
 
 
 
 
 
 
 
 
 
 
 
 

The Sublethal Effects of Chemically-Dispersed Access Western Blend and Cold Lake Blend Diluted 

Bitumen on Rainbow Trout Embryos (Oncorhynchus mykiss) 

 

 

 

 

 

 

 

MARIE SERENEO 

 

 

 

 

 

 

Supervisors: Dr. Valérie Langlois & Dr. Barry Madison 

 

Examiner: Dr. Peter Hodson 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis submitted in partial fulfillment of the requirements for B. Sc. (Honours) 

 

Department of Environmental Studies 

 

Queen’s University, Kingston, ON 

 
April 2016 



2 

 

 

 

ABSTRACT 

An increased demand for Canadian diluted bitumen has resulted in new proposals, such as the 

Enbridge Northern Gateway pipeline, for transportation to coastal ports for shipment to foreign markets. 

Access Western Blend (AWB) and Cold Lake Blend (CLB) are identified as the highest-volume dilbit 

products currently shipped in Canada, each with varying physical properties and chemical compositions. 

Though dilbit is similar to conventional crude oils in physical properties, the volatility of polycyclic 

aromatic hydrocarbons (PAHs) present in dilbit during oil spill scenarios causes changes to its 

environmental fate and behavior. This study characterizes the physiological effects of rainbow trout 

(Oncorhynchus mykiss) embryos in response to chemically-dispersed dilbit to establish salmonid 

sensitivity for populations at risk from dilbit spills caused by transportation or pipeline failures. Embryos 

were exposed for 23 days to dilutions of chemically-enhanced water accommodated fractions of AWB 

and CLB dilbit. Toxicity was determined by measuring mortality rate as well as the development of blue 

sac disease (BSD) in embryos at the end of the 23-day exposure. Physiological effects were assessed 

through mortality, prevalence of malformations, and measurement of gene transcripts associated with 

phase I (cyp1a), phase II (hsp70, gst, gpx, nfe2, gsr, sod, cat), xenobiotic metabolism (ahr, arnt), and cell 

cycling and mutation response (p53). Complete mortality was observed at the highest treatments of 1 % 

v/v due to dispersant toxicity. Malformations were measured in the second highest treatments (0.1 % v/v) 

of AWB and CLB dilbits. Significant changes in gene expression were observed in ahr, cyp1a, gsr, p53, 

and sod1 in response to the upper nominal loadings of CEWAF dilbits. This is the first study on the 

physiological effects of chemically-dispersed dilbit exposure in a native Canadian fish species and may 

provide a baseline of physiological effects for other economically-important salmonids with varying life 

strategies and environmental sensitivities. 
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1 INTRODUCTION 

1.1 BITUMEN PRODUCTION, TRANSPORT, AND RISK OF SPILLS 

Canada contains the world’s third largest oil reserves, with 26.7 billion m3 found in the Alberta oil 

sands, and another 0.8 billion m3 contained in conventional, offshore, and tight oil reserves (NRC, 2013). 

From these oil reserves, Canadian production of petroleum products include conventional heavy and light 

crude oil, bitumen, and condensate (Dupuis and Ucan-Marin, 2014). Of these, bitumen extracted from oil 

sands production represents 97% of Canada’s total petroleum products, and is projected to exceed 

conventional sources in future oil production (CAPP, 2013). 

Raw bitumen is produced from oil sands deposits through the processes of direct surface mining, 

and in-place (in-situ) extraction (Read and Whiteoak, 2003). These methods are dependent on the depth 

of the deposit, where bitumen near the surface is extracted by surface mining, and in-situ methods such as 

steam-assisted gravity drainage for deep underground deposits (Dupuis and Ucan-Marin, 2014). Of the 

remaining oil sands deposits in Alberta, 80% is recoverable through in-situ extraction (CAPP, 2015).   

While surface-mined bitumen is often upgraded to light crude oil, the majority of bitumen from in-

situ extraction is mixed with diluents to produce either diluted bitumen (dilbit) or synthetic bitumen 

(synbit), which lowers the viscosity and density for transportation (Dupuis and Ucan-Marin, 2014; GOC, 

2013). The main diluents are natural gas condensate and synthetic crude oil (SCO), though naphtha (a 

refined product), light crude oil, and other light hydrocarbons may be also be used (Lee et al., 2015). As 

condensate is lighter than SCO, less is needed to meet pipeline requirements and results in differing 

properties between dilbit and synbit (PTAC, 2015). Typically, dilbit contains a ratio of 30% condensate to 

70% bitumen, whereas 50% SCO is used for synbit (Crosby et al., 2013). However, the exact composition 

and proportion of diluents used is proprietary information, and there are chemical and physical variations 

among dilbit blends transported via inter- and intra-provincial pipelines (Lee et al., 2015).  
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While there are an estimated 825,000 kilometers of pipelines used for natural gas and liquid 

petroleum in Canada, increased demand for dilbit has resulted in new pipeline proposals, such as 

Keystone XL and Northern Gateway, for transport of dilbit to international refineries (Dupuis and Ucan-

Marin, 2014). Despite public and political opposition to the construction of these major pipelines, market 

access to dilbit has increased through rail transport to supplement pipeline capacity (PTAC, 2015). This 

has raised public concerns about potential oil spills in sensitive aquatic ecosystems near pipelines, rails, 

and seaports (King et al., 2014; Dupuis and Ucan-Marin, 2014). 

1.2 PHYSICAL PROPERTIES OF BITUMEN 

Dilbit can exhibit bimodal properties due to varying chemical compositions, behaving like lighter 

crude oil in the early part of a spill and behaving similar to heavier oils as weathering occurs (Lee et al., 

2015). However, the initial evaporation of the volatile diluent components in dilbit may increase the 

viscosity and slow the evaporation rate of the remaining bitumen in an aquatic environment (GOC, 2013). 

As a result, the denser bitumen has the potential to sink and to contaminate the environment as water-

soluble compounds partition from dilbit to water (King et al., 2014). The loss of hydrocarbons from oil to 

air and water, termed weathering, can significantly alter the viscosity, specific gravity, surface volume, 

and potential toxicity of the original product. Weathering processes such as evaporation, dissolution, and 

dispersion can occur at different rates and magnitudes, and are dependent on environmental factors, such 

as temperature, sunlight, and mixing energy due to water currents and turbulence (Dupuis and Ucan-

Marin, 2014).  

The extent of weathering also depends on the type of oil exposed, as heavier oils contain less 

volatile compounds than lighter crude oils. Similar to conventional crude oils, dilbit floats in saltwater 

even after evaporation, light exposure, and mechanical mixing at 0-15 °C (GOC, 2013). However, the 

composition of various dilbit blends may differ by its type, batch, diluent, and season to adjust its 

viscosity for pipeline transport. While the range of variability in the annual density averages of dilbit 

products are approximately 0.5%, larger ranges of annual variation are observed in chemical composition 
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due to the varying proportions of diluents used to achieve pipeline transport (Lee et al., 2015). These 

differences may be seen in the two highest-volume dilbit products transported in Canada, Access Western 

Blend (AWB) and Cold Lake Blend (CLB). In a recent study by King et al. (2014), natural weathering 

processes caused AWB to submerge as oil droplets, but not CLB. Moreover, AWB contains more 

condensate compared to CLB, which indicates that the parent bitumen of AWB is denser than that of CLB 

(GOC, 2013). This results in differing properties between dilbit blends and makes it more difficult to 

predict the fate of dilbit in the environment. 

1.3 CHEMICAL COMPOSITION OF BITUMEN 

Petroleum products are complex chemical mixtures comprised primarily of hydrocarbons, with 

lesser proportions of compounds containing nitrogen, sulfur, and other metals (Speight, 2014). Each oil 

has a unique chemical fingerprint, which consists of four major chemical classes: Saturates, Aromatics, 

Resins, and Asphaltenes (SARA) and are characterized using liquid-solid chromatography (Aske et al., 

2001). Saturates are typically the largest hydrocarbon component in petroleum products and are the least 

toxic and most readily biodegradable (Fan et al., 2002). Aromatics include monoaromatics (i.e. benzene, 

toluene, ethylbenzene, and xylenes (BTEX)), heterocyclics, and polycyclic aromatic hydrocarbons 

(PAHs). The presence of alkylated PAHs are typically associated with chronic toxicity in aquatic species 

(Fan and Buckley, 2002).  Resins are polar compounds that include elements such as sulfur, nitrogen, and 

oxygen, and contribute to the adhesive properties of oil (Speight, 2014). Lastly, while asphaltenes are 

very complex, high molecular weight compounds that contribute to the increased viscosity and density 

within heavy oils and bitumen (Akmaz et al., 2010). The proportions of these chemical classes contribute 

to the weathering characteristics of petroleum products when released into the environment.   

Dilbit consists of low amounts of low molecular weight (LMW) compounds and increasing 

proportions of high molecular weight (HMW) resins and asphaltenes (Lee et al., 2015). In comparison to 

conventional crude oils, dilbit has a lower total PAH content, but a higher proportion of 3 to 5-ringed 

alkylated PAHs with a distribution profile of C0- < C1- < C2- < C3- < C4, as compared to LMW aromatics 
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(Yang et al., 2011). The composition of total PAH content of dilbit has an effect on its perceived toxicity. 

Specifically, HMW PAHs with three or more benzene rings are associated with chronic toxicity in early-

life stages of fish and are relatively persistent in the environment (Carls et al., 1999; Hodson et al., 2007; 

Wu et al., 2012; Bornstein et al., 2014). Between the two dilbits, AWB has a higher proportion of HMW 

compounds than CLB, though the latter has a higher proportion of PAHs, which may cause chronic, 

sublethal toxicity (King et al., 2014).  In addition, dilbit includes a significant proportion of unresolved 

complex mixtures (UCM) that are observed in gas chromatography data and that may contain unidentified 

components that could contribute to toxicity (Yang et al. 2011). 

1.4 DISPERSANT USE ON DILBIT 

Dilbit displays bimodal properties, which result from the initial evaporative loss of volatile diluent 

compounds by weathering processes, such as evaporation and biodegradation, increases the viscosity and 

density of the remaining bitumen (King et al., 2014). In the event of an oil spill, mixing of water and oil 

allows the partitioning of hydrocarbons from oil to water up to saturation limits, resulting in a water-oil 

dispersion referred to as a water accommodated fraction (WAF). To assist with oil dispersion and clean-

up, chemical dispersants have been formulated to increase the rate of droplet formation in the water 

column and are thus referred to as a chemically enhanced water accommodated fraction (CEWAF; 

George-Ares et al. 2001). Dispersants are mixtures of surfactants and solvents which reduce surface 

tension and enhance oil degradation under varying temperatures and salinities (Adeyemo et al., 2015). 

The active ingredients, surfactants, are anionic and/or non-ionic compounds that are characterized by their 

rate of biodegradation, final products, and ecological benefit (NRC, 1989). When added to oil, surfactants 

reduce surface tension and create oil-surfactant droplets that enhance the transfer of hydrocarbon to water 

and their bioavailabity to aquatic organisms (Major et al., 2012). Solvents within current dispersants 

include ethylene glycol, glycol esters, and monoaromatic hydrocarbons (NRC, 1989). The dispersant used 

in this study, Corexit 9500A, is a newer formulation created to work on a wide range of oils (George-Ares 

et al., 2001).  
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Dispersants used for conventional oil spill cleanup have been primarily formulated for use in 

marine waters, and show reduced effectiveness in freshwater; low salinity limits the rate of mixing and 

dilution, and decreases the interactions between the surfactant mixture and oil (George-Ares et al., 2000). 

However, the potential toxicity of dispersant use in dilbit spill scenarios has not been established. George-

Ares (2000) reported that Corexit 9500A is of low to moderate toxicity to most aquatic organisms, with 

early life stages being the most sensitive. Previously, dispersant applications to conventional crude oils 

were upwards of 100-fold more toxic than WAF (Wu et al., 2012). The increased toxicity of chemically-

dispersed oil has been attributed to the increased bioavailability of oil in water and not to any synergistic 

interactions (Ramachandran et al., 2004; Adams et al., 2014b). Additionally, Adams et al. (2014b) 

reported that dispersant toxicity seen in the dispersant controls (DC) were likely due to ‘free’ or unbound 

surfactant in solution. In the first study on the use of chemical dispersants on dilbit, Madison et al. (2015) 

reported differences in antioxidant responses between WAF and CEWAF-treated Japanese medaka 

(Oryzias latipes) embryos that may be attributed to the toxic effects of dispersant. Moreover, lack of swim 

bladder inflation and prevalence of blue sac disease (BSD) in medaka embryos in the DC suggested that 

dispersant was bioavailable and toxic to fish in the absence of dilbit (Madison et al., 2015). Therefore, 

this study focuses on CEWAF dilbit exposure to compare the sublethal effects that two chemically-

dispersed dilbits (AWB, CLB) have on a Canadian freshwater species, rainbow trout (Oncorhynchus 

mykiss). 

1.5 RAINBOW TROUT  

Rainbow trout is a salmonid species native to Pacific Basin tributaries west of the Rocky 

Mountains, and is widely distributed in coldwater regions (Behnke, 1992). It is a model teleost used in a 

wide variety of experiments, including environmental and physiological studies (Poulsen et al., 2011). As 

a fish model representative of both sport and commercial fisheries, rainbow trout is widely used as a 

surrogate for research on other economically-important species, such as Atlantic and Pacific salmon 

(Poulsen et al., 2011). Additionally, rainbow trout is an oxygen-sensitive species that experiences hypoxia 



15 

 

 

 

in its native environment (Matthews & Berg, 1997). Though the effects of hypoxic zones during oil spills 

and chemical dispersant, Corexit 9500A, is not well characterized, a study by Dasgupta et al. (2015) 

report significant interactions between the two stressors to sheepshead minnow (Cyprinodon variegatus) 

larvae. This suggests that rainbow trout may display increased sensitivity in its physiological response to 

chemically-dispersed dilbit exposure. As dispersant is currently used only in marine environments, 

rainbow trout may be used as a baseline of physiological effects for species at a variety of life stages at 

risk of dispersant exposure due to potential spills in both marine and freshwater environments near 

pipelines, waterways, and seaports.  

1.6 MAIN EFFECTS OF CRUDE OILS AND OTHER DERIVATIVES 

Oil spills in an aquatic environment can result in both acute and chronic effects on species within 

the surrounding ecosystem. In the aftermath of an oil spill, acute toxicity is most often observed as fish 

kills within 24-48 hours (Logan et al., 2015). The components of oil associated with acute toxicity are 

primarily LMW compounds, including monoaromatics, naphthalenes, and short-chain alkanes (NRC, 

2005). The acute lethality of oil is attributed to narcosis, described as a reversible, non-specific effect on 

lipid membrane receptors and functions as a consequence of interactions with LMW compounds 

(Campagna et al., 2003). While these compounds are water soluble and reach lethal concentrations 

immediately after a spill, the concentrations of LMW compounds decrease rapidly due to dilution, 

evaporation, and weathering, and are only persistent during unfavorable weathering conditions or in a 

constant oil leakage (Logan et al., 2015).  

Other compounds, such as alkylated PAHs, are more resistant to weathering and may cause chronic 

toxicity as they slowly partition from the oil and become more bioavailable for passive uptake in the lipid 

membranes of fish during gill-mediated respiration (Carls et al., 1999). In addition, physical interactions 

with dispersed oil droplets drive increased toxicity in Atlantic haddock (Melanogrammus aeglefinus) 

embryos (Sørhus et al., 2015). Past studies have shown that 3- to 5-ringed alkylated PAHs are most 

chronically toxic to fish species (Carls et al., 1999; Adams et al., 2014a). Of particular concern is the 
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toxicity of dilbit during development when early life stages of fish are most sensitive to oil toxicity (Carls 

et al., 1999).  Specifically, exposure to PAHs is correlated with sublethal effects characterized by blue sac 

disease (BSD), a syndrome resulting in cytochrome P450 (CYP1A) induction, pericardial and yolk sac 

edema, craniofacial and spinal deformities, hemorrhaging, and mortality before yolk-sac absorption (Carls 

et al., 1999; Billiard et al., 1999; Incardona et al., 2005). Reduced hatching success and impairment of 

growth and survival of embryos have also been reported in pacific herring (Clupea pallasii) ova exposed 

to weathered crude oil (Carls et al., 1999). 

In conventional crude oils, PAH toxicity in early life stages of fish has been well characterized 

(Carls et al., 1999; Schein et al., 2009; Wu et al., 2012; Adams et al., 2014a; Bornstein et al., 2014). In a 

low-level exposure to weathered crude oil, malformations and mortality in larval Pacific herring (Clupea 

pallasi) were attributed to 3 to 4 ringed PAHs (Carls et al., 1999). In heavy fuel oil, chronic toxicity in 

rainbow trout embryos were attributed to fractions of 3 to 4 ringed PAHs and alkylated PAHs (Adams et 

al., 2014a; Bornstein et al., 2014). In addition, chemical dispersion of conventional crude oils increase the 

bioavailability and toxicity of alkylated PAHs from oil in water (Schein et al., 2009; Wu et al., 2012; 

Adams et al., 2014a). In contrast, there has only been one study of the toxicity of dilbit in fish embryos. 

Malformations and physiological responses to oxidative stress were reported in Japanese medaka embryos 

in response to AWB WAF and CEWAF dilbit exposures (Madison et al., 2015). However, the effect on 

fish native to Canada’s waterways in close proximity to railways, pipelines, and ports where dilbit is 

shipped has yet to be evaluated. This is the first study on the physiological effects of dilbit exposure in a 

native Canadian fish species and may provide a baseline for other economically-important salmonids with 

varying life strategies and environmental sensitivities. 
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1.7 MOLECULAR AND CELLULAR EFFECTS OF CRUDE OILS AND OTHER OIL DERIVATIVES IN 

AQUATIC SPECIES 

The accumulation of PAHs result in the disruption of homeostasis in aquatic species, resulting in 

the production of toxic metabolites and reactive oxygen species (ROS), and the reduction of xenobiotic 

metabolism (Whyte et al., 2000). PAHs found in conventional crude oils and dilbit is correlated with the 

induction of phase I metabolism by AhR activation. In oil exposure, PAHs act as agonists and bind to the 

cytosolic aryl hydrocarbon receptor (AhR) protein, which releases heat shock protein 90 (HSP90) to 

enable AhR to diffuse into the nucleus to form a dimer with the aryl hydrocarbon receptor nuclear 

translocator (ARNT) (Garner et al., 2013; Figure 1). This dimer binds to specific regions of DNA called 

dioxin response elements (DREs), which initiates the transcription of several proteins, including CYP1A 

and phase II metabolizing enzymes, such as glutathione-S-transferases (GSTs; Whyte et al., 2000). As a 

self-regulating mechanism, the AhR complex also induces transcription of the AhR repressor protein, 

which downregulates the pathway by competitive inhibition with the AhR-ARNT dimer for DRE binding 

(Clark et al., 2010).  

The use of CYP1A as a biomarker of environmental contaminants, such as PAHs, in aquatic 

species has been well-established (Colavecchia et al., 2007; Schein et al., 2009; dos Anjos et al., 2011; 

Mu et al., 2012; Kim et al., 2012; Adams et al., 2014a). Increased CYP1A activity was observed 

coincident with larval mortality and malformations in fathead minnow (Pimephales promelas) and white 

sucker (Catostomus commersoni) exposed to oil sands (Colavecchia et al., 2007). In conventional crude 

oils, CYP1A activity is elevated with increasing PAH concentrations and is used as a reliable biomarker 

to indicate PAH exposure (Adams et al., 2014a). Schein et al. (2009) reported a corresponding increase in 

PAH concentrations in the liver was also correlated with an increased CYP1A activity and severity of 

BSD in rainbow trout. At the molecular level, cyp1a transcript expression in the Amazonian cyclid 

(Astronotus ocellatus) was a sensitive indicator of oil contamination in freshwater systems (dos Anjos et 

al., 2011). Similarly, increased cyp1a transcripts were measured in marine medaka (Oryzias melastigma) 
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exposed to Iranian crude oil WAFs (Kim et al., 2012). However, although CYP1A activity may be a good 

indicator of oil contamination in the environment, confounding factors such as hypoxic and acidic 

conditions may interfere with the accuracy of the dose-response based induction of CYP1A (dos Anjos et 

al., 2011).  

1.8 OXIDATIVE STRESS IN AQUATIC SPECIES 

In addition to CYP1A induction, the measurement of oxidative stress and phase II metabolism may 

also be used to assess physiological effects within the organism as a result of PAH exposure. Oxygen 

metabolism within a cell results in the production of ROS, such as hydroxyl radicals, hydrogen peroxide, 

and superoxide (Livingstone, 2001). ROS are chemically reactive molecules and have important roles in 

cell signaling and homeostasis (van der Oost et al., 2003). There are many endogenous sources of ROS 

within the cell, including enzyme activity, auto-oxidation, and electron transport processes in the 

mitochondria, endoplasmic reticulum, and nuclear membrane (Halliwell and Gutteridge, 1995).  The 

presence of exogenous compounds such as PAHs can increase ROS levels and production through redox 

reactions with O2 and other ROS, redox cycling by flavoprotein reductases, induction of enzyme s that are 

oxygenases (i.e. CYP1A), and depletion of antioxidant defenses of phase II enzymes (Halliwell and 

Gutteridge, 1995; Schleizinger et al., 1999; Livingstone et al., 2001). This may result in an 

overabundance of ROS that may interact with cellular macromolecules leading to enzyme inactivation, 

lipid peroxidation, DNA damage, and cell-mediated apoptosis. Ray et al. (2012) observed that ROS can 

lead to tumour initiation by inducing DNA damage, mutations, and interfering with signaling pathways 

involved in cell growth and proliferation.  

To maintain homeostasis, an antioxidant defense system, in the form of low-molecular weight 

scavengers and antioxidant enzymes, is used to maintain ROS levels and prevent adverse toxic effects 

within the cell (Farmen et al. 2010).  Nuclear factor (erythroid-derived 2)-like 2 (NFE2), is associated 

with Kelch-like-ECH-associated Protein 1 (KEAP 1) in the cytoplasm, which prevents NFE2 binding to 

the antioxidant response element (ARE) and are instead degraded through proteosomal degradation (Tong 
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et al., 2006). However, increased cytoplasmic ROS levels leads to the release of NFE2 through either 

cysteine oxidation or NFE2 phosphorylation to allow for entry into the nucleus for ARE binding (Huang 

et al., 2002, Wakabayashi et al., 2004). The NFE2-ARE binding is responsible for the regulation of 

antioxidant enzymes in the oxidative stress response to environmental pollutants, such as PAH exposure 

(Regoli and Giuliani, 2014; Silva-Gomes et al. 2014). NFE2-ARE binding is responsible for the 

transcription of sod1 and certain gst and gpx isoforms (Regoli et al., 2014). Specifically, NFE2 is an 

important factor in promoting phase II detoxification enzymes responsible for cancer initiation prevention 

(Ramos-Gomez et al., 2003). Dual regulation by both NFE2 and AhR has also been reported, where 

linked AhR and NFE2 genes include enzymes involved in both phase I and II detoxification which allow 

for tight coupling of the oxidative stress responses (Bock, 2011).  

The tumour suppressor protein (P53) is another critical component of the cellular oxidative stress 

and cancer response as a positive and negative regulator of ROS (Vurusaner et al., 2012). P53 functions 

as a transcription factor to either activate or repress target genes involved in cell cycling, DNA repair, 

apoptosis, and cellular stress (Polyak et al., 1997). Under resting conditions, P53 is maintained at low 

basal levels through proteosomal degradation, which induces the expression of antioxidant proteins such 

as GPX1 (Sablina et al., 2005). Conversely, at high levels of ROS, P53 is induced and regulates an 

increased ROS response to elicit P53-mediated apoptosis (Chen et al., 2012). This ROS-dependent 

function suggests that P53 may respond in a concentration-dependent way to oxidative stress induced by 

exogenous compounds (Sablina et al., 2005). Additionally, P53 plays a role in a two-phase regulation of 

NFE2 (Chen et al., 2012). At low to mild cellular stress states, low P53 levels upregulated NFE2-

dependent regulation of phase II antioxidant enzymes. Conversely, high stress conditions resulted in P53-

mediated suppression of the NFE2 pathway, resulting in cell apoptosis to maintain genome integrity 

(Chen et al., 2012).  

The antioxidant system within the cell is made up of two components: ROS scavengers and 

antioxidant enzymes. Scavengers, which include glutathione (GSH), vitamin C, and vitamin E, interact 
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with ROS through two mechanisms. Within the cytosol, the most abundant scavenger, GSH, neutralizes 

ROS in direct reactions through oxidation (Figure 1). An indirectly-acting enzyme, glutathione reductase 

(GSR), reconverts the oxidized GSH using NADPH as a reducing agent (Regoli and Giuliani, 2014). Near 

the cell membranes, lipid-soluble scavengers such as vitamin B prevents the propagation of lipid 

peroxidation (Regoli and Giuliani, 2014). In comparison to the general ROS scavengers, antioxidant 

enzymes are responsible for highly specialized reactions with specific ROS substrates. For example, 

superoxide dismutase (SOD) converts the superoxide radical into hydrogen peroxide (Livingstone 2001). 

As a source of hydrogen peroxide, SOD activity is coordinated with reducing enzymes such as catalase 

(CAT), glutathione peroxidases (GPx), or glutathione-S-transferase (GST) to facilitate the conversion of 

hydrogen peroxide into water or alcohol (Regoli and Giuliani, 2014). Furthermore, GST catalyzes the 

binding of xenobiotic compounds to GSH (Farmen et al., 2010). In addition, other proteins are indirectly 

involved in the oxidative stress response in their role in the cellular stress response. Heat shock proteins 

such as HSP70, assist with protein folding and are upregulated due to stress or heat (Martindale and 

Holbrook, 2002). Together, the antioxidant system and supporting proteins maintain homeostasis within 

the organism. 

1.9 RESEARCH OBJECTIVES 

This study assessed the sublethal effects of exposure to chemically-dispersed AWB and CLB 

dilbits on rainbow trout embryos exposed to a range of sublethal dilbit CEWAF treatments (0.0001 – 1 % 

v/v). Relative toxicity of chemically-dispersed AWB and CLB will be compared based on mortality, the 

prevalence of blue sac disease, and responses of target biomarkers included genes involved in xenobiotic 

metabolism (ahr, arnt), phase I detoxification (cyp1a), and phase II biotransformation and oxidative stress 

(gsr, gst, gpx, sod, cat, hsp70, nfe2, and p53). It is hypothesized that chemically-dispersed dilbit exposure 

to rainbow trout embryos will induce transcript expression changes in genes involved in phase I and II 

biotransformation and detoxification, cellular metabolism, and oxidative stress. It is also expected that 

exposure to CLB will result in a change of expression of the genes of interest compared to AWB due to 
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the higher PAH concentrations in CLB. By characterizing the physiological effects of dilbit toxicity in 

rainbow trout during chemical dispersion scenarios, this study will provide a baseline for other salmonid 

species that are living near watersheds near railways, pipelines, and ports in Canada.
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Figure 1. Known mechanisms of actions of PAHs on the pathways of genes of interest involved in xenobiotic metabolism, phase I and II 

biotransformation and oxidative stress, and mutation response. (1) The PAH binds to AhR. (2) HSP90 is released. (3) AhR forms a dimer with 

ARNT. The dimer binds to DREs which initiate gene transcription of (4) CYP1A and (5) phase II enzymes. (6) CYP1A activity is a source of ROS 
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through redox cycle and bioactivation of PAH metabolites. (7) CYP1A activity induces phase II enzymes for conjugation of xenobiotic 

compounds or metabolites for excretion. (8) CYP1A metabolism may result in biotransformation of active metabolites that contribute to DNA 

damage. In oxidative stress, phase II antioxidant enzymes act as a defense system against (9) ROS overproduction and (10) DNA damage. (11) An 

overproduction of ROS may result in cell damage leading to cell apoptosis. (12) Increased ROS levels interact and bind to cysteines on KEAP-1. 

(13) NFE-2 is released for binding to AREs in the nucleus responsible for gene transcription of phase II enzymes. (14) NFE-2 regulates the gene 

expression of phase II antioxidant enzymes. (15) Phase II enzymes metabolize ROS and protect from cellular damage. (16) The PAH interacts 

with the HSF monomer complex with HSP 70/90/40 and dissociates HSF. (17) HSF trimerizes and is transported into the nucleus. (18) The HSF 

trimer binds to the HRE to initiate transcription of hsp genes. (19) HSPs (i.e. HSP70) protects against cellular stress and exposure to denaturing 

conditions or xenobiotics. (20) PAH binds to P53 which results in a conformational change, turning P53 into a transcription activator. (21) P53 

enters the nucleus and binds to the P53 RE. (22) Binding of P53 results in the expression of several genes related to cell cycle arrest, apoptosis, 

and DNA repair. (23-25) Binding of P53 protects the cell from ROS build-up and therefore, DNA damage. (26) P53 plays a role in a two-phase 

regulation of the NFE-2 pathway, which is responsible for the gene expression of phase II enzymes. (27) Increased ROS levels in the cell can 

inhibit the AhR pathway. Legend: antioxidant response element (ARE); aryl hydrocarbon receptor (AhR); aryl hydrocarbon receptor nuclear 

translocator (ARNT); catalase (CAT); cytochrome P4501A (CYP1A); dioxin response element (DRE); glutathione peroxidase (GPx); glutathione 

reductase (GSR); glutathione-S-transferase (GST); heat shock factor (HSF); heat shock protein 70 (HSP70); heat shock protein 90 (HSP90); heat 

shock response element (HRE); Kelch-like-ECH-associated protein 1 (KEAP-1); nuclear factor, erythroid 2 (NFE2); polycyclic aromatic 

hydrocarbon (PAH); reactive oxygen species (ROS); tumour suppressing protein (P53); superoxide dismutase (SOD). Solid arrows point towards 

the next step in the pathway. Dashed lines indicate inhibition. Adapted from Regoli and Giuliani (2014).   
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2 MATERIALS AND METHODS 

2.1 CHEMICALS 

CLB and AWB dilbit and Corexit® 9500A dispersant were supplied by Tom King at the Centre for 

Offshore Oil, Gas and Energy Research, Fisheries and Oceans Canada (Dartmouth, NS). Retene (7-

isopropyl-1-methylphenanthrene) and mineral oil were purchased from MP Biomedicals (Montreal, QC) 

or Sigma-Aldrich (St. Louis, MO).  

2.2 EXPERIMENTAL SOLUTION PREPARATION 

CLB and AWB CEWAF solutions were prepared as outlined by Madison et al. (2015) and as 

modified from Singer et al. (2000). CEWAF solutions were prepared with a of 1:9 ratio of oil and water 

in 50 mL beakers with low energy mixing (stir plate 25 % vortex) for 18 h. At the end of 18 h, Corexit® 

9500A was pipetted on the middle of the oil layer at a dispersant-to-oil ratio of 1:10. This mixture was 

stirred for one more hour, then removed from the stir plate to settle for one hour. A scoopula was used to 

move the surface oil layer and to enable the recovery of the bottom aqueous phase with a Hamilton glass 

syringe with a luer-lock fitting and 23 gauge needle. This aqueous phase was used as a stock solution and 

pipetted into stainless steel bowls containing 2.0 L of dechlorinated municipal water to provide nominal 

CEWAF loadings of 0.0001, 0.001, 0.01, 0.1, and 1 % v/v. A negative control of water, a positive control 

of retene, and a solvent control of methanol were also included. A DC of mineral oil CEWAF at 1 % v/v 

(1:10) was used to determine if the dispersant contributed to observed toxicity. However, 100 % mortality 

was observed at this concentration. Therefore, a DC of 0.1 % v/v (1:100) mineral oil CEWAF was 

prepared as a comparison to the second highest CEWAF treatment. Test solutions were renewed daily 

over the 23-day exposure period with CEWAF stock solutions prepared from 250 L aliquots of a larger 

stock of CLB and AWB.   
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2.3 TEST ORGANISM 

Rainbow trout eleuthero-embryos were exposed to CEWAF for 23 days.  Rainbow trout eggs were 

acquired from Rainbow Springs Hatchery (Thamesford, ON, Canada) in mid-October, 2014. The eggs 

were kept at 10 °C for ten days in dechlorinated municipal water as supplied by the City of Kingston from 

Lake Ontario, ON, Canada (temperature = 10.3 ± 0.85 °C, dissolved oxygen = 13.4 ± 0.57 mg/L, 

conductivity = 199 ± 6.5 µS/cm, pH = 8.2 ± 0.19). Water quality tests were completed on a daily basis to 

ensure the embryos were in ideal developmental conditions. Newly-hatched (< 24 h) embryos were 

randomly distributed among treatments in 3-L stainless steel bowls containing 2 L of exposure solutions 

(n = 40 embryos per treatment). Animal care protocol was implemented under an approved Queen’s 

University animal control protocol (Langlois 2015-1584) and as directed by the Canadian Council on 

Animal Care.  

2.4 ASSESSMENT OF MORTALITY AND BSD 

Each embryo was assessed for mortality and scored for BSD based on the protocol outlined by 

Adams et al. (2014a) and Leedham (2015). The development of BSD in embryos during the dilbit 

exposures was monitored daily according to the procedure of Billiard et al. (1999). Craniofacial 

malformations (CM), body hemorrhaging (BH), ocular hemorrhaging (OH), and fin rot (FR) were scored 

(1/0) based on their presence in the embryo. Yolk sac (YSE) and pericardial edema (PE) were scored on a 

scale of sensitivity of 0-3 and 0-2, respectively. Edemas were scored on severity as they were closely 

associated with mortality and a large range of responses were able to be determined visually (Wu et al., 

2012). The cumulative BSD scores and the prevalence of mortality (equation 1) were used to calculate the 

average BSD Severity Index (SI) for each treatment (Scott & Hodson, 2008).  

Equation 1: 

Average BSD SI =
Ʃ𝐹𝑅 +  Ʃ𝐵𝐻 +  Ʃ𝑂𝐶 +  Ʃ𝐶𝑀 +  Ʃ𝑃𝐸 +  Ʃ𝑌𝑆𝐸 + (𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 ∗ 9.5)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑏𝑟𝑦𝑜𝑠
 ÷ 9.5 
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2.5 TISSUE COLLECTION 

At day 23, remaining embryos in each treatment were anesthetized using 100 mg/L of buffered 

tricaine methane sulfonate (MS-222). A subsample of 15 embryos per treatment were photographed and 

analyzed for BSD. These embryos were placed into individual cryovials, frozen in liquid nitrogen, and 

immediately stored at -80 °C for further molecular analysis. Remaining fish from each treatment were 

divided into groups of five, photographed, and measured for length (cm) and weight (mg). Each group 

was placed into individual cryovials, frozen in liquid nitrogen, and immediately stored at -80 °C for 

further analysis. 

2.6 GENE EXPRESSION ANALYSIS 

Specific primers were developed using the National Centre for Biotechnology Information (NCBI) 

Primer Blast (Table 1). RNA samples used for complementary DNA (cDNA) synthesis were extracted 

from whole embryos (n = 8 per treatment) with TRIzol® Reagent (Ambion™ RNA by Life Technologies, 

Carlsbad, CA, USA). Individual embryos were initially ground in liquid nitrogen into powder and 

homogenized with 1 mL TRIzol® with a Retsch Mixer Mill MM400 (Thermo-Fisher, Ottawa, ON, 

Canada). Homogenized samples were kept on ice throughout the entire RNA isolation protocol. Isolated 

RNA was re-suspended in 20 µL RNase free water and concentrations were measured using a NanoDrop-

2000 spectrometer (Thermo-Fisher, Ottawa, ON, Canada) and subjected to DNase treatment using 

TURBO DNA-free™ Kit (Ambion™ by Life Technologies, Carlsbad, CA, USA). First strand cDNA was 

synthesized in 20 µL transcription reactions. For each sample, a 5 µL mixture containing 2 µg 

experimental RNA, 1 µL random primers, and nuclease-free water was mixed briefly and incubated in the 

PCR machine at 70 °C for 5 min. Aliquots of a 14 µL master mix containing 4 µL GoScript™ 5X 

reaction buffer, 2 µL MgCl2, 0.5 µL recombinant RNasin®, and 6.5 µL nuclease-free water was added 

with the separate addition of 1 µL GoScript™ reverse transcriptase per sample. Prepared reactions were 
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incubated at 25 °C for 5 min, 42 °C for 60 min, and 70 °C for 15 min in a CFX96 touch real-time PCR 

detection system (Bio-Rad, Hercules, CA, USA). The samples were stored at -20 °C. Based on 

optimization runs, each cDNA product for each gene of interest was diluted 1:40 or 1:80 prior to real-time 

qPCR amplification. In addition, standard curves were created using identified dilutions of pooled cDNA 

from all treatments to account for differences in amplification efficiency. Samples without reverse-

transcriptase and no-template-controls were also included. For each qPCR run, a dissociation curve was 

generated to confirm the presence of a single product. Results were normalized using elongation factor 1-

alpha (ef1a) as a housekeeping gene. Bio-Rad CFX Manager Software 3.0 was used to assess relative 

thresholds.  

2.7 WATER ANALYSIS 

The total concentration of hydrocarbons in the test solutions was analyzed by Gas-

Chromatography-Mass Spectrometry (GC-MS) according to AGAT standard operating procedures (ORG-

170) (AGAT Laboratories, Montreal, Quebec, Canada). Duplicate samples were taken from day 1, day 

12, and day 23 after test solution renewals (T0) from four concentrations of CEWAF (0.0001, 0.001, 0.01, 

and 0.1 % v/v) and from the negative control (water) and 0.1 % DC (1:100). All samples were stored on 

ice in coolers and were sent to AGAT for GC/MS analysis (< 24 h). The detection limit for individual 

PAHs was > 0.002 µg/L.  

2.8 STATISTICS 

Median effective concentrations (EC50) for BSD were calculated by sigmoidal three parameter 

dose-response regression analysis (GraphPad Prism 6, GraphPad Software Inc., San Diego, CA, USA). 

Gene expression data were presented as means ± SEM normalized relative to the housekeeping gene, 

ef1a. The independent axis represents the logarithmic mean concentration of total polycyclic aromatic 

hydrocarbons (TPAH) of each treatment. Treatments were compared to the water control through one 

way analysis of variance (ANOVA) and Holm-Sidak post hoc analysis (p < 0.05). 
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Table 1. Genes of interest and their associated biological function, accession number, primer efficiency (%), primer sequences, and amplicon 

length (bp).  

Associate 

biological 

function 

Target gene NCBI 

Accession 

number 

Primer 

efficienc

y (%) 

Forward primer (5’-3’) Reverse primer (5’-3’) Amplicon 

length 

(bp) 

Housekeepin

g 

ef1a* AF498320 114.9 CTGTTGCCTTTGTGCCCATC TTCCATCCCTTGAACCAGCC 85 

Xenobiotic 

Metabolism 

ahr (α,β) NM_001124251 

NM_001124252 

134.3 GGGGCTGTTACGTTTTGCAC GGTGGCTGGTTAGAGTGGAC 110 

Xenobiotic 

Metabolism 

arnt (α,β) U73840 

U73841 

119.6 AAGCACCTGATCCTGGAAGC AAGAACAGGGGTCAGGGAGT 99 

Phase II cat BG935638 126.1 TGGCTGTGCATGCAGACTAT CACTCTCACGGTGTCCTTCG 80 

Phase I cyp1a U62796 111.3 GATGTCAGTGGCAGCTTTGA TCCTGGTCATCATGGCTGTA 99 

Phase II gpx-1b2 HE687023 118.1 GAGAAGCGGGGAGTGACATT AGGAGCTTTGCTGTCAGGTC 74 

Phase II gpx-4a1 HE687024 113.3 TCAGCCAATGGGTGTGAGTG GGGTTGCACGCCATTTTCAT 103 

Phase II gpx-4b HE687026 118.1 TCAGCCAATGGGTGTGAGTG GGGTTGCACGCCATTTTCAT 79 

Phase II gsr HF969248 105.1 ATTCAAGGTCACGCCAGGTT TATGAGGCGCGGTGTACTTC 79 

Phase II gst-π AB026119 108.3 CTACTTTGGAGTCCGAGGGC CGTCCAGTCAGCAAAGTCCA 100 

Phase II hsp70 NM_001124228 155.2 GATGTGGTGTTGGGGCAGTA GGACAGTGGGGTCATCAAGG 82 

Phase II nfe2 HQ916348 114.3 ACAGCTTCTACCCATTGCCC GTGGTCAAGAGGAGCCATGT 119 

Cell cycling/ 

Mutation 

Response 

p53 M75145 105.5 GAATCAAACGTGCTATGAAGG

A 

CCCTCGAATCTGAAGAGTGTA

G 

118 

Phase II sod1 NM_001124329 113.5 TTACTGGGAGCCCTGGTACA ACAGAGCCTTCTATGGGGGT 119 

Phase II sodc NM_001160614 111.6 CAGTAAACACTGCCCCTGCT AGCTTTCAATGGGGTCTGGG 77 

Elongation factor 1-alpha* (ef1a); aryl hydrocarbon receptor (ahr); aryl hydrocarbon receptor nuclear translocator (arnt); catalase (cat); 

cytochrome P4501A (cyp1a); glutathione peroxidase 1B2; 4A1; 4B (gpx-1b2; gpx-4a1; gpx-4b); glutathione reductase (gsr); glutathione-S-

transferase (gst-π); heat shock protein 70 (hsp70); nuclear factor, erythroid 2 (nfe2); tumour suppressing protein (p53); superoxide dismutase 1; C 

(sod1; sodc).
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3 RESULTS 

3.1 SURVIVORSHIP 

Mortality was less than 10% in all treatments, except at the highest concentration of both dilbit 

exposures (1% v/v) where complete mortality was observed. In AWB, only one other treatment decreased 

survivorship, i.e., 2.5 % mortality was measured at 0.0079 µg/L TPAH, while in CLB, 2.5 and 2.6 % 

mortality was observed at the two highest treatments of 0.4 and 40 µg/L TPAH, respectively. In both 

dilbits, the lowest loadings resulted in no mortality over the 23-day exposure (Table 2). Similarly, there 

was no mortality in the water control. In the DCs, 100% mortality was observed at 1 % dispersant (1:10), 

while no mortality was observed at 0.1 % dispersant (1:100).  

3.2 PREVALENCE OF BSD 

Dilbit treatments affected the development of fish larvae as demonstrated by the prevalence of 

malformed animals at the highest AWB and CLB concentrations (Table 2). In AWB, a BSD SI score of 

0.12 was observed at 0.79 µg/L; while in CLB, a BSD SI score of 0.19 was measured at 3.9 µg/L (Figure 

2). The estimated EC50 for BSD prevalence was 2.06 and 8.87 µg/L TPAH for AWB and CLB, 

respectively. In contrast, there were no malformations observed in the water or 0.1 % dispersant (1:100) 

controls. 

3.3 AWB AND CLB INDUCE OXIDATIVE STRESS 

Biomarkers of phase I and II detoxification and mutations were investigated following AWB and 

CLB dilbit exposures (Table 3). Linear responses were observed for the expression of ahr (r2 = 0.98; p = 

0.01; Figure 3 a) and arnt (r2 = 0.86; p = 0.07; Figure 3 b) in the AWB treatments. In addition, CLB 

exposures significantly increased ahr mRNA levels (1.7 and 1.9-fold, respectively), followed by a 1.7-

fold reduction at the highest treatment. Conversely, a slight increase in arnt expression was observed in 



30 

 

 

 

CLB treatments, but this was not statistically significant. Relative cyp1a mRNA levels increased 

significantly by 140- and 200-fold at the second highest treatment of AWB and CLB, respectively, when 

compared to the water control (Figure 3 d). At higher concentrations of both dilbit treatments, there was a 

significant reduction in cyp1a expression. For cyp1a, estimated EC50s were 0.023 µg/L TPAH for AWB 

exposure, and 0.12 µg/L TPAH for CLB treatments. Linear gene expression responses were obtained for 

cat (r2 = 0.98; p = 0.01; Figure 3 c), gsr (r2 = 0.99; p= 0.01; Figure 4 b), nfe2 (r2 = 0.99; p = 0.01; Figure 4 

e), and sod1 (r2 = 0.96, p = 0.02; Figure 5 a) following CLB exposure; while, the mRNA levels of these 

genes decreased slightly in the second highest AWB treatment (Figure 3 c; Figure 4 b, e; Figure 5 a), but 

differences were not statistically different.  Linear responses to AWB treatments ([r2 = 0.95; p = 0.02] [r2 

= 0.95; p = 0.03]) and CLB ([r2 = 0.98; p = 0.05] [r2 = 0.88; p= 0.06]) were observed for gpx-4b and sodc 

expression (Figure 4 a; Figure 5 b). Relative changes in p53 mRNA levels significantly increased at the 

two second highest CLB concentrations (Figure 5 f). No significant changes in expression in either AWB 

or CLB exposures was observed for arnt, cat, gpx-4a1, gpx-1b2, gpx-4b, gst-π, hsp70, nfe2, and sodc 

(Figure 3 b-c, e-f; Figure 4 a, c-e; Figure 5 b).  
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Table 2. % Mortality and blue sac disease (BSD) Severity Index (SI) for rainbow trout embryos (n = 40) 

after 23 days exposure to dispersant controls (DC) and increasing concentrations of chemically-enhanced 

water accommodated fractions (CEWAF) of Access Western Blend (AWB; 0.00079 – 7.9 µg/L TPAH) 

and Cold Lake Blend (CLB; 0.0039 – 39 µg/L TPAH) diluted bitumens (dilbit).  

Exposure 

 

Nominal 

Loading 

( % v/v) 

TPAH  

(µg/L) 

% Mortality BSD SI 

DC 1 - 92.5 0.93 

DC 0.1 - 0 0 

AWB 0.0001 0.00079 0 0.003 

  0.001 0.0079 2.5 0.03 

  0.01 0.079 0 0.03 

  0.1 0.79 0 0.12 

 1 7.9 100 1.0 

      

CLB 0.0001 0.0039 0 0.01 

  0.001 0.039 0 0.03 

  0.01 0.39 2.5 0.03 

  0.1 3.9 2.6 0.19 

 1 39 100 1.0 

 

 

 

 



32 

 

 

 

 

 

 

 

 

-4

0 .0

0 .5

1 .0

-3 -2 -1 0 1 2

L o g  T P A H  ( g /L )

B
S

D
 S

e
v

e
r

it
y

 I
n

d
e

x

A W B

C L B

1 %  D is p e r s a n t

0 .1  %  D is p e r s a n t

R
2
= 0 .9 0

R
2
= 0 .9 3

 

Figure 2. The blue sac disease (BSD) Severity Index of rainbow trout embryos (n = 40 embryos/ 

treatment) after 23 days of exposure to increasing concentrations of Access Western Blend (AWB; 

0.00079 – 7.9 µg/L TPAH) and Cold Lake Blend (CLB; 0.0039 – 39 µg/L TPAH) diluted bitumen 

(dilbit). 
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 Figure 3. The relative mRNA levels of a) aryl hydrocarbon receptor (ahr); b) aryl hydrocarbon receptor 

nuclear translocator (arnt); c) catalase (cat); d) cytochrome P450 1a (cyp1a); e) glutathione peroxidase 

4a1 (gpx-4a1); and d) glutathione peroxidase 1b2 (gpx-1b2) in rainbow trout embryos after 23 days 

exposure to chemically-enhanced water accommodated fractions (CEWAF) of Access Western Blend 

(AWB) and Cold Lake Blend (CLB) diluted bitumens (dilbit). Data are presented as means ± SEM (n = 6-

8/treatment). The X-axis represents the mean logarithmic concentration of total polycyclic aromatic 

hydrocarbons (TPAH) of each treatment. Relative levels of mRNA were standardized to the housekeeping 

gene, elongation factor 1 alpha (ef1α) and relative to respective water control treatments. Significant 

differences between a dilbit (AWB, CLB) to water control (*), and between 0.1 % dispersant (†) and 

0.1 % v/v treatments, are noted as indicated by ANOVA and post hoc analysis (p < 0.05).  
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Figure 4. The relative mRNA levels of a) glutathione peroxidase 4b (gpx-4b); b) glutathione reductase 

(gsr); (c) glutathione S-transferase π (gst-π); (d) heat shock protein 70 (hsp70); (e) nuclear factor, 

erythroid 2 (nfe2); and (d) tumour suppressing protein p53 (p53) after 23 days exposure to chemically-

enhanced water accommodated fractions (CEWAF) of Access Western Blend (AWB) and Cold Lake 

Blend (CLB) diluted bitumens (dilbit). Data are presented as means ± SEM (n = 6-8/treatment). The X-

axis represents the mean logarithmic concentration of total polycyclic aromatic hydrocarbons (TPAH) of 

each treatment. Relative levels of mRNA were standardized to the housekeeping gene, elongation factor 1 

alpha (ef1α) and relative to respective water control treatments. Significant differences are noted between 

AWB and CLB dilbit to water control (*) as indicated by ANOVA and post hoc analysis (p < 0.05).  
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Figure 5. The relative mRNA levels of a) superoxide dismutase 1 (sod1) and b) superoxide dismutase C 

(sodc) after 23 days exposure to chemically-enhanced water accommodated fractions (CEWAF) of 

Access Western Blend (AWB) and Cold Lake Blend (CLB) diluted bitumens (dilbit). Data are presented 

as means ± SEM (n = 6-8/treatment). The X-axis represents the mean logarithmic concentration of total 

polycyclic aromatic hydrocarbons (TPAH) of each treatment. Relative levels of mRNA were standardized 

to the housekeeping gene, elongation factor 1 alpha (ef1α) and relative to respective water control 

treatments. Significant differences are noted between AWB and CLB dilbit to water control (*) as 

indicated by ANOVA and post hoc analysis (p < 0.05).  
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Table 3. A summary of significant changes in expression of genes of interest in rainbow trout embryos 

after 23 days exposure to chemically-enhanced water accommodated fractions (CEWAF) of Access 

Western Blend (AWB) and Cold Lake Blend (CLB) diluted bitumens (dilbit). Relative levels of mRNA 

were standardized to the housekeeping gene, elongation factor 1 alpha (ef1α) and relative to respective 

water control treatments. Significant differences between dilbit (AWB, CLB) and water control (+1), and 

between 0.1 % dispersant (+2) and 0.1 % v/v treatments, are noted as indicated by ANOVA and post hoc 

analysis (p < 0.05).  

Associate biological 

function 

Target gene Significant Change in 

Gene Expression in 

AWB 

Significant Change in 

Gene Expression in 

CWB 

Xenobiotic Metabolism ahr (α,β) +1+2 +1 

Xenobiotic Metabolism arnt (α,β)   

Phase I cyp1a +1+2 +1+2 

Phase II cat   

Phase II gpx-1b2   

Phase II gpx-4a1   

Phase II gpx-4b   

Phase II gsr  +1 

Phase II gst-π   

Phase II hsp70   

Phase II nfe2   

Phase II sod1  +1 

Phase II sodc   

Cell cycling/ Mutation 

Response 

p53  +1 
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Table 4. Regression of responses on dilbit exposure concentrations of blue sac disease Severity Index 

(BSD SI) and gene expression data in mean relative mRNA levels to Access Western Blend (AWB) and 

Cold Lake Blend (CLB) CEWAF dilbits over a 23-day exposure to rainbow trout embryos. 

              Exposure 

Figure Regression Type Parameter AWB CLB 

2. BSD SI 

Sigmoidal  

(3 parameter dose response 

curve) Upper 1.00 1.00 

  Lower 0.003 0.01 

  r2 0.90 0.93 

  EC50 2.06 8.87 

3a. ahr Linear Intercept (x = 0) 4.75   

   Slope 1.04   

   r2 0.98   

   P value 0.012   

3b. arnt Linear Intercept (x = 0) 1.60   

   Slope 0.12   

   r2 0.86   

   P value 0.074   

3c. cat Linear Intercept (x = 0)  1.86 

   Slope  0.12 

   r2  0.98 

   P value  0.0077 

3d. cyp1a 

Sigmoidal  

(3 parameter dose response 

curve) Upper 140 0 

  Lower 0 205 

  r2 0.86 0.79 

  EC50 0.023 0.12 

4a. gpx-4b Linear Intercept (x = 0) 1.44 1.21 

   Slope 0.15 0.21 

   r2 0.95 0.98 

   P value 0.024 0.011 

4b. gsr Linear Intercept (x = 0)  2.18 

   Slope  0.57 

   r2  0.99 

   P value  0.0072 

4e. nfe2 Linear Intercept (x = 0)  1.74 

   Slope  0.14 

   r2  0.99 

   P value  0.0067 

4f. p53 

Third Order Polynomial 

(Cubic) r2 1.00 1.00 

5a. sod1 Linear Intercept (x = 0)  2.18 

   Slope  0.52 

   r2  0.96 

   P value  0.20 
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5b. sodc Linear Intercept (x = 0)  1.63 

   Slope  0.25 

   r2  0.88 

    P value   0.060 
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4 DISCUSSION 

In this study, 100 % mortality of dilbit-exposed trout embryos was observed in the highest CEWAF 

treatments of both AWB and CLB as well as the DC at 1 % v/v concentration (1:10). Adams et al. 

(2014b) reported that dispersed oil toxicity may be due to free dispersant within solution. These may be 

caused by active constituents within the dispersant, including propylene glycol, organic sulfonic acid salt, 

and petroleum distillates (Nalco Environmental Solutions LLC, 2012). Due to complete mortality, an 

alternate DC (0.1 % v/v; 1:100) was prepared as a comparison to the second highest CEWAF treatment. 

Subsequently, no mortality was observed in 0.1 % v/v DC which suggest that the dispersant was not feely 

bioavailable and was sequestered in solution at this concentration.  

Malformations were observed in rainbow trout embryos exposed to CEWAF dilbit treatments, with 

the highest prevalence of malformations observed in the second highest treatments of both dilbits. In 

comparison, no malformations were observed in the 0.1 % DC, which suggest that malformations were a 

result of the dispersed oil, and not the dispersant. Compared to mechanical dispersion, CEWAFs were 

reported to be upwards of 100-fold more toxic due to the increased bioavailability of the toxic compounds 

of oil in water (Schein et al. 2009). Specifically, increased mortality and malformations occurred in 

proportion to the concentrations of alkylated PAHs in treatments of chemically-dispersed crude oils (Wu 

et al., 2012; Martin et al., 2013). Alternatively, the bioavailability of PAHs may be due to dissolved PAHs 

and not PAHs found in oil droplets (Carls et al., 2008). A recent study by Sørhus et al. (2015) suggested 

that dispersed oil droplets may interact with Atlantic haddock embryos to cause toxicity. However, the 

analysis for lethal and sublethal effects within this study did not allow for the distinction between PAH 

delivery methods to the trout embryo.  

A similar prevalence of malformations was observed between AWB and CLB exposures. However, 

estimated EC50s for AWB and CLB were 2.06 and 8.87 µg/L, respectively, which suggest that 

chemically-dispersed AWB is more toxic than CLB at this range of concentrations. Chronic toxicity has 
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been attributed to 3- to 5- ringed alkylated PAHs (Adams et al., 2014a), although petroleum components 

within the UCM of dilbits and dispersants may also contribute to toxicity (Booth et al., 2007; Du et al., 

2012). In comparison to AWB, King et al. (2014) reported that CLB has increased density and a higher 

contribution of alkylated PAHs which slowed down its rate of weathering in the water column. Moreover, 

monoaromatics within AWB degrade more rapidly as the alkylated PAH content in CLB is more resistant 

to decay and continue to partition into the water column for a longer period of time. These differences 

may contribute to a decrease in the amount of alkylated PAHs bioavailable to rainbow trout in 

chemically-dispersed CLB, despite having a higher concentration of TPAH as compared to AWB. 

However, levels of individual PAHs by GC-MS analysis were below detection limit and did not allow for 

direct comparison of alkylated PAH concentrations between dilbits. Conversely, toxicity resultant of 

active constituents of dispersant added to the two dilbits may also be attributed to AWB’s greater toxicity, 

though a parallel range of WAF treatments is needed to distinguish dispersant-mediated toxicity.  

Molecular responses to CEWAF treatments were observed in both AWB and CLB dilbits, including 

genes involved in phase I and II biotransformation as well as xenobiotic metabolism. The expression of 

cyp1a is a cytochrome P450 biomarker used to indicate the presence of many environmental pollutants, 

including PAHs, drugs, and carcinogens (Zangar et al., 2004). In this study, cyp1a mRNA levels were 

significantly increased in the second and third highest treatments for both AWB and CLB concentrations. 

Brinkworth et al. (2003) reported CYP1A induction with BSD in early life stages of rainbow trout 

exposed to retene. In conventional heavy and crude oils, this correlation was also observed in rainbow 

trout embryos (Wu et al., 2012; Adams et al., 2014a). This was similarly observed in exposure response 

trends of BSD SI and cyp1a mRNA levels in each dilbit. In comparison, the EC50s calculated for both 

BSD SI and cyp1a mRNA levels suggested that AWB exposure resulted in greater toxicity and increased 

cyp1a transcripts as compared to CLB. Significant differences were found between the second highest 

treatment and the 0.1 % DC, which suggest that cyp1a expression was driven by the PAHs in solution. 

This decrease in cyp1a expression is consistent with oxidative inactivation of CYP1A activity by 



43 

 

 

 

polychlorinated biphenyls (PCBs) in vertebrates (White et al., 1997; Schlezinger et al., 2000; Schlezinger 

and Stegeman, 2001). Slow oxidation of PAHs by CYP1A can lead to the uncoupling of electron transfer 

and ROS release at the active site (Schlezinger et al., 2000). This process may also initiate the 

bioactivation of PAH metabolites, which leads to the subsequent activation of the redox cycle and further 

ROS generation (Livingstone, 2001). Excessive levels of ROS inhibit phase I metabolism, specifically 

targeting pre-transcriptional points at the AhR/ARNT pathway, in addition to transcription, translation, 

and enzymatic activity of the cytochrome P450 system (Barouki and Morel, 2001; Regoli and Giuliani, 

2014). White et al. (1997) reported induction and post-transcriptional inactivation of hepatic CYP1A in 

scup (Stenotomus chrysops) exposed to 3,3’,4,4’-tetrachlorobiphenyl  similar to suppression of CYP1A 

activity with increased oxidative stress in scup treated to high doses of 3,3’,4,4’,5-pentachlorobiphenyl by 

Schlezinger et al. (2000) and Schlezinger and Stegeman (2001) . Conversely, a decrease in cyp1a 

expression may also be a result of cell apoptosis in trout embryos at the second highest treatment. ROS 

overproduction as a result of the uncoupling of CYP1A to the redox cycle resulted in apoptotic cell death 

in tissues of Japanese medaka and killifish (Fundulus heteroclitus) embryos exposed to 2,3,7,8-

tetrachlorodibenzo-p-dioxin (Cantrell et al., 1998; Toomey et al., 2001). Baršienè et al. (2006) also linked 

the genotoxic potential of crude oil to cell apoptosis, as indicated by micronuclei in turbot (Scophthalmus 

maximus) and Atlantic cod (Gadus morua) erythrocytes. Though past studies of conventional crude oil 

indicate that PAH exposure results in CYP1A inactivation through ROS production generated by CYP1A 

and/or PAH metabolites (Hodson et al., 2007; Scott and Hodson, 2008), the possibility for apoptotic cell 

death should not be ruled out in chemically-dispersed dilbit exposures.  

Similar to the cyp1a exposure-response trend, it was observed that ahr expression increased with 

increasing PAH concentrations in AWB and CLB, followed by a decrease at the second highest CLB 

concentration in relation the previous treatment. As with cyp1a, significant differences between the 

second highest treatment of AWB and 0.1 % DC were observed, which suggest that dispersant was 

sequestered in solution and did not cause addition. The AhR is induced by a variety of environmental 
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contaminants (PCBs, PAHs, dibenzofurans) and is responsible for the upregulation of phase I and phase II 

metabolic enzymes, including CYP1A and GST (Abnet et al., 1999). Significant ahr induction mirrored 

cyp1a expression, similar to the findings of Abnet et al. (1999) who reported that ahr mRNA levels are 

directly induced by ligand activation. Wang et al. (2009) reported significant induction of cyp1a 

correlated with a one-fold increase in ahr and arnt, which suggests CYP1A induction by AhR activation.  

Embryo malformations also correlate with the induction of genes involved in tumour suppression and 

stress responses. The tumour suppressing protein, p53, is a suitable biomarker in rainbow trout for 

regulation of DNA damage in the presence of xenobiotics in polluted waters (Liu et al., 2011). Low levels 

of P53 play an antioxidant role during homeostatic conditions, while factors causing increased ROS levels 

lead to P53-mediated induction of DNA repair, cell-cycle arrest, and apoptosis (Sablina et al, 2005; 

Tomko et al., 2006). In this study, p53 increased in trout embryos exposed to both AWB and CLB, with 

significant upregulation in the two highest CLB treatments. This was consistent with studies of other 

compounds, such as metals and toxins that directly activated p53 through the formation of ROS and DNA 

damage (Phatak and Muller, 2014). Upregulation of p53 was observed in whitefish (Coregonus lavaretus 

L.) hepatocytes in response to the hepatotoxin, microcystin-LR (Brzuzan et al., 2009). Similarly, acidic 

effluent exposure resulted in excess ROS production, DNA damage, and p53 induction in tilapia 

(Oreochromis niloticus; Mai et al., 2010). However, Madison et al. (2015) reported an increase of p53 

expression in Japanese medaka only in response to AWB WAF, but not CEWAF, treatments. In 

comparison, these results show that p53 expression in rainbow trout embryos were more readily induced 

in rainbow trout embryos as compared to Japanese medaka, which may be caused by differences in life 

stage (>23 days vs. < 24 h) and temperature (10 °C vs. 27 °C) of each species, respectively. Overall, these 

findings suggest that p53 expression followed a dose-exposure response to dilbit exposure. Elevated 

expression observed in the DC control may also be suggestive of a dispersant-induced response, though 

interactions between dispersant and dilbit may also be a possibility. Future experiments should include a 

parallel set of DCs to dilbit treatments to isolate molecular responses to dispersant.     
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Other suggested biomarkers of stress and environmental contaminants are hsp70 and nfe2, known 

for their roles in the protection against denaturation and regulation of antioxidant enzymes, respectively 

(Aksakal et al., 2011; Regoli and Giuliani, 2014). Stress factors such as heat shock, starvation, and 

exposure to metals induce hsp70 expression in fish (Currie et al., 2000; Cara et al., 2005; Williams et al., 

1996). NFE2 is responsible for the upregulation of antioxidant enzymes in zebrafish (Danio rerio) 

exposed to PAHs (Timme-Laragy et al., 2009). Whereas AWB and CLB exposure did not result in any 

significant changes in hsp70 transcription levels, nfe2 displayed a linear exposure trend with exposure to 

increasing AWB and CLB concentrations with a slight decrease at the highest AWB treatment. The 

induction of nfe2 regulates the expression of many phase II genes through the antioxidant response 

element (ARE), including sod1 and gst-α (Nguyen et al., 2003). Moreover, Chen et al. (2012) 

demonstrated that regulation by both P53 and NFE2 mediated the antioxidant response to increased ROS 

levels due to environmental pollutants. In this study, similar exposure-response trends were observed for 

phase II genes: cat, gpx-4b, gsr, sod1, and sodc. These results were consistent with past studies (Zhu et 

al., 2005; Kobayashi and Yamamoto, 2005; Timme-Laragy et al., 2009), in which nfe2 knockdown 

prevented upregulation of phase II genes. The increasing response of nfe2 and these other genes suggest 

that the treatment concentrations were not high enough for P53 to mediate an apoptotic cellular response 

to CEWAF exposures. Future studies should investigate a broader range of treatments to more clearly 

observe the interactions of P53 and NFE2 proteins on mediating the antioxidant response.  
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5 CONCLUSION 

Based on a study of dilbit toxicity to medaka, rainbow trout embryos were exposed to a similar 

sublethal range of CEWAF treatments. Toxicity differences between the two species were observed due 

to complete mortality in the highest treatment (1 % v/v) of CEWAF and DC in this study. A similar 

prevalence of malformations were observed in both AWB and CLB dilbits, though AWB appeared more 

toxic than CLB, based on estimated EC50s (Log TPAH; µg/L).  Significant changes in gene expression 

were observed in ahr, cyp1a, gsr, p53, and sod1. This is the first study of the physiological effects of 

chemically-dispersed dilbit exposure in a native Canadian fish species which may be used as groundwork 

for future experiments with other salmonids.  
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