
A quaculture  Research, 2 0 0 3 , 3 4 , 3 9 7 -4 0 6

P rospects for genetic  technology in salm on breeding 
program m es

K jersti Turid F jalestad1, T hom as M oen 1 & Luis Gom ez-Raya2
1AKVAFORSK, Institu te  of A quaculture  Research, PO Box 5010 , N -1432  Âs-NLH, N orw ay 

2Centre UdL-IRTA, A rea de Produccio Animal, Av. Alcalde Rovira Roure, 177, 2 5 1 9 8  Lleida, Spain

Correspondence: K T Fjalestad, Norwegian Institute of Fisheries and Aquaculture Ltd, N-9291 Tromso, Norway. E-mail: kjersti. 
ij alestad@fiskforsk.norut.no

A bstrac t

Selective breeding has been very successful in  in ­
creasing production in  A tlantic salmon. Gene tech­
nology opens new  opportunities to com prehend the 
n a tu re  of the genetic variation  underlying produc­
tion traits. Two m ajor areas in  w hich gene technol­
ogy m ay play an  im portan t role are (1) production 
of genetically modified fish and  (2) developm ent and 
utilization of genetic m arkers. Several studies of 
transgenic salmonids have show n substantially in ­
creased grow th rates. However, m any different 
issues are related to w hether genetically modified 
fish should be used or not. Genetic m arkers can be 
used for aquacu ltu re  purposes and for m onitoring 
wild populations. C onstruction of genetic m aps 
based on m arkers enables the identification of q u an ­
titative tra it loci (QTL) and /o r m arkers linked to 
them . This will facilitate m arker-assisted selection, 
enabling im provem ent in  economically im portant 
traits, in  particular traits difficult to breed for, such 
as food conversion efficiency and  disease resistance. 
Several experim ents aim ed a t m apping QTL in sal­
monids using genetic m arkers are ongoing. DNA 
m arker technologies can also be used for identifica­
tion and  m onitoring of lines, families and  individ­
uals, and  for genetic im provem ent th rough  selection 
for favourable genes and gene combinations.

Keywords: genetic m arker, genetic modified
organism, m arker-assisted selection, quantitative 
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Introduction

Until recently, artificial selection to improve domes­
ticated plants and  anim als has been entirely based 
on phenotype. W hile this approach has proven to be 
successful, the  age of genomics offers the prospect of 
shifting directly to selection based on genotypes or, 
even m ore likely, genotypic and phenotypic data  
th a t can  be used together to estim ate breeding 
values. A t first glance, this appears to offer the po­
tential to greatly enhance the selection response by 
minimizing environm ental effects, and  has particu­
lar interest for traits w ith  low heritability.

Two m ain  areas of gene technology are being 
developed to improve efficiency of salm on breeding: 
the production of transgenic fish and  the use of 
genetic m arkers. Transgenic fish usually  have for­
eign genes inserted into their genom e and these will 
be expressed in  the adult individual. Several studies 
have show n enhanced grow th in transgenic fish. 
Genetic m arkers are segm ents of DNA th a t can  be 
easily and  cheaply typed. Genetic m arkers have 
been used to search for the location of genes im port­
an t for good health  and high production in so-called 
Q uantitative Trait Loci (QTL) mapping. The purpose 
of QTL m apping is the use of QTL inform ation in 
m arker-assisted program m es to im prove breeding 
prediction. A nother use of genetic m arkers is to 
m easure genetic variability and  relatedness betw een 
individuals, strains and lines.

A ny attem pt aimed a t m apping QTL m ust 
consider the biology of the species, the conditions 
of production and  the n a tu re  of the traits of interest.
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A quaculture species are very different to m ost 
dom esticated anim als. They typically have a very 
h igh  reproduction rate  w ith  very large progeny 
groups. In the particu lar case of A tlantic salmon, a 
long generation interval of 4 years m ust also be 
taken  into account w hen  planning QTL m apping 
or w hen using detected QTL in marker-assisted 
selection.

A brief overview of past achievem ents and  new  
approaches and trends for the genetic im provem ent 
of farm ed salmonids is attem pted in this paper. The 
general objective is to present potential applications 
of gene technology in  salm on breeding program m es. 
The order of the paper is: (1) to briefly present the 
m ain  achievem ents obtained using traditional 
breeding; (2) to discuss the use of transgenic sal­
monids; (3) to present the status and  use of genetic 
m arkers and  QTL m apping m ethods in  salmonids; 
and  (4) to outline the prospects for the use of genetic 
technology in breeding program m es.

G enetic  im provem ent through se lec tiv e  
breeding

The ultim ate goal of any  genetic im provem ent pro­
gram m e is to increase biological productivity. Gen­
etic evaluation is the process of identifying the best 
individuals, families or lines to breed for the next 
generation. T hrough selective breeding, genetic 
changes are induced by changing allele frequencies 
a t loci affecting production traits, m aking use of the 
additive genetic variation in  the population. One 
im portan t advantage of selection is th a t the im­
provem ent in one generation is retained and  the 
genetic gain in  the following generation is added.

Observed phenotype is the simplest form of breed­
ing value and  can  be quite accurate for highly her­
itable traits. However, anim als need to be compared 
across environm ents and m any traits have lower 
heritability. Consequently, m ost genetic im prove­
m en t program m es benefit from m ore sophisticated 
estim ates of breeding values, such as Best Linear 
Unbiased Prediction (BLUP) (Muir 1997).

High selection intensity  can be practised in  m any 
fish species because of their h igh  fecundity. This 
opens up the possibility of sam pling an  alm ost u n ­
limited am oun t of eggs and  m ilt for different popula­
tion structures. It is also possible to  take m any 
samples from each single family to test for different 
traits included in the selection criterion. This makes 
it possible to carry  ou t challenge tests for disease

resistance and to utilize specialized equipm ent to 
m easure flesh quality.

The num ber of large-scale, selective breeding pro­
gram m es in aquaculture  is still low, although a 
num ber of successful examples exist. A pioneering 
program m e was started for A tlantic salm on and 
rainbow  tro u t in N orw ay m ore th a n  2 5 years ago 
(Gjedrem 1983) and  was later adopted on a  national 
basis by the N orwegian salm on industry  and  ru n  by 
AquaGen AS from 1992. The N orwegian pro­
gram m e has focused on grow th rate, age a t sexual 
m aturity  and, later, disease resistance and quality 
traits. Today, the selected line developed in  the 
N orwegian breeding program m e accounts for 
approxim ately 70% of the N orwegian salm on pro­
duction. Similar breeding program m es to  the 
N orwegian program m e are runn ing  in  Canada 
(Friars 1993), Iceland (Stofnfiskur H/F), Chile (Gen- 
tec SA and Landcatch) and  Scotland (Landcatch).

The experience gained from selection in  salmonids 
has resulted in  similar program m es in other fish and 
shellfish species, such as tilapia (Eknath, Dey, Rye, 
Gjerde, Abella, Sevilleja, Tayam en, Reyes & Bentsen
1998), shrim p (Fjalestad, Carr, Lotz, Sweeney & 
Gjedrem 1997) and rohu  carp (Gjerde, Reddy, 
M ahapatra, Saha, Ranjit, Meher, Sahoo, Lenka, 
Govindassamy & Rye 2002).

The selection response for grow th rate  in  sal­
monids is generally m uch higher th a n  th a t obtained 
for traditional livestock anim als (Table 1). The 
reasons for this are the aforem entioned high fecund­
ity and  the prescence of a m uch higher genetic 
variation in fish. According to Gjedrem (1997), the 
coefficient of variation  for grow th rate  is 7-10%  in 
farm  anim als, w hereas it is 2 0 -3 5 %  in m ost fish 
species.

Gjerde & Korsvoll (1999) reported realized selec­
tion differentials for the year-classes 1 9 8 0 -9 4  in 
the N orwegian breeding program m e for A tlantic 
salmon. The average genetic gain for grow th rate  
w as around  14% per generation th rough  six gener­
ations of selection. These au thors also reported th a t 
four rounds of selection for delayed sexual m atu r­
ation has reduced the incidence of salm on becoming 
sexually m atu re  before they  reach  m arket size. 
Thodesen, Grisdale-Helland, Heiland & Gjerde (1999) 
reported a correlated response in  feed conversion 
efficiency w hen  selecting for grow th rate in  A tlantic 
salmon. Therefore, selected fish are better able to 
utilize feed resources th an  unselected fish.

In general, h igh retu rns on investm ent are 
expected in  fish breeding program m es compared
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w ith program m es for non-aquatic farm ed anim als 
(Gjedrem 1997). However, traits difficult to m eas­
ure, such as disease resistance and  traits w ith high 
econom ical im pact on production, w ould benefit 
from the use of gene technology.

TV ansgenic/genetically modified 
o rgan ism s (GMO)

Genetically modified organism s are defined by in ter­
national agreem ents, in a  very narrow  sense, as 
being essentially transgenic organisms, i.e. organ­
isms th a t have foreign genes inserted into their 
genome (see FAO 2 0 0 0  for m ore details on defin­
itions).

Several useful genes th a t can  be transferred into 
different aquatic species have been identified 
(Table 2). Among the genes identified are those 
th a t produce grow th horm ones for increased grow th 
and  efficiency, antifreeze protein for increased 
cold tolerance and  grow th, lysozyme for increased 
disease resistance and  prolactin horm ones th a t

influence hatching, osm oregulation, behaviour and 
general metabolism.

From the mid 1980s, transgenesis w ith  purified 
gene constructs has been achieved in  several fish 
species: goldfish (Zhu, Li, He & Chen 1985), rainbow  
trou t (Chourrout, Guyomard & Houdebine 1986; 
M aclean, Penm an & Zhu 1987), loach (Zhu, Xu, Li, 
Xie & He 1986), catfish (D unham , Eash, Askins & 
Towes 1987) and  A tlantic salm on (Fletcher, Shears, 
King, Davies & Hew 1988). Most of the research on 
transgenic salmonids has been conducted w ith gene 
constructs designed to influence grow th.

Devlin, Yesaki, Biagi, Donaldson, Sw anson & 
Chan (1994) showed th a t grow th horm one over­
expression resulted in  increased grow th ra te  in 
transgenic fish. Transgenic F0 coho salm on th a t 
expressed the salm on grow th horm one gene under 
the control of the salm on m etallothionein prom oter 
showed a three- to 11-fold increase in weight. There 
are also o ther studies dem onstrating the superior 
grow th of transgenic fish (Du, Gong, Fletcher, 
Shears, King, Idler & Hew 1992; Devlin, Yesaki,

Table 1 Response to selection for grow th  ra te  in  some salm onid species

Species X

Gain per 
generation (%)

No.
generations Reference

Coho sa lm on 250 g 10.1 4 H e rsh b e rg e r, M yers, M cA u ley  & S axton

R a inbow  tro u t 3.3 g 10 3 K inca id , B rid ges  & Von L im ba ch  (1977)

R a inbow  tro u t 4.0 kg 13 2 G je rd e  (1986)

A tla n tic  sa lm on 4.5 kg 14.4 1 G je rd e  (1986)

A tla n tic  sa lm on 6.3 kg 14 6 G je rd e  & K o rsvo ll (1999)

A tla n tic  sa lm on 3.5 kg 12.5 1 O ’F lynn, B a ile y  & F ria rs  (1999)

Table 2  Transgenic salm onids being tested for use in aquacu ltu re

Species Foreign gene Desired effect and com m ents R eferences

A tla n tic  sa lm on AFP

AFP sa lm o n  GH

C o ld  to le ra n ce

Incre ased  g ro w th  and feed e ffic ie n cy

R ev iew ed by D evlin  (1997)

Coho sa lm on C h inoo k  sa lm on  

GH +  AFP

A fte r 1 year, 10- to  30-fo ld g row th  in crea se R ev iew ed by D evlin  (1997)

C h inoo k  sa lm on AFP sa lm o n  GH Incre ased  g ro w th  and feed e ffic ie n cy R ev iew ed by D evlin  (1997)

R a inbow  tro u t AFP sa lm o n  GH Incre ased  g ro w th  and feed e ffic ie n cy R ev iew ed by D evlin  (1997)

C u tth ro a t tro u t C h inoo k  sa lm on  

GH +  AFP

Incre ased  g row th R ev iew ed by D evlin  (1997)

S a lm on R a inbow  tro u t lyso zym e  gene D isease  res is tance , s t ill in deve lo p m e n t H ew  & F le tch e r (1997)

Note: The development of transgenic organisms requires the insertion of the gene of interest and a promoter, which is the switch that controls 
expression of the gene. AFP, antifreeze protein gene (Arctic flatfish). GH, growth hormone gene.
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Donaldson & Hew 1995; Hew, Fletcher & Davies 
1995; R ahm an & M aclean 1999; Saunders, 
Fletcher & Hew 1998). In  general, all these studies 
have used wild or recently dom esticated fish w ith 
relatively low grow th. More recently, Devlin, Biagi, 
Yesaki, Smailus & Byatt (2001) investigated the 
in teraction  betw een the genetic background of tran s­
genic fish and grow th horm one over expression. Both 
a slow-growing wild strain  of rainbow  trou t and  a fast- 
grow ing dom esticated strain  of rainbow  tro u t were 
used as recipients for a  salm on grow th horm one. 
Growth horm one-expressing transgenic ‘w ild’ trou t 
reached a  w eight 17.3-fold h igher th a n  th a t of the 
non-transgenic sibs. However, the fast-growing, non- 
transgenic dom esticated strain  displayed a  grow th 
ra te  equal to th a t of the transgenic wild strain. In tro­
duction of grow th enhancem ent into the domesti­
cated strain  did no t result in increased grow th. The 
au thors concluded th a t ‘the effect of introducing a 
grow th-horm one gene construct into fish to increase 
grow th rates appears to be dependent on the degree to 
w hich earlier enhancem ent has been achieved by 
traditional genetic selection.’ Comparable results 
have been show n in mice; lines selected for high 
grow th had  a  h igher 8-week body w eight th an  
grow th horm one transgenic mice (Parks, Eisen & 
M urray 2000).

So far, no genetically modified salmonids are in 
comm ercial production. However, one US/Canadian 
com pany has recently sent a  proposal to the Food 
and  Drug A dm inistration in the USA to com m ercial­
ize A tlantic salm on modified to carry  grow th hor­
m one gene from the Pacific Chinook salmon 
(Fletcher, Shears, King, Goddard, Kao, Du, Davies 
& Hew 1992). The com pany claims th a t their fish 
grow four to six times faster th a n  ordinary salmon 
and  also claims th a t it has a  h igher food conversion, 
needing 25% less feed. However, tim e needed to 
produce stable lines of desirable and commercially 
valuable broodstock is considerable. Transgenic fish 
homozygous for the transgene cannot be produced 
w ith  certainty un til the  fourth generation (F3) 
(Fletcher, Goddard, Shears, Sutterlin & Hew 2001).

G enetic  m arkers, co nstruc tion  of 
g en e tic  m aps, QTL m apping and 
m arker-assis ted  se lec tion

G enetic  m arkers

A genetic m arker is a  section of DNA for w hich there 
is an  experim ental procedure allowing identification

of genotypes. There is a wide array  of DNA-based 
m olecular m arker types and  only a  few of them  will 
be m entioned here. Simple sequence repeats (SSR), 
also know n as microsatellites, are the m ost widely 
used genetic m arkers in  fish. They are co-dom inant, 
w hich m eans th a t homozygous and heterozygous 
individuals can  be distinguished. Amplified frag­
m en t length polym orphisms (AFLPs) were initially 
developed for plants and  are capable of generating a 
very high density of polym orphic m arkers, even in 
species w ith large genomes and  low polym orphism 
(Becker, Vos, Kuiper, S alam ini& H eun 1995). AFLPs 
are dom inant and  several m arkers and  alleles are 
confounded in  the sam e polyacrylam ide gel. The 
advantage of AFLPs is th a t a large num ber of poly­
m orphism s can be scored in  a single polyacrylam ide 
gel. Our results working w ith  AFLPs in A tlantic 
salm on indicate th a t the average num ber of poly­
m orphism s per prim er com bination is around  5 -1 0  
(unpublished results). This value is low compared 
w ith  the polym orphism  rate  observed in  plants 
(Mackill, Zhang, Redona & Colowit 1996; Qi & 
L indhout 1997) bu t is still a  fast w ay to cover the 
genom e of A tlantic salm on w ith genetic m arkers.

G enetic  m aps

Once genetic m arkers are developed, they  are used 
to construct genetic m aps of m arkers. This m eans 
th a t chrom osom al location, order and distance be­
tw een m arkers are established. In  essence, they pro­
vide flag-posts along the genom e th a t allow 
locations to be identified. They are obtained by an a ­
lysing the co-segregation of allelic forms of different 
m arkers w ith in  pedigrees.

A large effort is now  being devoted to develop 
m arkers and to construct genetic m aps for the 
m ost im portant farm ed fish species. Genetic maps 
in  salm on and  o ther fish species are no t highly 
developed w ith  the exception of zebrafish (Danio 
rerío) (Woods, Kelly, Chu, Ngo-Hazelett, Yan, 
Huang, Postlethw ait & Talbot 2000).

A collaboration project, w ith  the title ‘Generation 
of highly informative DNA m arkers and  genetic 
m arker m aps of salm onid fishes’, called SALMAP, 
funded by the European Commissions FAIR pro­
gram m e, ra n  from 1997  to 1999 and  w as aimed 
a t constructing a low -resolution m ap of A tlantic 
salmon, rainbow  trou t and  brow n trout. As a result 
of this in ternational effort, a  genetic m ap of rainbow  
tro u t comprising approxim ately 20 0  microsatellites
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w as published (Sakamoto, D anzm ann, Gharbi, 
Howard, Ozaki, Khoo, W oram , Okamoto, Ferguson, 
Holm, G uyomard & Hoyheim 2000). So far, 299  and 
232  m arkers, mostly microsatellites, have been 
genotyped for A tlantic salm on and  brow n trou t 
respectively (B. Hoyheim, pers. comm.). Linkage m ap­
ping efforts are under w ay for a num ber of m ajor 
aquacultu ral species including tilapia (Kocher, 
Woo-Jai, Sobolewska, Penm an & McAndrew 1998), 
channel catfish (Liu 1999), K urum a praw ns 
(Moore, W han, Davis, Byrne, Hetzel & Preston 
1999a) and  black tiger shrim p (Moore, Wilson, 
W han, Bierne, Lehnert, Chu, Pongsom boon & 
T anssanakajon 1999b).

QTL m apping

QTL m apping is a set of procedures for detecting 
genes controlling quantitative traits and  estim ating 
their effects and  genome location. The basis of the 
methods for QTL m apping is th a t QTL and relevant 
m arkers are located in close proximity in  the same 
chrom osome. Co-segregation of alleles a t the m arker 
and  a t the QTL can be evaluated by testing the 
inheritance of m arker alleles w ith individual per­
form ance for the tra it in  question.

There are tw o aspects critical for success in  a  QTL 
research program m e. The first is high heterozygos­
ity a t the m arkers and  a t the QTL. If the populations 
a t crossing are fixed for alternative alleles a t m arker 
loci and  QTL, then  h igh heterozygosity is expected 
in  the Fi. The problem w ith crossing in species such 
as A tlantic salm on is th a t each generation requires 
4 years. The second aspect is th a t the experim ental 
design m ust m ake use of enough resources in  the 
m ost efficient way; this is usually  done by com put­
ing statistical power. In  the context of QTL mapping, 
this m eans estim ating the probability of detecting a 
QTL w here there is, in  reality, a  QTL. Designs w ith 
poor structure or insufficient da ta  will have low 
power.

In general, fish offer several advantages for QTL 
m apping. Their high reproductive capacity m eans 
th a t a  large num ber of individuals are available for 
perform ance m easurem ent and m arker genotyping. 
In A tlantic salmon, selective breeding has been suc­
cessful in identifying grow th traits, as explained in 
the first section of this paper. Consequently, the use 
of DNA m arkers in  farm ed salm on is m ainly concen­
trated  tow ards im proving disease resistance. Disease 
resistance is recorded in  challenge experim ents in

w hich full- and  half-sibs of the potential breeding 
candidates are tested for resistance to viral or bac­
terial diseases com m only found in  farm ed fish. Two 
examples of designs th a t can  be used to m ap QTL for 
disease resistance in  fish are:
1. Selection of high- and  low -ranking individuals 

followed by testing for hom ogeneity of genotype 
classes in the tw o groups. In this approach, the 
parents are ranked according to the average 
num ber of surviving progeny and  then  the 
m arker is genotyped in the tw o extremes of the 
distribution. The allele frequencies in  the two 
groups are compared. This m ethod assum es link­
age disequilibrium across families. The problem 
w ith this m ethod is th a t related parents are no t 
accounted for.

2. The transm ission disequilibrium test (TDT) for 
QTL m apping. The rationale behind this tech­
nique is th a t affected offspring w ould inherit 
m arker alleles in a larger proportion th an  
expected because of linkage w ith  QTL affecting 
resistance to a disease. Consider the example 
show n in Fig. 1 w here a male heterozygous at 
both the QTL (Qq) and  the m arker (Mm) is 
crossed to a female homozygous a t both. The 
homozygous condition in  the dam  is no t required 
for the general use of TDT but it is used here for 
the purpose of illustration. Under the null hy ­
pothesis (no linkage betw een QTL and  the 
m arker), the  genotyping of the affected offspring 
of this cross w ould result in  a proportion of 
50 : 50 offspring w ith genotypes Mm and  m m  
respectively. D eparture from the segregation 
50 : 50 w ould indicate linkage of the m arker to 
a QTL w ith one allele increasing or decreasing 
resistance to the disease. The advantage in using 
TDT is th a t the genotyping efforts are focused on 
the affected offspring, w hich provide m ost of the 
inform ation for linkage. TDT is particularly  
powerful w hen combined w ith  h igh selection 
for the tra it in question am ong progeny. Table 3 
illustrates the pow er achieved for QTL m apping 
using TDT in a  single family w hen  the proportion 
of selected offspring is 0 .5 0 ,0 .3 0  and  0.10. For 
example, genotyping of 100 progeny w hen using 
a proportion selected of 0 .10  requires the family 
size in  the challenge experim ent to be 1000. The 
power is h igh w ith relatively small genotyping 
efforts.
The first study of the m apping of quantitative 

tra it loci w ith disease resistance in  fish w as recently 
published (Ozaki, Sakamoto, Khoo, N akam ura,
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of
Parents

?

M

X

Dead offspring

(a) (b) (c) (d)

M Q m Q M q m q

F igu re 1 Scheme representing the  use of genetic m arkers 
to m ap QTL using a  transm ission  disequilibrium  test. The 
sire is heterozygote for the  m arker (M/m) and  for a  gene 
affecting the  disease (Q/q). There are for possible types of 
offspring according to the  alleles inherited  from  the  sire: (a) 
inheritance  allele M being non-recom binant, (b) inherit­
ance of allele m  an d  recom binant, (c) inheritance of allele 
M and  recom binant and  (d) inheritance  of allele m  and  
non-recom binant. The test com pares if the  frequency of 
alleles m  an d  m  is the  sam e am ong dead progeny in a 
challenge experim ent. For. exam ple, if allele Q is m aking 
the  fish m ore vulnerable to diseases th en  a  larger frequency 
of carriers of allele M w ould  be show n am ong the  dead 
progeny.

T able 3 Pow er for transm ission  disequilibrium  m apping 
using  selected progeny of 50%. 30%, and  10% w hen  the 
num ber of genotyped progeny is 2 0 .4 0 . 60. 80 or 100

Coimbra, A kutsu & Okamoto 2001). Two putative 
QTL, w ith m edium  to large effect and  w ith  several 
com ponents of resistance to infectious pancreatic 
necrosis (IPN), w ere identified in  rainbow  trout. 
These tw o loci were responsible for a significant 
portion (27-34% ) of the total phenotypic variation 
in  a  backcross family (Ozaki et al. 2001). Some 
o ther studies are developing tow ards m apping QTL 
affecting disease resistance: rainbow  tro u t (Palti, 
Parsons & T horgaard 1999: Rodriguez, LaPatra, 
Williams & May 2001) and  A tlantic salm on 
(Grimholt, Stet, Storset, Nordmo, Midtlyng & Rye 
1998: Moen, Fjalestad, M unck & Gomez-Raya 
2001). A part from disease resistance, o ther traits 
used for QTL m apping are: QTL affecting developm ent 
ra te  in  clonal rainbow  trou t strains (Nichols, Robison, 
W heeler & T horgaard  2002), therm al tolerance in 
outbred rainbow  tro u t (Perry, D anzman, Ferguson 
& Gibson 2002  ), upper tem perature tolerance in  ra in ­
bow tro u t (Jackson, Ferguson, D anzm ann, Fishback, 
Ihssen, O’Connel & Crease 1998) and  spaw ning time 
in  rainbow  trou t Sakamoto, D anzm ann, Okamoto, 
Ferguson & Ihssen (1999).

M arker-assisted  se lec tio n

M arker-assisted selection (MAS) is the use of genetic 
m arkers linked to QTL in genetic im provem ent 
program m es. A lthough the term  QTL strictly applies 
to genes of any  effect, in  practice it refers only to 
m ajor genes, as only these are of a large enough size 
to be detected in  m apping experiments. MAS will be 
m ore im portant for the im provem ent of traits th a t 
are difficult or expensive to m easure. In fish, resist­
ance to diseases is no t m easured in  selected candi­
dates bu t in  their progeny. Consequently, MAS 
could be used w ith in  families to increase selection 
response.

Number of genotyped progeny

% Selected 20 40 60 80 100

50 0.12 0.31 0.44 0.54 0.61

30 0.22 0.53 0.71 0.82 0.89

10 0.44 0.84 0.96 0.99 1.00

The significance level is 0.05 and the OTL and marker are assumed 
fully linked. The OTL effect is 0.5 phenotypic standard deviations.

O ther app lications of gene tic  m arkers

DNA m arkers can  also be useful tools in  stock iden­
tification for n a tu ra l resources protection purposes, 
for characterizing genetic diversity in  founder 
broodstock, for wild stock m anagem ent and for use 
in  aquaculture  (see review by Ferguson, Taggart, 
Prodohl, Mcmeel, Thompson, Stone, McGinnity & 
Hynes 1995). Such genetic profiling is usually  called 
DNA fingerprinting.
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DNA fingerprinting has, for example, been used to 
discrim inate betw een European and  N orth Ameri­
can A tlantic salm on (Taggart, Verspoor, Galvin, 
M oran & Ferguson 1995) and  betw een wild strains 
and  farm ed populations of A tlantic salmon 
(Mjolnerod, Refseth, Karlsen, Balstad, Jakobsen & 
H indar 1997). McGinnity, Stone, Taggart, Cooke, 
Cotter, Hynes, McCamley, Cross & Ferguson 
(1997) used DNA profiling to estim ate the genetic 
im pact of escaped salm on on native populations.

DNA fingerprinting can be used to test paternity, 
and  this can be done using a  variety of genetic 
m arkers. Consequently, m ore families can  be kept 
in  the breeding nucleus w ithout the need for using 
separate tanks a t early ages. The developm ent of 
DNA profiling techniques for family identification 
can reduce the problem of the introduction of envir­
onm ental effects com m on to full sibs. Selective 
breeding program m es based on a family design re­
quire the different families to be kept separately until 
the  fry are big enough to be tagged (5 -1 0  g). Conse­
quently, the length of this period is substantial (sev­
eral m onths). The consequences of this delay in 
tagging are both reduced selection accuracy and 
lower response to selection. Identification of families 
by their specific ‘fingerprint’ allows the families to 
be kept together from fertilization. This will elimin­
ate the problems related to com m on environm ental 
effects (Herbinger, O’Reilly, Doyle, W right & O’Flynn
1999). Additionally, m ore families can  be tested and 
consequently h igher selection intensities can  be ap­
plied, w hich w ould yield a higher selection response.

P ro sp ec ts  for th e  application  of 
gene  technology to  salm on breeding

T ransgen ic fish

Transgenic fish m ay have potential applications in 
aquaculture. However, there are still m any prob­
lems th a t need to be overcome before transgenic 
anim als can  be produced on a  large-scale basis. 
Today, A tlantic salm on farm ing is based on domesti­
cated strains selected prim arily for grow th perform­
ance. One im m ediate and  im portant question is if 
there is anything to be gained w ith transgenic 
salmon. If the results com paring transgenic /non- 
transgenic rainbow  trou t of different genetic origin 
(Devlin et al. 2001) can be transferred to A tlantic 
salm on the answ er m ight be no, how ever such ex­
perim ents are yet to be carried out. Also, of interest 
is w ork w ith  other traits like disease resistance,

how ever w ork in  this area is still in  an  early phase. 
The production of transgenic fish is a  ‘one-tim e’ 
im provem ent and should, in  any  case, be combined 
w ith other genetic im provem ent m ethods such as 
selective breeding.

Most im portant in  considering the use of tran s­
genic fish are the questions raised about environ­
m ental issues, h u m an  health  issues, ethics and, of 
course, public perceptions. Today, m ost consum ers 
will no t accept genetically modified salmon.

G enetic m arkers, co n stru ctio n  o f  g en etic  m aps, 
QTL m apping an d  m ark er-assisted  se lec tio n

One of the requirem ents for m apping QTL is a  link­
age m ap th a t covers the w hole genome (Falconer & 
M ackay 1996). Consequently, further developm ent 
of genetics m aps will enhance QTL m aps and  finally 
gene identification and  cloning. Over the nex t few 
years, genetic m aps of m arkers for economically 
im portant fish species used in aquaculture  will be 
constructed. These genetics m aps will be used for 
QTL m apping. The last step of this process will be the 
practical im plem entation of MAS in breeding pro­
gram m es of farmed species.

There are few examples of breeding program m es 
in terrestrial farm  anim als w here marker-assisted 
selection is currently  being applied. Some pig and 
dairy breeding companies claim to actively use 
m arker genotype inform ation for selection purposes. 
In fish, there are m any ongoing studies on genetic 
m arkers, m apping and detection of QTL, bu t to our 
knowledge there are no large-scale fish breeding 
program m es using MAS.

It is likely th a t m ost of the traits of interest to 
salm on breeders are controlled by a large num ber 
of loci, m any  of them  w ith a small effect on the 
quantitative tra it and  relatively few loci w ith a 
large effect. Genes w ith  a  small effect are difficult to 
m ap and  it is unlikely th a t m olecular techniques will 
replace selective breeding. A com bination of ‘trad ­
itional’ selective breeding and MAS w ould be more 
beneficial. Traits difficult to m easure w ould benefit 
from the use of MAS together w ith  phenotypic per­
form ance to enable an  increased selection response. 
Today, disease resistance in  salm on breeding pro­
gram m es is only included on a family basis. Individ­
ual marker-QTL inform ation together w ith  family 
inform ation could be used for genetic evaluation of 
breeding candidates in cu rren t program m es. This 
approach has the advantage of utilizing selection
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intensity  th a t is no t yet exploited. Predictions of the 
benefits of MAS are th a t genetic progress m ay in ­
crease by around  11% under certain  circum stances 
(Gomez-Raya & Klemetsdal 1999).

O ther ap p lica tion s o f  g en etic  m arkers

The developm ent of DNA profiling techniques for 
family identification can reduce the problem of the 
in troduction  of environm ental effects com m on to 
full sibs as described in an  earlier section of this 
paper. The m ain questions for using DNA finger­
printing are practical issues related to sampling 
and, m ost im portantly, the costs of genotyping com­
pared w ith  keeping the families in  separate tanks. 
The trend  tow ards fast and cheaper genotyping and 
sequencing th rough  the use of new  technologies, 
such as DNA chips, w ould lead to a wider use of 
the technique in  breeding program m es. In  addition, 
this developm ent could increase the selection re­
sponse substantially.
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