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Abstract 

Produced water is the most dominating source of continuous oil discharges to the sea 

offshore. It contains a wide range of compounds such as alkyl phenols, polyaromatic 

hydrocarbons (PAHs), heavy metals, carboxylic acids and other organic compounds, 

which may cause harm by themselves or in synergy with other compounds present in 

produced water. Worldwide there is a growing concern that contamination of the 

marine environment may constitute an important contribution to the reported decline 

in harvested populations of marine fish species, and early life stages have been 

reported to be more sensitive to xenobiotic exposure than adult fish. 

 

Proteomics were applied to identify changes in the proteome of Atlantic cod (Gadus 

morhua) exposed to crude North Sea oil and North Sea produced water at different 

life stages and during early development. Apparent protein changes were identified 

and linked to possible signalling pathways and mechanisms involved in the biological 

response of fish following exposure. Exposure to North Sea crude oil and produced 

water appeared to induce a large number of changes, also at low levels of exposure. 

More than 40 of the 137 protein changes detected in plasma of juvenile cod following 

exposed to crude oil and surrogate produced water appeared at the lowest level of 

exposure, 0.06 ppm crude oil. Almost all of the protein changes detected in whole fry 

and fry liver following produced water exposure occurred at the lowest levels of 

produced water, 0.01% and 0.1% produced water.  

 

In total 137 proteins appeared to change in plasma of juvenile cod exposed to crude 

oil and oil spiked with PAHs and alkyl phenols. 84 proteins appeared to change in 

whole cod fry exposed to produced and oestradiol from egg to fry stage whereas 105 

proteins appeared to change in liver of cod fry exposed to produced and oestradiol.  

Comparing the results from produced water exposure with oestradiol exposure, 
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suggest that some of the responses may be related to endocrine disrupting effects. 

However, about 25% - 50% of the produced water affected proteins did not change 

following oestradiol exposure. 

 

The biomarker candidates found in this study includes a vide range of different 

protein previously been reported to be involved in a variety cellular and molecular 

functions, indicating effects on the immune system, the fibrinolytical system, iron 

hemostasis, fertility, metabolism, perception, morphology and development. 

 

The levels of exposure used in this study are supposed to reflect both acute 

discharges and long-term, chronic exposures, levels of exposure close to back-ground 

levels and distances far from the platforms, as well as higher levels of exposure 

comparable to the expected concentrations in close proximity of the oil installations 

offshore. The biomarker candidates discovered in this study will have to be verified 

and validated for use as biomarkers in environmental monitoring in future studies. 

 

The PhD project “Proteome changes in Atlantic cod (Gadus morhua) exposed to oil 

and produced water: Discovery of biomarker candidates for environmental 

monitoring” is funded by Total E&P Norway and was carried out at the Department 

of Molecular Biology, The University of Bergen, Norway. 
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1. Introduction 

1.1 The Petroleum Industry 

1.1.1 Production and the History of the Petroleum Industry 

The Norwegian oil adventure started in 1969, when a Phillips Petroleum mobile 

drilling rig struck oil and gas in the Ekofisk field, ca 250 kilometres out of Stavanger 

(Hansen et al. 1984). The production on the Ekofisk began in 1971. 

 

Since the beginning of the Norwegian oil adventure in 1969, oil and gas for more 

than 5000 billion NOK has been produced. Norway is today the world’s third largest 

exporter of oil and the world’s eighth largest exporter of gas. Of the total Norwegian 

export, the oil and gas export accounts for approximately 50 %, contributing to 

approximately 25 % of the Norwegian GNP. Today 50 oil fields are operative in the 

Norwegian zone, producing approximately three million barrels of oil every day, and 

85 billion Sm3 of gas on an annual basis. Never before have the investments in the 

Norwegian petroleum industry been greater: In 2006 more than 100 billion NOK are 

estimated to have been invested on the Norwegian shelf, and 2100 billion NOK have 

so far been invested in developing the Norwegian oil and gas industry (OLF 2006a). 

 

1.1.2 Production and Distribution 

Offshore oil and gas installations are densely distributed in the North Sea along the 

Norwegian coast and at the Norwegian Continental Shelf (Figure 1, OLF 2006b). 
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Figure 1: Oil installations at the Norwegian Continental Shelf, the North Sea. Oil installations are marked 

as red dots, whereas connecting pipelines are lined in grey. Reproduced with permission from OLF (OLF 

2006b). 

The oil production has increased over the years, and large amounts of oil produced 

place Norway among the world’s largest producers of oil (Figure 2). 
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Figure 2: The annual production of oil and gas on the Norwegian Continental Shelf, the North Sea. 

Production of oil (million Sm3) is marked in blue and production of gas (million Sm3) is marked in red. 

Reproduced with permission from OLF (OLF 2007). 

Prognoses estimate a continued increase in total oil and gas production in the North 

Sea to 2008. Long-term estimates calculate a decrease in oil production, whereas the 

gas production is estimated to be continuously high in the future.  

1.1.3 Risk Assessment and Management 

Ecological/ environmental risk assessment (ERA) is defined as the procedure by 

which the likely or actual adverse effects of pollutants and other anthropogenic 

activities on ecosystems and their components are estimated with a known degree of 

certainty using scientific methodologies (Depledge and Fossi 1994; van der Oost et 

al. 2003) The risk assessment process identify and quantify the risk resulting from a 

special use or occurrence of a chemical compound, of which risk analysis determines 

the risk of a certain situation, whereas risk assessment examines a solution to the 

problem (van der Oost et al. 2003). 
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In the past decades, formal risk analysis has played an increasing influential role in 

public policy, from local and national to international level. In the early 1970s, risk 

analysis evolved into a major policy decision tool. It has become a dominating tool 

for energy, environment, health, and safety decisions, both public and private 

(Kammen and Hassenzahl 1999). 

 

Long-term effects of discharges to the sea from the petroleum activities has for many 

years been a hot topic both in research and in the Norwegian society as a whole. 

There is a key concern of an overall impact on the marine environment that may 

disturb a sustainable exploration of our natural resources (Waldichuk 1979; Worm et 

al. 2006). Hence, research programmes and risk analysis has been initiated to aid risk 

management: PROOF, a 2001-2009 research programme by the Norwegian Research 

Council has as a main objective to increase knowledge concerning the long-term 

effects of discharges from the petroleum activities. The purpose is to provide a better 

basis for the authorities to make decisions when coordinating the petroleum activities, 

such as in Lofoten and the Barents Sea, with other uses (e.g. fishing) and protection 

of the marine environment.  

 

Previously, studies monitoring biological effects of the North Sea have reported 

effects of contamination on fish embryos and the early development of pelagic fish 

(Cameron et al. 1996). Malformation rates higher than average was found under the 

influence of estuaries and in the coastal areas of the southern part of the North Sea 

(ibid.). The regional pattern of malformation rates of pelagic fish embryos observed 

in the North Sea was also found to be in good agreement with the distribution of 

several chlorinated hydrocarbons and with the distribution of heavy metals. 
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Other reviews have been studying the ecological effects of oil spills and subsurface 

blowouts specifically (Hamdoun et al. 2002; Rye et al. 2000; Teal and Howarth 

1984). One of these studies conclude that under unfavourable conditions, the overlap 

between the hydrocarbon concentration fields and the geographical distribution of 

larvae in the North Sea along the west coast of Norway, may cause a significant 

impact on a population level (Rye et al. 2000). 

 

There is also in these risk analyses an on-going discussion to what extent oil 

discharges are distributed and diluted in the environment. (Moore and Dwyer 1974) 

concluded that 1-2 days of weathering significantly reduces the toxic effects of oil 

spills. This was contradicted in the review by (Teal and Howarth 1984). Calculations 

from the Bravo blow-out in the Ekofisk field in the North Sea in 1977 estimated 

about 20 x 103 tons of oil to be blown in the air, resulting in an oil slick covering 

about 40 000 km2 as 12 x 103 tons of oil fell back onto the sea surface. Up to 300 µg/l 

of oil were detected within 18 km of the blow-out. 

 

In 1997 the parliament white paper No- 58 (1996-1997) “Environmental Policy for a 

Sustainable Development” introduced the zero-discharge concept. Based on this 

report a goal of zero environmentally harmful discharges to sea by year 2005 was 

established. As a general rule no environmentally harmful substances should be 

discharged, be it added chemical substances or natural occurring chemical substances. 

The goal applies to all offshore operations encompassing both drilling and well 

operations and production as well as discharges from pipelines. 
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1.1.4 Future Petroleum industry and Exploration in Polar areas 

After more than 40 years of oil and gas activities in Norway, approximately 30% of 

the estimated petroleum resources have been explored. Existing and new 

developments with an estimated production of a total volume equivalent to the 

volume of petroleum resources already produced have been approved. It is assumed 

that an additional 6 percent can be recovered by new discoveries in existing fields, 

and yet, that another 6 percent can be produced if methods and technology is 

developed to increase the recovery rate in existing fields. The Norwegian Petroleum 

Directorate projects that 26 percent of the remaining resources on the Norwegian 

Shelf have not yet been discovered (OLF 2006a). 

 

More than 60 exploration wells have been drilled in the Barents Sea area since 1980. 

The parliament white paper No- 38 “Oil and Gas activities” (2001-2002) stipulates 

further requirements regarding oil and gas activities in Lofoten and the Barents Sea, 

such as zero produced water discharges during normal operations for all new, not yet 

approved, field developments in Nordland VI, all areas north of the 68º N, and in 

areas where the environment is particularly vulnerable. Nor must there be any 

discharges to the sea during drilling of wells, with the exception of the top-hole 

section. Drilling waste has to be re-injected or brought to land unless other solutions 

are better for the environment or for safety. 

 

Studies investigating the effects of oil discharges on artic marine species have found 

the artic species to be more sensitive to these pollutants than more temperate species 

(Olsen et al. 2007), emphasising the increased vulnerability of the Artic environment. 
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1.2 Produced Water and Discharges Offshore 

1.2.1 Discharges offshore 

There are three main sources of continuous discharges of oil into the sea offshore: 

Produced water, displacement water and drainage water (Figure 3). Oil discharges 

may also occur from jet water used for cleaning process equipment, in connection 

with accidents, or as fallouts from oil droplets following the burning of oil in 

connection with well testing and well maintenance.  

 

 

Figure 3: Discharges of oil to the North Sea on the Norwegian Continental Shelf. Discharges of oil to sea 

are produced water (light blue), testing of wells (red), displacement and drainage water (orange) and acute 

discharges (dark blue), in tonnes. Reproduced with permission from (OLF 2007). 

In 2006 the total amount of oil discharges at sea was 2717 tonnes. Produced water 

(approximately 90%), displacement water, drainage water and sand jetting counted 

together for 96% of these discharges, while 4% was related to acute discharges and 

fall-outs during burning of oil in connection with well-testing and well clean-up 

(OLF 2007). 
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The EU legislation is based on the recommendations and work of the Barcelona 

Convention (Mediterranean Sea), the Bucharest Convention (the Black Sea), the 

Baltic Marine Environment Protection Commission (HELCOM), and the OSPAR 

convention (North-East Atlantic). Norway is obliged as a member of the OSPAR 

convention to follow these international standards. Since 1986, the standard of 40 

mg/L for the average concentration of hydrocarbons in effluents discharged from 

platforms have been applied (PARCOM 8/12/1, paragraph 5.37, (OSPAR 1986)). As 

from 1 January 2007, a standard of 30 mg/L of dispersed oil in produced water were 

to be applied (OSPAR Recommendation 2006/4, (OSPAR 2006)). At the Norwegian 

Continental Shelf in the North Sea the average hydrocarbon content in produced 

water was 16.9 mg/L in 2006 (OLF 2007). The goal of zero effect discharges is also 

implemented by OSPAR, and the OSPAR convention also have stated a goal of 

cessation of discharges, emissions and losses of hazardous substances by the year of 

2020 (OSPAR; Sintra statement 1998). 

 

1.2.2 Produced water 

The production of produced water is increasing and is normally very high during the 

last phase of the oil production. Fields that produce gas and condensate products 

produce relatively small amount of produced water. When the wells start to produce 

larger amounts of water they are normally shut down.  

 

Produced water contains a great variety of compounds, such as dissolved inorganic 

salts, minerals and heavy metals, dissolved and dispersed oil compounds, organic 

compounds such as carboxylic acids and phenols from the formation water (Neff 

2002). The five most common organic discharges are poly-aromatic hydrocarbons 

(PAH), BXT (Benzene, Xylene, Toulene), phenols, alkyl phenols, and carboxylic 

acids (Figure 4).  



 23

 

 

Figure 4: The major contributors to hydrocarbon discharges through produced water. Green: organic 

acids, light blue: BTX, red: EPA. Bottom left: Alkyl phenols of varying chain length; C1-C3: number one from 

the left, C4-C5: number two from the left, and C6-C9: number three from the left. Bottom right: Phenols. The 

measures are in kilo (kg). Reproduced with permission from OLF, (OLF 2007). 

 

The most common heavy metals released during drilling (Figure 5) are impurities 

from barite: Arsenic (As), lead (Pb), cadmium (Cd), copper (Cu), chromium (Cr), 

mercury (Hg), nickel (Ni) and zinc (Zn) (ibid). The composition of produced water 

will vary from one platform to another and during the field’s lifetime. In 2004, 

produced water accounted for 90 per cent of the total oil discharges to the sea from 

the petroleum industry (OLF 2005). 
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Figure 5: Discharges of heavy metals through produced water to the North Sea, the Norwegian 

Continental Shelf. From top to bottom, left to right: Arsenic, cadmium, chromium, copper, lead, mercury, 

nickel and sink. The measures are in kilo (kg). Reproduced with permission from OLF (OLF 2007). 

 

The average oil concentration in the discharges of produced water is reduced. 

However, the discharges of produced water are also expected to increase in the future 

as several large oil fields on the Norwegian shelf have reached a mature production 

phase with continually rising water cuts. Hence, the total amount of hydrocarbons 

discharged into the sea increases. 

 

Alkyl phenols 
Alkyl phenols (APs) are biodegraded products of alkylphenolethoxylates (APEs), 

which are widely used as detergents, emulsifiers, solubilisers, wetting agents, 

dispersant in paints, formulated pesticides and herbicides, personal care products and 
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food packaging (Lamche and Burkhardt-Holm 2000; Naylor 1992). APs are natural 

components of crude oil (Ioppolo-Armanios et al. 1992) are released into the marine 

environment from offshore oil production and from municipal wastewater (Naylor 

1992). The most water-soluble APs constitute 80% of the alkyl phenols in produced 

water, whereas higher APs (C2-C7) make up the rest (Boitsov et al. 2004). The 

biodegradation rate of APs is found to decrease markedly with increasing length of 

the alkyl chain. Alkyl phenols are reported to affect the reproductive system (Meier et 

al. 2007) and the redox status (Hasselberg et al. 2004; Hasselberg et al. 2004) in 

Atlantic cod. APs were shown to induce a number of effects in exposed female fish, 

such as impaired oocyte development, reduced oestrogen levels, and delayed 

spawning. In the same study, AP-exposure of male fish lead to effects such as 

reduced levels of 11-keto-testosterone, induction of vitellogenin (Vtg), impaired 

testicular development, increased amounts of spermatogonia and reduced amount of 

spermatozoa present (Meier et al., 2006). Some of these effects have previously also 

been reported from other studies with APs (Arukwe et al. 1997; Cardinali et al. 2004; 

Christiansen et al. 1998; Jobling et al. 1996; Schwaiger et al. 2002).  

Polynuclear/polycyclic Aromatic hydrocarbons, PAHs 
PAHs are hydrocarbon compounds consisting of multiple, fused aromatic rings 

(Harvey 1997). They are released into the environment as point source pollutants, e.g. 

oil spills (Neff 1985), or as non-point source of pollutant, primarily by atmospheric 

deposition (Lunde and Bjorseth 1977) and are considered one of the most widespread 

organic pollutants. PAHs are formed by incomplete combustion of fuels and organic 

material, such as wood, coal, diesel, crude oil, fat, tobacco or tar (Dabestani et al. 

1995; Neff 1979; Neff 1985). It may be worth mentioning that the different types of 

combustion yield different distributions of PAHs.  

 

Benzene and naphthalene are often included as PAHs, even though they are not 

formally PAHs. PAHs of three rings or more have low water solubility in water and a 

low vapour pressure. The water solubility decreases approximately an order of 
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magnitude for each additional ring (Neff 1979; Neff 1985). PAH toxicity is very 

structure dependent (Cerneglia and Heitkamp 1989; Neff 1979; Neff 1985). PAHs are 

lipophilic (Jonsson 2003), and some are shown to carcinogenic (Santodonato 1997), 

mutagenic (Machala et al. 2001), and teratogenic (Guillette and Guillette 1996; 

Guillette et al. 1996). One PAH compound, benzo[a]pyrene was actually the first 

chemical carcinogen to be discovered (Shimkin et al. 1951). PAH is reported to affect 

steroid hormone levels in exposed fish (Monteiro et al. 2000; Nicolas 1999). 

 

Heavy metals 
Large amount of heavy metals is discharged through produced water (Figure 5). 

Metals are in general toxic by altering enzyme activities through binding to the 

functional groups (sulfhydryl, carboxyl, imidazol, etc) of the enzymes or by 

displacing the metal associated with the enzyme (Viarengo 1985). The redox cycling 

of heavy metals and their interactions with organic pollutant are major contributions 

to oxidative stress resulting from aquatic pollution (Ahmad et al. 2005). 

 

Arsenic (As), is very similar to phosphorus and will partly substitute for phosphorus 

in biochemical reactions, making it poisonous (Patlolla and Tchounwou 2005). It is 

known as a carcinogen (Eisler 2004; Jarup 2003). The metabolic interferences by 

arsenic may lead to death by multi-system organ failure (Hall et al. 1991; Tsuji et al. 

2004). 

 

Lead (Pb) and mercury (Hg) are both potent neurotoxins (Baatrup 1991; Castoldi et 

al. 2001; Castoldi et al. 2001; Jarup 2003), which accumulate in soft tissue and brain 

over time. In this context it should be mentioned that one of the most important 

sources of mercury exposure to humans is through fish consumption. Hence, pregnant 

and breast-feeding women as well as young children are in many areas given the 

advice to restrict their intake of fish and seafood (Castoldi et al. 2001; Ginsberg and 

Toal 2000; Inskip and Piotrowski 1985; Koos and Longo 1976). Mercury is 

transformed by bacteria to organic mercury, which cause toxic effects. 
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Embryotoxicity and teratogenicity of organic mercury compounds have previously 

been observed in numerous systems such as fish, birds and mammals (Leonard et al. 

1983). Lead is also known to cause blood disorders as well as brain disorders 

(Goldstein 1992). 

 

Cadmium (Cd) exposure is found to cause spectra of adverse effects in humans (for 

reviews: (Bertin and Averbeck 2006; Jarup 2003): Acute intoxication have been 

reported to affect testes, liver and lungs. Chronic exposure has been reported to cause 

obstructive airway diseases, emphysema, end-stage renal failure, diabetic and renal 

complications, altered blood pressure, bone disorders and immune-suppression. 

 

Copper (Cu) is poisonous (Eife et al. 1999) and may cause oxidative stress 

(Livingstone 2001; Pandey et al. 2001; Parvez et al. 2003). 

 

Zinc (Zn) accumulation in the brain is also reported as a prominent feature of 

advanced Alzheimer disease (AD) (Religa et al. 2006). 

 

Chromium (Cr) and nickel (Ni) are reported to enhance UV radiation-induced 

carcinogenesis in mice (Uddin et al. 2007). Nickel compounds are well established 

carcinogens (Chen and Costa 2006; Chen et al. 2005). 

 

BXT (Benzene, Xylene, Toluene) 
Benzene, C6H6, is carcinogenic and is an important industrial solvent and precursor 

in the production of drugs, plastics, synthetic rubber, and dyes. It is also a natural 

constituent of crude oil, but is generally synthesised from other compounds present in 

petroleum. Benzene has also been used as a petrol additive. It is a known human 

carcinogen and major health effects of benzene rise from chronic exposure through 

the blood, it damages the bone marrow and can cause a decrease in red blood cells, 

leading to anaemia (Snyder 2000; Snyder 2000). Benzene can also cause excessive 

bleeding and depress the immune system (Hsieh et al. 1991).  
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Xylenes are a group of benzene derivatives. They occur naturally in petroleum and 

coal tar, and are produced from petroleum for use as solvent, in the production of 

polymers, as a cleaning agent, in pesticide, in paint and varnishes. Xylene affects the 

brain, and is also known to cause irritations and breathing difficulties (Riihimaki and 

Savolainen 1980; Rosengren et al. 1986).  

 

Toluene is a common solvent (Kim et al. 2005). However, chronic inhalation of 

toluene has been linked to brain damage (Benignus 1981; Benignus 1981; Foo et al. 

1990). Toluene is metabolised by cytochrome P450-mediated mixed-function oxidase 

system (Nelson et al. 2004; Nelson et al. 1987) to benzyl alcohols (BA) 

(Tassaneeyakul et al. 1996). 

 

1.3 Atlantic Cod (Gadus morhua) 

The Atlantic cod, Gadus morhua, belongs to the family Gadidae, of the order 

Gadiformes, the class Actinopterygii, and the phylum Chordata (Moyle and Cech Jr. 

1988). It is an important food fish and a pelagic fish of historically great economic 

importance (Kurlansky 1998). The North Sea stock is primarily fished by European 

Union members and Norway, while the fishing in the Barents Sea is dominated by 

Norway and Russia. Atlantic cod feed mostly on krill, small crustaceans and fish, 

while the adult fish feed mostly on fish species such as capelin and herring  

 

1.3.1 Distribution 

In the western Atlantic Ocean cod has a distribution from North Carolina, USA, and 

round both of the coasts of Greenland; in the eastern Atlantic it is found from the Bay 

of Biscay north to the Artic Ocean, including the North Sea (Figure 6), areas around 

Iceland and the Barents Sea (Hall et al. 2004).  
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Figure 6: Distribution area and spawning area of Atlantic cod within the North Sea. Distribution area 

(marked blue) show that cod are well distributed within the North Sea and that the cod spawn (marked orange) 

in large areas within the North Sea. Reproduced with permission from OLF, (OLF 2006b). 

 

1.3.2 Spawning 

Cod has a long spawning season that last for more than two months (April-June), and 

sometimes as long as three (Brander 1994; Hall et al. 2004). The spawning season 

appears to be centred on the period of plankton blooms (Brander 1994), which is 

important to ensure good larvae survival by ensuring that as many eggs as possible 

hatch when food is available and predation is minimal (Platt et al. 2003). Cod have 

small, pelagic eggs (0.8-3 mm) and spawn in several batches throughout the 

spawning season (Kjesbu 1989). Cod larvae drift from spawning areas offshore with 

sea currents to more coastal areas.  

 

1.3.3 Developmental stages and metamorphosis 

The basic developmental mechanisms of teleosts are controlled by genetic and 

environmental factors (for review, see (Falk-Petersen 2005). In cod, the main organs 

and organ systems become functional by first feeding and differentiate during the 
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larval stage and metamorphosis. The differentiation of cells, tissues, organs and organ 

systems proceeds continuously from the early embryonic phase throughout 

metamorphosis in accordance with a gradual improvement of functionality (Falk-

Petersen 2005). 

 

At the egg stage, the blastula forms after hours or a couple of days depending on the 

incubation temperature (Timmermans 1987). Organogenesis (4-10 days post-

fertilisation, dpf) starts when the three germinal layers ectoderm, mesoderm and 

endoderm have been established and gastrulation (2-3 dpf) has finished. In cod, 

hatching gland cells develop in the head and eye region until hatching (10-12 dpf) 

(Adoff 1986). 

 

Cod larvae hatch at 70-80 dº from 1.2 to 1.4 mm large eggs, at length 4-4.5 mm and 

dry weights around 0.05 mg. Exogenous feeding starts long before the yolk is 

exhausted (Harboe et al. 1990). At hatching, liver, pancreas and gallbladder are 

present (Morrison 1993). The kidney, excretory organs and the primary lymphoid 

organ are also present at this stage (Padrós and Crespo 1996). Also, the germinal cells 

forming the gonad are present at the yolk sac stage (Morrison 1993). However, the 

spleen and thymus appear later (Padrós and Crespo 1996). 

 

After about 2 days the mouth of the cod larvae opens and the cod jaw becomes 

functional after 5 days, when the cod larvae can then take in food particles (Kjørsvik 

et al. 1991). During the yolk sac period, a range of digestive enzymes appears in the 

digestive system (Kjørsvik et al. 2004). The swim bladder works as a hydrostatic 

pump and is normally filled within 8-10 days after hatching in cod. Failure to do so 

may lead to reduced growth and skeletal deformities (Blaxter 1986). The thyroid 

follicle is generally apparent, although not necessarily functioning, within few days 

after hatching. 

 

The larval phase is then initiated by the first exogenous feeding. Marine teleosts are 

considered one of the fastest growing vertebrates. During the larvae period growth 
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and development is rapid when the food is abundant, and most of the growth is in the 

form of protein deposition in the muscle tissue. Tissues and organs increase in size as 

differentiation gradually proceeds. The skin grows thicker and the sense organs 

develop and grow more advanced as the movement reaction become faster and 

organs increase in mass and area becoming more efficient. Respiration and locomotor 

activity increase as activity increases, depending on muscular and gill development. 

Hence, swimming performance of the larvae may be related to alterations in body 

form, musculature and fins (see review by (Falk-Petersen 2005). Close to the first 

feeding, the interrenals, thyroid follicles and pituitary are present and operative. 

Hence, prolactin, thyroid and growth hormones and cortisol important to further 

development and growth are produced (Tanaka et al. 1995). Also the endocrine 

system is considered to be functioning early in larvae development, and is thought to 

respond directly to organic nutrients through hormone synthesis, conversion and 

reception (Funkenstein and Cohen 1996; MacKenzie et al. 1998).  

 

The maturation of larvae morphology and anatomy into the juvenile structure and 

function is called metamorphosis (Blaxter 1988). During metamorphosis larvae 

characteristics gradually disappear and the behaviour changes. Metamorphosis is 

considered to be under neuroendocrine and endocrine control, in which thyroid and 

growth hormones, prolactin and cortisol are central (Atkinson 1994; Inui et al. 1994). 

During metamorphosis the thyroid gland is also active and regulated via the pituitary-

thyroid axis (Inui et al. 1994). At 11-13 mm in length, corresponding to 

approximately 50 days post hatching, cod larvae usually enters metamorphosis 

(Pedersen and Falk-Petersen 1992). The median finfold then disappears. Most larvae 

are found in mid-water at metamorphosis (Morrison 1993). 

 

The juvenile stage is reached at 20-30 mm length (Falk-Petersen 2005). The 

lymphoid organs are fully developed in 25 mm cod. When the lymphoid organs 

become lymphoid, the cod juveniles become immunocompetent (Schrøder et al. 

1998). 
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Endogenous estrogens have previously been shown in several studies to affect 

testicular development and function during early life stages, both in fish and other 

species (Aravindakshan et al. 2004; Delbes et al. 2006; Guillette et al. 1995; Guillette 

et al. 1996; Jobling et al. 1996; Rolland 2000). Several studies have also reported 

effects of pollution on reproduction and survival of early life stages in teleosts (for 

review; (Jobling et al. 1996). Cameron et al. (1996) reported significant impacts on 

early life stages of cod development following exposure to environmental pollutants 

in the North Sea. They calculated a 50% decrease in newly hatched larvae due to 

additional mortality. The increase in mortality was most likely caused by observed 

embryonic malformations following exposure. 

 

1.3.4 The fish physiology – In Brief 

The organs within an organism have specialised function and the expression of many 

specialised proteins are constricted to certain tissues in which they exert these 

functions. Linking biomarker proteins to their biochemical function in the organisms 

may be used to assess the health status of the organisms and ultimately the overall 

environmental risk. Hence, common body tissues and body fluids to use in fish 

biomarker discovery include blood, mucus, liver, gonads, and gills. 

 

Blood 
The fish blood volume is less (2-5% of body volume) compared to other species 

(approximately 8% of body volume in mammals). The protein level in blood is also 

somewhat lower compared to e.g. mammals (Satchell and Helle 1992). Similar to 

other species, blood cells in the circulation include erythrocytes, lymphocytes and 

thrombocytes. However, in contrast to e.g. human thrombocytes, the fish 

thrombocytes possess a nucleus. Their function in haemostasis is however the same 

as in mammals. Haematopoiesis are in teleosts located primarily to kidney, spleen 

and thymus (an organ specific to fish), although some blood cells are produced in 
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liver, in parts of the digestive system (submucosa) and in embryonic yolk sac. The 

fish thymus is characterised by a large content of small lymphocytes, called 

thymocytes (ibid.). 

 

Special features of blood and the circulation beneficial to biomarker discovery are the 

transport of sex hormones from the liver to the gonads, the excretion of proteins into 

the blood stream upon injury and during disease and the easy, non-destructive 

sampling of blood. In relation to reproductive effects and function of the gonads, 

plasma steroid concentrations reflect not only the rate of synthesis, but also the rate of 

deactivation by the liver (Kime 1999). The gonads can signal back their status to the 

pituitary and hypothalamus by steroids as well as other messengers (Kime 1999). 

Blood also possess the more obvious features of circulating throughout the organism 

being in contact with different organs, transporting signalling molecules and 

hormones, as well as housing cells like the lymphocytes important to the immune 

system and in mediating an immunological defence.  However, the immune response 

of cod is unusual in that specific antibody response is limited or absent (Magnadottir 

et al. 2001). 

 

Liver  
The liver is relatively large in cod compared to other species (Kryvi 1992). As liver is 

the most important metabolising organ, a large number of metabolic processes take 

place here. In respect to biomarker discovery, changes in the level and activities of 

the biotransformation enzymes are considered the most sensitive effect biomarkers 

(van der Oost et al. 2003). Major types of xenobiotic biotransformation enzymes, like 

the CYP1A-system, have been found to be predominantly located in the liver 

(Bucheli and Fent 1995; Husøy et al. 1996; Stegemann et al. 1992). Important 

constituents of oogenesis, such as vitellogenin, and in many species including cod, 

the eggshell zona radiata proteins (or the vitelline envelope proteins), are also 

produced in the liver and released into the blood for transportation and incorporation 

in the oocytes (Arukwe and Goksoyr 2003; Tyler et al. 1991). The synthesis of these 
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proteins is regulated by oestrogen, 17β-oestradiol, E2 (Kime 1999). The intracellular 

actions of E2 are mediated by estrogen receptors, ERs (see review by (Goksøyr 

2006). E2 is also found to have a suppressive effect on CYP1A (Navas and Segner 

2001), an important enzyme in the defence system of the cells. However, the E2 

inhibitory action on CYP1A does not seem to override xenobiotic induction of 

CYP1A (ibid.). 

 

Gonads   
Fish are considered useful models for the effects of environmental pollution on the 

vertebrate reproduction for a number of reasons: They are the species most at risk 

from aquatic pollution, they are readily exposed in the laboratory to environmentally 

realistic doses, both sexes produce large numbers of gametes which can be readily 

counted and examined for malformations, fertilisation and hatch rates are readily 

measured, the offspring and progeny can be easily monitored for developmental 

abnormalities  and fertility function, and the endocrine control of their reproduction is 

quite well understood (Kime 1999). Exposed wild fish are also easily compared to the 

laboratory exposed fish, and fish are increasingly used as models for toxicological 

effects in mammals (for reviews: (Alestrom et al. 2006; Delbes et al. 2006; Rolland 

2000). The endocrine system of fish is controlled by a complex of external stimuli, 

hypothalamic hormones, pituitary hormones, gonadal hormones, and deactivating 

hormones from the liver (Kime 1999).  

  

Sex steroid hormones play important roles at all stages of the reproductive cycle. In 

addition to their role in fish reproduction, sex steroids are known to be involved in 

fish growth, digestion and food utilisation, gut transport, shifts in body composition, 

intermediary metabolism, osmotic regulation and immunity (Cuesta et al. 2007). Fish 

differs from mammals in that the major testicular testosterone is 11-ketotestosterone 

rather than testosterone (Kime 1995) and that oestradiol acts very differently to 

mammals: It is an ovarian oestrogen, but is predominantly distributed to the liver 
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where it stimulates the production of vitellogenin, which is incorporated into the 

oocytes (Kime 1999; Tyler et al. 1991). 

 

1.3.5 The Cod Genome and Proteome 

The cod (Gadus morhua) is not a model organism and hence, the cod genome is not 

well sequenced. However, increasing interest and research on this species have 

resulted in more of the genome being sequenced and more genes being annotated. To 

date, 1712 core nucleotides and 46005 expressed sequence tags (ESTs) are available 

through the NCBI database, yielding a total of 1609 peptide/protein sequences in the 

NCBI database (NCBI, 2007). The haploid cod genome has been estimated to a size 

of 3.4·108 kb (Grøsvik and Raae 1992). Currently, the genomes of the elephant fish 

(Callorhinchus milli), zebrafish (Danio rerio), skate (Leucoraja erinacea), Japanese 

medaka (Oryzias latipes), Japanese pufferfish (Takifugu rubripes) and freshwater 

pufferfish (Tetraodon nigroviridis) are being sequenced or have been recently 

sequenced (NCBI, 2007). However, they may differ to the Atlantic cod in habitat, 

genome size and evolutionary history (Moyle and Cech Jr. 1988). 

 

In relation to this, it might be worth mentioning that the Fugu fish have been found to 

possess a higher number of genes, just above 35,000 genes, than humans and rodents 

(Southan 2004). However, teleost fish contain larger numbers of duplicated genes 

compared to lobe-finned fish and tetrapods such as mammals (Taylor et al. 2003) 

 

The restricted access to teleost, non-model organism sequence data challenges protein 

identification in proteomic studies to a large extent (Snape et al. 2004). 

 



 36 

1.4 Biomarkers 

1.4.1 Definition of Biomarkers 

The term biomarker has received several definitions: It is used to include any 

measurement reflecting an interaction between a biological system and a potential 

hazard, being chemical, physical or biological (WHO 1993). A biomarker has also 

been defined as a change in a biological response (ranging from molecular to cellular 

to physiological responses and to behavioural responses), which can be related to 

exposure to or toxic effects of environmental chemicals (Peakall 1994). Others have 

defined biomarkers as any biological response to an environmental chemical at the 

sub-individual level, measured inside an organism or in its products, indicating a 

deviation from the normal status that cannot be detected in the intact organism (van 

Gestel and van Brummelen 1996). 

 

1.4.2 Fish biomarkers and Environmental Risk Analysis  

(Stegemann et al. 1992) and van der Oost et al. (2003) have proposed six criteria a 

(fish) biomarker has to meet: 

• The assay to quantify the biomarker should be reliable, relatively cheap and 

easy to perform 

• The biomarker response should be sensitive to pollutant exposure and/or 

effects in order to serve as an early warning signal 

• Baseline data of the biomarker should be well defined in order to distinguish 

between natural variability (noise) and contaminant-induced stress (signal) 

• The impacts of confounding factors to the biomarker response should be well 

established 

• The underlying mechanism of the relationships between biomarker response 

and pollutant exposure (dosage and time) should be established 
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• The toxicological effects of the biomarker, e.g. the relationships between it 

response and the (long-term) impact to the organism, should be established 

 

Biomarkers should also preferably be non-invasive or non-destructive, to allow or 

facilitate environmental monitoring of pollution effects in protected or endangered 

species (Fossi & Marsili, 1997). Benninghoff (2006) have set the following criteria 

for high-quality biomarkers:  

• The biomarker should be inducible or repressible 

• The measured response should be specific to chemicals within that class 

• The response should have sufficient sensitivity for routine detection 

• The biomarker should be highly accurate and reproducible among experiments 

within a laboratory and among different laboratories and animal models 

• The biomarkers should be quantifiable so that the degree of risk can be 

identified 

In order to assess the overall quality of the aquatic environment, biological responses 

are also examined to estimate the impact of pollutants on the physiological processes. 

The biological response triggered by exposure may be used to assess the health status 

of organisms and to obtain early warning signals of environmental risk (Payne et al., 

1987). Hence, by linking biomarker proteins to their biochemical function in the 

organisms the environmental risk may be assessed. Biochemical parameters that are 

useful in this sense include biotransformation enzymes, oxidative stress parameters, 

biotransformation products, haematological parameters, immunological parameters, 

reproductive and endocrine parameters, genotoxic parameters, neurological 

parameters, histological and morphological parameters (van der Oost et al. 2003). 
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1.4.3 The Use of Biomarkers in Ecotoxicology 

Ecotoxicology deals with the interactions between environmental chemicals and 

biota, and the adverse effects at different levels of biological organisation. One way 

to assess the potential effects of contamination in the environment is the use of 

biomarkers (Bucheli and Fent 1995). Much focus has been on establishing 

biomarkers that may function as early-warning signals and reflect and/or predict 

biological responses and effects at a higher level of organisation. This is because 

effects at a higher hierarchical level are always preceded by earlier changes in the 

biological process (Bayne et al. 1985; van der Oost et al. 2003). Today the use of 

biomarkers is incorporated into a multibiomarker approach (Galloway et al. 2004; 

Larsen et al. 2006) and a system biology (the study of the interactions between the 

components of biological systems) approach. Historically, ecological risk assessment 

and the analysis of adverse effects have been based on measured physical and 

chemical parameters, with limited ability to determine the biological effects of 

exposure (Kirby 1998; Peakall and Walker 1994). The use of multiple biomarkers, 

devised to measure a suite of biological effects ranging from the molecular level to 

e.g. population and ecosystem level, in a systems biology approach is hence vital to 

the risk assessment (Galloway et al. 2004). An important mechanism to disease 

development and toxic response and hence, in relation to the multibiomarker 

approach, is that a single protein can interact with diverse partners under different 

conditions which results in different biological outcomes, depending on what partner 

interacts with the protein (Cho et al. 2004; Drewes and Bouwmeester 2003). 

 

In the review of van der Oost et al. (2003), 12 groups of fish biomarkers were 

evaluated. According to this evaluation, the biotransformation enzymes (phase I and 

phase II) and the reproductive and genotoxic parameters scored best. In relation to 

biomarker discovery studies, the typical stress proteins and the anti-oxidant enzymes 

were evaluated as the worst fish biomarkers, giving the lowest score in the 

evaluation. 
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Despite the promise for biomarker discovery by proteomics (see below), their 

contribution to diagnosis and monitoring has up to date been scarce. This has been 

attributed to the lack of coherent pipeline of validation using well-established 

methods of biomarker candidates (Rifai et al. 2006). Hence, prior to use in bio-

monitoring and diagnosis, the biomarker candidate have to go through the phases of 

qualification, verification, assay optimisation, validation and commercialisation, 

improving the experimental design and increase the efficiency of biomarker 

development (ibid.). 

 

1.5 Proteomics 

1.5.1 Proteomics and biomarker discovery 

Proteomics is defined as the large scale study of proteins (Wilkins et al. 1996), or the 

study of total proteins from a particular cell line, tissue, or organism (Lee and Lee 

2004). There are three groups of proteomic studies: Expression proteomics, cell-map 

proteomics and structural proteomics (Blackstock and Weir 1999; Figeys 2002; 

Figeys 2002; Lee and Lee 2004; Pandey and Mann 2000). Expression proteomics 

study the global changes in the protein expression, cell-map proteomics study 

protein-interactions and structural proteomics is concerned with determining three-

dimensional protein structure. However, proteomic studies are challenging, in 

particular in expression proteomics and in biomarker discovery, both with respect to 

separation and mass spectrometry analysis: The dynamic range of plasma protein 

concentrations covers more than ten-fold of magnitude, thus the low abundant 

proteins are difficult to detect as they are often masked by the high-abundance 

proteins, particularly albumin (Shen et al. 2006). Also, the 12 most abundant plasma 

proteins comprise more than 90% of total plasma protein content in plasma. Hence, 

when analysing the proteome of body fluids like plasma and serum in a state where 

the low-abundant proteins are also detectable is somewhat challenging. A common 



 40 

approach to solve this problem is to deplete plasma or serum of the higher abundant 

proteins like albumin prior to proteome analysis. However, methods like 

immunoaffinity-based depletion give rise to other problems affecting the proteome 

analysis:  

 

1. As much as up to 90% of the potential protein biomarkers are associated with 

the highly abundant carrier proteins in blood, hence these may be lost from the 

analysis upon depletion.  

2. Extensive sampling handling during the depletion process may lead to sample 

loss, protein degradation and modification artefacts resulting in substantial 

sample-to-sample variation. 

3. Samples are diluted in the process, making them less suitable for downstream 

analysis. 

 

1.5.2 Toxicoproteomics and Toxicogenomics 

Genomics is the study of the genome, which is all the genetic material in the cell. 

Hence, toxicogenomics is the study of genes or genetic material affected by toxic 

exposure. DNA micro-arrays may be used to evaluate changes in gene expressions in 

response to xenobiotic exposure (Benninghoff 2007). Responsive gene sets are 

identified, and the biological processes associated with these transcriptional profiles 

are attempted identified and evaluated to gain insight into the network of biological 

processes specifically involved in the induced response. However, predicting genes 

accurately from genomic data is still difficult (Eisenberg et al. 2000). This is 

particularly true for small genes, which can be missed entirely, or genes with little or 

no homology to other known genes (Pandey and Mann 2000). This necessitates the 

use of proteomics, as gene products have to be verified as an important step in 

annotating genomes (Pandey & Mann 2000). Secondly, the changes in gene 

transcription rates do not necessarily correlate with protein expression or protein 

activity (Benninghoff 2006). As mRNA levels do not to always correlate directly to 
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protein level, it may be necessary to determine the protein directly, again 

necessitating a proteomic approach (Gygi et al. 1999). Proteins are primarily 

responsible for cellular responses to physical stimuli, as well as the phenotype of the 

organism (Barrett et al. 2005; Benninghoff 2007). Also, genes do not code for post-

translational protein modifications, the proteolysis, recycling or the sequestration of 

the proteins, which are also vital to the protein function (Barrett et al. 2005; Pandey 

and Mann 2000). The proteome represents all proteins produced from the genetic 

material of the cell (Barrett et al. 2005).  

 

1.5.3 Methods of Proteomics 

Two-Dimensional Gel Electrophoresis (2DE) and Image Analysis 
Two-dimensional gel electrophoresis is perhaps the most widely used method in 

proteomics due to its high resolution and ability to separate complex protein mixtures 

(Görg et al. 2000; Klose 1999). One of the strengths of 2DE is the superior separation 

of modified proteins (Figeys 2002; Mann and Jensen 2003). Since its introduction in 

the mid-70s (Klose 1975; MacGillivray and Rickwood 1974; O'Farrell 1975), the 

method and equipment of 2DE have developed substantially (Figeys 2002; Görg et 

al. 2000; Görg et al. 1988; Rabilloud 2002). In two-dimensional gel electrophoreses 

the solubilised proteins are isolated according to their isoelectric point, usually in an 

immobilised pH gradient strip, prior to separation of the proteins according to their 

molecular mass in a SDS PAGE gel in the second dimension. Estimates of protein 

separation capacity by 2DE are varying from up to 1,000 proteins (Pandey and Mann 

2000) to several thousand (see review by (Cho et al. 2004). The introduction of 

narrow range IPG strips lead to a revolutionary increase in 2DE resolution: From a 

previous average of 2000 proteins being separated in 2DE gels using standard IPG 

strips, up to 10 000 proteins were now possible to separate in a single 2DE gel (Wita 

Proteomics, Berlin, Germany; (Mitchell 2003). The 2DE method suffers from the 

incapability of separating very acidic or basic proteins, as well as very large 

hydrophopic proteins, such as membrane proteins, and either very small or very large 
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proteins in general (ibid.). However, the difficulties of separating and analysing e.g. 

large hydrophobic proteins also count for the gel-free based techniques to a large 

extent as well (ibid.). 

In general, three basic staining methods, Colloidial Coomassie Brilliant Blue (cCBB), 

Sypro Ruby and silver staining are used for staining 2DE gels. These staining 

methods differ in sensitivity, linear range, and compatibility with mass spectrometry 

analysis (Gade et al. 2003; Patton 2002). cCBB is most compatible with MS analysis, 

but regarded as less sensitive. Sypro Ruby has high sensitivity and broad linear range 

(Nishihara and Champion 2002). Silver staining is the most sensitive, but has an 

apparently smaller range that hinders reliable quantification (Gade et al. 2003). 

Unmodified silver staining is also not MS-compatible. However, both Colloidial 

Coomassie and Sypro Ruby are found to stain some proteins less efficiently (data not 

shown). In a modified 2DE technique, the samples are dyed with cyanine dyes (Unlu 

et al. 1997) prior to 2DE, enabling control, treated, and a standard sample to be run 

on the same gel to minimise technical variation (Patton 2002). 

 

The stained 2DE images are scanned and the global protein expression pattern is 

analysed and differentially expressed proteins are identified using image analysis 

software (Aittokallio et al. 2005; Raman et al. 2002). The choice of image analysis 

software has impact on the final results of the image analysis as the features of 

different software differ substantially with regard to alignment/ warping, spot 

segmentation and detection, and normalisation (Aittokallio et al. 2005; Raman et al. 

2002). 

 

Liquid chromatography 
Due to the limited dynamic range of 2DE-based proteomics, LC-MS-MS is applied in 

proteomic studies of complex protein/peptide mixture. However, one-dimensional 
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peptide chromatography does not provide sufficient peak capacity, the mass 

spectrometers are poor quantitative devices, and the amount of data obtained is 

enormous and the analysis inherently complicated. Hence, two-dimensional and 

three-dimensional chromatographic separations of trypsin-digested samples 

(MudPIT- multidimensional protein identification technology), sometimes pre-

fractionated by 1DE, are currently a widely used separation method in proteomics 

(Aebersold and Mann 2003; Lin et al. 2003). Different tagging techniques, like ICAT 

(isotope-coded affinity tag) and SILAC (stable-isotope labelling in cell culture), are 

used in combination with liquid chromatography methods for (relative) quantitation 

of proteins (Steen and Mann 2004). 

 

Protein micro-arrays and SELDI 
Protein micro-arrays are based on miniaturized and parallelized ligand binding 

assays, which enable the protein identification, quantitation and to study protein-

protein-interactions, and are therefore considered a promising tool for proteomic 

research (Templin et al. 2003). Using protein micro-arrays, proteins are “captured” to 

a surface, depending on their chemical or biological properties. In SELDI, surface-

enhanced laser desorption/ionisation time-of-flight mass spectrometry, the peptides or 

the proteins captured on a chip, similar in principle to the micro-array, are detected by 

mass spectrometry, yielding their m/z values (ibid.). SELDI is another proteomic 

method used in ecotoxicology (Bjornstad et al. 2006; Hogstrand et al. 2002; Knigge 

et al. 2004; Larsen et al. 2006; Provan et al. 2006). In SELDI, protein chips with 

various chemical (e.g. hydrophilic, hydrophobic, ion-exchange, metal-binding) or 

biological (e.g. antibody, DNA, receptor) capture surfaces are used. A fraction of 

proteins solubilised from tissues or body fluids are then added and bound to the 

selected capture surface. The appropriate matrix is then added and the proteins are 

laser desorbed for MS-analysis. The resulting mass spectra reflect protein expression 

profiles to identify differentially expressed proteins.  
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However, the bottleneck of protein micro-arrays, and hence SELDI is the limitation 

of the capture molecules: E.g. in the study of Larsen et al. (2006) Vtg appeared not to 

bind to the chip under the buffer conditions used. Using SELDI and protein micro-

arrays there is also a great risk of loosing large bulky proteins as they are only 

attached to the surface with a small part of the protein during washing steps. Hence, 

the spectra were dominated by low molecular weight proteins, in accordance with 

other studies using the SELDI-method (Bjornstad et al. 2006; Petricoin et al. 2002). 

 

Peptide sequencing by MS/MS 
Mass spectrometry is carried out on ionised samples in the gas phase. By definition, a 

mass spectrometer consists of an ion source, a mass analyser that measures the mass-

to-charge ratio (m/z) of the ionised analytes, and a detector that detects the number of 

ions and their m/z values (Aebersold and Mann 2003). The most common techniques 

of ionisation is electrospray ionisation (ESI) and matrix-assisted laser 

desorption/ionisation (MALDI) (Karas and Hillenkamp 1988). ESI is often used and 

coupled with liquid chromatography as it ionises the analytes out of a solution. 

MALDI sublimates and ionise the sample out of a dry, crystalline matrix via laser 

pulses (Aebersold and Mann 2003). Characteristically, ESI produce multiple charged 

ions, which offers many advantages, and less sample is required (Lin et al. 2003). In 

proteomic research, four basic types of mass analysers are predominantly in use. 

They differ in design and performance, and each with their own strengths and 

limitation; the ion trap, the time-of-flight (ToF), the quadrupole and the Fourier 

transform ion cyclotron (FT-MS) analysers. The analysers can either be used 

individually or in tandem combination to take advantage of their individual strengths 

(Aebersold & Mann, 2003). MALDI is often coupled to ToF and ion trap analyzers 

(Lin et al. 2003). 

 

Mass spectrometry is considered a breakthrough tool for proteomics as it can be used 

to deduce peptide sequences from small molecular quantities of sample (Lubeck et al. 
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2002). This breakthrough is mainly due to improvements in ionisation, separation and 

the coupling to other experimental techniques (ibid.). In general two methods are 

applied in peptide sequencing: One method correlates the obtained MS spectrum data 

(m/z-values) to known protein or peptide sequences in a database, while the other de 

novo sequencing method is based on deducing the amino acid sequence from the MS 

spectrum/data. The amino acid sequence is then used in homology searches in a 

database for protein identification. The latter one is commonly used for sequencing 

novel, unknown proteins and their modifications. In an ideal fragmentation process 

with an ideal instrument, each fragment would be cleaved exactly at the bond of the 

two amino acids, so that the peptide sequence could be determined by matching the 

mass difference of the two consecutive ions with the mass of an amino acid. 

However, the fragmentation process is far from ideal, making the de novo sequencing 

by MS rather time consuming (ibid.). As new high sensitive separation techniques are 

used to obtain low-abundant protein, new proteins are likely to be captured and 

detected as promising biomarker candidates. Hence, the identification of these 

proteins by MS requires other algorithms than the (original) standard database 

matching algorithms (Altschul et al. 1997; Schaffer et al. 2001; Shevchenko et al. 

2001). 

Biological Databases and Search Algorithms  
Mass spectrometry yields m/z values of the peptides used in protein database searches 

using dedicated algorithms that would produce peptides of the same molecular mass 

when cleaved with the same protease. Hence, the quality of the result depends on 

sample purity, mass accuracy/ instrument accuracy and the number of peptide masses 

obtained (Lin et al. 2002).  

The matching result will also be dependent on the database and the algorithm used 

for searching. The different database identification approaches are reviewed by Steen 

and Mann (2004). 
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Because protein identification relies on matches with sequence databases, high- 

throughput proteomics is currently confined to species whose genome is well 

sequenced and where a comprehensive sequence database is available (Aebersold and 

Mann 2003). 
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2.  Aims of Study 

 

The objective of this study has been to discover new biomarkers that may function as 

a diagnostic tool for detecting and monitoring the environmental impact of oil and 

produced water discharges on exposed marine fish.  

 

The three main aims of this project and thesis are: 

• Biomarker discovery by using a proteomic-based strategy (Two-dimensional 

gel electrophoresis (2DE) and image analysis software were applied to 

identify changes in the proteomic pattern induced by exposure, whereas mass 

spectrometry analysis was used to identify the biomarker candidates). 

• Identifying mechanisms involved in the biological response to exposure. 

• Detecting biomarkers and biological effects of oil and produced water during 

critical windows of cod development, and to study the effects of long-term 

chronic exposure to oil and produced water. 
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3. Summary of Results 

The thesis is based on the following three manuscripts, which in the following will be 

referred to by Roman numerals:  

Manuscript I 

Anneli Bohne Kjersem, Arnfinn Skadsheim, Anders Goksøyr and Bjørn Einar 

Grøsvik. Candidate biomarker discovery in plasma of juvenile cod (Gadus morhua) 

exposed to crude North Sea oil, alkyl phenols and polycyclic aromatic hydrocarbons 

(PAHs). Manuscript to be submitted to Aquatic Toxicology. 

Manuscript II 

Anneli Bohne Kjersem, Nicolai Bache, Sonnich Meier, Gunnar Nyhammer, Peter 

Roepstorff, Anders Goksøyr and Bjørn Einar Grøsvik. Biomarker candidate 

discovery in cod fry (Gadus morhua) continuously exposed to North Sea produced 

water from egg to fry. Manuscript to be submitted to Aquatic Toxicology. 

Manuscript III 

Anneli Bohne Kjersem, Karen Anita AA, Nicolai Bache, Sonnich Meier, Gunnar 

Nyhammer, Peter Roepstorff, Bjørn Einar Grøsvik and Anders Goksøyr. Biomarker 

candidate discovery and possible toxicological effects in liver of cod fry (Gadus 

morhua) continuously exposed to produced water. Manuscript to be submitted to 

Comparative Hepatology 
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4. General Discussion 

The main objectives of this project have been to identify new biomarker candidates 

that can act as early warning signs and that are sensitive to oil (Manuscript I) and 

produced water (Manuscript II and III) exposure for use in future environmental 

risk assessment, to evaluate the mechanisms underlying possible responses 

(Manuscript I-III), and to possibly identify critical windows in the cod development 

(Manuscript II-III) as well as possible long-term effects of chronic exposure 

(Manuscript II-III). Hence, chapter 4.1.1 will focus on comparing changes in the 

proteomic patterns detected in the plasma of juvenile cod (Manuscript I), whole cod 

fry ((Manuscript II) and cod fry liver (Manuscript III), to identify biomarker 

candidates common to these three body tissues and fluids, as well as to different 

stages of development. Chapter 4.1.2 will try to draw the overall picture of biological 

responses that may possibly be induced by exposure to oil and produced water, as 

indicated by the biomarker candidates, and in relation to this, in chapter 4.1.3 there 

will be an attempt to link the apparent biological responses from chapter 4.1.2 to 

early life stages and teleost development. In chapter 4.1.4 the relevance of the 

findings in this study as well as the link between biomarker candidates from 

laboratory exposure studies to field studies and real life exposures will be discussed.   

4.1 General Discussion 

4.1.1 Biomarker Candidate Discovery 

Crude oil exposure of juvenile Atlantic cod (Manuscript I) appeared to induce 137 

changes in the proteomic pattern in blood plasma, resulting in an apparent down-

regulation alpha-2-antiplasmin (A2A) after 3 days of crude oil exposure. Fibrinogen 

appeared to be up-regulated by surrogate produced water (sPW). 24 days of exposure 

resulted in an apparent up-regulation of alpha-2-antiplasmin (A2A), fibrinogen, 

alpha-1-antitrypsin (A1AT), prepro-apolipoprotein A (prepro-APO A), and 
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apolipoprotein B (APO B), while leading to an apparent down-regulation of alpha-

enolase, Pzp-resembling proteins (PZP), tropomyosin, serotransferrin, hemopexin, 

pro-thrombin, and NTPase. Pentraxin appeared only to be induced by crude oil 

spiked with alkyl phenols and PAHs, and not by crude oil alone. However, about half 

of these identified biomarker candidates changed significantly (ANOVA: p<0.05, 

fold change≥2) in protein expression following low levels of exposure; 0.06 ppm-

0.25 ppm crude North Sea (Statfjord B) oil. It should also be mentioned that most of 

the protein changes observed in this study (Manuscript I) by exposure to crude oil 

appeared also to be affected by crude oil spiked with alkyl phenols and PAHs, which 

resembles produced water in composition. Hence, these findings support the common 

belief that hydrocarbons from oil in produced water result in many of the changes 

observed following produced water exposure and emphasise the importance of the 

allowed threshold of hydrocarbon content in produced water. 

 

Most of the protein changes detected following oil exposure and reported in 

Manuscript I were not detected in studies on cod fry (Manuscript II and III): In 

whole cod fry exposure to produced water appeared to modify myosin heavy chains 

and up-regulate fast skeletal muscle alpha-actin, while inducing an apparent down-

regulation Hsc71, keratins, as well as alpha-actinin. In comparison, oestradiol 

treatment appeared to induce an up-regulation of myosin heavy chains and an 

apparent down-regulation of fast skeletal muscle alpha-actin and an ATPase not 

affected by produced water. Of the 60 proteins found to be differentially expressed 

following exposure to produced water, only about half of them appeared to alter in 

their protein expression following oestradiol treatment (Manuscript II). Hence, these 

finding suggests that there are, as mentioned previously, a variety of compounds 

present in produced water and that although many of them seem to have a potential 

endocrine disrupting effect, many of those that cause effects in the organism cause 

other types of effects than endocrine disruption. It is also worth mentioning that of 

the 60 proteins found to be differentially expressed following exposure to produced 
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water, 51 one of them were induced by low levels of produced water (≤0.1%), which 

is comparable levels to real life exposure in a radius of 0.1-1 km from a platform 

(refer chapter 4.1.4). 

 

In the last study we investigated the effects of produced water and oestradiol 

exposure on 6 months old cod fry continuously exposed at larvae stage (Manuscript 

III). In contrast to the study of whole cod fry at an earlier developmental stage 

(Manuscript II), a wider range of protein groups appeared to be differentially 

expressed in cod fry liver following the same treatment: Similar to the previous study, 

Hsc 71 and keratins, appeared to be down-regulated by exposure to produced water. 

Non-muscle tropomyosin and hemopexin as identified in juvenile cod exposed to 

crude North Sea oil (Manuscript I) were also identified and appeared to be down-

regulated in this study (Manuscript III). Other apparent protein changes following 

produced water exposure of cod fry at the larvae stage are ß-actin, ribosomal protein 

large PO (0.01% PW), elongation factors, 14-3-3B1 and E1, 60 S acidic ribosomal 

protein P0, HSP90, mitofilin, down-syndrome critical region gene 2 product as well 

as fructose-1,6-bisphosphate aldolase, aldehyde dehydrogenase (0.1% PW), aconitase 

1, pyroline-5-carboxylate dehydrogenases, and antiquitin, in addition to those already 

mentioned. Oestradiol treatment appeared to induce differential expression of a 

protein predicted similar to selenium-binding protein 1, and alanine-aminotransferase, 

and in addition to keratin, ß-actin, Hsc71, HSP90, hemopexin, fructose-1,6-

bisphosphate aldolase, pyroline-5-carboxylase dehydrogenase, aconitase 1. The 

protein expression, reported in Manuscript III, follows a similar pattern to that 

reported in Manuscript II: Of the 62 proteins detected to significantly change upon 

produced water exposure, 30 were also significantly altered following oestradiol 

exposure.  
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4.1.2 Biological Responses to Oil and Produced Water 

In juvenile cod exposed to crude North Sea oil (Manuscript I) there appeared to be 

an effect on the immune system and increased risk of autoimmune diseases, effects 

on the fibrinolytical system, imbalance in iron homeostasis possibly causing effects 

from iron overload, effects on spermatogenesis and fertility, altered triglyceride and 

cholesterol metabolism and induced apoptosis. These are all functions important to 

sustain health, fitness and reproduction.  

 

However, the effects possibly induced by produced water observed and reported from 

cod fry exposed to produced water (Manuscripts II and III) seem to be more linked 

to development and perhaps not that surprisingly, to proteins more expressed during 

early life stages: Foremost there seems to be an effect on skeletal muscle 

development, myogenesis, from significant changes in protein expression of myosin 

heavy chain proteins and fast skeletal muscle alpha actin (manuscript II). Some of 

the biomarker candidates detected in whole cod fry also suggest a possible impact on 

perception and morphology. This may in turn lead to an impairment of general 

growth and development. 

 

In more developed cod fry (Manuscript III) a larger range of proteins and effects 

seemed to be affected by exposure to produced water: The detected and identified 

protein changes indicate an effect on morphogenesis and growth (metabolism). 

Similar to the findings from biomarker discovery in total fry exposed to produced 

water (Manuscript II), several of the findings from this study (Manuscript III) also 

indicate biological responses such as morphology changes, and disturbances of cod 

development, processes typical or more expressed in the developing fish compared to 

the juvenile (Manuscript I) and adult fish. As already mentioned, the liver performs 

many important body functions including regulation of metabolism, synthesis of 

proteins that are transported via the circulation to their target organs, energy storage, 
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vitamins and trace metals storage, and transformation and excretion of lipids, steroids 

and xenobiotics. Hence, the differences in possible biological effects suggested by the 

biomarker candidates discovered in cod fry liver (Manuscript III) compared to those 

suggested from a similar study on plasma of juvenile fish exposed to crude North Sea 

oil (Manuscript I), may as well reflect the difference in function between the liver 

and blood as the difference in developmental stages, since many of the proteins 

identified as differentially expressed in the cod liver study (Manuscript II) are 

predominantly distributed in the liver and typical to the liver metabolising function. 

Hence, some of these biomarker candidates may also be representative biomarker 

candidates of juvenile and adult cod liver. 

 

4.1.3 Critical Windows and Developmental Stages 

The differentiation of cells, tissues, organs and organ systems proceeds continuously 

from the early embryonic phase throughout metamorphosis in accordance with a 

gradual improvement of functionality (Blaxter 1988). The heart starts to contract 

early and have started contraction at the embryonic stage (Falk-Petersen 2005). The 

eyes of cod larvae become functional during the first week after hatching when first 

feeding is initiated, and rods seem to be involved in movement perception and may 

be particularly important in predator avoidance (Falk-Petersen 2005; O'Connell 

1981). Germinal cells forming the gonads can be seen at the yolk sac period (Falk-

Petersen 2005; Morrison 1993). The simple V-shaped embryonic musculature 

originates from myotomes laid down during early somitogenesis. The myotomes are 

simple, segmental and V-shaped at hatch and composed of proteins of the larvae type. 

Myotomes are added posteriorly during early growth (Falk-Petersen 2005).  In 

medaka (Oryzias latipes) the genes encoding myosin heavy chains have previously 

been found predominantly expressed in embryo and larvae, all belonging to fast 

skeletal muscles showing a spatiotemporally expression pattern during development 
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(Ono et al. 2006). In fugu fish (Fugu rubripes) alpha-skeletal actin is also localised in 

skin and gills in addition to fast skeletal muscle and the heart (Venkatesh et al. 1996). 

 

During larval development, tissues and organs undergo gradual differentiation and 

increase in size. The myotomes become progressively more complex in shape as they 

interdigit with growth. Post-embryonic growth occurs through different phases such 

as hypertrophy (increase in muscle fibre diameters) and hyperplasia (recruitment of 

new muscle fibres) from undifferentiated myoblasts or myosatellite cells (Falk-

Petersen 2005). These cells then proliferate and differentiate to form new fibres or are 

incorporated to pre-existing fibres by processes regulated by myogenic regulatory 

factors. The muscle development is important to maintain fast cruising and for fast 

escape responses. Muscles also line, support and have a function to other tissues and 

organs, which appears to be another reason why muscle development is so important 

to larvae and cod development. This can be linked to the findings in this study on 

whole cod fry exposed to produced water at the larvae stage, in which the biomarker 

candidates myosin heavy chain, fast skeletal myosin heavy chain, fast skeletal muscle 

actin, and the Hsc71 were found to be differentially expressed following PW 

treatment (Manuscript II), indicating a possible effect on the ontogenesis, and in 

particular muscle development and function. 

 

During the larval stage the liver also develops, growing in size increasing with 

mitochondria (Morrison 1993).  The larvae also begin to produce their own prolactin, 

thyroid hormones, growth hormone and cortisol, which are known to be important to 

further growth and development (Falk-Petersen 2005). The larvae endocrine system 

is also believed to be functional early in development, whereas the thyroid gland is 

believed to become active later (ibid.). The fish then enters the metamorphosis, which 

is under neuro-endocrine and endocrine control and many hormones interact to 

initiate and complete the metamorphosis. For instance, thyroid hormones stimulate 
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muscle growth, in which the larvae-type musculature transfer into the adult type and 

muscle cells move and rearrange (ibid.). Whether any of the observed proteome 

changes and the possible effects of the changes observed in the study on the exposed 

cod fry liver (Manuscript III) can be linked to hormonal control is not known. 

Actin, keratin, Hsc 71, Hsp90 domains, the aldolase and the aldehyde dehydrogenase 

as well as aconitase 1 detected as biomarker candidates in exposed cod fry liver 

(Manuscript III) appeared all to be affected by oestradiol treatment as well as by 

produced water exposure. Hence, these candidate responses are likely to be under 

endocrine and thyroid hormone control. For instance Hsp71 is found to be up-

regulated in a tissue specific manner during early development (Park and Jameson 

2005). Hsp90 and associated proteins are known to play an important part in 

conforming the ligand binding domain of the nuclear steroid receptors and the AhR, 

as reviewed by (Pratt 1997). Fructose-1,6-bisphosphate aldolase and aldehyde 

dehydrogenase are both metabolic enzymes involved in the glycolytic pathway, and 

aconitases are involved in the metabolism in Krebs cycle, catalyzing conversion of 

citrate and isocitrate, which are critical to normal physiology and survival(Tong et al. 

2007).  These findings also have to be viewed in light of the function of the liver. In 

the liver hormones (or endocrine disruptors) activate or inactivate receptors or 

molecules important to the receptor function (You 2004). Once activated the ligand-

bound receptor may initiate the transcription of genes which are then translated into 

proteins of important function successively released into the blood stream and 

transported to another target organs causing an effect or response in that organ.  

 

4.1.4 Laboratory Exposure versus Field Studies 

The set-up and levels of exposure used in crude oil and crude oil spiked with 

alkylphenol and PAHs (Manuscript I) relates to the findings of Aas et al. (2000) in 

which analysis of PAH parent compounds in liver samples and metabolite 

compounds in bile of oil-exposed Atlantic cod revealed a peak in PAH parent 
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concentration in liver following 3 days of exposure which afterwards decreased 

towards the end of exposure, whereas PAH metabiltes and CYP1A enzyme activity 

were increasing throughout the period of exposure. In this study the range in 

biomarker responses observed corresponded to a chronic exposure of 0.06 ppm, 0.25 

ppm and 1.0 ppm dispersed crude oil, as used in our study (Manuscript I).  

 

As already mentioned the total hydrocarbon (HC) level allowed discharged through 

produced water is 30 mg/L (30 ppm), whereas the actual average discharge of HC 

content in produced water is approximately 16.9 mg/L (OLF 2005). Processes such as 

weathering and photo-oxidation, as well as salinity, temperature and ocean currents 

all influence the actual amount of hydrocarbons and other compounds that the fish are 

exposed to through produced water released into the marine environment. Hence, the 

level of 1-0.01% produced water used in these exposure studies (Manuscripts II and 

III) is meant to reflect discharge scenarios of produced water similar to a distance of 

approximately 0.1-10 km from the point of discharge, i.e. the oil platform. However, 

this distance and hence the dilution of produced water is dependent on a number of 

factors as already mentioned. It is also worth mentioning that simulation data suggest 

an environmental risk from discharges of produced water only in close vicinity to the 

point of discharges. However, studies also show that fish, including cod, tend to 

aggregate close to the oil installations (Myhre et al. 2005). 

 

4.1.5 Methodology  

Pilot-studies were performed prior to all the three studies, testing sample preparation 

protocols, protein load, IPG strip pH range, SDS-PAGE pore size (gel percentage) 

and staining (sensitivity, linear range). Those parameters gaining the best 2DE 

resolution as well as the most informative 2DE pattern was chosen for further 

analysis. The power of analysis is dependent on the number of individuals as well as 
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the number of replicates included in the analysis, to ensure that the findings are not a 

result by chance, but actual responses. Any missing values will weaken the strength 

and power of the test.  In 2DE analysis, the number of samples is the main 

contributing factor to the power of the analysis, as a larger number of samples most 

likely cover more of the range of the response, decreasing the number of missing 

values. The number of individuals included in the 2DE analysis is varying, dependent 

on number of samples available. In the first study (Manuscript I) only 2-3 

individuals were included in each treatment group, which is borderline to what can be 

analysed using statistical methods and to determine differentially expressed proteins. 

However, the result is strengthened by the number of treatment groups and hence, the 

total number of treated individuals and gels included in each statistical analysis. In 

the first study (Manuscript I) 8 treated individuals/gels were compared to 2 control 

samples. In the next study (Manuscript II) 15 treated individuals were compared to 

4 control samples as 4 individuals/gels within each treatment group were used for the 

statistical analysis. 7 individuals/gels per treatment group were used for statistical 

studies in the last study (Manuscript III) so that in total 27 treated animals/gels were 

compared to 7 control samples. Hence, the number of individuals analysed and 

included in the statistical analysis in each study should be sufficient for detecting real 

differentially expressed proteins. It should also be emphasised that this is the first 

phase of discovery in biomarker development, in which the differentially expressed 

proteins will be quantified and verified using a larger number and a broader range of 

samples in future analysis (Rifai et al. 2006). 

 

The statistical analysis used in this study includes one-way ANOVA (Manuscript I-

III) and hierarchical clustering analysis (Manuscript II-III). ANOVA is based on 

the three assumptions of independence, normality and homogeneity of variance so 

that the error residuals are independently, identically, and normally distributed. In the 

case of differentially expressed proteins in 2DE gels the spot volumes are in many 

cases not normally distributed, but it suffice that the mean values are normally 
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distributed. Following spot detection the data are normalised to minimize the errors 

rising from technical variation. The assumption of a protein being differentially 

expressed is based on the two criteria of p<0.05 in ANOVA analysis and a fold 

change ≥2. The criteria of fold change ≥2 arise from the biological variation having 

to exceed the technical variation (Barrett et al. 2005). The average technical variation 

in 2DE analysis is found to be 16-39%, where as the biological variation range from 

to 22-55% (Molloy et al. 2003). Cluster analysis can be used either as a quality 

control measure to determine that the identified protein changes really are 

differentially expressed or to link protein changes that are differentially regulated in 

the same way. By clustering analysis the spots are clustered according to how closely 

they are related and how similar their protein expression profiles are. In our study 

hierarchical clustering analysis was used to verify the differential expression of 

proteins (Manuscript II-III). Our findings from the ANOVA-analysis were 

confirmed by the hierarchical clustering analysis. 

 

The fragmentation and hence the MS-MS data may also be influenced by random 

fluctuations during analysis. However, the measurement and the protein identity 

results are not that vulnerable to these fluctuations as the whole pattern of peptide 

fragments obtained is used for database searches and protein identification, in 

addition to using dedicated algorithms that combine biological sense and statistics, 

taking into the consideration the likelihood of the result to occur by chance. It should 

also be mentioned that the instruments are well calibrated prior to use as well as 

during analysis. However, protein identities obtained using these methods depend on 

the database as well as the search algorithm used. Dedicated search algorithms 

reflecting the biology and nature of the data (e.g. PSI-blast versus p-blast, choice of 

scoring matrices etc.) and well annotated, non-redundant databases, containing the 

most sequence data related to species of interest should be used. 
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There are many possible artefacts in 2DE-analysis possibly having an impact on the 

outcome:  The protein concentration as measured by Bradford may not be accurate: 

Protein concentrations not measured in the same run or on the same plate are related 

to BSA standards of possible different batches and varying concentrations. The BSA 

is also viscous possibly resulting in different protein amounts being transferred by the 

pipette and loaded to the IPG strips. The isoelectric focusing, the transfer of proteins 

from the first to the second dimension and the SDS-PAGE used in the second 

dimension are all very sensitive to slight variations in concentration, to 

contaminations as well as alterations in pH, temperature and concentration of the 

buffers used during the run of the 2DE analysis. The differential protein expression 

analysis is related to the total amount of protein on the gel. Hence, if a group of 

proteins are heavily up-regulated this will result in other proteins being wrongly 

detected as differentially expressed as the ratio between the amount of these proteins 

and the amount of total protein is significantly altered. The result of 2DE analysis is 

also very dependent on the linearity and sensitivity of the staining used and to some 

extent the scanner/densitometer used for scanning. The detection of differentially 

expressed proteins is more prone to error at the threshold of sensitivity and linearity 

of the staining used. This also counts at the borderline of the detection range of the 

instruments.  

4.2 Conclusion 

• More than 40 of the 137 protein changes detected in plasma of juvenile cod 

following exposed to crude oil and surrogate produced water (Manuscript I) 

appeared at the lowest level of exposure, 0.06 ppm crude oil.  

• 51 of the 60 protein changes detected in whole larvae following produced 

water exposure (Manuscript II) occurred at the lowest levels of produced 

water, 0.01% and 0.1% produced water. Similarly, 53 of the 62 protein 

changes detected in cod fry liver of fry exposed to produced water at fry stage 
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(Manuscript III) occurred at the lowest levels of exposure, 0.01% and 0.1% 

produced water. 

• In total 137 proteins appeared to change in plasma of juvenile cod exposed to 

crude oil and oil spiked with PAHs and alkyl phenols (Manuscript I). 84 

proteins appeared to change in whole cod fry exposed to produced water and 

oestradiol from egg to fry stage (Manuscript II), whereas 105 proteins 

appeared to change in liver of cod fry exposed to produced water and 

oestradiol (Manuscript III). 

• Biomarker candidates of crude oil exposure of cod in plasma are alpha-2-

antiplasmin, fibrinogen, alpha-1-antitrypsin, preapolipoprotein A, NTP-ase, 

Pzp-resembling proteins, tropomyosin, serotransferrin, hemopexin, pro-

thrombin, and apolipoprotein B, as suggested from proteomic analysis of 

juvenile cod exposed to crude oil (Manuscript I). 

• Biomarker candidates of produced water exposure of developing cod are 

myosin heavy chains and fast skeletal myosin, fast skeletal muscle alpha-actin, 

keratins, Hsc71, and alpha-actinin, as suggested from proteomic studies on 

whole cod fry exposed to produced water at the larvae stage (Manuscript II), 

as well as Hsc71, Hsp 90, keratin, ß-actin, 14-3-3B1 and E1, ribosomal 

proteins, elongation factors, mitofilin as well as a fructose-1,6-bisphosphate 

aldolase, an aldehyde dehydrogenase, aconitase 1, pyroline-5-carboxylate 

dehydrogenase and antiquitin, as suggested from proteomic studies on liver of 

cod fry exposed to produced water at fry stage (Manuscript III). 

• Comparing the results from produced water exposure with oestradiol 

exposure, suggest that some of the responses may be related to endocrine 

disrupting effects. However, about 25 % (Manuscript II) and 50% 

(Manuscript III) of the produced water affected proteins did not change 

following oestradiol exposure. 
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• These results suggest that one subset of biomarkers could be applied during 

the early developmental stages such as the embryo, larvae, and fry stage 

(Manuscripts II and III), whereas another, independent subset of multi-

biomarkers could be applied on juvenile and adult cod (Manuscript I) to 

detect and monitor the effects of produced water on cod or marine fish, taking 

into account the organ of study available. 

• A multi-biomarker approach is preferable as the results seem to indicate that 

the vast number of chemicals within oil and produced water may cause harm 

by themselves, inducing individual effects as well as interacting effects with 

other compounds present in crude oil and produced water. A multi-biomarker 

approach may be suggested also as the produced water composition varies 

from field to field, and hence the induced changes in protein expression will 

probably differ, mirroring the dose-effect relationship, as well as the set of 

biological responses detected. 

• These results also suggest that a systems biology approach should be applied 

to understand and integrate possible effects, since effects, as suggested by the 

discovery of these biomarker candidates, may be effects of a common origin, 

detectable as an initial response in the liver which can lead to more extensive 

effects in other organs at a later stage. This includes endocrine disrupting 

effects by impaired hormone balance and/or by signalling between cells within 

a tissue and between organs, or metabolites and altered enzyme activities 

causing secondary effects elsewhere or within the same organ at a later stage. 

4.3 Future Perspectives 

These biomarker candidates will have to be validated for use of as biomarkers in 

ERA through a multi-step pipeline, as suggested by Rifai et al. (2006) for biomarkers 

in clinical use.  Hence, the next step will be to develop better methods for quantifying 

these biomarker candidates to verify their differential expression upon oil and/or 
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produced water exposure. One way to achieve this is to develop antibodies specific to 

these differentially expressed proteins that can be used in quantitative assays, such as 

ELISA, that are rapid, cheap and easy in use, enabling the analysis of a large number 

of  proteins within a week. The expression of these biomarker candidates should also 

be verified and their use as biomarkers validated using a broader range of samples 

and controls, which should also include a large number and range of field samples. 

 

Advances within this field of research are also strongly dependent on the sequencing 

of the cod genome and other fish genomes as well as annotation of sequences. The 

availability of annotated sequences will aid mechanistic studies as well as the 

discovery of new biomarkers as other valuable tools such as genonthology analysis 

can be used for identifying signalling pathways and protein cascades affected upon 

exposure. 

 

Trans-generational proteomic studies should also be initiated to investigate effects in 

the progeny and to verify effects and the extent of effects on the reproductive system 

and reproductive organs. The findings in this study indicate effects during 

ontogenesis and possible effects on fertility and reproductive organs, but linking such 

effects directly to oil and produced water exposure is impossible from these data. 

However, we have gonad tissue from juveniles exposed to produced water exposed at 

larvae stage that we plan to study using a proteomic approach to answer some of 

these questions. 

 

These findings suggest a multi-biomarker approach, e.g. applied on SELDI using 

chip technology or other protein micro-array techniques (Benninghoff 2007). 

However, many of the biomarker candidates discovered in this study may be too 

large and have a conformation not suitable for micro-array techniques (Larsen et al. 
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2006). Hence, assay optimising and commercialisation at the end of the biomarker 

pipeline may prove difficult, stressing the need of improving the capacity of protein 

micro-array or chip technology. 
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Abstract 

 
The three main sources of continuous oil discharges offshore are produced water, 

displacement water and drainage water, which in addition to acute discharges and fall-

outs (3%) resulted in a total of 2530 tonnes of oil being discharged to the sea at the 

Norwegian Continental Shelf in 2004 (OLF; 2005). In the North Sea, many of the oil 

and gas installations are situated in areas inhabited by large fish populations. Oil 

discharges and spills in these areas may therefore have the potential to affect the fish 

stocks, possibly also at more sensitive early life stages. However, the effects of oil 

and produced water are not well studied, and there is a growing concern that the 

increasing oil activity offshore may negatively affect fish health and reproduction. In 

this study we have investigated protein changes in juvenile cod (Gadus morhua) 

induced by crude North Sea oil and North Sea oil spiked with alkyl phenols and 

PAHs, a surrogate produced water composition, using a proteomic approach. Two 

different image analysis softwares, Ludesi Analysis Center/Ludesi Interpreter and 

PDQuest Advanced, were used and compared for detection of changes in the protein 

expression. This comparison revealed that the choice of image analysis software is 

crucial to detection of differentially regulated proteins. Using Ludesi, we were able to 

identify 137 differentially expressed proteins at different levels of crude oil exposure. 

Many of the protein changes induced occurred at low levels of exposure. The results 

obtained with protein expression profiles after exposure to oil and surrogate produced 

water indicate effects on fibrinolysis and the complement cascade, the immune 

system, fertility-linked proteins, bone resorption, fatty acid metabolism as well as 

increased oxidative stress, impaired cell mobility and increased levels of proteins 

associated with apopotosis. 
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Introduction 

 
The three main sources of continuous oil discharges offshore are produced water, 

displacement water and drainage water (OLF, 2005). Of these, produced water is by 

far the most dominant, and contains a great variety of compounds, such as dissolved 

inorganic salts, minerals and heavy metals, dissolved and dispersed oil compounds, 

organic compounds such as carboxylic acids and phenols from the formation water 

(Neff, 2002). The maximum permitted concentration of oil in discharged produced 

water is 30 mg/L (30ppm) (OSPAR, 2006). The most well studied compounds of 

produced water, polycyclic aromatic hydrocarbons (PAHs) and alkyl phenols, have 

been reported to cause severe effects on marine wildlife (Nicholas, 1999; Aas et al., 

2000;  Evanson & van der Kraak, 2001;  Schwaiger et al., 2002; Cardinali et al., 2004; 

Meier et al., 2007).  

 

In addition to the release of compounds through routine discharges of produced water, 

the threat of accidents of oil tankers spilling large amounts of oil offshore are 

incidents of great concern. Previously, negative effects from oil spills have been 

reported (Solé et al., 1996, Carls et al., 2001, Jewett et al., 2002, Lee and Anderson, 

2005). 

 

Norway is today one of the world’s ten largest producers of oil. It is Norway’s largest 

export industry, followed by seafood export from fisheries and aquaculture. The 

development o oil fields in Norwegian waters may represent a potential conflict with 

fisheries interests. In the North Sea, many of the oil and gas installations are situated 

in areas inhabited by large fish populations. A recent risk assessment found that parts 
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of the risk area in the vicinity of oil platforms could contain approximately twice the 

average fish density of the whole North Sea area (Myhre et al., 2005). Oil discharges 

and spills in these areas may therefore have the potential to affect a large number of 

individual fish for prolonged periods, possibly also at more sensitive life stages of 

development. Better biomonitoring tools, such as sensitive biomarkers, that can detect 

and monitor the effect of low chronic exposure as well as larger acute exposures are 

for these reasons of great importance to regulatory authorities.  

 

Cod (Gadus morhua) is an important species in North-Atlantic fisheries, as well as a 

new species for aquaculture developments in Northern waters. Declining cod stocks 

in the North Sea has raised concerns that this may be due to a combination of 

anthropogenic factors, including overexploitation, climate change and pollution 

(Jackson et al., 2002; Worm et al., 2006). Potential conflicts with both coastal 

industry and a petroleum industry expanding into Northern waters makes it important 

to understand how effluents from offshore petroleum activities, from industrial and 

urban (sewage) effluents may affect growth, reproduction, and health of this species. 

This study is part of a larger project aiming to provide new biomarkers for pollution 

exposure in cod. One aim of this project has been to provide new tools for 

environmental monitoring, giving both a deeper mechanistic understanding of 

exposure effects, and an improved basis for risk assessment. 

 

Here, we have studied the effects of crude North Sea oil and crude North Sea oil 

spiked with PAHs and alkyl phenols to cod using a proteomic approach. By using 

two-dimensional electrophoresis (2DE) and image analysis we identified protein 

changes in cod, that we consider as promising biomarker candidates for the biological 
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effects of oil and produced water to fish. The proteins were isolated from 2DE-gels 

and identified by mass spectrometry (MS), searching a new cod genome database 

based on expressed sequence tags (ESTs).  
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Materials and methods 

 

Materials 
 

Acidic acid, Coomassie brilliant blue CBB G250, ortho-phosphoric acid, urea, 

thiourea, tris (hydroxymethyl)-ammoniummethane, sodium carbonate, formic acid, 

formaldehyde, sodium acetate trihydrate, glutardialdehyde, 25% v/v, sodium 

thiosulphate pentahydrate, silver nitrate, EDTAxNa2x2H2O, ammonium sulphate, 

acetonitril, methanol and thiofluoro acetic were all purchased from Merck (Damstadt, 

Germany).  

 

Ethanol was purchased from Arcus Kjemi (Oslo, Norway). 

 

Bovine Serum Albumin, BSA, 3-(3-colamidopropyl)-dimetylammonio-1-

propansulfoanat, CHAPS, Triton X-100, DL-dithiothreitol, DDT, iodoacetamide, 

alpha-cyano-4-hydroxycinnamic acid, CHCA and 4-sulfophenyl isothiocyanate, 

sodium salt monohydrate, SPITC, were purchased from Sigma Aldrich (MO, US). 

AmpholineTM 3,5-10, DryStrip Cover fluid, and IEF Electrode strips were purchased 

from GE Healthcare. 

 

Ammonium dodecyl sulfate, SDS, Agarose, 30% Acrylamide/Bis solution, 37.5:1, 

Ammonium persulfate, temed and Precision Plus ProteinTM standard were purchased 

from Bio-rad (CA, US). 

Trypsin was purchased from Promega (WI, US), while Poros 20R2, Reverse Phase 

packing, was purchased from Applied Biosystems (CA, US). GelLoader tips were 
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provided from Eppendorf (Hamburg, Germany), and siliconised tubes were provided 

from Sorenson, BioScience, Inc (UT, US). Peptide Calibration Standard and MTP384 

Target plate polished steel TF were purchased from Bruker Daltonics (Leipzig, 

Germany). 

 

Experimental design 
 

Fish 

Juvenile cod (0-group) were purchased from an aquaculture facility, Sagafjord in 

Leirvik at Stord, Norway (North Sea Norwegian coastal origin), four weeks prior to 

the start of the exposure (October, 2002). The fish were maintained until use in 530 

litre tanks and fed commercial cod feed pellets (Skretting) twice daily during normal 

working days, and once over the weekend. Feeding was stopped two to three days 

before sampling in order to encourage storage of bile in the gall bladder. The sea 

water was taken from the 78 m depth water intake at Akvamiljø (Mekjarvik, 

Stavanger, Norway).  The water salinity and temperature ranged respectively from 33-

34 ppt and 8-12 ºC during the storage period. During the exposure period the 

temperature ranged from 10 – 11.5 ºC, whilst the salinity was as for the storage 

period. The fish were carefully transferred to avoid skin lesions and to minimize 

behavioural stress to the five experiment tanks one week prior to the start of the oil 

exposure. Five fish were sampled each time from each tank. Past final sampling 

length and weight was measured for the first time in order to minimize stress during 

the experiment.  At sampling, the mean total wet weight was 40.5 ± 12.3 g and length 

16.7 ± 1.5 cm. The fish were killed with a blow to the head and dissected for 

sampling. 
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Exposure 

The cod were exposed for 24 days, and sampled at day 3, 14 and 24. Five exposures 

were set up including control.  The cod were exposed to three levels of crude oil; 0.06 

ppm – low levels, 0.25 ppm – medium levels, and 1.0 ppm – high levels of crude oil, 

as well as one group exposed to 1.0 ppm crude oil spiked with polyaromatic 

hydrocarbons and alkyl phenols (for details see below). 

 

Oil 

The oil dispersions were made in the continuous flow system (CFS, using Statfjord B 

field crude oil. The oil was in each experiment dispersed in seawater as droplets with 

mean and median diameters in the 11-13 µm range. Initially the oil was dispersed at 5 

mg oil/kg seawater (ppm), and the dispersion was distributed via a manifold with 

overflow to a second set of manifolds with overflows. These secondary manifolds 

received the 5 ppm oil dispersion at various rates through peristaltic pumps. Seawater 

diluting the oil dispersion was added by gravity and regulated by valves from a header 

tank with overflow. The overflows ensured stable pressure in the water supplies in the 

system. Four different solutions involving dispersed crude oil were made in addition 

to seawater. 

 

Surrogate produced water 

The spike was initially made as a concentrated stock solution comprised of the 

hydrocarbons dissolved in acetone. The spike hydrocarbon mixture in acetone was 

first pumped into a mixing flask that also received seawater. This first step of dilution 

generated a concentration of 0.8 mg/litre seawater per sum APs or PAHs. This 

solution was then fed by gravity and valve control to a second mixing flask and a 
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manifold, which provided a final concentration at 0.2 ppm hydrocarbon solution of 

each of the two spike substance groups. This flask also received an oil emulsion fed 

via a peristaltic pump to provide the final 1 ppm oil in seawater emulsion plus to the 

diluted spike composition. The final amount of the acetone carrier in the spike 

exposure solution was 20µg acetone/litre water.  

 



 

 

10

Methods 

 

2DE  
 

The protein concentration of the samples was determined according to Bradford 

(1976). For analytical gels, 20 μg of sample was diluted in re-hydration buffer (7M 

urea, 2M thiourea, 4% CHAPS, 20 mM DTT, 0.5% v/v Triton X-100, 0.5% v/v 

Ampholine 3-10, bromphenol blue) and applied to IPG strips pH 4-7, 7 cm (GE 

Healthcare) (O’Farrell, 1975, Görg et al., 1988 & 2000). For preparative gels, 1000 

μg of sample was diluted in re-hydration buffer and added to IPG strips pH 4-7, 18 

cm. The strips were then re-hydrated for a minimum of 12 hours and focused on a 

Multiphor II unit (GE Healthcare) according to producer` s guidelines. The strips 

were equilibrated 15 min. at room temperature in 0.25% DDT-containing SDS 

equilibration buffer (50 mM Tris pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) 

SDS, bromphenol blue) and 15 min. in a 4.5% iodoacetamide-containing SDS 

equilibration buffer (O’Farrell, 1975, Görg et al., 1988 & 2000) prior to separation in 

the second dimension on 9% SDS-PAGE gels (Laemmli, 1970).  Analytical gels were 

run at 200 Volt, 400 mA/12 gels, 20°C for 45 min. in a mini Dodeca unit (Biorad) 

prior to silver-staining (Heukeshoven & Dernick, 1985). Preparative gels were run in 

an Ettan DaltSix/ Twelve unit at 1W/ gel, 20°C, for approximately 17 h. The 

preparative gels were then stained with Collodial Coomassie (Neuhoff et al, 1988). 
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Gel image analysis 
 

Silver-stained analytical gels and Coomassie-stained preparative gels were scanned on 

a GS-800 Calibrated Densitometer flatbed scanner (Biorad, CA, US) using PDQuest 

7.2.0 software (Biorad, CA, US). The gels were scanned with medium resolution: 

63,5 (X) x 63,5 (Y) microns.  

 

PDQuest 

The silver-stained gels were processed and analysed in a trial PDQuest version, 

PDQuest Advanced, version 8.0 (Biorad), downloaded from the Internet 

(www.biorad.com). The images were cropped prior to analysis. For each series; males 

- 3 days, males – 14 days, males – 24 days and females- 24 days, automatic spot- 

detection was performed based on manually selection of a faint spot, a small spot and 

the largest spot cluster in one representative image from each series. Streaking, 

background, speckle-removal, and smoothing were adjusted automatically by the 

programme based on the initial spot selection. The sensitivity was adjusted to give a 

satisfactory signal-to-noise ratio. We used automated matching, in which all 

unmatched spots from all the gels were set to be added to a master gel, and all the 

images were warped prior to matching. A gel from the group of individuals exposed 

to 1.0 ppm crude oil was selected as master gel within each experiment, as it included 

the most spots. Each experiment included gels of individuals of the same gender 

exposed for the same duration of time. As we are looking for changes in the protein 

pattern that may represent toxicological changes, normalization was disabled in order 

not to influence the gel analysis, as described by the PDQuest Help function. The 

matchset and the gel images used for PDQuest analysis were uploaded to the Ludesi 
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Interpreter (www.ludesi.com) for ANOVA analysis and for comparison with the 

Ludesi analysis. 

 

Ludesi 

The scanned 2DE images were sent to Ludesi Analysis Centre (Sweden) for 

professional image analysis. At Ludesi Analysis Centre the spots were automatically 

detected and the results were manually verified and edited where needed. The gels 

were automatically matched using all-to-all matching; every gel was matched to all 

other gels, avoiding introduction of bias caused by use of a reference gel. The 

matching was iteratively improved by optimization of matching parameters and 

manual editing where needed. Integrated intensities were measured for each spot, 

background corrected, and then normalized. Normalization removes systematic gel 

differences originating from variations in staining, scanning time, protein loading, etc, 

by mathematically minimizing the median expression difference between matched 

spots. 

 

One-way ANOVA-analysis (p≤0.05 and fold change ≥2) was performed comparing 

the level of protein expression to level of exposure using Ludesi 2DE Interpreter 

(www.ludesi.com). However, it should be emphasised that the results of the image 

analysis were carefully validated and any changes detected in gel areas of poor 

separation were excluded to limit the number of false positives. 
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Mass spectrometry 
 

The excised protein spots were in-gel digested according to the method of 

Shevchenko et al. (1996) prior to mass spectrometry. 

 

De novo-sequencing 

4-sulphophenyl isothiocyanate, SPITC, was used to sulfonate trypsin-digested 

peptides to yield good y-ion sequences at low peptide concentrations for improved 

protein identification (Marekov and Steinert, 2003). The SPITC-derivated proteins 

were then applied to nano-coloums packed with 20Poros R2 and eluted with matrix, 

α-cyano-4-hydroxycinnamic acid (CHCA) on to the steel target prior to MALDI-ToF-

ToF (4700 Proteomics Analyser, Applied Biosystem, CA, US). Signal-to-noise ratio 

was set to 20, mass tolerance was set to ± 0.5 m/z and mass outlet factor was set to 

10. 

 

MALDI-ToF-ToF spectra of trypsin-digested peptides and SPITC-treated trypsin-

digested peptides were compared, and fragments that by this comparison were found 

to be sulfonated were manually selected for further fragmentation and de novo-

sequencing.  
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LC-ESI-Q-ToF 

Prior to application of sample on the LC-ESI-Q-ToF, 20 μL trypsin-digested protein 

samples of isolated 2DE-spots were run on home-made C18 Stage tip columns 

(Rappsilber et al., 2003), and the samples were eluted with 1/10 of sample volume of 

100% acetonitril (ACN) and dissolved in approximately 2x sample volume of 2% 

formic acid (FA). 40 μL of the dissolved sample was applied on the ESI-LC-QToF 

instrument. 

 

The samples were applied to an Ultimate 3000 nano-LC (Dionex Corporation, USA). 

The nano-LC consist of a C18 Pepmap 100 pre-column (Dionex Corporation, USA) 

with bead size 5μm, pore size 100Å, and a nC18 analytical column, C18 Pepmap 100  

(Dionex Corporation, USA), with bead size 3 μm and pore size 100Å in the first set-

up, and with bead size 5μm and pore size 100Å in the second set-up. The flow rate on 

the analytical column was 300 nL/min, mobile phase A was 2% ACN and 0.1% FA, 

and mobile phase B was 90 % ACN and 0.1% FA. The following gradient was used: 

0-3 min: 5% B; 3-40 min.: 5-50% B; 40-45 min.: 50-95% B; 45-53 min.: 95% B; 53-

55 min.: 95-5% B; 55-70 min.: 5% B. 

 

ESI-voltage was 2942 V, cone voltage 100 V and the ion source temperature 110° C. 

The collision energy followed a step-wise increment profile according to ion mass 

and charge, the collision energy increasing to 53 kV for 2+ ions and to 42 kV for 3+ 

ions. Data were acquired sequentially in MS-mode, with scan range (m/z) 450-1100 

Da. MS/MS spectra of 3 ions from the MS-scan were recorded, within the mass range 

of 50-1500 Da. Only parent ions with two or three charges were chosen for MS/MS 

and the selection width of precursor ion was 2 Da. 
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The resulting MS/MS data were managed by Mass Lynx 4.0 software (Micromass) 

and MS_Lims  (http://genesis.ugent.be/ms_lims/). 

 

Database searches 
 

The newly developed cod EST database used for protein identification includes more 

than 50 000 EST sequences from cod from a project at the Institute of Marine 

Research, Norway, NIFES (Norwegian Institute of Research on Nutrition and 

Seafood) and groups affiliated to the National Research Council, Canada. The 

annotation of the sequences was performed by the Computational Biology Unit at 

UoB, producing approximately 6000 contigs and more than 30 000 singlets. The EST 

sequences are derived from cDNA libraries of cod exposed to an array of 

environmental pollutants, such as PCBs and heavy metals, and purified mRNA 

sequences from several different tissues. RNA was also purified from cod captured in 

the marinas of Bergen and Trondheim, and therefore assumed to be exposed to a 

battery of pollutants, as well as cod exposed to hypoxia and hyperoxia 

(http://www.codstress.olsvik.info/Results.html).  

 

The obtained de-novo sequence data from SPITC-MALDI-ToF-ToF were initially 

used in BLAST-searches in the in-house developed cod EST-database, and the 

sequence of the contig(s) and/or singlets which matched the query sequences 

(minimum two fragments with score>identity threshold score and E-values>0.05) 

were retrieved and used in a second blast-search in the NCBInr database 

(http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi) for protein identity (Altschul et al., 

1997).  



 

 

16

The sequence data from the LC-MS-MS runs were used in MASCOT-searches in the 

cod EST-database (Perkins et al., 1999, Steen & Mann, 2004) using the following 

parameters: Missed cleavages: 1; Significance treshold p<0.05; MS 1 mass accuracy: 

0.5 Da, MS2 mass accuracy: 0.3 Da; Partial modifications: Carbamidomethyl (C) and 

Oxidation (M). The quality of the matches was manually inspected. The sequence of 

the contig(s) and/or singlets which matched the query sequences (minimum two 

fragments with score>identity threshold score and E-values>0.05) were retrieved and 

used in blast-search in the NCBInr database for protein identity.  
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Results 
 

2DE and Image Analysis 
 

30 individual plasma-samples were screened on 2DE and analysed for differentially 

expressed proteins utilising the Ludesi 2DE Image Analysis Service as well as 

performing the analysis ourselves using the PDQuest Advanced software. The dataset 

comprise 9 male individuals and 1 female individual (control) sampled after 3 days of 

exposure, 10 male individuals and 10 female individuals sampled after 24 days of 

exposure. The limited number of samples within each group is due to varying 

distribution of males and females among the 5 individuals sampled within each 

treatment group. In average, approximately 840 proteins were detected on the 2DE-

gels by Ludesi, compared to an average of approximately 260 proteins detected by 

PDQuest. When comparing the results of image analysis of the 30 gels provided by 

Ludesi Analysis Centre with PDQuest analysis, we found that the number of 

differentially expressed proteins at a significance level of p<0.05 (ANOVA) detected 

by the two different image analysis softwares differed substantially. The results of the 

image analyses were manually verified by screening 40 randomly selected proteins 

from each time series, 10 proteins from each group of exposed individuals. The 

screening found the average correctness of PDQuest image analysis to be 18% (3 days 

of exposure) and 30% (24 days of exposure) compared to 78% average correctness, at 

both day 3 and day 24 of exposure, using Ludesi. Estimated total number of correct 

identified significant changes (p<0.05) were 73 by PDQuest compared to 465 by 

Ludesi. For these reasons, Ludesi analysis results were preferred and used for 

selecting biomarker candidates. 
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Biomarker candidates were identified by comparing the global protein expression of 

silver-stained mini-gels of individuals from 15 different treatment-groups, the 

majority of groups consisting of two to three individuals. Protein changes only 

observed in groups consisting only of one gel/individual sample were excluded. 137 

protein changes with a fold change ≥2 and p<0.05 using one-way ANOVA were 

identified as protein changes by crude oil and surrogate produced water exposure 

(Table 1 and 2). Their localisation on a 2DE-gel is shown in Figure 1. Interestingly, 

more than 40 of 135 protein changes occur at the lowest level of oil exposure (≤0.06 

ppm crude oil) (Table 1 and 2).  

 

MS-MS 
 

Of the 137 protein spots identified on the silver-stained mini-gels to be differentially 

expressed upon exposure, 29 proteins were positively identified by MS/MS (Table 3). 

By using a newly developed cod EST-database we increased our success rate of 

protein identification by mass spectrometry from approximately 10% to >90%. After 

3 days of exposure (Table 1), fibrinogen (#7013, #7709) appeared increase in 

intensity at surrogate produced water exposure.  Another protein identified as an 

alpha-2-antiplasmin (#7550) appeared to be down-regulated after 3 days of  crude oil 

exposure. 

 

After 24 days of exposure (Table 2), enolase alpha (#7011) appeared to be down-

regulated at crude oil exposure and after surrogate produced water. Fibrinogen 

(#7032) appeared to be up-regulated at higher levels of crude oil exposure and 

surrogate produced water exposure. Alpha-2-antiplasmins, A2A, (#7581, #7584, 
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#7587, # 7597) appeared to be up-regulated by 24 days of 1.0 ppm crude oil and 

surrogate produced water exposure. Tropomyosin (#7043), serotransferrin (#7192), 

hemopexin (#7409), prothrombin (#7285, #7329) and fetuin B (#7098, #7285, #7345) 

seemed to be down-regulated by crude oil exposure and in the cases of serotransferrin 

and pro-thrombin also by surrogate produced water exposure. The latter exposure was 

also found to induce a down-regulation of pentraxin (#7027). Alpha-1-antitrypsin, 

A1AT (#7811), appeared to be up-regulated by 0.25 ppm of crude oil. The prepro-

apolipoprotein A (#8580) was shown to be up-regulated at crude oil levels ≥25 ppm 

and by surrogate produced water exposure, while NTPase (#7810) was found to be 

down-regulated by 1.0 ppm crude oil and oil spiked with PAHs and alkyl phenols. A 

protein similar to pregnancy zone protein, Pzp (#7826), was found to be down-

regulated by crude oil exposures ≥1.0 ppm. Apolipoprotein B (#7178) was shown to 

be up-regulated by 0.25 ppm crude oil exposure and by surrogate produced water 

exposure. 
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Discussion 

 

Image analysis and changes in the protein pattern 
 

We used and compared the Ludesi 2DE Image Analysis Service with our own 

analysis using the PDQuest software, analysing 30 2DE-gels of individual plasma 

samples of juvenile cod exposed to crude oil. The Ludesi service provided in our view 

robust image analysis in which the spots of different spot patterns on different 2DE 

gels appeared to correspond well to the corresponding spots in the other gels. For 

these, an appropriate normalisation function was applied providing accurate spot 

detection and protein expression measurement. The average correctness of the Ludesi 

image analysis was calculated to be by far better than the average correctness of the 

PDQuest image analysis. Using PDQuest, we had trouble obtaining satisfactory 

warping (correspondence of 2D gel spot patterns, removal of gel distortions), and 

satisfactory matching (correspondence of individual spots between different 2DE 

gels) resulting in poor and inaccurate spot detection. 

 

In general there will always be a gel to-gel variation and a technical variation in 

addition to the biological variation and changes in the protein pattern caused by 

xenobiotic exposure (Molloy et al., 2003). The gel to-gel variation includes 

differences in gel size, in the protein amount loaded to the strips and absorbed by the 

strips, as well as staining efficiency. A good warping- and normalisation-function 

prior to spot detection and matching, are therefore crucial to the final result. 

According to the help-function in PDQuest, normalisation is not to be used where an 

overall change in protein expression is expected, ´for example when testing for 
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toxicity. Normalisation assumes that any overall change is unwanted and removes it`. 

In the case of PDQuest, we followed this instruction and did not normalise our data 

and hence, technical variation may have affected the measured spot volumes and 

intensities by PDQuest. 

 

Biomarker candidates 
  

The results obtained with protein expression profiles after exposure to oil and 

surrogate produced water indicate effects on fibrinolysis and the complement cascade, 

the immune system, fertility-linked proteins, bone resorption, fatty acid metabolism as 

well as increased oxidative stress, impaired cell mobility and increased levels of 

proteins associated with  apopotosis. 

 

Although the number of individuals and samples in this study is limited within each 

treatment group, all the ANOVA analysis included a minimum of ten gels, and 

protein changes only apparent in groups of one individual were excluded from the 

analysis. The protein changes observed in this study may therefore represent a first 

screening for potential biomarker candidates in plasma that will be further analysed 

and verified in future exposure studies based on a larger number and broader range of 

samples, as described by Rifai et al. (2006).  

 

After 3 days of exposure fibrinogen appeared to be up-regulated after sPW exposure 

and there appeared to be a down-regulation of A2A following crude oil exposure. 

After 24 days of exposure, we observed an apparent down-regulation of alpha enolase 

and prothrombin, and an apparent up-regulation of alpha-2-antiplasmin and 
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fibrinogen, proteins which are all involved in the fibrinolytical system. These 

biomarker candidates suggest an effect on the fibrinolytical system following crude 

oil exposure. Alpha-1-antitrypsin (A1AT) appeared to be up-regulated. 

 

Both the apparent changes of expression of A1AT and alpha-enolase also indicate an 

effect on the immune system. A1AT is known to be linked to immunologic and 

inflammatory disorders and is also found to be regulated by sex-hormones 

(Machovich & Horvath, 1981, Yamamoto & Sinohara, 1984, Schwarzenberg et al., 

1987). Impairment of alpha-enolase activity is reported to be implemented in a large 

variety of infectious and autoimmune diseases, microbial tissue invasion, endothelial 

injury, activation of the complement classical pathway, pertubations of the 

fibrinolytical system, as well as induction of apoptotic cell death (Terrier et al., 2007). 

Pentraxin may also indicate an effect on the immune system, as short pentraxins are 

acute phase proteins, produced in liver in response to inflammation, as reviewed by 

Bottazi et al., (2006).  

 

We also identified a down-regulation of Pzp-resembling (pregnancy zone protein) 

after crude oil exposure (≥0.25 ppm) and an up-regulation of A2A. Alpha-2-

antiplasmin constitutes a key recognition sequence for cell adhesions (Thomas et al., 

2007), and has been reported to enhance cell aggregation and suppress cell mobility 

(Hayashido et al., 2007). It has also been found to be involved in mammalian 

spermatogenesis, sperm capacitation, and fertilization, as reviewed by Liu (2007). 

These changes may indicate an effect from exposure to crude oil on the fertility of 

fish.   
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Tropomyosin forms complexes with several dfferent proteins, including actin, 

involved in cell adhesion to surfaces. The apparent change in tropomyosin expression 

after crude oil exposure, together with the apparent change in A2M expression may 

imply effects of crude oil exposure on cell adhesion.  

 

Serotransferrin and hemopexin are important constituents of the iron homeostasis 

system, regulating cellular iron levels. Both serotransferrin and hemopexin appeared 

in our study to be down-regulated by crude oil exposure, which might suggest in turn 

lead to an overload of iron (Bradbury, 1997, Beaumont, 2004, Anderson & Frazer, 

2005). In cells, like macrophages, only a slight increase in iron (2-3 fold) is found to 

affect cell signalling, leading to NO production and activation of the nuclear 

transcription factor NF kappa B, and cellular function, resulting in a stimulation of the 

production of reactive oxygen species (ROS) and oxidative stress (Chrichton et al., 

2002).  

 

Our results may also indicate an effect of crude oil exposure on the metabolism. In 

our study, both prepro-apolipoprotein and apolipoproteins B (Apo B) appared to be 

differentially expressed after 24 days of exposure. Apolipoproteins are important 

regulators of triglyceride and cholesterol metabolism. Previously, oestrogen has been 

shown to effect the density distribution of apolipoproteins (Tam et al., 1985).  

 

We also found a NTPase and fetuin B to be down-regulated in the groups of 

individuals exposed to 1.0 ppm crude oil and surrogate produced water. This NTPase 

is found in apoptosis as well as being involved in MHC transcription activation. 

Fetuin B is a protease inhibitor of many functions, such as regulation of insulin and 
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hepatocyte growth factor receptors, in response to systemic inflammation and in 

osteogenese. The apparent down-regulation of these proteins may thus have several 

effects in the exposed fish. 

 

When considering these differentially expressed proteins as biomarker candidates, it 

is important to be aware of the limited number of individuals within each group. We 

are in the first phase of discovery with limited amount of samples available for 

biomarker discovery and hence, the results from this study most likely include a 

number of false positives. Further analysis and validation of these results will 

determine whether they are suited for use as biomarkers in the future (Rifai et al., 

2006). 

 

As well as trying to identify more of the proteins observed to be differentially 

expressed in this study, we now plan to produce antibodies directed towards these 

biomarker candidates. The candidates will be validated for use as biomarkers using 

antibodies in ELISA assays. The antibodies may also be used in mechanistic studies 

to gain more knowledge of the underlying response mechanisms. 
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Conclusion 
 

We have compared the Ludesi 2DE Image Analysis Service and image analysis by 

ourselves using the PDQuest software, for identifying differentially expressed 

proteins, induced by crude oil and surrogate produced water exposure. We found the 

Ludesi software to provide robust image analysis for biomarker candidate discovery. 

Using PDQuest we did not manage to warp, match or normalise our data 

satisfactorily.   

 

By using a newly developed cod EST-database we increased our success rate of 

protein identification by mass spectrometry from approximately 10% to >90%. By 

this approach we observed 137 proteins to be differentially expressed due to exposure, 

and 29 of these proteins were successfully identified by mass spectrometry. Taken 

together, our findings suggest alpha enolase, plasminogen, alpha-1-antitrypsin, alpha-

2-macroglobulin, alpha-2-antiplasmin, prothrombin, pentraxin, tropomyosin, 

serotransferrin, hemopexin, fetuin B, apolipoprotein B, the NTPase and the Pzp 

proteins as potential biomarker candidates in plasma for the effects of oil and 

produced water to fish. Changes in protein expression were in this study shown to be 

induced also at low levels of exposure for many of the proteins, which is a desirable 

feature of biomarker candidates. However, their use as future biomarkers has to be 

tested at a much larger scale in future studies. The identified proteins have previously 

been linked to spectra of severe adverse effects such as infectious and autoimmune 

diseases, microbial tissue invasion, endothelial injury, activation of the complement 

classical pathway, perturbations of the fibrinolytical system, bone resorption as well 

as induction of apoptotic cell death, oxidative stress and impaired fertility. Also many 
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of the responses seen in this study seem to be somewhat linked to each other, 

indicating that an array of these biomarker candidates used together may give a better 

indication of  adverse effects in the fish induced by oil and/or produced water.  
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Table 1: Changes in protein expression induced by 3 days of exposure of crude oil (CO) and 
surrogate produced water (sPW) 

Spot # Protein expression levels Protein identity 
 Control 

 
(82,83ª) 

0.06 ppm 
CO 
(84,85,86) 

0.25 ppm 
CO 

(87,88,89) 

1.0 ppm 
CO 
(90) 

1.0 ppm* 
sPW 
(91) 

 

6986 1 5.2 5.9 7.5 4.1  
7013 1 0.5 0 0 2.3 Fibrinogen  
7029 1 1.2 1.4 1.9 0  
7057 1 0.7 4.2 9.0 6.3  
7087 0 1 0 3.0 0  
7105 1 5.4 7.6 8.1 0  
7188 1 0.9 0.7 3.3 6.6  
7264 0 1 2.428 5.878 3.2  
7454 1 0.1 0.4 0.7 0.4  
7526 1 0.8 1.2 6.2 3.1  
7550 1 0 0.1 0 1.1 Hypothetical (A2A)  
7561 1 0.5 0.1 6.4 0  
7602 1 2.4 2.1 9.8 2.9  
7611 1 2.8 2.4 0.7 8.7  
7632 1 0.2 1.6 0.5 0  
7644 1 0.9 4.7 9.7 7.8  
7647 1 0.4 1.4 2.1 0.8  
7667 0 1 2.2 8.0 0  
7709 1 0 2.3 0 7.7 Fibrinogen 
7715 1 0.1 0 0.5 1.8  
7739 0 1 10.9 0 7.9  
7814 1 0.1 0.3 0.1 0.1  
7842 1 2.7 1.7 1.3 4.1  
7848 1 1.9 9.3 6.8 19.1  
8005 0 0 1 6.1 0  
8039 1 0.8 0 4.1 1.9  
8115 1 0 1.3 1.8 4.9  
8153 1 0.1 0 0 2.2  
8411 1 0 0 0 0  
8418 0 0 1 4.1 0  
8593 0 1 9.2 37.9 0  
8756 1 5.1 3.3 37.6 0  
8769 1 0 0 10.5 0  
8786 1 0 0 22.0 0  
9439 1 0 1.3 0 0 Fibrinogen 

Overview of significantly altered proteins following exposure found by image analysis. CO- Samples 
of crude oil treated juveniles. sPW- samples of surrogate produced water-treated juveniles. n=1-
3/group. 
Red colour is used for a significant up-regulation (ANOVA: p< 0.05, fold change ≥ 2 in protein 
expression) of a protein as compared to control. 
Green colour is used for significant down-regulation (ANOVA: p< 0.05, fold change ≥ 2 in protein 
expression) of a protein as compared to control. 
Grey colour is used for protein spots not significantly changed in protein expression following 
treatment.  
O – the protein is not expressed in this group. 
asample of female individual 
A2A; Alpha-2-antiplasmin 
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Table 2: Changes in protein expression after 24 days of continuous crude oil (CO) and surrogate 
produced water (sPW) exposure 

Spot # Protein expression levels  Protein identity 
 Control 

 
(62,63) 

0.06 μg/L 
CO 
(68) 

0.25 μg/L 
CO 

(69,70) 

1.0  μg/L 
CO 

(74,75,76) 

1.0* μg/L 
sPW 

(79,81) 

 

6965 1 0 0 0 0  
6971 1 0.4 0.7 0.3 0.6  
6983 1 1.3 0.2 0.9 0.7  
6984 1 0 0 0 0  
6989 1 0 0 0 0  
7001 1 0.3 0.5 0.2 0.6  
7011 1 0 0 0 0 Alpha enolase  
7018 1 0.7 0 0 1.3  
7020 1 0.5 1.2 0.1 0.3 A2M 
7021 1 0.6 1.1 0.3 0.4  
7027 1 1.1 1.1 1.4 0 PTX 
7032 1 2.9 0.4 2.5 2.2 Fibrinogen 
7043 1 0.6 0.6 0.2 0.3 Tropomyosinns  
7051 1 19 0.3 1.2 1.9  
7053 1 0.6 0.8 0.3 0.4  
7055 1 1.7 0 2.1 1.9  
7057 1 0 1.5 0.4 0  
7069 1 1.1 2.0 1.6 0.5  
7071 1 0 0 0 0.2  
7072 1 3.2 0 2.0 2.4  
7073 1 0 0 0 0.3  
7077 1 1.9 1.6 1.0 0.4  
7081 1 0.7 1.1 0.4 0.1  
7082 1 0.6 1.4 0.2 0.2  
7084 1 0 0 0 0  
7098 1 1.3 0.6 1.7 2.1 Fetuin B 
7125 1 1.7 0 0 1.1  
7140 1 1.6 2.7 1.3 1.2  
7143 1 1.2 0.7 1.2 0.2  
7144 1 6.8 1.2 2.0 0  
7160 1 0.7 1.0 0.4 0.3  
7178 1 0 2.4 0 0.4 Apolipoprotien B 
7180 1 0 0 0 0  
7186 1 0 1.2 0 0  
7192 1 0.3 0.9 0 0.1 Serotransferrin  
7197 1 0.8 0 0.1 0 A2M 
7215 1 1.3 2.5 0.5 0.9  
7228 1 2.7 5.1 1.7 1.7  
7240 1 0 0.9 0.4 0.5  
7241 1 2.0 0.8 2.9 2.1  
7259 1 5.8 0 4.4 0.5  
7285 

 
1 0 0.4 0 1.2 Prothrombin*  

Fetuin B  
7288 1 1.6 0.2 0.2 0  
7294 1 0.2 1.6 0.2 0.6  
7300 1 1.1 0.7 1.8 0.3  
7315 1 2.0 10.0 3.0 0.9  
7329 

 
1 0 0.3 0 0 Prothrombin*  

Fetuin B 
7336 1 2.8 3.4 0.5 1.5  
7341 1 3.5 1.4 2.6 1.9  
7342 1 0 0.2 0 0.4  
7345 1 0.5 0 0.5 0 Fetuin B 
7409 1 0 0.1 0.1 0.5 HX 



 

 

33

7429 1 14.5 4.9 0 4.0  
7433 1 0.1 1.0 0.1 0.3  
7437 1 0.1 0 0 0  
7457 1 0 1.1 19.3 0  
7477 1 2.3 9.5 0 0.3 A2M 
7506 1 8.3 0 8.3 7.6  
7525 1 0 0.7 4.3 5.4  
7581 1 1.7 0.6 2.2 2.4 A2A 
7584 1 1.5 0 2.1 2.3 A2A 
7587 1 1.5 1.0 2.2 2.8  
7597 1 1.0 0 1.6 2.1 A2A 
7633 1 1.2 2.0 0 0  

7665 

1 0.5 0.7 0.3 0.3 Hypothetical 
APO B  
Uncharacterized  

7678 1 0.9 0.5 0.8 0  
7705 1 0.9 2.2 0.5 0.8  
7715 1 4.1 3.9 2.0 2.3  
7725 1 11.9 0 7.0 1.0  
7726 1 4.2 3.7 2.2 2.3  
7746 1 0 0 0 0  
7748 1 2.1 0.6 0 0  
7806 1 1.4 1.1 0.9 0  
7807 1 0 0.2 0.3 0.8  
7810 1 0.7 1.4 0.5 0.3 NTPase 
7811 1 1.7 3.4 0 0 A1AT 
7814 1 0 1.4 1.5 0  
7826 1 0.6 0.5 0.3 0.6 PZP 
7843 1 0.6 0.5 1.7 2.1  
7854 1 0 0 0.2 0.4  
7864 1 0.6 1.1 0 0.5  
7878 1 0 0.3 1.4 8.5  
7922 1 13.5 0 16.1 4.2  
8007 1 1.9 3.4 0.3 0.5  
8033 1 7.0 3.7 1.6 0  
8039 1 1.9 7.6 1.5 0.9  
8102 1 0 0 3.3 10.1  
8162 1 6.6 6.0 1.2 0  
8189 0 0 0 1 0  
8381 0 0 1 0 0  
8397 0 0 1 66.8 0  
8409 0 0 0 0.9 1  
8448 0 0 0 0 1  
8580 0 0 1 2.0 2.2 (Prepro)-APO A-1  
8581 0 0 1 1.0 0  
8636 0 0 0 0.6 1  
8841 0 0 0 2.1 1  
8864 0 1 0 0.1 1.1  
8985 0 0 1 0 0  
9128 0 0 0 0 1  
9244 0 0 0 0 1  
9257 0 0 0 0 1  

Overview of significantly altered proteins following exposure found by image analysis: CO-Samples of 
crude oil treated juveniles. sPW- samples of surrogate produced water-treated juveniles.. n=1-3/group. 
Red colour is used for a significant up-regulation (ANOVA: p< 0.05, fold change ≥ 2 in protein 
expression) of a protein as compared to control. 
Green colour is used for significant down-regulation (ANOVA: p< 0.05, fold change ≥ 2 in protein 
expression) of a protein as compared to control. 
Grey colour is used for protein spots not significantly changed in protein expression following 
treatment. 
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O – the protein is not expressed in this group. 
A2A; Alpha-2-antiplasmin, HX; Hemopexin, PTX; Pentraxin, A2M: alpha-2-macroglobulin, APO; 
apolipoprotein, A1AT; Alpha-1-antitrypsin, PZP; Pregnancy zone protein. 
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Table 3: Identification of differentially expressed proteins after continuous exposure to crude North Sea oil and surrogate produced water 
Spot # 
 

Acc. no Protein identity Scorea Queries 
matchedb 

Seq. cov. 
% 

Observed 
pI/Mr 

Theoretical 
pI/Mr 

Putative conserved 
domains 

70112 AAH59511.16ns Enolase 1, (alpha) [Danio rerio]ns 72/29 2/312 9 5.9/50 6.19/47,4 Enolase 
70132 NP_998219 Fibrinogen gamma polypeptide [Danio rerio] 93 12 39 5.0/43,5 5.07/48,8 Fibrinogen 
70202 BAA85038 Alpha-2-macroglobulin-1 [Cyprinus carpio] 107 5 17 5.3/94 5.40/160, 8 A2M 
70271 BAB69039.1 Pentraxin [Cyprinus carpio] 108 2 7 4.6/25 5.07/25,4 PTX 

70322 
CAF96585 Unnamed protein product ( fibrinogen) 

[Tetraodon nigroviridis]  
67 6 18 5.0/40 4.96/47,3 Fibrinogen 

70432 
CAF98296ns Unnamed protein product  (tropomyosin) 

[Tetraodon nigroviridis]ns 
52/29 2 14 6.1/145 5.01/35,2 Tropomyosin 

70982 
CAF98106 Hypothetical protein LOC563663 (fetuin B) 

[Danio rerio] 
137 9 16 4.4/100 5.05/52,9 Fetuin B 

7178 ns,2 CAA57449.1ns Apolipoprotein B [Salmo salar]ns 58 2 5 4.6/46 5.24/115,9 APO B 
71922 Q92079 Serotransferrin [Gadus norhua] 852 8 62 6.5/75 6.12/67.9 Transferrins 
71972 BAA92285 Orla C3-1 [Oryzias latipes]   59 5 10 5.3/84 5.9/184,5 A2M 
72852 CAD59688 Prothrombin [Oncorhynchus mykiss] 463/29 12/478 15 4.9/90 6.32/70,5 Prothrombin 
73292 CAD59688 Prothrombin [Oncorhynchus mykiss] 660/29 21/426 29 4.9/90 6.32/70,5 Prothrombin 

 
CAF98106 Unnamed protein product (fetuin B) 

[Tetraodon nigroviridis] 
298/29 9/426 13 4.9/90 5.99/56.1 Fetuin B 

73452 

 
CAF98106 Unnamed protein product [Tetraodon 

nigroviridis] 
225/29 6/594 11 4.5/90 5.99/56.1 Fetuin B 

74092 XP_691686 Predicted: Hemopexin [Danio rerio] 302/28 9/428 26 4.4/75 6.02/45,4 Hemopexin, HX 
75502 

 
NP_001073479.1 Hypothetical protein LOC563663 (A2M) 

[Danio rerio] 
326 11 21 4.4/80 5.05/52.9 A2A 

75812 

 
NP_001073479.1 Hypothetical protein LOC563663 (A2M)  

[Danio rerio] 
326 11 21 4.5/95 5.05/52.9 A2A 

75842 

 
NP_001073479.1 Hypothetical protein LOC563663  (A2M) 

[Danio rerio] 
326 11 21 4.4/95 5.05/52.9 A2A 

75972 

 
NP_001073479.1 Hypothetical protein LOC563663  [Danio 

rerio] 
326 11 21 4.3/95 5.05/52.9 A2A 

76652 

 
NP_001025233.1 Hypothetical protein LOC321166 [Danio 

rerio] 
645/28 27/ 84 4.6/40 5.11/412,6 Lipoprotein, function 

unknown 
 CAA57449.1 Apolipoprotein B [Salmo salar] 675/28 17/ 38  5.24/115,9 APO B 
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77091 NP_997939 Fibrinogen, B beta polypeptideh [Danio rerio] 34.9   5.2/64 8.07/54,4 Fibrinogen 
78101,ns 

 
XP_692778.2 ns PREDICTED: hypothetical protein [Danio 

rerio] ns 
29.4    6.67/129,5 NTPase 

78111 

 
CAD90255.1 alpha-1-antiproteinase-like protein 

[Oncorhynchus mykiss] 
39 (1e-96)  5.2/57 5.86/47,5 A1AT 

78262 

 
CAG06475 Unnamed protein product [Tetraodon 

nigroviridis] 
115 7 22 5.2/200 8.25/154,1 A2M 

 
XP_001341390 Predicted: Similar to Pzp Protein [Danio 

rerio] 
106 7 12  7.9/165,1 PZP 

 
XP_001343136.1 Predicted: Similar to Pzp Protein [Danio 

rerio] 
87 4 14  8.45/169,7 PZP 

85801,ns AAU87042.1 Preproapolipoprotein A-1 [Gadus morhua]ns 24.3   4.9/27 5.92/14,9 APO A1* 
94391,h NP_997939 Fibrinogen, B beta polypeptide [Danio rerio]h 34.1   5.8/63 8.07/54,4 Fibrinogen 

1MS method: SPITC-MALDI-ToF-ToF 
2MS method: ESI-LC-QToF 
nsnon-significant hit: Only one fragemt hit (significant score, p<0.05) 
hThe protein was identified as an unnamed protein and was further characterised by homology in blast 
aThe score of query’s match in the database/the treshold score of homology (identity) 
bThe number of query fragments that match/the total number of query fragments 
Abbreviations: A2M: Alpha-2-macroglobulin, PTX; Pentraxin, APO; Apolipoprotein, A2A; Alpha-2-antiplasmin, HX; Hemopexin, A1AT; Alpha-1- antitrypsin, PZP; 
Pregnancy zone protein. 
The following search criteria were used:  Modification: Carbamidomethyl (C), Oxidation (M); Peptide tolerance: 0.5 Da; MS/MS tolerance: 0.3 Da; Enzyme: Trypsin; 
Monoisotopic. In NCBI-searches taxonomy was specified: Actinopterygii (ray-finned fish). p<0.05 
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Figure legend 

 

Figure 1:  Localisation of differentially expressed plasma proteins on the 2DE 

gel. 

A gel of an individual sample of a juvenile cod exposed to 1.0 ppm crude North Sea 

oil. 20 μg protein were loaded to a 7 cm pH4-7 IPG strip and separated in the second 

dimension on a 9% SDS PAGE gel. All the 137 significant (ANOVA: p<0.05, fold 

change ≥2) from all the different treatment groups (0.06 ppm, 0.25 ppm and 1.0 ppm 

crude oil, and crude oil spiked with PAH and alkyl phenols) are shown. 
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Figure 1 
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Abstract 

 
Produced water (PW) is by far the most dominant source of continuous oil discharges to sea. 

Some of the main pollutants present in produced water are alkyl phenols, poly aromatic 

hydrocarbons, and heavy metals such as arsenic, mercury, lead, cadmium, and chromium. 

These have previously been reported to cause adverse effects both in wild life and in humans. 

Some of these compounds have also been found to exert endocrine disrupting effects, leading 

to impaired development and reproduction. However, how they act together and how they 

may affect development and reproduction is not well established for all of these chemicals. 

Reports from previous studies indicate that early stages of development are more sensitive to 

xenobiotic exposure.  In this study cod were exposed to different levels of North Sea 

produced water (PW) and 17-ß-oestradiol (E2), a natural oestrogen, from egg to fry stage (90 

days). By comparing changes in protein expression following E2 exposure to changes induced 

by PW treatment, we were able to compare the induced changes by PW to the mode of action 

of oestrogens. Changes in the proteome in response to exposure in whole cod fry (90 dph) 

were detected by two-dimensional gel electrophoresis and image analysis and identified by 

MALDI-ToF-ToF mass spectrometry, using a newly developed cod EST database and the 

NCBI database. We identified 15 protein changes and 5 new biomarker candidates of 

produced water (PW) and oestradiol exposure in Atlantic cod fry (Gadus morhua). Many of 

the protein changes occur at low levels (0.01 % and 0.1% PW) of exposure, indicating 

putative biological responses at lower levels than previously detected.  The biomarker 

candidates discovered in this study may, following biomarker validation, prove useful as 

diagnostic tools in monitoring exposure and effects of discharges from the petroleum industry 

offshore, aiding future environmental risk analysis and risk management. 
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Introduction 

 
Produced water is considered to be by far the most dominant discharge from offshore oil 

production, containing a variety of compounds, including oil products such as mono-, di- and 

poly-aromatic hydrocarbons (PAHs), alkyl phenols, and several heavy metals, which have 

previously been shown to cause adverse effects in fish. Some of these compounds are reported 

to be endocrine disrupting chemicals (Evanson and Van Der Kraak 2001; Santodonato 1997), 

affecting steroidogenesis (Evanson and Van Der Kraak 2001; MacLatchy and Van Der Kraak 

1995), affecting reproductive organs and reproduction (Meier et al. 2007), and fish egg, 

larvae, and fry (Hahn 2001; Rolland 2000). PAHs and metals present in produced water are 

also reported to cause oxidative stress (Hasselberg et al. 2004; Livingstone 2001), possibly 

resulting in mutagenesis (Machala et al. 2001) and carcinogenesis (Santodonato 1997). 

 

Biological effects of exposure occurring at the early stages of development are of special 

interest as these stages are found to be more sensitive to xenobiotic exposure (Bern 1992; 

Colborn et al. 1993). In many teleost species, this period of enhanced vulnerability is from 

fertilization through the yolk sac embryo stage (Rolland, 2000), which is prior to the larvae 

stage. However, studies have shown that food and water-borne exposure contributes 

significantly to fry mortality (Rolland, 2000).  

 

At present, being able to detect and monitor effects of exposure before they threat health and 

reproduction, causing an effect at population level, is difficult: Most field studies report late 

occurring adverse effects on cod and other teleost species, often not visible in the exposed 

fish, but rather in its progeny (see reviews by (Rolland, 2000; Schwaiger, 2002). Also the 

majority of biomarkers of exposure developed in laboratory studies are not sensitive enough 
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to detect effects and act as early warning signals of later, broader-reaching effects of chronic 

exposure. Several field data suggest that adverse effects are induced at lower levels of 

exposure than known biomarkers can detect (Denslow et al. 2001; Reid and MacFarlane 

2003). Hence, there is a need for more sensitive biomarkers that can act as early warning 

signals to detect and monitor the effects of oil and produced water to marine fish.  

 

In this study, we have exposed cod at early life stages (Gadus morhua) to several treatments 

of produced water (Oseberg C, the North Sea) and 17-ß-oestradiol (E2), a natural oestrogen, 

for 90 days from egg to fry stage. Our aim has been to investigate produced water-induced 

changes in cod fry, and, by comparing them to the responses induced by E2, to see if any of 

these responses represent the same mode of action (MOA). 

 

There has been an unprecedented decline in commercial marine fish species world-wide, 

resulting in a growing concern for the future viability of fishery resources and prompting a 

search for causes explaining this decline (Jackson et al. 2002). In many coastal ecosystem cod 

fish and other marine vertebrates are functionally or entirely extinct. Overfishing is believed 

to be the main reason for this (Worm et al. 2006), although pollution is considered an 

important contributing factor to the reported decline (Waldichuk 1979). Although 

commercially important, little is known about the effects and the mechanisms involved in the 

biological responses of cod following xenobiotic exposure. Hence, the development of new 

and more sensitive biomarkers may also contribute with new knowledge important to risk 

management as drilling and exploration of wells in new areas is progressing.  
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Materials 

 
Acidic acid, Coomassie brilliant blue CBB G250, ortho-phosphoric acid, urea, thiourea, tris 

(hydroxymethyl)-ammoniummethane, acetonitril, methanol and thiofluoro acetic were all 

purchased from Merck (Damstadt, Germany).  

 

Ethanol was purchased from Arcus Kjemi (Oslo, Norway). 

 

Bovine Serum Albumin, BSA, 3-(3-colamidopropyl)-dimetylammonio-1-propansulfoanat, 

CHAPS, Triton X-100, DL-dithiothreitol, DDT, iodoacetamide, and alpha-cyano-4-

hydroxycinnamic acid, CHCA, were purchased from Sigma Aldrich (MO, US). 

 

AmpholineTM 3,5-10, DryStrip Cover fluid, and IEF Electrode strips were purchased from GE 

Healthcare. 

 

Ammonium dodecyl sulfate, SDS, Agarose, 30% Acrylamide/Bis solution, 37.5:1, 

Ammonium persulfate, temed and Precision Plus ProteinTM standard were purchased from 

Bio-rad (CA, US). 

 

Trypsin was purchased from Promega (WI, US), while Poros 20R2, Reverse Phase packing, 

was purchased from Applied Biosystems (CA, US). Siliconised tubes were provided from 

Sorenson, BioScience, Inc (UT, US). Peptide Calibration Standard and MTP384 Target plate 

polished steel TF were purchased from Bruker Daltonics (Leipzig, Germany). 
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Methods 

 

Experimental design 

The exposure was carried out for 90 days, starting 25 March 2004 on new spawned eggs and 

ended at early fry stages the 22 June 2004. The exposure occurred in green, circular tanks 

with a height of 60 cm, and a diameter of 48 cm. Effective water height in the tanks was about 

55 cm, and water volume was 100 l. There were three groups treated with produced water, 

one group treated with 17β-oestradiol and an untreated control group. There were three 

parallels for each treatment (totally 15 tanks). 

 

Sixty thousands newly spawned eggs (5 x 12000) from 5 brood stock families (originating 

from Tysfjord, Northern Norway) were used in each of three parallel exposure groups. The 

eggs were exposed in the entire embryo development and through hatching. Day-3 after 

hatching the number of living larvae was measured and the exposure continued on 6000 

larvae from each parallel group.  

 

The larvae and early fry were fed with natural zooplankton. The density was 2000 prey pr. 

liter, and was counted daily. Collection of zooplankton was done by filtering seawater through 

a Hydrotech filter, and the filtrate was then collected in tank with a diameter on 3 m. The 

plankton was dominated of nauplii and copepodites of copepods. Two different types of 

cultivated plankton algae, Isochrysis galbana and Rhodomonas sp. was supplied to the 

feeding tanks daily. The temperature in the tanks was hold at 4.8 °C for 30 days and then 

increased slowly with liner gradient of 0.5 °C a week until 8.6 °C at the end of exposure, 

(totally 89 day degrees (d°) in embryo stages and 473 d° post hatching). The tanks got a 



 

 

7

simulated, natural light regime for Bergen, Norway (60° 25’ N, 5° 20’ E) using a light control 

program called LYSSTYR 4.0. 

 

Produced water (PW) 

4000 l PW was transported from a North Sea oil platform, Oseberg C (Hydro) to the Institute 

of Marine Research, Bergen. The PW was bubbled with air for 10 minutes to remove toxic 

H2S (g) and then frozen in 25 l containers at -30 °C until use.  

 

The frozen PW (25 l) was thawed at 4 °C and used for 3 days in the exposure system before a 

new batch of PW was thawed. 

 

Exposure 

The xenobiotics were dosed using a fixed ration between two water flows: a sea water flow of 

100 ml/min and a “PW flow” of 1 ml/min. The concentration gradient was made by diluting 

the PW in a header tank before exposure: 1 % PW = pure PW; 0.1 % PW = 1:10 PW; 0.01 % 

= 1:100 PW. For the positive control, 17β-oestradiol was dissolved in ethanol (9 mg/ml) and 

100 μl of this solution was added each l of sea water in the header tank (=> 1000 μg/l). 

 

The “PW flow” was administrated with a 16 channel peristaltic pump (Ismatec MCP) using 

Tygon tubing. 

 

Sample preparation 

Whole individual 90 day cod fry were homogenised in 6x v/w re-hydration buffer (7M urea, 

2M thiourea, 4% CHAPS, 20 mM DTT, 0.5% v/v Triton X-100, 0.5% v/v Ampholine 3-10, 

bromphenol blue) and homogenised using a Potter Elvehjem homogeniser with a teflon® 
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pestle. The pestle was run up and down 6 times during homogenisation. The homogenised 

sample was subsequently centrifuged at room temperature at 13 000 g for 20 min. The protein 

concentration of the samples were determined using a plate reader-modified Bradford` s assay 

(Bradford 1976). 

 

Two-dimensional gel electrophoresis (2DE) 

500 μg of sample was diluted in re-hydration buffer (7M urea, 2M thiourea, 4% CHAPS, 20 

mM DTT, 0.5% v/v Triton X-100, 0.5% v/v Ampholine 3-10, bromphenol blue) and added to 

IPG strips pH 4,5-5,5 (covering the majority of proteins in the sample, results not shown), 18 

cm (Görg 1988; Görg 2000; O'Farrell 1975). Four individuals from each treatment group were 

analysed by 2DE. Due to limited amount of sample, less protein (135-250 μg), of samples 

exposed to 0.1% produced water were diluted in buffer and added to the IPG strips. Only 

three individuals from this group were analysed by 2DE.  The strips were re-hydrated for a 

minimum of 12 hours and focused on a Multhiphor II unit (GE Healthcare) according to the 

manufacturer’s guidelines. The strips were equilibrated 15 min. at room temperature in 0.25% 

DTT-containing SDS equilibration buffer (50 mM Tris pH 8.8, 6 M urea, 30% (v/v) glycerol, 

2% (w/v) SDS, bromphenol blue) and 15 min. in a 4.5% iodoacetamide-containing SDS 

equilibration buffer (Görg 1988; Görg 2000; O'Farrell 1975) prior to separation in the second 

dimension on 9% SDS-PAGE gels (Laemmli, 1970). Gels were run in an Ettan Dalt Twelve 

unit (GE Healthcare) at 1W/ gel, 20°C, for approximately 17 h. The gels were then stained 

with Collodial Coomassie (Neuhoff et al. 1988). Coomassie-stained gels were scanned on GS-

800 Calibrated Densitometer flatbed scanner (Biorad, CA, US) using PDQuest 7.2.0 software 

(Biorad, CA, US). The gels were scanned with high resolution: 127.0 x 127.0 microns.  
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The global protein expression was analysed using Delta 2D image analysis software from 

Decodon (Greifswald, Germany): TIFF images of the 2DE gel images were up-loaded in 

Delta 2D and grouped according to treatment. The images were warped using a group-

warping strategy and ‘exact’ warping. A union fusion-gel was produced from all the images 

within the control, high level exposure (1.0% PW) group and the oestradiol-treated group. No 

filters were used. Spots were detected on the fusion gel and validated spots were transferred to 

all the other gel images. Normalisation was performed, based on total intensity including all 

spots on the gel. The spot data from the all images quantitation table was exported to a cvs-

file in Excel, which was successively up-loaded in the Ludesi Interpreter (www.ludesi.com, 

Lund, Sweden), together with the gel TIFF images. Gel comparison, ANOVA (p≤0.05 and 

fold change ≥2) and hierarchical clustering analysis (distance function: Pearson correlation; 

linking method: average; p>0.05) were performed using Ludesi Interpreter. The results of the 

image analysis were carefully controlled, and any changes detected in difficult gel areas or 

any changes resulting from bad spot detection, were excluded to limit the number of false 

positives. 

 

Mass spectrometry 

In-gel digestion of protein spots was performed as described by (Shevchenko et al. 1996). 

Briefly, the excised gel plugs were washed in digestion buffer (50 mM NH4HCO3,
 pH 

7.8)/acetonitrile (60/40) and dried by vacuum centrifugation. Modified trypsin (10 ng/µl) 

dissolved in 50 mM NH4HCO3, pH 7.8, was added to the dry gel pieces and incubated on ice 

for 1 h. After removing the supernatant, additional digestion buffer was added and the 

digestion was continued at 37 °C over night. The supernatant from the digestion was analysed 

directly by off-line LC-MALDI without peptide extraction. 
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Peptide separation was performed using an inert nanoflow-HPLC system from LC-Packings 

(Ultimate; Switchos2; Famos; LC packings, Amsterdam, The Netherlands) equipped with a 

Probot MALDI spotting device (LC Packings, Amsterdam, The Netherlands). 10 µl of the in-

gel digested protein(s) was acidified with 0.5 µl 10% TFA and loaded onto a home-made 1-

cm fused-silica precolumn (100µm i.d., ReproSil-Pur C18 AQ, 3-mm; Dr. Masch GmbH) and 

then eluted onto a home-made 10-cm fused-silica analytical column (75µm i.d., ReproSil-Pur 

C18 AQ, 3-mm; Dr. Masch GmbH) using a flow of 200 nL/min and a gradient from 100% 

solvent A (H2O/TFA, 100:0.1, v/v) to 50% solvent B (H2O/acetonitrile/TFA, 20:80:0.1, v/v/v) 

over 40 min, then 50–100% solvent B in 5 min. Column effluent was mixed in a 1:9 ratio with 

MALDI matrix (2g/L a-cyano-4-hydroxycinnamic acid in H2O/acetonitrile/TFA, 30:70:0.1, 

v/v/v) through a 25 nL mixing tee (fused-silica capillary TSP050375; Composite Metal 

Services Ltd., UK) and spotted onto a MALDI plate in 30 second fractions. The LC-MALDI 

preparation was analyzed on an ABI 4700 (Applied Biosystems, Framingham, MA, USA) 

proteomics analyzer using an automated workflow. A maximum of 10 peptides per spot with 

a s/n > 80 was automatically selected for MS/MS. CID was performed at collision energy of 1 

kV with an indicated collision gas pressure of ~1 ×10-6 Torr. 

 

The spectra were annotated and analyzed using Data ExploreTM v. 4.5 (Applied Biosystems) 

The MS2 data from the entire off-line LC MALDI experiment were combined into a single 

mass list using an in-house developed script (Jakob Bunkenborg, SDU, DK). The sequence 

data from the MS-MS runs (mascot-generic format, mgf files) were used in database searches 

in the cod expressed sequence tag (EST) database and/or the NCBInr database for protein 

identity using the MASCOT search engine (Perkins et al. 1999; Steen and Mann 2004). The 

following parameters were used for the database search: Missed cleavage 1: Significance 
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threshold p<0.05; MS1 mass accuracy 100 ppm, MS2 mass accuracy; Partial modifications: 

Carbamidomethyl (C) and Oxidation (M) 

 

Database searches 

 
The cod EST database used for protein identification includes more than 50,000 EST 

sequences from cod from a project at the Institute of Marine Research, Norway, NIFES 

(Norwegian Institute of Research on Nutrition and Seafood) and groups affiliated to the 

National Research Council, Canada. The annotation of the sequences was performed by the 

Computational Biology Unit at the University of Bergen, producing approximately 6000 

contigs and more than 30,000 singlets. The EST sequences are derived from cDNA libraries 

of cod exposed to an array of environmental pollutants, such as PCBs and heavy metals, and 

purified mRNA sequences from several different tissues. RNA was also purified from cod 

captured in the marinas of Bergen (Norway) and Trondheim (Norway), and therefore assumed 

to be exposed to a battery of pollutants, as well as cod exposed to hypoxia and hyperoxia, 

http://www.codstress.olsvik.info/Results.html (Olsvik et al. 2005). 
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Results 

 
Exposure of cod to 1,0% PW during egg and larvae stage resulted in significant increase in 

mortality compared to control. At sampling, only 7 individuals (ca. 0.05%) were left in the 

group of fry exposed to 1.0% PW (ca. 5% survival in the control group). Morphological 

changes were observed among several of the 1.0% PW-treated fishes, although this number 

were not found to be significant. There was also a significant difference in the cod fry weight 

in the 1.0%PW-treated group compared to the E2-treated group. Individuals within the E2-

treated group were of significantly lower weight. 

 

The proteomic analysis includes 4 individuals within each treatment-group and 3 individuals 

within the group treated with 0.1% (medium levels of) PW. Exposure of cod to produced 

water and E2 from egg to fry stage (90 days) resulted in a number of protein changes (Figure 

1). Treatment with 10 μg/l E2 induced more changes in the 2DE pattern compared to the 

changes induced by exposure to produced water (Figure 1). The 2DE and image analysis of 

the global protein expression of whole cod fry exposed to produced water and E2 showed a 

significant change in protein expression (ANOVA: p<0.05; fold change ≥2) of 84 proteins 

(Table 1). Of the 84 protein changes 27 have significantly changed expression after exposure 

to 0.01% PW, 24 have changed levels after exposure to 0.1% PW, and 9 have changed levels 

after exposure to 1.0% PW, whereas 24 proteins were shown to have changed levels after 

exposure to 10 μg/l E2. Of the 60 protein changes found to be induced by produced water, 24 

were not affected by E2 treatment. Hierarchical clustering analysis as shown in Figure 2 

demonstrate this pattern. About 25% of the observed protein changes appeared to be unique to 

oestradiol treatment, whereas 25% appeared to be unique to the produced water treatment, and 
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one third of the apparent changes induced by produced water appeared to be induced by after 

treatment with 10 μg/l E2 (Figure 2). 

 

The differentially expressed proteins were isolated from a control gel and from a gel of an E2 

treated sample (Figure 3), and trypsin-digested prior to MS/MS analysis. The MS/MS data 

were used for database searches for protein identification, in which 13 of totally 24 protein 

spots were successfully identified (Table 2). In general a minimum of two significant 

fragments is used as criteria for protein identification. However, some of the biomarker 

candidates in this study are only identified by one significant fragment, as the fragment 

sequence covers a long stretch of the sequence of the identified protein, and as the protein 

identity is strengthened by the identification of similar proteins in that gel area. Several of the 

proteins in the trains of spots in the upper part of the gel were identified as skeletal muscle 

myosin heavy chains (MHC), as were several of the differentially expressed protein spots. 

However, the identified MHCs show some conflicting results regarding protein expression: 

Those in the upper trains of spots appeared to be up-regulated after exposure to produced 

water and down-regulated following E2 exposure, whereas those proteins identified as myosin 

with a lower molecular weight appeared to be down-regulated by PW treatment and up-

regulated after exposure 10 μg/l E2. Hence, these protein changes appear to be protein 

modifications of myosin. Several others of the differentially expressed proteins were 

identified as fast skeletal muscle alpha-actin and appeared to be up-regulated by PW exposure 

and down-regulated by E2 treatment. Hsc71, an Hsp70, appeared to be down-regulated by 

0.1% PW. Alpha-actinin was also found to be down-regulated by produced water treatment 

(both 0.1 % and 1.0 %). Exposure to 0.01 % and 0.1% PW caused a down-regulation of 

keratin. E2 treatment appeared to down-regulate ATP synthase, which is known to be 

involved in energy production. 
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The success rate of the protein identification was approx. 50 %, which is lower than expected 

based on previous work on juvenile cod plasma and liver samples. The success of protein 

identification seemed to be linked to protein amount, as the very small spots in the spot trains 

in the upper parts of the gel were more difficult to identify than the larger spots in the middle- 

and lower part of the gel. Characteristic to these gel images of whole cod fry is also the large 

groups of the same protein, such as myosin in the upper part of the gel image. The gel images 

of whole cod fry samples seem to be dominated by few types of proteins forming large groups 

of spot trains on the gel.  
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Discussion 

 
We have detected changes in protein expression of cod fry exposed to produced water and 10 

μg/l E2 by 2DE and image analysis. Changes in the protein expression were also confirmed by 

the hierarchical clustering analysis. Of the proteins shown to be differentially expressed 

(ANOVA: p>0.05 and fold change≥2), most of the changes (27 of 84) occurred following 

exposure to low level, 0.01%, and medium level (24 of 84), 0.1%, of produced water, 

corresponding to less than 40 to 4 µg hydrocarbons/L produced water or a distance >100-1000 

meters from the point of discharge (oil platform) (Calculations based on (Neff 2002) and (Rye 

et al. 2000). These results indicate an alteration in part of the cod fry proteome at low levels 

of produced water and appreciable distances from the point of discharge. As mentioned, we 

observed a significant increase in mortality and an insignificant increase in morphological 

changes among individuals exposed to high levels of produced water (1% PW). Whether 

these observations regarding mortality and malformations can be linked to the observed 

changes in protein expression is uncertain. However, the alterations in the proteome detected 

at lower levels of exposure may be construed as early warning signs of the observed effects, 

such as morphology abnormalities, following high level exposure, as changes and effects at a 

lower level of organisation always proceed the changes and effects observed at higher levels 

of organisation (Bayne 1985). This will then strengthen the role of the differentially regulated 

proteins detected in this study as biomarker candidates in future bio-monitoring. The high 

number of protein changes apparently induced by low levels of produced water may be 

another indication of the early life stages being more sensitive to xenobiotics. 

 

More than half of the identified protein changes induced by low levels of exposure (0.01% 

PW and 0.1% PW), were also shown to be affected by E2 treatment, indicating an overlap in 
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these responses. Approximately half of the changes induced by E2 treatment were also found 

to be affected by exposure to produced water. Some of the proteins in which expression was 

altered following exposure to produced water and oestradiol were identified as myosin and 

alpha actin. Produced water treatment induced a change in protein expression of myosin 

different to the protein expression induced by oestradiol treatment. In contrast, alpha actin 

showed a similar response in protein expression after both produced water (0.01 % and 0.1%) 

and oestradiol treatment, although high levels of PW resulted in a down-regulation of alpha 

actin. 

 

The myosin isoforms detected are heavy chain myosins and skeletal muscle heavy chain 

myosin. Previous studies have found the development of skeletal muscles, i.e. myogenesis, in 

teleosts to go through different phases, in which the spatial differential expression of myosin 

heavy chain and transcription of myosin heavy chain genes are important to the development 

and differentiation of myotomes, in particular hyperplasia (muscle fibre recruitment) 

(Steinbacher et al. 2006). This process is controlled by the transcription factors MEF2 

(myocyte-specific enhancement factor), Myo D and Myogenin. In medaka (Oryzias latipes) 

the genes coding for myosin heavy chains were found predominantly expressed in embryo 

and larvae, all belonging to fast skeletal muscles showing a spatiotemporally expression 

pattern during development (Ono et al. 2006). These genes are also linked to temperature 

adaptation (Liang et al. 2007). The fast skeletal alpha actin is important in the development of 

skeletal muscle in fish (Thiebaud et al. 2001; Venkatesh et al. 1996). In fugu fish (Fugu 

rubripes) alpha-skeletal actin is also localised in skin and gills in addition to fast skeletal 

muscle and the heart (Venkatesh et al. 1996). At the larvae stage increased activity increases 

the requirements for respiration, and locomotor activity is closely linked to both muscular and 

gill development (Falk-Petersen 2005). Alpha smooth muscle actin is found in the ovaries of 
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zebrafish (Van Nassauw et al. 1991), which later in life is involved in the contraction of the 

ovaries. Alpha actin and myosin are also present in retina rod structures (Chaitin and Burnside 

1989; Poplinskaia 1995; Williams et al. 1992). During larvae stage the rods seem to be 

involved in movement perception and may be particularly important in predator avoidance 

(Blaxter 1986; O'Connell 1981). Hence, the changes in protein expression (ANOVA: p<0.05; 

fold change ≥2) of myosin and alpha actin suggest an impact of produced water on the fast 

skeletal muscle development, essential for somatic growth, perception, potentially impairing 

general growth and development of cod fry. These results may also explain the large 

differences in larvae size observed between cod fry exposed to 1.0% PW and 10 ppb 

oestradiol. However, the large size of 1.0% PW-treated larvae may be explained by the good 

access of food on the seven individuals left in the tank as the amount of food was kept 

constant while the high mortality in this group significantly lowered the number of animals 

consuming the food. Impairment of growth and development may have economic 

consequences for fisheries as the biomass of the fish stocks can be reduced.  

 

Produced water resulted in a down-regulation of alpha-actinin. This protein have previously 

been suggested to provide structural support for the motile photoreceptors and a 

semipermeable barrier in vertebrate retina (Williams et al. 1990). In teleosts these junctions in 

the retina help them maintain their orientation with respect to incoming light (ibid.). 

 

Hsc71, a Hsp70, was found down-regulated by produced water. The Hsp70 proteins are 

known to be able to bind hydrophobic protein domains and function as chaperones that 

assemble and stabilize multiprotein complexes, translocation of polypeptides across cell 

membranes, and aiding protein folding (Feder and Hofmann 1999; Young and Hartl 2002). 

Hsp70 is reported to associate with Hsp90, which is of importance to the conformation of the 
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ligand binding domain of the nuclear steroid receptors (and the Ah receptor) as reviewed by 

(Pratt 1997). Thus, the down-regulation of Hsc71 may possibly lead to numerous responses.  

 

Filament proteins, keratin K8b (S2) and cytokeratin 4 (Krt4), was both found to be down-

regulated by produced water in this study. The keratins are known to be involved in 

maintenance of cellular architecture and to provide mechanical resistance against stress 

(Kirfel et al. 2002). The down-regulation of keratin suggests an effect on tissue integrity. 

Some studies also report keratins to be involved in apoptosis and signal transduction 

(Schaffeld and Schultess 2006). 

 

Hence, the most evident responses from produced water exposure seen in this study seem to 

involve structural and cytoskeletal proteins, and signalling proteins, important to muscle 

development, rod/retina function, cellular signalling and morphology (tissue integrity). This is 

also important for swim performance and predator escape (Falk-Petersen 2005). 

 

ATP synthase generates ATP and energy from fatty acid fuels (Crockett et al. 1999). 

Treatment with 10 μg/l E2 lowered the protein expression of ATP synthase, which may lead to 

a slower metabolism. This may in turn lead to an increase in exposure to xenobiotics, as 

maternal transfer of hydrophobic xenobiotic contaminants sequestered in lipid reserves may 

accumulate as the conversion of fatty acids slows down (van der Kraak et al. 2001). 

 

Before these changes in protein expression can be applied as biomarkers in future bio-

monitoring, they will have to be validated going through a validation process consisting of 

quantitation, qualification, verification, validation and ultimately assay optimisation (Crockett 

et al. 1999). The differential protein expressions will need to be confirmed by more targeted 
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assays and techniques, and in the verification process the analysis is extended to a larger 

number of samples including a broader range of controls and cases to confirm sensitivity and 

assess specificity (ibid.). 

 

The MS/MS technique used for protein identification is well developed. However, we believe 

the reason why we did not manage to identify more of the observed protein changes is lack of 

sequence data in the database and the limited protein amount in many of the isolated spots, as 

only 500 μg sample was applied due to scarce amount of sample available. 
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Conclusion 

 
Most of the detected alterations in the proteome of whole cod fry induced by exposure to 

produced water were detected following low levels of exposure. Hence the protein changes 

observed after low level treatment may function as early warning signs that precede possible 

biological effects observed among individuals exposed to higher levels of produced water. 

More than half of the observed protein changes induced by produced water appeared to 

overlap responses found in oestrogen-exposed fry. Myosin heavy chain, fast skeletal muscle 

alpha actin, Hsc71, alpha-actinin, and keratin are suggested biomarker candidates of the 

effects of produced water on larvae, and ATP synthase is a biomarker candidate of the effects 

of  E2 on cod larvae. These biomarker candidates will have to be validated before use as 

biomarkers in future environmental monitoring. These responses observed indicate an effect 

of produced water on muscle development, as well as on cod morphology and perception, and 

an effect of E2 on the lipid metabolism and growth. Oestrogen exposure also elevated MHC 

and alpha actin expression in fry, but the biological significance of this response is unclear.  
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Table 1: Overview of differentially expressed proteins in exposed cod fry  
Spot Control 0.01% PW 0.1% PW 1.0% PW E2 (10 ppb) 

9 1 2.1 1 2.7 0.08 
11 1 1.2 0.5 1.5 0.2 
17 1 0.02 0.2 3.5 1 
61 1 0.2 0.4 1.6 0.4 
75 1 0.4 0.8 3.2 0.8 
90 1 0.6 0.2 0.6 0.2 
88 1 0.6 0.4 1.3 0.4 
92 1 0.2 0.3 0.4 0.2 
94 1 0.8 0.5 0.7 0.4 

107 1 1.4 1.8 0.9 3.6 
109 1 1.1 0.2 0.7 0.5 
113 1 0.5 0.2 0.6 0.4 
118 1 0.2 0.2 1.1 0.07 
123 1 2.3 1 2.1 0.8 
139 1 0.5 0.5 0.8 0.4 
145 1 0.4 0.4 0.4 0.08 
234 1 0.7 2.1 0.6 2.0 
238 1 0.1 0.8 1.3 2.4 
239 1 0.05 0.5 1.0 2.9 
241 1 0.4 0.2 0.3 1.7 
243 1 0.5 0.4 0.4 2.0 
244 1 0.9 0.8 0.4 3.3 
247 1 0.2 0.4 0.6 1.6 
254 1 0.4 0.3 0.4 1.8 
256 1 0.9 0.9 0.5 3.0 
257 1 0.8 0.9 0.5 2.2 
261 1 0.7 0.4 0.4 1.8 
262 1 0.5 0.7 0.4 1.8 
265 1 0.9 0.7 1 3.0 
308 1 0.5 1.0 1.5 3.7 
276 1 0.3 0.8 2.2 0.8 
282 1 0.7 2.4 0.6 1.6 
283 1 0.6 2.3 0.9 1.5 
306 1 0.9 0.9 0.9 3.6 
309 1 0.4 0.4 0.4 2.0 
325 1 1.9 2.7 0.5 4.7 
326 1 1.2 3.8 0.8 4.3 
327 1 1.3 1.7 0.4 3.2 
329 1 0.5 0.6 0.9 2.6 
331 1 0.9 4.7 0.5 4.1 
331 1 2.1 2.5 0.4 3.9 
334 1 2.3 1.8 0.4 2.7 
357 1 3.0 1.4 0.5 2.1 
335 1 0.7 1.5 0.8 3.7 
337 1 0.7 3.3 0.4 4.6 
339 1 1 2.5 0.5 2.5 
344 1 0.7 0.1 0.3 1 
348 1 0.5 0.4 0.7 0.9 
349 1 1.4 0.8 0.6 2.8 
352 1 1 2.2 0.5 3.9 
357 1 1.5 0.7 0.6 2.3 
356 1 1 1.7 0.4 2.1 
355 1 0.7 0.7 0.3 1.5 
366 1 0.9 1.3 1.2 6.6 
371 1 1.6 1.9 0.7 4.6 
361 1 1 1 0.4 1.8 
372 1 1 1 0.5 2 
374 1 2.3 0.7 0.8 1.3 
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376 1 0.9 1.1 0.9 2.4 
384 1 0.4 0.3 0.8 0.6 
386 1 1.1 0.4 0.5 0.9 
401 1 0.6 1.2 0.7 2.3 
402 1 0.8 2.3 0.4 2.4 
404 1 1.2 1.9 0.9 2.7 
408 1 1.3 2.3 0.7 4.7 
409 1 2.3 0.7 0.5 2.9 
410 1 0.9 0.5 1 0.3 
415 1 1.1 1.1 0.9 4.3 
417 1 0.5 0.4 0.6 1.9 
418 1 6.3 2.2 0.4 4.4 
418 1 1 0.8 0.4 1.9 
419 1 0.7 1.3 2.6 6.5 
423 1 1.4 1.2 0.9 2.7 
423 1 2.0 1.7 0.3 3.7 
422 1 1.6 2.2 0.4 2.9 
440 1 0.4 0.7 1 3,0 
441 1 1.2 1 0.8 4.9 
452 1 1.6 6.1 0.9 3.7 
455 1 4.3 16.2 1.2 6.4 
456 1 0.6 0.3 0.8 0.9 
459 1 0.9 1.3 0.7 2.0 
442 1 1 1.3 0.7 3.6 
460 1 2.2 1.4 0.8 5.4 
462 1 2.0 0.9 0.4 1 

Overview of significantly altered proteins following exposure found by image analysis: PW-Samples of 
produced water treated fry. E2- samples of oestradiol-treated fry. n=4/group, except for group 0.1% PW; n=3. 
Red colour is used for a significant up-regulation (ANOVA: p< 0.05, fold change ≥ 2 in protein expression) of a 
protein as compared to control. 
Green colour is used for significant down-regulation (ANOVA: p< 0.05, fold change ≥ 2 in protein expression) 
of a protein as compared to control. 
Grey colour is used for protein spots not significantly changed in protein expression following treatment. 
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Table 2: Biomarker candidates of produced water and oestradiol- Differentially expressed proteins 

identified by MS/MS 
Spot 

no 

 

Accession 
number 

Protein Identity Queries 
matcheda 

Database Scoreb Seq. 
cov. 
% 

Theoretical 
pI/Mw (kDa) 

9 NCBI 

 

XP_708916.1 Myosin, heavy polypeptide 
1, skeletal muscle (MHC)  
[Danio rerio] 

29 (177) 
 

1586/31 13 5.66/287609.6 

94 
 

Q9PTY0 ATP synthase subunit beta   
[Cyprinus carpio] 

11 (67) Cod EST 421/27 38 5.05/55247.3 

188 AAH66728 Krt4 protein [Danio rerio] 4 (150) Cod EST 58/27 10 5.34/54027.2 
243 NCBI 

 

XP_708916.1 Myosin, heavy polypeptide 
1, skeletal muscle (MHC) 
[Danio rerio] 

2 (79) 
 

94/31 2 5.66/287609.6 

244* NCBI 

 

XP_708916.1 Myosin, heavy polypeptide 
1, skeletal muscle  
(MHC)[Danio rerio] 

2 (45) 
 

63/32 1 5.66/287609.6 

247 Cod EST 

 

CAA63300.1 Simple type II keratin k8b 
(S2) [Oncorhynchus 
mykiss] 

3 (373) 
 

90/27 4 5.14/58976.5 

254* NCBI 

 

XP_708916.1 Myosin, heavy polypeptide 
1, skeletal muscle (MHC) 
[Danio rerio] 

3 (45) 
 

51/31 2 5.66/287609.6 

344* AAN77132 Alpha-actinin [Danio rerio]h 8 (53) NCBI 179/30 11 5.17/103860.2 
366* 

 
BAA09069.1 Myosin heavy chain (MHC) 

[Cyprinus carpio] 
1 (44) NCBI 39/31 1 5.14/110155.2 

386* NCBI 

 

P47773 Heat shock cognate 71kDa 
protein (Hsc71) [Ictalarus 
punctatus] 

6 (49) 
 

364/31 12 5.19/71340.4 

402* 
 

P49055 skeletal alpha-actin 
[Carassius auratus] 

3 (46) NCBI 92/31 11 5.23/42141.1 

418* Cod EST 
 

AAM21702 Fast skeletal muscle alpha-
actin [Gadus morhua] 

4 (47) 
 

74/28 16 5.23/41974.9 

441* Cod EST 
 

AAM21702 Fast skeletal muscle alpha-
actin [Gadus morhua] 

4 (47) 
 

135/28 17 5.23/41974.9 

The following search criteria were used:  Modification: Carbamidomethyl (C), Oxidation (M); Peptide tolerance: 
100 ppm; MS/MS tolerance: 0.25 Da; Enzyme: Trypsin; Monoisotopic. In NCBI-searches taxonomy was 
specified: Actinopterygii (ray-finned fish). p<0.05 
hThe protein was identified as an unnamed protein and was further characterised by homology in blast 
*No preanalaytical LC-run 
aThe score of query’s match in the database/the treshold score of homology (identity) 
bThe number of query fragments that match/the total number of query fragments 
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Figure legends 
 

Figure 1: Comparison of protein changes induced by produced water treatment and oestradiol exposure 

Left: Protein changes induced by 1.0% PW (orange) compared to control (blue) detected by 2DE and image 

analysis in whole fry individuals. 

Right: Protein changes induced by 10 µg/L E2 (orange) compared to control (blue) detected by 2DE and image 

analysis in whole fry individuals. 

 

Figure 2: Dendogram from hierarchical clustering analysis of differentially expressed proteins 

The gel names are given in the left margin, in which the following abbreviations for the different treatments are 

used; L-low levels (0.01%) PW, M- medium levels (0.1%) PW, H- high levels (1.0%) PW, and E2- 

oestradiol. n=4/group, 5 groups (except for group 0.1% PW; n=3). The coloured squares represent 

spots, in which the spots identified to be the same spot on the different gels are aligned vertically. The 

three-structure in the top of the figure indicate the spot relationships between the gels found from 

hierarchical clustering. Red colour indicates a strong expression of the spot. Green colour indicates a 

weak expression of the spot. A darker shade indicates a spot volume closer to the average. 

 

Figure 3: Localisation of the differentially expressed proteins on the 2DE gels 

The significant protein changes found by image analysis of PW- and oestradiol-treated whole cod fry (ANOVA: 

p>0.05, fold change ≥2) are indicated on representative 2DE gels by their spot numbers.  Abbreviations 

used: PW; produced water-treated sample, E2; Oestradiol-treated sample 
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Figure 1 
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Figure 2 
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Figure 3 
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Abstract 

 
Produced water is considered to be the most dominant source of discharges offshore. It 

contains a great variety of compounds, which may cause harm by themselves or in synergy 

with other compounds present in produced water. Worldwide there is growing concern that 

xenobiotic exposure of the marine environment may constitute an important contributing 

factor to the reported decline in harvested populations of marine fish species, and early life 

stages have been reported to be more sensitive to xenobiotic exposure than adult fish. In this 

study, cod fry (3,5 months old) were continuously exposed to different levels of produced 

water and 17-β-oestradiol, a natural oestrogen, for 78 days (until 6 months of age) . The 

protein pattern of cod fry liver was analysed by two-dimensional gel electrophoresis and 

image analysis to detect differentially expressed proteins. 2DE spots of differentially 

regulated proteins were isolated and identified by MALDI-ToF-ToF mass spectrometry 

analysis, searching NCBI and a newly developed cod EST-database of more than 50,000 

ESTs. We detected 105 significant protein changes following exposure to produced water and 

oestradiol. Approx. 50% of the protein changes occurred at ≥0.1% produced water. Identified 

protein changes indicate that produced water may affect different molecular and cellular 

functions such as cellular integrity, signal transduction, and metabolism, as stress, structural, 

and cytoskeletal proteins, as well as metabolising enzymes appear to change in their protein 

expression following exposure. 
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Introduction 

 
The petroleum industry, fisheries and seafood industry represent large economical and social 

interests. However, there is growing concern worldwide that xenobiotic exposure of the 

marine environment may constitute an important contributing factor to the reported decline in 

several populations of marine teleost species [1]. Produced water is by far the most dominant 

discharge from regular oil and gas production offshore. Although it varies from field to field 

in amount and composition, it is generally a mixture of formation water contained naturally in 

the reservoir, injected water used for secondary oil recovery, and treatment chemicals added 

during production, in the oil-water separation process, and in preparation for re-injection of 

produced water [2]. The amount of produced water can vary between 2-98% of the gross fluid 

production. Since 1986, the standard of 40 mg/L for the average concentration of 

hydrocarbons in effluents discharged from platforms have been applied (PARCOM 8/12/1, 

paragraph 5.37, [3]). As from 1 January 2007, a standard of 30 mg/L of dispersed oil in 

produced water were to be applied (OSPAR Recommendation 2006/4, [4]). At the Norwegian 

Continental Shelf in the North Sea the average hydrocarbon content in produced water was 

16.9 mg/L in 2006 [5]As the oil fields grow older, the need of using drilling fluids increases. 

An attempt to replace the most harmful substances by less harmful compounds, and the 

reinjection of fluids, is reducing the discharges of harmful substances at sea. Still, produced 

water contains a great variety of compounds, such as dissolved inorganic salts, minerals and 

heavy metals, dissolved and dispersed oil compounds, organic compounds such as carboxylic 

acids and phenols from the formation water [6]. The five most common organic discharges 

are polyaromatic hydrocarbons (PAH), BXT (benzene, xylene, toluene), phenols, alkyl 

phenols, and carboxylic acids. The most common heavy metals released during drilling are 
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impurities from barite: Arsenic (As), lead (Pb), cadmium (Cd), copper (Cu), chromium (Cr), 

mercury (Hg), nickel (Ni), and zinc (Zn) (ibid). 

 

We have in this study investigated the effects of produced water in liver of cod fry (Gadus 

morhua) continuously exposed to different levels of produced water at the fry stage, and 

compared these effects to endocrine disrupting (ED) effects by simultaneously exposing a 

group of larvae to the natural oestrogen 17β-oestradiol (E2). The effects of exposure to 

produced water and E2 was studied using a proteomic approach to identify effects at a 

molecular level. Changes in tissue induced by an exposure represent biomarker candidates 

that may act as early-warning signals, as effects observed at a higher level of organisation in 

the organisms, and in a population as a whole, is proceeded by changes at a lower level of 

organisation, e.g. at the protein level.  

 

Alkyl phenols have previously been reported to significantly reduce hatching rates and affect 

steroidogenesis, altering hormone levels in fish [5-7] and affect reproduction [8]. PAH 

exposure has also been reported to disrupt endocrine functioning and alter the levels of 

steroids in fish [9-11]. β-naphtoflavone (BNF), a PAH-like compound, has been shown to 

alter the normal function of the hypothalamus-pituitary-thyroid (HPT) axis in eel [12] and 

hence, may impair the systemic hormonal control of reproductive processes [13]. 

 

North Sea oil has previously been shown to cause oxidative stress and altering CYP1A and 

CYP3A protein expression in juvenile Atlantic cod. In the same study, exposure to alkyl 

phenol resulted in decreased CYP1A and CYP3A protein expression. This result is consistent 

with findings reported by Hasselberg et al. [14]. Metabolised PAHs and heavy metals may 

also produce reactive oxygen species (ROS), leading to oxidative stress. However, most of the 
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PAHs (dominantly 2- and 3-rings PAHs) found in crude oil are not considered strong inducers 

of the CYP1A [15], although CYP1A induction in cod larvae has been reported after oil 

hydrocarbon exposure [16], [17]. Oestradiol has previously been shown to be able to 

modulate the hepatic CYP1A expression in fish [18]. Previous studies investigating the 

expression of known biomarker illustrate the need of new and more sensitive biomarkers for 

measuring effects after exposure to oil and produced water on marine species, as many of the 

biomarkers currently available are unable to detect effects of low, chronic exposure ([19], 

[20],[21]. 

 

Marine teleost species, like the Atlantic cod (Gadus morhua), have received increased 

attention in environmental risk analysis: In addition to being commercially important, fish are 

sensitive organisms found in the environment where they are directly exposed to toxic 

substances that may also negatively affect human health [22] In this context, early life stages 

have been reported to be more sensitive to xenobiotic exposure than adult fish ([23, 24]. It has 

also been reported that exposure and responses induced at early life stages may not be 

detected or observed in the exposed animal, but rather in its progeny [5]. 
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Materials 

 
Acidic acid, Coomassie brilliant blue (CBB) G250, ortho-phosphoric acid, urea , thiourea, tris 

(hydroxymethyl)-ammoniummethane, sodium carbonate, formic acid, formaldehyde, sodium 

acetate trihydrate, glutardialdehyde, sodium thiosulphate pentahydrate, silver nitrate, 

EDTAxNa2x2H2O, ammonium sulphate , acetonitril, methanol and thiofluoro acetic were all 

purchased from Merck (Damstadt, Germany). Ethanol was purchased from Arcus Kjemi 

(Oslo, Norway). 

 

Bovine Serum Albumin, 3-(3-colamidopropyl)-dimetylammonio-1-propansulfoanat, CHAPS, 

Triton X-100, DL-dithiothreitol, (DTT), iodoacetamide, alpha-cyano-4-hydroxycinnamic acid 

(CHCA), 4-sulfophenyl isothiocyanate, sodium salt monohydrate, SPITC, were purchased 

from Sigma Aldrich (MO, US). AmpholineTM 3,5-10, DryStrip Cover fluid, 18 cm IPG strips 

and IEF Electrode strips were purchased from GE Healthcare. 7 cm IPG strips were 

purchased from Invitrogen. Ammonium dodecyl sulfate (SDS), Agarose, 30% 

Acrylamide/Bis solution, 37.5:1, Ammonium persulfate, TEMED and Precision Plus 

ProteinTM standard were purchased from Bio-Rad (CA, US). Trypsin was purchased from 

Promega (WI, US), while Poros 20R2 and Reverse Phase packing, were purchased from 

Applied Biosystems (CA, US). GelLoader tips were provided from Eppendorf (Hamburg, 

Germany), and siliconised tubes were provided from Sorenson, BioScience, Inc (UT, US). 

Peptide Calibration Standard and MTP384 Target plate polished steel TF were purchased 

from Bruker Daltonics (Leipzig, Germany). 
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Methods 
 

Experimental design 

 
The exposure was carried out for 78 days, starting 7th June 2004 on early fry stages (total 

length 3.1±0.5 cm and weight 0.22±0.09 g) and lasting till 22th September 2004 (total length 

11.4±1.3 and weight 13.4±5.4 g). The exposure was done in green, quadratic (1m x 1m) 500 l 

tank. There were three groups treated with produced water, one group treated with 17β-

oestradiol (E2) and one untreated control group. There have been two parallels for each 

treatments (totally 10 tanks). 

 

Fry from 5 broodstock families (originating from Tysfjord, Northern Norway) were used in 

each of two parallel exposure groups (250 fry in each). The fry were fed with marine dry 

pellets with increasing size (0.6 mm to 1.5 mm) (Marin 030 and 050, Ewos A/S, Bergen, 

Norway). The temperature in the tanks was held at 12.0 °C and the tanks got a simulated, 

natural light regime for Bergen, Norway (60° 25’ N, 5° 20’ E) using a light control program 

called LYSSTYR 4.0. 

 

Exposure 
 
 

Produced water (PW) 

4000 l PW was transported from a North Sea oil platform, Oseberg C (Hydro) to the Institute 

of Marine Research, Bergen. The PW was bubbled with air for 10 minutes to remove toxic 

H2S (g) and then frozen down in 25 l containers at -30 °C until use.  
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Every day, 28 l of PW or diluted PW were transferred to a header tank and used for 24 hours. 

The chemical exposure was dosed using a fixed ratio between two water flows: a sea water 

flow of 1 l/min and a “PW flow” of 10 ml/min. The concentration gradient was made by 

diluting the PW in header tank before exposure: 1 % PW = pure PW; 0.1 % PW 1:10 PW; 

0.01 % 1:100 PW.  

 

Oestradiol 

For the positive control, 17β-oestradiol was dissolved in ethanol (9 mg/ml) and 100 μl of this 

solution was added each l of seawater in the header tank (=> 1000 μg/l). 

The “PW flow” was administrated with a 16 channel peristaltic pump (Ismatec MCP) using 

Tygon tubing.   

  

Sample preparation 

 
Fry liver (pooled and individual samples) was homogenised in 4x v/w ice-cold 0.1 M sodium 

phosphate buffer (pH 7.4) with 0.1 M KCl and 10% glycerol using a Potter Elvehjem 

homogeniser with a Teflon® pestle [25]. The pestle was run up and down 6 times during 

homogenisation. The homogenised fry samples were subsequently centrifuged at room 

temperature at 13,000 g for 20 min. The supernatants containing the resulting S12 fraction 

were used for analysis. The protein concentration of the samples was determined using a 

plate-reader modified Bradford`s assay [26] .  
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Analytical gels of individual samples 
 
 
20 μg of sample of individual cod fry was dissolved in rehydration buffer (7M urea, 2M 

thiourea, 4% CHAPS, 20 mM DTT, 0.5% v/v Triton X-100, 0.5% v/v Ampholine 3-10, 

bromphenol blue) and applied to IPG strips pH 4-7, 7 cm (Invitrogen) ([27], [28], [29]. The 

strips were then rehydrated for a minimum of 12 hours and focused on a Multhiphor II unit 

(GE Healthcare): Step gradient: Step 1: 0:01h, 200V, 2mA, 5W, 20ºC. Step 2: 1:30 h, 3500V, 

2mA, 5W, 20ºC. Step 3: 1:30 h, 3500V, 2mA, 5W, 20ºC. The strips were equilibrated 15 min. 

at room temperature in 0.25% DTT-containing SDS equilibration buffer (50 mM Tris pH 8.8, 

6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, bromphenol blue) and 15 min. in a 4.5% 

iodoacetamide-containing SDS equilibration buffer [28], [29] prior to separation in the second 

dimension on 9% SDS-PAGE gels [30].  Analytical gels were run at 200 Volt, 400 mA/12 

gels, 20°C for 45 min. in a mini Dodeca unit (Bio-Rad) prior to silver-staining [31].  

 

Preparative gels of pooled samples
 
 
1000 μg of pooled sample was diluted in re-hydration buffer and added to IPG strips pH 4-7, 

18 cm [27], [28], [29]. Two replicates of one pooled sample from each treatment group were 

analysed by 2DE. The strips were re-hydrated for a minimum of 12 hours and focused on the 

Multhiphor II unit according to the manufaturer’s guidelines. The strips were equilibrated 15 

min. at room temperature in the 0.25% DTT-containing SDS equilibration buffer and 15 min. 

in the 4.5% iodoacetamide-containing SDS equilibration buffer prior to separation in the 

second dimension on 9% SDS-PAGE gels. Gels were run in an Ettan Dalt Twelve unit at 1W/ 

gel, 20°C, for approximately 17 h. The gels were then stained with Collodial Coomassie [32]. 
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All gels were scanned on GS-800 Calibrated Densitometer flatbed scanner (Biorad, CA, US) 

using PDQuest 7.2.0 software (Biorad, CA, US). The gels were scanned with medium 

resolution: 63.5 x 63.5 microns.  

 

The global protein expression was analysed using Delta 2D image analysis software from 

Decodon (Greifswald, Germany): TIFF images of the 2DE gel images were up-loaded in 

Delta 2D and grouped according to treatment. The images were warped using a group-

warping strategy and exact warping. A union fusion-gel was produced from all the images 

within the control, high level exposure (1.0% PW), and the E2-treated group. No filters were 

used. Spots were detected on the fusion gel and validated spots were transferred to all the 

other gel images. Normalisation was performed, based on total intensity and including all 

spots on the gel. The spot data from the All images quantitation table was exported to a cvs-

file in Excel, which was successively up-loaded in the Ludesi Interpreter (www.ludesi.com, 

Lund, Sweden), together with the gel TIFF images. Gel comparison, ANOVA (p≤0.05 and 

fold change ≥2) and hierarchical clustering analysis (distance function: Pearson correlation; 

linking method: average) were performed using Ludesi Interpreter. The results of the image 

analysis were carefully controlled, and any changes detected in difficult gel areas or any 

changes resulting from bad spot detection, were excluded to limit the number of false 

positives. 

 

Mass spectrometry 

 
In-gel digestions were performed as described by Shevchenko et al. [33]. Briefly, the excised 

gel plugs were washed in digestion buffer (50 mM NH4HCO3,
 pH 7.8)/acetonitrile (60/40) and 

dried by vacuum centrifugation. Modified trypsin (10 ng/µl) dissolved in 50 mM NH4HCO3, 
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pH 7.8, was added to the dry gel pieces and incubated on ice for 1 h. After removing the 

supernatant, additional digestion buffer was added and the digestion was continued at 37°C 

over night. The supernatant from the digestion was analysed directly by off-line LC-MALDI 

without peptide extraction. 

 

Peptide separation was performed using an inert nanoflow-HPLC system from LC-Packings 

(Ultimate; Switchos2; Famos; LC packings, Amsterdam, The Netherlands) equipped with a 

Probot MALDI spotting device (LC Packings, Amsterdam, The Netherlands). 10 µl of the in-

gel digested protein(s) was acidified with 0.5 µl 10% TFA and loaded onto a home-made 1-

cm fused-silica precolumn (100µm i.d., ReproSil-Pur C18 AQ, 3-mm; Dr. Masch GmbH) and 

then eluted onto a home-made 10-cm fused-silica analytical column (75µm i.d., ReproSil-Pur 

C18 AQ, 3-mm; Dr. Masch GmbH) using a flow of 200 nL/min and a gradient from 100% 

solvent A (H2O/TFA, 100:0.1, v/v) to 50% solvent B (H2O/acetonitrile/TFA, 20:80:0.1, v/v/v) 

over 40 min, then 50–100% solvent B in 5 min. Column effluent was mixed in a 1:9 ratio 

with MALDI matrix (2g/L a-cyano-4-hydroxycinnamic acid in H2O/acetonitrile/TFA, 

30:70:0.1, v/v/v) through a 25 nL mixing tee (fused-silica capillary TSP050375; Composite 

Metal Services Ltd., UK) and spotted onto a MALDI plate in 30 second fractions. The LC-

MALDI preparation was analyzed on an ABI 4700 (Applied Biosystems, Framingham, MA, 

USA) proteomics analyzer using an automated workflow. A maximum of 10 peptides per spot 

with a s/n > 80 was automatically selected for MS/MS. CID was performed at collision 

energy of 1 kV with an indicated collision gas pressure of ~1 ×10-6 Torr. 

 

The spectra were annotated and analyzed using Data ExploreTM v. 4.5 (Applied Biosystems) 

The MS2 data from the entire off-line LC MALDI experiment was combined into a single 

mass list using an in-house developed script (Jakob Bunkenborg, SDU, DK). The sequence 
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data from the MS-MS runs (mascot-generic format, mgf files) were used in database searches 

in the cod EST-database and/or the NCBInr database for protein identity using the MASCOT 

search engine [34], [35]. The following parameters were used for the database search: Missed 

cleavage 1: Significance threshold p<0.05; MS1 mass accuracy 100 ppm, MS2 mass accuracy; 

Partial modifications: Carbamidomethyl (C) and Oxidation (M). 

 

Database searches 

 
The in-house developed cod expressed sequence tags (EST) database used for protein 

identification includes more than 50,000 EST sequences from cod obtained from the Institute 

of Marine Research, Norway, NIFES (Norwegian Institute of Research on Nutrition and 

Seafood) and groups affiliated to the National Research Council, Canada. The annotation of 

the sequences was performed by the Computational Biology Unit at the University of Bergen, 

producing approximately 6000 contigs and more than 30,000 singlets. The EST sequences are 

derived from cDNA libraries of cod exposed to an array of environmental pollutants, such as 

PCBs and heavy metals, and purified mRNA sequences from several different tissues. RNA 

was also purified from cod captured in the harbours of Bergen and Trondheim (Norway), and 

therefore assumed to be exposed to a battery of pollutants, as well as cod exposed to hypoxia 

and hyperoxia (http://www.codstress.olsvik.info/Results.html).  
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Results 

 

By comparing global protein expression obtained by 2DE and image analysis in liver samples 

of cod fry exposed to produced water or 10 µg/l E2, 105 proteins were found to be 

significantly differentially expressed following exposure (ANOVA: p<0.05, fold change≥2) 

(Table 1 and Figure 1). The analysis includes 7 individuals within each treatment group and 6 

individuals in the group treated with 0.1% (medium levels of) PW. 

 

18 proteins were differentially expressed following low level produced water (0.01%, PW) 

treatment, 35 proteins were differentially expressed following medium level PW (0.1%) 

treatment, and 9 proteins were found to be differentially expressed following high level 

(1.0%) PW treatment. Of these 62 proteins affected by produced water, 30 proteins were also 

differentially expressed upon exposure to 10 μg/l E2. Another 43 proteins were only 

differentially expressed after E2 treatment and showed no response following PW exposure. 

These findings are also reflected by the hierarchical clustering analysis (distance function: 

Pearson correlation; linking method: average). In the dendrogram from the clustering analysis 

(Figure 2) almost one third of the spots show a strong protein expression (marked red) 

following E2 exposure, and no apparent change in protein expression following PW-treatment 

as compared to control (marked more or less the same colour of green).  Almost one third of 

the proteins strongly expressed proteins (marked red) after PW-exposure, is not that well 

expressed (marked green) after exposure to E2.  

 

Of the 105 significant protein changes (ANOVA: p<0.05, FC≥2), 42 protein spots were 

isolated for protein identification by MS/MS. We succeeded in identifying 21 of these, 

resulting in a success rate of 50 % (Table 2). 
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Low levels of produced water resulted in an apparent down-regulation of keratin, actin and 

14-3-3B1. These proteins were all affected by E2 treatment as well. Hsc71, 14-3-3BI, 14-3-

3E1, elongation factor 1, tropomyosin, 60 S acidic ribosomal protein P0, Hsp90, hemopexin, 

mitofilin, non-muscle tropomyosin and down-syndrome critical region gene 2 product as well 

as fructose-1,6-bisphosphate aldolase and pyroline-5-carboxylate dehydrogenase, were all 

down-regulated by medium levels of produced water. Hsc71, HSP90, hemopexin, the aldolase 

and the dehydrogenase were also affected by E2 treatment. The heat shock proteins and 

hemopexin appeared to be up-regulated by E2 treatment while the metabolic enzymes 

appeared to be down-regulated.  

 

High levels of produced water (1.0%) lead to a down-regulation of aconitase 1 and aldehyde 

dehydrogenase. These proteins appeared to be down-regulated by E2-treatment as well. PW 

also appeared to induce both an up-regulation and a down-regulation of antiquitin and 

pyroline-5-carboxylate dehydrogenase, while this protein seemed to be unaffected by E2 

exposure.  

  

E2 treatment apparently caused a down-regulation of pyrophosphatases (inorganic) 1, 

eukaryotic elongation initiation factor, tubulins, glycerol-3-phosphate dehydrogenase, 

cytochrome P450 2x1, phosphotirsterase, thioredoxin, glucocolate oxidase, S-

adenosylhomocysteine hydrolase, alanine-glycosylate aminotransferase and a selenium 

binding protein1. 

 

As some of these proteins were identified from the same spot as other proteins, their 

individual expression is not known. Some of these proteins were also identified from more 

than one spot on the gel showing the same change in protein expression following exposure. 
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Thus, this strengthens also the likelihood of the apparent change in protein expression of 

proteins identified from the same spot as other proteins.  
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Discussion 

 
In this study, using a proteomic strategy, we have detected responses in hepatic protein 

expression pattern of cod fry exposed to low and environmentally relevant concentrations of 

produced water during the larvae stage. Of 105 significant protein changes, 53 occurred at 

low and medium dose exposures. 24 of these were also observed after E2 exposure. Identified 

protein changes indicate that produced water may affect different molecular and cellular 

functions such as cellular integrity, signal transduction, and metabolism, as stress proteins, 

structural proteins, cytoskeletal proteins, and metabolising enzymes appeared to change in 

their protein expression following the exposures.  

 

Low levels of PW resulted in a down-regulation of keratin S2 and actin, and an up-regulation 

of a 14-3-3B1. 14-3-3 proteins appear to effect intracellular signaling and mainly bind 

proteins containing phosphothreonine or phosphoserine motifs (Ferl et al., 2002)(?). Keratins 

are intermediate filament proteins. Actin microfilaments, tubulin, microtubules, and the 

intermediate filaments is found important for the maintenance of cellular structure and 

integrity [36]. Some studies also report keratins to be involved in apoptosis and signal 

transduction [37]. Actin is functioning in cell-cell adherence junction and cell-cell 

communication in different cells and tissues, which is considered vital for normal functioning 

as well as important in development [37]. Actin, and other cytoskeleton proteins have 

previously been identified as targets of oxidative stress [21], [38] . In the study by [21], actin 

was found significantly elevated in mussels exposed to flame retardants and lowered, but not 

significantly, in mussel exposed to crude oil, alone and spiked with alkyl phenols and PAHs, 

a composition similar to that of produced water. Hence, the down-regulation of keratin S2 and 
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actin in the liver by low levels of produced water may indicate an effect on liver function and 

possibly organogenesis.  

 

Hsc71 belongs to the Hsp70 family. The Hsp70 proteins are known to be able to bind 

hydrophobic protein domains and function as chaperones that assemble and stabilize 

multiprotein complexes, translocation of polypeptides across cell membranes, and aiding 

protein folding [39], [40]. Hsp90 and associated proteins (e.g.Hsp70) are known to play an 

important part in conforming the ligand binding domain of the nuclear steroid receptors (and 

the Ah receptor (as reviewed by [41]. Hence, a down-regulation of Hsp90 and Hsc71 (Hsp70) 

may lead to a number of effects in the organism.  

 

Fructose-1,6-bisphosphate aldolase and NAD-dependent aldehyde dehydrogenase are both 

metabolic enzymes involved in the glycolytic pathway, and the apparent down-regulation of 

these enzymes in this study indicate an effect of exposure to PW or E2 on the metabolism, 

which secondarily may affect growth, size and survival of the fish. 

 

Protein P0 is found phosphorylated in the ribosomes, and affect the expression of specific 

proteins involved in other important functions. Down-regulation of 60 S acidic ribosomal 

protein P0 and the elongation factors may cause an abruption of protein translation, which 

may result in many secondary effects. Mitofilin have previously been linked to abnormal 

mitochondrial function, resulting in decreased cellular proliferation and increased apoptosis 

[42]. Tropomyosins, together with actin is known to be important in morphogenesis, and 

tropomyosin isoforms promote microfilament stability [43]. The role of the Down syndrome 

gene product in liver is not clear.  
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High levels of produced water (1.0%) lead to a down-regulation of aconitase 1, and an 

aldehyde dehydrogenase. These proteins appeared also down-regulated by E2-treatment. PW 

also appeared to induce both an up-regulation and a down-regulation of antiquitin and 

pyroline-5-carboxylate dehydrogenase (P5C dehydrogenase), while the expression of these 

protein seemed to be unaffected by E2 exposure. Aconitases are involved in the metabolism 

in Krebs cycle, catalyzing the conversion of citrate and isocitrate, which is critical to normal 

physiology and survival, and their activity is affected by iron levels, oxidative stress and Fe-S 

cluster biogenesis apparatus [44]. As already mentioned, PW-treatment induced a down-

regulation of aldehyde dehydrogenase involved in glycolysis. Hence, these results together 

suggest an impact on metabolism and energy production. Antiquitin is an aldehyde 

dehydrogenase which has been linked to osmotic regulation and fluidity control in animals 

[45]. In plants it is also linked to detoxification, but such responses and responses in 

antiquitin-level following hormone-treatment have not yet been detected in previous animal 

studies (reviewed by [45]. P5C dehydrogenase is hypothesised to be involved in amino acid 

metabolism, but the effect of a potential down-regulation of this enzyme is not clear.  

 

E2 treatment appeared to cause altered protein expression of a wide range of proteins. E2 

appeared to cause a down-regulation of a selenium-binding protein 1 and an up-regulation of 

alanine-glyoxylate aminotransferase. The biological effects of these latter responses are not 

clear. However, alanine amino-transferase levels are used as a measure of liver-function and 

to diagnose chronic liver diseases in humans [46]. These proteins appeared to be unaffected 

by exposure to produced water. The apparent down-regulation of metabolic enzymes explain 

the reduced growth in oestradiol-treated fry observed in this study [6]. 
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Taken together, these results indicate that produced water exposure may induce some of the 

same responses as E2 exposure, in addition to other biological effects through  different 

modes of action. As already mentioned, produced water contains a large range of different 

compounds that may cause harm by themselves or in synergy with other compounds present. 

Hence, these results also indicate that compounds in produced water other than those known 

to cause endocrine disrupting effects, like PAHs, alkyl phenols, phtalates and PCBs, may also 

cause harmful effects in marine fish.  

 

E2 treatment also appeared to induce changes in protein expression unparalleled in groups of 

PW-treated fish. Hence, these protein changes may indicate that the mixture of compounds 

found in produced water do not have a strong estrogenic effect. These results may also 

suggest a higher sensitivity of the early life stages compared to juvenile and adult fish, as 

many of the responses detected in this study have not been identified in any of the few, 

similar studies done on juvenile and adult teleosts [47, 48]. Hence, more research is needed 

investigating long-term effects of produced water on early life stages and development in 

teleosts. 

 

The protein changes detected in this study represent a broad range of proteins and biological 

responses, and thus, represent potential biomarker candidates. Following this biomarker 

discovery phase, the candidates will have to be qualified, verified, the assays optimised and 

customized prior to their eventual use in bio-monitoring and environmental risk analysis [49]. 

Hence, the next step will be to measure the protein expressions in the different treatment 

groups and on field samples using a broader range of samples, and using other techniques 

such as immunoassays in order to verify a differential expression. The effect of produced 

water and E2 should also be monitored in trans-generational studies to better determine the 
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final outcome of these effects, as initially mentioned, other studies imply that some effects 

may be visible rather in the progeny than in the exposed animal itself.  
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Conclusion 

 
In this study, using a proteomic strategy, we have detected responses in hepatic protein 

expression pattern of cod fry exposed to low and environmentally relevant concentrations of 

produced water during the fry stage. Of 105 significant protein changes, 53 occurred at low 

and medium dose exposures. 24 of these were also observed after oestrogen exposure. 

Identified protein changes indicate that produced water may affect different molecular and 

cellular functions such as cellular integrity, signal transduction, and metabolism, as stress 

proteins, structural proteins, cytoskeletal proteins, and metabolising enzymes appeared to 

change in their protein expression following exposure.  

 

The protein changes detected in this study represent a broad range of proteins and biological 

responses, and thus, represent potential biomarker candidates. Following this biomarker 

discovery phase, the candidates will have to be qualified, verified, the assays optimised and 

customized prior to their eventual use in bio-monitoring and environmental risk analysis. 
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Table 1: Protein expression of differential expressed proteins analysing individual samples exposed to 
produced water (PW) and 17β-oestradiol(E2) 

Spot Control 0.01% PW 0.1% PW 1.0% PW 10 ppb E2 
1 1 0.680 0.710 0.948 3.599 
2 1 1.060 0.998 1.354 0.464 
3 1 0.973 1.364 1.023 2.350 
4 1 0.876 0.547 0.556 2.173 
5 1 1.601 0.834 0.851 0.470 
6 1 1.142 0.863 1.024 4.269 
7 1 1.067 0.643 0.325 0.265 
8 1 0.620 0.783 0.743 2.198 
9 1 0.374 1.469 1.017 0.861 
10 1 1.430 0.935 1.018 2.364 
11 1 1.228 0.66 1.012 0.133 
12 1 1.613 0.232 0.242 2.371 
13 1 0.941 0.121 0.612 1.978 
14 1 0.759 0.712 0.714 2.041 
15 1 0.539 0.895 2.512 1.927 
16 1 1.309 0.111 0.114 2.379 
17 1 0.745 0.257 0.368 1.123 
19 1 1.758 2.0648 1.519 0.69 
20 1 0.82 0.204 0.486 3.156 
21 1 0.975 1.053 1.026 0.482 
22 1 0.943 1.134 2.072 0.443 
23 1 1.471 0.286 0.779 1.983 
24 1 1.225 0.446 0.718 1.778 
25 1 0.991 0.173 0.675 0.894 
26 1 1.412 3.500 0.936 2.928 
27 1 0.969 0.802 1.298 2.583 
28 1 0.422 3.724 1.368 0.385 
29 1 1.099 0.481 0.606 1.816 
30 1 0.811 0.942 1.091 0.488 
31 1 0.481 2.106 2.415 2.088 
32 1 0.917 0.486 0.515 1.496 
33 1 1.372 0.888 1.002 0.297 
34 1 0.857 0.449 0.473 2.482 
35 1 2.330 1.421 1.222 5.949 
36 1 2.020 0.23 1.065 4.426 
37 1 3.938 0.144 1.212 1.151 
38 1 0.958 0.821 1.095 0.479 
39 1 2.005 0.537 0.668 0.411 
40 1 0.769 1.186 0.799 3.220 
41 1 1.133 0.89 1.164 2.044 
42 1 0.858 0.52 0.985 2.301 
44 1 1.129 0.589 0.276 0.759 
45 1 1.494 0.516 0.521 2.993 
46 1 1.050 0.969 0.927 0.290 
47 1 0.514 0.221 1.573 0.469 
48 1 2.570 1.226 2.371 7.063 
49 1 1.059 1.348 1.224 0.445 
50 1 1.125 2.822 0.729 3.038 
51 1 2.170 1.391 0.978 0.667 
52 1 1.540 0.0978 0.718 6.921 
54 1 0.697 1.451 1.172 2.404 
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55 1 0.275 0.798 1.440 1.087 
56 1 2.564 0.213 0.986 1.197 
57 1 0.442 0.739 0.952 1.088 
58 1 1.466 0.183 0.936 2.114 
59 1 0.529 0.550 0.487 0.468 
60 1 1.685 1.651 0.837 2.865 
61 1 0.889 0.259 0.376 1.139 
62 1 1.005 1.169 1.488 4.302 
63 1 0.957 1.329 1.038 2.679 
64 1 0.684 0.600 0.186 1.716 
65 1 0.809 0.429 0.93 1.278 
66 1 0.679 0.307 0.183 0.753 
67 1 0.889 0.991 0.754 0.383 
68 1 1.181 1.158 0.711 2.340 
69 1 1.204 0.501 1.050 10.400 
70 1 1.110 0.100 0.678 1.110 
71 1 1.219 0.315 0.691 2.398 
72 1 1.086 0.696 0.763 2.229 
73 1 1.183 1.273 1.139 0.481 
74 1 0.840 0.887 1.232 0.411 
75 1 1.051 1.370 1.098 4.301 
76 1 1.204 0.418 0.759 0.533 
77 1 1.309 0.193 1.079 5.857 
78 1 0.976 0.971 1.120 0.491 
79 1 1.234 0.375 1.078 1.372 
80 1 1.004 0.368 0.616 1.272 
81 1 0.913 0.0328 0.997 0.796 
82 1 0.654 0.635 1.004 0.461 
83 1 2.799 0.957 4.973 12.344 
84 1 0.296 0.455 0.536 0.484 
85 1 1.344 0.468 1.832 4.616 
86 1 1.143 0.629 0.985 0.474 
90 1 0.869 0.312 0.442 0.894 
91 1 1.677 1.370 0.180 0.801 
92 1 0.867 0.537 3.158 0.557 
93 1 1.167 0.669 1.071 2.185 
94 1 1.222 1.436 1.151 2.186 
95 1 0.921 0.497 0.351 0.491 
96 1 1.341 0.241 0.921 2.249 
97 1 0.863 1.113 0.948 0.450 
98 1 1.421 1.252 0.952 3.342 
99 1 1.594 0.367 0.998 3.437 
100 1 2.070 2.320 2.447 3.590 
101 1  0.731  1.610 1.140 2.519 
102 1 0.862 0.445 0.111 0.698 
103 1 0.948 0.643 0.614 2.039 
104 1 0.954 0.367 0.460 1.309 
105 1 1.327 0.775 1.081 3.392 
106 1 0.615 0.611 0.981 2.241 
107 1  0.464  1.804  1.004  2.417 
108 1 1.152 0.505 1.131 2.252 
109 1 0.402 1.095 0.823 1.414 
110 1 0.957 1.751 0.0923 0.809 
111 1 1.129 2.495 2.009 6.870 
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Red colour indicates a significant increase in relative spot volume (ANOVA>0.05, fold change ≥2). 
Green colour indicates a significant decrease in relative spot volume (ANOVA<0.05, fold change ≥2). 
Grey colour indicates no significant change in protein expression. 
n=4 per group, except for the group 0.1% PW: n=3 
Abbreviations: Spot no  indicates the spot number from the 2DE gel. 
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Table 2: Biomarker candidates of produced water and 17-β-oestradiol - Differentially expressed proteins 
identified by MS/MS 
Spot  

no 

Accession 
number 

Protein Identity Queries 
matcheda 

Scoreb Seq. 
Cov. 
% 

Theoretical
pI/Mwc 

7 
 

CAJ83333 Aldehyde dehydrogenase 1 family 
[Xenopus tropicalis]h 

1 (135) 42/29 5 5.80/79.7 

 NP_031412.2 Aconitase 1 [Mus musculus]h 1 (135) 34/29 11 7.23/98.1 
12 BAD05136.1 hsc71 [Paralichthys olivaceus] 3 (159) 96/26 2 5.23/71.2 

13 
Q6UFZ9 14-3-3B1 protein [Oncorhynchus 

mykiss] 
9 (64) 280/28 39 4.64/27.5 

15 
AAZ39049 Antiquitin [Acanthopagrus 

schlegelli] 
2 (158) 51/25 8 5.66/55.4 

 

XP_001521350 Similar to pyroline-5-carboxylate 
dehydrogenase [Ornithirynchus 
anatinus]h 

1 (158) 30/25 23 8.66/30.3 

17 
 

AAQ72491 14-3-3E1 protein [Oncorhynchus 
mykiss] 

9 (51) 214/28 47 4.67/29.3 

 
Q6UFZ9 14-3-3B1 protein [Oncorhynchus 

mykiss] 
1 (51) 42/28 13 4.64/27.6 

 
NP_956243.1 Eukaryotic elongation factor 1 beta 

2 [Danio rerio] 
1 (51) 35/28 5 4.49/24.5 

25 NP_958900.1 Tropomyosin 3 [Danio rerio] 4 (32) 113/29 11 4.76/28.8 
 Q90YX1 60S acidic ribosomal protein P0 1 (32) 33/29 5 9.94/34.9 

31 
 

CAA63300.1 Simple type II keratin K8b (S2) 
[Oncorhynchus mykiss] 

70 (896) 1609/28 57 5.14/59.0 

 AAH66728.1 Krt4 protein [Danio rerio]h 3 (896) 212/28 18 5.34/54.0 
34 

 
CAG08708 glucose-regulated protein 94 

(HSP90) [Paralichtys olivaceus]h 
4 (51) 49/27 10 4.88/89.3 

 XP_691686.2 Hemopexin [Danio rerio] 2 (51) 37/27 10 6.02/45.4 
49* 

 

NP_001086976 Hydroxyprostaglandin 
dehydrogenase 15-(NAD) 
[Xenopus laevis]h 

3 (56) 127/27 18 6.45/28.7 

70 
 

Q6UFZ9 14-3-3B1 protein [Oncorhynchus 
mykiss] 

9 (64) 280/28 39 4.64/27.6 

73 NP_001017833.1 Pyrophosphatase (inorganic) 1 18 (136) 691/28 63 5.25/32.6 

 

NP_998155.1 Eukaryotic translation initiation 
factor 3, subunit 2 beta (WD40) 
[Danio rerio] 

6 (136) 131/28 20 5.22/36.3 

 AAI35837 Pyp protein [Xenopus tropicalis]h 2 (136) 54/28 4 6.35/37.3 

74 
Q9YHC3 Tubulin beta-1 chain [Gadus 

morhua]h 
19 (301) 657/28 41 4.79/49.7 

 AAD56401.1 Beta-2 tubulin [Gadus morhua] 8 (301) 571/28 38 4.71/49.6 
 NP_942104.1 Tubulin, beta 2C [Danio rerio]h 1 (301) 533/28 44 4.85/49.8 

 
NP_001072450.1 Tubulin, beta 4 [Xenopus 

tropicalis]h 
1 (301) 457/28 36 4.79/49.8 

 NP_942104.1 Tubulin, beta 2C [Danio rerio]h 5 (301) 272/28 42 4.85/49.8 

 
AAT47549.1 Glycerol-3-phosphate 

dehydrogenase [Gadus morhua] 
6 (301) 172/28 30 5.47/38.0 

 
NP_001017833.1 Pyrophosphatase (inorganic) 1 

[Danio rerio] 
7 (301) 128/28 35 5.25/32.6 

 
AAG30296.1 Cytochrome P450 [Ictalurus 

punctatus]h 
3 (301) 86/28 10 8.71/56.1 

 

CAG07103 Unnamed protein product 
(Phosphotriesterase, PTE) 
[Tetraodon nigroviridis] 

3 (301) 83/28 38 5.84/38.9 

 
AAH44524 Sb:cd825 protein (thioredoxin) 

[Danio rerio] 
2 (301) 79/28 13 6.32/54.7 

 NP_001077011 Hydroxyacid oxidase (glycolate 2 (301) 54/28 13 7.56/40.5 
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oxidase) [Danio rerio]h 
 AAI35837 Pyp protein [Xenopus tropicalis]h 1 (301) 50/28 4 6.35/37.3 

 
NP_954688 S-adenosylhomocysteine hydrolase 

[Danio rerio] 
2 (301) 28/28 7 6.33/48.0 

80 

 

NP_001001401 Inner membrane protein 
mitochondrial (mitofilin) [Danio 
rerio]  

4 (286) 83/28 35 5.31/83.2 

 

NP_001001401 Inner membrane protein 
mitochondrial (mitofilin) [Danio 
rerio]  

4 (286) 67/28 20 5.31/83.2 

 

BAD90024.1 Heat shock 90kDa protein 1 beta 
isoform b (Hsp90) [Oncorhynchus 
mykiss] 

3 (286) 46/28 5 4.92/83.4 

84 dn AAH16045 Actin, beta [Homo sapiens]h 3   5.29/41.8 
91 

 
AAZ39049 Antiquitin [Acanthopagrus 

schlegelli] 
2 (158) 51/25 8 5.66/55.4 

 

XP_001521350 Similar to pyroline-5-carboxylate 
dehydrogenase [Ornithirynchus 
anatinus]h 

1 (158) 30/25 23 8.66/30.3 

90 
 

NP_001079937 tropomyosin 4 isoform 2 [Danio 
rerio] 

4 (182) 74/27 10 4.63/28.5 

 
NP_001002714.1 Down syndrome critical region 

gene 2 [Danio rerio] 
1 (182) 49/27 3 4.54/30.7 

93* 

 

CAH59400.1 Alanine-glycosylate 
aminotransferase [Plasticthys 
flesus] 

1 (48) 31 5 8.93/30.2 

95dn 
 

P53447 Fructose-bisphosphate aldolase B 
[Sparus aurata]h 

4   8.43/39.6 

97 dn 

 

XP_001339392 PREDICTED: Similar to 
Selenium-binding protein 1 [Danio 
rerio] 

4   5.88/51.0 

99 dn 

 

XP_001521350.1 Similar to pyroline-5-carboxylate 
dehydrogenase [Ornithorhynchus 
anatinus]h 

6   8.68/30.3 

100 
 

Q6UFZ9 14-3-3B1 protein [Oncorhynchus 
mykiss] 

9 (64) 280/28 39 4.64/27.6 

The following search criteria were used:  Modification: Carbamidomethyl (C), Oxidation (M); Peptide tolerance: 
100 ppm; MS/MS tolerance: 0.25 Da; Enzyme: Trypsin; Monoisotopic. Database: Cod EST. p<0.05 
hThe protein was identified as an unnamed protein or hypotetical protein and was further characterised by 
homology in blast (PAM 30: Existence:9, extension:1). 
*No preanalaytical LC-run of sample. 
dnDe novo sequencing: De novo sequences obtained from MS/MS were used in blast-searches in the Cod EST 
database: p<0.05 and identified by homology in the NCBI database (PAM 30: Existence: 9, extension:1). 
aScore of MS fragments/ treshold score for homology/identity 
bFragments of query matched to the database hit/total number of query fragments used in the database search 
Abbreviations used: Spot no: spot number; Seq. cov.: sequence coverage; E-value: expect value; pI: isoelectric 
point; Mwc: molecular weight (kDa) 
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Figure legends 
 
 
Figure 1: Differentially expressed proteins following exposure to produced water and 

17β-oestradiol 
 
The gel represents a pooled sample of liver of cod fry exposed to 1.0% produced water and 
separated in the first dimension in an 18 cm IPG-strip pH 4-7 and in the second dimension in 
a 9% SDS-PAGE. The numbers on the gel are the spot numbers, which correspond to the spot 
numbers in the tables (Table 1 and Table 2). Grey-coloured boxes indicate that these spots are 
not visible on this gel, as they are expressed on other gels and in samples from other treatment 
groups. 
 
 
 
Figure 2: Dendrogram from hierarchical clustering analysis of differentially expressed 

proteins in cod fry liver following exposure 
 
The dendrogram shows the grouping of differentially expressed proteins from liver of cod fry 
exposed to produced water and oestradiol for 78 days. Distance function: Pearson correlation. 
Linking method: Average. The names in the left margin are the name of the gels: L stands for 
low dose (0.01%) PW-exposed fry, M stands for medium dose (0.1%) PW-exposed fry, H 
stands for high dose (1.0 %) PW-exposed fry. 7 individual samples were analysed per group, 
with the exception of the M group in which only 6 individual samples were analysed. The 
three-structure on the top of the dendrogram shows the relationship between the differentially 
expressed proteins. Red colour indicates a strong spot and green colour indicate a weaker 
spot. A darker shade means that the spot is closer to the average spot volume than a brighter 
shade of the same colour. n=4 per group, except for the group of 0.1% PW; n=3. 
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Figure 1 
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Figure 2 
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Errata 

Manuscript I: 

Page 19, line 1: “#7587” should be deleted 

Page 19, line 3: “#7098” should read “#7329” 

Page 19, line 3: “down-regulated” should be inserted into the sentence: “Apolipoprotein B 
(#7178) was shown to be up-regulated by 0.25 ppm crude oil and down-regulated by 
surrogate produced water exposure.” 

Manuscript II: 

Page 11, line 1: “0.25 Da” should be inserted at the end of the sentence: “MS2 mass 
accuracy: 0.25 Da” 

Page 12, line 18:  “24” should be corrected to “61” 

Page 15, line 5 and page 28, line 17: “p>0.05” should be corrected to “p<0.05”  

Page 27, Table 2: “188” should be corrected to “118” 

Manuscript III: 

Page 12, line 4: “0.25 Da” should be inserted at the end of the sentence: “MS2 mass 
accuracy: 0.25 Da” 

Page 14, line 1: Sentence should read “Low levels of produced water resulted in an apparent 
down-regulation of keratin and actin, and an up-regulation of 14-3-3B1.” 

Page 14, line 8: Sentence should read “The heat shock proteins, hemopexin and the aldolase 
appeared to be up-regulated by E2 treatment while the dehydrogenase appeared to 
be down-regulated.” 

Page 14, line 15: Sentence should read “E2 treatment apparently caused a down-regulation 
of pyrophosphatases (inorganic) 1, eukaryotic elongation initiation factor, tubulins, 
glycerol-3-phosphate dehydrogenase, cytochrome P450 2x1, phosphotriesterase, 
thioredoxin, glucolate oxidase, S-adenosylhomocysteine hydrolase and a selenium-
binding protein 1, and an up-regulation of alanine-glycosylate aminotransferase.” 
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