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Genetics and Genomics - Integration of Molecular
Genetics into a Breeding Program for Rainbow Trout
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West Virginia 25430, USA

Key words: rainbow trout, selective breeding, marker assisted selection

Abstract
At the National Center for Cool and Cold Water Aquaculture (US Department of Agriculture, Ag.
Research Service) in Leetown, WV, we have a broodstock development program now entering
the second generation of family-based selective breeding using expected breeding values
(EBVs). Our major breeding objectives are faster growth and resistance to Flavobacterium psy-
chrophilum, the causative agent of bacterial coldwater disease. For these traits we have devel-
oped assays to evaluate phenotypic performance. In addition to our breeding program, we are
participating in an international collaboration to develop a microsatellite marker linkage map for
the rainbow trout with the intent of identifying quantitative trait loci (QTL) and using them in mark-
er (MAS) or gene-assisted (GAS) selection. There are several possible approaches with regard
to the types and numbers of markers to develop and the strategies and methods for implement-
ing the markers in a selective breeding program. This paper describes the choices we made con-
cerning QTL identification for traits of high, low, and unknown degrees of heritability. These traits
are plasma cortisol response to a crowding stress (h2 =  0.4), feed intake (h2 =  0.1) and resis-
tance to F. psychrophilum (0.3<h2<0.4). In order to identify QTL in a relevant commercially
important rainbow trout line, we are making crosses from within our resource population. The
development of research family crosses, choice of markers for genome scanning, and planned
steps to implementation of these results are described.

Genetic improvement for agriculture has long
been a goal of quantitative genetic studies and
is increasingly a goal common to molecular
genetic studies. For decades quantitative genet-
ics has provided the theoretical and applied
basis for genetic improvement of agricultural
species. More recently, molecular genetics has
brought the development of a large variety and
number of genetic markers and the promise of
more efficient discovery of the identity and loca-
tion of genes with relatively large effects on

important traits (quantitative trait loci or QTL). If
this promise is upheld then progress toward
developing animals with superior genetic value
will be enhanced by the combined use of quan-
titative and molecular genetic techniques. 

At the National Center for Cool and Cold
Water Aquaculture (NCCCWA) we are devel-
oping improved germplasm for the rainbow
trout industry in the USA. The goals of the
improvement program were fashioned with
considerable input from various domestic pro-
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ducer groups and the priorities are to improve
growth, feed efficiency, disease resistance
and general hardiness. The improvement is to
be achieved by selective breeding based on
family performance, and we are initially
focused on improving growth and resistance
to Flavobacterium psychrophilum, the
causative agent of bacterial cold water dis-
ease. Whereas breeding programs typically
use economic values to weight selection
intensity for various traits, because we do not
use a selection index weighted by economic
value our breeding program objectives should
be considered to be informal. This paper
briefly reviews the status and goals of the
NCCCWA breeding program. The limitations
to genetic improvement and the potential for
QTL identification and marker or gene assist-
ed selection (MAS or GAS) implementation to
alleviate these limitations are outlined. Finally,
the initial steps being taken to implement MAS
at NCCCWA are described. 

Quantitative genetics has formed the
basis of genetic improvement in plants and
animals for over seven decades. The genetic
improvement success in farm animals of the
1930s stemmed from application of statistical
genetic models (Fisher, 1918; Wright,
1921ab) to important production traits that
generally had high heritability and were mea-
sured in both sexes, such as daily weight gain
and feed conversion (Merks, 2000). Carp
improvement in Israel took advantage of
quantitative theory and crossbreeding experi-
ments were conducted to exploit heterosis
(Hulata et al., 1985; Moav and Wohlfarth,
1976). With the advent of animal models for
variance component estimation in the 1970s
and 80s (Henderson, 1984), the calculation of
best linear unbiased predictors (BLUPs)
became routine and have been in common
use since the late 1980s (Belonsky and
Kennedy, 1988; Lo et al., 1997). These evalu-
ations of performance for individuals enabled
progress in traits that were sex limited, had
low heritability and required selection of indi-
viduals based on sib performance traits such
as milk production, or litter size. The
Norwegian Atlantic salmon breeding program
took off during this period and while initially

focused on growth traits with high heritability,
it has subsequently included multiple traits
including those with lower heritability such as
age at sexual maturity and disease resistance
(Gjedrem, 2000). Gains in performance were
fantastic. In spite of the tremendous gains
achieved, the actual genes involved in the
traits being selected and their location in the
genome remained unknown and outside the
realm of these investigations.

The recent explosion of interest in genetics
has been driven by molecular information,
identifying the genes and the location of the
genes controlling specific traits. For example,
molecular genetics has had incredible success
identifying the genes causing unique pheno-
types ranging from cystic fibrosis in humans
(Kerem et al., 1989) to leanness of flesh linked
with halothane susceptibility in pigs (Fujii et al.,
1991) and more recently a mutation in the
insulin like growth factor 2 (IGF2) gene affect-
ing muscle growth, fat deposition and heart
size in pigs (Van Laere et al., 2003). These are
traits which are due to mutations in single
genes. While genetic variation in some impor-
tant traits may be traced to mutations in single
genes, molecular genetics also aims to dissect
multifactorial quantitative traits of complex
inheritance by identifying multiple regions of
the genome with sequence variation that
explains significant amounts of phenotypic
variation observed for traits such as disease
resistance, and quality traits such as fillet yield. 

Among quantitative and molecular geneti-
cists, perhaps there has been a reciprocal lack
of appreciation of the strengths and limitations
of these complementary approaches to achiev-
ing genetic improvement. Reports from molec-
ular specialists announcing that to apply mark-
er assisted selection effectively more molecular
markers are necessary (and coming soon) to
identify allele variants in strong linkage disequi-
librium due to physical proximity with the trait of
interest, may not fully resonate with quantitative
geneticists. Quantitative geneticists wonder
how to employ the markers we already have,
whether more markers are needed, and when
molecular approaches will fulfill their promise.

The limit to genetic improvement through
selective breeding is the availability of genetic
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variation in the target population. Genetic vari-
ation indicates that there is a heritable com-
ponent to performance and that selection of
parents with higher breeding values will lead
to production of superior offspring.
Theoretically, selection on a trait depletes
genetic variation and eventually genetic varia-
tion can be exhausted (Falconer and Mackay,
1996). Accurate determination of genetic
value is also important, and limitations in
determining accuracy can limit the rate of
genetic improvement (Tribout et al., 1998).
Progress in selective breeding will be propor-
tional to the accuracy in determining an ani-
mals’ genetic value. More accurate determi-
nation of genetic value is the focus of marker
assisted selection (Meuwissen et al., 2001).

The systematic integration of quantitative
and molecular genetics is relatively new
although the ideas for mapping QTL and
genes have been around for decades (Weller,
2001) and examples of MAS based on bio-
chemical polymorphisms, such as the link
between hemoglobin type and reproductive
performance in Merino sheep (Evans and
Turner, 1965), go back over 40 years. The
recent advent of nearly limitless genetic mark-
ers has dramatically changed the practicality
of identifying genetic regions of interest.
Further, the possibility of sequencing whole
genomes, no longer limited to humans and a
few model species, has opened the door to
clearly identifying the sequence polymor-
phisms responsible for trait genetic variation
(Andersson, 2001).

In terms of integrating marker information
into a breeding program, Dekkers (1999)
identified four necessary steps. The steps are
(a) map development: identification and map-
ping of genes and genetic polymorphisms, (b)
QTL detection: detection and estimation of
associations between genetic markers and
performance traits, (c) genetic evaluation:
integration of phenotypic and genotypic data
in statistical methods to estimate breeding
values of individual animals in a breeding pop-
ulation, and (d) breeding strategy develop-
ment: development of breeding strategies and
programs for the use of molecular genetic
information in selection and mating programs.

At NCCCWA we are currently between the
first two steps.

The NCCCWA linkage map for rainbow
trout (Rexroad, unpubl. data) is based on
microsatellite loci and represents a large effort
with marker contributions from researchers
throughout the world. There are 568 markers
ordered with a cutoff of LOD score 10, the
markers were distributed across 29 linkage
groups with a total map distance of 2042 cM.
The markers were developed with several
purposes in mind, including parental verifica-
tion, inbreeding monitoring and MAS. For the
purpose of QTL discovery, highly polymorphic
loci are important in an outbred population,
thus microsatellite markers which are more
polymorphic than the typically diallelic restric-
tion fragment length polymorphism (RFLP)
markers were chosen as the main marker
class for this map.

To progress into the second step of the
above program, we must identify associations
between genetic markers or gene allelic vari-
ants and traits of interest. There are two broad
approaches to identifying markers associated
with specific traits, the candidate gene
approach and the genome scan approach.

The candidate gene approach is based on
some background knowledge of the physiolo-
gy of a trait. Work on the estrogen receptor
(ESR) gene in relation to litter size in pigs by
Rothschild et al. (1996) is a good example of
the candidate gene approach. The estrogen
receptor gene was investigated because of
the importance of this hormonal pathway in
reproduction. A polymorphism within the gene
provided a marker that could be mapped. This
polymorphism was tracked in Meishan and
Large White breeds of pig and two common
alleles (A and B) yielding three genotypes
(AA, AB and BB) were identified. Next, an
association between the ESR genotype and
phenotype was confirmed. The AA genotype
resulted in an average of 2.3 pig increase in
first parity litter size for Meishan pigs. A simi-
lar trend in increased litter size was seen in
other breeds, but the effect was not as large.
In general, the candidate gene approach is an
educated guess based on physiological
knowledge of the underlying biology of a trait.
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Alternate phenotypic classes are genotyped
at specific markers testing for association.
The drawback is that there are a large number
of potential candidate genes for testing and
limited biological knowledge. There has been
some success using this approach in fish.
Palti et al. (1999) identified markers associat-
ed with disease resistance segregating with
major histocompatibility genes in rainbow
trout. As comparative mapping tools are
developed, applications of findings from other
species like zebrafish or pufferfish with fully
sequenced genomes may improve the likeli-
hood of success using the candidate gene
approach in rainbow trout. 

The genome scan approach depends less
on prior information. It is a brute force method
that relies on testing many markers for non-
random association between genotype and
phenotype, rather than on knowledge of the
genes underlying phenotypic variation. In
other words, it identifies chromosomal regions
that are co-segregating with the trait of inter-
est. A non-random association of alleles at a
marker and trait locus is known as linkage dis-
equilibrium (LD) and it can play a role in the
search for genes affecting the trait (Weir,
1996). A number of markers spanning the
genome at reasonable map densities would
be tested for LD between marker genotype
and trait phenotype.

The number of markers needed depends
on several factors. Generally 100-150 mark-
ers are needed for complete genome cover-
age (Haley and Visscher, 2000). The higher
the heritability of the trait the fewer the num-
ber of markers needed (or the greater the
spacing allowed between markers) to identify
a QTL of moderate effect, meaning that the
locus explains a substantial fraction of the
phenotypic variance. Another consideration is
whether the marker/QTL association is in LD
throughout the population of interest (LD
marker) or in LD in specific families but in link-
age equilibrium over the entire population (LE
markers; Dekkers, 2004). LE markers require
only sparse marker maps (15-30 cM spacing)
whereas LD markers must be close to the
causative mutation, within 5 cM.

Another question that arises when consid-

ering experimental design to identify markers
linked to traits is which animals should be
genotyped. If the candidate gene approach is
used, then the genotypes for specific markers
known to be in proximity to the candidate
genes will be tracked in animals with diver-
gent phenotypes. Each marker will be tested
for a significant association between genotype
and phenotype. If the genome scan approach
is used, animals of divergent phenotypes can
still be used but the marker loci examined are
not chosen based on previous knowledge;
they are selected to be distributed throughout
the genome with no prior expectation of asso-
ciation with a particular gene.

Within the genome scan approach, there
are several breeding strategies that can be
used in the search for QTL: inbred lines,
crossbred populations, and outbred popula-
tions. Each of these strategies has been used
to some extent in QTL identification in rainbow
trout. QTL detection from inbred lines is the
most straightforward statistically; however,
QTL variants detected by inbred line crosses
typically represent differences between lines,
and whether the QTL will be of general use
within other populations remains unclear
(Lynch and Walsh, 1998). In rainbow trout, a
number of QTL have been identified using
doubled haploid lines as the inbred parents
(Robison et al., 2001). Use of crossbred pop-
ulations has been used to great advantage in
pigs. Andersson et al. (1994) made crosses
between the European wild boar and Large
White domestic pigs which revealed several
QTL in the pig with large effects on body com-
position. This strategy was employed by
Sakamoto et al. (1999) in identifying QTL
associated with spawning time in rainbow
trout by crossing spring and fall spawning
strains. The outbred population approach is
common in animal agriculture studies
because it is often not practical to create
inbred lines, and breeds with different pheno-
types of interest may not exist for crossbreed-
ing. The outbreeding approach is more com-
plicated statistically, yet often this approach is
most relevant for detecting markers associat-
ed with QTLs to be used in improvement for
aquaculture because populations under
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improvement are typically not inbred and pop-
ulations have not generally been character-
ized for crossbreeding type studies (however
see Sakamoto et al., 1999). QTL detection
studies using outbred populations will tend to
identify loci with significant effects in particular
families, not loci with significant effects across
the population. For example, the study on
upper thermal tolerance in rainbow trout by
(Perry et al., 2001) was one of the first exam-
ples of QTL detection in an outbreeding pop-
ulation of rainbow trout. In a study including
44 families from eleven 2 x 2 factorial crosses,
one family was identified in which one locus
accounted for 7.5% of the phenotypic varia-
tion. To find marker loci with significant effects
across many families, increased resolution
through identifying additional markers closer
to the causative mutation would be required.

At NCCCWA there are three separate
QTL identification projects at various stages
of planning and implementation. The three
traits for which QTL markers are being sought
are resistance to F. psychrophilum, feed
intake, and cortisol response to a standard-
ized stressor. Disease resistance is a typical
candidate trait for QTL markers to conduct
MAS. In the absence of QTL resistance, sus-
ceptibility can only be determined by expo-
sure, and all siblings from a full-sib family
would have equal value. With markers, resis-
tance may be evaluated through presence or
absence of particular alleles and siblings with
particular alleles would have a higher value
based on QTL genotype. Feed intake can be
measured on breeders, however it is expen-
sive and difficult to measure on individuals.
Further, whether measurements of feed
intake are consistent over time has not been
determined. The expense and difficulty of
measuring feed intake on individuals make it a
good trait for MAS. Cortisol response to stress
is straightforward, but time consuming to
measure in individuals. Also, the relationship
between cortisol responsiveness and produc-
tion traits of interest is not well understood.
Through identification of QTL, fine mapping,
and eventual identification of genes responsi-
ble for variation in cortisol response, associa-
tions and mechanisms underlying associa-

tions between production traits and stress
physiology might be elucidated. 

Before discussing the details of the QTL
studies, a brief discussion of the design of our
breeding program is necessary. Based on a
two-year cycle of sexual maturity, there are
two year class groups that form separate
broodstocks, an even and an odd year class
group. Each year class is a synthetic line pro-
duced by crossing fish from six different lines:
University of Washington, Shasta, Troutlodge
Inc, House Creek, Arlee, and Kamloops. Each
year class is made up of approximately 100
full and half-sib families.

The two year class populations are being
selected for different traits. The even year line
is being selected for improved growth. The
odd year line will be selected for resistance to
bacterial cold water disease (also known as
rainbow trout fry syndrome) caused by the
pathogen, F. psychrophilum, the bacterial dis-
ease of largest impact to the rainbow trout
industry. The odd year line was selected on
growth characters in 2005, however, a chal-
lenge for F. psychrophilum was also conduct-
ed in that year and the fish which will spawn in
2007 will be selected based entirely on their
resistance to F. psychrophilum. 

Feed efficiency and fish hardiness are
being monitored, though not yet being select-
ed. Feed efficiency is being examined by
measurement of feed intake and growth, how-
ever methods to measure individual feed
intake over time in group reared fish are still
being developed. Hardiness is being
approached by measuring stress response.
Following protocols developed by Pottinger
and Carrick (1999; see Lankford and Weber,
2006) plasma cortisol levels in rainbow trout
following a standardized crowding stressor
have been quantified. It is not clear whether a
robust elevation in cortisol is desirable or less
responsiveness is better. At this time we are
monitoring whether selection for growth and
disease resistance will cause change in stress
response. We have found increased cortisol
response is correlated with increased growth
in our lines (Lankford and Weber, 2006).

The cortisol response QTL identification
study is the furthest along. Parental fish phe-
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notypes were measured in 2004 and F1 cross-
es were produced in January 2006.
Heritability of cortisol response to a standard-
ized handling/crowding stressor was estimat-
ed at approximately 0.4 (unpubl. data). The
crosses made are an effort to combine out-
breeding and inbreeding strategies. Parental
fish from an outbred population with highly
divergent phenotypes were crossed to pro-
duce several F1 families. The use of highly
divergent parental phenotypes (P0) was an
attempt to maximize the allelic difference in
loci involved with cortisol response; this
should increase the likelihood that the parents
are informative and consequently the
prospects of detecting QTL. A sample of F1
animals will be phenotyped to determine their
cortisol response to stress phenotype. A
response intermediate to the parental pheno-
types, for example, would suggest that diver-
gent parental phenotypes had alternate co-
dominant alleles. Animals in the subsequent
F2 generation, to be produced in 2008, will be
challenged with the standard stressor and
then will be genotyped at approximately 150
loci. A genome scan will follow to evaluate the
association between phenotype and genotype
at each informative marker.

Resistance to F. psychrophilum appears to
have moderate heritability of between 0.3 and
0.4 estimated from the longitudinal data of
days to death in our population (unpubl. data),
slightly higher than estimates of heritability for
resistance to F. psychrophilum shown by
Henryon et al. (2006). In 2005, seventy-five
full-sib families were challenged with F. psy-
chrophilum. Breeders from the full-sibs of the
families at the extremes for survival will be
chosen as the parents for an F1 generation to
be crossed in 2007. The F1 fish will be raised
to sexual maturity and bred to form F2s in
2009, which will be evaluated for disease
resistance phenotype and marker genotypes
at approximately 150 loci. Association
between phenotypic variation and markers will
be evaluated via a genome-wide linkage scan.

Feed intake which has been estimated to
have a low heritability of about 0.1 (unpubl.
data) is another trait being examined. Here
too, parental fish identified as having highly

divergent phenotypes among the 2005 fami-
lies will be crossed to produce the F1s. The
parental fish are to be identified from feed
intake records taken in four feeding bouts
over a 3-month time frame on 200 individual
fish. The F1s will be evaluated for variance
and mean performance. The F2 crosses will
be made in 2009 and the phenotypic evalua-
tion completed in 2010. A genome scan to test
for associations between marker genotype
and phenotype will follow.

The hoped-for outcome for each of these
studies is to identify QTL that explain enough
trait variation to be useful in our breeding pro-
gram through application of MAS. To identify
markers closely linked to trait causal muta-
tions that can be used via MAS will require
additional fine mapping efforts. As the types
and numbers of markers increases and the
cost of scoring markers decreases, the barrier
represented by the need for QTL fine mapping
will become less daunting.
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