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ABSTRACT

The timing and propensity for migration between fresh- and seawater is a key theme in the diversity of
life histories within the salmonid fishes. Across salmonid species, life-history strategies range from wholly
freshwater-resident populations, to migratory and nonmigratory variation within populations, to
populations and species that are primarily migratory. Despite the central theme of migration to the
evolution of these fishes, the genetic architecture of migration-related processes is poorly understood.
Using a genetic cross of clonal lines derived from migratory and nonmigratory life-history types of
Onchorhynchus mykiss (steelhead and rainbow trout, respectively), we have dissected the genetic architec-
ture of the complex physiological and morphological transformation that occurs immediately prior to
seaward migration (termed smoltification). Quantitative trait loci (QTL) analyses were used to identify the
number, effects, and genomic location of loci associated with smoltification-related traits, including growth
and condition factor, body coloration, morphology, and osmoregulatory enzymes during the smoltification
period. Genetic analyses revealed numerous QTL, but one locus in particular is associated with multiple
traits in single and joint analyses. Dissecting the genetic architecture of this highly complex trait has
profound implications for understanding the genetic and evolutionary basis of life-history diversity within
and among migratory fishes.

MIGRATION is a pervasive theme in the diversifi-
cation and evolution of animals. Migration has

been described as a ‘‘syndrome’’ or a complex suite of
integrated physiological, morphological, and behav-
ioral traits that together with environment promotes
the drive to move over long distances (Dingle 2006).
Across all animal taxa, proximate mechanisms or features
such as energetic and morphological changes are intri-
cately tied to the ultimate decision to migrate (Dingle

2006). The genetic architecture of migration and the evo-
lutionary forces that have shaped polyphenism in migra-
tion and residency have not been elucidated for any
species. In this study, we describe the genetic architecture
of proximate physiological and morphological traits asso-
ciated with migration vs. residency in Oncorhynchus mykiss,
a species that consists of both migratory (steelhead trout)
and nonmigratory (rainbow trout) life-history types.

Migratory or anadromous salmonids rear in fresh-
water, migrate to the ocean as juveniles, and return to
freshwater to spawn (Groot and Margolis 1991). Prior
to seaward migration, juvenile salmonids transform
from dark-colored parr, adapted to life in a freshwater
stream environment, to silvery smolts, physiologically
and morphologically adapted to life in the ocean (Hoar

1976). This physiological transformation, called smolti-
fication, is regulated by environmental cues and com-
plex physiological processes and ultimately culminates
in downstream migration (Folmar and Dickhoff 1980;
Hoar 1988). Smoltification is generally characterized
by an increase in lipid metabolism and protein synthe-
sis, increased growth in length relative to weight, and
increased hypo-osmoregulatory ability relative to pre-
migratory and nonmigratory individuals (Folmar and
Dickhoff 1980; Hoar 1988; Dickhoff et al. 1997).
These processes are modulated by numerous, integrated
endocrine changes involving at least three different hor-
mone axes, including the growth hormone, thyroid
hormone, and corticosteroid hormone axes (Folmar

and Dickhoff 1980; Hoar 1988; Dickhoff et al. 1997).
Increased protein synthesis is associated with the depo-
sition of the metabolic by-products guanine and hypo-
xanthine in the skin and scales of smolts, giving smolts a
silvery appearance (Folmar and Dickhoff 1980; Hoar

1988). An increase in growth rate in length relative to
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weight has profound influences on the body morphol-
ogy of smolts (Beeman et al. 1994, 1995; Gorbman et al.
1982), rendering the fish more streamlined for a migra-
tory life history. An increase in hypo-osmoregulatory
ability is most notably associated with biochemical and
morphological changes in the gill and intestines, lead-
ing to an increased expression of Na1-K1 ATPase during
the transformation (Folmar and Dickhoff 1980; Hoar

1988).
These rapid growth, metabolic, morphological, and

behavioral changes in smolts do not occur at the same
magnitude in nonmigrant fish. The decision to undergo
smoltification and migrate is tightly associated with
growth trajectories. Physiological thresholds of body
size and growth are often discussed as a mechanism
promoting divergence in alternative migratory and
nonmigratory life-history trajectories (Thorpe 1994;
Dickhoff et al. 1997; Thorpe and Metcalfe 1998;
Thorpe et al. 1998). In freshwater, sexual maturation
precludes seaward migration (Foote et al. 1994; Thorpe

1994; Thorpe and Metcalfe 1998). Thorpe and others
(Thorpe 1994; Thorpe and Metcalfe 1998; Thorpe

et al. 1998) have hypothesized that smoltification is a
developmental decision made in individuals that have
failed to sexually mature in freshwater. Indeed, a nega-
tive genetic correlation or genetic trade-off between
sexual maturation and smoltification has been observed
(Thrower et al. 2004). Although the physiology and the
endocrinology of smoltification have been well studied,
the ultimate genetic and molecular regulatory mecha-
nisms responsible for alternative migratory and resident
life-history types and the genetic trade-offs between
these divergent life-history ‘‘decisions’’ are poorly un-
derstood. In this study, we test the hypothesis that these
multiple physiological and morphological changes asso-
ciated with smoltification are triggered by one or few
major genome regions or that one or few major gene
regions work to integrate the complex physiological and
morphological changes occurring during smoltification.

The origin of anadromy in salmonid fishes has long
been debated (McDowall 1997). Some suggest that
anadromy is a derived character arising from wholly
freshwater ancestors (Hoar 1976; Stearley 1992). The
basis for this theory was originally predicated upon the
broad freshwater distribution of salmonid species, par-
allels among species in the physiological basis of sea-
water adaptation, and the fact that all species spawn and
spend at least part of their life cycle in freshwater
(Tchenavin 1939; Quinn and Myers 2004). Phyloge-
netic relationships among salmonid species constructed
from morphological data are in agreement with the
‘‘degree’’ of anadromy. Historically, the mapping of
migratory life-history type upon a coarse, morphology-
derived phylogenetic tree of salmonids showed a grada-
tion in anadromy—from optionally anadromous (species
consisting of either freshwater or anadromous forms) to
the most derived obligately anadromous (species con-

sisting exclusively of anadromous forms) (Hoar 1976;
Oakley and Phillips 1999). However, more recent mo-
lecular Salmonidae and Salmonine phylogenies suggest
multiple origins of anadromy when mapped to these
trees (Stearley 1992; Stearley and Smith 1993;
Oakley and Phillips 1999). On a finer level, observa-
tions within species suggest plasticity in the trait and
multiple parallel accounts of both the gain and the loss
of anadromy in both natural and introduced popula-
tions (Quinn et al. 2000, 2001; Unwin et al. 2000;
Pascual et al. 2001; Stockwell et al. 2003; Riva-Rossi

et al. 2007). While many of the above studies support the
theory that timing of and propensity for anadromy is
a derived character, having evolved from a freshwater
ancestor, alternative views suggest that anadromy is an-
cestral and that extant salmonids evolved from a marine
ancestor (McDowall 1997).

The inheritance of nonmigratory and migratory life-
history types and associated traits has been examined in
several salmonid species (Refstie et al. 1977; Clarke

et al. 1992, 1994; Foote et al. 1992; Johnsson et al. 1994;
Thrower et al. 2004; Duston et al. 2005). Although
plasticity exists within and across populations (Quinn

and Myers 2004; McPhee et al. 2007), inheritance
studies suggest that both timing of and propensity for
smoltification are also under genetic control. In crosses
between life-history variants of Chinook salmon that
differ in smoltification timing, Clarke et al. (1994)
found that early smolting (smolting during the first year
of life, also called ‘‘ocean type’’) was dominant and
apparently controlled by few genetic loci; the authors
used body morphology and coloration to discriminate
between dark, stream-dwelling individuals and silvery,
premigratory smolts to determine if Chinook salmon in
their study were smolting in their first or second year of
life. In species for which both freshwater resident and
migratory forms exist, studies evaluating smoltification
in intercrosses between resident and anadromous forms
indicate that there is also a genetic basis for the propensity
to undergo smoltification (Foote et al. 1992; Johnsson

et al. 1994). In these studies, hybrid progeny were made
from crosses between anadromous sockeye salmon and
freshwater resident kokanee (O. nerka) (Foote et al.
1992) and between anadromous steelhead and freshwa-
ter resident rainbow trout (O. mykiss) (Johnsson et al.
1994); in both studies, hybrids were intermediate be-
tween freshwater and migratory forms in their ability to
hypo-osmoregulate in seawater, suggesting that pro-
pensity for smoltification is under additive rather than
dominant genetic control in these species.

To dissect the genetic basis of alternative migratory
and nonmigratory life-history types, we have conducted
a comprehensive quantitative trait loci (QTL) analysis
of smoltification-related traits in O. mykiss (rainbow and
steelhead trout). We evaluate the joint segregation of
molecular markers, ordered in the genome, with the
segregation of quantitative or polygenic traits associated
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with smoltification in a cross between nonmigratory
rainbow trout and migratory steelhead trout lines. We
test the hypotheses that multiple traits are controlled by
a few loci of large effect and that multiple, correlated
traits of smoltification colocalize to the same regions in
the genome.

MATERIALS AND METHODS

Genetic crosses: Genetic analyses of smoltification-related
characters were conducted in doubled-haploid progeny pro-
duced from a cross between the Oregon State University
(OSU) rainbow trout and Clearwater (CW) steelhead trout
clonal lines; clonal line origin and production is described
elsewhere (Nichols et al. 2007). Briefly, eggs from one OSU
female were fertilized with sperm from one CW male to
produce a family of F1 progeny. Sperm from the resulting F1

male hybrid clones was used to produce doubled haploid
progeny by androgenesis, as described by Young et al. (1998).
Doubled haploids were produced in October and reared for
�3 years at the Washington State University research hatchery.
Embryos were maintained in recirculating stack egg incuba-
tors at a constant 11� until swim-up (complete yolk absorp-
tion). At swim-up, fish were transferred to 5-gallon tanks
maintained in a recirculating system at similar densities. At 6
months of age, all fish were transferred to a single 200-gallon
tank and were fed by automatic feeder, which was replenished
once daily. Temperatures in the recirculating systems ranged
from 11� to 18� throughout this study.

Genotyping: Genotypes of doubled-haploid progeny were
assessed at multiple loci, using amplified fragment length
polymorphic (AFLP), microsatellite, and known gene
markers. Dominant AFLP markers are unambiguous in the
doubled-haploid progeny, as all individuals are homozygous.
Methods for AFLP genotyping are described elsewhere
(Nichols et al. 2007). Seventeen AFLP primer sets were used
with EcoRI- and MseI-digested genomic DNA. AFLP markers
are named according to EcoRI 1 3 selective bases, MseI 1 3
selective bases, and either an arbitrary number or base pair size
of fragment, in that order. Microsatellite markers were chosen
on the basis of known placement on existing rainbow trout
maps (Sakamoto et al. 2000; Nichols et al. 2003; Danzmann

et al. 2005; Guyomard et al. 2006). At least one microsatellite
locus per chromosome was chosen to enable the identification
of syntenic linkage groups among salmonid linkage maps.
Potential candidate genes were chosen on the basis of their
putative involvement in the smoltification process, as part of a
parallel study aimed to map genes whose products play a role
in the endocrine, osmoregulatory, and other physiological
changes that occur during smoltification. Primer sets for
microsatellite and known genes are provided in supplemental
Table S1.

Phenotyping: Because smoltification is a temporal process,
we chose to sample phenotypes over a time course from
February through June 2003 over which the physiological
transformation or smoltification was anticipated to occur. In
2003, fish were age 11, and all fish were sampled again in
March 2004 at age 21 to determine if fish that had not gone
through smoltification at 11 were doing so at age 21. Since
repeated samples or data were taken from the same individ-
uals, fish were sampled nonlethally and with limited invasive-
ness to minimize handling stress effects. Data on phenotypes
were collected February 24, March 17, April 7, April 21, May 5,
May 18, and June 9, 2003. At sampling, fish were anesthetized
with clove oil and phenotypic data were then collected.

Phenotypes collected over this time course included body
morphology and skin reflectance from digital photographs,
body size (length and weight), gill sodium-potassium ATPase
(Na1/K1 ATPase), body condition factor, and instantaneous
growth rate in length and weight.

Body morphology: The change in body morphology from a
more deep-bodied, stream-dwelling fish to a more fusiform
shape has been well documented in smolting salmonids
(Gorbman et al. 1982; Beeman et al. 1994, 1995). We used
morphometric shape analysis to quantify variability in body
shape among phenotypically divergent doubled-haploid prog-
eny. From digital photographs, 13 landmarks along the left
lateral side of the fish were digitized for each time point
(Figure 1). Two-dimensional coordinates for landmarks were
obtained by digitizing each point using the software tpsDig2
(Rohlf 2005a).

Skin reflectance: As smolting salmonids are readied for out-
migration and adaptation to life in the sea, the metabolic by-
products guanine and hypoxanthine are deposited in the skin
and scales of smolts, rendering the fish silver in color and
highly reflective (Folmar and Dickhoff 1980; Hoar 1988).
The concentration of skin guanine has been shown to be
highly correlated with color or the reflectance from the skin
(Haner et al. 1995). Subjective, qualitative assessments of body
silvering have long been used to identify smolts, but more
recently, noninvasive measures of skin color or reflectance
have been developed to objectively quantify body silver color
or reflectance (Duston 1995; Ando et al. 2005). In this study,
skin reflectance was quantified by calculating the average pixel
intensity within an area directly above the lateral line and
below the dorsal fin (Figure 1). To do this, digital photographs
were taken in an enclosed box with constant, bright, diffuse
light provided by four full-spectrum bulbs. Fish were placed in
a shallow, V-shaped aquarium that was affixed with black and
white calibration tabs. Digital photographs were taken in this
controlled-light environment, using manual camera settings
with constant exposure settings for all photos. SigmaScanPro
(SysStat Software) software was used to acquire average pixel
intensity from this area. Briefly, intensity was calibrated for
each image, choosing a two-point calibration: one calibration
point on the black tab (scaled at 0) and one calibration point
on the white tab (scaled at 100). Using the trace tool, the area
mentioned above was defined and calibrated average pixel
intensity measured (on a scale from 0 to 100).

Gill Na1/K1 ATPase: During smoltification, salmonids expe-
rience a spike in gill Na1/K1 ATPase, enabling hypo-osmo-
regulation in seawater (Folmar and Dickhoff 1980; Hoar

1988; McCormick and Bradshaw 2006). At sampling, three
to four gill filaments were clipped from each fish nonlethally,
placed in 100 ml SEI buffer (150 mm sucrose, 10 mm EDTA,
50 mm imidazole, pH 7.3) at 4�, and then frozen within 4 hr at
�80� for storage. Na1/K1 ATPase was quantified in these
samples according to McCormick (1993).

Body condition factor: Condition factor commonly decreases
in smolting salmonids relative to nonsmolts (Folmar and
Dickhoff 1980; Hoar 1988). Condition factor was quantified
using weight (W in grams) and standard length (L in
millimeters) with the formula (W/L3 3 100,000).

Growth rates: Growth rates were calculated from both weights
and standard lengths for spring interval from February to June
2003. Relative to nonsmolts, smolts experience a greater
increase in growth in length during the spring of smolting
(Folmar and Dickhoff 1980; Hoar 1988; Dickhoff et al.
1997). Instantaneous growth rates were calculated using
[ln(L2) � ln(L1)]/[t2 � t1] 3 100, where L1 and L2 are
standard lengths or weights at times 1 and 2 (t1 and t2 in days).

Binary smolt phenotype: From each sampling point, in
addition to the above quantitative data, individuals were
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scored as smolts (1) or nonsmolts (0) for QTL analyses. The
binary smolt phenotype was assigned on the basis of the digital
photographs taken for reflectance and morphology. Individ-
uals were categorized as smolts if they were streamlined,
reflective, silvery individuals characteristic of this life-history
type. Individuals with distinctive parr marks along the lateral
line through the duration of the study are typical of stream-
dwelling parr and were categorized as nonsmolts. Individuals
that were more deeply bodied, yellow, and spotted in color are
more characteristic of larger freshwater-dwelling rainbow
trout and were also categorized as nonsmolts. Fish that could
not be reliably categorized were scored as missing or unknown.

Sex phenotype: The phenotypic sex of the fish surviving to
March 2004 was determined by internal examination of
gonads. Fish were euthanized with a lethal dose of anesthetic
(clove oil) prior to dissection. For summary statistical analyses,
males were coded as 1 and females as 0.

Statistical analyses: Body morphology, thin plate spline analysis:
Morphometric shape analysis was conducted using a thin plate
spline analysis, using tpsRelw software (Rohlf 2005b). Land-
marks from all fish from all time points were superimposed to
calculate the generalized least-squares Procrustes average or
consensus shape, eliminating size differences (Rohlf and
Slice 1990). From the consensus shape, each individual sam-
pled at each time point was evaluated for deformation from
the consensus shape, and variation captured in partial warp
scores (Rohlf and Bookstein 2003). The covariance matrix
of partial warp scores for all individuals at all time points was
used in a principal-components analysis to distill partial warp
scores into fewer orthogonal dimensions describing variation
in shape (Bookstein 1991). Principal components of partial
warp scores are called relative warps, and these relative warps
were taken as metrics for shape for use in QTL analyses.

All traits, summary statistics: Traits were organized over the
time course of sampling. With longitudinal sampling of each
individual, one could conceivably conduct genotype–phenotype
analyses of the trajectories of individual traits using fitting of
orthogonal polynomials (Yang et al. 2006). However, because
these methods are not readily implemented for interval
mapping in non-growth-related traits, we chose to use metrics
that were informative on whether or not the fish were smolting
during the time course of the spring, based upon our bio-
logical knowledge of the physiological and morphological
changes that occur during smoltification. Using time-course
data, we chose to use (1) the minimum condition factor, since
smolts have lower condition factors than nonsmolts; (2) the
maximum and empirical range of skin reflectance values,
since smolts will have larger values and may change most
dramatically during smoltification; (3) the maximum Na1/
K1ATPase value, since smolts achieve a higher peak ATPase
during smoltification, returning to baseline levels if they do
not migrate to the ocean; (4) maximum values of relative
warps obtained from thin plate spline analyses (along six
orthogonal axes); and (5) spring growth rates (taken as the
growth from February to June) in length and weight. Individ-
uals with incomplete time-course data were given missing data
values for QTL analyses. Using the metrics chosen for each
trait above, data were tested for outliers and assumptions of
normality and homogeneity of variance prior to QTL analyses.
Data that were nonnormal in distribution were transformed to
achieve normality. Correlations between trait values used in
QTL analyses were conducted using Pearson’s correlations in
the case where data were normal and Spearman’s correlations
in the case where data were not normally distributed. One-way
analysis of variance was conducted (PROC GLM; SAS Statisti-
cal Software, Cary, NC) to examine whether means for con-
tinuous traits were significantly different between the sexes
and life-history categories. The model used to test the null

hypothesis that the means for each trait (y) were the same for
males and females (mm ¼ mf ) was yij ¼ m 1 ðsexÞi 1 eij , where
yij is the phenotype of individual j of sex i. For tests of whether
continuous-trait means were the same for the binary life-
history category (LHbin), or for smolts and nonsmolts
(ms ¼ mns), the model yij ¼ m 1 ðLHbinÞi 1 eij was used, where
yij is the continuous-trait phenotype of individual j with LHbin
category i. Finally, to test whether continuous-trait means were
significantly different among the life-history categories (LHcat),
smolt, rainbow, parr, and unknowns (ms ¼ mR ¼ mP ¼ mu), the
model yij ¼ m 1 ðLHcatÞi 1 eij was evaluated. When overall
models were significant, Tukey–Kramer tests were used to
determine which pairs of means were significantly different. In
all tests, statistical significance was determined with a type I error
rate of a ¼ 0.05.

Genetic analyses: Linkage map construction: Prior to linkage
map construction, markers were evaluated for segregation
distortion, or deviation from the expected 1:1 genotype ratio
in doubled-haploid progeny. Markers showing significant
distortion were checked for reliability and genotyping errors
and were removed from the analysis if unreliable. Only
markers for which .80% of individuals were genotyped were
used in subsequent analyses. The genetic linkage map was
constructed using Mapmaker/EXP (Lander et al. 1987) as
described by Nichols et al. (2007).

QTL analyses: Quantitative trait loci analyses were con-
ducted using interval and composite-interval mapping (Zeng

1994) in R/qtl (Broman et al. 2003); multiple-trait interval
mapping (Kao et al. 1999) was conducted using QTL Cartog-
rapher (Basten et al. 1994, 2004). In all analyses, permutation
tests (Churchill and Doerge 1994; Doerge and Churchill

1996) were performed (n ¼ 1000 permutations for each test)
to determine the threshold for log of the odds (LOD) or
likelihood-ratio (LR) scores, using a type I error rate of a ¼
0.05. To control the overall familywise error rate (FWER) in
the case of multiple-QTL analyses for single traits, the highest
value of the 95% LOD thresholds for all single-trait interval-
mapping permutation tests was chosen as the cutoff for
inclusion of QTL in the second step of composite-interval
mapping, which is outlined below. This is more conservative
than using false discovery rate (FDR) methods for simple
interval mapping (Benjamini and Yekutieli 2005). The issue
of controlling for multiple tests for subsequent single-trait
composite-interval mapping (CIM) becomes more difficult,
since the models for each QTL scan in CIM are different for
each trait; in this case, choosing an overall FWER might be too
stringent if chosen among models that range from the
inclusion of one additional background cofactor to multiple
background cofactors. In this case, significant QTL identified
in step 2 below were those that exceeded the 95% permutation
threshold for that trait.

Single-trait interval mapping: R/qtl does not include a model
for doubled haploids; thus a backcross model coding for the
doubled haploids was used since models for both cross types
utilize two genotypic classes for tests of significant QTL effects.
In the first step, single QTL were identified with interval
mapping using the EM algorithm in R, scanning for QTL at
marker positions and every 2 cM in the genome. In this first
interval-mapping step, the model yij ¼ bo 1 b*

1x*
i 1 eij (model

1) was used test the null hypotheses that QTL additive effects
are zero (b*

1 ¼ 0), where yij is the phenotype for individual j
with marker genotype i; and x*

i is the marker or calculated
QTL genotype (given flanking marker genotypes), where x*

i ¼
0 for the OSU genotype and x*

i ¼ 1 for the CW genotype. In
the second step, k significant QTL, identified in the first step,
were used as cofactors in a search for additional QTL in the
genome, using the model yijk ¼ bo 1 b*

1x*
i 1

Pk
i¼1 bkxk 1 eijk

(model 2), testing again for significant QTL effects (b*
1 ¼ 0) at
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every 2-cM position. All terms in model 2 are the same as
described above, and xk ¼ 0 for the OSU genotype and xk ¼ 1
for the CW genotype at the k significant QTL positions
identified in model 1. New QTL identified in model 2 were
added to the set of k QTL, and model 2 was tested again at
every 2-cM position in the genome until no new QTL were
identified in the context of this multiple-QTL model. Two-
locus epistasis was tested at all markers and at every 5-cM
position in the genome; here, epistasis was tested comparing
the likelihood of the model that includes an interaction
between two QTL positions (x1 and x2), yij ¼ bo 1 b1xi1 1
b2xi2 1 b3xi1xi2 1 eij (model 3), to the likelihood of the model
including only main effects (where b3 ¼ 0). QTL positions
were refined with all significant terms (single and interacting
QTL) included in the model, as described by Nichols et al.
(2007). Briefly, refining the QTL position involved the use of
model 2 above, with the addition of significant interacting
QTL from tests of model 3; refining the position of each QTL
was accomplished by iteratively testing the likelihood of each
QTL position within a chromosome in the context of the
multiple-QTL model, until the most likely position of each
QTL remained unchanged. Once positions were refined, QTL
effects and percentage of variation explained (PVE) were
estimated in the context of the multiple-QTL model, using a
drop-one-term analysis as described by Nichols et al. (2007).
Two-LOD support intervals were estimated for each identified
QTL and have been shown to be conservative estimates of 95%
confidence intervals for QTL position (Visscher et al. 1996).

Multiple-trait interval mapping: Multiple-trait QTL mapping
was performed using interval mapping with a doubled-haploid
design in QTL Cartographer (Basten et al. 2004). Multiple-
trait analyses were performed (a) with all traits used to quantify
migration-related physiology and morphology and (b) with
traits that colocalized to QTL in the genome. Multiple-trait
permutation tests were performed by shuffling traits for each
individual as a block, maintaining the correlation structure
among traits while shuffling traits across marker genotypes.

RESULTS

Phenotypic traits: A single family of 110 doubled-
haploid individuals was measured for physiological and
morphological traits related to smoltification. Pheno-
typic trait values used in QTL analyses are summarized
below by life-history category assigned to each fish. Of
the 110 fish used for QTL analyses, 22 (20%) were
categorized as smolts, 17 (15%) as parr, and 23 (21%) as
rainbow; 48 fish (44%) were intermediate in phenotype
and were scored as unknowns at age 11. Continuous-
trait data are summarized below by life-history category
(including unknowns) to illustrate the differences among
the life-history types used to categorize the binary trait.
For the binary trait, all smolts were categorized as
‘‘smolts,’’ while parr and rainbow were categorized as
‘‘nonsmolts’’; intermediate fish were treated as missing
data for the binary trait.

Phenotypes used for QTL analyses and summarized
below include maximum relative warp values for six axes
describing body morphology (maxrelw1–maxrelw6),
maximum and range of skin reflectance values (maxrefl
and rangerefl, respectively), maximum gill Na1/K1

ATPase (natural log-transformed, ln_maxatpase), min-

imum condition factor (minkfact), growth in standard
length and weight from January through June (sprgrsl
and sprgrwt, respectively), binary smolt phenotype (bi-
nary), and sex phenotype (sex). With the exception of
categorical traits (sex and binary phenotype) and gill
Na1/K1 ATPase, all traits conformed to the assumptions
of normality and homogeneity of variance.

Body morphology: Thirteen landmarks digitized along
the left side of the fish (Figure 1) revealed significant
variation in body morphology (Figure 2). Thin plate
spline analyses of all doubled-haploid progeny at all
time points (n ¼ 677) revealed that the first six relative
warps explained 77% of the variation in body shape;
each of these relative warps explained from 5% (relw6)
to 24% (relw1) of the variation in shape. Some individ-
uals or time points were missing from the analysis due
either to mortality before the end of the study or to
poor-quality photographs for accurate digitization of
landmarks. Examination of the shape variability cap-
tured by each of the relative warps (Figure 2) reveals that
this analysis has readily captured quantitative shape
variability within the doubled-haploid family. Much of
the variability, looking at the extreme values for each
relative warp in relation to the consensus (Figure 2),
appears to be differences in (1) dorso-ventral body
depth (landmarks 3, 4, and 11), (2) snout morphology
(landmarks 1, 2, 12, and 13), and (3) caudal peduncle
depth and length (landmarks 5–9). Relative warp 1
explained 24% of variation in shape; although rainbow
trout appear to have lower maximum relw1 (Figure 3A),
the differences among categories are not statistically
significant [F ¼ 2.43, d.f. ¼ 3, P ¼ 0.0719 (categorical);
F ¼ 0.6, d.f. ¼ 1, P ¼ 0.4437 (binary)]. Relative warp 2
accounted for 17% of shape variation. Fish with an
undetermined life-history category had the greatest
maximum relw2 values, while rainbow trout had the
smallest (Figure 3A). Unknowns were significantly
different from rainbow for maxrelw2, but no other pairs
were statistically significant (F ¼ 5.42, d.f. ¼ 3, P ¼
0.0020). When life-history type is coded as a binary trait,
not surprisingly from the similar means among smolt,
parr, and rainbow, there was no statistical difference

Figure 1.—Digitized landmarks for morphology and area
measured for skin reflectance. Skin reflectance was made in
the shaded area below the dorsal fin and was quantified as av-
erage pixel intensity.
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between smolts and nonsmolts for maxrelw2 (F ¼ 0.34,
d.f. ¼ 1, P ¼ 0.5648). Relative warp 3 explained 12% of
the variation in morphology and most obviously cap-
tured the shape differences among migratory and non-

migratory life-history types (Figure 3A). Relative warp 3
appears to explain differences in dorso-ventral body
depth and in caudal peduncle length and depth (Figure
2). Rainbow trout had lower average maximum relw3

Figure 2.—Relative warps from thin
plate spline analysis of morphology. (A–
F) The first six relative warps, which ex-
plain 77% of the shape variation. Extreme
positive (blue) and negative (red) values of
each relative warp are presented in com-
parison to the consensus or average shape
(black).

Figure 3.—Smoltification phenotype trait means (plus or minus standard error of the mean) for traits used in QTL analyses. (A)
Maximum relative warp means for morphology (maxrelw1–maxrelw6). (B) Range (rangerefl) and maximum (maxrefl) reflectance
means. (C) Mean maximum Na1/K1 ATPase (ln_ATPase; ln transformed). (D) Mean minimum condition factor (minkfact). (E)
Mean growth rates during the spring (February through June) in standard length (SPRGRSL) and weight (SPRGRWT).
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(were more deep bodied), while smolts had larger max-
imum relw3 values (were more fusiform or less deep
bodied). Parr and intermediates were morphologically
similar to each other for maxrelw3, but were signifi-
cantly different from smolts and rainbow trout (F ¼
15.54, d.f. ¼ 3, P , 0.0001). When coded as a binary
trait, nonsmolts and smolts were statistically different
from one another for maxrelw3 (F¼ 15.52, d.f.¼ 1, P¼
0.0003). Relative warp 4 accounted for 10% of shape
variation. Maximum relw4 values were on average lower
for parr than for all other groups (Figure 3A, F ¼ 4.53,
d.f. ¼ 3, P ¼ 0.0057). This statistical difference among
groups was not observed when life-history category was
coded as a binary trait (F ¼ 0.44, d.f. ¼ 1, P ¼ 0.5111).
Relative warps 5 and 6 explained 9 and 5% of shape
variation, respectively. Neither maximum relw5 nor
relw6 showed significant variation among life-history
types, irrespective of coding.

Skin reflectance: Average pixel intensity of the area
below the dorsal fin (Figure 1) provided a quantitative
estimate of the degree of reflectance or silvery color of
each fish. Both maximum (maxrefl: F ¼ 17.32, d.f. ¼ 3,
P , 0.0001) and range of (rangerefl: F ¼ 6.73, d.f. ¼ 3,
P ¼ 0.0004) reflectance showed significant differences
among life-history groups (Figure 3B). Reflectance
values were also significantly different when life-history
types were encoded as a binary trait (maxrefl: F¼ 37.16,
d.f. ¼ 1, P , 0.0001) (rangerefl: F ¼ 14.82, d.f. ¼ 1, P ¼
0.0003). Compared to nonsmolts and unknowns, smolts
had a significantly greater average maximum reflec-
tance (were more reflective or silver in color; Figure
3B). Smolts also had a greater range in reflectance
values during the time course of sampling, when com-
pared to unknowns and rainbow trout, but not when
compared to parr (Figure 3B).

Gill Na1/K1 ATPase: Na1/K1 ATPase values were
natural-log transformed to achieve normality. ATPase
values were significantly different among life-history
categories (F¼ 4.12, d.f.¼ 3, P¼ 0.0086; Figure 3C), but
only marginally significant when evaluated for binary
encoded life-history types (F ¼ 3.95, d.f. ¼ 1, P ¼
0.0520). Smolts had greater average maximum ATPase
than unknowns and parr, but were not significantly
different from the rainbow trout life-history type (Fig-
ure 3C).

Body condition factor: Body condition factor calculates
the relative contribution of weight to length. For a given
length, fish with greater weight will have a larger
condition factor. Minimum body condition factor was
greater on average for the rainbow trout life-history type
than for all other life-history types that were similar in
average minimum condition factor (Figure 3D, F¼ 8.28,
d.f.¼ 3, P , 0.0001). When compared using binary trait
categories, the same trend is observed: nonsmolts
(which include rainbow trout) have a significantly
greater condition factor than smolts (F ¼ 9.81, d.f. ¼ 1,
P ¼ 0.0028).

Growth rates: Spring growth rates in standard length
and weight were not significantly different among life-
history types (Figure 3E).

Binary smolt phenotype: Sixty-two individuals (56%)
were scored for binary smolt phenotype. Of the individ-
uals scored, 22 individuals (35%) were categorized as
smolts, and 40 (65%) were categorized as nonsmolts. In
the nonsmolt category, 17 fish (42.5% of nonsmolts and
27% of all scored) were categorized as smaller parr,
while 23 fish (57.5% of nonsmolts and 37% of all
scored) were categorized as larger rainbow trout. The
44% of individuals that were not scored were interme-
diate in their phenotypes and difficult to categorize as
either a smolt or a nonsmolt, and were categorized as
unknowns for summary statistical analyses.

Sex phenotype: Of the 110 individuals sampled for
smoltification, 74 individuals (67%) survived to the next
year when phenotypic sex was determined by internal
examination of gonads. Of those sexed, 49% (n ¼ 36)
were male and 51% were female (n ¼ 38). Sex signif-
icantly contributed to variation in both maximum re-
flectance (maxrefl, F ¼ 5.41, P ¼ 0.02) and gill Na1/K1

ATPase (maxatpase, F ¼ 5.60, P ¼ 0.02), but not to any
other traits (data not shown). Inclusion of sex as a
cofactor in QTL analyses for these two traits did not
significantly affect the detection of QTL (data not
shown).

Correlation among traits: All traits used in QTL analyses
were correlated with at least one other trait, with the
exception of the sixth axis of morphometric shape
(maxrelw6) (Table 1). Correlations between traits that
were alternative expressions of reflectance [maximum
and range (maxrefl, rangerefl), r ¼ 0.942, P , 0.0001]
and of growth in standard length and weight (sprgrsl
and sprgrwt, r¼ 0.606, P , 0.0001) were greatest (Table
1). Fish with the greatest maximum reflectance also
had a larger range in reflectance. Both of these metrics
of reflectance were correlated with the binary smolt
phenotype; smolts tended to have both higher max-
ima and greater ranges in reflectance. Reflectance was
correlated to a lesser degree with body morphology.
Maximum reflectance was negatively correlated with
maxrelw2, for which no QTL were identified. Reflec-
tance range was negatively correlated with maxrelw4,
for which a QTL was colocalized with most other
smoltification-related traits. Finally, the range but not
the maximum reflectance had a negative correlation
with minimum condition factor. This indicates that fish
with a greater change in body coloration also had the
lowest condition factor, which is consistent with long-
standing observations that smolts both change in body
coloration with smoltification and have a reduced
condition factor relative to nonsmolts and the presmolt-
ing stage. Not surprisingly, fish with greater growth in
standard length also experienced greater growth in
weight, but this relationship is weaker than that ob-
served for range of and maximum reflectance. Growth
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in both standard length and weight was negatively corre-
lated with relative warp 3 (maxrelw3) and positively
correlated with condition factor (minkfact). Individuals
with lower growth rates in both length and weight gen-
erally had higher maxrelw3 values (were more fusiform
in shape) and lower minimum condition factors. At
the same time, individuals with higher growth rates in
length and weight had lower maxrelw3 values (were
more deep bodied) and higher minimum condition
factors. Additional axes of body morphology, aside from
those mentioned above, were also correlated with
minimum condition factor. The first three relative warps
were negatively correlated with condition factor; indi-
viduals with higher values for these relative warps gen-
erally had lower minimum condition factors. The binary
smolt phenotype was positively correlated with reflec-
tance (both maximum and range) and maxrelw3 and
negatively correlated with minimum condition factor.
Individuals that were scored as smolts had greater
maximum and range of reflectance, greater values for
maxrelw3 (more fusiform in shape), and lower mini-
mum condition factors.

Genetic linkage map: Twenty-nine major linkage
groups were identified with linkage analysis in 110
doubled-haploid individuals, using 263 markers and
the sex phenotype. The number of major groups corre-
sponds to the number of chromosome pairs revealed by
karyotyping in the OSU and CW clonal lines and hybrids
(Phillips et al. 2005). Synteny among linkage groups in
this study and other rainbow trout maps (Sakamoto

et al. 2000; Nichols et al. 2003; Danzmann et al. 2005;
Guyomard et al. 2006) is established by mapped syn-
tenic microsatellite markers; linkage groups are named
according to the cross (OC) and the linkage group
number defined in prior maps (Figure 4; only groups with
significant QTL are shown). The average intermarker
distance within linkage groups, including markers with
0-cM distances, was 5.8 cM; excluding markers that were
completely linked (0-cM distance), the average inter-
marker distance was 7.5 cM. The sex phenotype mapped
to linkage group OC1 and was perfectly linked to marker
Ssa408UoS (0-cM distance). This map was the framework
for our QTL analysis of smoltification-related traits.

QTL analyses: With composite-interval mapping for
single traits, QTL were identified for each trait with the
exception of morphology metrics maxrelw2 and max-
relw6 and gill Na1/K1 ATPase (Figure 4, Table 2). QTL
are named according to the trait and the linkage group
to which they localized. In all cases, the genotypic effect
of a QTL refers to the estimated phenotypic difference
between the CW genotype and the OSU genotype
attributed to the additive effects of alleles at that QTL.
A positive genotypic effect would indicate that individ-
uals with a CW genotype at a particular QTL would have
a greater phenotypic trait value, attributed to that locus,
than individuals with the OSU genotype. Note that
although determining statistical thresholds for signifi-

cance in the context of multiple tests is not a simple one
to address in the context of IM and CIM for the
detection of QTL, most all QTL, in the context of the
multiple-QTL models, were significant at P , 0.0001.
Although a Bonferroni correction for the 13 single traits
may not be correct in the case of multiple noninde-
pendent traits, even in the most conservative case that
the traits are independent, the nominal P-value for
significance would be a ¼ 0.05/13 or 0.004. All except
for one QTL for body morphology (maxrelw3-OC8) were
significantly below this threshold in the multiple-QTL
models.

Body morphology: Ten QTL for maximum relative warp
values for four axes of shape were identified (Figure 4
and Table 2). For maxrelw1, 2 QTL were identified on
two linkage groups, OC13 and OC31, explaining 11.6
and 18.5% of the phenotypic variation in maxrelw1. The
QTL on linkage group OC31 colocalizes with QTL for
maxrelw5, another axis of morphometric shape. No
QTL were identified for maxrelw2, despite the signifi-
cant variation observed among the fish sampled. For
maxrelw3, the descriptor that captured dorso-ventral
variability in body depth and caudal peduncle shape, 4
main-effect QTL were identified. These QTL explained
3.0–14.1% of the phenotypic variability along this shape
axis. The QTL on linkage group OC8 was statistically
significant in a single-QTL interval-mapping scan, but
did not significantly contribute to the overall, multiple-
QTL model when all other QTL were included (Table
2). Maxrelw3 QTL on linkage groups OC8 and OC20
colocalized with QTL for other traits in this analysis.
Each of the 4 QTL for maxrelw3 had a positive genotypic
effect, indicating that individuals with a CW genotype
(paternal) at these loci had larger maximum values of
relw3 than those with an OSU genotype at this locus; this
difference in genotypic values at these loci exhibits a
more dorso-ventrally flattened or fusiform fish, charac-
teristic of smolts, in those with the CW genotype relative
to those with the OSU genotype. For maxrelw4, 3 QTL
were identified, explaining 10.4–18.1% of variation in
shape along this axis. The two QTL with the greatest
effects were found on OC9 and OC20, and both had
negative genotypic effects. The QTL for maxrelw4 on
OC20 (maxrelw4-OC20) colocalized to the same region
as maxrelw3-OC20 and other smoltification traits. One
additional QTL was identified for body morphology
with maxrelw5. The QTL for this morphological shape
descriptor explained 14.1% of shape variation and was
localized to OC31, the same region as that for maxrelw1-
OC31.

Skin reflectance: A total of four QTL were identified
for the two metrics of skin reflectance, maximum re-
flectance (maxrefl) and range of reflectance (ranger-
efl) (Table 2, Figure 4). Two QTL were detected for
rangerefl, rangerefl-OC16 and rangerefl-OC20; these QTL
accounted for 11.2 and 24.3% of the variation in the
range of reflectance, respectively. Two QTL were iden-
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tified for maxrefl, maxrefl-OC17 and maxrefl-OC20, which
explained 14.4 and 11.1% of the variation in maximum
reflectance, respectively. QTL for reflectance on OC16
and OC17 did not colocalize with QTL for other traits;
however, reflectance QTL on OC20 did colocalize with
QTL for other traits on this linkage group (Figure 4).
Each of the reflectance QTL had positive genotypic
effects (Table 2), indicating that individuals with a CW
genotype at each locus had a greater maximum or range
of reflectance than individuals with an OSU genotype.

Gill Na1/K1 ATPase: No QTL were detected for
maximum log-transformed gill Na1/K1 ATPase, despite
the variation observed among life-history types.

Body condition factor: One QTL for minimum body
condition factor (minkfact) was identified on OC20
(Table 2); this QTL colocalizes to the same region as
many other traits, including reflectance and body
morphology QTL (Figure 4). The minkfact-OC20 QTL
accounted for 13.8% of the variation in minimum
condition factor and had a negative genotypic effect.
Individuals with a CW genotype at this locus had a
smaller minimum condition factor compared to those
with an OSU genotype.

Growth rate: QTL for spring growth rate in standard
length (sprgrsl) and weight (sprgrwt) colocalized to
linkage groups OC8 and OC20 (Table 2). It is clear that

Figure 4.—Quantitative trait loci (shown as 2-LOD support intervals) for smoltification traits from single-trait and multiple-trait
interval mapping. Only linkage groups with significant QTL are shown. Linkage groups are named according to the cross used in
this study (OSU 3 CW: OC) and the linkage group number defined by syntenic markers (in boldface type) with previously pub-
lished rainbow trout maps.
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sprgrsl-OC8 and sprgrwt-OC8 colocalize to the same
region, but 2-LOD support intervals for sprgrsl-OC20
and sprgrwt-OC20 do not overlap on linkage group OC20
(Figure 4). One additional QTL (sprgrsl-OC14) and two-
locus epistasis were revealed for spring growth rate in
standard length (Table 2). Main-effect QTL for spring
growth rate in standard length each had positive
genotypic effects; individuals with a CW genotype had
greater spring growth rate in standard length compared
to those with an OSU genotype with differences ranging
from 0.025 6 0.017% (sprgrsl-OC20) to 0.060 6 0.014%
(sprgrsl-OC8) growth in standard length per day (Table
2). Epistasis between sprgrsl-OC14 and sprgrsl-OC20 had

the opposite effect on growth rate; individuals with CW
genotypes at both of these loci had 0.140 6 0.034%
lower growth rate in standard length than individuals
with OSU genotypes at both loci (Figure 5). The two
QTL for spring growth in weight were opposite in their
effects. For sprgrwt-OC8, individuals with a CW genotype
had larger growth rates in weight relative to those with
an OSU genotype (genotypic effect: 0.172 6 0.044%
growth in weight per day); for sprgrwt-OC20, individuals
with a CW genotype exhibited a slower spring growth
rate in weight compared to those with the OSU
genotype (genotypic effect: �0.174 6 0.044% growth
in weight per day).

Figure 4.—Continued.
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Binary smolt phenotype: Two main-effect QTL were
identified for the binary smolt phenotype (Figure 4).
These QTL were detected on OC6 and OC20 and
explained 9.0 and 8.8%, respectively, of the variation
in the binary phenotype (Table 2). In a linear model or
analysis of variance context, like that employed in the
drop-one-term analysis, main-effect regression coeffi-
cients from binary trait data are estimates of the pene-
trance of the loci identified (Coffman et al. 2005).
Therefore, the genotypic effects (Table 2) exhibit the
penetrance differences for OSU and CW genotypes for
each QTL, in the context of a multiple-binary-trait loci
model. A positive genotypic effect in this case indicates
that the CW genotype is more penetrant; in other words,
individuals with the CW genotype are more likely to be
smolts than individuals with the OSU genotype at a
particular locus. For simplicity, we plot observed pro-
portions of smolts and nonsmolts for each genotype at
markers most closely linked to the identified binary trait
loci (Figure 6, A–C). For binary_smolt-OC20, the CW
genotype was more penetrant than the OSU genotype;

82% of those classified as smolts possessed the CW geno-
type at binary_smolt-OC20 (and scored for the binary
phenotype), while only 18% of smolts possessed the
OSU genotype at this locus (Figure 6A). Oppositely,
binary_smolt-OC6 had a greater penetrance in those with
the OSU genotype; a greater proportion of individuals
with the OSU genotype at this locus were smolts com-
pared to those with the CW genotype. For binary_smolt-
OC6, 64% of those classified as smolts possessed the
OSU genotype, while only 36% of smolting individuals
possessed the CW genotype at this locus (Figure 6B).
Epistasis significantly contributed to the variation in
binary phenotype; binary_smolt-OC14 and binary_smolt-
OC25 showed a significant interactive effect, explaining
13.6% of the variation in binary phenotype (Table 2),
but did not affect variation in penetrance as main-effect
QTL. The LOD scores for these individual loci appear
significant (Table 2), but simply reflect the significance
of dropping main-effect and all higher-order interac-
tions including that locus; for these loci, composite-
interval mapping including all other significant terms as

TABLE 2

Quantitative trait loci for morphological and physiological indexes of migratory life-history types

Genotypic effects

QTL Position Closest marker d.f. n LOD % VE x2 P-value 2a SE

maxrelw1-OC13 12.6 agcagt7 1 77 2.65 11.6 ,0.0001 0.00837 0.00235
maxrelw1-OC31 27.1 acgatc6 1 4.05 18.5 ,0.0001 �0.0106 0.0023
maxrelw3-OC3 48.9 Ogo2 1 77 3.37 10.9 ,0.0001 0.00647 0.00161
maxrelw3-OC8 0 acgatc13 1 1.00 3.02 0.0320 0.00349 0.00166
maxrelw3-OC20 24.3 OMM5017aa 1 4.23 14.1 ,0.0001 0.00716 0.00157
maxrelw3-OC23 11.7 RXRAa 1 3.72 12.2 ,0.0001 0.00685 0.00161
maxrelw4-OC9 22 agcagc2 1 77 4.63 18.1 ,0.0001 �0.00663 0.00142
maxrelw4-OC20 8 GCR 1 3.44 13.0 ,0.0001 �0.00541 0.00145
maxrelw4-OC22 34 acgaag6 1 2.81 10.4 ,0.0001 0.00543 0.0015
maxrelw5-OC31 23 accacg1 1 77 2.53 14.1 0.0006 �0.00598 0.00171
rangerefl-OC16 80 agcagt3 1 89 3.06 11.2 ,0.0001 4.86 1.24
rangerefl-OC20 24.3 OMM5017aa 1 6.11 24.3 ,0.0001 6.82 1.21
maxrefl-OC17 13.4 acgagt2 1 89 3.50 14.4 ,0.0001 6.50 1.57
maxrefl-OC20 35.3 agcagt19 1 2.72 11.0 ,0.0001 5.67 1.57
minkfact-OC20 24.3 OMM5017aa 1 99 3.20 13.8 0.00012 �0.0860 0.0218
sprgrsl-OC8 14.4 OMM1009a 1 98 4.03 13.3 ,0.0001 0.0602 0.0138
spgrsl-OC14 29.3 OMM5017b 2 5.45 18.7 ,0.0001 0.0406 0.0166
sprgrsl-OC20 58 agcagc14 2 4.41 14.7 ,0.0001 0.0249 0.0171
sprgrsl-OC14 3 sprgrsl-OC20 1 3.62 11.8 ,0.0001 �0.140 0.0341
sprgrwt-OC8 14.4 OMM1009 a 1 98 3.17 12.0 ,0.0001 0.172 0.044
spgrwt-OC20 24.3 OMM5017aa 1 3.29 12.5 ,0.0001 �0.174 0.044
binary_smolt-OC6 4 agcatc2 1 62 2.89 9.0 ,0.0001 �0.296 0.086
binary_smolt-OC14 22 acgaca10 2 4.30 14.1 ,0.0001 �0.254 0.115
binary_smolt-OC20 44 agcatc11 1 2.85 8.8 ,0.0001 0.395 0.116
binary_smolt-OC25 0 agcaga4 2 4.68 15.6 ,0.0001 �0.176 0.086
binary_smolt-OC14 3

binary_smolt-OC25
1 4.18 13.6 ,0.0001 0.752 0.183

Statistics were obtained from a drop-one-term multiple-QTL model analysis following identification of main-effect and epistatic
QTL with interval and composite-interval mapping. Underlined QTL were not identified as significant main-effect QTL in interval
or composite-interval mapping, but were significant contributors to epistasis. % VE, percentage of variation explained.

a Marker is a member of a cluster of markers.
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cofactors does not identify main-effect QTL at these loci
(data not shown). Complete penetrance (100%, n ¼
11/11) was observed as a result of epistasis between
OSU genotypes at binary_smolt-OC14 and binary_smolt-
OC25; on the other hand, no individuals with CW and
OSU genotypes at binary_smolt-OC14 and binary_smolt-
OC25, respectively, were smolts (n ¼ 0/11; Figure 6C).
The remaining two joint genotypic classes produced
intermediate proportions of smolts: 25% (n ¼ 4/12) of
individuals with CW, CW genotypes and 36% (n¼ 5/14)

with OSU, CW genotypes at binary_smolt-OC14 and
binary_smolt-OC25 were smolts (Figure 6C).

Multiple-trait analysis: Joint- or multiple-trait QTL
analyses were conducted using (a) all 12 traits used to
quantify physiological and morphological metrics of
smoltification and (b) only the 7 quantitative traits that
colocalized to OC20 (underlined in Table 1). For each
of these scenarios, correlations were not significant for
all pairs of traits, but each trait was significantly cor-
related with at least one other trait (Table 1), with the
exception of maxrelw6. A single-QTL interval-mapping
scan for all 12 traits revealed a total of 4 QTL (Figure 4).
Approximate P-values for significance were obtained
from 1000 permutations of the phenotypes (shuffled
as a block) across genotypes. Joint QTL for the 12-trait
data set were found on linkage groups OC8 (LOD ¼
10.45, P , 0.01 from 1000 permutations), OC14 (LOD¼
9.32, 0.01 , P , 0.05), OC20 (LOD¼ 16.70, P , 0.01),
and OC31 (LOD ¼ 9.02, 0.01 , P , 0.05). When the
12-trait joint QTL on OC20 was included as a back-
ground cofactor in the model, all main-effect QTL
remained significant except the QTL on OC14 (LOD¼
1.96, P ? 0.05); no additional main-effect QTL were
identified. Joint QTL for the 7-trait data set (including
traits colocalizing to OC20) also revealed 4 QTL, but
not all in the same positions as those identified in the
12-trait data set (Figure 4). Joint QTL for the 7-trait
data set were found on linkage groups OC8 (LOD ¼
7.35, P , 0.01), OC20 (LOD ¼ 13.35, P , 0.01), OC21
(LOD ¼ 7.09, P , 0.01), and OC30 (LOD ¼ 7.73, P ,

0.01). All joint QTL in the 7-trait data set remained
significant when the QTL on OC20 was included as
a background cofactor in a genome scan, and no
additional joint QTL were identified. Not surprisingly,
joint QTL for both analyses colocalize to regions

Figure 6.—Binary-trait
proportions for binary-trait
loci with significant main
effects (A and B) and signif-
icant two-locus epistasis (C).

Figure 5.—Joint genotypic effects or two-locus epistasis for
spring growth rate in standard length. Phenotypic values
(points) and means (plus or minus standard error of the mean)
for each multilocus genotype are shown. Red symbols were cal-
culated from imputed genotypes in missing individuals.
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where multiple single traits localize, most notably for
OC-8 and OC-20 (Figure 4).

DISCUSSION

We have identified several genome regions associated
with variation in multiple morphological and physiolog-
ical indexes of smoltification in O. mykiss, a species that
consists of both resident and anadromous or migratory
life-history types. This is the first study to reveal genomic
loci associated with migration physiology in any fish. Our
results provide a foundation for a deeper understanding
of the genes and regulatory mechanisms underlying
smoltification, or the decision to migrate or stay, in this
species. As we reveal the genomic regions and genes
involved in this important life-history decision, we may
begin to understand the evolutionary history of smoltifi-
cation within O. mykiss and gain a better understanding of
how genes and environment influence the decision to
migrate or maintain residency. Ultimately, this study lays
the foundation for parallel studies in this and other
salmonid species to begin asking questions about the
origins and evolution of migration vs. residency.

Our findings indicate that a few genomic loci contrib-
ute to variation in the individual trait phenotypes and
that one genome region is strongly associated with
multiple smoltification traits. The distribution of QTL
effects in this study is not unlike the skewed distribution
of QTL effects in QTL analyses of complex traits ob-
served across many taxa, and with the limitations of
sample size in this study, it is likely that small-effect loci
were not detected (Lynch and Walsh 1998; Roff 2007).
The fact that all traits for which significant differences
were observed among life-history types are associated
with a common genome region suggests that either a
single locus or multiple linked loci may play a role in the
physiology associated with migration vs. residency. The
QTL on OC20 are associated with body morphology, skin
coloration or silvering, condition factor, and growth rate;
not surprisingly, when these traits are considered to-
gether either subjectively in binary trait analysis or objec-
tively in joint analysis, the same major region is identified.
The fact that multiple single-trait QTL underlie the
binary smoltification QTL further corroborates the idea
that migration vs. residency is a threshold trait, regulated
by underlying continuous traits that contribute to the
decision to migrate or stay. Does the colocalization of
continuous and binary traits suggest that a master
regulatory region or gene may play a significant role in
the integrated cascade of events that promote smoltifi-
cation or residency? It cannot be ruled out that a single
gene upstream of the complex, integrated endocrine
and growth cascades is responsible for regulating the
‘‘switch’’ that determines whether an individual will
undergo smoltification. Despite the long history of
studies on smolt physiology, no studies have yet detected

the molecular processes triggering and integrating these
complex endocrine and physiological processes involved
in smoltification. Dissection of the genome region on
OC20 together with functional studies will provide clues
on whether a single trigger controls many of the phys-
iological differences between smolts and residents.

For most of the detected QTL in this study, the major-
ity of additive effects are unidirectional for individual
quantitative traits. For example, for traits significantly
segregating between smolt and nonsmolt categories
(relative warps 3 and 4, reflectance (maximum and
range), and minimum condition factor) there is a pre-
ponderance of genotypic effects with the same sign or
influencing the trait in the same direction. Under neu-
tral expectations, the signs or directions of effects are
expected to be random for a given phenotype (Orr

1998). Our results suggest that additive effects for prox-
imate physiology associated with smolt status may be a
result of directional selection. In other words, genes
associated with smoltification physiology and morphol-
ogy are primarily found only in the steelhead line (CW).
This result, however, does not hold for the binary-trait
QTL. In binary-trait analysis, one locus, found on the
linkage group where most other quantitative traits lo-
calized (OC20), influences the trait as expected under
directional selection and fixation of steelhead alleles
in the steelhead line (and nonsmolt alleles in the rain-
bow trout line). However, the other binary trait locus
detected (on OC6) has an opposite effect; individuals
possessing the steelhead (CW) allele at this locus have
a lower propensity for smolting than OSU. Taken to-
gether, there is clear evidence that the multiple genes
for being steelhead or rainbow trout in smoltification
physiology have been fixed for the most part in the OSU
and CW lines, but there is still some evidence for
‘‘rainbow trout’’ genes in the steelhead line and vice
versa. What does this mean for adaptive genetic varia-
tion for smoltification in the populations from which
the lines were derived? Depending on allele frequencies
in the source populations, this may mean that even
where one life-history strategy is predominant, there
may be adaptive potential to respond to environmental
change.

In this study, we revealed genomic loci associated with
life-history diversity in an evolutionarily divergent cross
of O. mykiss (between a rainbow trout derived from
California and a steelhead trout derived from Idaho),
and it is unknown whether loci associated with smolti-
fication in this wide cross would be the same between
sympatric O. mykiss life-history types. Across the natural
range of O. mykiss, there is considerable variability in the
propensity to migrate. Landlocked and the most north-
erly populations are wholly resident, while populations
with connections to the sea exhibit variable proportions
of migratory individuals ranging from wholly anadro-
mous to partially anadromous (a mixture of anadro-
mous and resident life-history types) (Quinn and
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Myers 2004; McPhee et al. 2007). The degree of genetic
differentiation between resident and anadromous pop-
ulations of O. mykiss in sympatry is variable. Most studies
examining genetic differentiation between sympatric
life-history types of O. mykiss reveal that alternative life-
history forms within the same freshwater system are
more closely related to one another than are the same
life-history types across river systems (Docker and
Heath 2003; Narum et al. 2004; Olsen et al. 2006;
McPhee et al. 2007); however, there are some instances
where significant reproductive isolation has been ob-
served between sympatric O. mykiss life-history forms
(Docker and Heath 2003; Narum et al. 2004). In other
words, resident and anadromous O. mykiss in sympatry
exhibit some level of gene flow, and there is evidence for
plasticity in the expression of the alternative life
histories. The close genetic relationship between resi-
dent and anadromous life-history types in sympatry is
not unique to O. mykiss, but is found in other salmonid
species that exhibit variation in anadromy vs. residency
(Hindar et al. 1991; Jones et al. 1997; Quinn 2005).
With possible multiple parallel examples of life-history
diversification within and across salmonid species, the
question remains whether the same or different sets of
genes play a role in the diversification of (1) anadro-
mous and resident salmonid life histories and (2)
timing of migration in anadromous species. Continued
studies examining the genetic architecture of these
alternative life-history strategies within and among
populations and species will address these questions.

The salmonid lineage experienced a whole-genome
duplication by autotetraploidization �25–100 MYA
(Allendorf and Thorgaard 1984). The recent ge-
nome duplication within salmonids affords the oppor-
tunity to ask questions regarding how duplicated
genome regions play a role in the evolution of complex
phenotypes. Genomic resources for the salmonid line-
age are more extensive than for any other major group
of fishes and provide the opportunity to understand
complex trait evolution following a genome duplication
in multiple, closely related species. Homeologous rela-
tionships among duplicated chromosome arms have
been identified for several salmonid species (Danzmann

et al. 2005; Gharbi et al. 2006; Guyomard et al. 2006). In
our study, we find direct evidence that at least one pair
of duplicated, homeologous genome regions is associ-
ated with smoltification-related traits. The duplicated
EST-linked microsatellite, OMM5017 is linked to a QTL
identified in the 12-trait joint analysis and to a lesser
degree with QTL for spring growth rate in standard
length on homeologous linkage groups OC14 and
OC20 (Figure 4). For homeologous chromosomes (for
which .1 marker has previously identified homeo-
logues) from prior O. mykiss mapping studies (Nichols

et al. 2003; Danzmann et al. 2005; Guyomard et al.
2006), there is indirect evidence that QTL for body
morphology (maxrelw4) localize to homeologous link-

age groups OC9 and OC20. We cannot ascertain whether
the duplicate genes or closely linked loci are funda-
mentally associated with smoltification trait variation in
this study. However, this and other studies (O’Malley

et al. 2002; Moghadam et al. 2007) suggest that dupli-
cate copies could play a role in the expression of quan-
titative traits in salmonid taxa. The role of duplication
and subsequent duplicate gene evolution remains an
important question as the genetic architecture of life
histories and other quantitative traits is revealed in this
major group of fishes.

To summarize, we have identified genome regions
associated with smoltification or the physiological and
morphological transition that occurs prior to seaward
migration. In particular, one region that is associated
with multiple traits lends insight into the genetic basis of
multiple correlated traits. We emphasize that in the
absence of functional tests for migratory displacement,
we cannot ascertain whether genome regions associated
with the ultimate decision to migrate are the same as
that associated with these proximate metrics of smolti-
fication. The question of whether this same region is
associated with smoltification in other salmonids re-
mains unanswered, but this study lays the foundation for
parallel studies in this and other species. Ultimately,
with parallel accounts of the genetic architecture of
smoltification and migration in multiple salmonid spe-
cies, we can begin to understand the evolution of anad-
romy on both coarse and fine scales.
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