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ABSTRACT 

Selenium is an essential trace element that is a by-product of mining activities. Se 

exposure has been observed to have adverse effects on fish. The objectives of this study 

were to determine the effects of dietary Se on growth, energy stores and molecular 

signaling pathways in juvenile rainbow trout. Fish were fed different nominal doses of Se 

(control, 5, 10, 20 or 40 mg/kg Se dry weight) over 60 days. Fish fed the 20 and 40 

mg/kg Se dose had reduced fork length, bodyweight and lower hepatic triglyceride levels 

compared to control fish. Microarray analysis revealed that pathways involved in 

triglyceride utilization were upregulated, suggesting that there may be a compensatory 

molecular response in the liver to decreased triglycerides. Reduced growth can be 

detrimental to juvenile fish that are at a sensitive life stage and this may result in adverse 

effects in fish populations at Se-contaminated sites in the environment. 
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Introduction 

1.1 Selenium: an overview 

Many essential metals are required for normal biochemical processes. However these 

same metals can also result in adverse health effects at doses outside a normal 

physiological range.  Selenium (Se) is a trace element with a narrow range between 

concentrations that provide a needed dietary requirement and those that are toxic (Lemly, 

1992). Selenium is a chalcogenide element found in group VIA of the periodic table with 

an atomic weight of 78.96, an atomic number of 34 and has organic forms that are 

analogous to those of sulfur (Lide, 2005; Fan et al., 2002). It is classified as a non-metal 

with borderline metalloid characteristics (Lide, 2005). Selenium exists as elemental Se 

(Se0), and at different oxidation states including selenide (Se2-), selenite (Se4+) and 

selenate (Se6+) (Cutter, 1982). Inorganic Se in the form of selenite and selenate are the 

most dominant forms of Se in aquatic environments (Fan et al., 2002). Organic Se is 

found as the selenoamino acids, selenocysteine and selenomethionine. In both of these 

selenoamino acids, sulfur (S) in the side chain has been replaced by Se.  

 

Selenium is globally cycled through the environment via natural and anthropogenic 

activities. Natural activities that release Se into the environment include crustal 

weathering and volcanic activity (Mosher and Duce, 1987; Nriagu and Pacyna, 1988; 

Wen and Carignan, 2007). Activities such as coal, phosphate, and uranium mining can 
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also leach Se into the environment (Ross, 1985; Hamilton and Buhl, 2004; Maher et al., 

2010). Coal mining in Canada is a growing industry, with Canada holding the 14th 

largest coal reserve in the world as of 2013 (British Petroleum, 2014). This mining 

primarily occurs in Alberta, British Columbia, Saskatchewan, and Nova Scotia (Coal 

Association of Canada, 2012) and is heavily relied upon for power production. In 

addition to coal mining, coal burning can release Se in two ways, through combustion 

and through disposal of combustion waste (Wen and Carignan, 2007). Other 

anthropogenic activities that release Se into the environment include production of Se for 

commercial use, runoff from dietary supplements for livestock that are Se deficient, and 

discharge of pharmaceuticals containing Se such as anti-fungal and anti-dandruff 

shampoos (Maher et al., 2010). The industrial demand for Se is also increasing; Se is a 

component in quantum dots that are used in nanotechnology (Chen et al., 2013). As the 

demand and popularity of these products increase, there is a risk for increased Se 

contamination in the environment. 

 

Selenium is introduced into the aquatic environment as inorganic Se. It is the inorganic 

forms, selenite and selenate, that are taken up by primary producers such as microphytes 

(Cooke and Bruland, 1987; Fan et al., 2002). Microphytes are able to accumulate large 

amounts of Se, and the total Se bioconcentration factor between water and microphytes is 

> 1400 fold (Fan et al., 2002; Miller et al., 2013). Primary producers also biotransform Se 
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into organic Se (selenoamino acids) and transfer this to higher trophic levels (Fan et al., 

2002). 

 

Significant amounts of Se can be found in the aquatic environment, and the Canadian 

Environmental Quality Guidelines recommend that for the protection of aquatic life, long 

term fresh water concentrations should not exceed 1 µg/L. However, in the Canadian 

environment, there are sites that exceed this value. Uranium milling effluent from a lake 

in northern Saskatchewan was reported to contain Se at 3.0 µg/L (Bennett and Janz, 

2007). As a comparison, an isolated lake free of mining activity in northern 

Saskatchewan contained 0.1 µg/L of Se (Bennett and Janz, 2007). Thus, some water 

systems in close proximity to metal mining sites in Canada exceed the recommended Se 

concentration; this increases the likelihood for adverse effects in aquatic organisms. 

While concentrations of Se in water systems can be a general indication for the risk of Se 

toxicity, fish bioaccumulate Se through food chain transfer (Fan et al., 2002) and as such, 

body burden is a better predictor of Se toxicity. The United States Environmental 

Protection Agency (USEPA) is in the process of updating its recommendation for Se in 

freshwater and it released an external peer review draft in 2014.  The 2014 draft states 

that, in fish tissue, the following Se levels should not be exceeded: 15.2 mg/kg dry weight 

(dw) for egg/ovary, 8.1 mg/kg dw for whole body and 11.8 mg/kg dw for muscle 

(USEPA, 2014). To compare to fish in the Canadian environment, rainbow trout 

(Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis) caught in Luscar Creek 
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near Hinton, Alberta had levels of Se in muscle of 3.29 and 4.40 mg/kg wet weight (ww), 

respectively. Luscar Creek is in close proximity to a region with an active open pit coal 

mine with water Se measuring 24.59 µg/L (Miller et al., 2009). At two reference sites, 

muscle Se in rainbow trout was measured at 0.62 mg/kg ww in Deerlick Creek and 

muscle Se in brook trout was measured at 0.32 mg/kg ww in Cold Creek. The Se levels in 

the water were 0.19 µg/L for Deerlick Creek and 0.15 µg/L for Cold Creek (Miller et al., 

2009).  

1.2 Proteinaceous selenium 

The nutritional requirements of Se are understood when considering the role of Se in 

selenoproteins. Selenoproteins have been described in all domains of life from bacteria to 

fish to mammals (Hatfield and Gladyshey, 2002). For example, in zebrafish (Danio rerio) 

there are at least 18 genes that code for proteins that contain selenocysteine (Kryukov and 

Gladyshev, 2000). Selenocysteine is an amino acid that contains Se instead of S in the 

side chain of cysteine. Selenocysteine is specifically incorporated into protein during 

translation. When accompanied by a selenocysteine insertion sequence (mRNA 

sequence), selenocysteine is incorporated by the UGA codon (Burk and Hill, 1993). 

Selenocysteine is found in the active site of selenoproteins and when Se is replaced with 

S in the proteins, there is a reduction in protein activity (Zhong and Holmgren, 2000). 

This shows that Se is essential for proper protein function.  Other studies also 

demonstrate that with Se deficiency adverse biological responses can occur, including 

damage to the antioxidant defense system in chicken and rats (Liu et al., 2015; Wu and 
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Huang, 2004). Thus, these selenoproteins are an important family needed to maintain cell 

function and viability. In addition to selenoproteins, there are also Se-containing proteins. 

Se-containing proteins contain selenoamino acids. However, this type of modification to 

proteins is not necessary for protein function. In this case, the selenoamino acids are non-

specifically added during translation and can be added randomly (i.e., selenomethionine 

in place of methionine) (Burk and Hill, 1993). Selenomethionine is an amino acid that 

contains Se instead of S in the side chain of methionine. Since selenomethionine can be 

added non-specifically, it is incorporated in a dose dependent manner (Janz, 2011). 

Increases in selenomethionine generally do not alter protein structure but if 

selenomethionine replaces a methionine residue in the active site of an enzyme it may 

alter the specific activity of the enzyme (Schrauzer, 2000). In summary, Se is an element 

that facilitates important biological functions through protein modification. 

1.3 Biological effects of selenium on fish 

Selenium can exert both acute toxicity and sub-lethal effects in fish. Maternal transfer (in 

ovo) of Se has been shown to cause increased mortality and deformities in the early life 

stages of zebrafish (Thomas and Janz, 2014). Rainbow trout fed a diet spiked with 13.1 

mg/kg dw of sodium selenite showed increased mortality compared to the control group 

(Hilton et al., 1980). In addition to these pronounced effects on survival, Se can also exert 

sub-lethal effects in both juvenile and adult fish. For example, exposure to Se has been 

shown to alter the growth axis in fish.  Adult zebrafish exposed to selenomethionine in 

the diet for 90 days (9.8 and 27.5 mg/kg dietary dose) showed an increase in condition 
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factor (measurement of fish health) compared to controls (Thomas et al., 2013). 

Similarly, juvenile fathead minnows (Pimephales promelas) exposed to selenomethionine 

in the diet (5.4, 9.9 and 26.5 mg/kg dietary dose) for 60 days had increased condition 

factor compared to controls (McPhee and Janz 2014). In contrast, Thomas and Janz 

(2011) found that adult zebrafish fed selenomethionine in the diet (3.7 and 26.6 mg/kg 

dietary dose) for 90-100 days showed no change in condition factor but had an increased 

total length and body weight. In another study, larval rainbow trout exposed to 

selenomethionine (4.6 and 12.0 mg/kg dietary dose) for 90 days had decreased weight 

and length; however in the same study, larval rainbow trout fed 18 mg/kg 

selenomethionine did not show altered weight and length (Vidal et al., 2005). Lastly, 

adult zebrafish exposed to waterborne selenite (10 and 100 µg/L) for 14 days showed no 

change in weight, length or condition factor (Masse et al., 2013). Overall, there is 

conflicting evidence in fish regarding Se exposure and its effect on growth with some 

studies reporting an increase in endpoints related to growth, while others reporting a 

decrease. 

 

Fish use their energy stores for locomotion, growth and reproduction among other 

physiological processes. Common storage metabolites in tissue include both triglycerides 

and glycogen. Studies suggest that exposure to dietary and waterborne Se may modify 

storage molecules in fish (Bennett and Janz, 2007; Driedger et al., 2010; Thomas and 

Janz, 2011; McPhee and Janz, 2014). However, the data are not consistent across species 
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and the response can be variable. Adult zebrafish fed 9.6 mg/kg and 26.6 mg/kg 

selenomethionine for 90 to 100 days showed elevated levels of whole body triglycerides 

and glycogen (Thomas and Janz, 2011).  Elevated triglycerides following Se exposure 

were also observed in juvenile fathead minnows fed 5.4 mg/kg selenomethionine for 60 

days, however higher doses of 9.9 and 26.5 mg/kg selenomethionine resulted in no 

change in whole body triglyceride levels (McPhee and Janz, 2014). In the same study, 

juvenile fathead minnows fed 5.4, 9.9 and 26.5 mg/kg selenomethionine showed a 

decrease in whole body glycogen levels (McPhee and Janz, 2014). In contrast to these 

studies, a decrease in whole body triglyceride levels was observed in juvenile fathead 

minnows collected under wintering conditions and that were exposed to metal mine waste 

water containing elevated Se; however, fish collected under summer conditions did not 

show this difference (Driedger et al, 2010).  Overall, studies support the hypothesis that 

there can be disruptions in energy storage in fish exposed to Se. A disruption in 

triglycerides in fish can be detrimental as fish use triglycerides during aerobic swimming 

(Moyes and West, 1995). Adult zebrafish exposed to dietary Se had elevated triglyceride 

and showed lower swimming performance, which is hypothesized to negatively affect the 

fitness and survivability of fish (Thomas et al., 2013). An important point to make is that 

the majority of the aforementioned studies measured whole body levels of triglycerides 

and glycogen, and there are few studies that investigate these endpoints in hepatic tissue, 

one of the main storage sites for these metabolites. 
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There is increasing evidence that oxidative stress is induced during Se exposure in fish.  

Oxidative stress occurs when there is an overproduction of reactive oxygen species 

(ROS) and there is a deficiency in antioxidants (Valko et al., 2007). Oxidative stress is 

widely studied because it can damage lipids, membranes, proteins and DNA, impeding 

their function (Droge, 2002; Valko et al., 2007). Superoxide radicals were generated 

when embryos were added to water containing selenomethionine after early liver 

development of rainbow trout embryos (Palace et al., 2004). Moreover, acute exposure of 

juvenile rainbow trout to waterborne selenite affected hepatic oxidative stress biomarkers 

(Miller et al., 2007). In that study, hepatic glutathione peroxidase activity was lower in 

fish exposed to 2.52 mg/L of selenite at an acute exposure (96 hours) when compared to 

controls, suggesting that some proteins that are required to mitigate oxidative stress can 

be compromised. Conversely, there are data suggesting that Se does not induce an 

oxidative stress response. A 30-day sub-chronic exposure of 0.07 and 0.36 mg/L of 

selenite resulted in no change in hepatic glutathione peroxidase activity (Miller et al., 

2007). Rainbow trout larva fed dietary selenomethionine for 90 days showed no 

difference in hepatic lipid peroxidation and hepatic glutathione to glutathione disulfide 

ratios, two biomarkers of oxidative stress, in comparison to control fish (Vidal et al., 

2005). There is some evidence indicating that Se not only induces oxidative stress by 

increasing ROS, but also decreases protein activity of enzymes involved in ROS 

scavenging. 
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1.4 Rainbow trout as a species of interest 

Rainbow trout were used in this study because they are a species of high economic and 

ecological relevance. Rainbow trout are native to drainages of the Pacific Ocean but have 

been introduced across Canada. Rainbow trout in Canada can be found naturally in lakes 

with high Se concentration, therefore these fish represent a species that is directly 

affected in the natural environment. Holm et al. (2005) collected rainbow trout from 

Luscar Creek and Gregg River that contained 6-32 µg/L and 1.4-5.4 µg/L of Se, levels 

that were reported by Casey and Siwik (2000). Rainbow trout from Luscar Creek had 

elevated egg and muscle Se. Egg Se was measured at 9.9 mg/kg ww and muscle Se was 

measured at 1.5 mg/kg ww (Holm et al., 2005). Elevated Se levels in eggs may be 

detrimental to future fish populations and cause deformities in the next generation of fish. 

1.5 Statement of a problem, objectives and hypothesis 

Selenium has been reported to increase mortality, affect growth, triglycerides and 

glycogen stores and induce oxidative stress in fish. Changes in these endpoints could 

negatively affect fitness and survivability of fish in Se contaminated sites; this could have 

consequences for fish populations. Despite previous studies investigating Se toxicity in 

fish, there remain knowledge gaps in the literature regarding the mechanisms of Se 

exposures. For example, the majority of dietary studies add Se to fish food pellets, and 

there are a lack of studies that use more realistic prey sources such as Lumbriculus 

worms. Moreover, there are few studies that assess the effects of a dietary Se exposure on 
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rainbow trout, a fish found in natural environments that have high Se levels. Most 

importantly, to my knowledge, there are no studies that conduct global gene expression 

analysis for fish exposed to Se.  There is a need for studies assessing the molecular 

pathways in fish exposed to Se because it will generate new understanding regarding the 

molecular impacts of Se in tissues, generating new hypotheses about the mechanisms 

underlying Se toxicity. Characterizing the dose of Se at which there are adverse effects in 

individuals has implications for setting safe limits in water and food, and contributes to 

conservation efforts of fish populations by identifying habitats that may be harmful to 

aquatic wildlife.   

 

This thesis was a collaborative project with an industry partner, Nautilus Environmental. 

In this thesis, the liver was examined because it is a storage tissue for triglycerides and 

glycogen (Tosher, 2003). In addition, the amount of proteinaceous Se tends to be higher 

in hepatic tissues of fish compared to other tissues, suggesting that Se is preferentially 

deposited in the liver compared to other tissues (Fan et al., 2002). The juvenile life stage 

was chosen for this study because it is an understudied life stage in terms of Se toxicity. 

 

This collaborative project used the following tests to determine the effects of dietary Se 

in juvenile rainbow trout at multiple levels of biological organization. (1) Measure 

growth of rainbow trout following a 60 day feeding regime with different dietary doses of 

Se to clarify the whether growth is impacted in juveniles. (2) Measure glycogen and 
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triglyceride levels in the liver to determine how Se modulates these storage metabolites. 

(3) Conduct a microarray analysis to characterize the global transcriptome response of 

juvenile rainbow trout exposed to dietary Se in the liver. These data were used to identify 

mechanisms of action for Se and to clarify whether molecular events are related to higher 

level biological endpoints. Using transcriptomics, novel uncharacterized pathways that 

are associated with Se exposure and toxicity were identified. 

 

The following central hypotheses were tested. 

Ha: Dietary Se exposure suppresses growth in juvenile rainbow trout.  

H0: Dietary Se exposure does not suppress growth in juvenile rainbow trout.  

 

Prediction 1 if the alternate hypothesis is true: Juvenile rainbow trout exposed to dietary 

Se will have decreased length, weight and condition factor. These are indicators of 

growth. It is also predicted that molecular pathways related to growth will show 

differences in expression patterns following Se treatments when compared to control 

animals. 

 

Ha: Dietary Se exposure decreases glycogen and triglyceride levels in juvenile rainbow 

trout.  

H0: Dietary Se exposure does not decrease glycogen and triglyceride levels in juvenile 

rainbow trout.  
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Prediction 2 if the alternate hypothesis is true: Dietary Se exposure will decrease total 

glycogen and triglycerides in the liver. These metabolites were measured as these are the 

primarily storage molecules in the liver and when animals are not growing, there is a 

reduction in these molecules to ensure that the animal is meeting energy requirements. It 

is also predicted that molecular pathways related to energy storage will show differences 

in expression patterns following Se treatments when compared to control animals. 
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Methods 

2.1 Experimental design 

Juvenile rainbow trout were obtained from the Miracle Spring Trout Hatchery (Mission, 

BC) and were transported to the exposure site at Nautilus Environmental Laboratory 

(Burnaby, BC). Nautilus Environmental is certified by the Canadian Association for 

Laboratory Accreditation and all animal experiments were conducted in accordance with 

guidelines set forth to ensure animal welfare (Animal Care Manual, Nautilus, 2014). Fish 

weight (mean ± SD = 0.28 ± 0.10 g) and length (mean ± SD = 32 ± 3 mm) were recorded 

at the initiation of the study (n = 10 fish) prior to being randomly distributed equally in 

numbers across all 15 tanks. Rainbow trout were held in an environmental controlled 

room in de-chlorinated municipal water at 11 ± 2°C that was continuously aerated. The 

photoperiod in the environmental room was 16 hours of light and 8 hours of dark. The 

flow of water into each tank was 75 ± 25 ml/min at test initiation; this was increased to 

125 ± 25 ml/min on day 15 and increased again to 225 ± 25 ml/min on day 45. The 

increase in flow was necessary to account for the growth of the fish. Dissolved oxygen 

(10.5 ± 0.4 mg/L), conductivity (30 ± 2 µS/cm) and pH (6.9 ± 0.2) were measured daily 

during the experimental period on a single test container (mean ± SD). The precision 

estimates for these instruments is as follows; ± 0.1 mg/L or 1% of the reading, ± 0.1 

µS/cm, and ± 0.1 units, respectively. Fish were allowed to acclimatize for 2 weeks prior 

to dietary dosing with Se. Mortalities were recorded daily throughout the experiment.  
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The experimental diet consisted of live Lumbriculus variegatus worms (Fresno, CA) that 

were cultured in selenized yeast (SelenoExcell, Fresno, CA), which is a yeast that 

contains organic selenium. There were 4 nominal dietary doses of Se that were 5, 10, 20 

and 40 mg/kg dw Se. These doses were obtained by culturing the Lumbriculus worms for 

different time periods (between 8-120 hours).  A total of 15 tanks (7 L volume) were 

used, with 3 replicate tanks for the control and 3 replicate tanks for each of the 4 

treatments. Fish were fed daily at approximately 5% body weight (dw). Sub-samples of 

individual weight and length were taken at the 15 day, 30 day, 45 day time points and Se 

dosed fish were not significantly different from controls (data not shown).  At the 60 day 

time point, wet weight and fork length (a measurement from the snout to the middle 

caudal fin) were recorded from ten fish from each tank (n = 29-38 per treatment).  Livers 

were dissected for biochemical and molecular endpoints. Whole body and liver tissue 

were immediately placed on dry ice and stored at -80°C until further processing. Live 

worms were stored at 4 ± 2°C before, and after, dosing.  

2.2 Measurements of selenium in feed and rainbow trout whole bodies 

Total Se analysis was done on Lumbriculus worms and rainbow trout whole body using 

inductively coupled plasma dynamic reaction cell mass spectrometry (ICP-DRC-MS). 

Samples were measured by Applied Speciation and Consulting (Bothell, WA). Samples 

were digested following established methods (USEPA Method 3050B). Briefly, samples 

were digested at 95°C with repeated additions of nitric acid (Trace Metals grade) and 

hydrogen peroxide (UltraPure grade).  Prior to analysis, a five point calibration curve was 
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constructed and verified by second source standards. In order to account for operational 

biases, samples were instrument-blank corrected. Digested samples were measured 

following a modified USEPA Method 200.8. Digested samples were introduced into a 

radio frequency plasma.  A differentially-pumped vacuum interface was used to extract 

the ions from the plasma. The ions then travel through a pressurized chamber (DRC) and 

react with interfering ions that have the same target mass to charge ratios. Detection of 

ions was based on their mass to charge ratio, which was obtained from a solid-state 

detector and processed by a data handling system.  Five fish from each tank were used 

resulting in 15 whole body fish replicates for the control group and 15 for each of the 4 

treatment groups; thus there were 75 whole bodies that were assessed for total Se. 

Measures for reliability and accuracy included (1) a blank spike with an estimated 

method detection limit between 0.001 and 0.003 mg/kg (ww), (2) a certified reference 

material (one DORM-3 per batch), with a recovery between 94.0-102.0% and (3) a 

matrix spike with a recovery between 79.0-97.5%. Measurements of precision included 

matrix duplicates and matrix spike/matrix spike duplicates. These precision 

measurements had a relative percent difference of less than 19.8% and were in an 

acceptable range. Measurements are reported as mean ± standard deviation and total Se is 

reported as mg/kg dw. 
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2.3 Biochemical endpoints 

2.3.1 Glycogen assay 

Hepatic glycogen levels were measured using the Glycogen Assay Kit and reagents 

(BioVision, Mountain View, CA). The control and each treatment group contained n = 12 

biological replicates (n = 4 fish per tank). Frozen liver samples were prepared by first 

homogenizing tissue in dH2O. All samples were adjusted to a concentration of 0.05 mg/µl 

(liver tissue per µl of dH2O). The homogenates were boiled on a hot plate for 5 minutes 

and then spun at 13,000 g for 5 minutes. The glycogen hydrolysis buffer (BioVision) was 

used to dilute the supernatant 1:500 following a range finder to determine the appropriate 

dilution factor. Each well in the 96 well plate contained 50 µl of diluted sample and 1 µl 

of hydrolysis enzyme mix. The plate was incubated at room temperature for 30 minutes. 

After the incubation, development buffer, development enzyme mix and the OxiRed 

probe were added to each well at a volume of 48.7 µl, 1.0 µl and 0.3 µl, respectively. The 

plate was incubated at room temperature in the dark for 30 minutes. The absorbance of 

the plate was measured at Excitation 530 nm/Emission 590 nm on the FLX 800 

Microplate Fluorescence Reader (Bio-Tek Instruments Inc., Winooksi, VT).  Glycogen is 

hydrolyzed into glucose in this assay, and the OxiRed probe reacts with oxidized glucose 

to produce a pink colour. As such, a glucose background was determined by repeating the 

protocol without the addition of the hydrolysis enzyme mix to obtain glucose levels (i.e., 

background level). The average absorbance (± SD) reading of glucose was 432 ± 138 

relative fluorescent units (RFU).  The glucose background was subtracted from the 
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glycogen readings as per the manufacturer’s suggestion to obtain an accurate estimate of 

total glycogen.  All comparisons were performed relative to the control group, which was 

adjusted to a relative glycogen level of 1.0.  The assay was performed on two separate 

reaction plates (plate 1 = control, 5, and 10 mg/kg; plate 2 = control, 20, and 40 mg/kg). 

The same control samples were repeated on each plate. Thus, all treatment groups were 

compared to the within-plate control samples (i.e., a relative comparison to the arbitrary 

control value of 1.0, a value of 1.5 in a treatment group would indicate that there was 

50% more glycogen).  The R2 of the standard curve was 0.99 and 1.0 for each plate.  The 

limit of detection for this assay was 1256 RFU (normalized value of 0.010) based on the 

last point in the standard curve.  All standards were tested in triplicate and individual 

rainbow trout liver samples were tested in duplicate and values were averaged.   

2.3.2 Triglycerides assay 

Hepatic triglycerides were measured with the Triglyceride Quantification 

Colorimetric/Fluorometric Kit (BioVision) using the fluorometric protocol. The control 

and each treatment group contained 12 biological replicates (n = 4 fish per tank).  Frozen 

liver samples were prepared by homogenizing tissue in dH2O containing 5% NP-40 and 

were adjusted to a concentration of 0.05 mg/µl (liver tissue per µl of dH2O). The 

homogenates were heated to approximately 90°C for 3 minutes, allowed to cool to room 

temperature, and heated again to 80-100°C for 2-5 minutes. Following this, the 

homogenates were centrifuged at 13,000 g for 2 minutes. Triglyceride assay buffer 

(BioVision) was used to dilute the supernatant 1:1000 following a range finder to 
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determine the appropriate dilution factor. Each well contained 50 µl of diluted sample 

and 2 µl of lipase (BioVision). The plate was incubated at room temperature for 20 

minutes. Following the incubation, triglyceride assay buffer, triglyceride probe (used to 

generate fluorescence) and triglyceride enzyme mix were added to each well at the 

following volumes 48.7 µl, 0.4 µl and 2 µl, respectively. The plate was incubated at room 

temperature in the dark for 30 minutes. The absorbance of each sample was measured at 

excitation 530 nm/emission 590 nm on the FLX 800 Microplate Fluorescence Reader 

(Bio-Tek Instruments Inc., Winooksi, VT). Triglycerides are converted to free fatty acids 

and glycerol in this assay, and the triglyceride probe reacts with oxidized glycerol to 

produce a pink colour. As such, a glycerol background was determined by repeating the 

protocol with the omission of the lipase to obtain a glycerol background level. The 

average absorbance reading (± SD) of glycerol was 267 ± 33 RFU. The glycerol 

background levels were subtracted from the triglyceride readings as per the 

manufacturer’s suggestion. All comparisons were made relative to the control group, 

which was adjusted to a relative triglyceride level of 1.0 (same design as above for 

glycogen). The R2 of the standard curve was 0.99 for each plate. The limit of detection 

for this assay was 1800 RFU (normalized value of 0.19) based on the last point in the 

standard curve.   All rainbow trout liver samples were tested in duplicate and the standard 

was tested in triplicate values were averaged. 

 



 

 

19 

 

 

2.4 RNA Isolation  

2.4.1 RNA extraction 

Total RNA was extracted from frozen rainbow trout liver samples weighing between 50 

mg and 100 mg. The RNA was extracted with 1 ml of TRIzol (Invitrogen, Burlington, 

ON) following the manufacturer's protocol.  Liver tissues were homogenized in the 

TRIzol reagents for 30 seconds at 3-5 second bursts. The samples were incubated at room 

temperature for 5 minutes. Following this incubation, 0.2 ml of chloroform (Acros 

Organic, NJ) was added. The samples were mixed vigorously for 2 minutes at room 

temperature. Total RNA, in the colourless aqueous phase, was transferred to a new tube 

and precipitated using 0.75 ml of isopropanol (Sigma-Aldrich, St.Louis, MO). The total 

RNA pellet was washed with 1 ml of 75% ethanol and then re-suspended in 30 µl of 

RNA secure Reagent (Ambion, Austin, TX).  

2.4.2 RNA quantity and quality 

Total RNA concentration (ng/µl) was determined using the NanoDrop 2000 

Spectrophotometer (Thermo Scientific, Wilmington, DE). RNA quality was determined 

using the 2100 Bioanalyzer (Agilent, Santa Clara, CA). The 2100 Bioanalyzer produces 

RNA Integrity Numbers (RIN, Schroeder et al., 2006) that are used as a metric of RNA 

quality. Only samples with RIN numbers above 7.0 were used for further processing to 

ensure high quality molecular analysis. The mean ± SD of the RIN numbers was 9.9 ± 

0.5 and 35 samples showed a RIN < 9.0.  A total of 40 samples were used. 
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2.5 Rainbow trout genes 

2.5.1 Primer design 

Primer sets were obtained from published literature or manually designed for genes 

involved in energy metabolism, growth pathways, and oxidative stress (Table 1). 

Rainbow trout sequences were used to design primers using the Primer3 program 

(Untergrasser et al., 2012).  If rainbow trout sequences were unavailable, sequences from 

a related species, such as Atlantic salmon (Salmo salar), were aligned using Clustal 

Omega (Sievers et al., 2011; Goujon et al., 2010). From the alignment, conserved regions 

were identified and used for primer design. Forward and reverse sequences were searched 

using BLAST in the NCBI database to verify that the designed primers amplified the 

targeted gene.  

2.5.2 DNase treatment 

The TURBO™ DNase kit (Ambion, Austin, TX) was used to remove genomic DNA 

from rainbow trout liver samples. A volume of 2 µl of 10X TURBO DNase buffer and 1 

µl of TURBO DNase was added to the sample. The sample was mixed gently and then 

left to incubate at 37 °C for 25 minutes.  Following the incubation, 2 µl of DNase 

Inactivation Reagent was added and the sample was mixed well. The sample was allowed 

to incubate at room temperature for 5 minutes. After this incubation, the sample was 

centrifuged at 10,000 g for 1.5 minutes. RNA was removed and placed in a new tube.  
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2.5.3 cDNA synthesis 

The cDNA was synthesized from total RNA using the iScript cDNA Synthesis Kit (Bio-

Rad, Mississauga, ON). Total RNA was adjusted to 1 µg and was used as a template. The 

synthesis reactions were reduced to 0.75 reactions, resulting in a final volume of 15 µl. 

The 5X iScript Reaction Mix at a volume of 3 µl and the iScript Reverse Transcriptase at 

a volume of 0.75 µl were added to the RNA template. DEPC water was added to a final 

volume of 15 µl. Four samples that did not receive enzyme (i.e. no reverse transcriptase 

controls, (NRT)) were made to act as negative controls in the real-time PCR reaction. 

Each of these NRTs was derived from two independent samples of RNA selected at 

random. The mixture was then incubated with the following conditions: 5 min. at 25⁰C, 

30 min. at 42⁰C and 5 min. at 85⁰C. Prior to use, the cDNA was first diluted with 

RNAse-DNase free water at a ratio of 1:20 for the quantitative real time PCR analysis. 

2.5.4 Quantitative real time Polymerase Chain Reaction (qPCR) 

Quantitative Real Time PCR (qPCR) was performed on the diluted cDNA samples. 

Samples were run in duplicate and each treatment group (control, 5 mg/kg, 10 mg/kg, 20 

mg/kg and 40 mg/kg) had an n=8 biological replicates (Total n = 40 samples). Biological 

replicates (n = 2 or 3) were selected from each of the three tank replicates for qPCR. Each 

well contained 3.33 µl of diluted cDNA sample, 5.025 µl of SSoFast EvaGreen Supermix 

(Bio-Rad) and 0.85 µl of forward and reverse primer, adding up to a final volume of 10 

µl in each well. NRTs and no template controls (NTCs) were also added to the plate. 
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Each plate contained a standard curve that was generated by a 5-fold dilution series to 

ensure the efficiency of the primer set.  

2.6 Gene expression analysis of rainbow trout livers  

2.6.1 Microarray slide selection 

A commercially available Oncorhynchus mykiss 4x44K Agilent microarray (Platform ID: 

GPL16819, Agilent) first used by Krasnov et al. (2011) was used to investigate gene 

expression responses to Se in the livers of individuals in the control, 5 mg/kg, 10 mg/kg, 

20 mg/kg, and 40 mg/kg groups. This salmonid microarray platform contains 22K genes 

spotted in duplicate. Microarray analysis was performed with the following biological 

replicates; control livers (n=8), 5 mg/kg (n=8), 10 mg/kg (n=7), 20 mg/kg (n=8), and 40 

mg/kg (n=9), with a total of 40 samples selected for microarray analysis. Samples were 

selected based on specific activity and quantity of cRNA following the labeling reaction 

(Section 2.6.3). Biological replicates (n = 2 or 3) were selected from each of the three 

tank replicates for microarrays. 

2.6.2 RNA clean-up for microarray 

RNA samples were first column purified using the RNeasy kit (QIAGEN, Mississauga, 

ON). Nuclease free water was added at a volume of 90 µl to the sample yielding a total 

volume of 100 µl. Buffers are proprietary so these are subsequently referred to by the kit 

designations. RLT buffer was added to each sample at a volume of 350 µl and mixed 

using a pipette. Ethanol was added to each sample at a volume of 250 µl and mixed using 
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a pipette. The sample mixtures were transferred to an RNeasy mini column and were 

centrifuged at 13,000 rpm for 30 seconds and the flow-through was discarded. RPE 

buffer was added to the RNeasy mini column at a volume of 500 µl.  The RNeasy mini 

columns were centrifuged at 13,000 rpm for 30 seconds and the flow-through was 

discarded.  RPE buffer was added to the RNeasy mini columns at a volume of 500 µl. 

The RNeasy mini columns were centrifuged at 13,000 rpm for 60 seconds and the flow-

through and collection tubes were discarded. The RNeasy mini columns were placed in 

new collection tubes and centrifuged for an additional 30 seconds at 13,000 rpm to 

remove residual ethanol. The RNeasy mini columns were placed in a new collection tube 

and 20-22 µl of RNase-free water was added to the membrane. The RNeasy mini 

columns were allowed to incubate at room temperature for 1 minute. Following 

incubation, the RNeasy mini columns were centrifuged at 13,000 rpm for 30 seconds. 

RNA concentration was measured using the NanoDrop 2000 spectrophotometer prior to 

labelling. 

2.6.3 cRNA labeling and amplification 

The Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent) 

was used for cRNA labeling and amplification. The Agilent Low Input Quick Amp 

Labeling Kit, one-colour labelling system using Cyanine 3 (Cy3) was used. Samples were 

adjusted to contain approximately 100 ng of total RNA per sample. To the adjusted RNA 

samples, 1.5 µl of Agilent one-colour spike mix dilution (per reaction), and 0.7 µl of T7 

promoter primer (per reaction) was added. Sample volume was adjusted to 3.65 µl using 
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nuclease free water. Samples were incubated at 65⁰C for 10 minutes followed by a 5 

minute incubation in ice. A cDNA synthesis master mix was prepared by adding 1.5 µl of 

5X first strand buffer (per reaction), 0.75 µl of 0.1 M DTT (per reaction), 0.38 µl 10 mM 

dNTP mix (per reaction) and 0.9 µl Affinity script RNase block mix (per reaction). The 

cDNA synthesis master mix was added to samples and mixed by pipetting. The samples 

were incubated at 40⁰C for 2 hours, 70⁰C for 15 minutes and then placed on ice for 5 

minutes. A transcription master mix was prepared by adding 0.56 µl nuclease free water 

(per reaction), 2.4 µl 5X transcription buffer (per reaction), 0.45 µl 0.1 M DTT (per 

reaction), 0.75 µl NTP Mix (per reaction), 0.18 µl Cyanine 3-CTP (per reaction) and 0.16 

µl T7 RNA polymerase blend (per reaction). The transcription master mix was added to 

each sample and mixed by pipetting. The samples were incubated at 40⁰C for 2 hours. 

2.6.4 cRNA purification and quantification of cRNA 

Labelled cRNA samples were purified using the RNeasy kit (QIAGEN) following the 

same procedure outlined above (2.4.2 RNA Clean-up for Microarray). Cy3 Dye 

incorporation and cRNA concentration was determined using the NanoDrop 2000 

Spectrophotometer.  Each rainbow trout liver sample showed a specific activity of >6.0 

pmol Cy3/µg and contained a 1.54 µg of cRNA to ensure that all slides contained an 

equal amount of cRNA. 
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2.6.5 Slide hybridization and washing 

The cRNA was fragmented using the Agilent Gene Expression Hybridization Kit 

(Agilent); the fragmentation mix contained 1.54 µg of Cy3-labeled cRNA, 11 µl of 10X 

blocking agent and 2.2 µl of 25X fragmentation buffer. The fragmentation mix was 

adjusted to a volume of 55 µl using nuclease free water and was incubated at 60⁰C for 30 

minutes. Following the incubation, 55 µl of 2X GEx hybridization buffer was added to 

the fragmentation mix and the mixture was centrifuged at 13,000 g for 1 minute to 

remove bubbles.  Samples were hybridized on the 4x44 K microarray slides by placing 

samples on a gasket slide (Agilent) and covering the gasket slide with the microarray 

slide. These slides were allowed to hybridize for 17 hours at 65⁰C at 10 rpm. Following 

the 17 hour hybridization, the slides were removed from the oven and dissembled in wash 

buffer 1 (containing Triton X-102 detergent) (Agilent) at room temperature. Once all of 

the slides were dissembled, they were moved to a second wash that contained Triton X 

detergent and buffer at room temperature with a stir bar for 1 minute. Slides were then 

transferred to the third wash that contained wash buffer 2 (containing Triton X-102 

detergent) (Agilent), and heated to 37⁰C with a stir bar for 1 minute. Slides were removed 

from the third wash and placed in a slide holder with an ozone barrier slide to cover the 

microarray slide. Slides were scanned using the Agilent High Resolution DNA 

Microarray Scanner (Agilent).  
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2.7 Data analysis 

2.7.1 Statistical analysis 

Assumptions of normality and homoscedasticity were tested using a Shapiro-Wilk’s test 

and Levene’s test, respectively. Length, triglyceride and whole body Se concentration 

data met the assumptions of normality and homoscedasticity but weight, condition factor 

(100*(body wt/total length3)) and glycogen did not. When assumptions were met, a one-

way ANOVA was used to analyze the data, followed by a Dunnett’s post hoc test for 

multiple comparisons to the control group. When assumptions were not met, the Kruskal-

Wallis test was used followed by a Steel With Control. A comparison to the control group 

was done to test each dose in comparison to the control group. A pairwise comparison 

was done for multiple comparisons between all groups using a Steel-Dwass all pair post 

hoc test for whole body Se concentration. This was done to ensure that all treatment 

groups were significantly different. A regression analysis was also performed on Se 

versus weight and Se versus length data. Statistical analysis was performed in JMP 

Genomics 6 and PRISM 6.0. Graphs were generated using PRISM 6.0. 

 

Standard curves from gene expression data were assessed for linearity (R2 >0.97) and 

primer efficiency (90%-110%).  Normalized expression was obtained using the CFX 

Manager 3.0 software (Bio-Rad). Ribosomal protein 60L (rpl60), elongation factor (ef1α) 

and beta-actin (βactin) were used to normalize gene expression (Vandesompele et al., 

2002). Two independent cDNA reactions were performed due to the number of genes 
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examined, and the M values were 1.06 and 0.94. Gene expression data were analyzed 

using a Kruskal-Wallis test for each transcript followed by a Steel With Control as a post 

hoc test. Statistical analysis was performed in JMP Genomics 6. Graphs were generated 

using PRISM 6.0. 

2.7.2 Gene expression analysis 

Raw expression data from Tagged Image File Format (.tiff) images were extracted using 

Feature Extraction (v10.7.3.1). Microarray data were deposited into Gene Expression 

Omnibus (GSE67599, GPL16819). Quality control reports provided by Feature 

Extraction were manually inspected and evaluated for the quality of the microarray data. 

Thirty-nine microarrays were deemed high quality, while one microarray from the 5 

mg/kg dose was eliminated from further analysis because of high background. This was 

determined using the Quality Control (QC) report provided by Agilent. The linearity of 

the spike ins (a known amount of RNA used to generate a standard curve of intensity) 

and the evaluation metric “Detection Limit” were used to determine the quality of arrays 

prior to data analysis.  Raw expression data for each microarray was imported into JMP® 

Genomics 6. Raw expression data were normalized using LOESS normalization with a 

smoothing factor of 0.2 (Smyth & Speed, 2003; Berger et al., 2004). A standard curve 

with dynamic range is produced by the QC reports. The standard curve provides the point 

at which background cannot be distinguished from expression data (curve is no longer 

linear).  The limit of detection was assigned to account for any background signals. The 

limit of the detection of this microarray analysis was set at 2.75, which was the average 
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of the dark corners and the standard curve. All probes with intensity values below 2.75 

were assigned a value of 2.75.  Differently expressed genes (DEGs) were identified by 

using a one-way analysis of variance (ANOVA) followed by a false discovery rate (FDR) 

set at alpha of 0.05. Venny (Oliveras, 2007) was used to identify differentially expressed 

genes in common between the different Se treatments and to create Venn diagrams.  

Genes that showed p < 0.05 were clustered based on their normalized intensities using 

hierarchical clustering. Cluster analysis was done using JMP Genomics 6 and was 

performed using the Fast Ward algorithm (Milligan, 1980).  

Pathway analysis was conducted using Pathway Studios 9.0 (Ariadne, Rockville, MD) 

using the Mammalian ResNet 9.0. Using the function Name+Alias, 34,692 probes were 

successfully mapped to human homologues. Gene Set Enrichment Analysis (GSEA) is an 

analytical method that is used to analyze gene expression data and groups genes of 

common biological function or regulation into known gene sets (Subramanian et al., 

2005). The Kolmogorov-Smirnov statistical algorithm is used to compare between the 

expression values of the group and the background distribution. A p-value is generated 

indicating the statistical significance. For the GSEA, genes were permutated 500 times 

using the Kolmogorov-Smirnov classic approach as an enrichment algorithm. Alpha level 

was set at 0.05. Gene set categories that were examined for enrichment within the 

microarray data included cell processes, cell signaling, metabolic and receptor signaling 

pathways (curated Ariadne Pathways).  Sub-network enrichment analysis (SNEA) is 

another analytical method that is used to analyze gene expression. SNEA calculates gene 
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sets de novo using the ResNet database. The mammalian ResNet database contains 

pathways and molecular interaction from all PubMed abstracts and 47 full text journals.  

SNEA for expression targets was performed to identify gene networks regulated by Se in 

juvenile rainbow trout livers. A one-sided Mann-Whitney U-test is used to compare 

between the expression values of the sub-network and the background distribution. A p-

value is generated indicating the statistical significance. Alpha level was set at 0.05 for 

enrichment. Sub-networks that were analyzed included proteins/chemicals regulating cell 

processes.  
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Table 1. Rainbow trout (Oncorhynchus mykiss) primer sequences used for qPCR. The table shows the R2 and efficiency (%) of the 

standard curve, as well as the accession number, estimated product size, and annealing temperature. 

 
Gene 

Symbol 

Accession No. F1 (5’-3’) R1 (5’-3’) Product 

Size 

Efficiency 

(%) 

R2 Tem

p. 

(C°) 

fbpC AF333188 GCTGGACCCTTCCATCGG CGACATAACGCCCACCATAGG 182 100 0.99 59 

g6pd EF551311.1 CTCATGGTCCTCAGGTTTG AGAGAGCATCTGGAGCAAGT 177 109.4 1.00 59 

gckrf AF053331 GCACGGCTGAGATGCTCTTTG GCCTTGAACCCTTTGGTCCAG 169 89.5 0.90 59 

pck2c AF246149 GTTGGTGCTAAAGGGCACAC CCCGTCTTCTGATAAGTCCAA 141 86.1 0.98 59 

csd TC89195 

(Tigr) 

GGCCAAGTACTGGGAGTTCA CTCATGGTCACTGTGGATGG 229 89.1 0.99 55 

fasnd tcaa0001c.m. 

06_5.1.om.4 

(Sigenae) 

GAGACCTAGTGGAGGCTGTC TCTTGTTGATGGTGAGCTGT 186 94.5 0.99 59 

aclye CA349411.1 CTGAAGCCCAGACAAGGAAG CAGATTGGAGGCCAAGATGT 149 94.6 0.98 60 

pck1e NM_0011242

75.1 

CCCAGTGCCTGTGGGAAAAC CCACACCGAAAAAGCCGTTC 154 97.4 0.99 65 

pkc AF246146 CCATCGTCGCGGTAACAAGA GCCCCTGGCCTTTCCTATGT 158 92.1 0.97 59 

g6pase1g tcay0019b.d.1

8_3.1.s.om.8 

(Sigenae) 

CTCAGTGGCGACAGAAAGG TACACAGCAGCATCCAGAGC 77 100.4 0.99 55 

gpx1ab HE687021 ATGAAATGGCTGGGAAAATA

AAGA 

TCATCATTCTTACAATTCTCCT

GATG 

250 101.5 0.97 60 

gpx1b1b HE687022 CAACATGTCTGGAAGTGAGTT

CTACAACA 

TTCGTTATTGCAGTTCTCCTGA

TGTC 

241 100.1 0.97 61 

gpx1b2b HE687023 ACCAGGCAAATGGCTGTATGT

AAGAT 

CTTCGTTCTTGCAGTTCTCCTG

ATG 

250 103.7 1.00 61 
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βactina AJ438158.1 CTGTCTTCCCCTCCATCGT TCTTCTCCCTGTTGGCTTTG 270 99.3 1.00 58 

ef1αa NM_0011243

39.1 

ACAAGCTGAAGGCTGAGAGG CCAGAGTGTAGGCGAGGAGA 249 97.6 1.00 58 

rpl60 

(rl7)a 

NM_0011651

56.1 

GGCAGGATGACCAAGCAG CCCTCCACAAAGTGAGTCGT 212 95 0.99 59 

mfap2 NM_0011413

03.1 

GAGACAGAGCCCACAGAACC CTCCACAGCTCTTCCCACAG 289 103.9 1.00 58 

cytb AF125208.1 CCTCTCCTAAAAATCGCTAAT

GAC 

AAAGAAAGATGCTCCGTTGG 246 108.6 1.00 58 

 

(a) Marlatt et al., 2014, (b) Pacitti et al., 2013, (c) Ducasse-Cabanot et al., 2007, (d) Kolditz et al., 2008, (e) Polakof et al., 2011 (f) Libran-

Perez et al., 2013 (g) Kamalam et al., 2013 

(b) abbreviations are as follows: fbp, fructose-1,6-bisphosphatase; g6pd, glucose-6-phosphate-1-dehydrogenase; gckr, glucokinase; pck2, 

phosphoenolpyruvate carboxykinase (mitochonrial); cs, citrate synthase; fasn, fatty acid synthase; acly, ATP citrate lyase; pck1, 

phosphoenolpyruvate carboxykinase (soluble); pk, pyruvate kinase; g6pase1, glucose-6-phosphatase 1; gpx1a, glutathione peroxidase 

1a; gpx1b1 glutathione peroxidase 1b1; gpx1b2 glutathione peroxidase 1b2; βactin, beta actin; ef1α, elongation factor 1 alpha; rpl60 

(rl7) 60S ribosomal protein L7; mfap2, microfibrillar-associated protein 2; cytb, cytochrome b  
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Results 

3.1 Selenium body burden and survival 

There was a significant relationship between targeted Se dose and measured dietary Se 

dose (R2=0.96; p = 0.003). Table 2 reports the target dietary Se doses, the measured 

dietary doses in the Lumbriculus worms, and the measured whole body Se of the fish. 

The percentages of measured whole body Se versus measured dietary Se dose were as 

follows: 61% for 5 mg/kg, 56% for 10 mg/kg, 53% for 20 mg/kg, and 47% for 40 mg/kg. 

There was a significant difference in Se body burden (H4 = 69.98, p < 0.0001). A post 

hoc test revealed that the difference was between all Se treatments. Overall survival of 

the juvenile rainbow trout (percent survival ± SD) was 86.6 ± 1.5 %, 89.2 ± 10.4 %, 88.8 

± 8.0%, 86.9 ± 16.2 % and 88.8 ± 5.4 % for the controls, 5 mg/kg, 10 mg/kg, 20 mg/kg 

and 40 mg/kg Se doses, respectively.  

3.2 Morphometrics 

Juvenile rainbow trout showed a difference in mean fork length (F4,162 = 6.54, p < 

0.0001) and weight (H4 = 24.83, p < 0.0001). Fish exposed to lower doses of Se (5 mg/kg 

and 10 mg/kg target doses) did not differ in weight and fork length compared to the 

control group.  A post hoc test determined that fish fed 20 and 40 mg/kg target Se dose 

had a shorter mean fork length than control fish (Figure 1) and weighed less than control 

fish (Figure 1). Fish exposed to the 20 mg/kg target Se dose weighed 21% less and were 

on average 7% shorter than the fish in the control group.  Fish exposed to the 40 mg/kg 
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target Se dose weighed 33% less and were on average 10% shorter than the fish in the 

control group.  Body weight (F1,165 = 24.94, p < 0.0001, R2 = 0.13) and fork length (F1,165 

= 24.01, p < 0.0001, R2 = 0.13) showed a negative relationship with Se concentrations 

(Figure 1). There was also a difference in condition factor in the Se-treated animals (H4 = 

15.79, p = 0.003) (Figure 2). A post hoc test determined that fish fed both the 5 and 40 

mg/kg target doses of Se had a lower condition factor compared to control fish.  Fish had 

a condition factor that was 5% and 7% lower than control fish in 5 and 40 mg/kg target 

doses, respectively. 

3.3 Biochemical assays  

There was a significant difference in hepatic glycogen levels among groups (H4 = 18.74, 

p < 0.001) (Figure 3).  Following a post hoc test, there was a decrease in glycogen in the 

10 mg/kg target dose fish when compared to control fish.  Juvenile rainbow trout exposed 

to Se showed differences in triglyceride concentrations in the liver (F4,55 = 36.46, p < 

0.0001). A post hoc test determined that both the 20 mg/kg and 40 mg/kg treated fish had 

lower triglyceride when compared to control fish (Figure 3). 
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Table 2. Targeted Se dietary doses, the measured dietary Se doses in Lumbriculus worms, 

and the measured whole body Se in rainbow trout (n = 15 per group) after 60 days of a 

feeding regime. Data are mean ± standard deviation. 

 

Nominal Dose 

(mg/kg dw) 

Measured Dose in 

Worms (mg/kg dw) 

Measured Whole 

Body Se (mg/kg dw) 

Control 1.30 ± 0.15 0.96 ± 0.17a 

5 7.10 ± 4.41 4.39 ± 0.37b 

10 10.70 ± 6.29 6.03 ± 0.92c 

20 19.50 ± 3.53 10.43 ± 0.77d 

40 31.80 ± 4.05 15.02 ± 2.55e 

dw = dry weight 

Letters indicate significant difference. 
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Figure 1. The (A) length (mm) and (B) weight (g) of juvenile rainbow trout 

(Oncorhynchus mykiss) exposed to Se target doses of 0, 5, 10, 20, and 40 mg/kg dw. In 

each treatment, the bar is the mean value (± SEM) for length or weight. Different letters 

indicate significant difference from the control group (n=29-38 fish / group). A 

regression of length (C) and weight (D) versus Se is also shown.  
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Figure 2. The condition factor of juvenile rainbow trout (Oncorhynchus mykiss) exposed to Se target doses of 0, 5, 10, 20, and 40 

mg/kg dw. In each treatment, the bar is the mean value (± SEM) for condition factor. Different letters indicate significant difference 

from the control (n=29-38 fish / group). 
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Figure 3. (A) Relative liver glycogen and (B) triglycerides (± SEM) of juvenile rainbow trout (Oncorhynchus mykiss) exposed to Se at 

target doses of 0, 5, 10, 20, and 40 mg/kg dw. Each point represents an individual fish and the control group is adjusted to a mean 

value of one for a relative comparison across treatments. Different letters indicate significant differences from controls (n=12 fish / 

group). 
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3.3 Microarray results 

3.4.1 Gene expression analysis in the liver of rainbow trout 

Table 3 summarizes the number of differentially expressed genes (DEGs) in each Se 

treatment group and the number of transcripts that were increased or decreased in 

abundance in each Se treatment. Examples of transcripts that showed high relative fold 

changes from the control group included putative transmembrane protein C9orf191 (-

26.6-fold in the 40 mg/kg target dose), hemoglobin subunit zeta (-24.3-fold in the 40 

mg/kg target dose), microfibrillar-associated protein 2 precursor (+58.7-fold change in 

the 40 mg/kg target dose) and ELKS/RAB6-Interacting/CAST Family Member 1 (+36.7-

fold change in the 40 mg/kg target dose). There were 140 DEGs that were differentially 

expressed in individuals from all four Se treatments (Figure 4). Of these 140 genes, 78 

were up regulated in all doses and 59 were down-regulated in all doses. Thus, there was 

strong agreement with the directional change of common transcripts identified in all four 

treatment groups. Three genes showed differential expression in opposite directions for 

duplicate probes (i.e. one probe for the gene showed up-regulation in two doses while the 

duplicate probe showed down-regulation in the other two doses).  Growth hormone 

receptor isoform 1 was a DEG that was increased approximately 2-fold in all four Se 

treatments while glutathione peroxidase 2 was a DEG that was down-regulated in all four 

Se treatments. Also noteworthy was, based upon the number of genes that were affected 

each dose, there were more DEGs in the higher doses of Se (3795 and 3176 DEGs for the 
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20 and 40 mg/kg dw Se dose, respectively) compared to the lower doses (755 and 652 

DEGs for the 5 and 10 mg/kg dw Se dose, respectively).  

 

After a correction for multiple hypothesis testing (FDR = 0.05), there were 434 genes that 

were differentially expressed in one or more of the Se treatments. Table 3 reports the 

number of differentially expressed genes in each Se treatment group that were 

differentially expressed following an FDR.  After the FDR correction, there were 98 

DEGs that were in common and differentially expressed from controls in the two highest 

Se treatments (Figure 5). There was little overlap in DEGs from the two lowest Se 

treatments (Figure 5). 

 

Individual expression patterns tended to cluster within their Se dose when clustering was 

performed using DEGs (p<0.05) (Figure 6). There were two major clades that were 

evident and this is indicated by the red line in the figure; the bottom clade contained 

individuals from the control, 5 mg/kg, and the 10 mg/kg groups while the top clade 

contained individuals from the 20 mg/kg and the 40 mg/kg treatment groups. There were 

some exceptions. In the bottom clade, there was one fish from the 40 mg/kg target Se 

dose. Similarly, in the top clade, there was one fish from the 10 mg/kg target Se dose and 

one fish from the control group.  The separation based upon expression patterns for 

individuals within the 5 and 10 mg/kg treatments and the 20 and 40 mg/kg treatment was 

not as clear. This may reflect the fact that measured concentrations of Se were very 

similar for the 5 and 10 mg/kg group (dietary fed was 7.1 mg/kg and 10.7 mg/kg, 
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respectively) and these individuals are responding in a similar way to the Se. In short, 

expression patterns distinguished individuals in “lower” and “higher” Se treatments but it 

was not clear which treatment group individuals belonged to in the Se doses that were 

closer together (i.e., 5 and 10 mg/kg). 
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Table 3. A summary of the number of differentially expressed genes in each Se treatment. 

Shown are the number of genes that were up regulated and down regulated in each group 

relative to the control group, and a summary of differentially expressed genes after an 

FDR correction. 

 

Target Se 

Dose 

(mg/kg 

dw) 

Total 

DEGs 

DEGs up-

regulated 

DEGs 

down-

regulated 

Total FDR 

corrected 

DEGs 

 

FDR 

corrected 

DEGs up-

regulated 

FDR 

corrected 

DEGs 

down-

regulated 

5 1422 755 667 1 1 0 

10 1087 652 435 1 1 0 

20 3795 1863 1932 178 102 76 

40 3176 1745 1431 254 173 81 
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Figure 4. A Venn diagram representing the number of differentially expressed genes (p < 

0.05), relative to controls, in juvenile rainbow trout (Oncorhynchus mykiss) following a 

60 day exposure to the following Se target doses 5, 10, 20, and 40 mg/kg dw (p < 0.05). 

There were a total of 140 DEGs that were in common to all Se treatments. 
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Figure 5. A Venn diagram representing the number of differentially expressed genes, 

relative to controls, in juvenile rainbow trout (Oncorhynchus mykiss) following a 60 day 

exposure to the following Se target doses of 5, 10, 20, 40 mg/kg (FDR corrected). There 

were a total of 98 DEGs that were in common in the two highest Se treatments (20 and 40 

mg/kg target Se dose).
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Figure 6. Hierarchical cluster analysis of differentially expressed transcripts (p < 0.05). The bottom clade contained fish fed control 

worms and the two lowest Se doses (5 and 10 mg/kg target Se doses). The top clade contained fish fed the two highest Se doses (20 

and 40 mg/kg target Se dose).
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3.4.2 Pathways identified by gene set enrichment analysis 

There were 118 enriched gene sets that were altered in the liver of individuals in at least 

one of the four Se treatments. There were two pathways that were altered in the liver of 

individuals sampled from all four Se treatments. “Metabolism of glycerophospholipids 

and ether lipids” was up-regulated in individuals in all Se treatments. “Atlas of 

Signaling” was down regulated in individuals in the 5, 10 and 20 mg/kg target Se doses 

but was up regulated in individuals in the 40 mg/kg target Se dose.   

 

There were 25 GSEA pathways that were altered in the liver of individuals from the two 

highest Se doses (20 and 40 mg/kg target Se dose). The “fatty acid oxidation” pathway 

was up regulated in the two highest Se target doses (20 and 40 mg/kg). In the group fed 

the 20 mg/kg target Se dose, the “fatty acid oxidation” pathway showed a median fold 

change of 1.21 (p = 0.02). In the group fed the 40 mg/kg target Se dose, the “fatty acid 

oxidation” pathway showed a median fold change of 1.09 (p = 0.01). In addition, the 

“heme oxidation” pathway was down regulated in individuals from the two highest Se 

target doses. In the group fed the 20 mg/kg target Se dose, the “heme oxidation” pathway 

showed a median fold change of -1.34 (p = 0.02). In the group fed the 40 mg/kg target Se 

dose, the “heme oxidation” pathway showed a median fold change of -1.17 (p = 0.02). 

 

Transcriptomics data suggested that insulin-like growth factor 1 receptor (IGF1R) and 

epidermal growth factor receptor (EGFR) related pathways were altered in individuals 

fed Se. In general, there was an increase in the expression of the IGF1R and EGFR 
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related pathways as the Se dose increased. Individuals fed the 5 mg/kg and 10 mg/kg 

target Se dose had two IGF1R and EGFR related pathways that were altered in the liver. 

In individuals fed the 20 mg/kg target Se dose, there were five IGF1R and EGFR related 

pathways altered in the liver. In individuals fed the highest dose of Se, there were nine 

IGF1R and EGFR related pathways altered in the liver.  In individuals fed the 5 mg/kg, 

10 mg/kg and 40 mg/kg target Se doses, IGF1R and EGFR related pathways were up-

regulated, while in the 20 mg/kg target Se dose, there were three pathways that were up 

regulated and two pathways that were down regulated. In individuals from the 40 mg/kg 

target Se dose, “EGFR/ERBB -> STAT signaling” and “EGFR/ERBB2 -> CTNNB 

signaling” showed the highest median fold change in the liver (fold change = 1.25, 

p=0.02; fold change = 1.25, p=0.03), respectively (Figure 7 and Figure 8). Additionally, 

there was a growth hormone receptor pathway and a vascular endothelial growth factor 

receptor pathway that were affected at the gene level in individuals fed the 40 mg/kg 

target Se dose. Table 4 provides additional information on these growth pathways, 

including their corresponding fold change and p-value. Taken together, there was a clear 

induction of these pathways with Se treatments. 

3.4.3 Cell processes pathways identified by sub-network enrichment analysis 

There were 252 sub-network enrichment analysis (SNEA) pathways (cell processes) that 

were altered in individuals from at least one of the four Se treatments. There were seven 

cell processes that were altered in individuals from all Se doses. These processes included 

“intestinal absorption”, “myofibril assembly”, “wound healing”, “social behaviour”, 

“bladder function”, “hippocampal function” and “placenta transfer”.  
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Cell processes involving fatty acids and lipids were also altered in individuals from at 

least one Se treatment. These included processes such as “long-chain fatty acid 

metabolism”, “lipid export”, “long chain fatty acid transport”, “triglyceride storage”, 

“fatty acid import”, “lipid transport”, “fatty acid metabolism”, and “low density lipid 

(LDL) oxidation”. Table 5 shows the median fold change of the pathway and their 

associated p-values.  

 

Noteworthy cell processes that were also altered in the liver by Se included “response to 

oxidative stress” and “selenocysteine incorporation”. The cell process “response to 

oxidative stress” had a median fold change of 1.18 (p=0.03) in the 5 mg/kg Se target 

dose. The cell process “selenocysteine incorporation” had a median fold change of 1.14 

(p<0.05) in the 40 mg/kg target Se dose. These pathways were only altered in the one Se 

dose and remained unchanged in the other doses.   
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Table 4. Growth pathways identified by gene set enrichment analysis (p < 0.05) that were significantly affected in rainbow trout 

(Oncorhynchus mykiss) livers following treatment to the Se target doses of 5, 10, 20, and 40 mg/kg dw. Expanded entities are all the 

genes in the pathway, measured entities are those measured on the microarray, and median fold change is that of the genes in the 

pathway. Overall, the trend across doses was for an induction of signaling pathways related to IGF and EGFR signaling. 

 

Name Treatment Expanded 

Entities 

Measured 

Entities 

 

Median 

change 

p-value 

EGFR/ERBB3 -> 

MEF/MYOD/NFATC/MYOG signaling 

5 mg/kg 132 77 1.06 0.02 

IGF1R -> MEF/MYOD/MYOG signaling 5 mg/kg 63 41 1.09 0.03 

EGFR -> SMAD1 signaling 10 mg/kg 50 26 1.09 0.01 

EGFR/ERBB -> STAT signaling 10 mg/kg 20 12 1.34 0.03 

EGFR -> NCOR2 signaling 20 mg/kg 69 38 -1.03 0.05 

EGFR -> SMAD1 signaling 20 mg/kg 50 26 1.01 0.01 

EGFR/ERBB2 -> CTNNB signaling 20 mg/kg 13 7 1.01 0.05 

EGFR/ERBB3 -> 

MEF/MYOD/NFATC/MYOG signaling 

20 mg/kg 132 77 1.01 0.02 

IGF1R -> MEF/MYOD/MYOG signaling 20 mg/kg 63 41 -1.12 0.01 

EGFR -> AP-1/ATF2 signaling 40 mg/kg 83 50 1.07 0.01 

EGFR -> AP-1/CREB/ELK-SRF/MYC 

signaling 

40 mg/kg 94 58 1.07 0.01 

EGFR -> SMAD1 signaling 40 mg/kg 50 27 1.07 0.00 

EGFR/ERBB -> STAT signaling 40 mg/kg 20 12 1.25 0.02 

EGFR/ERBB2 -> CTNNB signaling 40 mg/kg 13 7 1.25 0.03 
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EGFR/ERBB2 -> HIF1A signaling 40 mg/kg 73 43 1.08 0.01 

EGFR/ERBB2 -> TP53 signaling 40 mg/kg 82 50 1.06 0.03 

GHR -> ELK-SRF/MYC signaling 40 mg/kg 59 34 1.08 0.03 

IGF1R -> MEF/MYOD/MYOG signaling 40 mg/kg 63 42 1.08 0.02 

VEGFR -> ATF/CREB/ELK-SRF signaling 40 mg/kg 68 41 1.04 0.04 
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Figure 7. Gene set enrichment analysis suggested that Epidermal Growth Factor signaling 

is altered in rainbow trout (Oncorhynchus mykiss) livers. The pathway EGFR/ERBB -> 

STAT signaling was increased after a 60 day exposure to a 40 mg/kg dw target Se dose. 

This pathway had a median fold change of 1.25 (p = 0.02). Red indicates that the gene is 

increased relative to the control, green indicates that the gene is decreased relative to the 

control, and gray indicates the genes was not measured or was below detection limit of 

the microarrays. 
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Figure 8. Gene set enrichment analysis suggests that Epidermal Growth factor receptor 

pathway is altered in rainbow trout (Oncorhynchus mykiss) livers. The pathway 

EGFR/ERBB -> CTNNB signaling was increased after a 60 day exposure to a 40 mg/kg 

target Se dose. This pathway had a median fold change of 1.25 (p=0.03). Red indicates 

that the gene is increased relative to the control, green indicates that the gene is decreased 

relative to the control, and grey indicates the genes was not measured or was below 

detection limit of the microarrays. 
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Table 5. Cell processes involving fatty acids that were significantly (p < 0.05) affected in 

rainbow trout (Oncorhynchus mykiss) livers following exposure to Se target doses of 5, 

10, 20, and 40 mg/kg dw. Total # of neighbours are all the genes in the pathway, # of 

measured neighbours are those measured on the RT microarray, and median change is 

that of the entire pathway. Overall, the trend across doses was for an up-regulation of cell 

processes related to lipids and fatty acids. 

 

Cell Process Treatment Total # of 

Neighbours 

# of Measured 

Neighbours 

 

Median 

change 

p-value 

long-chain fatty acid 

metabolism 

5 mg/kg 11 8 1.18 0.03 

lipid export 5 mg/kg 89 63 1.13 0.02 

long-chain fatty acid 

transport 

10 mg/kg 13 10 1.36 0.01 

triglyceride storage 10 mg/kg 40 28 1.19 0.03 

fatty acids import 10 mg/kg 84 57 1.08 0.03 

lipid transport 10 mg/kg 290 198 1.06 0.01 

fatty acid metabolism 10 mg/kg 156 109 1.02 0.03 

long-chain fatty acid 

transport 

20 mg/kg 13 10 1.76 0.00 

long-chain fatty acid 

transport 

40 mg/kg 13 10 1.50 0.00 

lipid transport 40 mg/kg 290 197 1.13 0.02 

LDL oxidation 40 mg/kg 84 59 1.11 0.01 
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3.5 Quantitative real time PCR results 

Quantitative real time PCR was used as a targeted approach to measure expression of 

specific genes. Genes were selected based on their association with energy storage. The 

following genes were selected due to their role in glycolysis and gluconeogenesis: 

glucokinase (gckr), glucose-6-phosphatase 1 (g6pase1), fructose-1,6-bisphosphatase 

(fbp), pyruvate kinase (pk), cytosolic phosphoenolpyruvate carboxykinase (pck1) and 

mitochondrial phosphoenolpyruvate carboxykinase (pck2). Genes involved in glycolysis 

and gluconeogenesis were of key interest because they are directly involved in glucose 

breakdown and production, respectively, and it was hypothesized that these genes would 

be altered with Se based on other studies showing disruptions in energy utilization. 

Citrate synthase (CS) was chosen for further analysis based upon its role in the Krebs 

cycle. Glucose-6-phosphate dehydrogenase (g6pd) was chosen based upon its 

involvement in the pentose phosphate pathway. Fatty acid synthase (fasn) and ATP 

citrate lyase (acly) were chosen based upon their role in fatty acid synthesis. There was 

no significant difference among groups for the following transcripts: fbp, g6pd, gckr, 

pck2, cs, fasn, acly, pck1, and g6pase1 (Figure 9). There was a significant difference in 

the expression level of pk (H4,35 = 10.19, p < 0.04) among groups. However, following a 

post-hoc test it was found that the difference was not to the controls group.  

 

Two other genes, microfibrillar-associated protein 2 (mfap2) and cytochrome b (cytb), 

were chosen for qPCR based upon their high fold change in the microarray analysis. 

These genes showed no significant difference between individuals from treatment groups 
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and the control group in real time PCR analysis. However, correspondence to the probe 

intensity from the microarray shows a similar trend in expression for mfap2 and this is 

shown in Figure 10.  

 

 

There was no significant difference in the following transcripts gpx1a, gpx1b1, gpx1b2 

(Figure 11). Three glutathione peroxidase isoforms (Glutathione peroxidase 1a (gp1a), 

glutathione peroxidase 1b1 (gp1b1), glutathione peroxidase 1b2 (gp1b2)) were chosen 

because of their role in oxidative stress and because they contain selenocysteine in the 

active site.  
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Figure 9. Normalized expression of genes in the liver of rainbow trout (Oncorhynchus 

mykiss) exposed to 0, 5, 10, 20, and 40 mg/kg dw target Se doses. Genes are (A) fbp (B) 

g6pd (C) gckr (D) pck2 (E) cs (F) fasn (G) acly (H) pck1 (I) g6pase1 (J) pk. Pk showed a 

significant difference (p = 0.04) between treatments, however differences were not to the 

control. N=6-8 fish per treatment. The horizontal line indicates mean ± SEM. 
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Figure 10. Normalized expression of genes determined by real time PCR and normalized 

intensity determined by microarray in the liver of rainbow trout (Oncorhynchus mykiss) 

exposed to 0, 5, 10, 20, and 40 mg/kg dw target Se doses. Genes are (A) mfap2 (B) cytb. 

Mfap2 and cytb showed a significant difference (p < 0.05) between treatments in the 

microarray, and these difference are denoted by different letters. N=6-8 fish per treatment 

for the real time PCR and N=7-9 fish per treatment for the microarray. The bar indicates 

mean ± SEM. 
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Figure 11. Normalized expression of genes determined by real time PCR in the liver of 

rainbow trout (Oncorhynchus mykiss) exposed to 0, 5, 10, 20, and 40 mg/kg dw target Se 

doses. Genes are (A) gpx1a (B) gpx1b1 and (C) gpx1b2. No gene investigated showed 

differences (p < 0.05) among groups. N=6-8 fish per treatment. The horizontal line 

indicates mean ± SEM. 
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Discussion 

The objectives of this study were to assess the effects of a dietary Se exposure on juvenile 

rainbow trout in order to achieve a greater understanding as to how this essential element 

exerts toxicity.  Research focused on endpoints related to growth and energy storage at 

different levels of biological organization, spanning molecular to whole animal, in 

rainbow trout as the growth axis and lipid storage have previously been reported to be 

affected during Se exposure.  

4.1 Bioaccumulation of selenium 

Following the 60 day Se feeding exposure with the Lumbriculus worm diet, there was a 

significant accumulation of whole body Se in rainbow trout. The USEPA 2014 draft 

states that whole body Se concentrations in fish should not exceed 8.1 mg/kg dw.  This 

study achieved whole body Se concentrations that correspond to levels that are both 

below and above recommended guidelines for Se set forth by the USEPA. An 

accumulation of Se in tissues of fish has been previously reported in other studies, as it is 

a metalloid that is incorporated into proteins in a dose dependent manner. In a laboratory 

study, female adult zebrafish fed 3.7, 9.6 and 26.6 mg/kg dw selenomethionine spiked 

food for 90-100 days had total Se concentrations of 6.1, 13.4 and 21.9 µg/g dw, 

respectively, in whole bodies (Thomas and Janz, 2011).  In the same study, male fish had 

total Se of 8.2, 11.4 and 15.3 mg/kg dw, respectively, in whole bodies after 

administration of the three doses listed above. The present study detected elevated levels 

of Se in the whole bodies of juvenile rainbow trout after 60 days.  In another laboratory 
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study, juvenile fathead minnow fed a spiked selenomethionine diet of 5.4, 9.9 and 26.5 

mg/kg dm (dry mass) of Se for 60 days had whole body measurements of 6.6, 9.4 and 

18.9 mg/kg dm, respectively (McPhee and Janz, 2014). The juvenile rainbow trout in the 

present study accumulated Se through a prey diet of Lumbriculus worms that was 

comparable to other studies that used Se-spiked pellets. Using a prey diet may provide an 

advantage to Se-spiked pellets as it is a more environmental realistic exposure. A 

significant advancement for the present study is that a relatively large dynamic range of 

whole body Se levels were achieved, and the two lower feeding treatments of Se used fell 

below the USEPA guidelines and the two higher doses exceeding the guidelines. This 

provides the opportunity to compare biological responses both below and above a 

recommended threshold and to determine if the current guidelines are protective of 

juvenile rainbow trout.  

 

Fish from aquatic environments high in Se concentrations also accumulate Se.  Thus, 

laboratory studies can reflect exposures in the natural environment.  For example, fish 

collected downstream of uranium mining operations in northern Saskatchewan 

accumulated Se (Muscatello et al., 2008 ). Total Se from David Lake (reference site) and 

Delta Lake (exposure site) was measured at <0.1 and 0.7 µg/L, respectively. At the 

reference site, spottail shiners (Notropis hudsonius) and juvenile pike (Esox lucius) had 

low levels of Se in the whole body, measured at 0.87 and 0.78 µg/g dw, respectively. At 

the exposure site, whole body Se concentrations in the shiners was 15.9 mg/kg dw and 

17.0 mg/kg dw in juvenile pike.  Similarly, rainbow trout and brook trout collected from 
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streams impacted by coal mining in Alberta, Canada also had high levels of Se (Miller et 

al., 2009). Total Se concentration in the Gregg River and Luscar Creek measured 3.9 and 

24.6 µg/L, respectively. Rainbow trout and Brook trout muscle Se measured between 1.4 

- 4.4 mg/kg Se ww from these coal-impacted streams. The higher whole body Se 

concentrations measurements collected in the current study are similar to those at 

impacted sites in uranium mines.  As such, the whole body Se concentrations presented 

herein are environmentally relevant levels in fish. 

4.2 Growth changes in rainbow trout exposed to selenium 

Rainbow trout fed 20 and 40 mg/kg dw Se (nominal dose) in this study had decreased 

weight and fork length.  Reduced weight and length in Se exposed fish is consistent with 

other feeding studies in rainbow trout. Rainbow trout fry exposed to 99.5 µg/L of sodium 

selenite for 90 days showed a decrease in total length and weight, while rainbow trout 

exposed to 7.8, 12.4, 21.0 and 47.2 µg/L showed no change in growth (Hunn et al., 

1987). Vidal et al., (2005) measured weight and fork length at the 60 day and 90 day time 

points in larval rainbow trout. Larval rainbow trout fed dietary doses (4.6 and 12.0 mg/kg 

dw dietary selenomethionine) for 90 days had decreased weight and fork length; however 

larval rainbow trout fed a higher dose of 18.0 mg/kg dw dietary selenomethionine had 

unchanged weight and fork length (Vidal et al., 2005), demonstrating that lower doses of 

Se can exert effects in the absence of impacts at higher doses. The current study did not 

detect any effect of Se on body weight and length at measured worm concentrations < 10 

mg/kg dw (nominal dose). Vidal et al. (2005) also reported that at the 60 day time point, 

none of these fish showed a change in weight or fork length and a longer duration of 
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exposure was potentially needed to observe effects on growth. In another study, rainbow 

trout fed a diet supplemented with 13.1 mg/kg dw of sodium selenite had decreased body 

weight after a 20 week exposure (Hilton et al., 1980).  However, in other fish, Se can 

stimulate the growth axis. Treatment with dietary selenomethionine resulted in an 

increased weight and total length in juvenile European sturgeon (Huso huso) following an 

8 week exposure (11.6 and 20.3 mg/kg Se dw) (Arshad et al., 2011). In general, it appears 

as though Se has a negative effect on growth in rainbow trout. However, the effects of Se 

across fish species are equivocal, as some studies report an increase, while others report 

no change or a decrease in growth. This suggests that Se affects growth in a species 

dependent manner. Table 6 provides a summary of the growth-related effects of 

laboratory Se exposures. 

 

This study also found that, following a 60 day dietary exposure to 5 and 40 mg/kg dw Se 

(nominal dose), condition factor was decreased in rainbow trout. Similarly, juvenile 

splittail (Pogonichthys macrolepidotus) showed a decrease in condition following a 

dietary exposure of selenomethionine (26.0 and 57.6 mg/kg dw Se) for 5 months (Teh et 

al., 2004).  However, as was the case with measures of body size, there can be variable 

responses in condition factor following Se exposure. For example, in contrast to the 

present study, female adult rainbow trout showed an increase in condition factor after a 

dietary exposure to selenomethionine at 8.5 mg/kg dw (Wiseman et al., 2011) and 

juvenile fathead minnow showed an increase in condition factor following a 60 day 

dietary selenomethionine exposure at doses of 5.4, 9.9, and 26.5 mg/kg dw (McPhee and 
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Janz, 2014). Adult zebrafish had increased condition factor following a dietary 

selenomethionine exposure of 9.8 and 27.5 mg/kg dw for 90 days (Thomas et al., 2013). 

In another study, adult zebrafish that were fed 9.6 and 26.6 mg/kg dw selenomethionine 

for 90-100 days showed no change in condition factor (Thomas and Janz, 2011). Thus, 

there may be other variables that are driving responses in condition, similar to growth, 

with Se dietary uptake studies.  For example, one of the main differences across studies 

was the dietary exposure regime. Thomas et al., (2013) fed fish twice daily at 5% body 

weight for 90 days while Thomas and Janz (2011) fed fish twice daily at 5% body weight 

for 60 days, followed by 2.5% equal portions for 30-40 days. This suggests that changes 

in condition in adult zebrafish may be sensitive to the dietary exposure regime as opposed 

to the Se dose they are fed.  Although the current study found a difference in condition 

factor at two dietary doses, these difference were small and represented a 5% and 7 % 

decrease in total condition (5 and 40 mg/kg dw Se nominal dose, respectively). These 

decreases are not significant enough in magnitude to trigger governmental action as the 

Environmental Effects Monitoring Program in Canada sets the critical effects size for 

condition factor at 10% (Environment Canada, 2003; Munkittrick et al., 2009). However, 

changes in condition, and growth related endpoints in general, could have an ecological 

impact and this is perhaps especially important for growing juveniles. 



 

 

 

 

6
4
 

Table 6. A summary of the effects of laboratory Se exposures on growth in fish and this includes both dietary and waterborne 

exposures. Studies are presented in chronological order with this study presented first as a comparison. Length is either fork length or 

total length depending on the study. In general, it appears as though rainbow trout respond to Se with decreased growth. Horizonal 

arrows indicate no change in the endpoint, and the dash indicates no data. 

 

Study Species Exposure 

time 

Measured dose / 

exposure 

concentration 

Weight Length Condition factor 

This Study 

 

Juvenile 

Rainbow 

Trout 

60 days 7.1 mg/kg dw ↔ ↔ ↓ 

10.7 mg/kg dw ↔ ↔ ↔ 

19.5 mg/kg dw ↓ ↓ ↔ 

31.8 mg/kg dw ↓ ↓ ↓ 

Hilton et al., 

1980 

Rainbow 

Trout 

140 days (20 

weeks) 

0.2-3.7 mg/kg dw ↔ - - 

13.1 mg/kg dw ↓ - - 

Hunn et al., 

1987 

Rainbow 

Trout Fry 

90 days 7.8 µg/L - 47.2 µg/L ↔ ↔ - 

99.5 µg/L ↓ ↓ - 

Vidal et al., 

2005 

Larval 

Rainbow 

Trout 

90 days 4.6 mg/kg dw ↓ ↓ - 

12.0 mg/kg dw ↓ ↓ - 

18.0 mg/kg dw ↔ ↔ - 

Wiseman et 

al., 2011 
Adult 

Rainbow 

Trout 

126 days 8.5 mg/kg dw ↑ ↔ ↑ 

Thomas and 

Janz, 2011 

Adult 

Zebrafish 

90-100 days 3.7 mg/kg dw ↑ ↑ ↔ 

9.6 mg/kg dw ↔ ↑ ↔ 

26.6 mg/kg dw ↑ ↑ ↔ 
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Arshad et al., 

2011 

Juvenile 

European 

Sturgeon 

56 days (8 

weeks) 

2.4 mg/kg dw ↔ ↔ ↔ 

3.0 mg/kg dw ↔ ↑ ↓ 

5.4 mg/kg dw ↔ ↑ ↓ 

11.6 mg/kg dw ↑ ↑ ↔ 

20.3 mg/kg dw ↑ ↑ ↔ 

Masse et al., 

2013 

Adult 

Zebrafish 

14 days 10.3 µg/L ↔ ↔ ↔ 

87.30 µg/L ↔ ↔ ↔ 

Thomas et 

al., 2013 

Adult 

Zebrafish 

90 days 3.4 mg/kg dw ↔ ↔ ↔ 

9.8 mg/kg dw ↔ ↔ ↑ 

27.5 mg/kg dw ↔ ↔ ↑ 

McPhee and 

Janz, 2014 

Juvenile 

Fathead 

Minnow 

60 days 5.4 mg/kg dw ↔ ↔ ↑ 

9.9 mg/kg dw ↔ ↔ ↑ 

26.5 mg/kg dw ↔ ↔ ↑ 

Teh et al., 

2014 

Juvenile 

Sacramento 

Splittail 

252 days (9 

months) 

6.6 mg/kg dw ↔ ↔ ↔ 

16.6 mg/kg dw ↔ ↔ ↔ 

26.0 mg/kg dw ↓ ↓ ↓ 

57.6 mg/kg dw ↓ ↓ ↓ 
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4.3 Glycogen and triglyceride storage changes in rainbow trout exposed to selenium 

Glycogen and triglycerides are used as energy for locomotion, growth and reproduction 

in addition to other physiological processes. In this study, there was evidence that 

glycogen and triglyceride stores were disrupted following Se treatments in juvenile 

rainbow trout. Hepatic glycogen was decreased by 16% in fish fed 10 mg/kg dw Se 

(nominal dose) but did not change in fish fed 5, 20 and 40 mg/kg dw Se (nominal dose). 

Studies report both increases and decreases in glycogen levels following Se exposure, 

and there may be physiological differences (i.e., energy storage capacity or metabolic 

demands) among fish that may influence their response to Se. Similar to this study, 

juvenile fathead minnows exposed to dietary selenomethionine (5.4-26.5 µg/g dw) for 60 

days showed a decrease in whole body glycogen, consistent with the decrease observed 

here in the liver of rainbow trout (McPhee and Janz, 2014). Conversely, adult female 

rainbow trout fed 8.5 mg/kg dw selenomethionine for 126 days showed no change in 

hepatic glycogen (Wiseman et al., 2011). It should be noted that in the present study, 

glycogen levels decreased in individuals in the 10 mg/kg dw Se (nominal dose) group 

while it remained unchanged in the other treatment groups. In a waterborne study, adult 

zebrafish exposed to 10.0 and 100.0 µg/L selenite for 14 days showed no changes in 

whole body glycogen levels (Masse et al, 2013). Lastly, studies in adult zebrafish fed 

selenomethionine reported varied responses with glycogen, with one study reporting an 

increase (Thomas and Janz, 2011) and another study reporting no change (Thomas et al., 

2013) in whole body glycogen concentrations. Overall, there is a disruption in glycogen 

levels in fish exposed to Se. 
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Hepatic triglycerides decreased in rainbow trout fed the highest doses of 20 and 40 mg/kg 

dw Se (nominal dose) but did not change in fish fed the lower doses of Se. Hepatic 

triglycerides were decreased by 27% and 26% compared to the control fish for the 20 

mg/kg and 40 mg/kg dw Se (nominal doses), respectively. Under wintering conditions, 

juvenile fathead minnow showed a decrease in whole body triglycerides after exposure to 

effluent containing Se (Driedger et al., 2010). However, under summer conditions, these 

fish showed no change in triglycerides. This suggests that physiological responses to Se 

are also dependent upon seasonal demands on metabolism. In contrast to studies that 

report a decrease, juvenile fathead minnow fed 5.4 mg/kg dw selenomethionine showed 

increased whole body triglycerides while fathead minnows fed 9.9 and 26.5 mg/kg dw 

selenomethionine showed no change in whole body triglycerides (McPhee and Janz, 

2014). Other studies also report increases in whole body triglycerides in adult zebrafish 

exposed to Se via the diet (Thomas and Janz, 2011; Thomas et al., 2013). Variation in 

metabolic endpoints related to energy storage may reflect the fact that different life stages 

(juveniles vs. adult) can respond differently to Se exposure and toxicants in general. In 

addition, the majority of studies described above measured whole body triglycerides, and 

tissue specific responses can be masked when using the entire organism.  Species 

differences in sensitivity to Se have also been reported and influence biological 

responses. For example, Cutthroat trout (Oncorhynchus clarkii) have been reported to 

respond differently to Se toxicity in comparison to other fish and these trout showed no 

impact on reproductive endpoints at concentrations of Se that are toxic to other fish 

species (Kennedy et al., 2000).  This indicates that some species have a higher tolerance 

to Se exposure.  



 

68 

 

4.4 Molecular responses 

4.4.1 Transcriptomic analysis reveals changes in epidermal growth factor pathways  

To my knowledge, this is the first study to investigate the effects of dietary Se on the 

hepatic transcriptome. This provided a unique opportunity to compare gene expression 

responses to higher level endpoints, such as growth as well as glycogen and triglyceride 

storage. This approach identified a number of cell signaling pathways that were affected 

by Se on a transcriptomic level. One significant finding was that expression patterns in 

fish were related to the doses of Se administered, and there was a distinct grouping of 

individuals into low (0, 5, 10 mg/kg dw nominal dose Se) and high (20 an 40 mg/kg dw 

nominal dose Se) treatments. Thus, expression patterns were sensitive to the dose of Se.  

Below, I discuss some of the major biological themes affected by Se treatments at the 

molecular level. 

Cell signaling pathways involving growth factor pathways were preferentially increased 

by Se across the four doses. The growth factor pathways identified by GSEA included 

epidermal growth factor receptor pathways, insulin-like growth factor 1 receptor 

pathways, and vascular endothelial growth factor receptor pathway. In addition, a growth 

hormone receptor pathway was also increased in the 40 mg/kg dw Se dose (nominal 

dose). The response of these pathways were similar across Se doses. In fish fed the 5, 10 

and 40 mg/kg dw Se doses (nominal doses), growth pathways were up-regulated. In fish 

fed the 20 mg/kg dw Se dose (nominal dose), three pathways out of the five were up-

regulated while two pathways were down-regulated. Thus, the majority of cell signaling 

pathways involving epidermal growth factor receptors are up-regulated in response to 



 

69 

 

dietary Se. The multiple roles of epidermal growth factor receptor in rainbow trout liver 

have not been fully determined. In zebrafish, epidermal growth factor receptor has a 

relatively low expression level in the liver with the highest expression found in the gonad 

(Wang and Ge, 2004). The role of epidermal growth factor pathways in the liver, is 

however, more clear than in gonad. In mammals, epidermal growth factor pathways are 

involved in the stimulation of cell proliferation (Carpenter, 1987) and play a role in lipid 

regeneration (Scheving et al., 2014). Interestingly, dark skin (Dsk5) mice mutants have 

epidermal growth factor receptors that have a gain of function mutation that increases 

epidermal growth factor receptor kinase activity (Fitch et al., 2003). These Dsk5 mutant 

mice have increased epidermal growth factor receptor activity and have enlarged livers, a 

higher rate of cell proliferation, increased hepatic glycogen, and decreased hepatic 

triglycerides (Scheving et al., 2014). In the present study, Se is up-regulating epidermal 

growth factor receptor pathways, and this may affect liver size through cell proliferation, 

although the industry partner Nautilus Environmental did not record liver size in this 

study. Additionally, the up-regulation of this pathway may also be related to changes in 

hepatic glycogen and triglyceride stores as reported in mice (Scheving et al., 2014).  

 

In this study, an insulin-like growth factor 1 receptor pathway was increased in fish fed 5 

and 40 mg/kg dw Se (nominal dose) and was decreased in fish fed 20 mg/kg Se (nominal 

dose). In mammals, the insulin-like growth factor pathways are responsible for growth 

promoting effects (Froesch et al., 1985). The role of these pathways in fish are still under 

investigation, but insulin-like growth factor 1 pathway is one of the main regulators of 

muscle growth (Fuentes et al., 2013). Additionally, zebrafish embryos showed reduced 
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growth when insulin-like growth factor receptors were knocked down by morpholinos 

(Schlueter et al., 2007).  The current study reports a decrease in growth endpoints at the 

two highest Se doses. Thus, the insulin-like growth factor 1 receptor pathway may be 

increasing in expression as a response to impaired growth. It should be noted that, in the 

20 mg/kg dw Se dose (nominal dose), the insulin-like growth factor 1 receptor pathway 

was down-regulated but in the 40 mg/kg dw dose (nominal dose) it was up-regulated. 

Thus, this pathway may also be sensitive to the dose of Se administered and additional 

studies are needed to determine the relationship between this signaling pathway and 

growth in the presence of Se.  

 

A growth hormone receptor pathway was increased in rainbow trout fed 40 mg/kg dw Se 

(nominal dose). In both fish and mammals, the growth hormone receptor pathway is 

responsible for growth promoting effects. As an example, the body weight and length of 

rainbow trout injected with human growth hormone was higher than control groups 

(Fauconneau et al., 1997). In the present study, an increase in the growth hormone 

receptor pathway in response to Se exposure may be a compensatory response to the 

decrease in body weight. Moreover, growth hormone receptor also plays a role in 

glycogen and triglyceride storage.  In fish, growth hormone has been reported to increase 

lipase activity and increase plasma fatty acids (Sheridan, 1988). Growth hormone has 

also been shown to stimulate lipolysis, and the hydrolysis of triglycerides in rainbow 

trout livers in vitro (O’Connor et al., 1993). An in vitro growth hormone exposure to sea 

bream hepatocytes increased mRNA abundance of glycogen synthase, glucokinase, 

glucose-6-phosphatase and decreases glucose-6-phosphate dehydrogenase, and this 



 

71 

 

indicates that growth hormone may be increasing the glycogenic potential of liver cells 

(Leung et al., 2010). The up-regulation of growth hormone receptor isoform 1 following 

dietary Se in the current study may be a response to the decrease in hepatic glycogen and 

triglycerides levels.  Indeed, ovine growth hormone decreases glycolytic potential in the 

liver of rainbow trout (Alvarellos et al., 2005).  It is clear that there is a close relationship 

between growth hormone signaling and metabolism in the liver and this warrants further 

study to understand the mechanisms underlying Se toxicity in fish. 

4.4.2 Transcriptomic analysis suggest changes in lipid pathways 

In general, cell processes involving lipids were up-regulated in individuals from all Se 

doses. These cell processes included fatty acid metabolism, transport, import, export and 

LDL oxidation. These changes are noteworthy since triglyceride stores were decreased in 

fish treated with 20 mg/kg and 40 mg/kg dw Se (nominal dose). In the 10 mg/kg dw Se 

dose (nominal dose), transcripts involved in the process of triglyceride storage was 

increased by 19%. However, this was not the case for the two highest Se doses, 

suggesting that the decrease in triglycerides observed in those two groups may not be 

entirely due to changes in triglyceride storage capacity. Thus, it is hypothesized that 

decreased triglycerides in the liver may be related to triglyceride biosynthesis or 

utilization as opposed to their storage. 

Triglycerides are made from glycerol and three fatty acid chains.  In the present study, 

genes involved in long-chain fatty acid transport were increased as a group by 76% and 

50% in the 20 mg/kg dw Se dose and the 40 mg/kg dw Se dose (nominal doses), 

respectively. Therefore, increased expression of genes related to fatty acids may be a 
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response to low triglycerides in the liver. The role of fatty acid transport and its effects on 

triglycerides have not been fully determined in rainbow trout. In mammals, fatty acids are 

transported into the mitochondria matrix to be oxidized so they can be used to generate 

energy (Reddy and Hashimoto, 2001). In rats, it was observed that, when the activity of 

an enzyme involved in the shuttling of fatty acids into the mitochondrial matrix is 

increased, there is a concomitant decrease in triglycerides (Stefanovic-Racic et al., 2008), 

suggesting that the transport of fatty acids into the mitochondrial matrix is related to 

triglyceride content in the liver. In addition, Stefanovic-Racic et al. (2008) report that 

these increases were accompanied by increases in fatty acid oxidation. The present study 

observed that transcripts related to fatty acid oxidation were increased as a group by 21% 

and 9% in the 20 mg/kg dw Se dose and the 40 mg/kg dw Se dose (nominal doses), 

respectively. The up-regulation in long chain fatty acid transport and fatty acid oxidation 

pathways leads me to hypothesize that decreased triglycerides in the liver following Se 

treatment is a consequence of up-regulating long chain fatty acid transport to shuttle fatty 

acids into the mitochondrial matrix for energy.  Figure 12 proposes a model that 

synthesizes molecular pathways from this and other studies that may be related to hepatic 

triglycerides.  

Interestingly, individual targeted genes related to energy production and storage showed 

no difference between control fish and those treated with Se. These genes included those 

in the citric acid cycle, glycolysis, gluconeogenesis, the pentose phosphate pathway and 

fatty acid synthesis.  Transcript response were also not different with microarray analysis 

except for pck2 that had an increase in fold change in fish fed 40 mg/kg dw Se (nominal 

dose). Thus, molecular responses may include changes at the protein level and not at the 
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mRNA level. Similarly, in adult zebrafish fed selenomethionine, citrate synthase and 

fatty acid synthase were not affected in the liver (Thomas et al., 2013). However, in the 

same study in adult zebrafish, citrate synthase was significantly increased in the muscle 

of fish fed 9.8 µg/g dw selenomethionine, but fatty acid synthase showed no difference in 

this tissue. In contrast, rats fed 75 and 150 µg/g dw Se had an increase in steady state 

mRNA levels of fatty acid synthase in the liver (Mueller et al., 2008). This may indicate 

that changes in energy storage genes occur differently in mammals than they do in fish, 

and fish may require a higher Se dose to induce transcript changes in specific tissues. 
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Figure 12. A proposed model that synthesizes molecular pathways from this study, and 

those from the literature, and how they may be related to decreases in hepatic 

triglycerides. Growth Hormone pathways are hypothesized to increase lipolysis in the 

liver, which may increase long chain fatty acid transport into the mitochondria and 

decrease hepatic triglycerides. In the mitochondria, there may be an increase in fatty acid 

oxidation which generates energy. 
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4.4.3 Selenocysteine incorporation and oxidative stress 

An advantage of global expression analysis is that it allows for a more holistic view of 

the transcriptome. This approach facilitates the discovery of novel pathways that are 

responsive to Se and provides increased insight into new roles for Se that have yet to be 

determined. It is interesting to note that the cell process “selenocysteine incorporation” 

was increased by 14% at the transcript level in the 40 mg/kg dw Se dose (nominal dose). 

Selenocysteine is an important amino acid that is incorporated into the protein glutathione 

peroxidase (Rotruck et al., 1973). Altering the amount of selenocysteine may affect the 

function of selenoproteins such as glutathione peroxidase, a protein involved in the 

protection of oxidative damage. Thus, future studies may benefit from determining how 

much selenocysteine is present in proteins following exposures to Se. 

 

There is good evidence that oxidative stress is induced in fish following Se exposure 

(Palace et al., 2004; Miller et al., 2007; Lavado et al., 2012; Misra et al., 2012). The 

present study reports that the cell process “response to oxidative stress” was increased at 

the transcript level by 18% in the 5 mg/kg dw Se dose (nominal dose). This suggests that, 

at the lower Se doses, there is a response to oxidative stress.  However, it should be noted 

that in this study three isoforms of glutathione peroxidase 1(1a, 1b1 and 1b2) were 

unchanged in fish fed Se and the evidence is not very strong for oxidative stress as key 

transcripts did not change in expression.  Zebrafish fed Se also did not show altered 

glutathione peroxidase 3 (Benner et al., 2010). In contrast, in an immortal rainbow trout 

liver cell line, transcripts of three isoforms of glutathione peroxidase 1 and two isoforms 

of glutathione peroxidase 4 were increased in abundance when stimulated with organic 
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Se (Pacitti et al., 2013). Juvenile yellowtail kingfish (Seriola lalandi) fed 4.9, 9.6, 15.4 

and 20.9 mg/kg dw selenomethionine for ten weeks had higher glutathione peroxidase 

activity (Le and Fotedar, 2014). Studies suggest that there is a response in glutathione 

peroxidase following Se exposure, however, the present study shows no change in 

glutathione peroxidase 1 isoform transcripts. This may be due to the difference in 

isoforms, as this study only examined glutathione peroxidase 1 isoforms, and did not 

quantify all five known glutathione peroxidases found in some fish, such as zebrafish 

(Janz, 2012; Kryukov and Gladyshev, 2000). The tissue sampled may also explain 

differences in expression following Se exposure. For example Thomas et al. (2013) 

showed that citrate synthase mRNA abundance was altered in the muscle but not the liver 

of fish exposed to Se. A final point to make is that there can also be differences when 

measuring genes and proteins, and transcript abundance for glutathione peroxidase may 

not be affected as observed here, but protein activity can be changed following Se 

treatments as reported in Le and Fotedar (2014).    

4.5 Contributions to research and future direction  

This thesis provides an examination of different levels of biological organization 

including morphometrics, energy storage molecules (triglycerides and glycogen) and 

molecular endpoints, finding that fish fed doses of 20 and 40 mg/kg dw Se (nominal 

dose) for 60 days had decreased weight, length, and hepatic triglycerides compared to 

controls, and fish fed the 10 mg/kg dw Se (nominal dose) had lower glycogen levels 

compared to controls. This thesis also reports that fish exposed to dietary Se also had 

altered lipid and growth molecular pathways. Dietary Se appears to suppress growth at 
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these higher doses in juvenile rainbow trout. The decrease in growth following a dietary 

Se exposure may be a response to the changed lipid profile. Additionally, it is 

hypothesized that signaling pathways related to cell growth and cell proliferation 

increased at the transcriptome level to compensate for impaired growth. Although not 

measured in this study, thyroid hormones increase following a subchronic Se exposure 

(Miller et al., 2007). Selenium may be altering growth through changes in thyroid 

hormones as they are responsible for the regulation of metabolism. In addition, these 

growth pathways are also involved in regulating triglycerides in the liver (Figure 12). The 

increase in the epidermal growth factor receptor and growth hormone receptor pathways 

observed in Se exposed fish in the current study may be a molecular response to the 

decrease in triglycerides. In particular, an increase in growth hormone receptor pathway 

may increase lipolysis.   These pathways may be up-regulated to generate more energy 

through triglyceride utilization to maintain growth following a dietary Se exposure. A 

consequence of this may be the observed increases in the cell processes involved in long 

chain fatty acid transport and fatty acid oxidation. Long chain fatty acids might be 

transported into the mitochondrial matrix and oxidized to generate energy and may be 

indicative of increased triglyceride utilization. To test this hypothesis, studies should be 

conducted to measure intracellular fatty acid stores and fatty acid transporter activity. 

Additionally, the activity of enzymes involved in fatty acid oxidation in the mitochondria 

should be measured to confirm that fatty acids are being transported to generate energy. 

Regardless of any one single mechanism, this thesis provides novel insight into the 

molecular pathways that may be altered during Se exposure and describes how these 

pathways may be affecting triglyceride levels in the liver. 
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This study reported on whole body levels of Se that fall both below and above the 

proposed USEPA’s guidelines, which state that whole body Se should not exceed 8.1 

mg/kg dw Se in fish (USEPA, 2014). Even below these guidelines, we found that there 

can also be a decrease in fish condition factor and glycogen concentrations in whole 

bodies.  However, it should be noted that the decrease in condition factor does not meet 

the 10% threshold for action based on the Environmental Effects Monitoring Program in 

Canada (Environment Canada, 2003; Munkittrick et al., 2009). Thus, it is unlikely that, 

within Canada, this observation at a polluted mining site would trigger action. It should 

be noted that Canada does not have body burden guidelines for Se and only has a water 

quality guideline. Lemly (l992) suggest that a water quality guideline be combined with 

acceptable tissue level recommendations. At the transcript level, there was a higher 

number of differentially expressed genes at the two higher Se doses, suggesting that 

transcriptomics profiles may be positively associated with dose. However, growth and 

lipid pathways were identified in fish at all Se doses, suggesting that there are molecular 

responses at the lower Se doses but these may be more subtle than those at the higher 

doses of Se.  Thus, biological effects (i.e. body weight and length, triglycerides, numbers 

of DEGs) were more readily detectable at the two highest Se doses in which whole body 

concentrations were above the USEPA’s guideline.  However, caution should be taken as 

molecular changes were also observed at doses (5 and 10 mg/kg dw, nominal doses) 

below the new USEPA guideline, suggesting that for juvenile rainbow trout, these 

guidelines may not be protective. However, it is not known whether the molecular 
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changes at these lower doses would result in any significant impairment to fish at a 

population level. 
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