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ABSTRACT
Increasing demand for diluted bitumen (dilbit) has led to the development of the Alberta
oil sands industry and the expansion of current and future transcontinental pipelines. However,
the growth of oil transportation has led to public concern about the effects of potential dilbit
spills to aquatic ecosystems. Because dilbit is an unresolved complex mixture (UCM) with
variable diluent and bitumen composition, its toxic effects are little known. Thus, it is important
to understand the effects of the two most transported dilbits in Canada, Access Western Blend
(AWB) and Cold Lake Blend (CLB). We compared the toxicity of AWB and CLB to yellow
perch (Perca flavescens), a species present throughout North America. Embryos were exposed to
dilbit for 16 days, from <24 hours post-fertilization until hatch. The treatment regime was a static
daily renewal of water accommodated fractions (WAF) and chemically-enhanced water
accommodated fractions (CEWAF) at concentration ranges of 0.02 to 11 µg/L and 0.21 to 20
µg/L total polycyclic aromatic hydrocarbons (TPAH), respectively. Hatched embryos were
assessed for malformations and preserved at -80 °C for analysis of gene expression associated
with phase I and II detoxification, cellular stress, and xenobiotic metabolism. Results show that
with increased TPAH concentration, the frequency of hatched embryos with developmental
malformations increased proportionally. The highest concentration of AWB WAF caused a high
rate of mortality. As well, WAF treatments caused a higher prevalence of malformations than
CEWAF. These preliminary results were unexpected because previous studies demonstrated a
greater toxicity of CEWAF. Relative mRNA of cyp1a showed induction up to 18-fold in WAF
and 50-fold in CEWAF treatments, and AWB had lower EC50s than CLB. This is the first study
assessing the toxicity of both AWB and CLB dilbits on wild-sourced fish. With recent approvals
of pipelines in North America, these biomarkers will assist risk assessments and monitoring of
Canadian ecosystems should a pipeline spill occur.
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1 INTRODUCTION
1.1

Production and transport of diluted bitumen in Canada
Diluted bitumen (dilbit) is a significant commodity for Alberta, Canada, and the

Canadian economy. The Alberta oil sands are the third largest oil source in the world where most
oil is extracted from three main deposits: Peace River, Athabasca, and Cold Lake (Alberta
Energy 2011; CAPP 2014). Oil extracted from the Alberta oil sands is bituminous and is diluted
to produce dilbit. Two Canadian dilbits, Access Western Blend (AWB) from Athabasca and
Cold Lake Blend (CLB) from Cold Lake are the highest volume oil sands products transported in
Canada (GOC 2013). There is an estimated 171 billion barrels of oil reserved in Canada; 166.3
billion barrels are found in Alberta’s oil sands and 4.7 billion barrels are from conventional or
offshore oil sources (NRC 2016). Dilbit is known as unconventional oil because it requires
intensive processing and additives to become a transportable and usable petroleum product.
Dilbit is an unresolved complex mixture (UCM) of raw bitumen and diluents made of oilgas condensates that control viscosity to facilitate transport through pipelines (Crosby et al.
2013). Furthermore, dilbit composition varies seasonally to maintain flow in different
temperatures by altering the ratios of bitumen to diluents (NRC 2013). These qualities make it
difficult to study dilbit, as the chemical composition is variable and only known by producers.
Increasing demand to transport dilbit to European and Asian markets has led to the
expansion of transcontinental pipelines, which would increase production and transport of dilbit
from the Alberta oil sands to ports (CAPP 2014). The expansion of pipeline projects in Canada
has caused debate over proposals such as the Trans Canada Energy East pipeline from Alberta to
New Brunswick, which would transport 1.1 million barrels a day over 4500 km, as well as the
recently approved Kinder Morgan Trans Mountain Pipeline expansion from Alberta to
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Abbotsford, B.C., which will increase capacity to 890 000 barrels a day over 1150 km (Kinder
Morgan 2016; TransCanada 2016). These pipelines have large economic viability, which makes
them a priority for Canadian business development.
However, pipelines in Canada traverse major watersheds, lakes and streams, where an oil
spill could result in serious impact to species, resources, and aquatic ecosystems. With the
expansion of pipelines in Canada to meet international demands, it is critical to understand the
potential impacts a dilbit spill may have on fish species, particularly their sensitive and
developing life stages. Understanding patterns of species sensitivity may allow for progressive
risk assessments and spill-response plans (Posthuma et al. 2002). However, little is known about
the toxicity of dilbit, which is particularly important in freshwater ecosystems where relatively
few studies have been performed. The Royal Society of Canada Expert Panel report on the
Behaviour and Environmental Impacts on Crude Oil Released into Aqueous Environments
identified a number of dilbit research needs, including understanding how different dilbits and
dispersants affect aquatic species (Lee et al. 2015).
1.2

Chemical properties, physical properties, and weathering of diluted bitumen
Oils vary in composition based on the relative concentrations of the four major classes,

including saturates, aromatics, resins and asphaltenes, as well as minor components, such as
organometallic compounds or naphthenic acids (Lee et al. 2015). Polycyclic aromatic
hydrocarbons (PAHs) are found in crude oil, particularly their alkylated congeners (alkyl PAHs)
such as naphthalenes, phenanthrenes, fluorenes, dibenzothiophenes, and chrysenes (Wang et al.
1999). It has been suggested that dilbit has the most variable composition of any transportable oil
due to added diluent fractions, which vary between season and location to reach the
specifications of <300 mPa and specific gravity <0.94 (Fingas 2015). Bitumen is most
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frequently diluted to a ratio of 70:30 bitumen-to-diluent with lighter oil-gas condensates obtained
from natural gas wells, or naphtha (Crosby et al. 2013; Dew et al. 2015). Although total
concentration of alkyl PAHs in heavy fuel oil (HFO) are ten times more concentrated than dilbit,
volatilization may cause dilbit to have high toxicity because the dissolved dilbit fractions can
cross biological membranes (Environment Canada 2006; Dupuis and Ucan-Marin 2015).
The majority of PAHs in raw Alberta oil sands bitumen are alkyl PAHs, where the
concentration of C0– < C1– < C2– < C3 for all alkyl PAHs (Yang et al. 2011). In the event of a
dilbit spill and environmental exposure, the relative compositions of alkyl PAHs may affect
toxicity. Furthermore, CLB has been associated with a high persistence of aromatics and higher
quantities of alkyl PAHs compared to AWB (King et al. 2014). Alberta oil sands processing
reduces C1- to C3-naphthalene homologue concentrations that are common in fresh crude oil,
then increases the abundance of C0- to C3-naphthalene isomers due to added diluents (Yang et al.
2011). Due to the complexity of dilbit, research is necessary to confirm its chemical composition
and create standardized regulations.
The physical characteristics of dilbit are not well known, variable, and highly debated.
Research has suggested that dilbit may sink during weathering; as lighter diluents volatilize upon
exposure, the higher molecular weight components of dilbit may be more persistent, causing
dilbit to return to a high density (Lee et al. 2015). If weathering causes dilbit to reach a density
>1g/cm3, it may precipitate to sediments (Yarranton et al. 2015). The Kalamazoo River dilbit
spill of AWB and Canada Western Select dilbits occurred in July 2010 in Michigan, USA, after a
pipeline burst (Crosby et al. 2013). This oil spill provided many opportunities to assess the
effects of dilbit in aquatic ecosystems. It was reported that 10-20% of the dilbit sank to the
bottom of the river and oil sediment aggregates were found in samples collected from river
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sediments (Lee et al. 2012; US EPA 2013). The physical qualities of dilbit may cause sediment
contamination, negatively affecting fish embryos or spawning sites. However, AWB and CLB
produced from the Alberta oil sands may float in seawater even after evaporation, exposure to
light, and a temperature range of 0-15oC (GOC 2013). In a tank experiment, wave-like
conditions and current were unable to disperse dilbit (GOC 2013). But, when fine sediment was
added into small-seawater vessels with high-energy mixing, dilbit sank or formed floating
tarballs (GOC 2013). This experiment raises questions about the physical behaviour of dilbit in
freshwater environments, particularly in rivers with high turbidity.
When dilbit is exposed to the environment, the lighter weight diluents and volatile oil-gas
condensates begin to weather and volatilize (King et al. 2014). When these lighter and volatile
components evaporate, heavier non-volatile components such as tars and resins may sink (King
et al. 2014). There are many factors involved in determining if dilbit sinks or floats when
interacting with environmental factors, particularly when different oils (e.g., AWB and CLB)
have different compositions. Furthermore, biodegradation of alkyl PAHs increases as rings and
alkylation decrease. Yang et al. (2011) found that 2-ring alkylated naphthalenes were the first to
biodegrade, whereas alkylated 4-ring chrysenes were the slowest to biodegrade. These findings
emphasize that C0 biodegrades the most rapidly of alkyl PAH homologues C0- < C1- < C2- < C3,
affirming that PAH degradation is inversely proportional to homologue rings (Wang et al. 1998;
Yang et al. 2011). The high abundance of alkyl PAHs in dilbit is relevant to determine its
weathering behaviour. In both AWB and CLB, the naphthalene alkyl PAH series formed a bell
curve due to added diluents, which could be altered during diluent evaporation (GOC 2013).
While this study suggested that AWB or CLB dilbit would not sink in marine environments,
similar weathering tank studies in salt-water have displayed opposing results (GOC 2013). King
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et al. (2014) found that AWB droplets were capable of sinking in seawater after six days of
weathering, while CLB continued to float because of a higher alkyl PAH concentration. Based
on the densities achieved from seven days of natural weathering, it is likely that AWB would
sink in freshwater environments, and that raw bitumen would sink in seawater with sediment
interaction (King et al. 2014). During weathering, AWB may take 16 h and CLB may take 24 h
to increase to half the density of non-weathered dilbit (King et al. 2014). These effects are
temporal because CLB has a higher alkyl-PAH concentration than AWB, causing it to degrade
more slowly. Further studies are necessary due to the complicated relationship between dilbit
chemical compositions and weathering, which requires a better understanding to enact spillresponse plans.
1.3

Oil polycyclic aromatic hydrocarbons (PAHs) and embryotoxicity
Studies on conventional oils have determined that PAHs are the most chronically toxic

components of oils (Barron et al. 1999). Developing fish embryos are particularly susceptible to
toxicity through exposure to dissolved PAHs (Carls et al. 2008), which occurs through the
subsurface weathering of dilbit. Although all components of oil are important to determine
weathering behaviour, smaller and more bioavailable compounds are toxic to fishes. Low
molecular weight compounds may cause acute toxicity, or narcosis, in fish (Madison et al. 2017).
Conversely, 3-5 ringed PAHs separate readily from oil droplets during weathering of
conventional oils, increasing bioavailability and embryotoxicity during chronic exposures in fish
(Saravanabhavan 2007; Hodson et al. 2007; Bornstein et al. 2014; Adams et al. 2014a).
Furthermore, PAHs are known to alter the expression of genes that control phase I and II
detoxification and biotransformation (Ramachandran et al. 2004; Fallahtafti et al. 2012; Regoli
and Giuliani 2014).
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PAHs are toxic to fish species; however, only four studies have investigated the effects of

dilbit on fishes so far (Madison et al. 2015; 2017; Philibert et al. 2016; Alderman et al. 2017).
Comparisons of dilbits have found varied concentrations of total PAHs (TPAHs); King et al.
(2014) determined that CLB had more TPAHs than AWB, which may cause higher toxicity to
developing embryos. An exposure of Japanese medaka (Oryzias latipes) to AWB WAF and
CEWAF caused malformations and physiological responses to oxidative stress (Madison et al.
2015). A subsequent exposure of Japanese medaka to AWB WAF and CEWAF found the most
common malformations were yolk sac edema, then craniofacial malformation, and then
pericardial edema (Madison et al. 2017). Alderman et al. (2017) found that exposing juvenile
sockeye salmon (Oncorhynchus nerka) to dilbit caused cardiac remodelling, while the frequency
of pericardial malformations increases with PAH exposure (Philibert et al. 2016). However,
further study is required to determine the effects of different dilbit blends on native Canadian
fish species, particularly those of early life stages in freshwater ecosystems.
1.4

Dispersants

	
  

In the event of an oil spill, mixtures of solvents and surfactants, known as dispersants, are

used to mix oil in water and prevent the formation of oil slicks (Place et al. 2010). Chemical
dispersants reduce surface oil and mitigate risk to surface species such as seabirds or marine
mammals (Lee et al. 2015). However, dispersants may also increase toxicity to aquatic
organisms, which occurs through increased exposure to toxic compounds in oil and to dispersant
components (NRC 2005). Kujawinski et al. (2011) assessed the application of Corexit® 9500A
dispersant to the Deepwater Horizon oil spill and found that the dispersant remained at depth up
to 64 days later and 300 km from the application site, suggesting slow biodegradation and
potential toxicity to aquatic organisms. However, Corexit® 9500A and other dispersants are
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mainly formulated for marine spill use. While the addition of divalent salt has increased the
effectiveness of Corexit® 9500A in freshwater, dispersants remain less effective on heavy oils
such as dilbit (George-Ares et al. 2001). King et al. (2015) found that CLB was more effectively
dispersed with the addition of dispersant and mineral fines, which could control the release of
toxic oil components.
It has been suggested that the use of dispersants increases oil toxicity through increased
PAH exposure (Lee et al. 2015). However, these effects are not driven by a synergistic
interaction between dispersants and oil components (Adams et al. 2014a). Chemically-enhanced
water accommodated fractions (CEWAF) are more toxic than mechanically-dispersed oil, or
water-accommodated fractions (WAF) and modern dispersants alone (Hemmer et al. 2011).
Although dispersants are not intended for freshwater or lower energy systems, they have been
used to study Corexit® EC9500A toxicity, to remove the physical effects of viscosity and
improve oil mixing with water, and to increase dissolved PAHs for experimental purposes when
there is limited material available (Ramachandran et al. 2004; Madison et al. 2015). In Japanese
medaka, Madison et al. (2015) found that CEWAF treated with dispersant was 100 times more
effective at supplying toxic concentrations of PAHs than WAF. Therefore, this treatment will be
used in this study solely for the purpose of increasing PAH exposure given limited quantities of
the characterized test material available.
1.5

Effects of oil exposure on phase I detoxification and xenobiotic metabolic stress
Biomarker assessment is an efficient method to determine the biological mechanisms and

effects of pollutants such as PAHs in aquatic species (Van der Oost et al. 2003). Detoxification
and xenobiotic metabolism involve a variety of enzymes that are important to assess as
biomarkers that indicate PAH toxicity. For example, the induction of phase I detoxification is
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activated by the aryl hydrocarbon receptor (AhR). PAHs reach the cellular membrane and bind
to the AhR, a ligand-activated basic-helix-loop-helix-Per-Arnt-Sim transcription factor, which
regulates gene expression of enzymes that generate water-soluble products such as the oxygenase
cytochrome P450 1A (CYP1A; Nebert et al. 2004). After a ligand binds to AhR, heat shock
protein 90 (HSP90) is released and allows the AhR ligand complex to cross the nuclear
membrane and dimerize with the aryl hydrocarbon receptor nuclear translocator (ARNT; Whyte
et al. 2000). The AhR ligand/Arnt heterodimer then binds to dioxin responsive elements (DREs)
on DNA, causing translation to RNA and transcription to protein products, such as CYP1A
(Goksøyr and Husøy 1998; Ma 2001). The CYP1A family catalyzes oxidative reactions such as
hydroxylation and sulfoxidation, leading to the reduction of xenobiotics to reactive oxygen
species (ROS; Di Giulio et al. 1995; Regoli and Giuliani 2014).
The assessment of CYP1A response to cellular stress has been widely used in toxicology
studies across species and contaminants. Exposure to planar aromatic hydrocarbons, including
polychlorinated biphenyls, dioxins, and PAHs demonstrated by a statistically significant
induction of cyp1a transcripts is indicative of an increased risk of toxicity (Whyte et al. 2000;
Oris and Roberts 2007). In a study using juvenile and larval rainbow trout, exposure to a model
cyp1a inducer β-naphthoflavone indicated that phenanthrene metabolism and toxicity	
  increased,
which supported the use of CYP1A activity as an indicator of PAH toxicity (Hawkins et al.
2002). Furthermore, CEWAF treatments have caused higher inductions of cyp1a transcripts than
WAF treatments in rainbow trout (Oncorhynchus mykiss), due to increased PAH exposure
(Ramachandran 2004). Likewise Madison et al. (2015) found that cyp1a mRNA levels were 15
times higher in WAF and 20 times higher in CEWAF exposed Japanese medaka compared to
controls. A recent study by Alderman et al. (2017) found that CYP1A was upregulated in cardiac
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tissues of sockeye salmon. These studies indicate sublethal responses in gene expression during
WAF and CEWAF exposures.
While CYP1A is commonly used as a toxicological indicator, it may not directly indicate
the embryotoxicity of all oil PAHs. Incardona et al. (2005) suggested that since CYP1A is
primarily induced by the least toxic PAH, chrysene, it plays a protective role and may be less
indicative of the toxicity of oil PAHs. For this reason it is valuable to assess other genes of
interest to develop biomarkers across fish species. Furthermore, CYP1A may not necessarily
correlate to downstream effects, even though it indicates hypoxia stress in fish (Incardona et al.
2005). Other genes involved in phase I metabolic stress may be used as biomarkers. In one study,
ahr and arnt2 mRNA levels increased with dilbit exposure, forming a parallel bimodal trend, but
this response was insufficient in confirming exposure-response patterns (Madison et al. 2015).
Studies on the effects of the AhR agonist β-naphthoflavone and CYP1A inhibitor αnaphthoflavone in zebrafish found that when CYP1A activity increased, AhR agonists were able
to activate AhR for a longer time (Timme-Laragy et al. 2007). This may correlate with an
increase in ahr mRNA levels in fish exposed to oil PAHs once CYP1A is activated. Ultimately,
further investigation is required to determine a range of biomarkers that can confirm toxic
responses to various PAH homologues, which may be useful to compare species response.
1.6

Effects of oil exposure on cellular stress and phase II detoxification
The tumour suppressing protein p53 may be used as a biomarker for exposure mutations

caused by cell cycling in vertebrates (Williams and Hubberstey 2014). The p53 gene can activate
or repress cells when DNA is damaged by ROS or hypoxia stress, and cause cell apoptosis
(Graeber et al. 1996; Lesser et al. 2001). Madison et al. (2015) found that p53 mRNA levels
were unaffected by CEWAF treatments, but increased at the two highest WAF treatments. Other
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genes indicating cellular stress, such as heat shock protein 70 (HSP70) and glucose-6-phosphate
dehydrogenase (G6PDH) also had increased mRNA levels in AWB dilbit WAF treatments
(Madison et al. 2015). The in vivo end products of carcinogenic and mutagenic compounds can
cause reactions with nucleophilic areas in DNA, leading to DNA adduct formation and
carcinogenic response (Beland and Poirier 1989). DNA adduct levels respond when exposed to
oil PAHs in English sole (Parophrys vetulus) and haddock (Melanogrammus aeglefinus; French
et al. 1996; Balk et al. 2011). Hepatic DNA adducts develop when xenobiotic metabolites
covalently bind to DNA and can be used as a biomarker for genotoxicity and carcinogenesis
(Farmer and Shuker 1999; Balk et al. 2011).
Contaminants have significant effects on aquatic animals through oxidative stress,
because aquatic animals are highly susceptible to toxicity by environmental exposure to
dissolved contaminants (Lackner 1998). When animals experience oxidative stress, the cellular
production of ROS generates antioxidant responses that may be used as biomarkers of PAH
exposure. The synthesis of mRNAs occurs when superoxide dismutase (SOD) converts
superoxide (O2-) to hydrogen peroxide (H2O2), catalase (CAT) converts H2O2 to H2O, and
glutathione peroxidase (GPx) and glutathione reductase (GSR) reduces glutathione (GSH)
(Valavanidis et al. 2006). Madison et al. (2015) found that exposure of Japanese medaka to WAF
and CEWAF dilbit increased mRNA levels in gsr and sod. This study determined that mRNA
levels for genes related to phase II detoxification significantly increased in WAF treatments and
subtly increased in CEWAF treatments, with some decreases in mRNA levels in the highest
CEWAF concentrations (Madison et al. 2015). WAF treatments have indicated that PAH
exposure causes ROS to stimulate phase II reactions by reducing the lipophilicity of xenobiotics,
(Regoli and Giuliani 2014; Madison et al. 2015). However, research is required to characterize

	
  

17

the responses of phase II biomarkers in Canadian fish species and to understand the mechanisms
of dilbit toxicity.
1.7

Yellow Perch (Perca flavescens) life history and ecology
Yellow perch (Perca flavescens) are an important game fish found East of the Rocky

Mountains throughout North America. They are found in the littoral zone in shallow, near-shore
waters, and are active year-round. Some of these life history traits may make yellow perch
susceptible to an oil spill and to PAH toxicity. Once a year yellow perch congregate and spawn
in calm and shallow areas of lakes or streams in sand, gravel, or dense vegetation (Krieger et al.
1983; Craig 1987). Hatching success and recruitment are highly dependent on available habitat,
which may be detrimental to yellow perch populations in the event of a dilbit spill and clean-up
procedure (Mangan 2004). Furthermore, their preference for lakes, ponds and slow streams may
be deleterious to yellow perch should oil disperse slowly and prolong their exposure. Yellow
perch eggs hatch from 10 to 20 days post-fertilization, depending on temperature, and the yolk
sac is absorbed in the next five days (Lawler 1954; Trautman 1957; Whiteside et al. 1985). On
average, yellow perch eggs are spawned in a jelly-like mass of 23,000 eggs that adhere to each
other and to the substrate (Scott and Crossman 1973).
Yellow perch play a significant role in community ecology, as they are the prey of
largemouth bass (Micropterus salmoides), walleye (Sander vitreus), and northern pike (Esox
lucius). These species consume a large proportion of available juvenile yellow perch, and
walleye are the main cause of their mortality at age one and two (Nielsen 1980). Through
indirect effects, yellow perch abundance controls the intensity of predation on other forage fish,
and reduces walleye cannibalism (Forney 1974). Yellow perch can even inhabit brackish and
saline waters, which enables them to stay active throughout the winter (Scott and Crossman
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1973; Brown et al. 2009). For this reason, yellow perch may function as a transitional model for
studies on other saline tolerant species that could be at risk in the event of a marine dilbit spill.
Environmental contaminants affect cellular cycling and phase I and II detoxification in
yellow perch. Exposure to copper, a ROS catalyst, caused increased mRNA levels of sod-1 in
wild yellow perch (Prousek 2007; Pierron et al. 2009). Studies of oxidative stress in yellow perch
have shown increased activity of various enzymes including GSR, CAT, and GST; however, the
activities varied across different contamination levels, suggesting that biomarker responses vary
among different tissues (Dautremepuits et al. 2009). Yellow perch from polluted sites have also
shown increased lipid peroxidation, indicating ROS activities and oxidative stress (Marcogliese
et al. 2005). These studies show evidence of oxidative stress with contaminant exposure through
the analysis of biomarkers in yellow perch.
1.8

Research Objectives
The objectives of this study were to compare the toxicity of both AWB and CLB dilbit on

progeny from wild-sourced yellow perch. This study aims to assess changes in gene expression
to determine potential biomarkers of dilbit toxicity. It is hypothesized that CLB will have a
higher toxicity to yellow perch than AWB since CLB has a higher concentration of TPAHs than
AWB. It is predicted that CLB treatments will have lower EC50s, increased malformations, and
greater relative changes in genes involved in oxidative stress compared to AWB treatments.
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Figure 1. Mechanisms of PAH toxicity that will be assessed in this study. The embryo is
exposed and bioavailable PAHs enter the fish through membranes. PAHs bind to the AhR, which
releases HSP90. AhR translocates into the nucleus where it binds with ARNT. When this dimer
binds to xenobiotic response elements (XREs) it causes the transcription of phase I detoxification
enzymes (CYP1A) and phase II oxidation enzymes (GSR and CAT). CYP1A oxygenation of
PAH produces reactive oxygen species (ROS) through redox reactions. ROS reactions also
induce phase II oxidative stress enzymes by lowering the lipophilicity of PAHs. CYP1A
oxygenation of PAH may also generate metabolites that cause DNA damage. However, phase II
enzymes metabolize and limit ROS overproduction, DNA damage, and cellular damage. PAHs
also bind to P53, causing a conformational change that turns P53 into a transcription activator.
P53 is translocated into the nucleus and binds to P53 RE, which causes expression of several
genes involved in cell cycle arrest, apoptosis, and DNA repair; binding of P53 also protects from
accumulation of ROS and thus DNA damage (adapted from Regoli and Giuliani 2014).

	
  

20

2 METHODS AND MATERIALS
This study simultaneously compared the toxicity of CLB and AWB dilbits to yellow
perch, a critical mid-trophic level species in a number of continental watersheds. Embryos were
exposed to AWB and CLB dilbits in WAF and CEWAF treatments using nominal concentrations
of 0.32 to 32% (v/v) and 0.0001 to 1% (v/v), respectively. The comparative toxicity of AWB and
CLB was assessed using mortality, malformations, and biomarkers indicative of xenobiotic
metabolism (ahr), phase I detoxification (cyp1a), and phase II detoxification and cellular stress
(gsr, cat, sod1, p53).
Animals. Wild sourced yellow perch embryos were obtained at one day post fertilization (dpf)
from Kinmount Fish Farm, Kinmount, Kawartha Lakes, ON, Canada and transported at a
constant temperature (15 ± 1 °C) to Queen’s University, Kingston, ON, Canada. The exposure
commenced upon arrival of the embryos on May 6th, 2016. The embryos were kept in dechlorinated water from City of Kingston’s municipal freshwater supply originating from Lake
Ontario, ON, Canada, at 15 ± 1 °C, pH 7.7 ± 0.2, and 7.4 ± 0.2 mg/L O2. All fish were held in
accordance with approved protocols of Queen’s University’s Animal Care Committee and
followed the Guidelines of the Canadian Council on Animal Care (Langlois-2015-1584).
Dilbit Preparation. AWB and CLB dilbits were chosen for this study because they are the
highest volume products transported by pipeline in Canada and they have been chemically
characterized previously (GOC 2013). Un-weathered AWB and CLB winter blend dilbit (from
2013 stocks; see King et al. 2014 for storage conditions) and Corexit® EC9500A oil dispersant
(ECOLAB/NALCO, Illinois, USA) were kindly supplied by Mr. Thomas King, Fisheries and
Oceans Canada (Dartmouth, NS). WAF and CEWAF treatments were made in 250 mL jars
following methods of Madison et al. (2015). Both WAF and CEWAF for AWB and CLB were
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prepared by adding a 1:9 ratio of dilbit to water, and slowly stirring the solution for 18 h, plus 1 h
settling to allow soluble compounds in the oils to equilibrate with the water fraction and liquid
phase oil droplets to float to the surface. Dispersant was added to CEWAF at a ratio of 1:20 parts
oil, which was stirred for another hour and settled (1 h) prior to extraction of the soluble fraction.
Stock solutions of all WAF and CEWAF for AWB and CLB were transferred to fresh vials using
a sterile 60 mL syringe and blunt-tip 23 G needle to prevent transfer of any visible surface oil in
the soluble fraction. The dispersant control was prepared with non-toxic mineral oil (Nujol;
Sigma-Aldrich, St. Louis, MO, USA) instead of dilbit to assess whether Corexit® EC9500A was
causing toxicity to the embryos. The nominal concentrations for WAF and CEWAF were
prepared daily and diluted in clean jars for static daily-renewal. Embryos were handled with
gloves because the embryo strands were gelatinous, and carefully transferred in water to new
jars. Glass jars used for exposure were cleaned each day with methanol to remove any oil, rinsed
with dechlorinated water, and dried for the subsequent day.
Experimental design and sampling. Toxicity was tested according to the methods of Madison
et al. (2015). Each treatment consisted of duplicate 250 mL jars of 60 embryos per treatment
(n=120 per treatment) exposed < 24 hpf to hatch. Jars were gently agitated on a New Brunswick
Scientific Innova 2000 platform shaker (Eppendorf, Germany) at 60 rpm to maintain water
movement and to facilitate oxygen exchange at the surface of open-topped exposure jars. The
treatments included three controls - a water control, a dispersant control (1% v/v of Nujol
mineral oil dispersed with Corexit® EC9500A) and a Nujol mineral oil control (32% v/v). There
were five dilutions of WAF (0.32, 1, 3.2, 10, 32% v/v) and CEWAF (0.0001, 0.001 0.01, 0.1, 1%
v/v) made from AWB and CLB stock dilbits in wide logarithmic ranges to determine sensitivity.
Hatched eleuthero-embryos were sampled at the same time each day within the 7-16 dpf period.

	
  

22

Embryos were immediately placed in buffered ~100 µL tricaine methanesulfonate (MS-222;
1g/L) on glass slides to reduce embryo movement under the microscope. Embryos were
photographed and scored for five malformations - pericardial edema (PE), tube heart (TH), yolk
sac edema (YSE), craniofacial malformation (CF), and spinal malformation (S). Malformations
were assessed each day during sampling as well as in a post-experimental double-blind analysis.
Malformations were assessed using a Leica DMBL microscope (Leica, Germany).
Water Analysis. Daily water samples were taken from all treatments to determine total
petroleum hydrocarbons measured by spectrofluorometry (TPH-F) and to assess daily variation
in the dilution series for WAF and CEWAF exposures according to the method validated by
Madison et al. (2015) and Adams et al. (2014a). Standard curves for AWB and CLB parent oils
were determined from the fluorescence peak excitation-emission area. TPH-F content was
compared to nominal loadings (% v/v) of each dilbit WAF and CEWAF and to TPAH to
estimate the TPAH concentration (µg/L) in WAF and CEWAF treatments of AWB and CLB.
The three highest WAF and CEWAF exposures were analyzed for PAH concentrations by gas
chromatography-mass spectrometry (GC-MS); the remaining treatments were not analyzed
because the limits of detection were not low enough. Two-500 mL samples were independently
prepared by the same method for AWB and CLB WAF (3.2, 10, 32% v/v) and CEWAF (0.01,
0.1, 1% v/v) dilutions and assessed by AGAT protocols for TPAH concentrations (AGAT
Laboratories, Montreal, Quebec, Canada). Daily water samples were compared to determine the
relationship between TPAH content with nominal dilutions and the TPH-F concentration.
qPCR Analysis. Total RNA was extracted using TrIzol® Reagent (Ambion™ RNA by Life
Technologies, Carlsbad, CA, USA). Fish were pooled before RNA extraction in groups of five to
obtain enough mRNA for qPCR, with malformed and normal fish pooled separately. The
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samples were kept on ice throughout the RNA isolation protocol. Isolated RNA was resuspended in 20 µL RNase free water and concentrations were measured using a NanoDrop2000 spectrophotometer (Thermo-Fisher, Ottawa, ON, Canada), which was used as a template to
synthesize complementary DNA (cDNA) with a QuantiTect Reverse Transcription Kit
(QIAGEN, Ottawa, ON, CA). Primers and nuclease-free water were added to 1 µg RNA
according the manufacturer’s protocol, incubated for 2 min at 42 °C, and placed on ice. Master
mix containing RNase free water, gDNA Wipeout Buffer (Quantiscript), reverse transcriptase,
Quantiscript RT buffer, RT primer mix, and nuclease free water was added according to the
manufacturer’s protocol. Samples were placed in the thermocycler for 15 min at 42 °C and
inactivated at 95 °C for 3 min. A total 168 of 0.5 µg of cDNA was made for qPCR. The cDNA
products were diluted 80-fold prior to PCR amplification based on optimization runs for the
genes of interest (cyp1a, ahr, gsr, cat, sod, p53). Samples were run in triplicate, including
samples without reverse-transcriptase, no-template controls, and positive water controls.
Data Analysis. Median effective concentrations (EC50) were calculated using Sigmoidal, 4PL,
X is log (concentration) analysis, which is a four parameter logistic regression (GraphPad Prism
6, GraphPad Software Inc., San Diego, CA, USA). Gene expression was shown by mean ± SEM
that was normalized to the mean of the two housekeeping genes, ef1a and rpl8. The x-axis
describes the logarithmic mean concentration of total polycyclic aromatic hydrocarbons (TPAH)
present in each treatment. WAF treatments were compared to the water control, and CEWAF
treatments were compared to the dispersant control using one-way analysis of variance
(ANOVA) and Holm-Sidak post hoc analysis (p < 0.05).

Table 1. Genes of interest and their associated biological function, accession number, primer
efficiency (%), primer sequences, and amplicon length (bp).
	
  
Associate
Biological
function

Gene of
Interest

Primer
efficiency
(%)

Forward Primer (5’-3’)

Reverse Primer (5’-3’)

Amplicon
Length
(bp)

Reference

Housekeeping
gene

ef1a*

91.7

CGAGAAGGAAGCCCAAGAGA

GCCTCAAACTCACCAACACC

249

Martin et al.
2016

Housekeeping
gene

rpl8*

91.9

GAGCATCCCTTCGGTGGT

GGCGTCCCTCCTGATTGT

66

Martin et al.
2016

Xenobiotic
metabolism

ahr

91.9

CCAGACCAAACACAAGCTGGAC

TCGGCGGCGTGGATGAACTG

126

This study

Phase II

cat

90.6

CCTGTGGGCAAAATGGT

TGACGATGTGTGTCTGGGTAG

161

Martin et al.
2016

Phase I

cyp1a

92.1

CTACTTCACCCCAAAGACACC

CATCACCTTCTCTCCCTCTACC

154

Martin et al.
2016

Phase II

gsr

93.2

CTGGTGTGGATGTGTGGAAG

CGAACTTCTCCTCGTCGTTC

117

Martin et al.
2016

Phase II

sod1

93.4

GCATGTAGGAGACTTGGGCAAT

CCGTGATTTCTATCTTGGCAACA

64

Martin et al.
2016

Cell cycling/
mutation
response

p53

91.7

GCAGACCCATCCTCACCATC

CCAGGACAGGCACATACACG

93

This study

Elongation factor 1-alpha* (ef1a); ribosomal protein L8* (rpl8); aryl hydrocarbon
receptor (ahr); catalase (cat); cytochrome P4501A (cyp1a); glutathione reductase
(gsr); superoxide dismutase 1, soluble (sod1); tumour protein p53 (p53).
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3 RESULTS
3.1 Survivorship
Hatching success was more than 85 % for all treatments except for the highest AWB
WAF and CLB WAF treatments (Table 2). In the highest AWB WAF, only 2.8 % of fish
successfully hatched at 5.3 µg/L TPAH, while in CLB WAF, 70 % successfully hatched at 11
µg/L TPAH. Hatching was 100 % in two treatments: the second highest CLB WAF with 3.3 %
µg/L TPAH, and the highest AWB CEWAF with 1.4 µg/L TPAH. Hatching success in the water
control and dispersant control was 96 % and 95 %, respectively. The % hatch of embryos was
little different from the controls in CEWAF treatments, but lower than controls in the highest
WAF treatments, where only 3 fish survived in the highest AWB WAF.
3.2 Malformations
Embryo development was affected by dilbit exposure, which was evident in
malformations at the highest AWB and CLB concentrations of WAF and CEWAF (Table 2). The
highest concentrations of WAF caused the most malformations, with 100 % and 98 % affected,
respectively. Yellow perch embryos exposed to the highest treatment of AWB CEWAF were 43
% affected, and 63 % affected after exposure to CLB CEWAF. Pericardial edema was
consistently the most common malformation in affected fish, which was present in 90 % of water
control, 75 % of dispersant control, 97 % of AWB and CLB WAF, 89 % of AWB CEWAF, and
92 % of CLB CEWAF exposed embryos (Table 3). Tube heart was the next most prevalent
malformation in affected fish, present in 30 % of water control, 25 % of dispersant control, 47 %
of AWB WAF, 83 % CLB WAF, 27 % AWB CEWAF, and 25 % of CLB CEWAF exposed
embryos. The estimated EC50 for the prevalence of malformations was 2.8 and 6.4 µg/L TPAH
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for AWB and CLB WAF, respectively. In CEWAF treatments, the estimated EC50s were 18
µg/L TPAH for CLB CEWAF, and > 1.4 µg/L TPAH for AWB CEWAF.
3.3 AWB and CLB oxidative stress
	
  

After the AWB and CLB dilbit exposure, biomarkers of phase I and II detoxification and

oxidative stress were assessed (Table 4). Sigmoidal exposure responses were observed for cyp1a
in fish exposed to WAF (CLB R2=0.93; AWB R2= 0.88; p < 0.0001; n= 6-8; Figure 3 a) and
CEWAF (CLB R2=0.99; AWB R2= 0.65; p < 0.0001; n= 6-8; Figure 3 b). AWB and CLB
exposure induced cyp1a mRNA levels by up to 18-fold in WAF and 50-fold in CEWAF
treatments, compared to controls. No trends were seen for cat, gsr, or ahr in WAF treatments
(Figure 3 c, e, g). However, fish exposed to AWB CEWAF displayed exposure-response trends
with a [Agonist] vs. response- Variable slope (four parameters) regression, and exhibited
significant 5, 35, and 3-fold increases in cat, gsr, and ahr, respectively (R2= 0.80; R2=0.66;
R2=0.24; p < 0.0001; Figure 3 d, f, h). No regression trends were evident for sod or p53,
although CLB WAF at 0.25 µg/L TPAH was significantly different for sod and p53, and AWB
WAF at 0.55 µg/L TPAH was significantly different for p53 (p < 0.0001; Figure 4 a, b).
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Table 2. % Hatch Success and % Affected for yellow perch embryos after 16 days exposure to
water control and dispersant control treatments, and to increasing concentrations of AWB WAF
(0.080-5.3 µg/L TPAH) and CEWAF (0.21-1.4 µg/L TPAH); and of CLB WAF (0.020-11 µg/L
TPAH) and CEWAF (1.3-20 µg/L TPAH) dilbits.
Exposure

Water Control
Dispersant Control
AWB WAF

CLB WAF

AWB CEWAF

CLB CEWAF

Nominal
Loading (%
v/v)

TPAH (µg/L)

% Hatch
Success

% Affected
(Minimum one
malformation)

0.1
0.1
0.32
1
3.2
10
32
0.32
1
3.2
10
32
0.0001
0.001
0.01
0.1
1
0.0001
0.001
0.01
0.1
1

1
1
0.080
0.19
0.55
1.7
5.3
0.020
0.25
0.99
3.3
11
0.21
0.21
0.22
0.33
1.4
1.3
1.4
1.5
3.2
20

96
95
95
99
93
95
2.8
90
98
98
100
70
93
87
96
85
100
92
90
89
84
90

4.3
6.1
2.2
2.2
5.9
11
100
5.4
2.6
5.9
4.0
98
4.4
4.2
6.7
6.9
43
3.5
7.7
4.5
7.0
63
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Table 3. A frequency index (%) of individual developmental malformations of total malformed
yellow perch at hatch following exposure to Cold Lake Blend (CLB) and Access Western Blend
(AWB) diluted bitumen (dilbit) water accommodated fractions (WAF) and chemically-enhanced
WAF (CEWAF) treatment for up to 16 days.
Water Control +
Dispersant
Control
Malformation (%):

Craniofacial
Spinal/Tail
Yolk sac edema
Pericardial
edema
Tube heart
Total malformed:
Total (n)

Treatment:
Water
control
20

Dispersant Control (1% v/v of Nujol mineral oil

20

13

60

25

90

75

30
10
261

25
8
112

Craniofacial
Spinal/Tail
Yolk sac edema
Pericardial
edema
Tube heart
Total malformed:
Total (n)

-

Nominal Concentration (% v/v):

AWB WAF
Malformation (%):

dispersed with Corexit® EC9500A)

Proportion
of Total (%)

0.32

1

3.2

10

32

-

-

29

25

100

30

-

-

57

19

100

33

-

50

29

25

100

33

100

50

100

100

100

97

50
2
90

2
91

43
7
118

44
16
143

100
3
3

47
30
445

40

67

43

40

77

71

-

33

29

40

54

48

20

33

29

40

91

79

80

67

100

100

99

97

5
92

33
3
115

43
7
118

60
5
124

95
79
81

83
99
530

CLB WAF
Malformation (%):

Craniofacial
Spinal/Tail
Yolk sac edema
Pericardial
edema
Tube heart
Total malformed:
Total (n)
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AWB CEWAF
Malformation (%):

Craniofacial
Spinal/Tail
Yolk sac edema
Pericardial
edema
Tube heart
Total malformed:
Total (n)

Nominal Concentration (% v/v):
0.0001

0.001

0.01

0.1

1

50

25

13

33

6

13

-

25

25

33

4

10

75

75

25

17

15

23

75

75

38

100

98

89

50
4
90

50
4
96

8
120

67
6
87

23
48
112

27
70
505

50

25

20

17

4

9

-

25

-

-

1

3

-

63

20

17

8

16

75

63

20

100

100

92

4
116

38
8
104

5
111

67
6
86

23
71
113

25
94
530

CLB CEWAF
Malformation (%):

Craniofacial
Spinal/Tail
Yolk sac edema
Pericardial
edema
Tube heart
Total malformed:
Total (n)

	
  

Figure 2. % Affected embryos with at least one malformation and the TPAH (µg/L) measured
by GC-MS. A) Sigmoidal, 4PL, X is log (concentration). CLB R2=0.99; AWB R2=1.00 B)
Sigmoidal, 4PL, X is log (concentration). CLB R2=1.00; AWB R2=1.00.

30
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Figure 3. mRNA levels of cyp1a, cat, gsr, and ahr normalized to the mean of the housekeeping
genes (ef1a and rpL8) compared to the concentrations of TPAH (µg/L). A) Sigmoidal, 4PL, X is
log (concentration). CLB R2 = 0.93; AWB R2 = 0.88; p < 0.001; n = 6-8. B) Sigmoidal, 4PL, X is
log (concentration). CLB R2 = 0.99; AWB R2 = 0.65; p < 0.0001; n = 6-8. C) n = 6-8 D)
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[Agonist] vs. response- Variable slope (four parameters). AWB R2 = 0.80; p < 0.0001; n = 6-8.
E) n = 7-8. F) [Agonist] vs. response- Variable slope (four parameters). AWB R2 = 0.66; p <
0.0001; n = 6-8. G) n = 7-8. H) [Agonist] vs. response- Variable slope (four parameters). AWB
R2 = 0.24; p <0.01; n = 7-8. (*) means WAF is significantly different from water control; (†)
means CEWAF is significantly different from dispersant control, where p < 0.05.

Figure 4. mRNA levels of sod and p53 normalized to the mean of the housekeeping genes (ef1a
and rpL8) compared to the concentrations of TPAH (µg/L). A) No regression. p < 0.001; n = 7-8
B) No regression. n = 7-8. C) No regression. AWB p < 0.0001, CLB p < 0.05; n = 7-8. D) No
regression. p <0.05N = 7-8. (*) means WAF is significantly different from water control; (†)
means CEWAF is significantly different from dispersant control, where p < 0.05.

	
  

33

Table 4. A summary of the significant changes in gene expression of yellow perch embryos after
16 days exposure to WAF and CEWAF of AWB and CLB dilbit. Relative levels of mRNA were
normalized to the mean of the housekeeping genes, ef1a and rpl8, and relative to respective
control treatments. Significant differences between WAF (AWB, CLB) and water control, and
between CEWAF (AWB, CLB) and dispersant control are noted as indicated by 1-way ANOVA
and Holm-Sidak’s post hoc analysis (p < 0.05).
Associate
Biological
function

Gene of
Interest

Significant Change
in gene expression
in CLB

Xenobiotic
metabolism

ahr

CEWAF

Phase II

cat

CEWAF

Phase I

cyp1a

Phase II

gsr

Phase II

sod1

WAF

Cell
cycling/mutation
response

p53

WAF

WAF; CEWAF

Significant Change
in gene expression
in AWB

WAF; CEWAF
CEWAF

WAF
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Table 5. Regressions of responses on dilbit exposure concentrations of % affected and gene
expression data in mean relative mRNA levels to Access Western Blend (AWB) and Cold Lake
Blend (CLB) WAF and CEWAF dilbits over a 16-day exposure to yellow perch embryos. The
regressions include Sigmoidal, 4PL, X is log (concentration) where
!"#!!"##"$

𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚   + !!!"(!"#$%!"!!)  !!"##$#%&' and [Agonist] vs. response- Variable slope (four
!"#!!"##"$

parameters) where 𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚   +    𝑋!"##$#%&' ∗ (! !"##$#%&' !!"!"!"##$#%&' ).  
Figure/
variable/
treatments
2/%
Affected/WAF
2/%
Affected/CEWAF
3b/cyp1a/WAF

3b/cyp1a/
CEWAF

3c/cat/WAF

Regression type Parameter

Sigmoidal,
Upper
4PL, X is log
Lower
(concentration) r2
EC50
Sigmoidal,
Upper
4PL, X is log
Lower
(concentration) r2
EC50
Sigmoidal,
95 % CI Top
4PL, X is log
95 % CI Bottom
(concentration) r2
p-value
HillSlope
Sigmoidal,
95 % CI Top
4PL, X is log
95 % CI Bottom
(concentration) r2
p-value
HillSlope
No regression

3d/cat/CEWAF

[Agonist] vs.
responseVariable slope
(four
parameters).

3e/gsr/WAF

No regression

95 % CI Top
95 % CI Bottom
r2
p-value
HillSlope

Exposure
AWB
1.00
0
1.00
2.83
1.00
0
1.00
16.87-19.88
-7.34- 8.966
0.93
<0.01
0.2599
35.67-55.87
-169.3-151.8
0.65
<0.0001
8.015
4.539-5.684
0.1385-2.04
0.82
<0.0001
~15.9

CLB
1.00
0
0.99
6.42
1.00
0
1.00
17.5
(very wide)
(very wide)
0.88
<0.001
~0.2782
47.35-56.27
-27.1-27.34
0.92
<0.0001
0.7393
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3f/gsr/CEWAF

[Agonist] vs.
responseVariable slope
(four
parameters).

95 % CI Top
95 % CI Bottom
r2
p-value
HillSlope

-58.01- 60.41
(very wide)
0.66
<0.0001
~4.948

3g/ahr/WAF

No regression

3h/ahr/CEWAF

[Agonist] vs.
responseVariable slope
(four
parameters).

95 % CI Top
95 % CI Bottom
r2
p-value
HillSlope

(very wide)
(very wide)
0.24
<0.01
~1.331

4a/sod/WAF

No regression

p-value

4b/sod/CEWAF

No regression

4c/p53/WAF

No regression

4d/p53/CEWAF

No regression

p-value

<0.001

<0.0001

<0.05
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4 DISCUSSION
This study exposed two Canadian dilbits to developing yellow perch to compare hatching
success, malformations, and relative changes in gene expression. This is the first experiment to
simultaneously compare two dilbits on a wild-sourced fish. There were 2.8 % and 70 %
successful hatches at the highest AWB WAF and CLB WAF treatments, respectively. However,
TPAH content was higher in CLB WAF, measured at 11 µg/L, than AWB WAF, measured at 5.3
µg/L. These results differ from previous studies of Japanese medaka by Madison et al. (2015;
2017) where toxicity was observed at lower concentrations of CLB than AWB. However,
variability in the state of weathering can lead to increased mortality, as GOC (2013) found that
the rate of evaporation for AWB was higher than for CLB. This study assesses the biomarkers
that may be differentially affected by varied components in these two dilbits.
Malformations were present in AWB and CLB treatments. EC50s were estimated at 2.8
and 6.4 µg/L TPAH for AWB and CLB WAF, respectively. Thus, AWB WAF caused higher
toxicity than CLB WAF at lower TPAH concentrations. However, in CEWAF treatments, the
CLB EC50 was estimated at 18 µg/L TPAH, and less than 50 % of fish responded to AWB, so
that the EC50 was greater than the highest concentration tested (1.4 µg/L TPAH). Previous
studies have found that at equal measured TPAH (µg/L) concentrations of WAF and CEWAF,
CEWAF treatments increase fish exposure to petroleum hydrocarbons, causing an apparent
increase in toxicity (Adams et al. 2014b). However in this study, hatching success was lower and
malformations were higher in WAF treatments at equivalent concentrations of TPAH.
In this study, AWB WAF exposures caused the lowest frequency of affected fish (one or
more malformations), which may have occurred due to high mortality. Unlike previous studies
with Japanese medaka, non-inflated swim bladders were not present as a malformation in yellow
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perch because swim bladder inflations take place within 1 week of hatching (Madison et al.
2015; 2017). Across all treatments, pericardial edema was the most frequently observed
malformation that was present in at least 89 % of affected fish in each treatment, and 90 % of
affected fish in the water control (Table 3). Tube heart was the next most frequent malformation,
at a minimum of 25 % of affected fish in every treatment. The prevalence of these malformations
may be related, as there is a known relationship between cardiac dilation and subsequent
stretching of the cardiac chambers with PAH exposure (Incardona et al. 2004). While Madison et
al. (2017) associated cardiac abnormalities to CEWAF treatments, this experiment found
contrasting effects. Both AWB and CLB WAF treatments caused a higher prevalence of cardiac
effects than CEWAF. These results align with a higher proportion of affected fish in WAF
treatments than in CEWAF.
It is well established that cardiac function is impeded by PAH exposure (Incardona et al.
2009; Incardona et al. 2015). Pericardial edema and tube heart cardiovascular malformations are
caused by PAH exposure, which affects circulation and oxygen delivery (Alderman et al. 2017).
Furthermore, exposure to Deepwater Horizon oil has caused atrial arrhythmias in pelagic fish
species, although this oil is composed of a higher proportion of tricyclic PAHs and lower
proportion of acutely lethal naphthalenes than dilbit (Incardona et al. 2014). Likewise, exposure
to Deepwater Horizon crude oil decreased calcium current and calcium cycling, which
interrupted excitation-contraction coupling in cardiac myocytes (Brette et al. 2014). These
effects may continue into later life stages after chronic embryonic oil exposure by exhibiting
changes in heart shape and reducing swimming performance (Hicken et al. 2011; Alderman et al.
2017). Thus, oil-exposed embryos that do not exhibit cardiac malformations may be affected
later in life, causing overall population changes.
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Yellow perch exposed to both dilbits exhibited molecular responses to both WAF and

CEWAF treatments, particularly for cyp1a. The CYP family includes a number of heme proteins
that are involved in the metabolism of drugs, environmental contaminants, steroids,
prostaglandins, and fatty acids (Guengerich and Shimada 1991). Expression of cyp1a is a widely
used biomarker for a variety of contaminants that has shown robust responses to PAH exposure
of fish (Ramachandran et al. 2004; Madison et al. 2015, 2017; Alderman et al. 2017). Because
increases in cyp1a relative mRNA expression indicate petrogenic PAH accumulation, cyp1a
functions as an ideal biomarker for oil exposure separate from environmental factors that affect
PAH bioavailability (Madison et al. 2017). In this study, cyp1a mRNA levels were significantly
increased in the highest WAF and CEWAF treatments. It is noteworthy that cyp1a was induced
at lower TPAH concentrations in AWB than CLB. These results parallel the traditional toxicity
results exhibited through hatching success and malformations in this study. However, while
lower EC50s and proportions of cardiac malformations were seen in CEWAF treatments, cyp1a
inductions were higher than WAF treatments. Cyp1a mRNA levels were induced by up to 18fold in WAF treatments and up to 50-fold in CEWAF treatments. Maximal activity of CYP1A
occurs after maximal expression of cyp1a mRNA in fish embryos (Lee et al. 2014). Thus,
Madison et al. (2017) suggested that cyp1a mRNA is a more predictive biomarker of PAH
toxicity than enzyme activity. Furthermore, cyp1a mRNA may be a precursor to dilbit toxicity
before the responses are exhibited by malformations in CEWAF treatments. Transcripts of cyp1a
mRNA are sensitive, and the maximum response is evident earlier than enzyme activity (Lee et
al. 2014). While cyp1a and malformations responses of Japanese medaka have increased
monotonically with oil exposure (Madison et al. 2017), this study found a higher % affected and
a smaller fold change	
  for cyp1a mRNA in WAF treatments than CEWAF. Thus, larger cyp1a
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mRNA changes but fewer malformations were seen in yellow perch CEWAF treatments	
  than
WAF treatments, while AWB caused malformations and cyp1a induction at lower TPAH
concentrations than CLB. In contrast, cardiotoxicity may be mediated by AhR2, a divergent and
abundant AhR protein, and may be independent of CYP1A during exposure to retene, a 3-ringed
alkyl PAH (Hahn 2002; Scott et al. 2011). Therefore, cardiac malformations in WAF treatments
may be caused by different alkyl PAHs than cyp1a inducers in CEWAF treatments.
The expression of phase II or xenobiotic genes in dilbit-exposed yellow perch embryos
was not comparable to relative changes for cyp1a mRNA. However, significant changes were
observed for relative gsr mRNA induced up to 35-fold, but this trend was only seen in the
highest AWB CEWAF treatment. There are a number of studies on developing fish that have
found changes in gsr mRNA following PAH exposure (Goodale et al. 2015; Madison et al. 2015;
Madison et al. 2017). However, few changes in gsr were statistically significant. One study on
rainbow trout found that exposure to PCBs caused an increase in phase II enzyme and GSR
activity (Förlin et al. 1996). Increased enzyme activity of GSR can occur during oxidative stress
in littoral fish exposed to a number of environmental contaminants, such PCBs, metals, and
PAHs; it was suggested that antioxidant activities acted as a protection mechanism during
chronic oxidative stress (Rodriguez-Ariza et al. 1993). As the GSR enzyme replenishes GST
levels and assists in the cellular production of ROS, it may also indicate the presence of higher
concentrations of peroxidative elements (Stephensen et al. 2000). Thus, it may be valuable to
assess propagation of lipid peroxidation in future studies.
Other phase II genes assessed in this study, such as cat and sod, exhibited responses to
dilbit exposure. Relative mRNA levels in cat were upregulated similarly to gsr in the highest
AWB CEWAF treatment, but only by 5-fold. Furthermore, sod transcripts were significantly
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increased when exposed to 0.25 µg/L TPAH of CLB WAF, and then decreased. As with
upregulation of gsr, these significant changes suggest the production of ROS in yellow perch
embryos through the conversion of superoxide (O2-) to hydrogen peroxide (H2O2) by SOD, and
then from H2O2 to H2O by CAT (Valavanidis et al. 2006). Madison et al. (2015) found
significant increases for sod mRNA in Japanese medaka embryos exposed to AWB WAF and
decreases in AWB CEWAF, although the treatment effect was not significant. Similarly, sod
mRNA was significantly upregulated in AWB WAF treatments in this exposure. Fish acutely
exposed to metal contaminants have displayed decreases in sod mRNA levels, indicating ROSinduced peroxidation (Zikić et al. 2001). These changes could be occurring in yellow perch
embryos due to ROS production caused by exposure to dilbit. However, the induction of sod
mRNA in this study is small in comparison to other genes of interest and remains inconclusive.
Ahr expression was significantly increased at the highest AWB CEWAF treatment,
similarly to gsr and cat. This trend was in contrast to studies on Japanese medaka where larger
changes in gene expression were seen in AWB compared to CLB chronic exposure, which may
be due to its higher concentration of PAHs (King et al. 2014; Madison et al. 2015). However,
gene expression results align with EC50s determined in this study. The weathering state of AWB
dilbit in comparison to CLB dilbit may cause different effects in yellow perch than Japanese
medaka because of varied life history traits, as well as embryo size (surface area of membrane to
volume ratio) or rearing temperature (15 °C for yellow perch compared to 27 °C in Japanese
medaka). Unlike previous exposures, a significant relationship was determined between dilbit
exposure to yellow perch and ahr upregulation (Madison et al. 2015; Madison et al. 2017). The
AhR response may parallel CYP1A responses during oil PAH exposure to Gulf killifish
(Fundulus grandis; Whitehead et al. 2012). Post-translational phosphorylation of CYPs can

	
  

41

affect CYP activity and affect nuclear localization of the AhR (Oesch-Bartlomowicz and Oesch
2005). However, this correlation was not evident in this study, emphasizing that PAHs are a
classical ligand inducer of AhR translocation that may interfere with cAMP activation, which
activates	
  protein kinase A (Oesch-Bartlomowicz and Oesch 2005). Likewise, Incardona (2005)
found that cardiotoxicity during exposure to weathered oil is caused by low-molecular weight
PAHs and is AhR independent. AWB also contains a higher proportion of low-molecular weight
compounds, including saturates and aromatics, than CLB (King et al. 2014). Therefore, these
low-molecular weight compounds may be causing increased sublethal responses by other
mechanisms than AhR binding.
Exposure mutations caused by cell cycling may be understood through the assessment of
p53 (Williams and Hubberstey 2014). In this study, p53 relative mRNA was significantly
increased with exposure to 0.25 µg/L TPAH of CLB WAF and 0.55 µg/L TPAH of AWB WAF
treatments. When cells are exposed to ROS or hypoxia stress that damages DNA, p53 acts to
promote cell survival or death (Graeber et al. 1996). These damaged cells may become
permanently arrested for repair before the cell division phase (Evan and Littlewood 1998).
Furthermore, Lesser et al. (2001) suggests that embryo development may be extended through
DNA damage and cell cycle delays, causing smaller embryo size at hatch. However, these effects
remain unclear in treatments where p53 was elevated and cannot be verified by direct
correlations to developmental delays.
Some results of this study are unexpected, particularly because AWB treatments
exhibited toxicity at lower TPAH concentrations than CLB, and WAF was more toxic than
CEWAF. These results may suggest that toxicity mechanisms are non-AhR dependent because
malformations and gene expression did not align. Yellow perch embryos differ from species
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used in previous toxicity tests (Madison et al. 2015; 2017); their eggs are connected in a
gelatinous, strand-like mass that is laid in ribbons. Yellow perch are the only known North
American fish to produce a protective jelly coat, which may allow them to avoid intensive
predation (Almeida et al. 2017). At lower volumes of dilbit, this jelly coat may protect yellow
perch embryos from PAH absorption and reduce the bioavailability of these compounds.
Furthermore, yellow perch could have low sensitivity to gene activation and the kinetics of
uptake and distribution of PAH among tissues. Thus, yellow perch embryos could be among the
most resilient North American fish species to dilbit exposure. This study could provide a
baseline for oil-resistant freshwater fish species and emphasizes the necessity for further
comparative studies of indigenous fish.
This study provides the first simultaneous assessment of the toxicity of two Canadian
dilbits to a native Canadian fish species. With the recent approvals of pipeline projects
throughout North America, it is critical that the effects of dilbit on resident fish species are
understood. In this study, AWB caused higher toxicity compared to CLB, which contrasts
previous studies on Japanese medaka (Madison et al. 2015; 2017). Thus, the effects of species
differences require further investigation to determine the toxicity of various dilbits blends.
Furthermore, genetic changes were larger and malformations were lower in CEWAF treatments
than WAF treatments, which may suggest different mechanisms of cardiotoxicity and cyp1a
induction. The molecular responses found in this study emphasize the importance of comparative
studies to determine the toxicity of dilbit blends and the mechanisms of PAH toxicity in fish
species in Canada.
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5 SUMMARY
1. This study investigated the toxicity of AWB and CLB Canadian dilbits to developing
yellow perch (Perca flavescens) embryos.
2. Because dilbit is a UCM with variable bitumen-to-diluent ratio and composition, it
requires further research to understand the cellular mechanisms of components that are
toxic to fish.
3. This study found that AWB had lower EC50s than CLB in yellow perch embryos.
4. The most prevalent malformations in both dilbits were pericardial edemas, then tube
hearts. 	
  
5. The highest induction in relative mRNA was in cyp1a in all treatments, which was
induced up to 18-fold in WAF and 50-fold in CEWAF. 	
  
6. Other biomarkers including ahr, gsr, and cat, were significantly induced in the highest
AWB CEWAF treatment.	
  
7. However, sod and p53 displayed significant differences in the second lowest
concentration for CLB WAF and the middle AWB WAF concentration in p53.
8. These results suggest that yellow perch embryos may be more resistant to oil PAH
toxicity compared to Japanese medaka because of their distinct protective coating.
9. This study provides a unique comparison of the two most transported Canadian dilbits to
an indigenous fish species, which offers a foundation for other comparative dilbit 	
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Figure S1. The proportion of dilbit exposed embryos that are affected on each day of hatch
throughout the exposure (AWB WAF n = 445; CLB WAF n = 530; AWB CEWAF n = 505;
CLB CEWAF n = 530).
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Figure S2. The proportion of control treatment embryos that are affected on each day of hatch
throughout the exposure (Water control n = 261; dispersant control n = 112).

