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Abstract 

Increasing economic development in the Arctic leads to higher contaminant 

burdens in wildlife. Current biomonitoring methods are subpar, due to their inability to 

quantify complex contaminant mixtures in wild species. This thesis tests the hypothesis 

that a custom transcriptomic tool can be used to monitor gene expression profiles 

following exposure from two different contaminant types in “case studies” using Black 

guillemot livers. Chapter 2 conveyed predictable chemistry profiles with the highest 

polychlorinated biphenyl (PCB) burdens found at the most contaminated site before 

remediation. Gene expression results were unreliable due to the age of samples and 

resulting degraded RNA quality. Chapter 3 showed distinct polycyclic aromatic 

compound (PAC) and gene expression profiles in birds based on diesel-related 

contaminants following an oil spill event. Birds collected from the non-spill site showed 

distinct chemistry and gene expression profiles, indicating exposure to contaminants from 

unknown sources. 
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Chapter 1: General Introduction  

1.1 Contaminants in the Arctic  

1.1.1 How do contaminants end up in Arctic wildlife?  

For several decades, the Arctic has become a sink for contaminant accumulation 

in sediment and wildlife tissues, despite its great distance from industrial point sources. 

Long-range transport through air and ocean currents has resulted in deposition of 

contaminants in the Arctic at an increasing rate. In addition, point source pollution events 

have become more frequent as anthropogenic activities expand further north and intensify 

in some regions. Contaminants are typically deposited into sediment in aquatic and 

terrestrial environments or remain suspended in the water column. Once in the 

environment, contaminants can move through the food web as follows: from primary 

producers (e.g., phytoplankton) to secondary consumers (e.g., aquatic invertebrates) on to 

species occupying higher trophic levels (e.g., fish, birds).   Despite this, the Arctic food 

chain is relatively short compared to more southern regions, leading to more direct 

biomagnification (Corsolini & Sarà, 2017). 

 In seabirds, contaminants are typically integrated into their tissues through 

ingestion while foraging for prey in sediment or preying on fish and invertebrate species. 

Many contaminants of concern are highly lipophilic and resist degradation in the 

environment. Birds utilize oxidative P-450 enzyme activity and can quickly metabolize 

and easily excrete most PACs (Näf et al., 1992; Waszak et al., 2021). The high metabolic 

potential of PACs present lower rates of biomagnification compared to other persistent 

organic pollutants (POPs) (Takeuchi et al., 2009). Importantly, seabirds have greater rates 
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of bioaccumulation compared to mammals due to their higher energy demands and due to 

their migration to more polluted areas (Fisk et al., 2001). These factors represent the 

complexity of contaminant movement, fate, and disposition of chemicals (toxicokinetics) 

in Arctic wildlife. 

1.1.2 The Canadian Arctic and climate change 

The Canadian Arctic makes up approximately 40% of the country’s landmass 

(Global Affairs Canada, 2017). The Arctic is known to have extreme environmental 

conditions that are beyond the range most species can tolerate. The Arctic region is 

categorized by low productivity and species diversity, as compared to other regions 

globally. Food web structures in the Canadian Arctic are relatively short, and wildlife 

communities are dominated by zooplankton, fish, marine mammals, and seabirds. 

Northern species are highly adapted to surviving long, cold winter months or have 

migratory strategies where they only reside in the Arctic during the summer months. 

Within the last few decades, climate change has influenced the survival, movement, and 

foraging behaviours of Arctic wildlife.  The Arctic environment is losing sea-ice at an 

alarming rate, faster than many models have predicted. Satellite records dating back to 

1979 indicate that sea-ice extent reached a record low in 2018 (Kumar et al., 2020). Sea 

ice thickness has also declined over the past few decades, as old ice melts and new ice 

replacement slows each year (Liu et al., 2020). Statistical modelling using satellite 

observational data predicts the first ice-free Arctic summer to occur in 2037, with a 

margin of error of 7 years (Peng et al., 2020).  As a result, Arctic ecosystems are 

expected to experience changing conditions. For example, rising temperatures within the 

Arctic are expected to increase the number and spread of infectious diseases to wildlife 
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and human inhabitants by creating favorable conditions for prokaryotes (Bradley et al., 

2005). 

Climate change has been shown to disproportionately affect higher latitude 

regions resulting in faster warming year to year compared to the global average (IPCC, 

2022). Additionally, climate change is likely to alter feeding habits, migration, disease 

resistance and other physiological traits in wildlife. Increasing water and ambient 

temperature due to climate change in the Arctic can modify the chemistry of a 

contaminant, often making it more toxic (Schiedek et al., 2007).    

1.1.3 Monitoring programs within the Canadian Arctic  

Contaminants were detected in Arctic wildlife dating to the 1970s. Holden (1970) 

reported the presence of 2 organochlorine pesticides (dieldrin and DDT), as well as 

polychlorinated biphenyls (PCBs) in the blubber of ringed seals from Baffin Island, NU. 

More detailed evidence of contaminants in Arctic wildlife emerged throughout the 1970s 

and 1980s. In 1991, the Artic Monitoring & Assessment Programme (AMAP) was 

established to compile and distill pollution trends within the Arctic. In the same year, the 

Northern Contaminants Program (NCP) was established by the Canadian Federal 

Government with the goal of monitoring contaminants with potential impacts on human 

and wildlife health. In 2001, the Stockholm Convention emerged as a global treaty aimed 

at reducing the levels of POPs entering the environment, for which both NCP and AMAP 

were contributors. Canada became one of the first countries to join the Stockholm 

Convention and remains involved.  

Seabirds are good bioindicators of contaminant burdens within the Arctic. Most 

avian species have migratory routes, which cross international borders (Lescroël et al., 
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2016). They also have a wide range of foraging and migration behaviors (Mallory & 

Braune, 2012; Piatt et al., 2007).  Additionally, many seabird species occupy a high 

trophic level in the Arctic food web (Hobson et al., 2002). These factors contribute to 

understanding the qualitative health of the bird’s environment and enable widespread 

geographical contaminant monitoring. Avian species are chosen for contaminant analysis 

based on feeding style, migration patterns, availability for sampling and geographic 

distribution. Seabird tissue collection for contaminant monitoring began in the mid-1970s 

in Canada and has continued on a regular basis (Bianchini et al., 2022). Seabird eggs 

have historically been the most common tissue collected for contaminant analysis. Many 

seabird species lay more than one egg per clutch, resulting in minimal impacts of species 

numbers following egg collection. Because seabirds are regularly consumed by local 

populations, monitoring contaminants in other seabird tissues can help determine 

potential risks to human health. 

1.2 Movement of POPs and concentration trends in seabirds 

1.2.1 Persistent organic pollutants (POPs)  

Persistent organic pollutants (POPs) are characterized by their resistance to 

physical, chemical, or biochemical degradation. Thus, this contaminant type has strong 

potential for global long-range transport and bioaccumulation within wildlife species. 

Many POPs can remobilize within the environment, particularly from soil or sediment, 

following changing abiotic factors. Arctic species are particularly vulnerable to these 

contaminants as most are long-lived, have lipid-rich tissue, and low reproductive output 

(Barrie et al., 1992). Current contaminant levels remain low in most Arctic wildlife 

species, but trends indicate some contaminant burdens are increasing through re-
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introduction from melting sea ice (Xie et al., 2022). Contaminant burdens are species- 

and individual-specific, as migration, feeding habits and egg-laying times differ. Many 

contaminants entering the Arctic environment have endocrine disrupting properties. This 

is of particular concern for wildlife, as reproduction and environmental adaptation hinge 

on a well-functioning endocrine system (Letcher et al., 2010). Additionally, each 

contaminant has different pharmacokinetic parameters, including varying metabolism and 

uptake rates. This can be further complicated based on age and sex toxicity differences or 

cumulative effects. To get the full scope of contaminant impacts on the Arctic, both 

legacy and emerging contaminants need to be routinely monitored within wildlife 

populations and research needs to be conducted to identify potentially harmful sublethal 

effects. 

1.2.2 Trends of POPs in the Arctic  

The concentrations of certain POPs are beginning to decline globally due to a 

reduction in use and production, while other contaminants are just beginning to emerge as 

contaminants of concern within the Arctic environment. The Stockholm Convention and 

its resulting policies have reduced the volume of certain POPs entering the Arctic. This 

treaty has helped to reduce the number of POPs in many environments, but an assessment 

by the AMAP found that some POPs are no longer declining at the expected rate in the 

Arctic (Arctic Monitoring and Assessment Programme, 2010). This is likely due to 

changing abiotic conditions such as increased chemical production and climate change 

reducing the extent of summer sea ice. Despite this, recent estimates suggest that 

temporal trends of some legacy POPs are improving. For example, PCBs show 

decreasing trends, likely due to national regulations beginning in the 1970s (Vorkamp et 
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al., 2022). Overall, the AMAP assessment published in 2010 states that legacy POPs are 

generally decreasing in Canadian Arctic wildlife due to significant restrictions of most 

global emissions. However, new contaminants of emerging Arctic concern (CEACs) have 

begun to be detected in wildlife. These contaminants have limited available toxicity data 

and knowledge gaps relating to multi-stressor interactions and temporal trends are of 

concern to communities, researchers and risk assessors (Sonne et al., 2021). 

1.3 New approach methods for contaminant monitoring  

1.3.1 Traditional contaminant testing methods  

As the effects of climate change become more evident in the Arctic, there is an 

increasing need for new methods and tools to monitor and assess sub-lethal contaminant 

exposure to wildlife. Traditional methods of contaminant screening in animals are costly 

to perform, focus primarily on laboratory model species and often only reflect exposure 

to a single chemical. Typically, toxicity testing is conducted on a model species and the 

resulting data are then used to extrapolate to relevant ecological species (Crump et al., 

2021). In 2007, the U.S. Department of Health and Human Services released a report 

identifying the need for new high-throughput approaches to determine the effects of 

contaminants (National Research Council et al., 2007). Thus, there is a need for tools, 

which could provide evidence-based monitoring for ecologically relevant species, and 

which focus on contaminant mixtures, as these are the most common form of 

contaminants within the environment.   

1.3.2 Toxicogenomics and qPCR as an effective approach to contaminant monitoring  

Toxicogenomics is an emerging field within toxicology that deals with the 

collection, interpretation, and storage of information about gene and protein activity 
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within cells or tissues of an organism in relation to toxic substances (U.S. Department of 

Health and Human Services, 2007). Using RNA as a template, we can synthesize 

corresponding complimentary DNA (cDNA) and determine modulation of gene 

expression for genes associated with various biological functions. This allows researchers 

to identify changes related to contaminant exposure in target genes, or the entire 

transcriptome (Hamadeh et al., 2002). Genes selected for analysis can be modified 

following exposure to refine estimated effects. These changes to gene expression can be 

contaminant- or species-specific. Each gene corresponds to a biological process within 

the tissue that can be altered. Baseline gene expression data can then be compared to 

tissue collected from an exposed individual to determine which genes are impacted and to 

what extent. This allows for assessment of effects within species at a mechanistic level. 

1.3.3 Transcriptomics as a potential monitoring tool 

The advancement of technologies like RNAseq and DNA microarrays allow for 

large scale analysis of gene expression changes in wildlife. These tools measure variation 

in gene expression using mRNA, which can then affect translation of proteins and 

cellular phenotypes that can be altered by ecological processes, contaminant exposure 

and disease (Alvarez et al., 2015). Recently, transcriptomics has been used to detect and 

monitor infectious diseases in frogs through whole-transcriptome analysis (RNA Seq) 

(Campbell et al., 2018), and in birds through whole blood transcriptomics (Jax et al., 

2021). Transcriptomics has also been used to determine mechanisms involved in 

environmental resilience for conservation in fish species (Connon et al., 2018) and for the 

selection of populations for reintroduction as a conservation tool (He et al., 2012). 

Toxicogenomic methods were also used to monitor contaminants by determining gene 
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expression changes in fathead minnows exposed to wastewater effluent (Garcia-Reyero et 

al., 2011). The refinement and application of transcriptomic and toxicogenomic tools 

continues to facilitate research into wildlife management and ecotoxicological 

applications.   

1.3.4 The ToxChip transcriptomics tool  

The ToxChip tool is a species-specific PCR array developed from a previously 

annotated gene sequences and corresponding gene-specific primer assays. Genes can be 

chosen for addition to the ToxChip based on a contaminant of interest and its documented 

impacts on genes/biological pathways. Using previously annotated coding sequences of 

target genes similar to the novel target species, this approach is highly adaptable and 

customizable to species or contaminants of interest. The ToxChip is designed to be used 

for liver tissue, as this is the main detoxifying organ within all species. The ToxChip 

enables comparison of gene expression data in exposed and baseline samples to 

determine potential changes caused by contaminant exposure. Many contaminants impact 

the same genes or biological pathways; therefore, one ToxChip could be used to 

determine gene expression in the same species following exposure to a variety of 

contaminants. The ToxChip approach has been used to screen individual chemicals for 

risk assessment (Porter et al., 2014) and complex mixtures (Xia et al., 2020; Zahaby et 

al., 2021). Based on the findings from these papers, the ToxChip approach could aid in 

long-term contaminant monitoring programs and could be implemented following acute 

or known exposure to a contaminant to study effects on wildlife.  

The ToxChip is a medium-to-high-throughput means to generate evidence-based 

data on contaminant mixtures using less animals than standard toxicity testing. Given its 
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customizable potential, the ToxChip could be designed for any species or contaminant of 

interest. Additionally, the ToxChip is relatively easy to run in most laboratory 

environments and data can be generated quickly following retrieval of samples. Recently, 

a ToxChip approach was used to assess gene and pathway effects in response to complex 

contaminant mixtures in avian species (Xia et al., 2020). The endocrine disrupting nature 

of many POPs suggests that biological pathways most likely to be impacted by exposure 

include xenobiotic metabolism, oxidative stress, and hormone pathways.  

Another potential use of the ToxChip tool would be to determine contaminant 

“hotspots” for future monitoring applications. Using machine learning techniques such as 

partial least squares discriminant analysis (PLSDA) on gene expression and contaminant 

data, it is possible to predict colony or site of origin for each sample. This method was 

applied in a recent paper with an 83.3% accuracy at predicting seabird colony of origin 

based on gene expression (Zahaby et al., 2021).   

1.4 Thesis Objectives and Hypotheses  

 While the concentrations of most legacy pollutants are beginning to decline in the 

Arctic, new contaminant classes are emerging/increasing because of long-range transport 

or point source emissions. Human activities are expected to increase as the Arctic 

becomes more accessible due to climate change and its impacts on the reduction of 

summer sea ice. A holistic approach to contaminant monitoring in wildlife is needed as 

many contaminants are found as mixtures, with varying degrees of toxicity to wildlife.  

Effects of contaminants are driven by many factors including species, chemical 

concentration, environment, and life history traits. Traditional methods of toxicity testing 

fail to routinely capture information in ecologically relevant species, and instead 
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extrapolate using laboratory models, therefore new approaches are needed. Using a 

transcriptomics approach to determine biological pathways most effected by contaminant 

exposure allows for more specific endpoint determination and contribution to strategic 

environmental assessments. Overall, I hypothesize that the chemistry profiles of birds 

collected from two distinct areas and exposed to two chemical types will influence gene 

expression profiles and demonstrate contaminant exposure trends. Furthermore, I 

hypothesize that transcriptomics tools can be used to assist contaminant monitoring in a 

seabird species. 

In Chapter 2, I will use a previously developed Black guillemot (Cepphus grylle) 

ToxChip PCR array on liver samples collected from a Federally Contaminated Site in 

Saglek Bay, NL. The site was used as a military radar station and underwent remediation 

for PCB contamination in 2007-2008. Liver samples were collected pre- and post-

remediation from nestling Black guillemots at three variably contaminated locations 

(Beach [most contaminated], Island [moderate], and Reference [least contaminated]). 

Based on the history of this site, I predict that differences between the sub-sites will be 

evident based on chemistry and gene expression profiles for both years. Furthermore, I 

predict that samples collected before the remediation project, in 1999, will have distinct 

gene expression profiles compared to those collected after the remediation project in 

2007, particularly for genes associated with xenobiotic metabolism. The remediation 

project conducted in 2007 was successful in reducing contaminant burdens in each 

respective sub-site compared to 1999 (Kuzyk et al., 2003). The ToxChip tool should help 

determine whether the remediation project in 2007 was successful in terms of gene 

expression change at the Beach sub-site between both years. To test the thesis hypothesis, 
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I predict that gene expression profiles can be used to differentiate contaminant burdens 

between sub-sites and between collection years.   

In Chapter 3, I will test the utility of the same Black guillemot ToxChip 

transcriptomics tool to study how gene expression profiles differ between adult seabirds 

exposed to oil-related contaminants at a known diesel spill site (Postville, NL) compared 

to a site with no known acute diesel contamination (Nain, NL). Based on the expected 

difference in chemistry profiles between the two sites, I predict that liver samples of birds 

collected from the diesel spill site will have higher burdens of PACs, particularly lower 

molecular weight PACs known to be associated with diesel fuel (Provencher et al., 2022). 

This chapter tests the hypothesis that samples collected from the spill site (Postville) will 

have an increased number of gene alterations compared to samples collected from the 

non-spill site, particularly for genes associated with xenobiotic metabolism (notably 

CYP1a5, CYP3a7, UGT1a9 and SULT1e1). I will use liver tissue samples from birds 

collected at the spill site to understand gene expression profiles following exposure to 

diesel-related contaminants. To test the general thesis hypothesis, I predict that distinct 

chemistry profiles at both sites will result in unique gene expression profiles based on 

PAC source and concentration.   

The proposed research will provide insight into the potential use of ‘omics tools 

to augment contaminant monitoring and detection in an ecologically relevant seabird 

species (Black guillemot). This project will allow the identification of gene expression 

effects following contaminant exposure on a temporal and spatial scale in a bioindicator 

species.   
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2. Chapter 2: Evaluation of a ToxChip PCR array to screen hepatic 
tissue of Black guillemot (Cepphus grylle) nestlings collected as 
part of a PCB remediation project at Saglek Bay, NL.  
 

2.1 Abstract  
Contaminants are continuously produced and transported to remote ecosystems, 

including the Arctic. It is important to understand the effects complex mixtures pose to 

local wildlife to ensure effective chemical management strategies and environmental 

assessments are implemented. Transcriptomics is a potential tool to monitor the effects of 

contaminants on biological pathways using gene expression profiles. Based on previous 

work examining polychlorinated biphenyl (PCB) burdens in Black guillemot (Cepphus 

grylle) nestlings collected before and after sediment remediation, we attempt to quantify 

changes in hepatic gene expression using an existing ToxChip polymerase chain reaction 

(PCR) array paired with PCB profiles. We found distinct chemistry profiles between the 

three variably contaminated sub-sites and between collection years (1999 [pre-] and 2007 

[post-remediation]). We did not observe any significant trends in gene expression 

profiles, likely due to the hepatic RNA integrity of the 1999 samples. Future research 

should explore how archived samples may be used in these types of applications, and 

contemporary studies should use newly acquired samples to investigate effects of 

contaminant exposure on gene expression profiles and determine the success of 

remediation projects in the future. 
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2.2 Introduction  

2.2.1 PCBs and their effects on seabirds  

Contaminants are ubiquitous in ecosystems and different groups of contaminants 

impose variable challenges to wildlife following exposure. Polychlorinated biphenyls 

(PCBs) were used extensively throughout the 1950s to the 1970s. This class of 

contaminants, comprising 209 different congeners, were used as coolants, insulating 

fluids and additives in building materials (Carlsson et al., 2018). Following the gradual 

restriction of the production and use of PCBs in the 1970s, global emissions began to 

decline significantly. Despite this reduction in output, PCBs are resistant to degradation 

and can be remobilized into the environment through changing abiotic conditions 

(Carlsson et al., 2018). Seabirds are good bioindicators of contamination due to their high 

trophic position in the Arctic, especially for chemicals such as PCBs given that they 

bioaccumulate and biomagnify (Antoniadou et al., 2007; Wang et al., 2022). Bird 

samples (e.g., eggs) are also relatively easy to collect and allow for multi-year monitoring 

of the same colonies.  

Arctic wildlife is especially susceptible to high contaminant burdens due to long 

lifespans and high body lipid content, which facilitate the bioaccumulation of highly 

lipophilic contaminants. Cold temperatures in the Arctic favor the persistence of PCBs as 

they inhibit degradation. Despite remediation efforts at previously contaminated sites in 

Canada, PCB contamination in seabirds continues to be reported. PCBs were found to be 

above trace levels (≥0.001 μg/g w.w. (wet weight)) in 98% of bird carcasses collected 

from various sites in Canada (Braune & Noble, 2009). PCBs can enter an environment 
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through long range transport and can be remobilized from sediment into the trophic food 

web years to decades after deposition (Shi et al., 2022).  

PCBs have been documented to act as environmental estrogens and can impact 

populations of breeding shorebirds in areas with high concentrations (Fry, 1995). In 

juvenile birds, PCBs have been shown to decrease cognitive abilities (Zahara et al., 

2015), impair growth and memory (Flahr et al., 2015) and suppress immune function 

(Grasman et al., 1996). Exposure to a commercial PCB mixture (Aroclor 1254) resulted 

in an increase in mass and fat and a decrease in plasma thyroid hormones over time in 

juvenile European starlings exposed at ecologically relevant concentrations (Flahr et al., 

2015). In addition, PCBs have been documented to cause immune suppression, reduced 

hatchability, decreased fertility, embryonic deformities, disruption of growth, and in 

extreme cases, mortality in birds (Barron et al., 1995). 

2.2.2 Transcriptomics as a tool to assist contaminant monitoring 

Traditional toxicity testing relies on many animals, is time consuming and 

expensive, and does not sufficiently address wildlife contaminant sensitivities or 

contaminants as complex mixtures (Crump et al., 2016). One method to evaluate 

contaminant burdens in wildlife species is by using transcriptomics. Exposure to 

contaminants can alter the expression of certain genes. In birds, phase I metabolizing 

genes, such as CYP1A4/CYP1A5, are involved in xenobiotic metabolism and are 

typically induced following exposure to contaminants such as PCBs (Head & Kennedy, 

2007). Using available literature regarding genes impacted by specific contaminants in 

both wild and laboratory species, we can determine a subset of genes worth investigating 
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in response to contaminant exposure that can be evaluated simultaneously using 

quantitative PCR arrays.  

Specific PCR arrays, called ToxChips, were previously developed for two Arctic 

seabird species (Black guillemot and Thick-billed murre) by our lab at the National 

Wildlife Research Centre, Ottawa, ON (Zahaby et al., 2021). The goal of that project was 

to develop an alternative tool to assist with contaminant monitoring in wildlife species 

that could be employed in real world “case studies”. The project outlined the 

development of the ToxChips and their use on samples collected from an area with a 

known natural oil seep to determine current baseline gene expression profiles.  

2.2.3 Saglek Bay, NL was the site of a former military base  

PCB contamination has been reported at several Federally Contaminated Sites in 

Canada. One such site is Saglek Bay, located in northern Newfoundland and Labrador 

(NL), Canada. The site has been in use since the 1950s but was modernized to serve as a 

Long-Range Radar facility. As part of an ecological risk assessment conducted in 1999, 

sum PCB concentration burdens in Black guillemot nestling livers collected from the area 

were found to range from 14 to 6200 ng/g (w.w.). PCB burdens decreased in magnitude 

with distance from the site (Kuzyk et al., 2003). Liver samples were collected at three 

sub-sites with varying contamination (Beach, Island and Reference) in 1999 and again in 

2007. These time points signify sample collection before and after a federally mandated 

remediation project to remove all contaminated soil from the Beach site exceeding 50 

µg/g (Ficko et al., 2013). Livers collected from females at the Beach site were enlarged 

36% relative to females collected from the Reference site in 1999. Furthermore, Beach 

and Island nestlings showed elevated EROD activities and reduced retinol concentrations. 
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Birds collected from the Beach site in 2007 showed a 6-fold decrease in total PCB 

concentrations compared to 1999 samples from the same sub-site (Brown et al., 2009). 

There are currently 440 federally contaminated sites with known or suspected PCB 

contamination in Canada (Treasury Board of Canada Secretariat, 1994). Contaminant 

monitoring in wildlife species following a remediation effort is important to determine its 

success.  

One potential way to evaluate the success of remediation efforts is to utilize 

molecular biology tools, such as ToxChip PCR arrays. One important consideration, 

however, is that while there is transcriptome annotation information available for 

laboratory model species, such as the chicken or Japanese quail, there is a knowledge gap 

regarding transcriptome annotation for many wildlife species. With evidence that PCBs 

impacted nestlings collected in 1999 at Saglek Bay in a dose-dependent manner, we 

investigated whether samples could be differentiated between sub-sites and years based 

on gene expression and/or contaminant data (Brown et al., 2009). This information will 

allow more in-depth knowledge regarding the potential use of transcriptomic tools in 

monitoring or remediation initiatives. 

I hypothesize that the chemistry profiles of birds collected from three variably 

contaminated sites at two time points will affect ToxChip gene expression profiles in 

these birds and demonstrate contaminant exposure trends. Furthermore, I hypothesize that 

transcriptomic tools can be used for contaminant monitoring in wildlife species. Based on 

existing empirical data from Saglek Bay, chemistry profiles were shown to differ 

between the sub-sites, as well as between collection years. I predict that samples 

collected before the remediation project in 1999 will have distinct gene expression 
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profiles compared to those collected after the remediation project in 2007, particularly for 

genes associated with the xenobiotic metabolism pathway. Gene expression data derived 

from the Black guillemot ToxChip tool should help determine if the remediation project 

in 2007 was successful in removing most of the PCB contamination at Saglek Bay beach. 

To test the thesis hypothesis, I predict that gene expression profiles can be used to 

differentiate contaminant burdens between sub-sites and between collection years.  

2.3 Materials and Methods 

2.3.1 Study site and sample preparation 

Saglek Bay (58°29’N, 62°40’W) is an inlet located in northeast Newfoundland 

and Labrador. This bay is approximately 67 kilometres in length and is connected to the 

Labrador Sea. This site was home to a U.S. Air Force communication and radar site 

between the 1950s and 1970s. In 1971, the U.S. Air Force transferred control of the site 

to the Canadian Forces, who subsequently closed the site. This former military site 

remained closed until the late 1990s, when it was commissioned for clean-up under the 

Federal Contaminated Sites Action Plan. The site was deemed to have been contaminated 

by PCBs, which are harmful contaminants found in the electrical equipment used at the 

time. 

Black guillemot (Cepphus grylle) nestlings were collected from three sub-sites 

within Saglek Bay with varying contamination levels. The Beach group, located no more 

than 4 km away from the contaminated site, contains 2 sampling sites (East and West); 

the Island group, located approximately 6 km from the Beach site, contains 2 sampling 

sites (Rocky and Little Bluebell); the Reference group, located approximately 18 km 

from the beach site, contains 3 sampling sites (Glitsch, Black & Gull) (Figure 2.1). A 
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total of 6 juvenile guillemots were collected from each sub-site in 1999 (n=18) and again 

in 2007 (n=18) to understand the contaminant burden and potential effects in birds before 

and after the remediation project.  

 

Figure 2.1: Map of Saglek Bay, NL with 3 sub-sites: Beach (site of PCB contamination), Islands 
& Reference. 
 

One chick was taken per sampled nest at ages between 21 and 36 days old. Body 

size measurements, mass and an immune response test were taken for each chick, as well 

as a blood sample. Chicks were then decapitated and necropsied, and gender was 

determined. The left liver lobe was placed in a cryovial for later contaminant analysis and 

preserved in liquid nitrogen within 10 minutes of the chick’s death. The right lobe was 

placed in an acetone/hexane rinsed tube and immediately frozen at -20°C for biochemical 

analysis (Kuzyk et al., 2003). A portion of the left lobe was homogenized and kept for 

biochemical analysis at the National Wildlife Research Centre (NWRC) in Ottawa, ON. 

For the current project, archived left liver lobes were retrieved from –80°C freezers at the 

NWRC in 2021. Total RNA was extracted following the manufacturer’s protocols for the 
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RNeasy Mini extraction kit (Qiagen) with DNase on-column digest. The resulting RNA 

concentration was determined using a QIAxpert (Qiagen). Several liver samples collected 

in 1999 were only available as homogenates (n=5). A retroactive study permit was 

obtained from the Nunatsiavut Government prior to sample manipulation (NGRAC-

15594228). 

2.3.2 Chemical analysis of livers collected in 1999 and 2007 

Contaminant analyses were conducted by Axys Analytical Services Limited, 

Sydney, BC for each right liver lobe collected in 1999. Each sample was assayed for 84 

PCB congeners and metabolites by capillary gas chromatography/mass spectrometry 

(GC/MS). A detailed description of contaminant analysis for these samples was described 

by (Kuzyk et al., 2003). Detection limits for PCB congeners and pesticides were sample 

specific and are described below. Each right liver lobe from 2007 was assayed for 91 

PCB congeners by Axys Analytical Services Limited, Sydney, BC. A detailed 

methodology for the contaminant analysis of these samples is provided by (Brown et al., 

2009).   

Coplanar PCBs were extracted from homogenized tissue, ground, and dried. The 

powder was then placed in a glass chromatographic column and eluted with 1:1 

dichloromethane/hexane. The eluate was subsampled for lipid determination and the 

remaining extract was concentrated, loaded onto a gel permeation column, and eluted 

with 1:1 dichloromethane/hexane. The final 1:1 dichloromethane/hexane extract was 

analyzed by high resolution GC/MS. 

In 1999, a total of 45 PCB congeners were detected in one or more samples. 

Recoveries of eight PCB congeners from spiked reference materials averaged 101±12% 
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and results from the certified reference material (cod liver oil) (N.I.S.T Certified 

Reference Material 1588) were within margins of error. Detection limits ranged from 1.3 

to 6.7 pg/g. Spike recoveries for coplanar PCBs ranged from 91-105%. Only one blank 

contained a trace amount (0.17 pg/g), and analytical duplicates were within 9.1%.  

In 2007, the analytical method used C-13 labeled PCB standards added at the 

commencement of analysis. Any congeners less than the detection limit were replaced 

with a random number between the detection limit and zero (Brown et al., 2009). 

Analytes quantified against the C-13 labeled standard are recovery corrected in the 

samples. Recoveries of 53 and 25 PCB congeners from 4 and 3 samples of spiked 

reference materials averaged 104±1.6% and 103±1.5%, respectively. Blanks were below 

detection for all congeners. For livers, PCB concentrations were expressed as wet weight 

(w.w.) for both collection years.  

2.3.3 Application of ToxChip PCR array  

A previously developed ToxChip array for the Black guillemot was used for all 

samples in this project. The steps for development have been outlined previously (Crump 

et al., 2016; Zahaby et al., 2021). The ToxChip array contains 32 target genes, and 3 

samples are run on each 96 well array. Approximately 30 mg of liver tissue was excised 

from the left lobe of each bird, and total RNA was extracted following the manufacturer’s 

protocols for the RNeasy extraction kit with a QIAcube (Qiagen) and with a DNAse I on-

column treatment to remove genomic DNA contamination. The resulting concentration 

and purity of RNA was determined using a QIAxpert (Qiagen). All samples had purity 

values A260/A280 ≥ 1.8. Half the volume of each RNA sample was aliquoted, and the 

remaining volume was stored at −80 °C. Approximately 1000 ng of total RNA from each 
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sample was reverse transcribed to cDNA using a QuantiTect kit (Qiagen) with 

modifications described by Porter et al., 2014. The resulting cDNA was diluted 1:10 in 

Diethyl pyrocarbonate (DEPC) treated water. Array wells were spotted with 5 µl of 

optimally concentrated primers using a QIAgility machine (Qiagen) prior to the addition 

of SYBR Green with ROX Mastermix (Qiagen) and 5 µl diluted cDNA. Total reaction 

volume in each well was 25 µl. The arrays were run on a Mx3005P qPCR machine 

(Agilent). The thermocycle program included an activation step at 95 °C for 10 min 

followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min, and ending with a 

dissociation curve segment of 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s. 

2.3.4 Data analysis for PCB chemicals and gene expression 

Samples collected in 1999 were analyzed at a lower resolution compared to 2007 

samples. Due to a lack of detection limits for each PCB congener in 1999, detection 

limits were derived based on available data. The PCB value with the highest detection 

limit in all samples for each PCB congener was determined, and any value under the 

highest was set to 10% of its value (the new detection limit). Next, we removed any PCB 

congener where all samples contained values below the detection limit (BDL). All 

remaining PCBs for which 50% of the values were BDL were removed. For the 

remaining PCBs, any value BDL was replaced with 10% of that value. This method was 

used for samples from 1999 only because samples from 2007 had detection limits 

available. After filtering, 9 PCBs remained in 5 co-elution groups (PCB 153, 

138/163/164, 180, 182/187, 170/190). All data filtering and manipulation was completed 

in R Studio prior to analysis. 
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PCR cycle threshold (Ct) data were normalized using the two housekeeping genes 

included on the ToxChip (RPL4 & EEF1a1). The fold change of target gene abundance 

was calculated using the 2−ΔCt method.  This method assumes the housekeeping genes 

to have constant expression levels between samples and experimental conditions 

(Hasanpur et al., 2022)  

Genes with high Ct values (> 35) or with no detectable Ct (No Ct) in ≥ 50% of 

samples were removed from analysis (9 genes were removed during this step). 

Remaining Ct values > 35 were ignored from filtering as there is confidence in gene 

expression based on previous work (Zahaby et al., 2021), and higher Ct values were 

therefore deemed valuable for analysis in this case. Any remaining No Ct was replaced 

with the experimental average. One sample was not included in the analysis as it 

produced an outlier in the gene expression data (SGL_99_29). 

All statistics were conducted in R Studio or R Commander. Principal component 

analysis (PCA) is a multivariate analysis technique used to reduce the dimensionality of a 

dataset and emphasize variation. Data are visualized on a two-dimensional graph with the 

first principal component accounting for the most variation. Samples, or loadings, tend to 

cluster based on projected similarity. Linear Discriminant Analysis (LDA) was used to 

show separability among sub-sites and among collection years based on chemistry 

profiles. 

Partial least squares discriminant analysis (PLSDA) was used as a predictive 

modelling tool. In this chapter, PLSDA was used with a Leave One Out principal which 

trained the algorithm to predict sub-site or collection year of a sample based on its gene 

expression profile. A PCA was also used to visualize gene expression data. 
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2.4 Results 

2.4.1 Black guillemots and PCB burdens 

Black guillemot nestlings (n=36) were collected from three sub-sites at Saglek 

Bay, NL in 1999 and again in 2007. The chicks collected in 1999 and 2007 were 

approximately 21 & 28 days old, respectively, at the time of collection. The sex ratio of 

birds collected in 1999 was 50% female (9/18) and 50% male (9/18). In 2007, the birds 

collected were 44% female (8/18) and 56% male (10/18). Saglek Bay, NL is a Federally 

Contaminated Site with elevated levels of PCB soil contamination. The sub-sites included 

in the collection were variably contaminated. The Beach site represents the source of 

contamination and is thus highly contaminated, the Island sites are moderately 

contaminated and are off shore from the Beach, and the Reference sites are the furthest 

from the source and the least contaminated (Figure 2.1). A total of 84 PCB congeners 

were measured in each liver, but only 9 congeners were included in this analysis due to 

an abundance of non-detects in many of the samples. All PCB congeners included are 

non-dioxin like (U.S. Environmental Protection Agency, 2015). The nestling with the 

highest liver sum PCB burden from 1999 (SGL_99_17) had 6477 ng/g (w.w.). In 2007, 

the nestling with the highest sum PCB burden (SGL_07_22) had 1143 ng/g (w.w.) in its 

liver. Both birds with the highest sum PCB burdens from each sampling year were 

collected from the Beach site. The nestling with the lowest sum PCB burden 

(SGL_99_28) had 24.58 ng/g (w.w.) in 1999 and in 2007 the nestling with the lowest 

sum PCB (SGL_07_5) had 5 ng/g (w.w.). Both chicks with the lowest sum PCB burden 

were from the Reference site.  
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2.4.2 PCB chemistry data profiles 

The PCA for chemistry data (both years + all sites) shows clear clustering of 

Beach samples, regardless of year. Samples from the Island sub-site tend to cluster 

together based on collection year. Most Reference samples cluster together, with a few 

outlier samples from both 1999 and 2007 (Figure 2.2a). PC1 accounts for most of the 

variation among samples (96.6%). Most samples collected in 1999 clustered within the 

higher concentrated branches of the heatmap (61%) (Figure 2.2b). Alternatively, 61% of 

samples collected in 2007 clustered with the lower concentrated branches.  

 
A) 
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B) 

Figure 2.2: Chemistry Profile. A) Principal component analysis (PCA) was used to show 
chemistry data for both experimental years (1999 & 2007) and each site (Beach, Island, 
Reference). PC1 accounts for most variation among the data. B) Heatmap of log10 transformed 
chemistry data (ng/g w.w.) data for Saglek Bay, NL samples from both sample years and all sub-
sites.  
 
2.4.3 Gene expression profiles 

The PCA for gene expression data (both years & all sub-sites) shows clear 

clustering based on collection year (Figure 2.3). The PCA shown used housekeeping gene  

normalized gene expression data using RPL4 & EEF1a1. Unfortunately, the distinction 

based on collection year is likely due to the poor quality RNA used during qPCR 

analysis. For samples collected in 1999, 67% had RNA Integrity Scores (RIS) below 5. 

This indicates degraded RNA quality and therefore reduced gene expression 

amplification during quantitative PCR (Padhi et al., 2018).   
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Figure 2.3: PCA shows gene expression data for both collection years (1999 & 2007) and all 
three collection sites (Beach, Island & Reference). Years separate clearly on the plot, but sites do 
not. Principal component 1 accounts for 42.91% of the variation in gene expression. Dotted line 
was added after analysis for visual year differentiation. 
 
2.4.4 Predictive power for sub-site and collection year using linear discriminant analysis 

Linear discriminant analysis (LDA) was used to predict sub-site and collection 

year of a sample based on chemistry data. Using samples from all sub-sites and collection 

years, the model predicted a sample with 69.4% accuracy for year and predicted sub-site 

with 77.7% accuracy. For samples collected in 1999 and 2007, the algorithm had an 

accuracy of 72.2% and 66.6%, respectively. Beach samples were predicted correctly 

83.3% of the time, while Island and Reference samples were predicted correctly 75% of 

the time (Figure 2.4b). LDA was used instead of PLSDA for these data due to the low 

number of quantifiable PCB congeners.  

 

 

 

 

Zahaby,Yasmeen (elle, la | she, her) (ECCC)
Keep/remove dotted line?



   
 

32 
 

A) 
 

Observed 
Predicted  

Confusion Matrix and Statistics  
1999 

 
2007 

 
Accuracy: 0.6944 

 
1999 13 6 

95% Confidence Interval: (0.5189, 0.8365) 

2007 5 12 
p-value (Acc > NIR): 0.01441 

 
B) 

 
Figure 2.4: Chemistry grouping. A) Results from a linear discriminant analysis (LDA) used to 
predict collection year based on chemistry data. Acc > NIR means that the accuracy is greater 
than the “no information rate”. B) LDA biplot was used to show good separation between sub-
sites (Beach: black, Islands: red, Reference: green) based on chemistry data. 
 

PLSDA was completely accurate at predicting collection year based on gene 

expression data. The model was correct every time (100% accuracy) (Figure 2.5).  
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Figure 2.5: Partial least squares discriminant analysis (PLSDA) was used to show predictions of 
sample year based on gene expression data. The algorithm predicted the correct year 100% of the 
time, for each year. 
 

The PLSDA prediction model of sample sub-site based on gene expression failed 

to predict any sites correctly (Figure S2.2). The model predicted that a Reference site 

sample was a Beach site sample 66.6% of the time. The PLSDA prediction model for 

2007 sample sub-site based on gene expression data generated similar results (Figure 

S2.3). The model failed to predict any Beach or Island sites correctly. The model 

predicted a Reference site sample correctly 33.3% of the time. The model predicted an 

Island site was a Beach site 66.6% of the time. 

Overall, the PLSDA model was 100% accurate at predicting the collection year of 

samples based on gene expression data. Alternatively, the model was not successful at 

predicting collection sub-site based on gene expression. The model was not able to 

predict collection site for either year with accuracy.   
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2.5 Discussion 

To determine if differential gene expression could be used as a tool for effects-

based monitoring, Black guillemot nestling livers with known PCB concentrations were 

retrieved from a national tissue bank and run on a custom ToxChip PCR array. Gene 

expression profiles were used to determine the effects of chemistry on biological 

pathways and trends relating to the degree of contaminant exposure. Samples were 

collected in 1999 and again in 2007 (before and after sediment remediation at the source). 

Three sub-sites (Beach, Island and Reference) represented spatial variation in PCB 

contamination and followed a predictable concentration gradient. The Beach site had the 

highest PCB burdens, regardless of collection year. Several PCB congeners included in 

the analysis, namely 138, 153 and 180, are known to be dominant in bird tissues 

worldwide. This is likely due to their high bioaccumulation potential and low metabolic 

degradation rate (Quinn et al., 2013). All PCBs which made it through the filtering 

process are considered non-dioxin like or ortho substituted. This class of PCBs are 

typically less toxic but more abundant than dioxin-like, and have lower degradation 

potential (Henry & DeVito, 2003). 

2.5.1 Chemistry data shows trends in site and remediation across years 
Using the chemistry data for samples from all three sub-sites and from both 

collection years, we were able to determine distinct PCB concentration profiles in 

nestling livers. Samples from 1999 follow a predictable gradient along PC1, which 

accounts for 96.58 % of the variability (Figure 2.2a). Beach samples cluster together, as 

do Reference samples, indicating that there are similar chemistry profiles based on sub-

site. Beach and Island samples cluster closer together on the plot and Reference samples 
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cluster independently. This means that Beach and Island samples from 1999 tend to have 

distinct chemistry profiles from Reference samples.  

Hierarchical cluster analysis attempts to identify relatively homogeneous groups 

of variables based on selected characteristics. The heatmap (Figure 2.2b) shows a 

predictable gradient of concentrations based on sub-site, with Beach samples having the 

highest PCB concentrations and Reference samples having the lowest, overall.  Most of 

the samples collected in 1999 (11/18 or 61%) were present in the upper half of PCB 

concentrations on the heatmap. Previously, sub-site contaminant burden differences were 

reported and an exponential decrease in PCB concentrations from the Beach sites to the 

Reference sites was observed. The average Beach and Island group sum PCB 

concentrations were elevated 33- and 3-fold compared to the Reference sample average, 

respectively (Kuzyk et al., 2003).  

Samples from 2007 show a similar sub-site gradient with Beach samples 

clustering to the left and Reference samples to the right of the PCA plot. Hierarchical 

cluster analysis shows there are still high concentrations of PCBs in birds from the Beach 

site collected in 2007 (Figure 2.2b). Most samples collected in 2007 (11/18 or 61%) were 

present in the lower half of PCB concentrations on the heatmap. This means that the 

difference in PCB concentrations was more prominent between sub-sites than it was 

between collection years. A notable reduction (6-fold) in the average PCB burden of 

birds from the Beach sites was found between 1999 and 2007 (Brown et al., 2009). 

Linear discriminant analysis (LDA) was used to predict collection year and sub-

sites based on chemistry data. The LDA predicted a sample with 69.4% accuracy for year 
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and predicted sub-site with 77.7% accuracy. The biplot for LDA shows good separability 

for sub-sites based on chemistry data (Figure 2.4a).  

Based on the heatmap of chemical contaminants for both years and all three sites, 

there is still significant contamination in at least 4 individuals (samples 21, 22, 29 & 35) 

from the Beach site in 2007 (Figure 2.2b). High concentrations of the 9 PCB congeners 

were also reported in 5 individuals from the Reference site (samples 1, 2, 5, 7, 8) in 2007. 

This indicates that despite the sediment remediation project at the Beach site, there is still 

PCB contamination in wildlife at the site furthest from the source, following the 

remediation project’s completion. PCBs are incredibly resistant to degradation and can 

travel long distances through air and ocean currents; therefore, it is unsurprising that PCB 

contamination remains measurable in wildlife at the Reference sites post-remediation 

(Tomza-Marciniak et al., 2019).  

In terms of chemistry profiles, individuals from the Beach sub-site clustered 

together, as did individuals from the Reference sub-site on the PCA, regardless of year 

(Figure 2.2a). If the remediation project was a complete success, we would expect to see 

distinct clustering based on sub-sites for both years. Because differences in chemistry 

profiles were found on a temporal and spatial scale, the next step in this research was to 

use PCR array analysis to determine if chemistry had a direct effect on gene expression 

trends.  

2.5.2 Gene expression profiles were distinct based on collection year 

Samples collected in 1999 show no clear sub-site clustering trends based on gene 

expression. Differences between sub-sites were not evident on the PCA plot based on 

gene expression but samples separate clearly along PC1 based on year (Figure 2.4). 
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While there is a difference in gene expression profiles between the two years, samples 

collected from all three sub-sites had similar profiles in 1999 and 2007. This makes 

sense, as the most contaminated sub-site before remediation would likely still be the most 

contaminated sub-site after remediation, even though concentrations were reduced. Gene 

expression profiles can still be useful indicators of exposure despite the continued 

presence of contamination. 

While contaminant analysis was performed within months of sample retrieval, 

gene expression analysis on frozen livers was conducted 22 and 14 years after collection. 

Although the samples remained frozen during this time, RNA is extremely sensitive to 

degradation through improper storage or freeze-thaw cycles. RNA quality can be 

quantified using an RNA Integrity Score (RIS) value. Generally, RIS values ≥ 5 are 

considered acceptable for qPCR amplification (Fleige & Pfaffl, 2006). The average RIS 

value for samples collected in 1999 and 2007 was 4.4 and 7.1, respectively (Table S2.1). 

For this reason, we are unable to determine with certainty if the gene expression profiles 

are accurate. It is likely that if RNA is degraded, qPCR amplification efficiency would be 

negatively affected resulting in reduced or no amplification of target genes. While the 

RIS values for 2007 samples were generally high enough to be considered intact, a PCA 

analysis of samples from this collection year alone showed no clustering of samples by 

sub-site based on gene expression (Figure S2.3).  

Sample year was predicted with 100% accuracy using gene expression alone 

(Figure 2.5a). This further confirms that while it may appear that there is distinction 

between gene expression profiles of both collection years, it is more likely that the RNA 

integrity of samples resulted in this separation. 
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2.5.3 Gene expression profiles were not indicative of contaminant levels  

These results show clear separation of collection year based on gene expression. 

The gene profiles of birds from both years are distinct from each other, yet sub-sites are 

not. There is no clear pattern in the heavily contaminated samples from 1999, as Beach 

and Reference samples appear non-distinct (Figure 2.3). 

In this instance, differential gene expression cannot be used to identify remediated 

sites compared to non-remediated sites. The distinct separation of collection year gene 

expression profiles is likely due to poor RNA quality. Overall, RNA quality for 1999 was 

significantly degraded compared to samples from 2007 and would therefore have reduced 

amplification in quantitative PCR. The ToxChip tool cannot be used to identify spatial 

contaminant gradients of PCBs successfully in this context. This analysis would likely be 

more successful using newer and less degraded tissue.  

While the remediation project may have been successful in terms of removing 

PCB contamination based on previous reporting, there is no strong evidence of gene 

expression or contaminant difference between the three variably contaminated sub-sites 

in the collection year following remediation. Overall, chemistry data proved to be useful 

for sub-site and collection year trend identification. Chemistry profiles showed a 

predictable gradient with Beach sites containing the highest concentrated samples and 

Reference the lowest, for both years. PCB contamination was reduced in samples from all 

three sub-sites in 2007 based on the heatmap, although PCB concentration trends based 

on sub-sites were more noticeable than based on year (Figure 2.2b).  
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2.6 Limitations and Future Considerations 

Overall, the findings of this study do not support the hypothesis that 

transcriptomic approaches can be used as a tool for PCB effects monitoring in archived 

samples. The RNA integrity was not ideal, particularly for samples collected in 1999. RIS 

value determination revealed that most samples from this year scored below the 

acceptable level for accurate qPCR transcript amplification and therefore, results from the 

ToxChip PCR array are not reliable for differential gene expression assessment. Samples 

collected in 2007 proved to be less degraded and overall had RIS values that were 

acceptable for qPCR application. Nevertheless, results from 2007 samples alone had no 

distinct sub-site clustering of gene expression profiles (Figure S2.3). Overall, we were 

unable to determine whether chemistry data influenced gene expression profiles in this 

chapter. PCB bioaccumulation depends on many factors including sex, age, diet and time 

of residence in PCB contaminated areas (Tomza-Marciniak et al., 2019). Therefore, it is 

difficult to compare various metrics in an uncontrolled experiment (wild bird 

populations). Most PCBs measured were not included in this analysis due to a low 

number of detections across samples. Additionally, analytical methods have come a long 

way since these samples were initially processed, particularly those collected in 1999. 

This means we are omitting a great deal of potentially important data, as some PCBs are 

more potent than others, even at low concentrations (Ishikawa et al., 2007; Simon et al., 

2007). Furthermore, individual PCB congeners have varying impacts on organisms. At 

high concentrations, PCB 153 and PCB 180 exposure resulted in hypoactivity in rats 

(Johansen et al., 2011) and higher accumulation rates compared to other congeners in 

American kestrel (Elliott et al., 1991; Grimm et al., 2015). PCB 180 was found to be 
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obesogenic in humans (Yu et al., 2021). PCB 138 and PCB 180 impair cognitive function 

in perinatal humans (Llansola et al., 2010). The PCR array was designed using adult liver 

tissue samples to identify target genes, while the birds used in this project were juveniles. 

There may be certain pathways/genes that are not expressed in nestlings, which would 

lead to their ineffectiveness as biomarker genes. Finally, there could be natural biological 

variation between birds from variably contaminated sites from both years. 

  The array used comprises only 29 target genes, which does not account for the 

full scope of biological pathways in this seabird species. In the future, it would be 

worthwhile to investigate a larger gene panel or the entire transcriptome to increase the 

diversity of biological pathways measured and ensure that critical gene-contaminant 

interactions are not overlooked. Overall, this “case study” was opportunistic in nature. 

Samples were collected as part of a previous study, and analytical chemistry techniques 

have advanced significantly since these samples were examined. Sample handling and 

storage, as well as analytical chemistry methodology, would have been conducted 

differently had we anticipated this project earlier.  
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3. Chapter 3: Using a ToxChip PCR array to screen hepatic tissue 
of Black guillemot (Cepphus grylle) collected from a diesel spill 
site and a non-spill site in the Arctic 

3.1 Abstract 

Economic development, transportation and oil exploration are increasing in the 

Arctic, and there is concern regarding increased oil-related contaminants entering into 

this sensitive environment. Polycyclic aromatic compounds (PACs) are the main 

component in oil-related contaminants and can be monitored in wildlife species following 

exposure. In 2020, a diesel spill occurred off the coast of Postville, NL. Using a ToxChip 

PCR array tool, we evaluate hepatic polycyclic aromatic compound (PAC) burdens and 

gene expression profiles to help determine biological pathways effected by exposure to 

diesel in a seabird species, Black guillemot. Distinct diesel-related contaminant profiles 

in birds collected from the spill site were determined, characterized by the presence of 

naphthalene, pyrene and dibenzothiophene. Despite the difference in chemistry profiles 

between sites, the gene expression profiles were not as distinct from the non-spill site as 

expected. However, using PLS regression modeling revealed that expression of certain 

target genes on the ToxChip were good predictors of observed chemical concentrations. 

These results indicate that birds from the non-spill site were also exposed to PACs. 

Future research could use samples from a known low contamination site to compare 

results; however, finding acceptable reference/baseline sites with little to no 

contamination is becoming increasingly difficult globally. 
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3.2 Introduction 

3.2.1 Climate change and its effects on shipping in the Arctic 

While climate change is increasingly impacting every part of the world, the Arctic 

is experiencing the effects faster and at a greater magnitude than anywhere else 

(Rantanen et al., 2022). Consequences of climate change in the Arctic include increased 

surface air and ocean temperatures, decreased sea ice extent and duration throughout the 

year and increased shipping activity (IPCC, 2022). Additionally, average sea ice extent in 

the Arctic was the lowest recorded in history during the summer of 2019 (Yadav et al., 

2020). Reduced sea ice has led to increased shipping traffic in the Arctic. Overall 

distance travelled by ships in the Canadian Arctic nearly tripled between 1990 and 2015 

(Dawson et al., 2018). In the last decade, shipping traffic has increased by more than 75% 

in the Arctic. Currently, the largest portion of ship traffic is made up of cargo and 

research vessels, but private vessels are the fastest growing group of vessels in the region. 

3.2.2 Sources and exposure patterns of PACs  

As shipping and oil exploration/extraction increases, there is concern regarding 

accidental spills of oil offshore. Events such as the Deepwater Horizon or Exxon Valdez 

spills can cause direct and indirect harm to wildlife for years after the event (Esler et al., 

2002; G. Troisi et al., 2016; Zuberogoitia et al., 2006). PACs are the main component in 

oil-related compounds and tend to be present in the environment as complex mixtures. 

There are an estimated 100,000 PAC congeners in global circulation (Hobson et al., 

2002). PACs and other degradation-resistant contaminants settle in sediment and can be 

released back into the water column (Chen et al., 2018). Among the persistent organic 

pollutants (POPs) of concern in the Arctic, PACs continue to infiltrate through natural 
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and anthropogenic sources. PACs enter the environment through air and ocean currents 

and can be introduced from point sources through accidental release of oil into the water 

and shorelines. PACs can be categorized into two sub-groups based on molecular weight 

and source: petrogenic or pyrogenic. Petrogenic PACs tend to be formed over geologic 

timescales and are typically alkylated. Pyrogenic PACs are released through incomplete 

combustion activities and are typically found in the parent form. Currently, the main 

source of atmospheric PACs entering the global environment are from biomass burning 

(60.5%), followed by open field biomass burning (13.6%) and petroleum consumption by 

motor vehicles (12.8%) (Shen et al., 2013). Within the Arctic, natural seeps accounted for 

95% of hydrocarbons entering the environment in 2007 (Arctic Monitoring and 

Assessment Programme, 2010). The Arctic is also host to large quantities of untapped oil 

and natural gas, which will become more accessible. An estimated 90 billion barrels of 

oil remain to be extracted within the Arctic region (Bird et al., 2008). A more regionally 

specific estimate states there are 10 billion barrels of oil within the Baffin Bay-Davis 

Strait (BBDS) region (Gautier et al., 2009). 

3.2.3 Seabirds as bioindicators of PACs in the environment  

Birds are particularly good sentinels for contaminant exposure within the Arctic. 

Seabirds occupy a relatively high trophic position and impacts of contaminants are well 

documented in both laboratory and wild avian species. Direct oiling of seabirds has been 

shown to result in hypothermia, emaciation, inhibited weight gain, dehydration, and death 

(Bianchini et al., 2021). In addition, in vitro and early-life stage studies using PACs have 

shown reduced hatching success, increased developmental abnormalities, altered 

biochemical responses, and embryotoxicity (Albers, 2006; Brunström et al., 1991). 
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Toxicity of oil on birds depends on myriad variables including congener, feeding and 

migration, species, life stage, dose, and duration of exposure. Evidence points to several 

highly impacted biological pathways including glucose, protein, and fatty acid 

metabolism (King et al., 2021). Seabirds in the Arctic are likely to have low exposure to 

PAC contamination through ingestion or inhalation of PAC molecules. During an acute 

exposure event such as an oil spill, however, seabirds will be exposed dermally and 

through ingestion as they preen. PACs are present in the environment as complex 

mixtures comprising of many congeners. Congeners have varying toxicity and it is 

therefore difficult to measure their effects individually. There is a need for innovative 

tools to assist with contaminant monitoring and economic planning in the Arctic. 

The overall goal of this research is to determine what biological pathways are 

most impacted in seabirds exposed to PACs following a diesel spill event. To do so, we 

focused on the site of a diesel oil spill (Postville, NL) and a non-spill site (Nain, NL) in 

2020. Gene expression profiles of birds from the diesel spill site will be compared to 

birds collected from a site with no known contamination. We will also test the 

applicability of a new transcriptomic tool to identify collection site based on chemistry 

and gene expression data for each bird. This information will help infer sites of interest 

for future contaminant monitoring projects. This chapter includes two collection sites; 

Postville, NL is the site of an accidental 3000 L diesel spill and Nain, NL is a non-spill 

site 200 km northeast of Postville.  

Based on the expected difference in chemistry profiles between the two sites, I 

predict that birds collected from the diesel spill site will have higher PAC burdens, 

particularly lower molecular weight PACs associated with diesel fuel (Provencher et al., 
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2022). This chapter follows the prediction that samples collected from the spill site 

(Postville) will have a higher number of altered genes compared to samples collected 

from the non-spill site, particularly for genes involved in xenobiotic metabolism and 

hormone pathways. We will be able to use birds collected from the spill site to 

understand gene expression profiles following exposure to diesel-related contaminants. 

To test the thesis hypothesis, I predict that distinct chemistry profiles at both sites will 

result in distinct gene expression profiles based on PAC source.  

3.3 Materials and Methods 

3.3.1 Study sites and sample preparation 

In June of 2020, a diesel spill of approximately 3,000 liters was detected off the 

coast of Postville, NL (54°54’N, 59°48’W). Adult Black guillemot individuals (n=16) 

were shot and collected in October 2020 by local hunters and staff members from 

Environment and Climate Change Canada. Livers from each bird were removed and flash 

frozen, and the remaining bird carcass was subsequently frozen. The livers from each 

bird were sent to the National Wildlife Research Centre (NWRC), Ottawa, ON for 

storage and bird carcasses were later dissected during a workshop at the Nunatsiavut 

Research Centre. The left liver lobe was used for gene expression analysis using a 

previously developed ToxChip PCR array and the right liver lobe was used for PAC 

contaminant analysis at the Centre for Oil and Gas Research and Development 

(COGRAD), Winnipeg, MB. For each sample, 52 PACs were measured. PAC 

concentrations were expressed in ng/g lipid weight (l.w.). 

Nain, NL (56°32’N, 61°43’W) is located approximately 200 km NE of Postville 

(Figure 3.1). Nain was chosen as a suitable benchmark site due to its distance from 
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Postville, relative lack of contaminants in the surrounding environment and presence of a 

local research station. In October 2020, adult Black guillemots (n=15) were collected 

from Nain in the same manner as Postville. Adult Black guillemots were collected from 

both sites again in 2021 (n=10).  

 
Figure 3.1: Map of Nain, NL and Postville, NL. Postville was the site of a diesel spill in June 
2020. 
 
3.3.2 Chemical analysis of livers collected from Nain and Postville in 2020 

The analysis of PACs and their alkylated congeners was completed at COGRAD, 

a CALA-accredited and ISO 17025 certified facility following published methods in 

Idowu et al. (2018). Briefly, approximately 5 grams of liver homogenate was weighed on 

a Sartorius Cubis MSE225P100-DI (Fisher Scientific) and mixed with diatomaceous 

earth. The mixture was loaded in an accelerated solvent extraction (ASE) cell, spiked 

with C-13 labelled internal standards and the dead volume of the cell was filled with 

Ottawa Sand. Procedural blanks, standard reference material (NIST SRM 2974a) and 

duplicates were included for each sample run. Samples were extracted under high 

pressure conditions and dichloromethane (DCM) was used as the extraction solvent. The 



   
 

51 
 

extract volume was evaporated down to 2.6 mL under ultra-high-purity nitrogen, and 

mixed with hexane (1:1 v/v) to a final volume of 5.2 mL. We used 200 μL of this to 

gravimetrically determine percent lipid. Removal of lipids from the extracts was achieved 

using automated gel permeation chromatography (GPC; J2-scientific AccuPrepMPS™, 

Columbia, Missouri, USA). The final extract was again reduced down to 1 mL under 

nitrogen and loaded on a silica/alumina column for final clean-up by adsorption 

chromatography. The PAC containing fraction was eluted with 25 mL DCM/Hexane 

(1:1, v/v), and reduced in volume by rotary evaporation and UHP nitrogen. The final 

extracts were stored under refrigerated conditions at 4 °C in amber glass vials prior to 

instrumental analysis. An Agilent 7890 gas chromatograph coupled with a triple 

quadrupole mass spectrometer fitted with an electron ionization (EI) source was used for 

the acquisition of MS/MS spectra with helium as the carrier gas at a constant flow rate of 

1.2 mL/min. Sample (1 μL) was injected with a PAL RSI 85 autosampler at 250 °C in 

splitless mode. The mean, standard deviation and ranges of all PACs tested for (SOM) 

are reported in ng/g lipid weight (l.w.). QA/QC included the use of duplicates (10% of 

seabird liver samples were run in duplicate), blanks at the start and end of each GC–

MSMS run (approx. 2 blanks for each run of ~30 samples) and the use of certified 

reference material (NIST CRM 2974a).  

3.3.3 Application of ToxChip PCR array to Postville and Nain, NL samples 

A previously developed ToxChip array for the Black guillemot was used for all 

collected liver samples in this project. The steps for ToxChip development have been 

outlined previously (Crump et al., 2016; Zahaby et al., 2021). The ToxChip array 

contains 32 target genes, and 3 samples are run on each 96 well array. The arrays were 
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run on a Mx3005P Stratagene (Richmond Scientific) qPCR machine. Approximately 30 

mg of liver tissue was excised from the left lobe of each bird, and total RNA was 

extracted following the manufacturer’s protocols for the RNeasy extraction kit with the 

QIAcube (Qiagen) with a genomic DNA contamination on column treatment. The 

resulting concentration and purity of RNA was determined using the QIAxpert (Qiagen). 

All samples had purity values A260/A280 ≥ 1.8. Half the volume of each RNA sample 

was aliquoted, while the remaining volume was stored at −80 °C. Approximately 1000 ng 

of total RNA from each sample was reverse transcribed to cDNA using the QuantiTect 

kit (Qiagen) with modifications described by Porter et al., 2014. The resulting cDNA was 

diluted 1:10 in DEPC water. Array wells were spotted with 5 µl of optimally 

concentrated primers using a QIAgility machine (QIAGEN) prior to the addition of 

SYBR Green with ROX Mastermix (QIAGEN) and 5 µl diluted cDNA. The total 

reaction volume in each well was 25 µl. The arrays were run on a Mx3005P qPCR 

machine (Agilent). The thermocycle program included an activation step at 95 °C for 10 

min followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min, and ending with a 

dissociation curve segment of 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s. 

3.3.4 Data analysis for PACs and gene expression 

The limit of detection for each PAC congener was determined during analysis by 

COGRAD. Two PAC congeners did not have detection limits (Retene and C4 Fluorene). 

To account for this, we determined the average detection limits for all other compounds 

which did have detection limits to be 3% of the lowest reported value and set this value 

as the “new” detection limit for Retene and C4 Fluorene. PACs with >50% of samples 

below zero were removed from analysis. For remaining PACs, any value below the 
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detection limit (BDL) was replaced with a value of 10% of the detection limit. This left 

23 individual PACs for use in the analysis after filtering.  

Array data for each individual bird was retrieved from a Mx3005P Stratagene 

qPCR machine. PCR cycle threshold (Ct) data were transformed into 2−ΔCt followed by 

normalization using the trimmed mean of M-values (TMM) method via the 

calcNormFactors function from the edgeR library in R Studio. This normalization method 

has been used in several recent studies evaluating hepatic transcriptomic signatures in 

seabirds (Xia et al., 2020; Zahaby et al., 2021). The parameters of logratioTrim and 

sumTrim for TMM normalization were assigned with 0.5 and 0.1, respectively. Relative 

gene expression of each gene was calculated by dividing the normalized gene expression 

by the mean normalized expression of that gene across all individuals.  

Genes with no detectable Ct (No Ct) in ≥ 50% of samples were removed from 

analysis (7 genes were removed during this step). Ct values > 35 were ignored from 

filtering as there is confidence in gene expression based on previous work (Zahaby et al., 

2021), and higher Ct values were therefore deemed valuable for analysis in this case. Any 

remaining No Ct values present after the initial filtering were replaced with the 

experimental average. One sample was not included in the data analysis for gene 

expression because it contained too many non-detect Ct values (PG_20_15).  

All statistics were conducted in R Studio or R Commander. Principal component 

analysis (PCA) is a multivariate analysis technique used to reduce the dimensionality of a 

dataset and emphasize variation. Data is visualized on a two-dimensional graph with the 

first principal component accounting for the most variation. Samples, or loadings, tend to 

cluster based on projected similarity. Partial least squares discriminant analysis (PLSDA) 

Crump,Doug (il, lui | he, him) (ECCC)
So you ignored Cts >35 but replaced no CTs with the experimental average? Not sure I follow this logic. 

Crump,Doug (il, lui | he, him) (ECCC)
I'm still not following this filtering approach. I think it needs further explanation. 
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is used as a predictive modelling tool. In this chapter, PLSDA was used with a Leave One 

Out cross validation, which trained an algorithm to predict collection site of a sample 

based on its chemistry and gene expression profile. Variable Importance in the Projection 

(VIP) gene scores evaluate the importance of each variable (gene) in the projection 

(prediction). 

Partial least squares (PLS) regression was used to determine if gene expression 

levels were predictive of PAC concentrations, using Leave One Out cross validation. The 

results are evaluated by comparing the “actual observed concentrations” to the “predicted 

concentrations” of the models. To build the model, first all genes on the array were used, 

then just genes with a VIP score > 1. VIP scores determine the importance of each 

variable in the projection used in a PLS model and can be used for predictor variable 

(gene) selection (Xia et al., 2020). Based on an acceptable slope (> 0.5) and R2 value (> 

0.4), 6 individual PACs met these criteria. Gene coefficients indicate the contribution that 

each gene makes to the chemical concentration predictions. A positive value indicates 

positive correlation while a negative value indicates negative correlation. 

3.4 Results 

3.4.1 Black guillemots and PAC chemistry data 

In June 2020, a diesel spill of approximately 3000 litres was reported off the coast 

of Postville, NL. Nain, NL is approximately 220 km NW of Postville and is considered a 

non-spill site for contaminant burden comparison. In October 2020, a team of 

experienced hunters and staff was tasked with collecting adult Black guillemot 

individuals for liver contaminant analysis from Nain and Postville. A total of 30 
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individuals were shot and collected offshore at the spill and non-spill sites, 15 individuals 

from each site. 

A total of 52 PACs were measured in individual bird liver tissue. Based on the 

filtering parameters discussed above in the methods section, 23 PACS were included in 

the analysis for this project. The bird with the highest sum PAC burden (NG_20_06) had 

374.23 ng/g l.w. The bird with the lowest sum PAC burden (PG_20_09) had 4.44 ng/g 

l.w.  

3.4.2 PAC chemistry data profiles 

The PCA for chemistry data shows a clear separation between Nain and Postville 

samples, indicating that the chemistry profiles are distinct between the sites (Figure 3.2a). 

PACs related to diesel (naphthalene, C1 dibenzothiophene, C3 pyrene) (Jia & Batterman, 

2010; Marr et al., 1999; Rhee et al., 1998) influence the site difference for Postville 

samples the most. For Nain, C3 Chrysene is the most influential PAC for site 

differentiation. The hierarchical cluster analysis within the heatmap shows Nain samples 

have relatively high concentrations of certain PACs (C2 Benzo(a)pyrene (BaP), 

Naphthalene, C3 naphthalene) (Figure 3.2b). Many of the Nain samples are the most 

highly contaminated (i.e., contain the highest concentrations of the most PAC congeners). 

PLSDA predicted a sample correctly with 85.7% accuracy using chemistry data for both 

Nain and Postville (Figure 3.3). Using only VIP contaminants did not improve the 

predictive power of the algorithm.  
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A) 

 

B) 

 

Figure 3.2: Chemistry Profile. A) Principal component analysis (PCA) shows chemistry data for 
both sites (Nain & Postville) collected in 2020. PC1 accounts for approximately half (53.06%) of 
the variation among the data. The data presented are centered and scaled. B) Heatmap of log10 
transformed chemistry data (ng/g l.w.) for samples from Nain, NL and Postville, NL collected in 
2020. 
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Figure 3.3: PLSDA shows predictions of sample site based on chemistry data. The algorithm 
predicted the correct site 85.7% of the time for Nain & Postville samples. 

3.4.3 Gene expression profiles 

The PCA for gene expression data shows a clear separation between Nain and 

Postville samples along PC1. Genes related to thyroid hormone response (TTR) and 

oxidative stress (GSTM3) influence the site difference for the samples from Postville.  

LBFABP influenced the Nain gene expression profile the most. Overall, the majority of 

ToxChip genes were not found to be heavily influenced by site, based on the loading 

direction being parallel to the dotted line (Figure 3.4).  
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Figure 3.4: Principal component analysis (PCA) shows gene expression data for both sites (Nain 
& Postville) collected in 2020. PC1 accounts for approximately half (52.75%) of the variation 
among the data. The data are normalized using TMM. Dotted line was added after analysis for 
visual year differentiation. 

The PLSDA model was able to predict the origin site of a sample based on gene 

expression data (Figure 3.5a). The model predicted a sample correctly with 92.8% 

accuracy for Nain and 84.6% accuracy for Postville using gene expression data. Using 

only VIP genes did not improve the predictive power of the algorithm.  Regression 

coefficients allow for the identification of genes most important for the model’s 

predictability (Figure 3.5b). For Nain samples, LBFABP was most influential for 

determining samples originating from that site. Another important gene for Nain sample 

determination was SULT1e1, SLCO1a2 and IL16 (Figure 3.5b). The gene most 

influential for determining Postville samples was TTR. RGN and MGMT were also 

important genes for Postville site determination. 

 

Zahaby,Yasmeen (elle, la | she, her) (ECCC)
Keep/remove dotted line?
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A) 

 

B) 

 

Figure 3.5: Predictions based on Gene Expression. A) PLSDA shows predictions of sample site 
based on TMM normalized gene expression data. The algorithm predicted the correct site 92.8% 
of the time for Nain and 84.6% of the time for Postville samples. B) Regression coefficients of 
genes most influential in site predictions. Bars above the horizontal axis relate to Nain 
predictions, while bars below relate to Postville. 
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3.4.4 Predictive power using PLS regression 

The PLSDA predictive model was effective at using chemical and gene 

expression data to predict the site of origin of a sample. Based on this success, we applied 

a PLS regression model to test if we could determine individual chemical concentrations 

in a sample using VIP genes. Only genes with VIP scores > 1 were used for this model. 

Out of 23 individual PACs, 6 passed the PLS criteria threshold, and their concentrations 

were predicted with relatively good accuracy based on gene expression. C3 chrysene had 

the best predictive value with an R2 of 0.776 and a slope of 0.753 (Figure 3.6a). A higher 

slope may indicate better regression fitting between predicted and observed 

concentrations of that chemical. Because there is so much variability in wild samples and 

many confounding factors, an R2 value of 0.5 or greater is considered satisfactory (Díez 

et al., 2013; Ho et al., 2021).  

The phase I metabolizing gene, CYP1a5, was positively correlated with 5 out of 6 

top performing PACs. CYP1a5 made the largest contribution to 2-Methylphenanthrene 

concentration prediction with a gene coefficient of 0.795 (Figure 3.6b). Other genes 

important for chemical concentration prediction are involved in xenobiotic metabolism 

(CYP3a7, SULT1e1), thyroid hormone response (THRSP) and cellular processes/calcium 

homeostasis (RGN). For many of the genes related to concentration prediction, there was 

overlap of predicted chemicals. Some genes were important for a single chemical 

prediction (FOX1a, IGF1, PAH, LSS) with gene coefficient values above 0.4.   

Overall, CYP1a5 was the best at predicting chemical concentration with gene 

coefficients ranging from 0.291 to 0.795. Other genes including RGN, CYP3a7, THRSP 

and SULT1e1 demonstrated strong correlation trends with at least 3 chemicals. The 
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results of the PLS regression show that 5 of the 6 best performing chemicals were also 

among the lower half in terms of chemical concentration in birds on the chemical 

heatmap (Figure 3.2b), namely C1, C2 & C3 chrysene, 2-methylphenanthrene and C1 

dibenzothiophene.    

A) 

 

B) 

Figure 3.6: PLS regression A) Regression plots were used to show the top 6 performing PACs for 
which gene expression was used to predict actual PAC concentration in liver samples. These 
chemicals were successful based on acceptable R2 and slope values. B) Top 6 PAC chemicals 
with corresponding R2, slope and gene coefficients. Orange cells indicate that the gene is 
positively correlated (increased exposure leads to increased gene expression) with the chemical 
and blue cells indicate negative correlation (increased exposure leads to decreased expression) 
with the chemical.  



   
 

62 
 

3.5 Discussion 

To determine if gene expression profiles could be used to infer contaminant 

exposure following a diesel spill, black guillemot adult liver samples from two distinct 

sites were collected in 2020. Postville, NL was the site of a diesel spill, which resulted in 

approximately 3000 L being released offshore in the summer of 2020. Adult black 

guillemots were collected from the area surrounding the spill to understand the role of 

diesel-related PACs on gene expression patterns following acute exposure. Samples from 

a relatively nearby non-spill site (Nain) were collected at the same time to serve as a 

comparison dataset. For this project, it was hypothesized that livers collected from 

Postville would demonstrate a clear diesel-related PAC chemistry profile compared to 

those collected from the non-spill site. Genes related to xenobiotic metabolism and 

thyroid hormone response were expected to be most impacted in the spill site livers due 

to their known alteration in response to PAC contaminants (Fernie et al., 2019; Shimada 

& Fujii-Kuriyama, 2004). 

3.5.1 Postville and Nain chemistry profiles were mostly dominated by petrogenic PACs 

Lower molecular weight PACs (composed of four aromatic rings) are typically 

associated with a petrogenic source. As such, PAC profiles in Postville were expected to 

be dominated by naphthalene, fluorene, acenaphthylene and phenanthrene. A study 

looking at 5 different diesel oil compositions found that these PACs, along with pyrene, 

were the highest concentrated in all diesel samples tested (Marr et al., 1999). Naphthalene 

and C3 pyrene were important in the distinction of Postville samples in the present study 

(Figure 3.2a). As these PACs are typically found in diesel, their detection in Postville 

black guillemot liver samples confirms that the diesel spill had an impact on sampled 
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birds in the area. C3 dibenzothiophene also strongly influences the Postville sample 

chemistry profile and is typically found in coal and fossil fuels (Clark & Pazdernik, 

2016).  Overall, while diesel-related PACs did dominate the Postville chemistry profile, 

PACs related to diesel were also found in Nain and therefore were less predictive of 

Postville samples than expected. These results suggest that birds from Nain are exposed 

to a variety of PACs, including those related to diesel oil.  

Despite the lack of an acute PAC contamination in Nain, NL, the results of this 

project show that there is some contamination present in many of the birds collected from 

this site in 2020. Many samples collected from Nain have the highest PAC burdens 

(Figure 3.2). This is surprising given Nain is the reference non-spill site. PAC 

contamination can originate from a variety of sources, and the most concentrated PACs in 

birds from Nain are ubiquitous in the environment (e.g., alkylated BaP, naphthalene) 

(McCormick et al., 2022; Metre et al., 2009). C3 chrysene strongly influenced the Nain 

chemistry profile and was only detected in three Postville samples, suggesting that birds 

from Nain are being exposed to a petrogenic PAC source (Figure 3.2b). Despite this 

strong influence, concentrations of C3 chrysene were low in birds from Nain. This 

pattern was also observed in 4 bird species sampled from the BBDS region (Provencher 

et al., 2020). Petrogenic (C3) chrysene is a constituent of coal tar, and such lower 

molecular weight PACs are more volatile and can be reconstituted into the environment 

long after deposition (Wong et al., 2004).  Contaminants with the highest concentrations 

in the most Nain samples included C2 BaP and naphthalene, both known carcinogens 

(Moradi et al., 2022). C2 BaP is a petrogenic PAC, possibly from underground bitumen. 

PAC composition in the Arctic has shown to be mostly petrogenic in ocean and surface 

Crump,Doug (il, lui | he, him) (ECCC)
Is coal tar the only explanation? How would this exposure occur? No industry in that area that would yield coal tar right? And if I'm reading this correctly, limited to no pyrogenic PAC signatures? Only petrogenic?
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sediments (Harvey et al., 2014; Ma et al., 2017). Parent compounds tend to be pyrogenic, 

therefore the influence of naphthalene on Nain sample identification indicates likely 

exposure to combustion byproducts, typically gasoline (Jia & Batterman, 2010). Shipping 

traffic is prevalent in Nain, which could explain the exposure to gasoline fumes in these 

birds. Additionally, parent naphthalene has many sources within the environment, so 

exact origin of exposure can only be hypothesized. Notably, BaP was not found in 

significant concentrations within any of the bird livers measured. This is likely due to its 

high capacity for CYP1a1 mediated metabolism (Troisi et al., 2006; Näf et al., 1992). Of 

the 16 priority PAHs typically studied, only naphthalene was found in high 

concentrations in these bird livers (Figure 3.2b). These 16 priority PAHs, set by the U.S. 

EPA in 1983, have been the focus of many ecotoxicological studies in recent years 

(Pereira et al., 2009). All are parent or pyrogenic in nature. 

3.5.2 Based on gene profiles, Nain and Postville samples show distinct separation 

Similar to the chemistry profiles, the PCA for gene expression data shows a clear 

separation between Nain and Postville samples. The dotted line on the gene expression 

PCA is used to help visualize the separation of sites. Genes related to thyroid hormone 

response (TTR) and oxidative stress (GSTM3) have a strong influence on Postville 

samples (Figure 3.4). This is likely due to the presence of diesel-related PACs, which 

have been shown to impact hormone homeostasis (Lee et al., 2017) and can contribute to 

oxidative stress through P-450 enzyme activity (Näf et al., 1992). Transthyretin (TTR) is 

a transport protein involved in thyroid hormone movement to target organs within a bird 

(Duan et al., 1991; Egloff et al., 2011). This gene has been shown to down-regulate in 

chicken hepatocytes following exposure to flame retardants (Su et al., 2014) and in 
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zebrafish larvae following exposure to perfluorooctane sulfonate (PFOS) (Shi et al., 

2009). Glutathione S-transferases mu3 (GSTM3) is involved in detoxification and its 

expression has been found to increase following exposure to mercury in female birds 

(Gibson et al., 2014) and following exposure to BaP in mice (Li et al., 2020). The aryl 

hydrocarbon receptor (AhR) is activated by PACs and other contaminants. Activation of 

the AhR leads to its translocation to the nucleus and binding of the AhR complex to 

xenobiotic response elements within the DNA. These are commonly found in the 

promoters of AhR target genes, such as CYP1A (Guyot et al., 2013). A xenobiotic 

metabolism related gene, which is typically upregulated following AhR activation 

(CYP1a5) (Crump et al., 2017; Zhang et al., 2016) was important for the Postville gene 

expression profile. Interestingly, fewer genes involved in xenobiotic metabolism 

influenced the Postville profiles than expected.  

In Nain samples, liver basic fatty acid binding protein (LBFABP) influenced the 

gene profile of these birds the most (Figure 3.4). This gene is mainly involved in lipid 

homeostasis and has been shown to be down-regulated in birds following PAC exposure 

(Bianchini et al., 2021; Mundy et al., 2019). A study found that an orally dosed PAC 

mixture containing chrysene reduced LBFABP gene expression in Sanderling, resulting 

in pre-migratory fueling impairment (Bianchini et al., 2021). Interleukin 16 (IL16), which 

is involved in immune response, shows some importance in the differentiation of Nain 

samples. Following exposure to BaP, IL16 expression increased in mice (Kerley-

Hamilton et al., 2012). Notably, genes involved in xenobiotic metabolism did not 

differentiate the spill site from the non-spill site as expected. This likely means that birds 

from Nain are being exposed to contaminants that would alter xenobiotic metabolism in 
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the liver or that inter-individual variation in gene expression profiles plays a larger role 

than expected. This provides further evidence that Nain birds have distinct gene 

expression profiles and have exposure to PACs, despite being a non-spill site. 

Most genes (parallel with the dotted line) are not strongly influenced by site, but 

rather show natural variability among samples (Figure 3.4). This sample variability is 

unsurprising in wildlife samples, as each bird has distinct feeding and contaminant 

exposure tendencies. 

3.5.3 Predictive power using PLS regression 

Overall, the performance of the PLS regression was better than anticipated. The 

chemical plots show good linear relationships between the predicted and observed 

chemical concentrations (Figure 3.6a). While only 6 out of 23 chemicals were top 

performing in this model, these results are in line with previously reported data using 

wild bird samples (Xia et al., 2020).  

CYP1a5 is a well-known biomarker for PAC exposure in birds (Perez-Umphrey 

et al., 2018; Wiens, 2013). The results of the PLS regression support this as it was a 

major positive predictor for 5 out of the 6 PACs included in the analysis. This means that 

as PAC concentrations increase, so does the expression of the xenobiotic metabolism-

related gene, CYP1a5. Interestingly, CYP3a7 and RGN show negative correlations with 

most PAC chemicals. This result is unexpected as in most studies to date, these genes 

show positive correlations or are upregulated following PAC exposure (Crump et al., 

2017; Kreitsberg et al., 2023). C3 chrysene was the top performing chemical and 

demonstrates an interesting trend compared to the others. For THRSP, C3 chrysene is 

negatively correlated while it is positively correlated with CYP3a7. These results are an 
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anomaly compared to the other chemicals, which show the opposite trend. This chemical 

also strongly influenced the difference among sites on the chemistry PCA (Figure 3.2a). 

Chrysene is typically found in petroleum products, specifically coal tar (Biswas & Ghosh, 

2014).  

Compared to the log transformed chemical concentrations, most of the chemicals 

with the best predictive performance had the lowest concentration burdens in these birds 

(Figure 3.2b). C1 dibenzothiophene and C3 chrysene had the lowest overall abundance in 

birds from both sites, yet both chemicals were among the top 6 performers for 

concentration prediction using gene expression. Some genes were relatively good at 

predicting concentrations for several chemicals, while other genes were good at 

predicting concentrations for single chemicals. When determining if we can use gene 

expression alone to predict the concentration of a chemical in a bird, CYP1a5 stands out 

as a top performer. Depending on the chemical of interest, other genes could be used with 

accuracy. Biomarker genes have been used in several environmental monitoring 

applications (Bonisoli-Alquati, 2014; Piña et al., 2007) and to identify chemical 

biodegradation in wildlife (Gedalanga et al., 2014). Notably, the chemicals which were 

the most predictive of sample site origin also had the most predictable concentrations 

based on gene expression. 

3.6 Limitations and Future Considerations 

The findings of this study support the hypothesis that chemistry profiles will 

impact gene expression in a predictable manner following exposure to PACs. Diesel-

related PACs influenced gene expression profiles, particularly for thyroid hormone 

responsive and oxidative stress genes, in birds collected from Postville. In this scenario, 
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transcriptomics can be a useful approach to monitor contaminant mixtures in a seabird 

species. Contaminants most influential in terms of distinguishing Postville samples were 

diesel related. Nevertheless, several Nain samples had high PAC concentrations from a 

variety of sources (parent and alkylated). One potential limitation to this analysis is the 

high metabolic transformation potential of many PACs (Troisi et al., 2006). PACs are 

expected to be metabolized and excreted quickly in seabirds, which could greatly affect 

their detection and quantification. Thus, a more accurate PAC burden, following 

exposure to the spill, might be attainable if samples were collected as soon as possible 

following a spill event in the future. Using a different tissue type, such as eggs, would 

allow for accurate PAC burden identification because PACs are transferred maternally, 

and metabolic capacity is low in eggs.  

Genes involved in thyroid hormone response, oxidative stress and xenobiotic 

metabolism had the most influence on Postville gene expression profiles. However, the 

comparative influence on xenobiotic metabolism genes was less pronounced than 

expected in Postville samples compared to Nain. This is possibly the result of Nain birds 

being exposed to contaminants not measured in this project, which could alter genes 

related to xenobiotic metabolism. The scope of this project does not consider other 

complex chemical mixtures present in the birds. For future work, it would be beneficial to 

broaden the scope of chemicals included for analysis to include those of emerging 

concern in the Arctic, such as methylmercury (Chastel et al., 2022; Albert et al., 2021). 

One potential limitation to the use of gene array data for this chapter was the high 

frequency of Ct values for the housekeeping genes that were above the ideal range.  The 

housekeeping genes on the ToxChip (RPL4 and EEF1a1) typically show consistent 
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expression in bird liver tissue (Hasanpur et al., 2022). This was not the case, and 

housekeeping gene Cts were regularly ≥ 30. Due to the housekeeping gene instability, it 

was decided to employ trimmed mean of M values (TMM) normalization. This is a 

different normalization method than the one used in Chapter 2 and needs to be considered 

as a variable given TMM is most often used with larger gene sets. Another limitation was 

that samples were not randomized during qPCR, and site-specific samples were run on 

the same PCR array. This could have resulted in batch-effects related to gene expression 

profiles. Future studies should endeavour to include samples from different 

sites/treatments on the same ToxChip given that 3 samples can be screened per array. 

Additionally, other assays such as ethoxyresorufin O-deethylase (EROD) could be 

conducted using tissue from the same livers added to the ToxChip to provide further 

insight into the effects of environmental contaminants. 

Evaluating the impact of chemical mixtures on individual gene expression is 

difficult because many different chemicals impact the same genes. This means that it is 

difficult to tease out individual effects of chemicals on specific genes within the mixture. 

With a larger sample size, the PLS regression model would likely result in better 

predictions of chemical concentration based on gene expression. Additionally, the model 

does not account for the common co-occurrence of chemicals, which throws off 

predictions. Overall, diesel exposure was identifiable via chemical signature biomarkers 

as well as through gene biomarker induction. Chemical concentration predictions were 

more successful than anticipated, specifically using genes such as CYP1a5, RGN, 

THRSP, SULT1e1 and CYP3a7. 
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4. Chapter 4: General Conclusions 
4.1 Thesis Summary 

New and legacy contaminants are continually entering the into Arctic 

environment. Persistent organic pollutants (POPs) tend to bioaccumulate and resist 

degradation. Exposure to POPs can result in a wide range of adverse effects in wildlife 

species including reduced breeding success and behavioural abnormalities (Letcher et al., 

2010). Wildlife species in the Arctic are particularly vulnerable to POP exposure due to 

their long life spans and slow reproduction time, allowing for a longer bioaccumulation 

time range. The full effects of complex mixtures on wildlife are poorly understood and 

current methods of toxicity testing fail to account for species- and mixture-specific 

effects. Monitoring contaminants in wildlife is further complicated by the existence of 

multiple stressors, which can act in synergy (Folt et al., 1999). Using toxicogenomics to 

identify biological pathways altered following exposure to complex mixtures can increase 

our understanding of concentration- and species-specific endpoints (Xia et al., 2020; 

Zahaby et al., 2021). Seabirds can act as good bioindicator species for contaminant 

burdens due to their high trophic position and known migration and foraging habits 

(Furness & Camphuysen, 1997). In this project, we use two “case study” experiments to 

test the utility of a custom ToxChip PCR array developed for an Arctic seabird species 

(Black guillemot). Based on known contamination at multiple sites in the Arctic, I 

hypothesize that the chemistry profiles of birds collected from distinct areas and exposed, 

primarily, to two classes of contaminants (PCBs and PACs) will affect gene expression 

profiles in these birds and demonstrate contaminant exposure trends. Furthermore, I 

hypothesize that this gene expression evaluation tool can be used for contaminant 

monitoring in wildlife species.  
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I predict that:  

(1) Gene expression and chemical profiles will be distinct among birds collected 

on a temporal (between collection years) and spatial (sub-sites) scale.  

(2) Birds collected from a diesel spill site will have distinct chemistry and gene 

expression profiles compared to birds collected from a non-spill site in the same year.  

In Chapter 2, the aim was to determine if the ToxChip tool could be used on 

archived samples to determine biological pathways most impacted by PCB exposure at 

variably contaminated sites. I investigated whether chemistry and gene expression 

profiles would differ between sub-sites or collection years and if gene expression profiles 

could be used to differentiate chemical burdens among variably contaminated sub-sites 

and pre-/post-remediation. Chemistry profiles were more distinct based on sub-site than 

on year. Samples from the most contaminated site (Beach) had the highest PCB burdens 

before and after the remediation project, while samples from the lowest concentrated sub-

site (Reference) had the lowest PCB burdens. High levels of PCB contamination were 

found in several samples collected from the Reference site in 2007. This indicates that 

despite the sediment remediation project at the Beach site, there is still some PCB 

contamination present in wildlife at the site furthest from the source after the remediation 

project was complete. Differences in chemistry profiles were found on a temporal and 

spatial scale. Therefore, we employed a ToxChip PCR array analysis to determine if 

chemistry influenced gene expression trends. In contrast with the chemistry data, gene 

expression profiles were more distinct based on collection year than sub-site of sample 

origin. This distinction is likely due to degraded RNA quality for the samples collected 

from 1999 (before remediation).  
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In Chapter 3, the aim was to determine distinction in chemistry and gene 

expression profiles between birds collected after a diesel spill and birds collected from a 

non-spill site in the same year. I investigated whether birds from the spill site would have 

higher PAC burdens and an increased number of altered genes compared to birds 

collected from the non-spill site. I also explored if distinct chemistry profiles at both sites 

would allow for gene expression profile identification based on PAC source. Finally, I 

used a predictive model to test if chemical concentration could be identified based on 

gene expression. While diesel-related PACs influenced the spill site chemistry profiles, it 

did not have as much influence on sample categorization as expected. This likely 

indicates that birds from the non-spill site were exposed to diesel-related PACs as well, 

along with other PACs and sources. Gene expression profiles were distinct between the 

non-spill site and the spill site. Using PLS regression, we found that gene expression 

could be used to determine chemical concentration for several PACs.    

4.2 Discussion of Results and Future Considerations 

4.2.1 Overall hypothesis: Chemistry profiles will affect gene expression profiles and 

show contaminant exposure trends.  

The goal of this project was to use two “case study” projects to validate the use of 

a transcriptomics tool to determine effects from contaminant exposure and facilitate 

monitoring in an Arctic avian species. In both experimental chapters, chemistry profiles 

followed predictable trends. For Chapter 2, the highest PCB burdens were found at the 

Beach (most contaminated) site, regardless of collection year. Gene expression profiles 

were more indicative of the sub-site where a sample was collected compared to collection 

year. Results of Chapter 3 showed that diesel-related PACs were important for the 
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identification of samples collected from the spill site. This chapter also demonstrated that 

the non-spill site had notable amounts of PAC contamination. We also found that 

predicting chemical concentration using gene expression was possible for certain genes, 

and some genes were more successful for predicting individual chemicals. Based on the 

results from Chapters 2 and 3, the ToxChip tool can be used to determine transcriptomic 

effects of contaminant exposure, using fresh tissue. Chapter 2 showed the limitations of 

using older liver tissue in gene expression analysis. Using capillary electrophoresis, we 

were able to determine that RNA integrity based on RIS values, particularly for samples 

collected in 1999, were sub-optimal for the amplification of qPCR gene targets. Chapter 

3 proved that genes related to thyroid hormone pathways, oxidative stress and xenobiotic 

metabolism were altered the most following exposure to PACs.  

4.2.2 Limitations of using older tissue samples and time constraints 

Poor RNA quality was a significant contributor to the inability of the ToxChip to 

be used for samples from Chapter 2. Liver samples were used to extract RNA, which was 

then used on the ToxChip. RNA aliquots run on a capillary electrophoresis machine 

(QIAxcel) showed that some samples, particularly those collected in 1999, were degraded 

and therefore sub-optimal for qPCR amplification. Using a tissue storage reagent such as 

RNAlater could be employed in the future to ensure RNA stability and protection against 

degradation. To ascertain the storage length of tissue for subsequent qPCR, tissue 

aliquots could be stored at -80°C and tested every 6 months on a ToxChip. This would 

allow for the identification of degradation and help distinguish acceptable tissue storage 

time frames. 
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Due to the advances in analytical chemistry techniques in the early 2000s, 

inconsistencies arise when attempting to compare PCB concentrations from samples 

collected in different years. For Chapter 2, samples were collected 8 years apart and the 

analytical techniques used were more sensitive in 2007. It is likely that information was 

lost for samples collected in 1999 when techniques were less sensitive. For future studies, 

it would be worthwhile to ensure that the analytic method parameters remained the same 

for all collection years, regardless of advancements made in the time between collections. 

This might require selecting a smaller number of target congeners/analytes to ensure 

consistency among sampling years.   

Pairing biomarker data with gene expression data would have contributed greatly 

to understanding the full scope of contaminant effects on birds following exposure. A 

study using the same cohort of nestlings found biomarker responses which were dose- 

and sex-dependent (Kuzyk et al., 2003). Namely, the study found enlarged livers in 

females, elevated EROD and reduced retinol and retinyl palmitate levels in nestlings 

from the most contaminated site. We could have used these biomarker data along with 

gene expression profiles to formulate trends and patterns relating to more apical adverse 

outcomes (e.g., whole organismal effects). This analysis was beyond the scope of this 

project but would have enhanced the investigation of contaminant effects in a significant 

way.   

4.2.3 Recommendations to improve transcriptomics for contaminant monitoring 

The need for invasive and lethal tissue sampling is a considerable constraint of the 

ToxChip in the context of this thesis. While the ToxChip reduces the number of animals 

used considerably compared to traditional toxicity testing, it nevertheless requires 
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euthanizing birds. Other researchers have used artificially incubated eggs as an 

alternative testing strategy that relies on vertebrate developmental stages that are 

considered an alternative to animal use and could represent a proxy for adult or nestling 

collection (Xia et al., 2020). Liver is the main detoxifying organ and can provide a 

snapshot in time of contaminant burden. While the ToxChip is currently calibrated for 

use with hepatic tissue, it is possible to consider non-lethal tissue selection, such as blood 

or preen oil, for future applications. Using non-lethal tissue for the ToxChip would allow 

for multi-year monitoring of the same cohort to track potential changes in exposure and 

effect metrics over time. While non-lethal tissue sampling or early-life stage testing 

should be considered for future ToxChip use, the use of whole birds was justified for this 

application. The dissections of birds collected for Chapter 3 were completed as part of a 

training program conducted at the Nunatsiavut Research Centre. This work is part of a 

broad collaborative partnership with the Nunatsiavut Government to ensure natural 

resources in their communities are safe to consume and protected from increasing 

economic development. Additionally, this work contributes to the increasing push to 

bridge traditional and scientific knowledge in order to enhance the future of contaminant 

research. 

While the ToxChip is useful for fast and easily repeatable experiments, the 

number of genes included on the ToxChip limits the amount of information generated. 

While the size of the Black guillemot transcriptome is still unknown, the chicken genome 

contains approximately 20,000 to 23,000 genes (ICGSC, 2004) and is expected to be 

similar in size to the guillemots. The current ToxChip contains only 29 target genes (with 

3 control genes) for Black guillemot. Therefore, we are no doubt missing out on 
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potentially impacted genes following exposure to contaminants. Shifting to newer 

technologies such as whole transcriptome analysis (RNASeq) would help ensure that 

important gene-contaminant interactions are not overlooked. Programs such as Seq2Fun 

(https://www.seq2fun.ca/; Liu et al., 2021) or the Annotation-free pipeline analysis option 

for FastBMD (https://www.fastbmd.ca/; Ewald et al. 2021) allow for the interpretation of 

whole transcriptome data for non-model species and thus, represent a means to address 

the challenge of poor annotation of wildlife species’ transcriptomes. Another ToxChip is 

currently in development for the Common eider, a species vulnerable to contaminant 

exposure via ingestion through benthic feeding strategies. Recent work found high levels 

of PACs in Common eider eggs collected after the 2020 diesel spill in Postville (Smith et 

al., unpublished). This provides evidence that individual species metrics, such as feeding 

strategies and egg laying time, can impact effects of contaminant exposure.  The ToxChip 

remains useful as a tool to be employed following contaminant exposure to attain gene 

expression profile information quickly, and this PCR array can be run by virtually any lab 

with a qPCR machine.    

Transcriptomic tools such as the ToxChip can be useful when monitoring for 

specific classes of contaminant mixtures or following acute exposure to a known 

contaminant class. In most applications, tissues are sent for analysis of a small suite of 

contaminants. This means that the full extent of the contaminant burden remains 

unknown. For this reason, observed transcriptomic effects using this tool must be 

considered conservative and interpreted with caution when discussing chemical impacts 

outside of the suite that are measured. 

https://www.seq2fun.ca/
https://www.fastbmd.ca/
Zahaby,Yasmeen (elle, la | she, her) (ECCC)
Need to take this out if peer review published
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4.3 Overall Conclusion Statements 

The overall aim of this thesis was to understand chemistry and gene expression 

patterns in Black guillemots following exposure to contaminants. Another goal of this 

thesis was to determine if a transcriptomics tool (ToxChip) was suitable for contaminant 

monitoring in wildlife species. The first “case study” used archived nestling liver tissue to 

determine chemistry and gene expression profiles in birds collected on different spatial 

and temporal scales. Tissue chemistry was a powerful indicator of collection site for both 

experimental chapters, a finding that lends support to ongoing monitoring programs that 

utilize avian tissues and eggs for contaminant analysis. Gene expression profiles were 

useful in determining pathways impacted by contaminant exposure. We were able to 

determine chemical concentrations using gene expression with relative success for 

several chemicals, using several genes. These results can act as a catalyst for exploring 

whether gene expression can be used to determine contaminant burden concentrations 

without the need for chemical analysis in tissues.  

Overall, the ToxChip proved that it has merit for contaminant monitoring 

practices, given the samples are not degraded. Future work could include the 

development of ToxChips for additional species of interest, refinement for non-lethal 

tissue sampling and collection of baseline gene expression data from relatively non-

contaminated sites for future comparisons. This thesis provides a potential alternative to 

traditional toxicity testing and a new tool for contaminant monitoring in the Arctic. 
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Appendix 
 

Table S1.1: List of genes on the Black guillemot PCR ToxChip array 

Gene Primary Pathway Secondary Pathway 
RGN calcium homeostasis cellular processes 

IGFBP1 growth   
CYP1a5 xenobiotic metabolism   
ALAS1 xenobiotic metabolism   

IL16 immune function   
LBFABP lipid homeostasis   

ACSL5 lipid homeostasis   
CYP3a7 xenobiotic metabolism thyroid hormone pathway 

TTR thyroid hormone pathway   
THRSP thyroid hormone pathway   

IGF1 thyroid hormone pathway   
UGT1a9 xenobiotic metabolism   

SULT1e1 xenobiotic metabolism   
CDKN1A cellular processes   

POLK DNA repair   
APOB lipid homeostasis   
GPX3 phase I & II metabolism   

GSTM3 oxidative stress   
LSS lipid homeostasis   

MGMT DNA repair DNA signaling 
FOXa1 transcription   
PDK4 lipid homeostasis metabolism 
PAH metabolism   

FRZB cellular processes   
SLCO1a2 lipid homeostasis   
ALDH1a1 metabolism   

MT4 oxidative stress   
NCOA3 endocrine signaling   
MDM2 tumor regulation translation 

RPL4 structure (housekeeping)   
EEF1a1 signal transduction 

(housekeeping) 
  

NTC No-template control  
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Chapter 2 
 

 
Figure S2.1: Regression coefficients for VIP genes used for sub-site prediction based on gene 
expression. 
 

 
 
Figure S2.1: PLSDA shows predictions of sample collection site based on gene expression data 
for 1999. The algorithm was not able to predict any sites correctly for this year. 
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Figure S2.2: PLSDA shows predictions of sample collection site based on gene expression data 
for 2007. The algorithm was not able to predict any Beach or Island sites correctly for this year. 
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Table S2.1: RNA integrity Score (RIS) values for hepatic liver samples from Saglek, NL (Chapter 
2). The RIS value was measured using a QIAxcel capillary electrophoresis machine. RIS values ≥ 
5 are acceptable for qPCR amplification and indicate acceptable quality RNA. N/A values 
indicate the inability of the QIAxcel to calculate a RIS value for that sample. 

    Sample  Year    Site  RIS value  

SGL_99_01  1999  Islands  4.9  

SGL_99_03  1999  Islands  4.4  

SGL_99_05  1999  Beach  4.5  

SGL_99_06  1999  Beach  5.5  

SGL_99_07  1999  Beach  N/A  

SGL_99_08  1999  Beach  5.3  

SGL_99_10  1999  Islands  3.1  

SGL_99_11  1999  Islands  3.4  

SGL_99_14  1999  Islands  3.0  

SGL_99_17  1999  Beach  4.9  

SGL_99_19  1999  Reference  3.9  

SGL_99_22  1999  Reference  3.8  

SGL_99_24  1999  Reference  N/A  

SGL_99_25  1999  Reference  3.9  

SGL_99_27  1999  Reference  5.3  

SGL_99_28  1999  Reference  4.0  

SGL_99_29  1999  Islands  6.7  

SGL_99_30  1999  Beach  4.4  

SGL_07_01  2007  Reference  7.5  

SGL_07_02  2007  Reference  7.8  

SGL_07_05  2007  Reference  7.1  

SGL_07_06  2007  Reference  5.9  

SGL_07_07  2007  Reference  7.0  

SGL_07_08  2007  Reference  4.8  

SGL_07_17  2007  Islands  8.1  

SGL_07_18  2007  Islands  7.6  

SGL_07_20  2007  Islands  7.4  
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SGL_07_21  2007  Beach  6.7  

SGL_07_22  2007  Beach  7.6  

SGL_07_27  2007  Islands  7.2  

SGL_07_28  2007  Beach  7.0  

SGL_07_29  2007  Beach  7.1  

SGL_07_30  2007  Beach  7.5  

SGL_07_33  2007  Islands  7.7  

SGL_07_34  2007  Islands  7.5  

SGL_07_35  2007  Beach  7.1 

 

Table S2.2: Raw PCB chemistry data for samples collected from Saglek Bay, NL during A) 1999 
and B) 2007. Only 9 co-eluting congeners were included in the analysis due to an abundance of 
non-detects in many of the samples. Geometric means and ranges of all PCB congeners measured 
has been reported by Brown et al., 2009. 

A) 

 

 

 

 

 

 

 

 

Sample Group Sample Size Units PCB 153 PCB 180 PCB 138/163/164 PCB 187/182 PCB 170/190 ΣPCB
SGL_99_05 Beach 1.03 g (wet) ng/g (wet weight) 8.80 10.00 11.00 8.90 13.00 51.70
SGL_99_06 Beach 1.01 g (wet) ng/g (wet weight) 7.90 6.40 9.50 5.60 8.10 37.50
SGL_99_07 Beach 1.09 g (wet) ng/g (wet weight) 12.00 10.00 15.00 9.00 13.00 59.00
SGL_99_08 Beach 1.09 g (wet) ng/g (wet weight) 6.90 9.00 8.20 8.10 11.00 43.20
SGL_99_17 Beach 1.18 g (wet) ng/g (wet weight) 8.78 9.47 10.56 8.53 11.99 49.33
SGL_99_30 Beach 1.08 g (wet) ng/g (wet weight) 8.20 8.01 9.86 7.21 10.14 43.42
SGL_99_10 Islands 1.03 g (wet) ng/g (wet weight) 0.46 0.38 0.55 0.34 0.50 2.22
SGL_99_11 Islands 0.991 g (wet) ng/g (wet weight) 0.52 0.44 0.62 0.39 0.57 2.53
SGL_99_14 Islands 1.01 g (wet) ng/g (wet weight) 0.48 0.45 0.57 0.40 0.59 2.49
SGL_99_01 Islands 1.01 g (wet) ng/g (wet weight) 1.60 1.90 1.90 1.60 2.40 9.40
SGL_99_03 Islands 1.31 g (wet) ng/g (wet weight) 1.60 1.70 1.90 1.50 2.10 8.80
SGL_99_29 Islands 1.17 g (wet) ng/g (wet weight) 1.50 1.40 1.80 1.20 1.80 7.70
SGL_99_19 Reference 1.13 g (wet) ng/g (wet weight) 0.54 0.66 0.66 0.57 0.84 3.27
SGL_99_22 Reference 1.16 g (wet) ng/g (wet weight) 0.77 0.81 0.94 0.69 1.00 4.21
SGL_99_24 Reference 1.07 g (wet) ng/g (wet weight) 0.97 1.50 1.20 1.40 2.00 7.07
SGL_99_25 Reference 1.25 g (wet) ng/g (wet weight) 0.50 0.60 0.61 0.52 0.77 3.00
SGL_99_27 Reference 1.11 g (wet) ng/g (wet weight) 1.00 1.80 1.30 1.70 2.50 8.30
SGL_99_28 Reference 1.13 g (wet) ng/g (wet weight) 0.35 0.48 0.41 0.42 0.62 2.28
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B) 

 

 

Chapter 3 
 

Table S3.1: RNA integrity Score (RIS) values for hepatic liver samples from Nain & Postville, 
NL (Chapter 3). The RIS value was measured using a QIAxcel capillary electrophoresis machine. 
RIS values ≥ 5 are acceptable for qPCR amplification and indicate acceptable quality RNA. 

Sample Year Site       RIS value 

NG_20_01  2020  Nain, NL   6.8  

NG_20_02  2020  Nain, NL  6.9  

NG_20_03  2020  Nain, NL  6.0  

NG_20_04  2020  Nain, NL  7.5  

NG_20_05  2020  Nain, NL  6.1  

NG_20_06  2020  Nain, NL  7.2  

NG_20_07  2020  Nain, NL  6.3  

NG_20_10  2020  Nain, NL  5.0  

NG_20_11  2020  Nain, NL  6.4  

NG_20_12  2020  Nain, NL  7.1  

NG_20_20  2020  Nain, NL  6.0  

NG_20_21  2020  Nain, NL  5.5  

NG_20_24  2020  Nain, NL  6.7  

NG_20_25  2020  Nain, NL  7.3  

       PG_20_07 2020  Postville, NL  6.1  

Sample Group Sample Size Units PCB 153 PCB 180 PCB 138/163/164 PCB 182/187 PCB 170/190 ΣPCB
SGL_07_21 Beach 4.99 g (wet) ng/g (wet weight) 92.60 89.10 65.50 43.90 37.70 328.80
SGL_07_22 Beach 3.57 g (wet) ng/g (wet weight) 194.00 168.00 133.00 83.50 76.20 654.70
SGL_07_28 Beach 5.06 g (wet) ng/g (wet weight) 11.10 7.47 7.81 4.85 3.66 34.89
SGL_07_29 Beach 5.08 g (wet) ng/g (wet weight) 43.60 33.00 29.50 15.80 14.30 136.20
SGL_07_30 Beach 5.01 g (wet) ng/g (wet weight) 12.00 8.54 8.30 4.97 3.85 37.66
SGL_07_35 Beach 5.02 g (wet) ng/g (wet weight) 166.00 131.00 116.00 85.50 56.80 555.30
SGL_07_17 Islands 4.99 g (wet) ng/g (wet weight) 3.57 2.87 2.48 1.49 1.22 11.63
SGL_07_18 Islands 5.10 g (wet) ng/g (wet weight) 4.67 3.29 3.11 2.03 1.54 14.64
SGL_07_20 Islands 5.01 g (wet) ng/g (wet weight) 11.70 15.40 7.13 6.78 6.34 47.35
SGL_07_27 Islands 5.01 g (wet) ng/g (wet weight) 4.54 3.06 2.69 1.20 1.20 12.69
SGL_07_33 Islands 4.58 g (wet) ng/g (wet weight) 3.00 1.64 2.05 1.58 0.69 8.96
SGL_07_34 Islands 4.99 g (wet) ng/g (wet weight) 2.52 1.56 1.69 1.41 0.69 7.87
SGL_07_01 Reference 5.22 g (wet) ng/g (wet weight) 0.92 0.38 0.60 0.34 0.15 2.39
SGL_07_02 Reference 5.08 g (wet) ng/g (wet weight) 0.92 0.43 0.66 0.48 0.22 2.71
SGL_07_05 Reference 4.08 g (wet) ng/g (wet weight) 0.59 0.29 0.41 0.24 0.13 1.66
SGL_07_06 Reference 5.07 g (wet) ng/g (wet weight) 1.85 0.80 1.35 0.85 0.34 5.19
SGL_07_07 Reference 5.06 g (wet) ng/g (wet weight) 1.25 0.61 0.98 0.66 0.24 3.74
SGL_07_08 Reference 5.00 g (wet) ng/g (wet weight) 0.90 0.38 0.61 0.36 0.16 2.41
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PG_20_08  2020  Postville, NL  7.3  

PG_20_09  2020  Postville, NL  6.7  

PG_20_10  2020  Postville, NL  7.5  

PG_20_11  2020  Postville, NL  6.4  

PG_20_12  2020  Postville, NL  6.0  

PG_20_13  2020  Postville, NL  7.2  

PG_20_14  2020  Postville, NL  7.1  

PG_20_15  2020  Postville, NL  6.7  

PG_20_19  2020  Postville, NL  6.7  

PG_20_20  2020  Postville, NL  5.9  

PG_20_21  2020  Postville, NL  6.1  

PG_20_23  2020  Postville, NL  6.7  

PG_20_24  2020  Postville, NL  6.1  
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Table S3.2: Raw PAC chemistry data for samples collected from Nain and Postville in 2020.  

 

Units
Lim

it of Detection 
Bird ID

22-0755
22-0513

22-0753
22-0752

22-0758
22-0489

22-0496
22-0490

22-0754
22-0514

22-0512
22-0491

22-0511
22-0497

N
W

RC ID
W

222324-01 B
W

221122-01 B
W

222322-01 B
W

222321-01 B
W

222327-01 B
W

221098-01 B
W

221105-01 BW
221099-01 W

222323-01 B
W

221123-01 B
W

221121-01 B
W

221100- 01 B
W

221120-01 B
W

221106-01 B
 

 
 

 
 

 
 

 
 

 
 

 
 

 
O

G ID
N

-G-01-20
N

-G-02-20
N

-G-03-20
N

-G-04-20
N

-G-05-20
N

-G-06-20
N

-G-07-20
N

-G-10-20
N

-G-11-20
N

-G-12-20
N

-G-20-20
N

-G-21-20
N

-G-24-20
N

-G-25-20
Species

BLGU
BLGU

BLGU
BLGU

BLGU
BLGU

BLGU
BLGU

BLGU
BLGU

BLGU
BLGU

BLGU
BLGU

Year
2020

2020
2020

2020
2020

2020
2020

2020
2020

2020
2020

2020
2020

2020
Location

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

N
ain

ng/g (lipid w
eight)

0.1348
Acenapthene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.1128
Acenapthylene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0868
Anthracene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.1180
Benz[a]anthracene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.1098
Benzo[a]pyrene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0591
Benzo[b]fluoranthene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0654
Benzo[g,h,i]perylene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0878
Benzo[k]fluoranthene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.1581
Chrysene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0917
Dibenzo[a,h]anthracene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.1050
Fluoranthene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0696
Fluorene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
2.45

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.2266
Indeno[1,2,3-c,d]pyrene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0555
N

aphthalene
6.19

0.00
0.00

6.51
8.33

40.41
10.48

20.15
14.22

0.00
2.22

10.91
0.00

3.80
ng/g (lipid w

eight)
0.1521

Phenanthrene
0.00

0.00
0.00

0.00
0.00

9.71
3.22

0.00
0.00

0.00
0.00

0.00
0.00

0.00
ng/g (lipid w

eight)
0.0907

Pyrene
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
ng/g (lipid w

eight)
0.0071

C1 Benzo[a]pyrene
1.14

0.00
0.00

0.00
1.24

0.00
0.00

0.00
1.68

0.00
0.00

0.00
0.00

0.00
ng/g (lipid w

eight)
0.0027

C1 Dibenzothiophene
0.00

0.23
0.00

0.00
0.00

1.07
0.41

0.35
0.00

0.00
0.00

0.86
0.00

0.00
ng/g (lipid w

eight)
0.0096

C1 Fluorene
0.00

3.12
0.00

1.16
1.05

17.44
0.43

4.13
1.65

5.17
5.84

7.03
5.43

9.97
ng/g (lipid w

eight)
0.0064

C1 Pyrene
0.00

0.00
0.21

0.26
0.42

0.00
0.33

0.62
0.56

0.00
0.00

0.00
0.00

0.00
ng/g (lipid w

eight)
0.0071

C2 Benzo[a]pyrene
62.74

6.82
28.58

46.34
13.33

4.95
6.57

6.11
8.50

10.00
9.26

0.00
8.53

4.72
ng/g (lipid w

eight)
0.0104

C2 Dibenzothiophene
0.00

0.27
0.00

0.00
0.00

1.40
0.64

0.00
0.00

0.00
0.00

0.42
0.00

0.00
ng/g (lipid w

eight)
0.0096

C2 Fluorene
0.00

0.57
0.00

0.72
0.00

12.82
2.44

2.25
1.48

0.00
3.55

4.25
0.00

3.82
ng/g (lipid w

eight)
0.0349

C2 Pyrene
0.00

0.00
0.00

0.00
0.00

1.23
2.15

0.00
0.00

0.00
0.00

0.00
0.00

1.16
ng/g (lipid w

eight)
0.0054

C3 Dibenzothiophene
0.00

0.44
0.00

0.00
0.62

2.53
2.34

0.00
0.00

0.49
0.66

1.78
0.36

1.50
ng/g (lipid w

eight)
0.0096

C3 Fluorene
0.00

3.37
0.00

0.00
0.00

18.28
11.94

0.00
1.21

3.45
0.00

2.52
5.73

8.84
ng/g (lipid w

eight)
0.0349

C3 Pyrene
0.00

1.05
0.00

0.00
2.37

5.33
4.70

1.73
0.00

0.00
0.00

0.00
0.00

6.34
ng/g (lipid w

eight)
0.0054

C4 Dibenzothiophene
0.00

0.68
0.00

0.00
1.02

3.97
2.40

0.30
0.00

0.92
0.80

2.02
0.36

1.56
ng/g (lipid w

eight)
N

o data
C4 Fluorene

0.00
0.77

0.00
0.00

0.00
36.87

26.12
0.00

0.00
0.00

3.91
11.48

0.00
27.37

ng/g (lipid w
eight)

0.0349
C4 Pyrene

0.00
1.45

0.00
0.00

1.42
11.71

4.05
8.41

0.00
2.27

4.53
3.35

1.39
6.71

ng/g (lipid w
eight)

0.0558
Dibenzothiophene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0106
1,7-Dim

ethylphenanthrene
0.00

0.00
0.00

0.00
0.00

0.73
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
ng/g (lipid w

eight)
0.0136

1,8-Dim
ethylphenanthrene

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

ng/g (lipid w
eight)

0.0114
1-M

ethylnaphthalene
0.00

1.38
0.00

0.38
1.40

16.77
4.65

6.94
0.00

3.68
3.03

5.27
5.80

1.21
ng/g (lipid w

eight)
0.0064

1-M
ethylphenanthrene

0.00
0.00

0.00
0.00

0.00
1.02

0.21
0.45

0.00
0.00

0.00
0.52

0.33
0.15

ng/g (lipid w
eight)
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