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ABSTRACT/SUMMARY

Environmental and landscape features can greatly contribute to population structure, life
history diversification, and adaptation of salmonids. This ongoing project combines two
studies from the Fish & Wildlife Program Accords with the following objectives: 1)
Environment & Landscape Genetics — Evaluate genetic structure of natural populations
of salmonids relative to their environment and identify candidate markers associated with
traits that are related to adaptation of steelhead and Chinook salmon populations; and 2)
Controlled Experiments — laboratory/hatchery experiments with controlled environmental
variables to validate phenotypic response of fish with given genotypes.

During the performance period of July 1, 2011 to June 30, 2012, work was completed
that addresses components of both Objective 1 and Objective 2. For Objective 1, an
extensive genetic baseline with 192 SNPs was created for steelhead throughout the
Columbia River Basin, with ongoing analyses of landscape genetics. For Objective 2,
empirical work was done to further advance our understanding multiple traits related to
recovery of salmonids in the Columbia River. Investigations during the past performance
period focused on thermal tolerance in O. mykiss (Section 1) and smoltification in O.
mykiss (Section 2). However, progress was also made towards developing projects to
investigate disease resistance in O. mykiss, adult run-timing in Chinook salmon, and
further work on thermal tolerance in O. mykiss (Section 3).
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Report Structure

This report is divided into three sections. The first section reports on thermal adaptation,
the second section on smoltification, and the third section provides brief summaries for
ongoing and future work on several traits of interest including disease resistance, run-
timing, heritability of age-at-maturity, and ongoing work for thermal adaptation.



SECTION 1: Thermal adaptation of O. mykiss

Introduction

Environmental temperatures have extensive biological implications for all
organisms, but ectotherms in aquatic systems are particularly affected by thermal profiles
and climate regimes. This is because aquatic ectotherms primarily exchange heat with
their environment through conduction and convection, and their body temperature closely
follows the temperature of surrounding water. Thus environmental temperatures greatly
influence the distribution, physiology, and behavior of aquatic organisms and local
adaptation to thermal systems is the norm (e.g., Schluter 2000). Further, many aquatic
organisms have developed capacities for thermal acclimation that provide greater
tolerance to chronic exposure to stressful temperatures (Tomanek and Somero 1999;
Hoffman et al. 2003; Sinclair and Roberts 2005).

The processes of thermal acclimation and adaptation are often interdependent and
distinct strategies enable species to occur over broad geographic ranges with highly
variable climate regimes. Empirical studies have typically shown that populations at
thermal extremes consist of specialists, and populations elsewhere contain generalists that
function over a wider range of temperatures (reviewed in Portner 2010). However,
temperatures may affect organisms differently, with shifts in reaction norms that cause
changes in niche width, mean performance, and/or optimal temperature (Knies et al.
2006). In the case of thermal adaptation within a species that occurs over a geographical
range with variable climate, reaction norms for performance could include multiple
changes such as horizontal shifts related to environmental temperature along with
reduction of niche width (Fig. 1). Further, initial exposure to extreme temperatures often
causes greater tolerance of subsequent thermal extremes (“acclimatization”,
“preconditioning”, or “hardening”; Beitinger and Bennett 2000; Hoffman et al. 2003;
Sinclair et al. 2003; Sinclair and Roberts 2005; Portner 2010). For this study we define
thermal adaptation as evolution of a population to an altered reaction norm for
temperature, whereas thermal acclimation/acclimatization is any phenotypic response of
individuals to environmental temperature that alters performance, and plausibly changes
fitness (following Angiletta 2009). Therefore, acclimation responses of individuals can
produce fitness advantages that produce evolutionary change in a population over
generations (e.g., Portner 2010).

Anthropogenic induced climate change (IPCC 2007) has caused concerns that
some fishes may go extinct or need to relocate due to limitations related to thermal
tolerance (e.g., Perry et al. 2005; Portner and Knust 2007). However, thermal
acclimation and adaptation of fishes from variable environments has not been well
studied and thus limits the ability to predict the adaptive potential of natural populations
under scenarios of climate change. Current molecular and genomic tools provide the
opportunity to investigate the heat shock response of fishes from varying thermal regimes
and link that information to adaptive regions of the genome that are under selection.
Specifically, heat shock proteins (Hsps) have been demonstrated to be induced and act as
molecular chaperones in all organisms under a variety of stressors including heat stress
(Feder and Hoffman 1999; Basu et al. 2002; Sorensen et al. 2003) and thus quantitative
gene expression can provide a basis for the physiological response of individuals under
experimental thermal conditions. Next-generation sequencing technologies allow for



dense genome wide association mapping of quantitative and binary phenotypic traits (i.e.,
heat shock response and survival/mortality, respectively). These approaches offer the
power of genome wide association in combination with the physiological response of
heat stress to identify patterns of both acclimation and adaptation in natural populations
from varying thermal environments.

In this study we investigate patterns of thermal acclimation and adaptation in
populations of redband trout (O. mykiss gairdneri) from differing aquatic environments.
Redband trout are common in the interior region of the Pacific Northwest of the United
States and occupy streams in both desert and montane climates (Meyer et al. 2010).
Previous studies of this species have demonstrated local adaptation of populations to
warm and cool thermal regimes (Narum et al. 2010). We test hypotheses related to the
heat shock response and identify genomic regions associated with survival to elevated
temperatures over a six week thermal stress experiment within and among strains from
warm (Little Jacks Cr.) and cooler (Keithley Cr.) environments, plus their F1 crosses.
Specific hypotheses include the following expectations: 1) acclimatization of the heat
shock response over time in all strains, 2) adaptive heat shock response in the warm
population relative to those from cooler environments, and 3) adaptive signatures of
selection at genomic regions relevant to thermal stress.

Methods

Fish Populations:

Gametes and fry were collected from two locations (Little Jacks Cr. and Keithley Cr.,
Idaho USA) intended to represent warm and cool adapted populations based on previous
studies (Narum et al. 2010). Gametes were fertilized to produce progeny of a pure warm
adapted strain, pure cool adapted strain, and their F1 crosses. Fry were reared in constant
15°C spring water until they reached an average weight of 5 grams, and then each strain
was divided into treatment and control groups. Three replicate tanks were used to
estimate survival for all treatment and control groups. Fish in recirculating treatment
tanks experienced diel temperature cycles over six weeks that reached a maximum of
28.5°C in the afternoon and a minimum of 17.0°C at night (mean temperature gradient of
~1.5°C per hour), while fish in control tanks were held at a constant temperature of 15°C
(Fig. S1).

Gene expression:

Gill and liver tissues were sampled from fish euthanized with MS-222 at the time of peak
temperatures from both treatment and control tanks on four separate days during the six
week thermal stress experiment (Day1, Day3, Day7, Day28). Three fish were netted
from each replicate tank for a total of nine samples representing each strain for each
control and treatment group on each of the four sampling days. Tissues were stored in
RNA-Iater and frozen at -80°C. Total RNA was isolated with RNeasy kits (Qiagen) and
cDNA was made with kits from Ambion. Quantitative real-time polymerase chain (qQRT-
PCR) reactions with Syber Green assays (LifeTechnologies) were designed for six heat
shock genes (Table S1) with sequences from Campbell and Narum (2009). All qRT-
PCR reactions were completed with a standard curve and beta-actin as a reference gene.
Expression values for each individual were normalized to beta-actin, and mean
expression was calculated for each strain for control and treatment groups on each of the



four sampling days. The mean expression of unstressed control fish was subtracted from
mean expression of treatment fish of each strain in order to correct for constitutive
expression and any potentially confounding signals of expression (e.g., handling stress).
Significance between strains and days were tested with ANOVA.

Genome wide association:

Fin tissue was collected from any fish mortalities by date during the course of the six
week thermal stress experiment, and from all surviving fish at the end of the experiment.
Tissues were preserved by dry storage on Whatman paper until DNA extractions were
completed with DNeasy kits (Qiagen). Template DNA from all individuals was
quantified with a spectrophotometer (Victor xx) and normalized. Samples were prepped
for library construction with restriction-site associated DNA (RAD) protocols (Baird et
al. 2008; Miller et al. 2011). Briefley, DNA was digested with Sbfl and subsequently
ligated with both a barcode adapter and an Illumina sequencing adapter. Barcoding
adapters allowed multiple individuals (16-48) to be pooled in single libraries for
sequencing on an [llumina HiSeq 2000 instrument with single-end 100 reads (U. of
Oregon). Samples were sequenced to reach a minimum target of 1.5 million reads per
individual and data was analyzed following the pipeline by Miller et al. (2011). Briefly,
sequence reads of 100bp were trimmed to 85bp to remove errors on the terminal ends,
and reads from 10 individuals were used for initial identification of SNPs and reads from
all other individuals were subsequently aligned with Novoalign (Novocraft). Genotypes
for each SNP were scored using criteria that required a minimum of five reads to call
homozygotes, and a ratio of 9:1 alternative nucleotides to call a heterozygote. Another
188 SNPs from ESTs were genotyped with Tagman assays run on 96.96 integrated fluidic
chips from Fluidigm with standard protocols as described in Narum et al. (2010). In
total, 12,684 SNPs were genotyped across samples and tests for quality control and
genome wide association were done in PLINK (Purcell et al. 2007). Two separate
strategies were used for genome wide association tests with survival/mortality: first
testing for association overall three populations taking stratification into account, and
then testing for association within each of the three strains (Little Jacks Cr.., Keithley Cr.,
and F1 crosses). In order to reduce false positives, BY-FDR corrections for multiple tests
were used to identify significant associations.

Results

A strong signal for acclimatization of the heat shock response was observed in all
strains of redband trout as measured by quantitative polymerase chain reaction (QPCR) in
six heat shock genes. In five of the six heat shock genes (Fig. 2a-f), mRNA expression
was highly induced at Day 1 but was significantly (p < 0.05) reduced in the remainder of
the six week thermal stress experiment (peak temperatures reaching ~28°C daily). By
Day 3, levels of expression for hsp70, hsp90, hsp47, hsp27 (Fig. 2a-d) were significantly
lower than Day1 (p < 0.05) and more similar to control fish that were held at a constant
temperature of 15°C. In contrast to the strongly induced upregulation observed in the
four hsp genes, the two transcription factors hsfl and hsf2 (Fig. 2e-f) were downregulated
and the signal of acclimatization was either weak (hsf2) or absent (hsfl). In the case of



hsf2, expression was not significantly different than Day1 until Day 7 or Day 28,
depending on the strain.

In addition to acclimatization, patterns of adaptation were also observed in the
heat shock response between the strains of redband trout from warm (Little Jacks Cr.) or
cooler (Keithley Cr.) streams as well as their F1 crosses. In most cases, the relative
expression of heat shock genes in fish from the desert population of Little Jacks Cr. was
more similar to control (unstressed) fish and significantly different (p < 0.05) from those
from the montane population of Keithley Cr. (Fig. 2a-f). The F1 crosses often had levels
of expression that were intermediate to the pure strains, and were significantly different
(p £0.05) from at least one of the pure strains at Day1 in four of the genes (hsp70, hsp47,
hsfl, hsf2). These patterns of adaptation were most prevalent at first exposure to high
temperatures on Day1, but hsp47 (Fig. 2¢) and hsf2 (Fig. 2f) showed consistently
significant differences among strains over the course of the experiment even after
acclimatization. This was not the case for hsp70 (Fig. 2a) and hsfl(Fig. 2e) as relative
expression between strains was only significant on Day1, but not at Day3, Day7, or
Day28. Other spurious differences in gene expression among strains were observed in
hsp90 (Fig. 2b) and hsp27, but no clear patterns were evident.

Tissue samples were collected from individual fish to test for genome wide
association with survival and mortality over the course of the six week thermal stress
experiment. In general, mortality was highest during the first 24 hours of exposure to
high temperatures. Interestingly, redband trout from the desert population of Little Jacks
Cr. had higher mortality (p = 0.056) in the first 24 hours than those from the montane
population of Keithley Cr., but montane fish had highest mortality over the remainder of
the six week experiment (no significant differences among strains; Fig. 3). Mortality of
Flcrosses was not significantly different from either of the pure strains despite higher
rates in the first 24 hours and lower rates in the remainder of the experiment than
Keithley Cr. fish (Fig. 3).

Tests for genome wide association with survival/mortality revealed regions of the
genome that are under selection for thermal stress. Greater than 10,000 SNPs were
genotyped in individuals with restriction-site associated DNA (RAD) sequenced tags, and
tests for stratified allelic association across all strains identified 17 SNPs that were highly
significant after corrections for multiple tests to avoid false positives (Table 1). The
majority of these associated SNPs were from unknown or unannotated genes, but two
were from 3° UTR regions of known ESTs of hsp47 (involved in heat shock response)
and Na—-K-ATPase-a3 (involved in osmoregulation and oxygen transport in gills).
Additionally, peaks of genomic association in LD blocks were identified on
chromosomes x, y, z (Fig. 4) and are strong candidate regions for further studies to
pinpoint polymorphisms responsible for adaptation to thermal stress.

Association of SNPs within each strain followed an expected pattern of adaptation
among strains where there was much greater standing variation for selection to act upon
in montane fish from Keithley Cr. and F1 crosses than in the strain fro Little Jacks Cr.
There were 9 SNPs significantly associated with survival/mortality in the Keithley Cr.
strain and 14 in the F1 crosses as opposed to none in the desert strain from Little Jacks
Cr. (Table S2). Of the 9 significantly associated SNPs from Keithley Cr., many were
from unknown genes but hsp47 was identified as one of the most significantly associated



genes (p = 9.86 e-09). Two other heat shock genes were associated at lower significance
levels (hsf2 and hsc71) along with other candidates such as Na—K-ATPase-a3 (Table S2).

Discussion

When individuals in natural populations are exposed to thermal stress there are
limited possibilities for response including individual efforts to avoid the stressor
(movement, behavior, physiological changes), the population may adapt over generations
to tolerate the stressor, or the population may be extirpated. The current study in redband
trout demonstrates that these fish undergo acclimatization, but also have an adapted heat
shock response in a portion of their range in desert environments.

Acclimatization of the heat shock response occurred in all strains of redband trout
under repeated thermal stress over a period of six weeks. The acclimatization response
was rapid, occurring within Day3 of exposure to elevated temperatures and continuing
through the remainder of the study. However, studies of the heat shock response in
model species such as Drosphila (Sorensen et al. 1999) and other aquatic ectotherms
(Tomenek and Somero 1999; Podrabsky and Somero 2004; Portner et al. 2010) have
shown that acclimatization can occur more quickly and it is possible that finer scale
temporal sampling would identify a similarly timed response in redband trout.
Acclimatization and reduction of the heat shock response has been shown to occur
because the benefit of increased stress resistance becomes hampered by physiological
costs of producing Hsps such as high energy demands, impaired growth, and reduced
fitness (Sorensen et al. 2003).

In addition to acclimatization, results from our study demonstrate that an adaptive
heat shock response has evolved in redband trout in desert environments that may reduce
energetic demands of Hsp production and costs to development and fitness. High
induction of Hsps in the montane strain appeared to have improved short term survival
during the first exposure to high temperatures, but demands of Hsp production may have
led to poorer long term survival. In contrast, the desert strain had significantly lower heat
shock response than the montane fish and F1 crosses, suggesting that these desert fish
have adapted alternative mechanisms to deal with thermal stress with less physiological
costs. While low Hsp response in the desert strain was likely responsible for relatively
high mortality at first exposure to elevated temperatures, stochastic temperature profiles
from nature could not be exactly replicated in a laboratory environment and an abrupt
shift to experimental temperatures may have exceeded upper thermal tolerance limits of
all strains. In particular, fish in the laboratory were reared at a constant temperature near
their optimum (15°C) for several weeks before being moved directly into diel
temperature regimes that increased approximately 1.5°C per hour to a peak of nearly
28°C (Figure S1). While this was an effective study design to induce Hsps in controlled
environments to demonstrate differences among strains, more gradual seasonal changes
are encountered in nature even in desert environments.

Similar adaptive heat shock response has been observed in both laboratory
experiments (Bettencourt et al. 1999; Serensen et al. 1999; Lansing et al. 2000) and
studies of natural populations (Serensen et al. 2001; Fangue et al. 2006) of thermal stress,
with populations from warmer environments expressing lower levels of Hsps than those
from cooler environments due to evolution of alternative mechanisms to deal with stress



response and costs related to Hsp expression (Serensen et al. 1999; Serensen &
Loeschcke 2002b). The phenomenon of adaptive heat shock response observed in
redband trout and other organisms indicates that physiological costs to expressing Hsps
are common in nature and organisms evolve additional mechanisms to lower these costs.
It is yet unknown if parallel solutions among organisms are made to reduce these costs,
but oxygen transport across gill membranes is expected to be critical in aquatic organisms
due to oxygen limitations (Portner 2010), and one such gene (Na—-K-ATPase) involved in
osmoregulation has been determined to be a candidate in both European flounder
(Platichthys flesus; Larsen et al. 2007) and our current study of redband trout.

Results from genome wide association tests validated the adaptive heat shock
response and found significant association at a SNP in the 3’UTR of the hsp47 gene, but
also identified multiple other genomic regions that were associated with survival under
thermal stress. These genomic regions are strong candidates for alternative mechanisms
regulating the response to thermal stress. Previous studies in marine fishes have shown
that oxygen delivery is limiting in climate related stressors (Portner and Knust 2007), and
thus genes involved in oxygen transport are expected to play a significant role.
Additionally, we expect that metabolic and immune pathways could be involved given
the energy demands and potential for disease under thermal stress.

Climate induced thermal stress is expected to increase in future generations and
may have significant impacts on marine (Perry et al. 2005) and freshwater fishes (Ficke
et al. 2007). However, freshwater fishes typically have less potential to alter their
distribution due to natural and anthropogenic barriers (e.g., waterfalls and dams,
respectively) and may be forced to adapt or be extirpated. Therefore, studies that
investigate the adaptive responses of thermal stress are critical for understanding the
potential for adaptation in species such as redband trout that currently occupy broad
geographic regions with different climates. Our results identify genomic regions under
selection for thermal stress and these may be utilized to screen broadly across the species
range to help predict the potential for adaptation to various scenarios of climate change.
Our study indicates that populations from warm environments may already have an
adaptive heat shock response and populations from cool climates may retain suitable
genetic diversity to adapt to changing climate. However, the largest conservation
concern is expected to be for populations that are adapted to very cold environments and
no longer retain the genetic variation to adapt to shifting climates.
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Figure 1. Reaction norms for performance may shift (width, mean, and/or peak) to
become locally adapted to environmental conditions such as temperature. In the example
shown here, the mean reaction norm for the species has shifted from the standard
condition (black line) to either cool (blue line) or warm (red line) environments, and
niche width has narrowed.
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Figure 2. Mean relative gene expression of six heat shock genes for three redband trout
strains reared under chronic diel thermal stress, a) heat shock protein 70, b) heat shock
protein 47, ¢) heat shock protein 90, d) heat shock protein 27, e) heat shock factor 1b, f)
heat shock factor 2. Mean values + SE are shown for each of four collection dates for
fish from Little Jacks Cr. (LJ, warm adapted), Keithley Cr. (K, cool adapted), and their
F1 cross (LJ x K). Values shown are the difference between fish reared at treatment and
control temperatures such that control values are equal to zero, and treatment values that
are closer to zero are more similar to controls. Significant differences between strains at

each time period are shown by letters above the bars.
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Supplemental Figure 1. Diel water temperatures of treatment tanks for a six week thermal
stress experiment of redband trout. Control tanks were maintained at a constant 15°C
throughout the experiment (not shown). Asterisks indicate the four dates when samples
(liver and gill) were collected from fish for gene expression analyses. Two arrows show
dates when water was exchanged with fresh water.
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SECTION 2: Genetic basis of smoltification in O. mykiss

Introduction

Migration is a complex suite of physiological, morphological, and behavioral traits
that act in concert with environmental cues to move animals over great distances (Dingle
2006; Dingle& Drake 2007). Migratory species throughout the globe provide tremendous
ecological benefits and services by shuttling resources from nutrient rich to nutrient poor
habitats. Perhaps one of the greatest examples of this resource shuttling can be seen amongst
the salmonid family of fishes (salmon, trout, and charr) wherein anadromous migratory
individuals transfer resources from the nutrient rich ocean back to their nutrient poor natal
freshwater rivers and streams providing benefits and services in complex ways to entire
ecosystems, from insects, to bears and trees (Quinn 2005; Wilcove& Wikelski 2008).

Within the family of salmonid fishes are species that consist entirely of anadromous
migratory life-history types, species that remain entirely “resident” in natal freshwater
habitats, and species that exhibit both anadromous and resident life-history tactics in
sympatry (Quinn& Myers 2004). All salmonid fishes hatch and rear in freshwater and after a
period of juvenile growth those that are destined to make the journey to sea undergo a
complex transformation called smoltification. Smoltification prepares anadromous juveniles
physiologically, morphologically, and behaviorally for their journey in the ocean, and is
triggered by environmental queues including changes in body growth, photoperiod, water
temperature, and water flow ( Zaugg& McLain 1972; Hoar 1976; Wedemeyer et al. 1980;
Quinn 2005). After a period of growth and maturation at sea, anadromous salmonids find
their way home to their natal streams to spawn. Alternatively resident salmonids hold in
freshwater, never undergo the process of smoltification, and reach sexual maturity without a
marine migration.

Those fishes that undergo smoltification are called “smolts” and can be qualitatively
and quantitatively differentiated from their resident or pre-smolt conspecifics allowing for
the relative determination of an individual’s life-history (McLeese et al. 1994; Beeman et al.
1995; Haner et al. 1995; Ando et al. 2005). During smoltification smolts morph to a more
slender and fusiform body shape with decreased body condition (Hoar 1976; Beeman et al.
1995) and experience a drastic shift in body coloration, morphing from a colorful banded
body pattern to a bright reflective silver scheme with a dark blue-green backs characteristic
of other fishes that dwell in pelagic marine environments (Haner et al. 1995; Quinn 2005).
Additionally as smolts begin to change they experience an increase in Na',K'-ATPase
activity level in their gills, allowing them to effectively osmoregulate once they reach the
saline environment of the ocean ( Zaugg& McLain 1972; Schrock et al. 1994). The
culmination of the smoltification process is a behavioral change, wherein smolts shift from
holding in their natal freshwater habitats to actively migrating downstream to the ocean
(Hoar 1958; Groot 1972; Quinn 2005).

Migratory salmonid populations provide a tremendous economic and cultural benefit
to humans (Quinn 2005), however throughout their range they suffer from overexploitation
(www.fao.org/docrep/015/12389¢/i12389e.pdf) with some populations extirpated and many
others listed under the Endangered Species Act as being threatened or endangered for
extinction (Gustafson et al. 2007). Salmonids are not the only migratory species to suffer
this fate as many of the globe’s migratory species have either disappeared or their
populations are in steep decline, largely due to human activities (Wilcove& Wikelski 2008).
Despite the tremendous benefits migratory species provide to ecological and economic
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systems, and given their rapid global decline, we know relatively little of the genetic basis of
this complex life history in any species (Dingle 2006; Liedvogel et al. 2011).

In large part the lack of knowledge can be attributed to difficulties in designing robust
genetic experiments in migratory species. Difficulties can stem from a lack of genetic
resources, as many of these species are not model organisms, or difficulty in quantifying the
migratory life-history trait and behavior (Liedvogel et al. 2011). Current high throughput
genotyping methods, such as restriction-site associated DNA (RAD) tag sequencing using
next-generation sequencing platforms (Miller et al. 2007; Baird et al. 2008), allow for the
interrogation of hundreds to thousands of SNPs randomly distributed throughout the genome
at a relatively low cost. These platforms make genetic and genomic tools available to non-
model studies and can aid researchers in revealing the genomic regions and even genes
contributing to trait variation in the wild. These methods include the construction of high
density genetic linkage maps (Slate et al. 2009; Amores et al. 2011), population genomics
(Luikart et al. 2003; Storz 2005; Hohenlohe et al. 2010), and association and quantitative
trait loci (QTL) mapping (Johnston et al. 2011). As many migratory species face similar
physiological and environmental challenges in carrying out their life-history it is purported
that several of the associated traits have arisen through convergent evolutionary mechanisms.
Therefore understanding the genetic basis of migration in one species could provide insight
into the genetic basis of migration in other taxa (Dingle 2006) and ultimately assist in the
protection and management of such species.

Rainbow trout (Oncorhynchus mykiss) are a salmonid species which exhibit
tremendous life-history variation, including variation in the propensity to migrate.
Throughout their native range rainbow trout populations exhibit either a wholly freshwater
“resident” tactic in which the fish are called rainbow trout, an anadromous form called
“steelhead”, or populations with both rainbow and steelhead trout living in sympatry (Behnke
2002). Additionally rainbow and steelhead trout can give rise to one another in wild and
experimental populations (Zimmerman& Reeves 2000; Thrower et al. 2004). It has been
shown that migration is in part directed by an underlying heritable genetic component
(Johnsson et al. 1994; Thrower et al. 2004) in addition to environment factors (Narum et al.
2008). Previous studies investigating the genetic basis of anadromy in rainbow and steelhead
trout have identified several candidate markers (Limborg et al. 2012; Martinez et al. 2011;
Narum et al. 2011) or quantitative trait loci (QTL) (Nichols et al. 2008; Hecht et al. in
review) associated with the variable life-history. Some of the QTL regions that have been
discovered are shared among studies, whereas others are unique to the mapping populations
used, suggesting the potential for independent parallel mechanisms of migration arising
within this species (Hecht et al. in review). While QTL mapping in experimental crosses are
a powerful tool for detecting genetic loci contributing to trait variation (Doerge 2002), it is
desirable in studies of evolutionary genetics to understand the genetic architecture of
phenotypic variation in natural populations (Kruuk et al. 2008). Here we utilized RAD-tag
sequencing to genotype thousands of polymorphic SNP loci throughout the genome in two
wild populations of sympatric rainbow and steelhead trout. We aim to test the hypothesis
that conserved genetic loci are associated with the propensity to migrate across geographic
regions. Additionally we aim to determine whether a population that has been sequestered
for more than fifty years following an anthropogenic barrier to migration still contains a
genetic basis to the trait. We test these hypotheses using a genome-wide association study
(GWAS) approach. Moreover, in the absence of a reference genome in any salmonid
species, we use RAD-tag based SNP linkage maps from previous studies (Miller et al. 2012;
Hecht et al. in review), to map SNPs to regions of the genome.
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Materials and Methods
Genetic Samples

In order to detect loci associated with the propensity to migrate two populations of O.
mykiss were sampled from the Pacific Northwest of the United States, each known to
currently or historically harbor steelhead and rainbow trout living in sympatry. One sample
was collected from an upper Yakima River population in the state of Washington, USA
which drains into the Columbia River and maintains its migratory connection to the Pacific
Ocean through fish passages in downstream dams. The other population is from Upper
Mann Creek, a tributary of the Snake River in Idaho, USA which before the completion of
the Brownlee Dam in 1958 had migratory access to the Pacific Ocean but has since been
sequestered upstream of the dam (Holecek et al. 2012) (Fig. 1).

Tissue samples were collected from juvenile Yakima River fish in the spring of 2008
from the North and Middle forks as well as the main-stem of the Teanaway River (Fig. 1).
Fish from these sites in the Yakima River were collected with standard electrofishing
procedures. Both putative migratory smolts and non-migratory residents were collected and
marked using passive integrated transponder (PIT) tags and released after a fin clip was
collected. These same river reaches were surveyed during the summer and fall of the same
year with the same methods. If a PIT tagged fish that was recovered displayed signs of
spawning activity by exuding gametes, it was classified as a non-migratory resident fish
having reached sexual maturity in its natal freshwater habitat (Quinn 2005) and assigned a
value of “1” for the binary life history trait “SMOLT”. If a PIT tag was detected at a
downstream receiver array in the Yakima River or one of four Columbia River dams, the fish
was classified as a migratory steelhead smolt, having out-migrated from its natal stream, a
behavior characteristic of smolting salmonids (Groot 1972), and was assigned a value of “2”
for the binary trait SMOLT. Only PIT tagged samples that could be assigned as residents or
smolts based on the above criteria were used for further analyses from this collection.

Upper Mann Creek samples were subsampled and described in full in a previous
study (Holecek et al. 2012). Briefly, scale samples were collected in the spring of 2009,
between March 18" and June 3", the period at which steelhead smolts in this population
would be expected to out-migrate to the ocean (Holecek et al. 2012). Samples were collected
in a rotary screw trap and euthanized with a lethal dose (150 mg/L) of tricaine
methanesulfonate (MS-222). At this time fish were measured for fork and total body length
(mm), and scale samples were taken for both the estimation of age and for the extraction of
for genetic analysis. Samples were categorized as putative residents or smolts based on
overall body coloration and morphology following the methods of Negus (2003). Putative
residents were those that had retained parr marks and had dark and/or colorful bodies and
were assigned a value of “1” for the binary trait SMOLT. Putative smolts had a
predominantly silver body color and lacked distinguished parr marks (Holecek et al. 2012)
and were assigned a value of “2” for SMOLT. Silvering of juvenile salmonids is tightly
linked to the smoltification process, and is a key determinant of migratory propensity (Haner
et al. 1995; Ando et al. 2005). At the time of sampling a segment of the first gill arch was
also collected in order to measure gill Na* K -ATPase activity (umol Pi - h™ - mg protein™)
as further described in Holecek et al. (2012). Increased gill Na',K'-ATPase activity is
expected to be higher in smolting salmonids compared to pre-smolt or non-migratory resident
fish and is thus a quantitative measure of the seawater readiness of an individual (Zaugg&
McLain 1972; Folmar& Dickhoff 1980).

DNA was extracted from dried fin or scale tissue samples using a DNeasy Blood and
Tissue Kit with additional RNase A treatment (Qiagen, Valencia, CA, U.S.A.) following the
manufacturer’s recommended protocols. Extracted genomic DNA was quantified using
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Quantit PicoGreen dsDNA Assay Kits (Invitrogen, Grand Island, NY, U.S.A.) and a Victor2
microplate fluorometer (Perkin Elmer, Waltham, MA, U.S.A.).

Molecular Biology

Restriction-site Associated DNA (RAD) (Miller et al. 2007) libraries prepared for
[llumina sequencing were produced using a protocol modified from one previously published
(Miller et al. 2012). The protocol was modified to allow for the use of 150 ng of total
gDNA, which was necessary when working with scale tissue samples that yield low
quantities, by bringing all of the Sbfl digested and P1 RAD barcode adapted gDNA forward
for each sample when pooling samples into a library. In this manner multiple aliquots of
each library were produced for shearing in a Bioruptor 300 sonication device (Diagenode,
Denville, NJ, U.S.A.). Here we pooled 38 or 39 uniquely barcoded samples per library, in a
total of five libraries. Each barcode sequence contained six bases that differed from any
other barcode within the same library by at least two bases. The library aliquots were
combined after sonication and concentrated using a MinElute PCR Purification kit (Qiagen,
Valencia, CA, U.S.A.) in preparation for agarose gel size selection. The remainder of the
library preparation follows the methods outlined in Miller et al. (2012). Prior to sequencing,
RAD libraries were quantified using real time PCR and an Illumina Library Quantification
Kit following the manufacturer’s instructions (Kapa Biosystems Inc, Woburn, MA, U.S.A.)
on an ABI 7900HT Sequence Detection System (Life Technologies, Grand Island, NY,
U.S.A.). Libraries were sequenced on an Illumina HiSeq2000 sequencer (Illumina Inc., San
Diego, CA, U.S.A.) at a single read length of 100 bp.

Among migratory salmonid fishes, females have a higher tendency to undergo the
smoltification process and migrate to sea than males (Dellefors& Faremo 1988; Jonsson et al.
1998). Sex was therefore scored, so that it could be used as a covariate in GWAS models to
account for the effect of sex on the binary life history trait SMOLT or ATPase activity.
Males were scored as a “1” and females were scored as a “2”. Samples that could not be
definitively sexed based on the expression of gametes at the time of collection were sexed
using a rainbow trout genetic sex marker, OmyY 1, described elsewhere (Brunelli et al.
2008). This marker has been shown to be between 94-98% accurate at calling the actual sex
of Columbia and Snake River rainbow trout (Brunelli et al. 2008) and is thus an acceptable
proxy for phenotypic sex. For a small number of individuals with limited DNA for which we
could neither determine the sex phenotypically or using the genetic marker OmyY 1, sex was
imputed based on the average sex of the life history trait SMOLT from which it was
assigned. In this manner the individual for whom sex was imputed is non-informative for the
covariate, but still informative in GWAS models for its life-history classification and/or for
its ATPase activity.

Bioinformatics and Genotyping

Genotyping and SNP discovery was performed using Perl scripts and a bioinformatics
pipeline provided and detailed in Miller et al. (2012) which incorporates the alignment tool
Novoalign (Novocraft, Selangor, Malaysia). Briefly, 100 bp reads were trimmed from the 3’
end to 71bp to remove the portion of the read that is most prone to sequencing error and to
reduce the probability of observing multiple SNPs in a single read which can increase the
number of false SNPs discovered. Trimmed reads were filtered using quality scores to
eliminate poor quality reads and those that contained one or more ambiguous base calls.
From the 5’ end of the read the six base barcode sequence and partial Sbfl site sequence were
also removed after reads had been separated based on their unique barcode sequence.
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SNPs were discovered using filtered reads from ten individuals which had an overall
quality filtered sequence depth greater than three million reads. Selecting ten individuals
allowed for the discovery of alleles with a frequency of 0.05 or greater, which was our target
minor allele frequency (MAF) cut off. Three million randomly selected reads were collected
from each of the ten selected samples to assure that each sample was contributing an equal
proportion of the overall variation in sequence. Six of the ten individuals were from the
Upper Yakima population, with three being smolts, and three being residents. One smolt and
resident pair were taken from each of the three sampling locations (North Fork Teanaway,
Middle Fork Teanaway, and main stem Teanaway) in the Upper Yakima. Reads from these
six samples were pooled as if from a single individual representing the Upper Yakima
population into a single FASTA file. Four samples were taken from Upper Mann Creek,
with two being putative smolts, and the other two being putative resident fish. These four
samples were also combined into a single FASTA file to represent the Upper Mann Creek
population. Reads within these two FASTA files were collapsed such that each unique
sequence is represented only once in the file and each header line contains the population
name, a unique identification number for the read, and the number of read occurrences for
that particular sequence. These two FASTA files were then combined to yield a single
FASTA file containing all the unique reads from each population. The reads from this
concatenated FASTA file containing all possible sequences from ten individuals were then
used to make the SNP index, or a catalogue of all unique RAD tag sequences as described
further in Miller et al. (2012) using the alignment program Novoalign (Novocraft, Selangor,
Malaysia). The resulting alignment represents a map of the pairwise alignment scores for
sequences within (internal alignments) and between (external alignments) the two
populations. This map was used to group distinct loci with the following criteria: a sequence
read had to occur more than six times, unless it had a perfect external alignment with a
sequence that occurred more than six times. A sequence had to have at least one external
alignment, to verify that the sequence occurred in both populations. No more than one SNP
locus per RAD tag sequence and no more than two alleles per SNP locus was allowed. Once
an index of loci was generated, each individual was aligned against the index according to
methods described in Miller et al. (2012) to determine the presence and quantity of each
allele sequence within an individual. Genotypes were only scored if the sum of both alleles’
read counts were equal to or greater than five. If the sum of the read counts was less than
five the genotype was scored as missing. Heterozygous genotypes were assigned if the ratio
of reads between allele 1 and allele 2 (A1/A2) was between (10/1) to (1/10) at a locus. If the
ratio was greater than (10/1) the genotype was scored as being homozygous for the Al allele.
If the ratio was below (1/10) the genotype was scored as being homozygous for the A2 allele.

The common ancestor of salmonid fishes experienced a whole-genome duplication
event. As a result of this duplication, modern species experience residual tetrasomic
inheritance at some loci (Sanchez et al. 2009). These duplicated loci can manifest
themselves as false-positive SNPs, or paralogous sequence variants (PSVs) (Miller et al.
2012). In order to detect false-positive SNPs, we aligned RAD-tag sequences from four
unique doubled haploid (DH) clonal lines of rainbow trout, which are homozygous at all loci.
If one of the DH lines is heterozygous at a locus, we removed the locus from further analysis
as being a putative PSV. The DH lines included Clearwater (CL), Oregon State University
(OSU), Swanson (SW), and Whale Rock Reservoir (WR) lines and are further detailed
elsewhere (Young et al. 1996; Nichols et al. 2007; Miller et al. 2012). The RAD-tag
sequences for the DH lines were generated from previous studies and can be downloaded
online from the NCBI Sequence Read Archive under project accession SRP008051 (Miller et
al. 2012) and SRA052219 (Hecht et al. in review).
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Polymorphic Sbfl RAD-tag loci from this study were aligned against those discovered
in two RAD-tag based rainbow trout linkage maps (Miller et al. 2012; Hecht et al. in review)
to assist in the placement of our loci into one of the 29 rainbow trout linkage groups. Miller
et al. (2012), identified 40,641 monomorphic and polymorphic RAD-tag sites, and named
them R0O0001 to R40641. Additionally Hecht et al. (in review) have identified 4,980 unique
polymorphic RAD-tag SNPs which were added to the 40,641 from Miller et al. (2012) and
named R40642-R45621. We aligned our polymorphic RAD-tag loci against this composite
database of 45,621 RAD loci to identify exact sequence matches, so that homologous SNPs
could be identified between studies and our unique loci could be named following the
nomenclature set forth in Miller et al. (2012). Having the ability to assign even a proportion
of the SNPs to a linkage group in the absence of a completed salmonid genome assembly,
would allow for a comparison to other studies which have identified regions of the genome
under selection (Martinez et al. 2011), or QTL for smoltification related traits (Nichols et al.
2008; Hecht et al. in review).

GWAS for the propensity to migrate and ATPase Activity

Sex was tested for its effect on the binary life-history classification and ATPase
Activity using an analysis of variance (ANOVA) in the statistical computing environment R
(http://www.R-project.org/). A significant sex effect would qualify its use as a cofactor in
statistical models described below. In order to test for genome-wide associations between
RAD-tag SNP genotypes and the propensity to migrate, we employ a unified mixed linear
model (MLM) approach, also known as a “Q-K” model, which simultaneously accounts for
both population structure (Q) and cryptic familial relatedness (K) among samples (Balding
2006; Yu et al. 2006). It is known that both population structure and familial relatedness can
cause spurious genotype-phenotype associations, and should be accounted for in tests of
genetic association (Balding 2006). Population structure was estimated by analyzing a subset
of 1000 RAD-tag SNPs with 100% genotyping frequency and a global MAF > 0.1 using the
program Structure version 2.3.3 (Pritchard et al. 2000). Structure was run to determine the
most likely number of distinct populations (k) from 10 iterations for each potential k-value
from 1 to 10 using a burn-in period of 10,000 followed by 100,000 MCMC repetitions. Once
a single k value was determined based on criteria set forth by Evanno et al. (2005), three
additional iterations (for a total of four) using this value of k were run, and the average
coefficient of ancestry for each individual across the k clusters and four runs was calculated
by the program CLUMPP version 1.1.2 (Jakobsson& Rosenberg 2007). Coefficients of
ancestry were then used as cofactors in tests of association to account for underlying
population structure (Q). Familial relatedness was estimated by calculating a kinship matrix
using the complete set of RAD-tag SNPs across all fish samples used for GWAS. The R
package GAPIT (http://www.maizegenetics.net/gapit) was used to generate the matrix using
the EMMA algorithm (Kang et al. 2008).

Association tests were implemented with the compressed mixed linear model
(MLM) approach (Yu et al. 2006; Zhang et al. 2010) and a general linear model (GLM)
executed in the software program TASSEL version 3.0.121 (Bradbury et al. 2007), which
employs the EMMA (Kang et al. 2008) and P3D (Zhang et al. 2010) algorithms to speed
computation. Association tests were run with the following approaches: A) a global
approach where 1) a GLM model for all samples was run using only sex (if a significant
contributor to the variation) and population structure (k -1 coefficients of ancestry (Q)) as
cofactors for SNP effects; and 2) a MLM where sex (if a significant contributor to the
variation), population structure (k -1 coefficients of ancestry (Q)) and a genetic covariance
matrix (kinship matrix, K) were used as cofactors for SNP effects; or B) a population level
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approach where each sampling population (Yakima River or Upper Mann Creek) was run in
a separate analysis using the GLM or MLM as outlined above. Significant associations were
determined using a B-Y FDR p-value adjusted for multiple testing (Benjamini& Y ekutieli
2001) at the o= 0.05 level. This multiple test correction has been shown to be less
conservative than a Bonferroni adjustment (Narum 2006), however, with a phenotype as
complex as the propensity to migrate we feel it is more appropriate to identify plausible
associations than to hold the analysis so stringent that only the largest effects can be detected.
ATPase activity was tested using a GLM and MLM as outlined above for the Upper Mann
Creek population only, as these were the only samples analyzed for this trait.

Prior to analyses, SNP markers were filtered for minor allele frequencies (MAF) of
> (.05, and a minimum genotyping frequency of 80%. Markers were also tested for
deviations from Hardy Weinberg Equilibrium (HWE) expectations for each sampling
population individually to curtail Wahlund effects. Significance for HWE deviations was
determined at the a = 0.05 level adjusted for multiple testing using a Bonferroni correction.
Loci that deviated significantly from HWE expectations were discounted in association tests
to avoid false positives. Within the individual sampling location analyses (i.e. Yakima only
or Upper Mann Creek only), markers were only pruned if they did not meet filtering criteria
when measured within the population under scrutiny. In an effort to annotate the RAD-tag
sequences of all of the loci found to be significant in all of the GWAS models outlined
above, we performed a BLAST against the NCBI RefSeq collection using the blastn feature
of the program Blast2GO (http://www.blast2go.com). In total, 67 bases of the 100bp RAD-
tag sequence were blasted including the complete 8 base Sbfl site on the 5° end of the
sequence.

Results
Genetic Samples

A total of 132 samples that were collected from multiple sites of the upper Yakima
River basin, were sequenced with the RAD protocol. However, five of these samples
produced low yield RAD-tag sequence data, and were pruned from all analyses, leaving 127
samples from the upper Yakima River basin. Of those remaining 127 samples, 98 were
classified as non-migratory resident rainbow trout exuding gametes at the time of collection
and 29 were classified as migratory steelhead smolts having been surveyed by PIT tag at
downstream dams. Of the non-migratory resident fish which could be definitively sexed
based on the expression of gametes, 12 were female and 86 were male. The immature
migratory smolts were sexed using the genetic sex marker OmyY 1 (Brunelli et al. 2008).
Using this marker we concluded that 14 of the smolts were female, 8§ were male, and 7 were
unknown (Table 1).

A total of 57 fish were sequenced from the Upper Mann Creek sample, with two
samples removed from all downstream analysis due to low yield sequence data. Of the
remaining 55 samples, 27 were categorized as putative non-migratory residents with an
average fork length of 118mm (range 69-186mm), and an average scale age of 1.7 years
(range 1-3 years). Twenty-eight samples were categorized as putative migratory smolts with
an average fork length of 161mm (range 130-240mm) and an average scale age of 2.4 years
(range 2-4 years). All of the Upper Mann Creek samples, except for two mature resident
males, were sexed using the genetic sex marker OmyY 1 (Brunelli et al. 2008). Based on
these results, 16 of the resident fish were called as females, 10 as males and 1 was unknown.
Of the smolts, 21 were called as females, 4 as males, and 3 were unknown (Table 1). In
samples for which the sex could not be determined by methods outlined above, sex was
imputed based on the average sex of the assigned life-history class of the individual. For
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smolts the average sex was female, and unknown smolt samples (n=10) were assigned the
sex of female, while for unknown resident fish the average sex was male, and unknown
resident fish (n=1) were assigned the sex of male.

Sex was tested for its effects on both the binary life history trait and ATPase
activity in an ANOVA model. Sex was determined to contribute significantly to the overall
binary life history classification (F = 72.216, P < 0.0001), and was used as a cofactor in
GWAS models for this trait. For ATPase activity there was no significant effect of sex
detected (F = 0.997, P = 0.322) and sex was excluded as a cofactor in these models. When
partitioning ATPase activity by life-history classification we see only a marginally
significant difference (t =-2.07, df = 53, P = 0.04) between the mean activity levels for
smolts (mean = 2.745, std.dev = 1.218, n = 28) and residents (mean = 2.199, std.dev = 0.634,
n=27).

Molecular Biology

Five RAD-tag libraries were prepared for 100bp single read sequencing. The
average number of raw sequence reads across these five libraries was 184,231,878 (range =
165,592,275 — 204,779,007) with an average number of quality filtered reads per library of
125,033,942 (range = 107,332,212 — 137,514,197). The average number of quality filtered
reads per individual was 2,935,039 (range = 1,007,399 — 6,052,847) when not considering
those seven individuals pruned as discussed above. All raw Illumina sequence data was
submitted to the NCBI SRA database under project accession SRA055295.
In total 12,073 polymorphic RAD-tag loci were detected between the 10 individuals and two
populations used in the alignment index. Of those loci, 8,219 aligned perfectly to loci
previously discovered (Miller et al. 2012; Hecht et al. in review) and were named
accordingly (Table S1). Of those with perfect alignment, 4,563 were mapped to one of 29
linkage groups in Miller et al. (2012), and 415 were mapped in Hecht et al. (in review) for a
total of 4,920 (58 of which were shared between the two linkage maps) of 12,073
polymorphic loci which have been previously mapped to a rainbow trout linkage group.
Additionally 3,854 unique loci were discovered here, and named R45622 — R49475. Of the
12,073 locti in this study, 877 (~8%) were found to be heterozygous in at least one of the four
DH fish controls. While it is possible that some of the loci in these DH samples were
heterozygous not because they were truly PSVs or tetrasomically inherited, but could instead
be the result of residual parental nuclear DNA, barcode jumping, or sequencing error (Miller
et al. 2012) we opted here to err on the side of caution and remove all of these loci from
further analyses leaving us with 11,196 loci.

GWAS for the propensity to migrate and ATPase activity

Coefficients of ancestry (Q) were estimated in order to account for underlying
population structure in our sample using the programs STRUCTURE and CLUMPP. The
results of this analysis provided support for k = 4 clusters (Table S2). The Yakima River
basin samples were clustered into two groups, with the main stem Teanaway samples
clustering into a single cluster, and the North and Middle Fork Teanaway samples clustering
into another with some evidence of admixture from the main stem Teanaway population.
The Upper Mann Creek samples also clustered into two groups with evidence of admixture
between the two clusters. Clustering in neither population was associated with life history
classification. It has been shown that the Upper Mann Creek population is a pure redband
trout stock, native to the upper Columbia and Snake River systems (Kozfkay et al. 2011), and
multiple small drainages which feed into Upper Mann Creek are likely to be the source of
this structure.
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Global SMOLT GWAS

For global analyses 517, loci were found to deviate from HWE expectations in the
Yakima River sampling population. In Upper Mann Creek, 240 loci were found to deviate at
the same significance level. While some loci may have deviated from HWE due to Wahlund
effects, we conservatively discounted all SNPs with HWE deviations since they could be
PSVs, genotyping errors, or sequencing errors. Markers were pruned that had a global MAF
< 0.05 and a genotype frequency of < 80% across the samples. After filtering, the global
SNP dataset consisted of 5,019 polymorphic RAD-tag SNPs for use in the global association
tests.

The Global GLM identified 58 significant loci (range P = 2.63E°— 5.34E7), 12 of
which are mapped to 10 different linkage groups in the RAD linkage maps (Table 2). These
58 loci had a mean MAF of 0.2 (range 0.05 - 0.48) and mean genotype frequency of 94.4%
(range 81.3-100%). The global MLM identified 219 significant loci (range P = 6.69E™ —
5.44E), 49 of which are mapped to 19 different linkage groups from the RAD linkage maps
(Table 2). These 219 significant markers had a mean MAF of 0.22 (range 0.05 — 0.5) and
mean genotype frequency of 94.8% (range 80.2-100%). Additionally 10 of the 59 significant
loci identified in the GLM overlapped with those identified in the MLM.

Yakima population SMOLT GWAS

When analyzing the data set within the Yakima sampling population, 6,858 loci
were removed for not meeting the filtering criteria leaving 4,338 loci for analyses. When
performing the GLM 107 SNP markers were found to be significantly associated with the
binary trait (range P = 1.83E™ — 5.47E™), including 22 markers which were assigned to 13
different linkage groups in the RAD linkage maps (Table 2). The mean MAF of those
significant SNPs was 0.21 (range 0.05 — 0.49) and mean genotype frequency was 94.6%
(range 80.3-100%). In performing the MLM in the Yakima samples, 50 loci were
significantly associated with the binary trait (range P = 4.28E” — 5.52E). Of those 50
markers, 11 were assigned to eight linkage groups in the RAD linkage maps (Table 2).
Thirty-four of these 50 markers also overlapped with the significant markers found in the
Yakima only GLM. The mean MAF of these 50 loci was 0.19 (range 0.05 — 0.49) with a
mean genotype frequency of 95.1% (range 80.3-100%).

Upper Mann Creek SMOLT GWAS

When analyzing the data set within the Upper Mann Creek sampling population
alone, 5,157 loci were removed for not meeting the filtering criteria, leaving 6,039 markers
for analyses. When analyzing the binary trait within this population the GLM identified 22
significant loci (range P = 5.34E™ — 5.32E™), seven of which were assigned to six linkage
groups in the RAD linkage maps (Table 2). The mean MAF of these 22 loci was 0.22 (range
0.05 — 0.45) with an average genotype frequency of 98.4% (range 87.3-100%). The MLM
model identified 138 significant loci (range P = 1.4E” — 5.37E™), 18 of which are assigned to
14 linkage groups in the RAD linkage maps (Table 2). Only three of the loci identified in
this model were also identified in the GLM. The mean MAF of the 138 significant loci was
0.22 (range 0.05 — 0.49) with an average genotype frequency of 97.4% (range 81.8-100%).
Across all six of the models analyzed for the binary trait, 504 unique loci have been found to
be significantly associated with the propensity to migrate in at least one of the models (Table
S3). Of those 504, 93 have been assigned to 27 of the 29 linkage groups from the RAD
linkage maps (Fig. 2), with only Omy5 and Omy26 not represented among the mapped loci
(Table 2). Three loci (R12248, R44513, and R46239) were significantly associated in four of
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the six models, including both GLM and MLM models from the global analysis and the
Yakima population analysis. One of these markers, R12248, has been assigned to linkage
group Omy12. Ten loci (R00232, R0O1282, R15864, R16102, R29254, R32458, R35562,
R40048, R47293, and R48642) were significant in three of the six models, with each model
represented among these ten except for the MLM in the Upper Mann Creek population,
which did not detect any of these loci to be significantly associated with the binary trait.
Four of these ten have been mapped including R29254 to Omy2, R35562 to Omy10, R32458
to Omy11, and R00232 to Omy12. Sixty-one markers were found to be significant in at least
two of the six models, with 15 of those markers being mapped in one of the RAD linkage
maps. The remaining 430 significant markers were only detected as significant in one of the
six models (Table S3).

The linkage group with the most significant loci detected across the binary analyses
was Omy11, having 14 total instances (Table 2; Fig. 2). Ten of these 14 instances are unique
loci, with three loci being detected in more than one test, including locus R32458, which was
detected in three tests overall. The loci detected in the most tests genome-wide included
R12248, R44513, and R46239, with R12248 being assigned to linkage group Omy12 (Fig.
2). Each of these three loci was detected in four of the binary trait models including both
GLM and MLM from the global and Yakima-wise tests (Table S3).

Upper Mann Creek ATPase GWAS

Association tests for ATPase activity were carried out on the Upper Mann Creek
sampling population in the same manner as described above for the binary trait analysis. Of
the 6,039 markers analyzed, 49 were significant (range P = 1.07E™ — 5.31E™) in the GLM
model, ten of which are assigned to nine linkage groups in the RAD linkage maps (Table 2).
The mean MAF of these loci was 0.19 (range 0.05 — 0.46) with an average genotyping
frequency of 97.6% (range 81.8-100%). The MLM model identified ten significant markers
(range P = 1.52E — 5.14E™), three of which were assigned to three linkage groups from the
RAD linkage map of Miller et al. (2012) (Table 2). The mean MAF of these ten loci was
0.22 (range 0 .07 — 0.40) with an average genotyping frequency of 99% (range 94.5-100%).
All ten of these loci were also significant in the GLM with three of them assigned to three
different linkage groups in the RAD linkage map of Miller et al. (2012) (Table 2). In total 49
markers were detected for association with ATPase activity, three of which were also
detected in at least one of the binary analyses. Of these 49 loci, 10 were assigned to a
linkage group in the RAD linkage maps (Table S3).

BLAST of significant loci

Performing a BLAST analysis with an eValue detection threshold of 1E of all of
the 550 significant loci detected between the eight GWAS analyses identified 280 alignment
hits. The mean minimum eValue of these 280 hits was 8.93E° (range = 7.35E%°- 3.81E™)
(Table S4). With the relatively short sequence length of the RAD-tag loci, we expect many
of these hits with higher eValues to be less than reliable and suggest caution interpreting
these results.

Comparison across the GWAS models

When comparing the results across the GWAS models we were interested in
whether the same loci, or even regions of the genome based on mapped marker assignment,
would be detected across the Yakima and Upper Mann Creek population for the SMOLT
analysis. While several loci between these populations co-localize based on mapped
markers, many do not (Fig. 2). Additionally very few loci detected in the ATPase analysis
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co-localize with loci detected in the SMOLT analysis. A total of 550 significant loci were
detected across all the GWAS models (Fig. 3).

Discussion

In this study, we utilized a genotyping-by-sequencing technique to interrogate
thousands of RAD-tag SNPs in two wild populations of resident and anadromous rainbow
and steelhead trout (O. mykiss) from the Pacific Northwest of the United States to investigate
the genetic basis of migration in this species. One of the populations studied maintains its
connection to the Pacific Ocean, allowing for the completion of anadromous migrations,
while the other population has been cut-off from its access to the ocean for more than 50
years but still produces individuals that exhibit juvenile morphological characteristics of
smolts (Holecek et al. 2012). Performing GWAS on thousands of RAD-tag based SNPs, we
detected hundreds of loci significantly associated with the propensity to migrate both in
individual population analyses and joint global analyses. Additionally we screened a subset
of our sample for associations with ATPase activity and identified several loci associated
with this trait.

In the absence of a reference genome sequence we utilize two RAD-tag based
genetic linkage maps (Miller et al. 2012; Hecht et al. in review) to assign 68% of the loci
discovered here to loci previously discovered. This suggests that RAD-tag based genotyping
studies can be compared with a relatively high degree of overlap between studies within this
species, making RAD-tag based genotyping approaches suitable to comparative analyses.
Additionally 37% of the total polymorphic loci detected here, had previously been integrated
into one of the two genetic linkage maps. Using these linkage maps we were able to assign
18% of the significant loci in the binary life-history trait analyses and 20% of the significant
loci in the ATPase activity level analyses to linkage groups, which allow us to compare our
GWAS results with previous results from QTL or genome scan studies. Additionally by
combining our data with these previous studies we highlight that in any species where a
RAD-tag based linkage map can be produced in either wild (e.g. Amores et al. (2011)) or
experimental (e.g. Miller et al. (2012)) crosses, a substantial proportion of the RAD-tag
markers mapped may be informative in other populations and crosses and thus available for
GWAS or population based genome scans.

Results of the binary life-history analysis have identified several genetic regions
significantly associated with this trait. Our results corroborate previous studies aimed at
dissecting and detecting regions of the genome associated with migration related traits in this
species, wherein each study using either a genome scan for signatures of selection (Martinez
etal. 2011), or QTL mapping (Nichols et al. 2008; Hecht et al. in review), have identified
loci across the genome on several different linkage groups. Indeed, migration is a complex
life history trait and we do not expect a single locus to underlie this adaptive tactic. We do
however aim to identify genes of large effect both within lineages of rainbow and steelhead
trout or among lineages throughout their native range.

Based on the results here and in previous findings there are certainly linkage groups
that have been implicated in multiple studies across multiple populations and families in
varied geographic regions. For example a genome scan in a population of rainbow trout that
had been transplanted above a barrier waterfall in California, when compared to the source
population which retains access to the sea, show signatures of divergent selection at loci that
map to linkage group Omy10 among several others (Martinez et al. 2011). This same
linkage group harbors several QTL for migration related traits detected in a cross between a
historic resident rainbow trout strain from California and a migratory steelhead strain from
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Idaho, and has been suggested to be a master genetic switch for the migratory life history in
this species (Nichols et al. 2008). Here we also detect loci to be associated with the binary
life history classification on this linkage group, suggesting that there may be a conserved
mechanism between these populations of rainbow and steelhead trout in this genomic region.

Two linkage groups in particular stand out in binary trait analysis here. Linkage
group Omy11, which contained the highest number of significant associations across all the
models based on mapped loci, however no mapped loci were significant in the Upper Mann
Creek analysis on this linkage group. This linkage group is known to harbor several
migration related QTL for osmoregulatory ability and body shape morphology (Le Bras et al.
2011; Hecht et al. in review). Another study (Martinez et al. 2011) has also identified two
loci from this group that display evidence of differential selection between above barrier and
below barrier populations of rainbow and steelhead trout in California. The other notable
linkage group in this study is Omy12, wherein nine total associations were found between the
binary trait and mapped loci across the GWAS models. Of those associations one locus was
detected in four models, and another was detected in three, providing strong support for these
associations. Three independent QTL analyses in divergent populations of rainbow and
steelhead trout have identified several QTL on this linkage group, including QTL for the
binary life history trait, and multiple additional QTL for smoltification related traits (Wringe
etal. 2010; Le Bras et al. 2011; Hecht et al. in review). These results suggest that conserved
genetic mechanisms associated with smoltification and migration related traits map to this
linkage group. When comparing the binary trait GWAS results between the two populations,
we were interested in determining whether the same regions are conserved among these
relatively closely related trout populations, or whether loci associated with migration
persisted within Upper Mann Creek given its 50 years of isolation. Our results indicate that,
among the mapped loci, a small proportion are significant in both Yakima and Upper Mann
Creek populations. Some overlap was detected on linkage groups Omy1, 12, 15, 20 and 27
providing suggestive evidence of conserved mechanisms; however the data seem to suggest
that most associations (e.g. Omy2 and Omy11) occur in one population or the other, but only
rarely in both. It should be noted that only ~20% of the significant loci have been assigned
to a linkage map, so among the 80% of unassigned loci, it is possible that more loci overlap.
However based on the single marker results, without information on the relationship between
those markers, only a small portion of the loci are significant in both populations and these
regions may be areas of major effect for migration (Fig. 3).

Significant loci that did not overlap between the two populations may indicate that
some were false positives or have minor effect for this trait, but this result may also be due to
the two different methods employed in each population to determine the binary life history.
In the Yakima population, putative smolts were detected based on downstream migratory
behavior, whereas in Upper Mann Creek putative smolts were detected based on overall body
morphology. Both Hecht et al. (in review) and Nichols et al. (2008) also used skin
coloration and morphology to assign individuals to a life history class, and the QTL detected
in both their studies corroborate significant loci detected in the Yakima River and the Upper
Mann Creek population analyses here. It is also possible that these two populations in the
Columbia River basin persist under very different selection pressures, and thus different
genetic mechanisms determine the overall life history in each population.

Overall, there are several loci associated with the propensity to migrate in the
Upper Mann Creek population suggesting that despite the 50 years of sequestration, there is
still genetic variability that contributes to this life history tactic. Other studies have also
documented similar results in populations sequestered by anthropogenic barriers to migration
(Thrower et al. 2008; Holecek et al. 2012;) or years of freshwater domestication (Pascual et
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al. 2001). It should be recognized however that the propensity to migrate and ability to
complete anadromous migration may involve different complex traits. So while this
particular population seems to harbor variation for the propensity to migrate, further research
is needed to determine the ultimate effects of sequestration on this population’s ability to not
only produce smolts, but to produce smolts that will successfully return. Additionally we
have identified several associations with ATPase activity in this population, which suggests
that variation in this trait also persists, despite a potentially strong selection pressure against
it in a sequestered freshwater environment, where increased osmoregulatory ability may have
little benefit to an individual and may even yield a cost (Aykanat et al. 2011).

Here we have demonstrated the utility of RAD-tag based genotyping methods by
performing GWAS in wild populations of rainbow and steelhead trout, to identify hundreds
of loci associated with the propensity to migrate. Many of those loci align perfectly with loci
detected in linkage mapping studies, which allowed the relative assignment of several loci to
genetic linkage groups. Additionally we have added to a growing knowledge base on the
genetic architecture of migration in rainbow and steelhead trout and determined that there is
strong evidence to suggest that complex genetic mechanisms between populations may
contribute significantly to shaping this trait, with some parallel mechanisms between
populations. This has tremendous implications in migratory fish conservation and
management, wherein locally adapted populations should be treated as individual units of
conservation. These findings could transcend across migratory species globally where
species adapt to dramatic shifts in their environment to survive migrations, such that
selection has delicately shaped life-histories.
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Table 1. Summary of samples collected in sampling population YAK (Yakima River basin,
WA) and UMC (Upper Mann Creek, ID). Sex (F = female, M = male, UNK = unknown),

SMOLT (life-history classification, R (resident), S (smolt)), ATPase activity measured (y/n)

Population Sex SMOLT ATPase Count
YAK F R no 12
YAK M R no 86
YAK UNK - - -
YAK F S no 14
YAK M S no 8
YAK UNK S no 7
umMcC F R yes 16
uMcC M R yes 10
UuMcC UNK R yes 1
uMcC F S yes 21
umMcC M S yes 4
uMcC UNK S yes 3
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Table 2. Number of mapped loci for each linkage group detected as significant in each

GWAS model. Linkage group assignment based on linkage maps of Hecht et al. (in review)

and Miller et al. (2012).

Linkage SMOLT Global ig?(?n:: SMOLT UMC ATPase UMC | smoLT | ATPase | Grand
e GIM MIM | GIM MM | GIM MM | Gtm  mwm | ol | Total | Total
OmySex 2 2 0 2
Omy1 1 1 1 2 1 6 0 6
Omy2 2 4 2 1 9 0 9
Omy3 4 1 1 6 0 6
Omy4 2 1 3 0 3
omy5 1 1 0 2 2
omy6 1 2 3 0 3
omy7 1 1 1 2 1 3
omy8 5 2 1 1 7 2 9
Omy9 1 1 1 1 2 3
Omy10 1 2 1 4 0 4
Omy11 1 8 3 2 14 0 14
Omy12 2 3 2 1 1 9 0 9
Omy13 2 1 4 0 4
Omy14 1 1 0 1
Omy15 2 1 1 4 0 4
Omy16 1 3 2 2 6 2 8
Omy17 1 1 1 2 1 3
Omy18 1 4 1 6 0 6
Omy19 1 1 2 0 2
Omy20 1 1 1 1 4 0 4
Omy21 1 1 2 0 2
Omy22 1 1 2 1 4 1 5
Omy23 2 2 1 4 1 5
Omy24 1 1 0 1
omy25 1 6 1 7 1 8
Omy26 0 0 0
Omy27 1 1 1 2 5 0 5
Omy28 1 1 0 1
TOTAL 12 49 | 22 11 7 18 10 3 119 13 132
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Figure 1. Map of Pacific Northwest of the United States of America, showing the states of
Idaho and Washington. Highlighted are the sampling locations where rainbow and
steelhead trout were collected. Locations include the Teanaway River complex (North Fork,
Middle Fork and main stem Teanaway) in Washington and Mann Creek in Idaho.

Sk
'?:ﬁ-ﬁ'
T -
\ ey
™ AT
,f‘fg - X
5 ';’E-‘g.i & o
e ! 7 ™
t"i‘ “: - "
I¥ 2 {
= SRS :
; b o S
3; Columbia River ' ‘.,\
:" Jk %
b il Idaho E G Mg
/ (G |
I;h_h i E- \
pe Washington \\
)// | j‘”ﬂ*‘?"'i"'.‘ﬁf'r \
ey
N
;_r —
L “. N.FE Teanaway R.
~ ™
M.k eanaway K. - e
. -\_\3 o R
?“——-‘a\ . ,._;:II 1_.'““&.\5 ~ -
¢ iy 4 -
' 2
} ®
\ 2
F leanaway Hiver ™~ | =
o~ V2
™
{\? o %
*
N -
e
C ;
§




Figure 2. Rainbow trout RAD-tag genetic linkage map modified from Miller et al. (2012).
Significant loci detected from the eight different association tests performed here, with

each test represented by a different colored pill. Only those significant RAD-tag loci (n = 88)

that aligned perfectly to Miller et al. (2012) and that were mapped are represented here.
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Figure 3. Overlap of significant loci detected in eight different GWAS models. Each row
represents a different model, and each column represents one of 550 significant loci
detected in at least one model. Data is sorted by marker p-value of model Global_GLM
first, then by Global_MLM, then by Yakima_GLM, etc. Colored cells represent a significant
association at the column marker for the row model.
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SECTION 3: Ongoing/Future Studies

As an ongoing Accords project, preparations are underway for further evaluation of multiple
traits such as disease resistance in O. mykiss, adult run-timing in Chinook salmon, age-at-
maturity (jacking) in Chinook salmon, and thermal adaptation. More details are provided
below regarding plans to investigate each of these traits in the upcoming performance period
(July 1, 2012 — June 30, 2013).

For disease resistance, we coordinated with existing collaborators at USDA and Clear
Springs Research to investigate markers associated with infectious haematopoietic Necrosis
virus (IHNV) and bacterial water disease (CWD) as previous studies have not yet identified
strong genetic correlations (Overturf et al. 2010). Controlled experiments were designed and
completed at the Clear Springs facility to challenge O. mykiss from known family groups to
both IHNV and CWD. Samples were collected from male and female parents and their
offspring, and survival of offspring from each family were identified following direct
exposure to the two diseases. In the 2011-2012 performance period, individuals from family
groups displaying high and low levels of survival to the diseases were sequenced with RAD-
seq protocols (Miller et al. 2007) and this extensive data set will be analyzed in the upcoming
year to identify SNPs that are associated with resistance to IHNV and CWD.

To investigate adult run timing in Chinook salmon, samples were provided from the Klickitat
R. from fish that display a range of run timing. Fish from this drainage are particularly well
suited for this study since this population of spring run Chinook salmon has been
introgressed with fall run Chinook salmon through hatchery practices (Hess et al. 2011).
These samples will be RAD sequenced to genotype thousands of SNP markers to identify
markers that are associated with run timing in this species. To facilitate this analysis,
samples from mapping families were collected from Klickitat Hatchery in order to create a
linkage map. RAD-seq data has been generated for the linkage map and analyses will
proceed in the upcoming performance period.

To investigate age-at-maturity (jacking) in Chinook salmon, we are planning to utilize
information from multiple generation pedigrees to determine the heritability of this trait in
hatchery and natural populations.

For thermal tolerance, further testing is ongoing to determine the relationship between allelic
association of genes with thermal tolerance and gene expression data. This study will use a
combination of RAD-seq and RNA-seq to determine associations of fish from desert and
montane streams. Additionally, O. mykiss populations throughout the Columbia River Basin
will be RAD sequenced to allow the opportunity to characterize genetic adaptation across a
broader range of the species.
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