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Abstract

Understanding the genetic architecture of phenotypic traits can provide important information about
the mechanisms and genomic regions involved in local adaptation and speciation. Here, we used
genotyping-by-sequencing and a combination of previously published and newly generated data
to construct sex-specific linkage maps for sockeye salmon (Oncorhynchus nerka). We then used the
denser female linkage map to conduct quantitative trait locus (QTL) analysis for 4 phenotypic traits in
3 families. The female linkage map consisted of 6322 loci distributed across 29 linkage groups and was
4082 cM long, and the male map contained 2179 loci found on 28 linkage groups and was 2291 cM long.
We found 26 QTL: 6 for thermotolerance, 5 for length, 9 for weight, and 6 for condition factor. QTL were
distributed nonrandomly across the genome and were often found in hotspots containing multiple
QTL for a variety of phenotypic traits. These hotspots may represent adaptively important regions and
are excellent candidates for future research. Comparing our results with studies in other salmonids
revealed several regions with overlapping QTL for the same phenotypic trait, indicating these regions
may be adaptively important across multiple species. Altogether, our study demonstrates the utility of
genomic data for investigating the genetic basis of important phenotypic traits. Additionally, the linkage
map created here will enable future research on the genetic basis of phenotypic traits in salmon.

Subject areas: Quantitative genetics and Mendelian inheritance, Genomics and gene mapping
Key words: condition factor, genotyping by sequencing, linkage map, quantitative trait loci, RAD, sockeye salmon, size,
thermotolerance

Understanding the genetic basis of phenotypic traits can provide tuture (Stinchcombe and Hoekstra 2008). A common method used
important insights into how organisms adapt to their environment to elucidate the genetic basis of phenotypic traits involves examin-
and if they will be able to adapt to changing environments in the ing genotypes at a large number of markers to identify associations
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with phenotypes of interest (Lynch and Walsh 1998). This method,
termed quantitative trait locus (QTL) analysis, has proven useful
in many model organisms, especially those that are agriculturally
important (reviewed in Dekkers and Hospital 2002; Wallace et al.
2014). However, QTL analysis has historically been difficult to con-
duct in nonmodel organisms due the absence of genomic resources
and the large number of genetic markers required (Slate 2005).

The proliferation of genomic data provides a potential solution
to this limitation (reviewed in Allendorf et al. 2010). Genotyping-
by-sequencing (GBS) techniques now make it possible to screen
thousands of markers in hundreds of individuals (Tonsor 2012).
Additionally, genomic data facilitate the creation of high-density
linkage maps that assign markers to specific genomic locations
(Davey et al. 2011). These advances have enabled QTL studies in
a variety of nonmodel organisms, including cichlid fish (Tropheops
sp., Albertson et al. 2014), great tits (Parus major, Santure et al.
2013), and moths (Heliothis sp., Groot et al. 2013).

Salmonids represent ideal candidates for QTL studies due to
their cultural and economic importance, but a lack of genomic
resources has historically limited QTL studies to 2 species of salmo-
nids commonly used in aquaculture: Atlantic salmon (Salmo salar)
and rainbow trout (Oncorbynchus mykiss). Previous QTL studies in
these species have provided some important insights into the genetic
basis of phenotypic traits such as thermotolerance, size, and condi-
tion factor (O’Malley et al. 2003; Perry et al. 20035; Reid et al. 2005).
However, many of these studies employed a relatively small number
of loci (< 300), suggesting that many QTL were not discovered due
to inadequate coverage across the genome (Johnston et al. 2014;
Santure et al. 2013).

The recent availability of genomic data has facilitated the crea-
tion of high density linkage maps for salmonids that provide exten-
sive coverage of the genome and can be used for QTL analysis (see
Gutierrez et al. 2014). These modern linkage maps often include
thousands of loci mapped in both sexes (Lien et al. 2011; Kodama
et al. 2014) and contain both nonduplicated loci and duplicated
loci resulting from an ancient whole genome duplication in salmon
(Brieuc et al. 2014; Waples et al. 2015). Additionally, since many
of these maps are constructed using restriction site associated
DNA (RAD) data from the same restriction enzyme (SbfI), maps
can be easily aligned to discover orthologous regions and marker
overlap between species and studies (Brieuc et al. 2014; Kodama
et al. 2014). Loci on these maps can also be aligned to various
genomic resources to investigate the functional significance of cer-
tain genomic regions (Everett and Seeb 2014; McKinney et al. 2015;
Waples et al. 2015). QTL studies using high-density linkage maps
have revealed loci associated with growth and life-history type in
rainbow trout (Hecht et al. 2012; Miller et al. 2012), thermotol-
erance and size in Chinook salmon (O. tshawytscha, Everett and
Seeb 2014), and ecotype in lake whitefish (Coregonus clupeaformis,
Gagnaire et al. 2013a).

Sockeye salmon (O. nerka) is one of the most intensely man-
aged species across the Pacific Rim because of their iconic stature,
supporting both native cultures and valuable commercial fisheries
(Schindler et al. 2010; Dann et al. 2013); but, the genetic basis of
phenotypic traits in this species has rarely been studied. Here, we
investigated the genetic basis of 4 phenotypic traits, thermotoler-
ance, length, weight, and condition factor, in anadromous sockeye
salmon from southwestern Alaska. Thermotolerance is an important
predictor of how sockeye salmon may respond to climate change
(Eliason et al. 2011); size-related traits including length and weight
are highly correlated with survival and reproductive success in

sockeye salmon (Bradford 1995; Quinn 2005); and condition factor
is associated with the ability of salmonids to survive stressful envi-
ronmental conditions (Robinson et al. 2008).

Thermotolerance is an especially important trait given the recent
increases in premature mortality that have been experienced by
sockeye salmon near the southern extent of their range (reviewed
in Hinch et al. 2012; Miller et al. 2014). These increases are likely
driven by unusually warm summer temperatures and have resulted
in over 95% mortality in some river systems such as the Fraser River
in British Columbia. The recent trends in temperature likely fore-
shadow future environmental conditions emphasizing the impor-
tance of understanding thermotolerance in salmon.

Our objectives were to: 1) construct a dense linkage map for
sockeye salmon using a combination of newly generated and pre-
viously published data (Everett et al. 2012; Limborg et al. 2015),
2) conduct QTL analysis for 4 phenotypic traits in 3 families from a
wild population (families from Everett et al. 2012), 3) align our QTL
with available genomic resources to find potential genes underlying
phenotypic variation, and 4) compare our results to previous studies
in closely related species. Our study represents a significant initial
step towards understanding the genetic basis of important pheno-
typic traits in sockeye salmon. Additionally, the genomic resources
created here will prove extremely valuable for future research in this
and other species.

Materials and Methods

Families Used for Linkage Mapping and QTL
Analysis
We used a combination of existing and newly generated data from
6 families to generate a dense linkage map and conduct QTL analy-
sis (see Table 1 and Figure 1 for information on each family and
an overview of the study design). The families consisted of 2 gyno-
genetic haploid families (GH1, GH2), 1 gynogenetic diploid family
(GD1), and 3 diploid families (D3-DS5) (Table 1, Figure 1). These
families were created from populations sampled at the northern
and southern ends of the species range of sockeye salmon in North
America and represent both the anadromous and freshwater resi-
dent (kokanee) forms of the species (Table 1). The methods used to
create families, preserve samples, and validate ploidy (when appli-
cable) have been described for families GH1, and GD1 by Limborg
et al. (2015) and families D3-D5 by Everett et al. (2012). All fish
handling and rearing was done following University of Washington
Institutional Animal Care and Use Committee protocol 4229-01.
Family GH2 was created by combining eggs with UV-irradiated
sperm following the methods of Thorgaard et al. (1983). Embryos
were preserved in 100% ethanol as close to hatch as possible, and
DNA from the parents and offspring was isolated using QIAGEN
DNAeasy 96 Tissue Kits (Qiagen, Valencia, California). To confirm
ploidy, we genotyped the parents and offspring for 96 EST-derived
5’-nuclease assays (Elfstrom et al. 2006; Storer et al. 2012) follow-
ing the methods of Smith et al. (2011) and Everett and Seeb (2014).
Genotypes for these assays were also available for families GH1 and
D3-D35 and were used for linkage mapping and QTL analysis.

Restriction Site-Associated DNA (RAD) Sequencing,
SNP Discovery, and Genotyping

RAD sequencing was conducted using the enzyme SbfI following the
methods of Baird et al. (2008) and Everett et al. (2012). Sequence
data was then analyzed with the STACKS software package (version
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Table 1. Sampling information for the families used to place markers on the linkage map and conduct QTL analysis.The life history column
denotes whether the family was constructed from resident sockeye salmon that remain in freshwater (kokanee) or from anadromous sock-
eye salmon.The construction of families D3-D5 was described in Everett et al. (2012); RAD sequencing of families D3 and D4 was conducted
in the current study and sequencing of family D5 was conducted in Everett et al. (2012). Genotypes from gynogenetic diploids produced
from family GH1 (family GD1) were used for centromere placement (see text and Limborg et al. 2015). See Figure 1 for a visualization of

the experimental design for this study

Family Source Ploidy  Life Sampling Number of Individuals ~ Sequencing  Average no.
history location method? reads/individual
Mapping QTL analysis

GH1  (Limborg et al. 2015) Haploid Resident Puget Sound, Washington, USA 92 0 SE100 2 500 000

GD1  (Limborg et al. 2015) Diploid Resident Puget Sound, Washington, USA  NAP NAP NAP NAP

GH2  This study Haploid Anadromous Bristol Bay, Alaska, USA 86 0 SE100 1117053

D3 (Everett et al. 2012)  Diploid Anadromous Bristol Bay, Alaska, USA 79 79 SE80 1387758

D4 (Everett et al. 2012)  Diploid Anadromous Bristol Bay, Alaska, USA 88 87 SE80 1323787

DS (Everett et al. 2012)  Diploid Anadromous Bristol Bay, Alaska, USA 138 96 SE80, SE100, 4 671 087

PE80

2SE100: single-end 100 bp Illumina sequencing; SE80: single-end 80 bp sequencing; PE80: paired-end 80 bp sequencing.

"Genotypes from gynogenetic diploids were available from Limborg et al. (2015) and were used to place centromeres. See Limborg et al. (2015) for information

on sample sizes and sequencing.

Parents Cross type Work product
GD1 gynogenetic Centromere
diploid placement
( \ Heat shock
uv :
Kokanee —)[ GH1 haploid Female map ]
o
- uv [ GH2 haploid Male map J
Anadromous
sockeye
—>[ D3-D5 diploid QTL analysis ]

Figure 1. Workflow for this study.The study included a haploid and gynogenetic
diploid family of kokanee (freshwater resident sockeye salmon) sampled
at the southern end of the species range and haploid and diploid families of
anadromous sockeye salmon sampled at the northern end of the species range
(GH2, D3-D5). Gynogenetic haploids (families GH1, GH2) were created by
combining eggs and UV irradiated sperm and gynogenetic diploids (family GD1)
were created by heat shocking eggs and UV irradiated sperm after fertilization.
Diploids (families D3-D5) were created by mating wild individuals from a single
population. The female linkage map included data from all 5 families and
centromeres were placed on this map using knowledge of recombination events
available from the gynogenetic diploids. The male map was constructed using
only the diploid families because gynogenetic haploid families do not include
information about recombination events in males. QTL analysis for 4 phenotypic
traits was conducted for each of the diploid families (D3-D5). Haploid families
were not used for QTL analysis because haploid embryos do not survive past
hatch. Additional information on each family including sample size can be found
inTable 1. Colors are viewable in the online version of the article.

1.20, Catchen et al. 2011; Catchen et al. 2013) and genotyping meth-
ods developed by Waples et al. (2015). Different parameters were
used to genotype haploid and diploid individuals (see Supplementary
File S1). As a final step before linkage mapping, genotypes were fil-
tered to remove individuals and SNPs with > 20% missing data.
Additional information on RAD sequencing and genotyping can be
found in Supplementary File S1.

Linkage Mapping
Separate female and male linkage maps were constructed with the
program LepMap (Rastas et al. 2013). LepMap is a fast and memory

efficient program that utilizes data from multiple families simultane-
ously to construct consensus linkage maps. Parameters for LepMap
analysis were identical to those of McKinney et al. (2015) with 1
exception: the LOD (log10 odds) score limit used to form linkage
groups (LGs) in our study was 9.5 for the female map and 4 for the
male map. We excluded data from diploid families for markers that
were heterozygous for the same alleles in both parents because phase
cannot be unambiguously determined in the offspring.

Gynogenetic diploids (half-tetrads) provide information about
marker-centromere distances from recombination events during
meiosis and facilitate placement of centromeres based on observed
heterozygosity (also known as y, Thorgaard et al. 1983). We placed
centromeres on the female and male linkage maps using genotype
data available from the gynogenetic diploid family GD1 described
and genotyped in Limborg et al. (2015). Centromeres on the female
map were defined as the region of each LG containing all markers
with heterozygosity < 0.1 (Limborg et al. 2015). Centromeres on
the male map were defined as the region containing all markers that
were found to be centromeric in the female map. A and b Arms for
each LG on the female map were arbitrarily assigned based on cen-
tromere location and do not correspond to previous studies (Everett
et al. 2012; Limborg et al. 2015).

We compared our linkage map to existing maps for sockeye
salmon and Chinook salmon to orient our LGs, correlate marker
orders between maps, and establish orthologous relationships. First,
we compared our map to the map generated by Limborg et al.
(2015) and named our LGs based on this map. No alignment step
was necessary for this comparison because the locus names were
identical across studies. We then compared our map to the map of
Everett et al. (2012). Loci shared between studies were identified
with BLASTN (parameters: minimum alignment length of 57bp,
95% identity, and no more than 2 mismatching bases). Finally, we
aligned our map to a map for Chinook salmon (McKinney et al.
2015) to establish orthologous relationships between the 2 species
(BLASTN parameters: minimum alignment length of 80bp, 90%
identity, and no more than 4 mismatching bases). Information from
this alignment was combined with data presented in Brieuc et al.
(2014) and Kodama et al. (2014) to report orthologous relationships
among sockeye salmon, Chinook salmon, coho salmon (O. kisutch),
rainbow trout, and Atlantic salmon.
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Thermal Challenge and Other Phenotypic Data

A thermal challenge was conducted on 96 offspring from families
D3-DS5 following methods similar to Everett and Seeb (2014). Prior
to the thermal challenge, offspring from each family were raised
for 30 days post hatch in separate aquaria kept at 11 °C. Water in
each aquarium was then gradually replaced with water heated to
29 °C until the temperature reached 25 °C. The first 48 individuals
from each family that lost equilibrium were removed and recorded
as thermosusceptible. After 48 individuals lost equilibrium (~2h),
the remaining 48 individuals were sampled and classified as ther-
motolerant. Total length and weight were recorded for each indi-
vidual, and samples were preserved in RNALater (Life Technologies,
Carlsbad, California). Condition factor (K), a standardized measure
of fish health, was then calculated using the formula K = W/L3 x
10° where W = weight in grams and L = length in mm (Bagenal and
Tesch 1978).

Summary statistics for length, weight, and condition factor were
calculated separately for thermotolerant and thermosusceptible indi-
viduals from each family, as well as the family as a whole. We con-
ducted Student’s ¢-tests to investigate the hypothesis that phenotypic
distributions were significantly different between thermotolerant and
thermosusceptible individuals and among families (alpha = 0.05).
Finally, we plotted weight versus length for each family and visually
examined the distribution of thermotolerant and thermosusceptible
individuals in relation to the line of best fit derived for each family.

QTL Analysis

QTL analysis for thermotolerance, length, weight, and condition
factor was conducted separately for each diploid family with the R
package R/qtl (Broman et al. 2003) and methods similar to Hecht
et al. (2012). First, we identified single QTL using the function scan-
one. We then iteratively ran the scanone function, adding previously
identified QTL as cofactors, until no additional QTL were detected.
Experiment and LG-wide significance thresholds (alpha = 0.05) were
determined with permutation tests (1000 iterations) implemented in
scanone. We considered QTL with LOD scores > 3 that were also
above the experiment or LG-wide significance threshold as signifi-
cant (Lander and Kruglyak 1995).

Potential interactions between QTL discovered with scanone
were investigated with the addint function. We then refined the
positions of significant QTL using the refineqtl function. Finally, we
fit a multiple-QTL model including interaction terms for all QTL
found for a given phenotypic trait with the fizqt! function. QTL that
were not significant in the context of the full model (P > 0.05) were
removed and refineqtl and fitqtl were rerun until all QTL included
in the full model were significant. The percentage of variation
explained (PVE) by each QTL was obtained from the results of fizgtl.
Approximate 95% confidence intervals for the position of each QTL
were calculated with the LOD drop-off method implemented in the
lodint function (1.5 LOD drop, Visscher et al. 1996; Dupuis and
Siegmund 1999).

We used orthologous relationships to compare the locations of
QTL in sockeye salmon with QTL discovered in other salmonids to
investigate whether the same genomic regions influence phenotypic
traits across multiple species.

Paired-End Assembly, Alignment to Genomic
Resources, and Functional Annotation

We conducted paired-end assemblies for each locus to increase
query length for functional annotation and alignment to genomic

resources. Paired-end sequences from the 6 parents of families D3—
D35 were assembled with the alignment program CAP3 (150bp
minimum alignment length, Huang and Madan 1999) following the
methods of Etter et al. (2011) and Waples et al. (2015). Consensus
sequences for each locus were aligned to Atlantic salmon genome
scaffolds (ICSASB_v1; GenBank accession: GCA_000233375.3).
Alignments were conducted with the longest sequence available
from each locus using BLASTN (parameters: > 90% identity, <4
mismatches per 100bp, <1 gap per 100bp, and alignment length >
80% of query sequence). Scaffolds were placed on the linkage map
if at least 3 loci on the same LG aligned to the scaffold and the order
of the loci on the linkage map was concordant with their order on
the scaffold. Consensus sequences for each locus were also aligned to
all expressed sequence tags (ESTs) for sockeye salmon in the ¢Grasp
database (http://web.uvic.ca/grasp/) using BLASTN (parameters:
> 90% identity, <4 mismatches per 100bp, <1 gap per 100bp, and
alignment length > 50% of query sequence). If multiple alignments
met these parameters for a single locus, the alignment with the low-
est e-value was retained.

Functional annotation was conducted by aligning paired-end
consensus sequences for each locus to the Swiss-Prot database using
BLASTX. The alignment with the lowest e-value < 10 for each
locus was accepted as the annotation. Additional annotations were
attempted for QTL peak loci that were placed on the Atlantic salmon
genome by aligning 100 000bp of 3" and 5’ flanking sequence for
each locus to the Swiss-Prot database using BLASTX and the param-
eters described above. QTL peak loci that did not directly align to
the genome but were found at map locations spanned by a scaffold
were aligned to the scaffold with relaxed parameters. If the QTL
could be placed in the correct scaffold, annotation was attempted
using the methods described above.

In fulfillment of data archiving guidelines for the Journal of
Heredity (Baker 2013), all data underlying this study are included
as supplementary material or have been deposited in DRYAD or the
NCBI short read archive.

Results

Sequencing, SNP Discovery, and Genotyping

RAD sequence data were obtained from 525 individuals across §
families (Table 1). Sequencing depth varied substantially by family
ranging from an average of 1.1 million sequences per individual for
family GH2 to 4.7 million sequences per individual for family D3
(excluding low quality individuals). SNP discovery using the RAD
data revealed 11 377 polymorphic loci that were genotyped in >
80% of individuals. We added 80 polymorphic 5’-nuclease assays
that were genotyped in > 80% of individuals to this dataset. Finally,
we removed 34 individuals that were genotyped at < 80% of loci
resulting in a final dataset of 491 individuals genotyped at 11 457
loci.

Linkage Mapping

We constructed a female linkage map containing 6322 loci distrib-
uted across 29 LGs and a male linkage map containing 2179 loci dis-
tributed across 28 LGs (Supplementary Figure S1, Figure 2, Table 2,
Supplementary Table S1). The total length of the female map was
4082 cM, and the total length of the male map was 2291 cM. These
maps contained 7367 unique loci, with 1143 loci found on both
maps. Placement of centromeres using gynogenetic diploids was suc-
cessful for all LGs in the female map, and we were able to place cen-
tromeres on 19 of 28 LGs in the male map using information from
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Figure 2. (a) Female and (b) male linkage maps for sockeye salmon
containing 6322 and 2179 loci, respectively. Each dot represents a locus,
and darker shading indicate higher marker density. Centromeres were
successfully placed on all LGs in the female map and 19 of 28 LGs in the
male map. LGs So09 and S09.5 are the sex chromosomes in sockeye salmon
and are represented by 2 acrocentric LGs in the female map and a single
metacentric LG in the male map (see text for additional information). Colors
are viewable in the online version of the article.

markers found to be centromeric on the female map. The female
map contained 6 acrocentric and 23 metacentric LGs, and LG type
was well conserved between male and female maps (excluding LG
S09). LG So09 has been previously identified as the sex chromosomes
for sockeye salmon (Limborg et al. 2015) and is composed of 2 pairs
of acrocentric chromosomes (X, and X,) in females. In males, 1
copy each of X, and X, are fused into a single metacentric chromo-
some (Y) resulting in a single copy of both X, X, and Y in males
(Thorgaard 1978; Faber-Hammond et al. 2012). We designated the 2
acrocentric sex LGs in the female map as So9 and S09.5.

As expected, marker order and LG designations were highly
concordant between our map and 2 previous maps for sockeye
salmon constructed using families included in this study (Everett
et al. 2012; Limborg et al. 2015, data not shown). However, some

differences did exist. We identified 2 differences between our map
and Everett et al. (2012): 1) all markers that we identified from LG
29 in Everett et al. (2012) were placed on LG S027 in our map and
2) LG 9 in Everett et al. (2012) was composed of 2 separate LGs in
our female map. We also identified differences between our map and
Limborg et al. (2015): 1) we were able to join LG So18a and So18b
from Limborg et al. (2015) into a single metacentric LG, 2) we iden-
tified LG So17 as metacentric rather than acrocentric, and 3) we
identified 2 additional homeologous relationships in this study that
were not identified in Limborg et al. (2015) (So10a-So28b, S027a-
S028a, Table 3).

We identified orthologous relationships between Chinook and
sockeye salmon for all 52 LG arms on our maps and extended these
relationships to coho salmon, rainbow trout, and Atlantic salmon
(Table 2). Each orthologous relationship between sockeye and
Chinook salmon was supported by 1-15 marker pairs (average of 7
pairs per relationship, 353 total markers shared between the 2 spe-
cies, Table 2). All LG arms in Chinook salmon aligned to a single LG
arm in sockeye salmon except for LG So17, where both the a and
b arms aligned to a single arm in Chinook salmon (OtsO1p). This
relationship could be a result of a centromere re-location after the
species diverged, but additional information is necessary to validate
this finding.

We mapped 1101 potentially duplicated loci on the female
linkage map using haploids. High concentrations of duplicated
loci were found near the distal ends of 16 LG arms across 14 LGs
(Figure 2), and 8 homeologous relationships were identified by map-
ping 94 duplicated loci that segregated at both paralogs (Table 3).
Comparisons with Chinook salmon, coho salmon, rainbow trout,
and Atlantic salmon revealed that a conserved orthologous suite of
chromosome arms is involved in homeologous pairing across these
species (Table 3).

Phenotypic Data

Phenotypic data for thermotolerance, length, weight, and condition
factor was obtained from 3 diploid families (Table 4). Distributions
of length and condition factor were significantly different among
the 3 families (P < 0.05), but distributions of weight were not.
Thermotolerant individuals in families D3 and D4 were significantly
larger than thermosusceptible individuals (P < 0.05). However, the
opposite relationship was present in family DS (Figure 3, Table 4).
Condition factor was higher for thermotolerant individuals in all
3 families but was only significantly higher in families D3 and D4.

QTL Analysis

We conducted QTL mapping for 4 phenotypic traits in 3 diploid
families using 3496 unique loci placed on the female linkage map.
Family D3 contained 2218 loci suitable for QTL mapping; fam-
ily D4 contained 2160 loci; and family DS contained 2212 loci.
We identified 26 QTL with peaks at 22 unique genomic positions
(Table 5). Of these QTL, 2 were identified as significant at the LG
and experiment-wide level, and 24 were identified as significant at
the LG level. The percentage of variation explained by each QTL
ranged from 6.18 to 34.08%. No significant epistatic interactions
were found among QTL (P > 0.1).

The number of QTL identified varied substantially by family,
phenotypic trait, and LG. We identified 4 QTL in family D3, 10
QTL in family D4, and 12 QTL in family D5. The phenotypic trait
with the most QTL was weight (9), followed by thermotolerance and
condition factor (6), and length (5). Two LGs contained 4 QTL (So6,
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Table 2. Summary of male and female linkage maps for sockeye salmon. Arms for each LG were assigned based on centromere location.
LG type denotes acrocentric (A) and metacentric (M) LGs. Orthology support is the number of loci shared between sockeye salmon and
Chinook salmon for each orthologous relationship. See Brieuc et al. (2014) and Kodama et al. (2014) for additional information on ortholo-
gous relationships between Chinook salmon, coho salmon, rainbow trout, and Atlantic salmon. LG arm designations and cM positions for
markers in this map do not correspond to Limborg et al. (2015), but markers are named the same

Sockeye LG Length (cM) # markers LG type Sockeye  Chinook Coho Rainbow trout Atlantic salmon  Orthology
LG arm chromosome LG chromosome chromosome support

Female  Male Female  Male

Sol 82.88 42.57 170 44 A Sola Ots26 Co26 Omy22 Ssa2l 12
So2 200.06 26.44 290 71 M So2a Ots07p Co05a Omy07p Ssal7qgb
M So2b Ots07q Co05b Omy07q Ssa22 11
So3 155.99 14496 288 64 M So3a Ots03q Co02b Omy03q Ssa2$ 9
M So3b Ots03p Co02a Omy03p Ssa02p 7
So4 12991  214.42 272 110 M So4a Ots13p Col7a Omy18q Ssa27 10
M So4b Ots20 Co23 Omy05p Ssa0lgb 8
So5 150.6 84.79 246 67 M SoSa Ots08q Col5a Omy25q(Omy29)  Ssa09qb 8
M SoSb Ots14p Col6b Omy18p Ssalégb 7
So6 137.72  101.15 192 79 M So6a Ots29 Collb Omy15p Ssa29 N
M So6b Ots21 Co19b Omyl4q Ssa05p N
So7 133.68 155.15 235 80 M So7a Ots31 Co14b Omy14p Ssal4gb N
M So7b Otsl6q Col7b Omy09q SsalSgb 3
So8 167.79 92.96 186 60 M So8a Ots15q Co09b Omy21q Ssa07q 3
M So8b Ots15p Co09a Omy21p Ssa07p 4
S09? 78.12 168 A So09a Ots19 Co22 Omy02q SsalOgb 13
S09.5° 71.26 116 A S09.5a Ots10q Co30 Omy08q Ssal4qa 9
So10 169.69 65.33 263 82 M So10a Ots06q Co04b Omy01q Ssal8qa 4
M So10b Ots30 Co28 Omy10p Ssa04q 7
Soll 167.61 33.75 226 67 M Solla Ots13q Col5b Omy27 Ssa20qgb 3
M Sollb Ots34 Co12b Omy10q Ssa08q N
Sol12 139.01 84.12 232 82 M Sol2a Ots08p Col4a Omy25p Ssa09qa 12
M So12b Ots10p Coléa Omy09p Ssal8gb 8
Sol3 143.45  117.44 237 123 M Sol3a Ots18 Co21 Omy04q Ssa06p 6
M So13b Ots12p Co08a Omyl11p&q Ssa20qa 9
Sol4 161.94 52.96 271 91 M Sol4a Ots23 Col3b Omy02p Ssa05q 1
M So14b Otsl4q Co1l8a Omy24 Ssa09qc 8
Sols 169.46 88.09 293 97 M Sol5a Ots02p Co0la Omy17p Ssa02q 6
M So15b Ots02q Co01b Omyl7q Ssal2gb 3
Solé 68.61 80.06 126 53 A Sol6a Ots25 Co25 Omy20p+q SSa08p&Ssa28 7
So17b 138.95 60.53 173 61 M Sol7a OtsO1p Co10a Omy04p Ssa23 2
M So17b Ots01p Co10a Omy04p Ssa23 15
So18¢ 150.19 31.24 239 60 M Sol8a Otsllq Co07b Omy19q Ssa01p 14
M So18b Otsl1p Co07a Omy19p Ssa04p 5
So19 107.94 41.62 156 57 M So19a Ots33p Co29 OmySex Ssallqa 9
M So19b Ots33q Co29 OmySex Ssallqa 3
S020 144.99  105.9 227 108 M S020a Ots22 Co24 Omyléq Ssal3qa 7
M S020b Ots28 Co27 Omy28 Ssa03p 9
So21 130.01 25.88 189 64 M So2la Ots32 Co20b Omy13p Ssal2qa 4
M So21b Ots27 Co10b Omyl13q Ssa06q 3
So022 152.37 69.22 248 82 M So22a Otsl6p Co18b Omyllp Ssal9qa 6
M S022b Ots09p Co06a Omy12p Ssal3gb 9
S023 152.67 90.55 222 75 M So23a Ots17 Co19a Omy15q Ssal7qa 3
M S023b Ots24 Co20a Omylép Ssal9gb 5
So24 129.68 181.11 221 9% M So24a Ots05q Col3a Omy05q Ssal0qa 9
M S024b Ots05p Col2a Omy08p SsalSqa 4
So25 84.5 65.86 145 63 A So25a Ots06p Co04a Omy01p Ssal6qa 10
So26 159.93 98.08 170 51 A So26a Ots09q Co06b Omyl2q Ssa03q 4
So27 225.35 12.00 281 77 M So27a Ots04q Co03b Omy06q Ssa26 4
M S027b Ots04p Co03a Omy06p Ssa24 13
So28 177.74 14.96 240 108 M So28a Ots12q Co08b Omy26 Ssallgb 3
M S028b Ots01q Co011la  Omy23 Ssa0lqa 8
Total 4082 2291 6322 2179 353

LG So9 is the sex chromosome for sockeye salmon and was represented by 2 acrocentric LGs in the female (S09, S09.5) and a single metacentric LG in the male
(S09). LG So09 in the male contained 107 markers and was 109.5 cM long. LG S09 is denoted as 9A_(X,) in (Limborg et al. 2015), and S09.5a is denoted as 9B_(X).

"Designated as acrocentric in Limborg et al. (2015).

cAssembled as separate LGs in Limborg et al. (2015).
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Table 3. Homeologous LG arms in sockeye salmon, the number of marker pairs supporting each relationship, and corresponding home-
ologous relationships in other salmonids (Brieuc et al. 2014; Kodama et al. 2014)

Homeology in sockeye

# marker pairs

Homeology

Chinook salmon

coho salmon

rainbow trout

Atlantic salmon

So2a-SoSb 9 Ots07p-Ots14p
So3b-Sol4a 19 Ots03p-Ots23
So8b-S023a 9 Ots15p-Ots17
So10a-S028b 6 Ots06q-Ots01q
So11b-So18b 11 Ots11p-Ots34
So15b-So21a 17 Ots02q-Ots32
S021b-S026 10 Ots09q-Ots27
S027a-5028a 13 Ots04q-Ots12q

Co05a-Col6b
Co002a-Co13b
Co09a-Co19a
Co04b-Colla
Co07a-Co12b
Co01b-Co20b
Co06b-Co10b
Co03b-Co08b

Omy07p-Omy18p
Omy03p-Omy02p
Omy21p-Omyl5q
Omy01q-Omy23

Omy19p-Omy10q
Omy17q-Omy13p
Omy12q-Omy13q
Omy06q-Omy26

Ssal7qa-Ssalégb
Ssa02p-Ssa05q
Ssa07p-Ssal7qa
Ssal8qa-Ssa0lqa
Ssa04p-Ssa08q
Ssa02q-Ssal2qa
Ssa03q-Ssa06p
Ssa26-Ssallqa

Table 4. Mean and standard deviation (SD) of length, weight, and condition factor in experimental families. Bold values indicate significant
differences between thermotolerant and thermosusceptible groups based on a Student’s t-test (P < 0.05). Distributions of length and condi-
tion factor were significantly different (P < 0.05) among the 3 families, whereas distributions of weight were not. Combined statistics for
both groups are also given

Phenotype Family Thermotolerant Thermosusceptible Combined
Mean SD Mean SD Mean SD
Length (mm) D3 35.46 2.10 34.80 3.92 35.12 3.16
Length (mm) D4 37.79 2.55 34.80 4.14 36.24 3.76
Length (mm) DS 35.94 4.16 39.56 5.52 37.75 5.19
Weight (g) D3 0.37 0.07 0.32 0.12 0.34 0.10
Weight (g) D4 0.42 0.08 0.29 0.11 0.35 0.11
Weight (g) DS 0.31 0.12 0.41 0.17 0.36 0.15
Condition factor D3 0.82 0.11 0.72 0.19 0.77 0.17
Condition factor D4 0.77 0.10 0.66 0.10 0.71 0.11
Condition factor DS 0.64 0.11 0.62 0.07 0.63 0.10
B Thermotolerant
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Figure 3. Visualization of weight versus length relationships for each individual in family (a) D3, (b) D4, and (c) D5. Each dot represents an individual; dots are

colored according to thermotolerance. A line of best fit is drawn through each distribution. Colors are viewable in the online version of the article.

So11), So28 contained 3 QTL, and the remaining LGs contained 2
or fewer QTL (Figure 4, Supplementary Figure S2).

Genomic regions containing overlapping QTL from different
families were generally uncommon, but we did see this pattern on
LGs So6 and Sol1 (Figure 4). So6 contained overlapping QTL for
thermotolerance (family D35), weight (family D5), and condition
factor (families D3 and D4), and So11 contained overlapping QTL
for thermotolerance (family D3), length (family DS5), and weight

(families D3 and DS5). We also found 8 QTL that shared a peak
marker with another QTL within the same family. Shared markers
were most often associated with QTL for length and weight, but we
did find 1 example of a shared peak QTL marker for thermotoler-
ance and weight (locus 7896).

Comparisons of the locations of QTL discovered in this study
to QTL found in rainbow trout and Chinook salmon revealed sev-
eral orthologous regions of interest. For example, the QTL hotspot


http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esv099/-/DC1

Journal of Heredity, 2016, Vol. 107, No. 2 129

Table 5. Description of 26 significant QTL for 4 phenotypes in 3 diploid families. QTL peak marker is the marker with the highest LOD score
for each QTL, cM is the position of the QTL peak marker, 95% Cl is the approximate 95% confidence interval for the position of the QTL,
PVE is the percentage of variation in the phenotype explained by the QTL, p(F) is the P value of the F statistic in the multiple-QTL model,
and Sig denotes whether the QTL was significant at the LG or experiment-wide level (Exp). Gene abbreviations are provided for loci that
were annotated directly (bold) or annotated based on flanking sequence from the Atlantic salmon genome (italics). See Supplementary
Table S3 for more information on QTL annotations. Marker RAG3 is the 5’-nuclease assay One_RAG-93. Instances where the QTL peak
marker location is not included in the 95% Cl indicate a lack of confidence in the true QTL location and should be interpreted with caution

Phenotype Family =~ QTL Peak Marker LG cM 95% CI LOD PVE p(F) Sig Annotation(s)
Thermotolerance ~ D3 63 844 2 171.57 0.00-192.07 3.35 16.75 S.10E-04 LG KLD7A, MLVCB
Thermotolerance ~ D3 36 045 11 129.89 126.7-133.03 3.32 9.88 9.50E-03 LG
Thermotolerance D4 70 808 25 48 41.28-50.74 3.57 12.37  4.00E-03 LG PABP
Thermotolerance ~ D35 7896 6 31.28 17.53-90.35 3.45 7.58 8.22E-03 LG SMHD3
Thermotolerance ~ D35 87 489 13 51.86 6.13-138.3 4.01 16.35 5.68E-05 LG PANTR
Thermotolerance ~ DS$ 85651 19 86.91 1.71-93.68 3.29 7.89  6.85E-03 LG
Length D4 RAG3 9 54.19 37.36-57.78 3.07 7.56 1.80E-02 LG RAG
Length D4 76 581 26 68.59 14.44-158.81 3.49 8.49 1.10E-02 LG
Length D4 767 479 28 21.56 19.73-23.02 3.59 10.63  4.00E-03 LG
Length DS 44 010 7 63.04 3.61-111.8 3.40 6.97 1.53E-03 LG
Length DS 84 879 11 164.78 164.48-164.9 4.13 13.06 1.03E-05 LG
Weight D3 82 443 11 117.29 0.83-167.61  3.41 11.41  1.00E-02 LG
Weight D4 70 636 15 116.61 112.53-117.01 3.67 10.85 2.20E-03 LG
Weight D4 2639 25 78.49 54.16-78.92 3.09 6.18  2.70E-02 LG
Weight D4 76 581 26 68.59 21.35-158.81  3.28 8.34  8.00E-03 LG SIA7B
Weight D4 767 479 28 21.56 19.73-23.02 4.64 13.90  4.60E-04  Exp
Weight DS 7896 6 31.28 3.60-126.87  3.60 6.67 4.70E-03 LG SMHD3
Weight D5 66 074 7 94.75 3.56-111.8 3.11 13.99  2.53E-05 LG BSN
Weight DS 84 879 11 164.78 164.48-164.9 4.60 19.75 6.22E-07  Exp
Weight DS 30 636 19 11.35 7.24-58.94 3.40 9.96  4.13E-04 LG
Condition factor D3 86 442 6 53.86 50.26-58.87 5.56 34.08 1.33E-07 LG
Condition factor D4 765 637 6 4.82 1.52-97.22 3.45 13.72 1.60E-03 LG
Condition factor D4 5975 28 145.33 3.70-68.97 3.47 6.92  3.50E-02 LG FAS
Condition factor D35 53011 4 64.01 139.87-145.86  3.16 15.16  5.61E-06 LG
Condition factor DS 15419 10 27.56 9.69-82.72 4.92 33.89 5.86E-11 LG
Condition factor DS 7448 20 0 0.00-144.99  3.49 9.74  2.93E-04 LG
e | (a) So6 E Thermotolerance (b) So11
D5 5 Weign '
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Figure 4. Results from QTL analysis for the 2 LGs containing the most QTL, (a) So6 and (b) So11. Bracket lines represent 95% confidence intervals for the location
of each QTL, and dots signify the QTL peak. Colors are viewable in the online version of the article.

found on LG So6 in this study corresponded to a region of chromo-
some Omy14 in rainbow trout that contained multiple QTL related
to growth, condition factor, and morphology (Hecht et al. 2012). We
also discovered that LG So7, which contained QTL for thermotoler-
ance and weight in this study, was orthologous with regions contain-
ing QTL for length and thermotolerance in rainbow trout (Perry
et al. 2005) and length in Chinook salmon (Everett and Seeb 2014).

Paired-End Assembly, Alignments to Genomic
Resources, and Functional Annotation

Construction of consensus sequences longer than 150bp from
PE data was possible for 7146 of 7367 loci (97%, average length
258bp, Supplementary Table S1). Consensus sequences from 480
loci were successfully aligned to the Atlantic salmon genome and
used to anchor 97 unique scaffolds spanning approximately 25% of
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the total female map (Supplementary Tables S1 and S2). Alignment
to sockeye salmon ESTs from the cGRASP database was possible for
98 loci (Supplementary Table S1).

Functional annotation from RAD sequence data was successful
for 840 of 7,367 loci (11%, Supplementary Table S1). Transposable
elements comprised approximately 25% of these annotations; other
common functional groups included DNA polymerases and genes
involved in regulation of programmed cell death. Annotations were
successful for 8 QTL peak markers (9 total annotations, Table 5,
Supplementary Table S3). Of these annotations, 5 were derived from
RAD sequence data, 3 were obtained using flanking sequence from
the Atlantic salmon genome, and 1 was obtained from previous
annotation of a 5’-nuclease assay. Notable annotations included a
QTL for condition factor that aligned to a gene involved in fatty
acid synthesis (FAS, locus 5975) and a QTL for length that aligned
to a gene involved in metabolism and biosynthesis (RAG, locus
One_RAG3-93).

Discussion

Linkage Mapping and Alignment to Genomic
Resources

The first objective of this study was to create a dense linkage map
for sockeye salmon that could be used for QTL analysis. Our link-
age map was constructed from a combination of newly acquired
data along with raw reads from 2 previous mapping studies (Everett
et al. 2012; Limborg et al. 2015) and contains more than double the
number of markers of those maps. Additionally, our map includes
data from both the northern and southern extremes of the species’
range in North America and represents both anadromous and non-
anadromous life-history types.

The female map was approximately twice as long as the male
map, and markers on the male map tended to group towards the
centromeres. Similar results have been well-documented in salmo-
nids and are thought to occur because of sex-specific differences in
the distribution of recombination sites across chromosomes (Lien
et al. 2011; Everett et al. 2012; Kodama et al. 2014). We did not
merge sex-specific maps because of these differences and, instead,
utilized the denser female map for QTL analysis and alignments to
genomic resources. The elevated recombination found in the telo-
meric regions in males makes the male map an important resource
for future studies attempting to order telomeric markers or genome
scaffolds (Lien et al. 2011).

Mapping of duplicated loci on the female map using haploids
revealed patterns of homeology similar to previous studies (reviewed
in Allendorf et al. 2015). High concentrations of duplicated loci
were found in the telomeric regions of 8 pairs of homeologous chro-
mosomes, and these chromosomes were orthologous with chromo-
somes involved in homeologous pairing in other species (Brieuc et al.
2014; Kodama et al. 2014; McKinney et al. 2015). It is important to
note that we were able to locate the 6 pairs of homeologous chromo-
somes described in Limborg et al. (2015) as well as 2 additional pairs
that have not been previously described. This finding provides fur-
ther evidence for the existence of a conserved set of 8 homeologous
chromosome arms containing high concentrations of duplicated loci
across all salmonids (reviewed in Allendorf et al. 2015).

Alignment of our mapped loci to existing genomic resources pro-
vided important functional annotations and allowed us to anchor
our map in the context of 4 other salmonids. Functional annotations
were similar to past RAD studies in salmonids and included a high
proportion of transposable elements (Everett et al. 2012; Everett

and Seeb 2014; Larson et al. 2014). Notably, transposable elements
comprised approximately 25% of annotations, but only 10% of
annotations for duplicated loci (c.f., McKinney et al. 2015; Waples
etal. 2015). Transposable elements are hypothesized to facilitate dif-
ferentiation between homeologs during rediploidization; this may
explain the reduced frequencies of transposable elements in dupli-
cated regions that have not been fully rediplodized (McKinney et al.
2015; Waples et al. 2015). Alignment with RAD-derived linkage
maps from other species revealed orthologous relationships for all
52 LG arms in sockeye salmon. The success of these alignments high-
lights the utility of comparing findings from RAD studies across spe-
cies and demonstrates an advantage for the continued use of SbfI or
other enzymes with restriction sites that overlap with SbfI to ensure
the compatibility of future studies.

We were able to successfully anchor 97 scaffolds from the
Atlantic salmon draft genome to our map, covering about 25% of
the total map length. The continuous sequence provided by these
scaffolds represents an excellent tool for functional annotation and
exploration of genomic regions that are proximate to loci of interest
(Allendorf et al. 2010). However, we were unable to anchor scaffolds
to a large portions of our linkage map, likely due to the draft nature
of the genome assembly, the marker density of our linkage map, and
sequence divergence between sockeye and Atlantic salmon.

Phenotypic Variation in Experimental Families
Significant variation in size and condition factor existed among all
3 families in our study. This variation is likely a result of genetic
rather than environmental effects because the families were raised
in similar environments and these traits have been shown to have
high heritability in other salmonids (reviewed in Garcia et al. 2008).
Thermotolerant individuals had higher condition factors in all
3 families and were larger in 2 of the 3 families. A positive correla-
tion between condition factor and temperature tolerance was also
demonstrated in cutthroat trout (O. clarki, Robinson et al. 2008).
These results suggest that aspects of body composition that are cor-
related with condition factor, such as lipid and protein content, may
be important components of temperature tolerance in salmonids
(Robinson et al. 2008). Significant correlations between size and
upper temperature tolerance have also been observed in rainbow
trout (Perry et al. 2005), but these correlations were not consistent
among experimental families and appeared to be related to paren-
tal effects. A more comprehensive study of size and thermotolerance
across 5 species of Pacific salmon also found no consistent correla-
tion between these traits (Brett 1952). Taken together, these results
suggest that body size is unlikely to be an accurate predictor of
thermotolerance, which may explain the inconsistent trend between
these 2 traits in our families.

QTL Analysis

We identified 26 QTL related to 4 phenotypic traits in 3 experi-
mental families of anadromous sockeye salmon. Each trait displayed
between 0 and 4 QTL within each family. Across families, each trait
contained at least 1 QTL that explained > 10% of the phenotypic
variation. Prevailing theory suggests that most continuous pheno-
typic traits such as those that we examined are likely controlled
by many genes of small effect (Roff 2007). The fact that we found
relatively few QTL for each trait with generally large effect sizes
appears to contrast this theory. However, it is important to note
that the experimental design and relatively small sample sizes used
in this study likely prevented us from discovering the majority of
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small-effect QTL related to each trait. Classical QTL studies gen-
erally employ a multigenerational design and sample sizes of more
than 300 individuals per family to maximize their power to detect
QTL and accurately estimate QTL effect sizes (Beavis et al. 1994; Xu
2003; Erickson et al. 2004). Our study design employing ~100 indi-
viduals from F1 families derived from a wild population undoubt-
edly limited our power to detect QTL, but this design also provides a
cost effective and practical template to discover large-effect QTL in
wild populations of non-model organisms.

The distribution of QTL across the genome in our study was
non-random and was characterized by a few regions containing high
concentrations of QTL related to multiple phenotypic traits inter-
spersed within large regions containing very few QTL. Past stud-
ies have suggested that regions containing large numbers of QTL
(QTL hotspots) are likely involved in the early stages of speciation
as well as the evolution of different life history types (Via and West
2008; Hecht et al. 2012; Gagnaire et al. 2013a). Extensive life his-
tory diversity exists in populations of sockeye salmon from our
study system, including the presence of 3 distinct ecotypes associated
with environment used for spawning (Hilborn et al. 2003). These
ecotypes are characterized by differences in a number of traits, such
as size (Quinn et al. 2001) and condition factor (WAL, personal
observation), and experience substantially different temperature
regimes, likely leading to adaptive differences in thermotolerance.
Although our families were derived from a single ecotype (stream
type), the QTL hotspots that we discovered appear to control at least
some of the variation in traits that distinguish ecotypes, providing
evidence that these hotspots may be involved in local adaptation and
the formation of distinct ecotypes. Future research should focus on
investigating the co-location of QTL hotspots with loci displaying
signatures of divergent selection among ecotypes to further investi-
gate this hypothesis (c.f., Via and West 2008; Gagnaire et al. 2013b).

We found 4 pairs of QTL that shared a peak marker with
another QTL within the same family. All but 1 of these pairs con-
tained QTL associated with length and weight, an anticipated
result given the high degree of correlation between these 2 size-
related traits. The remaining pair was associated with thermotoler-
ance and weight. A QTL affecting thermotolerance and size was
also discovered in rainbow trout and was hypothesized to be the
result of either pleiotropy or linkage disequilibrium (Perry et al.
2005). Pleiotropy occurs when a single gene influences multiple
seemingly unrelated phenotypic traits and may explain the results
we observed. It is also possible that linkage disequilibrium between
2 proximate genes related to thermotolerance and size may be
responsible for these results.

No QTL peak markers were replicated across families. This may
be the result of different segregation patterns in these families and/or
low power to detect small effect QTL due to sample size limitations.
However, we did observe overlapping confidence intervals for QTL
related to the same traits across families, providing strong evidence
for the existence of the QTL.

Comparing the locations of single QTL and QTL hotspots across
related species can provide important information about the genetic
architecture of phenotypic traits (Reid et al. 2005). We found 1
genomic region that contained multiple QTL in sockeye salmon and
rainbow trout and another region that contained multiple QTL in
sockeye salmon, Chinook salmon, and rainbow trout. These regions
represent ideal candidates for future research on the genetic basis
of phenotypic traits in salmonids. Additionally, these results further
illustrate the importance of using a conserved RAD-seq protocol
among studies to accumulate evidence of orthology.

Functional annotation of QTL can potentially be used to identify
the genes underlying phenotypic variation in traits of interest (Pavlidis
etal.2012). We were able to annotate about a third of our QTL, and
several of these QTL annotated to genes with plausible connections
to the phenotypic traits examined (Table 5, Supplementary Table S3).
For example, the QTL for condition factor on LG S028 annotated
to a gene involved in fatty acid synthesis and the QTL for length on
LG So09 annotated to a gene involved in metabolism and biosynthe-
sis. However, it is important to note that the traits we examined are
likely controlled by many genes with obscure roles and that “sto-
rytelling” using functional annotations should be approached with
caution (Pavlidis et al. 2012). Nevertheless, information about genes
found in genomic regions of interest is vital for increasing our under-
standing of the genetic architecture of phenotypic traits and guiding
future research (Allendorf et al. 2010). It is also important to note
that alignments to the Atlantic salmon genome proved helpful for
annotating additional QTL. As this resource improves, it should be
possible to annotate a much larger proportion of QTL discovered
with RAD data.

Conclusions

We successfully constructed the densest linkage map to date for sock-
eye salmon and used this map to detect QTL for 4 phenotypic traits.
QTL were distributed non-randomly across the genome and often
colocalized within QTL hotspots. These hotspots may be important
for adaptation and represent ideal candidates for future studies seek-
ing to understand processes of local adaptation in salmonids. For
example, these QTL hotspots could be examined in thermotolerant
populations to improve our understanding of the genetic basis of
thermotolerance and help to identify thermotolerant populations for
conservation. Comparison of our results with QTL studies in rainbow
trout and Chinook salmon revealed several regions with overlapping
QTL for similar phenotypic traits. These results provide evidence that
the genetic basis of some phenotypic traits is similar across species
and emphasize the importance of additional interspecies comparisons.
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Supplementary material can be found at http://www.jhered.oxford-
journals.org/.
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