A nservation SHE)B

N . =7
’ PhyS|OlOgy Volume 11 - 2023 10.1093/conphys/coad092 SOCIETY FOR EXPERIMENTAL B10LOGY

Research article

Differential heat shock protein responses in two
species of Pacific salmon and their utility in
identifying heat stress

Vanessa R. von Biela’*'’, Amy M. Regish? "/, Lizabeth Bowen3 "', Ashley E. Stanek’ "/,
Shannon Waters? "', Michael P. Carey' "/, Christian E. Zimmerman' "/, Jonathon Gerken#,
Daniel Rinella* "' and Stephen D. McCormick?

Tus. Geological Survey, Alaska Science Center, 4210 University Drive, Anchorage, AK 99508, USA

2U.S. Geological Survey, Eastern Ecological Science Center at the S.0. Conte Research Laboratory, One Migratory Way, Turners Falls, MA 01376, USA
3U.S. Geological Survey, Western Ecological Science Center, One Shields Avenue, Davis, CA 95616, USA

4Anchorage Field Office, U.S. Fish and Wildlife Service, 4700 BLM Road, Anchorage, AK 99507, USA

*Corresponding author: U.S. Geological Survey, Alaska Science Center, 4210 University Drive, Anchorage, AK 99508, USA.
Email: vvonbiela@usgs.gov

Rapid and accelerating warming of salmon habitat has the potential to lower productivity of Pacific salmon (Oncorhynchus
species) populations. Heat stress biomarkers can indicate where warming is most likely affecting fish populations; however, we
often lack clear classifications that separate individuals with and without heat stress needed to make these tools operational.
We conducted a heat exposure experiment with trials lasting 12 or 36 h using juvenile Chinook salmon (Oncorhynchus
tshawytscha) and coho salmon (Oncorhynchus kisutch) to validate heat stress biomarkers in white muscle. Following habit-
uation to 13°C, individuals were exposed to water temperatures that increased to 15°C, 17°C, 19°C, 21°C or 23°C. Heat shock
protein 70 abundance (HSP70 measured by ELISA) and transcription of 13 genes (MRNA measured by qPCR) including three
heat shock protein genes (hsp70, hsp90, hsp27) were measured. A distinct heat stress response was apparent by 21°Cin juvenile
Chinook salmon and 23°C in juvenile coho salmon using HSP70. A threshold for heat stress classification in Chinook salmon
of >2 ng HSP70 mg"' total protein identified heat stress in 100% of 21 and 23°C treated individuals compared to 4% in
cooler treatments. For coho salmon, > 3 ng HSP70 mg"' total protein identified heat stress in 100% of 23°C treated individuals
compared to 4% in cooler treatments. Transcription from a panel of genes separated individuals between cooler and stressful
temperature experiences (>21°C for Chinook salmon and >23°C for coho salmon) with ~85% correct classification. Our
findings indicate that juvenile Chinook salmon were more temperature-sensitive than juvenile coho salmon and support the
use of a HSP70 threshold sampled from muscle for assessing heat stress in individual wild Pacific salmon with an option for
non-lethal biopsies for spawning adults.
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Introduction

Warming of Arctic and subarctic regions is nearly four times
faster than the rest of Earth (Rantanen et al., 2022). Such
rapid warming presents a threat to many species in the
far north, even those who have temperature tolerances that
allow them to range thousands of kilometers to the south
such as Pacific salmon (Oncorbynchus species). Warmer and
drier summers in the Arctic and subarctic can be stressful
to some Pacific salmon populations and have been linked
to mortality and declining productivity (Jones ez al., 2020;
von Biela et al., 2020, 2022; Carey et al., 2021; Howard
and von Biela, 2023). Pacific salmon declines have been an
area of focus for the U.S. Federal government because salmon
are a key subsistence fishery on public lands and the Alaska
National Interests Land Conservation Act of 1980 includes
a commitment to manage land and resources to provide
subsistence opportunities. Further development of existing
tools would benefit research and monitoring of heat stress in
Pacific salmon populations.

Existing tools for understanding salmon thermal sensitivity
and tolerance span from cellular to population levels and
include biomarkers that indicate temperature stress in cells
(Iwama et al., 1998; Jeffries et al., 2021), physiological exper-
iments using live wild fish to estimate critical thermal max-
imum temperature (CTmax) and optimal temperature (Top)
(Eliason et al., 2011; Turko et al., 2020) and spawning ground
surveys to assess prespawn mortality outcomes (Spromberg
and Scholz, 2011; Bowerman et al., 2021). Biomarkers can
identify stressful (i.e. supraoptimal) water temperatures and
individual stress when outcomes are either sublethal (e.g.
higher energy requirements) and detect emerging drivers of
population decline early or already lethal (e.g. prespawn
mortality) to understand mortality mechanisms and do not
require additional field efforts that are complicated by access
to remote region. For example, existing monitoring projects
collected hundreds of muscle biopsy punches that confirmed
high prevalence of heat stress using the biomarker heat shock
protein 70 (HSP70) or the mRNA of select genes among
spawning adult Chinook salmon near their northern range
extent in the Yukon River (von Biela et al., 2020). The
existing experimental validation for identifying heat stress
from muscle tissue used a small sample size (n =22) of
adult Chinook salmon (von Biela et al., 2020) so there is
a need to reinforce this effort with additional experimental
validation. Moreover, there is a need to consider different
species of Pacific salmon. Here, we expand the validation of
sampling skeletal muscle tissue as a heat stress research and
monitoring tool by conducting a large (sample size >100 per
species), comparative temperature manipulation experiment
for Chinook salmon (Oncorbynchus tshawytscha) and coho
salmon (Oncorbynchus kisutch), two species that co-occur
in many salmon streams where they generally rear for 1 or
2 years, respectively, before migrating to sea (Quinn, 2018).

Chinook salmon are a species of conservation concern
across their range. Multiple Chinook salmon evolutionarily
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significant units (ESU) and populations are listed as Threat-
ened or Endangered under the U.S. Endangered Species Act
(ESA) and the Canadian Species at Risk Act (SARA) across
California, Oregon, Washington, Idaho and British Columbia.
Near their northern range extent in Alaska and the Yukon
Territory, Chinook salmon are associated with prolonged
population declines, fishery disaster declarations and fishery
closures (ADFG, 2013; Dorner et al., 2018; Welch et al.,
2021). Several Chinook salmon stocks in western and south-
central Alaska are designed by the State of Alaska as ‘Stocks of
Concern’ (e.g. Yukon designated in 2000 and multiple Cook
Inlet and Southeast Alaska stocks designated between 2010
and 2021) indicating that abundance of the stock has often
failed to meet harvestable yield or spawning escapement goals
in recent years. Coho salmon are one of four additional Pacific
salmon species that occur in Alaska and generally have lower
management concerns in Alaska along with sockeye salmon
(O. nerka), chum salmon (O. keta) and pink salmon (O. gor-
buscha). For example, the State of Alaska stocks of concern
include 15 Chinook salmon stocks compared to three sockeye
salmon stocks, one chum salmon stock and zero coho salmon
or pink salmon stocks as of April 2022 (https:/www.adfg.
alaska.gov/index.cfm?adfg=specialstatus.akfishstocks). The ability
to contrast heat stress between Chinook salmon and coho
salmon in wild settings would be particularly useful because
of their differences in concern despite life history similarities
that lead them to frequently co-occur: extended freshwater
rearing in flowing waters (e.g. streams and rivers rather
than lakes), ocean residency and similar marine diets (Quinn,
2018). Therefore, developing heat stress tools for both species
will provide opportunity to assess whether differences in
heat stress prevalence or thermal sensitivities could con-
tribute to disproportionate Chinook salmon declines. More-
over, biomarker tools provide a non-lethal option, a necessity
when examining species of conservation concern.

Thermal sensitivity of species and life stages can be inferred
because activation of heat stress biomarkers at cooler temper-
atures indicates stronger temperature sensitivity and generally
correlates with cooler optimal temperatures compared to
activation at warmer temperatures (Dietz and Somero, 1993;
Feder and Hofmann, 1999). Experiments validate biomarker
response across water temperatures and can identify the sepa-
ration between a ‘normal’ and ‘stressed’ biomarker signature.
The absolute value or signature of stress in a biomarker is
specific to a species and tissue given known differences in
HSP concentrations (Fowler et al., 2009; Bowen et al., 2020).
Within a species, the ‘stressed’ level of a biomarker is often
similar enough across life stages (Fowler e al., 2009) that
juvenile validation experiments are used to interpret stress
biomarkers in adults (Carey et al., 2019). In other words,
the absolute value of HSP70 that distinguished heat stress
in a juvenile Chinook salmon would be presumed to be the
same for adult Chinook salmon. Note that this assumption
has no bearing on the water temperature that induces the
stress response as differences in stressful water temperatures
are well-known to be life stage specific (McCullough, 1999).
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In this study, we focused on widely used heat shock pro-
teins (HSPs) as biomarkers because they are a core component
of the cellular heat shock response (Fowler ez al., 2009;
Akbarzadeh et al., 2018; Bowen et al., 2020; von Biela et al.,
2020; Jeffries et al., 2021). A rapid production and elevation
of heat shock proteins (HSPs) occurs in cells when warm
temperatures begin to damage proteins that are required for
normal cellular functions because HSPs are chaperones that
help maintain proper folding, assist with repair of damage and
prevent aggregation of other proteins (Feder and Hofmann,
1999). Induction of HSPs appears to extend the temperature
tolerance range of an individual, although not indefinitely
(Feder and Hofmann, 1999). If an individual cannot find
suitable water temperatures in hours or days, then a range
of sublethal (e.g. reduced growth or partial egg retention)
to lethal outcomes follow the heat shock response (Bowen
et al., 2020; Ern et al., 2023). HSPs can be measured at
transcription as mRNA or after translation as abundance of
proteins (Sagarin and Somero, 2006; Chadwick et al., 2015;
Lewis et al., 2016). Transcription approaches often consider
multiple HSP genes (e.g. hsp70, hsp90, hsp27), but protein
approaches use primarily HSP70 as lab assays are not avail-
able for all proteins (note that lowercase italics denote mRNA
from gene transcription and capitalized, plain font denotes
protein in this paper). The increase in both mRNA and protein
levels is associated with the high end of tolerable temperatures
(Mottola et al., 2020). In some cases, transcription of other
genes can also be useful at identifying heat stress (e.g. immune
system genes) (Bowen et al., 2020; von Biela ez al., 2020).

Our goal is to further develop heat stress biomarkers for
Chinook salmon and coho salmon by using white muscle
tissue samples to assess HSP70 concentrations and transcrip-
tion of 13 genes including hsp27, hsp70 and hsp90. This
is an experimental study that uses hatchery-reared juvenile
salmon because they are more amenable to experimental
manipulation compared to adults (Donnelly et al., 2020), they
can be obtained in larger numbers and individuals have very
similar past experiences that reduce concerns of latent vari-
ables compared to wild fish. Water temperature treatments
at 15°C, 17°C, 19°C, 21°C and 23°C were designed to span
the transition from preferred to stressful water temperatures
for juvenile salmon (Brett, 1952; McCullough, 1999; Richter
and Kolmes, 2005). This temperature range represents the
warmer portion of water temperatures currently encountered
by juvenile and spawning adult Pacific salmon during summer
in Alaska’s freshwaters, but not the most extreme high tem-
peratures (Mauger et al., 2017). We examined two exposure
durations (12 h and 36 h) to ensure that biomarkers were
robust to differences in the length of warm water exposure
given that exposure length would not be known in future
efforts to detect heat stress of wild-caught fish. Our analysis
approach was divided into four steps: (1) compare HSP70 and
gene transcription response among species, treatment temper-
atures and exposure durations to assess similarity in response
across species and exposure durations; (2) compare bsp70
gene transcription levels to HSP70 protein concentrations
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within individuals to describe the relationship between the
mRNA and its protein product for each species; (3) identify a
threshold value of HSP70 protein that denotes elevation for
identification of heat stress at an individual-level and iden-
tification of stressful water temperatures at the population-
level; and (4) determine whether gene transcription signatures
can separate individuals that were or were not exposed to
stressful water temperatures. The ability to identify heat stress
using thresholds and other classification approaches furthers
the development of heat stress biomarkers from descriptive
research to operational tools.

Methods

We conducted two identical experiments at the Alaska
Department of Fish and Game’s William Jack Hernandez
Sport Fish Hatchery in Anchorage, Alaska, USA (Figure 1).
The Chinook salmon experiment was conducted in May
2020 using juveniles from naturally produced parents from
Crooked Creek (southcentral Alaska, Kenai Peninsula), a
stream with a long history of supplemental Chinook salmon
stocking using both hatchery- and naturally produced parents
(Gates, 2022). The coho salmon experiment was conducted
in May 2021 using juveniles propagated from adults that
returned to Ship Creek, Anchorage, Alaska, originally
established from wild Little Susitna River (southcentral
Alaska) parents. By conducting both experiments in May, we
aimed to minimize seasonal differences in HSP expression
(Feder and Hofmann, 1999). The fork length of juvenile
Chinook salmon was ~100 mm and juvenile coho salmon
were ~50 mm. For each experiment, approximately 150
individuals were transferred from a 9°C hatchery production
pool (91000 L) to a 9°C circular tank (1400 L) where
water was warmed 1°C h™'to 13°C for one week. Food was
withheld during the last 2 d of the week spent at 13°C and
fasting continued over the next 1-2 d of the temperature
manipulation experiment to reduce metabolic demands and
nitrogenous waste during the experiment. Nitrogenous wastes
were monitored using an ammonia test during each day of
the experiment.

Individuals were randomly divided among 15 experimental
75 L tanks filled with 13°C water oxygenated by aquarium
bubblers. Each treatment tank was randomly assigned one
of five treatment temperatures (15°C, 17°C, 19°C, 21°C and
23°C) such that each treatment was applied to three tanks
that each contained 10 individual fish and one aquarium
heater with a temperature controller (Inkbird Tech ITC-306 T
or ITC-308) that activated the heater when water temperature
dropped >0.2°C below the set point. Water temperatures
were recorded by a Hobo Tidbit at 5-min intervals (Figure 2).
Dissolved oxygen was monitored hourly using a handheld
YSI meter when staff were present during the day. Each
tank was covered by an opaque lid with two areas of black
mesh to prevent fish from escaping and still allow light to
enter tanks. After at least a 1-h habituation period, water
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Figure 1: Design of heat stress experiments for juvenile Chinook salmon and coho salmon. Approximately 150 individuals of each species were
used in separate experiments and divided across 15 treatment tanks (three tanks for each of five temperature treatments).
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Figure 2: Water temperatures for each experiment tank recorded at 5-min intervals. Horizontal lines are labeled on the y-axis and denote
habituation water temperature (13°C) and treatment water temperatures (15°C, 17°C, 19°C, 21°C and 23°C).

temperatures were warmed at a rate of 2°C h™'. The rate
of warming used across salmonid heat stress experiments
has not been standardized, although attempts to standardize
CTmax experiments using a rapid rate of 18°C h™' were at
least partially adopted with periodic calls for slower rates
including a recommendation for the 2°C h™' used here
(Elliott and Elliott, 19955 Desforges et al., 2023). Ultimately,
experimental warming rates balance being fast enough that
individuals in warmer treatments have not acclimated to
higher water temperatures than individuals from cooler
treatments (some acclimation occurs within 24 to 72 h;

Gilbert et al., 2022), but slow enough for ecological
relevancy. Temperature increase in specific places can be
as high as ~1°C h™' (based on daily water temperature
ranges up to ~10°C; (Gilbert ez al., 2016; Mauger et al.,
2017), but individual fish likely experience more rapid
rates of water temperature change as they move across
freshwater landscapes with heterogenous water temperatures
horizontally and vertically. For example, juvenile coho salmon
appear to voluntarily experience water temperature changes
>2°C h™' when they make quick (~1 h) movements between
cooler areas with better feeding opportunities and areas
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>2°C warmer with faster digestion and energy assimilation
(Armstrong et al., 2013). Half of the individuals in each
tank were sacrificed after a 12 h exposure to the treatment
temperature and the other half were sacrificed after 36 h.
Maintaining a consistent rate of temperature increase and
exposure to the treatment temperatures resulted in a longer
time at elevated temperatures (> 13°C) for individuals in
warmer treatments (e.g. an additional 4 h of warming time is
needed for 23°C vs. 15°C treated individuals).

Individuals were dispatched by cranial concussions fol-
lowed by cervical dislocation. Fork length was measured to
the nearest millimeter. Two skeletal muscle tissue samples
were removed from above the lateral line using a scalpel
and immediately placed in 2 ml vials to flash freeze the
sample in cryoshippers at temperatures below —80°C. One
set of samples was sent to the USGS S.O. Conte Research
Laboratory (Turners Falls, MA, USA) for measurement of
HSP70 concentration. The other set of samples was sent to
the USGS Western Ecological Research Center (Davis, CA,
USA) to analyze the gene panel mRNA levels. This work was
approved by the USGS Alaska Science Center Animal Care &
Use Committee (ACUC 2020-07).

Frozen muscle samples were dissected away from subdermal
fat and skin and weighed to the nearest mg. Twelve volumes of
homogenization buffer (Phosphate Buffered Saline plus com-
plete mini protease inhibitor, Sigma-Aldrich, USA) were added
to each muscle sample at 4°C. Samples were homogenized
with a Kontes Pestle Pellet handheld homogenizer (Fisher Sci-
entific, USA) and centrifuged for 10 min at 10000 g. Protein
concentration of the resulting supernatant was determined
with bicinchoninic acid (BCA) protein assay (Pierce, Fisher
Scientific, USA). Supernatants were used to compare our com-
petitive enzyme-linked immunosorbent assay (ELISA), modi-
fied from (Faught et al., 2017), to our previously employed
western blotting method of HSP quantitation (Bowen et al.,
2020; von Biela ez al., 2020). The primary antibody used
in both western and ELISA methods specifically recognizes
the inducible form of HSP70 (AS05061, Agrisera, Sweden)
and results in a single specific band at ~70 kDa on west-
ern blots. Paired samples representing all temperature treat-
ments showed a strong correlation between the two methods
(R* =0.93). The linear relationship was greatest in the middle
temperature range, as the western blot values tend to overesti-
mate HSP near zero values with little resolution between 15°C
and 17°C and plateau at the higher end of HSP induction
at 23°C. Thus, our HSP ELISA expanded the linear range
of detection, increased sensitivity of detection and was used
for all further analysis as follows. High binding 96 well
plates were coated with Chinook Salmon HSP (ADI-SPP-
763-F, Enzo Life Sciences, USA) at 100 ng mL™" in coating
buffer (15 mM Sodium Carbonate, 35 mM Sodium Bicar-
bonate, pH 8.3) overnight at 4°C. In microcentrifuge tubes,
muscle homogenates (final concentration 10 uL per well)
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were incubated with polyclonal primary antibody HSP70
in PBS plus 0.05% Tween 20 (PBS-Tw) overnight at 4°C.
Standards ranging from 0-320 ng--mL~' were diluted 1:1
in PBS-Tw and matrix (HSP70 negative muscle extract at
2.6 mgs-mL™") and incubated overnight at 4°C. Plates were
washed 5x with PBS-Tw and blocked with PBS-Tw + 1% BSA
at room temperature for 1 h. Samples/antibody were added
to wells in duplicate and standards/antibody were plated in
triplicate. Plates were incubated overnight at 4°C, washed
5x with PBS-Tw and incubated with goat anti rabbit -HRP
secondary antibody (5220-0283, Sera Care, MD, USA) at
room temperature for 1 h. Plates were again washed and TMB
(3,3, 5, 5'—tetramethylbenzidine) substrate added (5120-
0083, Sera Care, MD, USA). Plates were monitored at 650 nm
and after 5 min the reaction was stopped and read at 450 nm
(BioTek Synergy2, VT, USA). HSP70 values based on the
standards ranging from 0.6 to 320 ng-mL™" were calculated
with a 4-parameter curve, and final data was corrected by
total protein and expressed as ng HSP70 mg™' total protein.
The lower detection limit of the assay was 0.05 ng-mL™".
Inter-assay variation was 5.2% CV and intra-assay variation
was 8.6% CV.

Thirteen genes were selected to reflect potential influences of
known stressors in the salmons’ environments. These include
genes related to heat stress and other stressors associated with
climate change (e.g. emerging infectious diseases, nutritional
stress). The functionality and response of each gene have been
validated in other studies and are well-documented in the
literature (Table 1; for gene references and primer sequences
see von Biela er al. (2020) Tables 1 and 2). Gene transcription
was measured using quantitative real-time polymerase chain
reaction (qQPCR) assays of mRNA at the US Geological Survey
Western Ecological Research Center in Davis, California,
USA. Total RNA was extracted from ground muscle tissue
using the RNeasy Lipid Tissue Mini Kit (Qiagen; www.qiagen.
com). To remove contaminating genomic (g)DNA, extracted
total RNA was treated with 10 U-uL~1 of RNase-free DNase
I (DNase, Amersham Pharmacia Biotech Inc.) at room tem-
perature (20-30°C) for 15 min. The extracted RNA was
stored in a — 80°C freezer until analyzed. A standard cDNA
synthesis was performed on 2 pug of RNA template from
each Chinook salmon and coho salmon. Reaction condi-
tions included four units reverse transcriptase (Omniscript,
Qiagen, Valencia, California), 1 umol-L™"' random hexamers,
0.5 mmol-L~! each dANTP and 10 units RNase inhibitor, in
reverse transcription (RT) buffer (Qiagen, Valencia, Califor-
nia). Reactions were incubated for 60 min at 37°C, followed
by an enzyme inactivation step of 5§ min at 93°C and then
stored at —20°C until further analysis. Briefly, 1 uL of
c¢DNA was added to a mix containing 12.5 uL of QuantiTect
Fast SYBR Green Master Mix (5 mmol-L™" Mg2+; Qiagen,
Valencia, California), 0.5 uL each of forward and reverse
sequence specific primers with a concentration of 10 uM (von
Biela et al., 2020) and 10.5 uL of RNase-free water; total
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Table 1: F-statistics from an analysis of variance for mean differences in transcription of specific genes between species (coho salmon and
Chinook salmon), among temperature treatments, an interaction between species and temperature treatment and collection time (12 or 36 h)

nested within each species and treatment

P <0.001.
**P <0.01.
*P <0.05.

reaction mixture was 25 uL. The primers for hsp27, hsp70
and hsp90 are specific to the inducible forms of these genes.
The reaction mixture cDNA samples for each gene of interest
and reference genes were loaded into MicroAmp Fast Optical
96 well reaction plates in duplicate and sealed with optical
sealing tape (Applied Biosystems, Foster City, California).
Reaction mixtures containing water, but no cDNA, were used
as negative controls. Amplifications were conducted on a
QuantStudio 3 Real-time Thermal Cycler (Applied Biosys-
tems, Foster City, California), using the QuantStudio 3 soft-
ware. Reaction conditions were as follows: an initial hold
stage of 95°C for 20 s, 40 cycles of 95°C for 1 s and 60°C
for 20 s. The melt curve was 95°C for 1 s, 60°C for 20 s and
0.3°C-s™! temperature increase, and then 95°C for 1 s.

We transformed the qPCR data according to the 2" (-Ct’)
method (Livak and Schmittgen, 2001) as follows. First, we
normalized values (threshold crossing (Ct) of the housekeep-
ing gene subtracted from the threshold crossing for the gene
of interest). We then compared the normalized value of the
target gene to the Cr of the calibrator sample (the lowest
level of transcription for each gene). This gave us normalized
transcription values for each gene relative to the maximum
observed Cr across all samples. We then log-transformed the
transcription values, and those log-transformed values served
as the basis for all analyses going forward. Statistical analyses
and plotting for HSP70 protein and gene transcription data

were conducted in Rstudio (Poist, 2022). The reference genes
selected, rpL8 and EFla, were identified by Olsvik et al.
(2005) and Veldhoen ez al. (2010) as suitably stable reference
genes. Briefly, stability of reference genes was evaluated and
ranked using the web-based analysis tool RefFinder (https:/
www.heartcure.com.au/for-researchers/) (Xie et al., 2023). The
gene rpL8 was found to be the more stable reference gene
and was therefore used exclusively in normalization.

HSP70 comparison among species,
temperature and treatment duration

We anticipated that HSP70 protein concentration values
would violate parametric statistical analysis assumptions of
normality and equal variance because temperature treatments
that were not stressful would result in many individuals
with values near zero and minimal variance while stressful
treatments would result in higher values with more variation.
Therefore, we used a non-parametric approach for HSP70
analyses and considered a single variable at a time. First,
we determined that median HSP70 concentration were
similar between the 12 h and 36 h time exposures within
each species and treatment temperature using two-sample
Wilcox tests and adjusted p-values with Benjamini-Hochberg
corrections for multiple comparisons. We used the same
approach to ensure that the HSP70 response was similar
among the three tanks in each treatment (P > 0.05). Next,
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Table 2: Results from random forest models using transcription of all 13 genes examined (‘full model) or a
‘reduced model’ of the most influential genes to identify heat stress

nook salm Coho salm

Each model was fit with a subset of individuals (training data) and validated with all remaining individuals. Reported results
include sample size (n), precent of individuals correctly classified to stressful temperature treatments (21 and 23° for Chinook
salmon and 23°C for coho salmon), sensitivity and specificity.

Table 3: Mean decrease in accuracy for each gene used in a random forest model to identify heat stress using
transcription of all 13 genes examined (full model) or a reduced model of the most influential genes to
identifying heat stress

Coho salmon

Higher values indicate genes that improve model accuracy more, values near zero indicate genes that have little influence on
model accuracy and negative values indicate genes that reduce model accuracy. Models are all fit using the training data from 61
Chinook salmon and 31 coho salmon sampled after a controlled heat stress experiment. Stressful temperature treatments were
defined as 21 and 23° for Chinook salmon and 23°C for coho salmon.
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we described median differences in HSP70 concentrations
between species and among treatments by combining species
and treatment to a single category (e.g. Chinook salmon
15°C) and applying a Kruskal-Wallace one-way analysis of
variance test with pairwise Benjamini-Hochberg corrections
for multiple comparisons among the 10 groups (2 species x 5
temperatures).

We described mean differences for each gene between species,
among treatment temperatures and between the two treat-
ment durations using analysis of variance. Strong species
and duration effects have implications for our classification
analyses: a species effect would reinforce the need for species-
specific heat stress classifications based on gene transcription
data and a duration effect would signal potential complica-
tions if gene transcription data was used to classify heat stress
in wild fish for which exposure durations will not be known.
Analyses were conducted in R statistical software using the
aov() function by specifying the following formula:

y ~ Species + Treatment + Species * Treatment | Time

Where v is the gene of interest, Species is Chinook salmon
or coho salmon, Treatment is a category for 15,17, 19, 21
or 23°C water temperature treatment, Speciesk Treatment is
an interaction and Time is the 12 h or 36 h duration nested
in the interaction because we are specifically interested in the
possibility of a Time effect within a species and treatment.
Similarity in gene transcription values among the three treat-
ment tanks with the same temperature were also confirmed
by replacing Time with Tank and testing the model for each
gene (P > 0.05). Additional plots and post hoc tests were used
to describe effects for genes most responsive to temperature
treatments, as judged by the F-statistic for the treatment effect.
Pairwise differences for treatment and interactions between
species and treatment were identified with Tukey’s post hoc
tests using the function TukeyHSD(). Pairwise differences
between time exposure for each species and treatment were
determined by fitting the same models with the Im() function
because this analysis estimates a coefficient describing the dif-
ference between the two time exposures for each species and
treatment combination while TukeyHSD() does not handle
nested variables correctly. The t-value and P-value associated
with each time coefficient in the Im() output identified where
exposure time was related to differences in gene transcription
for a specific combination of species and treatment.

We examined the relationship between paired HSP70 gene
transcription (mRNA) and the resulting HSP70 protein mea-
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sured in the same individuals to clarify the extent to which
transcription is coupled with protein abundance (Silver and
Noble, 2012). We expect that higher levels of mRNA tran-
scription are associated with higher levels of HSP70, either
as a continuous or categorical variable. We considered if con-
tinuous values of HSP70 concentrations could be predicted
from HSP70 mRNA values using a general additive model
(GAM) that allows for linear and non-linear relationships,
but transcription of hsp70 struggled to predict the specific
HSP70 concentration once elevated above baseline HSP70
concentrations. Specifically, the GAM model overestimated
the HSP70 concentration for 21°C treated fish and under-
estimated the protein concentrations for 23°C treated fish
in Chinook salmon. Similarly, for coho salmon, the GAM
model underestimated the HSP70 concentrations for 23°C
treated fish. Because the model failed to meet the assumption
of randomly distributed residuals among temperature treat-
ments it is not presented in the paper. We tested whether levels
of mRNA transcription predicted if HSP70 were elevated or
not (categorical variable) using logistic regression (HSP70
concentrations greater than threshold value set to 1 and less
than or equal to the threshold set to 0).

To determine if a threshold value of HSP70 concentration
can be used to classify individuals with and without heat
stress, we examined a histogram of HSP70 concentration
values for each species. We anticipated that many individ-
uals would have low HSP70 values clustered around zero,
reflecting maintenance level of HSP70, while elevated levels
of HSP70 would form the remaining part of the histogram.
We visually examined the histogram for a separation in the
data between low and elevated levels that could be used as
a classification threshold for heat stress. We calculated the
percentage of individuals in each water temperature treatment
that would be classified with elevated HSP70 indicative of
heat stress under this visually assessed threshold and tested for
differences among treatment temperatures using Chi-squared
analysis for each species. We anticipated that cooler water
temperature treatments would have virtually 0% elevated
HSP70 and at least one of the warmest treatments would be
associated with nearly 100% HSP70 elevation. A water tem-
perature treatment was considered stressful if most (>50%)
individuals had elevated HSP70 concentrations.

To determine if transcription of the selected genes was related
to stressful water temperatures, we used a Random For-
est classification analysis that separated individuals between
unstressful and stressful temperature treatments. Water tem-
perature treatments were considered stressful if they elevated
HSP70 in >50% of individuals for a given species (i.e. 21
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Figure 3: Boxplots of heat shock protein 70 (HSP70) protein concentrations (ng HSP70 mg ™' total protein) among coho salmon (left) and
Chinook salmon (right) across five different treatment temperatures. Individuals from the 12- and 36-h exposure are combined for this plot
because HSP70 concentrations did not differ between the time exposures within a treatment and species. Different letters indicate significant

differences (P < 0.05).

and 23° for Chinook salmon; 23° for coho salmon). Ran-
dom Forest is a directed, machine learning approach where
multiple versions of the training datasets are made through
random-draws with replacement to identify the decision tree
that is most common across the resampled training datasets.
A subset of the samples was used to train the model and
the remainder were used for validation. To ensure that the
training data set was balanced between individuals that expe-
rienced stressful water temperatures or not, we used 50%
of individuals from whichever group was smaller and then
randomly selected a similar number of individuals from the
other group. We considered a full model using all 13 genes
examined and a stepwise (i.e. removed one gene at a time)
reduced model with a subset of genes that had a ‘mean
decrease in accuracy’ > 5 in the random forest model output.
In each model we report the mean decreases in accuracy
for each gene, percentage of individuals correctly classified,
sensitivity (heat stress positives in stressful water temperature
treatments/heat stress positives) as a measure of heat stress
detection and specificity (heat stress negatives in unstress-
ful water temperature treatments/heat stress negatives) as a
measure of correctly identifying individuals that were not
exposed to stressful temperatures. All data used in this study
are available in Stanek et al. (2023).

Results

A total of 151 juvenile Chinook salmon and 141 juvenile
coho salmon completed the experiment after a small number
of individuals (<10 for each species) escaped experimental
tanks. All fish that remained in the tanks survived the experi-

ment. Sample size per treatment was 26 to 32 individuals per
species. Of these, juvenile Chinook salmon had a fork length
of 97 £ 7 mm (mean + SD) and coho salmon had a fork length
of 55+ 6 mm. Water temperatures varied around the tar-
get water temperatures by ~0.25°C and maintained distinct
separation among treatments (Figure 2). Dissolved oxygen
concentrations were maintained at > 92% and > 8 mg L'.
Ammonia concentrations were maintained at <0.5 mg L™".

HSP70 protein comparison among species,
temperature and treatment duration

HSP70 concentration differed as a function of species
and treatment (Kruskal-Wallace chi-squared=207, df=9,
P <0.001; Figure 3). Median HSP70 concentrations were
lowest for both species in the 15°C, 17°C and 19°C
treatments and elevated in the 21°C and 23°C treatments
(pairwise Dunn tests, adjusted P < 0.05; Figure 3). In the
21°C treatment, HSP70 concentrations were higher in
Chinook salmon than coho salmon (adjusted P =0.03).
The highest HSP70 concentrations occurred in 23°C treated
Chinook salmon. HSP70 concentrations for 23°C treated
coho salmon were statistically similar to 21°C and 23°C
Chinook salmon, although the mean values for at 23°C were
10-fold higher in Chinook than in coho salmon.

Gene transcription comparison among
species, temperature and treatment
duration

Transcription of each gene was considered relative to the
influence of species, temperature and exposure time simul-
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Figure 4: Relative abundance of mRNA from three heat shock
protein genes (HSP27, HS70 and HSP90) across five different
temperature treatments measured in coho salmon (left) and Chinook
salmon (right) exposed to each treatment for 12 or 36 h. Letters
indicate significant differences from the analysis of variance test
presented in Table 1.

taneously in an analysis of variance model that also included
interactions of species and temperature to allow for different
thermal sensitivities between species (Table 1). Across all
13 genes examined, transcription was higher in Chinook
salmon compared to coho salmon. Among the genes exam-
ined, the three HSP genes (hsp70, hsp90 and hsp27) were
most responsive to the water temperature treatment (F=8.3—
203; < 4.4 for all other genes; Table 1, Figure 4). For hsp70,
an increase was evident at 21 and 23°C for coho salmon
and at 19°C for Chinook salmon with continued increases
in the 21°C and 23°C treatments. For hsp27, gene transcrip-
tion did not increase until the 23°C treatment in Chinook

Conservation Physiology - Volume 112023

salmon and there was no difference for any treatment for
coho salmon. For hsp90, Chinook salmon gene transcription
elevation began at 19°C and increased further at both 21°C
and 23°C. Elevation of coho salmon hsp90 began at 21°C
and increased further at 23°C. Of the three HSP genes, the
time exposure effect nested within the interaction of species
and treatment was not related to the transcription of hsp27 or
hsp70 (Figure 4). Exposure time did influence transcription
of hsp90, with lower mRNA levels at 36 h than at 12 h in
the 19°C, 21°C and 23°C treatments for both species as well
as the 15°C treatment for coho salmon (Figure 5). Among
the genes with weak temperature treatment effects (P < 0.05
and F < 4.4), pairwise differences in post-hoc tests were not
significant after adjustments for multiple comparisons (ifna,
tbx21, mi-a, or leptin), except for ifng2 where transcription
was lower in 21°C treated coho salmon compared to coho
salmon in other treatments.

Comparing gene transcription and protein
concentration of HSP70

Increased transcription of hsp70 was related to the cate-
gorical presence/absence of elevated HSP70 concentrations
for Chinook salmon (logistic regression, deviance=—63.8,
df=1, P <0.001) and coho salmon (deviance =—81.4,df=1,
P <0.001; Figure 6). The hsp70 gene transcription value
associated with a 50% probability of HSP70 elevation as
determined by the logistic regression was 1.600 (transformed
values are unitless see methods) for Chinook salmon and
1.593 for coho salmon. Plots of paired mRNA compared to
protein were divided into four quadrants that represent the
possible categorical groups of mRNA and protein elevation
(Figure 6). In both species, most (78% of Chinook salmon
and 88% of coho salmon) individuals had either low mRNA
and low protein (46 % of Chinook salmon and 72% of coho
salmon) or elevated mRNA and elevated protein (32% of
Chinook salmon and 16% of coho salmon).

HSP70-based heat stress classification for
individuals and water temperature
treatments

HSP70 concentration histograms revealed a separation
between low and high values in both species (Figure 7). For
Chinook salmon, the separation in HSP70 concentrations
occurred at 2 ng HSP70 mg' total protein and values
higher than this were considered HSP70 elevation and
indicative of heat stress. Among Chinook salmon, HSP70
concentrations were always elevated in individual fish from
21 and 23°C treatments and rarely elevated in individual
fish when exposed to 15 to 19°C and (0% of individuals
in 15°C treatment, 7% of individuals in the 17°C treatment
and 6% of individuals in the 19°C treatment compared to
100% of individuals in the 21°C and 23°C treatments).
The differences in the percentage of individual Chinook
salmon with elevated HSP70 among treatment temperatures
were statistically significant (x> =136, df=4, P <0.001).

€202 Jequieoa(q || uo 3s8nb Aq /¥£Z9¥//260PB09/L/1 |/8|o1ue/sAyduoo/woo-dno-oiwepeoe/:sdiy wolj pepeojumod



Conservation Physiology - Volume 112023

Coho salmon

Research article

1.654

hsp90 mRNA
2

SETR TR T

. %

Th

15°C 17°C 19°C 21°C 23°C

15°C 17°C 19°C 21°C 23°C

Treatment

E2 Coho salmon 12h E3 Coho salmon 36h

B2 Chinook salmon 12h E3 Chinook salmon 36h

Figure 5: The response of HSP90 gene transcription (MRNA) between species, water temperature treatments and time exposure (12 or 36 h).
Stars indicate significant differences between the time exposures for specific species and treatment combinations as follows: ***P < 0.001,

**P <0.01 or *P < 0.05.

The HSP70 concentrations for individual Chinook salmon
exposed to 21°C and 23°C separated near 20 ng HSP70
mg " total protein. Temperature treatments of 21°C and 23°C
were considered stressful for these hatchery-reared juvenile
Chinook salmon. The baseline HSP70 concentration was
0.56 +0.50 (mean + SD) ng HSP70 mg ™" total protein among
the individuals without elevated HSP70 (7 = 87).

For coho salmon, separation in the histogram at 3 ng
HSP70 mg~' total protein denoted the threshold for HSP70
elevation and heat stress (Figure 7). Among coho salmon,
HSP70 concentrations were always elevated among individ-
uals exposed to 23°C and rarely elevated in individuals from
15 to 21°C water temperature treatments (0% of individ-
uals in the 15°C and 17°C treatments, 4% of individuals
in the 19°C treatment, 12% of individuals in the 21°C
treatment and 100% of individuals in the 23°C treatment).
The differences in the percentage of individual coho salmon
with elevated HSP70 was related to treatment temperature
(x* =121, df=4, P <0.001). Only the 23°C temperature
treatment was considered stressful for these hatchery-reared
juvenile coho salmon. The baseline HSP70 concentration was
0.72 £0.70 (mean £ SD) ng HSP70 mg™" total protein among
the individuals without elevated HSP70 (n = 108).

Random forest classification models were able to separate
individuals exposed to stressful and unstressful water temper-
atures in Chinook salmon and coho salmon based on tran-
scription of all 13 genes or the reduced subset of genes when
judged by ‘training data’ used to fit models and ‘validation
data’ that was independent of model fitting (Tables 2 and 3;

Figure 8). Among Chinook salmon, gene transcription clas-
sified exposure to stressful water temperatures (>21°C) cor-
rectly in 90% (7 =61) of individuals in the training data set
and 86% (n =90) of individuals in the validation dataset of
the full model with all 13 genes included. When the model
was reduced to the most influential genes, only six genes
were retained (hsp70, bsp90, gata3, tbx21, cyp1la and mt-a)
(Table 1) and exposure to stressful temperatures was correctly
classified in 92% of individuals used in the training data set
and 87% of individuals in the validation data set.

Among coho salmon, gene transcription correctly classified
exposure to stressful water temperatures (>23°C) in 87%
of individuals in the training data set (z =31) and 89% of
individuals in the validation dataset (z =110) of the full
model with all 13 genes included (Table 2; Figure 8). When
the model was reduced to the most influential genes, only
four genes were retained (hsp70, hsp90, cypla and leptin).
The reduced model identified heat stress correctly in 88% of
coho salmon in the training data set and 87% in the validation
data set.

Discussion

There was a clear effect of water temperature on both the
HSP70 concentration and gene transcription (mRNA) of
hsp70 and hsp90 in Chinook salmon and coho salmon.
Our findings are consistent with other studies of heat stress
in Pacific salmon, Atlantic salmon (Salmo salar), brook
trout (Salvelinus fontinalis) and Arctic charr (Salvelinus
alpinus) (Evans et al., 2011; Chadwick et al., 2015; Lewis
et al., 2016; Akbarzadeh et al., 2018; Houde et al., 2019;
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Figure 6: Relationship between the levels of HSP70 transcription
(mRNA) and the resulting HSP70 concentration (ng HSP70 mg ™" total
protein). Colors indicate water temperature treatment. Horizontal
dashed lines are the HSP70 threshold used to identify heat stress in
Chinook salmon (2 ng HSP70 mg™' total protein) and coho salmon
(3 ng HSP70 mg ™" total protein). Verticle dashed lines are HSP70
transcription value associated with the 0.5 probability of elevated
protein concentrations in Chinook salmon (1.600) and coho salmon
(1.593). Sample size notations indicate the number individual fish
that occur in each quadrant of the plot out of an overall sample size
of 151 Chinook salmon and 141 coho salmon.

Bowen et al., 2020; von Biela et al., 2020) that find increases
in hsp transcription and HSP70 protein with warmer water
temperatures. Stressful water temperature treatments in this
study were 21°C and 23°C for juvenile Chinook salmon,
but only 23°C for juvenile coho salmon based on distinctly
elevated HSP70 (Figure 7). Our results generally agree
with past studies of juvenile Pacific salmon that indicate
temperatures > 20°C are stressful for juveniles (reviewed
by Mayer, 2022). Threshold temperatures for induction
of the inducible forms of heat shock protein, such as the
ones measured here, have been found for most organisms
examined, and the threshold temperature generally increases
with increasing thermal tolerance of the species (Feder
and Hofmann, 1999). Therefore, the differences in water
temperatures that resulted in elevated HSP70 suggests that
juvenile Chinook salmon are more temperature sensitive
than juvenile coho salmon. Our results provided several

Conservation Physiology - Volume 112023

indications that transcription and translation-based heat
stress assessments are related, but not necessarily directly
correlated as noted elsewhere (Lund et al., 2002; Buckley et
al., 2006; Lewis et al., 2016; Mottola et al., 2020). First, we
saw an increase in hsp70 and hsp90 transcription at water
temperatures 2°C cooler than the increase in energy costly
translation of HSP70 protein for Chinook salmon (19°C vs
21°C; Figures 3 and 4), similar to differences noted in other
studies (Lund et al., 2002; Lewis et al., 2016; Mottola et al.,
2020). Relatedly, the heat stress classification results differed
where transcription-based models estimated higher heat stress
percentages for Chinook salmon at 19°C and coho salmon at
17-19°C compared to HSP70-based percentages (Figure 8).
Last, there were instances of individuals with elevated
HSP70 protein, but not hsp70 transcription, indicating that
transcription can be intermittent during heat stress (Figure 6).
Poor correlation between mRNA produced by transcription
and protein from translation at a particular snapshot can
be related to the lag between transcription and translation
(Buckley et al., 2006; Lewis et al., 2016). However, that
lag is thought to be shorter (1-3 h depending on tissue
type in Lewis et al., 2016) than the > 12 h exposure used
in this experiment. Moreover, there was no indication that
elevated hsp70 transcription from the 12 h exposure was
followed by elevated HSP70 translation at 36 h. Instead,
HSP70 protein was similar between 12 h and 36 h in all
temperature treatments and suggested that our time course
was sufficient to capture transcription and translation.
Thus, the data are more consistent with the notion of post-
transcriptional regulation that allows HSP70 transcription
and translation to be disconnected in certain temperature
ranges and/or lengths of exposure (Lund et al., 2002; Lewis
et al,, 2016; Mottola et al., 2020). Lewis et al. (2016)
predicted that an increase in both HSP70 mRNA and protein
occurs only at the high end of temperature tolerance when
there is a threat of mortality to balance preparedness with
the high energetic cost of translation. When transcription of
mRNA and translation of protein are considered separate
steps in the larger-tiered stress response (see Figure 1 Bowen
et al., 2020) alongside the more dramatic responses of
cell death and salmon mortality, anticipating step-specific
activation temperature becomes intuitive.

Our approach to classifying a temperature treatment as
“stressful” required a distinct HSP70 protein elevation, rather
than an increase in the mean or median of any HSP biomarker
considered (gene transcription or protein translation). Dis-
tinct HSP70 elevation in muscle tissue was apparent in the
21 and 23°C treatments as >2 ng HSP70-mg™"' total pro-
tein in Chinook salmon and the 23°C treatment as > 3 ng
HSP70'mg~" total protein in Coho salmon. The water tem-
perature needed to induce HSP70 elevation can vary by
species, population, exposure duration and life stage (Iwama
et al., 1998; Fowler et al., 2009; Lewis et al., 2016). For
example, HSP70 was elevated at a lower water temperature
treatment (18°C) in the muscle tissue of migrating adult
Chinook salmon (von Biela et al., 2020) in line with a lower
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Figure 7: Histograms of HSP70 concentrations (ng HSP70 mg ™" total protein) measured in the skeletal muscle tissue of juvenile coho salmon
(left) and Chinook salmon (right). This figure combines individuals in 12 and 36 h exposures because HSP70 concentrations were similar within
species and treatments. Note the wider range of HSP70 concentrations across juvenile Chinook salmon examined with a lower panel zoomed in
to see separation in the distribution of HSP70 concentrations. Dashed lines are the thresholds used to designate heat stress. For coho salmon,
the separation between off/baseline and elevated with heat stress was apparent at 3 ng HPS70 mg ™' total protein. For Chinook salmon, there
are two lines denoting separation between off/baseline and elevated values and elevated levels of HSP70 also separate between an
elevated-lower (21°C treatment) and an elevated higher (23°C treatment) at 2 and 20 ng HSP70 mg ™" total protein, respectively.

Coho salmon Chinook salmon
100- stressfu 1004 stressful
X 751 75+
&
o
n 50+ 501
©
[0}
I
254 254
15°C 17°C 19°C 21°C 23°C 15°C 17°C 19°C 21°C 23°C
Treatment Treatment

B Full gene model Reduced gene model [l HSP70 protein threshold

Figure 8: The percentage of individuals with the heat stress in each temperature treatment by classification approach and species.
Classification approaches are shown as separate bars: full gene model (left bar), reduced gene model (middle bar) and HSP70 concentration
threshold (right bar). This figure combines individuals in 12 and 36 h exposures because exposure time would not be known in future
applications. Results from the full and reduced gene models are based on the validation data set (n =90 Chinook salmon; n =110 coho salmon).
Results from the HSP70 threshold use all individuals (n = 151 Chinook salmon; n = 141 coho salmon). Shaded treatments are water temperatures
deemed stressful based on > 50% elevation of HSP70 protein.

thermal tolerance for migrating (spawning) adults compared
to juveniles as previously established (McCullough, 1999;
Evans et al., 2011; Miller et al., 2011; Jeffries et al., 2012; The higher levels of HSP70 and hsp transcription at 21 and
Teffer et al., 2019; Dahlke et al., 2020; Hinch et al., 2021; 23°C in Chinook salmon compared to coho salmon indi-
Mayer, 2022). cates that juvenile Chinook salmon in our study were more
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temperature sensitive than juvenile coho salmon. Our results
agree with conclusions from Mayer (2022) that juvenile coho
salmon appear to have a higher upper thermal tolerance range
than juvenile Chinook salmon based on literature review.
However, direct comparison of thermal tolerance of these
(and other) species of Pacific salmon using the same meth-
ods would be a valuable addition to our ability to predict
differential responses to climate change. Our comparative
experimental effort lays the groundwork for future research
projects to assess whether wild Chinook salmon have evi-
dence of heat stress at lower water temperatures or at a higher
prevalence compared to co-occurring wild coho salmon. If
wild Chinook salmon are consistently shown to have stronger
temperature sensitivity than co-occurring coho salmon, then
it may help explain why Chinook salmon populations have
more widespread declines and conservation concerns. Fur-
thermore, differences in heat stress prevalence among spawn-
ing adults could arise because northern populations of Chi-
nook salmon are mostly summer-run and overlap with sea-
sonal water temperature peaks more so than fall-run coho
salmon.

We took advantage of recent developments that allow HSP70
concentration to be assessed using an ELISA that provided
finer resolution data at lower concentrations than western
blots and enables faster and more reliable HSP70 protein
assessment. Detection of low abundance proteins or detection
of proteins from small quantity samples can be a major
challenge when performing western blotting, resulting in faint
or undetectable band(s) during the imaging step and the possi-
bility of inconclusive data analysis. White skeletal muscle has
not been the primary focus for stress biomarker development
in fishes (Fowler et al., 2009; Jeffries et al., 2021) because
the concentration of HSP70 tends to be lower than other
options such as liver or gill (Iwama et al., 1998; Fowler et al.,
2009; Bowen et al., 2020). Disadvantages of other tissues for
heat stress detection include the necessity of lethal sampling
for liver tissue, questionable reliability for non-lethal fin
clips (Madeira et al., 2017) and anesthesia considerations
to collect non-lethal gill tissue (McCormick, 1993; Cooke
et al., 2005). Anesthesia complicates non-lethal sampling of
salmon because of strict requirements for fishes that might be
consumed by people (e.g. 21 day hold time following use of
approved anesthetics) (Priborsky and Velisek, 2018). Cooke
et al. (2005) provides a protocol that includes gill biopsy of
adult salmonids without anesthesia due to human consump-
tion after release, but it was carried out by those with a high
level of fish handling experience to ensure fish and researcher
safety. Muscle tissue now provides another reliable mea-
sure of HSP70 abundance with a non-lethal option among
adults (Boe et al., 2020) that can be accomplished by tech-
nicians stationed at monitoring projects like weirs (von Biela
et al., 2020).
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HSP70 concentrations demonstrated a threshold pattern
with distinct separation between cooler and warmer water
temperature treatments that was fundamentally different
from the gradual and overlapping values for transcription of
hsp genes. As a result, HSP70 concentrations could identify
heat stress alone, but transcription from an individual gene
could not. Baseline HSP70 concentrations in muscle tissue of
juvenile salmon held in cooler temperature treatments were
near zero, similar to muscle tissue of wild adult Chinook
salmon captured along their spawning migration and held
as ‘controls’ (i.e. ~15°C) during a previous heat stress
experiment (Donnelly et al., 2020; von Biela et al., 2020).
A caveat of comparing data presented in this paper and
data presented in von Biela er al. (2020) is the difference
in the laboratory approaches used to measure HSP70
concentrations (ELISA vs western blot). Improved resolution
of HSP70 concentrations with the ELISA method does impede
a direct comparison between HSP70 heat stress thresholds
between the two studies, but not the generalization that
baseline HSP70 levels were near zero for juveniles and adults.
Similarity in baseline HSP70 concentrations is consistent with
the ability to use the same HSP70 thresholds to identify
heat stress across life history stages. Nevertheless, studies
should apply HSP70 thresholds with caution because any
life stage can have events that temporarily and minimally
elevate HSP70 for reasons unrelated to water temperature
(e.g. river entry was suspected to elevate HSP70 in von
Biela et al., 2020).

Identifying heat stress with a gene transcription approach
required multiple genes with the combination of hsp70 and
hsp90 being particularly helpful out of the genes examined.
With the suite of genes considered here, transcription was
able to correctly identify exposure to stressful temperatures
> 85% of individuals with a good balance between detecting
heat stress (i.e. sensitivity) and the absence of heat stress
(i.e. specificity). Other studies that rely on transcription to
identify physiological stressors also use a combination of
genes to identify stress exposure in fish, bird and mammal
species (Jeffries et al., 20215 Trego et al., 2021). The gene
transcription signature associated with heat stress in this
study was generally similar to other examples in the literature
in that one or more hsp genes were highly influential, but
genes related to other cellular functions could also improve
predictions (Buckley et al., 2006; Evans et al., 2011; Anttila
et al., 2014; Tomalty et al., 2015; Akbarzadeh et al., 2018;
Houde et al., 2019; Dettleff et al., 2020). In this example,
genes related to immune system (gata3 and tbx21 for Chinook
salmon) and detoxification (cyp1a) were helpful at classifying
heat stress when considered in tandem with hsp70 and hsp90,
even when they were not strongly influenced by water temper-
ature when considered alone. For Chinook salmon, the three
most influential genes (hsp70, hsp90, gata3) for identifying
heat stress in this study were consistent with those identified
during an experiment of wild Yukon River Chinook salmon
spawning adults (von Biela et al., 2020). This consistency
between juvenile and adult spawning Chinook salmon heat
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stress gene transcription signatures reinforces the idea that
biomarkers developed from juveniles can be applied to adults.
The 13 genes examined here represent one possible gene panel
out of thousands of known Chinook and coho salmon genes.
Full transcriptome studies of muscle tissue from individuals
exposed to different water temperatures can help direct the
selection of an improved selection of genes for heat stress
identification.

Some individuals had a mismatch between their biomark-
ers and water temperature experiences that may reflect indi-
vidual variation in temperature tolerance (i.e. biomarkers
consistent with heat stress even when they were not in a stress-
ful temperature treatment for HSP70 and gene transcription
and vice versa for gene transcription). Temperature tolerance
is malleable with age, body condition, pathogen exposure,
temperature acclimation and stress history (Bruneaux et al.,
2017; Gallant ez al., 2017; Turko et al., 2020; Rodgers and
Gomez Isaza, 2022). Individual differences in thermal toler-
ance have been found in brook trout (Salvelinus fontinalis)
and other species and are repeatable over most of the animal’s
adult stage (O’Donnell e al., 2020), indicating a possible
genetic basis as well. Beyond individual variation, HSP70
concentrations and gene transcription can be elevated by
latent (i.e. unidentified) abiotic factors including pollution
(Iwama et al., 1998; Kohler et al., 2001) and social stress
(Currie et al., 2010). In this study, individual variation in
temperature tolerance appears the most likely explanation of
biomarker and temperature mismatch because the patterns
observed in the mismatches: there were almost no mismatches
in the coolest temperature treatment and mismatches were
most common when approaching stressful temperatures sug-
gesting that these individuals simply experienced heat stress
at slightly lower water temperatures than their conspecifics.
Classification analyses make the simplifying assumptions that
temperature tolerances are the same across individuals within
a species and consider these mismatched individuals to be
misclassifications. While we cannot definitively separate true
misclassifications from individual differences in temperature
tolerances, these individuals comprise only 3% of cases for
HSP70 elevation and such a low rate is encouraging for future
application to wild Pacific salmon when individual variation
and other stressors will have more influence on HSP70.

The results of this experiment support the use of HSP70 pro-
tein elevation measured in white muscle tissue as a Chinook
salmon and coho salmon heat stress indicator for individuals
during research and monitoring with an option for non-lethal
muscle biopsy for adults (Bee et al., 2020). The simple thresh-
old that distinguishes normal from elevated HSP70 protein
levels is transparent, does not require statistical classification
analyses and is understandable to other researchers and the
public alike. If other researchers choose to apply our HSP70
thresholds to identify heat stress, we strongly encourage some
level of indirect validation to ensure threshold applicability

Research article

(i.e. plotting HSP70 concentrations compared to recent max-
imum water temperatures to verify that HSP70 elevation is
temperature-related where the range of water temperatures
spans optimal to supraoptimal). The two distinct levels of
HSP70 elevation from Chinook salmon treated with 21°C
and 23°C water raises the possibility that HSP70 concen-
trations could confer some information about mortality risk
that could be examined in future studies. Gene transcription-
based tools for group-level research and monitoring were
also supported by our results. Individual-level heat stress
detections based on gene transcription remain promising and
require less tissue, allowing for non-lethal sampling of juvenile
fishes (Jeffries et al., 2021), but are inherently more complex
and require further study in Pacific salmon muscle tissue.
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