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Abstract 
The accumulated road pollution in tunnels is a source of contamination to the aquatic 

environment when tunnel wash water is released to recipient waters. Treatment facilities such 

as sedimentation ponds will remove most of the particle bound contaminants, but the 

discharge water nevertheless contains metals, PAHs and lower concentrations of a wide range 

of organic contaminants associated with roads and vehicles. These substances have the ability 

to cause harm in fish through effects such as oxidative stress, genotoxicity, compromised 

immunity and endocrine disruption. 

 

To determine the sub-lethal effects on fish exposed to tunnel wash water, a laboratory 

exposure study was set up and a field sampling campaign was conducted in a stream receving 

discharged tunnel wash water. The laboratory exposure study with stickleback (Gasterosteus 

aculeatus) and brown trout (Salmo trutta) was set up at the University of Oslo and fish were 

exposed for 10 and 25 days to filtered tunnel wash water from two tunnels, Granfoss and 

Nordby. Brown trout from the stream Årungenelva was sampled from two locations; 

upstream and downstream the outlet from Vassum sedimentation pond receiving effluent 

from the washes of three nearby tunnels.  

 

The level of PAH-metabolites in bile and EROD activity in gills was quantified in lab-

exposed stickleback and showed that stickleback metabolised pyrene and phnenanthrene to 

hydroxy-metabolites, and that EROD activity in gills was significantly increased on day 5 and 

10 of exposure. The transcriptional level of a selection of genes related to phase I metabolism 

and xenobiotic transport (CYP1A, ABCG2), heme synthesis (ALAS), phase II metabolism 

and oxidative stress (GST, GCS, GPx, MT), stress response (HSP70, HSP90), lipid 

metabolism (PPARγ) and endocrine function (VTG) was quantified in gill and liver of brown 

trout from both field and lab exposure. The results from the lab experiment showed that 

transcription of CYP1A and ALAS in gills increased following 25 days of exposure in both 

tunnel treatments, as did CYP1A, GST, HSP90 and VTG in liver tissue. In gill, ABCG2 was 

down-regulated and MT, GST, GCS and HSP90 up-regulated in brown trout exposed to either 

one of the tunnel treatments. GCS and HSP70 were up-regulated in liver following exposure 

to either one of the tunnel treatments. A more apparent effect on gene transcription was seen 

in the fish exposed to Nordby, reflecting the higher contaminant load in the Nordby tunnel 

wash water compared to Granfoss tunnel wash water. 
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In brown trout from Årungenelva, transcription of MT and HSP90 in gills, and CYP1A and 

HSP70 in the liver was higher in fish from the upstream compared to the downstream 

location. Transcription of GPx and PPARγ in liver was higher in fish from the downstream 

location. Even though few differences in transcription were seen between the two field 

locations, the transcription level in genes that responded to tunnel wash water exposure in the 

lab study was as high or higher in the field samples. This could indicate that brown trout from 

both locations in Årungenelva is under a continuous exposure to road related contaminants.  

 

The tunnel wash water caused induction of genes related to biotransformation of xenobiotics, 

heme synthesis, endocrine function, mitigation of oxidative stress and stress responses in fish. 

Even though transcriptional effects should only be seen as a response to exposure, not 

necessarily higher level effects, the increased EROD activity in stickleback gill confirms that 

tunnel wash water has the ability to cause sub-lethal effects on an enzymatic level in fish.  
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1!Introduction  
1.1! Background 
Traffic of cars and vehicles continues to increase in Norway, both in terms of passenger and 

freight transport.1 This traffic is a source of air and noise pollution, but also a major source of 

pollution to soil and water, mainly through runoff processes. Polycyclic Aromatic 

Hydrocarbons (PAHs), lead (Pb), copper (Cu), and zinc (Zn) are some of the most 

predominant contaminants in road runoff originating from combustion, oil loss and wear of 

brakes, tyres and asphalt (Napier, et al. 2008). Road runoff does however contain a wide 

range of other contaminants as seen in table 1. The amount of particles and contaminants on 

the road depends on the amount of traffic, quality of the road surface, quality and type of fuel 

and vehicle, the use of studded tires and frequency of rain events (Amundsen and Roseth 

2004).  

 

Inside a tunnel this pollution will accumulate over time. Dust, exhaust and particles create 

poor air-quality and visibility, and oil spills might decrease tyre grip on the road. Therefore 

tunnels are washed regularly, i.e. 1-12 times per year dependent on traffic load measured as 

annual average daily traffic (AADT). A tunnel wash starts with a sweeping truck removing 

dust and particles. This is followed by either high- or low-pressure wash of walls, signs, 

lighting and road surface in a “half wash”, and includes wash of technical equipment in a 

“total wash”. If detergent is applied, it is required to be degradable and environmentally 

friendly. A tunnel wash event of a four-lane, dual bore tunnel can result in the use of 100 000 

litres of water per km (Meland 2012b). Due to the accumulation of contaminants in a tunnel 

between wash events, this water is far more polluted than runoff from open roads. In most 

parts of Norway the tunnel wash water is more or less directly released into the nearest 

recipient. As of 2008 the Norwegian Public Roads Administration (NPRA) includes 

treatment facilities for road runoff and tunnel wash water in new road constructions based on 

an evaluation of the vulnerability of the recipient. There are about 160 such treatment 

facilities in Norway, mostly applied to highway roads expected to have vehicle frequencies of 

more than 8000-10 000 AADT. Only a few of these are in relation to some of the 1000 

tunnels in Norway. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1!http://www.ssb.no/transportQogQreiseliv/statistikker/transpinn/aar/2014Q07Q03#content!
Accessed!02.05.2015!
!
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Table 1. Contaminants found in road runoff and their sources. Table modified after (Meland 2010), detailed 

references can be found in Meland (2010) and Åstebøl, et al. (2011) 

Abbreviations: Ag=silver, Al-aluminium, Ba=barium, BTEX=benzene, toluene, ethylbenzene and xylenes, 

Ca=calcium, Cd=cadmium,Cl=chloride, Co=cobalt, Cr=chromium, Cu=copper, DEHP=di(2)ethylhexyl 

phthalate, DINP=di-isononyl phthalate, DIDP=di-isodecyl phthalate, K=potassium, Mg=magnesium, 

Mn=manganese, Mo=molybdenum, MTBE=methyl tert=butyl ether, Na=sodium, Ni, nickel, Pb=lead, Pd, 

palladium, Pt=platinum, Rh=rhodium, Si=silicon, Sr=strontium, Ti=thallium, Zn=zinc. 

 

Sedimentation ponds are the most frequently used treatment solution in Norway. They are 

either enclosed in the tunnel construction as a basin or constructed as open ponds and consist 

of an inlet, two basins divided by a weir, and an outlet (Meland 2012b). Particle bound 

contaminants will sediment. As an example, in Skullerud sedimentation pond the treatment 

efficiency for suspended solids, total PAH, Pb, Cd, Cu and Zn was estimated to be 85%, 

86%, 76%, 60%, 58% and 71% respectively (Vollertsen, et al. 2007). Retention time in the 

Source Contaminant 
Vehicle Brakes 

 
Tires (incl.studded tires) 
 
 
 
Catalytic converters 
 
Vehicle body 
 
Combustion 
 
 
Oil and petroleum spill, dripping, 
used lubricant oil 

Ba, Cu, Fe, Mo, Na, Ni, Pb, Sb 
 
Al, Zn, Ca, Cd, Co, Cu, Mn, Pb, W, 
hydrocanbons, PAH (pyrene, fluoranthene, 
benzo(ghi)perylene) 
 
Pt, Pd, Rh 
 
Cr, Fe, Zn (steel) 
 
Ag, Ba, Cd, Cr, Co, Mo, Ni, V, Sb, Sr, Zn, 
PAH (naphthalene), MTBE, BTEX 
 
PAH 

Non-vehicle Road surface (asphalt, bitumen) 
 
 
De-icing and dust suppression 
 
 
Road equipment (e.g. guardrails, 
traffic signs etc.) 
 
Detergents used in tunnel wash 
 
Vegetation control 

Cr, Ni, Al, Ca, Fe, K, Mg, Na, Pb, Si, Sr, 
Ti, PAH 
 
Ca, Mg, Na, Cl, ferro-cyanide (anticaking 
agent) 
 
Zn (galvanised steel) 
 
 
Tensides, nonylphenols 
 
Herbicides 

Not categorised, found in sediments  Phthalates (DEHP, DINP, DIDP), 
organophosphates (TEHP, TCrP, TBP, 
TBEP), THC, TBBPA, PBDE, MBT, DBT 
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pond will influence the degree of purification and for open basins this will be affected by 

precipitation (Lundberg, et al. 1999). In terms of tunnel wash water, the use of detergent and 

surfactant during cleaning will remove more of the pollution, but also greatly increase the 

fraction of dissolved contaminants and their bioavailability (Ramachandran, et al. 2004;Stotz 

and Holldorb 2008). Even though it is required to be biodegradable, the detergent itself may 

also cause acute toxicity in organisms in the recipient. 

 

Even though sedimentation ponds remove a high percentage of contaminants in tunnel wash 

water, what is removed is mostly bound to particles and thus less bioavailable in the first 

place. The dissolved and bioavailable contaminants may flow through the sedimentation 

pond and discharge to the recipient waters. It is the effects on biota connected to this fraction 

of contaminants in tunnel wash water that is targeted in this thesis. 

  

Naphthalene, acenaphtylene, acenaphthene, phenanthrene and fluorene are low-molecular-

weight (LMW) PAHs typically found in road pollution originating from oil spills and wear of 

road surface. The concentrations of these PAHs will be largely unaffected by sedimentation 

processes and maintained at the outlet of a sedimentation pond due to their low KOW (Neary 

and Boving 2011). Combustion of diesel and gasoline will produce a range of PAHs mainly 

consisting of high-molecular-weight (HMW) 4-5 ring structures (Lima, et al. 2005) such as 

pyrene, chrysene, fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(ghi)perylene, 

benzo(b)fluoranthene and indeno(1,2,3=cd)pyrene. These have higher affinity for particles 

and are less water-soluble than LMW PAHs, but measurable concentrations may still be 

present at the outlet of sedimentation ponds (Meland, et al. 2010a). PAHs appear in complex 

mixtures and the type of PAHs produced with emissions depend on type of fuel, fuel/air ratio, 

type of engine, speed, and temperature of combustion (Ravindra, et al. 2008). 

 

Due to the lipophilic nature of PAHs they are readily taken up through the lipid bilayer of 

membranes such as gills in fish where they can exert their toxicity (Logan 2007). 

PAHs are known to be both acutely toxic and carcinogenic. For example, acute toxicity is 

mostly associated with LMW PAHs and carcinogenicity will generally increase with size and 

number of rings. Mechanisms behind PAH toxicity is the covalent binding of metabolites to 

cellular macromolecules like DNA, RNA and proteins causing cellular damage, mutagenesis 

and teratogenic effects (Manzetti 2013). 
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The routes of uptake of metals in fish are either through metal specific carriers, via active ion 

transporters such as Na/Ca channels or by diffusion through membranes in either gills or 

intestinal tract. Mechanisms for uptake of metals and ions are present to ensure a sufficient 

concentration of essential metals and ions in organisms. These uptake mechanisms are also 

the route of uptake of non-essential and potentially harmful metals. Divalent metal such as 

Zn, Cu, Pb, Cd, Sr and Co may pass through calcium channels, uptake of monovalent metals 

like Ag and Cu (after reduction) may be facilitated through sodium channels or specific 

transporters for essential metals (Wood 2011). The bioavailability of metals in an aquatic 

environment depend on speciation and particle size of the metal and complexation with other 

particles, ions and organic matter, this again is affected by pH, content of organic matter, 

ionic strength and temperature (Fairbrother, et al. 2007;Chapman 2008). Competition for 

uptake in the gills is higher with increased concentrations of metals and ions in solution, and 

ions such as Na, Ca and Mg will compete with Pb, Zn and Cd for uptake through Na+ and Ca 

transporters (Niyogi and Wood 2004).  

The biotic ligand model (BLM) is developed to predict toxicity of metals to aquatic 

organisms by viewing the site of uptake in an organism as a biotic ligand. In fish this will 

mainly be in the gills. BLM integrates the concentration of other metal ions in solution, 

complexation with dissolved organic matter (DOM) and inorganic ligands as competitors for 

binding of metal to the biotic ligand (Di Toro, et al. 2001).  

Competition with essential metals in uptake, inhibition of cellular function, production of 

ROS by transition metals through Fenton reactions and the inflammatory effect of metals in 

gills leading to inhibition of gas exchange are amongst the most important mechanisms of 

metal toxicity (Stohs and Bagchi 1995;Wang, et al. 2004;Pyle and Couture 2011) 

 

Effects of exposure to road runoff and tunnel wash water have been found in fish, daphnia, 

algae and bacteria (Baun, et al. 2001;Kumar, et al. 2002;Kayhanian, et al. 2008;Meland 

2010). The magnitude of effects varied widely from acute toxicity to no effects depending on 

the species involved, particle size and abundance and distance of sampling from the source. 

In some cases the fauna of ponds and streams receiving road runoff has been observed to 

change towards a higher abundance of toxicity-tolerant or smaller short-lived invertebrates. 

Bioaccumulation of heavy metals in benthic invertebrates and frogs was observed in several 

studies (Le Viol, et al. 2009;Damsgård 2011;Vollertsen, et al. 2012) and a reduction in size 

of juvenile brown trout in the stream Årungenelva has been observed downstream the outlet 

of Vassum sedimentation pond (Meland, et al. 2010a).   
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A safe, effective and environmentally friendly transport system is pursued by the Norwegian 

Public Roads Administration (NPRA) through their sectorial responsibility2. Nordic Road 

Water (NORWAT) is a research and development initiative by NPRA to meet the demands 

of their sectorial responsibility and the water regulation3. The main goal of NORWAT is to 

evaluate when and how road water should be treated by gaining knowledge about how road 

pollution affect the aquatic environment and what measures can be taken to reduce the risk of 

environmental damage (Vikan, et al. 2012). This thesis is a part of NORWAT and of 

evaluating how tunnel wash water affect the aquatic environment in recipient waters. 

 

1.2! Experimental conditions 
Effects of tunnel wash water in recipient water can be investigated through a number of 

methods from in situ monitoring to controlled laboratory studies. In situ monitoring can 

comprise investigation of species composition, contaminant concentrations in indicator 

organisms, biomarker responses or evolved resistance in response to pollution in organisms 

present in the recipient. These methods capture a realistic picture of the recipient condition 

and the impact of contaminant exposure. At the opposite end are laboratory experiments with 

single species and single contaminants that may reveal mechanisms behind the toxicity. 

Caging- and mesocosm-experiments is a cross between the two and provides a better control 

with the conditions than in situ monitoring and more realistic conditions than pure laboratory 

experiments. This thesis is based on the quantification of biomarker responses in brown trout 

(Salmo trutta) and threespine stickleback (Gasterosteus aculeatus) exposed to filtered tunnel 

wash water in a laboratory experiment combined with quantification of biomarker responses 

in field samples of brown trout from the stream Årungenelva, where water from Vassum 

sedimentation pond is released. The lab experiment makes it possible to control confounding 

factors such as feeding regime, temperature, light periods and pH, and to establish a control 

group to separate confounding effects from the effects of the tunnel wash water itself. The 

field samples enable verification of the results from the lab experiment and testing their 

realism. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Accessed 02.05.2015: 

https://www.regjeringen.no/globalassets/upload/sd/vedlegg/etatsinstrukser/instruks_svv_15mars2011.pdf 
3Accessed 02.05.2015: 

 https://lovdata.no/dokument/SF/forskrift/2006-12-15-1446 
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Brown trout is a widely distributed species in Norwegian waters and is an anadromous 

species that spawn in freshwater streams. Brown trout have a complex distribution where part 

of the population migrates to either freshwater lakes or seawater (sea trout) during summer 

and return to their birthplace in the autumn to spawn or overwinter depending on stage of 

maturity. The sea trout smoltify and migrate to seawater at age 1-7 and mature as two or three 

year olds. Stationary brown trout are often male and mature earlier than the migrating trout 

(Johnson and Finstad 1995). Because of its distribution brown trout is an ecologically 

relevant species when quantifying the effects of tunnel wash water. The thoroughly 

investigated biology and physiology of Salmonides (Johnson and Finstad 1995;Klemetsen, et 

al. 2003), its sensitivity to pollution (Rodriguez-Cea, et al. 2003), size and availability 

through hatcheries make juvenile brown trout a suitable species for laboratory experiments.  

 

Stickleback is also a well-studied and abundant fish species in Norway. The threespine 

stickleback is a small anadromous and euryhaline fish found in streams, lakes and costal 

areas. It is robust to changes in salinity (Taugbøl, et al. 2014), handling and transport, and 

viewed as relatively robust to environmental pollution, but shows responsiveness in a wide 

range of biomarkers related to endocrine disruption, oxidative stress and xenobiotic 

metabolism (Andersson, et al. 2007;Sanchez, et al. 2007). Together with the ease of keeping 

them in aquariums and laboratories this makes stickleback a useful sentinel species in water 

quality assessment with a potential to connect knowledge gained from laboratory experiments 

with field observations (Katsiadaki, et al. 2007). 

 

The organs most likely to be affected by exposure to tunnel wash water in fish are 

presumably gill and liver. The primary functions of gills are gas exchange, regulation of ion 

homeostasis, nitrogenous waste and blood pH. The gill is a large exposed surface and is 

perfused by the total cardiac output with only an epithelial layer between the aquatic 

environment and the bloodstream (Evans, et al. 2004). As well as contributing to an ease of 

ion and gas exchange, this contributes to rendering the gills the most important site of entry 

for aquatic contaminants in fish. Liver is the main organ of metabolic activity and the 

primary site for detoxification and biotransformation in fish. The liver receives a large 

quantity of blood that has passed by the gut and is thus the first encounter after uptake 

through the intestines. It is involved in processes including metabolism and storage of lipids 

and carbohydrates, synthesis of vitellogenin and detoxification and excretion of xenobiotics 
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(Brusle and Anadon 1996). The degree of blood-perfusion, its position prior to dilution in the 

systemic blood circulation and its function in biotransformation makes the liver a vulnerable 

organ to xenobiotic toxicity.  

 

1.3! Biomarkers 
Biomarkers are defined as measurements of interactions between a biological system such as 

a fish and a potential chemical, physical or biological hazard. The change in biological 

response can be measured in various organs of the fish or in its urine, bile or faeces and the 

purpose is to discover early biological effects of exposure before the onset of higher-level 

potential adverse effects (Van der Oost, et al. 2003).  

 

Some of the most well known and used biomarkers in ecotoxicology are responses to 

exposure measured in protein concentration or enzyme activity related to cellular defence 

against contaminants. Quantification of change in expression of genes coding for the proteins 

and enzymes involved has become more common (Ginzinger 2002). The responses involved 

are often activated by binding of a ligand to a receptor that again binds to specific DNA 

sequences and promote transcription of an mRNA sequence that further can be translated to 

synthesise a functional protein involved in the defence against the ligand (Piña, et al. 2007). 

The change in gene expression and amount of mRNA transcribed will therefor be related to 

the magnitude of the response. With the development of quantitative real time reverse 

transcription polymerase chain reaction (RT-cPCR), analysis of gene expression has become 

an efficient way to assess multiple responses to exposure. It should be noted that mRNA 

transcripts show only a snapshot of this response and post-transcriptional mechanisms will 

interfere with the biological consequence of mRNA levels (Nolan, et al. 2006). Gene 

expression analysis should thus be verified through protein levels or enzyme activities to 

establish the toxicological relevance of the results. 

 

The biomarkers used in this thesis are the quantification of metabolites in stickleback bile 

samples, enzyme-activity in stickleback gill samples and transcription of mRNA of a selected 

set of genes in brown trout gill and liver. Figure 1 is an overview of some of the common 

mechanisms and a few of their interconnections that can be involved in the response to tunnel 

wash water exposure in fish, and is focused around the genes quantified in this thesis. 
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Once taken up into a cell, lipophilic xenobiotics such as PAHs may be subjected to enzymatic 

biotransformation. This renders the molecule more hydrophilic and enhances excretion. The 

first step, phase I metabolism involves oxidation, reduction, hydrolysis or hydration. The 

major group of phase I enzymes are cytochrome P-450 enzymes (CYP) located mainly in the 

endoplasmic reticulum and is found in all tissue with main activity in the liver. This is a 

family of heme proteins that catalyse oxidation reactions where an oxygen-atom is being 

added to the molecule and creating a polar hydroxyl group (Stegeman and Hahn 1994). The 

most important CYP enzyme in detoxification of planar organic contaminants in fish is 

CYP1A. Transcription of CYP1A is induced by the presence of planar aromatic compounds 

via the aryl hydrocarbon receptor (AhR) (Billiard, et al. 2002). Even though CYP1A 

generally functions as a detoxification system it can produce epoxides that are more reactive 

than their parent compounds and thus contribute to toxicity (Padros and Pelletier 2000).  
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Figure 1. A view of selected genes and mechanisms involved in the cellular response to metals (M), polycyclic 

aromatic hydrocarbons (PAH) and other organic pollutants such as tensides and plasticisers that have been 

detected in tunnel wash water. This shows only a small part of the interactions that can occur in a cell when 

exposed to xenobiotics. Transcribed genes selected for gene expression in this thesis are marked in yellow. 

Receptors, response factors and responsive elements; AhR, Aryl hydrocarbon Receptor; ARE, Antioxidant 

Response Element; ARNT, Aryl Hydrocabon Nuclear Translocator; CRE, cAMP Response Element; CREB, 

cAMP Response Element Binding protein; DRE, Dioxin Response Element; ER, Esterogen Receptor; ERE, 

Esterogen Responsive Element; HSF, Heat Shock Factor; HSRE, Heat Shock Response Element; MRF, Metal 

Response Element; MRE, Metal Response Element; PPAR, Peroxisome Proliferator Activated Receptor; 

PPRE, Peroxisome Proliferator Response Element; RXR, Retionoid X Receptor. Transcribed genes; ABC, 

ATP Binding Cassette protein; ALAS, δ-AminoLevulinic Acid Synthase; CYP1A, Cytochrome P-450 1A; 

GCS, γ-GlutamylCystein Synthethase; GST, Glutahione-S-Transeferase; GPx, Glutathione Peroxidase; HSP, 

Heat Shock Proteine; MT, Metallothionein; PPAR, Peroxisome Proliferator Activated Receptor; VTG, 

Vitellogenin. 
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Phase II of biotransformation involves conjugation of hydroxylates or epoxides with a polar 

endogenous group such as glutathione, sulphate, amino acid or carbohydrate derivative. 

Glutathione (GSH) is one of the major conjugation molecules and is most abundant in liver 

cells. The sulfydryl group of GSH will react with electrophile molecules either from phase I 

reactions or other foreign compounds in an addition or substitution reaction before the 

conjugate is excreted via the bile (Deponte 2013). Glutathione conjugation can be an 

uncatalyzed chemical reaction, but it can also be catalysed by glutathione-S-transferase 

(GST). The rate limiting step of GSH synthesis is γ-glutamyl cysteine ligase (GCL) which is 

regulated by feedback inhibition (Wild and Mulcahy 2000)  

 

GSH is also an antioxidant and is reduced to GSSG by glutathione peroxidase (GPx) in the 

reduction of H2O2 and other peroxides to H2O (Meister and Anderson 1983).  

During normal cellular functions like cytochrome P-450 biotransformation and aerobic 

respiration, reactive oxygen species (ROS) that have unpaired electrons such as hydrogen 

peroxide (H2O2), hydroxyl radicals (!OH) and superoxide anions (O2
-!) are produced. ROS 

can oxidate enzymes, proteins, cause lipid peroxidation and lead to covalently binding of e.g 

epoxides with DNA, RNA and important cellular proteins. But an oxidizing environment is 

also useful such as in defence against pathogens and in signal mediation (Groeger, et al. 

2009;Forman, et al. 2010). To balance the production of ROS and thus prevent oxidative 

stress, extensive antioxidant mechanisms have been developed. 

 

Metallothionein (MT) is a cysteine rich protein that has the ability to sequester metals and 

maintain metal ion homeostasis, contribute to detoxification of metals and protection against 

oxidative stress (Ruttkay-Nedecky, et al. 2013). Transcription of MT is induced by metal 

ions, cytokines and oxidative stress through displacement of Zn from MT and binding of Zn 

to metal responsive factors (Sutherland and Stillman 2011). One major role of MT is 

regulation of intracellular concentration and distribution essential metals such as Zn and Cu 

(Ruttkay-Nedecky, et al. 2013). 

 

Another part of the cellular defence against oxidative stress is the folding of damaged 

denatured proteins and molecules affected by ROS. Heat shock proteins (HSP) are a family 

of proteins who´s normal function is folding and assembly of cellular proteins. They are 

induced by cellular stress and limit damage done by chemicals and oxidative stress by 
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refolding proteins. HSP90 and HSP70 are also involved in signal transduction in gene 

regulation by binding to nuclear receptors such as oestrogen receptor (ER) and aryl 

hydrocarbon receptor (AhR) and transcription factors (Picard, et al. 1990;Wickner, et al. 

1991;Sanders 1993).  

 

ATP binding cassette (ABC) proteins are ATP-driven trans-membrane proteins that transport 

molecules across cellular membranes. There are several families of ABC transporters with 

varying functions, ABCB, ABCC and ABCG are known to be involved in the efflux of 

xenobiotics (Dean and Annilo 2005) and they are localised in tissues that are functioning as 

barriers or involved in absorption and secretion (Ferreira, et al. 2014). ABC transporters have 

been found to be both first line of defence by preventing xenobiotics to enter the cell and to 

complement phase I and phase II reactions and by transporting metabolites and conjugates 

out of the cell to bile and kidney for excretion (Epel, et al. 2008). 

 

A wide range of pollutants has the ability to disrupt the endocrine system. They are 

collectively called endocrine disrupting chemicals (EDC) and many of the most well known 

EDCs are lipophilic substances with one or more phenyl rings. Detergents and plasticisers are 

well represented amongst EDCs (Kennedy, et al. 2013). A well-known marker of estrogenic 

endocrine disruption in fish is vitellogenin (VTG). VTG is an egg-yolk precursor protein 

(Wallace and Selman 1985) that can lead to feminization when induced in male fish or 

disrupt the development of oocytes if inhibited in female oviparous fish. Hormonal disruption 

can happen by very low doses (Pollack, et al. 2003), and disruption in the physiologically 

relevant range of oestrogenic activity can cause population-effects by disturbing reproduction 

(Welshons, et al. 2003). 

 

Organic contaminants such as PAHs, alkylphenols and phthalates are known to induce 

peroxisome proliferation in fish through peroxisome proliferator activated receptors (PPAR) 

(Melnick 2001;Cajaraville, et al. 2003). PPARs are involved in regulating lipid metabolism, 

oxyradical and energy homeostasis and has been linked to vitellogenesis (Levi, et al. 2009) 

and transcription of ABC proteins (Kota, et al. 2005). 

One!of!the!mechanisms!of!toxicity!through!peroxisome!proliferation!is!through!

increased!β-oxidation of fatty acids that generates H2O2 and can induce oxidative stress. 
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1.4! Aims and hypotheses 
The main aim of this study was to investigate sub-lethal effects on stickleback and brown 

trout exposed to tunnel wash water. The overall aim can be divided into several specific aims 

and hypotheses:  

 

Aim 1: Determine the concentration of PAH-metabolites in stickleback bile following 

exposure to tunnel wash water. 

H0 1.1 There is no difference in the concentration of PAH-metabolites in bile of stickleback 

between treatments on each sampling occasion. 

H0 1.2 The concentration of PAH-metabolites in stickleback bile does not change during 

exposure to tunnel wash water. 

 

Aim 2: Quantify the EROD activity in stickleback gills following exposure to tunnel wash 

water. 

H0 2.1 There is no difference in EROD activity in stickleback gills between treatments on 

each sampling occasion. 

H0 2.2 EROD activity in stickleback gills does not change during exposure to tunnel wash 

water. 

 

Aim 3: Quantify the effect of exposure to tunnel wash water on the expression of selected 

biomarker genes in brown trout gills and liver. 

H0 3.1 There is no difference in expression of selected genes in brown trout gill and liver 

between treatments on each sampling occasion in the exposure study. 

H0 3.2 The expression of selected genes in brown trout gill and liver within each treatment 

does not change during the exposure study. 

H0 3.3 There is no difference in expression of selected genes in gill and liver of brown trout 

caught upstream and downstream of the outlet from Vassum sedimentation pond in 

Årungenelva. 

 

The aims were addressed by setting up a laboratory exposure study with juvenile brown trout 

and stickleback exposed to four different treatments; control, positive control containing lead 

(Pb) and benzo(a)pyrene, filtered tunnel wash water from the Granfoss tunnel and filtered 

tunnel wash water from the Nordby tunnel.  
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A field-sampling event in Årungenelva was conducted to investigate the differences in gene 

expression in brown trout between the upstream and downstream location (previously linked 

to growth reduction (Meland, et al. 2010a)) and to validate the results of the exposure study. 

 

Selected genes were; ATP binding cassette protein G2 (ABCG2); δ-Aminolevulinic acid 

synthase (ALAS); Cytochrome P450 1A (CYP1A); γ-Glutamylcystein synthethase (GCS); 

Glutahione-S-Transeferase (GST); Glutathione Peroxidase (GPx); Heat shock proteine 70 

(HSP70); Heat shock protein 90 (HSP90); Metallothionein (MT); Peroxisome proliferator 

activated receptor (PPARγ); Vitellogenin (VTG). 
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2!Materials and methods 
 

2.1! Study sites 
Two tunnels were chosen for sampling of tunnel wash water, the Granfoss tunnel on ring 

road 3 in Oslo and the Nordby tunnel on E6 in Frogn (Fig.2.1). The Nordby tunnel has an 

AADT of 32 600 and is washed four times per year, whereas the Granfoss tunnel has an 

AADT of 30 150 and is washed ten times per year.  

 

 
Figure 2.1 Map of the area south of Oslo with the sampling locations. Right: Location of the Granfoss- and 

Nordby-tunnel. Left: A cut out from the area around the Nordby tunnel showing Vassum sedimentation pond 

that receives tunnel wash water from the Nordby, Vassum and Smiehagen tunnel, and the location of sampling 

stations in Årungenelva upstream (reference) and downstream the outlet from Vassum sedimentation pond. Map 

from www.norgeskart.no 

 

The field sampling campaign was conducted in the stream Årungenelva running from lake 

Årungen and into Bunnefjorden. Two locations were chosen, one upstream (reference) and 

one downstream of the outlet from Vassum sedimentationpond. Vassum sedimentation pond 

Vassum  
sedimentation pond 

Nordby tunnel 

Årungenelva,  
upstream location 

Årungenelva, 
downstream location 

Granfoss tunnel 

Nordby 

Vassum tunnel 

Smiehagen tunnel 
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receives tunnel wash water from the Nordby tunnel, the Smiehagen tunnel (AADT 38 290) 

and the Vassum tunnel (AADT 11300) as well as road runoff from proximate road 

constructions. The three tunnels connected to Vassum sedimentation pond are all washed four 

times per year, resulting in the sedimentation pond receiving discharged water from the 

sedimentation pond approximately once per month.  

 

2.2! Exposure study 
A 25-day semi-static exposure study with brown trout and stickleback was set up at the 

University of Oslo. The fishes were exposed to four different treatments in five replicates; tap 

water (control), tap water added 150 μg/L lead (Pb) and 1 μg/L!benzo(a)pyrene (BaP) 

(positive control), filtered tunnel wash water from the Granfoss tunnel (Granfoss) and filtered 

tunnel wash water from the Nordby tunnel (Nordby). 

 

2.2.1! Experimental animals and acclimation period  
Sticklebacks were collected using beach seine in Sætrepollen in the Oslofjord 28.11.2013.  

They were transported to the animal facility at University of Oslo (UiO) in bags filled with 

water from the fjord and cooled during transport. At UiO the sticklebacks were transferred to 

a 400L tank with aerated water with a salinity of 35. They were fed daily with red mosquito 

larvae. Acclimation to freshwater was done gradually in 4 steps over a 3 week period by 

replacing 50% of the saltwater with freshwater. 

 

Brown trout hatched in March 2013 was purchased from Bjørkelangen hatchery 16.11.2013. 

The fish were transported to the animal facility at UiO in bags with cooled water. At UiO 

brown trout were kept in a 750-L tank with flow-through freshwater and fed pellets 3 times 

per week until the acclimation period started. 

 

Acclimation to aquariums in the experimental setup started 3 weeks prior to start of the 

experiment. From then on brown trout were fed twice a week with boiled shrimp (≈1mm3 

cubes). Sticklebacks were fed red mosquito larvae every second day. 
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2.2.2! Sampling and preparation of tunnel wash water 
Three hundred and twenty litres of tunnel wash water was collected from the Nordby tunnel 

14.11.2013 and 340 L from the Granfoss tunnel 07.01.2014 (Fig. 2.1). Tunnel wash water 

was pumped from a drain by the tunnel, prior to dilution in recipient or sedimentation ponds, 

into 20 L plastic (High-Density Polyethylene) containers (Emballator Plast Mellerud). The 

sampled water was frozen at −20°C. 

 

To minimise confounding differences in water quality, water for the four exposure treatments 

was prepared in the same way. Tap water was used in the control and positive control 

treatment. Collected tunnel wash water was thawed. Water for each treatment was 

homogenised in 400 L tanks. In all treatments, pH was adjusted to 7.0 with hydrochloric acid 

(HCl) or sodium hydroxide (NaOH) and salinity was adjusted to 890!±!10!ppm by adding 

sodium chloride (NaCl). In addition, 150 μg/L lead (Pb) and 1 μg/L benzo(a)pyrene (BaP) 

(dissolved in DMSO; 1 μg/μl) was added to the positive control. Salinity- and pH-adjusted 

tunnel wash water was left to sediment over night. The adjusted treatment water was filtered 

to clean 20 L containers using a peristaltic pump and a 142 mm Filter Holder (Merck 

Millipore) with Whatman® Glass Micro Fiber Filters (pore-size 1.2 μm, Sigma-Aldrich). 

The 20 L containers with treatment water was frozen at -20°C and thawed in room 

temperature three days before use in the experiment. 

 

2.2.3! Experimental setup 
As depicted in figure 2.1, fully moulded glass aquariums (VWR; 20 L) were filled with 15 L 

treatment water. Four brown trout and 8 sticklebacks were kept in each aquarium separated 

by a Marina Fish net breeder (16x12.5x13 cm) to make sure sticklebacks were not preyed 

upon and that feed was given separately. All aquariums were equipped with an air diffusor 

connected to an APS 300 (Tetra Tec) air pump and with a Pick Up 45 (Eheim) filter pump to 

assure aerated water and circulation. Lids were held in place by stones to prevent brown trout 

from escaping. 

 

The aquariums were randomly distributed in water baths on two shelves, 12 on the top shelf, 

8 on the bottom shelf. The water baths had a continuous flow through of water at 6°C. This 

maintained a temperature of (mean ± S.D.) 8.1!±!0.9°C in all aquariums throughout the 
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exposure period. A 12:12 hour light:dark period was maintained throughout the acclimation 

and exposure period.  

 
Figure 2.2 Experimental setup. 20 L aquariums were distributed on two shelves transformed to water baths. 

There were five replicate aquariums of each treatment; control, positive control, Granfoss tunnel wash water and 

Nordby tunnel wash water. Every aquarium contained four brown trout, eight sticklebacks in a fish net breeder, 

an air-diffusor and a filter-pump. Replicates of the treatments were randomly distributed within each shelf. 

Figure made by Mathilde Hauge Skarsjø. 

 

The water was replaced in all treatments every fifth day to maintain exposure concentration. 

This was conducted by pumping 12 L treatment water out of each aquarium with a peristaltic 

pump and replacing it with 12 L thawed treatment water from 20 L plastic containers.  

 

One stickleback from each aquarium was sampled on day 0, day 5 and day 10 of exposure. 

One brown trout from each aquarium was sampled on day 0, day 54 and day 25 of exposure. 

Day 0 was the last day of acclimation, exposure started on day 1. Weight length and Fulton’s 

condition factor for the fishes are reported in Table 2.1 and 2.2. 

 

Animal ethics and the three R’s 

One should always strive to replace, reduce and refine the use of animals in an experimental 

setting to increase animal welfare and quality of the experiments conducted (Russell, et al. 

1959). In this case the whole organismal effect of tunnel wash water was of interest and the 

replacement of fish with in vitro or in silico studies would not have given the same level of 

understanding of the mechanisms involved and affected by exposure to tunnel wash water. A 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 Only brown trout sampled on day 0 and 25 of exposure is relevant in this thesis, see sampling procedures for further 

details. 
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reduction in the use of animals was based on a compromise between using the least possible 

amount of fish and not loosing statistical power. Refinement of the exposure study was met 

by optimizing conditions for the fishes and through keeping daily check-up routines. The 

exposure of sticklebacks was terminated on day 10 of exposure due to increasing mortality 

throughout the acclimation and exposure period. 

 

2.3! Fieldwork, Årungenelva 
Juvenile 1+ brown trout were caught by electrofishing 21.11.2014 from the two localities in 

Årungenelva; downstream and upstream of the outlet from Vassum sedimentation pond (Fig. 

2.1). Twenty-two brown trout from the downstream location were immediately transported in 

bags with cooled stream water to UiO and sampled the same day. Fish from upstream were 

kept in a live net over night before transportation to UiO and sampling. Eleven brown trout 

from the upstream location were dissected, the remaining fish from the upstream location 

turned out to be juvenile salmon (Salmo salar).  

Weight, length and Fulton’s condition factor were as reported in Table 2.3. 

 

The intention was to sample brown trout subsequent to a tunnel wash event in the Nordby 

tunnel, but due to heavy rainfall (Fig. 2.3) the sampling was postponed several times. The 

most recent tunnel washes drained to Vassum sedimentation pond prior to the sampling event 

was in the Smiehagen tunnel 06.11.2014 and in the Nordby tunnel 8 and 9.10.2014. 



! 19!

 

 
Figure 2.3 The total daily precipitation in Ås observed by FAGKLIM at Søråsfeltet5 representing the conditions 

by Årungenelva and Vassum prior to the sampling in Årungenelva 21 and 22.11.2014. Red arrows indicate time 

of tunnel wash water drained to Vassum sedimentation pond. Green arrows indicate sampling events in 

Årungenelva. The straight line represents mean precipitation in October-November 2014: 6.4 mm/day. The 

dashed line represents mean precipitation in October-November 1961-1990: 2.9 mm/day.  

 

2.4! Sampling procedures 
Sampling was performed on ice. To reduce the risk of cross-contamination, all equipment 

used for dissection was washed in 70% rectified spirit and rinsed in distilled water between 

different tissues and fish. 

 

Sticklebacks were anesthetised by immersion in dilute MS-222 (1 mg/L). The tail was cut off 

and blood sampled from the caudal vein using capillary tubes, before the neck was cut to 

euthanise the fish. Weight and length of the fish was measured. The second gill arch was cut 

out and kept on ice-cold HEPES-Cortland (HC) buffer (0.38 g KCl, 7.74 g NaCl, 0.23 g 

MgSO4.7H2O, 0.17 g CaCl2, 0.33 g H2NaPO4.H2O, 1.43 g HEPES and 1 g Glucose in dH2O 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5 http://www.nmbu.no/om/fakulteter/miljotek/institutter/imt/laboratorier/fagklim/meteorologiske-data 
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to a total volume of 1 L, adjusted to pH 7.7). The abdomen was cut open and gall bladder was 

removed with tweezers and put in 0.5 ml Eppendorf tubes on ice in the dark. Liver and 

kidney was cut out with tweezers and scissor and flash frozen in Nunc® Cryo tubes (Sigma-

Aldrich) in liquid nitrogen. The gill EROD assay was conducted on the day of sampling. 

 

Brown trout were sacrificed by a blow to the head. Blood was sampled immediately from the 

caudal vein with heparinised insulin syringes (0.3 mm) and kept on ice for approximately an 

hour before it was centrifuged for separation of plasma and red blood cells. Gill arch 1 was 

sampled for EROD assay and kept on ice-cold HC buffer and the filaments from gill arch 2 

were cut off and flash frozen for later analysis of gene expression. The abdomen was cut 

open from the vent. Gall bladder was removed with tweezers and put in 0.5 ml Eppendorf 

tubes on ice in the dark. The liver was removed with tweezers and cut in two. The anterior 

part of the liver was dedicated for gene expression analyses and the posterior part was 

sampled for EROD analyses. Liver samples were flash frozen on liquid nitrogen in cryo 

tubes.  

 

Storage of samples 

The gall bladders were stored in dark at −20°C after sampling. Due to insufficient storage of 

samples, blood, liver and kidney-samples from stickleback on exposure day 5 and 10, and 

liver, gill filament and blood-samples from brown trout on exposure day 5 in the lab study 

were lost. All other samples were stored at −80°C until use in further analysis. Bile and gill 

samples from stickleback day 0, 5 and 10 of exposure, and liver and gill samples from brown 

trout from day 0 and 25 of exposure were used in this thesis. 
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Table 2.1 Weight, length and Fulton’s condition factor of stickleback sampled in the exposure study, presented 
as mean ± S.D. n=5.  

Day Treatment Weight (g) Length (cm) Condition (K) 

0 Control 0.5  ±  0.2 4.0  ±  0.4 0.8  ±  0,1 

+

Positive control 0.5  ±  0.1 3.9  ±  0.1 0.8  ±  0.1 

+

Granfoss 0.5  ±  0.2 3.9  ±  0.4 0.8  ±  0.1 

+

Nordby 0.4  ±  0.1 3.7  ±  0.3 0.9  ±  0.1 

5 Control 0.9  ±  0.3 4.4  ±  0.5 1.1  ±  0.1 

+

Positive control 0.8  ±  0.3 4.3  ±  0.5 1.0  ±  0.1 

+

Granfoss 0.9  ±  0.3 4.4  ±  0.6 1.0  ±  0.2 

+

Nordby 0.9  ±  0.3 4.4  ±  0.5 0.9  ±  0.2 

10 Control 0.7  ±  0.2 4.2  ±  0.4 0.9  ±  0.1 

+

Positive control 0.7  ±  0.2 4.1  ±  0.3 1.0  ±  0.1 

+

Granfoss 0.7  ±  0.3 4.1  ±  0.5 0.9  ±  0.1 

+

Nordby 0.7  ±  0.2 4.1  ±  0.4 0.9  ±  0.1 

 

 

 
Table 2.2 Weight, length and Fulton’s condition factor of brown trout sampled in the exposure study and used 
in this thesis, presented as mean ± S.D. n=5. 

Day Treatment Weight (g) Length (cm) Condition (K) 

0 Control 12.9 ± 0.9 11.1 ± 0.9 0.9$±$0.1$

+

Positive control 11.1 ± 1.4 10.9 ± 1.4 0.8$±$0.1$

+

Granfoss 8.9 ± 1.7 10.3 ± 1.7 0.8$±$0.1$

+

Nordby 11.3 ± 0.8 10.3 ± 0.8 1.0 ± 0.1 

25 Control 14.6 ± 1.0 11.2 ± 1.0 1.0 ± 0.1 

+

Positive control 12.3 ± 0.3 10.8 ± 0.3 1.0 ± 0.1 

+

Granfoss 11.5 ± 0.3 10.8 ± 0.3 0.9 ± 0.1 

+

Nordby 11.4 ± 1.3 10.6 ± 1.3 0.9 ± 0.04 

 
Table 2.3 Weight, length and Fulton’s condition factor of brown trout form the two locations in Årungenelva 
presented as mean ± S.D. Upstream, n=11, downstream n=21. 

Location Weight (g) Length (cm) Condition (K) 

Upstream 13.3 ± 7.8 10.4 ± 1.9 1.1 ± 0.1 

Downstream 9.4 ± 3.2 9.2 ± 1.0 1.2 ± 0.1 
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2.5! Water analysis and water pollution levels 
The analyses of water quality parameters, metal- and PAH-content in water from the 

exposure study and from Årungenelva were performed by the NS/EN ISO/IEC 17025 

accredited laboratory at the Norwegian Institute of Water Research (NIVA) in accordance 

with the methods presented in table 2.4. Limit of quantification was blank plus 6x standard 

deviation of the blank. Water was sampled in 2 L baked glass bottles for analyses of the total 

fraction of PAHs, 50 mL plastic bottles preserved with nitric acid solution for analyses of 

metals and 1 L plastic bottles for organic parameters. The water was analysed within three 

days after sampling and the results are presented in table 2.4. 

 

In the exposure study, samples of the filtered (1.2 µm) treatment water from three out of five 

aquariums in each of the four treatments were collected for analysis of water quality 

parameters. Water for the PAH analysis was sampled as one mixed sample from the three 

aquariums. Bottles were rinsed in treatment water before sampling. Two sets of samples were 

collected from each treatment. The first triplicate set of samples was taken immediately after 

a water replacement event, in new water, and the other triplicate set of samples was taken 

prior to a water replacement, in old water, to get a picture of the average condition. Old water 

from Nordby was only sampled from two aquariums. In Årungenelva, one set of water 

samples was collected from both sampling locations for analyses of water quality parameters. 

Bottles were rinsed three times in stream water before flowing water was collected form the 

stream.  
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Table 2.4 Reference methods used for analysis of variables measured in the water samples, limit of 

quantification and unit of measure. *Method not accredited. 

Analyses variable 
Reference method 

Limit of 

quantification  

Unit of 

measure 
Name Abbreviation 

pH pH NS 4720 
  

Total organic carbon TOC NS-ISO 8245 0,1 mg C/L 

Total phosphor Tot-P NS 4724 1 µg P/L 

Ammonium NH4
+ ISO 3696:1987 5 µg N/L 

Nitrate NO3
- NS-EN ISO 10304-1 1 µg N/L 

Total nitrogen Tot-N NS 4743 10 µg N/L 

Chloride Cl NS-EN ISO 10304-1 0.1 mg/L 

Aluminium Al EN ISO 17294-2 1 µg/L 

Cadmium Cd EN ISO 17294-2 0,004 µg/L 

Copper, Nickel Cu, Ni EN ISO 17294-2 0,05 µg/L 

Iron Fe EN ISO 17294-2 0,3 µg/L 

Lanthanum* La EN ISO 17294-2  0.001 µg/L 

Lead Pb EN ISO 17294-2 0,01 µg/L 

Antimony Sb EN ISO 17294-2 0,02 µg/L 

Tungsten* W EN ISO 17294-2  0.5 µg/L 

Zinc Zn EN ISO 17294-2 0,2 µg/L 

Naphthalene NAP 

Internal NIVA method 

(Grimmer and Bohnke 1975) 
0,01 ng/L 

Acenaphthylene ANCLE 

Acenaphthene ACNE 

Fluorene FLE 

Phenanthrene PA 

Anthracene ANT 

Fluoranthene FLU 

Pyrene PYR 

Benzo [a] anthracene BAA 

Chrysene CHRTR 

Benzo [b] fluoranthene BBF 

Benzo (k) fluoranthene BKF!

Benzo [a] pyrene BAP!

Dibenzo (a,h) anthracene DAB3A!

Indeno (1,2,3-cd) pyrene ICDP, 

BGHIP 

Internal NIVA method 

(Grimmer and Bohnke 1975) 
0,002 ng/L 

Benzo (ghi) perylene 
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Table 2.5 Variables measured in water from the lab and field study. Measures from new and old water (after 5 days in the aquariums) from the exposure study was averaged 

and presented as mean and S.D. of the mean for all treatment groups. Water samples for PAHs in the exposure study and water from Årungenelva was sampled in only on 

replicate. Not all variables were measured in all water samples. < indicate values blow limit of detection. 

                                       Control   Positive control Granfoss             Nordby              Årungenelva                                    
Variable Unit Mean SD Mean SD Mean SD Mean SD Upstream Downstream 
Tot-P µg/L -   -   -   -   90 91 
Tot-N µg/L 2142.5 1266.6 1999.16 1090.52 3590 1456.14 6391.66 2395.54 3220 3200 
NH4 µg/L 1985 1410.37 1703.33 1152.85 2448.33 1692.48 3430.83 1664.52 - - 
NO3 µg/L 236.66 8.16 263.33 5.47 466.66 36.69 1187.5 377.71 - - 
TOC mg/L 2.26 0.3 2.3 0.23 6.46 0.44 15.17 5.37 9.2 9.5 
Cl mg/L 480 12.8 477.16 11.86 437.16 6.04 425.91 25.66 - - 
Al µg/L 16.13 9.99 15.97 7.23 4.8 3.36 11.61 9.11 - - 
Cd µg/L 0.08 0.06 0.05 0 0.09 0 0.09 0.02 0.025 0.02 
Cu µg/L 2.18 0.66 3.65 1.23 9.2 1.56 14.24 4.94 3.53 3.51 
Fe µg/L 15 5.47 15 5.47 32.16 10.74 29.83 14.42 - - 
La µg/L 0.02 0 0.01 0 0.01 0.01 0.04 0.03 - - 
Ni(20) µg/L 0.15 0.05 0.18 0.08 6.06 0.12 4.18 1.63 2.78 2.78 
Pb µg/L 0.14 0.05 53.93 16.66 0.13 0.09 0.08 25.59 0.676 0.726 
Sb µg/L 0.18 0.1 0.18 0.09 3.45 0.16 5.11 2.04 - - 
W µg/L <0.5 0 <0.5 0 2.31 0.11 16.16 0.44 - - 
Zn µg/L 4.38 0.34 5.12 0.56 55.86 5.14 188.5 78.47 5.73 6.63 
Naphthalene µg/L 0.02   0.018   0.034   0.015   - - 
Sum PAH16 µg/L <0.154   <0.152   <0.168   <0.139   - - 
pH pH 7.43   7.47   8.025   7.96   7.46 7.52 
DO % 95.94 1.78 95.56 1.49 95.62 1.36 95.12 1.35 83.4 92.12 
Salinity ppm 885.54 132.45 895.17 73.03 914.13 66.58 904.86 115 91.1 94.8 
Temperature °C 7.91 1.15 7.66 0.89 8.12 0.88 8.36 1 6.82 6.83 
Conductivity  uS/cm -   -   -   -   142.46 148.1 
Turbidity FNU -   -   -   -   29.04 28.07 
GH °dH 2 0.5 2.6 0.4 6.5 0.6 4.6 0.8 - - 
 

!
! !
!
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2.6! PAH-metabolites in stickleback bile 
PAH-metabolites are produced after metabolism of PAHs by CYP1A in liver and are mainly 

excreted through the bile. The level of PAH-metabolites measured in bile is suggested as a 

suitable and specific biomarker (Van der Oost, et al. 2003) of recent exposure (Grung, et al. 

2009) and for potential toxic effects as the metabolites themselves are reactive (Aas, et al. 

2001). 

 

Bile samples were thawed on ice. Samples, standard and enzyme was kept on ice and 

protected from direct light. Ten µL standard (Trifenylamin 16.2 µg/mL) was weighed in 

Eppendorf tubes. Glass capillaries (ID=0.32 ± 0.03, Hilgenberg) were used as a means to 

transfer bile from the gall bladder to Eppendorf tubes. The volume of bile was measured as 

(length of bile inside the capillary tube) x π (Inner Radius) 2. A syringe with a fitted rubber 

tube was used to eject bile from capillary tubes to Eppendorf tubes. 50 µL of dH2O and 4 µL 

of β-Glucuronidase (Sigma-Aldrich) were added. After mixing well, the samples were 

incubated at 37°C for 1 hour in a Termaks incubator. After incubation 20 µL of methanol was 

added and the samples were centrifuged for 10 minutes at 4000x g. The supernatant was 

transferred to HPLC vials (12x32 mm, Waters) and kept at -20°C until analysis. 

 

The HPLC analysis was performed by Merete Grung at NIVA. A PAH C18 column (with a 

Vydac 201TP5415 pre-column, 5 µm particle size, 4.6x250 mm) was used, the injection 

volume was 75 µL and the temperature 30°C. Two mobile phases were used; Mobile phase 

A; 40:60 w/w acetonitrile:water and Mobile phase B; 100% acetonitrile with a flow of 

1mL/min. Fluorescence was detected at 257/364 nm for phenantrene and at 246/384 nm for 

pyrene. Area under the curve at retention time 8.5 minutes and 13.5 minutes was integrated to 

calculate the quantity of phenantrene and pyrene respectively.   

 

2.7! EROD activity in stickleback gills 
When PAHs bind to the aryl hydrocarbon receptor (AhR) transcription of CYP1A will be 

induced. 7-Ethoxyresorufin-O-deetylase (EROD) activity is an indicator of exposure to 

CYP1A-inducing substances because the amount of CYP1A and its ability to oxidize 7-ER 

into the fluorescent molecule resorufin is found to be proportional (Whyte, et al. 2000), thus 

the induction of CYP1A enzyme can be measured in a sample through reading of the 

fluorescence emitted by resorufin. The liver is the main organ for biotransformation of 
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contaminants, but EROD activity has also been found as a useful biomarker of PAH exposure 

in gill tissue (Jönsson, et al. 2002;Jönsson, et al. 2003) 

  

Gill arches were stored in ice-cold HC buffer in a 24-well microtitre plate for approximately 

6 hours until start of the assay. The assay was performed in a dimmed lab with no direct light. 

The HC buffer was removed from all wells. Filaments were pre-incubated for 20 minutes in 

700 µL room tempered reaction buffer (HC buffer containing 1 µM 7-etoxyresorufin and 10 

µM dicumarol). After pre-incubation, the reaction buffer was replaced with another 700 µL 

reaction buffer. Samples from day 0 were incubated for ≈65 minutes, day 5 and day 10 

samples were incubated for ≈50 minutes. Starting and ending time was noted for all samples. 

To end incubation, 200 µL reaction buffer was transferred in triplicates to a black 96 well 

microtitre plate. Four blanks (reaction buffer) and a standard series (triplicates) were 

included. The standard series was made as a 2x dilution series in six steps with 200, 100, 50, 

25, 12.5 and 6.125 nM resorufin. 

 

Fluorescence was read with a Synergy MX platereader (BioTek) using 530 nm excitation and 

590 nm emission. The mean fluorescence was calculated for all sample triplicates and blank 

mean was subtracted. A standard curve was made from the resorufin dilution series to 

calculate the concentration of resorufin in each sample based on fluorescence. Concentration 

of resorufin was standardised against incubation time and the number of gill arches the 

filaments were cut off from. 

 

2.8! Gene expression analysis in brown trout 
Analysis of gene expression was conducted by using real-time reverse transcriptase 

quantitative polymerase chain reaction (RT-qPCR) with brown trout gill and liver tissue from 

the exposure study and field sampling in Årungenelva. The amount of mRNA from genes of 

interest in a cell is a snap shot of the levels of transcription and is an indication of the level of 

activity, but cannot substitute measurements of related protein and protein activities 

regarding understanding of biological consequences (Nolan, et al. 2006). But PCR is an 

efficient way to investigate several genes of interest with a single sample. To use mRNA in a 

PCR reaction it must be reverse transcribed to complementary DNA (cDNA) by reverse 

transcriptase as RNA cannot serve as a template for the PCR reaction. The pool of cDNA 

should reflect the original pool of mRNA both in abundance and complexity. 
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In the PCR reaction, amplification of a cDNA template sequence is achieved through 

multiple cycles depicted in figure 2.4 (left) where the amount of DNA doubles for every 

cycle. The cycle starts with denaturation of the DNA at 95°C where the two strands separate. 

To allow primers to hybridise with the ssDNA, temperature is set below the melting point 

<70°C. For the DNA polymerase to be able to synthesise the new cDNA, temperature is set 

to 60-78°C. The cycle is repeated and the amount of DNA increases exponentially with every 

cycle as long as the reaction components are abundant. SYBR Green is a fluorescent dye that 

binds to the double strand DNA helix as it forms. By using SYBR Green in the PCR reaction 

fluorescence can be measured real time and reflects the quantity of product amplified. 

To quantify the relative amounts of selected transcripts in a sample, a threshold fluorescence 

line in the exponential phase of the PCR reaction is set (Fig. 2.4, right). The number of cycles 

used to reach the threshold is termed quantification Cycle (Cq). A low Cq value represents a 

high input quantity of the selected target in the PCR reaction and reflects the activity of the 

respective gene. 

 

 
Figure 2.4 Left: A PCR cycle consists of three steps; denatuarion of DNA, annealing of primers to the sequence 

and extention of primers. The amount of DNA will double with every cycle. Figure source: 

http://blogdelaboratorio.com/amplificacion-del-adn-la-pcr/. Right: A fluorescence reading of the amount of 

PCR product in the reaction showing the threshold line and quantification cycle in the exponential phase. Figure 

source: http://www.bio-rad.com/en-no/applications-technologies/qpcr-real-time-pcr 

 

Samples from the exposure study were analysed during May-November 2014. Samples from 

Årungenelva were analysed during January and February 2015. Laboratory benches, pipettes 

and equipment were washed with RNase zap or 70% ethanol to minimise possible 

contamination. Eppendorf tubes, pipette tips and other consumables were RNase and DNase 

free. 
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2.8.1! Tissue homogenization 
In order to allow isolation of RNA from tissue samples, the tissue is homogenised into a 

lysate. This should be done as quickly as possible to protect RNA from denaturing in 

harvested tissue. 

 

Tissue samples were kept frozen during weighing and 10-15 mg gill- and 15-25 mg liver-

tissue was weighed and added to Nunc® Cryo tubes with conical bottom filled with 6-8 

beads (Precellys 24 1.4 mm Zirconium oxide beads, Bertin Technologies) and 600 μL Buffer 

RLT (Quiagen) containing 2-mercaptoethanol (10 μL/mL)(Sigma-Aldrich). The samples 

were homogenised using a Precellys 24 homogenizer (Bertin Technologies) at 6000 rpm, 

2x15 seconds with a 10 second interval. A Cryolys cooler (Bertin Technologies) was filled 

with liquid nitrogen and coupled to the Precellys to cool the system down to 10°C during 

homogenisation.  

 

2.8.2! RNA isolation  
RNA isolation with RNeasy mini kit (Quiagen) is a multistep procedure where gDNA and 

cell debris is removed, RNA in the lysate is bound to a membrane in a spin column, washed 

several times and finally eluted in RNAse free water. 

 

The tissue homogenate was centrifuged at 10 000 rpm for 3 minutes in a Centrifuge 5424 

(Eppendorf). A pellet of cell debris formed and the supernatant was pipetted to a gDNA 

Eliminator spin column. The column was centrifuged for 30 seconds at 10 000 rpm and the 

column discarded whilst flow-through was recovered. 600 µL of 70% ethanol was added to 

the flow-through in gill samples and thoroughly mixed by pipetting. In liver samples, only 

50% ethanol was used to increase the RNA yield. 700 µL of the sample was transferred to an 

RNeasy® spin column placed in a collection tube and centrifuged for 15 seconds at 10 000 

rpm. The flow-through was discarded and 700 µL of Buffer RW1 was added to wash the spin 

column membrane and centrifuged at 10 000 rpm for 15 seconds. Flow-through was 

discarded. 500 µL of Buffer RPE was added to the column and centrifuged at 10 000 rpm for 

15 seconds to wash the membrane again. Flow-through was discarded. 500 µL Buffer RPE 

was added to the column and centrifuged at 10 000 rpm for two minutes to wash the spin 

column membrane a last time and ensure that it dried properly and no ethanol remained. The 

spin column was placed in a new collection tube and 50 µL RNase-free water was added 
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carefully to the spin column membrane and centrifuged for 1 minute at 10 000 rpm to elute 

the isolated RNA from the membrane. 

 

RNA concentration was measured by spectrophotometric reading of absorbance at 260 nm. 

Two µL of sample and four replicates of blank (RNase free water) was pipetted on to a!Take3 

Multi-volume plate (BioTek) and absorbance was read using Synergy MX platereader 

(BioTek). The purity of the sample was determined by the ratio between RNA at 260 nm and 

protein at 280 nm. Samples with a 260/280 ratio between 1.8-2.0 and an RNA concentration 

above 50 ng/µL were used in further analysis. Two µL of each sample was saved for analysis 

of RNA quality with 2100 Bioanalyzer (Agilent Technologies). The remaining ≈46 µL of 

each RNA isolate sample was stored at -80°C for subsequent reverse transcription. 

 

2.8.3! RNA quality control 
To check the quality of RNA in all samples, Agilent RNA 6000 Nano Kit (Agilent 

Technologies) was used with Agilent 2100 Bioanalyzer (Agilent Technologies). A RNA 

Integrity Number (RIN) between 1 and 10 is determined by the electrophoretic trace of the 

ribosomal subunits 18S and 28S in the sample when it is driven through gel on a chip with 

interconnected micro-channels separating the nucleic acids on size. A marker and fluorescent 

dye is used to enable reading of the fluorescence signal to determine the degree of 

degradation. RIN is the ratio between fluorescence of 28S and 18S in the sample where RIN 

between 7 and 10 generally are accepted to represent minimal degradation of RNA. A RNA 

ladder with known concentration and size of fragments is used on every chip as a standard. 

One RNA Nano chip holds 12 sample wells, one ladder well and three wells for gel-dye mix. 

 

Ladder was prepared by denaturing RNA for 2 minutes at 70°C, immediately cooled on ice 

and stored in 1μl aliquots at −80°C until use. On the day of use, ladder was thawed on ice. 

Gel-dye mix was prepared by centrifuging the supplied gel through a spin filter at 1500g for 

10 minutes in an Eppendorf Centrifuge 5424. RNA dye concentrate was vortexed for 10 

seconds, spun down, and 1μL dye was added to 65 μL gel. The gel-dye mix was covered in 

aluminium foil to protect it from light. Gel-dye mix was vortexed and centrifuged at 13000g 

for 10 minutes.12 samples at a time were denatured for 2 minutes at 70°C and cooled on ice. 

A chip was loaded on the priming station. Nine µL of gel-dye mix was pipetted to one well 

and a plunger on the priming station was used to distribute the gel-dye mix on the chip. 
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Additional 9 µL of gel-dye mix was pipetted to two other wells. Five µL of RNA marker was 

pipetted to all sample wells and the ladder well. One µL ladder was pipetted to the ladder 

well. One µL of each sample was pipetted to their respective sample wells. An extra 

microliter of RNA marker was added to unused sample wells. The loaded chip was vortexed 

in a MS3 (IKA) vortexer for 1 minute at 2400 rpm and immediately ran in the Agilent 2100 

Bioanalyzer instrument. Samples with RIN <7 were excluded from further analysis. 

 

2.8.4! Complementary DNA (cDNA) synthesis 
The cDNA synthesis included no template control (NTC), a control of PCR contamination by 

unintended amplification products and a no enzyme control (NEC) to ensure it is only the 

cDNA that is amplified in the PCR (Bustin, et al. 2009). RNA samples were thawed on ice 

and diluted with RNAse free water. All samples were diluted to 100 ng/μL, except gill tissue 

samples from Årungenelva that were diluted to 50 ng/μL. A standard was made by 

combining 2 μL from a random selection of samples within the two experiments. The 

standard concentration of RNA was 100 ng/μL for the exposure study and 75 ng/μL for the 

field-samples. 

 

All components of the AffinityScriptQPCR cDNA Synthesis Kit were thawed on ice, mixed 

well and spun down. Master mix for normal, standard and NTC reactions was prepared with 

10 μL 2x cDNA Synthesis First Master Mix, 1.7 µL Oligo(dT) Primer, 0.3 µL Random 

Hexamer Primers and 1 µL Affinity script RT/RNase Block enzyme per reaction.! 

Master mix for NEC reactions was made with 1 µL molecular grade water, 10 µL 2x cDNA 

Synthesis First Master Mix, 1.7 µL Oligo (dT) Primer and 0.3 µL Random Hexamer Primers.  

8% pipetting overage was included in the total volume of master mix. 

Thirteen μL of the respective master mixes were added to a blank Lightcycler® 96-well plate 

(Roche) for each standard, normal, NTC and NEC reactions. Seven μL sample was added to 

each sample well, 7 μL standard was added to five replicate standard wells and one NEC well 

and 7 μL molecular grade water was added to one NTC well, all were mixed by pipetting. 

The plate was sealed with a 96 well silicone sealing mat and centrifuged briefly up to 1500 

rpm in a Heraeus Multifuge 3 SR (Thermo Scientific). It was then incubated in Mastercycler 

epgradient S (Eppendorf AG) with a three-step program; 25°C for 5 minutes (primer 

annealing), 42°C for 25 minutes (elongation) and 95°C for 5 minutes (termination). After 

incubation, samples and standards were diluted with molecular grade water. Two hundred 



! 31!

and twenty μl molecular grade water was added to all sample, NTC and NEC wells, diluting 

gill tissue samples from Årungenelva to 2.5 ng RNA equivalents/μL and the remaining 

samples to 5 ng RNA equivalents/μL. A 6x dilutions series in four steps from 15 ng RNA 

equivalents/μL to 0.0.69 ng RNA equivalents/μL was made with the standard on the cDNA 

plate and in Eppendortubes to be used for the primertest. 

 

2.8.5! Primertest 
Primers were designed with the use of NCBI Primer BLAST for Salmo trutta, Salmo salar 

and Oncorhynchus mykiss and by searching literature of previously used primers for brown 

trout and closely related species. The primer properties were tested and approved with 

Eurofins Genomics Oligo Property Scan for Dimer and PCR6 before they were ordered from 

Life Technologies. The specificity and primer-dimer formation was tested using the standard 

dilution series from the cDNA synthesis.!

 

Custom oligos were dissolved in RNAse free water to a stock solution of 100 µM. A working 

solution of 5 µM for each forward and reverse primer was made. Primer test standard from 

the cDNA synthesis were thawed on ice. Gene specific master mix was made using 5 µL 2x 

Master Mix from Brilliant III Ultra-Fast SYBR® Green QPCR (Agilent Technologies), 1 µL 

molecular grade water, 1 µL forward primer working solution and 1 µL reverse primer 

working solution for each reaction. A pipetting overage of 8% was included in total volume 

for every master mix. Eight µL of each gene specific master mix was added to six wells on a 

clear LightCycler®480 Multiwell 96Plate (Roche). Two µL of each standard dilution was 

added to their respective wells. Two µL molecular grade water was added to NTC wells. 

Master mix and sample was mixed by pipetting and the plate was sealed with LightCycler® 

480 Sealing Foil (Roche). The plate was centrifuged 2 minutes at 1500 rpm in a Heraeus 

Multifuge 3 SR (Thermo Scientific) to spin the content down and remove air bubbles. The 

plate was transferred to Lightcycler®96 (Roche) and ran with the program presented in Table 

2.2. All steps containing master mix were shielded from light to prevent breakdown of the 

fluorescent dye. 

 
Table 2.6 The RT-qPCR program used in the primer test and sample analysis, with a pre-incubation step, 45 

cycles of amplification, a melting-curve analysis and a final cooling step. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6 https://ecom.mwgdna.com/register/index.tcl?return_url=%2fservices%2f#a 
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Program step Cycles Time(s) Temperature (°C) 

Pre-incubation 1 180 95 

Amplification 45 5 95 

    10 60 

Melting curve 1 5 95 

    60 65 

                                   - 97 

Cooling 1 30 40 

 

Absolute Quantification analysis and melting point analysis was calculated for the raw data in 

Lightcycler®480 1.5.1 software. A total evaluation of efficiency, primer-dimer formation 

and melting curve was used to decide on which primer pairs to use in further RT-qPCR 

analysis (Table2.3). Primer pairs with efficiency outside the range of 2 ± 0.1 were excluded. 

Borderline primer pairs were tested twice and included if there were no signs of dimer 

formation. 
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Table 2.7!An overview of the primers approved through the primer test and used in further analyses with 

forward and reverse primer sequence, accession number, in which species the sequence is found and the primer 

efficiency calculated from the primer test. Primers approved for reference genes were; Elongation factor 1Aα 

(EF1Aα), microsomal subunit 18s (18s) and β-tubulin. Primers used for target genes; Cytochrome P450 1A 

(CYP1A), ATP Binding Cassette G2 (ABCG2), metallothionein (MT), δ-aminolevulinic acid synthase (ALAS), 

glutathione peroxidase (GPx), glutathione S-transferase (GST), γ-glutamylcysteine synthetase (GCS), heat 

shock protein 70 (HSP70), heat shock protein 90 (HSP90), vitellogenin (VTG) and peroxisome proliferator-

activated receptor γ (PPARγ) 

Reference gene Primer sequence, approved primers Accession number Species Efficienc

y EF1Aα 
F: GAAACTTGAGGATGCCCCCA 

HF563594 S.trutta 2,13 
R: AGCGAAACGACCAAGAGGAG 

18s 
F: GGAGCCTGCGGCTTAATTTG 

DQ009482.1 S.trutta 2,02 
R: GCCGGAGTCTCGTTCGTTAT 

β-tubulin 
F: ATGGGGACAGTGACCTTCAG 

DQ367888.1 S.salar 2,08 
R: GAGCTGGAAACCTTGCAGAC 

Target genes         

CYP1A 
F: CACTGACTCCCTCATTGACCAC 

AF539414 
S.fontinalis/ 

S. trutta 
2,04 

R: ACAGATCATTGACAATGCCCAC 

ABCG2 
F: GTACCGCCAAGTCCCTTCAA 

NM_001124683 O.mykiss 1,93 
R: ATGACTTCCCGCTTCCTGTG 

MT 
F: CCTTGTGAATGCTCCAAAACTG 

X97274 S.salar 2,1 
R: CAGTCGCAGCAACTTGCTTTC 

GPx 
F: GACCTGACAGCAAAGCTCCT 

BG934453 S.salar 2,01 
R: GGGCACCCCCAAAATCACTA 

HSP70 
F: TGTCATCACCGTCCCCTTTG 

BT072317.1 S.salar 2,01 
R: TCGTGGATCAGCCTCAACAC 

PPARγ 
F: ACATGAAGTCTCTGACGGCG 

DQ139938 S.trutta 2,08 
R: TGTGACCTCTTGTACGGCCT 

GCS 
F: TGCAATACACCCGCTTGACC 

CA050524 S.salar 2,04 
R: AGCGATGCCCGGAACTTATT 

HSP90 
F: CGTGAAGAAGCACTCCCAGT 

NM_001173702.1 S.salar 1,92 
R: TCCTCCTCGTCTGAGCCTAC 

ALAS 
F: CCTCAAAGTCACCCCCATCC 

BT045241.1 S.salar 2,09 
R: GTCACGTCTTTCTGGACGGT 

GST 
F: GGTGACAAGCCTTCGTTTGC 

BT050311.1 S.salar 2,03 
R: CAGGGAGGGGAAGGTATCCA 

VTG 
F: AGAGCGCATCCATTTGACCA 

AF454750 S.trutta 2,05 
R: ATCAGAGCACCACTGTCAGC 

!
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2.8.6! Reverse Transcriptase quantitative Polymerase Chain Reaction (RT-

qPCR) 
Primer stock solutions, Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix, Inter Run 

Calibration (IRC) standard and cDNA sample plate were thawed on ice. Five µM primer 

working solution for each forward and reverse primer was made with 10 µL primer stock 

solution and 190 µL molecular grade water. 

Gene specific master mix was made as described for the primer test, but with a 15% pipetting 

overage. 8 µL + 15% pipetting overage of master mix per reaction was distributed in two 0.2 

ml 12 tube PCR strips (Axygen). The 96well cDNA sample plate was centrifuged at 1500 

rpm for one minute in an Allegra™ 25R Centrifuge (Beckman Coulter™) to remove air 

bubbles. cDNA sample plate, master mix, pipette tips and a Lightcycler®384 well reaction 

plate was placed on the Bravo Automated Liquid Handling Platform (Agilent Technologies) 

as seen in Figure 2.2. The Bravo robot was programmed to pipette 8 µL master mix and 2 µL 

sample in duplicates to the 384 well reaction plate. The plate setup was sample-maximised 

and fitted all biological and technical replicates for two genes on one plate. Four replicates of 

CYP1A mastermix and standard were manually added to every plate as an inter-run 

calibration (IRC). The 384 well plate was centrifuged for 2 minutes at 1500 rpm in an 

Allegra™ 25R Centrifuge before it was placed in the LightCycler®480 and ran with the 

program described in Table 2.2 

 

 
Figure 2.2 Set up on the Agilent Bravo Automated Liquid Handling platform. cDNA sample plate on position 

2, pipette tips for cDNA samples on position 3, pipette tips for master mix 1 and 2 on position 4, 384 PCR 

reaction plate on position 5, tip waste on position 6, master mix 1 and 2 in PCR strips on a full skirted plate on 

position 8.  
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Absolute Quantification analysis was preformed on the raw data from the Lightcycler®480 

1.5.1 software to obtain quantification cycle (Cq) values that were exported to Excel. 

Technical duplicates were averaged and relative quantities (RQ) for both target and reference 

genes were calculated from mean Cq values with the highest expressed sample for every gene 

set as the reference. 

 

Normfinder, GeNorm, Delta CT and Bestkeeper7 were used to determine the most stable 

reference genes and GeNorm was used to calculate individual normalisation factors for every 

sample based on the geometric mean of RQs from the two best-suited reference genes. This 

normalisation factor accounts for the differences between every sample in RNA input, 

efficiency of cDNA synthesis and PCR amplification. Target gene RQ was divided by 

reference gene RQ to obtain normalised relative quantities (NRQ); samples from the 

exposure study were normalised with individual normalization factors based on the 

expression of 18s and Ef1aa; samples from Årungenelva were normalised with individual 

normalisation factors based on betatubulin and Ef1aa. To correct for run-to-run variations, 

the same inter-run calibration (IRC) samples were run on all plates and a calibration-factor 

based on Cq values for these samples was calculated to remove run-to-run variations. All 

gene expression data were log2 transformed to achieve a symmetric distribution around 0. 
 

2.9! Statistical analysis 
Raw data was processed in Microsoft® Excel® for Mac 2011, version 14.4.8. Statistical 

analysis was performed with RStudio Version 0.98.1083 – © 2009-2014 RStudio, Inc. 

Additional packages used in RStudio; car, dunn.test, permute and vegan. Significance level 

for rejection of H0 was set to 0.05 for all analyses. 

 

All groups were tested for homogeneous variance with Levene’s test. When variance in the 

data was homogenous before or after log transformation, parametric tests were used. If 

variance was still not homogenous after log transformation, non-parametric tests were 

performed. Differences in EROD activity were tested twice with one-way ANOVA; once for 

change over time and once for differences between the treatments. Differences in gene 

expression in the exposure study were tested with one-way ANOVA for differences between 

treatments on each sampling day. Differences in expression of genes between day 0 and day 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
7 http://www.leonxie.com/referencegene.php 



!36!

25 were tested with two-sample t-test. Differences in response within time point and 

treatment groups were tested with two separate ANOVA or t-tests even though this resulted 

in the use of one group in two separate tests and increasing the risk of type I errors. This was 

chosen after a consideration of the robust experimental setup and that a two-way ANOVA 

would increase the risk of type II errors by evaluating irrelevant comparisons. 

 

For the results from Årungenelva, two-sample t-test was used to test differences in gene 

expression between fish from the two locations, except for differences in expression of MT 

that was tested with the non-parametric Wilcoxon Rank Sum test. 

 

A principal component analysis (PCA) was performed on the gene expression data to gain an 

overview of the genes most influenced by exposure to tunnel wash water and to detect 

possible unnoticed patterns in the data. 

!
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3!Results 
 

3.1! PAH-metabolites in stickleback bile  
The results from HPLC analysis of OH-metabolites in bile from stickleback showed traces of 

OH-phenanthrene (Fig 3.1) and OH-pyrene (Fig. 3.2). Insufficient number of samples in 

several treatment groups, uncertainty related to low sample volumes and many samples 

below LOD in most groups lead to a decision of not doing statistical analysis on these data. 

Figure 3.1 and 3.2 are thus indicative for exposure to and uptake of PAHs.  

 
Figure 3.1 Concentration of OH-phenanthrene (ng/g) in bile from stickleback day 0, 5 and 10 of exposure to 

experiment water. Only 12 of the samples exceeded LOD and 8 out of 12 groups have a sample size less than 3. 

Because of this no statistical analyses were performed and results are presented graphically with median, 1st and 

3rd quartile, whiskers are the most extreme observations, excluding outliers that range more than 3/2 from the 

median. Data points below LOD are marked with a cross. 
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Figure 3.2 Concentration of OH-pyrene (ng/g) in bile from stickleback on day 0, 5 and 10 of exposure to 

experiment water. Seven of the samples were below LOD and 7 out of 12 groups have a sample size less than 3. 

Because of this no statistical analyses were performed and data are presented graphically with median, 1st and 

3rd quartile, whiskers are the most extreme observations, excluding outliers that range more than 3/2 from the 

median. Data points below LOD are marked with a cross. 

 

3.2! EROD activity in stickleback gills 
Gills from sticklebacks were sampled on day 0, 5 and 10 of the exposure study and EROD 

activity in stickleback from the different treatments was quantified. EROD activity was 

normalised against sample incubation time and number of gill arches incubated and is 

measured as pmol resorufin/min/gill arch (Fig. 3.3) 

0

500

1000

1500

Day 0 Day 5 Day 10

Control
Positive control
Granfoss
Nordby

O
H−

py
re

ne
, n

g/
g 

bi
le



! 39!

 
Figure 3.3 Activity of CYP1A in stickleback gill samples from the exposure study on day 0, 5 and 10 of 

exposure in the four treatment groups, expressed as pmol resorufin converted per min per gill arch. Asterisk 

indicate significant change in EROD activity over time from day 0 within samples from one treatment. Letters 

a-c indicate significant differences between treatment groups within day 5, letters x and y indicate significant 

differences between treatment groups within day 10. (n=5). α=0.05. The boxes present median, 1st and 3rd 

quartile. Whiskers are the most extreme observations, excluding outliers that range more than 3/2 from the 

median. 

 

One-way ANOVA within each treatment group showed that EROD activity was significantly 

increased in stickleback gill samples from all treatment groups over time. In the control 

samples, EROD activity was significantly increased day 5 (p=0.002) and day 10 (p=0.0009) 

when compared to day 0 of exposure. In the positive control samples, EROD activity was 

significantly increased day 5 (p=0.001) and day 10 (p=<0.0001) when compared to day 0 of 

exposure. In samples from the Granfoss treatment, EROD activity was significantly increased 

day 5 (p=0.0001) and day 10 (p=<0.0001) when compared to day 0 of exposure. In samples 

from the Nordby treatment, EROD activity was significantly increased day 5 (p=0.0002) and 

day 10 (p=<0.0001) when compared to day 0 of exposure. There were no significant 

differences between day 5 and 10 in gill EROD activity for stickleback from any of the 

treatment groups. 

 

One-way ANOVA for data from each sampling day showed significant differences in EROD 
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10. On day 5 of exposure, when compared to positive control, EROD activity in gills in both 

Granfoss (p=0.02) and Nordby (p=0.006) samples were significantly increased.  

A significant increase in EROD activity in stickleback gills was also found for Nordby 

samples compared to control samples on day 5 (p=0.04). 

On exposure day 10, EROD activity in Nordby stickleback gill samples was significantly 

increased compared to samples from control (p=0.008) and positive control (p=0.02). 

 

3.3! Gene expression in brown trout 
3.3.1! Cytochrome P4501A (CYP1A) 
The gene expression of CYP1A in gills is shown in figure 3.4a. When compared to day 0, 

expression of CYP1A in gills was significantly up-regulated after 25 days of exposure in 

Nordby (p=<0.0001), Granfoss (p=0.01) and positive control (p=0.008). Within day 25, a 

significant difference in expression was seen between gill samples from control and Nordby 

(p=<0.0001) and between gill samples from positive control and Nordby (p=<0.0001), 

Granfoss- control (p=<0.0001), Granfoss- positive control (p=<0.0001) and Nordby and 

Granfoss (p=0.0007). No significant effect was seen on gene expression of CYP1A in gill 

samples from brown trout sampled downstream and upstream in Årungenelva (Fig 3.4b).
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Figure 3.4a) Gene expression of CYP1A in gill from brown trout from the exposure study (n=4-5). Asterisk 

indicate significant change in expression compared to day 0. Letters a and b indicate significant differences in 

expression of CYP1A between the treatments on day 25. α=0.05.!b) Gene expression of CYP1A in gill from 

brown trout from upstream (n=11) and downstream (n=21) Årungenelva. The boxes present median, 1st and 3rd 

quartile. Whiskers are the most extreme observations, excluding outliers that range more than 3/2 from the 

median. 

 

Figure 3.5a shows the same pattern of CYP1A gene expression in liver samples as seen in gill 

samples (Fig. 3.4a). Expression in liver samples was significantly higher day 25 of exposure 

compared to control in Nordby (p=0.0001) and Granfoss (p=<0.0001). At day 25, Nordby 

fish liver samples had a higher expression of CYP1A compared to samples from control 

(p=0.0002) and positive control (p=0.0004). Liver samples from fish exposed to Granfoss 

had a higher expression of CYP1A compared to negative control (p=0.0001) and positive 

control (p=0.0003) on day 25 of exposure. A significant difference in expression of CYP1A 

was also seen between Nordby and Granfoss liver samples on day 0 (p=0.005). Liver samples 

from fish collected from the upstream location in Årungenelva had a significant higher 

expression of CYP1A compared to those from the downstream location (p=0.003) (Fig. 

3.5b). 
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Figure 3.5 a) Gene expression of CYP1A in liver from brown trout from the exposure study (n=4-5). Asterisk 

indicate significant change in expression on day 25 compared to day 0. Letters a and b indicate significant 

differences in expression of CYP1A between the treatments on day 0. Letters x and y indicate significant 

differences in expression of CYP1A between the treatments on day 25. α=0.05.!b) Gene expression of CYP1A 

in liver from brown trout from upstream (n=10) and downstream (n=21) Årungenelva.!Asterisk!indicate!

significant!higher!expression!of!CYP1A!in!fish!from!the!upstream!location!compared!to!downstream.!

α=0.05. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme observations, excluding 

outliers that range more than 3/2 from the median. 

 

3.3.2! ATP binding cassette protein G2 (ABCG2) 
In gene expression of ABCG2 no clear patterns were found, but a significant down-regulation 

was seen in gills of brown trout exposed to Granfoss (p=0.03) tunnel wash water and in the 

control (p=0.04) when comparing 25 days of exposure to day 0 (Fig. 3.6a). No difference in 

expression of ABCG2 was seen between samples from upstream and downstream 

Årungenelva neither in gill (Fig. 3.6b) nor in liver samples (Fig. 3.7b). There were no 

significant differences in expression of ABCG2 in liver samples from the exposure study 

(Fig. 3.7a). 
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Figure 3.6 a) Gene expression of ABCG2 in gill from brown trout from the exposure study (n=4-5). Asterisk 

indicate significant change in expression compared to day 0. α=0.05. b) Gene expression of ABCG2 in gill from 

brown trout from the upstream (n=11) and downstream (n=21) location in Årungenelva. The boxes present 

median, 1st and 3rd quartile. Whiskers are the most extreme observations, excluding outliers that range more than 

3/2 from the median. 

 
Figure 3.7 a) Gene expression of ABCG2 in liver of brown trout from the exposure study (n=4-5). b) Gene 

expression of ABCG2 in liver from brown trout from the upstream (n=10) and downstream (n=21) location in 

Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme observations, 

excluding outliers that range more than 3/2 from the median
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3.3.3! Metallothionein (MT) 
The gene expression of metallothionein (MT) in brown trout gill samples from the exposure 

study is presented in figure 3.8a. A significant difference in gene expression of MT was 

found in brown trout exposed to the positive control day 25 compared to day 0 (p=0.05) and 

in Nordby (p=0.04). On day 25, significant differences were found between fish exposed to 

control and positive control (p=0.007), Nordby and control (p=0.001), Granfoss and positive 

control (p=0.01) and Granfoss and Nordby (p=0.003). In brown trout gill samples from 

Årungenelva the expression of MT in the upstream samples was significantly higher than 

downstream (p=0.01, Wilcox.test) (Fig. 3.8b) 

 
Figure 3.8 a) Gene expression of MT in gill samples from brown trout from the exposure study (n=4-5). 

Asterisk indicate significantly higher expression of MT in samples on day 25 compared to day 0. α=0.05.!b) 

Gene expression of MT in gill samples from brown trout from the upstream (n=11) and downstream (n=21) 

location in Årungenelva. Asterisk indicate significantly higher expression of MT in gills from brown trout at the 

upstream compared to downstream location.!α=0.05. The boxes present median, 1st and 3rd quartile. Whiskers 

are the most extreme observations, excluding outliers that range more than 3/2 from the median. 

 

In brown trout liver samples from the exposure study the expression of MT was higher in 

positive control on day 25 compared to day 0 (p=0.02)(Fig. 3.9a). No difference in 

expression of MT was found between brown trout liver samples from the two locations in 

Årungenelva (Fig. 3.9b). 
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Figure 3.9 a) Gene expression of hepatic MT in brown trout from the exposure study (n=4-5). Asterisk indicate 

significantly higher expression of MT in samples from positive control on day 25 compared to day 0. α=0.05. b) 

Gene expression of ABCG2 in liver from brown trout from the upstream (n=10) and downstream (n=21) 

location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 

 

3.3.4! δ-Aminolevulinic acid synthase (ALAS) 
Expression of ALAS in gills from brown trout exposed to Nordby and Granfoss tunnel wash 

water was significantly up-regulated (p=0.005 and p=0.003 respectively) after 25 days of 

exposure compared to on day 0 (Fig. 3.10a). No difference in ALAS expression was seen 

between brown trout gill samples from upstream and downstream in Årungenelva (Fig. 

3.10b). In liver samples from the exposure study no treatment- or time-related differences 

were found in the expression of ALAS (Fig. 3.11a). Nor in Årungenelva liver samples was 

there a difference in expression of ALAS between upstream and downstream (Fig. 3.11b). 
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Figure 3.10 a) Gene expression of ALAS in gill samples from brown trout from the exposure study (n=4-5). 

Asterisk indicate significantly higher expression of ALAS in samples from Granfoss and Nordby on day 25 

compared to day 0. α=0.05. b) Gene expression of ALAS in gill samples from brown trout from the upstream 

(n=11) and downstream (n=21) location in Årungenelva. The boxes present median, 1st and 3rd quartile. 

Whiskers are the most extreme observations, excluding outliers that range more than 3/2 from the median. 

 
Figure 3.11 a) Gene expression of ALAS in liver of brown trout from the exposure study (n=4-5). b) Gene 

expression of ALAS in liver from brown trout from the upstream (n=10) and downstream (n=21) location in 

Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme observations, 

excluding outliers that range more than 3/2 from the median.

−4

−2

0

2

lo
g2

 N
or

m
al

is
ed

 re
la

tiv
e 

qu
an

tit
y

Control
Positive control
Granfoss
Nordby

Day 0 Day 25

*

*
a

−4

−2

0

2

lo
g2

 N
or

m
al

is
ed

 re
la

tiv
e 

qu
an

tit
y

Arungenelva

Upstream
Downstream

b

−4

−2

0

2

lo
g2

 N
or

m
al

is
ed

 re
la

tiv
e 

qu
an

tit
y

Control
Positive control
Granfoss
Nordby

Day 0 Day 25

a

−4

−2

0

2

lo
g2

 N
or

m
al

is
ed

 re
la

tiv
e 

qu
an

tit
y

Arungenelva

Upstream
Downstream

b



! 47!

 

3.3.5! Glutathione peroxidase (GPx) 
No difference in expression of GPx was seen in gills between upstream and downstream 

Årungenelva (Fig. 3.12a), but a higher expression was found in liver samples from 

downstream Årungenelva compared to upstream (p=0.02) (Fig. 3.12b). 

Analysis of expression of GPx in samples from the exposure study is not included due to 

large variation between technical replicates (SD>>0.5) from the PCR reaction in 30 out of 80 

samples. 

 
Figure 3.12 a) Gene expression of GPx in gill from brown trout from the upstream (n=11) and downstream 

(n=21) location in Årungenelva. b) Gene expression of GPx in liver from brown trout from the upstream (n=10) 

and downstream (n=21) location in Årungenelva. Asterisk indicate significantly higher expression of GPx in 

liver samples from brown trout at the downstream location compared to liver samples from the upstream 

location. α=0.05. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme observations, 

excluding outliers that range more than 3/2 from the median
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3.3.6! Glutathione-S-transferase (GST) 
Figure 3.13a, and b shows the expression of GST in gill samples from brown trout. In the 

exposure study (Fig. 3.13a) Nordby samples showed significantly different expression of 

GST on day 25 compared to day 0 of exposure (p=0.001). On day 25, expression of GST in 

fish exposed to positive control (p=0.04) and Nordby (p=0.008) was different from control 

and Nordby different from Granfoss (p=0.03). No differences in gene expression of GST in 

gill samples were found between locations in Årungenelva (Fig 3.13b). 

 
Figure 3.13 a) Gene expression of GST in gill samples from brown trout from the exposure study (n=4-5). b) 

Gene expression of GST in gill samples from brown trout from the upstream (n=11) and downstream (n=21) 

location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 

  

The expression of GST in liver samples from brown trout in the exposure study (Fig. 3.14a) 

was higher on exposure day 25 compared to day 0 in the positive control (p=0.003), Granfoss 

(p=<0.0001) and Nordby (p=<0.0001). On day 25, GST had a higher expression in Nordby 

liver samples (p=0.0003) and in Granfoss liver samples (p=0.01) compared to control liver 

samples. No difference in expression of GST in liver samples was found between locations in 

Årungenelva (Fig. 3.14b). 
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Figure 3.14 a) Gene expression of GST in liver of brown trout from the exposure study (n=4-5). Asterisk 

indicate significantly higher expression of GST in samples from one treatment group on day 25 compared to on 

day 0. Letters a and b indicate significant differences in expression of GST between treatment groups on day 25.!

α=0.05. b) Gene expression of GST in liver from brown trout from the upstream (n=10) and downstream (n=21) 

location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 

 

3.3.7! γ-Glutamylcysteine synthetase (GCS) 
Figure 3.15a shows that the expression of GCS in gills of brown trout from the exposure 

study was generally uniformly distributed, but a significant difference was found in the 

Granfoss treatment between samples from day 0 and day 25 (p=0.03) and in control samples 

on day 25 compared to day 0 (p=0.04). No difference in expression was found between 

upstream and downstream brown trout gill samples from Årungenelva (Fig. 3.15b). 
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Figure 3.15 a) Gene expression of GCS in gill samples from brown trout from the exposure study (n=4-5). 

Asterisk indicate significantly higher expression of GCS in gills from fish exposed to Granfoss tunnel wash 

water on day 25 compared to day 0. α=0.05.!b) Gene expression of GCS in gill samples from brown trout from 

the upstream (n=11) and downstream (n=21) location in Årungenelva. The boxes present median, 1st and 3rd 

quartile. Whiskers are the most extreme observations, excluding outliers that range more than 3/2 from the 

median. 

 

The expression of GCS in brown trout liver is presented in figure 3.16a and 3.16b. Figure 

3.16a shows that expression of GCS was up-regulated in liver of brown trout exposed to 

positive control on day 25 compared to day 0 (p=<0.0001). Expression of GCS in Nordby 

liver samples on day 25 was also up-regulated compared to day 0 (p=0.0005). Between the 

treatments on day 25, expression in Nordby samples was significantly higher compared to 

control (p=0.003) and Granfoss (p=0.02). No significant difference was observed in 

expression of GCS in brown trout liver between upstream and downstream samples from 

Årungenelva (Fig 3.16b). 
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Figure 3.16 a) Gene expression of GCS in liver from brown trout from the exposure study (n=4-5). Asterisk 

indicate significantly higher expression of GCS in samples from one treatment group on day 25 compared to on 

day 0. Letters a and b indicate significant differences in expression of GCS between treatment groups on day 25.!

α=0.05. b) Gene expression of GCS in liver from brown trout from the upstream (n=10) and downstream 

(n=21) location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 
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3.3.8! Heat shock protein 70 (HSP70) 
No difference in expression of HSP70 in gills of brown trout was observed, neither in the 

exposure study nor between the two locations in Årungenelva (figure 3.17a and b). 

 
Figure 3.17 a) Gene expression of HSP70 in gill samples from brown trout from the exposure study (n=4-5). b) 

Gene expression of HSP70 in gill samples from brown trout from the upstream (n=11) and downstream (n=21) 

location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 

 

In brown trout liver samples from the exposure study, an increased expression of HSP70 was 

observed from day 0 to day 25 in control (p=0.005), positive control (p=0.007) and Nordby 

(p=0.03) (Fig. 3.18a). Expression of HSP70 in brown trout liver samples from upstream 

Årungenelva was increased compared to samples from downstream Årungenelva 

(p=0.04)(Fig 3.18b). 
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Figure 3.18 a) Gene expression of HSP70 in liver from brown trout from the exposure study (n=4-5). Asterisk 

indicate significantly higher expression of HSP70 in samples from one treatment group on day 25 compared to 

on day 0.!α=0.05. b) Gene expression of HSP70 in liver from brown trout from the upstream (n=10) and 

downstream (n=21) location in Årungenelva. Asterisk indicate significantly higher expression of HSP70 in 

brown trout liver samples from the upstream location compared to downstream in Årungenelva.!α=0.05. The 

boxes present median, 1st and 3rd quartile. Whiskers are the most extreme observations, excluding outliers that 

range more than 3/2 from the median. 

 

3.3.9! Heat shock protein 90 (HSP90) 
HSP90 in gill was not significantly different expressed between treatments or over time in the 

exposure study (Fig. 3.19a) but showed a similar pattern as in brown trout liver samples (Fig. 

3.20a). HSP90 in liver samples from the exposure study was significantly higher expressed 

day 25 compared to day 0 in both Nordby (p=0.0008) and Granfoss (p=0.01). On day 25, 

samples from Nordby had a higher expression compared to those from control (p=0.002) and 

positive control (p=0.004). In samples from Årungenelva a higher expression of HSP90 was 

seen in brown trout gill samples from upstream compared to downstream (p=0.001) (Fig. 

3.19b), no difference in expression of HSP90 was seen between the locations in liver samples 

(Fig. 3.20b). 
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Figure 3.19 a) Gene expression of HSP90 in gill samples from brown trout from the exposure study (n=4-5). 

Letters a and b indicate significant differences in expression of HSP90 between treatment groups on day 25.!

Asterisk indicate significantly higher expression of HSP90 in samples from one treatment group on day 25 

compared to on day 0.!α=0.05.  b) Gene expression of HSP90 in gill samples from brown trout from the 

upstream (n=11) and downstream (n=21) location in Årungenelva. Asterisk indicate significantly higher 

expression of HSP90 in brown trout gill samples from the upstream location compared to downstream in 

Årungenelva.!α=0.05. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median.  

 
Figure 3.20 a) Gene expression of HSP90 in liver from brown trout from the exposure study (n=4-5). Asterisk 

indicate significantly higher expression of HSP90 in samples from one treatment group on day 25 compared to 

on day 0.!α=0.05. b) Gene expression of HSP90 in liver from brown trout from the upstream (n=10) and 

downstream (n=21) location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the 

most extreme observations, excluding outliers that range more than 3/2 from the median. 
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3.3.10! Vitellogenin (VTG) 
VTG gene expression in gills from brown trout in the exposure study had no significant 

differences between treatments or over time (Fig. 3.21a). No difference in expression of VTG 

in gills was seen between brown trout from the two locations in Årungenelva (Fig 3.21b). 

 

 
Figure 3.21 a) Gene expression of VTG in gill samples from brown trout from the exposure study (n=4-5). b) 

Gene expression of VTG in gill samples from brown trout from the upstream (n=11) and downstream (n=21) 

location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 

 

In liver samples from the exposure study (Fig. 3.22a), VTG was higher expressed day 25 

compared to day 0 in brown trout exposed to Nordby (p= 0.0002) and Granfoss (p=0.001) 

tunnel wash water. A significant difference was also seen on day 25 between liver samples 

from Nordby and control treatment (p=0.001) and between liver samples from fish exposed 

to Nordby and positive control treatment (p=0.002). Brown trout liver samples from the 

upstream and downstream location in Årungenelva did not differ in expression of VTG (Fig. 

3.22b). 
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Figure 3.22 a) Gene expression of VTG in liver from brown trout from the exposure study (n=4-5). Asterisk 

indicate significantly higher expression of VTG in liver samples from one treatment group on day 25 compared 

to on day 0. Letters a and b indicate significant differences in expression of VTG in brown trout liver samples in 

the different treatments on day 25 of exposure. α=0.05. b) Gene expression of VTG in liver from brown trout 

from the upstream (n=10) and downstream (n=21) location in Årungenelva. The boxes present median, 1st and 

3rd quartile. Whiskers are the most extreme observations, excluding outliers that range more than 3/2 from the 

median. 
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3.3.11!Peroxisome proliferator activated receptor γ!(PPARγ) 
No difference in gene expression of PPARγ was found in brown trout gill samples (Fig 3.23a 

and 3.23b). 

 
Figure 3.23 a) Gene expression of PPARγ in gill samples from brown trout from the exposure study (n=4-5). b) 

Gene expression of PPARγ in gill samples from brown trout from the upstream (n=11) and downstream (n=21) 

location in Årungenelva. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 

 

A significant difference in expression of PPARγ in liver samples from the exposure study 

was seen in the positive control on day 25 when compared to day 0 (p=0.04) (Fig. 3.24a). A 

higher expression of PPARγ was seen in brown trout liver samples from downstream 

Årungenelva compared to upstream (p=0.0007). 
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Figure 3.24 a) Gene expression of PPARγ in liver from brown trout from the exposure study (n=4-5). Asterisk 

indicate significantly higher expression of PPARγ in liver samples exposed to positive control water on day 25 

compared to on day 0. α=0.05. b) Gene expression of PPARγ in liver from brown trout from the upstream 

(n=10) and downstream (n=21) location in Årungenelva. Asterisk indicate significantly higher expression of 

PPARγ!in!brown!trout!liver!samples!from!the!downstream!location!compared!to!the!upstream!location!in!

Årungenelva.!α=0.05. The boxes present median, 1st and 3rd quartile. Whiskers are the most extreme 

observations, excluding outliers that range more than 3/2 from the median. 
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3.4! Transcriptional trends with principal component 

analysis 
Principal component analysis (PCA) was performed in order to get an overview and reveal 

trends or patterns in expression of the selected genes. Log2 transformed NRQs from the lab 

and field study were combined in one PCA for gill samples (Fig 3.25a) and one for liver 

samples (Fig 3.25b).  

 

The gill samples cluster in two separate groups where samples from unexposed and control 

fish represent one, and samples from fish exposed to Nordby and Granfoss tunnel wash water 

cluster together with samples from Årungenelva fish as the other group. PC1 explains 27.0% 

and PC2 24.6% of the variation in the data. The exposed and Årungenelva group showed 

above mean transcription of CYP1A, ALAS and to a certain degree HSP90. The expression 

of the other genes in gill tissue varied widely within the groups. In liver tissue (Fig 3.25b), 

PC1 explained 54.8% and PC2 explained 16.9% of the variation. A distinct clustering of the 

different samples was seen for liver tissue along PC1. It seemed that the genes with the most 

influence on this clustering were expressed above mean in fish from Årungenelva, around 

mean in Nordby and Granfoss exposed fish, and below mean in control and unexposed fish 

from the exposure study. The genes best correlated with PC1 were CYP1A, MT, ALAS, GST 

and VTG.  A distinction in hepatic transcription was seen along PC2, between fish sampled 

on day 0 and day 25, where the fish sampled on day 25 had an above mean expression of 

HSP90 and PPARγ, and those sampled on day 0 had a below mean expression of the two. 

Most fish from Årungenlva also had a below mean expression of the genes best correlated 

with PC2.
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Figure 3.25 Biplot of the PCA analysis of gene expression in brown trout from lab and field study. The 

direction of the arrow from origo indicates an above mean and increasing expression of the respective gene, 

points close to the extremity of an arrow have a high expression. a) Gene expression of selected genes in brown 

trout gill samples. PC1 explains 27.0% and PC2 24.6% of the variation in the data b) Gene expression in brown 

trout liver samples. PC1 explains 54.8% and PC2 explains 16.9% of the variation in the data. 
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4!Discussion 
This thesis aimed to clarify the sub-lethal effects of tunnel wash water on fish through a lab 

exposure study and a field sampling campaign in Årungenelva.  

 

4.1! PAH-metabolites in stickleback bile 
The aim was to determine the concentration of PAH-metabolites in stickleback bile following 

exposure to tunnel was water. Despite the small sample volume it was possible to detect both 

OH-pyrene and OH-phenanthrene in the stickleback bile samples. The level of OH-pyrene in 

stickleback bile ranged from 11-1394 ng/µL bile in unexposed fish and 43-601 ng/µL bile in 

fish exposed to tunnel wash water. Considering the proportion of samples below LOD, a 

certain trend in the concentration of OH-phenanthrene was observed. The level of OH-

phenathrene ranged from 29-577 ng/µL bile in unexposed fish and 40-1909 ng/µL bile in fish 

exposed to tunnel wash water. OH-benzo(a)pyrene was not detected in any of the samples, 

not even in the positive control samples where 1 µg/L BaP was added to the treatment water. 

The concentration of PAHs measured in the water is possibly not representing the initial 

exposure, as PAHs are lipophilic and will quickly adsorb to surfaces in the aquariums, 

particles and biological membranes such as gills (Costa, et al. 2012),  and the water samples 

were sampled after five days in the aquariums. PAHs that previously have been found in 

discharge water from sedimentation ponds are anthracene, benzo(k)fluoranthene, 

dibenzo(a,k)anthracene, phnenanthrene, benzo(a)anthracene, benzo(a)pyrene, inden(1,2,3-

cd)pyrene, benzo(b)flouranthene, chrysene, flouranthene, naphtalene and pyrene in 

increasing concentrations up to 0.3µg/L each (Paruch and Roseth 2008;Meland, et al. 

2010a;Meland, et al. 2010b). This could serve as an indicator for PAHs and their 

concentrations present in the treatment water in the exposure study. 

 

PAH-metabolites in bile samples from brown trout from the exposure study were quantified 

by Skarsjø (In prep.), and the preliminary results confirm that PAHs were metabolised by the 

trout. Four metabolites were detected in the phenanthrene/anthracene area in high 

concentrations in the tunnel wash water exposed fish on day 5 and 25, but have not been 

identified yet. 3-OH-benzo(a)pyrene was detected in bile from brown trout exposed to the 

positive control on day 25 and OH-pyrene was detected in all bile samples from brown trout 

in the exposure study. Even though these results are not fully analysed yet, this indicates that 
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there was an exposure to PAH causing a higher level of response in fish exposed to tunnel 

wash water. These results are coherent with responses to PAH exposure in other fish such as 

pollock (Theragra challograma), salmon (Oncorhyncis gorbusha), cod (Gadhus mohua) and 

corkwing wrass (Symphodus mellops) (Krahn, et al. 1992;Aas, et al. 2001). 

 

4.2! EROD activity in stickleback gills 
One of the aims was to quantify the EROD activity in stickleback gills following exposure to 

tunnel wash water. Though the analyses of PAH-metabolite levels in stickleback bile did not 

lead to concluding results on the level of exposure to PAH in tunnel wash water, it was clear 

that CYP1A was induced in stickleback gill samples. EROD activity in stickleback gill 

samples from the exposure study was significantly increased with time in all treatments, 

including in the control. A markedly higher increase was observed in fish exposed to tunnel 

wash water, and the highest activity was observed in fish exposed to Nordby tunnel wash 

water on day 10. EROD activity in the control group was significantly increased on day 5 and 

10 compared to day 0 of exposure. This is most likely to be explained by factors introduced 

after start of the experiment. The one pronounced difference between the acclimatization 

period and the exposure period was the water quality. The fish were kept in tap water during 

the acclimatization period, including day 0. Water used for the control and positive control 

treatment in the exposure period was adjusted to the same pH and chloride levels, filtered, 

kept on the same type of plastic containers and stored in the same way as the tunnel wash 

water. Thus it seems like the adjustment of pH and chloride levels is involved in the 

increased EROD activity measured in stickleback gills on day 5 and 10. This contradicts 

other studies that imply EROD activity in gills to be sensitive to change in levels of exposure 

to PAH, but robust when it comes to variation in fish size, smoltification status, pH and 

salinity (Jönsson, et al. 2002). The concentration of BaP in the positive control was not 

sufficient to induce EROD activity different from the control. This may indicate that the total 

concentration of PAHs in the tunnel wash water could be higher than in the positive control 

in order to induce the magnitude of effect seen in fish exposed to Granfoss and Nordby 

tunnel wash water. Stickleback gill EROD activity has also been induced 8 and 9 fold 

following 21 days of exposure to 170ng/L EE2 in both males and females (Andersson, et al. 

2007), and it could thus be possible that the induction of EROD activity seen in stickleback 

exposed to tunnel wash water in this study is not only due to exposure to PAHs. 
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4.3! Gene expression 
To quantify the transcriptional effects of tunnel wash water and road pollution on brown 

trout, genes related to biotransformation and intracellular processing of contaminants as well 

as oxidative stress and endocrine effects were analysed.  

 

4.3.1! Gills, exposure study 
CYP1A was the gene that most markedly was affected by tunnel wash water in gills. 

Transcription of CYP1A was clearly increased in fish exposed to both tunnel treatments, 

when compared to day 0 of exposure and also when compared with the control on day 25 

(Fig. 3.4a). The fish exposed to the positive control also showed an increased transcription of 

CYP1A on day 25 when compared with the same group on day 0 of exposure. This coincides 

well with the pattern seen in stickleback gill EROD activity in this thesis. Exposure of 

stickleback to tunnel wash water ceased after 10 days, but the quantity of CYP1A transcribed 

in brown trout after 25 days indicate that the continuous exposure could have maintained the 

induction of CYP1A activity in gill tissue. Increased transcription of CYP1A in rainbow trout 

gills has been observed following exposure to single PAHs such as BaP (Levine and Oris 

1999), but also in caged rainbow trout exposed 48 hours in a stream contaminated from a 

nearby highway. The fish caged at the location closest to the highway expressed the highest 

levels of CYP1A compared to a location downstream, but further away from the highway 

(Roberts, et al. 2005).  

 

Because transcription of CYP1A was induced in gill tissue, an induction of gene-transcription 

related to phase II and oxidative stress mechanisms was expected. GST catalyse the 

conjugation of phase I products with glutathione (GSH) and GCS is the rate-limiting step of 

GST synthesis. When compared to day 0 of exposure, fish exposed to Granfoss and control 

had a higher expression of GCS in gill tissue after 25 days (Fig. 3.15a). The transcription of 

GST was higher in positive control and Nordby on day 25 compared to the control (Fig. 

3.13a). The expression of GST and GCS showed an ambiguous response to the tunnel wash 

water in gill samples. As the glutathione system is only one part of the phase II and 

antioxidant defence system, the expression of these two genes are however, not 

representative for the total defence.   

 



!64!

MT in gill samples from fish exposed to the positive control and Nordby treatment was 

clearly induced, both when compared to day 0, and to control and Granfoss on day 25 of 

exposure (Fig. 3.8a). We know from the water analyses that the positive control had an 

average concentration of 53.9 µg/L Pb and 3.7 µg/L Cu, both metals capable of binding to 

and thus inducing MT (Nielson, et al. 1985). In water from the Nordby treatment the average 

concentration of Zn was measured to 188.5 µg/L and Cu to 14.24 µg/L. The concentrations of 

Pb, Zn and Cu are high enough to classify the water in a very poor condition and resulting in 

severe acute toxic effects (Andersen, et al. 1997). The lack of!response in MT transcription in 

gill tissue of fish exposed to Granfoss tunnel wash water is not obvious, as the water analysis 

show a high concentration of Cu, Ni and Zn in the Granfoss water that all have the potential 

to induce transcription of MT (Palmiter 1994;Nemec, et al. 2009). Hansen, et al. (2007) 

quantified increased levels of MT transcription in gills of brown trout caged in highly metal 

contaminated rivers, but also an increased mucus production that reduce the uptake of metals 

in gills. This is one mechanism that could be involved in the lack of transcriptional response 

in fish exposed to Granfoss tunnel wash water. 

 

With the high concentration of Pb in the positive control and the specificity of ALAD-

inhibition by lead (Hodson, et al. 1978;Verrengia Guerrero and Lombardi 2012), an induction 

in transcription of ALAS would be expected through feedback regulation if heme synthesis 

was inhibited (Haffor and Al-Ayed 2003). Contrary to the expectation ALAS was not 

expressed higher in gill tissue in fish exposed to the positive control. Despite the low 

concentration of lead in the tunnel wash water transcription of ALAS was induced in gill 

tissue of fish exposed to both Granfoss and Nordby treatments. However, other metals than 

Pb such as Zn, Cu and Cd present in higher concentrations in the tunnel wash water have 

through various mechanisms been associated with inhibition of ALAD (Bernard and 

Lauwerys 1987). The turnover of heme will determine the amount of active CYP1A enzyme 

(Stegeman and Hahn 1994) and as the rate-limiting step in heme synthesis, ALAS could be 

expected to show increased expression following increase in expression of CYP1A. 

 

HSP90 was the last of the selected genes to be significantly up-regulated in gills following 

exposure to tunnel wash water. Expression of HSP90 was significantly increased in gills from 

brown trout exposed to the Nordby treatment compared with the same group on day 0 and 

compared with control and positive control on day 25 of exposure. Even though not 

significantly different from control, expression of HSP90 in gill tissue from Granfoss 
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exposed fish was intermediate between Nordby and control groups. This same pattern of 

expression in gills was found between the groups in the exposure study in regards to CYP1A, 

ALAS and HSP90. HSP90 has a crucial role in the complex involved in the induction of 

CYP1A through ligand binding to AhR (Wiseman and Vijayan 2007) and could also follow 

the pattern of CYP1A expression. 

 

ABCG2 was the only gene with significantly down-regulated expression following 25 days 

of exposure. This down-regulation was seen in gills of fish exposed to control and Granfoss 

water. No difference in expression was observed between the groups within day 25 because 

mean expression of ABCG2 on day 25 was lower in all groups (though not significant). As 

ABC-transporters are involved in both keeping xenobiotics from entering a cell and in 

transporting metabolised and foreign compounds out of the cell, an increased expression 

following tunnel wash water exposure was not entirely unexpected. Costa, et al. (2012) found 

no change in expression of ABCG2 in gills following exposure to BaP in Nile tilapia, and 

Loncar, et al. (2010) found absolute copy number of ABC-transporters in gills of rainbow 

trout to be generally low, but ABCG2 to be the second highest ABC transporter in copy 

number. This could mean that ABC transporters are not that important in gill tissue. Still, a 

down-regulation of ABCG2 in gill tissue could contribute to accumulation of contaminants 

and metabolites that should have been transported out (Celander 2011). 

 

Gill tissue displayed no change in expression of HSP70 after exposure to tunnel wash water, 

with no significant differences between exposed and control groups. One of the key functions 

of HSP70 is folding of damaged proteins following oxidative stress (McDuffee, et al. 1997). 

The lack of response could indicate that the brown trout experienced insignificant levels of 

oxidative stress and corresponds to the results from Williams, et al. (1996) where induction 

of HSP70 in rainbow trout gills not was seen following a 21 day exposure to a mixture of As, 

Zn, Cd, Cu and Pb through water in similar concentrations to that measured in the Nordby 

and Granfoss treatment water. On the other hand, Hansen, et al. (2007) did find increased 

transcription levels of HSP70 in metal acclimated brown trout acutely exposed to higher 

levels of Cu, Cd and Zn. 

 

Transcription of VTG and PPARγ was expected not to change in gill tissue, as gill tissue 

generally is thought not to be relevant for vitellogenesis and lipid metabolism. This correlates 

well with the lack of response to tunnel wash water in gill tissue from brown trout, even 
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though there was a certain level of transcription of both genes. Tissue specific differences in 

transcription of CYP1A, MT and VTG have been found in rainbow trout and salmon caged in 

contaminated streams. A first pass effect with the higher increase in transcription levels was 

observed in gills (VTG was not quantified in gill) compared to liver (Roberts 2005), but 

Regoli, et al. (2011) points out that the liver has potential for a more efficient conversion of 

the transcriptional message into a functional protein compared to the gills as the liver is the 

metabolic centre. Regoli, et al. (2011) studied the relevance of elevated mRNA levels with 

regard to CYP, GST, GPx, UGT and SOD catalytic activity in liver and gill tissue in 

European eel (Anguilla anguilla) exposed to sediments that were moderately and highly 

polluted with metals and PAHs. They found consistent results between transcriptional and 

catalytic responses in liver, but not in gills. Transcription in gills was suggested as a utility to 

reveal signs of exposure rather than effects due to the highly sensitive response in 

transcription, but lack of subsequent catalytic changes. The effects of tunnel wash water on 

gene expression in this study should thus be seen in the light of this. 

 

4.3.2! Liver, exposure study 
The gene expression of hepatic CYP1A in brown trout exposed to tunnel wash water was 

significantly increased on day 25 of exposure, both when compared to the corresponding 

group on day 0, and when compared to the control and positive control on day 25. The PAH-

metabolite levels determined by Skarsjø (In prep.) may indicate that phenanthrene/anthracene 

contributed to the increased transcription of CYP1A in tunnel wash water exposed fish. 

Despite that 3-OH-benzo(a)pyrene was present in high concentrations in bile from brown 

trout exposed to the positive control fish after 25 days, this was not reflected in the gene 

expression of CYP1A in liver samples. Transcription appeared to be increased in liver of 

brown trout exposed to the positive control compared to control, but not significantly as was 

seen in the gill samples. Levine and Oris (1999) saw a first pass effect in metabolism of BaP 

in rainbow trout. In their study, liver CYP1A transcription was induced in the first 6-72 hours 

of exposure to 1.23 ug/L BaP and then decreased, whereas gill CYP1A transcription was 

induced and remained high during 6-120 hours of exposure to 0.78 ug/L BaP. The same 

mechanisms could be involved in this study where a significant effect on gene expression of 

CYP1A in fish exposed to the positive control was seen only in gill tissue and not in liver on 

day 25 of exposure. Meland, et al. (2010b) quantified an increasing change in hepatic 

transcription of CYP1A up to 86 hours following acute exposure of brown trout to unfiltered 
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tunnel wash water. Genes associated with glutathione metabolic processes, oxidative stress 

and antioxidant activity were also up-regulated after 86 hours, including GPx, GST and GCS 

(Meland, et al. 2011).  

 

In the present study, the change in expression of GST and GCS was less ambiguous in liver 

tissue compared to gill tissue in tunnel wash water exposed brown trout. Gene expression of 

GST was significantly higher in liver from both Norby- and Granfoss-exposed fish on day 25 

of exposure, as was the hepatic expression in fish exposed to the positive control when 

compared to day 0. The expression of GCS in liver tissue show nearly the same pattern as 

GST except for fish exposed to Granfoss that did not have a significant higher expression of 

GCS in liver on day 25. Glutathione is especially abundant in liver tissue and as an important 

phase II conjugate and antioxidant the transcription of genes related to GSH was expected as 

seen in other studies following exposure to tunnel wash water (Meland, et al. 2011).  

 

Brown trout exposed to tunnel wash water had a significantly higher expression of HSP90 in 

liver tissue after 25 days of exposure, both in the Granfoss and Nordby treatment. The results 

in liver tissue reflect the results in gill tissue and follow the same pattern of expression as 

with CYP1A, VTG and phase II related enzymes and could reflect its role in transcriptional 

regulation of AhR and ER(Chang, et al. 2014). 

 

In liver samples from the exposure study, samples exposed to Nordby tunnel wash water 

displayed the greatest change in expression of VTG with Granfoss as an intermediate. The 

magnitude of response in transcription of VTG in liver is as large as the response seen in 

CYP1A. This indicates that there are substances present in tunnel wash water that have the 

ability to affect endocrine function in juvenile brown trout. Amongst a range of substances, 

nonylphenol and DEHP have been found in relation to tunnel wash water in several studies 

(Åstebøl, et al. 2011;Meland 2012a) and to interfere with transcription of VTG and PPARγ in 

zebrafish (Danio rerio) and Atlantic salmon (Salmo salar) hepatocytes (Mortensen and 

Arukwe 2007;Maradonna, et al. 2013). In this study the expression of PPARγ!in!liver!of!fish!

exposed!to!the!positive!control!was!higher!on!day!25!compared!with!corresponding!

group!on!day!0!of!exposure.!No!difference!in!transcription!levels!was!seen!between!fish!

from!the!four!treatments!within!day!25!and!the tunnel wash water exerted no effect on the 

expression of PPARγ after 25 days of exposure.! 
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On day 25 of exposure the fish exposed to control, positive control and Nordby water had a 

significantly higher transcription of HSP70 in liver compared to day 0. Temperature, salinity, 

heavy metals and oxidative stress are amongst the factors found to affect the expression of 

HSPs (Sørensen, et al. 2003) and HSPs are suggested as integrated markers to monitor 

overall levels of stress (Köhler, et al. 2001). The change in salinity and pH in the adjusted 

control water could explain the change in transcription of HSP70 seen in fish from the control 

group. In fish from the positive control the same change in salinity and pH could be a factor 

in addition to oxidative stress caused by lead (Ercal, et al. 2001) and BaP. Nordby treatment 

water contained a range of metals and phenantrene/anthracene PAHs possibly contributing to 

stress that could be mitigated by increased transcription of HSP70 in liver. For reasons 

unknown a lack of response was seen in liver from fish exposed to Granfoss water with many 

of the same factors present. 

 

Fish exposed to the positive control was the only group with significantly higher transcription 

of MT in liver in the exposure study when comparing day 25 with day 0 of exposure. No 

significant difference in expression of MT was seen between fish from the four treatment 

groups on day 25, despite this, the median expression of MT was higher in both Granfoss and 

Nordby exposed fish than those from positive control. As seen in Meland, et al. (2010b), it 

could be that the response in gill tissue was sufficient to prevent an increased transcriptional 

response to tunnel wash water in liver. In the present study, neither ALAS nor ABCG2 

showed significant differences in transcription in liver samples between any groups or time 

points in the exposure study as a response to tunnel wash water. This contributes to the 

implication that waterborne metal exposure has more effect on gill compared to liver tissue, 

as is reasonable because of the role gills have as an ion regulator. ABCG2 has been shown to 

be amongst the most common ABC transporters in rainbow trout liver tissue (Žaja, et al. 

2008) and to be involved in first line of defence against PAHs and heavy metals as well as to 

be up-regulated in connection to increased phase I and II metabolism in liver tissue (Paetzold, 

et al. 2009;Costa, et al. 2012;Ferreira, et al. 2014). The lack of transcriptional response of 

ABCG2 in liver tissue of brown trout exposed to tunnel wash water is thus difficult to explain 

as a significant up-regulation of the phase I and phase II enzymes that was found. 
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4.3.3! Field sampling 
The control site in Årungenelva upstream of the outlet from the sedimentation pond seems 

not to be suitable as a reference site due to lack of differences in water quality and 

contaminant load between the sites. With the amount of rain fallen and time passed since last 

tunnel wash it is natural to expect the tunnel wash water to have little or no impact on water 

quality in the stream as seen in the absence of difference between water quality in the two 

locations. This is backed up by Lundberg, et al. (1999) who found a correlation between the 

duration of dry periods and higher concentration of suspended solids and metals in the 

discharged water from sedimentation ponds in Sweeden. A first flush effect in storm events 

has been shown in regards to pollutant concentrations in storm water (Sansalone and 

Buchberger 1997)!and in the toxicity of road water to water flea (Ceriodaphnia dubia), 

fathead minnow (Pimephales promelas) and green algae (Pseudokirchneriella subcapitatum) 

where 90% of the toxicity was observed in the first 30% of the storm duration. This is also 

indicated by the few coherent differences in gene expression between fish sampled from the 

two locations. In gill samples MT and HSP90 had a higher expression in fish from the 

upstream location compared with fish from the downstream location. In liver tissue, CYP1A 

and HSP70 were higher expressed in fish from the upstream location. GPx and PPARγ in 

liver tissue were the only genes higher expressed in fish from the downstream location in 

Årungenelva.  

 

4.4! Validation of the exposure study with field samples 
The field-sampling campaign in Årungenelva was used as a validation of the exposure study. 

The background for sampling in Årungenelva was that juvenile brown trout downstream the 

outlet from Vassum sedimentation pond are significantly smaller than those upstream and 

that this may be related to exposure to discharged water from the sedimentation pond 

(Meland, et al. 2010a). Due to differences between terms for the field sampling event and 

exposure study, the results from the two were not compared statistically. Keeping this in 

mind, inter-run calibration samples were used in the RT-qPCR to standardise the results 

between PCR runs. When investigating closer, it seemed like the brown trout exposed to 

tunnel wash water in the laboratory showed some similarities in their expression of genes 

compared to brown trout from Årungenelva.  
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The clustering of samples seen in the PCA biplots (Fig. 3.24a, b) showed that gill-samples 

from Årungenelva expressed a similar level of transcription as gills sampled from fish 

exposed in lab, and liver-samples from Årungenelva even higher levels compared to lab-

exposed fish in the genes most affected by tunnel wash water. This implies that brown trout 

in Årungenelva both upstream and downstream of the outlet point could be exposed to 

similar or even higher levels of pollution than in the filtered tunnel wash water used in our 

lab study. In the present study, the filtration process removed most of the particles in the 

sampled tunnel wash water, and a large fraction of the pollution in tunnel wash water is 

associated with particles (Meland, et al. 2010a). The proximity of the European route 6 (E6) 

to both field-sampling locations (Fig. 2.1) renders it a likely source of pollution to 

Årungenelva. This is backed up by a study from Roberts, et al. (2005) who quantified 

differences in transcriptional biomarkers with the highest transcription in the rainbow trout 

caged at the location closest to a highway. The hepatic transcription of the selected genes in 

fish from Åungenelva was even higher than in the fish exposed to tunnel wash water in the 

exposure study, but this was not seen in gill tissue where transcription levels are more 

similar. An explanation could be that the brown trout in Årungenelva are exposed through 

diet and sediments through feeding on insect larvae and sediment-associated organisms as 

well as through waterborne exposure. This route of exposure was confirmed by Carrasco 

Navarro, et al. (2012), who showed a trophic transfer of pyrene metabolites produced by the 

freshwater annelid Lumbriculus variegatus to juvenile brow trout through diet. The PCA 

plots also show that there was a stronger transcriptional trend in liver compared to in gills as 

the genes most affected by tunnel wash water was better correlated with PC1 and explained 

more of the variation seen in liver in both lab and field study. Enterohepatic circulation could 

be involved in an elongation and reinforcement of the exposure and effect in liver. This is 

supported by the increased transcription of the organic solute transporter α (OSTα) quantified 

in brown trout following 4 hours of exposure to unfiltered tunnel wash water (Meland, et al. 

2011). OSTα is a solute transporter facilitating enterohepatic circulation and removal of bile 

acids and sulphate conjugates (Wang, et al. 2001). 

 

 

Multiple ways of interaction and modifications can occur on several levels with exposure to a 

mixture of contaminants such as tunnel wash water. According to Calamari and Alabaster 

(1980) metals can interact on three levels; chemically with other constituents in solution, 

interact with the physiological mechanisms in target organism or interact at the site of toxic 
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action. This holds true also for the interactions between metals, PAHs and other organic 

contaminants. Effects of exposure to metals and PAHs are interconnected and complicated 

and can thus lead to both additive and non-additive co-toxicity (Norwood, et al. 2003;Van 

der Oost, et al. 2003;Finne, et al. 2007;Gauthier, et al. 2014). The effect of Cd, Zn and Pb on 

CYP1A, MT and VTG transcription were investigated in mosquitofish (Gambusia affinis). 

The results showed that the three metals independently had the ability to influence 

transcription of all three genes both positively and negatively depending on time and 

concentration of exposure (Huang, et al. 2014). This reveals complicated modes of action and 

the need to investigate the effects of mixture toxicity that arises with exposure to e.g. tunnel 

wash water.  

 

In a field situation like Årungenelva there could be a range of indirect effects from road 

pollution on brown trout with a higher impact than direct effects. Changes in behavior, 

physiology, competitive interactions, or predator–prey relationships can result in changes in 

populations and community composition that intensifies, mask or falsely indicate direct toxic 

effects (Fleeger, et al. 2003). This could be the case with reduced growth in brown trout 0+ 

living downstream outlet of the sedimentation pond. The observed toxicity of road water on 

lower trophic levels such as algae, daphnia and bacteria have varied from no effects to severe 

toxicity (Kjølholt and Stuer-Lauridsen 2001;Kayhanian, et al. 2008;Waara and Färm 2008). 

Bioaccumulation of metals have been shown in benthic organisms in road water ponds 

(Stephansen, et al. 2010;Damsgård 2011) as well as a higher frequency of invertebrates with 

a shorter life span (Grapentine, et al. 2008). The effects on these organisms could result in 

indirect effects of tunnel wash water on the brown trout in Årungenelva. 

 

The discharge of water from a sedimentation pond depends on the frequency and magnitude 

of tunnel wash- and rain-events and is a pulsed incident. Several models are being developed 

to integrate contaminant interactions, exposure concentration, exposure duration and recovery 

time to predict the outcome of pulsed and mixed exposure events (Hickie, et al. 1995;Guan 

and Wang 2004;Hoang, et al. 2007). In the present study, a transcriptional response in a 

higher number of genes and a trend towards higher EROD activity was seen in the fishes 

exposed to Nordby compared to Granfoss tunnel wash water. This, together with the 

generally higher contaminant concentration in tunnel wash water from Nordby (Table 2.5) 

reflects that AADT for the two tunnels is approximately the same, but the washing frequency 

in Nordby is half that of Granfoss. The contaminant load discharged with every wash will 
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thus be less from Granfoss. As of today, the Granfoss tunnel has no treatment facility for road 

run-off and tunnel wash water and the total contaminant load discharged to recipient could 

thus be higher than from Nordby. The long-term effects on the recipient of discharge from a 

sedimentation pond or tunnel wash depend on the frequency and magnitude of discharge and 

the ability of the recipient to recover between events. Even if a single event is not acute or 

severely toxic, the energy allocated to deal with such an event may render the recipient less 

capable of dealing with a subsequent discharge event. Energy allocation through trade-off 

processes regulates the distribution of energy among growth and reproduction. Additional 

energy drainage such as detoxification processes may disturb this balance (Knops, et al. 

2001) and even though the energetic cost of acclimation to exposure is generally seen as 

higher than for adaptation, adaptation can also result in smaller size and increased sensitivity 

to other contaminants (Ward and Robinson 2005). Feder and Hofmann (1999) reported that 

increased HSP levels result in reduced growth for several organisms during induced levels 

and suggest among other explanations that HSPs at high concentrations interfere with cellular 

mechanisms or that nutrient and energy storage is compromised in favour of HSP 

synthesis/catabolism. The lab experiment showed that with continuous exposure for 25 days, 

gene transcription was still increased in the genes VTG and HSP90 that both can have long 

term impact by affecting hormone balance and growth respectively. The increased hepatic 

VTG transcription quantified in this thesis following 25 days of exposure to filtered tunnel 

wash water could be an early warning of possible imbalance in reproductive strategy and 

ability, as reviewed in (Arukwe and Goksoyr 2003).  

 

Gene ontologies associated with xenobiotic bio-transformation, immune suppression and 

endocrine modulation were overrepresented after 86 hours following a four-hour exposure to 

unfiltered tunnel wash water (Meland, et al. 2011). Most of the contaminants in the unfiltered 

tunnel wash water causing this effect were associated with particles, whereas in the present 

study it was shown that the fraction of contaminants below 1.2 µm in tunnel wash water had 

the ability to increase expression levels in genes related to phase I and phase II metabolism, 

oxidative stress, stress mitigation and vitellogenesis during 25 days of exposure. 
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5!Conclusion 
Pyrene and phenathrene was metabolised by stickleback during exposure to tunnel wash 

water in the lab, and were detected in highly varying concentrations in bile as OH-

metabolites on all sampling days. EROD activity in stickleback gill was significantly induced 

following exposure to tunnel wash water. A weak trend of higher activity was seen with 

duration of exposure. These results show that exposure to tunnel wash water induce effects 

on an enzymatic level in fish. 

 

Results from the exposure study showed that in 12 out of 20 gene/tissue combinations 

transcription was significantly up-regulated in groups exposed to tunnel wash water. Only 

one gene was down-regulated. The response in transcription was generally higher in trout 

exposed to Nordby compared to those exposed to Granfoss tunnel wash water, and this 

reflects the difference in contaminant load between the two treatments originating from 

differing washing frequency but similar AADT. Expression of several genes was 

significantly altered in brown trout exposed to tunnel wash water in the exposure study on 

day 25. In gills, transcription related to phase I metabolism (CYP1A) and heme synthesis 

(ALAS) increased in both tunnel wash water exposed groups, whereas expression of stress 

and oxidative stress related genes (HSP90, GST, GCS and MT) was significantly increased in 

fish exposed to either one of the tunnel wash water treatments. Gill transcription of the 

xenobiotic transporter ABCG2 was significantly reduced by exposure to Granfoss tunnel 

wash water. Hepatic transcription of genes related to phase I and phase II metabolism, 

oxidative stress, stress response and endocrine function was significantly increased in both 

tunnel wash water exposed groups (CYP1A, GST, HSP90 and VTG), whereas hepatic 

transcription of GCS and HSP70 was significantly increased following exposure to Nordby 

tunnel wash water only. 

 

Few concurrent differences were seen in transcription of genes between fish sampled from 

the upstream and downstream location in Årungenelva. Of the differences seen, contrary to 

our expectation, expression was frequently higher in fish sampled from the upstream 

location. On the other hand, it seems from the comparison of expression levels in brown trout 

sampled from the lab and field study that gene expression of the selected genes were 

generally as high in gill, and higher in liver tissue in fish from both locations in the field 

study compared to tunnel wash water exposed brown trout in the lab study. This indicateas 
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that brown trout is Årungenelva is not only under stress due to discharged water from a 

sedimentation pond, but are possibly also affected by contaminants originating from the close 

proximity of the stream to a highly trafficated road. 

 

This study showed that long term exposure to tunnel wash water has the ability to cause 

increased biomarker response both on a transcriptional level in brown trout in lab and field, 

and on an enzymatic level in stickleback in lab. 
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6!Future perspectives 
To the authors knowledge no other studies have quantified the level of PAH-metabolites in 

stickleback bile. A standardisation of the stickleback bile protocol and research on exposure-

dependent concentrations of PAH-metabolites would be useful as stickleback is a species 

well suited for comparing lab and field studies. The size difference previously documented in 

Årungenelva (Meland, et al. 2010a) applied to 0+ brown trout and was not possible to 

confirm or disprove by this study. Thus further investigation of the size difference and 

whether tunnel wash water is the cause would be interesting to follow up through e.g. studies 

on whether there are indirect effects on the growth of juvenile brown trout in Årungenelva, 

such as via lower trophic levels from contaminants in water or in sediments. Another point to 

follow up from this study is the seemingly high levels of transcription in genes related to 

phase I, phase II, stress and endocrine function in brown trout from both the upstream and 

downstream location. The proximity of both locations to E6 could result in both locations 

being equally affected, and by comparing with a more remote reference site this could be 

determined. If this were the case, an investigation of whether the levels of gene expression 

seen in brown trout in this study are reflected on a protein and catalytic level would be 

informative.  
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Appendix 
 

Software 
 Excel Microsoft office 2011 

R studio 

 Vworks Automation Control Agilent Technologies 

Lightcycler®480 SW 1.5.1 Roche 

Gen5 1.10 BioTek 

GeNorm 

 Primertest eurofins oligodt Eurofins 

Normfinder 

  

 

List of equipment Producer/supplier 
20L plastic container Biltema 

Accublock™ mini D100 Labnet International 

Agilent Bravo pipetting robot Agilent Technologies 

Allegra™ 25R Centrifuge Beckman Coulter™ 

APS 300 air pump Tetra Tec 

Aquariums 20L fully moulded VWR 

Centrifuge 5424 Eppendorf AG 

Chip priming station Agilent Technologies 

Cordless Pellet Pestle motor VWR International 

Cryolys Bertin technologies 

Fish net breeder (16x12.5x13cm) Marina 

Heraeus Multifuge 3 S_R Sentrifuge til plate, 4117  Thermo Scientific 

Incubator  Termaks 

LAB pH METER PHM92 Radiometer Copenhagen 

Lightcycler® 480 Roche 

Lightcycler® 96 Roche 

Magnetic stirrer VS-C10 VWR 

Mastercycler epgradient S Eppendorf AG 

Mechanical shaker SM25 Edmund Bühler 

MS3 vortex IKA 

Multiparameter probe Oakton 

Pick up 45 2006 filter  Eheim 
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Precellys 24 Bertin technologies 

Scale AG206 Mettler Toledo 

Scale BP 210 S Sartorius 

Scale BP 2100 S Sartorius 

Spectrafuge MiniCentrifuge C1301B Labnet International Inc. 

SynergyMx platereader BioTek 

Whatman® Glass micro fiber filter 1822-125 Sigma-Aldrich 

Whatman® Glass micro fiber filter 1822-150 Sigma-Aldrich 

Whirlmixer Fisons 

YSI 6600V2-2 multiparameter water quality Sonde YSI Incorporated 

YY3014236 Filter Holder, 142 mm Merck Millipore 

 

List of Chemicals Cat/Cas no Producer/Supplier 
Pb(NO3)2 22,862-1 Sigma-Aldrich 

Benzo(a)pyren 50-32-8 Sigma-Aldrich 

   HEPES-Cortland buffer, pH7.7 

  0.38g KCl 7447-40-7 Merck KgaA 

7.74g NaCl 7647-14-5 Sigma-Aldrich 

0.23g MgSO4*7H2O 10034-99-8 Sigma-Aldrich 

0.17g CaCl2 10043-52-4 Sigma-Aldrich 

0.33g 1.43g H2NaPO4*H2O 10049-21-5 Sigma-Aldrich 

1.43g HEPES 7365-45-9 AppliChem GmbH 

1g Glucose 50-99-7 Sigma-Aldrich 

NaOH 10M 

  
   Resorufin sodium salt R3257 Sigma-Aldrich 

Reaction buffer 

  35ml HCbuffer pH 7.7 

  35_l (1mM) Dicumarol 

  70_l (10mM in DMSO) 

etoxyresorufin/resorufin methyl eter E3763 Sigma-Aldrich 

   RNeasy® Plus minikit 74136 Quiagen 

2-Mercaptoethanol (thioethylene glycol*2-

hydroxyethylmercaptan) 

Lot#55396EMV, 

M3148-100ML Sigma-Aldrich 

Buffer RPE, Wash buffer 1018013 Quiagen 

Buffer RLT Plus, RNeasy Plus lysis buffer 1048449 Quiagen 

Buffer RW1, wash buffer 1015763 Quiagen 
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RNase-free water 1018017 Quiagen 

Heparin sodium salt from porcine intestinal 

mucosa 01.08.41 Sigma-Aldrich 

Ms222 Ethyl 3-aminobenzoate, 

methanesulfonic acid salt 98% 886-86-2 Sigma-Aldrich 

Rectified spirit EG.nr. 200-578-6 Kemetyl Norge AS 

Isopropanol 

 

A/S Vinmonopolet 

Internal standard, PAH-metabolites 

  10% 10mg Trifenylamin 

 

Fluka 

80% Metanol 

 

Sigma-Aldrich 

1% Askorbinsyre 77-92-9 Sigma-Aldrich 

β-Glucuronidase from Helix pomatia 9001-45-0 Sigma-Aldrich 

   Agilent AffinityScriptQPCR cDNA synthesis 

kit (Cat#600599) 600559 Agilent Technologies 

2x cDNA Synthesis First Master Mix 600559-51 Agilent Technologies 

Ologo(dT) Primer 100ng/µl 600554-53 Agilent Technologies 

Random Primers 100ng/µl 600554-54 Agilent Technologies 

Affinity Script RT/RNase Block enzyme 600164-58 Agilent Technologies 

   Brilliant III Ultra-Fast SYBR® Green 

QPCR Master Mix 600882 Agilent Technologies 

SYBR® Green QPCR Master Mix 600882-51 Agilent Technologies 

   Agilent RNA 6000Nano Reagents Part I 5067-1511 Agilent technologies 

RNA 6000 Nano Gel Matrix 

 

Agilent technologies 

RNA 6000 Nano Marker 

 

Agilent technologies 

RNA 6000 Nano Dye concentrate 

 

Agilent technologies 

   RNAse zap 

 

Ambion 
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