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Abstract

To elucidate the mechanisms of thermal adaptation and acclimation in ectothermic
aquatic organisms from differing climates, we used a common-garden experiment for
thermal stress to investigate the heat shock response of redband trout (Oncorhynchus
mykiss gairdneri) from desert and montane populations. Evidence for adaptation was
observed as expression of heat shock genes in fish from the desert population was
more similar to control (unstressed) fish and significantly different (P < 0.05) from
those from the montane population, while F1 crosses were intermediate. High induc-
tion of heat shock proteins (Hsps) in the montane strain appeared to improve short-
term survival during first exposure to high water temperatures, but high physiological
costs of Hsp production may have led to lower long-term survival. In contrast, the des-
ert strain had significantly lower heat shock response than the montane fish and F1
crosses, suggesting that these desert fish have evolved alternative mechanisms to deal
with thermal stress that provide better balance of physiological costs. Genomewide
tests of greater than 10 000 SNPs found multiple SNPs that were significantly associ-
ated with survival under thermal stress, including Hsp47 which consistently appeared
as a strong candidate gene for adaption to desert climates. Candidate SNPs identified
in this study are prime targets to screen more broadly across this species’ range to pre-
dict the potential for adaptation under scenarios of climate change. These results dem-
onstrate that aquatic species can evolve adaptive responses to thermal stress and
provide insight for understanding how climate change may impact ectotherms.
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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 ectoth-
erms primarily exchange heat with their environment
through conduction and convection, and their body
temperature closely follows the temperature of surround-
ing water. Thus, environmental temperatures greatly
influence the distribution, physiology and behaviour of
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aquatic organisms, and local adaptation to thermal systems
is the norm (e.g. Schluter 2000). Further, many aquatic
organisms have developed capacities for thermal acclima-
tion that provide greater tolerance to chronic exposure
to stressful temperatures (Tomanek & Somero 1999;
Hoffmann et al. 2003; Sinclair & 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
shown that populations at thermal extremes consist of
specialists, and populations elsewhere contain general-
ists that function over a wider range of temperatures
(reviewed in Portner 2010). However, temperatures
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may affect organisms differently, with shifts in reaction
norms that cause changes in niche width, mean perfor-
mance or optimal temperature (Knies et al. 2006). In the
case of thermal adaptation within a species that occurs
over a wide geographical range with variable climate,
reaction norms for performance (i.e. fitness) could
include multiple changes such as horizontal shifts
related to environmental temperature along with reduc-
tion of niche width as shown in the theoretical example
in Fig. 1. Further, initial exposure to extreme tempera-
tures often causes greater tolerance of subsequent ther-
mal extremes (‘acclimatization’, ‘preconditioning’ or
‘hardening’; Beitinger & Bennett 2000; Hoffmann et al.
2003; Sinclair ef al. 2003; Sinclair & Roberts 2005;
Portner 2010). For this study, we define thermal adapta-
tion as evolution of a population to an altered reaction
norm for temperature, whereas thermal acclimation is
any phenotypic response of individuals to environmental
temperature that alters performance and plausibly
changes fitness (following Angilleta 2009). Therefore,
acclimation responses of individuals can produce fitness
advantages that result in evolutionary change in a pop-
ulation over generations (e.g. Portner 2010).
Anthropogenic climate change (IPCC 2007) has
caused concerns that some fishes may be extirpated or
need to relocate due to limitations related to thermal
tolerance (e.g. Perry et al. 2005; Portner & Knust 2007).
However, thermal acclimation and adaptation of fishes
from variable environments have not been well studied,
and therefore, the ability to predict the adaptive poten-
tial of natural populations under scenarios of climate
change is limited. Current molecular and genomic tools
provide the opportunity to investigate the heat shock
response of fishes from varying thermal regimes and
link that information with adaptive regions of the
genome that is under selection. Specifically, heat shock
proteins (Hsps) have been demonstrated to be induced
and act as molecular chaperones in all organisms to a
variety of stressors including heat stress (Feder & Hof-
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Fig. 1 Reaction norms for performance may shift (width, mean
or peak) to become locally adapted to environmental condi-
tions such as temperature. In the example shown here, the
mean reaction norm for the species has shifted from the stan-
dard condition (black line) to either cool (blue line) or warm
(red line) environments, and niche width has narrowed.

mann 1999; Basu et al. 2002; Serensen 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 pheno-
typic traits (i.e. heat shock response and survival/
mortality). These approaches offer the power of genome-
wide association in combination with the physiological
response of heat stress to identify patterns of acclimation
and adaptation.

In this study, we investigated patterns of thermal
acclimation and adaptation in populations of redband
trout (Oncorhynchus mykiss gairdneri) from differing
aquatic climates. Redband trout are native and common
in the interior region of the Pacific Northwest of the
United States and occupy streams in both desert and
montane climates with significantly different habitat
characteristics (Meyer et al. 2010). Optimal temperature
for this species has been found to be approximately
13.6 °C (Bear et al. 2007), but redband trout have been
observed in desert streams with water temperatures
exceeding 30 °C (Zoellick 1999; Rodnick et al. 2004).
Previous studies of this species have demonstrated local
adaptation of populations to desert and montane
climates (Gamperl et al. 2002; Narum et al. 2010), and
the current study investigates specific populations that
appear to be adapted to different thermal regimes. A
common-garden experiment for thermal stress was used
to investigate the heat shock response of redband trout
from desert and montane populations, and their F1
crosses. We tested hypotheses related to the heat shock
response and identified genes associated with survival
under thermal stress that was designed to represent
natural diel conditions during summer months in a
desert stream environment. Results demonstrate three
primary findings: (i) acclimation of the heat shock
response over time; (ii) adaptive heat shock response in
redband trout from the desert population relative to
those from a cooler environment and (iii) adaptive sig-
natures of selection at genes relevant to thermal stress.

Methods and materials

To investigate thermal acclimation and adaptation of
redband trout (O. mykiss gairdneri) from desert and
montane populations, fry of approximately 4 months of
age from each environment and their F1 crosses were
exposed to diel temperature cycles (peaking at 28 °C)
over a 6-week period in a controlled setting. Liver and
gill tissues were collected from euthanized individuals
on day 1, 3, 7 and 28 to quantify mRNA expression of
six heat shock genes. Mortality of each strain was
recorded daily, and fin tissue was sampled from all

© 2013 Blackwell Publishing Ltd



THERMAL ADAPTATION IN AQUATIC CLIMATES 3

mortalities and survivors over the course of the study
for genome-wide association tests.

Fish populations

Gametes and fry were collected from two locations
(desert climate—Little Jacks Cr., Idaho, USA, and mon-
tane climate—Keithly Cr., Idaho, USA), cross-mated
and reared in the laboratory to represent populations
adapted to different environments. These two sites were
chosen for further study based on previous tests of six
desert and six montane streams (Narum et al. 2010).
Gametes were fertilized to produce half-sibling progeny
of pure desert strain, pure montane strain and F1
crosses. Fry were reared in constant 15 °C spring water
until they reached an average weight of 2 g, and then,
each strain was divided into treatment and control
groups. Three replicate tanks were used to estimate sur-
vival for all treatment and control groups for each
strain (3 tanks x 3 strains x 2 treatments equals a total
of 18 tanks), with an average of 43 fish per tank. Fish
were fed a diet of Soft Moist pellets (Rangen Inc.) to
satiation twice per day, and photoperiod was fixed at
14 h light and 10 h dark. Fish in recirculating treatment
tanks experienced diel temperature cycles over 6 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; Fig. S1, Supporting infor-
mation), while fish in control tanks were held at a con-
stant temperature of 15 °C. All experimental protocols
were approved in advance by the University of Idaho’s
Institutional Animal Care and Use Committee.

Gene expression

To investigate heat shock response over the course of the
experiment, the expression of six heat shock genes was
measured at four time periods over the course of the
experiment for each of the three strains. Gill and liver
tissues were sampled from fish euthanized with
250 mg/L of tricaine methanesulfonate (MS-222) at the
time of peak temperatures from both treatment and con-
trol tanks on four separate days during the 6-week ther-
mal stress experiment (day 1, 3, 7, 28). Three fish were
netted from each replicate tank for a total of nine sam-
ples representing each strain for each control and treat-
ment group on each of the four sampling days. Tissues
were stored in RNA-later and frozen at —80 °C. Total
RNA was isolated with RNeasy kits (Qiagen), and cDNA
was prepared 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 S3, Supporting information) with
primer sequences from previous work (Almany et al.
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2009). All qRT-PCRs were completed with a standard
curve and included both elongation factor and beta-actin
as a reference gene, but beta-actin was found to provide
the most consistent data and so beta-actin was the final
reference gene chosen for this study. Expression values
for each individual were normalized to beta-actin, and
mean expression was calculated for each strain for con-
trol 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 to correct for constitutive expression and
any potentially confounding signals of expression (e.g.
handling stress). Significance between strains and days
was tested with analysis of variance (anova). Heat shock
protein levels have been demonstrated to be elevated in
redband trout in response to heat stress in previous
studies (Cassinelli & Moffitt 2010).

Genome-wide association

To test for genome-wide association with survival to
heat stress, fin tissue was sampled from survivors and
mortalities through the experiment and genotyped at
thousands SNP markers. Fin tissue was collected from
all fish mortalities by date during the course of the
6-week thermal stress experiment and from all surviv-
ing fish at the end of the experiment. Tissues were
preserved by dry storage on Whatman chromatography
paper until DNA extractions were completed with
DNeasy kits (Qiagen). Template DNA from all individ-
uals was quantified with a spectra-fluorometer (Vic-
tor3V, Perkin Elmer) and normalized across samples.

To genotype tissues at thousands of SNPs, samples
were prepared for library construction with restriction-
site-associated DNA (RAD) protocols (Baird et al. 2008;
Miller ef al. 2012). Briefly, DNA was digested with Sbfl
and subsequently ligated with both a barcode adapter
and an Illumina sequencing adapter. Barcoded adapters
allowed an average of 29 individuals to be pooled in sin-
gle libraries for sequencing on an Illumina HiSeq 2000
instrument with single-end 100 reads. Pooling strategy
was determined based upon the number of expected
reads from reagents available from Illumina for sequenc-
ing on the HiSeq 2000 instrument. Samples were
sequenced to reach a minimum target of 1.5 million
reads per individual, and data were analysed following
the pipeline by Miller et al. (2012) as described in detail
by Hecht et al. 2012; (this issue). Briefly, sequence reads
of 100 bp were sorted by barcode, trimmed to 80 bp and
filtered to remove low-quality reads.

Reads from 10 individuals were used for initial SNP dis-
covery, and reads from all other individuals were subse-
quently aligned against the discovered SNPs. Sequence
data are available through accession number SRA057008
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in the NCBI Short Read Archive database. Scoring criteria
were developed to filter out false SNPs caused by
sequencing error but also to adequately score heterozyg-
otes in Hardy—-Weinberg proportions. Genotypes for each
SNP were scored using criteria that required a minimum
of five reads to call homozygotes, and an allelic ratio of
less than 10:1 to call a heterozygote. Read counts that did
not meet these criteria were scored as missing genotypes.
All SNPs were tested for Hardy-Weinberg equilibrium
within each population in PLINK, and those that deviated
significantly were removed from further analyses. Another
188 SNPs from expressed sequence tags (ESTs) of interest
were genotyped with Tagman assays run on 96.96 inte-
grated fluidic chips from Fluidigm with standard proto-
cols as described in Narum et al. (2010). In total, 10,685
SNPs were genotyped across samples, and tests for quality
control and genomewide association were completed in
PLINK (Purcell et al. 2007). Tests for deviation from
Hardy-Weinberg equilibrium were used to identify anom-
alous loci and potential paralogous sequence variants, and
these SNPs were ignored for association tests.

Two separate strategies were used for genome-wide
association tests with mortality: first testing for association
over all three populations taking stratification into account
and second testing for association within each of the three
strains individually (Little Jacks Cr., Keithly Cr., and F1
crosses). To reduce false positives, BY-FDR corrections for
multiple tests (False Discovery Rate of Benjamini & Yek-
utieli 2001) were used to identify significant associations.
A BLASTn search (NCBI) was completed for significantly
associated SNPs, and only hits with high sequence similar-
ity (coverage >90%, identity >88%, and e-value < 1.00 E-
10) were annotated according to this method.

Results

A strong signal for acclimation of the heat shock
response was observed in all strains of redband trout as
measured by qRT-PCR in six heat shock genes. In five
of the six heat shock genes (Fig. 2a—f), mRNA expres-
sion was highly induced at day 1 but was significantly
(P < 0.05) reduced in the remainder of the 6-week
thermal stress experiment (peak temperatures reaching
~28 °C daily). By day 3, levels of expression for Hsp70,
Hsp90, Hsp47 and Hsp27 (Fig. 2a—d) were significantly
lower than day 1 (P < 0.05) and more similar to con-
trol 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 acclimation was either weak (Hsf2) or
absent (Hsfl). In the case of Hsf2, expression was not
significantly different from day 1 until day 7 or day 28,
depending on the strain (Fig. 2f).

In addition to acclimation, patterns of adaptation were
also observed in the heat shock response between strains
of redband trout from desert and montane 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 Keithly Cr.
(Fig. 2a—f). The F1 crosses typically had levels of expres-
sion that were intermediate to the pure strains and were
significantly different (P < 0.05) from at least one of the
pure strains at day 1 in four of the genes (Hsp70, Hsp47,
Hsf1l and Hsf2). These patterns of adaptation were most
prevalent at first exposure to high temperatures on day
1, but Hsp47 (Fig. 2c) and Hsf2 (Fig. 2f) showed consis-
tently significant differences among strains over the
course of the experiment even after acclimation. This
was not the case for Hsp70 (Fig. 2a) and Hsf1 (Fig. 2e) as
relative expression between strains was only significant
on day 1, but not at day 3, day 7 or day 28. Inconsistent
differences in gene expression among strains were
observed in Hsp90 (Fig. 2b) and Hsp27, and no clear
patterns of significance were evident.

Tissue samples were also collected from individual
fish to test for genome-wide association with mortality
over the course of the 6-week thermal stress experi-
ment. In general, mortality was highest during the first
24 h of exposure to high temperatures. Interestingly,
redband trout from the desert population of Little Jacks
Cr. had higher mortality (P = 0.05) in the first 24 h than
those from the montane population of Keithly Cr., but
montane fish had highest mortality over the remainder
of the 6-week experiment (no significant differences
among strains; Fig. 3). Mortality of F1 crosses was not
significantly different from either of the pure strains
despite higher rates in the first 24 h and lower rates in
the remainder of the experiment than Keithly Cr. fish
(Fig. 3). Total mean mortality for each strain was 76.7%
for Little Jacks Cr., 72.2% for F1 crosses and 56.5% for
Keithly Cr, but these total mortality levels accumulated
at different rates.

Tests over all strains for genome-wide association
with mortality revealed regions of the genome that were
under selection for thermal stress. More than 10 000
SNPs were discovered and genotyped in individuals
with restriction-site-associated DNA (RAD) sequencing,
and tests for stratified allelic association across all
strains identified 18 SNPs that were highly significant
after corrections for multiple tests to reduce false posi-
tives (Fig. 4, Table S1, Supporting information). The
majority of these associated SNPs were from unknown
or unannotated loci (Table S1, Supporting information),
but the most significant SNP was from the 3" UTR
region of a known EST for Hsp47 (involved in heat
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Fig. 2 Mean relative gene expression of six heat shock genes in liver tissue for three redband trout strains reared under chronic diel
thermal stress, (a) heat shock protein 70, (b) heat shock protein 47, (c) heat shock protein 90, (d) heat shock protein 27, (e) heat shock
factor 1b and (f) heat shock factor 2. Mean values + SE are shown for each of four collection dates for fish from Little Jacks Cr. (L],
desert), Keithly Cr. (K, montane), and their F1 cross (L] 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.

shock response). Several additional SNPs appeared to
be from immune response genes related to MHC I
and II regions. These 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 Keithly Cr. and F1 crosses
than in the desert strain from Little Jacks Cr. There
were 9 SNPs significantly associated with mortality in the
Keithly Cr. strain and 14 in the F1 crosses as opposed to
none in the desert strain from Little Jacks Cr. (Table S2,
Supporting information). Of the nine significantly
associated SNPs from Keithly Cr. and the F1 crosses, many
were from unknown genes, but Hsp47 was identified as
one of the most significantly associated genes (P = 9.86
e-09), and several others were consistent with immune
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response MCH genes. Two other heat shock genes were
associated at lower significance levels (Hsf2 and Hsc71)
along with other candidates such as Na-K-ATPase-03.

Discussion

When organisms in natural populations are exposed to
thermal stress, there are limited possibilities for response
including that the population may adapt over generations
to tolerate the stressor, individuals may attempt to avoid
the stressor (through movement, behaviour or physiologi-
cal changes) or the population may become extirpated.
These responses are often summarized as ‘adapt, move,
or die’. The current study in redband trout demonstrates
that a portion of individual fish may acclimate to thermal
stress and survive, but also that populations have evolved
an adaptive heat shock response in desert environments.
Overall, results suggest that aquatic populations with
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Fig. 3 Mean percentage mortality (£SE) for three strains of red-
band trout reared under chronic temperature stress. Results are
shown for initial mortality after first 24 h of exposure to diel
thermal stress and for the remaining 6 weeks of the experiment
(post 24 h). Strains are from Little Jacks Cr. (L], desert), Keithly
Cr. (K, montane) and their F1 cross (L] x K). No significant
differences (alpha = 0.05) were observed among strains.

adequate standing genetic variation can be expected to
adapt to climate change over generations.

Acclimation of the heat shock response occurred rap-
idly in all strains of redband trout under repeated ther-
mal stress over a period of 6 weeks. The acclimation
response occurred within day 3 of exposure to elevated
temperatures and continued through the remainder of
the study. However, studies of the heat shock response
in model species such as Drosophila (Serensen et al.
1999) and other aquatic ectotherms (Tomanek & Somero
1999; Podrabsky & Somero 2004; Portner 2010) have
shown that acclimation can occur more quickly, and it
is possible that finer-scale temporal sampling would
identify more precise information about the initiation of
heat shock response in redband trout. Acclimation and
reduction of the heat shock response have been shown
to occur because the benefit of increased stress resis-
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tance becomes hampered by physiological costs of pro-
ducing Hsps such as high energy demands, impaired
growth and reduced fitness (Serensen et al. 2003).

In addition to acclimation, results from our study
demonstrate that an adaptive heat shock response has
evolved in redband trout in desert environments to
reduce energetic demands of Hsp production and
potential costs to development and fitness. High induc-
tion of Hsps in the montane strain improved short-term
survival during the first exposure to high temperatures,
but demands of Hsp production may have led to high
mortality with chronic exposure to heat stress. In con-
trast, the desert strain had significantly lower heat
shock response than the montane fish and F1 crosses,
suggesting that these desert fish may not have mounted
sufficient response at first exposure to heat and have
evolved alternative mechanisms to deal with thermal
stress with less physiological costs. While low Hsp
response in the desert strain was probably 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 tem-
peratures may have exceeded upper thermal tolerance
limits of all strains. 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 (Fig. S1, Support-
ing information). 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 des-
ert environments and may produce different patterns of
Hsp expression. In general, the results suggest that
more complex adaptive mechanisms are involved than
simply induction of heat shock genes.

6000 8000 10 000
SNP number

Fig. 4 Plot of SNPs associated with mortality overall three strains of redband trout reared under diel thermal stress. The dashed line
indicates the critical value for significant association (with BY-FDR correction). Dots that are coloured green highlight SNPs with

strong association.
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Similar adaptive heat shock response has been
observed in both laboratory experiments (Bettencourt
et al. 1999; Serensen et al. 1999; Lansing ef 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 evolu-
tion of alternative mechanisms to deal with stress
response and costs related to Hsp expression (Serensen
et al. 1999; Serensen & Loeschcke 2002). The phenomenon
of adaptive heat shock response observed in redband trout
and other organisms indicates that physiological costs of
expressing Hsps are common in nature, and organisms
evolve additional mechanisms to lower these costs. It is yet
unknown whether parallel solutions among organisms are
made to reduce these costs, but oxygen transport (Portner
2010) and cardiac/aerobic scope (Eliason et al. 2011) are
expected to be critical in aquatic organisms.

Results from genomewide association tests validated
the adaptive heat shock response and showed signifi-
cant association at a SNP in the 3'UTR of the Hsp47
gene, but also identified multiple other genes that were
associated with survival under thermal stress. These
genes are strong candidates for alternative mechanisms
regulating the response to thermal stress. Previous stud-
ies in marine fishes have shown that oxygen delivery is
limiting in climate-related stressors (Portner & 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 (e.g. Serensen & Loeschcke 2007), and
results from our study are consistent with this expectation.

Climate-induced thermal stress is expected to increase
in future generations and may have significant impacts
on marine (Perry ef 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, respec-
tively) and may be forced to adapt or become extirpated.
Therefore, studies that investigate the adaptive responses
of thermal stress are critical for understanding the poten-
tial for adaptation in species such as redband trout that
currently occupy broad geographic regions with different
climates. Our results complement recent evidence in
sockeye salmon (O. nerka) that demonstrate that salmonid
populations may segregate by temperature tolerance (Elia-
son et al. 2011). We also identify genes under selection for
thermal stress, and these may be utilized to screen broadly
across the species’ range to predict the potential for adapta-
tion under scenarios of climate change. Our study indicates
that populations in desert environments have evolved an
adaptive heat shock response, and populations from cool
climates may retain suitable genetic diversity to adapt to
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changing climate. The largest conservation concern is
expected to be for populations that no longer retain ade-
quate genetic variation to adapt to shifting climates and
have limited potential for dispersal. Ultimately, genetically
diverse ectotherms in aquatic environments appear capa-
ble of adaptation and acclimation to thermal stress, but cli-
mate change is expected to cause local extirpation in
genetically depauperate populations, reduce range distri-
butions and result in unusually high rates of extirpation.
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Figure S1. Diel water temperatures of recirculating 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 recirculating water was

exchanged with fresh water.
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Table S1. List of SNPs overall redband trout strains that were associated with survival/mortality under thermal

stress.
Association
SNP p-value BLAST annotation Species % coverage % identity e-value
10619 3.25E-07 heat stock protein 47 O. mykiss 100 100 na
219 3.39E-07 PHF1 near MHClI-alpha O. mykiss 100 100 3.00E-32
9854  4.91E-07 zinc transporter near MHCI antigen O. mykiss 98 89 1.00E-18
10644 4.98E-07 P9 genomic near sex chromosome O. mykiss 100 100 na
2484  5.16E-07 unknown na na na na
524 8.47E-07 MHCI antigen S. salar 91 90 1.00E-17
8390 9.82E-07 unknown na na na na
9024 1.07E-06 unknown na na na na
6275  1.78E-06 unknown na na na na
6806  2.34E-06 MHC IA core region O. mykiss 97 97 2.00E-28
9387  2.99E-06 unknown na na na na
6182  3.02E-06 unknown na na na na
5508 3.19E-06 unknown na na na na
9702  3.70E-06 unknown na na na na
8658  3.72E-06 unknown na na na na
6192  4.30E-06 unknown na na na na
3301 5.58E-06 transmembrane domain S. salar 100 94 3.00E-13
9498 6.03E-06 unknown na na na na




Table S2. List of SNPs within each strain of redband trout that were associated with survival/mortality under thermal stress.

Association
Population SNP p-value BLAST annotation species % coverage % identity e-value
Little Jacks Cr. none na na na na na na
Keithley Cr. 10589 1.81E-09 MHCI-a region O. mykiss 86 86 1.00E-67
10645 7.56E-09 unknown na na na na
10619 1.53E-08 heat stock protein 47 O. mykiss 100 100
10532 1.72E-08 unknown na na na na
10505 1.03E-07 unknown na na na na
10644 8.13E-07 P9 genomic near sex chromosome O. mykiss 100 100
10530 2.19E-06 unknown na na na na
1645  1.57E-06 Raftlin near MHCll-alpha O. mykiss 97 100 2.00E-24
3367 3.96E-06 unknown
F1 LittleJacks X Keithley 219 2.34E-10 PHF1 near MHClI-alpha O. mykiss 100 100 3.00E-32
2918  1.20E-08 unknown na na na na
5956  8.13E-08 SYPG1 near MCHll-alpha; MHC 1b O. mykiss 100 92 5.00E-27
9024  1.82E-07 unknown na na na na
2978  2.31E-07 Raftlin near MHClI-alpha O. mykiss 100 94 2.00E-13
10038 2.59E-07 Raftlin near MHCll-alpha; Hsp70 0. mykiss 75 82 4.00E-09
524 5.00E-07 MHCI antigen S. salar 91 90 1.00E-17
9326  9.63E-07 unknown na na na na
8133 1.78E-06 unknown na na na na
6388  2.56E-06 unknown na na na na
3265  2.56E-06 MHCI antigen O. mykiss 98 87 2.00E-20
7569  2.61E-06 Raftlin near MHCll-alpha 0. mykiss 100 100 4.00E-21
1650 4.07E-06 PBX2 near MHCll-alpha O. mykiss 95 95 6.00E-13
3427  4.12E-06 unknown na na na na




Table S3. Primer and probe sequences for quantitative real-time PCR assays.

Gene Target Forward primer

Reverse Primer

Tagman Probe or SYBR-green

Heat Shock Protein 70 (targets both isoforms)* AGGGAGATCGCTGAGGCTTAC
Heat Shock Protein 90B (targets both isoforms) ACCTCTGCAAGCTCATGAAGGAGA

Heat Shock Cognate 71 GCAGTCGGCATCGATCTCGGG

Heat Shock Factor 1b CCGCCCACTCCTTGCCCAAG

Heat Shock Factor 2 TGCCCTCTGCTGGCCTTCCT

Heat Shock Protein 47 GGGCGGCCAAGTCGACAGAC

Heat Shock Protein 27 TGCCCCCTATGGCTGACGCT
Elongation Factor (EF1a) GAGAACCATTGAAAAGTTCGAGAAG
Beta Actin AGCTGAGGGTGGCTCCAGAGGA

AAGTAGGCAGGGACTGTGATGAC
ATGCAGCAGGGCGACGACAC
TCCTGTTGCCTTGGTCGTTGGC
TAGCAGGCGAGCCCTGCAGA
TGCAGCAGGCTGTCTCCCAGT
CGGGTCACCAGGAAGCCACG
GCAGCCTTGATGGCCTGCCT
GCACCCAGGCATACTTGAAAG
AACACGGCCTGGATGGCCAC

6FAM-CAGAAGGTGTCCAATGC-MGB
SYBR-green
SYBR-green
SYBR-green
SYBR-green
SYBR-green
SYBR-green
SYBR-green
SYBR-green
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