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Extended Abstract
Mapping genes and quantitative trait loci
(QTLs) is of fundamental and applied interest
in aquaculture species. Such studies can pro-
vide essential information about rates and
patterns of evolutionary change and may pro-
vide tools which can be used in marker-assist-
ed selection (MAS; e.g., Groenen et al.,
2000). Mapping typically involves producing
divergent crosses and analyzing segregation
patterns in the offspring of hybrids between
the divergent crosses. The more divergent the
cross is, the greater the potential for finding
useful marker and trait differences that can be
mapped. The basic goal of mapping is to
understand the position of loci on chromo-
somes and how the positions change during
evolution. The applied goal of mapping is to
understand the position of loci associated with
phenotypic traits which could be important in
breeding programs. Correspondingly, QTL
mapping seeks to identify the number and
location of loci associated with phenotypic
traits (e.g., Mackay, 2001; Mauricio, 2001;
Burt and Hocking, 2002; Erickson et al., 2004)

while applied QTL studies seek to identify
candidate genes or markers for use in MAS. 

More detailed DNA sequence information
is available in model research species (e.g.,
fugu, zebrafish, medaka, stickleback) than in
aquaculture species (e.g., rainbow trout,
Atlantic salmon, channel catfish, tilapia,
Japanese flounder, oyster and shrimp; Clark,
2003). Genetic maps are relatively well-devel-
oped for several research model species
(e.g., Woods et al., 2000; Naruse et al., 2004;
Kai et al., 2005) and aquaculture species
(Kocher et al., 1998; Young et al., 1998;
Sakamoto et al., 2000; Waldbieser et al.,
2001; Wilson et al., 2002; Coimbra et al.,
2003; Nichols et al., 2003; Yu and Guo, 2003;
Moen et al., 2004; Danzmann et al., 2005;
Rexroad et al., 2005). The model species tend
to have better maps for known genes.

QTL information, however, is best devel-
oped in the rainbow trout and tilapia. A num-
ber of studies have been conducted in rain-
bow trout using outbred populations (e.g.,
Sakamoto et al., 1999; Ozaki et al., 2001;
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Perry et al., 2001, 2005; O’Malley et al., 2002;
Martyniuk et al., 2003) and doubled haploid
offspring of crosses between clonal lines
(e.g., Robison et al., 2001; Nichols et al.,
2004; Zimmerman et al., 2004). QTLs for
aquaculturally important traits have been
studied in crosses in tilapia (e.g., Cnaani et
al., 2003, 2004). The genetic architecture of
morphological traits is also being studied in
related cichlid fishes (e.g., Albertson et al.,
2003). QTL studies on model research
species include morphological features in
sticklebacks (e.g., Peichel et al., 2001;
Shapiro et al., 2004) and behavioral and mor-
phological traits in zebrafish (Wright et al.,
2006). In some cases, candidate genes are
beginning to be associated with specific
QTLs. Leder et al. (2006) localized the Clock
gene to a QTL region for spawning time and
development rate in rainbow trout. 

There is considerable interest in being
able to extrapolate sequence and map infor-
mation from model research species to aqua-
culture species, and within and among evolu-
tionarily important groups. Information on the
rate of change in the order of genes on chro-
mosomes across fish species is beginning to
become available. The comparison of gene
order between the medaka and the zebrafish
is the most complete comparison to date
(Naruse et al., 2004). Across species, gene
order appears to be conserved in large
blocks. Within salmonid species, map com-
parisons among Atlantic salmon, rainbow
trout, and arctic char have been made
(Danzmann et al., 2005). A recent study
expanded the comparison to brown trout
(Gharbi et al., 2006). Further linkage and
physical mapping of known genes will facili-
tate comparisons among and within species. 

Gene order should be largely conserved
within species. Studies on map order within a
species, with a few exceptions, should be able
to be extrapolated to other populations. If
QTLs are conserved across populations with-
in species, it would greatly facilitate the appli-
cation of QTLs in MAS. The degree to which
QTLs are conserved among populations with-
in and across species is beginning to be stud-
ied (Paterson et al., 1995; Georges, 1997;

Burke et al., 2002; Reid et al., 2005). Grass
species have been relatively well-studied for
QTL conservation. Examples of conserved
QTLs in grasses include those for plant height
and maturity (Lin et al., 1995), disease resis-
tance (Chen et al., 2003), and flowering time
(Chardon et al., 2004). Vegetative propaga-
tion QTLs appear to be conserved across
Eucalyptus species (Marques et al., 2002)
and QTLs were found to be conserved across
pepper species (Ben Chaim et al., 2001; Rao
et al., 2003). Wood density and cell wall com-
ponent QTLs show conservation between
maritime and loblolly pine (Chagne et al.,
2003). A QTL related to blood pressure was
found to be conserved between rats and
humans (Zimdahl et al., 2002). Recently, Reid
et al. (2005) found indications of conservation
of body weight QTLs across salmonid fish
species.

Highly divergent crosses are often ideal
for mapping and identification of QTLs
(Andersson, 2001). Examples include the
Meishan x Gottingen cross in pigs (Wada et
al., 2000) and the white leghorn x jungle fowl
cross in chickens (Groenen et al., 2000).
Divergent crosses should be easy to produce
for many fish species because both domesti-
cated and wild forms from multiple geograph-
ic sources are often available. However, these
types of crosses have not yet been widely
used in fishes. 

Divergent crosses between homozygous
clonal lines appear to be especially favorable
material for mapping and identification of
QTLs in fishes. Clonal lines have been suc-
cessfully produced for a number of fish
species (e.g. Streisinger et al., 1981; Naruse
et al., 1985; Komen et al., 1993; Taniguchi et
al., 1994; Young et al., 1996; Sarder et al.,
1999). If doubled haploid mating designs are
utilized, genetic analysis of crosses between
lines have the benefits of ease of genetic typ-
ing and substantial phenotypic divergence
among progeny (e.g., Robison et al., 2001;
Nichols et al., 2004; Zimmerman et al., 2004).
Doubled haploid designs appear to have sub-
stantially more experimental power than con-
ventional designs for QTL detection (Martinez
et al., 2005).
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However, highly divergent mapping cross-
es are not the ideal populations in which to
achieve MAS. Crosses of highly productive
cultured strains that are suitable for use in
breeding programs may not be highly diver-
gent from each other for either marker loci or
traits. Such crosses are the material in which
MAS would likely be applied. If a set of candi-
date genes or QTL-associated marker loci
can first be identified using divergent mapping
crosses, then the marker loci could be utilized
in the breeding crosses to test for hypothe-
sized associations. If the associations are
promising, the markers could be used to facil-
itate selection in the breeding crosses. 

Ideally, it would be desirable to be able to
extrapolate information about QTL locations
from highly divergent experimental mapping
populations to breeding populations, but our
ability to do that successfully remains to be
determined. The studies cited above indicate
that there may be substantial conservation of
QTLs across taxa, implying that QTLs identi-
fied in divergent mapping crosses might often
be extrapolated successfully to breeding
crosses. Testing for conservation of QTLs
across a number of independent crosses with-
in species should provide important informa-
tion about the potential for streamlining the
utilization of QTLs in breeding programs by
allowing a restricted set of QTL marker loci to
be utilized and tested in breeding crosses. 
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