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Abstract 

Sewage effluents disposed into the marine environment from De Beers Marine Namibia 

diamond mining vessels have the potential to cause endocrine disruptive effects in marine 

organisms. Endocrine disruption refers to the alteration of the normal functioning of the 

endocrine system and various chemicals have the ability to mimic hormones, effecting 

endogenous hormone synthesis, transport, receptor interaction and intracellular signaling. 

The potential endocrine disruptive effects, caused by the release of different types of 

sewage effluents into the ocean, on fish species is a concern due to the commercial 

importance of fish species found in the mining area e.g. hake, sole, horse mackerel. 

Increased awareness of marine environmental degradation due to the presence of 

chemical contaminants has resulted in research being done on early warning systems, in 

the form of biomarkers.  

 

Cytochrome P450 monooxygenase 1A (CYP1A) and vitellogenin (vtg) are important 

proteins found in fish liver and blood, that have been used as biomarkers for the detection 

of pollutants in fish. CYP1A is a subfamily of the P450 superfamily of enzymes and 

catalyzes the oxidation, hydrolysis and reduction of exogenous and endogenous 

compounds (phase I reactions) and thus has the capacity to regulate the metabolism of 

several organic contaminants. CYP1A expression is altered by exposure to planar 

xenobiotic compounds e.g. polyaromatic hydrocarbons. Vtg is an important precursor for 

egg yolk proteins and plays a role in the growth and development of an oocyte. 

Expression of this protein is altered upon exposure to estrogenic compounds.  

 

The aim of this project was to isolate CYP1A from fish liver by differential 

centrifugation and optimize conditions for the CYP1A-mediated ethoxyresorufin-O-

deethylase (EROD) assay and western blot analysis (to assess CYP1A expression). 

Another aim of this study was to evaluate the potential effects of biologically disruptive 

chemicals from sewage effluents, discharged into the marine environment, on the 

expression of CYP1A in two species of hake, Merluccius capensis and M. paradoxus 

(Cape hake). CYP1A in Cape hake is approximately a 60 kDa protein and the highest 

EROD activity was detected in the microsomal fraction after differential centrifugation.  
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Optimal EROD assay conditions were observed at pH 7.5, a temperature of 25 °C, 10 µl 

of sample and a reaction time of 30 seconds. Enzyme stability assays indicated a drastic 

decrease in enzyme activity after 30 seconds. The EROD assay was not NADPH 

dependent but was limited by NADPH supply, with an increase of 300% in EROD 

activity being observed with the addition of 0.1 M exogenous NADPH. The addition of 

dicumarol (40 µM), a phase II enzyme inhibitor, showed a 232% increase in EROD 

activity. This is because dicumarol inhibited enzymes with the capacity to metabolize the 

product (resorufin) of the EROD reaction. With regard to western blot analysis, the 

optimal primary (rabbit antifish CYP1A peptide) and secondary (anti-mouse/rabbit 

antibody-horseradish peroxidase conjugate (POD)) antibody dilutions were determined to 

be 1:1000 and 1:5000, respectively. 

 

The comparison of CYP1A expression in Cape hake samples from De Beers Marine 

mining area and reference sites showed higher EROD activity (16.29 ± 0.91 pmol/min) in 

fish samples from the mining area in comparison to the reference site (10.42 ± 2.65 

pmol/min). Western blot analysis was in agreement with the EROD assay results and a 

higher CYP1A expression was observed in fish from the mining sites. The increased 

CYP1A expression observed in fish from the mining area is not definitively an indication 

of a pollutant effect in the environment, as several environmental and biological factors 

(e.g. photoperiod and age) must also be considered before reaching this conclusion. 

 

Another aim of this study was to purify vtg from Cape hake blood samples. Cape hake 

vtg was purified from fish plasma by selective precipitation with MgCl2 and EDTA. 

Precipitated sample was subjected to anion exchange chromatography using fast protein 

liquid chromatography (FPLC). Vtg eluted as two broad peaks and had a molecular 

weight above 200 kDa. SDS-PAGE analysis also resolved smaller molecular weight 

proteins below 70 kDa, which were thought to be vitellogenin cleavage proteins, 

lipovitellin and phosphovitins. Western blot analysis was performed; however, it did not 

produce any conclusive results. The purification of vtg enables further studies in 

characterizing this protein and developing assay aimed at detecting estrogenic pollutants 

in the marine environment. 
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Chapter 1: Literature Review 

 

1.1 De Beers Marine Namibia mining operations  

  

De Beers Marine Namibia diamond mining company, is owned in equal share through a joint 

venture between De Beers and the government of Namibia (Namdeb)1. The mining area of 

interest for this study is the Atlantic 1 Mining License area (MLA) of Namdeb. Atlantic 1 

MLA has been an important production source for Namdeb since 1991 and  is located along 

the Namibian/ South African maritime border covering an area ~ 6000 km2 (Japp, 2007) 
2(Figure 1.1). Operations carried out on board the De Beers Marine Namibia vessels produce 

several types of wastes. The most hazardous wastes (including chemicals such as 

trichloroethylene, sulphuric acid and hydrofluoric acid) are removed from the vessels and 

transported to Cape Town for further treatment and disposal 3
’
4. Sewage effluents are known 

to be one of the most important sources of contamination of coastal waters (Pinder et al., 

1999; Smith and Suthers, 1999). The products obtained from sewage treated in onboard 

treatment plants, wastewater generated from cleaning the vessels, oily-water and ferrosilicon 

containing water are examples of the different types of sewage effluents disposed into the 

marine environment from De Beers Marine Namibia diamond mining vessels. 

 

 

 

 

 

 

 

 

                                                
1 De Beers Marine (PTY) Ltd operating and financial review 2008 
2 CSIR report of risk assessment and data gap analysis workshop. Prepared for De Beers Marine Namibia (PTY) 
Ltd. 
3 De Beers Marine (PTY) Ltd environmental report 1997  
4 Namdeb Diamond Corporation (PTY) Ltd environmental programme I/II 1997 
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Figure 1.1: A map showing the approximate location of De Beers Marine Namibia Atlantic 1 mining 

license area (Japp, 2007). 

 

1.2 Sewage effluent and endocrine disruption 

 

Sewage effluents often contain a mixture of organic and inorganic chemicals, which may 

potentially disrupt the endocrine systems of marine organisms (chemicals present in the 

effluents become bioavailable to these organisms through aquatic respiration, 

osmoregulation, dermal contact with contaminated sediment and ingestion of contaminated 

food) (Lemos et al., 2005; Mills and Chichester, 2005). Endocrine disruption refers to an  
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alteration in the normal functioning of the endocrine system. Endocrine disruption is caused 

by various chemicals that have the ability to mimic hormones (Larkin et al., 2003). 

Endocrine disrupting chemicals (EDCs) is a term used to define a large group of compounds 

including polychlorinated biphenyls, polyaromatic hydrocarbons, dioxins, alkylphenols and 

esters (Barse et al., 2007). These compounds confer the ability to 1) mimic the effects of 

hormones 2) alter the pattern of synthesis and metabolism of hormones and 3) modify 

hormone receptors (Cheek et al., 2004; IEH Assessment, 1999; Pinder et al., 1999). 

Endocrine disrupting compounds have an adverse effect on the organisms biological systems, 

including endogenous hormone synthesis, transport, receptor interaction and intracellular 

signaling within the organism (Cheek et al., 2004; Fossi et al., 2007). EDCs are mainly 

estrogenic in nature and thus interfere particularly with hormone pathways that control 

reproduction and sexual development (Paull et al., 2008). Several studies have shown the 

affinity of EDCs for hormone receptors which regulate reproductive functions and may result 

in the induction of the female associated phosholipoproteins, e.g. vitellogenin in male fish 

species (Kirk et al., 2003; Mills and Chichester, 2005; Porte et al., 2006). Labadie and 

Budinski (2006) showed that the exposure of 17α-ethynylestradiol (EE2) obtained from 

wastewater treatment plant effluents contributed to estrogenecity in juvenile turbot (Psetta 

maxima). Noaksson et al. (2005) reported that the presence of EDCs in sewage treatment 

plant processing leachate resulted in the occurrence of reproductive disorders in female perch 

(Percha fluviatilis) and female brook trout (Salvelinus fontinalis). 

 

1.3 Basic fish reproductive endocrinology 

 

Steroid hormones are characterized as lipophilic molecules that are synthesized in 

steroidogenic tissues. Steroid hormones interact with specific target receptor sites to monitor 

and control several physiological functions within the organism (Yang et al., 2008). The 

induction of vitellogenin is stimulated by steroid hormones produced by the organism’s 

pituitary gland (Schulz et al., 2001; Sole et al., 2003). To gain a better understanding of the 

mechanism of endocrine disruption, it is important to understand basic fish reproductive 

endocrinology.  
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The basic biosynthetic pathway for steroid hormone production, shown in Figure 1.2, 

involves the hypothalamus, the pituitary gland and the gonads (the reproductive axis) 

(Kumakura et al., 2004; Weltzien et al., 2004). The synthesis and metabolism of steroid 

hormones is regulated by environmental cues. The decapeptide, known as gonadotrophin-

releasing hormone (GnRH), located in the hypothalamus (in the brain) regulates the secretion 

of two types of gonadotrophin hormones (feedback mechanism) in the anterior pituitary 

gland, gonadotrophin I (GtH I) and gonadotrophin II (GtH II) (Blaquez et al., 1998; Maitra et 

al., 2007; Mateos et al., 2002). GtH I and II are structurally analogous to follicle stimulating 

hormone (FSH) and luteinizing hormone (LH) and function in regulating gonadal 

steroidogenesis, gametogenesis and the release of sperm and ovulation (Blazquez et al., 

1998; Degani et al., 1998). Although both hormones display similar steroidogenic activities, 

GTH I primarily functions to stimulate gametogenesis while GTH II is mainly involved in 

the final phase of reproductive maturation (Garcia-Hernandez et al., 1997). The 

gonadotrophin hormones stimulate the production of steroid hormones in the gonads. The 

androgens or steroid hormones produced after GtH induction such as. 17β-estradiol and 

progesterones, bind to specific hormone receptors which results in the alteration of gene 

expression (Cuesta et al., 2007). Estradiol targets the liver and stimulates the production of 

vitellogenin which is then subsequently incorporated into the oocyte. This is regulated by 

GtH I and occurs over several months until enough gametes are produced (Kime, 1999). The 

secretion of estradiol and 11-ketotestosterone is halted by progesterone which stimulates 

oocyte maturation (Greenwood et al., 2001; Kime, 1999; Kortner and Arukwe, 2007; Lee et 

al., 2004; Yaron, 1995).  
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Figure 1.2: Basic biosynthetic pathway for steroid hormone production. GnRh- gonadotrophin releasing 

hormone; GtH- gonadotrophin I and II; E2- estradiol; KT- 11-ketotestosterone; T-testosterone; P- progesterone 

(Kime, 1999) 

 

1.4 Mechanism of endocrine disruption  

 

The interactions between steroid hormones and their specific receptors represent several 

potential target sites for EDCs (You, 2004). Although the mechanism of endocrine disruption 

in fish is not completely understood, literature indicates the presence of five main intricate 

pathways (Arukwe, 2001). Endocrine disruptive chemicals may mimic hormone structures 

thus allowing EDC’s to competitively bind to cell receptors. Some EDCs block the receptor 

binding site and inhibit the natural binding of hormones to the receptor. EDCs may interact 

both directly or indirectly with natural steroid hormones causing changes in subsequent  
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hormone signals (Scott and Sloman, 2004; Thomas, 2000). EDCs may also alter the natural 

pathway of hormone synthesis and metabolism, causing the imbalance or improper quantity 

of circulating hormones. EDCs are able to induce the formation of extra receptor sites in the 

cell amplifying the impact of the hormones on the cellular activity (Singleton and Khan, 

2003). Larkin et al. (2003) confirmed the ability of estradiol (E2) mimics to increase the 

number of estrogen receptors, inducing the synthesis of vitellogenin. Kirk et al. (2003) 

observed how nonylphenol affects steroid hydroxylation by cytrochrome P450 isoforms. 

Lavado et al. (2004) concur with this report and results obtained from their study indicated 

the ability of polyaromatic hydrocarbons (PAHs) to inhibit the activity of several enzymes 

(17β-hydroxysteroid dehydrogenase, P450 aromatase and cytochrome P17) involved in the 

endogenous metabolism of native hormones in flounders (Platichthys flesus).  

 

1.5 Biomarkers for environmental pollution 

 

An increase in the production and release of organic trace pollutants e.g. herbicides, metals, 

polychlorinated biphenyls, alkylphenols, insecticides and industrial effluent mixtures into the 

aquatic environment has caused an increased concern and awareness of the bioaccumulation, 

bioconcentration and biomagnification of these pollutants in marine organisms (Hall, 2002; 

Markert, 2007; Matozza et al., 2008). Scientists are conducting extensive studies to assess 

the connection between contaminant exposure levels, tissue contamination and early adverse 

effects of these compounds (Oost et al., 2003). In many populations, the toxic effects of 

pollutants only begin to manifest after a long period of time. As a result, research into early 

warning systems in the form of biomarkers for pollutants have increased more recently 

(Flammarion and Garric, 2002; Wells, 1999). 

 

A biomarker is defined as a biological response (molecular, physiological or behavioural) 

which can be traced back to the exposure or the toxic effect of environmental pollutants, 

through the measurement of body fluids, cells or tissues (Oost et al., 1994). Biomarkers can 

be divided into three different categories, biomarkers of exposure, biomarkers of effect and 

biomarkers of susceptibility (Thilakaratne et al., 2007). Due to the scope of this project,  
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focus was placed on defining biomarkers of effect. Biomarkers of effect are defined as 

biochemical or physiological changes within tissues or body fluids that are measurable e.g. 

butyrylcholineesterase (BChE) (Thilakaratne et al., 2007). The response of biomarkers is 

often detected through bioassays e.g. cytochrome P450 (CYP1A) monoxygenase response is 

detected through the activity of ethoxyresorufin-O-deethylase (EROD) (Leino et al., 2005).   

 

Several biochemical biomarkers are used to indicate the biological effects of chemical 

contaminants in fish species, e.g. acetylcholinesterase (AChE), glutathione-S-transferase 

(GST), cytochrome P450 (CYP1A) monooxygenase activity (often measured as EROD 

activity), vitellogenin (Vtg) and catalase (CAT) (Hinck et al., 2006; Kopecka and 

Pempkowiak, 2007; Lemos et al., 2005). Although biomarkers provide vital insight into the 

effects of pollutants, they are highly influenced by abiotic and biotic factors such as water, 

temperature, reproduction and age which are very important considerations in the 

interpretation of data (Pain et al., 2007). The variability of biomarkers can be reduced by 1) 

optimizing sampling techniques e.g. increased sample size and decreasing the range between 

the sizes of fish sampled 2) understanding of the physio-chemical parameters of the water 

and the reproduction cycle of the particular species and 3) data normalization (Sanchez et al., 

2008).  

Cytochrome P450 (CYP1A) monooxygenase and vitellogenin (Vtg) are important proteins 

found in fish liver (Desantis et al., 2005). CYP1A and vtg are commonly used as biomarkers 

in pollution detection, because their expression is altered upon exposure to contaminants. 

These proteins can provide vital biological information on the potential impact of pollutants 

on the fitness of organisms and the ecosystem (Rotchell et al., 1999; Won et al., 2005). 
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1.6 Cytochrome P450 1A (CYP1A) 

1.6.1 CYP1A molecular properties and function  

Xenobiotic metabolism is a two-phase process, with cytochrome P450s being considered the 

most important enzymes in Phase I metabolism. Phase I metabolism involves oxidative and 

reductive hydrolytic reactions (Gonzalez et al., 2009; Siroka and Drastichova, 2004; Sole et 

al., 2009). Cytochrome P4501A (CYP1A) is the subfamily of the P450 superfamily of 

enzymes. Several studies have indicated protein sizes ranging from 45-65 kDa (refer to Table 

1.1 ) (Goksoyr and Forlin, 1992; Miota et al., 2000). Although CYP1A is found 

predominantly in the liver, it has also been found in the kidneys, gill tissue and endoplasmic 

reticulum of fish (Assuncao et al., 2007; Tom et al., 2002). Oritz-Delgado and Sarasqueste 

(2004), as well as Sarasqueste and Segner (2000), describe cytrochome P450s as 

haemproteins, consisting of a single polypeptide chain (held together by hydrophobic forces, 

electrostatic and covalent bonds) with iron ligands bound to a porphyrin ring, a thiloate group 

in the peptide backbone and an oxygen binding site (Goksoyr and Forlin, 1992; Siroka and 

Drastichova, 2004). 

 

Table 1.1 Different CYP1A sizes observed in liver microsomes of different fish species  

 

Species Size (kDa) Reference 

Balaenoptera acutorostrata 46.5 Goksoyr, 1986 

Lithognathus mormyrus 55.0 Tom et al., 2002 

Merluccius merluccius 55.0 Mihailovic et al., 2006 

Oncorhynchus mykiss 55.0 Aluru and Vijayan, 2006 

Oreochromis mossambicus 59.0 Ueng et al., 1995 

Salma trutta  56.0 Rodriguez-Cea et al., 2004 

 

Research into the function of cytrochrome P450s in fish has shown significant progress over 

recent years. The first successful purification and characterization of CYP1A was reported by 

Williams and Buhler (1983), using rainbow trout as a test species.  Following this, CYP1A 
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has become the best studied enzyme within the members of the CYP gene family, due to its 

role in the catalytic breakdown of several xenobiotic compounds and its inducibililty by 

planar compounds e.g. 2,3,7,8- tetrachlorodibenzo-p-dioxin (TCDD), dibenzofuran (PCDF), 

polychlorinated dibenzo-p-dioxin (PCDD) and biphenyl (PCB) (Takahashi et al., 1995; Zabel 

et al., 1995). To gain a better understanding of the interactions of CYP1A with different 

xenobiotics in the environment, it is important to have a basic understanding of how the 

cytochrome P450 system functions. 

 

Cytochrome P450 catalyses the oxidation of the substrate through the cleavage of C-C/ C=N 

bonds and the addition of an oxygen atom to the substrate (Figure 1.3) thereby, increasing the 

polarity of the substrate (Siroka and Drastichova, 2004).  

 

 

 
 
Figure 1.3: A brief outline of cytochrome P450 monooxygenase activity, RH: substrate which may consist 

of alkenes, alkanes, heterocyclic and/or aromatic rings (Siroka and Drastichova, 2004)  

 

The reaction catalyzed by cytochrome P450 is more complex than indicated in Figure 1.3. 

The transfer of electrons for this NADPH/NADH dependent reaction is catalyzed by the 

enzymes NADPH reductase (microsomal), ferrodoxine and ferrodoxine reductase (in the 

mitochondria) and cytochrome P450 is not limited to utilizing molecular oxygen but may 

also obtain oxygen atoms from peroxides (Siroka and Drastichova, 2004). The cytochrome 

P450 family plays a role in many different oxidation reactions such as hydroxylation, H- and 

O- dealkylation, sulphoxidation and dehalogenation (Mansuy, 2007). Mansuy (1998) stated 

that this family of enzymes also participates in many other non-oxidation reactions; including 

isomerizations, dehydrations and dehydrogenations of different substrates.  

NADPH + H+ + RH + O2 
ROH + H2O + NADP+

  

CYTOCHROME P450  
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Cytochrome P450s play a key role in the metabolism of cholesterol, the biosynthesis of bile 

acids, vitamin D3 and steroid hormones in fish. The main function of CYP1A is the 

conversion of xenobiotic compounds through monooxygenation into more water-soluble 

products, which are detoxified further in Phase II metabolism (Livingstone, 1998; Masfaraud 

et al., 1990; Melancon and Lech, 1983; Miller et al., 1988; Poelmans et al., 2006; Sarasquete 

and Segner, 2000; Wootten et al., 1995; Wootten et al., 1996). Variations in the catalytic 

activities of cytochrome P450s are highly dependent on factors such as temperature, the 

hormonal cycle, food intake and sex (Jimenez et al., 1987; Lindstrom-Seppa et al., 1994; 

Marionnet et al., 1997).   

 

1.6.2 Fish CYP1A as a biomarker for environmental pollution 

 

Polycyclic hydrocarbons (PAH), polychlorinated biphenyls (PCB), polychlorinated 

dibenzofurans (PCDF) and polychlorinated dibenzo-p-dioxins (PCDD) (Figure 1.4) are 

mutagenic and carcinogenic compounds that have been demonstrated to cause reproductive 

toxicity in many fish species (Steward, 1991; Viganno et al., 1995). The inducibility of 

CYP1A by these compound groups are well established (Table 1.2). Thus the potential use of 

CYP1A as a biomarker for monitoring pollution and environmental management has been 

confirmed (Stegeman and Lech, 1991).  
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Figure 1.4: The general structure of inducers of CYP1A.  A: Benzo[a]pyrene (PAH), B: 3,3’, 4,4’, 5-

pentachlorobiphenyl (PCB), C: 2,3,7,8-tetrachlorodibenzofuran (PCDF), D: 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(PCDD) (Whyte and Tillitt, 2000) 
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Table 1.2: A summary of studies of CYP1A induction on different fish species 

 

Species Common 

name 

Compound/s Reference Induction* 

 

Salvelinus namaycush 

 

Lake Trout 

 

2,3,7,8-tetrachlorodibenzo-p-dioxin 

 

Guiney et al., 1997 

 

+ 

Gadus morhua 

Platichthys flesus 

Atlantic Cod 

European 

Flounder 

Polycyclic aromatic hydrocarbons Husoy et al., 1996 + 

+ 

Oncorhynchus mykiss Rainbow 

Trout  

3,3’,4,4’-tetrachlorobiphenyl 

Arclor 1254 

3,4,3’,4’-tetrachlorobiphenyl 

7,12-dimethylbenz[a]anthracene 

Koponen et al., 1998 

Melancon & Lech, 1983 

Miranda et al., 1997 

+ 

Pimephales promelas Freshwater 

Vendance 

[14C]-3,3’,4,4’-tetrachlorobiphenyl Lindstrom-Seppa, 1994 + 

Fundulus heteroclitus  Killifish β-napthoflavone 

3-methylcholanthrene 

Benzo[a]pyrene 

Meyer et al., 2002 

Van veld et al., 1997 

+ 

Scothalmus maximus Turbot benzo[a]pyrene  

γ-hexachlorocyclohexane 

Peters & Livingstone, 

1995 

+ 

Mullus barbatus Red Mullet polycyclic aromatic hydrocarbon 

metabolites 

Porte et al., 2002 + 

Stentomus chrysops Marine Fish 

Scup  

3’,3’,4,4’,5-pentochlorobiphenyl 

3,3’,4,4’-tetrachlorobiphenyl 

Schlezinger & 

Stegeman, 2001 

White et al., 1997  

+ 

*Induction of CYP1A observed: + 
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The induction of CYP1A by xenobiotic compounds, illustrated in Figure 1.5, is regulated at a 

transcriptional level (Miota et al., 2000). The binding of the xenobiotic compound to the cytosolic 

arylhydrocarbon receptor activates the receptor, causing heat shock proteins and immunophilin-

related proteins to dissociate (Kling et al., 1999; Mortensen and Arukwe, 2007). This chain of events 

leads to the heterodimerization of the ligand-receptor complex with the arylhydrocarbon nuclear 

translocator, causing nuclear translocation of the complex (Hahn, 1998; Milhailovic et al., 2006). 

The complex then binds specifically to the xenobiotic response element on DNA, which is found 

upstream from the CYP1A promoter, leading to the upregulation of transcription and increased 

CYP1A activity (Milhailovic et al., 2006; Rice et al., 1997). 

 

 
 

 
 

Figure 1.5: A representation of CYP1A induction by a xenobiotic compound, resulting in the 

transcriptional upregulation of CYP1A (Milhailovic et al., 2006).  

 

 

- Aryl hydrocarbon receptor  - Heat shock protein - Xenobiotic compound 

- Aryl hydrocarbon nuclear translocator 
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Although the study of CYP1A induction in fish provides useful insight into the status of the 

aquatic environment, precaution must be taken when using this tool to generate and discuss 

data, as recent studies have reported the ability of some compounds e.g. ethynylestradiol,  to 

inhibit CYP1A activity (Hasselberg et al., 2005). Findings by Machala et al. (1997) using 

Carp as a test species, concluded that some polycyclic and polyhalogenated aromatic 

hydrocarbons confer the ability to inhibit CYP1A activity. Huuskonen et al. (1995) 

demonstrated the inhibitory effect of paper mill effluent on the CYP1A mediated enzyme, 7-

ethoxyresorufin-O-deethylase in Perch.  

 

1.7 Vitellogenin (vtg) 

 

1.7.1 Vitellogenesis in fish  

 

The growth and development of an oocyte, shown in Figure 1.6, can be divided into four 

main stages: primary growth, followed by the formation of cortical alveoli, the vitellogenic 

phase and finally maturation (Arukwe and Goksoyr, 2003; Wood and Kraak, 2001). In the 

primary growth phase, oocytes act as storage vessels for RNA and proteins, which are 

required for future breeding seasons (Murua and Sabarido-Rey 2003; Picton et al., 1998). 

The primary growth phase is rapidly followed by the cortical alveoli stage which is indicated 

by the appearance of yolk proteins, known as cortical alveoli vesicles, in the organelles 

(Murua and Sabarido-Rey 2003). During fertilization this stage is characterized by the 

increase in the number and size of cortical alveoli vesicles which release their contents into 

previtelline space within the egg membrane (Murua and Sabarido-Rey 2003). During the 

vitellogenic phase true yolk vesicles appear in the cytoplasm of oocytes, oocyte size 

continues to increase with the accumulation of yolk. This phase is halted once the oocytes 

have reached a fully developed size (Tyler et al., 1997; Tyler et al., 1990). Once the 

vitellogenic phase is complete oocytes undergo maturation, at this stage the first meiotic 

division takes place following the migration of the nucleas to the animal pole (Power et al., 

2007;). Towards the completion of the maturation stage the oocyte takes fluid up through its 

follicle (hydration phase) and the coalescence of yolk spheres and/or oil  
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droplets occurs (Murua and Sabarido-Rey, 2003; Power et al., 2007) After ovulation a 

second meiotic division occurs and the oocytes become eggs (Murua-Sabarido et al., 2003). 

 

 

 
 

Figure 1.6:  Oocyte development and maturation observed in Merluccius merluccius. 1: primary growth, 

2+3: cortical alveoli stage, 4: early vitellogenic stage (right), 5+6: advanced vitellogenic stage, 7: early 

maturation stage, 8: final maturation, 9: hydrated oocyte.  n: nucleas; c: cytoplasm; pg: primary growth; 

m: nucleolus; ca: cortical alveoli; t: follicle layer; u: oocyte envelope; y: yolk vesicles; o: oil droplets; mn: 

migratory nucleus; yp: yolk plates; ho: hydrated oocyte; b: balbiani bodies; ch: chorion; g: granulose; vit 

1: vitellogenic oocyte; f: postovulary follicle  (Murua and Sabarido-Rey, 2003) 

  

Vitellogenin (vtg) is a high density dimeric lipoglycophosphoprotein (Matozza et al., 2008) 

that is produced in sexually maturing female fish (Bulukin et al., 2007). The genes that 

express this protein are also found in male species and can be induced by estrogenic 

  

0.1mm 
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substances (Ferreira et al., 2009; Jimenez et al., 2007). In females the transcription of vtg-

genes is coordinated by the GTH-induced estrogen (E2), 17β-estradiol, which binds to 

estrogen receptors (ER) in the liver inducing transcription (Bailey et al., 2004; Crim and Idler 

1978; Werawatgoompa et al., 1997). Vtg is proteolytically cleaved into smaller proteins 

namely lipovitellin, phosvettes and phosphovitin (egg yolk proteins), which are then 

deposited as yolk granules (Arukwe and Goksoyr, 2003; Bailey et al., 2004; Carnevali et al., 

1999; Davail et al., 1998; Hiramatsu et al., 2002; King et al., 2008; Maitra et al., 2007, Nath 

et al., 2007; Penning et al., 1977; Wallace and Begovac, 1985 and Wiley and Wallace, 1981). 

The main function of egg yolk is to provide the energy requirements and maintenance of the 

growing oocyte, but other functions of vtg include being a carrier for hormones and metal 

ions required to provide minerals to the developing embryo (Arukwe and Goksoyr, 2003; 

Won et al., 2005). Recent reports by Liu et al. (2008) also indicate that vtg plays a role as a 

recognition molecule in the antibacterial defences of Carp (Cyprinus carpio). 

 

To gain a deeper understanding on the process of vitellogenesis, studies have been carried 

out in an attempt to purify vtg from the plasma of different fish species. Nilsen et al. (2004) 

purified vtg from Carp and Medaka, using methods such as selective precipitation, anion 

exchange chromatography, gel permeation chromatography and SDS-PAGE analysis. Results 

obtained from this study indicate that Carp and Medaka vtg are approximately 150 and 130 

kDa in size, respectively. Reports from Song et al. (2008) on Senegalese Sole purified using 

immunoaffinity methods show that the vtg of this particular species is 160 kDa in size. 

Manhor et al. (2005) concluded that catfish vtg purified using anion exchange resulted in a 

protein that was 200 kDa in size.  

 

1.7.2 Fish vitellogenin as a biomarker for environmental pollution 

  

The measurement of estrogen induced changes in fish vitellogenin, is a sensitive biomarker 

for the detection of estrogenic and anti-estrogenic like chemicals such as oestradiols, 

phthalates and alkyl-phenols, which have undesirable effects on the development and  
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reproduction process and sexual maturation in fish (Hansen et al., 2001; Rodas-Oritz et al., 

2008; Zhang et al., 2004). 

 

 The process of vitellogenin induction by xenoestrogens is not fully understood, but there has 

been evidence of transcriptional activation via competetitive receptor-ligand interaction 

(Kloas et al., 2000; Nicolas, 1999; Nimrod and Benson, 1997; Soverchia et al., 2005; 

Tenniswood et al., 1983; Ternes et al., 1999; Yadetie et al., 1999). The use of vitellogenin as 

a biomarker for environmental pollution is well established (Table 1.3). Studies on 

vitellogenin induced effects on different fish species around the world confirm the 

importance of using vtg as a tool for the detection of aquatic pollutants in both laboratory and 

field studies (Gagnaire et al., 2009).  
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Table 1.3: Studies on vitellogenin induced effects on different fish species, by xenoestrogens 
  

Species Common name  Compound Reference 

 

Carassius auratus 

 

Gold fish  

 

Bisphenol-A 

 

Ishibashi et al., 2001 

 

Danio rerio 

 

Zebra fish  

 

Metazachlor 

17-α-ethinylestradiol 

 

 

Jurcikova et al., 2007 

Orn et al., 2006 

Lates calcarifer  

Acanthopagrus butcheri  

Tropical Barrmundi  

Black Bream  

 

17-β-estradiol 

 

 

King et al., 2008 

 

Platichythys flesus 

 

European Flounder 

 

Sewage effluent 

 

Lye et al., 1997 

 

Dicentrarchus labrax 

 

Sea Bass 

 

Estradiol 

 

Mananos et al., 1994 

 

Gadus morhua  

 

Atlantic Cod  

 

Alkylphenols 

 

Meier, 2007 

 

Salmo salar 

 

Atlantic Salmon  

 

Nonylphenol 

 

Meucci & Arukwe, 2005 

Yadetie et al., 1999 

 

Pimephales promelas 

 

Fathead Minnows 

 

17-β-estradiol  

 

Miles-Richardson et al, 1999 

 

Oryzias laptipes  

 

 Japanese Medaka  

 

17-β-trenbolone 

 

Orn et al., 2006 

 

Paralichthys californicus 

 

California Hailbut  

 

Estrogen  

 

Palumbo et al., 2007 

 

Oreochromis niloticus 

 

Nile Tilapia  

 

Organochlorine 

pollutants 

 

Rodas-Oritz et al., 2008 

 

Micropogonias undulates 

 

Atlantic Croaker  

 

Arclor 1254 

 

Thomas, 1989 
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1.8 Ecotoxicological bioassays for CYP1A and vitellogenin determination 

in fish 

 

1.8.1 Bioassays  

 

Bioassays are employed in ecotoxicological monitoring systems, as tools to investigate the 

potential toxicological effects different pollutants have on living organisms (Fent, 2001; 

Schlenk, 1999). Bioassays are often categorized according to the test matrices and test 

species that are being studied (Losso and Ghirardini, 2010). When conducting toxicological 

assays using test species, it is important to understand that the observed results for one 

species may not necessarily be valid for a different species. The variation in toxicological 

assays may be due to a number of factors including genetic variation and physiological 

differences, therefore, the development and validation of bioassays for different species is 

very important in ecotoxicological assessments (Van Der Oost et al., 2003). To date several 

systems have been developed to determine the effects of EDCs on different fish species 

(Sanchez and Porcher, 2009; Shao et al., 2005) 

 

1.8.2 Vtg 

 

Amongst several assays utilized for vtg detection, the most widely employed are direct 

assays. Studies carried out using these techniques have shown that these methods are 

successful in demonstrating the effects of estrogenic compounds. Vtg can be detected by 

enzyme linked immunosorbent assay (ELISA), western blot analysis (Jensen and Ankley, 

2006; Okoumassoun et al., 2002; Prakash et al., 2007; Scott et al., 2006; Sherry et al., 1999; 

Tsukimura et al., 2000; Watts et al., 2003), radioimmunoassay and Vtg/Zrp mRNA 

determination through DNA hybridization (Bulukin et al., 2007; Navas et al., 2006; Rees et 

al., 2003). Even though the direct assays are specific and sensitive they are limited by the 

cost, time and the expertise required to perform the assays (Kashiwada et al., 2002; Liao et 

al., 2006). Assays that have been developed and validated for vtg are shown in Table 1.4. 

Although there are various ways to detect vtg induction, the most popular method employed  
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by researchers is the ELISA method, due to its high degree of specificity and its ability to 

measure absolute (quantitative ELISA) or relative  (semi-quantitative) values (Navas and 

Segner, 2006).  

 

Table 1.4:  Vtg bioassays developed and validated for different fish species  

 

Species Common name Vtg bioassay Reference 

 

Pimephales promelas 

 

Fathead Minnow 

 

ELISA 

 

Parks et al., 1999 

 

Misgurnus 

angaillicaudatus 

 

Chinese Loach 

 

ELISA 

 

Shao et al., 2005 

 

Zoarces viviparous 

 

Eelpout 

 

ELISA 

 

Korsgaard & 

Pedersen, 1998 

 

Salvelinus alpines 

 

Artic Char 

 

ELISA 

 

Johnsen et al., 1999 

 

Cyprinus carpio 

Perca fluviatilis 

 

Carp 

Perch 

 

ELISA 

 

Hennies et al., 2003 

 

Danio rerio 

 

Zebra fish 

 

ELISA 

 

Fenske et al., 2001 

 

Pimephales promelas 

 

Fathead Minnow 

 

Dot Blot analysis 

 

Parks et al., 1999 

 

Cichlasoma dimerus 

 

Cichlid 

 

Immunocytochemistry 

 

Moncaut et al., 2003 

 

Misgurnus 

angaillicaudatus 

 

Chinese Loach 

 

Western blot analysis 

 

Shao et al., 2005 

 

Cyprinus carpio 

 

Koi Carp 

 

Quartz crystal 

microbalance assay 

 

Oshima et al., 2005 
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1.8.3 CYP1A 

 

The direct assays mentioned above (Section 1.8.2) are all techniques that can also be utilized 

for CYP1A, but the most commonly employed and well established indirect strategy 

(optimized protocol) used to determine the induction of CYP1A is the measurement of 

CYP1A mediated EROD (7-ethoxyresorufin-O-deethylase) activity (Zapata-Perez et al., 

2005). The EROD assay is extremely sensitive and relatively inexpensive (Forlin et al., 

1995). The EROD assay demonstrates the effect of the uptake of toxic planar compounds in 

fish, whether the presence of these agents have been analytically detected or not 

(Abrahamson et al., 2007; Beyer and Goksoyr et al., 1993; Burgeot et al., 1994; Eggens et 

al., 1996; Galgani et al., 1991, Hoeger et al., 2004). EROD activity is measured in the 

presence of nicotinamide adenine dinucleotide phosphate (NADPH) which initiates the 

CYP1A-mediated deethylation of the substrate 7-ethoxyresorufin (7-ER) for the production 

of resorufin (Figure 1.7), the product is measured using fluorimetry, spectrophotometry or 

high pressure liquid chromatography (HPLC) (Pikkarainen et al., 2006; Stagg and Addison, 

1994). 

 

 

 
 

Figure 1.7: The 7-ethoxyresorufin-O-deethylase assay principle (Kennedy et al., 1995) 

  

 

The development and validation of the EROD assay for the detection of the pollutant effects 

in various fish species dates back to 1981, with Goddard et al. (1981) investigating CYP1A 

induction in freshwater viviparous fish (Poecilliopsis lucida and Poecilliopsis monacha) 

using the EROD assay. Further advancements into this technique lead to the adaptation of the  

ETHOXYRESORUFIN RESORUFIN 
CYP1A O2 H 2O 

NADPH NADP+ 
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EROD assay into a microtitreplate technique (Grzebyk and Galgani, 1991). Kruner and 

Westerhagen (1999) employed the microtitre method developed by Grzebyk and Galgani 

(1991) in their research to optimize the assay conditions for the fish species Limanda 

limanda (dab). The long term studies that were conducted used the EROD assay as an early 

warning sign for pollution detection on the Limanda species in the German Bight (Kammann 

et al., 2000). Other studies included a long term study conducted by Burgeot et al. (1994) 

who evaluated the biological effects of chemical pollutant exposure on the fish species 

Callionymus lyra, Limanda limanda and Mullus barbatus using the EROD microtitre plate 

assay. This assay has been developed and optimized for several tissues in different fish 

species (Table 1.5). 
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Table 1.5: Studies using the EROD assay as a bioassay for pollution detection in different fish species 

  

Species  Common name  Tissue Reference 

 

Limanda limanda 

Platichthys flesus 

 

Dab 

Flounder 

 

Muscle 

Liver 

 

Westerhagen et al., 1999 

 

Oncorhynchus mykiss 

 

Rainbow trout 

 

Gill 

 

Carlsson et al., 1999 

 

Oncorhynchus mykiss 

 

Rainbow trout 

 

Gill epithelium 

 

Carlsson & Part, 2001 

 

Leuciscus cephatus 

Gobio gobio 

 

Chub 

Gudgeon 

 

Liver 

Gonads 

 

Flammarion & Garric, 

1999  

 

Oncorhynchus mykiss 

 

Rainbow trout 

 

Pituitary cell lines 

 

Tom et al., 2001 

 

Liza saliens  

Solea vulgaris 

 

Leaping mullet 

Common sole 

 

Liver 

Liver 

 

Arinc & Sen, 1999 

 

Oncorhynchus mykiss 

 

Rainbow trout  

 

Liver cell lines 

 

Bols et al., 1999 

 

Oncorhynchus mykiss 

 

Rainbow trout  

 

Liver cell lines 

 

Babin et al., 2005 

 

Ctenopharyngodon 

idellus 

 

Grass carp 

 

Cultured hepatocytes  

 

 

Wan et al., 2004 

 

Oncorhynchus mykiss 

 

Rainbow trout 

 

Cultured hepatocytes  

 

Jos et al., 2007 

 

Scophthalmus maximus 

 

Turbot 

 

Bile 

 

Camus et al., 1998 

 

Rhombosoleu tapirina 

 

Greenback flounder 

 

Liver  

 

Mondon et al., 2001 
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1.9 Merluccius capensis and Merluccius paradoxus  

 

Merluccuis capensis and Merluccuis paradoxus (Cape hake) also referred to as shallow and 

deep water hake, respectively, belong to the family Gadidae and co-inhabit Namibian and 

South African waters (Von der Heyden et al., 2007). Their geographical distribution is 

associated with the Benguela Current system (17° 30’S-29° 30’S) (Grote et al., 2007).  

 

M. capensis and M. paradoxus are morphologically similar and differences which separate 

them, for example; differences in the number of vertebrae and the pigmentation of the gill 

rakers are very minor, therefore, the two species are often considered as one stock (Figure 

1.8) (Gordoa et al., 2000; Mas-Riera, 1991). M. capensis occurs predominantly at a depth of 

400 m and is the most abundant species off the coast of Namibia and the south coast of South 

Africa (Gordoa et al., 2006). The distribution of M. paradoxus overlaps with the region 

inhabited by M. capensis, however, M. paradoxus is found at a depth of approximately 150-

500 m.  M. paradoxus is predominantly found along the west coast of South Africa (Figure 

1.9) (Gordoa et al., 2006).  

 

 
 

 

 
 

Figure 1.8: Diagnostic features of M. capensis and M. paradoxus. M.capensis: 54-58 vertebrae, colouration: 

dark brown with white belly; M.paradoxus: 48 vertebrae, colouration: lead grey with white belly. (adapted from 

Food and Agriculture Organisation of the United Nations, 2008) 

M. paradoxus  

M. capensis 
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Figure 1.9: Maps indicating the distribution of M.capensis and M. paradoxus (adapted from Food and 

Agriculture Organisation of the United Nations, 2008)  

 

 

This difference in the distribution and abundance of Cape hake is related to variations in 

temperature and oxygen (habitat preference)5 (Von der Heyden et al., 2007) M. 

capensis/paradoxus are migratory species, which migrate seasonally and exhibit vertical 

migration i.e. they are demersal during the day and nektonic at night (Gordoa and 

Macpherson, 1991). The peak spawning seasons occur during February, March and 

September, at which time the passive transport of pelagic eggs and larval stages occurs due to 

the Benguela and Agulhas Current (Rikhter and Golubiatnikova, 1997). 

 

Both hake species spawn in midwater, with spawning occurring predominantly during early 

summer and a second spawning period occurring during late summer (August)6. M. 

paradoxus spawning occurs mainly along the edge of the Agulhas Bank, however, reports 

have indicated that spawning also takes place west of St. Helena Bay and off central Namibia 
7. M. capensis spawn at depths between 160-250 m off central Namibia, with spawning 

                                                
5 De Beers Marine Namibia (PTY) Ltd environmental impact assessment 2007 
 
6 Government Gazette of the Republic of Namibia 2001. Regulations relating to the exploitation of marine     
resources. Windhoek, Namibia No. 2591 
7 FAO Fisheries Report No. 695 2002 

Distribution of M.capensis Distribution of M.paradoxus 
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 taking place in shallower waters (Powers et al., 2004). The egg and larval populations of 

both species are concentrated inside the 200 m isobath, around the depth of the thermocline 

(Heyen et al., 2007; Voges et al., 2002). Juvenile M. capensis inhabit the entire Namibian 

coast but are more concentrated off Walvis Bay while M. paradoxus juveniles are most 

abundant off the Orange River and towards the extreme south to Cape Columbine (Grote et 

al., 2007; Heyden et al., 2007). 

 

Cape hake are opportunistic predators which display a feeding pattern that is seasonally and 

spatially variable (Gordoa and Macpherson, 1991). Cape hake feed at the bottom and in 

midwater, with juvenile M. capensis and M. paradoxus feeding mainly on crustaceans, 

pelagic gobies and lanternfish. Adult diets are compromised of epipelagic fish, squid, mysids 

and euphasiids 3; however, there has been evidence of cannibalism in larger fish (Shannon et 

al., 2003).  The variability in their diet makes these two species highly important predators in 

the Benguela system, with the annual consumption by Cape hake reaching approximately 6 

million tons in South African and Namibian waters 4.  

 

The role of hake in the aquatic food web, in terms of energy transfer from lower to higher 

trophic levels, means the study of pollution effects on these organisms is of great ecological 

relevance.  
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Chapter 2: Aims, objectives and hypothesis 

 

2.1 Problem statement and motivation  

 

The potential endocrine disruptive effects that may be caused by the release of different 

types of sewage effluent into the ocean on the Cape hake is of great concern, as Cape 

hake is the most valuable fish resource in Namibia. Economically, Cape hake represent 

one third of world fish stocks, with approximately 150 000 tons of stock being harvested 

yearly (Voges et al., 2002). In addition, several marine top predators are dependent on 

hake as an energy source. Contaminant-induced impacts on fish populations could be 

associated with decreased food availability for these top predators, and in turn impact 

several other marine animals8. Studies on the effect of EDCs on the Merluccius species 

are also extremely limited (Mihailovic et al., 2006).  

 

Although several studies have established the impact of EDCs on different fish species 

(Arukwe et al., 1998; Porte et al., 2006; Rees et al., 2003; Zapata-Perez et al., 2005) this 

effect has not been demonstrated in practice by De Beers Marine Namibia. This 

highlights the importance of this project in terms of demonstrating possible biological 

impacts on the biophysical environment, and in future recommending an approach for 

managing discharges into the marine environment. 

 

2.2 Hypotheses  

 

2.2.1  Sewage effluents discharged into the aquatic environment from De Beers Marine   

(PTY) Namibia mining vessel operations contain compounds which effect the 

induction of CYP1A in Cape hake.  

 

 

                                                
8 Namdeb Diamond Corporation (PTY) Ltd Environmental programme I/II 1997 
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2.2.2  Vitellogenin can be successfully purified from Cape hake and detected via 

 western blot analysis  

 

2.3 Aims and Objectives 

 

The induction response of the biotransformation enzyme, cytochrome P450 1A (CYP1A), 

in fish is often used as a biomarker for the detection of pollutants in marine environments 

(Goksoyr and Forlin, 1992). Biochemical methods such as western blot analysis and the 

CYP1A-mediated ethoxyresorufin deethylase (EROD) assay are commonly employed 

techniques used to assess possible contaminant effects. The aims of this project were: 1) 

to isolate CYP1A from fish liver samples and to optimize the conditions for the 

biochemical techniques mentioned above in the fish species Merluccius capensis/ M. 

paradoxus (Cape hake) 2) to evaluate potential endocrine disruptive effects in Cape hake 

samples, obtained from the De Beers Marine Namibia mining area on the induction of 

CYP1A 3) to purify a second biomarker also commonly used in the detection of 

estrogenic pollutants, vitellogenin (vtg), from blood samples obtained from the Cape 

hake samples, and 4) to optimize the western blot technique for vitellogenin detection in 

Cape hake. 
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Chapter 3: Preliminary fish studies 

 

3.1 Introduction 

 

Aquatic environments are recipients for a variety of natural and anthropogenic chemicals. 

Evidence for the presence of endocrine disrupting chemicals (EDCs) and their impact on 

aquatic organisms is well documented (Mills and Chichester, 2005). Fish models have 

played a significant role in toxicological studies used to assess the state of aquatic 

environments (Raisuddin and Lee, 2008; Winn, 2001). The use of fish models when 

investigating the effect of EDCs is advantageous, because: 1) these organisms are in 

constant contact and directly affected by a variety of chemicals which have potential 

endocrine disruptive capacities (Sebire et al., 2008) 2) from an economic standpoint, 

several fish species are important in large commercial fishery and aquaculture industries 

(Mills and Chichester, 2005) 3) different fish species pose great ecological relevance and 

rapid feedback on the effects of contaminants can be obtained over the whole life cycle of 

an organism (Pritchard, 1993) and 4) using fish models has proven to be cost effective 

and less time consuming (Raisuddin and Lee, 2008; Winn, 2001).  

 

Although the focus of this study was on Merluccius capensis and Merluccius paradoxus 

(Cape hake), preliminary studies were conducted on the fish species Pomatomus saltatrix 

(Blue fish) and Mesopristes argenteus (Silver Grunter) to optimize purification protocols 

for cytochrome P450 monooxygenase (CYP1A) and vitellogenin (vtg) (while awaiting 

the arrival of Cape hake samples). P. saltatrix is a pelagic fish species which inhabits 

warm, temperate and cool continental shelf waters (Silvano and Begossi, 2005). M. 

argenteus are benthopelagic perch like fish which inhabit inshore marine and brackish 

waters (Vari, 1978). 
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CYP1A was obtained from liver samples using differential centrifugation. Vtg 

purification involved the selective precipitation of plasma samples and anion-exchange 

chromatography.  

 

3.2  Methods  

 

3.2.1 Materials  

 

Please refer to the chemical list in Appendix II for all materials and chemical suppliers 

used in this study.   

 

3.2.2 Fish sampling, dissection and sample preparation  

 

Frozen fish samples were obtained from St. Francis Bay area, Eastern Cape, South Africa 

(P.saltatrix n = 4, M. argenteus n= 1). Sample sizes were not uniform because these were 

the only fish samples available at the time of this study. Samples were thawed at 

approximately 4°C after which time, the total length (cm) and weight (g) of each fish was 

measured to determine Fulton’s condition factors (CF). Livers (weight noted in g) were 

excised and blood volumes between 0.4-0.7 ml were drawn from the heart, using cold 

heparinized syringes (5U/ml) (Figure 3.1). Samples were stored at -20°C until further 

analysis. 
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3.2.3 Partial purification of cytochrome P450 monooxygenase (CYP1A)   

 

Liver preparations were carried out using a modified protocol of Nilsen et al. (1998). All 

preparations were carried out at 4°C. Liver samples (1.13-3.16 g) were homogenized in a 

Waring commercial blender in 1:4 (w/v) homogenization buffer (10 mM HEPES, 1 mM 

DTT, 1 mM EDTA, 20% (v/v) glycerol) at pH 7.4. The post mitochondrial fraction 

(supernatant 1/S1) was obtained by centrifuging the homogenate at 12,000 × g for 20 

minutes in a Beckman Coulter J2-21 Avanti® J-E centrifuge. Supernatant/(S1) was 

centrifuged again at 40,000 × g for 2 hours  to obtain the microsomal fraction/pellet 2 

(P2), which was resuspended in 1:1 (w/v) resuspension  buffer (50 mM Tris, 1 mM DTT, 

1 mM EDTA, 20% (v/v) glycerol), pH 7.4. Fractions were retained and stored at -20°C 

A
B

1

2

3

A
B

11

22

33

 
 

Figure 3.1: Demonstration of dissection protocol on P. saltatrix (2.6 cm) used to retrieve liver and 

blood samples.  1: incision one, 2: incision two, 3: incision three, A: heart, B: Liver. Image was 
retrieved using a Canon SX 100 camera, October 2008. 
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for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis and 

protein determination was carried out using the Bradford assay (Bradford, 1976; Laemlli, 

1970; Sole et al., 2009).  

 

3.2.4 Vitellogenin purification  

 

Vitellogenin purification was carried out as described by Perez and Callard (1992). All 

preparations were carried out at 4°C. Blood samples were transferred from heparinized 

syringes (5U/ml) to microcentrifuge tubes and centrifuged at 5,000 rpm for 5 minutes in a 

Biofuge Pico Heraeus centrifuge. The resultant supernatant (plasma) was added to 1:4 

(v/v) phosphate buffered saline (PBS) (1% PBS, 1 mM PMSF). Plasma samples were 

selectively precipitated with 0.02 M ethylene diamine-tetra acetic acid disodium salt 

(EDTA, pH 7.7) and 0.5 M magnesium sulfate(MgCl2, pH 7.7) and centrifuged at 2,500 

× g for 5 minutes. The resultant pellet was resuspended in 50 mM Tris-HCl buffer 

containing 1 M NaCl, pH 7.5. The sample was subsequently centrifuged at 2500 × g for 

30 minutes to remove any cellular debris present and the resultant supernatant was 

retained and added to 25 ml ice cold dH2O containing 1 mM 

phenylmethanesulfonylflouride (PMSF). The mixture was then incubated for 24 hours at 

4°C, after which time it was centrifuged at 2,500 × g for 15 minutes.The pellet was 

resuspended in 50 mM Tris-HCl (pH 7.5) containing 1 M NaCl, and dialyzed against 50 

mM Tris-HCl (pH 7.5) for 24 hours.  

 

A 100 µl of dialyzed sample was subjected to anion exchange chromatography on a 

DEAE-cellulose column (Sigma-Aldrich, South Africa, D6418). The column (column 

dimensions: 5 ×3.4 cm) was equilibrated with 50 mM Tris-HCl, pH 7.5. The stepwise 

elution of vitellogenin was carried out using a NaCl gradient between 0 and 0.3 M. All 

samples were retained for protein determination and SDS-PAGE analysis.  
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3.2.5 SDS-PAGE analysis 

 

SDS-PAGE was carried out according to the Bio-Rad, Mini-Protean® 3 cell instruction 

manual originally described by Laemlli (1970). This method was used to assess the purity 

of the sample after each purification step. Protein sample (10 µl) was added to 20 µl of 

SDS reducing buffer (0.5 M Tris-HCl, pH 6.8, 10% (w/v) SDS, 0.5% (w/v) bromophenol 

blue, 0.3% glycerol, 0.05% β-mercaptoethanol). Samples were incubated in a LABNET 

dry bath at 100°C for five minutes. Samples were then resolved in an acrylamide 

resolving gel and SDS-PAGE was run at 150 V in 1× SDS running buffer ( 3.0% (w/v) 

Tris, 14.4% (w/v) glycine, 1% (w/v) SDS, pH 8.3) for approximately 45 minutes using a 

Bio-Rad power pacTM basics. Protein bands were visualized using Coomassie Brilliant 

Blue (0.1% (w/v) Coomassie Brilliant Blue® R-250, 45% (v/v) methanol, 10% (v/v) 

acetic acid). When protein concentrations were lower than 0.1 mg/ml, gels were stained 

using Page SilverTM (Fermentas, South Africa).  

 

3.2.6 Page silver staining  

 

Silver staining was conducted according to Fermentas Page SilverTM Silver Staining Kit. 

All procedures were carried out at 23°C. Gels were incubated in gel fixing solution 1 

(50% (v/v) ethanol, 10% (v/v) acetic acid) overnight to fix proteins to the gel matrix, 

prevent any protein diffusion and to remove any ions from the electrophoresis step that 

may interfere with the staining protocol. Each step was followed by a washing step, in 

which gels were agitated in dH2O for 1 minute. Gels were then incubated in gel fixing 

solution 2 (30% (v/v) ethanol) for 60 minutes, removing the acetic acid from the first step 

and assisting in protein fixation to the gel matrix. Sensitizing solution (0.4% (v/v) 

sensitizing concentrate) was added and the gels were agitated for 1 minute. This step was 

used to enhance the sensitivity and contrast of the staining procedure. The sensitizing step 

was followed by staining the gels in staining solution (4% (v/v) staining reagent, 0.054% 

(v/v) formaldehyde) for 20 minutes. Gels were developed in developing solution ( 0.01% 

(v/v) sensitizing concentrate, 10% (v/v) developing reagent, 0.027% (v/v) formaldehyde) 



Chapter 3: Preliminary fish studies  
 

 34 

until protein bands were sufficiently resolved (5-10 minutes) at which point development 

was halted by incubating gels in stop solution (8% (v/v) stop reagent) for approximately 5 

minutes.  

 

3.2.7 Bradford assay 

 

Protein concentration in different samples was determined using a modified method of 

Bradford (1976). A lower (0-0.12 mg/ml) and higher (0-1.60 mg/ml) range standard 

curve was generated using bovine serum albumin as a reference protein (Appendix I), in 

order to quantify the protein concentration in samples. A 25 µl (high range)/ 10 µl (low 

range) sample aliquot was added to 225 µl (high range)/ 240 µl (low range) Bradford’s 

reagent. Samples were incubated at 23°C for 5 minutes. Results were obtained at 595 nm 

using a Powerwavex spectrophotometer with KC junior software. 

 

3.2.8 Concentration of protein samples 

 

Samples with very low protein concentrations (below 1 µg/ml) were further concentrated 

to approximately 1-10 µg/ml using acetone or trichloroactetic acid precipitation to obtain 

better resolution on SDS-PAGE gels. These procedures were run according to Bollag et 

al.  (1996). Samples were acetone precipitated by adding 1 ml ice cold acetone to 200 µl 

of protein sample. Samples were then vortexed using a Chiltern deluxe vortex mixer 

MT19 and incubated at -20°C for 10 minutes. Incubated mixtures were centrifuged at 13 

000 rpm for 5 minutes in a Heraeus picobiofuge desk top centrifuge. The supernatants 

were discarded and remaining pellets were air dried until all the acetone had evaporated. 

Pellets were resuspended in 10 µl of the appropriate buffer (CYP1A: resuspension buffer, 

vtg: 50 mM Tris-HCl buffer, pH 7.5). TCA precipitation was carried out by adding 1 ml 

of protein sample to 0.15% deoxycholate-trichloroacetic acid (DOC-TCA), samples 

mixtures were vortexed and incubated at 23°C for 10 minutes. Trichloroacetic acid 

(100%) was then added to samples and the mixtures were vortexed again and spun at 

10,000 × g for 5 minutes. The supernatant was removed and the pellet was resuspended 

in 50-100µl sodium hydroxide (0.1 M).  
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3.3 Results 

 

3.3.1 Fulton’s condition factor (CF)  

 

The biological parameters of fish samples collected are indicated in Table 3.1. Fulton’s 

condition factor is an index used to estimate the physiological condition of a fish (Table 

3.2). It is based on the theory that fish with a certain weight: length ratio are in better 

physiological condition (Anene, 2005). This index is highly influenced by environmental 

factors and therefore gives useful insight into the status of the ecosystem which the fish 

inhabit (Ballon et al., 2008).  Condition factors were calculated using the following 

equation. 

 

K= W/L3* 100 

Where K is the condition factor, W is the weight (g) and L is the length (cm3)9 
 

 

 

 

Table 3.1: Biological data of fish samples, P. saltatrix and M. argenteus 
 

Fish species Sample number Weight (g) Liver weight (g) Length (cm) Blood volume (ml) 

 

P. saltatrix 

 

1 

 

452.2 

 

2.8 

 

26.0 

 

0.4 

 2 456.0 3.2 25.5 0.3 

 3 397.3 2.6 29.2 0.7 

 4 389.1 1.1 27.0 0.7 

M. argenteus 1 480.0 0.6 33.0 1.0 

 
 

 

                                                
9 Canada department of fisheries and oceans animal-user training template  
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Table 3.2: Condition factors (CF) for different fish samples  
 

Fish Species Sample number CF (K) 

 

P. saltatrix 

 

1 

 

2.5 

 2 2.7 

 3 1.6 

 4 2.0 

M. argenteus 1 1.3 

 

 

3.3.2 Partial purification of cytochrome P450 (CYP1A) monooxygenase  

 

After subcellular fractionation was conducted on liver homogenates, samples were 

analyzed using SDS-PAGE, shown in Figure 3.2, to determine whether CYP1A had been 

successfully isolated.  
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SDS-PAGE analysis of PMS and MS fractions in P. saltatrix displayed four feint bands 

of approximately 50 kDa, 45 kDa, 35 kDa and 30 kDa in the MS fraction (Figure 3.2A). 

No apparent bands were observed in the PMS fraction. Results for M. argenteus 

demonstrated the presence of 3 bands of approximately 50, 40 and 15 kDa in both PMS 

and MS fractions (Figure 3.2B).  

 

3.3.3  Vitellogenin purification  

 

Lanes 2-8 in Figure 3.3A and B, show the SDS-PAGE profiles of different fractions 

collected at each purification step before anion exchange chromatography. Elution 

profiles for M. argenteus and P. saltatrix samples, after DEAE-cellulose 

chromatography, are presented in Figure 3.4. 
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Figure 3.2: SDS-PAGE profiles of post-mitochondrial (PMS) (lane 2) and microsomal pellet fractions 

(lane 3) in (A) P. saltatrix and (B) M. argenteus. Peqgold molecular weight marker (Optima Scientific, 

South Africa) (lane 1).  *Trichloroacetic acid precipitation was carried out on (A) to obtain a better 
resolution on the gel. 1 % Resolving gel.  
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The SDS-PAGE profile obtained from the purification of vtg in P. saltatrix showed the  

 

The SDS-PAGE profile obtained from the purification of vtg in P. saltatrix showed the 

presence of several protein bands in lane 4, 5, 6 and 8 with molecular weights > 200 kDa, 

and 85, 70, 50 kDa and below (Figure 3.3*1). Results for M. argenteus corresponded to 

those found in P. saltatrix with the exception of the protein band > 200 kDa (Figure 

3.3*2).  

 

The chromatographic profiles for P. saltatrix and M. argenteus showed the presence of 

several major peaks for M. argenteus and one major peak with several smaller peaks for 

P. saltatrix. Peak fractions were pooled, precipitated with acetone and subjected to 7% 

SDS-PAGE and stained with Page silverTM (data not shown). The protein in each pooled 

fraction, however, was too low and could not be visualized. 
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Figure 3.3: SDS-PAGE (7% resolving gel) profiles of vitellogenin purification steps (A) 

Centrifugation of blood samples to obtain plasma (B) Selective precipitation with MgCl2/EDTA (C) 

O/N incubation in dH2O containing 1mM PMSF, in *1: P. saltatrix (stained with PageSliverTM , 

Fermentas, South Africa) and *2: M. argenteus (stained with Comassie Brilliant Blue, Sigma-Aldrich, 

South Africa). Lane 1: PeqGold molecular weight marker; Lane 2: Crude; Lane 3: supernatant 1; Lane 

4: pellet 1; Lane 5: supernatant 2; Lane 6: pellet 2; Lane 7: supernatant 3; Lane 8: pellet 3.  
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Figure 3.4:  A chromatographic profile of vitellogenin purification in (A): M. argenteus and 

(B): P. saltatrix. The sample (100 µl) was subjected to anion exchange chromatography using a 
DEAE-cellulose column (5 × 3.4 cm) (Sigma-Aldrich, South Africa). Samples were eluted in 
Tris-HCl (50 mM, pH 7.5) with a stepwise NaCl gradient of 0-0.3 M at a flow rate of 1 ml/min. 
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3.4 Discussion 

 

3.4.1 Fulton’s condition factor (CF)  

 

Fulton’s condition factor (K) was employed to asses the general physiological condition 

of the fish species, P. saltatrix and M. argenteus. The Fulton’s condition factor is an 

index which assumes that heavier fish (high K value) are in better physiological condition 

than lighter fish of the same length (low K value) (Jenkins, 2004). Studies on condition 

factors in P. saltatrix and M. argenteus are limited. According to condition factor studies 

conducted by Barnham and Baxter (1998) on the salmoid fish species, a K value between 

1.4-1.6 is indicative of a fish in good physiological condition, whereas a K value of 

between 0.8-1.0 indicates that the fish are in poorer condition. Results presented in Table 

3.2 indicate that all CF values lay within a narrow range with K values ranging from 1.4-

1.6. It can, therefore, be assumed that all fish were in a good physiological condition, 

although this cannot be stated with complete certainty, as this is a general index which is 

susceptible to high degrees of variability (Robinson et al., 2008).  

 

3.4.2 Partial CYP1A purification 

 

Studies previously carried out on fish species indicate the presence of CYP1A in the post 

mitochondrial supernatant (S1) and/or the microsomal fraction (P1) with observations 

indicating that CYP1A protein has a molecular weight ranging between 45-60 kDa 

(Goksoyr and Forlin, 1992). The results presented in Figure 3.2 are consistent with 

published literature. This purification protocol was selected for M. capensis and M. 

paradoxus (Cape hake) without any modifications. It is important to note that the focus of 

the preliminary studies was purely on the microsomal preparation of CYP1A from fish 

liver, although it can be speculated that CYP1A was successfully isolated. When working 

with Cape hake these results had to be confirmed by dot blot analysis (See Chapter 4, 

Section 4.3.3).  
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3.4.3 Vtg purification  

 

SDS-PAGE analysis (Figure 3.3) from the initial vtg purification steps (before anion 

exchange chromatography) indicated the presence of two major bands at > 200 and 170 

kDa, respectively, as well as several bands of lower molecular mass. The results 

presented here are consistent with several previous studies. Guzman et al. (2008) reported 

the size of vitellogenin in Senegalese sole (Solea senegalensis) to be approximately 172 

kDa. Also, results from vtg purification studies undertaken on Chinese rare minnow 

indicated two major bands at above 200 kDa as well as 170 kDa (Song et al., 2008). 

Although anion exchange chromatography resolved several elution peaks in both fish 

species (Figure 3.4), no SDS-PAGE profiles were obtained. Considering vtg is very 

sensitive to proteolytic cleavage (Song et al., 2008) coupled with the low volume of 

blood samples to fish samples arriving frozen, the likelihood of vtg being lost during the 

anion exchange procedure was very high. This would explain why no protein bands were 

resolved during SDS-PAGE analysis. Reports by Arukwe et al.  (1997) and Silversand et 

al. (1993) suggested the addition of proteolytic inhibitors such as aprotinin at the start of 

the purification process and the use of consistently low temperatures to prevent vtg 

degradation. When conducting the study on Merluccius capensis/ M. paradoxus (Cape 

hake), the DEAE-Cellulose column was substituted with a HiTrap Q HP column (strong 

anion exchange resin) and protein separation was carried out using Fast Protein Liquid 

Chromatography (FPLC), which reduced the purification time. Song et al. (2008) noted 

that vtg begins to degrade ~ 64 minutes into the purification process.  
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3.5 Conclusions 

 

Results observed for the partial purification of CYP1A and purification of vtg allowed 

the following conclusions:  

 

 The fish samples, P. saltatrix and M. argenteus were in good physiological 

condition according to Fulton’s condition factor (K).  

 

 The method employed for CYP1A isolation was successful and could be used to 

obtain CYP1A in Cape hake samples. 

 

 Vtg was possibly lost due to proteolytic cleavage (no SDS-PAGE profiles were 

obtained) during the anion exchange step of purification. This protocol would be 

modified for vtg purification in Cape Hake. 

 

Preliminary fish studies allowed insight into purification techniques employed for Cape 

hake. This study provided the foundation for subsequent studies presented in the 

following Chapters. 
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Chapter 4: Cytochrome P450 monooxygenase 1A 

 

4.1 Introduction 

 

The release of anthropogenic chemicals into aquatic environments has recently been 

reported to be the main cause of reduced reproductive success and increased mortality in 

several fish species (Ariese et al., 1993; Sanchez et al., 2008; Wozny et al., 2008). Zabel 

et al. (1995) confirmed the link between embryo mortality and cytochrome P450 

monooxygenase (CYP1A) induction as a direct effect of the congeners 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) in Japanese medaka and Rainbow trout. Fish have 

the ability to accumulate chemicals, either by direct uptake via their gills (accumulation 

of the toxins occurs mainly in the gill pillar cells, the heart endothelium and general 

vasculature) and/or the ingestion of contaminated prey (toxins accumulate mainly in the 

gut mucosal epithelium) (Aubry et al., 2005; Escartin and Porte, 1999; Pina et al., 2007; 

Van Veld et al., 1997). Merluccius capensis and Merluccius paradoxus were used in this 

study as indicator species of chemical contamination within the ecosystem they inhabit. 

The use of biomarkers poses an advantage to the use of analytical chemistry for the 

detection of pollutants in the aquatic environment, because a wide range of varying 

chemicals at different concentrations are introduced into this environment, making 

analytical detection very costly and highly difficult (Vindimian and Garric, 1989). 

 

Cytochrome P450s are a superfamily of heme containing proteins which regulate 

metabolism of several endogenous and xenobiotic compounds (Hahn et al., 1993). The 

function of this family of enzymes influences the susceptibility of these systems to the 

effects of toxic compounds (White et al., 1997). Cytochrome P450s belonging to the 

subfamily 1A (CYP1A) are induced by polychlorinated dibenzo-p-dioxins (PCDDs), 

polychlorinated dibenzofurans (PCDFs) and polychlorinated biphenyls (PCBs). These 

compound groups have many different congeners with varying levels of toxicity (Aubry 

et al., 2005; Hahn et al., 1998; Zabel et al., 1995).  
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Xenobiotic pollutants activate CYP1A genes via high affinity binding to the aryl 

hydrocarbon receptor (AHR) causing the activation of AHR-dependent signal 

transduction pathway. Once activated, the AHR complexes with AHR-nuclear 

translocator (ARNT) forming an active transcription factor, which then regulates the 

expression of CYP1A (Hahn et al., 1998).  

 

CYP1A is one of the most widely used biomarkers for the detection of chemical 

contamination in aquatic systems because it serves as a very sensitive biological response 

agent and shows a very short response time to chemical exposure (Meier et al., 2001; 

Oost et al., 2003). The induction of the CYP1A system is often measured by assessing 

the CYP1A-mediated 7-ethoxyresorufin-O-deethylase (EROD) activity, as this biomarker 

has proven to be cost effective, measurement of exposure in fish liver is easy and this tool 

has been found to be sensitive even in a complex mixture of compounds (Vindimian et 

al., 1991). 

 

The focus of this Chapter was the partial purification of CYP1A in the fish species M. 

capensis and M. paradoxus (Cape hake), the optimization of the EROD assay and 

western blot analysis for Cape hake. The optimization studies were followed by a 

comparison of CYP1A expression in Cape hake from the De Beers marine mining area 

and a reference site outside the mining area. M. capensis and M. paradoxus were 

considered as one stock. 

 

4.2 Methods  

 

4.2.1 Fish sampling, dissection and sample preparation 

 

Frozen Cape hake samples were obtained off the coast of Luderitz, Namibia within the 

De Beers marine mining area (Figure 4.1, M. capensis/M. paradoxus n=11). Frozen Cape 

hake samples were also obtained from two reference sites, namely Marine coastal 

management (MCM) in Cape Town, South Africa and Balobi Trading, Mossel Bay, 



Chapter 4: Cytochrome P450 monooxygenase 1A 

 44 

 

 Eastern Cape, South Africa (Figure 4.2) (M. capensis/ M. paradoxus n=11). Samples 

were thawed at approximately 4°C and the total length (cm) and weight (g) of each fish 

was measured to determine Fulton’s condition factors (CF). Livers (weight noted in g) 

were excised and blood volumes between 0.1-0.5 ml were drawn from the heart, using 

cold heparinized syringes (5 U/ml). Samples were retained at -20 °C until further 

analysis.  

 

 
 

 

 

 

 

 

A

B

CA

B

C

 
 
Figure 4.1: Map of M. capensis/M. paradoxus sampling area (A, B and C) off the coast of  Luderitz, Namibia. 
The sampling area was within the De Beers Marine Namibia mining area (Images were obtained using Google 
Earth). 
 
 



Chapter 4: Cytochrome P450 monooxygenase 1A 

 45 

 

 
 

4.2.2 Partial purification of cytochrome P450 monooxygenase (CYP1A)  

 

The partial purification of CYP1A from Cape hake liver samples was carried out as 

described in Chapter 3, Section 3.2.3. 

 

4.2.3 Discontinuous 7-ethoxyresorufin-O-deethylase activity (EROD) assay 

spectrophotometric and fluorescence study  

 

EROD analysis was carried out using a modified method described by Pikkarainen et al. 

(2006), on both fractions in M. capensis and M. paradoxus, to determine which fraction 

contained the highest EROD activity. A comparative study using fluorimetry and 

spectrophotometry was investigated to determine which technique yielded the most 

accurate results.  

 

 
 
Figure 4.2:  Map of  M. capensis/ M. paradoxus reference sampling sites. A:  MCM, Cape Town and 
Balobi Trading, Mossel Bay (Images were obtained using Google Earth).  
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Standard curves (Appendix II) were produced using resorufin, the product of the reaction 

as a reference compound, for both fluorimetry and spectrophotometric studies. 

Microsomal protein (10 µl) was added to a reaction mixture containing 7-ethoxyresorufin 

(0.097 mg/ml in methanol), Tris-NaCl (TN) buffer (0.05 M Tris, 0.1 M NaCl, pH 7.6) 

and 0.1 M nicotinamide adenine dinucleotide phosphate (NADPH). The reaction was 

incubated in a Labnet drybath at 23°C for 15 minutes, after which time the reaction was 

stopped by the addition of 500 µl ice cold methanol (99.5%), bringing the total reaction 

volume to 1 ml. Samples were then centrifuged at 6,000 × g in a Heraeus Megafuge 1.0 

R for 20 minutes at 4 °C to remove any cellular debris that may interfere with the results 

obtained. The resultant supernatant was analyzed spectrophotometrically at 572 nm 

(Klotz et al., 1984; Shailaja et al., 2006) in a PowerwaveX spectrophotometer using KC 

Junior software. Results were also analyzed using a Hitachi Spectrofluorometer F2500, 

using excitation and emission wavelengths of 510 and 585 nm, respectively (Pikkarainen, 

2006). All samples were conducted in triplicate with appropriate enzyme and substrate 

controls and with spectrophotometric and fluorimetric runs being performed in duplicate.  

  

4.2.4 Dot blot analysis of microsomal preparations  

 

Dot blot analysis was used to determine the presence of CYP1A in different liver 

fractions obtained from the partial purification procedure.  A modified dot blot analysis 

was carried out as described by Desantis et al. (2005). Microsomal sample (2 µl) was 

spotted onto a nitrocellulose membrane and incubated at 23°C until sample spots had 

completely dried. Once dried, the membrane was blocked in 5 % bovine serum albumin 

(BSA), prepared in TBS-T buffer (50 mM Tris, 50 mM NaCl, 0.1% (v/v) Tween 20, pH 

7.5), for 1 hour at 23°C. Spots were then incubated with 1:5000 primary antibody (rabbit 

anti-fish CYP1A peptide) overnight at 4°C. After incubation the membrane was washed 3 

times with TBS-T buffer and samples were incubated in 1:5000 secondary antibody, anti-

mouse/rabbit-antibody-POD at 23°C for 1 hour. Another wash step (3 × TBS-T buffer 

and 1× TBS buffer) was employed before the chemiluminescent detection  
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reagent was incubated with the membrane for 1 minute at 23°C. Images were developed 

in a Uviprochemi gel documentation and analysis system using an optimized exposure 

time of 5 minutes. The negative control used was homogenization buffer (1 mM HEPES, 

1 mM DTT, 1 mM EDTA, 20% (v/v) glycerol). 

 

4.2.5 EROD assay optimization 

 

EROD assay conditions were optimized for Cape hake by assessing the following 

parameters: pH (5, 6, 6.5, 7, 7.5, 8, 8.5), reaction time (30 seconds- 40 minutes), 

temperature (23, 25, 30, 35, 40, 45 °C) and enzyme volume (1, 2, 5, 10, 15 µl). The 

nicotinamide adenine dinucleotide phosphate (NADPH) dependence of the EROD assay 

was also assessed by running parallel reactions in the absence and presence (0.1M) of the 

coenzyme. All experiments were conducted in triplicate with appropriate enzyme and 

substrate controls. Results were analyzed at 572 nm with the Powerwavex 

spectrophotometer using KC Junior software.  

 

4.2.5.1 Phase II enzyme inhibition study  

 

CYP1A was only partially purified from liver samples in Cape hake and phase II 

metabolic enzymes that may be present in solution are known to interfere with the EROD 

assay (Martel et al., 1994).The addition of magnesium sulfate(MgSO4), isocitric acid and 

dicumarol has been reported to inhibit phase II metabolic enzymes (Martel et al., 1994). 

A phase II enzyme inhibition study was conducted to determine whether any 

improvement in EROD activity could be observed. Varying concentrations of MgSO4 (1, 

2, 4, 6, 7 and 10 mM), isocratic acid (1, 2, 4, 6, 7 and 10 mM) and dicumarol (10, 20, 40, 

60, 80 and 100 µM) were assessed. Reactions were conducted in triplicate with enzyme 

and substrate controls. Results were analyzed at 572 nm in a Powerwavex 

spectrophotometer using KC Junior software.  

 

 



Chapter 4: Cytochrome P450 monooxygenase 1A 

 48 

 

4.2.6 Western blot analysis  

 

Western blot analysis was carried out according to instructions in the Roche, BM 

chemiluminescence western blotting kit (mouse/ rabbit). Primary antibody (rabbit anti-

fish CYP1A peptide) and secondary antibody (anti-mouse/rabbit antibody-POD) dilutions 

were optimized for M. capensis/ M. paradoxus.  Pellet 2 fractions (obtained using 

differential centrifugation) from liver samples were subjected to 8% SDS-PAGE, as 

described in Chapter 3 Section 3.2.5. After SDS-PAGE proteins were transferred onto 

nitrocellulose membrane in a Mini Trans-Blot cell at 100 V for 1 hour in ice cold transfer 

buffer (25 mM Tris, pH 8.3, containing 192 mM glycine, 20% (v/v) methanol). 

Following the transfer of proteins onto the nitrocellulose membrane, the membrane was 

stained in Ponceau S stain (0.5% (w/v) Ponceau S red, 1% (v/v) acetic acid) for 10 

minutes to visualize the molecular weight marker and protein bands. The membrane was 

then destained with TBS and incubated in blocking solution (1% (v/v) block reagent 

prepared in TBS), for 1 hour at 23°C. The nitrocellulose membrane was subsequently 

incubated with primary antibody overnight at 4°C. After treating the membrane with the 

primary antibody it was washed with TBST buffer and blocking solution (0.5% blocking 

reagent prepared in TBS), followed by incubation with secondary antibody for 1 hour at 

23°C. The membrane was washed with TBST buffer and incubated in 

chemiluminescence detection reagent (125 µl/cm3) for 1 minute at 23°C. The western 

blot images were resolved using the Uviprochemi gel documentation and analysis system, 

at 5 minute exposure time. 

 

4.2.7 Comparison of CYP1A expression in fish samples from De Beers marine mining 

area and the reference site (EROD assay and western blot analysis) 

 

The average EROD activity was determined in liver fractions from 11 samples that were 

obtained from Luderitz, Namibia and the reference sites. The EROD assay was conducted 

under optimal EROD assay conditions with the protocol outlined in Section 4.1.3. 

Reactions were conducted in triplicate (duplicate run) with enzyme and substrate 
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controls. Results were analyzed with PowerwaveX spectrophotometer using KC Junior 

software. 

 

Comparative immunochemical analysis was conducted on 3 samples from each site using 

optimized primary and secondary antibody dilutions according to the protocol outlined in 

Section 4.1.6.   

 

4.2.8 Statistical analysis 

 

The potential differences in the condition factors of Cape hake samples from the different 

sites were tested employing “Student’s” t-test. Statistical analysis was performed using 

the computer package, Microsoft Exel XP.   

 

4.3 Results  

 

4.3.1 Fulton’s condition factor (CF) 

 

The biological parameters of Cape hake samples used during this study are shown in 

Table 4.1. Table 4.2 indicates the condition factors (CF) of individual fish sampled from 

the different sites, the mean CF values of fish from Luderitz, Namibia and the reference 

sites are also summarized in Table 4.2.  

 

 

 

 

 

 

 

 

 

 



Chapter 4: Cytochrome P450 monooxygenase 1A 

 50 

Table 4.1: Biological data of Cape hake sampled from Luderitz, Namibia and reference sites 

 
Sample number Liver weight (g) Body weight (g) Length (cm) Blood volume (ml) 

R1* 1.09 410.50 38.40 - 

R2 0.64 486.40 41.30 - 

R3 2.30 422.40 39.20 - 

R4 0.46 431.80 39.70 - 

R5 0.50 453.50 41.0 - 

R6 1.08 619.90 47.0 0.1 

R7 1.10 531.90 43.60 - 

R8 1.10 483.30 44.50 - 

R9 1.17 510.50 41.70 - 

R10 12.90 417.10 42.50 - 

R11 5.70 675.90 44.00 0.1 

     

H1* 1.70 211.80 31.00 - 

H2 16.90 433.60 38.00 - 

H3 9.40 400.70 37.00 - 

H4 1.30 603.30 44.00 - 

H5 5.30 85.40 22.00 - 

H6 9.90 392.40 38.00 - 

H7 11.40 511.90 41.00 - 

H8 2.00 589.40 42.00 - 

H9 16.60 167.5 30.00 - 

H10 17.10 461.80 39.00 0.5 

H11 14.30 977.00 47.00 0.1 

*R: Cape hake samples obtained from the reference site *H: Cape hake samples obtained from the De Beers marine 
mining area. -: no blood sample retrieved 
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Table 4.2:  Calculated condition factors (CF) for individual fish samples from different sites and 

mean CF values for each site.  

 
Sample number Condition factor (K) 

R1 0.72 

R2 0.69 

R3 0.70 

R4 0.69 

R5 0.66 

R6 0.60 

R7 0.64 

R8 0.55 

R9 0.70 

R10 0.54 

R11 0.80 

Average K: 0.66 ±0.07 

H1 0.71 

H2 0.79 

H3 0.79 

H4 0.71 

H5 0.80 

H6 0.72 

H7 0.74 

H8 0.80 

H9 0.62 

H10 0.78 

H11 0.94 

Average K: 0.76 ±0.08 

 

Results of the student “t” test indicate that the CF values of hake collected from 

Namibian waters were significantly different from those calculated for the reference site 

(t = 3.1; P< 0.05). 
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4.3.2 Partial purification of CYP1A 

 

Figure 4.3 shows the SDS-PAGE profiles of liver fractions obtained from M. capensis/ 

M. paradoxus at different stages of differential centrifugation. 

 

 
 

SDS-PAGE analysis displayed 3 distinct bands, with a major band apparent at 

approximately 60 kDa and 2 bands ≤ 30 kDa in the crude fraction, supernatant 1, pellet 1 

and supernatant 2. Two faint bands were observed in pellet 2- one at ~60 kDa and one 

band below 30 kDa. The profiles observed indicated the possible presence of CYP1A at 

approximately 60 kDa in all fractions. 

 

 

 
 

 

Figure 4.3: The SDS-PAGE profile of the partial purification of CYP1A in M. capensis / 

M. paradoxus. The gel was stained with coomassie brilliant blue R-250 O/N. Lane 1: Peqgold 
molecular weight marker; Lane 2: crude; Lane 3: supernatant 1; Lane 4: pellet 1; Lane 5: 
supernatant 2; Lane 6: pellet 2 . * % Resolving gel  
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4.3.3 Dot blot analysis  

 

Results of anti-CYP1A dot blot analysis on different liver fractions from the partial 

purification of CYP1A are shown in Figure 4.4. 

 

 
 

 

All fractions (A, B, C, D and E) showed positive immunoreactivity, confirming the 

presence of CYP1A. Fractions D (supernatant 2) and E (pellet 2) showed a higher 

response signal which could be attributed to a higher concentration of the CYP1A protein 

present in those fractions. No immunoreactivity was detected in the negative control (F). 

 

4.3.4 EROD assay spectrophotometric and fluorescence study 

 

The CYP1A mediated O-deethylation of 7-ethoxyresorufin for the production of 

resorufin  was analyzed in all fractions obtained from the partial purification of CYP1A 

in Cape hake (Figure 4.5), to determine which fraction contained the highest EROD 

activity, using fluorimetry and spectrophotometric analysis.  

 

 

 

 

A B C D E FA B C D E F

 
 
Figure 4.4: Dot blot analysis of CYP1A in different microsomal fractions in Cape hake.  
(A): Crude, (B): Supernatant 1; (C): Pellet 1; (D): Supernatant 2; (E): Pellet 2 (F) Negative 
control: Homogenization buffer. Protein samples (2 µl) from each fraction were spotted onto 
nitrocellulose membrane. Dot blots were developed in chemiluminescence detection reagent and 
resolved using a Uviprochemi gel documentation and analysis system. Pimary antibody (rabbit 
anti-fish CYP1A peptide): 1:5000, secondary antibody (mouse/rabbit antibody-POD): 1:5000. 
Note: no positive control was used as no commercial fish CYP1A for any fish species was 
available at the time of this study. 
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Results from both fluorimetric (Figures 4.5A and B) and spectrophotometric (Figures 

4.5C and D) analysis are in agreement that the highest EROD activity was obtained in the 

pellet 2. Pellet 2 was thus selected for all any further analysis in this study. Fluorimetric 

results indicated high standard deviations in the duplicate runs in comparison to 

spectrophotometric analysis. Spectrophotometric analysis was, therefore, chosen as the 

standard EROD assay detection method for the remainder of this study. 
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Figure 4.5:  EROD activity (pmol/min) determinations for all fractions from the partial purification of 
CYP1A in M. capensis/M. paradoxus (Due to lack of samples, different purified samples were analyzed). The 
study was conducted in duplicate runs using fluorimetry (A) and (B) (excitation wavelength: 510 nm; emission 
wavelength: 585 nm), as well as spectrophotometry (C) and (D) (wavelength: 572 nm). Datapoints represent 
mean values ±SD (n=3). 
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4.3.5 EROD assay optimization 

 

The 7-ethoxyresorufin-O- deethylase assay was optimized with respect to pH, 

temperature, reaction time and enzyme volume for Cape hake (Figure 4.6) 

 

 
 

Results in Figure 4.6 indicate the conditions required for optimal measurements of EROD 

activity. The EROD activity was observed to have a pH optimum of 7.5, even though 
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Figure 4.6: Assay optimization curves for M. capensis/ M. paradoxus showing influence of pH (A), temperature 

(B), enzyme amount (C) and assay time (D) on EROD activity in the pellet 2 fraction.  Activities were determined 
spectrophotometrically at 572 nm and expressed as a % of maximal activity. Datapoints represent mean values ±SD 
(n=3) 
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another peak was also observed at pH 6.5. The temperature optimum (Figure 4.6B) was 

observed at 25°C. When assessing the optimal time (Figure 4.6D) for the EROD assay,  

 

activity decreased drastically after 1 minute (33.26 pmol/min; 55.73% activity) with the 

highest activity (60.00 pmol/min; 100% activity) being observed 30 seconds into the 

reaction. No EROD activity was observed after approximately 15 minutes. Increased 

enzyme amounts displayed a linear increasing relationship to EROD activity (r = 0.962).  

Based on these four studies the reaction conditions chosen for the EROD assay were as 

follows: pH 7.5, 25°C, sample amount 10 µl and reaction time 30 seconds.  

 

CYP1A stability over time was evaluated and a typical result was obtained (Figure 4.7). 

Enzyme stability analysis indicated that CYP1A exhibits a very low degree of stability 

(96% decrease in EROD activity after 1 minute) with the complete absence of EROD 

activity after approximately 10 minutes (Figure 4.7). 
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The NADPH-dependence of the assay was evaluated for the EROD assay, and is 

presented in Figure 4.8. 
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Figure 4.7: Typical regression curves showing the effect of time on CYP1A stability. EROD activity was 
measured over a period of 20 minutes (1) and 6 minutes (2) and results were obtained spectrophotometrically 
at 572 nm. Datapoints represent mean values ±SD (n=3)  
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Results show that the CYP1A mediated deethlyation of 7-ethoxyresorufin is able to take 

place in the absence of NADPH, therefore, indicating that the reaction is not NADPH- 

dependent (Figure 4.8). The addition of NADPH to the reaction, however, markedly 

increased EROD activity (up to 300%). NADPH (0.1 M) was added to EROD reaction 

mixtures for the remainder of this study.  

 

4.3.5.1 Phase II enzyme inhibition study 

 

The effect of magnesium sulphate, isocitric acid and dicumarol on phase II enzyme 

inhibition are shown in Figure 4.9. 
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Figure 4.8: The NADPH-dependence of the EROD activity in M. capensis /M. paradoxus .  Results 
were obtained spectrophotometrically at 572 nm. Datapoints represent mean values ±SD (n=3). 
Standard deviation bars are indicated but cannot be observed because standard deviations were ≤ 0.013. 
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Figure 4.9: The phase II enzymes inhibition study in M. capensis/ M. paradoxus using magnesium sulfate(A) 

Isocitric acid (B) and (C) Dicumarol as inhibitors.  Results were obtained spectrophotometrically at 572 nm and 
expressed as a % of maximal activity. Datapoints represent mean values ±SD (n=3). Standard deviation bars are 
indicated but cannot be observed in cases were standard deviations were ≤ 0.081. 
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The addition of magnesium sulfate(MgSO4) (Figure 4.9A) to the EROD reaction 

generated an overall inhibitory effect on the EROD assay. The results observed for 

isocitric acid correspond to those observed for MgSO4 (Figure 4.9B). Results observed 

for dicumarol indicate an increase in EROD activity at dicumarol concentrations of 20, 

40, 60, and 100 µM, with the highest activity being noted at a concentration of 40 µM 

(132.84 pmol/min; 100% activity). Dicumarol (40 µM) was, therefore, added to EROD 

reaction mixtures for the remainder of the study.  

 

4.3.6 Western blot optimization 

 

Results showing the optimized primary and secondary antibody dilutions for western blot 

analysis in Cape hake pellet 2 fractions are presented in Figure 4.10. Immunoblot 

analysis of pellet 2 fractions at varying primary (Figure 4.10A) and secondary (Figure 

4.10B) antibody dilutions revealed faint bands at approximately 60 kDa and 30 kDa at 

primary antibody dilutions of 1:500 and 1:1000. Secondary antibody analysis revealed a 

band at approximately 60 kDa at a dilution of 1:5000. A great deal of smearing was 

observed which decreased the resolution of the western blot analysis. A primary antibody 

dilution of 1:1000 was selected for further studies because less background interference 

was observed in comparison to the 1:500 dilution. The optimal secondary antibody 

dilution selected was 1:5000.  
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Figure 4.10: Western blots of pellet 2 liver fractions from M. capensis/ M. paradoxus at varying 

primary (A) and secondary (B) antibody concentrations. Primary antibody: rabbit anti-fish CYP1A 
peptide, Secondary antibody: anti-mouse IgG-POD/ anti-rabbit IgG-POD. A: primary antibody 
concentrations investigated were 1:500 (A1), 1: 1000 (A2), 1: 5000 (A3) , 1:10000 (A4) and 1:50 000 
(A5); secondary antibody dilution (1:5000). Secondary antibody concentrations investigated were 1: 5000 
(B1), 1:10000 (B2) and 1:50 000 (B3); primary antibody dilution (1:1000). (A6) and (B4): negative 
control: homogenization buffer. Ten µl of sample were loaded for SDS-PAGE. 



Chapter 4: Cytochrome P450 monooxygenase 1A 

 62 

 

4.3.7 Comparison of CYP1A expression in fish samples from De Beers marine mining 

area and the reference site (EROD and western blot analysis) 

 

The mean EROD activity encountered in the liver pellet 2 fractions of the fish samples   

(n =11 for each region) from Luderitz, Namibia and the reference sites are presented in 

Figure 4.11A. Results for the western blot analysis in the pellet 2 fractions of M. 

capensis/ M. paradoxus from different sites are shown in Figure 4.11B.    
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The average EROD activity of the Cape hake from the two sites indicated a higher EROD 

activity in samples retrieved from Luderitz, Namibia (16.29 ± 0.91 pmol/min) in 

comparison to the mean EROD activity observed in samples from the reference sites 

(10.40 ± 2.65 pmol/min) (Figure 4.11A). Although the resolution obtained from western 

blot analysis (Figure 4.11B) was poor due to smearing, western blot analysis can be used 

to semi-quantitatively assess the concentration of proteins. When looking at results in 

Figure 4.11B one can infer that  
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Figure 4.11: Average EROD activity (pmol/min) (A) in the pellet 2 liver fractions of M. 
capensis/ M. paradoxus. 11 samples were analyzed from each site. EROD activity was measured 
spectrophotometrically at 572 nm. Datapoints represent the mean values ± SD (n=6). (B) Western 

blot analysis of pellet 2 fractions in M. capensis/ M. paradoxus from De Beers marine mining 

site (2) and the reference site (1). (3): negative control; homogenization buffer. Three samples 
from each site were analyzed. Optimum primary (1:1000) and secondary (1:5000) antibody 
dilutions were used. x1: (sample number R1 and H1), x2: (sample number R7 and H7), x3: (sample 
number R8 and H8). Samples (10 µl) were loaded for SDS-PAGE.  
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the concentrations of CYP1A in samples from the Luderitz mining area were higher than 

that observed for samples obtained from the reference site.  

 

4.4 Discussion  

 

4.4.1 Partial purification of CYP1A, dot blot analysis and EROD assay  

 

SDS-PAGE analysis of fractions taken from the partial purification of CYP1A (Figure 

4.3) for Cape hake indicated the presence of a major protein band at approximately 60 

kDa and minor band(s) below 30 kDa in all fractions (crude, supernatant 1, pellet 1, 

supernatant 2 and pellet 2). Although studies on CYP1A in M. capensis/ M. paradoxus 

are limited, reports by Goksoyr and Forlin (1992) have stated that fish CYP1A proteins 

have a molecular weight ranging between 45-60 kDa, depending on the species from 

which CYP1A is isolated. Andersson et al. (1993) indicated that the size of CYP1A 

isolated in the male rainbow trout pituitary gland was 58 kDa and Beyer and Goksoyr 

(1993) confirmed the same result in Gulf fish species. Investigations by Mihailovic et al. 

(2006) on the hake, Merluccius merluccius, stated that the molecular weight of CYP1A 

was 55 kDa. Most studies present the CYP1A protein as a monomer (Beyer and Goksoyr, 

1993; Goksoyr et al., 1992); therefore, it was assumed that the lower molecular proteins 

observed in Figure 4.3 were the resultant degradation products formed during the 

isolation procedure.  

 

Dot blot analysis of the fractions collected from the partial purification procedure, 

indicated immunoreactivity for CYP1A in all fractions (Figure 4.4). CYP1A detection 

was expected in the post-mitochondrial supernatant (supernatant 1) and/or the 

microsomal pellet (pellet 2). High signal response was observed in supernatant 2 and 

pellet 2 which lead to the assumption that these two fractions contained the highest 

concentrations of CYP1A (Figures 4.4D and E). This was confirmed by conducting the 

ethoxyresorufin-O-deethylase (EROD) assay on each fraction. This assay was used to 

select the appropriate fraction for further analysis. Fluorimetric and spectrophotometric  
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EROD analysis results for the different fractions (Figures 4.5A, B, C and D) indicated the 

overall highest EROD activity to be in the pellet 2 (microsomal) fraction, therefore, this 

fraction was selected for all further analyses. 

 

Both spectrophotometric and fluorimetric analysis was conducted in duplicate runs to test 

which method achieved more accurate results (Figure 4.5). This was determined by 

assessing the variation in triplicate samples and the variation of results between runs 

(reproducibility). Fluorimetry results (Figure 4.5A and B) demonstrated greater variation 

within triplicate samples and less consistency in EROD activities between runs (Figures 

4.5C and D). Investigations into these two detection methods have been compared by 

Klotz et al. (1984), although observations in that study disagree with results obtained and 

presented here (fluorimetry faired slightly better than spectrophotometric analysis, in 

respect to sensitivity and accuracy ). The study does, however, state that the visible assay 

is a reliable method and poses other advantages over fluorimetric detection; these include 

the visible assay being less laborious and the use of small assay volumes. 

Spectrophotometric analysis (572 nm) was, therefore, selected as the EROD assay 

detection method for the duration of this study.  

 

4.4.2. EROD assay optimization 

 

EROD assay conditions were optimized with respect to pH, temperature, enzyme volume 

and time. The pH and temperature optimum has been well documented in literature for 

different fish species (Figures 4.6A, B, C and D). Pikkarainen (2006) stated that most fish 

species have temperature optima between 20 and 25°C and pH optima around 7.8. Work 

conducted on a variety of fish species have reported similar findings to those presented 

here. Kruner and Westerhagen (1999) conducted studies on Dab from the North Sea and 

showed the pH optimum of this assay to be between pH 7.5 and 7.6. 

 

Results observed for the time study (Figure 4.6D) and enzyme stability (Figure 4.7) 

demonstrated substantial decreases in EROD activity after 30 seconds into the assay  
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reaction (Figures 4.6D and 4.7). Two possibilities can account for these observations. All 

Cape hake samples arrived frozen, which may have lead to the loss of enzyme integrity. 

Considering CYP1A is a membrane bound protein and any alteration in the membrane 

structure due to freezing may have severely hampered the catalytic activity (Goksoyr et 

al., 1991). It is worth noting that Monod and Vindimian (1991) reported a 50% reduction 

in CYP1A activity when analyzing frozen liver samples obtained from rainbow trout. M. 

capensis/ M. paradoxus inhabit water temperatures ranging from 4-12°C (Gordoa et al., 

1995) and although enzymatic activity was observed to be optimal for enzyme activity at 

25 °C, higher temperatures may have compromised the stability of the protein.  

 

The NADPH-dependence of the EROD assay (Figure 4.8) indicated that the absence of 

exogenous NADPH did not prevent the reaction from taking place. This is likely the 

result of biological systems within the fish liver microsomes that have the capacity to 

generate endogenous NADPH (Behrens et al., 1997). The addition of NADPH, did 

however, increase EROD activity by 300%, indicating that the EROD assay is limited by 

the amount of NADPH that is present. NADPH (0.1 M) was, therefore, supplemented to 

all EROD reaction mixtures for the duration of this study. Although the EROD assay in 

this particular case was limited by exogenous NADPH supply, other studies using intact 

fish hepatocytes have demonstrated that the addition of this coenzyme to the overall 

EROD reaction is not necessary as the resulting increase in EROD activity was not 

significant (Behrens et al., 1997; Hahn et al., 1996). There was also evidence of ex vivo 

studies using fish liver post-mitochondrial supernatant fractions, which have suggested 

that additional co-enzymes (i.e. NADPH) are not required for the EROD assay (Jonsson 

et al., 2002).   

 

The phase II enzyme inhibition study was conducted to assess the degree of 

underestimation of EROD activity during this study. Considering that only partially pure 

CYP1A samples were analyzed, there was a large possibility that phase II enzymes such 

as DT-diaphorase and other cytosolic oxidoreductases were present within the mixture. 

These enzymes may have interfered with results obtained, as these enzymes have  
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the capacity to further metabolize the product of the reaction, namely, resorufin (Jonsson 

et al., 2002). The compounds magnesium sulphate, isocitric acid and dicumarol have 

been reported to inhibit these enzymes (Martel et al., 1994). The addition of magnesium 

sulfateand isocitric acid had an overall inhibitory effect on the EROD assay, and were 

thus not supplemented into the reaction mixtures during this study (Figures 4.9A and 

4.9B). The addition 40 µM dicumarol to the EROD reaction (Figure 4.9C) showed a 

significant increase in EROD activity from 40 pmol/min (in the absence of dicumarol) to 

133 pmol/min (in the presence of dicumarol), which represented a 232% increase in 

overall activity. The effects of dicumarol on the EROD assay have been well established 

in literature with similar findings being reported. Jonsson et al. (2002) showed that the 

addition of 10-5 M of dicumarol increased resorufin concentrations by 33%. 

Investigations by Das et al. (2004) were in agreement with these findings, as they 

confirmed the reappearance of resorufin in an incubation system (by the addition of 10 

µM dicumarol) that contained depleted levels of this product. Dicumarol was, therefore, 

included when conducting EROD assays.  

  

4.4.3 Western blot optimization 

 

The anti-CYP1A immunochemical analysis of pellet 2 from Cape hake, showed the 

optimal primary and secondary antibody dilutions to be 1:1000 and 1:5000, respectively 

(Figures 4.10A and B). A great deal of smearing resulted in the poor visualization of 

bands, but a band at approximately 60 kDa and around 30 kDa were observed (Figures 

4.10A(1) and B(1)). The smearing may have been the result of proteosomal degradation, 

as noted by Lee et al. (2008) whose studies into the degradation of cytochrome P450 2B 

proteins resulted in smears during western blot analysis. Degradation may have also been 

due to storage of samples at -20°C for a prolonged period of time, as samples were 

analyzed approximately 3 months after collection. 
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4.4.4 Comparison of CYP1A expression in Cape hake samples from Luderitz, Namibia 

and reference sites  

 

Comparative observations using EROD activity and western blot analysis to assess 

CYP1A expression in Cape hake samples from the De Beers marine mining area and 

reference sites (Figure 4.11 A and B), showed a higher EROD activity (16.29 ± 0.91 

pmol/min) in fish samples from the De Beers mining area in comparison to the reference 

site (10.42 ± 2.65 pmol/min), although western blot analysis (Figure 4.11 B) shows 

smearing and poor band visibility, the different signal intensities observed reflect 

differences in CYP1A concentration, and this data concurs with what was found with the 

EROD activity assays, with CYP1A expression being higher in hake samples from the De 

Beers marine mining area.  

 

This study was designed to assess the possible presence of contaminant compounds in the 

De Beers marine mining area, but with the data obtained in Figure 4.11 it cannot be 

conclusively stated that a higher EROD activity is a definitive sign of a pollutant effect. 

Several factors must be considered when using biomarkers as indicators of pollution. The 

“Student’s” t-test analysis of condition factors for the Cape hake sampled from different 

sites indicated p<0.01 which meant that samples from the different sites should be 

considered different in their physical characteristics. Therefore, differences in the 

catalytic and immunochemical data could be due to inappropriate sample design.  

 

The cytochrome P450 system is highly influenced by both physio-chemical (e.g. 

photoperiod and salinity) as well as biological factors including sex, age and 

reproduction. These facts contribute to large variations in the activities of these enzymes 

(Goksoyr and Forlin, 1992). Although it may be argued that background variations in the 

activity of CYP1A would be less apparent than changes in CYP1A activities caused by 

toxic exogenous compounds, CYP1A is hardly detectable in fish unexposed to pollutants 

(Rodriguez-Cea et al., 2004). If the mean value obtained for EROD activities (16.29 

pmol/min) from fish samples obtained from the De Beers marine mining site is  
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considered, one cannot conclusively say whether this is result of anthropogenic or natural 

factors, because as stated by Pikkarainen (2006), EROD activities in fish from unpolluted 

areas range from 2.6 ± 0.4 to 22.6 ± 4.8 pmol/min depending on the area, and the value 

obtained for this study lies within that range. 

 

Several different chemicals are known to either inhibit or activate CYP1A expression. 

CYP1A systems are not induced by phenolbarbitol-type contaminants, which presents 

another limitation to this study, as the results cannot be conclusively assessed without 

taking these factors into consideration (Williams et al., 1998). Hake are considered 

important as indicator species, due to e.g. their economic importance, large bathymetric 

range and high enzymatic activities (Sole et al., 2009). However, Cape hake are also a 

migratory species, and therefore using these fish as indicator species poses some 

limitations. When analyzing this data it is difficult to conclude that the results are indeed 

representative of the surrounding area being studied, i.e. Luderitz Namibia and the De 

Beers marine mining area.  

 

This study has, however, showed the potential feasibility of using CYP1A as a biomarker 

and emphasizes the need to take several important factors into account before analyzing 

data. Further studies into M. capensis/M. paradoxus CYP1A are also required before 

these fish species are be considered appropriate indicator species.  

 

4.5 Conclusions 

 

 CYP1A isolated in liver samples from Cape hake is a 60 kDa protein. 

 

 The resultant pellet 2 samples from the partial purification of CYP1A liver 

fractions from Cape hake displayed the highest EROD activity. 
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 Spectrophotometric analysis proved more accurate in comparison to fluorimetric 

analysis as a suitable detection assay for EROD 

  

 EROD reaction conditions were optimized to the following parameters: pH 7.5, a 

temperature of 25 °C, 10 µl enzyme fraction and a reaction time of 30 seconds. 

  

 The EROD assay was not dependent on the addition of exogenous NADPH, but 

was limited in the absence of NADPH. 

 

 Dicumarol (40 µM) addition to the EROD reaction increased EROD activity by 

inhibiting the activity of phase II enzymes. 

 

 Optimal primary and secondary antibody dilutions for western blot analyses were 

1:1000 and 1:5000, respectively. 

  

 CYP1A expression was higher in samples retrieved from the De Beers marine 

mining site in comparison to reference sites but this could not be conclusively 

attributed to the presence of contaminants within the mining area. 

 

 Method development studies for Cape hake CYP1A were followed by purification 

studies for the second biomarker, vtg. This is presented in Chapter 5 
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Chapter 5: Vitellogenin 

 

5.1 Introduction 

 

The general state or health of aquatic ecosystems has traditionally been determined using 

analytical chemical monitoring (Depledge et al., 2009). This approach has several 

drawbacks including the detection range, half life of pollutant compounds, chemical 

speciation, cost and complexity of analysis (Goodsell et al., 2009; Hagger et al., 2009). 

These limitations led to investigations into the use of biological endpoints i.e. biomarkers 

of effect, which assess measurable biochemical or physiological changes in tissue or 

body fluids of an organism (Hagger et al., 2009; Thilakaratne et al., 2007). Biomarkers 

offer insight into the potential impacts of contaminants on the health of an organism, and 

provide vital information into the bioavailability and uptake of toxic compounds (Douhri 

and Sayah, 2009; Faria et al., 2009). Biomarkers have also proven to be essential tools 

for the inexpensive, sensitive and rapid detection and measurement of effects of 

contaminants on the aquatic environment (Durou et al., 2007; Humphrey et al., 2007).  

 

As mentioned previously, vitellogenin (vtg) is an egg yolk protein which is synthesized in 

the liver and translocated to the ovaries, where vtg serves as an energy source for 

developing embryos during oocyte development (Celius and Walther, 1998). Vtg also 

plays an important role in the formation of the extracellular eggshell (vitelline envelope) 

(Celius and Walther, 1998).  Vtg has been commonly used as a screening tool to detect 

the estrogenic effects of compounds on aquatic organisms (Ebrahimi, 2005; Yamauchi et 

al., 2008; Zaccaroni et al., 2009). Estrogenic compounds e.g. 4-tert-nonylphenol and 

bisphenol A are responsible for the induction of this protein (Yamauchi et al., 2008).  

 

As discussed previously, the normal expression of vtg occurs in mature female fish under 

the control of estrogen and mediated by estrogen receptors (ERs) (Sun et al., 2009). 

Although male or juvenile fish species do not express this protein they carry the vtg gene 
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and have ERs, which are inducible in the presence of estrogenic compounds (Maitra et 

al., 2007). The measurement of vtg is, therefore, a useful biomarker when screening for 

potential endocrine disrupting pollutants in fish (Vijayavel and Balasubramanian, 2008; 

Watts et al., 2003).  

 

Vitellogenin is a species-specific phospholipo-glycoprotein and its structure varies 

among different fish (Nicolas, 1999). Vtg is most commonly isolated as a dimeric protein 

from the serum of vertebrates (Moussavi et al., 2009). The purification of vtg from 

different fish species is fundamentally important as it leads to a better understanding of 

the physiological significance of this protein in reproduction which is critical before 

assay development (for EDC detection) is considered (Maitra et al., 2007). Several vtg 

isolation techniques have been developed for different fish species and include ion 

exchange and size exclusion chromatography (Hennies et al., 2003).  

 

The aim of this study was to purify vitellogenin from Cape hake by selective precipitation 

and anion exchange chromatography. Purified vtg was used to develop and optimize 

western blot analysis.  

 

5.2 Methods  

 

5.2.1 Vitellogenin purification  

 

Vitellogenin purification was conducted according to Guzman et al. (2008). Blood 

samples were centrifuged at 3,000 × g in a Heraeus Megafuge 1.0R for 15 minutes at 4°C 

to retrieve the plasma. Proteolysis was prevented by the addition of (2.5% v/v) aprotinin. 

Plasma samples were then centrifuged at 12,000 × g for 5 minutes at 4 °C and the 

resultant supernatant was selectively precipitated with 20 mM ethylene diamine 

tetraacetic acid disodium salt (EDTA, pH 7.7), 500 mM magnesium sulfate(MgCl2, pH 

7.7) and distilled water. The mixture was then centrifuged at 5,000 × g for 30 minutes  
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and the resultant pellet was resuspended in 1 M sodium chloride (NaCl). A FPLC system 

was used to perform anion exchange chromatography using a pre-packed HiTrap Q HP 

column (5×5 ml) (Amersham Biosciences, Sweden), equilibrated with 20 mM Tris-HCl 

(pH 8.0). The resuspended sample (100 µl) was subjected to anion exchange 

chromatography and eluted with a linear NaCl gradient (0-0.5 M); followed by 1 M NaCl 

to remove any remaining adsorbed proteins. Fractions (0.5 ml) were collected at a flow 

rate of 1 ml/min and optical density (OD) measurements were conducted at 280 nm. 

Fractions suspected to contain purified vitellogenin were dialyzed overnight at 4°C, 

against a 1:1 ratio of dialysis buffer (20 mM Tris-HCl, pH 8) and glycerol. Dialyzed 

fractions were concentrated using polyethyleneglycol 20,000 (PEG) and analyzed by 

SDS-PAGE (refer to Chapter 3, Section 3.2.5 for full protocol). Protein concentration 

was determined using Bradford’s assay (Chapter 3, Section 3.2.7) 

 

5.2.2 Dot blot analysis 

 

Dot blot analysis was used to determine the presence of vtg in different FPLC fractions 

obtained during the purification procedure. This analysis was conducted according to a 

modified protocol outlined by Desantis et al. (2005). The full details of this protocol are 

presented in Chapter 4, Section 4.2.4. No anti-hake antibodies were available 

commercially at the time of this study. A polyclonal primary antibody that represented 

the sequence of vtg conserved across several fish species was selected, namely; rabbit 

anti-salmon vitellogenin (1:5000). This polyclonal antibody detects epitopes in other 

gadiforms e.g. cod which increased the likelihood of epitope detection in Cape hake, 

which are also gadiforms. The secondary antibody (1:5000) used was anti-mouse/rabbit 

antibody-POD. Atlantic salmon vitellogenin served as the positive control and the 

negative control was 20 mM Tris-HCl (pH 8.0). Dot blot images were developed using 

the Uviprochem gel documentation and analysis system, using an optimized exposure 

time of 20 minutes.  
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5.2.3 Western blot optimization  

 

Western blot analysis was carried out according to instructions in the Roche, BM 

chemiluminesence western blotting kit (mouse/rabbit) (catalogue no. 11520709001). 

(Please refer to Chapter 4, Section 4.2.6 for the detailed protocol). Primary antibody 

(rabbit anti-salmon vitellogenin) and secondary antibody (anti-mouse/rabbit antibody-

POD) were optimized for Cape hake samples. Western blot images were developed using 

the Uviprochem gel documentation and analysis system, using an exposure time of 20 

minutes. 

 

5.2.4 Concentration of protein samples  

 

Acetone and trichloroacetic acid precipitation were used for the concentration of protein 

samples. This protocol is outlined in Chapter 3, Section 3.2.8.  

 

5.3 Results  

 

5.3.1 Vitellogenin purification  

 

After selective precipitation of M. capensis/ M. paradoxus plasma using MgCl2 and 

EDTA, the resulting samples were subjected to anion exchange chromatography (Figure 

5.1). Five minor peaks and two major peaks eluted were observed in the elution profile 

(Figure 5.1). Fractions potentially containing the purified vitellogenin were pooled 

(fraction A: tubes 1-6, fraction B: tubes 16-29, fraction C: tubes 30-32), dialyzed and 

concentrated using PEG 20,000. 

 

SDS-PAGE analysis of pooled PEG concentrated fractions from anion exchange 

chromatography are presented in Figure 5.2. 
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Figure 5.1: Chromatographic profile of vitellogenin purification in M. capenis/ M. paradoxus, 

from EDTA/MgCl2 percipitated plasma sample. FPLC was used to perform anion exchange 
chromatography using a 5×5 ml Hi Trap Q HP column. Samples were eluted in Tris-HCl (20 mM, pH 
8) buffer with a linear NaCl gradient of 0-0.5 M. Flow rate: 1ml/min. Peaks eluted between A: fraction 
1-6, B: fraction 16-29 and C: fraction 30-32. 
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Results showed the presence of several bands in fraction B (16-29) (lane 3) and a band 

above 200 kDa (Figure 5.2). Smaller molecular weight protein bands were also observed 

at below 70 kDa. No bands were apparent in fraction A (1-6), A280 analysis is susceptible 

to baseline background interference, therefore, the peak observed in fraction 1-6 could be 

attributed to this interference. Three faint bands appeared below 30 kDa in fraction C 

(30-32).  
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Figure 5.2: SDS-PAGE profile of purified vtg from Cape hake. Lane 1: peqGold molecular 
weight marker, Lane 2: pooled fraction 1-6, Lane 3: pooled fraction: 16-29, Lane 4: pooled 
fraction 30-32. Samples were subjected to SDS-PAGE (7% resolving gel) and stained with Page 
SilverTM (Fermentas). 
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5.3.2 Dot blot analysis 

 

Dot blot analysis was employed to confirm the presence of vtg in the pooled fractions 

from the anion exchange chromatography process, using the polyclonal rabbit anti-

salmon vitellogenin as primary antibody (Figure 5.3).  

 

 
 

 

Dot blot analysis (Figure 5.3) indicated that the polyclonal antibody selected had the 

capacity to detect M. capensis/ M. paradoxus vtg epitopes and confirmed the presence of 

vtg in fraction B (positive immunoreactivity). No immunoreactivity was observed in 

fractions A and C. When comparing signal intensities between the positive control (E) 

which contained 6 µg of Atlantic salmon vtg and the Cape hake vtg it can be assumed 

that the lower signal intensity observed in the vtg purified from Cape hake was due to 

lower specificity of the antibody for hake vtg, because the Bradford’s protein results 

indicated that fraction B contained 0.015 mg/ml (15 µg/ml) protein (data not shown).  
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Figure 5.3: Dot blot analysis of pooled fractions from anion exchange chromatography. A: pooled 
fraction 1-6, B: pooled fraction 16-29, C: pooled fraction 30-32, D: negative control (assay buffer), E: 
positive control (6 µg of Atlantic salmon vitellogenin). Primary antibody (rabbit anti-salmon vtg): 
1:5000, Secondary antibody (anti-mouse/rabbit antibody-POD); 1:5000. Dot blots were developed in 
chemiluminescence detection reagent and resolved using a Uviprochemi gel documentation and 
analysis system. 
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5.3.3 Western blot optimization 

 

Figure 5.4 shows the results obtained for primary antibody optimization for Cape hake 
vtg. No immunoreactivity was detected in PEG 20,000 concentrated vtg purified from 
Cape hake when primary antibody dilutions for this protein was optimized (Figure 5.4 
A). Although samples were further concentrated using acetone (Figure 5.4B, Q2) and 
TCA (Figure 5.4B, Q3) precipitation, this did not produce any immunoreactive bands and 
only the positive control was detected throughout this experiment (Figure 5.4 A, P1 and 
B, Q1). No secondary antibody optimization was conducted as no positive results were 
obtained for the target antigen (Figure 5.4A, P3 and B, Q2 and Q3). 
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Figure 5.4: Western blot Primary antibody optimization on purified M. capensis/M. paradoxus 

vitellogenin. Purified  PEG 20,000 concentrated vtg (A) was analyzed at varying primary antibody 
dilutions: A1: 1:1000, A2: 1:2000, A3: 1:3000, A4: 1:5000. P1: positive control (Atlantic salmon vtg), 
P2: negative control (assay buffer) and P3: PEG concentrated M. capensis/ M. paradoxus vtg. Acetone 
and TCA precipitated  vtg (B) was also analyzed at varying primary antibody dilutions: B1: 1:500, B2: 
1:1000, B3: 1:2000. Q1: positive control (Atlantic salmon vtg), Q2: acetone precipitated Cape hake vtg, 
Q3: TCA precipitated Cape hake vtg and Q4: negative control (assay buffer). Primary antibody: rabbit 
anti-salmon vitellogenin, secondary antibody: anti-mouse/rabbit antibody-POD. 
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5.4 Discussion  

 

5.4.1 Vitellogenin purification  

 

M. capensis/M. paradoxus vitellogenin was successfully purified using the method 

described by Guzman et al. (2008). The chromatographic profile (Figure 5.1) obtained 

here was similar to chromatographic profiles observed in studies on other fish species 

(Copeland and Thomas, 1988; Guzman et al., 2008; Song et al., 2008). Although the 

elution profile indicated the presence of several peaks (Figure 5.1), vtg was eluted in peak 

fraction B (16-29) which was subsequently confirmed by dot blot analysis (Figure 5.3). 

Currently no antibody is being specifically produced against Cape hake vitellogenin, but 

the polyclonal antibody selected for this study (rabbit anti-salmon vitellogenin) showed 

successful cross-reactivity with Cape hake vitellogenin (Figure 5.3).  

 

SDS-PAGE analyses indicated the presence of several protein bands in fraction B (Figure 

5.2). Vitellogenin appeared as a major band at above 200 kDa. Maitra et al. (2007) state 

that teleost vitellogenin is a high molecular protein that circulates as dimer, with 

molecular weights ranging between 300 kDa and 600 kDa. Wiley and Wallace (2008) 

have also reported that vitellogenin has a molecular weight at approximately 200 kDa. 

Manhor et al. (2005) isolated vitellogenin with a molecular weight of 200 kDa from 

breathing catfish and vitellogenin in greenback flounder which appeared as three major 

bands at 155, 104 and 79 kDa (Watts et al., 2003). SDS-PAGE analysis of fraction B also 

revealed the presence of lower molecular weight bands below 70 kDa. Vitellogenin 

belongs to a large lipid transfer protein superfamily (LLTP) and amino acid sequences in 

this family are divided into several domains which are located in a linear fashion 

(Lubzens et al., 2010). These domains include a heavy chain of lipovitellin, a phosvitin 

domain, a light chain of lipovitellin and a β-component. These domains correspond to 

different yolk proteins namely, lipovitellins, phosphovitins and phosvettes (Lubzens et 

al., 2010).  Vitellogenin serves as a precursor for these yolk proteins (Wallace and 

Begovac, 1985) and therefore the lower molecular weight bands observed in Figure 5.2 
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may be a result of the proteolytic cleavage of vitellogenin by lysosomal enzymes such as 

Cathepsin D (Lubzens et al., 2010; Werawatgoompa et al., 1997). This finding is not 

unexpected as studies conducted on Xenopus species (teleost phosophovitins have similar 

molecular weights to those found in amphibians) indicated the presence of lipovitellins 

with molecular weights ranging from 30-34 kDa, phosphovitins with molecular weights 

between 33-34 kDa as well as smaller phospholipids with lower molecular weights of 13-

19 kDa (Wallace and Begovac, 1985; Wiley and Wallace, 2008). Vlaming et al. (1980) 

also reported the presence of a lower molecular weight protein during vtg purification in 

goldfish and found this to be lipovitellin and phosphovitellin. 

 

5.4.2 Western blot analysis  

 

Western blot optimization results observed indicated no immunoreactive bands for 

purified Cape hake vitellogenin (Figure 5.4). The primary and secondary antibody 

dilution optimization for Cape hake, using the polyclonal antibody, rabbit anti-salmon 

vitellogenin was, therefore, unsuccessful. This cannot be attributed to the technique 

employed because the positive control (Atlantic salmon vitellogenin) appeared as an 

immunoreactive band at approximately 120 kDa throughout this study. It is known that 

protein loss occurs at each step during a purification procedure. Considering that only 

100 µl of selectively precipitated sample was subjected to anion exchange 

chromatography (Figure 5.1) protein loss (due to low protein concentrations) during 

western blot analysis is likely. The susceptibility of vitellogenin degradation is dependent 

on the ambient water temperatures that fish species occur in (Guzman et al., 2008). Cape 

hake are cold water species, which means vitellogenin in this species is more unstable 

and susceptible to degradation during the purification procedure than warm water species 

e.g. Senegalese sole vitellogenin which was stable with no signs of degradation, when 

purification procedures were conducted at room temperature (~20°C) (Guzman et al., 

2008). 

 

Although western blot analysis was unsuccessful, vitellogenin was successfully isolated 

from Cape hake and the purification of vitellogenin from Cape hake served as the first  
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step in further characterizing this protein and developing a biomarker assay for detecting 

the effect of estrogenic compounds.  

 

5.5 Conclusions  

 

 Vitellogenin was successfully isolated from M. capensis/ M. paradoxus as a 

protein with the molecular weight of 200 kDa, with the presence of proteolytically 

cleaved proteins, assumed to be lipovitellins and phosphovitellins.  

 

 The polyclonal antibody rabbit anti-salmon vitellogenin can be utilized to 

immunochemically detect Cape hake vitellogenin. 

 

 Western blot optimization of Cape hake was unsuccessful, possibly due to loss of 

protein because of low initial blood sample volumes obtained, low protein 

concentration in the final purified sample, combined with the susceptibility of this 

protein to proteolytic degradation.  
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Chapter 6: General discussion and future recommendations 

 

6.1 General Discussion and Conclusions  

 

The first objective of this study was the partial purification of cytochrome P450 

monooxygenase 1A (CYP1A) from the liver of Merluccius capensis/M. paradoxus (Cape 

hake) (the two fish species were not differentiated and were considered as one stock). A 

differential centrifugation protocol was initially tested on two different fish species 

(Pomatomus salatatrix and Mesopristes argenteus) and the results obtained indicated a 

high probability that this technique would also be successful in Cape hake. The partial 

purification of CYP1A from liver fractions obtained from Cape hake was, therefore, 

performed using differential centrifugation.  

 

The CYP1A mediated ethoxyresorufin-O-deethylase (EROD) assay and western blot 

analysis are common techniques employed when using CYP1A as a biomarker for the 

detection of chemical contamination (Abrahamson et al., 2007). The next objective of 

this study was to develop the optimum conditions for these two assays. The following 

parameters were optimized for the EROD assay: pH, temperature, reaction time and 

amount of enzyme. A spectrophotometric and fluorimetric study was also conducted to 

determine which detection system was best suited to the EROD assay. The nicotinamide 

adenine dinucleotide phosphate (NADPH) dependence of the EROD assay and the effect 

of phase II enzyme inhibitory compounds (dicumarol, isocitric acid and magnesium 

sulphate) on EROD activity were also investigated. Western blot analysis was optimized 

by determining optimal primary and secondary antibody dilutions.  

 

The next objective of this study was to assess the possible presence of contaminants in 

the marine waters of the De Beers mining area. This was accomplished by comparing the 

EROD activities of fish sampled from the marine mining area to fish sampled from a  
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reference site. Western blot analysis was also used to assess contaminant exposure. All 

assays were conducted under the optimized conditions.  

 

Another aim of this study was to purify a second biomarker, vitellogenin (vtg), from 

Cape hake blood and optimize western blot analysis of this protein in terms of optimal 

primary and secondary antibody dilutions. Preliminary studies on the fish species P. 

saltatrix and M. argenteus resulted in the degradation of vtg during the purification 

procedure. This allowed insight into possible modifications required in the purification 

protocol when purifying vtg from Cape hake. The purification of Cape hake vitellogenin 

was accomplished. Western blot optimization for Cape hake vtg was unsuccessful, 

however.  

 

6.1.1 Partial purification of CYP1A from Cape hake liver samples 

 

The isolation of CYP1A from P. saltatrix and M. argenteus using differential 

centrifugation (preliminary studies) resulted in protein bands of ~50 kDa being resolved 

in the post-mitrochondrial and microsomal fraction. This method was used without 

modification to isolate CYP1A from Cape hake liver. The partial purification of CYP1A 

in M. capensis/ M. paradoxus resulted in the isolation of a CYP1A protein of 

approximately 60 kDa with lower molecular weight degradation products being observed. 

SDS-PAGE profiles obtained were similar in all fractions obtained from the purification 

procedure and the presence of CYP1A in all fractions was confirmed with dot blot 

analysis, these results were attributed to the poor resolution of the differential 

centrifugation technique, therefore, the EROD assay was used to select for the fraction 

with the highest EROD activity. The highest EROD activity was obtained in the 

microsomal fraction (pellet 2), which was the fraction chosen for all further analysis.  
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6.1.2 EROD assay and western blot optimization  

 

Spectrophotometric analysis (at 572 nm) was selected as the preferred detection method 

for the EROD assay when compared to fluorimetric analysis, because it yielded lower 

standard deviations and higher reproducibility.  EROD assays were conducted under the 

following conditions; pH 7.5, temperature of 25°C, and 10 µl of enzyme. The optimal 

reaction time was observed at 30 seconds since enzyme stability rapidly declined after 30  

seconds. The integrity of CYP1A may have been compromised due to the fish samples 

arriving frozen which would alter membrane structure. Cape hake inhabit cold waters 

(temperatures of between 4 and 12°C) which would affect the stability of this protein 

when conducting EROD assays at 25 °C, the highest EROD activity was, however, 

observed at this temperature. The EROD assay is not dependent on exogenous NADPH 

as fish microsomes generate endogenous NADPH. This reaction was, however, limited 

by NADPH supply. The addition of exogenous NADPH resulted in a 300% increase in 

EROD activity. NADPH (0.1 M) was added to all EROD reactions for the remainder of 

the study. The addition of isocitric acid and magnesium sulfateto the EROD reaction 

resulted in the overall inhibition of EROD activity. The addition of dicumarol (40 µM) 

increased overall EROD activity by 232% because it inhibited phase II enzymes e.g. DT-

diaphrose present in the partially pure CYP1A sample, which have the capacity to 

metabolize the product of the reaction, resorufin and therefore interfere with the EROD 

assay. Dicumarol (40 µM) was, therefore, added to all subsequent EROD reactions. 

 

The optimal primary (rabbit anti-fish CYP1A peptide) and secondary (anti-mouse/rabbit 

antibody-POD) dilutions were 1:1000 and 1:500, respectively, for western blot analysis. 

Smearing in western blot was observed due to proteosomal degradation which resulted in 

poor band visibility, but signal intensities could still  be used to semi-quantitavely assess 

the concentration of  CYP1A. 
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6.1.3 Comparison of CYP1A expression in fish samples from De Beers marine mining 

area and the reference site 

 

EROD activities observed for fish samples in the De Beers marine mining area showed 

higher mean activity (16.29 ± 0.91 pmol/min) to that in fish from the reference site (10.42 

±  2.65 pmol/min). This result was in agreement with data obtained with western blot 

analysis which indicated higher CYP1A expression in samples from the marine mining 

area.  

 

As a consequence, data obtained from this study cannot conclusively state that the 

increased CYP1A expression observed in the mining area was due to the presence of 

pollutant compounds. CYP1A expression is influenced by several physical environmental 

and biological factors which result in large variations in the catalytic activity of this 

protein. Results of the t-test indicate that the CF values for the fish from the mining area 

and reference site were significantly different from one another (P<0.05), therefore, 

results could possibly be attributed to unsuitable sampling. Furthermore different 

compounds are known to inhibit or activate CYP1A expression and finally, Cape hake 

are migratory species, thus results observed cannot be linked specifically to the test area.  

  

6.1.4 Vitellogenin purification from Cape hake blood and western blot optimization  

 

Modifications to the purification protocol used to purify vtg from P. salatrix and M. 

argenteus allowed the successful purification of vtg from Cape hake blood samples. After 

anion exchange chromatography, the vtg eluate was found to contain a high molecular 

weight protein with a molecular weight above 200 kDa. Vitellogenin cleavage products 

of lower molecular weight were also present in the SDS-PAGE profile and these were 

assumed to be the yolk proteins lipovitellin and phosphovitin.  

  

Results obtained from western blot optimization (no Cape hake immunoreactive bands 

appeared) could not be attributed to the experimental technique employed as the positive 
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control (Atlantic salmon vitellogenin) was detected in each instance during the study. 

Considering the limited amount of blood volume retrieved from frozen fish samples and 

the susceptibility of Cape hake vtg to degradation, because Cape hake inhabit cold waters 

(4-12°C) and therefore the vtg in this fish species would be less stable at temperatures 

higher than those they inhabit, vtg loss due to degradation is more likely explanation for 

the results obtained.   

 

6.1.5 Summary  

 

In summary, the hypothesis that sewage effluents discharged into the aquatic 

environment from De Beers Marine (PTY) Namibia mining vessels could contain 

compounds that affect the induction of CYP1A in Cape hake was not supported by the 

results observed. The data obtained could not yield conclusive results, as several 

additional factors have to be taken into consideration. This study did, however, 

demonstrate the potential of using CYP1A as a biomarker for studies on the health 

condition of aquatic systems. Furthermore, assay conditions for Cape hake were 

optimized which would serve as an important tool for future studies using these fish 

species. This study has also highlighted the need for several important factors to be taken 

into account before analyzing data and the importance of further studies into Cape hake 

CYP1A before these fish species can be considered suitable indicator species.  

 

The second hypothesis suggesting that vitellogenin could be successfully purified from 

Cape hake was validated. This investigation represents an important step in 

characterizing Cape hake vtg and developing assays for the detection of estrogenic 

pollutants.  

 

Overall further development of the biomarker approach to pollution detection in aquatic 

environments and the standardization of biomarker assays will allow further development 

to ecotoxicological modeling, which will be invaluable when evaluating the state of   

health of a marine environment. 
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6.2 Future recommendations  

 

This study successfully isolated CYP1A from liver samples obtained from Cape hake, 

and the chemical contamination detection tools, namely the EROD assay and western 

blot analysis, were optimized for this particular fish species. The comparative data 

obtained to determine whether any contaminant compounds were present in the marine 

mining area were inconclusive which suggests that further studies need to be conducted. 

The use of fresh, unfrozen fish samples is advised; as it has been reported by Monod and 

Vindimian (1991) that the conservation and storage procedures utilized drastically effect 

protein integrity.  

 

Sample design can be optimized by increasing the fish sample size, but this is not as 

important as retaining sample homogeneity (individual variability must be minimized in 

terms of e.g. size, age and reproductive status) (Beliaeff and Burgeot, 1997; Goksoyr and 

Forlin, 1992). Variations in results can also be limited by selecting reference sites and 

potentially contaminated sites which have similar hydrology and geochemistry (Handy et 

al., 2003).  

 

The environmental and biological interactions (e.g. temperature, salinity, size and age) 

that cause fluctuations and variations in biomarkers should also be assessed before 

attributing any variations in results to the presence of a pollutant. This is accomplished by 

determining the seasonal, spatial and temporal variability in a biomarker (Goksoyr and 

Forlin, 1992; Tom and Auslander, 2005). These variations have been well documented 

for CYP1A and vtg in other fish species (Hinck et al., 2006; Kopecka and Pempkowiak, 

2007; Maitra et al., 2007; Moussavi et al., 2009; Sanchez et al., 2008; Sole et al., 2009). 

Assessing the temporal and spatial variations in CYP1A would also be highly useful 

when using a migratory species like Cape hake as an indicator species.  
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Although the EROD assay is a valid technique for assessing environmental degradation, 

the use of one or two biomarkers is limited, i.e. CYP1A is inducible by a specific range 

of chemical compounds. Future research should move towards a multiple biomarker 

approach using enzymes (e.g. the second phase metabolism or oxidative stress indicators) 

combined with chemical analysis of water samples. This would allow for a more 

complete analysis (Goksoyr and Forlin, 1992; Handy et al., 2003; Siroka and 

Drastichova, 2004; Tamara et al., 2004).  

 

Although vtg was successfully purified from Cape hake, further characterization of this 

protein is required in terms of structure and function in Cape hake, before assays for the 

detection of estrogenic pollutants are developed. It is important to further characterize vtg 

in Cape hake because it is a species specific protein and therefore the vtg structure may 

be significantly varied in different fish species (Nicolas, 1999). 

 

. 
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Appendix I: Standard curves for the determination of protein 

concentration and EROD activity 

 
I.I Protein standard curve  
 
A lower (0-0.12 mg/ml) and higher range (0-1.60 mg/ml) protein standard curve was 

generated according to a modified Braford protein assay, first described by Bradford 

(1976) (Figure I.I and I.II). Bovine serum albumin (BSA) was used as a reference protein 

and results were determined at 595nm using a Powerwavex spectrophotometer with KC 

junior software. 
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Figure I.I: A lower range protein standard curve using varying concentrations of 

the reference protein BSA. The standard curve was generated in the computer 

package Microsoft Excel (SD± 3) 
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Figure I.II: A higher range protein standard curve using varying concentrations of 

the reference protein BSA. The standard curve was generated in the computer 

package Microsoft Excel (SD± 3) 

 
I.II  EROD assay standard curve  
 
EROD assay standard curves were generated according to the method described by 

Pikkarainen et al. (2006). Resorufin (the product of the enzyme reaction) was used a the 

reference compound. 

 

Lower (0- 120 pmol) and higher (0- 250 pmol) range standard curves (Figure I.III and 

I.IV) for fluorimetric studies were analyzed using a Hitachi spectrofluorimeter F2500 

with excitation and emission wavelengths of 510 and 585 nm respectively. The standard 

curve produced for spectrophotometric studies was analyzed at 512nm in a Powerwavex 

spectrophotometer using KC junior software (Figure I.V)   
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Figure I.III: The lower range EROD assay standard curve produced for 

fluorimetric studies at varying resorufin (pmol) concentrations. The standard curve 

was analyzed at emission and excitation wavelengths of 510 and 585nm and 

generated in the computer package Microsoft Excel (SD± 3). 
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Figure I.IV: The higher range EROD assay standard curve produced for 

fluorimetric studies at varying resorufin (pmol) concentrations. The standard curve 

was analyzed at emission and excitation wavelengths of 510 and 585nm and 

generated in the computer package Microsoft Excel (SD± 3). 
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Figure I.V: The EROD assay standard curve produced for spectrophotomeric 

studies at varying resorufin (pmol) concentrations. The standard curve was 

analyzed at 572nm and genereated in the computer package Microsoft Excel (SD± 

3). 
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Appendix II: Chemicals and suppliers 
 
2-[4-(hydroxyethyl)-1-piperazinyl-ethanesulfonic acid 
(HEPES) 
 

Merck ( Cat. No. 1.10110.0250) 

7-ethoxyresorufin 
 

Sigma ( Cat. No. E3763) 

Acetic acid 
 

Merck ( Cat. No. 1031148) 

Acetone  
 

Merck ( Cat. No. 8.22251.2500) 

Acrylamide 
 

Sigma ( Cat. No. A8887) 

Ammonium persulfate(APS) 
 

Sigma ( Cat. No. A3678) 

Aprotinin 
 

Sigma ( Cat. No. A1153) 

Atlantic salmon vtg 
 

Biosense lab ( Cat. No. V01002301-001) 

BM chemiluminescence western blotting kit (mouse/rabbit) 
 

Roche ( Cat. No. 11 520 709001) 

Bovine serum albumin (BSA) 
 

Sigma ( Cat. No. A7906) 

Bradfords reagent 
 

Sigma ( Cat. No. B6916) 

Bromophenol blue 
 

Sigma ( Cat. No. B8026) 

Coomassie brilliant blue R-250 
 

Merck ( Cat. No. 112553) 

Dicumarol 
 

Sigma ( Cat. No. M1390) 

DL- isocitric acid trisodium salt 
 

Sigma ( Cat. No. I1252) 

DL-Dithiothreitol 
 

Sigma ( Cat. No. D9163) 

Ethanol 
 

Merck ( Cat. No. 1.00971.2500) 

Ethylenediamine tetracetic acid disodium salt (EDTA) 
 

Merck ( Cat. No. 223.60.20) 

Glycerol 
 

Merck ( Cat. No. 1032361) 

Glycine  
 

Merck ( Cat. No. 1.04169.1000) 

Heparin sodium salt 
 

Sigma ( Cat. No. H5515) 

Hydrochloric acid Merck ( Cat. No. H1758) 
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Magnesium sulphate 
 

Merck ( Cat. No. 412.40.00) 

Methanol 
 

Merck ( Cat. No. 8.22283.2500) 

N,N,N’,N’- tetramethylethylene- diamine (TEMED) 
 

Sigma ( Cat. No. T9281) 

Nicotinamide adenine dinucleotide phosphate (NADPH) 
 

Calbiochem ( Cat. No. 481973) 

Nitrocellulose membrane 
 

Sigma ( Cat. No. N8267) 

Page SilverTM silver staining kit 
 

Fermentas ( Cat. No. K0681) 

Phenylmethanesulfonyl fluoride (PMSF) 
 

Fluka ( Cat. No. 78830) 

Polyethyleneglycol 20 000 (PEG) 
 

Merck ( Cat. No. 8.18897.5000) 

Ponceau S red 
 

Sigma ( Cat. No. P3504) 

Rabbit anti-fish CYP1A peptide 
 

Biosense lab ( Cat. No. C02401201-500) 

Rabbit anti-salmon vtg 
 

Biosense lab ( Cat. No. V01402201-100) 

Resorufin 
 

Sigma ( Cat. No. R3257) 

Sodium chloride  
 

Merck ( Cat. No. 1.06404.1000) 

Sodium deoxycholate monohydrate 
 

Sigma ( Cat. No. 238392) 

Sodium dodecyl sulfate(SDS) 
 

Merck ( Cat. No. 8.17034.1000) 

Sodium hydroxide 
 

Merck ( Cat. No. 1.06469.1000) 

Trichloroacetic acid  
 

Merck ( Cat. No. 1.00807.0250) 

Tris (hydroxymethyl)- aminomethane 
 

Merck ( Cat. No. 1.08382.1000) 

Tween 20 
 

Merck ( Cat. No. 8.22184.0500) 

β- mercaptoethanol 
 

Fluka ( Cat. No. 63700) 
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