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Introduction

Th e potential genetic eff ects of aquaculture activities have aroused a great deal of 
concern, and the perceived risks are often associated with interbreeding with natural 
populations and the adverse eff ects of ecosystem interactions (1). Th e EU-funded 
project Genimpact (http://genimpact.imr.no) reviews specifi c aspects of potential 
risks and concerns on interbreeding and aquaculture-ecosystem interactions. In  
workshop 2, emphasis was given on the current knowledge and state of art of the tools 
available for the study of monitoring escapees of the species under study i.e. Atlantic 
salmon, Atlantic cod, European sea bass, gilthead sea bream, turbot, common carp, 
Atlantic halibut, scallops, mussels, oysters (Pacifi c oyster and European fl at oyster) 
and European lobster. Additionally emphasis was given on the future research 
objectives for better and improved monitoring methods.

Current knowledge on non genetic tools

Identifi cation of escapees is assured if all farmed fi sh are tagged, however tagging may 
not always be a realistic option due to high cost or biological restrictions such as the 
size of the cultured individuals. Th e most commonly used non-genetic methods for 
discrimination among farmed and wild fi sh include: i) External identifi cation tags: 
this has been widely practised since the dawn of aquaculture. Th e major problem 
has been the diffi  culty of tagging small fi sh; however recently, new methods using 
fl uorescent implants have been used successfully; ii) Morphology/Morphometry: since 
farmed fi sh are often characterized by body changes or defects that can be used for 
visual detection by professionals or laymen; accuracy and consistency are however, 
in many cases uncertain; iii) Scale and otolith pattern recognition: growth patterns in 
scales and otoliths can be used for identifi cation of farmed fi sh; and iv) Biochemical 
and physiological markers: such as carotenoids and fatty acids due to diff erent diets 
of wild and reared fi sh, or analysis of trace elements in otoliths and bone structures; 
however, so far, most work has been performed to identify Atlantic salmon escapees 
and relatively little on the other species.



G e n i m p a c t  f i n a l  s c i e n t i f i c  r e p o r t  129

Current knowledge on genetic tools

In aquaculture, molecular markers are increasingly employed for purposes of 
monitoring genetic variation in domestic stocks and for identifying domestic 
individuals in the wild (2, 3). Molecular markers are inherent to the individual, thus 
they can’t be lost. If polymerase chain reaction (PCR) is used to resolve variation, 
tissue sampling does not require animals to be killed. Th eir main advantage with 
respect to physical markers is that they are inheritable, enabling identifi cation of the 
off spring of aquaculture individuals released or escaped into wild populations. Th us 
genetic markers allow the estimation of the true impact of aquaculture escapes in 
wild populations through fi tness studies. Th e main genetic markers that have been 
used are allozymes, mitochondrial DNA and microsatellite DNA. Future markers 
include coding DNA variation based on single nucleotide polymorphisms (SNPs) 
and / or using DNA microarrays.

Th e fi rst genetic tool to be used involved the analysis of inherited variation in 
proteins (enzymatic proteins) within and among wild and farmed fi sh and shellfi sh 
populations. Th e diff erent allelic forms, referred to as allozymes, result from DNA 
base variation in protein coding genes which causes amino acid changes and changes 
in either the protein’s electrical charge or its molecular shape. Some of the major 
problems of this method include i) that it generally requires destructive sampling 
of individuals to obtain required tissue samples, ii) that allozymes lose their activity 
very fast and therefore the maximum storage time for allozymes is much shorter 
than DNA samples, and iii) the variation resolved has proven of limited use for 
monitoring farm escapes, or for studying the genetic eff ects of cultured fi sh on wild 
populations. Of the species considered, the method has been most widely used in 
relation to the Atlantic salmon (4), though extended studies have also been done on 
carp. In general allozyme markers are now seldom employed and have been largely 
superseded by DNA based analyses.

Mitochondrial markers were the fi rst DNA markers to be extensively used. 
Mitochondrial genomes, in animal species, consist of single circular pieces of double-
strain DNA As the mitochondrial genome mostly contains coding DNA, its main 
source of variation is SNPs. Th e mutation rate is higher in mitochondrial than in 
nuclear coding DNA regions resulting in higher levels of variation and population 
diff erentiation. Signifi cantly diff erent levels of nucleotide diversity are detected among 
diff erent mitochondrial genes and DNA regions with diff erent levels of variation 
can be chosen as markers of diff erent biological units: highly conserved regions, 
for developing species-specifi c or race-specifi c markers; less conserved regions, for 
markers of stocks, and so on. Additionally, in higher animals,mitochondria are 
typically inherited via females, therefore DNA cannot detect introgression via males, 
but can be used for exploring sex-biased gene fl ow. Th e only exceptions are mussels 
and other bivalves in which a second mitochondrial genome is paternally inherited 
(the M genome).

Microsatellites have, in the last decade, developed into the most popular genetic 
markers (2). Microsatellites or simple sequence repeats (SSRs) are tandemly repeated 
motifs of 1-6 DNA bases, which are abundantly distributed within genomes and 
usually characterized by a high degree of polymorphism in the number of repeats. 
With the advent of PCR technology, microsatellite loci can be easily amplifi ed 
using specifi c primers which bind to the region fl anking the variable microsatellite. 
Recently, with the availability of high-throughput capillary sequencers or mass 
spectrometry, the characterisation of variant types, once a bottleneck, has become 
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easy and rapid. By analysing a panel of multiple microsatellite loci, a unique 
combined SSR genotype profi le can be produced for each individual tested and 
studies show that such genotype profi les are highly discriminating, with randomly 
chosen individuals having a low probability of having matching genotypes. In the 
fi eld of fi sheries and aquaculture, microsatellites are useful for the characterization 
of breeding populations and stocks, for paternity and relatedness analysis of natural 
populations, hatchery broodstock selection, constructing dense linkage maps, and 
mapping economically important quantitative traits. With this type of information 
and the development of powerful analytical methods/statistical programmes in recent 
years, the focus has increasingly shifted from defi ning populations to discriminating 
individuals (5); it is now often possible to assign or exclude individuals originating 
from a claimed population. Th is methodology has applications to the identifi cation 
of the genetic origin of specifi c individuals, of immigrants into populations, the 
occurrence of hybridization or admixture, the assessment of introgression of 
hatchery individuals into wild populations, and evaluation of the success of stock 
enhancement programmes.

More recently eff orts have focused on direct analysis of coding DNA. Th is encompasses 
the small fraction (normally 5% or less) of the genome of any higher organism 
which is transcribed and used to produce messenger RNA, much of which is further 
translated to produce proteins. Variation in coding DNA is generally assessed by 
means of DNA sequencing and most commonly involves SNPs; these are individual 
point mutations in genomic DNA at which diff erent sequence alternative (alleles) 
exist in a population. Studies of coding DNA to date have tended to focus on a few 
particular genes, possibly because they are believed to be functionally important 
and related to particular biological traits. Examples include the MHC, or growth 
hormone genes groups. However, overall, as yet relatively few gene sequences have 
been characterized for the aquatic species considered. 

Th e characterization of variation in these regions, inlcuding the analysis of expressed 
sequence regions or tags (ESTs) in a number of commercially important aquatic 
species off ers an important source of coding DNA sequences in the future. SNPs 
can be used for many purposes because they are very common (their frequency 
is estimated to be 1 each 1000 bp). Th ese can be identifi ed by producing and 
comparing nucleotide sequences of a given region for several individuals. Once the 
SNPs have been identifi ed they can be typed easily by a number of methods from 
“easy” ones like restriction enzyme digestion, to “sophisticated” methods like DNA 
chips, real time PCR machines using TAQ-man probes, or molecular beacons. Th eir 
digital nature means that in the future SNPs will probably be the method of choice 
for monitoring animal and plant species to help defi ne the interactions between 
natural and cultured populations. 

Increasing genomic resources for many species, such as cDNA libraries, EST 
databases, and DNA microarrays are having a profound impact on research in areas 
such as agriculture and medicine. Since DNA microarrays can provide expression 
information for thousands of genes simultaneously, they are now the principal tools 
for conducting functional genomics research. Th e fabrication of cDNA microarrays 
involves gene/clone selection, PCR amplifi cation of transcript sequences using 
universal primers, purifi cation of PCR products, and robotic printing of PCR products 
(cDNAs) onto glass slides (6). cDNA or oligonucleotide microarray platforms have 
been built for several aquaculture species, including Atlantic salmon and common 
carp. Since microarray-based experiments have identifi ed fi sh genes potentially 
contributing to fi tness-relevant traits, such as precocious ovary development and 
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rapid growth, they may be useful in future research aimed at evaluating the impact 
of escaped aquaculture fi sh on wild fi sh populations.

In conclusion, identifi cation of aquaculture escapees and their off spring in the wild 
may require diff erent markers depending on species and situations. Some factors 
are decisive regarding how to develop / apply a genetic marker for a given situation; 
these include the genetic distance between domestic stocks and wild populations, 
the number of generations after accidental escapes or deliberate introductions occur, 
the genome structure of a species (with more or less multi-allelic loci). Practical 
feasibility (cost, equipment, technical diffi  culty, expertise required) is another aspect 
which needs to be taken into account, as well as the number of samples and sample 
sizes (one single episode of escapes? routine surveys?) and fi nally statistical analysis. 
When absolute markers exist for diff erentiating aquaculture escapees and native 
individuals, statistical analysis does not pose particular problems because immigrants 
and their off spring can be directly identifi ed. However absolute markers (stock-
specifi c) are rarely found within species, particularly for those with high dispersal 
capacity, as is the case of many marine animals. Fortunately, many statistical methods, 
implemented in readily available computer programs, are available which make it 
possible to detect immigrants in such cases with a high level of probability (7). 

Main conclusions- Future research priorities

A number of conclusions can be reached based on the available tools for each of the 
studied species, (Table 1) as well as the various discussions that followed. Th ese are: 

• Several diff erent types of genetic markers are currently available for monitoring 
cultured and wild fi sh, each with its own advantages and disadvantages and 
diff erent genetical features (dominant/codominant, nuclear/mitochondrial 
DNA, maternal/ biparental mode of inheritance, number of loci detected per 
assay, number of alleles detected per locus) and diff erent types of analytical 
procedures are required in each case with diff erent technical and expertise 
requirements. 

• Th e main markers developed in the studied species and which are currently used 
involve allozymes, PCR RFLPs (nuclear and mtDNA), RAPDs, AFLPs and 
microsatellites. Th e choice of marker in a given context depends on a number of 
factors including the specifi c question to be addressed (e.g. population structure, 
levels of genetic diversity, measuring diff erential fi tness between farmed and wild 
fi sh, identifi cation of farmed and wild stock) and the species under investigation 
(i.e. there is great variance on the amount of information available, in addition 
to technical and logistical considerations). Th erefore, molecular markers should 
be assessed on a case by case basis. Some generalizations can be made, such as 
that microsatellites have more power to detect subtle diff erences, but other, 
older markers such as allozymes may still be of use in certain situations (they 
have proven to be valuable genetic tags in cod and in brown trout). 

• In many situations, microsatellites will be the marker of choice in attempts 
to detect cultured individuals in the wild. Success in doing so will depend on 
having baseline data which can be used to assign the origin of individuals being 
tested, especially where makers diagnostic for farmed individuals are lacking as 
is the case in most situations. In such cases even the use of numerous, highly 
polymorphic loci cannot guarantee success, particularly where diff erentiation 
between cultured and wild fi sh is low. Th e possibility to detect escapees can be 
best assessed if there is a detailed knowledge of population structure of wild as 
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well as farmed populations for the markers considered. 

• Information on population structuring is limited or lacking for most of the 
species of interest and research in this area should be a major priority in areas 
of aquaculture and situations where stocking is undertaken. Research should 
include extended spatial as well as temporal monitoring of populations, to 
ascertain if spatial structuring found is stable across space and time; a single set 
of samples from one time period may or may not reveal the true situation. 

• Despite numerous works on various species with various molecular markers, 
existing research, data analysis and comparative studies on each species cannot 
easily be exploited due to lack of standardization among studies and marker 
characterization (sampling design, appropriate use of controls, replicate screening 
within and between labs). Intercalibration of results of diff erent laboratories is 
still minimal. Databases of produced genotypes and of the genetic material of 
control individuals are still needed in most cases in order for European Science 
to take advantage of the previous eff orts that have been spent on the genetic 
analyses of species of aquaculture interest. 

• Communication with aquaculture stakeholders is also essential in order to be 
able to record and monitor information on the origin and number of broodstock 
for every species. 

• A particular concern as regards data base integration is how to minimize 
genotyping errors (which have often been proven to signifi cantly aff ect results) 
as well as how to maximize the information obtained from diff erent statistical 
analyses. More work is needed to assess the statistical properties of the diff erent 
theoretical models used and more research should be done with real data sets.

• Th eir distinct advantages mean that in the future SNPs and microarrays are 
likely to see increasing use. Much work is still needed for identifi cation of SNPs 
and construction of microarrays. Genomic programmes are in progress or in 
the process of being initiated in most aquaculture species of interest, but studies 
of association between specifi c phenotypes (domestication) and possible linked 
QTL are still missing. Th is could help to identify markers for farmed fi sh. 
Priority should be given to identifying the genes involved in domestication, i.e. 
the changes in the genetic architecture of wild populations when brought under 
farming practices. Th is should allow the identifi cation of the true functional 
diff erences of wild to farmed individuals and should therefore facilitate the 
identifi cation of farmed escapees based on the genes that matter and not 
only with supposedly neutral markers. Where genomic resources are still not 
available for a species of interest, searching for functional polymorphisms and 
diff erentiation between wild and farmed individuals should focus on fi nding 
informative EST linked loci, which show diff erentiation between cultured and 
wild populations. 

• More immediate alternatives are to consider the development of new genetically 
tagged farmed strains where possible, especially for ranching studies. In cases 
where extended breeding programmes have already started, like salmon, it will be 
diffi  cult, but the possibility of selecting for a few molecular markers, to provide 
diagnostic variation, as a required part of selective breeding programmes should 
be examined for other species. 

• Th e use of non-genetic tags and other strategies e.g. triploids, sterile fi sh to 
reduce impact of escapees should also be considered when reviewing monitoring 
technology options. 



G e n i m p a c t  f i n a l  s c i e n t i f i c  r e p o r t  133

Species

Common carp 

Cyprinus carpio

Atlantic salmon 

Salmo salar 

European sea bass

Dicentrarchus labrax

Gilthead sea bream

Sparus aurata

Turbot

Scophthalmus maximus

Atlantic cod

Gadus morhua

Atlantic halibut

Hippoglossus hippoglossus

European fl at oyster

Ostrea edulis

Crassostrea gigas

European lobster

Hommarus gammarus

Mussels

Mytilus edulis 

M. galloprovincialis 

M. trossulus

Scallop

Pecten maximus

Allozymes

19 variable loci of 60 

33 variable loci of 110 

>25

21-27

>25

>30 

>40

22

24

>40

15

13

Mitochondrial DNA

D-loop, Cytb, ND3/4, ND5/6

D-loop, Cytb, ND1, ND5/6 

>20 RFLPs

>40 SNPS

D-loop, Cytb

Dloop 

Dloop, Cytb, rRNAs, tRNAs

Whole 

No

Cytb, rRNAs 

Cytb, 16S rRNA 

Whole

Whole

Cytb, COI, ND1, rRNAs, tRNAs

Micros

>100 

~1700

 >250

 127

>35

>80 

>25 

 24

>120

>50

 7

 9

AFLPs

One study 

Yes 

> 200

147

No

No

No

296

> 300

No

No

No

SNPs

PCR RFLPs 

Yes

In progress 

Yes

No

>90 ;

more in 

progress 

No

 No

>50

No

Yes

(PCR-FFLP) 

In progress

Genomics

In progress 

Yes, well 

underway

In progress

In progress 

In progress

 

>20 000 

ESTs ; more in 

progress

In progress

No

In progress

No

In progress

In progress

Other

RAPD, SSCP 

Blood proteins 

Linkage map

 

 

 

Genetic map

Genetic maps

Table 1. Availability of diff erent molecular markers in the Genimpact species
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