating genetic information, in joint
framework with previous ecological insights, to attempt the development a global
management model for Atlantic cod. We will particularly focus on the identification
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of geographical areas where management operates in conflict with knowledge on
population structure and come up with suggestions for a new design of
management areas. Also, we will identify areas with limited or lacking genetic
information where more studies are warranted.

(Lead: E. Nielsen, E. Kenchington, T. Johansen).

Term of Reference e)

Pathogens and parasites negatively affect natural and cultured populations of
fish and shellfish by induction of diseases. Wild populations can be reduced in
numbers, which decreases fishery resources. Cultured populations are often
more susceptible to diseases because of high rearing densities compared to wild
populations and therefore undergo widespread mortality when infected.
Economical implications of diseases are difficult to overestimate. Breeding of
resistant stocks is often proposed to overcome such loss in aquaculture.
Recently developed genomic methods can significantly increase our
understanding of pathogen — host relationship, stress and immune response of
the host. This knowledge will facilitate diagnostic, treatment and vaccination
against diseases. Genomic approaches usually involve construction of cDNA
libraries from various tissues of infected and non-infected organisms or by
suppressive subtractive hybridisation (SSH) followed by sequencing of
expressed sequence tags (ESTs). Microarray technology enables to identify up-
and down- regulated fish and shellfish genes related to susceptibility or
resistance to diseases. These candidate genes can be further characterised. A
variety of molecular markers is available for identification of QTLs for disease
resistance, which can ultimately be used in marker assisted selection (MAS)
programmes.

(Lead: R. Wenne, P. Boudry)

Resource None required other than those provided by the host institute.
Requirements:

Participants: The Group is normally attended by some 15-25 members and guests
Secretariat None required

Facilities:

Financial: None required

Linkages To ACOM.

Advisory

Committees:

Linkages To SIMWG , WGECO, WGMAFC, WGMASC

other

Committees or

Groups:

Linkages to other

Organisations:

Linkage with the EC Joint Research Centre at Ispra, Italy.




70 |

Annex 3: Recommendations

ICES WGAGFM Report 2008

RECOMMENDATION

FOR FOLLOW UP BY:

ToR a)

1)

3)

Prior to inter-laboratory use of SNPs the
performance of different platforms available
should be evaluated to minimize potential bias in
presently unknown error-rates.

SNP discovery should be based on a panel of
individuals that optimises the “ascertainment
width” (geographic coverage) and “ascertainment
depth” (number of chromosomes and individuals
per location) to avoid ascertainment bias.

Use SNPs in addition to other markers, not as a
replacement.

SNPs should be the preferred markers for
establishing long-term genetic datasets and
subsequent genetic monitoring.

As with other markers the extent to which the
employed SNPs are influenced by selection (and
other evolutionary forces) should be determined.

Applying a combination of selected and neutral
SNPs is possible and is likely to yield novel
information on population structure.

The development and application of new
analytical tools should be a research priority for
examining large datasets such as generated by
SNP studies.

Fisheries geneticists

Fisheries geneticists

Fisheries geneticists

Fisheries geneticists

Fisheries geneticists

Fisheries geneticists

Fisheries geneticists
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ToR b)

1)

2)

5)

4. QTL studies should be supported in both in
wild and farmed aquatic species as they are one
of the most direct ways to understand the genetic
basis of phenotypic variation, linking classic
quantitative genetic and genomic studies.

QTL studies should not be restricted to MAS. The
development of QTL studies should be supported
as they can also contribute to a better
understanding of the genetic architecture of
adaptive traits of interest to fisheries and their
management.

To aid identification of QTL in a wider variety of
aquatic species, the current development of
genomic resources - notably linkage and physical
maps, EST and BAC libraries and whole genome
sequences - should be encouraged.

The development of statistical methods and
software adapted to aquatic species should be
supported to facilitate the development of linkage
maps and to identify QTLs.

The development and maintenance of divergent
lines, segregating progenies, or other biological
material of interest for QTL mapping should be
encouraged.

ICES

Aquaculture geneticists

Aquaculture geneticists

Aquaculture geneticists

Aquaculture geneticists

ToR ¢)

1)

2)

4)

5)

6. The development and implementation of a
web-based fish population genetic meta-database,
under the responsibility of WGAGFM, within the
remit of ICES and in collaboration with the
European Commission, as proposed in the
WGAGFM report 2007, is progressed;

The meta-database serve as a portal cataloguing
relevant primary information with respect to
generated population genetic data, primary and
secondary research reports, available biological
samples, and point to the locations and contact
points from which to get such data, samples and
extended information;

The WGAGFM agree before September 2008
which types of meta data to include and the
database structure, and the functionalities of the
interface providing access to the data as well as
about other features to be made available;

The WGAGFM agree access regulation and
control by database end-users as well as strategies
to ensure data quality and validity before
September 2008;

Decisions regarding 3) and 4) the WGAGFM
report to the database developer and host before
September 2008;

When 5) is delivered, database developer and

WGAGEFM, ICES data centre

WGAGEFM, ICES data centre

WGAGFM

WGAGFM

WGAGFM

WGAGEFV, ICES data centre
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7)

9)

host should establish contact and establish a
practical, workable strategy for development and
implementation of the database;

The Atlantic salmon meta-data set developed as
part of the NASCO Salmon at Sea initiative under
the EU SALSEA MERGE project be used as a
development template for a prototype fish
population genetics database;

Work on 3) to 7) should be progressed, facilitated
and monitored by the WGAGFM members
leading this ToR;

Progress should be reported to the 2009
WGAGFM by the ToR leaders.

WGAGFM

WGAGFM

WGAGFM

ToR d)

1)

6)

ICES should request information on all scale and
otolith collections held by fisheries laboratories,
institutes and universities. This information
should be accessible via the proposed ICES
genetic database.

If disposal of archived material is envisaged, the
scientific ~ community should be notified via the
ICES network, so that alternative storage can be
arranged if there is sufficient interest.

Archived material should be inspected on a
regular basis and subsequently stored in
controlled conditions. It should be borne in mind
that most fungi prefer dark humid environments.
Thus dry storage conditions are vital. Samples
contaminated with fungi may be heated to 65°C
for twenty minutes to halt current fungal growth.

For new scale or otolith collections, every
precaution should be taken to prevent cross-
contamination. There is a much greater risk of
contamination due to the sensitivity of molecular
techniques.

Preferably a non-mineralised tissue should be
sampled in the future, (e.g. a fin clip), solely for
genetic analysis, due to the clear benefits of
molecular approaches in fisheries biology. This is
also important because of the competing uses for
scale and otolith material.

If the only samples being taken in future surveys
are scales or otoliths collected in the traditional
way, then the material should be placed in a thin
layer within the envelope to aid rapid drying.
Both scales and otoliths should be stored as
recommended for archived material.

ICES

ICES

ICES

ICES

ICES

ICES

ToR e)

1)

Base the monitoring of fish stocks on genetic as
well as demographic metrics which are
informative with regard to the status of their

ICES
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2)

5)

contributing breeding populations as this will
help to provide insights needed for sustainable
management.

Build working models of local, regional and
global breeding population structure in
commercial fish species of interest to ICES, using
existing information on their breeding biology
and genetics, to help realise management based
on breeding populations and focus research
directed at model improvement.

Incorporate genetic studies into existing fisheries
research programmes to advance understanding
of population structuring and to help assess the
benefits of using genetic metrics to assess
population status.

Develop new and improved methods for
estimating genetic metrics (e.g. Ne), particularly
for large breeding populations, and breeding
populations with high connectivity, so as to make
possible cost-effective monitoring of breeding
populations.

Establish strong direct links between individual
species assessment working groups and the
WGAGFM to facilitate 1-4 above.

ICES

ICES

Fisheries geneticists

ICES
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