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A B S T R A C T

Phenotypic differences between males and females are ubiquitous throughout the animal kingdom. Therefore,
investigating the extent to which sex-dependent genetic effects contribute to phenotypic variation is important in
understanding the evolutionary response of each sex to natural and artificial selection. Sex-specific differences in
growth patterns and age at sexual maturity have been observed in a number of anadromous salmonid fishes. In
these species, faster growing individuals in a given cohort often mature earlier than conspecifics, and earlier
maturing individuals are often males. The aim of this study was to determine whether sex-dependent genetic
effects contribute to phenotypic variation in age at sexual maturity and growth in coho salmon reared through
juvenile stages to first maturity. To achieve this aim, quantitative trait loci (QTL) underlying growth-related
traits and age at first maturity were mapped across four families, and interactions between offspring sex and trait
were examined by investigating the significance of genotype-by-sex (QTL × sex) interactions. Several tempo-
rally expressed growth-related QTL mapped to the same position, suggesting that these regions affected growth
across many months. QTL × sex interactions were widespread, indicating that the effect of QTL on age at sexual
maturity and growth over the course of development in coho salmon may be under sex-specific genetic control.
We also found evidence for epistatic interactions between some growth traits. Our results provide insights into
the genetic architecture underlying growth-related traits in coho salmon, and have implications for under-
standing the genetic and evolutionary basis of important fitness-related traits.

1. Introduction

Phenotypic differences in physiological, morphological, behavioral,
or life-history traits are widespread between males and females in both
animal and plant species (Andersson, 1994; Anholt and Mackay, 2004;
Barrett and Hough, 2012; Foerster et al., 2007; Mackay, 2004; Williams
and Carroll, 2009). Such differences are often attributed to sex-de-
termining loci, as these are the only genomic regions that differ be-
tween the sexes (Mank, 2009; Rice, 1984). However, a growing body of
studies suggests that genetic variation within the autosomal genome
also affects a number of phenotypic traits differently between the sexes
(Korstanje et al., 2004; Mackay, 2004; Ueno et al., 2004). Specifically,
genotype-by-sex interactions or sex-specific quantitative trait loci (QTL)
have been reported in a wide variety of species including humans, fruit
flies, rats, mice and medaka (Ankra-Badu et al., 2010; Kawajiri et al.,
2014; Korstanje et al., 2004; Krohn et al., 2014; Mackay, 2004; Mattson
et al., 2007; Mogil et al., 1997; Ober et al., 2008; Ueno et al., 2004;
Weiss et al., 2005, 2006).

Genotype-by-sex interactions occur when the same genotype in
genes or genomic regions exerts differential effects on the expression of
traits between the sexes (Singh and Uyenoyama, 2004). The effects of
genotype-by-sex interactions may be sex-limited, sexually concordant
or antagonistic, indicating that a genotype that is beneficial in one sex
could be neutral, not as beneficial or even harmful in the opposite sex,
respectively (Bonduriansky and Chenoweth, 2008; Chenoweth and
McGuigan, 2010; Foerster et al., 2007; Foley et al., 2007; Poissant et al.,
2012; Rice, 2000). Genotype-by-sex interactions may promote the ac-
cumulation of sex-specific genetic variance, reduce intersexual genetic
correlations and resolve intralocus sexual conflicts (Barson et al., 2015;
Chenoweth and McGuigan, 2010; Fox and Wolf, 2006; Singh and
Uyenoyama, 2004). Because genotype-by-sex interactions may allow
for the trait divergence between the sexes, evaluating the prevalence
and degree of these interactions would provide insights into how sex-
specific genetic control may contribute to the evolutionary dynamics of
sexual dimorphism.

Growth and age at sexual maturity are important fitness-related
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traits in salmonids (Fleming, 1998; Gross, 1985; Kodama et al., 2012).
Early growth is often phenotypically correlated with later growth, and
variation in growth is linked to variation in age at maturity. Variation
in size and age at sexual maturity tends to be larger in male salmonids
due to the presence of several alternative mating tactics to achieve
fertilization success. Smaller, younger-maturing males may adopt
sneaking behavior to gain access to spawning females whereas large,
late-maturating males may engage in courtship and fighting to gain
access to females and outcompete smaller males (Fleming, 1998; Gross,
1985). In female salmon, size is linked to reproductive output and to the
ability to select and defend nesting sites and therefore variation in size
and age tends to be smaller than in males (Fleming, 1998). Correlations
between growth and age at sexual maturity involve a shift in energy
allocation from growth to reproduction (Hendry and Stearns, 2004;
Roff, 1992). Maturation and growth are correlated in most salmonid
species (Thorpe et al., 1983), where faster growing fish in a given co-
hort mature earlier than conspecifics (Hutchings and Jones, 1998;
Shearer and Swanson, 2000). Thorpe et al. (1998) have proposed a
model where growth performance during fall one year prior to and
spring six months prior to spawning determine the age of sexual ma-
turity (see also Larsen et al., 2006). Specifically, maturation is triggered
if growth performance in an individual fish surpasses a genetically
determined threshold level during the critical periods. The decision to
mature occurs every year (Thorpe et al., 1998), resulting in variable age
at maturity in many salmon species (Waples et al., 2009). The pro-
portions of males and females from a given cohort maturing in any
given year is expected to vary; therefore, knowledge on the presence
and function of genotype-by-sex interactions would be crucial to study
how such interactions may contribute to the sex-specific differences in
growth and age at sexual maturity in salmon.

The genetic basis of growth and age at sexual maturity in salmonids
has been widely investigated through QTL mapping (Gutierrez et al.,
2014, 2012; Küttner et al., 2011; Martyniuk et al., 2003; Moghadam
et al., 2007; Pedersen et al., 2013). Some of these studies observed that
QTL for maturation timing mapped to similar regions as those for body
lengths or weights at certain time points (Küttner et al., 2011;
Martyniuk et al., 2003; Pedersen et al., 2013), indicating that pleio-
tropy or linked genes may be responsible for the correlation. Although
little had been known about the genetic architecture underlying sex
differences in growth and maturity, Barson et al. (2015) recently dis-
covered that a gene controlling age at sexual maturity in Atlantic
salmon exhibited sex-dependent dominance, resulting in earlier ma-
turation in males but later maturation in females. Studies that in-
corporate sex-specificity into the QTL analyses using a suite of growth-
related traits measured at regular intervals over the course of devel-
opment will help identify novel QTL for growth and maturity that are
influenced by sex in salmon. Such studies will demonstrate how geno-
type-by-sex interactions may lead to sex-specific differences in growth
and age at sexual maturity, and provide insights into how the ma-
turation decision might be genetically influenced by temporal growth
performance.

The aim of this study was to characterize genotype-by-sex interac-
tions via QTL mapping based on frequent measures of growth spanning
the key maturation decision periods in a salmonid species with a simple
life history, coho salmon (Oncorhynchus kisutch). This species is ideal to
investigate the importance of genotype-by-sex interactions for growth
and age at sexual maturity during juvenile and sub-adult stages because
individuals can be readily sexed using the sex-determining gene (Yano
et al., 2013). The species is also short lived and semelparous, with most
individuals maturing at three years, but a fraction of males maturing as
two year olds in natural environments (Sandercock, 1991). Given that
age at sexual maturity is an observable binary trait in coho salmon, it is
feasible to phenotype all individuals for this trait within two years. A
domesticated aquaculture strain that has been selectively bred for large
size and early maturation (two years) for over 15 generations (Myers
et al., 2001) was available for this study, and was originally crossed

with individuals from a wild population that mature at the typical age
of three years (McClelland et al., 2005; McClelland and Naish, 2010,
2008).

Measurements in an F4 outbred cross using this strain started during
fall one year preceding the maturation conversion until the fall when
maturation was initiated. Restriction site-associated DNA (RAD) se-
quencing (Baird et al., 2008) was performed on offspring, and se-
quences were aligned against a high-density linkage map for the species
(Kodama et al., 2014) to locate QTL underlying the traits. Genotype-by-
sex (QTL × sex) interactions were incorporated into the QTL models.
Significant interactions were interpreted as evidence for sex-dependent
QTL effects on the phenotypic traits of interest. Our results were aimed
at demonstrating how genotype-by-sex interactions may have resulted
in sex-specific differences for growth and age at sexual maturity. Be-
cause frequent measures of growth spanning the key maturation deci-
sion periods were employed in this study, the results were also aimed at
providing insights into how the maturation decision might be geneti-
cally influenced by temporal growth performance in male and female
coho salmon, with the intention of improving our understanding of sex-
specific life history evolution among salmonid species.

2. Materials and methods

2.1. Experimental crosses

In December 2010, F3 crosses were created from outbred experi-
mental lines of coho salmon established in 2001 (McClelland and Naish,
2010). The F0 populations originated from naturally produced in-
dividuals derived from Bingham Creek (47°15′N, 123°40′W), a tributary
to the Satsop River that drains to the Southwest Washington coast, and
from the Domsea aquaculture line. These populations differ at growth-
related traits such as length, weight and daily growth rate (McClelland
et al., 2005). The Domsea commercial line originated in 1973 and 1974
from the Washington Department of Fish and Wildlife's (WDFW) Wal-
lace River Hatchery (47°87′N, 121°71′W), and was selectively bred for
early maturation (two years) and large size over 15 generations (Myers
et al., 2001). The typical age at maturity at Bingham Creek is two years
for precocious males and three years for adult males and all females
(McClelland et al., 2005; McClelland and Naish, 2010, 2008). Four fa-
milies of F4 offspring were selected for QTL analyses (Family_1, Fa-
mily_2, Family_3, Family_4). All individuals were marked with PIT tags
(Biomark Inc., Boise, ID, USA) in August 2011 at their parr stage (the
juvenile stage prior to physiological transformation for saltwater
adaptation) for individual identification. Each family was placed in a
76 cm diameter tank from August 2011 to August 2012 and then in a
180 cm diameter tank from September 2012 to January 2013.
Throughout the course of the experiment, individuals were fed to sa-
tiation and reared in fresh water at a constant 10 °C.

This study was conducted in the aquaculture environment, where
individuals were kept in captivity from birth to death. The advantage of
this study was that the rearing conditions were kept identical, thus we
avoided the potential effects of the environments on fish growth across
different families; such setting allowed us to identify QTL linked with
growth, without having to account for growth differences originating
from differences in environmental conditions. However, such setting
also means that our experimental setting did not allow us to investigate
the influence of environment on growth, despite that a number of
studies have suggested that such interactions also play a role in influ-
encing age-at-sexual maturity.

2.2. Phenotypic measures

Growth-related and age at maturity traits were examined in two F4
families (Family_1 and Family_2). Lengths and weights were measured
every six weeks from August 2011 when fish were approximately
8 months of age, to November 2012 when fish were approximately
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24 months of age, the age of anticipated first maturation (Table 1). In
order to determine maturation status, each fish was lightly squeezed to
ascertain production of milt or eggs between September and December
2012. Mature fish were designated as 2-year-olds, and fish that did not
mature by January 2013 were assumed to be later maturing 3-year-
olds. Growth-related QTL were also examined in two additional F4 fa-
milies (Family_3 and Family_4). Offspring in these families were mea-
sured every six weeks from August 2011 to February 2012 (Table 1),
when fish were approximately 11 months of age and the experiment
was terminated due to space constraints. Tricaine methanesulfonate
(MS-222) was used for all fish as a sedative to minimize stress during
measurements.

Daily growth coefficients (DGC) at each time interval were calcu-
lated for all individuals from each family as follows (Dupont-Nivet
et al., 2010):

= × −DGC 100 (final individual weight initial individual weight )

days

1 3 1 3

Daily growth coefficients are known to be relatively independent of
initial body weight compared to other growth measurements (e.g.,
weight gain and specific growth rate; Dupont-Nivet et al., 2010).

2.3. DNA extraction and sequencing

Fin clips from all individuals were collected, and genomic DNA was
extracted using the DNeasy extraction kit (QIAGEN, Valencia, CA, USA)
following the manufacturer's procedures. DNA was digested with SbfI,
and a 6-nucleotide barcode was added to each sample for individual
identification following protocols outlined in Baird et al. (2008). Thirty
six individuals were pooled in a single library and sequenced with
100 bp single-read lengths using the Illumina HiSeq 2000 sequencer.
The sequences were sorted, and the barcodes were used to separate
individual sequences using the process_radtags function implemented in
STACKS (Catchen et al., 2011, 2013). Because the quality score of se-
quences decreased beyond 74 nucleotides, sequences were trimmed to
74 nucleotides to remove low-quality sequences. A locus was defined as
a 74-nucleotide RAD sequence for the rest of this study.

2.4. Genotyping

Sequences from both parents and all individuals from each family
were aligned to the reference database of RAD loci developed by
Kodama et al. (2014) using BOWTIE by allowing a maximum of three
nucleotide mismatches per locus. Polymorphic loci with 2 alleles were
identified in each family using STACKS. Genotypes at these loci were
determined when alleles were sequenced with a depth >10× per in-
dividual. Due to the potential bias toward an excess of homozygous
genotypes, genotypes were corrected after running STACKS with the
Python script developed by Brieuc et al. (2014). Specifically,

individuals were determined as heterozygotes at a locus if both alleles
had a depth of more than two and the total read depth was 10× or
greater.

Genetic sex was determined in all four families using PCR amplifi-
cation of a Y-linked growth hormone pseudogene (GH5 and GH6) and
sex-determining gene, sdY (sdY E2S1 and sdY E2AS4), using procedures
described in Kodama et al. (2014).

2.5. Statistical description of phenotypes

Two-sample F tests were performed to determine whether variances
were equal or unequal between females and male offspring for all
normally distributed traits in each family (lengths, weights and daily
growth coefficient). To assess whether the phenotypic means for each
trait differed significantly between females and males, independent
two-sample t-tests were performed with or without equality of var-
iances. Phenotypic correlations between trait pairs for lengths, weights
and daily growth coefficients in male and female offspring for each
family were estimated using Pearson's correlations. Phenotypic corre-
lations between age at sexual maturity, a dichotomous trait, and
lengths, weights or daily growth coefficients were estimated using
Point-Biserial correlations. All statistical tests were performed in R
version 3.0.2 (R Development Core Team, 2010).

2.6. QTL analyses

Quantitative trait locus (QTL) analyses for all traits were performed
using single, two- and multiple-dimensional QTL models in the R-based
software package, R/qtl (Broman et al., 2003; Broman and Sen, 2009).
The female consensus linkage map for coho salmon developed by
Kodama et al. (2014) was used as a framework for the analyses; since
this map was constructed using the same families used in the current
study, polymorphic loci observed in this study were captured in the
map. The program R/qtl only allows one cross type at a time. Therefore,
two analyses were conducted. The first was on each F3 parent sepa-
rately. This allowed the mapping of markers that were polymorphic in
one parent (AB × AA) or in both parents (AB × AB), thus permitting
the utilization of all polymorphic loci. Second, QTL analyses were also
performed on each family using both parents, using the loci that were
polymorphic in either the female or male parent (AB × AA) to increase
the power of the analyses for these loci.

For normally distributed traits (weight, body length and daily
growth coefficients), we used the multiple imputation approach to
perform quantitative trait loci analyses (Broman and Sen, 2009);
missing genotypes given observed marker data were simulated with a
step interval of 1 cM, with 216 draws per genotype and assuming a
genotyping error rate of 0.01. For binary traits (age at maturity), we
used the Haley-Knott regression (Broman and Sen, 2009) to perform
QTL analyses, which relies on genotype probabilities between observed
marker data. These probabilities were calculated with a step size of
1 cM and a genotype error rate of 0.01.

Genotypic and phenotypic associations were examined through a
series of computational steps. First, a genome-wide significance
threshold (α= 0.05) LOD score for each trait was determined by 1000
permutations of genotypic and phenotypic data (Broman and Sen,
2009). For age at sexual maturity, chromosome-specific significance
threshold LOD scores were also estimated using 1000 permutations of
genotypic and phenotypic data. Second, single QTL analyses were
conducted with the scanone function implemented in R/qtl. To explore
the effect of sex on QTL expression, sex was included as an additive or
interactive covariate in the analyses for all traits (Broman and Sen,
2009). Third, further testing was performed with QTL-linked markers as
additive covariates in a single-QTL scan to detect additional loci with
modest effects. Here, QTL that exceeded the 5% genome-wide and
chromosome-specific significance thresholds for age at sexual maturity
in the initial computation, or QTL that exceeded the 5% genome-wide

Table 1
Sampling date, the trait measured for QTL analysis and families in which measurements
were taken.

Measurement date Measurements taken Family

23-08-2011 Length, weight Family_1, 2, 3, 4
04-10-2011 Length, weight Family_1, 2, 3, 4
15-11-2011 Length, weight Family_1, 2, 3, 4
28-12-2011 Length, weight Family_1, 2, 3, 4
07-02-2012 Length, weight Family_1, 2, 3, 4
01-05-2012 Length, weight Family_1, 2
12-06-2012 Length, weight Family_1, 2
24-07-2012 Length, weight Family_1, 2
11-09-2012 Length, weight, maturity status Family_1, 2
15-10-2012 Length, weight, maturity status Family_1, 2
28-11-2012 Length, weight, maturity status Family_1, 2
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significance threshold for all other traits, were used as an additive
covariate in the model. This process was repeated until no new QTL
were identified. Fourth, interactions between QTL were tested by per-
forming a two-QTL genome scan to investigate the presence of epistatic
interactions with the scantwo function. Fifth, significant QTL and
QTL × QTL interactions detected by the single- and two-QTL analyses
were fitted into a multiple QTL model with sex as a covariate. Improved
estimates of the QTL locations were obtained with the refineqtl function
implemented in R/qtl. Sixth, we used the improved estimates of the
QTL locations to fit a multiple model containing all QTL effects as well
as significant QTL × sex and QTL × QTL interactions. Any insignif-
icant QTL or interaction terms at α= 0.05 genome-wide thresholds, as
well as at α= 0.05 chromosome-specific thresholds for age at sexual
maturity were removed, and the location of remaining QTL were re-
fined in an iterative approach until only significant terms remained in
the model. Finally, for all QTL significant at P≤ 0.05, the 95% Bayes
credible interval (CI) was obtained using the bayesint function, and
percentage of phenotypic variance explained (PVE) by each QTL was
estimated using the fitqtl function.

3. Results

3.1. Phenotypic trait measures and statistical description of traits

Two families (Family_1 and Family_2) were measured for 33 phe-
notypic traits associated with growth (Table 1): fork length at 11 time
points (Length23Aug11 to Length28Nov12), body weight at the same 11
time points (Weight23Aug11 to Weight28Nov12), daily growth coefficients
across 10 time intervals (DGC23Aug11_04Oct11 to DGC15Oct12_28Nov12) and
age at sexual maturity at 22 to 24 months. Another two families (Fa-
mily_3 and Family_4) were measured for 14 phenotypic traits associated
with growth (Table 1): fork length at five time points (Length23Aug11 to
Length07Feb12), body weight at the same five time points (Weight23Aug11
to Weight07Feb12) and daily growth coefficients across four time inter-
vals (DGC23Aug11_04Oct11 to DGC28Dec11_07Feb12).

Family sizes varied, ranging from 51 to 102 individuals per family
(Table 2); family sizes were affected by differences in dam fecundity,
fertilization and hatching success, and the survival to smolt stage before
phenotypic measurements were initiated. Phenotypic means and var-
iances between female and male offspring did not differ for most of the
traits in Family_1, Family_2 and Family_3 (except for variances for
Length04oCT11, Weight23Aug11, Weight04Oct11 and DGC28Dec11_07Feb12 in
Family_2; DGC23Aug11_04Oct11 in Family_3; Table 2). In contrast, var-
iances, as well as phenotypic means for almost all traits differed sig-
nificantly between female and male offspring in Family_4 (Table 2).

Almost all lengths and weights were significantly and positively
correlated with each other in both male and female progeny within all
families (P < 0.05; Fig. S1). On the other hand, results were mixed for
daily growth coefficients; the degree, direction and significance of
correlations were inconsistent across families (Fig. S1).

Age at sexual maturity was negatively correlated with all lengths
and weights in both male and female progeny within Family_1 and
Family_2 (Fig. S1.A, B, C, D), and early-maturing individuals (at age 2)
were consistently larger in length and weight than late-maturing in-
dividuals in both families (Fig. S2.A, B, C, D). Growth patterns con-
siderably differed between early- and late-maturing individuals; daily
growth coefficients greatly increased from February 7, 2012 to July 24,
2012 for early-maturing individuals, whereas no such large increase
was observed for late-maturing individuals (Fig. 1.A, B). First signs of
maturation in Family_1 and Family_2 were observed in October 2012.
Age at sexual maturity was negatively correlated with almost all daily
growth coefficients in both Family_1 and Family_2, except for those
measured in the fall 2012, immediately preceding the maturity of early-
maturing individuals (DGC11Sep12_15Oct12, DGC15Oct12_28Nov12; Fig. S1.A,
B, C, D). Such results indicate that individuals with faster growth during
this period tend to mature at age 3. Finally, a similar growth pattern

was observed in Family_3 and Family_4.

3.2. Genetic markers

Family_1, Family_2, Family_3, and Family_4 had 1312, 2033, 1295
and 1950 biallelic loci, respectively, that were polymorphic in each
female parent with known position on the coho salmon linkage map
constructed by Kodama et al. (2014). Family_1, Family_2, Family_3, and
Family_4 had 1502, 1598, 1053 and 1630 biallelic loci, respectively,
that were polymorphic in each male parent with known position on the
coho salmon linkage map. Finally, Family_1, Family_2, Family_3, and
Family_4 had 1170, 2153, 1548 and 1998 biallelic loci, respectively,
that were polymorphic in the female or male parent with known posi-
tion on the coho salmon linkage map. These loci were employed for
further analyses.

3.3. QTL analyses

QTL mapping analyses based on single parent across all four fa-
milies identified a total of 40 significant QTL at α = 0.05 genome-wide
thresholds for length, weight, daily growth coefficient or age at sexual
maturity (Table 3). In addition, one significant QTL at a chromosome-
specific threshold for age at sexual maturity was detected on Co10
(Table 3). QTL mapping analyses based on both parents across all fa-
milies detected 16 QTL, 12 of which were also detected with analyses
performed on each parent (Table S1). QTL were not identified for daily
growth coefficients at certain time intervals (DGC28Dec11_07Feb12, DG-
C07Feb12_01May12, DGC01May12_12Jun12, DGC24Jul12_11Sep12, and DG-
C15Oct12_28Nov12) and weight at one time point (Weight07Feb12). One or
two QTL were detected for each of the remaining traits (Table 3). Un-
ique QTL were observed in each family, suggesting that different QTL
might have segregated across families. In total, only four QTL were
found using the segregation information from the dams, while the rest
were detected using the information from the sires (Table 3). Two QTL
were detected using the segregation information from both the sire and
dam in Family_2 (DGC23Aug11_04Oct11 and DGC04Oct11_15Nov11; Table 3;
Fig. 2). Although different markers were associated with these QTL, the
locations of both QTL detected in the dam were more precise, spanning
a narrower region of the chromosome (Table 3; Fig. 2). Effect sizes of
individual QTL varied from 12.93% to 33.78% for each trait (Table 3).
Across families, almost all QTL detected in Family_1, Family_2 and
Family_3 were of major effect, with PVE over 20%. PVE explained by
QTL detected in Family_2 varied, ranging from 12.93% to 28.11%.

The 41 QTL that were identified mapped to twelve unique regions of
the coho salmon genome (Fig. 2; Table 3). Four of these regions on
linkage groups Co07, Co21, Co23 and Co30 were associated with more
than one QTL for lengths and weights measured at different time points,
reflecting the phenotypic correlations observed among these traits in
this species. Genomic regions on linkage groups Co01, Co02, Co03,
Co05, Co10, Co12, Co27 and Co28 were only linked with one QTL
underlying traits measured at different time points, indicating that
these QTL may be only temporally expressed, or that there was limited
power to detect temporal changes in these QTL.

The offspring sex × QTL interactions were significant for the ma-
jority of the traits (Table 3); of 33 the phenotypic traits with associated
QTL, 22 traits had significant offspring sex × QTL interactions
(Table 3), indicating that the effect of these QTL differ between the
offspring sex. Specifically, there was evidence that these QTL had 1)
strong effects in one sex and marginal effects in the other (Fig. 3.A), or
2) varying or even opposite effects between male and female offspring
(Fig. 3.B, C; for all QTL, see Fig. S3.A–H). In total, four traits were
associated with 2 QTL (Length01May12, Length12Jun12, Weight01May12,
Weight12Jun12; Table 3); of these, offspring sex × QTL interactions were
evident for one QTL, indicating that only a fraction of the QTL may
interact with the offspring sex even if multiple QTL are associated with
the same trait.
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Table 2
Summary of the number of male and female offspring, as well as the phenotypes measured in male and female offspring from each family. Mean and standard deviation (SD) for male and
female, as well as the P-values obtained from the F-tests and t-tests assuming equal or non-equal variance, are shown.

Family Number of offspring Phenotype Male offspring Female offspring F-test P-value t-Test P-value (equal or non-equal variance)

Male Female Mean SD Mean SD

Family 1 37 30 Length23Aug11 118.577 15.179 115.800 17.911 0.433 0.572
Length04Oct11 138.111 17.726 130.800 20.932 0.363 0.147
Length15Nov11 150.784 20.926 147.167 23.442 0.514 0.507
Length28Dec11 163.405 23.937 158.000 25.449 0.720 0.375
Length07Feb12 179.378 27.942 173.600 29.319 0.777 0.413
Length01May12 200.848 30.029 196.000 27.750 0.686 0.522
Length12Jun12 218.242 33.049 212.077 31.662 0.834 0.472
Length24Jul12 241.848 38.220 234.885 35.004 0.657 0.474
Length11Sep12 260.030 36.672 252.885 32.655 0.555 0.439
Length15Oct12 273.152 35.124 267.500 31.788 0.613 0.525
Length28Nov12 281.281 31.801 278.192 29.397 0.693 0.705
Weight23Aug11 20.781 6.415 19.760 8.053 0.284 0.634
Weight04Oct11 33.967 11.747 30.188 12.896 0.605 0.245
Weight15Nov11 46.559 18.317 42.969 18.800 0.873 0.438
Weight28Dec11 57.832 23.389 53.041 23.569 0.954 0.413
Weight07Feb12 79.762 35.564 72.103 33.320 0.724 0.371
Weight01May12 94.703 39.450 85.893 33.635 0.408 0.362
Weight12Jun12 122.530 51.777 110.654 43.335 0.363 0.352
Weight24Jul12 181.588 82.653 162.704 69.912 0.392 0.356
Weight11Sep12 235.412 94.963 215.227 81.357 0.430 0.392
Weight15Oct12 260.770 92.097 237.208 75.019 0.302 0.301
Weight28Nov12 247.500 76.500 226.971 66.508 0.570 0.374

DGC23Aug11_04Oct11 0.940 0.407 0.904 0.381 0.785 0.765
DGC04Oct11_15Nov11 0.860 0.323 0.786 0.269 0.366 0.366
DGC15Nov11_28Dec11 0.626 0.180 0.590 0.176 0.929 0.422
DGC28Dec11_07Feb12 1.012 0.349 0.979 0.298 0.388 0.680
DGC07Feb12_01May12 0.331 0.130 0.375 0.154 0.368 0.238
DGC01May12_12Jun12 0.948 0.250 0.950 0.228 0.643 0.979
DGC12Jun12_24Jul12 1.577 0.529 1.497 0.560 0.750 0.579
DGC24Jul12_11Sep12 1.078 0.242 1.114 0.223 0.682 0.562
DGC11Sep12_15Oct12 0.700 0.339 0.793 0.393 0.434 0.338
DGC15Oct12_28Nov12 0.234 0.180 0.320 0.202 0.602 0.164

Age at sexual maturity 2.545 0.506 2.577 0.504 – 0.813
Family 2 53 49 Length23Aug11 95.620 8.910 97.073 7.171 0.159 0.401

Length04Oct11 105.115 9.548 104.152 6.690 0.016 0.561
Length15Nov11 116.358 9.182 116.163 11.360 0.134 0.924
Length28Dec11 124.245 9.420 124.646 11.799 0.114 0.850
Length07Feb12 134.962 10.736 135.042 13.276 0.136 0.974
Length01May12 149.783 12.142 148.528 11.992 0.949 0.642
Length12Jun12 165.391 15.015 163.432 13.426 0.492 0.538
Length24Jul12 187.891 19.528 184.676 17.044 0.402 0.433
Length11Sep12 210.717 21.302 209.541 18.869 0.456 0.793
Length15Oct12 225.556 21.009 223.472 18.229 0.389 0.640
Length28Nov12 235.578 21.554 233.892 17.896 0.253 0.705
Weight23Aug11 10.792 3.574 11.100 2.385 0.010 0.625
Weight04Oct11 14.919 4.843 14.185 2.849 0.000 0.356
Weight15Nov11 19.157 5.516 18.861 6.428 0.280 0.803
Weight28Dec11 23.381 6.387 23.212 8.031 0.107 0.906
Weight07Feb12 29.944 8.162 30.311 10.242 0.115 0.844
Weight01May12 36.598 9.682 35.917 9.048 0.688 0.749
Weight12Jun12 49.391 15.208 47.670 12.985 0.330 0.586
Weight24Jul12 77.200 28.956 73.862 26.732 0.625 0.591
Weight11Sep12 116.911 42.582 113.268 40.899 0.809 0.694
Weight15Oct12 137.113 43.919 132.836 39.854 0.557 0.651
Weight28Nov12 149.764 45.608 144.124 40.397 0.457 0.559

DGC23Aug11_04Oct11 0.596 0.197 0.534 0.191 0.834 0.132
DGC04Oct11_15Nov11 0.530 0.132 0.526 0.141 0.647 0.862
DGC15Nov11_28Dec11 0.439 0.125 0.453 0.151 0.171 0.624
DGC28Dec11_07Feb12 0.585 0.140 0.629 0.201 0.013 0.208
DGC07Feb12_01May12 0.260 0.095 0.270 0.097 0.891 0.648
DGC01May12_12Jun12 0.847 0.232 0.799 0.173 0.080 0.305
DGC12Jun12_24Jul12 1.346 0.449 1.308 0.403 0.504 0.694
DGC24Jul12_11Sep12 1.277 0.262 1.300 0.245 0.689 0.684
DGC11Sep12_15Oct12 0.789 0.331 0.798 0.286 0.371 0.896
DGC15Oct12_28Nov12 0.326 0.194 0.339 0.147 0.091 0.740

Age at sexual maturity 2.822 0.387 2.919 0.277 – 0.206
Family 3 28 23 Length23Aug11 97.320 9.168 100.778 11.599 0.284 0.281

Length04Oct11 105.593 12.119 109.364 14.110 0.458 0.319
Length15Nov11 109.185 10.849 112.609 14.032 0.209 0.336
Length28Dec11 114.393 10.315 117.130 12.506 0.339 0.396
Length07Feb12 120.750 9.713 123.043 12.062 0.283 0.455

(continued on next page)
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QTL × QTL interactions were significant for the four traits asso-
ciated with 2 QTL (Co07 × Co23 for Length01May12, Length12Jun12,
Weight01May12 and Weight12Jun12; Table 3). Such results demonstrate

that the effect of one QTL depended on the genotype at the other
QTL, indicating the presence of epistatic interactions shaping these
traits.

Table 2 (continued)

Family Number of offspring Phenotype Male offspring Female offspring F-test P-value t-Test P-value (equal or non-equal variance)

Male Female Mean SD Mean SD

Weight23Aug11 12.140 4.572 12.644 6.169 0.174 0.759
Weight04Oct11 15.985 7.036 15.841 4.982 0.112 0.936
Weight15Nov11 16.922 6.419 16.371 4.157 0.050 0.735
Weight28Dec11 19.143 6.228 20.364 7.980 0.224 0.546
Weight07Feb12 22.857 7.087 23.696 8.056 0.522 0.694

DGC23Aug11_04Oct11 0.389 0.188 0.770 1.402 0.000 0.281
DGC04Oct11_15Nov11 0.169 0.137 0.152 0.089 0.056 0.627
DGC15Nov11_28Dec11 0.242 0.130 0.225 0.142 0.677 0.672
DGC28Dec11_07Feb12 0.400 0.157 0.382 0.128 0.337 0.665

Family 4 60 30 Length23Aug11 105.216 15.634 97.346 4.996 0.000 0.002
Length04Oct11 119.534 24.453 107.733 8.686 0.000 0.001
Length15Nov11 131.917 29.565 118.567 9.544 0.000 0.002
Length28Dec11 142.350 35.589 127.241 12.713 0.000 0.004
Length07Feb12 154.817 42.069 136.500 15.303 0.000 0.004
Weight23Aug11 14.388 6.369 11.465 1.774 0.000 0.004
Weight04Oct11 23.202 15.050 16.083 4.216 0.000 0.001
Weight15Nov11 32.327 26.099 21.007 6.309 0.000 0.002
Weight28Dec11 41.566 38.408 25.166 9.143 0.000 0.003
Weight07Feb12 54.740 54.267 32.147 13.686 0.000 0.003

DGC23Aug11_04Oct11 0.829 0.564 0.593 0.165 0.000 0.009
DGC04Oct11_15Nov11 0.675 0.464 0.549 0.216 0.000 0.090
DGC15Nov11_28Dec11 0.526 0.348 0.401 0.166 0.000 0.025
DGC28Dec11_07Feb12 0.703 0.358 0.597 0.201 0.001 0.080

Fig. 1. Daily growth coefficients (DGC) for early- and late-
maturing female and male offspring for Family_1 and
Family_2. Light and dark blue lines represent early- and
late-maturing individuals, respectively, error bars denote
standard deviation. Graphs are depicted as (A) DGC in
Family_1 and (B) DGC in Family_2. (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.4. Data archiving

Phenotypic data (Table S2) and genotypes (Tables S3–S5) are
available, and they will be deposited in the Dryad data repository upon
acceptance of this manuscript.

4. Discussion

The aim of this study was to reveal the sex-specific genetic archi-
tecture of growth and age at sexual maturity in coho salmon, particu-
larly those measured during the key decision windows for maturation.
Here, we have located several QTL for age at sexual maturity and for
length, weight and daily growth coefficients measured over 16 months
of growth. Multiple growth-related QTL across different time periods
localized to the same genomic region, suggesting that these regions
affected growth across many months of development. There was no
evidence for genetic correlations between age at sexual maturity and
growth during critical decision periods, but this result might be at-
tributed to limited experimental power. However, we found that
QTL × sex interactions were widespread, indicating that the effect of
QTL on growth differed between the male and female offspring. There
were also significant QTL × QTL interactions for a few traits, which
means the expression of one QTL depended on that of the other QTL for

these traits (epistasis).
The distribution and effect sizes of the observed QTL indicate that

growth and age at sexual maturation in coho salmon may be controlled
by a relatively low number of genomic regions that explain a fairly
large proportion of the phenotypic variance observed (Fig. 2; Table 3),
but we acknowledge that this conclusion might change with greater
experimental power. Given their large effect sizes, the QTL depicted in
our study may prove useful candidates in aquaculture breeding pro-
grams based on marker-assisted selection, providing accelerated genetic
improvement for growth performance. However, our data also shows
that selection programs for salmonids should take sex into account.

It is important to note that there are a few aspects of the analyses
that limit the power of the study. The relatively small sample sizes (51
to 102 individuals per family) might have led to an overestimation of
the QTL effect sizes (Beavis, 1994), while underestimating the number
of QTL with smaller effects (Mackay, 2001; Mackay et al., 2009). Ad-
ditionally, the power to detect QTL in outbred crosses is lower than
inbred crosses, again restricting the study to loci of large effect (Lynch
and Walsh, 1998; Mackay, 2001). Finally, the limited number of fa-
milies used in this study has likely resulted in reduced power of de-
tecting QTL. Consequently, the genetic architecture of growth-related
traits in this species may be more complex than described here, and
further investigations will likely reveal additional loci underlying the
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Fig. 2. Quantitative trait loci (shown as 95% Bayes credible intervals) for age at sexual maturity and growth-related traits. Only linkage groups with significant QTL are shown, and
linkage groups are named accordingly to the previously published map (Kodama et al., 2014). The marker associated with each QTL is shown by a horizontal bar. QTL for age at sexual
maturity, lengths, weights and daily growth coefficients are shown in dark red, green, blue and pink, respectively. Family name in which the corresponding QTL were detected is shown in
parentheses. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 3
Summary of the QTL identified. Identification includes trait; family name in which the QTL was identified in (Family); the parent in which the QTL was detected (Source); linkage group;
positions and markers to which QTL mapped for; 95% Bayes credible interval (Bayes CI 95%); max LOD score (LOD); percentage of variation explained (PVE); P value of the F-statistic.
QTL are summarized in the order of age at sexual maturity, length, weight to daily growth rate, and from Family_1 to Family_4.

Trait Family Source Linkage group Position (cM) Closest marker Bayes CI (95%) LOD PVE P value of the F-statistic

Age Family_1 Sire Co10 8,66 Co51520_Co10a 8.66–211.42 3,39 15,21 <0.001
Age Family_1 Sire Sex NA NA NA 3,17 14,09 <0.001
Age Family_1 Sire Co10 × Sex NA NA NA 3,06 13,56 <0.001
Age Family_1 Sire Co30 110,92 Co49383_Co30 51.92–132.92 5,25 25,46 <0.001

DGC04Oct11_15Nov11 Family 1 Sire Co27 110,37 Co63035_Co27 25.00–126.00 3,54 24,11 <0.001
DGC15Nov11_28Dec11 Family 1 Sire Co12 31,04 Co28865_Co12a 27.34–173.61 3,79 23,22 <0.001

Length23Aug11 Family_2 Sire Co07 155,69 Co12537_Co07b 34.69–211.09 3,66 16,76 <0.001
Length23Aug11 Family_2 Sire Sex NA NA NA 1,92 8,42 <0.05
Length23Aug11 Family_2 Sire Co07 × Sex NA NA NA 1,8 7,87 <0.01
Length04Oct11 Family_2 Sire Co07 155,69 Co12537_Co07b 39.69–211.09 6,32 25,59 <0.001
Length04Oct11 Family_2 Sire Sex NA NA NA 2,56 9,45 <0.01
Length04Oct11 Family_2 Sire Co07 × Sex NA NA NA 2,23 8,56 <0.01
Length01May12 Family_2 Sire Co07 156,69 Co36884_Co07b 39.69–210.87 5,97 25,45 <0.001
Length01May12 Family_2 Sire Co23 115,33 Co43125_Co23 52.21–117.33 5,21 21,68 <0.001
Length01May12 Family_2 Sire Sex NA NA NA 3,16 12,42 <0.01
Length01May12 Family_2 Sire Co07 × Co23 NA NA NA 1,16 4,28 <0.05
Length01May12 Family_2 Sire Co23 × Sex NA NA NA 3,13 12,26 <0.001
Length12Jun12 Family_2 Sire Co07 156,69 Co36884_Co07b 38.69–211.09 6,18 26,29 <0.001
Length12Jun12 Family_2 Sire Co23 115,33 Co43125_Co23 59.33–117.33 5,63 23,55 <0.001
Length12Jun12 Family_2 Sire Sex NA NA NA 2,39 9,11 <0.01
Length12Jun12 Family_2 Sire Co07 × Co23 NA NA NA 1,79 6,72 <0.01
Length12Jun12 Family_2 Sire Co23 × Sex NA NA NA 2,29 8,7 <0.01
Length24Jul12 Family_2 Sire Co07 41,45 Co32046_Co07u 28.69–211.09 3,75 18,65 <0.001
Length24Jul12 Family_2 Sire Sex NA NA NA 1,68 7,89 <0.05
Length24Jul12 Family_2 Sire Co07 × Sex NA NA NA 1,04 6,52 <0.05
Length11Sep12 Family_2 Sire Co07 155,69 Co12537_Co07b 29.69–211.09 3,99 19,82 <0.001
Length11Sep12 Family_2 Sire Sex NA NA NA 1,26 5,77 <0.1a

Length11Sep12 Family_2 Sire Co07 × Sex NA NA NA 1,17 5,37 <0.005
Length15Oct12 Family_2 Sire Co07 40,69 Co32046_Co07u 30.29–211.09 3,33 14,12 <0.001
Length15Oct12 Family_2 Sire Co30 137,92 Co13317_Co30 79.92–186.07 4,12 17,88 <0.001
Length28Nov12 Family_2 Sire Co07 183,61 Co35895_Co07b 32.69–211.09 3,32 13,25 <0.001
Length28Nov12 Family_2 Sire Co30 142,92 Co13317_Co30 96.92–186.07 5,05 21,14 <0.001
Weight23Aug11 Family_2 Sire Co07 210,95 Co69743_Co07b 36.69–211.09 4,02 18,35 <0.001
Weight23Aug11 Family_2 Sire Sex NA NA NA 2,33 10,18 <0.01
Weight23Aug11 Family_2 Sire Co07 × Sex NA NA NA 2,33 10,09 <0.01
Weight04Oct11 Family_2 Sire Co07 210,95 Co69743_Co07b 39.69–211.09 6,06 24,57 <0.001
Weight04Oct11 Family_2 Sire Sex NA NA NA 2,71 10,15 <0.01
Weight04Oct11 Family_2 Sire Co07 × Sex NA NA NA 2,29 8,46 <0.01
Weight15Nov11 Family_2 Sire Co07 191,69 Co26454_Co07b 27.69–211.09 3,13 13,16 <0.001
Weight15Nov11 Family_2 Sire Sex NA NA NA 2,5 10,35 <0.01
Weight15Nov11 Family_2 Sire Co07 × Sex NA NA NA 2,44 10,12 <0.01
Weight28Dec11 Family_2 Sire Co07 199,37 Co33887_Co07b 28.69–211.09 3,07 12,93 <0.01
Weight28Dec11 Family_2 Sire Sex NA NA NA 2,4 9,97 <0.01
Weight28Dec11 Family_2 Sire Co07 × Sex NA NA NA 2,37 9,84 <0.01
Weight01May12 Family_2 Sire Co07 188,69 Co03559_Co07b 38.69–198.69 5,16 23,42 <0.001
Weight01May12 Family_2 Sire Co23 81,33 Co38954_Co23 49.33–117.33 4,44 19,72 <0.001
Weight01May12 Family_2 Sire Sex NA NA NA 2,08 8,63 <0.05
Weight01May12 Family_2 Sire Co07 × Co23 NA NA NA 1,34 5,43 <0.05
Weight01May12 Family_2 Sire Co23 × Sex NA NA NA 2,05 8,48 <0.01
Weight12Jun12 Family_2 Sire Co07 156,69 Co36884_Co07b 39.69–198.69 6,6 28,11 <0.001
Weight12Jun12 Family_2 Sire Co23 115,27 Co43125_Co23 60.33–117.33 5,53 22,81 <0.001
Weight12Jun12 Family_2 Sire Sex NA NA NA 2,24 8,34 <0.01
Weight12Jun12 Family_2 Sire Co07 × Co23 NA NA NA 1,73 6,4 <0.01
Weight12Jun12 Family_2 Sire Co23 × Sex NA NA NA 2,13 7,96 <0.01
Weight24Jul12 Family_2 Sire Co07 211,09 Co39902_Co07b 28.69–211.09 3,81 18,97 <0.001
Weight24Jul12 Family_2 Sire Sex NA NA NA 1,94 9,18 <0.05
Weight24Jul12 Family_2 Sire Co07 × Sex NA NA NA 1,64 7,67 <0.01
Weight11Sep12 Family_2 Sire Co07 41,45 Co32046_Co07u 25.69–211.09 3,55 17,84 <0.001
Weight11Sep12 Family_2 Sire Sex NA NA NA 1,49 7,01 <0.05
Weight11Sep12 Family_2 Sire Co07 × Sex NA NA NA 1,24 5,83 <0.05
Weight15Oct12 Family_2 Sire Co07 41,45 Co32046_Co07u 24.69–211.09 3,05 13,49 <0.001
Weight15Oct12 Family_2 Sire Co30 141,92 Co13317_Co30 74.92–186.07 3,38 15,11 <0.001
Weight28Nov12 Family_2 Sire Co30 127,92 Co26282_Co30 92.92–176.92 3,94 22,49 <0.001
Weight28Nov12 Family_2 Sire Sex NA NA NA 1,91 10,19 <0.05
Weight28Nov12 Family_2 Sire Co30 × Sex NA NA NA 1,89 10,08 <0.01

DGC23Aug11_04Oct11 Family_2 Sire Co02 214,7 Co43886_Co02b 35.73–229.03 3893 17,6 <0.001
DGC23Aug11_04Oct11 Family_2 Sire Sex NA NA NA 2865 12,61 <0.01
DGC23Aug11_04Oct11 Family_2 Sire Co02 × Sex NA NA NA 2428 10,56 <0.01
DGC04Oct11_15Nov11 Family_2 Sire Co05 246,31 Co41392_Co05b 29.41–247.56 3,23 14,08 <0.001
DGC12Jun12_24Jul12 Family_2 Sire Co30 166,45 Co23020_Co30 69.92–186.07 3,18 16,16 <0.001
DGC11Sep12_15Oct12 Family_2 Sire Co28 114,34 Co26326_Co28 90.04–114.34 4,01 20,36 <0.001
DGC11Sep12_15Oct12 Family_2 Sire Sex NA NA NA 3872 19,61 <0.001

(continued on next page)
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traits measured.
The co-localization of QTL underlying growth-related traits mea-

sured at different time periods suggests that same genes may be con-
tinuously expressed, or the traits could be affected by closely linked
loci. This result also provides evidence for a genetic basis for the ex-
tensive phenotypic correlations we observed (Fig. S1). Our results are in
agreement with McClelland and Naish (2010), confirming that nu-
merous growth-related traits measured at different life stages are ge-
netically correlated in coho salmon. In the present study, many QTL
spanned relatively large segments of the linkage groups (up to
~202.76 cM; Fig. 2; Table 3), and most were detected with the segre-
gation information from the sires (Table 3). Such results were expected
because reduced recombination in male coho salmon (Kodama et al.,
2014) provides greater power to detect QTL, but resolution of the QTL
position is lower (Hayes et al., 2006). Consequently, it was not possible
to distinguish between tightly linked loci and pleiotropy with the cur-
rent study. Future efforts should be directed toward refinement of the
QTL locations using the segregation information from dams to fully
understand the genetic basis of phenotypic correlations in this species.
Nevertheless, the findings depicted herein provide an important step
toward identifying specific genomic regions that may explain pheno-
typic correlations in this species.

Significant negative phenotypic correlations between age at sexual
maturity and growth at different time periods demonstrated that large,
faster growing individuals over the course of development tend to
mature earlier in coho salmon. However, QTL for age at maturity and
growth during fall one year prior to and spring six months prior to the
maturation conversion, suggested by Thorpe et al. (1998), did not map
to the same position within the same family; therefore, this study did
not provide evidence for a genetic correlation between age at sexual
maturity and growth during these critical decision periods. This result
might have a biological explanation, but we cannot rule out the pos-
sibility that the current study did not have sufficient power to detect
this relationship.

One key finding of this study is that the effects of observed QTL
underlying numerous temporally measured growth traits varied widely
between male and female offspring. This result implies that these QTL
are expressed differently between the sexes. Such QTL × sex interac-
tions affecting growth in salmonids have rarely been reported, except
for Haidle et al. (2008), who observed several sex-specific QTL for early
maturation and growth in rainbow trout (O. mykiss), and for Barson
et al. (2015), who identified a large effect locus controlling age at
sexual maturity that exhibited sex-dependent dominance in Atlantic
salmon (Salmo salar). Interestingly, in tilapia (a cichlid fish), the ma-
jority of the QTL linked with growth-related traits were sex-specific (Liu
et al., 2014). Studies have indicated that genes could be expressed ex-
clusively in one sex (sex-specific expression), or expressed in both sexes

but at a higher level in one sex (sex-enriched expression) (Ellegren and
Parsch, 2007). Our study revealed that age at sexual maturity, as well as
lengths, weights and daily growth coefficients over the course of de-
velopment in coho salmon may be under sex-specific control, and it
provides a genetic explanation for sexual dimorphism in growth pat-
terns for salmonids (e.g. Gross, 1985; Fleming, 1998). Our observations
highlight the importance of assessing the contribution of sex and its
interaction with QTL, and indicate that the discovery of QTL linked
with growth-related trait should be performed while considering these
effects.

Quantitative traits shared between the sexes may be shaped by both
common and sex-specific genetic architectures. The current study
identified two QTL linked with age at sexual maturity on linkage groups
Co10 and Co30. Interestingly, the QTL × sex interaction was only
significant on Co10. QTL mapping was conducted separately on male
and female progeny to confirm this finding, and results indicated that
this QTL affects the age at sexual maturity in male and female progeny
differently. In fact, this QTL had opposite effects on male and female
progeny, indicating that this locus may be sex-antagonistic (Fig. 3.C). In
contrast, such QTL × sex interaction was not significant for QTL lo-
cated on the sex chromosome Co30, implying that this QTL affects age
at sexual maturity in both sexes equally. Such findings suggest that QTL
on Co30 may have a potential for selection on age at sexual maturity in
both sexes if targeted through marker-assisted selection, while selection
on the QTL on Co10 may result in sex-specific responses. In wild po-
pulations of coho salmon, variation in age at maturity are typically at
low frequency in females due to the presence of alternative mating
tactics in male (Gross, 1985; Fleming, 1998). Such sex-biased pheno-
typic variation may be shaped by the presence of genotype-by-sex in-
teractions. Combined with the studies of Barson et al. (2015), our re-
sults add to the increasing evidence that while the same set of loci could
be associated with age at sexual maturity, the same genotypes on such
loci may have differential effects on the phenotypic variation between
the sexes.

This study also reports significant epistatic interactions between
QTL linked with lengths and weights measured in spring prior to ma-
turation conversion, in May and June of 2012 when fish were ap-
proximately 8 to 9 months of age. Such interactions were restricted to
two linkage groups, Co07 and Co23. The effects of epistatic interactions
on salmonid growth have been reported in a few studies (e.g. Nichols
et al., 2008; Wringe et al., 2010). Nichols et al. (2008) observed sig-
nificant epistatic interactions among QTL for smoltification and growth
rate from February to June when fish were one year old in rainbow
trout, and these effects were restricted to three linkage groups. Simi-
larly, epistatic interactions among QTL for body weight observed by
Wringe et al. (2010) were significant for a few linkage groups, although
these effects were relatively weak in their study populations.

Table 3 (continued)

Trait Family Source Linkage group Position (cM) Closest marker Bayes CI (95%) LOD PVE P value of the F-statistic

DGC11Sep12_15Oct12 Family_2 Sire Co28 × Sex NA NA NA 3,87 19,59 <0.001
Length04Oct11 Family_3 Sire Co21 36,47 Co25552_Co21 11.04–106.07 3,47 27,26 <0.001
Length04Oct11 Family_3 Sire Sex NA NA NA 0,91 6,13 <0.05
Length15Nov11 Family_3 Sire Co21 36,47 Co25552_Co21 18.04–41.04 4,59 33,78 <0.001
Length15Nov11 Family_3 Sire Sex NA NA NA 2,03 13,22 <0.01
Length15Nov11 Family_3 Sire Co21 × Sex NA NA NA 1,02 6,32 <0.01
Length28Dec11 Family_3 Sire Co21 36,47 Co25552_Co21 10.04–105.04 3,51 26,81 <0.001
Length28Dec11 Family_3 Sire Sex NA NA NA 0,91 6,13 <0.05
Length07Feb12 Family_3 Sire Co21 36,47 Co25552_Co21 4.04–106.07 2,72 21,81 <0.001

DGC15Nov11_28Dec11 Family_3 Dam Co01 144,8 Co44266_Co01u 101.79–157.79 4,22 33,71 <0.001
DGC15Nov11_28Dec11 Family_3 Dam Sex NA NA NA 1,22 8,4 <0.1a

DGC15Nov11_28Dec11 Family_3 Dam Co01 × Sex NA NA NA 1,06 7,23 <0.05
Length23Aug11 Family_4 Dam Co03 212,31 Co58998_Co03u 194.04–220.04 4,91 23,48 <0.001
Length23Aug11 Family_4 Dam Sex NA NA NA 4,15 19,42 <0.001
Length23Aug11 Family_4 Dam Co03 × Sex NA NA NA 1,77 7,71 <0.01

a These terms were included in the final model as their interactions with QTL were significant.

M. Kodama et al. Marine Genomics 38 (2018) 33–44

41



Nevertheless, findings from these studies illuminate the importance of
epistatic interactions among certain linkage groups on salmonid
growth. Observed epistatic interactions may be attributed to the ex-
istence of co-adapted gene complexes that confer a selective advantage
upon growth; if so, outbreeding could result in the disruption of these
gene complexes, potentially reducing fitness, thus posing a genetic risk
to wild populations.

The detection of two QTL linked with age at sexual maturity in this
study (Co10 and Co30; Table 3) provides the ability to perform a
comparative analysis with other salmon species. The large-effect locus
on Ssa chromosome 25 controlling age at sexual maturity in Atlantic
salmon (Ayllon et al., 2015; Barson et al., 2015) corresponds to an arm
of Co02 in coho salmon (Co02b; Kodama et al., 2014). We did not
observe any QTL linked with age at sexual maturity on this chromo-
some arm. This difference may have a biological explanation, or there
may be insufficient experimental power to detect a QTL on the coho
salmon homolog. Interestingly, QTL linked with adult maturation have
been mapped to syntenic chromosome arms to linkage group Co10a in
two other salmonids (Ssa23 in Atlantic salmon; RT-24 in rainbow trout;
Haidle et al., 2008; Pedersen et al., 2013; Kodama et al., 2014). Both
the present study and that on Arctic char, Salvelinus alpinus (Moghadam
et al., 2007) detected QTL on the chromosome with the sex locus (Co30
and AC-4, respectively), although it is important to point out that these
linkage groups are not homologous across the two species. It is there-
fore highly unlikely that these QTL are homologous.

Selection in the Domsea line may have reduced the genetic variation
underlying growth and age at maturity. QTL detection is dependent on
a wide range of factors, such as the degree of polymorphism, allele
frequencies at each locus and phenotypic value for traits of interest.
Because these factors are often population-specific, QTL mapping has
only the potential to reveal genomic regions that are polymorphic be-
tween the progenitors of the population (Lynch and Walsh, 1998;
Palomeque et al., 2010; Symonds et al., 2005). With this limitation in
mind, our study describes a portion of what has been called the “global
genetic architecture”, referring to all of the loci, their effects, and po-
tential interactions that contribute to standing variation for a trait
within a species (Symonds et al., 2005). However, the use of the
Domsea line is beneficial in QTL mapping, because it has an increased
level of linkage disequilibrium between the loci and QTL, thus pro-
viding higher statistical power to detect QTL (Erickson et al., 2004;
Mackay, 2001). We also maximized our ability to detect trait-linked loci
by first outcrossing this strain with an unselected wild population that
differed in growth and age at maturity. We then mapped the segre-
gating loci in the fourth generation, permitting recombination between
the progenitor strains.

The choice of experimental populations for QTL mapping in our
study has implications for inference in other populations. Response to
selection in natural environments (Kodama et al., 2012), in supportive
breeding (Larsen et al., 2013) and in aquaculture (Neira et al., 2006)
will be dependent on genetic variation segregating in the populations.
The loci and their effect sizes will be expected to differ to some degree.
However, our key finding of QTL-by-sex interactions is expected to
affect a wide range of loci underlying growth and age at maturity
generally, because these effects were widespread in our study. There-
fore, we advocate considering these effects in efforts to elucidate sex-
specific responses to selection.

In this study, we located numerous QTL linked with a suite of

Fig. 3. Effect plots of the QTL with significant sex × QTL interactions. Effects of the QTL
underlying (A) Length23Aug11, (B) Length15Nov11 and (C) Age at sexual maturity are
shown. These QTL were detected in the sire of Family_2, the sire of Family_3 and the sire
of Family_1, respectively. Male and female offspring are represented by blue and red lines,
respectively. Y-axis represents effect size, and x-axis represents genotypes at each locus.
Standard errors were calculated in male and female offspring separately for both traits,
and error bars are ±1 SE. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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growth-related traits temporally measured over the critical decision
periods in coho salmon as well as age at sexual maturity. The mapping
of temporal measures of growth-related traits to similar positions may
be due to the existence of pleiotropic effects or linkage disequilibrium,
and fine-scale mapping of QTL in these regions will distinguish between
these factors. One key finding of this study is that the effects of observed
QTL varied widely between the sexes, indicating that growth over the
course of development in coho salmon may be under sex-specific ge-
netic control. The QTL depicted herein may prove useful candidates in
aquaculture breeding programs to provide accelerated genetic im-
provement for growth performance. Furthermore, findings from this
study provide the foundation for future efforts in localizing candidate
genes shaping sex differences in life histories and exploring the adap-
tive significance of growth-related traits in natural populations.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margen.2017.07.004.
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