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Abstract

Effective tracking and management of an oil spill are crucial to mitigating deleterious
effects on fish. Currently, the area covered by an oil spill is tracked primarily through satellite
and aerial imaging of the top slick. However, this method of oil spill tracking fails to capture the
dispersal of water-soluble compounds released from a spill, such as polycyclic aromatic
hydrocarbons (PAH) and naphthenic acids (NA), that can be environmentally persistent.
Transcriptomic biomonitoring of sentinel animals can be a powerful method for tracking and
evaluating the impact of environmental toxicants, however, current sampling methods are lethal.
Instead, the present thesis work evaluates the use of the caudal fin transcriptome as a nonlethal
alternative to demonstrate salmon biological response to the water accommodated fraction

(WAF) generated during an oil spill.

Most deleterious effects of WAF exposure presented in the literature were observed in
fish embryos exposed to crude oil WAF under freshwater and/or warm marine conditions. As
temperature, salinity, and oil type significantly impact oil WAF composition and toxicity, it is
important to investigate effects of WAF exposure generated in cold-water marine conditions and
with a variety of oil types. Herein, oil WAFs were generated at nonlethal concentrations with
100-to-1000 mg/L of one of four different oil types under cold-water marine conditions and
juvenile coho smolts were exposed for 96 h. Paired caudal fin and liver tissues were collected
from genotypically-sexed smolts and transcriptomic responses queried through gene-targeted
quantitative real-time polymerase chain reaction (QPCR) and RNA-Seq assays. WAFs were
characterized by the sum of 50 PAHS (tPAH-50) and measured using gas chromatography/triple

quadrupole mass spectrometry.



WAFs generated with low sulfur marine diesel (LSMD) resulted in a significant and sex-
biased change in gene transcript abundance relative to unexposed seawater controls in both the
liver and caudal fin, demonstrating PAH exposure, general and oxidative stress, and estrogenic
activity. In both female and male liver and caudal fin, cyplal exhibited the greatest increase in
transcript abundance after 96 hours of LSMD WAF exposure, demonstrating that cyplal is a
robust, sex-independent bioindicator of LSMD WAF exposure at this time point. Further
evaluating transcript abundance of ahr and cyplal in the caudal fin significantly demonstrated
response to WAFs generated with high sulfur fuel oil (HSFO), diluted bitumen (dilbit), and
Alaskan crude oil relative to seawater controls. In contrast, response to Alaskan crude WAF
exposure was not detected in the liver. HSFO WAF exposure induced the greatest cyplal
response in both tissues, with the lowest response to Alaskan crude WAF despite containing the
second highest tPAH50 concentration demonstrating a need for better PAH-responsive transcript
bioindicators. RNA-Seq analysis of LSMD and HSFO WAF exposures revealed significant
responses in the liver and caudal fin transcriptomes that were specific to oil type, tissue, and
genetic sex. In addition to enrichment of transcripts involved in immunomodulation (LSMD
WAF) and a cancer-like cell state (HSFO WAF), RNA-Seq analysis identified liver and caudal
fin bioindicator candidates common across oil WAF types. Ultimately, this work demonstrates a
robust response of the coho salmon caudal fin transcriptome to oil WAF exposure that is more
consistent between sexes and different oil exposures than the conventional liver tissue. This
improved consistency is ideal for biomonitoring assays and demonstrates promise for using the
caudal fin transcriptome as a non-lethal alternative for assessing and tracking oil spill exposure

in marine environments.
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1. Introduction
1.1. Tracking and managing oil spills is difficult

Large-scale petroleum oil spills (>30 tonnes) result in the reduction/closure of tourism and
fishery activities, erosion/fouling of marine and coastal habitats, and death or impairment of
exposed populations.’3 As it is estimated that 0.2-2.0 x 10° tonnes of petroleum oil are spilled
into the global marine environment every year, it is important to have efficient and accurate tools
to assess the extent of the environmental and economic impact of these oil spills.%? In addition to
managing the top slick, it is also important to consider the water-soluble molecules released from
an oil spill that can exhibit high environmental persistence,* such as polycyclic aromatic
hydrocarbons (PAH) and naphthenic acids (NA). Exposure to this water accommodated fraction
(WAF) released from a spill can result in serious deleterious effects in fish populations,
significantly impacting fish reproduction,>” development,® cardiac function,® and social group
adhesion.°

Due to ocean currents, the WAF can be distributed broadly from the initial site of an oil
spill.** Unlike the top slick, an oil WAF is invisible to the naked eye and cannot be visually
tracked. As satellite and aerial imaging are the primary tools for tracking oil spill dispersal, oil
WAFs pose significant difficulties for oil spill management initiatives, as directing cleanup
crews and shutting down fisheries activities is highly dependent on effective oil spill tracking.*?
This was particularly observed during the Deepwater Horizon blowout in the Gulf of Mexico,
where responses were dictated by overhead imaging of the spill*® only to find the effects of oil
spill damage reaching far past initial estimates months and even years later.*® There is a
substantial need for reliable tools capable of tracking the dispersal of these water-soluble

compounds.



Petroleum products are a complex mixture of chemical compounds estimated to be
comprised of tens of thousands of hydrocarbons and other related hetero-compounds with only a
fraction of the compounds released from an oil spill amenable to characterization using current
analytical techniques.**> Of those quantifiable, aliphatic hydrocarbons, monocyclic aromatics
(BTEX; benzene, toluene, ethylbenzene, and xylene), PAHSs, and NAs are cited as the most
concerning pollutants from petroleum-based oil spills (Table 1.1).151" Aliphatic hydrocarbons
and BTEX are the most abundant fractions detected in source oil, however due to their high
volatility they are not detected in high abundance in spilled oil.*®° Petrogenic PAHSs are the
most studied constituents released from oil spills that demonstrate increased persistence in
aquatic environments with higher molecular weight.?’ NAs are more water soluble than PAHs
and comprise up to 3-4% by weight of petroleum products.!” NAs are also very persistent. For
example, they can be detected in coastal marine sediments up to five years after an oil spill.?*

Table 1.1. Examples of BTEX, PAHSs, and NAs found commonly in petroleum products.

Aliphatic BTEX PAH NA
hydrocarbons
CHy
st )
HHHH
Butane Benzene ’

OH

Pyrene

3-Naphthenic acid

The majority of oil WAF research focuses on Alaska North Slope and Macondo crude oils,
which were involved in the Exxon Valdez and Deepwater Horizon oil spills.2 Consequently, there

is a lack of research on other non-conventional crude oils, like diluted bitumen (dilbit) or marine



diesels.? Furthermore, work studying the biological effects of WAF exposure is often performed
in freshwater systems and/or at warm/temperate conditions. As temperature and salinity have
been shown to significantly impact oil WAF composition,?>?? it is important to study oil WAF
generation and exposure under cold marine conditions as well.

Due to the low environmental persistence of aliphatic hydrocarbons and BTEX, these
compounds are often not included in oil WAF characterization as they are rapidly weathered
from solution.* Although NAs are abundant in oil WAFs, direct quantification of these molecules
is challenging due to the extensive variation of the fatty acids chains between individual NAs.?
Currently, quantification of PAHSs via gas chromatography/triple quadrupole mass
spectrometry(GC-MS/MS) is the best analytical chemistry-based method for characterization of
the WAF dispersed from oil spills.?> However, this method of PAH quantification is quite
expensive and slow, leaving a need for a more cost-effective and rapid method that can be used

to track WAF dispersal.?®

1.2. Biomonitoring of sentinel fish for environmental contaminant
detection

Biomonitoring of sentinel fish allows for the detection of environmental contaminants where
direct detection of contaminants may be challenging.?” An ideal bioindicator will provide a direct
and specific response to external levels of toxicant exposure that can be empirically and reliably
measured, although, it is not necessary that a bioindicator directly represent a deleterious
response.?® Instead, specificity of a bioindicator to a given toxicant is more important,

particularly in large open ecosystems like the ocean, where other stressors may also be present



and confound the response seen from the toxicant of interest.?® An ideal bioindicator should also
exhibit low variation between biological replicates.?®

Acute oil spill exposure is not always immediately lethal to fish, and obvious morphological
effects like skin lesions can take months to develop.3%3! Instead, these types of exposures result
in sublethal deleterious effects that are difficult to measure. This presents a need for more subtle
tools able to capture the biological response of these fish to oil WAF exposure. Through

transcriptomic analysis, sublethal effects of oil spill exposure can be detected.?

1.3. Use of transcriptomics to detect sublethal deleterious effects of
environmental contaminants

As the effects of toxicant exposure occur through molecular interactions with organisms, it
is important to study toxicity at the molecular level 3 Using transcriptomics, molecular response
is measured by capturing a snapshot of gene expression through isolation and quantification of
MRNA transcript abundance. mMRNA transcripts are first reverse transcribed into complementary
DNA (cDNA) strands which are more stable and serve as a template for analysis.®® The cDNA
generated can then be quantified either using gene-targeted assays (QPCR), multi-gene assays

(microarray), and/or transcriptome-wide total RNA sequencing (RNA-Seq).

The use of gPCR and microarray assays comprise most of the ecotoxicology literature.3
These methods have proven to be highly effective in detecting exposure to endocrine disrupting
compounds and other harmful pollutants in aquatic environments. Estrogenic responses are
observed using transcriptomics in a wide range of marine and freshwater fishes,3* and
quantification of hepatic vitellogenin (vtg) transcript abundance in fathead minnow, can detect
estrogen exposure at concentrations below current analytical detection limits.*® Transcriptomic

response of fishes has even been used to identify unknown toxicant exposure. Through the use of



the Comparative Toxicogenomic Database, gene expression profiles from a population of wild
largemouth bass (Micropterus salmoides) experiencing population decline were used to identify

quercetin and tretinoin exposure response that was previously unknown.3®

In addition to identifying toxicant exposure, transcriptomics is widely employed in
ecotoxicology in identifying the mechanisms that underly toxicity.>> Microarrays evaluating the
response following exposure to the endocrine disrupting pesticide, toxaphene, identified novel
immunosuppressing effects in largemouth bass.®” Evaluating gene expression also identified key
differences in the immune response to salmonid lice infections between susceptible (Salmo salar,
Oncorhynchus keta) and resistant (Oncorhynchus gorbuscha) salmon.3 Transcriptomic analysis
also allows for the evaluation of toxicity-mitigating strategies, such as the use of silica

nanoparticles to reduce the impacts of PAH exposure in embryonic fathead minnow.®

Due to the rapidly decreasing costs associated with RNA-Seq, whole transcriptome shotgun
Illumina sequencing is becoming more commonly used in ecotoxicology.*® Unlike gPCR and
microarray assays, RNA-Seq does not require a prior selection of genes to evaluate and can even
be performed without prior transcriptomic or genomic knowledge of the sequenced organism (de
novo assembly).*° The amount of RNA required is also less for RNA-Seq (nanogram quantities)
compared to microarrays (microgram quantities), which can be very important when dealing
with precious samples.*t Also, RNA-Seq will quantify a greater dynamic range of transcripts
than microarrays.*° This non-selective method of transcriptomic querying is ideal for the
identification of novel bioindicators of specific environmental conditions like hypoxia in

Chinook salmon (Oncorhynchus tshawytscha).*?



Measurement of hepatic transcript bioindicators have been used to demonstrate a significant
biological response to WAF exposure in fishes.1”4344 Although as little as three mm? of tissue is
needed, typical liver sampling methods still involve lethal dissections.*® Requiring mortality as
an endpoint of biomonitoring assays contrasts the efforts of conservation being employed and

may even further stress a sampled ecosystem.

1.4. Transcriptomic sampling of the caudal fin as a non-lethal
alternative to traditional methods

The caudal fin is a readily accessible tissue present on all fishes that can be sampled with
minimal distress to the fish and allows for a catch-and-release method of sample collection.
Furthermore, non-lethal caudal fin sampling allows for repeated measurements from a single fish
during long-term exposures. Veldhoen et al. have previously demonstrated that in anurans, the
tadpole tail fin can be a highly responsive to xenobiotics, specifically to endocrine disrupting
compounds.*® Further work from this lab have since demonstrated that the salmonid caudal fin
transcriptome is also capable of indicating exposure to metals and estrogens.*>4’ Sensitive
detection of sea lice infection in Atlantic salmon (Salmo salar) has also been observed in the
salmonid skin transcriptome, demonstrating the responsiveness of external tissue transcriptomes
and further supporting their use.*® One primary hypothesis of the present thesis work proposes

that the caudal fin is a reliable and accessible tissue to assess biological responses to oil WAFs.

1.5. AhR-mediated pathway as a bioindicator for oil spill exposure
To validate the use of the caudal fin transcriptome in demonstrating oil WAF exposure, it
is important to identify and measure transcript expression that is specifically responsive to
common WAF components. Due to the high presence of PAHSs and other related hetero-

compounds in petroleum-based oil products,*® oil WAF exposed fish demonstrate a significant



response of the aryl hydrocarbon receptor (AhR)-mediated pathway.*® AhR is a highly conserved
nuclear receptor in metazoans®! that primarily regulates the expression of xenobiotic
metabolizing enzymes.? Other than PAHSs, dioxins, PCBs, and phytochemicals are all known

AhR agonists.>?

The AhR-mediated pathway is activated when the cytosolic receptor, AhR, encounters an
aromatic hydrocarbon ligand (Figure 1.1).%2 Upon AhR-ligand binding, the receptor translocates
to the nucleus and dimerizes with the AhR-Nuclear translocator (ARNT) forming the active
heterodimer. This heterodimer then binds xenobiotic response elements and induces transcription

of genes to manage the toxicant exposure.

Basal Activity

Cytoplasm \ Nucleus Cytoplasm \ Nucleus

Figure 1.1. The AhR-mediated pathway is a xenobiotic response pathway which is induced
during oil spill exposure due to high concentrations of AhR-agonists, PAHs. Ahr is constitutively
expressed, whereas as AhR mediated genes like cyplal are only significantly expressed upon
pathway activation.>?

AhR activation appears to promote three major biological functions: xenobiotic
processing, cell proliferation, and cell-cell/cell-extracellular matrix interaction.>? One of the
flagships responses of AhR induction is the expression of the cyp1 family of genes.>® These

genes encode cytochrome p450 enzymes that initiate phase | metabolism of aromatic and



estrogenic compounds through the addition of highly reactive epoxide groups.>* These genes
exhibit low basal expression in the absence of AhR agonist, making cypl genes excellent

bioindicators of PAH exposure (Figure 1.1.).%

Due to the mass-epoxidation of PAHs by CYP1 enzymes, the resulting metabolites are
potent mutagens, contributing to the observed carcinogenic effects of oil WAF exposure.>® This
has been observed in the form of hepatic neoplasms in killifish (Fundulus heteroclitus), winter
flounder (Pleuronectes americanus), brown bullhead catfish (Ameiurus nebulosus), European

flounder (Platichthys flesus), and English sole (Parophrys vetulus) after oil WAF exposure.*’

In addition to carcinogenic effects, oil WAF exposure exhibits sex-specific endocrine
disrupting effects, particularly in female fish.!” In wild female killifish, there is a negative
correlation between PAH concentration in local marine sediments and gonadosomatic index
(GSI) as well as vitellogenin concentrations in killifish.%®>" Similar effects are also observed in
zebrafish (Danio rerio), that also exhibit reduced GSI and egg production after exposure to
petrogenic PAH fractions, or the PAH, benzo[a]pyrene (BAP), alone.®®* In male humans and
rats, the effects of PAH exposure are well documented in reducing sperm quantity and quality,
however, conflicting research is observed concerning these effects in male fish.}” NAs have also
exhibited endocrine-disrupting capabilities in frogs, where exposure significantly alters thyroid
hormone levels and disrupts thyroid hormone-mediated metamorphosis,® and act as estrogen
receptor agonists in yeast cell assays.®* Some research has also shown these endocrine-disrupting
effects of NAs in fish, where fathead minnow (Pimephales promelas) exhibit a decrease in
spawning rate with NA exposure.®? The sex-biased nature of these responses emphasizes the
need to take sex into consideration when analysing biological response, particularly with oil

WAF exposure.



1.6.Coho salmon as an important test species

The effects of oil WAF exposure have been well characterized on freshwater (zebrafish
and fathead minnow) and warm brackish/saltwater (killifish) fish species, however, there is a
distinct lack of research investigating effects in cold saltwater fish species. As a family,
salmonids represent a unique environmental, economic, and cultural significance worldwide.%?
All Pacific salmon follow an anadromous life cycle, with early life spent entirely in freshwater,
followed by migration into saltwater where they will spend their adult life, and finally returning
to their original rearing grounds in freshwater to spawn (Figure 1.2). As Pacific salmon are also

semelparous, they will only complete this cycle once before becoming kelts and dying.

Smoltification is a critical process in a salmon’s life cycle where it prepares to transition
from a life in freshwater to saltwater (Figure 1.2).%* Smoltification age differs with salmon
species, but usually occurs in parr at around one to two years of age. This thyroid hormone-
driven transition involves significant morphological, physiological, and behavioural changes
such as a complicated remodeling of the gills and liver to adapt to the increased salt
concentration in this new environment.®* The recently smolted stage is the earliest point of coho
salmon development where juveniles could encounter marine oil spill conditions and may be at a
particular risk to oil spill exposure. Exposure to increasing salt concentrations® or to thyroid

hormone®® are sufficient to induce smoltification in parr.
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Figure 1.2. Diagram depicting the anadromous life cycle of Pacific salmon where they transition
from freshwater to saltwater, then return to freshwater to spawn.®7:%®

Coho salmon (Oncorhynchus kisutch) inhabit a wide geographic distribution across the
Pacific Northwest®® and are currently threatened by over-fishing, climate change, and water
pollution.” This region is also one of the busiest waterways in the world and a high-risk zone for
oil spills.” As petroleum-derived pollutants significantly impact fish development,’? examining

the effects of oil WAF exposure to fish at developmental stages is important. For these reasons,
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this thesis work investigated the effects of oil WAF exposure on recently smolted juvenile coho

salmon.

1.7. Objectives

There are three main objectives of this thesis:

1) Assess the efficacy of non-lethal sampling of the caudal fin transcriptome as a

bioindicator of oil spill exposure.

2) Evaluate potential sublethal deleterious effects of water-soluble fractions generated from

four different oil types in juvenile salmon smolts in cold seawater.

3) Identify novel bioindicators of oil spill exposure in the salmonid caudal fin and liver.
The first data chapter will address the first objective. In Chapter 2, the use of caudal fin
transcriptome for demonstrating oil spill exposure in salmon was validated. Genetically verified
male and female juvenile coho salmon (Onchorhynchus kisutch) were exposed to a marine oil
WAF generated at three sublethal concentrations using low sulfur marine diesel (LSMD), with

transcriptomic response to oil exposure measured in the caudal fin and liver through gPCR
(Figure 1.3).

The second data chapter will address the second objective. In Chapter 3, AhR-mediated
bioindicators of oil spill exposure in coho salmon liver and caudal fin will be evaluated using
gPCR after the exposure to WAFs generated with four different oil types: LSMD, high sulfur
fuel oil (HSFO), dilbit, and Alaskan crude oil. This work identified HSFO WAF to be the most
potent of the four oil types tested, with Alaskan crude oil eliciting the least response. This work
also identified cyplal as insufficient to demonstrate oil responsiveness to lower concentration

WAF exposures.
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Figure 1.3. Liver and caudal fin samples were analysed from oil WAF exposed salmon to
evaluate the caudal fin transcriptome in demonstrating toxicant response through known oil-
responsive pathways, such as the AhR-mediated pathway. Oil spill conditions were simulated
through WAF generation with a range of oil concentrations between 100-1000 mg/L. Juvenile
coho salmon were exposed to oil WAFs for 96 hours prior to liver and caudal fin sampling. Total
RNA was extracted from tissue samples and analysed through gene-targeted gPCR and total
transcriptome RNA-Seq analyses.

The third data chapter will address the third objective. In Chapter 4, the total poly-adenylated
transcriptomic response of the juvenile coho salmon liver and caudal fin were evaluated through
RNA-Seq analysis after exposure to the highest concentration LSMD and HSFO WAFs. Novel
liver and caudal fin oil spill bioindicators were identified and in-depth sublethal effects of these

two exposures were characterized for both tissues.
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2. Evaluation of gene bioindicators in the liver and
caudal fin of juvenile Pacific coho salmon in response
to low sulfur marine diesel seawater-accommodated
fraction exposure

2.1. Introduction

Petroleum oil products are a complex mixture of chemical compounds of tens of
thousands of hydrocarbons and other related hetero-compounds including PAHs.%4° The general
toxic, mutagenic, and carcinogenic properties of PAHs have been well-documented’74 and
analytical methods for quantifying many of the high-priority PAHs commonly dispersed from oil
spills developed.?® However, the complexity and diversity of petroleum products has made
toxicological assessments challenging, particularly in determining sublethal deleterious effects
on marine organisms.

Of particular note are identifying and monitoring biological effects as a consequence of
exposure to petroleum oil-derived substances that partition into the aqueous phase after the
spilled oil has been removed through clean-up efforts. Previous work has demonstrated that
WAFs of various petroleum oil types induce endocrine disruption leading to reproductive
consequences>™’; impaired growth, development, cardiac function, hypoxia tolerance, and
modified behavior in marine fish®%7>7¢; and disturb microbiota’” and coral populations.”® During
an oil spill response, there is a need to quickly and accurately determine whether or not clean-up
efforts have been effective in mitigating biological effects.

PAHSs induce transcription of downstream AhR-responsive genes in animals.”
Cytochrome P450-1a (cypla) gene induction by AhR is a widely-used biomarker of PAH

exposure in aquatic organisms.*3>32% Due to cross-talk between AhR and estrogen receptor (ER)
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pathways,8! PAH exposure also has a well-characterized estrogenic effect on exposed fish that
induces differential expression of mRNA required for oocyte maturation.®28 Measuring the
abundance of sensitive gene transcripts can therefore indicate biological responses to PAHSs,
endocrine disruption, as well as stress.248° Typically, liver tissue is used to assess toxicological
effects on these pathways, yet current methods of sampling require animal sacrifice or surgical
methods that are not amenable to field sampling scenarios.*

Non-lethally obtained tissue samples are more desirable to detect and assess pollutant
exposure. The caudal fin is a readily accessible tissue present on all fish that can be sampled with
minimal distress to the animal and allows for their immediate release following sample
collection. Furthermore, caudal fin sampling allows for repeated measurements from a single
organism during long-term exposures or monitoring. The Helbing lab has previously
demonstrated that the caudal fin transcriptome is capable of indicating exposure to metals and
estrogens in salmonids.*>*’ It is plausible that the caudal fin could also be used to assess
biological responses to oil spills.

In North America’s Pacific northwestern coastal waters, LSMD is historically the
primary petroleum oil product involved in large (>30 tonne) spills.”>° This region is one of the
busiest marine routes in the world that shares critical habitats, migration routes, and diverse
fisheries including salmonid species.9* Compared to crude oils, relatively little is known about
the toxic effects of LSMD in the context of seawater.

Herein, we generated LSMD WAF in seawater using multiple LSMD concentrations and
then measured the extent of PAH solubilisation using our recently developed micro-extraction
method.9%° To properly replicate ocean spill conditions, WAFs were made with seawater as

salinity has a significant effect on PAH solubility.??
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We also investigated the sublethal effects of LSMD WAF exposure on genetically
verified male and female juvenile coho salmon (Onchorhynchus kisutch) by targeted gene
transcript abundance changes indicative of PAH exposure, oxidative stress, general stress,
estrogenic activity, and metal exposure in the liver and caudal fin. Coho salmon were chosen as
they are an ecologically- and economically-relevant fish subject to the effects of oil spills. To our
knowledge, this is the first report evaluating the effects of LSMD on gene transcript levels and

the utility of the caudal fin in identifying LSMD exposure effects.

2.2. Materials and methods

2.2.1. Source of seawater
A fresh supply of seawater was used for the toxicity testing at the Pacific & Yukon
Laboratory for Environmental Testing (PYLET) in North VVancouver, British Columbia. The
seawater supply was continuously pumped into the laboratory from the Burrard Inlet, BC, at a
depth of 33 m and sand filtered. The seawater typically has a salinity of 26.2 g/L and a pH of

7.7-7.9.

2.2.2. WAF generation
WAF preparation followed the method of Singer et al®* with minor modifications®® as
indicated below. Each oil loading concentration to generate the WAF was prepared individually
with three test concentrations and a control based on a logarithmic series of increasing loading
concentrations. In a range finding experiment, we tested fish exposure concentrations of WAF
prepared with up to 3200 mg/L LSMD which is higher that what would be expected during a
marine oil spill. No mortality was observed when fish were exposed to WAF prepared with this

high LSMD concentration during a 96-h exposure. Based upon this and logistical considerations
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of available resources, three exposure concentrations were selected below this LSMD
concentration and the WAFs were prepared as follows.

The WAF was prepared in a covered holding area outside the laboratory in four large
Nalgene® mixing vats which had spigots on the bottom to draw off the WAF without disrupting
the surface layer of oil. The mixing vats were placed on large magnetic stir plates with 10 cm
spin bars at the bottom of each vat. On Day -1, the mixing vats were filled with 155 L of
seawater. The mixing speed was set to 200 rpm, which did not create a vortex. Three LSMD-
containing WAFs (low, medium, and high concentration) were prepared by adding 51.62,
165.39, and 516.62 g of LSMD to 155 L seawater for nominal loading concentrations of 333,
1067 and 3333 mg/L LSMD. A seawater only vat was also prepared. The lids were sealed with
duct tape and there was approximately 5 cm of headspace in the mixing vat. The fuel oils in the
mixing vats were mixed for 18 h and then the WAF was allowed to settle for 6 h.

On Day 0, a screw-on washer connected to Tygon® tubing was attached to the bottom
spigot of each mixing vat. The WAF was drawn into four 90 L cubic vats lined with clear
plastic, starting with the control and proceeding from the lowest concentration to highest
concentration. At this time, the initial T =0 h 40 mL subsamples (100% WAF) were sampled
for chemistry analysis. The transfer vats were transported into the environmental test chambers

where they were manually stirred with a Teflon® stir rod for several seconds.

2.2.3. Marine-acclimated coho salmon exposure tests

Adapted Environment Climate Change Canada standard methods®® were used in this

study with coho salmon smolt substituted for rainbow trout as the test species. The fish were fed
daily with 100 mL of BioVita Fry 1.2 mm Nutra Plus pellets per tank of approximately 500 fish

prior to the exposure. The fish were not fed during the exposure. All procedures were performed
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under the University of Victoria Animal Use Protocol #2017-011 under the auspices of the
Canadian Council for Animal Care. The certified disease-free salmon were obtained from the
Department of Fisheries and Oceans Canada Chilliwack Hatchery on June 30, 2017. The smolts
were acclimated to seawater at PYLET with a salinity of approximately 26+2 g/L and a
temperature of 13+2 °C prior to testing. Fish mortalities during the acclimation and holding
period did not exceed the maximum of 2% per week preceding the toxicity tests.

Using a submersible pump, the WAFs were transferred into the corresponding test
vessels for the marine exposure tests arranged according to Figure 2.1. The test vessels
contained 42 L of seawater and 18 L WAF for a final volume of 60 L at 15+1 °C corresponding
to final nominal exposure loading concentrations of 0 (control), 100 (Low), 320 (Medium), and
1000 (High) mg/L LSMD. No mortalities were observed during the experiment. Eight replicate
tanks were prepared per treatment with 5 smolts per tank. The tanks were covered with lids to
minimize evaporation and the loss of volatile hydrocarbons from the WAFs. The test solutions
were aerated at 6.5+1 mL/min'L to maintain adequate levels of dissolved oxygen saturation for
the smolts. The following water quality parameters were measured: pH, dissolved oxygen,
temperature, and salinity (Appendix 1). Phenol reference toxicant tests ensured that the

organism sensitivity was within acceptable quality control warning chart limits.
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Treatments Tanks
Composite 1 Composite 2 Composite 3 Composite 4
SW Control
1 2 3 4 5 6 7 8
Composite 5 Composite 6 Composite 7 Composite 8
Low
9 10 11 12 13 14 15 16
Composite 9 Composite 10 Composite 11 Composite 12
Medium
17 18 19 20 21 22 23 24
Composite 13 Composite 14 Composite 15 Composite 16

Figure 2.1. Schematic demonstrating the setup used for the 32 tanks involved in the present
study for fish exposure to the four treatment conditions: seawater control (SW control), 100
(Low), 320 (Medium), and 1000 (High) mg/L LSMD. A total of four (50 mL) composite samples
were taken from each treatment condition for analytical chemistry analyses, for a total of 16
composite samples taken per day.

2.2.4. Chemistry subsampling
Chemistry subsamples were taken at T = 0, 24, 48, 72, and 96 h. Twenty-five mL was
taken from each tank and samples were pooled from paired tanks (Figure 2.1) for a total of four
aliquots of 50 mL collected per concentration per day. Samples were collected into 60 mL trace
clean clear glass vials using 10 mL Eppendorf automatic pipettes. Following sample collection, 2
mL of dichloromethane (DCM) was added immediately and then vortexed for sample

preservation. All the samples were held between 1-23 days at 4 °C in the dark until analysis.
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For sample extraction, 2 mL of acetonitrile (ACN) was added to each sample vial.
Samples were vortexed and then centrifuged to separate the aqueous and organic layers. The
bottom organic layer was transferred into a 4 mL liquid chromatography vial using a glass
Pasteur pipette and the sample was made up to 2 mL with DCM. The samples were vortexed and
then transferred into 2 mL amber glass gas chromatography vials for instrument analysis using

gas chromatography/triple quadrupole mass spectrometry.2®

2.2.5. PAH analytical chemistry

Our ability to completely characterize oil spill contaminants dispersed into the aqueous
phase is limited due to the complexity of the sample and the limited number of available
standards. Furthermore, the cocktail of compounds dispersed in an oil spill can vary greatly
depending on the type of oil involved. Consequently, the extent of aqueous oil contamination is
often quantified using a limited subset of more readily characterized hydrocarbons, such as
BTEX, or a broader subset including LEPH/HEPHSs, PAHSs, and related alkylated compounds.
These subsets are considered to be the most important indicators of oil toxicity.®’

Because PAHSs are typically more persistent in the environment than their monocyclic
counterparts, oil contamination and exposure are often described in terms of individual PAH
concentrations or by a sum of those individual PAH concentrations (i.e., tPAH).18

A total of 50 PAHs (tPAH50) (23 parents and 27 alkyl homologs) were targeted for
analysis (Appendix 2). This list includes all PAH and related hetero-polycyclic compounds
reported as part of the standard PAH analysis performed for the Deepwater Horizon Natural

Resource Damage Assessment (Appendix 3).%8
Our collaborators have developed a micro-extraction method®?°3 to deliver timely

analysis of 320 samples that were collected from the four WAF concentrations. Traditional PAH

19



analysis requires mixing of 1 L water matrix with 200 mL of toxic DCM as the extraction
solvent. Use of such large sample volumes would have compromised the exposure study due to
volume loss in the fish tanks and long turn-around times. This trace level tPAH50 method
requires only 50 mL of sample matrix and 2 mL of DCM as extraction solvent. Our method has
passed eight separate rounds of proficiency testing organized by the Canadian Association for
Laboratory Accreditation Inc. (CALA) and has been accredited under 1ISO17025. For several
alkylated PAHs, we reported concentrations for both individual PAHs and grouped alkyl
homolog PAHSs (i.e., 1-methylnaphthalene and C1-naphthalenes, which includes 1-
methylnaphthalene). To avoid double counting in the present study, the individual alkylated
PAHSs were excluded in the tPAH50 summations.

The measurement and consideration of volatile petroleum hydrocarbons (BTEX), light
extractable and heavy extractable petroleum hydrocarbons (LEPH/HEPHS) are discussed in the

Supporting Information.

2.2.6. Dissections
At 96 h, fish were individually euthanized using 0.3% sodium bicarbonate buffered (pH
7) tricaine methane sulfonate (Aqua Life, Syndel Laboratories, Nanaimo, BC, Canada). The
weight and fork length of each fish was measured and recorded immediately prior to dissection.
Whole liver and caudal fin were collected into separate 1.5 mL microfuge tubes containing 1 mL
RNALater (Ambion, Foster City, CA, USA). The tissues were stored at 4 °C overnight, then

kept at -20 °C prior to the delivery to the University of Victoria for RNA isolation and sex

genotyping.

2.2.7. 1solation of total RNA and preparation of cDNA
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Caudal fin and liver tissue samples were randomized to remove processing bias. RNA
was isolated from 2 cm tail tips or 3 mm? liver samples using 700 uL TRIzol reagent, then
homogenized for 6 min at 24 Hz in a Retsch MM301 mixer mill (ThermoFisher Scientific Inc.,
Ottawa, ON, Canada) in microtubes containing a 3 mm tungsten carbide bead (Mixer mill rack
was rotated 180 degrees halfway through homogenization). In order to increase RNA yield, 20
Mg glycogen was added to caudal fin samples prior to alcohol precipitation. RNA concentration
was determined using a Nanodrop ND-1000 (ThermoFisher Scientific) with minimal DNA
contamination confirmed based on Azso/280 Values. The extracted RNA was stored at -80 °C, and
1 pug was converted into cDNA for gPCR using the Applied Biosystems Inc. (ThermoFisher)
High-Capacity cDNA reverse transcription kit with RNase inhibitor. cDNA samples were diluted

20-fold with RNase- and DNase-free water prior to gPCR analysis.

2.2.8. qPCR analyses

Primer sets that were previously used on Chinook and sockeye salmon®1% were
rigorously validated for use on coho liver and caudal fin samples as outlined in Veldhoen et al.
with reference to MIQE guidelines (Appendix 4).101:102 The primer sets chosen amplify
transcripts sensitive to (1) PAH exposure: aryl hydrocarbon receptor a (ahr) and 3-
methylcholanthrene responsive cytochrome P450 CYP1A1 (cypla); (2) oxidative stress:
superoxide dismutase (sod); (3) general stress: heat shock protein 70 (hsp70); (4) estrogenic
activity: vitellogenin A (vtg), vitelline envelope protein gamma (vepg), and cytochrome p450
family 19 (cypl19); and (5) metal exposure: metallothionein A (mta). Glyceraldehyde 3-
phosphate dehydrogenase (gapdh), ribosomal protein L8 (rpl8), and ribosomal protein S10
(rps10) were used in a geometric mean normalization. The mta primer set did not pass our

validation criteria for use with caudal fin samples so it was only used to assay transcript
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abundance in the liver. Where possible, primers were designed to span intron/exon boundaries
(Appendix 4).

All gPCR reactions were run in quadruplicate and reactions were performed in a 15 pL
volume consisting of 10 mM Tris-HCI (pH 8.3 at 20 °C), 50 mM KCI, 3 mM MgCl_, 0.01%
Tween 20, 0.8% glycerol, 40,000-fold dilution of SYBR Green | (Life Technologies), 69.4 nM
ROX (Life Technologies), 5 pmol of each primer, 200 uM dNTPs (Bioline USA Inc, Taunton,
MA, USA), 2 uL of 20-fold diluted cDNA, and one unit of Immolase Hot Start Tag DNA
polymerase (Bioline). Amplification reactions were subject to the following thermocycle
conditions: an initial 9 min activation step at 95 °C, followed by 40 cycles of 15 sec denaturation
at 95 °C, 30 sec annealing at 60 °C, and 30 sec polymerization at 72 °C. Specificity of target
amplification was measured by the inclusion of reactions lacking cDNA (no DNA template
control) and by subjecting completed runs to thermodenaturation analysis to confirm correct
single product amplification. An additional inter-plate control comprising a universal cDNA
sample present in all gPCR runs was included for each gene target. Replicate data for each
cDNA sample were averaged and test gene targets normalized to the geometric mean of gapdh,
rps10, and rpl8 during application of the comparative Ct method (AACy).1%® Suitability of these
normalizer transcripts was determined using Cronbach’s a
(http://languagetesting.info/statistics/spreadsheets/Alpha.xls), Norm Finder
(moma.dk/normfinder-software), and Best Keeper analysis (www.gene-
quantification.com/bestkeeper.html). Stability of normalizer C: values are presented in Appendix

5. Primer set efficiencies are presented in Appendix 6.
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2.2.9. Isolation of genomic DNA and sex genotyping

Genomic DNA (gDNA) was isolated from RNAlater-preserved caudal fin tissue and
analysed as previously described!® with the following modifications: gDNA concentration and
integrity was determined by Nanodrop quantification and agarose gels, respectively (data not
shown). To determine the genotypic sex of the juvenile coho salmon, we used two different
primer sets: U-sdY and OtY2-WSU that have been developed to target the male-specific Y
chromosome of salmonids (Appendix 4).14-1% gPCR genotyping was performed on gDNA
samples in duplicate and followed the same reaction conditions as described above. A fragment
of the gapdh gene was used to normalize the presence or absence of the Y chromosome markers
for all gDNA samples (Appendix 4). Assay performance was verified using multiple gDNA
samples of visually confirmed male and female coho salmon obtained from Hartley Bay, Kitimat
River, and Salmon River, BC (n=4 fish of each sex per site, a generous gift from Dr. Ben Koop,

University of Victoria).

2.2.10. Statistical analyses

For all statistical analyses, p < 0.05 was used to denote significance. Genetic sex was
used to separate the fish into male and female groups. Distribution of male and female coho
salmon across the four treatment conditions was evaluated using the Fisher Exact test
(http://www.quantitativeskills.com/sisa/statistics/fiveby2.htm). Statistical analyses of the mRNA
abundance data were performed using R version 3.4.1 (R Foundation for Statistical Computing,
Vienna, Austria). Relative fold changes were examined for normal distribution (Shapiro-Wilk)
and unequal variances (Levene’s) and the data were non-parametric. Significance was
determined using the Kruskal-Wallis test and pairwise comparisons using the Mann-Whitney U

test.
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2.3.Results and Discussion
2.3.1. WAF tPAH50 concentration and chemical composition

All measured tPAH50 concentrations were ~90 pg/L in the 100% WAF regardless of the
initial LSMD loading concentration,'°” which suggest that saturation of these components can be
easily reached within the context of a spill scenario. These concentrations are lower than tPAH50
concentrations of WAFs derived from heavier oils made under the same concentrations and
conditions.2®

Each WAF was diluted to 30% for the fish exposures which translated to similar tPAH50
concentrations at approximately 30 pg/L tPAH50 (Figure 2.2)1%. The most dramatic reduction
in hydrocarbons occurred in all three concentrations between 0 and 24 h, with a 60 to 70% loss.
PAH concentrations continued to drop 86-90% during the exposure, resulting in a final tPAH50
concentration of ~2 pg/L by 96 h (Figure 2.2). Monthly water quality sampling and chemical
analysis of the seawater confirmed very low concentrations of volatile hydrocarbon compounds
and PAHSs prior to WAF generation.%

The primary PAH class observed in LSMD WAF was the water-soluble, two-ringed
naphthalenes while the three-ringed and larger compounds were minor constituents (Figure
2.3)}7, This is in contrast to heavier, high-sulfur oils in which greater quantities of three- to five-
ringed compounds partition into WAF due to the surfactant effects of sulfur on hydrophobic
PAHSs.26:108 Qver time, the lighter hydrocarbons (i.e., naphthalenes) showed the greatest loss.
This loss occurred as the result of several processes, including dissolution, evaporation, and
biodegradation.% In the field of oil spill forensics, the term “weathering” has been used to
describe such a loss of the lighter hydrocarbons. The extent of weathering is often represented by

the total mass loss in comparison to the starting point. Based on the tPAH50 results, the WAF
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experienced a faster weathering rate compared to heavier oils?® due to the relatively high amount

of volatile compounds found in the sample.
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Figure 2.2. Similar tPAH50 concentrations were observed for all LSMD WAF concentrations:

Low, medium (Med), and High concentration WAF (equivalent to 100, 320, and 1000 mg/L
LSMD, respectively), over a test period of 96 h. PAHs were quantified from WAF subsamples
taken every 24 h from start to end of the exposure. Decreasing grey scale intensity indicate
progression of time from 0-96 h of exposure in 24 h increments. Bars represent the median
concentration observed from composite samples from 8 different tanks of the same WAF
concentration. Error bars represent the median absolute deviation.

BTEX, comprised of benzene, toluene, ethylbenzene, and xylenes, are usually detected in

source oil, but often not in spilled oils due to their high volatility.*® BTEX concentration was
not measured in the present study due to probable loss during WAF preparation and exposure
execution. During WAF preparation, steps such as mixing, transferring, vortexing solutions in

unsealed containers, and subsequent dilutions would have led to significant loss of BTEX
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Figure 2.3. LSMD WAF is mostly composed of diaromatic hydrocarbons. The concentrations of
PAH analytes grouped by number of rings quantified from the Medium (320 mg/L LSMD) WAF
concentration over time are shown. The minimum quantifiable limit of PAH concentration was
0.04 pg/L. The low and high WAF concentrations show similar PAH profiles as grouped by ring
size (Appendix 8). Refer to Appendix 2 for compound identification. Medians (bars) and
median absolute deviation (whiskers) are depicted.
compounds. In addition, any remaining BTEX would be further reduced to below the limit of
quantitation during the WAF sampling and long-term storage before the final analysis.
LEPH/HEPHSs are associated with the oil spill contaminated water body and their
determination is often used in the initial stage of oil spills to semi-quantitatively determine the

contamination level. However, LEPH/HEPH determination has limited value in the current study

due to the quick evaporation of high volatile petroleum compounds (LEPHS) and poor solubility
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of less volatile oil products (HEPHSs). Additionally, the LEPH/HEPH analysis is based on GC

flame ionization detection, a non-specific method, and is prone to various contaminants from the
fish tanks. To verify this point, LEPH/HEPHSs were measured in one batch of WAF samples and
the results indicated very low concentration of extractable petroleum hydrocarbons in the LSMD

WAF (Appendix 7).

2.3.2. Fish mortalities and morphometrics
There were no fish mortalities in any of the exposure conditions during the experiment.
The weight and fork length were similar between treatment groups and ranged between 6.7-7.4 ¢

and 8.4-8.6 cm on average, respectively (Appendix 9).

2.3.3. Sex genotyping
The proportion of males and females was approximately 50:50 within each treatment

group with no significant difference in overall distribution of sex between treatment groups
(Appendix 10). The OtY2-WSU and the U-sdY gPCR results correctly identified known male and
female controls (Figure 2.4). Although these primers target genomic regions that should not be
present in female fish, some amplification is observed in females due to off-target amplification
likely due to recombination between sex-associated loci and the sex-determining gene.!* The
OtY2-WSU primer set was able to sex-genotype with a greater resolution between male and
females (minimum 3 C; difference in transcript abundance) than the U-sdY primer set (minimum
2 Ct difference in transcript abundance). Thus, for coho salmon, the OtY2-WSU primer set
provided greater certainty in differentiating between males and females than the U-sdY primer

set (Appendix 11).
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Figure 2.4. Use of OtY2-WSU and U-sdY genotypic sex markers clearly separates fish into two
groups corresponding to males (M) and females (F). Each black circle represents an individual
and the ovals indicate individuals grouped into either M or F categories for gene expression
analysis. Red circles represent confirmed adult male and female coho salmon.

Sex genotyping is important in interpreting phenotype and can substantially impact
transcriptomic results.%° This information is often overlooked in the evaluation of pollutant
exposure effects, particularly in juvenile fish as they lack obvious physical sex characteristics.
Despite the lack of phenotypic difference between juvenile males and females, sex-based

differential response to WAF exposure is possible. The results from the sex genotyping were

used to group juvenile fish as male or female for subsequent targeted transcript analyses.

2.3.4. Transcript abundance of biological indicators in liver and
caudal fin

Assuming that PAH toxicity is proportional to PAH concentration*? and given the
apparent equivalency in tPAH concentrations of the three WAF concentrations, we expected to

see equivalent molecular responses between the fish exposed to the three LSMD WAF
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concentrations. Using routine g°PCR methods,* we examined established gene transcripts that
are indicators of PAH exposure, general and oxidative stress, estrogenic activity, and metal
exposure.?19 We analysed paired liver and caudal fin samples to assess the efficacy of the
caudal fin response to the response of a conventional tissue used for monitoring purposes.

To assess the responsiveness of the liver and caudal fin tissues to PAH exposure, two
well-documented PAH-responsive genes, ahr and cypla, were amplified (Figure 2.5). Ahris a
constitutively expressed gene that encodes the AhR protein which binds planar aromatic
hydrocarbons.>® Upon PAH binding, the ligand-receptor complex translocates into the nucleus
and dimerizes with ARNT inducing changes in the transcription of target genes such as cypla.t!3
The cypla gene encodes the cytochrome P450 CYP1A protein involved in PAH metabolism.*3

Significant ahr response to WAF exposure was observed in both the liver and caudal fin
although the observed patterns differed between sexes and tissues (Figure 2.5). The liver was the
most responsive tissue (~2-fold increase) with similar significant increases observed in males at
all WAF concentrations. A similar magnitude significant increase was also observed in female
liver in the medium WAF concentration while the low and high WAF concentration results were
approaching significance (p=0.1 and 0.08, respectively). Transcript abundance of ahr was
significantly increased by ~2-fold in the male caudal fin at all WAF concentrations whereas
female caudal fin ahr transcript levels were not significant at any WAF concentration although
the medium concentration approached significance (p=0.09). Our results are consistent with a

modest induction of ahr transcript abundance reported in the liver of juvenile rainbow trout!#
and Japanese medaka embryos exposed to diluted bitumen WAF!!> but neither study separated

Sexes.
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Figure 2.5. The abundance of ahr and cypla transcripts in both caudal fin and liver tissue is
significantly affected by WAF exposure but the response patterns differ by sex and tissue type.
The normalized relative fold change of PAH-response gene transcript abundance is shown after
exposure to different WAF concentrations as determined by qPCR analysis. The bevel represents
increasing WAF concentrations (equivalent to 100, 320, and 1000 mg/L LSMD, respectively).
Each open circle represents an individual animal, the median is represented by a horizontal bar,
and the median absolute deviation is defined by the whiskers. Relative fold changes are
expressed in a logz scale. Different letters indicate significant differences between groups (p <
0.05). For example, “b” denotes significant difference from “a”. “c” denotes significant different
from “a” and “b”.

We found a significant increase between 6- to 10-fold in cypla transcript abundance in
the liver of male and female juveniles with no significant difference between WAF
concentrations (Figure 2.5). The cypla abundance levels were more strongly induced (11- to 18-
fold) in the caudal fin compared to the liver by LSMD WAF exposure regardless of sex.

The cypla transcript responses observed are consistent with previous findings of diesel,

diluted bitumen, and crude oil WAF exposure in rainbow trout liver, Atlantic cod larvae and

liver, and Japanese medaka embryos.8%114-116 Madison et al observed a strong relationship
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between developmental malformations and cypla mRNA level in newly hatched Japanese
medaka.''> While reasonable concordance between hepatic cypla mRNA and CYP1A protein
induction as a consequence of marine diesel WAF exposure has been observed in rainbow trout
and Atlantic cod®114, these studies both noted the difficulties in relating abundances to 7-
ethoxy-resorufin O-deethylation (EROD) activity; an assay that is commonly used to assess
CYP1A enzyme activity. These authors pointed out the difficulties in relating EROD activity to
transcript and protein levels due to the effects of antagonists present in the complex oil mixtures
on EROD activity.8%114 Regardless of the relationship, activation of the AhR-CYP1A pathway is
indicative of a biological response to diesel exposure requiring energetic resources allocated to
this detoxification pathway perhaps to deal with the reduced capacity to metabolize oil
components. The fact that the caudal fin shows a stronger cypla transcript induction than the
liver indicates that this tissue may be more sensitive to WAF exposure than the liver for testing,
without the need for animal sacrifice. These results are very promising for use of the caudal fin
as a quick, non-lethal sampling method that would be a great advantage for biological
assessment of fish in the environment.

In male caudal fin, a similar strength cypla transcript response was observed in all WAF
concentrations (Figure 2.5). However, a distinctive induction pattern was observed in the female
caudal fin. While the cypla gene transcripts were also significantly elevated in all three WAF
concentrations, a significantly greater response was observed in the medium and high WAF
concentrations relative to the low concentration. This result is intriguing because of the apparent
PAH saturation in all of the LSMD WAFs (Figure 2.2). This observation suggests that while the
overall tPAH50 values may be the same between the LSMD WAF concentrations tested, it is

possible that the application amount influenced partitioning of individual PAHSs or other
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components (e.g., acid extractable organics) in such a way to lead to differential biological
effects. For example, anthracene levels are consistently 4-6 times higher in the low concentration
WAF compared to the high concentration WAF throughout the experiment (Figure 2.3). Further
analyses of WAF composition and the relationship to biological effects are warranted.

To evaluate WAF exposure-induced stress, we measured the transcript levels of genes
involved in general and oxidative stress pathways: hsp70 and sod (Figure 2.6). The hsp70 gene
encodes a chaperone protein involved in stabilizing partially folded proteins and protein
remodeling and has been linked to general stress pathways.'!” The sod gene encodes superoxide
dismutase which catalyses the conversion of superoxide to less toxic hydrogen peroxide.!8
General and oxidative stress in fish is strongly associated with hsp70 and sod biomarker up-
regulation and can cause reduced disease resistance and growth, and increased mortality.'*®

No significant difference between male and female fish in seawater alone was observed
for hsp70 or sod transcripts in either liver or caudal fin (Figure 2.6). WAF exposure induced a
significant increase in both hsp70 (1.4-fold) and sod (2-fold) response in the liver of males at all
concentrations. Male caudal fin showed no significant response in hsp70 transcript levels and a
1.4-fold increase in sod transcript abundance at the high WAF concentration. The medium WAF

concentration for male caudal fin sod transcripts was approaching significance (p=0.1).
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Figure 2.6 The abundance of hsp70 and sod transcripts is significantly affected by WAF
exposure in male liver with reduced responsiveness in the caudal fin. Female liver and caudal fin
are generally non-responsive. The normalized relative fold change is shown of general stress-
related gene transcript abundance after exposure to different WAF concentrations as determined
by gPCR analysis. See Figure 2.5 legend for additional details.

Female livers had a similar magnitude increase in hsp70 transcript abundance relative to
the controls in the medium and high WAF concentrations, but these values did not quite reach
significance (p=0.07 and p=0.1, respectively; Figure 2.6). A significant 1.7-fold increase in sod
transcript levels was observed in female livers at only the medium WAF concentration with a
trend towards a similar increase at the high WAF concentration (p=0.08). WAF exposure did not
induce a significant response in either of these gene transcripts in the female caudal fin although

the low WAF concentration approached a significant 0.8-fold decrease for hsp70 transcript levels

compared to the control (p=0.09).
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Previous work on Atlantic cod larvae and juveniles and Japanese medaka embryos
evaluated exposures to WAF prepared from heavier oils and found evidence of general and
oxidative stress using a variety of bioindicators including increased abundance of hsp70 and sod
transcripts.89116.120 Holth et al also examined the effects of ship-diesel WAF on mixed-sex
juvenile Atlantic cod and found evidence for increased glutathione S-transferase antioxidant
enzyme activity and lipid peroxidation in the gill; both indicators of oxidative stress.8°

The present study indicates a modest stress response induced by LSMD WAF with males
being more sensitive than females. While previous fish studies did not distinguish between sexes,
increased sensitivity of oxidative stress pathways to PAH exposure has previously been reported
in male Nile crocodiles compared to females.?! As the genotypic sex is not often reported in
juvenile fish studies, our results indicate that sex should be taken into account when evaluating
stress responses to PAHSs.

These stress bioindicator results also indicate possible tissue-specific differences as the
liver had a greater response than the caudal fin. The caudal fin is in direct contact with the WAF,
so it is possible that a stress response did occur in this tissue, but at a much earlier time point
than that selected in the present study. Another possibility is that the caudal fin may not be as
sensitive to stress induced by LSMD WAF exposure. Based on previous studies mentioned
above, we expect that exposure to WAFs prepared from other oil types with different
compositions (such as heavy oils) may induce a stronger stress response in this tissue. Further
analyses of earlier time points and comparison of LSMD to other oil WAF exposures are needed
to address these possibilities.

The effect of WAF exposure on estrogenic activity was evaluated by measuring female-

biased gene transcripts encoding proteins involved in egg (vtg: vitellogenin A, vepg: vitelline
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envelope protein gamma) and estrogen (cypl19: cytochrome p450 family 19) production (Figure
2.7). Adult female salmon express substantially higher levels of these three gene transcripts in
the liver than adult males.1% All three transcripts were detected and validated in both liver and
caudal fin in both sexes. Of these transcripts, only cyp19 abundance in the caudal fin showed a
female bias with a 1.5-fold significantly higher abundance in female caudal fin compared to
males in the seawater controls. The liver did not show this female bias in these immature
juvenile fish.

A 2-fold increase in vepg transcript abundance in the liver tissue of males was induced at
the low and medium WAF concentrations (Figure 2.7). The abundance of vepg transcripts in
female liver or caudal fin of either sex were not affected by WAF exposure. However, at high
WAF concentrations, the vepg transcript levels trended downwards to 0.6-fold in the caudal fin
(p=0.08) and upwards to 1.4-fold in the liver (p=0.1) compared to controls in female fish.

There was no significant effect of LSMD WAF exposure on vtg transcripts in any
condition, sex, or tissue although the female caudal fin showed a tendency toward a 0.6-fold
reduction in vtg transcript levels at the high WAF concentration (p=0.08; Figure 2.7).

While there were no significant changes in cyp19 transcript levels in male or female
livers or male caudal fin (Figure 2.7), a significant decrease in cyp19 transcript abundance up to
2.5-fold was observed in the female caudal fin. The low WAF concentration just missed the
significance cut-off at p=0.07 due to slightly higher variation in the data compared to the other

WAF concentrations.
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Figure 2.7. WAF exposure elicits a modest response in male liver and female caudal fin to some
estrogen-responsive transcripts. The normalized relative fold changes are shown of estrogen
response gene transcripts, vepg, vtg, and cyp19, in caudal fin and liver tissue after exposure to
different WAF concentrations as determined by gPCR analysis. See Figure 2.5 legend for
additional details.

Previous work on individual PAHSs indicates that these substances can act as estrogen
receptor agonists possibly due to cross-talk between the AhR- and ER-mediated pathways.81:82:122
The significant and nearly-significant differences compared to controls observed in these
estrogen-responsive gene transcripts (i.e. increase in vepg mRNA in male livers, decrease of

cyp19 mRNA in female caudal fin, and near significant decrease of vig mRNA in female liver) is

suggestive that there was a perturbation in the estrogen signaling pathway. Previous work using
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subtractive suppressive hybridization on the liver of female guppies, Poecilia vivipara, after a 24
h exposure to 10% (v/v) diesel WAF12 identified 27 differentially expressed gene fragments that
included increased cypla and decreased vtg consistent with our findings.

As the majority of information regarding xenoestrogen effects on these gene transcripts in
differentiated tissues has come from adult male livers, it is becoming increasingly evident that
juvenile fish are responsive to estrogenic substances, perhaps more so than adult males.*>12* We
previously examined the response of juvenile rainbow trout liver and caudal fin to a
concentration range of 17a-ethinyl estradiol and established that, while the liver was more
sensitive, both the liver and caudal fin responded to this potent estrogen with increased vtg and
vepg transcript abundance while cyp19 transcripts were not affected.** It is currently unclear how
these rainbow trout responses relate to the juvenile coho salmon in the present study as the
rainbow trout work did not distinguish between genetic sexes and the juveniles were different
ages. Further elucidation of the juvenile response to other estrogens and PAHS, again keeping
genotypic sex in mind, through analysis of additional time points and a broader range of response
gene transcripts is warranted.

The extent of heavy metal interaction resulting from WAF exposure was evaluated
through measurement of metallothionein A (mta) transcript levels (Figure 2.8). Our mta primer
set only passed our validation for use with the liver tissue and not for use with the caudal fin
(Appendix 6). In the liver, there was no significant change in mta transcript abundance
following exposure to WAF. Although not significant, there was a slight trend (up to 1.3-fold)

toward increased mta transcript abundance at low and high WAF concentrations (p=0.08; Figure
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2.8). These results suggest that the trace elements of heavy metals in LSMD WAF did not affect

the exposed fish to an appreciable degree.
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Figure 2.8. There is no response in the abundance of the metal exposure responsive mta gene
transcript in liver tissue relative to seawater controls. The relative fold change of transcript
abundance after exposure to different WAF concentrations as determined by gPCR analysis is
shown. The bevel represents increasing low, medium, and high WAF concentrations (equivalent
to 100, 320, or 1000 mg/L LSMD, respectively). Each open circle represents an individual
animal, the median is represented by a horizontal bar, and the median absolute deviation is
defined by the whiskers. Relative fold changes are expressed in a log: scale.

In summary, LSMD WAF exposure clearly showed effects on PAH detoxification, stress,
and estrogenic pathways and the liver showed a broader range of significant transcript responses
compared to the caudal fin. Male salmon were particularly sensitive, accentuating the importance
of taking genotypic sex into account in biological effects assessments in juvenile fish. Our data

showed that when cypla is up-regulated in the liver of juvenile coho salmon, that this up-
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regulation is apparent and even enhanced in the caudal fin of the same individuals. However, the
other limited targeted gene transcripts used in the present study did not show this relationship
and rather accentuated the differences in responsiveness between tissue types. Nevertheless, the
gPCR-based tools developed and validated herein for both liver and caudal fin are poised for
broader comparative WAF effects analyses with different oils. With the limited targeted gene
transcript approach presented herein, it is likely that additional affected pathways were not
identified with the targeted approach taken so far. For example, there is some suggestion that
diesel exposure can affect immune system components and metabolic functioning in guppies and
coral reef fish.12312> Further in-depth RNA-seq analyses are in progress to identify additional
transcripts and pathways affected in the liver and caudal fin upon LSMD WAF exposure.

Given the results of this present study and from previous experiments, the salmonid
caudal fin is a useful tissue for assessing response to a variety of contaminant exposures, such as:
estradiol, cadmium, heavy metals field contamination, and now LSMD WAF exposure.®>47 As
we learn more about how the caudal fin responds to different scenarios, the utility of this easily
accessible tissue for non-lethal biomonitoring assays will further increase with the anticipated
discovery of more bioindicators to monitor pollutant exposure in the environment. Pending
further validation on the kinetics of caudal fin transcriptomic response and recovery, caudal fin
sampling may become a great boon, not only for oil spill cleanup initiatives, but for tracking

aquatic pollutant effects on fish while preserving their populations.
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3. Evaluation of oil-responsive bioindicators in the
caudal fin and liver in response to four different oil
WAF exposures

3.1. Introduction

Due to the complex nature of petroleum oil products, the resulting oil WAF released from
a spill can significantly vary between different oil types.'?® This difference in oil WAF
generation can result in significant differences in the persistence of WAF components and the
resulting health effects on exposed fish.?” This highlights the importance to characterize the
composition and health effects of multiple types of oil, especially those that are not already
extensively covered in the literature.? Furthermore, temperature and salinity significantly affect
WAF composition,?>?3 yet there is little work investigating oil WAF composition and biological

impact in cold marine climates.

Historically, oil toxicity has been assessed based on median lethal concentrations of
exposure (LC50 assays).’*12 These assays are useful for establishing the acute lethality of
exposure, but fail to capture the potential for sublethal deleterious effects that may significantly
impact long term fish health and survival.”? It is important when considering toxicity, to take

these sublethal effects into consideration.

Transcriptomics has been widely used in ecotoxicology to identify these sublethal effects
that cannot be captured through acute LC50 assays.*? Analysis of bioindicator transcripts
(typically in the liver) has been effectively used to demonstrate the sublethal effects of oil WAF
exposure, however, the majority of these studies focus on crude oils that have recently been

involved in large spills.? In Chapter 2, the sublethal effects of LSMD WAF exposure were
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assessed, but there are many other oil types that are underrepresented in the literature yet still

abundantly used and present high risks of marine spills.

In addition to LSMDs, HSFOs are used in large vessels worldwide and found to be
frequently involved in large (>30 tonne) spills, particularly off the North American Pacific
coast.”*129 HSFOs are typically restricted to use beyond 200 nautical miles offshore (far-shore
fuel), whereas LSMDs can be used in vessels closer to shore (near-shore fuel). Despite distinct
differences in regulation, there is little research directly comparing the sublethal deleterious

effects resulting from the exposure of these two oils, specifically in cold marine environments.

In order to transport crude oil extracted from Canadian oil sands, bitumen is diluted
(dilbit) using natural gas condensate, naptha, or other mixtures of lighter hydrocarbons to allow
more efficient pipeline transportation.®*® Dilbit and crude oil are considered to exhibit similar
properties, however, the resulting WAF generated using dilbit does differ from crude oils.'® With
increased oil sands production in Northern Alberta directing dilbit to be transported in tankers off
British Columbia’s coast, there is a significant risk of dilbit spills affecting marine fish.1® A
direct comparison of WAFs generated with dilbit and crude oils is warranted to further evaluate

the effects of exposure.

In addition to evaluating the PAH dispersal and resulting biological effects of LSMD
WAF exposure in Chapter 2, this present thesis work evaluated WAFs generated with three other
ubiquitous oil types, HSFO, dilbit, and Alaskan crude oil. The work presented in this chapter
focused on characterizing the tPAH50 of each resulting WAF and investigating the resulting

sublethal exposures on juvenile coho smolt.
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We have previously demonstrated in Chapter 2 that measurement of transcript abundance
in the liver and caudal fin of coho salmon smolt significantly demonstrated response to LSMD
WAF exposure generated under cold marine conditions. As cyplal response (referred to as
cypla in chapter 2) is the most used bioindicator of oil WAF and PAH exposure,* the present
work will continue to evaluate its responsiveness to these three new WAF exposures in these
juveniles, also under cold marine conditions. The change of cypla naming in this chapter is to
acknowledge that we are specifically measuring cyplal transcript abundance as teleost fish are
known to contain several unique cypla paralogues.3! Cyplal transcript abundance was also
specifically being measured in Chapter 2, yet the term “cypla” was used as we were unaware of
the presence of multiple paralogues in these fish. The response of constitutively expressed ahr
will also be included for evaluation as a comparison to AhR-mediated cyplal expression.
Transcript abundance will be measured in both the conventional liver tissue and caudal fin to

compare the responsiveness to oil WAF exposure of these tissues.

3.2. Materials and Methods

3.2.1. Source of seawater

A fresh supply of seawater was used for the toxicity testing at PYLET in North
Vancouver, British Columbia. The seawater supply was continuously pumped into the
laboratory from the Burrard Inlet, BC, at a depth of 33 m and sand filtered. The seawater

typically has a salinity of 26.2 g/L and a pH of 7.7-7.9.

3.2.2. WAF generation
WAF generation follows the same methods presented in Chapter 2 of this thesis. Prior to
WAF preparation, smaller scale 96 h exposures involving WAF concentrations up to 3200 mg/L

of HSFO, dilbit, and Alaskan crude oil were conducted. No fish mortalities were observed.
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Given these data and logistical considerations, we prepared three WAFs per oil type by adding
51.62, 165.39, and 516.62 g of oil to 155L seawater for nominal loading concentrations of 333,
1067, and 3333 mg/L of oil respectively. Oil WAFs were prepared with Bunker C - 1994
(HSFO), cold lake blend lightly weathered diluted bitumen from the Canadian oil sands (dilbit),
and Alaska North Slope crude oil (Alaskan crude). A seawater only vat was also prepared for

each oil type.

3.2.3. Marine-acclimated coho salmon smolt exposure tests

Exposures and dissections were conducted as described in Chapter 2, following adapted
Environment Climate Change Canada standard methods**? with seawater acclimated coho
salmon smolt substituted for rainbow trout as the test species. Smoltification was induced in
coho salmon parr as described in Chapter 2: using seawater with a salinity of approximately
26x2 g/L and a temperature of 13+2 °C. Exposure vessels contained 42L of seawater and 18L
WAF for a final volume of 60L at 15+1°C corresponding to final nominal exposure loading
concentrations of 0 (control), 100 (Low), 320 (Medium), and 1000 (High) mg/L LSMD. A total
of 40 salmon were exposed for each exposure concentration, except for the medium
concentration dilbit exposure (n=39). HSFO WAF exposures took place two weeks after the
initial LSMD WAF exposure, on September 28™, 2017, with dilbit WAF exposures starting on
November 16", 2017, and Alaskan crude WAF exposures starting on December 14™", 2017. The
following water quality parameters were measured: pH, dissolved oxygen, temperature, and
salinity for HSFO WAF exposures, dilbit WAF, and Alaskan crude WAF, with LSMD WAF
parameters previously described (Appendix 1). Weights and fork length were recorded for each
fish after exposures were completed and were similar between treatments for all WAF exposures

(Appendix 9).
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3.2.4. PAH analytical chemistry
Measurement of tPAH50 (23 parents and 27 alkyl homologs) was used for analytical

chemistry analysis (Appendix 2) as described in Chapter 2.

3.2.5. Isolation of total RNA, cDNA preparation, quantitation of mMRNA
abundance, and genotypic sexing

Total RNA and gDNA isolation, as well as cDNA preparation of caudal fin and liver
tissue samples were processed according to the methods described in Chapter 2. Liver and caudal
fin samples were taken from the same fish. The methods used for gPCR analysis are described in
Chapter 2, with gPCR primers presented in Appendix 4. Stability of normalizer C; values are
presented in Appendices 12-14. Sex genotyping of salmon via g°PCR amplification of the male
Y-chromosome marker, oty2, revealed the proportion of males and females was approximately
50:50 within each treatment group of all WAF exposures (Appendix 10). The results from the
sex genotyping were used to group juvenile fish as male or female for subsequent targeted

transcript analyses.

3.2.6. Statistical analyses

Significance was set at p < 0.05. Genetic sex was used to separate the fish into male and
female groups. Statistical analyses of the mMRNA abundance data were performed using R
version 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria). Relative fold changes
were examined for normal distribution (Shapiro-Wilk) and unequal variances (Levene’s) and the
data were non-parametric. Significance was determined using the Kruskal-Wallis test and

pairwise comparisons between treatments and sexes using the Mann-Whitney U test.
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3.3. Results and Discussion

3.3.1. HSFO WAF

3.3.1.1. tPAH50 Concentrations

In the second chapter of this thesis, it was identified that LSMD WAFs became saturated
at ~90 pg/L tPAH50 concentrations with nominal loading concentrations as low as 320 mg/L of
LSMD. This resulted in all three WAF exposure concentrations being ~30 pg/L tPAH50 after a
30% dilution, with 2-ring PAHs making up most PAHs quantified (Figure 2.2). The WAFs
generated with HSFO resulted in much higher tPAH50 concentrations when using the same
nominal loading concentrations compared to LSMD WAF preparations. Initial PAH
concentrations for the concentrated low, medium, and high concentration WAFs were 195.49,
374.64, and 731.84 pg/L tPAH50 (data not shown). Following a 30% dilution, the median
exposure concentrations of the low, medium, and high concentration WAFs were 58.41 + 0.75,
182.27 + 1.26, and 635.42 + 243.43 pg/L tPAH50 (Figure 3.1). This increased tPAH50
concentration is partially due to the increased amount of sulfur- and nitrogen-containing
compounds in HSFO, allowing larger and more hydrophobic PAHs to be solubilized*® that are
not present abundantly in LSMD WAFs. The ability of HSFO WAFs to solubilize larger PAHSs is
demonstrated in the individual PAH profile, where 19 to 33% of the initial tPAH50
concentration is made up of four-ring and larger PAHs (Appendix 15).

Over the course of the 96-h exposure, HSFO WAF tPAH50 concentrations dropped
~91% PAHs weathered (Figure 3.1). Rapid weathering of PAHs is a frequently observed
phenomenon that is likely caused by a combination of bioaccumulation in fish gills, adherence to
exposure tank walls, evaporation of more volatile PAHSs, and the precipitation of heavier

PAHSs.?® There is also significant evidence of microbial involvement in the biodegradation of
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PAH compounds.?® As the HSFO WAF weathered, there was also an enrichment in the percent
composition of larger PAHs. This is particularly evident in the highest concentration HSFO
WAF, where the percent composition of four-ring and larger PAHs increases from 33% to 48%
at the end of the 96 h exposure (Appendix 15) demonstrating their environmental persistence

relative to smaller PAHs.%°
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Figure 3.1. HSFO WAF tPAH50 profiles over time. Low, medium (Med), and High
concentration WAF (equivalent to 100, 320, and 1000 mg/L HSFO, respectively), over a test
period of 96 h. PAHs were quantified from WAF subsamples taken every 24 h from start to end
of the exposure. Decreasing grey scale intensity indicate progression of time from 0-96 h of
exposure in 24 h increments. Bars represent the median concentration observed from composite
samples from 8 different tanks of the same WAF concentration. Error bars represent the median
absolute deviation.
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3.3.1.2.  Fish mortalities and morphometrics

There were no fish mortalities. The weight and fork length were similar between
treatment groups and medians ranged between 7.3-8.2 g and 8.8-9.0 cm, respectively (Appendix

9).

3.3.1.3.  Ahrand cyplal response

In Chapter 2, we identified that LSMD WAF exposure resulted in significant increases in
cyplal and ahr transcript abundance. Therefore, we expected to see a greater response of these
classically PAH-responsive genes to HSFO WAF exposure as the initial median tPAH50
concentrations are 2 to 20-fold greater than the LSMD WAFs. As previously observed in the
LSMD WAF exposures, HSFO WAF exposure induced ahr only at the higher concentration
WAF exposures (up to 2-fold difference) in both the caudal fin and liver (Figure 3.2). This
response is also sex dependent as female ahr transcript abundance is significantly responsive
only to the high concentration HSFO WAF, where male ahr significantly responds to the
medium concentration WAF as well. The ahr response in the male liver to high HSFO WAF is
also significantly greater than the medium concentration WAF exposure. A larger cyplal
response with HSFO WAF exposure was observed with up to 125- and 35-fold increase in
transcript abundance in the liver and caudal fin, respectively. This is a considerable increase
from the maximum 18-fold increase in cyplal transcript abundance from LSMD WAF
exposures (Figure 2.5). A dose/response relationship was observed in all sex/tissue
combinations except for the male caudal fin, where the response reached a threshold at the
medium concentration (Figure 3.2). This indicates that cyplal response to HSFO WAF is

sexually dimorphic in the caudal fin, and not the liver. Overall, these data indicate an increased
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potency of the HSFO WAF exposure compared to LSMD WAF likely due to the ~20-fold

greater PAH concentration in the HSFO WAF.
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Figure 3.2. The abundance of ahr and cypla transcripts in both caudal fin and liver tissue is
significantly affected by HSFO WAF exposure but the response patterns differ by sex and tissue
type. The normalized relative fold change of PAH-response gene transcript abundance is shown
after exposure to different WAF concentrations as determined by gPCR analysis. The bevel
represents increasing WAF concentrations (equivalent to 100, 320, and 1000 mg/L HSFO,
respectively). Each open circle represents an individual animal, the median is represented by a
horizontal bar, and the median absolute deviation is defined by the whiskers. Relative fold
changes are expressed in a log. scale. For more details, see Figure 2.5 legend.

3.3.2. dilbit WAF
3.3.2.1. tPAHS50 Concentrations
The initial PAH concentrations of the low, medium, and high concentration dilbit WAF
exposures were 9.24 + 0.18, 21.45 + 0.26, and 26.70 + 0.03 pg/L tPAH50 (Figure 3.3). The
composition of PAHSs at the beginning of WAF exposure demonstrate a similar abundance of

two- and three-ring PAHSs, as well as four-ring PAHs (Appendix 16). Over the course of the 96-
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h exposure, dilbit WAF PAH concentrations decreased by 93% with a similar distribution of
two- to four-ring PAHSs. Dilbit WAFs resulted in the lowest abundance of PAHs generated

compared to WAFs generated with the same volume of all other oil types examined.
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Figure 3.3. Dilbit WAF tPAH50 profiles over time. Low, medium (Med), and High
concentration WAF (equivalent to 100, 320, and 1000 mg/L dilbit, respectively), over a test
period of 96 h. For more details see Figure 3.1 legend.
3.3.2.2. Fish mortalities and morphometrics
No fish mortalities were observed upon dilbit WAF exposure. The weight and fork length

were similar between treatment groups and medians ranged between 9.9-11 g and 9.6-10 cm,

respectively (Appendix 9).

3.3.2.3. Ahr and cyplal response

Although ahr transcript abundance was significantly responsive to the highest

concentration LSMD (Figure 2.5) and HSFO (Figure 3.2) WAF exposures, this transcript does
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not significantly respond to dilbit WAF exposure in either tissue (Figure 3.4). In the liver,
cyplal transcript abundance significantly increases in the medium and high concentration WAF
exposures in both sexes (females-1.6- to 1.8-fold; males-1.7-fold), but not the lowest
concentration dilbit WAF. In contrast, caudal fin cyplal transcript abundance significantly
responded to all dilbit WAF concentrations and demonstrated a greater fold change response to
all dibit WAF exposures in both sexes (females-3.1- to 3.7-fold; males-2.4 to 3.7-fold). As with
HSFO WAF, these data demonstrate that cyplal response to dilbit WAF is sexually dimorphic
in the caudal fin, and not the liver. This supports separating biological replicates by sex when
examining cyplal response in the caudal fin but not the liver. These data also demonstrate that
caudal fin cyplal transcript abundance was more sensitive to these low PAH WAF exposures
than in the liver. In comparison, freshwater dilbit WAF exposures generated at similar tPAH50
concentrations resulted in mortality of some sockeye salmon (Oncorhynchus nerka) embryos,
and salmon alevins reared to swim-up stage exhibited up to 40-fold increases in cyplal

transcript abundance from whole head samples.®

Caudal fin cyplal transcript abundance also exhibited a U-shaped dose response curve in
response to increasing dilbit WAF concentration (Figure 3.4). This type of hormetic response is
well observed in biology,*** where middling dose ranges may exhibit inhibitive properties
compared to low or high doses. This type of response has also been observed on copepod
metabolism with pyrogenic PAH exposure,'® and may be indicative of an evolutionary response

to environmental PAH concentrations.36
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Figure 3.4. Caudal fin cyplal responds to all dilbit WAF exposures where liver cyplal only
responds to the medium and high concentration WAFs. The normalized relative fold change of
PAH-response gene transcript abundance is shown after exposure to different dilbit WAF
concentrations as determined by gPCR analysis. For more details, see Figure 2.5 legend.

3.3.3. Alaskan crude WAF
3.33.1L tPAH50 Concentrations
The initial tPAH50 concentrations between the low, medium, and high concentration
Alaskan crude WAF exposures were 94.56 + 3.19, 94.60 + 3.04, and 103.94 + 3.45 ug/L,
respectively (Figure 3.5). About 86% of this WAF is comprised of the two-ring PAH,
naphthalene (NAP) and its alkylated homologues, as well as very few three-ring PAHs
(Appendix 17). After 96 hours, 82-85% of the WAFs tPAH50 concentration were weathered out

of solution, although maintaining a similar individual PAH distribution. The apparent saturation
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of these Alaskan crude WAFs at ~95 pg/L tPAH50 and significant Naphthalene composition are
very similar to the tPAH50 profiles observed in LSMD WAFs (Figure 2.2, Figure 2.3), although
three-times as concentrated. Although the tPAH50s of the Alaskan crude WAFs were greater
than the dilbit WAFs, the dilbit WAFs contained more three- and four-ring PAHs which are

more environmentally persistent than two-ring PAHs.?
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Figure 3.5. Alaskan WAF tPAH50 profiles over time. Low, medium (Med), and High
concentration WAF (equivalent to 100, 320, and 1000 mg/L dilbit, respectively), over a test
period of 96 h. For more details see Figure 3.1 legend.

3.3.3.2. Fish mortalities and morphometrics

There were no mortalities with any of the Alaskan crude WAF exposures and the weight
and fork length were similar between treatment groups and medians ranged between 11.6-13.2 g

and 10.1-10.5 cm, respectively (Appendix 9).
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3.3.3.3. Ahr and cyplal response

Although the tPAH50 concentration of Alaskan crude WAF exposure was at least three-
fold higher than dilbit WAFs, ahr and cyplal transcript abundance was not responsive in the
liver and only responsive to the highest concentration in the caudal fin (Figure 3.6). The
response observed to the highest concentration Alaskan crude WAF was also sex-specific, where
caudal fin ahr transcript abundance only significantly increased in males (1.6-fold change) and
cyplal in females (1.4-fold change), following a trend of sexual dimorphism in the caudal fin
response to these WAF exposures. Despite exhibiting similar PAH distributions to LSMD WAFs
(Appendix 17, Figure 2.3) and having a minimum three-fold higher tPAH50 concentration,
LSMD WAF exposure resulted in a completely different ahr and cyplal response in both the
liver and caudal fin. This is potentially due to the presence of toxicants not captured by the
tPAH50 analysis, such as NAs. This reduced effect of WAFs generated with Alaska North Slope
crude oil has been previously observed in larval and juvenile Atlantic cod and Atlantic salmon
where it was suggested that these WAFs were unlikely to pose an acute risk to these cold-water
marine fishes.*’ In contrast, warm-water crude oil WAFs containing similar tPAH50
concentrations significantly increased hepatic cyplal expression in mahi, highlighting the
temperature dependence of WAF generation.®® Overall, these data demonstrate that between
these two tissues, only the caudal fin was able to demonstrate significant response to Alaskan

crude WAF exposure when measuring ahr and cyplal response.
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Figure 3.6. A significant response of caudal fin ahr (males only) and cyplal (females only)
transcript abundance is observed to the highest concentration Alaskan crude WAF, but not in the
liver. The normalized relative fold change of PAH-response gene transcript abundance is shown
after exposure to different Alaskan crude WAF concentrations as determined by gPCR analysis.
For more details, see Figure 2.5 legend.

3.3.4. Comparison of WAFs generated with LSMD, HSFO, dilbit, and
Alaskan crude oil.

Between the four oil types, HSFO WAF had the highest tPAH50 concentrations (Figure
3.1) and dilbit resulted in the lowest tPAH50 WAFs (Figure 3.3). Each WAF demonstrated a
weathering of 82-93% of tPAHS50 concentrations after 96 h in the presence of fish, with the
HSFO and Alaskan crude WAFs remaining at notable levels of PAHs.**® The LSMD and
Alaskan crude WAFs were dominated mostly by Naphthalenes, whereas dilbit and HSFO WAFs

contained more four-ring and larger PAHs (Appendix 15, Appendix 16). In comparison to the
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total PAH concentrations found in the warm marine waters of the Gulf of Mexico after the
Deepwater Horizon oil spill (189 pg/L),%° the tPAH50 concentration observed in these WAF
exposures were lower in all oil WAFs examined, except for the medium and high concentration
HSFO WAFs, which then dropped below this level within 48 hours. These results demonstrate
that these cold-water marine WAF exposures are comparable to real-world oil spill scenarios
based on PAH concentrations. These PAH concentrations are still of concern, as warm-water
marine tPAH50 concentrations as low as 33 pg/L significantly impact behaviour in Atlantic
croaker (Micropogonias undulatus), such as social group adhesion.*° The effects of exposure to
similar PAH concentrations under cold-water marine conditions are not well characterized in the

literature.

3.3.5. Comparison of the liver and caudal fin in demonstrating biological
response to oil WAF exposure

These exposures significantly differ from the majority of WAF exposures found in the
literature as they were performed in cold marine conditions (which tends to lower potential PAH
toxicity relative to warm marine conditions)’ and with salmon smolts instead of early life stages
that are typically assessed.!”1!2 Qverall, both the liver and caudal fin demonstrated a significant
response in ahr and cyplal transcript abundance to these cold marine WAF exposures in most
circumstances, however only the caudal fin elicited a significant response to WAFs generated
with all four oil types. Between the four oil types, HSFO WAF exposure resulted in the greatest
response in cyplal transcript abundance, with up to 118- and 125-fold increase in the female and
male liver, respectively, and up to 35- and 33-fold increase in the female and male caudal fin,
respectively (Figure 3.2). The response of ahr transcript abundance was weaker than cyplal

measured in the same fish, and typically non-responsive in lower concentration WAF exposures.
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This is as expected, as ahr is constitutively expressed whereas cyplal expression is only induced
upon AhR activation.> However, significant response to dilbit WAF exposure in males was only
observed with ahr transcript abundance in the caudal fin and not in the liver. Comparing cyplal
response to the lowest WAF exposure concentrations (low dilbit WAF; 9.2 ug/L tPAH50), only
the caudal fin demonstrated a significant response with 3.7- and 3.1-fold changes in females and

males respectively.

In order of cyplal response in the caudal fin and liver, HSFO WAFs (Figure 3.2)
induced the greatest response, followed by LSMD (Figure 2.5), dilbit (Figure 3.4), and Alaskan
crude (Figure 3.6) WAFs. This trend mostly follows an order of decreasing tPAH50 WAF
concentration, except for the Alaskan crude WAFs that, despite exhibiting the second highest
tPAHS50 concentrations, hardly elicited a cyplal response in the caudal fin, and no response in
the liver. As described above, this decreased responsiveness to Alaskan crude WAF may be due
to the presence of compounds other than PAHS, like NAs. Alaskan crude WAF exposures were
also the last exposure conducted resulting in larger smolts involved (Appendix 9). As larger
smolt size has been attributed to likelihood of survival during the transition of coho smolts to
adulthood,'® this size difference might contribute to a reduced response to Alaskan crude WAF

exposure, although these salmon are still expected to exhibit similar physiology.

Although cyplal transcript abundance has been demonstrated to be an effective tool for
demonstrating salmon response to oil spill exposure in the liver®12139 and caudal fin, the
response of this transcript does not appear to directly correlate with tPAH50 concentrations
measured. This demonstrates a clear need for better transcript bioindicators that are specifically
PAH responsive. Moreover, sex-biased responses were observed for each WAF type,

highlighting the importance of taking sex into consideration when analysing transcriptomic
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responses. These data also accentuate the need for directly testing biological response rather than

relying on tPAH50 measurements for these complex mixtures.

Overall, the data presented herein demonstrate valuable insight into the effects of cold-
water marine oil WAF exposure in juvenile salmon. These data also demonstrate that the caudal
fin more sensitively detected exposure to very low tPAH50 concentration WAFs than the liver as
seen with the lowest concentration dilbit WAF exposure (Figure 3.4). The caudal fin
transcriptome also demonstrated significant response to Alaskan crude WAF exposure that was
not detected in the liver indicating a broader range of responsiveness in the caudal fin (Figure
3.6). This improved sensitivity in the caudal fin, in combination with the ability to be sampled
non-lethally, projects a promising future for the caudal fin in demonstrating biological response

to oil spill exposure and tracking the effectiveness of clean up efforts.
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4. Near vs. far-shore fuels: Comparing the transcriptomic
response of the salmonid caudal fin and liver to marine
oil spills

4.1. Introduction

The water soluble organic chemical compounds released during an oil spill, such as PAHSs,
significantly impact fish reproduction,>’ development,® cardiac function,® and social group
adhesion.X® Acute exposure does not typically result in immediate lethality or obvious
morphological changes in exposed fish, yet these sublethal effects still pose a significant threat to
fish health.3! There is a clear need for tools that can sensitively and conveniently evaluate fish
health and track oil spill exposure.

Difficulties in evaluating oil spill toxicity are magnified considering the heterogeneity of
petroleum products.’?” LSMDs and HSFOs are very different oil types and are frequently
involved in large (>30 tonne) spills, particularly off the North American Pacific coast.’*1%°
HSFOs are typically restricted to use beyond 200 nautical miles offshore (far-shore fuel),
whereas LSMDs can be used in vessels closer to shore (near-shore fuel). Despite distinct
differences in regulation, limited research has been carried out directly comparing the sublethal
deleterious effects resulting from the exposure of these two oils, specifically in cold marine

environments.

Measuring the response of hepatic transcriptomic bioindicators has been widely
implemented in evaluating oil spill toxicity. However, these methods typically require lethal
sampling through labor-intensive dissection and is not compatible with conservation. In contrast,
the caudal fin is a readily accessible tissue that can be sampled rapidly through minimal distress

to the fish and allows for rapid catch-and-release methods of fish sampling. The benefits of
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reduced lethality in biomonitoring cannot be overstated, and non-lethal sampling methods also
allow for repeated measures of single organisms which is very important for accounting for
differences between biological replicates. Using gPCR methods, we have previously
demonstrated that the caudal fin can be highly responsive to a range of different contaminants
using transcript targets originally identified in the liver.*>#"197 This previous work suggested that
there may be a suite of caudal fin-specific transcripts that are highly responsive with low
variation in the caudal fin but have not yet been identified as they may not be expressed or

respond in the liver.

In this present chapter, exposure effects involving near-shore fuel, LSMD, and far-shore
fuel, HSFO WAFs from Chapter 2 and 3, respectively, are directly compared. As salinity and
temperature can significantly impact the aqueous phase of an oil spill,??® we ensured all
exposures and WAF preparations were performed with cold marine conditions. We measured 50
individually quantified PAHSs and their alkylated homologues that are found to be commonly
released during oil spills. Exposures were conducted on seawater acclimated coho smolts.
Smolting salmon undergo intense developmental restructuring as they are transitioning from
freshwater to marine environments.#° Little is known of how oil spill exposure may impact

salmon during this sensitive stage.

The effects of acute WAF exposures were characterized through measuring the
transcriptomic responses observed within the liver and caudal fin from exposed smolt, with
specific attention to separating genetic females and males to account for potential sex-bias. In
addition to qPCR analysis of PAH-responsive gene transcripts performed in Chapter 3, we
performed in-depth RNA-Seq analysis on the liver and caudal fin of females and males exposed

to the highest concentration WAFs. Herein we report a comparison of the effects of near- and
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far-shore fuel oils in both the caudal fin and the liver of juvenile salmon and identify novel
bioindicator candidates that may be used for identifying exposure to oil spills. We define strong
bioindicators as those with a high fold change compared to unexposed controls with low

variation.

4.2. Materials and methods

4.2.1. Preparation of RNA for Illumina total RNA sequencing

In preparation for RNA-Seq, the integrity of isolated RNA from fish exposed to seawater
controls and the highest concentration WAF exposures were analyzed using a Bioanalyzer 2100
(Agilent Technologies), and samples with RNA integrity number (RIN) of > 7 were used for
RNA-Seq analyses (5 biological replicates per treatment and tissue). Liver and caudal fin
samples were taken from the same fish. RNA samples were shipped on dry ice to Canada's
Michael Smith Genome Sciences Centre (GSC, BC Cancer Research, Canada), where strand-
specific MRNA libraries were constructed and sequenced using Illumina HiSeq 2500 (paired-end

platform generating 2 x 75 base pair reads for each sample).

4.2.2. RNA-Seq Assembly and Analysis

Read quality was assessed using FastQC!* to ensure high read quality in all samples.
Reads were aligned to Oncorhynchus kisutch genome assembly, oki_ref Okis_V1
(GCF_002021735.1) using STAR two-pass alignment (version 2.6.1)'*2. Mapped reads were
assembled and counted using StringTie (version 1.3.4) with a minimum read coverage of 1 for
most transcripts, and 4.75 for single-exon transcripts.**® Gene counts were exported as transcript
count tables comparing individual transcript counts from the treated animals to transcript counts
from the control animals. Transcripts were annotated using BLASTn and BLASTXx against

National Center for Biotechnology Information (NCBI) nucleotide (nt) and non-redundant (nr)
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protein database. Differential gene expression analysis was performed using DESeq?2 (version
1.28.1)!4 as described previously*® with a pagj < 0.05 cut-off for significance. To identify the
function of the differentially expressed genes and to investigate the corresponding enriched
pathways, we performed gene annotation enrichment analysis. A hypergeometric test was
performed to evaluate whether the overlap in commonly DEGs between sexes is significantly
greater (p < 0.05) than the overlap drawn from two independent groups. To perform functional
annotation analysis, genes were annotated with gene ontology (GO) terms using Trinotate
(version 3.2.0).1%6 The GO terms annotated to DEGs from each treatment were compared against
the distribution of GO terms annotated to all significantly expressed from their respective tissue
(counts per million reads; com > 0.1) using GOseq (version 1.42.0)!*7 to identify GO term
enrichment (pagj < 0.05, FDR < 0.05). A cpm > 0.1 in more than 50% of genes were excluded to
remove low level expressed transcripts that produced a high fold change but still had very low
overall expression. Due to the high abundance of enriched GO terms observed, an ‘extremes’
filter was applied using Gogadget (version 2.1)'*® to remove overly specific or general GO terms
for clearer visualization of enriched processes. GO terms annotating fewer than 10 or more than
300 DEGs were excluded from LSMD WAF treated animals and fewer than 20 or more than 100
DEGs were excluded from HSFO WAF treated animals. Enrichment maps were then generated

from the filtered lists of enriched GO terms using Cytoscape (version 3.8.2).14°

This RNA-seq protocol has been prepared as a semi-automated RNA-Seq pipeline that
uses bash scripts requiring simplified user inputs to interact with the Slurm workload manager of
Compute Canada superclusters to take advantage of its advanced computing power. A simple

diagram detailing the workflow of this pipeline is demonstrated in Figure 4.1.

61



A - Initial
Genome prep

B - Star
Aligner

#Step 1 - Download the reference genome's fasta file ".fa/.fasta"

#Step 2 - Download the reference genome's annotated transcriptome reference ".gff/.gtf"

sStep 3 - If necessary, convert the annotated transcriptome reference from a ".gff" file to ".gtf"

sStep 4 - Ensure consistent naming schemes between the genome's fasta file and transcriptome reference

#Step 5 - Generate first pass genome index (once per experiment)

*Step 6 - Map ".fastq" reads to first pass index

*Step 7 - Merge "Sl.out.tab" splice junction files from all individuals (once per experiment)

*Step 8 - Generate second pass genome index using merged splice junction files (once per experiment)
+Step 9 - Map ".fastq" reads to second pass index

star-align.[JOBID].sorted.bam

h 4

C - Stringtie

D - DESeq2

E - BLASTn
Annotation

de_all.csv.annot.xls

*Step 10 - Create a gene map for each individual using Stringtie

+Step 11 - Merge all gene maps to create one "master gene map" for all individuals (once per experiment)
+Step 12 - Assemble the reads for each sample into transcripts according to the master gene map

+Step 13 - Extract transcript counts for each sample

*Step 14 - Prepare transcript counts files for differential expression analysis

*Step 15 - Run DESeq2 analysis on the transcripts count file generated

#Step 16 - Extract the the sequence information for each transcript from the genome (once per experiment)
sStep 17 - Linearize the extracted fasta sequences (once per experiment)

*Step 18 - Extract sequence information of transcripts represented in your data (once per experiment)
*Step 19 - Annotate significiantly represented sequences using BLASTn (once per experiment)

#Step 20 - Create a transcript annotation file (once per experiment)

*Step 21 - Annotate the sequences represented in the differential expression table (once per experiment)

-

F - Compare
Treatments

DE_in_[treatment].fa

*Step 22 - Compare two treatments and extract lists of differentially expressed genes

A4

+Step 23 - Extract the sequences for all differentially expressed genes

*Step 24 - Functionally annotate the differentially expressed genes using trinotate
*Step 25 - Extract the sequences of all genes to represent "background"” expression
*Step 26 - Functionally annotate the background genes using trinotate

*Step 27 - Proceed to GO-Seq and GOgadget functional annotation pipeline

Figure 4.1. A diagram depicting the RNA-Seq workflow used.
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4.3. Results and Discussion

4.3.1.Evaluation of sex-biased baseline gene expression in control coho
salmon smolts

We first compared transcript levels between genetic male and female controls to evaluate
sex-based differences in baseline gene expression of coho salmon smolts (Appendix 19). In the
liver, there were 17 differentially expressed genes (DEGs) between genetic males and females
from LSMD controls and 377 DEGs from HSFO controls. This increase in sexual dimorphism in
the liver of HSFO WAF control fish appears in tandem with fish development, as HSFO WAF
salmon are longer and heavier than LSMD WAF salmon (Appendix 9) as the exposures were
two weeks apart. Despite this, the caudal fin is steady as both sets of control fish exhibited fewer

than ten DEGs between genetic males and females in this tissue.

4.3.2.LSMD WAF Exposure

The second chapter of this present thesis demonstrated that LSMD WAF exposure results
in the differential expression of genes associated with xenobiotic metabolism, general stress,
oxidative stress, and estrogen-mediated pathways in the caudal fin and liver (Figure 2.5, Figure
2.6, Figure 2.7). To obtain a broader profile of DEGs, total RNA-Seq was performed on paired
caudal fin and liver tissues to quantify the abundance of significantly expressed transcripts from
salmon smolts exposed to a seawater control or the highest concentration LSMD WAF. We
noted a significant sex-biased response to LSMD WAF exposure, so we analyzed genetic males

and females separately.

4.3.2.1. Comparing DEGs with LSMD WAF exposure

In the liver, LSMD WAF results in 509 DEGs in females with a substantially lower

number in males (86 DEGs; Table 4.1). LSMD WAF exposure results in a similar number of
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DEGs in both the female and male caudal fin, with 495 and 545 DEGs, respectively. Across the
four tissue types, there were 1,600 unique genes that were differentially expressed with only 10%
differentially expressed in more than one tissue (Figure 4.2 b). In total, six genes were
commonly differentially expressed in all tissues which all shared similar functions of xenobiotic
metabolism (Appendix 19). These data indicate that the response to LSMD WAF exposure is
highly tissue- and sex-dependent. Overall, comparable levels of response were found in three of
the four tissue sets, with the male liver exhibiting fewer DEGs. This level of sex-biased

transcriptomic variation is not unusual in salmonids.*>°

Table 4.1. Comparison of the number of genes from the LSMD and HSFO RNA-Seq datasets
that were carried through the differential expression analysis workflow. CF, caudal fin; DETS,
differentially expressed transcripts (p<0.05); DEGs, differentially expressed genes; F, genetic
female; GO, gene ontology; LI, liver; M, genetic male.

LSMD WAF exposure

Tissue Type LI-F LI-M | CF-F | CF-M
Total number of genes 28,014 | 28,301 | 33,916 | 33,745
Number of DETSs 323 125 704 442
Number of DEGs 509 86 495 545
Number of DEGs with a Blastn annotation 507 86 488 540
Number of DEGs with Uniprot annotation 490 83 445 485
Number of DEGs generating a GO term 479 83 438 481
Number of enriched GO terms 79 21 69 167
Number of enriched GO terms after filtering (min 10, max | 43 2 58 89
300)

HSFO WAF exposure

Tissue Type LI-F LI-M | CF-F | CF-M
Total number of genes 27,395 | 27,096 | 34,206 | 34,172
Number of DETSs 11,246 | 6,745 ]9,831 | 3,401
Number of DEGs 11,864 | 7,229 | 10,119 | 2,125
Number of DEGs with a Blastn annotation 11,864 | 7,229 |10,119 | 2,125
Number of DEGs with Uniprot annotation 11,276 | 6,882 | 9,572 | 2,010
Number of DEGs generating a GO term 11,041 | 6,764 | 9,386 | 1,981
Number of enriched GO terms 233 337 196 514
Number of enriched GO terms after filtering (min 20, max | 157 150 91 138
100)
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Figure 4.2. LSMD WAF exposure induces a unique, sex-specific transcriptomic response in the
coho salmon caudal fin and liver. A. Volcano plots depicting the differential expression of
sequenced RNA transcripts from the caudal fin or liver of 10 male or 10 female salmon exposed
to either seawater control or high concentration marine diesel WAF are shown. Differentially
expressed genes as determined by DESEQ?2 are represented by red dots and not differentially
expressed genes are represented by grey dots (pagj < 0.05). Individual isoform abundance was
grouped to give counts of gene expression rather than individual transcript expression.
Significance cut-off is represented by the horizontal bar separating the red and grey dots. Degree
of differential expression is depicted by an increasing —log10 of the pagj value for each transcript.
Median fold change in transcript abundance is expressed in a log2 scale. B. Venn-diagram
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demonstrating the overlap of differentially expressed genes (pagj < 0.05) because of high-
concentration LSMD WAF exposure. Transcriptomic profiles were quantified using RNA-Seq
analysis of the liver (left) and caudal fin (right) of 10 females (blue and green) and 10 males (red
and yellow). Abundance displayed combines individual transcript isoform abundance to give
counts for overall transcript abundance.

Of the 1,600 unique DEGs represented between the liver and caudal fin, only 28 are
differentially expressed in both. This highlights the need for caudal fin-specific gene
bioindicators to fully evaluate the utility of the caudal fin transcriptome for detection of oil spill
exposure. This overlap in differential expression between males and females in the liver and
caudal fin was significant with 11.5-fold (p < 1.7e-14) and 6.2-fold (p < 2.8e-24) greater overlap,
respectively, than what is randomly expected using the hypergeometric test. For this reason,

males and females were analyzed separately.

4.3.2.2. GO term enrichment analysis with LSMD WAF exposure

In the liver, LSMD WAF exposure results in the enrichment of 79 GO terms in females
and 21 GO terms in males (Table 4.1). Enriched GO terms in the female liver highlight
regulation of the ERAD pathway, protein misfolding, and cellular redox activity (Figure 4.3 C).
The few enriched terms in the male liver also showcase the enrichment of redox management
highlighting a conserved response between sexes (Appendix 20). Outside of major clusters, N-
linked glycosylation GO terms are also strongly enriched in the female liver with LSMD WAF
exposure. The significant response of the ERAD pathway is likely representative of hepatic
cytochrome activity required to manage the exposure of aryl xenobiotics such as PAHs.*! The
enrichment of N-linked protein glycosylation also indicates that wnt/B-catenin signalling and

cell-adhesion may also be modulated in the liver.>?
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Figure 4.3. LSMD WAF exposure primarily results in the enrichment of these five processes: A.
Negative regulation of innate immunity; B. Xenobiotic metabolism and oxidative stress; C.
ERAD pathways and protein folding; D. B-cell proliferation and gliogenesis. E. Chondrocyte
morphogenesis. The 5 largest clusters of enriched GO terms in male and female liver and caudal
fin as a result of LSMD WAF exposure. LSMD WAF appears to influence the following
biological factors: Significantly enriched GO terms (FDR<0.05) were visualized using the
Cytoscape Enrichment Map plugin. An “extremes” filter was applied to remove overly specific
or general GO terms (minimum 10 or maximum 300 genes annotated). Enrichment is relative to
a background containing GO-terms represented from all genes expressed from their respective
tissue-types (males and females combined). Each node represents a GO term. Each tissue is
represented by a single quadrant of GO term nodes. If a tissues quadrant is a shade of green, this
indicates this GO-term was enriched in that tissue set where a darker shade of green indicates a
lower g-value enrichment. Node size is indicative of the number of genes annotated with that GO
term. The thickness of each line is indicative of the number of genes shared between the
connected gene sets (minimum 50% overlap). White shading indicates that the GO term was
missing for a given tissue.

In the caudal fin, 69 GO terms are enriched in females and 167 in males. The caudal fin
features the largest clusters of enriched GO terms with LSMD WAF exposure, demonstrating

conserved innate and adaptive immune responses (Figure 4.3 A, D), as well as oxidative stress,
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xenobiotic metabolism, and morphogenesis (Figure 4.3 B, E). These data indicate LSMD WAF
exposure results in extensive immunomodulatory effects in the caudal fin as well as unfolded
protein response and chondrocyte morphogenesis highlighting a potential for chondrodysplasias
that could contribute to developmental defects like small size and/or abnormal body
proportions.'>® These effects are particularly observed in teleost fish, where PAH exposure
results in hyperdorsalized embryos.*® The significant enrichment of defense response observed
here has also been captured in channel catfish, where an influx of inflammation cascade occurred

with increased expression of cytochrome P450 genes.®®

Overall, the response in the liver tissue contrasts greatly from the caudal fin tissue from
the same fish. In addition to the differences in cell-types, this may be explained, in part, by the
different modes of exposure: the caudal fin is directly exposed, and the liver is exposed through
internal processing of LSMD WAF contaminants. Despite their differences, both demonstrate
activation of the AhR-mediated pathway. This is apparent through enrichment of xenobiotic
metabolism®? and Wnt/B-catenin signaling® in the liver. This presents a clear risk to these
juvenile coho as chronic activation of this pathways has been shown to exhibit cancer-promoting

activity.>

4.3.3. HSFO WAF Exposure
4.3.3.1. Comparing DEGs with HSFO WAF exposure
Given the greater response of the cyplal gene to all HSFO WAF exposures, we
anticipated that the HSFO WAF would also induce a greater overall transcriptomic response

compared to the LSMD WAF with equivalent volumes of oil. Indeed, we observed the most

DEGs in the liver, with 11,864 DEGs in females and 7,229 DEGs in males (Table 4.1). There
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were also many DEGs in the caudal fin with HSFO WAF exposure with 9,572 and 3,401 DEGs

in females and males, respectively.

HSFO WAF resulted in 23- and 84-fold more DEGS in the female and male liver,
respectively, compared to LSMD WAF exposure with a 20- and four-fold increase in the female
and male caudal fin, respectively. Compared to LSMD WAF (Figure 4.2), HSFO WAF resulted
in substantially more overlap in differential expression (Figure 4.4 b). Across the four data sets
(two tissues and two sexes), 19,261 unique DEGs are represented with 46 percent being
commonly differentially expressed in more than one tissue set and 312 genes in all four data sets.
These 312 genes represent a mixture of biological processes, featuring mostly xenobiotic
metabolism, oxidative stress response, and morphogenesis (Appendix 21). Despite this larger
overlap in differential expression, the response profiles to HSFO WAF in each tissue set is still
distinct, as with the LMSD WAF exposures (Figure 4.2 a, Figure 4.4 a). Like in the LSMD
WAF-exposed fish, this overlap in differential expression between males and females in the liver
and caudal fin was also significant, although only 1.6-fold (p < 6.6e-183) and 1.8-fold (p < 6.6e-
183) greater overlap, respectively, than what is randomly expected using the hypergeometric test.

For this reason, males and females were analyzed separately.

In both tissues, HSFO WAF exposure resulted in fewer DEGs in genetic males than
females. To our knowledge, this sex-based differential responsiveness is not captured in the

literature and should be kept into consideration when performing transcriptomic analyses.
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Figure 4.4. Compared to LSMD WAF exposure, HSFO WAFs prepared at the same
concentration result in a much greater transcriptome-wide response in coho salmon caudal fin
and liver that is similarly sex- and tissue-specific. A. Volcano plots depicting the differential
expression of sequenced RNA transcripts from the caudal fin or liver of 10 male or 10 female
salmon exposed to either seawater control or high concentration HSFO WAF are shown. B.
Venn-diagram demonstrating the overlap of differentially expressed genes (pagj < 0.05) because
of high-concentration HSFO WAF exposure. See Figure 4.2 legend for more details.

70



4.3.3.2. GO term enrichment analysis with HSFO WAF exposure

In the liver, HSFO WAF exposures enriched 233 and 337 GO terms in females and
males, respectively (Table 4.1). In the caudal fin, 196 GO terms were enriched in females and
514 in males. Comparing GO term enrichment in both the caudal fin and liver, the largest
clusters of commonly enriched GO terms are related to MHC processing, protein degradation,
transmembrane transport, and mMRNA splicing (Figure 4.5). In the liver, HSFO WAF also
resulted in a significant cluster of enriched GO terms involving ATP (females) and pyrimidine-
containing compound (males) metabolism. HSFO WAF also significantly affected NADH
dehydrogenase complex activity in the female liver and complement activation in the male liver
(Appendix 22). HSFO WAF exposure in the female caudal fin resulted in similar GO term
enrichment as the liver, (Figure 4.5) but also resulted in the additional enrichment of clusters
related to tRNA aminoacylation and morphogenesis (Appendix 22). GO terms enriched in the
male caudal fin are not abundantly represented in the five largest clusters featured, however,
common enrichment of morphogenesis and cell adhesion with the female caudal fin is still seen.

HSFO WAF exposure resulted in increased indicators of disease states including
cancerous cells®? with modulation of nucleotide metabolism and enrichment of cell proliferation
in the liver indicating the potential for DNA adduct formation.>® Changes to alternative splicing
has also been linked to disease states'®”% suggesting further potential health impact on these

juvenile salmon.
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Figure 4.5. HSFO WAF exposure results in the enrichment of GO term clusters primarily
associated with these functions: A. Nucleotide-containing compound metabolism; B. MHC class
| processing and proteasome complex; C. Transmembrane protein transportation; D. mRNA
Splicing; E. NADH dehydrogenase Complex. See Figure 4.3 legend for more details.

4.3.4.Comparison between LSMD and HSFO WAF exposure responses
of coho salmon smolts

The RNA-Seq data presented up until this point was generated using gene counts,
merging the total counts of all transcript isoforms under a given gene. This is appropriate for GO
term-based analyses but does not capture the data inherent in individual isoforms.*® As one of
the goals of the present study is to identify transcript-specific bioindicator candidates for high
throughput gPCR methods, it is important to also examine differential expression at the level of

individual transcript isoform counts.

In the liver, nine differentially expressed transcripts (DETS) respond to both LSMD and

HSFO WAF regardless of sex (Figure 4.6 a), with most transcripts encoding proteins involved
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in xenobiotic metabolism and cellular redox (Table 4.2). Of these transcripts, the most promising
candidates were selected based on fold-change and statistical significance of differential

expression encode for CYP1 proteins.

A Liver B Caudal fin
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Figure 4.6. Venn-diagrams comparing the overlap of DETs between LSMD and HSFO WAF
exposures in (A) liver and (B) caudal fin. There are 27 transcripts in the caudal fin and only nine
in the liver that are consistently differentially expressed upon exposure to both LSMD and HSFO
WAF in both sexes. See Figure 4.2 legend for more details.

The cypl family, specifically cyplal, are important first responders of the AhR-mediated
pathway and the most used indicators of oil and PAH exposure in the liver.>? These genes encode
cytochrome P450 enzymes involved initiate the metabolism of fused ring structures, such as
PAHSs, through formation of highly reactive epoxides.®>! Although the role of sex-bias is
occasionally mentioned, often bioindicator evaluation does not take sex into consideration.?2°
The present work indicates that hepatic cypl family response to WAF exposure in juvenile coho
is robust regardless of sex. Moreover, this extends to cypl family expression in the caudal fin,

which maintains that robustness across sex.
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Table 4.2. List of nine transcripts that are differentially expressed in the liver in response to both
LSMD and HSFO exposure regardless of sex. Annotations are based on Blastn results of each
transcript against NCBI’s nucleotide (nt) database. Fold-change (FC) and adjusted p-value (pagj)
are displayed for each transcript.

LI-F LI-M
Annotation ContigID LSMD HSFO LSMD HSFO
FC Padj FC Padi FC Padi FC Padj
Cytochrome P450 1A1 ma1ss07 | 6 | “30° | 69 s.ggE- 10 | 3P | a4 7';‘155'
magras | 6 | 2O | g | T2 | g [ ITE | g | TIOE:
Cytochrome P450 1B1 genel8523 | 14 4'%%'5' 81 5%'5' 5 5'%%'5' 49 7'883éE'
Glutathione S-transferase P |  rna37359 3 1'%23E' 13 3'5’)’5 3 5'%‘25 7 6'%%;5'
Heat shock;::)c;]taein HSP 90- ma23625 1 2.%3;E— 97 6.(;17E— 6 2.262E— 23 4.11(())E—
Metallothionein B rna40663 3 3"(‘)%'5' 17 SQE' 3 2'%22E' 9 Z'ﬁE'
Thioredoxin reductase 1 rna726 3 1'%22E' 6 3'225 2 5'%25 4 S'SﬁE'
glucuroncLJJs[;IFt)r_ansferase gene36783 2 ZI%E;E_ ! 1'2?’35 2 1'625 12 2.7168E-
ma64043 | 1 4'%35 7 2'5158E' 2 3%525 11 | 039

Compared to the liver, the caudal fin exhibits three-fold more DETS that respond to both
exposures regardless of sex (Figure 4.6 b), featuring transcripts primarily associated with
xenobiotic metabolism, cell redox, and morphogenesis. In addition to these, three consistently
differentially expressed transcripts are currently uncharacterized in the coho salmon genome,
highlighting the limitation the limitation of BLASTn/BLASTXx annotation methods standard for
RNA-Seq methods. In the caudal fin, transcripts encoding CYP1B appeared to more consistently
respond than CYP1A-encoding transcripts (Table 4.3). CYP1A and CYP1B are closely related
P450 subfamilies exhibiting unique metabolic capabilities.>* Unlike CYP1A1, CYP1B1 can
metabolize aromatic amines® and shows enhanced metabolic activation of some PAHSs, such as

BAP in humans,® and dibenzofulvene (DBF) in zebrafish.>* Although neither of those PAHs
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are significantly represented in either WAF, the enrichment CYP1Bs seen may indicate the

presence of other CYP1B-specific metabolites in these WAF exposures.

Table 4.3. Table of 27 transcripts that are differentially expressed in the caudal fin in response to

both LSMD and HSFO exposure regardless of sex. See Table 4.2 legend for more information.

CF-F CF-M
LSMD HSFO LSMD HSFO

Transcript Annotation (Blastn) ContiglD | Fc Padi FC Padi FC Padi FC Padi
ég'eg‘grocarbo” receptor mad7187 | 3 | 7.81E-09 | 11 | 413E-24 | 3 | 1.40E-04 | 10 | 2.73E-13
Cadherin-13 rna33088 -2 | 264E-11 | -8 | 4.41E-52 | -3 | 3.28E-11 | -8 | 3.64E-09
g%'t':ﬁ]‘é%" domain-containing Mma60329 | 1 | 1.66E-02 | 2 | 2.78E-16 | 1 | 1.87E-02 | 2 | 2.96E-07
Cytochrome P450 1B1 genel8523 | 4 | 497E-07 | 10 | 1.04E-17 | 6 | 1.05E-14 | 9 | 9.83E-08

rna64606 5 | 1.46E-09 2.33E-22 | 6 | 2.48E-09 | 14 | 2.88E-07
Cytochrome P450 1Bla genel8522 | 4 | 5.59E-08 5.97E-17 | 7 | 3.23E-05 | 10 | 2.29E-08
Cytochrome P450 1B1 pseudogene | rnal5010 3 | 6.16E-13 | 17 | 2.79E-19 | 3 | 7.69E-09 | 11 | 6.92E-10

rnal5011 4 | 425E-17 | 38 | 1.72E-78 | 7 | 1.19E-08 | 58 | 1.68E-08
Cytosolic sulfotransferase 2 rna44151 8 | 1.81E-27 | 46 | 9.49E-14 | 6 | 3.34E-07 | 45 | 3.45E-04
Dickkopf-related protein 1 rnaggd4l -2 | 1.76E-02 | -4 | 1.70E-23 | -2 | 4.20E-29 | -5 | 2.21E-06
Egﬁg‘ggg}%‘;‘?gfoﬁggg?phme Ma28258 | 2 | 2.46E-05 | 10 | 6.50E-32 | 3 | 6.32E-08 | 8 | 1.50E-14
Fibroblast growth factor 7 rna58523 11 | 7.02E-37 | 23 | 1.65E-31 3.28E-11 | 29 | 9.42E-05

rna58531 9 | 1.55E-21 | 22 | 1.07E-53 | 8 | 3.06E-08 | 33 | 7.98E-04
Keratin, type | cytoskeletal 13-like rna252 -2 | 3.88E-02 | -3 | 1.39E-07 | -2 | 3.69E-02 | -5 | 9.86E-04
mix’ge”'a‘:“"amd proteinkinase | 9745 | -1 | 6.08E-03 | -2 | 181E-05 | 2 | 2.01E-02 | -2 | 9.94E-09
Netrin-4 rnal0181 2 |218E-03 | 7 | 437E-19 | 2 | 855E-06 | 8 | 1.86E-09
'g'a?;) %ﬁgzggomoy"prowi” Mma6032l | 2 | 540E-03 | 4 |891E-14 | 1 | 3.26E-02 | 4 | 2.29E-08
Protein sprouty homolog 1 rna44914 2 | 209E-04 | 1 | 9.80E-03 | 2 | 1.18E-02 | 3 | 2.75E-02
Protocadherin-16 rna30259 2 | 113E-05| 4 | 534E-15| 2 | 1.60E-02 | 3 | 2.89E-08
R-spondin-1 ra3139 2 | 243E-03 | 3 | 3.40E-08 | 2 | 156E-02 | 3 | 4.96E-03
UDP-glucuronosyltransferase gene36783 | 3 | 1.18E-06 | 46 | 1.65E-76 | 4 | 5.09E-07 | 43 | 9.35E-07

ra45831 3 | 6.84E-05 | 48 | 3.35E-09 | 5 | 4.04E-03 | 52 | 3.11E-05

ra63216 3 | 548E-08 | 47 | 1.04E-58 | 4 | 7.62E-08 | 37 | 4.68E-08

rna64043 2 | 413E-02 | 26 | 1.63E-56 | 3 | 4.61E-04 | 25 | 5.29E-07
Uncharacterized LOC109867258 rna40575 1 | 448E-02 | 2 | 226E-03 | 2 | 1.73E-04 | 2 | 5.85E-04
Uncharacterized LOC109884259 rna61047 -2 | 490E-05 | -4 | 285E-11 | 1 | 4.91E-05 | -3 | 1.54E-04
Uncharacterized LOC109899381 rna21192 2 | 109E-02 | 4 | 141E-28 | 2 | 1.23E-04 | 6 | 1.36E-08
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There is also a distinct lack of cyplal DETSs in the caudal fin, despite the transcript
demonstrating significant differential expression in response to all LSMD and HSFO WAFs in
chapter 2. In fact, RNA-Seq detected significant cyplal differential expression in most caudal
fin tissues except for the male caudal fin after HSFO WAF exposure. Although a large fold-
change in cyplal transcript abundance is observed in the male caudal fin with HSFO WAF
exposure, in all cyplal transcripts quantified, excessive variation between replicates as
determined by the DESeq2 R-package. This lack of significant differential expression observed
in the RNA-Seq is overcome in the gPCR data sets of Chapter 2 of this thesis, as statistical
significance of the gPCR results is evaluated across 40 individual biological replicates as
opposed to five in the RNA-Seq data. This increase in biological replicates allows for an
increased robustness of statistical evaluations to mitigate factors such as variation between

biological replicates, as seen with the RNA-Seq data, for detecting significant differences.

Several transcripts encoding UDP-glucuronosyltransferases (UGT) were also consistently
differentially expressed in the caudal fin (Table 4.3). Previous work reported increases in ugt
transcript abundance in the gills'® and liver'®? of Gulf killifish upon oil spill exposure. UGTs are
also regulated by AhR and important during phase 2 PAH metabolism, involving the
glucuronidation of dihydrodiols and phenols, inhibiting secondary oxidation and the generation
of more mutagenic metabolites.'®® This may have implications in salmon farming, as UGTSs are
widely known for their inactivation of drug therapies'®* and may decrease the effectiveness of

some antibiotics.1%°

Although no LSMD WAF-specific DETs were identified in the liver, there were 4,144
transcripts that were uniquely differentially expressed compared to LSMD upon HSFO WAF

exposure regardless of sex (Table 4.4, remaining DETs not shown). The lack of LSMD-
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specific DETs in the liver is likely attributed to the relatively modest-response compared to
HSFO WAF exposure. Despite this, six DETs were able to differentiate LSMD WAF exposure
in the caudal fin (Table 4.5), and 1,016 DETs only responsive to HSFO WAF (Table 4.6,
remaining DETs not shown). The majority of LSMD WAF-specific DETs are related to wnt/p-
catenin signaling, and HSFO WAF-specific DETs encompass a wide range of functions such as
xenobiotic metabolism, inflammatory/immune response, oxidative stress, and wnt/B-catenin

signaling.
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Table 4.4. Top 21 of 4,144 DETSs in the liver that were uniquely DE with HSFO but not LSMD.
Transcripts exhibit a minimum nine-fold change in transcript abundance, and pagj < 0.0000005.
Fold-change (FC) and adjusted p-value (padj) are displayed for each transcript. Annotations are
based on Blastn results against NCBI’s nt database with Accesion number, percent identity (%id)
of the query sequence to the result, and the annotated name represented.

ContiglD

LI-F

LI-M

FC

Padj

FC

Padj

Accession
number

%id

Blastn Annotation

COHO.359
1

167

2.43E-08

109

8.43E-23

XM024139013.1

100

PREDICTED: Salvelinus alpinus thioredoxin-
like (LOC112071572), mRNA

gene36776

16

8.23E-10

14

1.1E-19

XM014198687.1

95.5

PREDICTED: Salmo salar heat shock 70 kDa
protein 4-like (LOC106604228), transcript
variant X2, mMRNA

rnal0576

23

4.43E-09

44

1.75E-13

XM020483514.1

100

PREDICTED: Oncorhynchus kisutch glutathione
peroxidase 2-like (LOC109891177), mMRNA

rnal3707

10

0.000000
222

12

8.78E-09

XM020484419.1

100

PREDICTED: Oncorhynchus kisutch
ribonucleoprotein PTB-binding 1-like
(LOC109891977), MRNA

rnal5010

201

1.2E-15

327

5.52E-
223

XM002255881.1

100

PREDICTED: Oncorhynchus kisutch
cytochrome P450 1B1 pseudogene
(LOC109894532), misc RNA

rna20195

17

5.11E-14

12

4.82E-08

XM020493404.1

100

PREDICTED: Oncorhynchus kisutch coiled-coil
domain-containing protein 43-like
(LOC109898436), NRNA

rna22496

1.8E-17

1.13E-28

XM020495671.1

100

PREDICTED: Oncorhynchus kisutch
desumoylating isopeptidase 1-like
(LOC109899982), transcript variant X1, mRNA

na26406

14

7.39E-16

10

2.14E-10

XM020499414.1

100

PREDICTED: Oncorhynchus kisutch proteasome
subunit alpha type-7-like (LOC109902778),
MRNA

rna28459

1.65E-10

10

1.03E-18

XM020501343.1

100

PREDICTED: Oncorhynchus kisutch ornithine
decarboxylase 1-like (LOC109904160), mRNA

rna31136

30

2.66E-12

31

1.04E-14

XM020504111.1

100

PREDICTED: Oncorhynchus kisutch
thioredoxin-like (LOC109906425), mRNA

rna3178

13

8.2E-12

1.15E-10

XM020452010.1

100

PREDICTED: Oncorhynchus kisutch yrdC
domain-containing protein, mitochondrial-like
(LOC109864299), mMRNA

rna37531

11

7.53E-31

4.84E-12

XM020509379.1

100

PREDICTED: Oncorhynchus kisutch thiosulfate
sulfurtransferase/rhodanese-like domain-
containing protein 1 (LOC109910248), mRNA

rna38099

19

5.81E-13

11

2.53E-23

XM020453546.1

100

PREDICTED: Oncorhynchus kisutch 26S
proteasome non-ATPase regulatory subunit 11B-
like (LOC109865405), mMRNA

rna41335

9.77E-19

10

1.02E-12

XM020457151.1

100

PREDICTED: Oncorhynchus kisutch caveolin-2-
like (LOC109867831), mMRNA

rna41719

16

1.75E-17

1.52E-09

XM020457936.1

100

PREDICTED: Oncorhynchus kisutch proteasome
subunit beta type-7-like (LOC109868402),
transcript variant X1, mRNA

rna41720

6.81E-12

6.14E-09

XM020457937.1

100

PREDICTED: Oncorhynchus kisutch proteasome
subunit beta type-7-like (LOC109868402),
transcript variant X2, mRNA

rna58993

19

1.2E-43

13

5.3E-17

XM020474289.1

100

PREDICTED: Oncorhynchus kisutch glutamate--
cysteine ligase regulatory subunit-like
(LOC109882206), mMRNA

rna59191

15

6.72E-19

0.000000
135

XM020474484.1

100

PREDICTED: Oncorhynchus kisutch proteasome
maturation protein-like (LOC109882385),
mRNA

rna64606

16

9.14E-17

25

3.05E-47

XM020479494.1

100

PREDICTED: Oncorhynchus kisutch
cytochrome P450 1B1-like (LOC109888318),
mRNA

rna8192

18

1.72E-10

20

6.56E-11

XM020481255.1

100

PREDICTED: Oncorhynchus kisutch vesicle
transport protein GOT1B (LOC109889666),
MRNA

rna8480

41

5.96E-38

75

3.78E-33

XM020481515.1

100

PREDICTED: Oncorhynchus kisutch
cytochrome P450 1B1-like (LOC109889798),
transcript variant X1, mRNA
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Table 4.5. Six transcripts in the caudal fin that were uniquely DE with LSMD but not HSFO. FC
and adjusted p-value (padj) are displayed for each transcript. For more details, see Table 4.4

legend.
ContiglD oFF cFM Accession %id Blastn Annotation
FC Paci FC Paci number
Salmo salar clone 63110 growth hormone 2 gene,
COHO.103 complete cds; and_skt_eletal musple sodi'ur'n
17 1 4 2.33E-02 3 1.34E-02 EU621899.1 86.6 cha_nne_l alpha sub_unlt-llke, myosin alkali Ilght
' chain-like, and microtubule-associated protein
Tau-like genes, complete sequence
PREDICTED: Oncorhynchus kisutch thymocyte
rna3183 -2 4.17E-02 -2 1.90E-02 | XM020509397.1 100 selection associated family member 2 (themis2),
MRNA
PREDICTED: Oncorhynchus kisutch T-cell
rna3217 -2 1.59E-02 -2 1.06E-02 | XM020509449.1 99.9 | surface glycoprotein CD4-like (LOC109910298),
MRNA
PREDICTED: Oncorhynchus kisutch protein
rna45908 1 4.27E-02 1 2.94E-04 | XMO020462252.1 100 Whit-10a (LOC109871395). mRNA
PREDICTED: Oncorhynchus kisutch
heterogeneous nuclear ribonucleoprotein A/B-
rna48015 -8 1.54E-04 -8 9.57E-03 XM020463655.1 100 like (LOC109872444), transcript variant X1,
MRNA
PREDICTED: Oncorhynchus kisutch kinesin
rna6672 2 1.64E-03 2 3.98E-02 | XMO020479600.1 100 family member 18A (kif18a), transcript variant
X1, mRNA

Herein, we have identified that both LSMD and HSFO WAF exposure in cold-water

marine conditions result in effects primarily driven by induction of the AhR-mediated pathway,

with a greater response to HSFO WAF exposure. We also demonstrated that this tissue-specific

response in juvenile coho salmon is heavily influenced by sex, which is often overlooked in the

evaluation of oil spill effects. Despite this, the caudal fin readily and more consistently elicited a

transcriptomic response across genetic sexes and yielded both specific and generic oil WAF

bioindicator candidates. This improved consistency in addition to that ability to be sampled non-

lethally further attests to the use of the caudal fin transcriptome as a means for tracking oil spill

exposure and remediation effectiveness.
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Table 4.6. Top 20 of 1,016 differentially expressed transcripts in the caudal fin that were
uniquely DE with HSFO but not LSMD. Criteria for selecting these transcripts required a
minimum of four-fold increase or decrease in transcript abundance, and pagj < 0.0000005. For
more details, See Table 4.4 legend.

ContigID

CF-F

CF-M

FC

Padj

FC

Padj

Accession
number

%id

Blastn Annotation

COHO.538
8.1

7

7.12E-26

7

2.70E-10

XM020483996.1

100

PREDICTED: Oncorhynchus kisutch APC
down-regulated 1 like (apcdd1l), mMRNA

rnalll6l

8

5.42E-15

1.31E-08

XM020483996.1

100

PREDICTED: Oncorhynchus kisutch APC
down-regulated 1 like (apcdd1l), mMRNA

rnal3199

-5

1.01E-07

1.36E-09

XM020486311.1

100

PREDICTED: Oncorhynchus kisutch
complement C1q tumor necrosis factor-related
protein 1-like (LOC109893204), mRNA

rnal5554

5.28E-22

2.94E-12

XM020488970.1

100

PREDICTED: Oncorhynchus kisutch
plakophilin-3-like (LOC109895343), transcript
variant X1, mRNA

rnal9410

1.68E-28

8.17E-09

XM020492757.1

100

PREDICTED: Oncorhynchus kisutch ras-like
protein family member 11B (LOC109898022),
MRNA

rnal9713

1.04E-14

1.57E-07

XM020493004.1

100

PREDICTED: Oncorhynchus kisutch beta-1,3-
galactosyltransferase 2-like (LOC109898164),
MRNA

rna20750

-6

1.07E-28

1.44E-15

XM020493844.1

100

PREDICTED: Oncorhynchus kisutch
transcription factor Sox-9-B-like
(LOC109898744), transcript variant X2, mMRNA

rna20751

-5

1.36E-08

1.06E-08

XM020493843.1

100

PREDICTED: Oncorhynchus kisutch
transcription factor Sox-9-B-like
(LOC109898744), transcript variant X1, mMRNA

rna24108

51

5.61E-15

1.92E-07

XM020497206.1

100

PREDICTED: Oncorhynchus kisutch complexin-
1-like (LOC109901159), mMRNA

rna250

1.75E-15

3.50E-07

XR002255233.1

100

PREDICTED: Oncorhynchus kisutch keratin,
type | cytoskeletal 13-like (LOC109889145),
misc RNA

rna25658

7.14E-39

4.77E-14

XM020498796.1

100

PREDICTED: Oncorhynchus kisutch C-C motif
chemokine 25-like (LOC109902446), transcript
variant X1, mRNA

rna33419

1.02E-23

9.06E-10

XM020506266.1

100

PREDICTED: Oncorhynchus kisutch WAP four-
disulfide core domain protein 3-like
(LOC109907951), mMRNA

rna3348

6.31E-22

9.87E-11

XM020453112.1

100

PREDICTED: Oncorhynchus kisutch discoidin,
CUB and LCCL domain-containing protein 1-
like (LOC109864994), transcript variant X2,
MRNA

rna35861

-4

2.29E-08

2.81E-10

XM020508492.1

100

PREDICTED: Oncorhynchus kisutch homeobox
protein BarH-like 2 (LOC109909455), mRNA

rna37528

1.34E-07

2.45E-10

XM020453046.1

100

PREDICTED: Oncorhynchus kisutch
coagulation factor VIlI-like (LOC109864950),
MRNA

rna38007

1.05E-32

1.19E-15

XM020454039.1

100

PREDICTED: Oncorhynchus kisutch
transcription factor Sox-9-B-like
(LOC109865673), NRNA

rma39379

2.67E-60

2.83E-07

XM020455592.1

100

PREDICTED: Oncorhynchus kisutch DBH-like
monooxygenase protein 1 homolog
(LOC109866755), mMRNA

rna49532

12

1.15E-58

12

1.61E-09

XM020466304.1

100

PREDICTED: Oncorhynchus kisutch
prostaglandin E synthase-like (LOC109874417),
mMRNA

rna51521

4.00E-09

4.05E-07

XM020466731.1

100

PREDICTED: Oncorhynchus kisutch aryl
hydrocarbon receptor repressor-like
(LOC109874706), MRNA

rna6305

9.46E-13

6.24E-11

XM020477980.1

100

PREDICTED: Oncorhynchus kisutch neuropilin
and tolloid-like protein 2 (LOC109886256),
MRNA
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5. Overall conclusions and future directions
5.1. Conclusions

The first objective of this thesis was to evaluate the use of the caudal fin transcriptome as a
bioindicator of oil spill exposure. Indeed, the caudal fin demonstrated a significant response in
cyplal transcript abundance to WAFs generated from all four oil types tested. In contrast,
hepatic cyplal only significantly responded to WAFs from three out of four oil types tested. Not
only did the present thesis work demonstrate that the caudal fin transcriptome can detect
significant biological response to oil spill exposure, but that the caudal fin exhibited increased
sensitivity in comparison to the liver. The responsiveness of the caudal fin transcriptome was not
limited to a few gene transcripts but rather involved hundreds (LSMD) to thousands (HSFO) of
genes. These data also demonstrated that the caudal fin of juvenile smolts exhibited less sex-bias
than the liver when comparing the number of overlapping differentially expressed genes and GO
term enrichment. This reduction in sex-bias is ideal when trying to establish a fish-sampling-
based biomonitoring assay, as it reduces the need to sample a specific sex to deal with high
variation. Together, these data validate that transcriptomic sampling of the juvenile coho salmon
caudal fin is a viable method for identifying salmon biological response to oil spill exposure, and

support using sampling of this tissue as a non-lethal alternative to liver sampling.

The second objective of this thesis was to evaluate potential sublethal deleterious effects
resulting from four oil types in juvenile salmon under cold marine conditions. The WAFs
generated from these oil types demonstrated unique PAH profiles when using equivalent
volumes of oil that varied widely in tPAH50 concentrations and individual PAH composition.
Significant biological response was detected in the salmon smolt to WAFs generated with as

little as 100 mg/L dilbit, LSMD, or HSFO, and 1000 mg/L Alaskan crude oil. All WAF
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exposures also elicited significant differences between male and female responses,
demonstrating that sex-bias to WAF exposure occurs even at this juvenile stage. In general,
dilbit, LSMD, and HSFO WAF exposures resulted in a proportional elevation in liver and caudal
fin cyplal transcript abundance response in salmon with increasing PAH concentrations.
However, Alaskan crude WAF, which contained the second highest PAH concentrations of
WAFs tested, induced a significant salmon biological response only at the highest concentration
WAF exposure that was weaker in comparison to other WAFs. These results contrast a dose-
dependent response relationship between cyplal transcript abundance and PAH concentration
and suggests that better transcript bioindicators of PAH exposure are required in these juvenile

salmon.

A further probe into the overall transcriptomic response using RNA-Seq demonstrated a
complex network of differentially expressed genes due to LSMD and HSFO WAF exposure that
was sex- and tissue-specific. Combining the effects observed in the liver and caudal fin, LSMD
WAF exposure resulted in the significant enrichment of immune system-, oxidative stress-, and
cell proliferation/morphogenesis-related GO terms highlighting a potential for altered immune
function in smolts upon LSMD WAF exposure and a risk for chondrodysplasias development.
While many of the genes and GO categories overlapped between HSFO WAF and LSMD WAF
exposures, it is notable that HSFO WAF exposed smolts exhibited a stronger response in the
number and fold-change relative to controls. HSFO WAF-induced differential gene expression
suggested potential for the development of disease states associated with cancer and altered
MRNA splicing. Overall, this present work has identified that although tPAH50 WAF

concentrations are usually proportional to induced salmon-response, this is not always true, and
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suggests the need to extend WAF characterization to the measurement of other known toxicants

present in oil WAFs like NAs.

The third objective of this thesis was the identification of novel transcript bioindicators of oil
spill exposure in both the liver and caudal fin of juvenile coho smolts. The need for this third
objective is clearly demonstrated in the evaluation of WAF exposure, as the classically used
cyplal bioindicator was insufficient to demonstrate biological response proportional to PAH
concentrations measured in these WAFs. Herein, several novel transcript bioindicator candidates
were identified in both the liver and caudal fin to be significantly responsive to exposure to both
nearshore LSMD and far-shore HSFO WAF exposures, regardless of sex. In addition to
identifying bioindicator candidates that were commonly differentially expressed in both
exposures, bioindicators that differentiate between LSMD or HSFO WAF exposures were also
identified in the caudal fin but were conspicuously absent in the liver. This host of bioindicator
candidate tools identified are a significant finding for more effectively monitoring oil spill

exposure in cold water marine environments.

5.2. Future directions
The novel transcript bioindicators identified herein will act as a foundation for future
research involving caudal fin transcriptomics and the investigation of biological effects of cold-

water marine oil spills in juvenile salmon smolts.

The present work identified thousands of bioindicator candidates that may be used to
demonstrate oil spill exposure independent of sex. However, all bioindicators may not be needed
to characterize a response. Further work should focus on evaluating the degree of specificity or
universality of transcript bioindicators in identifying oil WAF exposure. For example, cyplbl

and ugtl transcripts may be suitable cross-tissue indicators of general oil WAF exposures while a
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selection of other transcripts may be able to reliably differentiate between oil WAF exposure
types. Expression of these transcripts should be further queried against LSMD, HSFO, dilbit,

and Alaskan crude WAF exposures at multiple concentrations.

The transcriptomic responses presented here represent a single snapshot of the state of
differential expression captured at the end of a 96-h exposure. Toxicokinetic studies are also
important to map the transcriptomic response to acute WAF exposure over time to evaluate the
consistency of salmon transcriptomic response and identify key time points of exposure, such as
the earliest point at which biological response can be measured. In addition to these studies,
evaluation of salmon depuration after oil WAF exposure is critical to establish the time required
for liver and caudal fin transcriptome to recover. This is very important in establishing
bioindicator assays, as biological response should reflect exposure within a defined timeframe of
sentinel animal sampling.'® Currently, the examination of the depuration of juvenile coho smolt

liver and caudal fin following 96 h LSMD WAF exposure is ongoing.

Finally, the caudal fin response should be further evaluated in adult salmon and in other
fishes significantly impacted by oil spill exposure, such as Pacific herring®®” and bluefin tuna.®

This will broaden the caudal fin’s scope of application and further support conservation efforts.
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Appendices

Appendix 1. Water chemistry results for LSMD, HSFO, dilbit, and Alaskan crude WAFs are
shown across 8 tanks per WAF concentration before and after exposure. Average + standard
deviation is shown. SW, seawater.

Treatment | Time (h) | Salinity(mg/L) | pH | DO (mg/L) | Temperature (°C)

LSMD WAF
SW Control 0 26.6+0.1 7.9+0.0 8.5+0.0 14.5+0.1
96 26.7+0.0 8.0+0.1 8.5+0.0 14.620.0
Low 0 26.6+0.0 7.9+0.0 8.5+0.1 14.4+0.1
96 26.7+0.0 8.0+0.0 8.5+0.0 14.5+0.0
Medium 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.1
96 26.7+0.0 8.0+0.0 8.5+0.2 14.4+0.1
High 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.0
96 26.7+0.0 8.0+0.0 8.5+0.1 14.5+0.1

HSFO WAF
SW Conrol 0 26.6+0.1 7.9+0.0 8.5+0.0 14.5+0.1
96 26.7+0.0 8.0+0.1 8.5+0.0 14.620.0
Low 0 26.6+0.0 7.9+0.0 8.5+0.1 14.4+0.1
96 26.7+0.0 8.0+0.0 8.5+0.0 14.5+0.0
Medium 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.1
96 26.7+0.0 8.0+0.0 8.5+0.2 14.4+0.1
High 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.0
96 26.7+0.0 8.0+0.0 8.5+0.1 14.5+0.1

dilbit WAF
SW Control 0 26.6+0.1 7.9+0.0 8.5+0.0 14.5+0.1
96 26.7+0.0 8.0+0.1 8.5+0.0 14.620.0
Low 0 26.6+0.0 7.9+0.0 8.5+0.1 14.4+0.1
96 26.7+0.0 8.0+0.0 8.5+0.0 14.5+0.0
Medium 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.1
96 26.7+0.0 8.0+0.0 8.5+0.2 14.4+0.1
High 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.0
96 26.7+0.0 8.0+0.0 8.5+0.1 14.5+0.1

Alaskan crude WAF

SW Control 0 26.6+0.1 7.9+0.0 8.5+0.0 14.5+0.1
96 26.7+0.0 8.0+0.1 8.5+0.0 14.620.0
Low 0 26.6+0.0 7.9+0.0 8.5+0.1 14.4+0.1
96 26.7+0.0 8.0+0.0 8.5+0.0 14.5+0.0
Medium 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.1
96 26.7+0.0 8.0+0.0 8.5+0.2 14.4+0.1
High 0 26.5+0.0 7.9+0.0 8.6+0.0 14.5+0.0
96 26.7+0.0 8.0+0.0 8.5+0.1 14.5+0.1
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Appendix 2. List of the 50 PAHs and alkylated PAHSs included in the tPAH50 analysis

# Analyte A;)tl?g?‘vi Ri#?g “ﬁgﬁf,ﬂ'.ir Mon&i:g;opic CAS# Pictorial Example

1 Naphthalene NAP 2 C10H8 128.0626 91'320'

2 C1-Naphthalene NAP1 2 C11H10 142.0782 -

3 C2-Naphthalene NAP2 2 C12H12 156.0939 -

4 C3-Naphthalene NAP3 2 C13H14 170.1095 -

5 C4-Naphthalene NAP4 2 C14H16 184.1252 - e.9. Naphthalene

6 Biphenyl BIP 2 C12H10 154.0782 92'452'

7 Dibenzofuran DBF | 3 | ciHo | 1680575 | oo&

8 Acenaphthylene APY 3 C12H8 1520626 | 50

9 Acenaphthene APE 3 C12H10 154.0782 83‘932‘

10 Fluorene FLR 3 C13H10 1660782 | °°7%

11 C1-Fluorene FLR1 3 C14H12 180.0939 -

12 C2-Fluorene FLR2 3 C15H14 194.1095 -

13 C3-Fluorene FLR3 3 C16H16 208.1252 -

14 Anthracene ANT 3 C14H10 178.0782 1207

15 Phenanthrene PHEN 3 C14H10 178.0782 é??gé .

16 Cli;‘fr:‘r‘ﬂh;:”d PHEN1 | 3 C15H12 192.0939 -

17 C2-Phenanthrene/ PHEN2 | 3 C16H14 206.1095 - ® - Fluorene
Anthracene

18 C3-Phenanthrene/ PHENS3 3 C17H16 220.1252 -
Anthracene

19 C4'ngﬁraa'&hr::”8/ PHEN4 | 3 C18H18 234.1409 -

20 Dibenzothiophene DBT 3 C12H8S 184.0347 (152.20

21 | C1-Dibenzothiophene | DBT1 3 C13H10S 198.0503 -

22 | c2-Dibenzothiophene | DBT2 3 C14H12S 212.066 -

23 | C3-Dibenzothiophene | DBT3 3 C15H14S 226.0816 -

24 C4-Dibenzothiophene DBT4 3 C16H16S 240.0972 -

25 Benzo(b)fluorene BDF 4 C17H12 216.0939 i‘;i

26 Fluoranthene FLT 4 C16H10 202.0782 ?12%

27 Pyrene PYR 4 C16H10 202.0782 ééf’é

28 Fluoramhceln'e /Pyrene FLT1 4 C17H12 216.0939 -

29 c2- FLT2 4 C18H14 230.1095 -

Fluoranthene/Pyrene
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C3-

30 Fluoranthene/Pyrene FLT3 C19H16 2441251 -
C4-
31 Fluoranthene/Pyrene FLT4 C20H18 258.1407 -
32 | Naphthobenzothiophene | NBT C16H10S 234.0503 5290
C1-
33 Naphthobenzothiophene NBT1 Cl7H12S 248.066 )
C2-
34 Naphthobenzothiophene NBT2 C18H14S 262.0816 -
C3-
35 Naphthobenzothiophene NBT3 C19H16S 276.0972 -
C4-
36 Naphthobenzothiophene NBT4 C20H18S 290.1128 -
37 Benzo(a)anthracene BAA C18H12 228.0939 56-355-
218-
38 Chrysene+Triphenylene CT C18H12 228.0939 %11_79
59-4 e.g., Pyrene
39 | Cl-Benzo[alanthracene/ | papq C19H14 242.1095 -
Chrysene
40 | C2-Benzolalanthracene/ | g4, C20H16 256.1252 -
Chrysene
C3-Benzo[a]anthracene/ C21H16, 268.1252,
4l Chrysene BAA3 C21H18 | 270.1408* -
ap | C4-Benzofalanthracene/ | pnny C22H20 2841565 -
Chrysene
43 Benzo(b)fluoranthene BBF C20H12 252.0939 38_52
205-
44 | Benzo(j+k)fluoranthene BJK C20H12 252.0939 %%;%
08-9
45 Benzo(a)fluoranthene BAF C20H12 252.0939 ggi OO‘
46 Benzo(e)pyrene BEP C20H12 252.0939 33_22 Q
2032 e.g. Benzo(e)fluoranthene
47 Benzo(a)pyrene BAP C20H12 252.0939 ‘8 )
48 | Dibenzo(ah)anthracene | DAH C22H14 278.1096 53'370'
193-
49 Indeno(1,2,3-cd)pyrene ICDP C22H12 276.0939 395 ‘O
. 191- Q
50 Benzo(g,h,i)perylene BGHIP C22H12 276.0939 242 e.g. Indeno(1,2,3-

cd)pyrene

*Note: Molecular weight differs depending on alkyl group position and structure
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Appendix 3. Comparison of the PAH selection used in our tPAH50 analysis with lists generated
by the US Environmental Protection Agency (EPA) and National Oceanic and Atmospheric
Administration (NOAA). The EPA first listed 16 PAH compounds on their priority pollutant list
in the 1980s (EPA 16).11° In 1991, NOAA introduced a list of 24 PAHSs for their monitoring
programs (NOAA 24).11% The EPA later introduced a more comprehensive list of 34 PAHs (EPA
34) and suggested it as the minimum list to use in establishing equilibrium partitioning sediment
benchmarks for PAHs.*® The tPAH50 list is based on the extensive analyses done by many labs
following the Deepwater Horizon oil spill. The list includes all PAH and related hetero-
polycyclic compounds reported as part of the standard PAH analysis performed for the
Deepwater Horizon Natural Resource Damage Assessment.%®

Analyte EPA 16 NOZQA EPA 34 | tPAHS50

Naphthalene X X X
C1-Naphthalene
C2-Naphthalene
C3-Naphthalene
C4-Naphthalene
Biphenyl X
Dibenzofuran
Acenaphthylene X X
Acenaphthene
Fluorene X X
C1-Fluorene
C2-Fluorene
C3-Fluorene
Anthracene X X
Phenanthrene X X
C1-Phenanthrene/Anthracene
C2-Phenanthrene/Anthracene
C3-Phenanthrene/Anthracene
C4-Phenanthrene/Anthracene
Dibenzothiophene
C1-Dibenzothiophene
C2-Dibenzothiophene
C3-Dibenzothiophene
C4-Dibenzothiophene
Benzo(b)fluorine
Fluoranthene X X X
Pyrene X X X

X

XX | XX

X
X

XXX XXX XXX X | XX

XX XX XX XX XX XX XXX XXX XXX XX XXX
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C1-Fluoranthenes/Pyrene

C2-Fluoranthenes/Pyrene

C3-Fluoranthenes/Pyrene

C4-Fluoranthenes/Pyrene

Naphthobenzothiophene

C1-Naphthobenzothiophene

C2-Naphthobenzothiophene

C3-Naphthobenzothiophene

C4-Naphthobenzothiophene

Benzo(a)anthracene

Chrysene+Triphenylene

C1-Chrysenes

C2-Chrysenes

C3-Chrysenes

C4-Chrysenes

Benzo(b)fluoranthene

X

Benzo(j+k)fluoranthene

X

X

XXX [X XX | XX

Benzo(a)fluoranthene

Benzo(e)pyrene

Benzo(a)pyrene

Dibenzo(a,h)anthracene

Indeno(1,2,3-c,d)pyrene

Benzo(g,h,i)perylene

XXX [ X

XX | X | X[ X

XX XX XX XX XX XXX XX XX XX XXX X

1-Methylnaphthalene

2,6-Dimethylnaphthalene

1,6,7-Trimethylnaphthalene

1-Methylphenanthrene

Perylene

XX XXX XXX X[ X
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Appendix 4. qPCR primers validated for transcript and sex genotype analyses in the present

study.
Prér:ter Gene Target Target ID  Primer Name Primer Sequence An;ﬁlzlgon Reference
Normalizers
Glyceraldehyde 3-
gapdh phosphate ONQ12 ONQ12 up CCRCCAGAACATYATCCC 81 9
dehydrogenase
ONQ12 dn GTCAGCTTGCCRTTSAGC
rplg? R'bosomﬂ PrO®in  5NQ1L ONQILup TTGGTAATGTTCTGCCTGTG 130 %
ONQ11dn GGGTTGTGGGAGATGACTG
rps10° R'bosongi‘(')pmte'” ONQ22b  ONQ 22b up TTGTTCCTGCCACTCTGC 176 169
ONQ 22adn ACCTGCCTCTGCTTTCTT
Target Gene Transcripts
ahra  Anvlhydrocarbon =g ONQ5 up GCTCCAGATGTGGTCAAGT 123 %
receptor alpha
ONQ5 dn GAGTTTGTCCAGGCGAGA
Cytochrome
cyplal? P450, family 1, ONQ6 ONQS6 up TCATCAACGACGGCAAGA 317 169
subfamily A
ONQ6 dn GTTCACCAAGCCCAACAG
cypl9 Cytof;r;?lr;ig‘lso’ ONQ41  ONQ4.1up AGCGGACAGTAGGGATCT 77 %
ONQ4.1 dn TCCAGAGGGGTCAGTCAT
hsp70 ';fgttesig%k ONQ24  ONQ24 up GCACCACCTACTCCTGTG 359 170
ONQ24 dn AGCGATCTCCYTCATCTT
mta Metallothionein A ONQ7 ONQ7 up ATCTTGCAACTGCGGTGG 83 9
ONQ7 dn GACAGCAGTCGCAGCAAC
sod Superoxide ONQ23  ONQ23up CGGGACCGTATTCTTTGA 357 9
dismutase
ONQ23 dn TCCTCGTTGYCTCCTTTT
vepg ~ Vitelline envelope ) ONQ2 up AGCCAGAGCCCAAGATTA 308 %
protein gamma
ONQ2 dn GGTGTTTGCCAGAGGTTT
vtg Vitellogenin A ONQ1 ONQ1 up GTCTATGAGTTGCAGGAGG 223 9
ONQ1dn TGAGGTAKTTGTAAGTGGC
Sex Genotyping
Glyceraldehyde 3-
Gapdh-f2 AAGGCCATGCCAGTCAGCT 171
gapdh phosphate gapdh Gapdh-r GTAATGCATCTTGCACGAGT 256
dehydrogenase
otyo fﬁrlgmégnré oty2- oTY2-f2 CTGGTTCGAGCCTAAGTAG 260 2
marker WSuU oTY2-r2 GATGCAGTAGGAGCAGATG
oy dimosrthuiilm he | U-sdY UsdY-Fw CCCAGCACTSTTTTCTTYTCTCA 220 s
UsdY-Rv2 CTTAAAACRACTCCACCCTCCAT

Y-chromosome

aPrimer amplicons confirmed to span gene intron/exon boundary.
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Appendix 5. Distribution of C; values of normalizer genes used for the LSMD WAF exposure.
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Appendix 6. Primer efficiency scores of qPCR tools used in the present study. The primer pair
efficiencies for normalizers are reported as a ratio between 0 and 1. The normalizers were used

to obtain a geometric mean which was used in the AAC¢ analysis. Target gene primer pair

efficiencies are reported as the absolute value of the log. cDNA concentration versus AC (test

gene — geometric mean) where 100% efficiency = 0. “-* indicates that the tool failed quality

control with that tissue. Primer efficiency curves are presented in Appendix 24 and Appendix

25.
Primer Set | Gene Target Livéér\ssay C|r|te(r:|:u dal Ein
Normalizers Normalizer Efficiency
gapdh Glyceraldehyde 3- phosphate dehydrogenase 0.99 0.98
rpl8 Ribosomal protein L8 1.00 1.00
rps10 Ribosomal protein S10 0.99 0.99
Target Gene Transcripts [cDNA] vs Normalized ACt
ahr Aryl hydrocarbon receptor alpha 0.04 0.02
cypla Cytochrome P450, family 1, subfamily A 0.11 0.11
cypl9 Cytochrome p450, family 19 0.14 0.00
hsp70 Heat shock protein 70 0.05 0.01
mta Metallothionein A 0.09 -
sod Superoxide dismutase 0.01 0.02
vepg Vitelline envelope protein gamma 0.10 0.08
vtg Vitellogenin A 0.14 0.04
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Appendix 7. Water chemistry results measuring PAHs (n=4) and volatile organic compounds
(n=1) in the marine seawater supply used in the present study. Median + median absolute
deviation is shown.

Analyte

Concentration in Seawater

(ug/L)
Naphthalene 0.0084+0.0002
C1-Naphthalene 0.0070+0.0003
C2-Naphthalene <LOQ
C3-Naphthalene <LOQ
C4-Naphthalene <LOQ
Biphenyl <LOQ
Dibenzofuran 0.0041+0.0000
Acenaphthylene <LOQ
Acenaphthene <LOQ
Fluorene <LOQ
C1-Fluorene <LOQ
C2-Fluorene <LOQ
C3-Fluorene <LOQ
Anthracene <LOQ
Phenanthrene 0.0068+0.0003
C1-Phenanthrene/Anthracene <LOQ
C2-Phenanthrene/Anthracene <LOQ
C3-Phenanthrene/Anthracene <LOQ
C4-Phenanthrene/Anthracene <LOQ
Dibenzothiophene <LOQ
C1-Dibenzothiophene <LOQ
C2-Dibenzothiophene <LOQ
C3-Dibenzothiophene <LOQ
C4-Dibenzothiophene <LOQ
Benzo(b)fluorene <LOQ
Fluoranthene <LOQ
Pyrene <LOQ
C1-Fluoranthene/Pyrene <LOQ
C2-Fluoranthene/Pyrene <LOQ
C3-Fluoranthene/Pyrene <LOQ
C4-Fluoranthene/Pyrene <LOQ
Naphthobenzothiophene <LOQ
C1-Naphthobenzothiophene <LOQ
C2-Naphthobenzothiophene <LOQ
C3-Naphthobenzothiophene <LOQ
C4-Naphthobenzothiophene <LOQ
Benzo(a)anthracene <LOQ
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Chrysene+Triphenylene <LOQ
C1-

Benzo[a]anthracene/Chrysene <LOQ
C2-

Benzo[a]anthracene/Chrysene <LOQ
C3-

Benzo[a]anthracene/Chrysene <LOQ
C4-

Benzo[a]anthracene/Chrysene <LOQ
Benzo(b)fluoranthene <LOQ
Benzo(j+k)fluoranthene <LOQ
Benzo(a)fluoranthene <LOQ
Benzo(e)pyrene <LOQ
Benzo(a)pyrene <LOQ
Dibenzo(a,h)anthracene <LOQ
Indeno(1,2,3-cd)pyrene <LOQ
Benzo(g,h,i)perylene <LOQ
tPAH50 0.0261+0.0008
Volatile Organic Compounds

Chloroform <LOQ
Bromodichloromethane <LOQ
Dibromochloromethane <LOQ
Bromoform <LOQ
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Appendix 8. The distribution of the PAHs grouped by number of aromatic rings is consistent
between all LSMD WAF concentrations over time. The sum of PAH concentrations grouped by
aromatic ring composition for Low, medium (Med), and High concentration WAF (equivalent to
100, 320, or 1000 mg/L LSMD, respectively) at the indicated exposure times are shown. Points
and errors bars represent the median and median absolute deviation. Ring composition
representation: 2 ring (circle and solid line), 3 ring (diamond and dashed line), 4 ring (triangle
and solid line), 5-6 ring (X with dotted line).
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Appendix 9. Weight and fork length of LSMD, HSFO, dilbit, and Alaskan crude WAF-exposed
juvenile coho salmon prior to tissue sampling. Average + standard deviation is shown. SW,
seawater.

Treatment \ Weight (g) \ Fork Length (cm)

LSMD WAF

SW Control (n=40) 7.4x1.6 8.6x0.6

Low (n=40) 7.2£1.9 8.5+0.6

Medium (n=40) 7.1+1.4 8.5+0.5

High (n=40) 6.7+1.2 8.4+0.5
HSFO WAF

Control (n=40) 8.2+1.4 9.0+1.4

Low (n=40) 7.3¢1.0 8.8+1.0

Mid (n=40) 7.7£1.3 8.8£1.3

High (n=40) 8.2+1.3 9.0+1.3
Dilbit WAF

Control (n=40) 10.4+£2.4 9.6+0.6

Low (n=40) 9.9+1.6 9.6+0.4

Mid (n=39) 10.9+1.3 9.8+0.4

High (n=40) 11.0+£1.7 10.0+0.6

Alaskan crude WAF

Control (n=40) 12.7£2.0 10.4+0.6

Low (n=40) 11.6+1.5 10.1+0.5

Mid (n=40) 13.242.4 10.5+0.6

High (n=40) 12.4+2.6 10.4+0.6
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Appendix 10. Distribution of male and female juvenile coho salmon from the LSMD, HSFO,

dilbit, and Alaskan crude WAF exposures according to treatment condition as determined by sex

genotyping. SW, seawater.

WAF Concentrations
Sex . c?rYtYm Low Med High Totals
LSMD WAF
Male 26 23 16 18 83
Female 14 17 24 22 77
Totals 40 40 40 40 160
HSFO WAF
Male 18 19 19 17 73
Female 22 21 21 23 87
Totals 40 40 40 40 160
Dilbit WAF
Male 17 19 25 19 80
Female 23 21 14 21 79
Totals 40 40 39 40 159
Alaskan crude WAF
Male 25 20 24 18 87
Female 15 20 16 22 73
Totals 40 40 40 40 160
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Appendix 11. OtY2 genotyping results in a greater separation of male and female coho salmon
than sdY. The gPCR amplification curves of juvenile coho salmon gDNA using U-sdY and OtY2-
WSU primer sets. These data are from a representative 47 salmon (analysed in duplicate). RFU,
relative fluorescence units.
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Appendix 12. Distribution of C; values of normalizer genes used for the HSFO WAF exposure.
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Appendix 13. Distribution of C; values of normalizer genes used for the dilbit WAF exposure.
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Appendix 14. Distribution of C; values of normalizer genes used for the Alaskan crude WAF

exposure.

116



30 A Oh

30 24 h

12 - 48 h

____-l- — [ | = mlln_ -.-=.l-.__ﬁll e
12 72 h

Concentration (pg/L)

96 h

mmmmm

2 Ring 3 Ring 4 Ring 5-6 Ring
tPAH compounds

Appendix 15. PAH composition of HSFO WAF over time. Initially, HSFO WAFs are composed
of primarily 2 ring PAHSs, that rapidly weather out of solution and leave a majority of larger PAH
compounds towards the end of the 96-h exposure. The concentrations of PAH analytes grouped
by number of rings quantified from the High (1000 mg/L HSFO) WAF concentration over time
are shown. The minimum quantifiable limit of PAH concentration was 0.04 pg/L. The low and
med WAF concentrations show similar PAH distributions as grouped by ring size. Medians
(bars) and median absolute deviation (whiskers) are depicted. Values for individual PAH data
not shown.
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Appendix 16. PAH composition of dilbit WAF during the beginning and end of the 96 h
exposures. The concentrations of PAH analytes grouped by number of rings quantified from the
medium (320 mg/L dilbit) WAF concentration over time are shown. Values for individual PAH
data not shown. For more details, see Appendix 15 legend.
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Appendix 17. PAH composition of Alaskan crude WAF during the beginning and end of the 96
h exposures. The concentrations of PAH analytes grouped by number of rings quantified from
the medium (320 mg/L Alaskan crude) WAF concentration over time are shown. For more
details, see Appendix 15 legend.
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Appendix 18. Volcano plots contrasting 5 males to 5 female transcript profiles in the liver and
caudal fin in the seawater control exposures. Differentially expressed genes as determined by
DESEQ?2 are represented by red dots and not differentially expressed genes are represented by
grey dots (padj < 0.05). Individual isoform abundance was grouped to give counts of gene
expression rather than individual transcript expression. Significance cut-off is represented by the
horizontal bar separating the red and grey dots. Degree of differential expression is depicted by
an increasing —log10 of the pagj value for each transcript. Median fold change in transcript

abundance is expressed in a log2 scale.
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Appendix 19. High concentration LSMD WAF exposure results in six genes that are
differentially expressed in all tissues. Fold-change (FC) and adjusted p-value (pagj) are displayed
for each transcript. Annotations are based on Blastn results of each transcript against NCBI’s
nucleotide (nt) database and represented as Accession number of the top hit, percent identity
(%id) of the query sequence to the result, and the annotated name of the result.

LI-F LI-M CF-F CF-M ;
ContiglD Accession %id Blastn Annotation
FC | Pug | FC | Pag | FC | Pag | FC | Poy | NUMbEr
Salmo salar clone ssal-rgf-510-032
ggn;o.l 15 221?2 5 ;%3; 4 2%78 6 251% 1BT045022' 95.8 | Cytochrome P450 1B1 putative
mRNA, complete cds
PREDICTED: Oncorhynchus
COHO.2 1 3.98 2 154 2 401 3 4.75 XM 100 kisutch UDP-
9488 E-02 E-02 E-02 E-05 | 20478960.1 glucuronosyltransferase-like
(LOC109887636), MRNA
PREDICTED: Oncorhynchus
ngoj 6 20198 10 ézl% 11 (‘é%?é 7 2%38 ;(O'\A/fl889351 100 kisutch cytochrome P450 1A1
) (LOC109895321), mMRNA
PREDICTED: Oncorhynchus
gene3678 5 2.13 2 8.98 3 1.46 4 274 | XM 978 mykiss UDP-
3 E-02 E-03 E-07 E-09 | 21578846.1 ' glucuronosyltransferase-like
(LOC110501343), mMRNA
PREDICTED: Oncorhynchus
gened427 | 6 ?11% 8 é4f7 12 E%BS 6 2%57 ;(;527571 100 kisutch cytochrome P450 1A1-like
) (LOC109874903), misc RNA
PREDICTED: Oncorhynchus
gene4444 1 413 2 7.33 3 4.22 4 1.75 XR 100 kisutch UDP-
1 E-02 E-04 E-09 E-10 | 2254784.1 glucuronosyltransferase-like
(LOC109886608), misc RNA
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Appendix 20-1. Map of enriched GO terms from LSMD WAF after applying an extremes filter
(minimum ten, maximum 300 annotated genes). Significantly enriched GO terms (padj,
FDR<0.05) were visualized using the Cytoscape Enrichment Map plugin. Enrichment is relative
to a background containing GO-terms represented from all genes expressed from their respective
tissue-types (males and females combined). Each node represents a GO term. Each tissue is
represented by a single quadrant of GO term nodes. If a tissues quadrant is a shade of green, this
indicates this GO-term was enriched in that tissue set where a darker shade of green indicates a
lower g-value enrichment. Node size is indicative of the number of genes annotated with that GO
term. The thickness of each line is indicative of the number of genes shared between the
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connected gene sets (minimum 50% overlap). White shading indicates that the GO term was
missing for a given tissue.
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Appendix 20-2. Continued map of enriched GO terms from LSMD WAF exposure. See
Appendix 20-1 legend for more details.
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Appendix 21. High concentration HSFO WAF exposure results in 312 genes that are
differentially expressed in all tissues. See Appendix 19 legend for more details.

Contial LI-F LI-M CF-F CF-M
D g E E E Accession number %id Blastn Annotation
I Padj I Padj Padj c Padj
PREDICTED: Oncorhynchus kisutch
COHO.L | In | 137 | ,5 | 233 LO2E |1} LASE | y) 904704941 99 | cytochrome P450 1B1-like (LOC109888318),
2457 f -29 23 -19 0 -11 MRNA
PREDICTED: Oncorhynchus kisutch
COHOL | I | 225F | g5 | O72F LEE s | BE | xm_oos088731 | 100 uncharacterized LOC109909829
(LOC109909829), MRNA
PREDICTED: Oncorhynchus kisutch coiled-
genedoos | I | A%E | 1] 1OF S |2 | P0F | xm_20s707781 | 1200 coil domain-containing protein 87-like
(LOC109878569), mMRNA
PREDICTED: Oncorhynchus kisutch heat
cotoz | A ] TLE | | 63E 29 | 3 | 22F | xm_204772021 | 100 shock protein HSP 90-alpha-like
(LOC109885446), mMRNA
PREDICTED: Oncorhynchus kisutch
CO7|;50 6 217 3'_%2E IP Z'Gl%E' ZéaE g 3'_‘(1)27E XR_2255882.1 100 cytochrome P450 1B1 pseudogene
(LOC109894533), misc RNA
PREDICTED: Oncorhynchus kisutch
CO;;? 6 230 zlgﬁE 313 #zzz# 3'_72(2)E 1 BligE XR_2255881.1 100 cytochrome P450 1B1 pseudogene
(LOC109894532), misc RNA
Salmo salar clone ssal-rgf-510-032
COHO.1 4.96E 5.66E- 3.09E 3.22E BT045022.1_BT045 .
2458 82 a7 48 82 20 9 10 0221 96 Cytochrome P450 1B1 putative mRNA,
complete cds
PREDICTED: Oncorhynchus kisutch
COHO3 | g | 721E | 46 | 7.62E- 5.06E | o | BATE | v\ 204815151 100 | cytochrome P450 181-like (LOC109889798),
920 -42 42 -44 -03 X )
transcript variant X1, mRNA
COHO.1 4.50E 2.32E- 8.11E 2.00E PREDICTED: Oncorhynchus kisutch
3762 36 -14 % 16 -19 3 -06 XM_20504111.1 100 thioredoxin-like (LOC109906425), mMRNA
PREDICTED: Oncorhynchus kisutch
COROA | 23 | OO | 45 | SO1E 208 | 2 | YME | xm_ooagasian | 100 glutathione peroxidase 2-like
(LOC109891177), mRNA
PREDICTED: Oncorhynchus kisutch
C(GJJ?G?'Z 20 1'_ZéE 14 3'??35 6'_1le 2 1'_%?5 XM_20474289.1 100 glutamate--cysteine ligase regulatory subunit-
like (LOC109882206), MRNA
PREDICTED: Oncorhynchus kisutch
COHO.9 19 9.008 8 6.93E- 4818 2 1488 XM_20495192.1 100 glutathione S-transferase omega 1 (gstol),
763 -36 19 -13 -02
mRNA
PREDICTED: Oncorhynchus kisutch
COHO.2 | 1q | 883E | 5 | 6.14E- L3SE | 1| 415E |y 504704941 100 | cytochrome P450 181-like (LOC109888318),
9676 -19 39 -24 4 -10 MRNA
PREDICTED: Oncorhynchus kisutch putative
: inactive phenolphthiocerol synthesis
Ca‘;g 9 16 YngE 58 3';?5 1'_3?5 6 1'_?3E XM_20494565.1 100 polyketide synthase type | Pks15
(LOC109899378), transcript variant X1,
MRNA
PREDICTED: Oncorhynchus kisutch
C?;?'l 14 z‘ng 10 2'i71E' zlgE 2 1'_322E XM_20499414.1 100 proteasome subunit alpha type-7-like
(LOC109902778), mRNA
PREDICTED: Oncorhynchus kisutch
CONOS | 1q | 20F | 3 | 2298 2288 |3 | B%F | xR 22525641 100 uncharacterized L OC109873228
(LOC109873228), ncRNA
PREDICTED: Oncorhynchus kisutch
CONOL |13 | SO | 7 | LI0E VO L2 | MOE 1 XM 204528921 | 100 glutathione S-transferase P-like
(LOC109864869), MRNA
PREDICTED: Oncorhynchus kisutch small
C%‘;é)] 13 2'_%2E 11 2'?;;5 2.%25 2 SLéZE XM_20490548.1 100 nuclear ribonucleoprotein F-like
(LOC109896284), partial MRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 5.77E 2.61E- 1.24E 4.35E thiosulfate sulfurtransferase/rhodanese-like
es28 | 1P| @ | 0] 12 06 | 2| ‘o4 XKM_20509379.1 | 100 domain-containing protein 1
(LOC109910248), mMRNA
PREDICTED: Oncorhynchus kisutch
cg;?'l 10 1‘_712E 10 5'12%5 5'_‘3‘2'5 3 2'_ng XM_20501343.1 100 ornithine decarboxylase 1-like
(LOC109904160), mMRNA
PREDICTED: Oncorhynchus kisutch UDP-
geneddss | 9._1‘111(1)E 19 2'55%5 SL%‘éE g 8'_%)‘;E XR_2254784.1 100 glucuronosyltransferase-like
(LOC109886608), misc RNA
PREDICTED: Oncorhynchus kisutch
C%"Zg'z 9 3'_(2)2E 5 1";715 7'_%)‘2E 1 BL%gE XM_20469859.1 100 mitochondrial-processing peptidase subunit
beta-like (LOC109877651), mMRNA
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COHO.9

1.26E

4.95E-

5.82E

1.69E

PREDICTED: Oncorhynchus kisutch
desumoylating isopeptidase 1-like

990 a9 |10 "9 | 2] g | 1] o2 XM_20495671.1 100 (LOC109899982), transcript variant X1,
MRNA
COHO.1 6.82E 4.04E- 6.66E 5.65E PREDICTED: Oncorhynchus kisutch
8163 -20 10 14 -1 -03 -2 -05 XM _20457151.1 100 caveolin-2-like (LOC109867831), mMRNA
PREDICTED: Oncorhynchus kisutch
C?;)gz ZL%gE 8 4'?%5 4 l'_ggE 2 3'_?)72E XM_20466266.1 100 sarcoplasmic/endoplasmic reticulum calcium
ATPase 2 (LOC109874383), MRNA
PREDICTED: Oncorhynchus kisutch
C%I;é) 3 SligE 6 7'135 2 QLBISE 2 6'_%)§E XM_20481623.1 100 apoptosis inducing factor, mitochondria
associated 2 (aifm2), mMRNA
PREDICTED: Oncorhynchus kisutch growth
COHO.2 1.64E 1.61E- 1.93E 2.60E arrest and DNA damage-inducible protein
0848 -22 3 02 8 -09 2 -02 XM_20463436.1 100 GADDA45 alpha-like (LOC109872257),
MRNA
6.26E 5.68E- 1.07E 4.97E PREDICTED: Oncorhynchus kisutch protein
genes657 0 | 5] o %] o9 | %] o2 XM_20481722.1 | 100 FAM9BA-like (LOC109889907), mRNA
COHO.2 6.81E 7.43E- 1.38E 5.02E PREDICTED: Oncorhynchus kisutch pirin
8541 26 5 07 3 4 3 TS XM_20478010.1 100 (bir), MRNA
PREDICTED: Oncorhynchus kisutch
C?;;S'l 1'_?2[5 6 1'7122E' 2 1'_4(')}1E 2 2'_%)12[5 XM_20498528.1 100 transmembrane protein 47-like
(LOC109902282), mRNA
PREDICTED: Oncorhynchus kisutch
genez?, 566 4'_5'5 4 l'%E' 1 1._:3(7)E 1 SL%gE XM_20469462.1 100 mitochondrial-processing peptidase subunit
beta-like (LOC109877143), mMRNA
PREDICTED: Oncorhynchus kisutch normal
COHO.7 1.21E 2.05E- 1.76E 8.71E mucosa of esophagus-specific gene 1 protein-
838 -14 4 05 2 -02 2 -03 KM_20490874.1 100 like (LOC109896594), transcript variant X2,
MRNA
PREDICTED: Oncorhynchus kisutch UDP-
C(ﬁg 5 1'_383E 10 4@715 3 4'_81[;E 3 8'_713E XM_20485324.1 100 glucuronosyltransferase-like
(LOC109892642), mRNA
PREDICTED: Oncorhynchus kisutch
Cg;?'z SlitE 3 3'%175 2 9'_11%E 2 3'_ng XM_20479484.1 100 mitochondrial import receptor subunit
TOMA40 homolog (LOC109888304), mMRNA
PREDICTED: Oncorhynchus mykiss UDP-
genesors PO Lo | 1905 | 8 | 2008 1 2 | 1095 1 X ais7esaer | o7 glucuronosyltransferase-like
(LOC110501343), mRNA
PREDICTED: Oncorhynchus kisutch UDP-
C(;ZI-:S.Z 1'_‘13E 11 8'1%35 é l'_ZG%)E é 1'_ng XM_20478960.1 100 glucuronosyltransferase-like
(LOC109887636), mMRNA
PREDICTED: Oncorhynchus kisutch dnaJ
C%‘;g'z ZL%iE 6 1'?)25 3 Z;i‘éE 2 2'_%‘3E XM_20457111.1 100 homolog subfamily B member 11-like
(LOC109867805), mRNA
PREDICTED: Oncorhynchus kisutch 26S
Cg;?'z 6'_3igE 10 1'9335 2 2._?6%E 2 3'_?)12E XM_20468668.1 100 proteasome non-ATPase regulatory subunit 1-
like (LOC109876207), MRNA
COHO.7 8.17E 3.28E- 3.13E 3.93E PREDICTED: Oncorhynchus kisutch FIC
580 03 | 5| s | 2] m | Y| oo | XM 204001051 | 100 domain containing (ficd), MRNA
PREDICTED: Oncorhynchus kisutch dnal
COHO.2 1.36E 1.68E- 9.70E 3.57E homolog subfamily C member 15-like
4111 -11 8 05 ! -04 ! -02 XM_20469988.1 100 (LOC109877788), transcript variant X1,
mRNA
PREDICTED: Oncorhynchus kisutch
COHO.2 1.14E 6.28E- 6.15E 4.63E ubiquitin carboxyl-terminal hydrolase 14-like
2572 -13 7 29 8 -22 1 -02 XM_20466404.1 100 (LOC109874492), transcript variant X2,
MRNA
COHO.2 4.68E 1.01E- 4.09E 3.77E PREDICTED: Oncorhynchus kisutch
2990 3 | Y] o [ 3] 2 | %] 2 XM_20468319.1 | 100 | oo chrome b5-like (LOC109875882), MRNA
PREDICTED: Oncorhynchus kisutch
COGI;I;) 2 3‘_21%E 6 6'21935 3 z'ng 2 AngE XM_20473069.1 100 transitional endoplasmic reticulum ATPase-
like (LOC109880883), MRNA
PREDICTED: Oncorhynchus kisutch
CC;;'G?'Z Sl%gE 4 1'%25 4 6'_%)§E 5 SL%iE XR_2254439.1 100 uncharacterized LOC109884845
(LOC109884845), ncRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 4.15E 6.94E- 1.08E 8.76E glucocorticoid modulatory element-binding
784 -24 14 24 8 -25 4 -08 XM_20498474.1 100 protein 1-like (LOC109902252), transcript
variant X2, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 2018 2 3.08E- 2 3.86E 2 3.148 XM_20499349.1 100 glutaredoxin 2 (glrx2), transcript variant X4,
1668 -10 02 -03 -02 MRNA
PREDICTED: Oncorhynchus tshawytscha
COHO.2 2.20E 1.93E- 1.26E 1.27E . ©
3698 12 4 05 2 03 2 02 XM_24437998.1 95 transmembrane protein 60-like

(LOC112262323), mRNA
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COHO.3 2.41E 1.33E- 4.63E 1.92E PREDICTED: Oncorhynchus kisutch protein
700 0 [ %] 2 [ %] o4 | %] XKM_20481030.1 | 100 | 1900412 homolog (LOC109889538), MRNA
PREDICTED: Oncorhynchus kisutch cAMP-
COHO.8 4.96E 4.89E- 1.40E 2.25E specific 3',5'-cyclic phosphodiesterase 4B-like
794 06 [ 3] o2 [ 2| s | Y| o2 XM_20492939.1 | 100 (LOC109898126), transcript variant X1,
mMRNA
genel853 1.37E 8.84E- | 3.76E | _ 4.40E PREDICTED: Oncorhynchus kisutch formin-
2 06 | 4] 09 2] s | 2| XM_20501080.1 100 L-like (LOC109904018), mRNA
PREDICTED: Oncorhynchus kisutch collagen
coHo-r LOGE | 4 | 3%E g | MZE 14 | 73281 XM 204886361 | 1200 | and calcium-binding EGF domain-containing
protein 1-like (LOC109894979), mMRNA
PREDICTED: Oncorhynchus kisutch 26S
C(g;(;.z 1'_%3[5 4 B'iéE' 2 2'_11;E 1 llggE XM_20478062.1 100 proteasome non-ATPase regulatory subunit
13-like (LOC109886365), partial MRNA
PREDICTED: Oncorhynchus kisutch serpin
coHO1 99E | g | TOOE- | 5 | 12E ) 5 | 420B 1w\ 205034701 | 100 | Hi-like (LOCL09905838), transcript variant
3556 -06 07 -03 -02
X1, mRNA
COHO.8 1.33E 8.40E- 1.05E 4.66E PREDICTED: Oncorhynchus kisutch AFG3-
484 a2 [ 3] e [ %] s | 2] XM_20492376.1 | 100 like protein 1 (LOC109897802), mRNA
PREDICTED: Oncorhynchus kisutch
COHO.9 8.77E 2.58E- 3.92E 2.24E probable ATP-dependent RNA helicase
223 -11 2 05 3 -25 2 -02 KM_20493721.1 100 DDX5 (LOC109898664), transcript variant
X2, mMRNA
PREDICTED: Oncorhynchus kisutch cleft lip
Cg;‘;'l 1'_51iE 3 l'logE' 2 2'_71Z)E 1 ZL%gE XM_20502764.1 100 and palate transmembrane protein 1 homolog
(LOC109905408), mRNA
: PREDICTED: Oncorhynchus mykiss solute
gene3ro SUE | g | MO |2 | MR g | 2008 1 XM a1e2se021 | o7 carrier family 35 member B1
(LOC110538649), mRNA
PREDICTED: Oncorhynchus kisutch type Il
coHo LOSE | o | 3%E I | 900F L 0% X a0de7s3s1 | 100 iodothyronine deiodinase-like
(LOC109894226), mRNA
PREDICTED: Oncorhynchus kisutch
COHO 2 1698 2 1.58E- 1 3848 1 1.668 XM_20472216.1 100 abhydrolase domain containing 4 (abhd4),
5300 -39 12 -02 -02
MRNA
PREDICTED: Oncorhynchus kisutch
C?;‘;'Z 8'_%38'5 9 4'7158E' 4 6'_%1'5 3 8'_%73'5 XM_20476944.1 | 100 NAD(P)H dehydrogenase [quinone] 1-like
(LOC109885081), mMRNA
PREDICTED: Oncorhynchus kisutch
02;8(3.2 3'_%3'5 1 Z'ng' 4 1'_%%'5 3 1'_%)73'5 XM_20476945.1 100 NAD(P)H dehydrogenase [quinone] 1-like
(LOC109885082), mRNA
COHO.1 4.39E 9.78E- 8.91E 3.57E PREDICTED: Oncorhynchus kisutch
1053 -14 3 41 2 -13 ! -02 XM_20498091.1 100 ubiquilin-4-like (LOC109902037), mMRNA
PREDICTED: Oncorhynchus kisutch nuclear
oot OBE g | MIE |2 | M0E o | 425E 1 X 205002801 | 100 migration protein nudC-like
(LOC109903513), MRNA
PREDICTED: Oncorhynchus kisutch
C?;(Z'z 5‘_%)?;5 2 4'36‘25 2 ZngE 2 AL%gE XM_20465521.1 100 developmentally-regulated GTP-binding
protein 1 (LOC109873803), mMRNA
PREDICTED: Oncorhynchus kisutch
gene4431 4'_1‘;E 12 4'3125 1 2._103E 1 ZL%A;E XR_2252763.1 100 tyrosine-protein kinase CSK-like
(LOC109874928), misc RNA
PREDICTED: Oncorhynchus kisutch
cgrgg.z 3'_112E 2 1'%?5' 2 2._%1:1%E 2 3'_%72E XM_20469589.1 100 NADH:ubiquinone oxidoreductase subunit B6
(ndufb6), mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.2 4.90E 1.84E- 2.72E 2.14E eukaryotic peptide chain release factor subunit
4429 o [ 2] s |2 o7 | 2| o2 XM_20470638.1 | 100 1-like (LOC109878411), transcript variant
X1, mRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 2.19E 4.80E- 2.23E 2.19E glutamate--cysteine ligase regulatory subunit-
1549 0 | %] w0 | %] o7 | Y] o2 XM_20499109.1 | 100 | o 1 0C109902612), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch
C%I;é) 4 1'_??%E 4 1'%5 2 61)1'5 1 3'_%2'5 XM_20483888.1 100 thioredoxin reductase 1, cytoplasmic-like
(LOC109891395), mRNA
PREDICTED: Oncorhynchus kisutch
oot ST s | PO L | 3 g | MR XM 204570071 | 100 fibroblast growth factor 23-like
(LOC109867799), mMRNA
PREDICTED: Oncorhynchus kisutch solute
Cg[ll-lea.Z 1‘_33E 3 4'%25 2 3'_125 2 3'_%)72E XM_20474311.1 100 carrier family 35 member B1
(LOC109882219), mMRNA
PREDICTED: Oncorhynchus mykiss
COHO.9 2.72E 2.92E- 7.54E 1.62E ubiquitin domain-containing protein UBFD1-
061 a1 | % s | 2] o9 |1 o2 XM_21557822.1 9 | Jike (LOC110486317), transcript variant X1,

MRNA

126



PREDICTED: Oncorhynchus kisutch
CONOZ | a | TRE | o | 0505 | g | 3O0F | o | 33E | M a0asa081 | 100 glutathione S-transferase A-like
(LOC109883379), mMRNA
PREDICTED: Oncorhynchus kisutch 26S
nggg'z 4 1'_?)(3E 3 4'%%5 2 l'_i;E 1 2'_%72E XM_20469474.1 100 proteasome non-ATPase regulatory subunit
13-like (LOC109877163), partial MRNA
PREDICTED: Oncorhynchus kisutch
COHOZ | g | 2B | g | TBIE | 5 | 3OIE 1o | LIE | XM a0a679301 | 100 ribosome maturation protein SBDS-like
(LOC109875584), mRNA
PREDICTED: Oncorhynchus kisutch C-C
COMOZ |3 | 4os | 7 [ 455 |2 | BE 3 | 30 | xm_o04630001 | 100 chemaokine receptor type 9-like
(LOC109872235), mRNA
PREDICTED: Oncorhynchus kisutch AP-2
COHO.2 | g | ST3E | 5 | ATEE- ) 5 | LOBE |y | IS7E 1 «M 204627621 | 100 |  complex subunit mu-A (LOC109871770),
0808 -11 06 -13 -02 . N
transcript variant X2, mRNA
COHO.1 2.80E 8.24E- 1.80E 1.71E PREDICTED: Oncorhynchus kisutch
gi62 | 3| as | Y| 2 | %] 2 || XM_20456004.1 100 caveolin-1 (LOC109867090), mRNA
PREDICTED: Oncorhynchus kisutch
ng:)?'l 3 1'_?2E 2 5’%;5 1 4'_?):;'5 1 ZL%gE XM_20506740.1 100 ubiquitin-conjugating enzyme E2 variant 1
(LOC109908191), mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.5 3.06E 2.41E- 1.05E 4.64E endoplasmic reticulum-Golgi intermediate
46 81 07 |2 oa |2 00 || w2 XM_20483330.1 | 100 compartment protein 3 (LOC109891044),
transcript variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch CDP-
COHO.3 9.82E 5.54E- 2.88E 2.98E diacylglycerol--glycerol-3-phosphate 3-
605 3 -05 2 03 ! -02 ! -02 XM_20480864.1 100 phosphatidyltransferase, mitochondrial-like
(LOC109889438), mMRNA
PREDICTED: Oncorhynchus kisutch BCL
coHO.7 3 2078 3 7468 2 6.168 2 1.08¢ XM_20490015.1 100 tumor suppressor 7A (bcl7a), transcript
532 -05 05 -15 -03 ;
variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 9.03E 4.84E- | 5.83E | _ 3.78E pyruvate dehydrogenase (acetyl-transferring)
6779 | 3| o3 | | o3 | 2| 03 | ?| -0a XM_20454552.1 | 100 Kinase isozyme 2, mitochondrial-like
(LOC109866016), mMRNA
. PREDICTED: Oncorhynchus kisutch protein
Cg;g'z 3 5'_%?5 2 S'éiE 2 3'_égE 2 3'_%12E XM_20462975.1 100 arginine N-methyltransferase 5-like
(LOC109871938), mRNA
PREDICTED: Oncorhynchus kisutch
CROZ | g [3E g | MIE | o | 491 5 | 098 xR osmera | 100 uncharacterized LOC109877694
(LOC109877694), nNcRNA
PREDICTED: Oncorhynchus kisutch
COHO.2 | 5 | 441B | 4 | 1428 |, | 5038 |, | 276F | o) 90473035.1 100 | phosphoglycerate mutase 1 (LOC109880855),
5776 -04 02 -11 -02 MRNA
PREDICTED: Oncorhynchus kisutch dnaJ
Co;;g 8 3 ZL%)iE 2 8'%3;5' 2 SﬁgE 1 4'_:32E XM_20491495.1 100 homolog subfamily C member 3-like
(LOC109897010), mRNA
PREDICTED: Oncorhynchus kisutch
Cgs"ég'l 3 8'_(2);5 2 1'%2'5' 2 3'_%2'5 2 7'_%1E XM_20496932.1 100 | peptidyl-prolyl cis-trans isomerase FKBP1B
(LOC109900984), MRNA
PREDICTED: Oncorhynchus kisutch leucine-
COHO.2 2.79E 2.41E- 4.58E 2.60E rich repeat neuronal protein 4-like
085 | 2] o5 | 2| 03 | %] o5 |2 w2 XM_20466182.1 | 100 (LOC109874320), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch NADH-
COHO.8 5.02E 4.90E- 3.63E 4.24E cytochrome b5 reductase 1-like
12 81 2 | % s 2| a1 || s XM_20487853.1 | 100 (LOC109894389), transcript variant X2,
mRNA
: PREDICTED: Oncorhynchus kisutch growth
C(g{l;(;.l 3 7'_%%E 2 2'%%;5 2 1'_?%E 2 ZL%gE XM_20458373.1 100 arrest-specific protein 1-like
(LOC109868660), MRNA
PREDICTED: Oncorhynchus kisutch soluble
Cg;gz 3 gl?)éE 2 1%25 2 SL%iE 2 9'_%§E XM_20469653.1 100 calcium-activated nucleotidase 1-like
(LOC109877380), mMRNA
PREDICTED: Oncorhynchus kisutch ARV1
COHO.1 3 9.538 2 2.05E- 2 8.94E 2 3.278 XM_20455046.1 100 homolog, fatty acid homeostasis modulator
7405 -04 02 -09 -02
(arvl), mMRNA
PREDICTED: Oncorhynchus kisutch
CC3)(I)-|7(Z.1 3 3'_3§E 2 1'2%5 1 ZL%gE 2 9'_%33"5 XM_20502575.1 100 dihydropteridine reductase-like
(LOC109905290), mMRNA
PREDICTED: Oncorhynchus kisutch nuclear
99”952981 3 3'_%§E 4 4'2375 1 1'_%‘;E 2 1'_?)22E XM_20460455.1 100 protein localization protein 4 homolog
(LOC109870108), mMRNA
COHO.1 9.81E 3.19E- 1.64E 2.14E PREDICTED: Oncorhynchus kisutch WD
9339 3 -12 2 03 2 -14 2 -03 XM_20450445.1 100 repeat domain 46 (wdr46), mMRNA
COHO.1 7.04E 1.89E- 2.03E 4.65E PREDICTED: Oncorhynchus kisutch coiled-
1866 | S| 04 | 2] o3 | %] o7 |2 02 | XM204999851 | 100 coil domain-containing protein 126-like
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(LOC109903346), transcript variant X1,
MRNA
PREDICTED: Oncorhynchus kisutch G
COHO 2 3 3.948 2 L17E- 3 3.528 2 4.928 XM_20462293.1 100 protein-coupled receptor 161 (gpr161),
0167 -05 04 -08 -04 : h
transcript variant X2, mRNA
PREDICTED: Oncorhynchus kisutch
gene23z8 | 5 | 4S81E | 5 | 205B- |, | 297 |, | 408E |y 005077871 | 100 | bleomycin hydrolase-like (LOC109908965),
2 -04 07 -17 -02
mMRNA
PREDICTED: Oncorhynchus kisutch
COHOL | g | 229 | 5 | BT | g | 2295 1 4 | T8 | xm 205033301 | 100 ribosomal protein S6 kinase beta-1-like
(LOC109905765), mRNA
PREDICTED: Oncorhynchus kisutch 39S
COHO.2 2.36E 7.30E- 5.83E 3.75E ribosomal protein L17, mitochondrial-like
653 | S| o7 | 2| o3 [ %] aa | Y| XM_20473889.1 | 100 (LOC109881775), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch high
Cg;'za'z 3 3'_%3'5 2 7'3)%5 1 1'_33E 1 4'_%‘;'5 XM_20474803.1 100 mobility group protein B2-like
(LOC109882714), mRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 1.39E 1.06E- 1.22E 3.18E chromobox protein homolog 3-like
1843 | 2| 06 | 2] 00 |2 o2 | %] o2 XM_20499956.1 | 100 (LOC109903322), transcript variant X2,
mRNA
COHO.4 1.46E 2.92E- 2.33E 4.45E PREDICTED: Oncorhynchus kisutch
25 2| s | 2] s | 2% o5 | %] 2 XM_20481228.1 | 100 exportin-1-like (LOC109889643), MRNA
PREDICTED: Oncorhynchus kisutch small
COROA | 2 | 3] 1o | 1378 | o | 19281y | IS8 M a04g25071 | 100 ubiquitin-related modifier 3
(LOC109890574), mRNA
PREDICTED: Oncorhynchus kisutch nuclear
COHO.1 6.82E 4.16E- 1.03E 8.40E factor erythroid 2-related factor 1-like
o501 | 2| 2 | 2| 13 | Y] oa | Y| ‘o3 XM_20460238.1 | 100 (LOC109869925), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch acyl-
COHO.1 2 6.358 2 3.61E- 2 9.86E 1 4748 XM_20506174.1 100 CoA thioesterase 7 (acot7), transcript variant
4756 -07 03 -06 -02
X3, mMRNA
COHO.2 5.99E 8.53E- 2.43E 4.42E PREDICTED: Oncorhynchus Kisutch protein
026 | 2| o7 | 2] o4 [Y] 05 | '] XM_20461322.1 ) 100 ABHD13 (LOC109870711), mRNA
PREDICTED: Oncorhynchus kisutch
C(g['l"zgl 2 4'_%%'5 3 l"(‘)%E' 2 1'_%2'5 2 1'_%2'5 XM_20452797.1 100 calnexin-like (LOC109864822), transcript
variant X3, mMRNA
PREDICTED: Oncorhynchus kisutch
geneS787 | o | LTBE | 5 | 93%B- ), | 366E 4o ) LIIE 1y 20538851 100 | elongation factor 2-like (LOC109879533),
0 -02 03 -02 -04 »
misc RNA
PREDICTED: Oncorhynchus kisutch small
COL | 2 [P0 g | VOB | 2HE g | S99 XM 205045091 | 100 ubiquitin-related modifier 3
(LOC109906732), mRNA
PREDICTED: Oncorhynchus kisutch
Cgﬂg'l 2 1'_21‘15 2 Z'igE' 2 1'_%'5 1 3'_%135 XM_20507441.1 | 100 ubiquitin-protein ligase E3C-like
(LOC109908761), mMRNA
. PREDICTED: Oncorhynchus kisutch large
C%I;IZ).S 2 sl%gE 2 5'%‘?5 1 zlg;E 2 SngE XM_20480554.1 100 neutral amino acids transporter small subunit
1-like (LOC109889252), mMRNA
PREDICTED: Oncorhynchus kisutch kelch-
Cg;‘egz 2 SngE 2 1'%235 2 1'_%3E 2 1'_%1E XM_20471898.1 100 like ECH-associated protein 1
(LOC109879738), mRNA
PREDICTED: Oncorhynchus kisutch
COMRZ | 2 [BOF | g | MUE o | A0 | 29 xR 29533661 100 uncharacterized L OC109878285
(LOC109878285), ncRNA
PREDICTED: Oncorhynchus kisutch bone
C(;Eg'l 2 1'_?62E 2 8'%15 4 3'_?)05E 2 2'_%)12E XM_20502772.1 100 morphogenetic protein 4-like
(LOC109905415), mMRNA
PREDICTED: Oncorhynchus kisutch COP9
Cg;g'l 2 1‘_?6iE 2 2'%)%5 1 glgiE 1 3'_%‘;’E XM_20508917.1 100 signalosome complex subunit 5
(LOC109909855), mRNA
PREDICTED: Oncorhynchus kisutch steroid
COHO.2 2 9.048 3 4.09E- 2 1.3% 2 2.308 XM_20466065.1 100 receptor RNA activator 1 (sral), transcript
1954 -05 05 -04 -02 :
variant X2, mRNA
COHO.5 4.40E 4.32E- 2.04E 2.29E PREDICTED: Oncorhynchus kisutch protein
977 2 -05 2 04 2 -17 ! -02 XM_20486445.1 100 HEXIM-like (LOC109893287), mMRNA
PREDICTED: Oncorhynchus kisutch
COHOS |, | 104E | , | 7.298- | , | 984E | , | LIBE | ) 904947761 100 | tyrosine-protein kinase yes (LOC109899488),
568 -05 06 -11 -02 MRNA
PREDICTED: Oncorhynchus kisutch tumor
CoHo.1 2 4.88E 1 1.508- 2 8.288 2 3.858 XM_20501581.1 100 protein p53 inducible protein 3 (tp53i3),
2734 -10 02 -11 -03 MRNA
COHO.2 2.41E 2.45E- 1.91E 3.89E PREDICTED: Oncorhynchus kisutch
5016 2 03 2 03 -2 -02 3 02 XM_20471637.1 100 pleiotrophin-like (LOC109879469), mMRNA
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PREDICTED: Oncorhynchus kisutch

coxol 3218 LBIE- | 5 | 232B 1y | LIS M 204036571 | 100 hyaluronidase-2-like (LOC109898618),
128 -03 04 -06 -02 MRNA
PREDICTED: Oncorhynchus kisutch SSU72
coHo9 Lo LOSE 1 | MR 1 | 2E 1 xm_204902081 | 100 homolog, RNA polymerase Il CTD
phosphatase (ssu72), mMRNA
PREDICTED: Oncorhynchus kisutch activin
coHo1 4.52E 820E- | g | 48TE |y | 355E 1y oo4sa4921 | 100 receptor type-1-like (LOC109865973),
869 -03 04 -02 -02 . )
transcript variant X1, mRNA
PREDICTED: Oncorhynchus kisutch
C%';? 9 1'_%}1[5 1'%5 2 6'_ng 2 1'_%3[5 XM_20494921.1 100 cytochrome c oxidase assembly protein
COX15 homolog (LOC109899574), mRNA
PREDICTED: Oncorhynchus kisutch
gene5142 pros VIR L2 | 3UE | 2 | M3 xm_20ss0061 | 100 uncharacterized LOC109883885
(LOC109888885), mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 3.00E 9.17E- 2.16E 8.98E endoplasmic reticulum lectin 1-like
9884 03 4 | Y| o7 | Y| o3 XM_20460686.1 | 100 (LOC109870259), transcript variant X2,
mMRNA
PREDICTED: Oncorhynchus kisutch 5-
geneé 278 7'_%2E 4'%)25 3 9._igE 3 4'_%?5 XM_20476753.1 100 aminolevulinate synthase, nonspecific,
mitochondrial-like (LOC109884843), mMRNA
PREDICTED: Oncorhynchus kisutch protein
ng":g'l 6'_;‘)2'5 2'%1'5' e I 4'_‘872'5 XM_20502064.1 | 100 | FAMI122A-like (LOC109904974), transcript
variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 3.808 8.77E- 2 2618 2 3.998 XM_20502537.1 100 calnexin-like (LOC109905261), transcript
3052 -03 04 -04 -02 -
variant X1, mRNA
PREDICTED: Oncorhynchus kisutch von
C(:;g?.l 6'_(3)‘2E 3'%35 2 2'_%?5 1 GL%gE XM_20506480.1 100 Willebrand factor A domain-containing
protein 1-like (LOC109908058), mMRNA
PREDICTED: Oncorhynchus kisutch DDB1
CcoHO.L 8748 GOIE- | 5 | SA3E |y | 221 | w1 504553970 | 100 and CUL4 associated factor 17 (dcafl7),
906 -04 03 -10 -02
MRNA
PREDICTED: Oncorhynchus kisutch ADP-
COHO.6 3.498 1.398- 1 551k 1 2.868 XM_20488251.1 100 dependent glucokinase-like (LOC109894635),
885 -04 02 -03 -02 MRNA
PREDICTED: Oncorhynchus kisutch fragile
COHO.2 2.30E 3.23E- 2.07E 4.25E X mental retardation syndrome-related protein
4947 -04 o7 | 2] 05 | 2| ‘03 XM_20471510.1 | 100 1-like (LOC109879338), transcript variant
X2, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO 2 5608 LO4B- |, | 481E |y | A19B | yp oonan131 100 | nucleobindin-1-like (LOC109883674), misc
7190 -04 03 -06 -02 RNA
: PREDICTED: Oncorhynchus tshawytscha 5-
C??G%'Z 1'_%E;E 1'%‘35 3 8'_%)37’E 2 4'_%2E XM_24403538.1 97 aminolevulinate synthase, nonspecific,
mitochondrial-like (LOC112235146), mMRNA
PREDICTED: Oncorhynchus kisutch ras-
COHO.1 4.83E 2.31E- 7.10E 3.47E related C3 botulinum toxin substrate 3 (rho
9791 -02 02 -2 -04 -1 -02 XM_20460216.1 100 family, small GTP binding protein Rac3)
(rac3), transcript variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 7.66E 4.82E- 1.79E 4.92E transcription factor MafF-like
9733 -06 03 1 -05 1 -02 XM_20461022.1 100 (LOC109870498), transcript variant X3,
MRNA
PREDICTED: Oncorhynchus tshawytscha
COHO.1 1.048 1.458- 2 3.828 1 1418 XM_24396388.1 97 kelch like ECH associated protein 1 (keapl),
7211 -04 05 -10 -06 MRNA
PREDICTED: Oncorhynchus kisutch nicalin-
COHO3 7.938 2.808- 1 7.658 1 8.648 XM_20480387.1 100 1 (LOC109889165), transcript variant X3,
367 -04 04 -05 -06
mRNA
PREDICTED: Oncorhynchus kisutch
COHO.2 1.15E 6.73E- 4.51E 3.27E uncharacterized LOC109882293
6508 -02 03 -2 -06 -2 -02 XR_2253989.1 100 (LOC109882293), transcript variant X3, misc
RNA
PREDICTED: Oncorhynchus kisutch
Cg:;g.l 1'_(2)§E 3'?)%5 1 SL%)%E 1 le)gE XM_20457591.1 100 set1/Ash2 histone methyltransferase complex
subunit ASH2-like (LOC109868135), mRNA
PREDICTED: Oncorhynchus kisutch
COOTSO 7 2‘_%77E 2.613E— 1 llgiE 1 ZL%ZE XM_20488933.1 100 tyrosine-protein kinase CSK-like
(LOC109895319), mMRNA
COHO.1 6.01E 8.56E- 1.76E 2.93E PREDICTED: Oncorhynchus kisutch zinc
0144 -03 03 2 -05 2 -02 XM_20496240.1 100 transporter 1-like (LOC109900566), mMRNA
PREDICTED: Oncorhynchus kisutch 5-
COHO.2 4.22E 4.20E- 9.57E 5.06E aminolevulinate synthase, nonspecific,
8266 -04 04 8 -10 8 -04 KM_20477596.1 100 mitochondrial-like (LOC109885790), partial

mRNA
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COHO.6

1.44E

8.57E

3.93E

PREDICTED: Oncorhynchus kisutch
cleavage and polyadenylation specificity

386 20 T |2 s |3 as | 2| v XM_20487371.1 100 factor subunit 6-like (LOC109894135),
transcript variant X2, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 4.04E 3.25E- 3.30E 3.02E prolactin regulatory element-binding protein-
231 | 2| o2 | Y] 2 [ Y| s | Y| o2 XM_20498397.1 | 100 | Jive (LOC109902226), transcript variant X1,
mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 2.65E 1.66E- 1.47E 2.34E discoidin, CUB and LCCL domain-containing
782 20 2 |2 s |8 s | 8| 08 KM_20453106.1 | 100 | " orein 1 like (LOC109864994), transcript
variant X1, mRNA
COHO.2 4.65E 4.39E- 2.79E 2.13E GU129139.1_GU12 .
3861 2 02 1 02 1 06 2 03 01391 89 Salmo salar IgH locus A genomic sequence
PREDICTED: Oncorhynchus kisutch Wilms
genefgse 1 7'_3)2E 1 5':(%5 2 7'_%)3E 2 9._&(3)1:13E XM_20473516.1 100 tumor protein 1-interacting protein homolog
(LOC109881366), mMRNA
PREDICTED: Oncorhynchus kisutch
COROA | | 22 g | 2938 g | A0 | o | BOE | xR 22554341 100 uncharacterized LOC109890600
(LOC109890600), ncRNA
PREDICTED: Oncorhynchus kisutch TSC22
COHO.2 1.28E 4.65E- 2.23E 1.06E domain family protein 1-like
400 | Y] o2 | Y| o2 [ %] aa | %] s XM_20469980.1 | 100 (LOC109877784), transcript variant X3,
mRNA
. PREDICTED: Oncorhynchus kisutch collagen
COHO.L | | B5TE |, | 567B- | , | 2768 | , | 350B |\ 004573361 | 100 alpha-1(XI) chain-like (LOC109867989),
8476 -03 03 -08 -03
MRNA
PREDICTED: Oncorhynchus kisutch
COHO.8 4.24E 4.49E- 7.22E In | 8.99E transmembrane 4 L6 family member 1-like
837 Ll | 2] o4 |2 03 | %] -oa XM_20492048.1 | 100 (LOC109897543), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch
COSI;ZO 1 -1 4'_(2)2E -2 l'%)gE' -3 6'_%%E -3 7'_395E XM_20503853.1 100 complement C1r subcomponent-like
(LOC109906229), mRNA
. PREDICTED: Oncorhynchus kisutch protein
COHOS |y | L2lE | 5 | BISE- | o | BB | 5 | 384 | wM 204840051 | 100 prune homolog 2-like (LOC109892403),
205 -02 09 -03 -02 : .
transcript variant X3, mRNA
PREDICTED: Oncorhynchus kisutch ras and
C02|;40'7 -1 4'_?)72E -2 l'%)gE' -2 llééE -2 1'_%3E XM_20489425.1 100 EF-hand domain-containing protein homolog
(LOC109895593), mRNA
PREDICTED: Oncorhynchus kisutch septin-
COHOL |\ | 7.3 | 4 | 4168 | , | 2258 | , | 1.26E | w1 o0450024.1 100 6-like (LOC109864886), transcript variant
6477 -03 02 -02 -02
X3, mMRNA
PREDICTED: Oncorhynchus kisutch
C(Z;g'l -1 1'_372E -2 2%25 2 3'_31E 2 3._323E XM_20505312.1 100 ubiquitin-conjugating enzyme E2 E2-like
(LOC109907382), mRNA
PREDICTED: Oncorhynchus kisutch
C%‘;?] -1 AlggE -2 4'2275 -1 ZL%iE -1 3'_%22E XM_20490530.1 100 differentially expressed in FDCP 6 homolog
(LOC109896254), mRNA
PREDICTED: Oncorhynchus kisutch
COHO.6 R 1.26E R 196E- | _ 4.35E | 2.18E membrane-spanning 4-domains subfamily A
384 ! -02 3 02 2 -03 3 -04 KM_20487044.1 100 member 12-like (LOC109893845), transcript
variant X3, mMRNA
PREDICTED: Oncorhynchus kisutch
COHOZ |y | 18381 o | 318 | o | BE | 5 | 40 1 xm 20500611 | 100 uncharacterized LOC109869688
(LOC109869688), MRNA
. PREDICTED: Oncorhynchus kisutch 1-acyl-
Cgﬂ?'z -1 1'_?)2E -2 1"3‘;'5 -3 1'_‘325 -2 1._%3E XM_20474203.1 100 sn-glycerol-3-phosphate acyltransferase delta-
like (LOC109882111), mMRNA
PREDICTED: Oncorhynchus kisutch GRAM
COHO.1 ~ 4.58E ~ 571E- | 7.88E | _ 9.14E domain-containing protein 4-like
7658 20 o2 | 2| o3 |2 o7 | P o3 XM_20456056.1 | 100 (LOC109867123), transcript variant X4,
mRNA
PREDICTED: Oncorhynchus kisutch
COHO.8 3.18E 1.00E- 3.20E 3.63E calcium/calmodulin-dependent protein kinase
332 -2 02 -2 16 -2 -08 -1 02 XM_20491679.1 100 type Il delta chain (LOC109897118),
transcript variant X3, mMRNA
PREDICTED: Oncorhynchus kisutch
C%);—;?.l -2 3'_%2E -2 1':([)25 -2 1'_%58E -1 3'_%3E XM_20497293.1 100 uncharacterized LOC109901250
(LOC109901250), mRNA
PREDICTED: Oncorhynchus kisutch GRAM
COHO.2 3.24E 4.59E- 3.64E 3.56E domain-containing protein 3-like
5978 -2 -04 -2 05 2 -35 2 -03 XM_20473417.1 100 (LOC109881257), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch
C%';? 7 -2 1'_(1)?§E -2 2'?6235 -2 1'_?#5 -2 2'_%%'5 XM_20491083.1 100 prosaposin receptor GPR37-like

(LOC109896751), mRNA
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gene2201 | 2.82E ~ 181E- | _ 7.68E | 8.41E PREDICTED: Oncorhynchus kisutch coiled-
7 20 02 | %] o2 || s | Y] s XKM_20504800.1 | 100 |0 it Gomain containing 30 (ccdc30), MRNA
PREDICTED: Oncorhynchus mykiss mixed
COHO.1 ~ 3.27E B 3.00E- | _ 175E | _ 1.18E lineage kinase domain-like protein
7640 20 "2 || os || e | P o3 XR_2469105.1 99 | (LOC110493186), transcript variant X4, misc
RNA
PREDICTED: Oncorhynchus kisutch gamma-
COHO.L | , | L18E | , | 127B- | , | 812B | , | 183E | ) o0a57729.1 100 | glutamyltransferase 5-like (LOC109868289),
8680 -02 04 -06 -04 MRNA
COHO.6 6.25E 8.44E- 2.03E 1.74E PREDICTED: Oncorhynchus kisutch protein
632 21 3 | 2| o | Y] 2 | P 03 XKM_20487847.1 | 100 LBH-like (LOC109894394), mRNA
PREDICTED: Oncorhynchus kisutch rho
COHO.2 ~ 2.06E R 2.34E- | 457E | 1.01E GTPase-activating protein 15-like
0385 20 3 | 3] o [P 3 || o2 XM_20461627.1 | 100 (LOC109870921), transcript variant X3,
mRNA
PREDICTED: Oncorhynchus kisutch
COHO.L | , | 382E | 5 | 236E- | , | 230B | , | 962E | ) o0506998.1 100 Krueppel-like factor 15 (LOC109908347),
5135 -02 1 -07 -03 ol
transcript variant X2, mRNA
PREDICTED: Oncorhynchus kisutch
COHO.7 ~ 1.02E R 451E- | 212E | 1.13E differentially expressed in FDCP 6 homolog
08 20 73 | Y] T2 [ B s | P 3 XM_20485861.1 | 100 (LOC109892942), transcript variant X1,
mRNA
PREDICTED: Oncorhynchus kisutch
COOl | 2 [ M08 | 2 | A0F | o | 90F | | T3E T v a0d611481 | 100 uncharacterized LOC109870581
(LOC109870581), mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 ~ 3.33E ~ 4.44E- 2.44E 4.75E mannosyl-oligosaccharide 1,2-alpha-
7388 20 707 | 2] o5 | Y| o3 | Y| o2 XM_20455609.1 | 100 mannosidase 1A-like (LOC109866767),
mMRNA
PREDICTED: Oncorhynchus kisutch ribose-
COZI;? 4 -2 8'_?)‘3; -3 1'1135 -2 2._(())2E -1 2'_E£E XM_20482547.1 100 phosphate pyrophosphokinase 2
(LOC109890601), MRNA
genel249 | 4.98E ~ 3.86E- | _ 212E | 2.08E PREDICTED: Oncorhynchus kisutch
5 2 s | 2] s | *] s | %] w2 XM_20493418.1 | 100 harmonin-like (LOC109898449), mRNA
PREDICTED: Oncorhynchus kisutch
CO;:? 6 -2 3'_%3E -3 4'%5 -1 3'};'5 -2 2'_%72E XM_20488017.1 100 aldehyde dehydrogenase 6 family member Al
(aldh6al), transcript variant X1, mRNA
COHO.1 2.44E 1.48E- 1.60E 6.36E PREDICTED: Oncorhynchus kisutch
e744 | 2| o4 [ 2| o2 |*| 03 | 3| o4 | XM204573831 | 100 | ganzyme K-like (LOC109868017), mRNA
PREDICTED: Oncorhynchus kisutch
COHOZ | 5 | 439 | 5 | 21081 4 | 241E 1 4 | 280E |y ooag57881 | 100 peroxiredoxin-4-like (LOC109874044),
2037 -03 04 -03 -02
MRNA
PREDICTED: Oncorhynchus kisutch
ng(;.l -2 7'_(7)56E -2 1%25 -2 Z;Z)‘éE -2 2._&(‘>)3E XM_20502986.1 100 mitogen-activated protein kinase 5-like
(LOC109905557), mRNA
COHO.1 1.09 6.17E- 1.42E 7.44E PREDICTED: Oncorhynchus kisutch enolase
si7a | 2| e | 2] 10 | %] o2 | M| o3 | XM205070411 1 100 1 (enol), mRNA
PREDICTED: Oncorhynchus kisutch matrix-
COHO.1 ~ 3.34E ~ 1.13E- 1.13E 3.18E remodeling-associated protein 8-like
4959 2 -03 2 02 2 -06 2 -02 XM_20506656.1 100 (LOC109908147), transcript variant X2,
MRNA
PREDICTED: Oncorhynchus kisutch rho
COHO.1 ~ 1.80E ~ L71E- | 6.14E | 4.92E GTPase-activating protein 18-like
7366 21 706 | 2| o3 2| s | 2| loa XM_20455533.1 100 (LOC109866722), transcript variant X1,
MRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 1.79E 3.02E- 2.75E 2.56E calcium-binding and coiled-coil domain-
o407 | 2| o3 | 2| o4 | %] 06 || w2 XM_20460483.1 | 100 | hoining protein 2-like (LOC109870124),
transcript variant X4, mRNA
PREDICTED: Oncorhynchus kisutch
CORDO | 2 [ #0805 | o | 2208 | o | 4908 | q | 209 1 xm a0dgee621 | 100 uncharacterized L OC109893435
(LOC109893435), MRNA
PREDICTED: Oncorhynchus kisutch
COHO.3 -2 3.108 -2 3.98E- -2 1.098 -2 5.078 XM_20480303.1 100 interferon induced protein 44 like (ifi44l),
309 -05 05 -08 -03 . "
transcript variant X3, mRNA
gene4190 | 5.50E ~ 455E- | 9.92E | _ 1.13E PREDICTED: Oncorhynchus kisutch decorin-
8 2 -03 2 05 2 -16 2 -02 XM _20475901.1 100 like (LOC109883887), mMRNA
PREDICTED: Oncorhynchus kisutch
nglzg.l -2 BlggE -1 2'%25 -2 SL%EE -2 4'_%;E XR_2251869.1 100 uncharacterized LOC109867979
(LOC109867979), ncRNA
. PREDICTED: Oncorhynchus kisutch protein
COHO.1 -2 1.048 -2 1.218 -2 1.708 -1 1.998 XM_20503401.1 100 C-ets-1-like (LOC109905795), transcript
3514 -05 06 -03 -02 -
variant X3, mRNA
PREDICTED: Oncorhynchus kisutch
COHO.2 | _ 355E | 3.54E- | 270E | _ 4.19E transforming growth factor-beta-induced
9047 2 -04 8 02 2 -03 2 -05 KM _20478713.1 100 protein ig-h3-like (LOC109887281), partial

mRNA

131



PREDICTED: Oncorhynchus kisutch

COS';:? 5 -2 4'_2)33’E -2 2.4(1)2E— -2 l'_%iE -1 2'_%22[5 XM_20485630.1 100 tetratricopeptide repeat domain 3 (ttc3),
transcript variant X1, mMRNA
COHO.2 4.55E 7.85E- 6.08E 5.66E PREDICTED: Oncorhynchus kisutch decorin-
532 | %] o3 | 2| o5 | 2] as | P os XM_20470775.1 | 100 like (LOC109878563), MRNA
PREDICTED: Oncorhynchus kisutch citron
genel092 |, | 2408 | , | 3238- | | TALE |, | SS5E |y o04go7831 | 100 | Rho-interacting kinase-like (LOC109895792),
2 -03 02 -17 -03 MRNA
COHO.9 4.78E 7.91E- 1.57E 9.73E PREDICTED: Oncorhynchus kisutch CD9
190 20 s | 2| oa | P o | 2| s XM_20493655.1 100 antigen-like (LOC109898620), mRNA
PREDICTED: Oncorhynchus kisutch
COHO.9 R 5.25E R 8.54E- | _ 138E | _ 2.86E complement C1q tumor necrosis factor-related
941 2 -03 2 03 1 -04 2 -02 KM_20495553.1 100 protein 1-like (LOC109899920), transcript
variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch RIMS-
genel097 | - | LOE | - 264E- ), ) LATE g ) 3T2E 1wy o04g0sa8.1 | 100 binding protein 2-like (LOC109895829),
0 14 -04 12 05 -04 -04
mRNA
PREDICTED: Oncorhynchus kisutch
COHO.8 1.24E 1.29E- 1.41E 7.15E uncharacterized LOC109898140
804 -2 -03 -2 02 -2 11 -2 -03 KM_20492953.1 100 (LOC109898140), transcript variant X1,
MRNA
COHO.9 6.98E 3.52E- 8.24E 3.09E PREDICTED: Oncorhynchus kisutch annexin
gas | 2| o7 %] 10 [ P] s | T XM_20495373.1 | 100 AB-like (LOC109899815), mRNA
PREDICTED: Oncorhynchus kisutch
CORO3 | o | TZE | g | BBE | g | 199E o | ABE | XM o0ag10181 | 100 dihydrofolate reductase-like
(LOC109889530), mRNA
PREDICTED: Oncorhynchus kisutch cGMP-
COHO.1 ~ 3.65E ~ 104E- | _ 2.62E | 3.94E specific 3',5"-cyclic phosphodiesterase-like
3930 2 -09 2 02 3 -05 2 -02 XM_20504405.1 100 (LOC109906607), transcript variant X2,
MRNA
PREDICTED: Oncorhynchus kisutch
COHOL | 5 | 138E | 5 | 44lE- ) ) | 215E 1 5 | BS2E 1 M 204605751 | 100 | neurabin-2-like (LOC109870182), transcript
9811 -04 02 -03 -03 A
variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO9 | o | 3298 | - | 7978 | , | 6338 | 5 | SIS |\ 504039701 | 100 MACRO domain containing 2 (macrod2),
967 06 |12 | 09 -04 -02 ;
partial MRNA
PREDICTED: Oncorhynchus kisutch
geneooa | 2 | PTF | 2 | 020 | o | 3FE ) 5 | MOE | xmomasar221 | 100 uncharacterized L OC109891583
(LOC109891583), mRNA
PREDICTED: Oncorhynchus kisutch
COHO.3 |, | 184B |, | 95IE- | , | 2688 | , | 134 | ) 90413331 | 100 fibroblast growth factor receptor 2 (fgfr2),
850 -04 03 -11 -02 . N
transcript variant X2, mRNA
. PREDICTED: Oncorhynchus kisutch cyclin-
COHO.2 | 5 | TUE | 5 | LOOE- | 5 | 450B 1 5 | 262E 1\ 20466667.1 | 100 |  Y-like (LOC109874663), transcript variant
2416 -02 05 -05 -04
X2, mMRNA
. PREDICTED: Oncorhynchus kisutch collagen
COHOL | , | B86E | 5 | LSCE- | | 2298 1 4 | 408E |\ 204999531 | 100 | alpha-L(XVI) chain-like (LOC109903320),
1841 -02 03 -06 -02 MRNA
. PREDICTED: Oncorhynchus kisutch glia-
COHO2 | o | LME | | 2HE | 5 | 303E | 5 1 209 1 w1 204740021 | 100 derived nexin-like (LOC109882818),
6768 -02 02 -16 -02 . N
transcript variant X1, mRNA
PREDICTED: Oncorhynchus kisutch ras
COHO.2 ~ 7.52E ~ 4.48E- | 6.33E | _ 2.63E association domain-containing protein 6-like
7254 2 o | 3] s 2 s |2 o3 XM_20475830.1 100 (LOC109883798), transcript variant X2,
MRNA
PREDICTED: Oncorhynchus kisutch FYN-
COHO3 | 5 | 385E | 5 | 4198 | 5 | 4T4E | 5 | 331 |y 204803391 | 100 binding protein-like (LOC109889133),
334 -09 02 -04 -02
MRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 4.23E 2.09E- 1.81E 1.05E ectonucleotide
4422 -2 -17 -3 11 8 -06 2 -02 XM_20505483.1 100 pyrophosphatase/phosphodiesterase family
member 2-like (LOC109907496), mMRNA
PREDICTED: Oncorhynchus kisutch
COSI)-LIlO.S -2 8'_Z)EE -2 2'%25 -1 3'_%2E -2 7'_‘323E XR_2255270.1 100 uncharacterized LOC109889355
(LOC109889355), ncRNA
PREDICTED: Oncorhynchus kisutch platelet-
COHO.1 ~ 7.17E ~ 4.05E- | 9.42E | 3.27E derived growth factor receptor beta-like
2886 2 -05 2 03 2 -05 2 -02 XM_20502228.1 100 (LOC109905074), transcript variant X1,
MRNA
PREDICTED: Oncorhynchus kisutch
cgﬂg'z -2 1'_%ZE -2 l%:;E_ -2 l'fégE -2 8'_%2E XM_20466966.1 100 uncharacterized LOC109874909
(LOC109874909), mRNA
. PREDICTED: Oncorhynchus kisutch cyclin
COHO.6 -2 4878 -3 6.908 -2 4.208 -2 4348 XM_20487185.1 100 dependent kinase like 1 (cdkll), transcript
881 -05 13 -07 -03 .
variant X1, mMRNA
~ 1.45E ~ 8.08E- | _ 3.53E | 4.37E PREDICTED: Oncorhynchus kisutch integrin
gene215 | 2| "4 | 2| o5 || o2 | ?| o2 | XM204752521 | 100 alpha-L-like (LOC109882882), mRNA
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PREDICTED: Oncorhynchus kisutch

Conot | 2 | 2R | a [ 205 |2 | MF | 2 | M°F | xm_a0s038431 | 100 uncharacterized LOC109906219
(LOC109906219), mMRNA
PREDICTED: Oncorhynchus kisutch
COHOB | 5 | 401 | o | 2508 | 5 | 1285 1 4 | B4 | XM oo4gazsan | 100 uncharacterized LOC109891923
(LOC109891923), mMRNA
PREDICTED: Oncorhynchus kisutch
c?;lsg.z 2 4'_(3)§E 2 S'Z)gE' -4 7'_%;E 3 1'_%23'5 XM_20465340.1 100 | prostaglandin E2 receptor EP4 subtype-like
(LOC109873683), MRNA
PREDICTED: Oncorhynchus kisutch prolyl
C%';?'S 2 1'_3)3E 2 2"(‘)%5 3 3'_32’2E 2 7'_%E XM_20485887.1 | 100 4-hydroxylase subunit alpha 2 (p4ha2),
transcript variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch 3-
99”901345 2 2'_%2'5 2 2%25 2 8'_%3E 1 8'_%)23'5 XR_2256362.1 100 | phosphoinositide-dependent protein kinase 1-
like (LOC109898469), misc RNA
PREDICTED: Oncorhynchus kisutch protein
96”95393 2 4'_%2'5 1 9'%%5 3 l'_%iE 2 1'_%3'5 XM_20509524.1 100 kinase C theta type-like (LOC109910350),
MRNA
PREDICTED: Oncorhynchus kisutch deltex
COHO.7 -2 1.198 -2 1.508- -1 4.198 -2 2.59% XM_20489828.1 100 E3 ubiquitin ligase 1 (dtx1), transcript variant
449 -04 03 -02 -02 X2 MRNA
PREDICTED: Oncorhynchus kisutch WD
ngg'l -2 8'_90%E -3 4'%25 -1 l'_%iE -2 1'_5623E XM_20495766.1 100 repeat domain phosphoinositide-interacting
protein 1-like (LOC109900046), mMRNA
PREDICTED: Oncorhynchus kisutch
O | 3 [O0F | s | MUF | 2 | 208 | 5 | 2208 | xR 22565301 100 uncharacterized L OC109899955
(LOC109899955), ncRNA
PREDICTED: Oncorhynchus kisutch
96”95’622 3 4'_363'5 2 4%%'5' -2 1'_%)?_)'5 -1 1'_%23'5 XM_20469946.1 100 interleukin-6 receptor subunit beta-like
(LOC109877746), MRNA
PREDICTED: Oncorhynchus tshawytscha
96”95’468 3 1'_56?5 3 2'%5;'5' 1 ZL%iE 1 1'_3‘;'5 XM_24407814.1 98 androgen receptor-like (LOC112239336),
mRNA
COHO.3 R 3.10E ~ 3.80E- | ATIE | 1.81E PREDICTED: Oncorhynchus kisutch protein
78 S a0 [ %] T2 [ %] o3 | Y] o2 XM_20480495.1 | 100 AF-17-like (LOC109889223), mRNA
PREDICTED: Oncorhynchus kisutch nuclear
CONOT | 3 [ 1238 | o | T8 | o | 13E 1 5 | 379 1 xm 204800601 | 100 factor of activated T-cells 5-like
(LOC109895403), MRNA
PREDICTED: Oncorhynchus kisutch
ng":g'z 3 6'_%2'5 2 2"(‘)52'5' 2 2'_%;'5 1 2'_%2'5 XM_20467159.1 100 transmembrane protein 71 (tmem71),
transcript variant X4, mMRNA
PREDICTED: Oncorhynchus kisutch EH
ngg;'l -3 1'_?6?1E -3 S%gE- -1 3'_3iE -2 3'_30’73E XM_20501456.1 100 domain-containing protein 4-like
(LOC109904230), mRNA
PREDICTED: Oncorhynchus kisutch
c?;g.l 3 8'_%?'5 2 7'%1'5' 2 2._235 2 4'_%)33"5 XM_20500066.1 | 100 engulfment and cell motility protein 1-like
(LOC109903395), mRNA
PREDICTED: Oncorhynchus kisutch stromal
CONOL | g [ 13 | o | 2308 | o | 0708 | 1 | S8 | XM 204522041 | 100 | interaction molecule 1-like (LOC109864423),
transcript variant X1, mRNA
PREDICTED: Oncorhynchus kisutch
COHO.4 ~ 1.98E B 3.00E- | 8.21E | _ 9.44E mitogen-activated protein kinase 14A-like
473 S 72 | 4| Tos | 2| oa | 7P| o9 XM_20482842.1 | 100 (LOC109890804), transcript variant X2,
mRNA
. PREDICTED: Oncorhynchus mykiss beta-
gene8779 | -3 ZngE -3 1'%2E -2 3'_%?5 -1 4'_%3E XM_21624922.1 98 1,3-N-acetylglucosaminyltransferase lunatic
fringe-like (LOC110538231), mMRNA
PREDICTED: Oncorhynchus kisutch inositol
96”952702 -3 1‘_%2'5 -3 1'%%'5' -2 1'_‘52'5 1 1'_ng XM_20455911.1 100 1,4,5-trisphosphate receptor type 2-like
(LOC109866991), MRNA
PREDICTED: Oncorhynchus kisutch TRAF3-
COHO.4 ~ 4.03E ~ 193E- | _ 459E | 1.46E interacting JNK-activating modulator-like
748 30 s | 2] T2 2 oz |2 T2 XM_20483440.1 100 (LOC109891119), transcript variant X2,
MRNA
- PREDICTED: Oncorhynchus kisutch
CQUOB | g | TUE | | A0 | g | 1988 5 | LB M a0a017041 | 100 uncharacterized LOC109897257
9 (LOC109897257), mMRNA
PREDICTED: Oncorhynchus kisutch E3
COSI;ISO.Z -3 1‘_%3E -2 4%25 -2 Zf)gE -1 3'_%2E XM_20470934.1 100 ubiquitin-protein ligase DTX1-like
(LOC109878726), mRNA
PREDICTED: Oncorhynchus kisutch helicase
C%TS'S -3 Zl(l)?;E -3 7'%%5 -1 4'_%;E -3 1'_%?5 XM_20483916.1 100 with zinc finger 2 (helz2), transcript variant
X3, mRNA
PREDICTED: Oncorhynchus kisutch
COHO.2 ~ 1.72E B 2.24E- | 8.46E | 4.45E membrane-spanning 4-domains subfamily A
6179 8 -07 4 23 2 -08 2 -02 KM_20473766.1 100 member 4A-like (LOC109881660), transcript

variant X1, mRNA

133



PREDICTED: Oncorhynchus kisutch collagen

cggsc;.l 3 7'_?);E 2 4'325 2 ZﬁiE 2 gfﬁE XM_20461212.1 | 100 alpha-3(V1) chain-like (LOC109870641),
transcript variant X4, mMRNA
PREDICTED: Oncorhynchus kisutch
CQHO3 | 5 | TZE | 5 | TOE | o | 1298 | 5 | L | xR 22s5077.1 100 uncharacterized LOC109889391
(LOC109889391), ncRNA
PREDICTED: Oncorhynchus kisutch
COHO.9 2.68E 4.85E- 3.79E 6.06E transcription factor Sox-9-B-like
298 S s | 2| o2 | P o4 | B s XM_20493843.1 | 100 (LOC109898744), transcript variant XL,
mMRNA
. PREDICTED: Oncorhynchus kisutch up-
COHOZ | 3 | 28E | 5 | 398 | o | 4855 | 5 | O3 | XM ooara2311 | 100 regulator of cell proliferation-like
(LOC109882137), mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.4 R 1.26E ~ 371E- | 7.87E | 1.27E differentially expressed in FDCP 6 homolog
921 S 1706 | 2] o3 [ o5 |?| o2 XM_20483759.1 | 100 (LOC109891317), transcript variant X3,
mMRNA
PREDICTED: Oncorhynchus kisutch
COMOZ | 3 | 9% | o | 205 | 5 | 44TE 1 5 | 308 | XM 204702481 | 100 |  uncharacterized protein Clorf43 homolog
(LOC109888004), partial MRNA
PREDICTED: Oncorhynchus kisutch
Cg;;;'l -4 4'_‘32[5 -5 5'%315 -3 glﬁE -3 4'_%iE XM_20496534.1 100 scavenger receptor class A member 5-like
(LOC109900746), mRNA
. PREDICTED: Oncorhynchus kisutch prolyl
C%'I';)'l 3 3'_%1'5 4 4'%2'5 2 7'_%2'5 2 1'_%2'5 XM_20509375.1 | 100 3-hydroxylase 3-like (LOC109910242),
mMRNA
COHO.1 R 2.99E R 4.04E- | 556E | _ 3.86E PREDICTED: Oncorhynchus kisutch apelin
8669 S o0 | %] Toa | %] s || 3 XM_20457819.1 | 100 receptor B-like (LOC109868348), mRNA
PREDICTED: Oncorhynchus kisutch
COHO.3 R 1.54E ~ L41E- | T43E | 3.05E tyrosine-protein kinase JAK2-like
352 3 -06 2 02 2 -03 2 -02 XM_20480369.1 100 (LOC109889150), transcript variant X3,
MRNA
PREDICTED: Oncorhynchus kisutch
membrane-associated guanylate kinase, WW
COROL | 3 [ TO0F | 2 | 21F | 2 | OO | 5 | 2598 | X\ 204588501 | 100 | and PDZ domain-containing protein 1-ike
(LOC109869032), transcript variant X3,
MRNA
PREDICTED: Oncorhynchus kisutch growth
COHO.1 R 3.16E B 1.82E- 1.77E 7.25E factor receptor-bound protein 10-like
4274 S0 s |4 o3 |3 o7 | 2| o3 XM_20505246.1 100 (LOC109907342), transcript variant X1,
MRNA
PREDICTED: Oncorhynchus kisutch
COHO8 | 5 | 1268 | , | 182B- | , | 2988 | , | 1828 | yp) 504017591 | 100 | desmoplakin-like (LOC109897206), partial
770 -09 04 -05 -02 MRNA
PREDICTED: Oncorhynchus kisutch
C(l)gég'z -3 2'_(8)22E -3 3'%25 ; 9,_%%5 7 ZL?L‘ZE XM_20466304.1 100 prostaglandin E synthase-like
(LOC109874417), mMRNA
PREDICTED: Oncorhynchus kisutch
C%I:ZO 7 -3 1'_?)2E -3 1'?)%5 -2 4'%3'5 -2 4'_%‘ZE XM_20488934.1 100 enhancer of mMRNA-decapping protein 3-like
(LOC109895320), MRNA
. PREDICTED: Oncorhynchus kisutch protein-
C(139H3?2 3 2'_%88'5 2 6'%3'5 2 5'_%83E 2 6'_%3'5 XM_20465764.1 100 lysine 6-oxidase-like (LOC109874026),
transcript variant X2, mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 9.89E 4.64E- 4.05E 8.77E uncharacterized LOC109864902
6290 | 3| o5 | ¥ o2 | 2| 03 | 2| o3 XM_20452958.1 100 (LOC109864902), transcript variant X2,
MRNA
: PREDICTED: Oncorhynchus kisutch collagen
genesldz | 5 | 3598 | o | 460B- | 5 | LISE |, | LS6E |yt o0462868.1 100 alpha-1(V1) chain-like (LOC109871859),
7 -05 03 -05 -03 MRNA
PREDICTED: Oncorhynchus kisutch
C?;(Z'Z -3 5'_(1)3E -4 1'3)25 -2 4'_%25 -2 1'_372E XM_20464517.1 100 cytotoxic and regulatory T-cell molecule
(crtam), transcript variant X2, mMRNA
PREDICTED: Oncorhynchus kisutch
Ci’;)‘;'l 3 1'_(7)12E 4 7'%)25 3 1'_%)3E 2 2'_%22E XM_20505666.1 100 exostosin-1¢ (LOC109907601), transcript
variant X4, mRNA
PREDICTED: Oncorhynchus kisutch
ge”e22435 -3 2'_%%'5 2 7%%'5' -2 2'_%2'5 -2 3'_32'5 XM_20452539.1 100 dedicator of cytokinesis protein 2-like
(LOC109864674), mMRNA
PREDICTED: Oncorhynchus tshawytscha
gene92953 -3 9'_%2'5 -2 3"(1)72'5' -2 1'_%? -3 2'_3‘;'5 XM_24433060.1 86 zinc finger CCCH domain-containing protein
7B-like (LOC112258593), mRNA
PREDICTED: Oncorhynchus kisutch
genesd0 | 4'_%E -2 1'%‘235 -2 2'_%)§E -2 1'_%13E XM_20461430.1 | 100 unconventional myosin-Ib-like

(LOC109870799), mRNA
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PREDICTED: Oncorhynchus kisutch AMP

CONOS | 3 | PO | o | 30 | o | OB | 5 | LB | XM 204811491 | 100 | deaminase 3-like (LOC109889597), transcript
variant X2, mMRNA
. PREDICTED: Oncorhynchus kisutch protein
COHOL | 5 | L79B | g | 328E- | , | 2338 | , | 398F |\ 50561861 | 100 NLRCS5-like (LOC109867189), transcript
7900 -04 02 -02 -02 .
variant X3, mMRNA
COHO.1 1.68E 1.30E- 1.12E 4.63E PREDICTED: Oncorhynchus kisutch choline
4692 | Y] a3 || oo | % o | 7P| w2 XM_20506058.1 | 100 dehydrogenase (chdh), MRNA
COHO.1 1.80E 2.96E- 1.54E 1.91E PREDICTED: Oncorhynchus kisutch
5386 | ° | 08 | 2| o7 | % o8 | % s XM_20509115.1 100 vimentin (vim), mRNA
PREDICTED: Oncorhynchus mykiss insulin-
gened216 | 1.82E R 3.04E- | _ 554E | _ 6.17E like growth factor-binding protein 2-A
6 2 -05 5 16 4 -13 2 -04 KR _2474308.1 9 (LOC110528844), transcript variant X2, misc
RNA
PREDICTED: Oncorhynchus kisutch
COHO.1 2.33E 8.69E- 4.92E 3.23E mitogen-activated protein kinase 5-like
o246 | 4] o3 | % s |2 s | Y| 2 XM_20496433.1 100 (LOC109900687), transcript variant X3,
MRNA
COHO.2 B 1.23E R 2.80E- | _ 192E | _ 4.84E PREDICTED: Oncorhynchus kisutch plexin-
6532 4 -10 5 08 2 -02 2 -03 KM _20474454.1 100 A4-like (LOC109882352), nMRNA
PREDICTED: Oncorhynchus kisutch
O o | Moo | 4|85 [ 5| 290 | o | M28F | xm_azserer1 100 uncharacterized L OC109896985
(LOC109896985), ncRNA
PREDICTED: Oncorhynchus kisutch
OOt | 4 | B9F | 3 | 008 | 2| 8B 1 5 | 40% | XM a0s0s0s5.1 | 100 uncharacterized LOC109907218
(LOC109907218), mRNA
gene4l7l | 1.01E R 1.15E- | 589 | _ 4.01E PREDICTED: Oncorhynchus kisutch protein
5 Al s %] s |3 ar | P s XM_20475713.1 | 100 | 5 onjilike (LOC109883683), partial MRNA
PREDICTED: Oncorhynchus kisutch RILP-
COHOT |4 | 200E |, | T76E- ) 5 | 134E 1 5 | 2458 | %M 204900381 | 100 | like protein 1 (LOC109895926), transcript
541 -08 07 -13 -02 -
variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch A
disintegrin and metalloproteinase with
C?;(;.l -4 9'_%38E -4 8'%%5 -3 5._31(13E -2 SL%gE XM_20499025.1 100 thrombospondin motifs 10-like
(LOC109902569), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch rho
COHO.2 7.22E 3.66E- 1.06E 2.10E guanine nucleotide exchange factor 15-like
160 | 4| o7 | 2| o2 | 2| o3 | 2| o2 XM_20464447.1 | 100 (LOC109872994), transcript variant X3,
mRNA
PREDICTED: Oncorhynchus kisutch
COMRZ | [ 4555 1 4 | 928 | g | S | 5 | 53 1 xR 22530101 100 uncharacterized LOC109876517
(LOC109876517), ncRNA
PREDICTED: Oncorhynchus kisutch SAM
genel891 - 1.39E B 4.75E- | 1.01E | _ 1.37E and SH3 domain-containing protein 1-like
0 19 -12 4 06 4 -05 3 -02 XM_20501531.1 100 (LOC109904287), transcript variant X2,
mRNA
PREDICTED: Oncorhynchus kisutch zinc
ng'ggl -4 2'_(6)2E -2 3'%%15 -3 7'_?(;E -1 2'_%‘3E XM_20496170.1 100 finger and BTB domain-containing protein
25-like (LOC109900517), mMRNA
PREDICTED: Oncorhynchus kisutch serum
C(;gIS(Z'Z -4 zlgiE -3 5'3625 -2 4'_2?5 -2 2'_%?5 XM_20469393.1 100 paraoxonase/arylesterase 2-like
(LOC109877072), mRNA
PREDICTED: Oncorhynchus kisutch zinc
COHO.L |, | 1688 | 5 | 925B- | , | 1858 | , | 166E | yu1 04608081 | 100 finger protein 503-like (LOC109870327),
9942 -09 05 -03 -04 MRNA
PREDICTED: Oncorhynchus kisutch ATP-
Cgrsg'z -4 3'_%3E -4 1%%5 -1 1'_%?5 -1 ZL%AéE XM_20461684.1 100 dependent 6-phosphofructokinase, liver type-
like (LOC109870961), mMRNA
PREDICTED: Oncorhynchus kisutch coiled-
nglzg'l -4 3'_21‘(1)E -6 1'36275 -3 l'_ng -2 9._%)2E XM_20455960.1 100 coil domain-containing protein 136-like
(LOC109867051), MRNA
PREDICTED: Oncorhynchus tshawytscha
gene3626 | 3.01E ~ 2.54E- | 2.56E | 3.27E tumor necrosis factor receptor superfamily
5 5102 | %) 02 | % 09 | 2| 03 KM_24388602.1 9 member EDAR-like (LOC112225042),
mRNA
COHO.1 4.11E R 1.96E- : 2.08E : 1.99E PREDICTED: Oncorhynchus kisutch plexin-
5920 0 -02 3 03 2 -02 8 -04 XM_20453211.1 100 Ad-like (LOC109865081), partial MRNA
PREDICTED: Oncorhynchus kisutch kinase
COHO.1 1.08E 6.74E- 3.16E 1.65E D-interacting substrate of 220 kDa-like
2337 4 -16 -3 09 -2 -08 -2 -03 XM_20500892.1 100 (LOC109903884), transcript variant X4,
mRNA
PREDICTED: Oncorhynchus kisutch autism
COHO.2 R 5.03E ~ 2.15E- | 291E | _ 2.97E susceptibility gene 2 protein-like
728 5 -08 8 03 2 -07 2 -02 XM_20473805.1 100 (LOC109881677), transcript variant X3,

MRNA
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PREDICTED: Oncorhynchus kisutch protein

cg?sc;.l 5 5._%25 3 2'%725 2 SL?)?‘E 2 2'_%3E XM_20503101.1 | 100 phosphatase 1L-like (LOC109905619),
transcript variant X1, mMRNA
PREDICTED: Oncorhynchus kisutch
COHOL | 5 | TBOE | 5 | 2B ) o | 31 5 | LOE | XM o0a071311 | 100 uncharacterized LOC109901106
(LOC109901106), mMRNA
PREDICTED: Oncorhynchus kisutch autism
C06I210.7 5 2‘_(2)3'5 2 3"(‘)%5 2 ZlgﬁE 2 1'_th XM_20488582.1 100 susceptibility gene 2 protein-like
(LOC109894924), mRNA
PREDICTED: Oncorhynchus kisutch arf-GAP
COHO.1 9.62E 2.93E- 3.47E 2.82E with GTPase, ANK repeat and PH domain-
s083 | P w03 || o2 | ?] w2 || e XM_20506891.1 | 100 | ) aining protein 2-like (LOC109908288),
mRNA
COHO.2 R 1.29 R 2.74E- | 3.28E | _ 3.23E PREDICTED: Oncorhynchus kisutch protein
7195 5 -08 2 06 2 -24 2 -02 KM _20475712.1 100 Jumonji-like (LOC109883682), mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.3 1.02E 2.77E- 2.56E 3.65E interferon-induced protein 44-like
312 S o7 [ % os [ 2] s | P 03 XM_20480306.1 | 100 (LOC109889108), transcript variant X2,
mMRNA
. PREDICTED: Oncorhynchus kisutch myosin-
99”931166 5 1'_71iE 3 3'%§E . 1'_%3E : 4'_%‘3'5 XM_20490958.1 | 100 binding protein C, slow-type-like
(LOC109896661), mMRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 5.57E 5.65E- 6.78E 4.31E uncharacterized LOC109866141
7438 | 8 o6 | ¥ o5 | 2| o5 | 2| 05 XM_20454700.1 | 100 (LOC109866141), transcript variant X7,
mMRNA
PREDICTED: Oncorhynchus kisutch
COMST [ M558 | o | 2008 | 4 | M0 | 2 | M08 | xm 20543021 | 100 probable ATP-dependent RNA helicase
DDX17 (LOC109865835), mRNA
PREDICTED: Oncorhynchus kisutch
gene43sl | g | 204E | o | 345E- | 5 | 213E | 5 | S28E |y 004774351 | 100 | hephaestin-like protein 1 (LOC109885602),
3 -04 05 -06 -03
MRNA
PREDICTED: Oncorhynchus kisutch cell
genef486 -6 2'_90:§E -6 4'%235 3 ZliiE 2 Gng XM_20468727.1 100 migration-inducing and hyaluronan-binding
protein-like (LOC109876289), mMRNA
PREDICTED: Oncorhynchus kisutch villin-1-
COHOL | 5 | 2438 | 5 | 2008 | 5| 1828 | , | 313 |\ 504539571 | 100 | like (LOC109865618), transcript variant X3,
836 -03 07 -05 -02 MRNA
PREDICTED: Oncorhynchus kisutch
COMOZ | 7 | 180 | 3 | 3HE | 5 | 33 | 5 | 49 1 xR 20541141 100 probable ATP-dependent RNA helicase
DDX17 (LOC109883060), misc RNA
PREDICTED: Oncorhynchus kisutch lisH
COHO.9 B 7.79E ~ 539E- | 9.30E | _ 1.49E domain and HEAT repeat-containing protein
325 A0 s [ %] s | 2| s || os XM_20494260.1 | 100 KIAA1468 homolog (LOC109899208),
mRNA
gened048 | 8.99E - 454E- | 147E | 6.78E PREDICTED: Oncorhynchus kisutch plexin-
9 7] 03 | 1| o5 [ 2] o2 | 7P| o4 | XM 204744561 ) 100 Ad-like (LOC109882353), MRNA
genel513 | 9.29E ~ 4.84E- | 163E | _ 6.83E PREDICTED: Oncorhynchus kisutch papilin-
4 A Toa [ %] oo | % os | 3| 09 | XM_204973631 | 100 like (LOC109901324), mRNA
PREDICTED: Oncorhynchus kisutch
COHO.6 2.68E 2.07E- 7.80E 1.80E uncharacterized LOC109894172
422 S s [ o2 [P s || o7 XM _20487442.1 100 (LOC109894172), transcript variant X1,
MRNA
PREDICTED: Oncorhynchus kisutch
COHO.6 - 4.54E - 4.62E- | 354E | 5.82E ectonucleoside triphosphate
740 | 14| 04 [30]| 03 | 2| 06 | 3| o3 | XM204880161 100 | yihsephohydrolase 5-like (LOC109894489),
MRNA
PREDICTED: Oncorhynchus kisutch
COHO.1 -3 111E -3 1978 -4 2,968 -2 1848 XM_20457261.1 100 dimethylglycine dehydrogenase (dmgdh),
8516 -08 08 -22 -03 MRNA
PREDICTED: Oncorhynchus kisutch insulin-
C(G);-IS(Z.Z -2 3‘_%2E -3 1.12%E- -4 SggE -3 5'_%2E XM_20474863.1 100 like growth factor-binding protein 2-A
(LOC109882775), mRNA
PREDICTED: Oncorhynchus kisutch
5.98E 1.48E- 7.40E 1.84E disintegrin and metalloproteinase domain-
gene2534 | -4 | g | 2 o5 || a1 | ¥ o3 XM_20455906.1 1001 ontaining protein 23-like (LOC109866979),

MRNA
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Appendix 22-1. Map of enriched GO terms from HSFO WAF after applying an extremes filter
(minimum 20, maximum 100 annotated genes). See Appendix 20-1 figure legend for more

details.
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Appendix 22-2. Continued map of enriched GO terms from HSFO WAF. See Appendix 20-1

figure legend for more details.
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figure legend for more details.
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Appendix 23. gPCR amplification using cyplal primer sets results in a single
thermodenaturation peak identifying that only a single transcript is primarily amplified using this
primer set. Differential relative fluorescence compared to the heat of denaturation is compared
during heat denaturation cycle. Cyplal specificity is further confirmed through gel banding

patterns after restriction digest of amplicon using Fokl (data not shown).
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Appendix 24. Primer efficiencies with amplification of five-fold to 160-fold diluted liver cDNA.

Ct values are normalized against the geometric mean of rpl8 and rps10 normalizers.
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Appendix 25. Primer efficiencies with amplification of five-fold to 160-fold diluted caudal fin

cDNA. C; values are normalized against the geometric mean of rpl8 and rps10 normalizers.
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