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ABSTRACT 

 

 Mercury (Hg) is a widespread contaminant that has been shown to induce 

adverse health effects in a wide range of organisms. We explored the relationship between 

total blood Hg concentrations ([Hg]) and oxidative stress induction in double-crested 

cormorants (Phalacrocorax auritus). Cormorant blood was sampled at five sites across the 

Great Lakes basin, Ontario, Canada  and was analyzed for total [Hg].To assess cellular 

stress, the expression of glutathione peroxidases 1 and 3, glutathione S- transferase µ3, 

superoxide dismutase 1 and heat-shock protein 70 kd-8 were measured in whole blood 

samples. No significant variations in mean relative gene expression were found between 

sites for any gene for all birds.  Linear regression analyses showed a slight, significantly 

positive relationship between individual blood [Hg] and gpx3 expression for all birds. 

However, when separated by sex, there were differences. Male cormorants displayed higher 

blood Hg concentrations than females.  Female individuals showed significant positive 

relationships between blood Hg concentration and expression of glutathione peroxidase 3 

and glutathione S-transferase μ3. Different levels of oxidative stress experienced by males 

and females during the breeding season may be influencing the differential oxidative stress 

responses to blood [Hg] observed in this study. Overall, the results of our study suggest that 

Hg leads to oxidative stress in the blood of P. auritus and that this oxidative stress is 

mediated by upregulation of gstm3 and gpx3 expression.  
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INTRODUCTION 

1.1 Environmental Problematic  

 

Mercury (Hg) is a transition element naturally found in the environment release into 

the atmosphere by volcanic events and geothermal activity at mercuriferous belts (Selin, 

2009). Once it is released into the environment, Hg cycles between air, water, soil and 

biota. When it is in the aquatic phase, divalent Hg (Hg
2+

) can be methylated by sulphate-

reducing bacteria in sediment, producing methyl mercury (MeHg) (Compeau & Bartha, 

1984). MeHg has the potential to bioaccumulate in living organisms and biomagnify with 

each trophic level. Since the industrial revolution, human activities such as coal burning 

and mining have caused Hg atmospheric emissions to increase by three to five times (Selin, 

2009). This increase in environmental Hg has led to toxic concentrations in aquatic food 

webs, threatening the health of these species at both the individual and population levels.  

1.2 Mercury Toxicity in Piscivorous Birds 

 

MeHg toxicity in wildlife can present as neurological or behavioural impairments as 

well as physiological abnormalities. These effects are most apparent in organisms at the top 

of the food web which are exposed to the highest levels of dietary MeHg (Scheuhammer et 

al., 2007). Among these are piscivorous aquatic birds (Scheuhammer et al., 2007). 

Behavioural impairment threatens reproductive success in aquatic piscivorous birds 

because it influences the individual’s ability to produce eggs that hatch successfully and 

care for their chicks (Depew et al., 2012). For example, Evers et al. (2008) observed that 
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individuals (Gavia immer) with high Hg diets spent more time away from their nests 

compared to common loons with medium and low Hg diets.  Increased time spent away 

from the nest puts the eggs at higher risk of predated and decreases incubation time 

required to keep the eggs at the proper temperature for development (Evers et al., 2008). 

Physiological effects of mercury in aquatic piscivorous birds can include slow growth and 

reproductive impairment (Depew et al., 2012).  

1.3 The Double-Crested Cormorant (Phalacrocorax auritus) 

 

The model organism chosen for our project was the double-crested cormorant 

(Phalacrocorax auritus). In general, piscivorous birds such as the double-crested cormorant 

have been found to have higher concentrations of Hg than partially-piscivorous and non-

piscivorous birds (Goodale et al. 2008).  In addition, P. auritus live in colonies making it 

possible to sample many birds at one site (Wires and Cuthbert, 2010). Double-crested 

cormorants are also widely distributed throughout North America and the Caribbean (Hatch 

& Weseloh, 1999). This means that cormorant data can be compared geographically and 

temporally across North America. A complicating factor of this wide distribution, however, 

is that the migratory nature of double-crested cormorants can be problematic for assessing 

environmental contamination. Individuals are exposed to differing levels of Hg 

contamination at different sites at their wintering and summering grounds as well as their 

migratory stopover sites (Burger & Gochfeld, 2004). The use of blood samples can 

eliminate this problem. The maximum lifespan of erythrocytes in birds is estimated to be 

between 30-42 days (Rodnan et al, 1957). Therefore, blood samples will be representative 

of local exposure (Burger & Gochfeld, 2004). Overall, double-crested cormorants are a 

useful model organism for studies pertaining to environmental Hg. 
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1.4 Toxicants and Oxidative Stress in P. auritus 

 

 Oxidative stress has been proposed as a mechanism for Hg toxicity. Oxidative stress 

is caused by the presence of reactive oxygen species (ROS) in the cell. Reactive oxygen 

species are oxygen radicals and reactive intermediates that lead to peroxidation of lipid 

membranes and DNA damage in the cell (Dar & Barzilai, 2009).  Cells have evolved 

defense mechanisms to metabolize ROS, but when the production of ROS exceeds 

metabolism the cell experiences oxidative stress (Dar & Barzilai 2009).  

One way that cells metabolize ROS is by producing proteins such as glutathione and 

metallothionein that bind to the ROS and form a more hydrophilic compound that is easily 

excreted (Gad, 2005a; Gad, 2005b). Other compounds obtained from the diet such as 

vitamins C and E metabolize ROS in the same way (Dar & Barzilai, 2009). Another way 

that the cells metabolize ROS is by producing antioxidant enzymes that convert the ROS to 

less reactive compounds such as O2 or H2 (Dar & Barzilai, 2009). For example, the 

metabolism of the superoxide anion (∙O2-) radical begins with conversion to hydrogen 

peroxide (H2O2) by superoxide dismutase (Dar & Barzilai, 2009). Then, H2O2 is converted 

to O2 by glutathione peroxidase or converted to H2O by catalase (Cho & Park, 2000). Other 

enzymes are involved in the metabolism of ROS by glutathione. For example, glutathione 

S-transferases catalyze the binding of toxicants to glutathione (Gad, 2005a). Heat shock 

proteins are also induced by oxidative stress to assist with support and assembly of 

proteins, as well as maintenance of glutathione levels (Martindale & Holbrook, 2002). 

Altogether, these enzymes help maintain a healthy oxidative balance in the cell.  

The introduction of a toxicant in the cell can interfere with the cell’s ability to 

maintain a healthy oxidative state in two ways. First, Phase I metabolism of the toxicant by 
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cytochrome P450 enzymes can produce ROS (Shankar & Mehendale, 2005a). Second, the 

toxicant may interfere with the ability of antioxidant enzymes to metabolize ROS (Shankar 

& Mehendale, 2005b).  If the toxicant or its metabolism directly leads to the production of 

ROS, expression of antioxidant genes would be expected to increase. On the contrary, 

decreased expression of antioxidant genes would indicate that the toxicant is interfering 

with the ability of the cell to metabolize existing ROS. Thus, gene expression analysis of 

antioxidant enzymes provides insight regarding the mechanism of oxidative stress-related 

toxicity of a contaminant. 

Investigations of the effects of anthropogenic toxicants on oxidative stress in bird 

species have been limited to date. Nakayama et al. (2008) performed a hepatic microarray 

study to examine oxidative stress response to perfluorinated compounds in the great 

cormorant (Phalacrocorax carbo). Perfluorooctanesulfonate exposure led to increased 

expression of gpx1 and glutathione S-transferase ɑ3 in male birds and decreased expression 

of hsp70-8 and tumor rejection antigen 1 in all birds (Nakayama et al. 2008). Another 

hepatic oligoarray by Nakayama et al. (2006) examined the effects of 

hexachlorocyclohexane isomers, dioxin-related compounds and polychlorinated biphenyls 

on gene expression in P. carbo. Exposure to hexachlorocyclohexane isomers resulted in 

decreased expression of gpx3 and exposure to polychlorinated biphenyls resulted in 

decreased expression of glutathione S-transferase μ1 (Nakayama et al. 2006). Dioxin-

related compounds were positively correlated with cytochrome P450 1A expression and 

negatively correlated with in Cu/Zn superoxide dismutase gene expression (Nakayama et 

al. 2006). Thus exposure to contaminants has been demonstrated to influence changes in 
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expression of oxidative-stress related genes, suggesting that these contaminants lead to 

oxidative stress in cormorants.  

 One study has been conducted that examines oxidative stress related to Hg exposure 

in P. auritus. Henny et al. (2002) examined the relationship between [Hg] and glutathione 

levels and antioxidant enzyme activity in liver, kidney and plasma of adult and fledgling P. 

auritus. In fledglings, [Hg] in the liver was negatively correlated with both reduced and 

oxidized glutathione (Henny et al., 2002). Fledglings displayed an increased oxidized-to-

reduced glutathione ratio indicating that there were increased levels of ROS present (Henny 

et al. 2002). The young P. auritus also displayed increased selenium-dependent glutathione 

peroxidase activity in the liver and kidney and decreased glutathione S-transferase activity 

in the liver (Henny et al. 2002). In the adult P. auritus, increased hepatic Hg led to 

increased levels of thiobarbituric acid reactive substances, suggesting that lipid 

peroxidation was occurring as a result of oxidative stress (Henny et al. 2002).  In the 

plasma, adults displayed decreased total glutathione peroxidase activity and the young 

displayed increased glutathione reductase activity (Henny et al. 2002). Therefore, Hg was 

correlated with changes in antioxidant protein activity in both adult and fledgling P. 

auritus.  

 

1.6 Research Objective and Hypothesis 

 

 In previous studies, Hg has been shown to influence antioxidant protein activity in 

P. auritus (Henny et al., 2002). In P. carbo, several contaminants were correlated with 

changes in antioxidant gene expression (Nakayama et al., 2006; Nakayama et al., 2008). 
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Further, the effects of hexachlorocyclohexane isomers, bisphenol-A and 

perfluorooctanesulfonate on gene expression differed between males and females in P. 

carbo. No studies have investigated the effects of Hg on antioxidant gene expression in P. 

auritus. Further, differences in oxidative stress response to Hg between male and female P. 

auritus have yet to be investigated.  

 The purpose of our study was to investigate the effects of Hg on the gene expression 

of antioxidant enzymes in the blood of P. auritus and to determine whether these effects 

were different for males and females. Expression of glutathione peroxidase 1 (gpx1), 

glutathione peroxidase 3 (gpx3), superoxide dismutase 1 (sod1), heat shock protein 70kd8 

(hsp70-8) and glutathione S-transferase μ3 (gstm3) were analyzed. It was hypothesized that 

[Hg] will influence oxidative-stress related gene expression in the blood of P. auritus. 
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2. METHODS 

2.1 Blood Collection 

 

 Blood samples were collected from 55 individual double-crested cormorants at five 

breeding sites in Ontario, Canada between the months of May and July 2012 (Fig.1). Sites 

were selected to maximize the range of blood [Hg] in Phalacrocorax auritus. Sites included 

Hamilton Harbour (Lake Ontario; Lat. 43.283711, Long. -79.794028), Mohawk Island 

(Lake Erie; Lat. 42.834211, Long. -79.523515), Scotch Bonnet Island (Lake Ontario; Lat. 

43.899298, Long. -77.542821), Bergin Island (Cornwall; Lat. 45.014331, Long. -

74.860015) and Lake Nipissing (North Bay; Lat. 46.166781, Long. -79.594481).  

Individuals were captured using walk-in traps set over ground nests or modified leg-

hold traps. Blood samples were drawn from the brachial vein. Prior to blood sampling, the 

surface of the skin was cleaned with diluted isopropyl alcohol. Using a sterile, heparin-

coated 25 gauge needle and 5 mL syringe, 1.0 mL-2.8 mL of blood was drawn from each 

individual. After blood was drawn, a cotton ball was applied with gentle pressure to the 

puncture site to prevent the formation of a hematoma (Owen, 2011). Birds were released 

near the site of capture after handling and blood sampling. 

 Blood samples were then divided into two volumes depending on type of analysis. 

For Hg analysis, blood was transferred into acid-cleaned polyethylene vials and was kept 

on ice for a maximum of 12 h before being centrifuged and separated into blood cell 

fraction and plasma. The samples were then stored at -20 °C until Hg analysis. For RNA 

analysis, blood was transferred into acid-washed polyethylene cryovials and flash frozen in 

liquid nitrogen and then stored in a -80 °C freezer upon return to the lab. 



8 
 

2.2 Blood Total Hg Analysis 

 

 Blood samples were analyzed for total Hg content. In seabirds, MeHg has been 

shown to represent 97.5-99.8% of total blood Hg (Lavoie et al., 2010).The blood sample 

digestion procedure was adapted from a feather digestion protocol developed by Burger et 

al. (2007). All instruments and vessels used in Hg sample preparation and analysis were 

acid washed in 10% trace metal grade nitric acid for 24 h and rinsed 6 times with de-

ionized water (resistance through a filtration system over 18 MΩ; EMD Millipore, 

Billerica, Massachusetts, USA) to avoid metal contamination. Blood cell fraction samples 

were first weighed, freeze-dried using an SP Scientific VirTis Advantage freeze-drier 

(Warminster, Pennsylvania, USA) and then weighed again to measure moisture content. 

Freeze-dried samples were weighed on a balance (± 0.001g) in Teflon tubes and digested 

by adding 2 mL trace metal grade nitric acid and 1.25 mL 30% hydrogen peroxide. 

Samples were kept for four hours, shaken every hour to allow complete digestion. Samples 

were diluted with 1.75 mL de-ionized water. Samples were microwaved using a CEM 

MARS Xpress microwave (Matthews, North Carolina, USA). After digestion, samples 

were degassed for one hour and diluted once more to 10 mL using deionized water.  Then, 

0.05 mL bromine monochloride was added to each sample before storing overnight.  

 The blood digestates were analyzed on a Tekran Model 2600 cold vapour atomic 

fluorescence spectrometer (Tekran Instrument Corporation, Toronto, Ontario, Canada) 

following the US EPA Method 1631 (US EPA, 2002). To ensure quality assurance and 

quality control, method blanks were tested every seven samples to ensure no Hg 

contamination was present in the reagents. Certified reference material checks using 

DOLT-4 from National Research Council Canada (Ottawa, Ontario, Canada) were analyzed 
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every ten samples with mean (±SD) recoveries of  (97.7 ± 6.9%, n = 17). Two samples 

were spiked (matrix spike and matrix spike duplicate) to calculate the recovery of the 

tissue. Per cent recovery is calculated as in Equation 1:  

  

 Equation 1: % Recovery = (A-B)/T  (1) 

 

where A is measured [Hg] after spiking, B is measured concentration of Hg before spiking 

and T is True concentration of spike (US EPA, 2002). The recovery of the spiked samples 

and the recovery of the standards were within the protocol guidelines. Ten percent of the 

samples were run in duplicate and coefficients of variation were below 15%. 

Concentrations of Hg in samples were expressed in microgram per gram dry weight (μg/g 

dwt). The level of quantification (10 times the SD of eight method blanks) was 7 x 10
-6

 

μg/g. 

2.3 Bird Sexing 

 

 Phalacrocorax auritus are monomorphic birds and thus their sex cannot be 

determined by simple observation in the field (Hatch & Weseloh, 1999). Birds were sexed 

following the Fridolfsson and Ellegren method (1999). Briefly, female birds have both a Z 

and a W chromosome, whereas males have two Z chromosomes (Fridolfsson & Ellegren, 

1999).  The Z and W chromosomes each possess a different copy of the CHD1 gene 

(Fridolfsson & Ellegren, 1999). It is possible to determine the sex of the birds genetically 

by using polymerase chain reaction (PCR) to detect which copies of the CHD1 gene are 

present in a blood sample (Fridolfsson & Ellegren, 1999). Blood cell fraction samples were 
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homogenized using a proteinase-K and phenol/chloroform-isoamyl alcohol (24:1 

chloroform to isoamyl alcohol) method developed by Sambrook and Russell (2001). 

Isolated DNA was amplified by PCR using 0.5 μL of template DNA, 5 μL of a mixture 

containing 2.5 μL Multiplex Mix (Qiagen Inc., Mississauga, Ontario, Canada), and 0.4 μM 

of both the 2550 forward and 2718 reverse primers designed by Fridolfsson and Ellegren 

(1999). Samples were run in a TGradient thermocycler for (Biometra, Montreal, Quebec, 

Canada) for 3 minutes at 94 °C, annealed for 1 minute at 47 °C and extended for 90 

seconds at 72 °C (Zavalaga et al. 2009).  Then, samples underwent 34 cycles of denaturing 

for 45 seconds at 94 °C, annealing for 1 minute at 47 °C and extending for 90 seconds at 72 

°C (Zavalaga et al., 2009). After PCR, amplified DNA was run in a 2% agarose gel 

(Zavalaga et al., 2009). Finally, DNA bands were viewed under ultraviolet light. Samples 

that had two bands of DNA possessed both the Z chromosome and W chromosomes copies 

of the CHD1 gene and were labeled female, whereas samples that only had one band only 

possessed the Z chromosome copy of the gene and were labeled male.  

2.4 RNA Analysis 

 

 Expression of five oxidative stress-related genes was measured. These consisted of 

heat shock protein 70kd8 (hsp70-8) as well as four antioxidant enzymes: glutathione 

peroxidase 1 (gpx1), glutathione peroxidase 3 (gpx3), superoxide dismutase 1 (sod1) and 

glutathione S-transferase μ3.  

 

2.4.1 RNA Isolation 
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 Messenger RNA was isolated from 55 double-crested cormorant whole blood 

samples. RNA was isolated from whole blood samples using an acid guanidinium 

thiocyanate-phenol-chloroform extraction, following the protocol developed by 

Chomczynski and Sacchi (2006). To summarize, denaturing solution was added to 75 μL 

whole blood. Whole blood samples were homogenized using an Ultrasonic Dismembrator-

150T from ThermoFisher (Ottawa, Ontario, Canada). Then, 2 M sodium acetate and 

phenol:chloroform:isoamyl alcohol (25:24:1) were added to each sample. Samples were 

vortexed and cooled on ice for 15 min. Each sample was centrifuged and the aqueous layer 

containing RNA was transferred to a new tube where 1 mL isopropanol was added.  

Samples were incubated for 1 h at -20 °C. Samples were centrifuged and supernatants were 

discarded. Each pellet was then dissolved in equal volumes of denaturing solution and 

isopropanol. Samples were incubated once more at -20 °C for 30 minutes. Then, samples 

were centrifuged and pellets were washed two times with 75% ethanol. Pellets were air-

dried and eluted in 175 μL nuclease-free water. Concentrations of RNA were measured 

using a ThermoScientific Nanodrop 2000 Spetrophotometer (Toronto, ON, CA). Samples 

were stored at -80 °C. 

2.4.2 DNase Treatment 

 

 DNase treatment was performed on the isolated RNA to eliminate genomic DNA 

contamination.  The DNase treatment was performed using an RQ1 RNase-Free DNase kit 

from Promega Corporation (Madison, Wisconsin, USA) following the manufacturer’s 

protocol. Briefly, reaction buffer, RQ1 RNase-Free DNase and nuclease-free water were 

added to the RNA samples. The samples were incubated for 30 minutes at 37 °C. Two 

washes of phenol:chloroform:isoamyl alcohol (25:24:1) were performed, followed by one 
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chloroform wash. For each sample, the aqueous phase containing RNA was transferred to a 

new tube where 5 M sodium acetate and 99% ethanol were added. Samples were incubated 

at -20 °C for 45 min. Samples were then centrifuged and pellets were washed two times 

with cold 80% ethanol. RNA pellets were air-dried for 5-10 min and then eluted in 10 μL 

nuclease-free water. Concentrations of RNA were measured using a ThermoScientific 

Nanodrop 2000 Spetrophotometer (Toronto, Ontario, Canada). Samples were stored at -80 

°C. 

2.4.3 Complementary DNA Synthesis 

 

Complementary DNA (cDNA) was synthesized by polymerase chain reaction 

(PCR) using a GoScript Reverse Transcription System kit from Promega (Madison, WI, 

USA). Random primers and nuclease-free water were added to 1 μg RNA according to 

manufacturer’s protocol. Samples were centrifuged and heated at 70 °C for 5 min in an 

Eppendorf MasterCycler ProS vapo.protect thermocycler (Hamburg, Germany). Samples 

were then put on ice. Master Mix containing GoScript reverse-transcriptase, reaction buffer, 

magnesium chloride, nucleotides, recombinant RNasin and nuclease free water was added 

to each sample. Five samples were created that received nuclease-free water instead of 

reverse-trancriptase (NoRTs). Each NoRT contained a mix of RNA samples from one of 

the five sites. Then, samples were returned to the thermocycler where they were annealed at 

25 °C for five min, elongated at 42 °C for 60 min and inactivated at 70 °C for 15 min. 

Following cDNA synthesis, samples were stored at -20 °C.  

2.4.4. Quantitative Real-Time Reverse-Transcriptase Polymerase Chain Reaction  
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Complementary DNA was analyzed by quantitative real-time reverse-transcriptase 

polymerase chain reaction (qPCR) using BRYT Green fluorescent probes and CXR as a 

reference dye.  Standard curves were created using a 1:4 dilution series of a mixture of all 

cDNA samples so that the curves covered a DNA concentration range of 0.048 ng/μL to 50 

ng/μL. Standard curves and cDNA samples were run in duplicate. Each plate contained two 

no template controls (NTCs) where no template cDNA was added to verify that there was 

no DNA contamination in the qPCR reagents. The five NoRT cDNA samples were 

combined and two NoRT samples were run on each qPCR plate. NoRTs verified that no 

DNA contamination was present in the RNA samples. A Master Mix was created including 

Promega GoTaq qPCR MasterMix (Madison, Wisconsin, USA), forward primer, reverse 

primer and nuclease free water according to manufacturer’s protocol. Primers were 

designed based on P. carbo primer sequences available from NCBI (Table 1) and obtained 

from Integrated DNA Technologies (Coralville, Iowa, USA). Master Mix was added to 

each cDNA sample. Samples were run in a Stratagene Mx3005P thermocycler from Agilent 

Technologies (Santa Clara, California, USA). Samples were heated at 95 °C for 2 min to 

activate enzymes followed by 45 cycles of denaturation at 95 °C for 15 sec and elongation 

at either 58 °C, 60 °C or 62 °C for 60 sec (Table 1). Gene expression analysis was 

performed for five genes: gpx1, gpx3, sod1, hsp70-8 and gstm3. For the analysis of gstm3, 

cDNA samples were used in 1:20 dilutions. For the analysis of gpx3, cDNA samples were 

used in 1:40 dilutions. For the analysis of gpx1, sod1 and hsp70-8 cDNA samples were 

used in 1:80 dilutions.  
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2.4.5 Statistical Analysis 

 

Internal normalization of gpx1, gpx3, sod1, hsp70-8 and gstm3 expression could not 

be performed to the expression of a reference gene as the authors were unable to 

successfully optimize 18s ribosomal RNA primers for qPCR. For comparisons of 

individuals, fold change of the expression of each gene was obtained for each individual by 

dividing the copy number of each individual by the average copy number of the male 

individuals with blood [Hg] between 5 and 8 ppm dwt (n = 9). For comparison of gene 

expression between sites, the fold change of the expression of each gene was obtained for 

each individual by dividing the copy number of each individual by the mean copy number 

of the respective sampling location. For all statistical analyses, blood [Hg] and relative gene 

expression was log10 transformed. The level of statistical significance for all tests was set at 

(p < 0.05). Normality of each data set was verified using the Shapiro-Wilk test. Variances 

of each data set were compared using the Levene test. Mean blood [Hg] was compared 

between sites using a one-way ANOVA followed by the Tukey-Kramer HSD test at ɑ = 

0.05 for multi-comparison of means. Mean blood [Hg] by sex was analyzed using a one-

way Welch test for unequal variances (Levene test; p = 0.005). Mean relative expression of 

gpx1 and gstm3 were compared between males and females using a two-way Student’s t-

test. Mean relative expression of gpx3, hsp70-8 and sod1 were compared between males 

and females using the Wilcoxon two-sample test for normal approximation. Distribution 

was not normal for gpx3 expression in females (Shapiro-Wilk test; p = 0.013) or males 

(Shapiro-Wilk test; p = 0.001), sod1 expression in males (Shapiro-Wilk; p = 0.008), or 

hsp70-8 expression in females (Shapiro-Wilk test; p = 0.009).  Simple linear regressions 

between blood [Hg] and gene expression in both sexes, males only and females only were 
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performed for each gene. Relationships between blood [Hg] and gene expression were 

tested using a one-way ANOVA. For gpx1, hsp70-8, and gpx3, difference in mean relative 

expression at each site was tested using a one-way ANOVA test. For gstm3 and 

sod1,difference in mean relative gene expression at each site was tested using the Wilcoxon 

one-sample test for normal approximation. All statistical analyses were performed using 

JMP 10 software (Version 10.0.0, SAS Institute, Inc.).  

 

 3. RESULTS 

 

3.1 Blood Hg Analysis 

 

Mean blood [Hg] was significant different among sites (ANOVA; p < 0.0001). Sites 

with the highest mean blood [Hg] were Lake Nipissing (mean ± SE = 17.5 ± 1.2 μg/g dwt) 

and Bergin Island (17.1 ± 2.1μg/g dwt, Fig. 2). Blood [Hg] at Lake Nipissing and Bergin 

Island was significantly higher than blood [Hg] at Hamilton Harbour (9.8 ± 1.1 μg/g dry 

weight) and Mohawk Island (9.0 ± 1.5 μg/g dry weight). Mean blood [Hg] at Scotch 

Bonnet Island (12.8 ± 1.1 μg/g dry weight) was not significantly different from any other 

site. In total, there were 39 males (71%) and 16 females (29%; Table 2). Male birds were 

found to have significantly higher blood Hg concentration than females when all sites were 

combined (Welch test; p = 0.040; Fig. 3).  

3.2 Gene Expression Analysis  

 

Whole blood samples for each individual were analyzed for gene expression of 

glutathione peroxidase 1(gpx1), heat shock protein 70kd8 (hsp70-8), glutathione peroxidase 

3 (gpx3), glutathione S-transferase μ3 (gstm3) and superoxide dismutase 1 (sod1). Mean 
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relative gene expression did not vary significantly between sites for any gene (Fig. 4). 

Simple linear regressions of relative gene expression and blood [Hg] were performed for 

gpx1, hsp70-8, gpx3, gstm3and sod1 (Figs 5-9). Separate linear regressions were then 

performed to examine relationships between gene expression and [Hg] for males and 

females separately. Females showed significant positive relationships between blood [Hg] 

and relative gene expression for gpx3 (ANOVA; R
2
 = 0.315, p = 0.046; Fig. 7D) and gstm3 

(ANOVA; R
2
 = 0.449, p = 0.012; Fig. 8D). A significant sex difference in mean relative 

gene expression was found only for gstm3 (Student’s t-test; p = 0.01; Fig. 8A). A summary 

of gene expression results can be found in Table 3.   
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4. DISCUSSION 

 

In our study, blood [Hg] and expression of glutathione peroxidase 1 (gpx1), glutathione 

peroxidase 3(gpx3), glutathione S-transferase (gstm3), heat shock protein 70kd8 (hsp70-8) 

and superoxide dismutase 1 (sod1) were studied in Phalacrocorax auritus from five sites in 

Ontario. Our work was the first to study the relationship of Hg on oxidative stress in P. 

auritus using gene expression analysis. 

 Expression of gstm3 was upregulated with increasing blood [Hg] in female P. 

auritus. Exposure to contaminants has been shown to both increase and decrease expression 

of glutathione S-transferases in different species. Perfluorononanoic acid concentrations 

have been positively correlated with hepatic glutathione S-transferase ɑ3 expression in the 

great cormorant (Phalacrocorax carbo; Nakayama et al., 2008). Similarly, when exposed to 

benzo[α]pyrene and polybrominated diphenyl ethers, the razor clam (Solen grandis) 

experienced upregulated expression of glutathione S-transferase σ1 in hemocytes three days 

after treatment (Yang et al., 2012). In the clam worm (Neanthes succinea), exposure to 

copper led to increased expression of a θ-class glutathione S-transferase in whole body 

tissue (Rhee et al., 2007). In contrast, bisphenol-A concentrations were negatively 

correlated with hepatic glutathione S-transferase μ1-1 in P. carbo, and not correlated with 

hepatic gstm3 expression (Nakayama et al., 2006).  In a study of juvenile coho salmon 

(Oncorhynchu kisutch), exposure to cadmium was found to induce upregulation of π- and 

ρ-class glutathione S-transferases in the olfactory and gill tissue, whereas upregulation in 

liver tissue was mostly of θ- and ɑ-class glutathione S-transferases (Espinoza et al., 2011). 

Thus, the influence of contaminants on glutathione S-transferase expression varies with the 

type of contaminant, species, tissue and enzyme isoform. 
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 Upregulation of glutathione S- transferases with increasing blood [Hg] are still not 

fully understood, but may occur as a result of irregular interaction with Hg compounds. For 

most toxicants, glutathione S-transferases act as Phase II detoxification enzymes that 

catalyze the conjugation of the xenobiotic compound to glutathione (Dierickx, 1985). 

However, glutathione S-transferases have been shown to bind directly to inorganic and 

organic Hg compounds instead of conjugating them to glutathione (Dierickx, 1985). When 

bound to the Hg compound, the glutathione S-transferases are inhibited and cannot 

conjugate other toxic compounds to glutathione (Dierickx, 1985). Therefore, increasing 

blood [Hg] may be leading to upregulation of gstm3 expression in female P. auritus as a 

compensatory mechanism for its inhibitory action of Hg upon glutathione S-transferases. 

 Like glutathione S-transferases, glutathione peroxidase expression is also known to 

be influenced by the presence of contaminants. Oral exposure to bisphenol-A led to 

decreased glutathione peroxidase expression in Wistar rat liver tissue (Hassan et al., 2012). 

After being exposed to a consistent dose of dietary MeHg for 50 days, zebrafish (Danio 

rerio) also exhibited decreased gpx1 expression (Cambier et al., 2012). In tilapia, oral 

exposure to the cyanobacterial toxin cylindrospermopsin led to downregulation of 

glutathione peroxidase mRNA expression in tilapia liver tissue (Oreochromis niloticus; 

Puerto et al, 2011). On the contrary, cylindrospermopsin led to upregulation of glutathione 

peroxidase mRNA expression in kidney tissue of tilapia (Puerto et al, 2011). Similar to 

glutathione S-transferases, the influence of contaminants on glutathione peroxidase 

expression varies depending on the isoform of the enzyme. In a microarray performed by 

Nakayama et al., (2008) only hepatic gpx1expression was found to be positively correlated 

with perfluorononanoic acid concentration in P. carbo. Moreover, another hepatic 
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microarray in P. carbo determined that only gpx3 expression was negatively correlated 

with hexachlorocyclohexane isomers (Nakayama et al., 2006). Isoform-specific correlations 

between glutathione peroxidase expression and blood [Hg] were observed in our study. 

Positive relationships were found between blood [Hg] and gpx3 expression in female birds 

only, while no significant relationships were observed between blood [Hg] and gpx1 

expression.  

 Another interesting aspect of the influence of toxicants on gene expression observed 

in our study was the difference in effect between sexes. In many studies of the influence of 

toxicants on gene expression, the sex of the individuals are either not considered (Espinoza 

et al, 2011) or only use one sex in the experimental design (Puerto et al., 2011; Cambier et 

al., 2011; Hassan et al., 2012). As a result, the differential influence of contaminants on 

antioxidant gene expression between sexes remains largely unknown. Nakayama et al. 

(2006), found that the negative correlation between hexachlorocyclohexane isomers and 

gpx3 expression was significant in females but not males, although the correlation appeared 

to be stronger in males. The same pattern was observed in the negative correlations 

between hepatic glutathione S-transferase μ1-1 expression and bisphenol-A concentrations 

(Nakayama et al., 2006). Since neither hexachlorocyclohexanes nor bisphenol-A were 

found to have significantly different concentrations between sexes it was suggested that 

oxidative stress –related gene expression may be mediated differently in male and female 

P. carbo (Nakayama et al., 2006).  In our study, significant positive relationships were 

observed between blood [Hg] and gstm3 and gpx3 in female birds. The significant positive 

relationships between blood [Hg] and gstm3 and gpx3 expression in female birds and 
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corresponding lack of significant relationship in males suggests that Hg leads to oxidative 

stress in females to a higher extent. 

 Differences in the effect of blood [Hg] on antioxidant gene expression in P. auritus 

may be influenced by the different levels of oxidative stress experienced by males and 

females during the breeding season. In the pre-laying period, barn swallows displayed 

increased plasma of malondialdehydes, a product of lipid peroxidation caused by oxidative 

stress (Rubolini et al., 2012).  Although an increase in malondialdehydes was observed in 

both sexes, females had higher concentrations than males, suggesting that egg laying places 

a high oxidative burden on females (Rubolini et al, 2012). Females may experience higher 

levels of oxidative stress because they transfer antioxidant compounds such as carotenoids 

to their eggs (Biard et al., 2005). Carotenoids are compounds obtained from the diet that 

have antioxidant properties and act as parent compounds for other antioxidant compounds 

such as vitamin A (Biard et al., 2005). Female blue tits (Parus caeruleus) that were fed a 

diet supplemented with carotenoids had higher plasma vitamin A concentrations and laid 

eggs with higher carotenoid concentrations (Biard et al., 2005). Nestlings from females that 

were fed the carotenoid supplemented diet had increased tarsus length and brighter yellow 

feathers than nestlings of the control females (Biard et al., 2005). Furthermore, Casagrande 

et al. (2011) observed significantly lower circulating plasma carotenoid concentrations in 

wild, reproducing female Eurasian kestrels (Falco tinnnunculus tinnunculus) than in the 

captive, non-reproducing female controls. A consequence of the ability of females to 

excrete non-enzymatic antioxidant compounds into their eggs would be that a greater 

demand would be placed on antioxidant enzymes to protect the individual against oxidative 

stress during the breeding season. Phalacrocorax auritus blood samples analyzed in our 
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study were collected during the breeding season. As a result, this increased reliance on 

antioxidant enzymes may partially explain why a significant positive relationship between 

blood [Hg] and gpx3 and gstm3 expression was only observed among females in our study.  

 Expression of two other genes, sod1 and hsp70-8, were analyzed but no 

relationships with blood [Hg] were observed. In Hassan et al., (2012) oral exposure to 

bisphenol-A was also found to decrease superoxide dismutase expression in Wistar rat 

liver. Zebrafish embryos exposed to Aroclor 1254 (mix of polychlorinated biphenyls) 

exhibited downregulation of hsp70-8 (Kreiling et al., 2007). In P. carbo liver, Cu/Zn 

superoxide dismutase expression was negatively correlated with dioxin-like compounds 

and hsp70-8 expression was negatively correlated with perfluorooctanoicsulfonate 

(Nakayama et al., 2006; Nakayama et al., 2008). However, the results of our study do not 

agree with these examples. There may be a true absence of a relationship between [Hg] and 

expression of sod1 and hsp70-8 in P. auritus, or a relationship may exist in other tissues 

(e.g. liver) that were not examined in our study. 

In addition to interactions between blood [Hg] and gene expression, there were two 

trends apparent among the blood [Hg] data. First, there appears to be a geographical trend 

in mean blood [Hg] among sites. Double-crested cormorants from the two westernmost 

sites, Mohawk Island and Hamilton Harbour, had significantly lower mean blood [Hg] than 

the easternmost site, Bergin Island. On larger scales, [Hg] in fish has been found to increase 

on a west-to-east geographic gradient (Monson et al., 2011). Second, when double-crested 

cormorants from all five sites were pooled together, male birds showed significantly higher 

mean blood [Hg] than female birds. A meta-analysis by Robinson et al. (2012) considered 

123 male-female comparisons from 50 studies in an effort to determine the main factors 
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that lead males to have higher [Hg] than females. The most important factor influencing the 

sex difference in [Hg] was found to be the depuration of Hg into eggs by female birds 

(Robinson et al., 2012). However, males are not systematically found to have higher [Hg] 

than females and this difference does not occur in all bird species (Robinson et al, 2012). 

Though these geographical and sex differences in blood [Hg] were not explicitly tested in 

our study, our results point to other trends in [Hg] that may be present in the P. auritus 

populations examined in this study and could be the subject of future research. 

In the future, our study could also be extended to improve the accuracy of the 

results. Gene expression normalization should be performed when a suitable normalizing 

gene can be optimized for qPCR analysis. This would help to eliminate individual 

variations in gene expression that may currently be confounding the data. Additionally, the 

blood samples used in our study could be analyzed further to include other compounds that 

have been shown to induce changes in gene expression in Phalacrocorax carbo, such as 

dioxins, bisphenol-A, hexachlorocyclohexanes or perfluoronated compounds (Nakayama et 

al., 2006; Nakayama et al., 2008). Likewise, further gene expression analysis could be 

performed to include other oxidative-stress related genes that have been shown to be up- or 

downregulated with varying [Hg] in birds, such as methionine adenosyltransferase 1ɑ, 

cytochrome c-oxidase subunit I, cytochrome c-oxidase subunit II and transferrin (Jenko et 

al., 2012).  

In future work, experimental design could be improved by the addition of a true 

control group. Furthermore, conducting a similar experiment in a controlled environment 

with designed treatments of MeHg could eliminate the possibility that other contaminants 

present in the environment may be confounding the relationships observed between blood 
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[Hg] and gene expression. Finally, future studies could examine the relationship between 

[Hg] and gene expression in other P. auritus tissues that are known targets for Hg-induced 

oxidative damage, such as the liver, kidney or brain.  
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5. SUMMARY 

  

In our experiment, relationships between blood [Hg] and oxidative stress-related 

gene expression were analyzed in 55 Phalacrocorax auritus individuals from five sites in 

Ontario, Canada. A significant positive relationship was observed between blood [Hg] and 

expression of glutathione S-transferase μ3 and glutathione peroxidase 3 in females. No 

significant relationships were found for superoxide dismutase 1, heat shock protein 70kd8 

or glutathione peroxidase 1. Ultimately, the results of our study suggest that Hg leads to 

oxidative stress in the blood of P. auritus and that this oxidative stress is mediated by 

upregulation of gstm3 and gpx3 expression.  
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Table 1. Real-time qPCR primers and assay conditions for oxidative stress-related genes in P. auritus. List of target genes, Genbank Accession 

number, primer sequence (5’-3’), annealing temperature (°C), amplicon size (bp) and optimized primer concentration (nM) are presented. Primers 

were designed based on P. carbo primer sequences available from NCBI and obtained from Integrated DNA Technologies (Coralville, IA, USA).. 

Legend: F, forward primer; R, reverse primer; hsp70-8 heat shock protein 70kd8; gpx1 glutathione peroxidase 1; gpx3 glutathione peroxidase 3; 

gstm3glutathione s-transferase; sod1 superoxide dismutase 1. 

Target 

gene 
Primer 

direction 

Sequence  

(5’ - 3’) 

Annealing 

temperature 

(°C) 

Amplicon 

size  

(bp) 

Primer 

concentration 

(µM) 

hsp70-8 
F GGTTGGTGGGTCGACTCGTA 

58 101 0.40 

R CCACAGCTTCATCAGGGTTGA 0.60 

gpx1 
F GCACCAGGAAAATGCCACA 

58 101 0.40 

R CGCACTTCTCGAACATGATGA 0.30 

gpx3 
F GTGCAAGGCACCATTTATGACTAC 

58 102 0.30 

R CACATTGACGAAGAGCACCATC 0.40 

gstm3 
F TCACCTTCGTGGACTTCCTGAT 

62 107 0.35 

R AAAGCGGTCCATGAAGTCCTT 0.35 

sod1 
F GGAGTGGCAGAAGTGGAAATAGA 

60 102 0.30 

R CAGGTCATCACGTTTTTCATGG 0.60 
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Table 2.  P. auritus sex ratio by site. Cell fraction samples were sexed by PCR (Fridolfsson & 

Ellegren, 1999).  

Site Males Females  Total 

Bergin Island 6 1 7 

Mohawk Island 3 3 6 

Lake Nipissing 9 5 14 

Scotch Bonnet Island 5 3 8 

Hamilton Harbour 16 4 20 

Total 39 16 55 
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Table 3. Summary of effects of increasing blood Hg concentration on expression of gpx1, gpx3, 

sod1, hsp70-8, and gstm3 in both sexes of P. auritus, males only, and females only. Legend: gpx1 

glutathione peroxidase 1; gpx3 glutathione peroxidase 3; sod1 superoxide dismutase 1; hsp 70-8 

heat shock protein 70kd8; gstm3 glutathione s-transferase μ3. 

  

Males 

 

Females 

gpx1 - - 

gpx3 - ↑ 

sod1 - - 

hsp 70-8 - - 

gstm3 - ↑ 
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Figure 1. Locations of five sites where P. auritus blood samples were collected. Legend: 1 = Lake 

Nipissing (North Bay; Lat. 46.166781, Long. -79.594481); 2 = Mohawk Island (Lake Erie; Lat. 

42.834211, Long. -79.523515); 3 = Hamilton Harbour (Lake Ontario; Lat. 43.283711, Long. -

79.794028); 4 = Scotch Bonnet Island (Lake Ontario; Lat. 43.899298, Long. -77.542821); 5 = 

Bergin Island (Cornwall; Lat. 45.014331, Long. -74.860015).  

Canada 

USA 
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Figure 2. Mean blood log10 [Hg] by site. Whiskers represent minimum and maximum 

concentrations at each site (n = 5). Blood [Hg] was measured in μg/g dry weight. Blood Hg 

concentration of each sample (n = 55) was measured using cold vapour atomic fluorescence 

spectrometry following US EPA Method 1631Revision E (US EPA, 2002). Data were analyzed 

using a one-way ANOVA (p  < 0.0001) and Tukey-Kramer HSD test at ɑ = 0.05 for multi-

comparison of means. Mean blood log10 Hg concentrations at sites labeled ‘A’ are significantly 

different from those of sites labeled ‘B’. Mean blood log10 Hg concentrations at sites labeled ‘AB’ 

are not significantly different from those of any other site. Legend: dwt = dry weight; [Hg] = Hg 

concentration.  
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Figure 3. Mean blood log10 [Hg] by sex. Whiskers represent minimum and maximum blood log10 

[Hg] for each sex. Blood log10 [Hg] was measured in μg/g dry weight. Blood [Hg] of each sample 

(n = 55) was measured using cold vapour atomic fluorescence spectrometry following US EPA 

Method 1631Revision E (US EPA, 2002). Blood samples were sexed using PCR (Fridolfsson & 

Ellegren, 1999). Data were analyzed using the one-way Welch Test for unequal variances. Males 

had significantly higher mean log10 blood [Hg] than females (p = 0.040; marked with ‘*’).Legend: 

dwt = dry weight; [Hg] = Hg concentration.  
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Figure 4. Mean log10 relative gene expression of gpx1 (A), hsp70-8 (B), gpx3 (C), gstm3 (D), and 

sod1 (E) by site. Whiskers represent minimum and maximum log10 relative gene expression from 

each site (n = 5). Relative gene expression (y-axis) for each sample (gpx 1, gpx3, hsp70-8, gstm3 n 

= 45; sod1 n = 38) was analyzed using qPCR. Fold change was determined by dividing the 

individual gene expression by the mean gene expression at the sampling location. Data for gpx1, 

gpx3 and hsp70-8 analyzed by one-way ANOVA and data for  gstm3 and sod1 were analyzed using 

a Wilcoxon one-sample test for normal approximation. All sites for all genes are labeled ‘A’ as no 

significant differences were found between sites for any gene (gpx1,  p = 0.09; hsp 70-8,  p = 0.11; 

gpx3,  p = 0.14; gstm3,  Χ
2
 = 0.29; sod1,  Χ

2
 = 0.19). Legend: gpx1 glutathione peroxidase 1; hsp70-

8 heat shock protein 70kd8; gpx3 glutathione peroxidase 3; gstm3 glutathione s- transferase μ3; 

sod1 superoxide dismutase 1.

A B 

C

 
 
A 

D

 
 
A 
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Figure 5. Mean log10 relative gpx1 expression by sex (A; males n = 32, females n = 13) and linear regressions of log10 relative gpx1 gene 

expression and log10 blood [Hg] for both sexes (B; n = 45), males only (C; n = 32) and females only (D; n = 13). Whiskers represent minimum and 

maximum log10 relative gene expression for males and females (A). Blood [Hg] was measured in μg/g dry weight using cold vapour atomic 

fluorescence spectrometry following US EPA Method 1631 Revision E (US EPA, 2002). Relative gene expression was measured by qPCR. For 

each gene, fold change was determined by the mean gene expression of male individuals with blood [Hg] of 5-8 ppm dwt. Difference between 

mean log10 relative gene expression for males and females was analyzed using a two-way Student’s t-test (A; p = 0.26). Linear regression data 

were analyzed using a one-way ANOVA. No significant relationships were found (B:  R
2
 = 0.0002, p = 0.93; C: R

2
 = 0.008, p = 0.62; D: R

2
 = 

0.046, p = 0.48). Legend: ■ Mohawk Island; ○ Hamilton Harbour;  ♦ Scotch Bonnet Island; ● Bergin Island; ▲ Lake Nipissing; dwt = dry weight; 

[Hg] = Hg concentration; gpx1 glutathione peroxidase 1.  

♀ + ♂ 

♂ ♀ 
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Figure 6. Mean log10 relative hsp70-8 expression by sex (A; males n = 32, females n = 13) and linear regressions of log10 relative 

hsp70-8 gene expression and log10 blood [Hg] for both sexes (B; n = 45), males only (C; n = 32) and females only (D; n = 13). 

Whiskers represent minimum and maximum log10 relative gene expression for males and females (A). Blood [Hg] was measured in 

μg/g dry weight using cold vapour atomic fluorescence spectrometry following US EPA Method 1631 Revision E (US EPA, 2002). 

Relative gene expression was measured by qPCR. For each gene, fold change was determined by the mean gene expression of male 

individuals with blood [Hg] of 5-8 ppm dwt. Difference between mean log10 relative gene expression for males and females was 

analyzed using the Wilcoxon two-sample test for normal approximation (A; p = 0.53). Linear regression data were analyzed using a 

one-way ANOVA. No significant relationships were found (B:  R
2
 = 0.035, p = 0.22; C: R

2
 = 0.011, p = 0.57; D: R

2
 = 0.226, p = 

0.09). Legend: ■ Mohawk Island; ○ Hamilton Harbour;  ♦ Scotch Bonnet Island; ● Bergin Island; ▲ Lake Nipissing; dwt = dry 

weight; [Hg] = Hg concentration; hsp70-8 heat shock protein 70kd8.   

♀ + ♂ 

♂ ♀ 
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Figure 7. Mean log10 relative gpx3 expression by sex (A; males n = 32, females n = 13) and linear regressions of log10 relative gpx3 

gene expression and log10 blood [Hg] for both sexes (B; n = 45), males only (C; n = 32) and females only (D; n = 13). Whiskers 

represent minimum and maximum log10 relative gene expression for males and females (A). Blood [Hg] was measured in μg/g dry 

weight using cold vapour atomic fluorescence spectrometry following US EPA Method 1631 Revision E (US EPA, 2002). Relative 

gene expression was measured by qPCR. For each gene, fold change was determined by the mean gene expression of male individuals 

with blood [Hg] of 5-8 ppm dwt. Difference between mean log10 relative gene expression for males and females was analyzed using 

Wilcoxon two-sample test for normal approximation (A;
 
p  = 0.37). Linear regression data were analyzed using a one-way ANOVA. A 

significant relationship was found in females (R
2
 = 0.315, p = 0.046).  No significant relationship was found for both sexes (R

2
 = 

0.036, p = 0.21) or males (R
2
 = 0.006, p = 0.65).  (Legend: ■ Mohawk Island; ○ Hamilton Harbour;  ♦ Scotch Bonnet Island; ● Bergin 

Island; ▲ Lake Nipissing; dwt = dry weight; [Hg] = Hg concentration; gpx3 glutathione peroxidase 3.  

R
2 
= 0.315, p = 0.046* 

♀ + ♂ 

♂ ♀ 
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Figure 8. Mean log10 relative gstm3 expression by sex (A; males n = 30, females n = 13) and linear regressions of log10 relative gstm3 gene 

expression and log10 blood [Hg] for both sexes (B; n = 43), males only (C; n = 30) and females only (D; n = 13). Whiskers represent minimum and 

maximum log10 relative gene expression for males and females (A). Blood [Hg] was measured in μg/g dry weight using cold vapour atomic 

fluorescence spectrometry following US EPA Method 1631 Revision E (US EPA, 2002). Relative gene expression was measured by qPCR. For 

each gene, fold change was determined by the mean gene expression of male individuals with blood [Hg] of 5-8 ppm dwt. Males were found to 

have significantly higher mean log10 relative gene expression when analyzed using a two-way Student’s t-test (A; p = 0.002). Linear regression 

data were analyzed using a one-way ANOVA. No significant relationship was observed in both sexes (B; R
2
 = 0.031, p = 0.26) or in males (C; R

2
 

= 0.0005, p = 0.91). A significant relationship was found for female birds (D; R
2
 = 0.449, p = 0.012). Legend: ■ Mohawk Island; ○ Hamilton 

Harbour;  ♦ Scotch Bonnet Island; ● Bergin Island; ▲ Lake Nipissing; dwt = dry weight; [Hg] = Hg concentration; gstm3 glutathione s-transferase 

μ3.

R
2 
= 0.449, p = 0.012* 

♀ + ♂ 

♂ ♀ 
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Figure 9. Mean log10 relative sod1 expression by sex (A; males n = 26, females n = 12) and linear regressions of log10 relative sod1 gene 

expression and log10 blood [Hg] for both sexes (B; n = 38), males only (C; n = 26) and females only (D; n = 12). Whiskers represent minimum and 

maximum log10 relative gene expression for males and females (A). Blood [Hg] was measured in μg/g dry weight using cold vapour atomic 

fluorescence spectrometry following US EPA Method 1631 Revision E (US EPA, 2002). Relative gene expression was measured by qPCR. For 

each gene, fold change was determined by the mean gene expression of male individuals with blood [Hg] of 5-8 ppm dwt. Difference between 

mean log10 relative gene expression for males and females was analyzed using a Wilcoxon two-sample test for normal approximation (A; p
 
= 0.86). 

Linear regression data were analyzed using a one-way ANOVA. No significant relationships were found (B:  R
2
 = 0.024, p = 0.35; C: R

2
 = 0.011, 

p = 0.60; D: R
2
 = 0.124, p = 0.26). Legend: ■ Mohawk Island; ○ Hamilton Harbour;  ♦ Scotch Bonnet Island; ● Bergin Island; ▲ Lake Nipissing; 

dwt = dry weight; [Hg] = Hg concentration; sod1 superoxide dismutase 1. 

♀ + ♂ 

♂ ♀ 
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APPENDIX A 

    

Table A2. Sampling, blood [Hg] concentration, sex, weight, volume of blood sampled and gene expression data for each P. auritus individual 

included in our study. Legend: BI = Bergin Island; MI = Mohawk Island; LN = Lake Nipissing; SBI = Scotch Bonnet Island; HH = Hamilton 

Harbour; [Hg] = Hg concentration; dwt = dry weight; Exp. = expression. 

Location Date Bird 

No 

[Hg] dwt 

(ug/g) 

Sex Weight 

(kg) 

Blood 

Volume 

(mL) 

Gene 

Copy 

Avg. 

gpx1 

Gene 

Copy 

Avg. 

gpx3 

Gene 

Copy 

Avg. 

sod1 

Gene 

Copy 

Avg. 

hsp70-8 

Gene 

Copy 

Avg. 

gstm3 

BI 6/13/2012 208 16.93549 M 2.12 1 0.37 0.09 0.25 0.11 0.12 

BI 6/13/2012 209 24.70334 M 2.38 1.8 1.4 2.27 1.03 0.68 0.13 

BI 6/13/2012 210 23.98485 M 2.34 2.2          

BI 6/13/2012 211 17.40542 M 1.95 1.8 1.46 2.77 0.58 0.80 0.22 

BI 6/13/2012 212 13.56434 M 2.19 2          

BI 6/13/2012 213 12.44754 M 2.07 1 0.77 1.24 0.16 1.36   

BI 6/13/2012 214 10.51359 F 1.68 1.6          

MI 6/25/2012 201 9.116968 F 1.94 2.6 1.51 1.89 0.58 2.55 0.09 

MI 6/25/2012 202 5.652657 F 1.78 2.4 0.78 0.67 1.19 1.12 0.08 

MI 6/25/2012 203 7.539654 M 2.14 1.6 4.66 1.81 1.55 1.65 0.54 

MI 6/25/2012 204 8.752683 F 2.02 2.2          

MI 6/25/2012 205 15.81605 M 2.31 2.3 6.75 6.44 3.59 6.35 0.42 

MI 6/25/2012 206 7.112959 M  1.6 5.61 4.53 3.05 3.91 0.53 

LN 6/4/2012 201 18.5003 M 2.02 2.4 2.66 3.15 1.01 0.88 0.30 

LN 6/4/2012 202 15.17364 F 1.82 1 0.33 1.15 0.33 0.58 0.08 

LN 6/4/2012 203 18.67264 M 2.18 2 1.00 1.48 1.10 0.96 0.18 

LN 6/5/2012 204 14.30907 F 1.98 1.5 3.7 3.89 3.54 3.85 0.41 

LN 6/5/2012 205 13.66285 F 1.85 2.2 2.78 2.5 1.57 1.71 0.28 
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Location Date Bird 

No 

[Hg] dwt 

(ug/g) 

Sex Weight 

(kg) 

Blood 

Volume 

(mL) 

Gene 

Copy 

Avg. 

gpx1 

Gene 

Copy 

Avg. 

gpx3 

Gene 

Copy 

Avg. 

sod1 

Gene 

Copy 

Avg. 

hsp70-8 

Gene 

Copy 

Avg. 

gstm3 

LN 6/5/2012 206 15.56918 M 2.13 1.2 5.57 5.91 2.61 5.33 0.21 

LN 6/5/2012 207 18.97108 M 1.99 1.6 2.19 1.37 1.22 2.23 0.25 

LN 6/5/2012 208 16.37301 M  2.6 0.32 3.47 0.09 0.22   

LN 6/5/2012 209 27.29732 M  2 8.37 9.39 3.11 4.57 0.51 

LN 6/6/2012 210 18.08703 M 2.06 2.2 9.6 7.74 2.40 3.26 2.67 

LN 6/6/2012 211 15.96401 F 2.06 2.5          

LN 6/6/2012 212 14.88106 M 2.13 2.6 5.18 4.06 1.42 1.97 0.34 

LN 6/6/2012 213 12.47616 F 2.12 2.4 3.72 3.65 1.26 5.03 0.22 

SBI 6/6/2012 214 25.23291 M 2.21 2.2 3.64 2.85 1.34 2.03 0.33 

SBI 7/11/2012 201 9.77667 M  2.3 2.08 1.43 0.49 0.87 0.17 

SBI 7/11/2012 202 16.64191 M 2.18 2.2 4.96 3.63 2.34 11.62 0.49 

SBI 7/11/2012 203 13.99534 M  1.3 5.36 3.04 1.57 6.06 0.07 

SBI 7/11/2012 204 11.71627 M 2.13 2.5 2.59 2.72 1.02 2.42 0.15 

SBI 7/11/2012 205 11.84681 F 1.66 1.5 3.8 1.7 0.77 2.25 0.13 

SBI 7/11/2012 206 17.30121 M 2.15 2.3 3.26 2.45 1.08 2.07 0.09 

SBI 7/11/2012 207 12.71882 F 1.93 2.3 4.6 3.21 1.67 1.93 0.27 

SBI 7/11/2012 208 8.647512 F 1.85 2.5 3.34 3.3 0.88 2.32 0.13 

HH 6/18/2012 RA20 7.996085 M 1.53 2.2          

HH 6/21/2012 RA15 17.98482 M 2.31 2 5.83 1.79   3.36 0.23 

HH 6/27/2012 234 6.378473 F 1.79  0.55 0.25 0.18 0.06 0.05 

HH 6/27/2012 235 9.383538 F 1.86  4.12 3.59 1.77 0.71 0.21 

HH 6/18/2012 202 12.3355 M 2.09 1.6          

HH 6/18/2012 204 7.19377 M 2.10 1.4 9.95 4.71   3.05 0.48 

HH 6/18/2012 205 27.32879 M 2.11 1.6 9.84 2.15   3.32 0.60 

HH 6/26/2012 207 6.924352 M 2.16 2.2 11.01 5.1   8.08 0.30 
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Location Date Bird 

No 

[Hg] dwt 

(ug/g) 

Sex Weight 

(kg) 

Blood 

Volume 

(mL) 

Gene 

Copy 

Avg. 

gpx1 

Gene 

Copy 

Avg. 

gpx3 

Gene 

Copy 

Avg. 

sod1 

Gene 

Copy 

Avg. 

hsp70-8 

Gene 

Copy 

Avg. 

gstm3 

HH 6/18/2012 209 8.421085 M 2.25 2.8          

HH 6/19/2012 213 7.76774 M 2.07 2.2          

HH 6/27/2012 216 5.02375 M 1.99 2 1.79 3.18 1.68 0.96 0.18 

HH 6/18/2012 218 13.52404 M 2.14 2.2 4.25 4.06 2.75 5.15 0.73 

HH 6/18/2012 221 10.29894 F 1.76 2.6 1.6 1.6 1.88 1.79 0.12 

HH 6/25/2012 222 7.529759 M 2.03 1.6 1.01 0.31 0.14 0.10 0.10 

HH 6/25/2012 226 10.65587 M 2.23 1.6 2.74 1.77 1.47 0.66 0.58 

HH 6/18/2012 228 6.338653 M 2.26 2.5 5.4 0.74   1.46 0.15 

HH 6/26/2012 233 5.340675 M 1.99 2.2 10.76 5.75   2.53 0.33 

HH 7/3/2012 RA22 7.545453 M 2.29 2.1 1.2 1.38 0.72 0.34 2.57 

HH 7/3/2012 RA14 8.930109 M 2.11 1.8          

HH 7/3/2012 RA19 8.189418 F 1.81 2.4 8.16 3.34   1.64 0.09 

 


