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Abstract 

Planktonic and sessile bacteria, in particular sulphate-reducing bacteria (SRB), in the petroleum 

industry can be damaging to top-side facilities, pipelines and reservoirs. Development of 

microbial influenced corrosion (MIC), loss of production through reservoir souring, generation of 

H2S gas and degradation of petroleum products, are some of the main concerns, due to the growth 

of deleterious microorganisms. These problems can be reduced through appropriate 

bacteriological monitoring and management.   

This study has compared the culture-dependent most probable number (MPN) method with the 

culture-independent quantitative PCR (qPCR) method, for quantifying SRB in injection and 

produced water from the Greater Ekofisk Area. Further, a qPCR protocol for absolute 

quantification of SRB was developed. In addition, detection of general aerobic bacteria (GAB) 

was performed using MPN. Injection and produced water samples were taken over a period of 7 

months from the offshore installations Eldfisk 2/7B, Eldfisk 2/7E, Ekofisk 2/4VB and Ekofisk 

2/4J.  

The final standard curve used for quantification was developed with plasmid DNA containing the 

PCR insert of the dissimilatory sulphite reductase B (dsrB) gene from produced water. SRB was 

detected by qPCR using dsrB specific primers and the limit of detection (LOD) was 103 dsrB 

copies/µl. qPCR quantified SRB in both injection (105-106 copies/µl) and produced water (107-108 

copies/µl). SRB was not detected by MPN, whereas GAB was detected in both injection and 

produced water.  

Results in this study documents that qPCR is more suitable for detection and quantification of 

SRB compared to the MPN method and could be beneficial for application at Ekofisk. With the 

developed qPCR assay, quantitative and objective bacteriological results at Ekofisk can be 

obtained within a few hours, rather than 30 days as with the MPN method currently applied. 

Injection water from Ekofisk 2/4VB indicates higher bacterial numbers, and measures should be 

taken to reduce the microbial flora, to further prevent MIC. Except for Ekofisk 2/4VB, other 

sampling locations for injection water did not show any signs of bacterial growth, indicating a 

highly efficient injection water treatment system.  
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1. Introduction 

The petroleum industry is often faced with challenges related to a diverse microbial flora within 

water systems, which can raise concerns regarding microbial influenced corrosion (MIC), 

degradation of petroleum products, safety due to H2S gas, loss of production and damage to 

reservoirs through souring (Skovhus et al., 2012). Both planktonic and sessile microbes are 

present in the water systems (Spark and Mutch, 2002), which can cause corrosion in anoxic 

environments and may lead to high economic costs for the petroleum industry (Enning et al., 

2012). Sulphate-reducing bacteria (SRB) are one of the main contributors, and the estimated cost 

for MIC by SRB alone is approximately 100 million US dollars in the US every year (Jhobalia et 

al., 2005). In addition, general aerobic bacteria (GAB)/facultative anaerobic acid-producing 

heterotrophic bacteria can also be damaging to oil systems by contributing to corrosion (Spark and 

Mutch, 2002) by polymer precipitation and acid production (Alkindi et al., 2007). Thus, it is 

important to monitor both SRB and GAB to avoid downstream contamination of water injection 

systems (Spark and Mutch, 2002). Regular monitoring includes enumeration of SRB, inspection 

of metal surfaces and water analysis. Water analysis only gives an indication of SRB numbers, 

because only planktonic microorganisms are identified (Hurst et al., 2007). 

Culture-dependent and culture-independent methods are the two main approaches used to detect 

the presence of bacteria. A widely used culture-dependent method is the most probable number 

(MPN) (Smits et al., 2004). Culture-dependent methods are considered conventional but are 

laborious and time-consuming due to slow growth of bacteria (up to 30 days) and are not very 

accurate regarding quantity and the types of bacteria present (Ben-Dov et al., 2007). Merely 

0.001-15% of the viable bacteria can be cultured by conventional methods (Larsen et al., 2008).  

A more rapid and accurate method for monitoring and quantifying bacteria is necessary to detect 

bacteria that might be involved in MIC and reservoir souring, and culture-independent methods 

such as qPCR meet these requirements. The petroleum industry is therefore looking into the 

development of culture-independent methods to quantify and identify bacteria that may be 

associated with reservoir souring or MIC (Larsen et al., 2008). Quantitative polymerase chain 

reaction (qPCR) is a well-known culture-independent method within the field of molecular 

microbiological methods (MMM) and can quantify the number of microorganisms present 

(Larsen et al., 2010; Larsen et al., 2011).  
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A comparison of the MPN method with the qPCR method for quantifying SRB in injection water 

and produced water from the Greater Ekofisk Area was performed. A qPCR protocol for absolute 

quantification of the functional dsrB gene in SRB was developed in this study. In addition, 

general aerobic bacteria (GAB) detection was performed using MPN.  

 

2. Objectives 

The primary objective of this thesis is to compare the culture-dependent MPN method with the 

culture-independent qPCR method, for quantification of SRB in injection water and produced 

water from the Greater Ekofisk Area, operated by ConocoPhillips. The secondary objective is to 

develop a qPCR protocol for absolute quantification of SRB. Water samples were taken over a 

period of 7 months (September 2017 to March 2018). All laboratory experiments were conducted 

at the Department of Chemistry, Bioscience and Environmental Engineering, University of 

Stavanger.     
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3. Background 

This chapter will give a general overview of water injection treatment, SRB and their influence 

with regards to MIC, corrosion prevention using biocides and finally, theory regarding methods 

used in this thesis for quantification of SRB and GAB. 

 

3.1 Microbial populations and nutrients in the oil reservoir 

Microbial populations in reservoir waters are generally not very high and can vary from a few 

cells to 104 bacteria/ml. The low densities may be due to nutrient limitations or other biological 

parameters. The major limiting nutrient in oil reservoirs is phosphorus, whereas nitrogen is found 

in abundance. Dissolved oxygen is not found in the oil reservoir, causing anaerobic 

microorganisms to grow. Sulphate and carbonate are found at varying concentrations in the stratal 

waters and can be used as growth substrates for different metabolic processes such as sulphate 

reduction, fermentation, methanogenesis and homoacetogenensis. During sulphate reduction and 

fermentation, electron donors derive from organic molecules. Thus, organic compounds such as 

acetate, along with formate, butyrate, propionate and benzoate are often detected in many oil 

reservoirs and can be used for microbial growth (Ollivier and Magot, 2005).  

 

3.2 Oil recovery mechanisms 

The three main steps in oil recovery include primary, secondary and tertiary recovery. During 

primary recovery, the reservoir pressure is high enough for oil and gas to drift to the surface, 

however, as production continues, the reservoir pressure drops progressively, and secondary 

recovery becomes necessary. Approximately 10% of oil is produced by primary recovery. 

Secondary recovery consists of water injection (into the aquifer) or injection of gas (into the gas 

cap), to uphold the reservoir pressure for increased oil recovery. Finally, tertiary recovery 

involves improved oil recovery (IOR) which includes processes such as enhanced oil recovery 

(EOR). EOR aims to increase oil production by improving oil flow and sweep in the reservoir 

(Ollivier and Magot, 2005).  
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3.3 Water injection 

Seawater injection is a common procedure on offshore installations in the North Sea (Hoffmann 

and Spark, 2012) and involves injecting water into the reservoir through an injection well. It is 

vital that injection water is of high quality and therefore it is treated on offshore installations prior 

to injection. Treatments involve chlorination, filtration, UV sterilization and the removal of 

oxygen to eliminate unwanted material that may have adverse effects in the reservoir. Inadequate 

treatment of injected water can lead to formation damage, which may result in reduced production 

(Rochon et al., 1996). After treatment, water free of solids and oil, where microorganisms have 

been significantly reduced, and is non-scaling, is injected into the reservoir using high pressure 

and occasionally high temperatures (Patton, 1990; Hoffmann and Spark, 2012). Chemical 

composition, dissolved gases, corrosivity, suspended solids, oil content and bacteria are some 

aspects of injection water that need to be monitored and controlled (Patton, 1990).  

A typical water injection system includes seawater pumps, filters, UV sterilizer, vacuum 

deaerators, injection booster pumps, injection pump accumulator, water injection pumps and 

seawater injection well (Hoffmann and Spark, 2012). SRB and GAB growth is most prevalent in 

and around the vacuum deaerator towers and in the injection wells (Spark and Mutch, 2002). 

Figure 3.1 shows a simplified seawater injection treatment system. Deaerated seawater contains 

high concentrations of sulphate, around 2700 mg/l, making it possible for sulphate-reducing 

prokaryotes (SRP) to grow and thrive within seawater injection systems. Both thermophilic and 

mesophilic sulphate reducers can be present in injection systems. Sulphate is present in high 

enough concentrations in injection water to stimulate the growth of SRB, whereas carbon, 

phosphorus and nitrogen are present in low concentrations in seawater (Hoffmann and Spark, 

2012). 
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Figure 3.1: Simplified illustration of a seawater injection treatment system (Hoffmann and Spark, 2012). 

 

3.3.1 ConocoPhillips water injection treatment system 

Seawater is lifted by 3 seawater pumps to Ekofisk 2/4K (from 17 m depth) and 4 seawater pumps 

to Eldfisk 2/7E (from 50 m depth). Hypochlorite is then added at the seawater intake, and the 

water passes through fine filters that remove particles larger than 2 µm. To aid the filtration, 

flocculant is added continuously upstream the fine filters, and biocide is injected in batches 

upstream the fine filters to remove organics that survived the hypochlorite treatment. Following 

filtration, water is sterilized by UV-radiation. Afterwards, water is passed through two vacuum 

deaerator towers, which reduce foaming during water injection into the reservoir. Downstream the 

vacuum deaerator towers, a second batch of biocide is injected. In addition, antifoam is added to 

improve deaeration. The water is now ready to be injected into the reservoir (ConocoPhillips, 

2018). A simplified flow diagram of the Ekofisk 2/4K water injection treatment system is shown 

in figure 3.2.   
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Figure 3.2: Simplified flow diagram of the Ekofisk 2/4K water injection treatment system (ConocoPhillips, 2017). 

 

Ekofisk 2/4K treats 1/3 of the total injection water and distributes the water to Ekofisk 2/4K and 

Ekofisk 2/4VA. Eldfisk 2/7E treats 2/3 of the total injection water and distributes the water to 

Eldfisk 2/7A, Eldfisk 2/7B, Eldfisk 2/7S, Ekofisk 2/4VA, Ekofisk 2/4VB and Ekofisk 2/4K. 

Eldfisk 2/7A, Eldfisk 2/7B and Eldfisk 2/7S share the same distribution pipeline from Eldfisk 

2/7E. The pipeline from Eldfisk 2/7E to Eldfisk 2/7B is 6.2 km long. Ekofisk 2/4K and Ekofisk 

2/4VB share the same distribution pipeline until a junction 24.6 km downstream Eldfisk 2/7E. The 

tie-in from the junction to Ekofisk 2/4VB is 5 km long. Both Ekofisk 2/4VA and Ekofisk 2/4VB 

are subsea injection manifolds and are connected with Ekofisk 2/4M through an umbilical. 

Pigging helps to remove particles and biofilms from pipelines and is routinely performed between 

Eldfisk 2/7E and Ekofisk 2/4K and between Eldfisk 2/7E and Eldfisk 2/7B (ConocoPhillips, 

2018). An illustration of the distribution of injection water in the Greater Ekofisk Area is 

presented in figure 3.3. 
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Figure 3.3: Map of injection water distribution in the Greater Ekofisk Area (ConocoPhillips, 2018). 

 

3.4 Produced water 

Formation water occurs in the reservoir and is termed produced water when brought to the surface 

along with oil and gas. In addition, injected water can reach the production wells and further 

contribute to the produced water flow (Veil et al., 2004). Produced water is a waste product in the 

petroleum industry, and contains several organic and inorganic compounds, making discharge 

problematic in terms of pollution. Both mechanical and biochemical treatment of produced water 

is necessary to minimize its polluting effects, by removal of suspended and dissolved compounds 

(Ahmadun et al., 2009). Produced water is anaerobic and rich in nutrients, thus supporting SRB 

growth (Nihalani et al., 2010).  

 

3.5 Sulphate reducing microorganisms 

Sulphate-reducing microorganisms (SRM)/SRB comprise all unicellular microorganisms that 

efficiently reduce sulphate to sulphide. SRB are a group of obligate anaerobes that obtain energy 

by oxidizing organic matter by using sulphate as the external electron acceptor and drive their 

metabolism by respiring sulphate and producing sulphide. In lack of sulphate, some strains can 

operate as fermenters and use pyruvate to produce acetate, hydrogen and carbon dioxide. SRB 

have similarities to denitrifying bacteria, but they are all strict anaerobes (Jhobalia et al., 2005) 

and they have been found in every anaerobic environment studied (Ollivier and Magot, 2005). 
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Sulphate, including thiosulphate, sulphur and sulphite are used as terminal electron acceptors, 

whereas, hydrogen or organic compounds serve as electron donors. This reaction is called 

dissimilatory sulphate reduction (Ollivier and Magot, 2005):  

4AH2 + SO4
2- + H+

→4A + HS- + 4H2O 

Dissimilatory sulphate reduction is an important step in the global sulphur cycle, which evolved 

approximately 3.47 billion years ago, and is facilitated by SRP, where SRB are central (Barton et 

al., 2014). The Dissimilatory sulphite reductase (Dsr) enzyme is present in all SRP and the genes 

encoding this enzyme can be detected as functional groups. When metabolic pathways are shared 

by microorganisms in a specific system, they are defined as a functional group. In this case, the 

functional group studied have the ability to reduce sulphate to hydrogen sulphide (Whitby and 

Skovhus, 2009). 

The morphology of SRB is diverse and have shapes which can include spheres, rods and vibrio. 

There are two main metabolic groups of SRB. The first group, the complete oxidizers, involves 

complete oxidation of its substrates to CO2. The second group, the incomplete oxidizers, involves 

incomplete oxidation of its substrates to CO2 and acetate. The complete oxidizers oxidize fatty 

acids and aromatic compounds and the incomplete oxidizers rarely oxidize fatty acids. In the last 

step of sulphate reduction to sulphide, there is a 6-electron transfer to sulphite. The electron 

transfer process is mediated by bisulphite reductase, also called (Dsr). There are several types of 

Dsr enzymes in SRB, such as desulfoviridin, desulfofuscidin, desulfoforubidin and P582 (Ollivier 

and Magot, 2005). The central Dsr enzyme of SRB is encoded by the dsrAB gene, which encodes 

both the α and β subunit of dsr and is highly conserved in SRB (Zhu et al, 2005). The functional 

dsrAB gene can be used to identify SRB by using dsrAB-specific primers (Ben-Dov et al., 2007). 

The number of dsr genes found in an experiment correlates to the number of SRB, since the dsr 

gene is found in one copy per SRB (Whitby and Skovhus, 2009). Desulfovibrio is the most 

extensively studied genus of SRB, as it is the most easily cultivated sulphate reducer (Barton et 

al., 2014).    

SRB can be found naturally in oil reservoirs or can be introduced during operations through 

secondary recovery. Produced sulphide by SRB can remain in the reservoir and cause oil souring 

and plugging, in addition, top-side facilities such as water tanks and pipelines may also be 

affected (Gieg et al., 2011). Uncontrolled growth of SRB can lead to toxicity and deterioration of 

oil and gas (Al-Hashem et al., 1998). In addition to corrosion and plugging, reservoir souring is a 

major concern in seawater systems and is particularly challenging to prevent. Large amounts of 

biocides can be injected, but often it is not technically and economically feasible (Patton, 1990).  
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In order for biological souring to take place, sulphate, carbon and energy sources must be present 

(Liamleam and Annachhatre, 2007) in addition to trace metals, correct temperature and viable 

microbes (Kuijvenhoven et al., 2006). Souring can take place close to the water injection well. In 

this area, the temperature lies between 50-70 °C, due to mixing of cold seawater and hot reservoir 

fluids, supporting SRB activity (Bødtker et al., 2009; Kaster et al., 2007).  

 

3.6 Microbiologically influenced corrosion 

Corrosion is a deterioration of materials such as iron and steel and is considered a world-wide 

problem. Corrosion affects many industries including shipping, construction, drinking water 

treatment plants and the petroleum industry (Kip and van Veen, 2015). The corrosion process is 

characterized by the development of metal pitting and black crusts caused by production of H2S 

and cathodic H2 (Enning et al., 2012).  

When solid metals such as Fe dissolve into metal ions (Fe2+) and electrons (oxidation), metal 

corrosion takes place. Hydrogen (H2) can be formed in oxygen-free systems when electrons react 

with free protons (H+) in the water (reduction). Fe2+ can dissolve in water or precipitate as iron 

sulphide after reacting with sulphide. During electron and metal-loss from electron-conducting 

metal alloys, an anode (Fe0
→Fe2+) and a cathode (e- loss) will be formed. SRB and methanogens 

have the ability to utilize electrons in the form of H2, released from the cathode and cause further 

corrosion (Skovhus et al., 2012). The process of MIC by SRB is illustrated in figure 3.4. 
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Figure 3.4: Illustration of MIC by SRB (Javaherdashti, 2008). 
 

Regular electrochemical corrosion will not usually occur under anaerobic settings due to the 

accumulation of hydrogen that causes polarization of the cathode. However, SRB can stimulate 

electrochemical corrosion by: 

(i) Utilizing enzymes to remove the build-up of hydrogen around the cathode. 

(ii) Iron sulphide formation which is cathodic to steel.  

(iii) Formation of elemental sulphur when sulphides are reoxidized. 

(iv) Iron phosphide formation by SRB. 

 

Where (i) and (ii) are the most frequently occurring (Al-Hashem et al., 1998).  

 

MIC may be defined as electrochemical corrosion which includes microbes initiating, enabling or 

accelerating the corrosion reaction. Iron, copper and ferrous alloys are subject to MIC (Jhobalia et 

al., 2005). Corrosion caused by SRB is often characterized by pitting attack and these pits are 

generally filled with iron sulphides, which is a typical corrosion product (Videla et al., 2005). 

MIC can adversely affect pipelines in the petroleum industry, and it is not as easily observed as 

rusting of iron in air but occurs in areas that are more hidden, such as the interior of pipes (Enning 

et al., 2012). The combination of dissolved iron concentrations, nutrient restrictions and fluid 
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dynamics together constitute the effect SRB have on MIC (Jhobalia et al., 2005). In addition, MIC 

can cause explosions, hazardous chemical waste and environmental damage (Duncan et al., 2009). 

MIC as a degradation process has been known since 1934 (von Wolzogen Kuhr and van der 

Vlught, 1934), but was not recognized fully until the 1980s (Pope et al., 1988). There are several 

microorganisms that can contribute to MIC, including hydrogen-utilizing methanogens, iron-

reducing bacteria, syntrophic bacteria, peptide-fermenting bacteria, sulphur-reducing bacteria 

(Zuo, 2007), nitrate-reducing bacteria (Xu and Gu., 2014) and as mentioned, SRB (Zuo, 2007). It 

has been established that SRB is the main contributor to MIC (Enning et al., 2012), however, not 

all the specific microorganisms causing MIC have been categorized. There is no consensus on the 

dynamic function of these microorganisms and thereby there are difficulties associated in 

monitoring and treating MIC (Duncan et al., 2009).  

 

3.7 Corrosion prevention and Biocides 

Present-day corrosion prevention deals with inhibition of microbial growth and metabolism. 

Corrosion prevention includes physical cleaning (pigging), coatings and electrochemical 

restriction, however, biofilms tend to be resistant to established treatments (Kip and van Veen, 

2015). It is necessary to monitor and detect microbial activity to ensure safety and longevity of 

equipment (Hurst et al., 2007).  

 

3.7.1 Biocides 

According to the Council of the European Union (1998), a biocide is defined as a chemical or 

biological substance that is applied with the intention to destroy or control unwanted organisms. 

To achieve the most efficient control of microbial activity, mechanical cleaning can be used in 

conjunction with biocides. The criteria for an effective biocide treatment include targeting specific 

bacteria in the system, ensuring appropriate conditions and that biocides do not change the 

characteristics of reservoir fluids, and lastly the biocide must be economically feasible and have 

low toxicity levels towards higher organisms (Ollivier and Magot, 2005).  

Oxidizing biocides include chlorine, chlorine dioxide, hypochlorite, ozone, bromine and 

hypobromide. Nonoxidizing biocides include aldehydes (such as acrolein, glutaraldehyde and 

formaldehyde), quaternary amines (alkyl and benzyl derivatives), tetrakishydroxymethyl 

phosphonium sulphate (THPS), 2,2-dibromo-3-nitrilopropionamide and bronopol (Ollivier and 

Magot, 2005). 
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Nitrate treatment is a relatively new method that can be used to reduce the sulphide concentration 

produced by SRB and enhances the activity of heterotrophic and sulphide-oxidizing nitrate-

reducing bacteria (hNRB and soNRB, respectively) (Voordouw et al., 2009). Nitrate has 

promising features and can replace biocides in limiting SRB activity and reservoir souring. Nitrate 

prevents sulphates conversion to sulphide or it can react with sulphide and reverse it to sulphate 

by the help of microbes. Olliver and Magot (2005) revealed that nitrate may not effectively 

control biofouling which may lead to plugging. In fact, Voordouw et al. (2002) and Dunsmore et 

al. (2004) discovered that nitrate treatment might support MIC, accordingly, the adverse effects 

are to be taken into consideration. 

Biocides operate by chemical attack, including precipitation of proteins, solubilisation of lipids 

and several attacks on the bacterial cell. If resistance to a biocide is to occur, the bacterium needs 

to have a considerable number of mutations to change the structure of its proteins. Such a high 

mutation rate is unlikely to occur in industrial settings. When biocides no longer seem to be as 

effective, this is most likely due to a change in the dosing routine, system parameters (such as pH 

and temperature), change of the manufacturer of the biocide, the biocide treatment may never 

have been optimised or an increase in biological activity which increases the need for additional 

biocide (Al-Hashem et al., 2004). Batch and low-level treatments may both contribute to resistant 

bacteria and suitable monitoring must be established (Al-Hashem et al., 1998). It is important to 

know whether the bacteria of interest are mesophilic, thermophilic or hypothermophilic. The 

bacteria in these groups may be related and have comparable metabolic pathways, but they have 

distinct enzymes that protect them against the denaturing effects of too high or too low 

temperatures. Biocides have a temperature optimum, and therefore temperature is an important 

parameter to take into account (Al-Hashem et al., 2004).  

Large amounts of seawater undergo biocide treatment and is deoxygenated prior to water injection 

to avoid bacterial growth (Voordouw et al., 2009). On a standard sized platform up to 12,000 

m3/day of seawater can be treated. Lack of microbial growth control may have a negative effect 

on the asset integrity (Skovhus et al., 2012). Advances within MMM help to find biocides which 

target specific microbes (Whitby and Skovhus, 2009). 
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3.7.2 ConocoPhillips biocide treatment 

At Ekofisk 2/4K and Eldfisk 2/7E biocide is injected into the injection water treatment system at 

two locations, upstream the fine filters (500 ppm) and downstream the deaerator towers (1,000 

ppm). The biocide injection lasts for one hour and is applied 3 times a week at Ekofisk 2/4K and 5 

times a week at Eldfisk 2/7E. Glutaraldehyde is the primary biocide currently in use 

(ConocoPhillips, 2018). 

 

3.8 Biofilms 

When surfaces are present, bacteria will often adhere and a three-dimensional biofilm-structure 

will develop (Bridier et al., 2011). Biofilms consist of microbes, polysaccharides, water, nutrients, 

and metabolic waste, that together can form several distinct microenvironments (Branda et al., 

2005). Biofilms can grow under varying environmental conditions with respect to temperature, 

pH, nutrient availability, water activity, toxicity and pressure (Ollivier and Magot, 2005). 

Biofilms are comprised of microcolonies, which include one or several types of species and even 

within these microcolonies the extracelluar polymeric substance (EPS) differs, creating unique 

microcolonies (Costerton, 1999). Multispecies biofilms bring about the most damaging corrosion 

and the complex interactions between species may stimulate biochemical reactions in both anoxic 

and oxic sections of the biofilm, which intensifies the corrosion process (Kip and van Veen, 

2015).  

Biofilms can be problematic with regards to operations, maintenance and lifespan of oil fields. 

Issues caused by biofilms include plugging of reservoir rock, filters and reduction in flow 

capacity, leading to MIC (Ollivier and Magot, 2005). Biofilms can be controlled to a certain 

extent with biocides, commonly chlorine, but the biofilm matrix helps to protect against biocides 

(De Beer, 1994). Biofilms are shielded against biocide treatment and will only be affected when 

higher biocide concentrations are used (Brown et al., 1993). Within the biofilm, lateral gene 

transfer aids in the adaption process (Bridier et al., 2011). The biofilm population (sessile) is 

diverse compared to that of a planktonic population, due to higher rates of mutation and selection 

(Bridier et al., 2011). To reduce resistance to biocide treatment, two different biocides can be used 

alternatively to achieve synergistic effects (Hurst et al., 2007). The biocide must penetrate the 

biofilm to reach the bacteria (including SRB) and this requires optimised dose rate and contact 

time (Ollivier and Magot, 2005). The activity of SRB is increased within biofilms and they thrive 

at the seawater/steel interface (Videla et al., 2005). In addition, GAB can aid in biofilm 

development (Alkindi et al., 2007). Figure 3.5 shows biofilms in pipes. 
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Figure 3.5: Biofilms in pipes (Hoffmann and Spark, 2012). 

 

3.9 Detection and quantification of bacteria 

 

3.9.1 PCR 

Polymerase chain reaction (PCR) is a widely used method for amplifying a specific DNA 

sequence. PCR consists of three stages which are repeated 30-35 times. The first stage is a 

denaturation, where the temperature is raised to 95°C, creating single stranded DNA (ssDNA). 

The second stage is annealing, where the temperature is lowered to approximately 55°C, allowing 

primers to attach. The annealing temperature (Ta) depends on primer length and composition and 

must be optimised prior to the PCR run. Finally, elongation takes place, the temperature is raised 

to 72°C and DNA polymerase copies ssDNA from the attached primers and produces double-

stranded DNA (dsDNA). Once the elongation is completed, a new cycle begins and the recently 

copied DNA, working as starting material, makes the reaction exponential (Whitby and Skovhus, 

2009). Exponential growth is achieved in the early cycles, but cannot be maintained throughout, 

especially when ng/µl amounts are present (Edwards et al., 2004). PCR increases the 

concentration to >109 copies, a detectable amount (Skovhus et al., 2009). Post PCR, the PCR 

products are run on an agarose gel and visualised under UV light, thereby making it a semi-

quantitative, end-point method (Whitby and Skovhus, 2009). Due to PCR bias and limitations, 

end-point and initial DNA concentration is not proportional, and therefore conventional PCR is 

not recommended for quantitative analysis (Kim et al., 2013). Figure 3.6 shows the different 

stages of a PCR cycle. 
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Figure 3.6: Overview of the different stages of PCR (Society for Mucosal Immunology, 2014). 
 

 

3.9.2 qPCR 

qPCR is a highly sensitive method applied in a wide range of disciplines. It is known for its speed 

and specificity in quantifying nucleic acids in real-time (Bustin et al., 2009). qPCR is considered 

an effective tool for quantifying bacteria in environmental samples and can detect down to genus 

and species level, both relative and absolute quantities. Such detailed information is difficult to 

acquire from conventional culture-dependent methods, such as MPN (Whitby and Skovhus, 

2009). By using qPCR, PCR amplification and detection are narrowed down to a single step, 

eliminating the need for time-consuming gel electrophoresis (Thermo Fisher Scientific, 2016). 

Further, qPCR is not able to distinguish between live and dead cells and it can therefore be 

problematic to conclude bacterial activity from the cell numbers (Whitby and Skovhus, 2009). On 

the other hand, reverse transcriptase qPCR (RT-qPCR) can quantify mRNA for the estimation of 

microbial activity (Bustin, 2008). Sequence specific primers are also required and therefore qPCR 

cannot detect uncharacterized sequences (Kim et al., 2013).  

qPCR utilises fluorescent dyes to label PCR products. The qPCR instrument measures the 

accumulation of these fluorescent dyes during the exponential phase of the cycle and provides a 

quantitative analysis of the PCR products. Labelling of the PCR products with fluorescent dyes 

can be done using either TaqMan™ fluorogenic probes or SYBR® Green I dye. The former is a 

target-specific oligonucleotide that will produce a fluorescent signal only when the target DNA is 

amplified during detection (Thermo Fisher Scientific, 2016), and the latter will bind to the minor 

groove of dsDNA and will fluoresce only when bound (Life Technologies™, 2012). When 
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attached to dsDNA, the SYBR® Green I dye absorbs and emits light at 440 nm and 520 nm, 

respectively (Valasek and Repa, 2005). For both SYBR® Green I and TaqMan™, the fluorescent 

signal is proportional to the amount of target DNA. In qPCR reactions, primers and DNA 

polymerase are used in excess, thereby making the target sample the limiting factor (Thermo 

Fisher Scientific, 2016). The SYBR® Green I assay is widely used in the industry and research to 

identify and quantify microorganisms (Zhu et al., 2005). A drawback of using SYBR® Green I 

assay is its lower specificity compared to the TaqMan® probe, because it cannot distinguish 

between target and non-target DNA (Life Technologies™, 2012). Figure 3.7 illustrates SYBR® 

Green I detection chemistry. 

 

Figure 3.7: SYBR Green I assay detection chemistry (Kim et al., 2013). 

 

qPCR results can be expressed either in an absolute or relative manner. Absolute quantification is 

widely used within microbiology and requires that an external standard is used, and that 

amplification efficiency remains the same in all samples and standards. Absolute quantification 

targets a single sequence and results in an absolute value, also called copy number. In relative 

quantification, mRNA variation between samples can be expressed by comparison to internal 

controls (Whitby and Skovhus, 2009). According to Dhanasekaran et al. (2010) absolute 

quantification is a more reliable and informative method for comparison.  



17 
 

Standard curve 

A high quality standard curve is essential when performing absolute quantification. Standard 

curves can be constructed using PCR-amplified target sequences, target sequences inserted into 

plasmids or commercially available DNA (Dhanasekaran et al., 2010). The standards should 

always expand throughout the range estimated in the experiment with a minimum of four points 

and the maximum increment between the points should be log10. Secondary structures should not 

be present in the standards, as the occurrence of secondary structures may impede the DNA 

polymerase and result in reduced amplification efficiencies (Life Technologies™, 2012).  

The optimal procedure would include a standard curve for each run to obtain the highest 

quantitative information. However, a standard curve that is run periodically to detect any drift, 

may be satisfactory. Product threshold levels in qPCR is achieved by plotting the fluorescence 

against the cycle number (Edwards et al., 2004). To achieve high efficiency, the quantification 

cycle (Cq) values should be <40 (Bustin et al., 2009). By plotting log10 of template starting 

quantity against Cq values, a standard curve is made by linear regression (Taylor et al., 2010). The 

standard curve is then used to quantify unknown samples by interpolation (Life Technologies™, 

2012). The R2 (coefficient of determination) value from the standard curve indicates data linearity 

(Taylor et al., 2010) and reproducibility (Life Technologies™, 2012). The desired R2 value is 

>0.95 (Kim et al., 2013). Linearity denotes variability between replicates and in which degree the 

efficiency is similar between the different starting sample concentrations (Taylor et al., 2010).  

qPCR efficiency shows to which extent the reagents have been converted to amplicon, where 

100% efficiency is achieved by a 2-fold increase of amplicon per cycle (Taylor et al., 2010). Low 

efficiency (<90%) can result in PCR artefacts, and can be caused by Taq inhibitors, inaccurate Ta, 

sub-optimal concentrations of reagents, secondary structures or incorrectly designed primers. 

High efficiency (>110%) can be caused by non-specific amplicons or primer-dimers. Ta is critical 

and should be optimised to prevent primer-dimers and non-specific annealing (Life 

Technologies™, 2012; Taylor et al., 2010). Both pipetting technique and pipette calibration are 

critical to avoid both high and low efficiency (Taylor et al., 2010).  

 

Efficiency is given by (Kim et al., 2013): 

𝐸 = 10
−1

𝑠𝑙𝑜𝑝𝑒 − 1                               Eq. 1 
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Where E is the efficiency and the slope value should lie between -3.58 and -3.10, corresponding 

to an efficiency between 90 and 110% (Life Technologies™, 2012). 

Initially, there is less fluorescent signal detection, and it increases as the reaction continues. The 

exponential phase of the amplification starts as the reaction passes the threshold level. This 

threshold level gives the Cq value of each reaction. Cq values and starting DNA template are 

inversely proportional. The theoretical limit of detection (LOD) is indicated by the y-intercept 

value. In theory, qPCR should be able to detect a single copy, but a copy number between 2-10 is 

more frequently reported as the lowest detectable number. Therefore, the use of y-intercept as a 

means of detection is limited. The sensitivity of the standard curve is determined by the most 

diluted sample that can be amplified and is the practical approach of determining LOD (Life 

Technologies™, 2012).  

 

Melt curve analysis 

Melt curve analysis is a method for validating the qPCR reaction by checking for primer-dimers 

and to confirm specificity. The melt curve is a result of the decrease in fluorescence when the 

melting point is reached, that occurs when dsDNA together with its dye molecule detaches and 

ssDNA is formed. A plot between fluorescence and temperature is constructed, and finally the 

ΔF/ΔT and temperature is plotted (Life Technologies™, 2012). 

Melt curves are especially important when non-specific probes such as SYBR® Green I are used 

(Whitby and Skovhus, 2009). A single peak in the melt curve indicates high specificity (Taylor et 

al., 2010). To ensure that all melt curves are associated with a specific gene, DNA sequencing is 

necessary (Whitby and Skovhus, 2009). Flat curves or a total absence of an amplicon product may 

indicate the presence of inhibitors (Edwards et al., 2004). The time-consuming step of gel 

electrophoresis can be replaced by melt curve analysis. The ideal melt curve peak should consist 

of a single, narrow and symmetrical peak. Lower melt peaks may indicate primer-dimers and 

these may result in poor qPCR efficiency and complicate data analysis. No-template-controls 

(NTCs) should also undergo melt curve analysis to detect primer-dimers, and if detected, there is 

a possibility of primer-dimer formation in template samples as well. If so, one should consider 

redesigning the primers. Melt curve analysis for NTCs helps to distinguish random contamination 

and primer-dimers (Life Technologies™, 2012). 
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3.9.3 MPN 

The most probable number (MPN) method involves diluting a bacterial sample in specific media 

to extinction (Whitby and Skovhus, 2009). A 1:10 dilution series is used until, in theory, no 

bacteria are left (NACE TM0194, 2014). The media containing nutrients to support bacterial 

growth, along with the sample are incubated at a temperature equivalent to conditions in the 

bacteria’s natural habitat, for a given amount of time. Results are drawn from colour change, 

turbidity or microscopic counting (Whitby and Skovhus, 2009).  

There are several disadvantages related to the MPN method, including that considerable amounts 

of replicates are needed, and there might be biases associated with media selection, where only the 

fastest growing bacteria can be detected, or the most abundant. As previously stated, a very small 

fraction of bacteria is culturable, providing an incomplete overview of the bacterial diversity. The 

method takes several hours to perform by laboratory personnel and if errors are made (such as 

using the same syringe between serial dilutions) the results will be erroneous. Finally, the bacteria 

may take up to 30 days to grow (Whitby and Skovhus, 2009). Today there are several MMMs that 

provide more information than culture-dependent methods, both quantitative and qualitative. 

However, culture-dependent methods are still widely used in the oil and gas industry, due to its 

simplicity and well-established routines (Eckert and Skovhus, 2016).  

As mentioned earlier, during sulphate reduction, SRB can utilize H2 and organic acids, in 

particular lactate, as electron donor (Plugge et al., 2011) and carbon source (Oyekola et al., 2010). 

Thus, lactate is present in the media termed Modified Postgate’s B (MPB). MPB contains the 

required nutrients to support the growth of oil field SRB. Further, the media is given a sufficient 

redox potential to facilitate sulphate reduction. Iron species present in the media will react with 

produced sulphide, and will result in iron sulphide precipitation, indicated with a change of colour 

from white to black (Biotechnology Solutions, 2017).  

Phenol Red Dextrose Broth (PDB) is used to determine dextrose fermentation in bacteria where 

acid and gas will be produced and visualised in Durham’s tubes, thereby differentiating bacterial 

species. PDB contains peptone and beef extract that serve as nitrogen sources, whereas phenol red 

functions as a pH indicator (a colour shift from red to yellow indicates acidic pH). Finally, 

osmotic equilibrium is maintained by NaCl (Sigma-Aldrich, 1999).  
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4. Materials and Methods 

This chapter will present sampling locations, sample preparation, qPCR optimization and standard 

curve construction. 

 

4.1 Sampling locations 

Injection water samples were taken from Eldfisk 2/7E downstream UV (DS UV), downstream 

deaerator (DS DA) and upstream fine filters (US FF), Eldfisk 2/7B wellhead (WH) and Ekofisk 

2/4VB WH (through an umbilical connected to Ekofisk 2/4M) and produced water samples were 

taken from Ekofisk 2/4J both upstream and downstream the high pressure (HP) and low pressure 

(LP) separators. Figure 4.1 shows a map of the Greater Ekofisk Area with sampling locations 

highlighted (ConocoPhillips, 2018).  

 

 

Figure 4.1: Map of the Greater Ekofisk Area. Injection water samples were taken from installations highlighted in 

red (Eldfisk 2/7B, Eldfisk 2/7E and Ekofisk 2/4VB) and produced water samples were taken from the installation 

highlighted in green (Ekofisk 2/4J) (ConocoPhillips, 2018). 
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4.2 Sample preparation 

Injection water samples (in 1.0 l sterile neoprene bottles) and produced water samples (in 1.0 l 

sterile glass bottles or sterile neoprene bottles) were received from Ekofisk, and sample 

preparation was performed within 24 hours of the samples being taken. The samples were sent on 

ice to prevent microbial growth during transport. 

 

MPB media 

To detect planktonic SRB, MPB media test kits from Intertek™, made in accordance with NACE 

TM0194 (2014), were used. 

 

PDB media 

To detect planktonic GAB, PDB media was made based on NACE TM0194 (2014). 15.0 g Phenol 

Red Broth, 20.0 g NaCl and 5.0 g Dextrose was dissolved in 1,000 ml MilliQ® water and pH was 

adjusted to 7.0 ±0.2. The media was transferred to test tubes containing Durham tubes, and 

autoclaved at 121°C for 15 min.  

 

Inoculation of SRB 

To detect SRB, samples were inoculated into MPB media using 22-gauge needles under sterile 

conditions. 1.0 ml sample was injected into MPB medium and serial dilutions (1:10) in triplicates 

was performed. The samples were further incubated at one of the following temperatures for 30 

days: 30°C, 50°C and/or 70°C. 

 

Inoculation of GAB 

To detect GAB, samples were inoculated into PDB medium under sterile conditions. 1.0 ml 

sample was pipetted into PDB medium and serial dilutions (1:10) in triplicates were performed. 

The samples were further incubated at one of the following temperatures for 30 days: 30°C, 50°C 

and/or 70°C. 
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4.2.1 Injection water samples 

The sampling temperature of injection water was approximately 30°C and therefore samples were 

incubated at 30°C for 30 days. For SRB detection, the samples were diluted in the range of 10-1 to 

10-5, except for samples from March 2018 that were diluted from 10-1 to 10-3. For GAB detection, 

samples were diluted in the range of 10-1 to 10-6. The month and location of the samples are 

shown in table 4.1.  

Table 4.1: Overview of injection water sampling locations. 

Month Sampling location 

Sept. 2017 Eldfisk 2/7E DS UV 

Oct. 2017 Eldfisk 2/7E US FF 

Oct. 2017 Eldfisk 2/7E DS DA 

Oct. 2017 Eldfisk 2/7B WH 

Nov. 2017 Ekofisk 2/4 VB 

Dec. 2017 Ekofisk 2/4 VB 

Jan. 2018 Ekofisk 2/4 VB 

Mar. 2018 Ekofisk 2/4 VB 

 

4.2.2 Produced water samples 

The sampling temperature of the produced water samples ranged between 65.4°C and 87.2°C. 

Samples were incubated at both 50°C and 70°C for 30 days. At Ekofisk 2/4J a 3-phase separation 

of the production flow is carried out. Oil, gas and water is separated in HP and LP separators 

(ConocoPhillips, 2018). Produced water sample 1 was taken from upstream high pressure 

separator (USHPSP), sample 2 was taken from upstream low pressure separator (USLPSP), 

sample 3 was taken from downstream high pressure separator (DSHPSP) and sample 4 was taken 

from downstream low pressure separator (DSLPSP). Figure 4.2 shows produced water sampling 

points.   
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Figure 4.2: Simplified flow-chart of HP (top) and LP (bottom) production separators at Ekofisk 2/4J. Upstream 

sampling points are highlighted in red and downstream sampling points in green (ConocoPhillips, 2018).  
  

 

Samples from November 2017 

Samples from November were incubated at 70°C. For SRB detection, samples were diluted from 

10-1 to 10-5. For GAB detection, samples were diluted from 10-1 to 10-6.  

 

Samples from December 2017 

Both sample 1 and 2 from December were incubated at 50°C and 70°C for SRB detection 

(dilution range of 10-1 to 10-3) and GAB detection (dilution range of 10-1 to 10-6). Both sample 3 

and 4 were incubated at 50°C for SRB detection (dilution range of 10-1 to 10-3) and 70°C for GAB 

detection (dilution range of 10-1 to 10-6). 

 

Samples from January 2018 

Samples from January were incubated at 70°C. For SRB detection, samples were diluted from 10-1 

to 10-3 and for GAB detection samples were diluted from 10-1 to 10-6.  



24 
 

The sampling temperature and SRB/GAB dilution range with regards to the produced water 

samples can be seen in table 4.2. 

Table 4.2: Sampling location, temperature and dilution range for MPNs of produced water. 

Month Sampling location  Sampling temp. (°C) SRB dilution GAB dilution 

Nov. 2017 

Ekofisk 2/4J - 1 74.1 10-1 to 10-5 10-1 to 10-6 

Ekofisk 2/4J - 2 87.2 10-1 to 10-5 10-1 to 10-6 

Ekofisk 2/4J - 3 83.1 10-1 to 10-5 10-1 to 10-6 

Ekofisk 2/4J – 4 69.4 10-1 to 10-5 10-1 to 10-6 

     

Dec. 2017 

Ekofisk 2/4J – 1 71.2 10-1 to 10-3 10-1 to 10-6 

Ekofisk 2/4J – 2 65.4 10-1 to 10-3 10-1 to 10-6 

Ekofisk 2/4J – 3 77.4 10-1 to 10-3 10-1 to 10-6 

Ekofisk 2/4J – 4 68.6 10-1 to 10-3 10-1 to 10-6 

     

Jan. 2018 

Ekofisk 2/4J – 1 72.4 10-1 to 10-3 10-1 to 10-6 

Ekofisk 2/4J – 2 79.1 10-1 to 10-3 10-1 to 10-6 

Ekofisk 2/4J – 3 81.0 10-1 to 10-3 10-1 to 10-6 

Ekofisk 2/4J - 4 68.3 10-1 to 10-3 10-1 to 10-6 

 

4.2.3 DNA Sample preparation 

3 l of injection water and 300 ml of produced water was vacuum filtered using MF-Millipore™ 

Mixed Cellulose Membrane Filters (0.22 µm). Post filtration, the filters were stored in PowerSoil® 

Bead tubes (PowerSoil® DNA Isolation Kit by Qiagen) at -20°C until the DNA extraction was 

performed. 

 

4.2.4 DNA extraction and Gel electrophoresis 

DNA was extracted using the PowerSoil® DNA Isolation Kit (Qiagen). The extraction was 

performed according to the instructions from the manufacturer Qiagen (2017) with the following 

adjustments: Step 5 was replaced by homogenizing the sample with the FastPrep®-24 (MP 

medical) instrument (Bead beating) for 60 s and all steps involving 30 s of centrifugation was 

increased to 60 s. In step 18, the samples were centrifuged for 2 min and finally in step 20, 50.0 µl 

of solution C6 was added. 
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DNA samples were run at 100 V for 60 min on a 1.0 % agarose gel containing 5.0 µl GelGreen™. 

Finally, the gel was visualized using the BioRad GelDOC XR Imagery system to verify the 

presence of DNA.  

  

4.3  Optimizing qPCR and standard curve construction 

A literature survey was conducted to find potential primers for qPCR optimization. 3 primer sets 

were found from Kondo et al. (2008), Liu et al. (2016) and Dahllof et al. (2000), for the functional 

genes dsrA, dsrB and the RNA polymerase subunit (rpoB) taxonomic gene, respectively. The 

three primer sets targeting the dsrA, dsrB and rpoB genes, corresponding sequences and product 

size are shown in table 4.3.  

Table 4.3: Three primer sets targeting the dsrA, dsrB and rpoB genes, corresponding sequences and product size. 

Primer Gene Sequence  Product size Reference 

Dsr-1F dsrA 5′-ACSCACTGGAAGCACGCCGG-3′  
221 bp Kondo et al., 2008 

Dsr-R dsrA 5′-GTGGMRCCGTGCAKRTTGG-3′  

          

Dsr2060F dsrB 5′-CAACATCGTYCACCAGGG-3′  
350 bp Liu et al., 2016 

Dsr4R dsrB 5′-GTGTAGCAGTTACCGCA-3′  

      

rpoB1698F rpoB 5′-AACATCGGTTTGATCAAC-3′  
500 bp Dahllof et al., 2000 

rpoB2041R rpoB 5′-CGTTGCATGTTGGTACCCAT-3′  

 

PCR 

Prior to qPCR, PCR was used in an attempt to optimize Ta of the three primer sets. See table 4.4 

for primer sets and tested Ta. The DNA used to optimize the reactions was produced water from 

Eldfisk 2/7S. Each sample volume consisted of 5.0 µl 10x Key Buffer (Mg2+ free, VWR), 1.0 µl 

(25 mM) dNTP (VWR), 1.0 µl (1.0 µM) forward primer (Invitrogen), 1.0 µl (1.0 µM) reverse 

primer (Invitrogen), 3.0 µl MgCl2 (25 µM, Sigma-Aldrich), 0.3 µl Taq polymerase (5 U/µl, 

VWR), 2.0 µl template DNA and 36.7 µl of molecular grade water, giving a final reaction volume 

of 50.0 µl. For further optimization of PCR, primer concentrations, DNA and MgCl2 volumes 

were varied. Samples were run on a Applied Biosystems 2720 Thermal Cycler. To verify results, 

the PCR products were run at 100 V for 60 min on a 1.5 % agarose gel containing 5.0 µl 

GelGreen™ and visualized by the BioRad GelDOC XR Imagery system.  
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Table 4.4: Primer sets and tested PCR annealing temperatures (Ta). 

Primer set Ta 

Dsr-1F/Dsr-R 57-60ºC 

Dsr2060F/Dsr4R 48-55ºC  

rpoB1698F/rpoB2041R 48-52ºC 

 

Primer set Dsr-1F/Dsr-R 

The initial denaturing step was set at 95°C for 10 min, followed by 40 cycles of denaturing at 

95°C for 15 s, annealing (tested 57-60°C) for 30 s, and elongation was at 72°C for 30 s. A final 

elongation was set at 72°C for 7 min and samples were then cooled at 4°C.   

 

Primer set Dsr2060F/Dsr4R 

The initial denaturing step was set at 94°C for 5 minutes, followed by 35 cycles of denaturing at 

94°C for 45 s, annealing (tested 48-55°C) for 45 s and elongation was set at 72°C for 60 s. A final 

elongation was set at 72°C for 7 min and samples were then cooled at 4°C.  

 

Primer set rpoB1698F/rpoB2041R 

The initial denaturing step was set at 95°C for 10 min, followed by 35 cycles of denaturing at 

95°C for 30 s, annealing (tested 48-52°C) for 60 s, and the elongation was set at 72°C for 30 s. A 

final elongation was set at 72°C for 7 min and samples were then cooled at 4°C.   

 

qPCR 

For qPCR optimization, the same thermocycling conditions as applied for the primer sets as 

described above were used. Varying concentrations of primers, DNA volumes and Ta were tested 

(see table 4.5). SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, 2013) was held 

constant at 10.0 µl. Molecular grade water was used to bring the reaction volume up to 20.0 µl. 

All qPCR reactions were carried out in triplicates using the CFX96™ Real-Time System with a 

C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories, Inc.). Melt curves (and later on standard 

curves) were made by the CFX Manager™ Software. All reaction reagents were briefly vortexed 

to ensure homogeneous solutions. Samples were run on a BioRad HardShell® 96 microplate and a 
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sealing roller was used to apply the Microseal® B Adhesive Sealer. For all reactions, a melt curve 

was run from 65 to 95°C with a slope of 0.5°C. The microplate containing the samples was 

centrifuged for 1 min at 3700 rpm prior to each run.  

Table 4.5: Primer sets with varying concentration (µM), volume (µl), DNA volume (µl) and Ta (°C) used for qPCR 

optimization. 

Primer set Primer conc. (µM) Primer vol. (µl) DNA vol. (µl) Ta (ºC) 

Dsr-1F/Dsr-R 0.25 0.5 1.0 60 

0.25 0.5 1.0 59 

Dsr2060F/Dsr4R 0.5 1.0 1.0 55 

0.5 1.0 2.0 55 

0.25 0.5 1.0 55 

0.25 0.5 2.0 55 

0.125 0.25 1.0 55 

rpoB1698F/rpoB2041R 0.25 0.5 0.25 47 

0.25 0.5 0.5 47 

0.25 0.5 1.0 47 

0.25 0.5 1.0 48 

0.25 0.5 1.0 49 

0.25 0.5 1.0 50 

0.25 0.5 1.0 51 

0.25 0.5 0.5 (1:10) 47 

0.25 0.5 1.0 (1:10) 47 

 

4.3.1 Bacterial strain from pure culture 

To construct the standard curve for qPCR, a bacterial strain of Desulfovibrio vulgaris, DSM 644, 

from DSMZ was used. The bacterial culture was obtained from a premade biobank at the 

International Research Institute of Stavanger (IRIS). The bacterial strain was placed in MPB 

liquid culture and on Postgate medium B agar plates under anaerobic conditions and kept at 38°C 

for 7 days.  

 

4.3.2 gBlocks® Gene Fragment 

A gBlocks® Gene Fragment was to be used for standard curve construction. Primer set 

Dsr2060F/Dsr4R (Liu et al., 2016), was used in a Basic Local Alignment Search Tool (BLASTn) 
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on the National Center for Biotechnology Information (NCBI) webpage, with respect to 

Desulfovibrionales (taxid: 213115). Dsr2060F (5′-CAACATCGTYCACCAGGG-3′) was set as 

query sequence, where “Y” was replaced by “C”. Sequence AB061536.1 (Desulfovibrio 

burkinensis) was selected due to the presence of both dsrA and dsrB gene fragments. For Dsr4R, 

(5′-GTGTAGCAGTTACCGCA-3′), an identical search was performed, resulting in an alignment 

with the same sequence. A gBlocks® Gene Fragment was ordered from IDT® to serve as standard 

DNA for the qPCR reaction. The gene fragment, hereby referred to as GF1, contained the dsrAB 

gene. 

A new forward primer (5′-CAACATCGTYCAYACCCAGGG-3′) was found by a literature 

survey (Geets et al., 2006), and was specific for the dsrB gene. The new forward primer, 

DSRp2060F (Geets et al., 2006), was used in a BLASTn search with respect to Desulfovibrionales 

(taxid:213115). DSRp2060F was set as query sequence, where both “Ys” were replaced by “T”, 

to check sequence alignment with sequence AB061536.1. The new primer set consisted of 

DSRp2060F and Dsr4R. See table 4.6 for primer details.  

Table 4.6: Primer set DSRp2060F/Dsr4R targeting the dsrB gene and corresponding sequences and product size. 

Primer Gene Sequence  Product size Reference 

DSRp2060F dsrB 5′-CAACATCGTYCAYACCCAGGG-3′  
350 bp 

Geets et al., 

2006 Dsr4R dsrB 5′-GTGTAGCAGTTACCGCA-3′  

 

A second gBlocks® Gene Fragment was ordered from IDT® to serve as standard DNA for the 

qPCR reaction. This gene fragment, hereby referred to as GF2, contained only the dsrB gene. 

Before ordering GF2 a new BLASTn search was performed. DSRp2060F was used as query 

sequence with respect to Desulfovibrionales (taxid:213115), and both “Ys” were replaced by “T”. 

Sequence AE017285.1 (Desulfovibrio vulgaris) was selected due to the presence of the dsrB gene. 

Dsr4R was used in an identical search, resulting in an alignment with the same sequence as 

DSRp2060F.  

Upon arrival, GF1 and GF2 were prepared according to the manufacturer’s instructions (IDT®, 

2017). The gene fragments were centrifuged at 10,000 rpm for 5 s and molecular grade water was 

added to reach a final concentration of 10 ng/µl. The gene fragments were further incubated at 

50°C for 20 min, vortexed and centrifuged at 10,000 rpm for 5 s, and stored at – 20°C. Properties 

of the gene fragments are presented in table 4.7.  
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Table 4.7: Properties of GF1 and GF2. 

Properties GF1 GF2 

Length (base pairs) 1941 600 

Amount (ng) 1000 500 

GC content (%) 62.75 63 

Molecular weight (g/mol) 1199461.3 370692.2 

fmoles/ng 0.83 2.70 

µg/OD260 50 50 

 

4.3.3 PCR and Gel clean-up for gBlocks® Gene Fragments 

 

GF1 and primer set Dsr2060F/Dsr4R 

According to the manufacturer, GF1 might have had secondary structures and therefore 

purification by means of gel clean-up was carried out to minimize the effects. 5 PCR samples 

were prepared for GF1 with primer set Dsr2060F/Dsr4R (Liu et al., 2016). See chapter 4.3 for 

PCR reaction details regarding this primer set. The PCR products were run at 100 V for 60 min on 

a 1.5 % agarose gel with 10.0 µl GelGreen™. The QIAquick Gel Extraction Kit by Qiagen (gel 

clean-up) was then used according to manufacturer’s instructions with one exception; 50.0 µl of 

EB Buffer was added to samples 1,2 and 3, whereas 30.0 µl was added to samples 4 and 5. The 

gel extracted products were then run at 100 V for 60 min on a 1.5 % agarose gel with 10.0 µl 

GelGreen™ to verify the gel clean-up. 

 

GF1 and primer set DSRp2060F/Dsr4R 

3 PCR samples with GF1 and primer set DSRp2060F/Dsr4R (Geets et al., 2006) were prepared as 

described above, except that only 30.0 µl of EB Buffer was added to all samples. The PCR 

thermocycling conditions were the same as applied for Dsr2060F/Dsr4R. 

 

 GF2 and primer set DSRp2060F/Dsr4R 

GF2 with primer set DSRp2060F/Dsr4R was used without gel clean-up.  
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4.3.4 Copy number calculations 

The DNA concentration of the gel extracted samples were measured using a Thermo ScientificTM 

NanodropTM One Microvolume UV-Vis Spectrophotometer. Samples with highest and most stable 

DNA concentration were chosen for calculation of copy number (see Appendix 3 and 4 for DNA 

concentrations and purity).  

The copy numbers were calculated using the following formula: 

𝑋𝑛𝑔∗6.0221∗1023𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑚𝑜𝑙𝑒

(𝑁∗660
𝑔

𝑚𝑜𝑙𝑒
)∗1∗109𝑛𝑔

𝑔

=
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑝𝑖𝑒𝑠

𝜇𝑙
                                      Eq.2  

Where X is amount of amplicon (ng), N is the length of dsDNA amplicon, 660 g/mole is the mass 

of 1 bp dsDNA on average (IDT®, 2018).  

For the gel extracted samples, calculation of copy numbers was based on average DNA 

concentration. Since GF2 with primer set DSRp2060F/Dsr4R was used without gel clean-up, the 

copy number was calculated based on properties as listed in table 4.7.  

 

4.3.5 Standard curve optimization with GF1 and GF2 

All samples were diluted (1:10) in the range of 108 to 101 in molecular grade water to serve as 

standards in the qPCR reaction. For optimization of the standard curve, different combinations of 

gene fragments and primers were tested. Optimization involved testing of various dilution series, 

primer concentrations and DNA volumes. New standards were made prior to each run. Table 4.8 

shows the combination of various reagents and parameters during standard curve optimization.  
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Table 4.8: Combination of gene fragments and primer sets for the optimization of the standard curve. 

Gene fragment Primer set Dilution series Primer conc. (µM) DNA vol. (µl) 

GF1 Dsr2060F/Dsr4R 108-101 0.25 1.0 

  107-101 0.25 1.0 

  107-102 0.25 1.0 

  107-103 0.5 1.0 

  107-103 0.25 2.0 

     

GF1 DSRp2060F/Dsr4R  107-103 0.25 1.0 

     

GF2 DSRp2060F/Dsr4R 107-103 0.5 1.0 

  107-103 0.5 2.0 

 

4.4 TOPO® TA Cloning® 

The cloning procedure was carried out in accordance with the TOPO® TA Cloning® Kit by 

Invitrogen (Thermo Fisher Scientific, 2014).  

PCR products were made with different DNA template sources and primer sets. DNA sources 

consisted of produced water from Eldfisk 2/7S and gBlocks® gene fragments (GF1 and GF2). 

Samples were prepared for a PCR run with the same composition and reaction conditions as 

described in chapter 4.3. See table 4.9 for different combinations of DNA sources and primer sets 

in PCR samples.  

Table 4.9: Combination of DNA sources and primer sets in PCR samples. 

Sample No. DNA source Primer set 

1 Produced water Dsr2060F/Dsr4R 

2 Produced water DSRp2060F/Dsr4R 

3 GF1 Dsr2060F/Dsr4R 

4 GF1 DSRp2060F/Dsr4R 

5 GF2 Dsr2060F/Dsr4R 

6 GF2 DSRp2060F/Dsr4R 

 

Gel clean-up was performed for the PCR products prior to the TOPO® TA Cloning® reaction. 
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4.4.1 TOPO® TA Cloning® reaction 

The TOPO® TA Cloning® reaction consisted of the gel purified PCR products, salt solution and 

the TOPO® vector as shown in table 4.10.   

Table 4.10: Reagents for TOPO cloning (Thermo Fisher Scientific, 2014). 

Reagent Chemically Competent E.coli (DH5α) 

Gel purified PCR product 4.0 µl 

Salt solution 1.0 µl 

TOPO® vector 1.0 µl 

Final volume 6.0 µl 

 

The reaction mixture was incubated for 5 min at room temperature and kept on ice for further 

application.  

 

Transformation 

2.0 µl of the TOPO cloning reaction mixture was added into a vial of One Shot® Chemically 

Competent E.coli (DH5α), gently mixed and incubated on ice for 10 min. The cells were then 

heat-shocked at 42°C for 30 s and kept on ice before 250 µl of S.O.C. medium was added. The 

tubes were then shaken horizontally at 200 rpm at 37°C for 1 hour. Afterwards, 50.0 µl of each 

transformation together with 20.0 µl S.O.C. medium was spread on prewarmed agar plates 

containing kanamycin (50 µg/ml), and the plates were incubated overnight at 37°C. The following 

day, positive colonies were chosen and cultured overnight in Falcon tubes containing 5.0 ml LB 

medium with kanamycin (50 µg/ml). 

 

Plasmid purification 

The day after, plasmid purification was carried out using PureLink™ Quick Plasmid Miniprep Kit 

(Thermo Fisher Scientific, 2011). 
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PCR of purified plasmid using M13 primers 

The purified plasmids were further used in a PCR reaction with M13 forward primer (5´-

GTAAAACGACGGCCAG-3´) and reverse primer (5´-CAGGAAACAGCTATGAC-3´). Samples 

were prepared with the same composition as described in chapter 4.3. The initial denaturing step 

was set at 95°C for 10 min, followed by 35 cycles of denaturing at 94°C for 40 s, Ta was 50°C for 

40 s, and the elongation was set at 72°C for 90 s. A final elongation was set at 72°C for 10 min 

and samples were then cooled at 4°C.   

Further, a gel clean-up was performed. Finally, samples were quantified using Thermo 

ScientificTM NanodropTM One Microvolume UV-Vis Spectrophotometer. 

 

Linearising the plasmid 

The ScaI digestion protocol from Thermo Fisher Scientific (2012) was used. The restriction 

enzyme ScaI cuts at the AGT|ACT site at 37°C as shown in figure 4.3.  

 

Figure 4.3: ScaI cutting site (Thermo Fisher Scientific, 2012). 

 

Different reaction mixture compositions and incubation times were tested in an attempt to 

linearize the plasmid as shown in table 4.11.  

Table 4.11: ScaI digestion reaction mixture composition and incubation times at 37°C. 

Reagent Volume (3 h inc.) Volume (1.5 h inc.) Volume (3 h inc.) 

Molecular grade water 16 µl 15 µl 12 µl 

10x Buffer Scal 2.0 µl 2.0 µl 2.0 µl 

DNA 1.0 µl 2.0 µl 5.0 µl 

Scal 2.0 µl 2.0 µl 2.0 µl 

 

Digested products were run at 100 V for 60 min on a 1.5 % agarose gel with 10.0 µl GelGreen™ to 

verify the presence of linearized plasmids. 
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4.4.2 Standard curve optimization of cloned plasmid DNA with PCR insert 

The copy number was calculated using eq.2. The chosen sample was diluted (1:10) in the range of 

108-103 in molecular grade water to serve as standard in the qPCR reaction. Primer concentration 

of 0.5 µM (1.0 µl) was tested with 35 and 38 cycles. New standards were made prior to each run.  
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5. Results  

In this chapter results from MPN, qPCR optimization and final qPCR results with quantified 

samples will be presented.  

 

5.1 MPN results 

The interpretation of MPN results was done according to table 2 as presented by Oblinger and 

Koburger (1975). 

 

5.1.1 Injection water 

No colour change was observed in the MPB media, indicating <1 bacteria/ml with respect to SRB.  

GAB growth was detected by a colour change in PDB media (from red to yellow) without gas 

production, indicating carbohydrate fermentation with acid production. Colour change was not 

observed for samples from September (Eldfisk 2/7E DS UV) and October (Eldfisk 2/7E US FF, 

Eldfisk 2/7E DS DA and Eldfisk 2/7B WH), indicating <1 bacteria/ml. Samples from November, 

December, January and March, indicated 9300 (1500-38,000), 4300 (700-21,000), 23 (4-120) and 

93 (15-380) bacteria/ml, respectively (bacterial number and 95% confidence interval, 

respectively). The MPN results for injection water are shown in table 5.1.  

Table 5.1: MPN results for injection water. 

Month Sampling Point GAB Bacteria/ml 95% Confidence interval 

Nov. 2017 Ekofisk 2/4VB 9300 1500-38,000 

Dec. 2017 Ekofisk 2/4VB 4300 700-21,000 

Jan. 2018 Ekofisk 2/4VB 23 4-120 

Mar. 2018 Ekofisk 2/4VB 93 15-380 

 

5.1.2 Produced water 

No colour change was observed in MPB media, indicating <1 bacteria/ml with respect to SRB. 

Due to unforeseen circumstances, it was not possible to detect GAB in samples incubated at 70°C 

from November and December. No GAB growth was detected in samples incubated at 50°C in 

December, indicating <1 bacteria/ml. Based on these results it was decided to incubate samples 

from January at 70°C. GAB growth was detected in samples from January by a colour change in 

PDB media (from red to yellow) without gas production, indicating carbohydrate fermentation 
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with acid production. Sample 1-4 from January indicated 9300 (1500-38,000), 2100 (350-4700), 

4600 (710-24,000) and 2100 (350-4700) bacteria/ml, respectively (bacterial number and 95% 

confidence interval, respectively). The MPN results for produced water are shown in table 5.2.  

Table 5.2: MPN results for produced water from Ekofisk 2/4J. 

Month Sample Point GAB Bacteria/ml 95% Confidence interval 

Jan. 2018 

Ekofisk 2/4J - 1 9300 1500-38,000 

Ekofisk 2/4J - 2 2100 350-4700 

Ekofisk 2/4J - 3 4600 710-24,000 

Ekofisk 2/4J - 4 2100 350-4700 

 

5.2 qPCR optimization 

qPCR optimization involved a considerable amount of testing with different gene fragments and 

primer sets. In the following sections Ta optimization by PCR, qPCR primer optimization, 

BLAST results, primer sets, cloning results, and the process of standard curve optimization will 

be shown. Finally, the optimized qPCR protocol with quantified samples will be presented.  

 

5.2.1 DNA extraction and gel electrophoresis 

DNA extraction and gel electrophoresis verified the presence of DNA in injection water samples 

from Ekofisk 2/4VB and produced water samples from Ekofisk 2/4J. DNA could not be detected 

in samples from Eldfisk 2/7B and Eldfisk 2/7E. See table 5.3 for detection of DNA in injection 

water samples and table 5.4 for produced water samples. Gel electrophoresis images of DNA 

extraction can be found in Appendix 1. 
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Table 5.3: Detection of DNA in injection water samples.  

Month Sampling point DNA 

Sept. 2017 Eldfisk 2/7E DS UV - 

Oct. 2017 Eldfisk 2/7E US FF - 

Oct. 2017 Eldfisk 2/7E DS DA - 

Oct. 2017 Eldfisk 2/7B WH - 

Nov. 2017 Ekofisk 2/4VB + 

Dec. 2017 Ekofisk 2/4VB + 

Jan. 2018 Ekofisk 2/4VB + 

Mar. 2018 Ekofisk 2/4VB + 

 

Table 5.4: Detection of DNA in produced water samples. 

Month Sampling point DNA 

Nov. 2017 Ekofisk 2/4J - 1 + 

Nov. 2017 Ekofisk 2/4J - 2 + 

Nov. 2017 Ekofisk 2/4J - 3 + 

Nov. 2017 Ekofisk 2/4J - 4 + 

Dec. 2017 Ekofisk 2/4J - 1 + 

Dec. 2017 Ekofisk 2/4J - 2 + 

Dec. 2017 Ekofisk 2/4J - 3 + 

Dec. 2017 Ekofisk 2/4J - 4 + 

Jan. 2018 Ekofisk 2/4J - 1 + 

Jan. 2018 Ekofisk 2/4J - 2 + 

Jan. 2018 Ekofisk 2/4J - 3 + 

Jan. 2018 Ekofisk 2/4J - 4 + 

 

5.2.2 PCR 

PCR was used prior to qPCR to optimize Ta for the different primer sets. Optimized Ta for primer 

set Dsr2060F/Dsr4R (Liu et al., 2016) was found to be 55 ºC and 48ºC for primer set 

rpoB1698F/rpoB2041R (Dahllof et al., 2000). Optimized Ta for primer set Dsr-1F/Dsr-R (Kondo 

et al., 2008) could not be attained. Results are shown in table 5.5. Gel electrophoresis images of 

primer set Dsr2060F/Dsr4R and rpoB1698F/rpoB2041R can be found in Appendix 2. 
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Table 5.5: Optimized annealing temperature (Ta), primer concentrations, DNA volumes and MgCl2 volumes for 

primer sets by qPCR. 

Primer set Optimized Ta 

(ºC) 

Primer conc. 

(µM) 

Primer vol. 

(µl)  

DNA vol. 

(µl) 

MgCl2 vol. 

(µl) 

Dsr-1F/Dsr-R - - - - - 

Dsr2060F/Dsr4R 55ºC 1.0 1.0 2.0 3.0 

rpoB1698F/rpoB2041R 48ºC 1.0 1.0 2.0 2.0 

 

5.2.3 qPCR optimization 

All three primer sets were tested with qPCR. It was not possible to optimize primer set Dsr-

1F/Dsr-R due to consequent amplification of NTCs and lack of amplified samples. Primer set 

Dsr2060F/Dsr4R was optimized with a primer concentration of 0.25 µM, 1.0 µl template DNA, 

Cq standard deviation of 1.09 and Ta at 55°C. Primer set rpoB1698F/rpoB2041R was optimized 

with a primer concentration of 0.25 µM, 1.0 µl template DNA, Cq standard deviation of 2.26 and 

Ta at 48°C. See table 5.6 for results from qPCR optimization.   

Table 5.6: Optimized primer concentration (µM), DNA volume (µl), Ta (°C) and Cq standard deviation. 

Primer set Ta 

(ºC) 

Primer conc. 

(µM) 

Primer vol. 

(µl)  

DNA vol. 

(µl) 

Cq Std. 

Dev 

Dsr-1F/Dsr-R - - - - - 

Dsr2060F/Dsr4R 55 0.25 0.5 1.0 1.09 

rpoB1698F/rpoB2041R 48 0.25 0.5 1.0 2.26 

 

Dsr2060F/Dsr4R was selected for standard curve construction based on lower Cq standard 

deviation and its specificity towards the dsrB gene. 

 

5.2.4 Standard curve construction 

The bacterial strain of Desulfovibrio vulgaris, DSM 644, from IRIS did not grow in liquid media, 

nor on agar plates with MPB. This was indicated by no colour change from clear to black. Due to 

no indication of bacterial growth, it was decided to order a gBlocks® Gene Fragment from IDT® 

to serve as standard DNA. Results from BLASTn search showed that primer set Dsr2060F/Dsr4R 

had no irregular nucleotides with respect to sequence AB061536.1 (Desulfovibrio burkinensis). 

The new forward primer, DSRp2060F (Geets et al., 2006), had 2 irregular nucleotides with 
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respect to the same sequence. Further, DSRp2060F had 1 irregular nucleotide with respect to 

sequence AE017285.1 (Desulfovibrio vulgaris).  

 

5.2.5 Copy numbers and DNA concentrations 

Copy numbers based on average DNA concentration (ng/µl) for GF1 with Dsr2060F/Dsr4R and 

DSRp2060F/Dsr4R were 2.4x1010 and 7.12x1010 dsrB copies/µl, respectively. The copy number 

of GF2 with DSRp2060F/Dsr4R was 7.60x1010 dsrB copies/µl. See table 5.7 for average DNA 

concentration and copy numbers.     

Table 5.7: gBlocks® Gene Fragments with respective primer sets and calculated copy numbers. 

Gene Fragment Primer set Sample Avg. DNA conc. (ng/µl) Copy number (copies/ µl) 

GF1 Dsr2060F/Dsr4R 5 10.13 2.4x1010 

GF1 DSRp2060F/Dsr4R 3 30.3 7.12x1010 

GF2 DSRp2060F/Dsr4R 1 - 7.60x1010 

 

5.2.6 Cloning results 

Sample 1 (produced water with Dsr2060F/Dsr4R) did not display any visible bands after PCR and 

was therefore not further used. In addition, sample 3 (GF1 with Dsr2060F/Dsr4R), 4 (GF1 with 

DSRp2060F/Dsr4R), 5 (GF2 with Dsr2060F/Dsr4R) and 6 (GF2 with DSRp2060F/Dsr4R) were 

not tested in qPCR standard curve construction.  

Sample 2 (produced water with DSRp2060F/Dsr4R) was selected for standard curve optimization. 

For sample 2, the measurement of 7.1 ng/µl was considered an outlier, giving an average of 9.2 

ng/µl (Appendix 5). The interval between the M13 forward primer (448 bp) and M13 reverse 

primer (205 bp) was found to be 243 bp from the pCR™ II-TOPO® map (Thermo Fisher 

Scientific, 2014) and was further used to calculate the copy number. The length of dsDNA 

amplicon was found by adding the PCR product (350 bp) to the interval (243 bp), which equals 

593 bp. The length of dsDNA and the average DNA concentration was used to calculate the copy 

number, giving 1.42x1010 dsrB gene copies/µl.  

Linearization of the cloned plasmids was not attainable and therefore supercoiled plasmids were 

used. 

 

 



40 
 

5.2.7 Standard curve optimization using GF1 with primer set Dsr2060F/Dsr4R 

Dsr2060F/Dsr4R had previously been optimized by qPCR with primer concentration at 0.25 µM, 

DNA volume of 1.0 µl and Ta at 55°C with 35 cycles. Therefore, these parameters were mainly 

used for standard curve optimization in this section. In the following section, a selection of the 

qPCR runs is presented. Table 5.8 shows the main parameters that were adjusted during testing 

(primer concentration and DNA volume) and standard curve variables.   

Table 5.8: Optimizing standard curve with GF1 and Dsr2060F/Dsr4R. 

 

Initially, the linear range was from 108 to 101. Test 2 had an efficiency >90%, R2-value <0.95 and 

12 N/As were observed. None of the standards were aligned with the curve. Melt curve analysis 

for test 2 showed one main peak with minor peaks below. 102-101 dilutions were not amplified, 

giving flat melt curves. The minor peaks consisted mainly of dilutions in the range of 104-103 and 

no melt peaks were observed for the NTCs. Standard curve and melt curve for test 2 are shown in 

figure 5.1. 

Test No. Primer conc. (µM) DNA vol. (µl) Efficiency R2 Slope y-int No. of N/A 

2 0.25 1.0 94.4% 0.596 -3.464 43.416 12 

4 0.25 1.0 99.4% 0.996 -3.336 42.360 7 

9 0.25 1.0 85.6% 0.998 -3.723 43.003 1 

14 0.5 1.0 86.5% 0.998 -3.693 44.124 0 

24 0.25 2.0 86.0% 0.994 -3.711 44.551 0 
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Figure 5.1: Standard curve and melt curve for test 2, GF1 and Dsr2060F/Dsr4R. 

 

To increase the specificity and reduce the number of N/As, 108 was excluded from the dilution 

range. Test 4 had an efficiency >90%, R2-value >0.95 and 7 N/As were detected. Most of the 

standards were aligned with the curve. Melt curve analysis for test 4 showed one main peak with 

two significant minor peaks below. 101 dilutions were not amplified, giving flat melt curves. The 

minor peaks consisted mainly of dilutions in the range of 103-102 and no melt peaks were 

observed for NTCs. Standard curve and melt curve for test 4 are shown in figure 5.2.    
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Figure 5.2: Standard curve and melt curve for test 4, GF1 and Dsr2060F/Dsr4R. 

 

To further increase specificity and reduce the number of N/As, 101 was excluded from the dilution 

range. Test 9 had an efficiency <90%, R2-value >0.95 and 1 N/A was observed. Most of the 

standards were aligned with the curve. Melt curve analysis for test 9 showed one main peak with 

two significant minor peaks below. The minor peaks consisted mainly of dilutions in the range of 

103-102 and no melt peaks were observed for NTCs. Standard curve and melt curve for test 9 are 

shown in figure 5.3.   
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Figure 5.3: Standard curve and melt curve for test 9, GF1 and Dsr2060F/Dsr4R. 

 

From test 14 to test 23 it was decided to increase the primer concentration from 0.25 to 0.5 µM 

(0.5 to 1.0 µl). 102 was excluded from the dilution range. Test 14 had an efficiency <90%, R2-

value >0.95 and no N/A was observed. Most of the standards were aligned with the curve. Melt 

curve analysis for test 14 showed one main peak with one significant minor peak below. The 

minor peaks consisted of 103 dilutions and no melt peaks were observed for NTCs. The standard 

curve and melt curve for test 14 are shown in figure 5.4.    
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Figure 5.4: Standard curve and melt curve for test 14, GF1 and Dsr2060F/Dsr4R. 

 

For test 24 it was decided to reduce the primer concentration from 0.5 to 0.25 µM and increase the 

DNA volume from 1.0 to 2.0 µl. Test 24 had an efficiency <90%, R2-value >0.95 and no N/A was 

observed. Most of the standards were aligned with the curve. Melt curve analysis for test 24 

showed one main peak with minor peaks below. The minor peaks consisted of 103 dilutions and 

no melt peaks were observed for NTCs. Standard curve and melt curve for test 24 are shown in 

figure 5.5.    
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Figure 5.5: Standard curve and melt curve for test 24, GF1 and Dsr2060F/Dsr4R. 

 

See Appendix 6 for additional standard curves and melt curves. 
 

 

5.2.8 Standard curve optimization using GF1 with primer set DSRp2060F/Dsr4R 

In the following section, one qPCR run with GF1 and DSRp2060F/Dsr4R is presented. Table 5.9 

shows the main parameters during testing (primer concentration and DNA volume) and standard 

curve variables. Test 2 had a linear range of 107-103, an efficiency <90%, R2-value >0.95 and 4 

N/As were observed.    



46 
 

Table 5.9: Optimizing standard curve with GF1 and DSRp2060F/Dsr4R. 

 

Most of the standards were aligned with the curve. Melt curve analysis for test 2 showed one main 

peak with minor peaks below. The minor peaks consisted of 103 dilutions and no melt peaks were 

observed for NTCs. Standard curve and melt curve for test 2 are shown in figure 5.6.    

 

Figure 5.6: Standard curve and melt curve for test 2, GF1 and DSRp2060F/Dsr4R.  

 

See Appendix 7 for additional standard curve and melt curve. 
 

 

Test No. Primer conc. (µM) DNA vol. (µl) Efficiency R2 Slope y-int No. of N/A 

2 0.25 1.0 83.6% 0.994 -3.791 43.937 4 
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5.2.9 Standard curve optimization using GF2 with DSRp2060F/Dsr4R 

In the following section, two qPCR runs with GF2 and DSRp2060F/Dsr4R are presented. Table 5.10 

shows the main parameters during testing (primer concentration and DNA volume) and standard curve 

variables.   

Table 5.10: Optimizing standard curve with GF2 and DSRp2060F/Dsr4R. 

 

Both qPCR runs were tested in the linear range of 107-103. Test 1 had an efficiency <90%, R2-

value >0.95 and 2 N/As were observed. Some standards were not aligned with the curve. Melt 

curve analysis for test 1 showed one main peak with minor peaks below. The minor peaks 

consisted of 103 dilutions and no melt peaks were observed for NTCs. Standard curve and melt 

curve for test 1 are shown in figure 5.7.    

Test No. Primer conc. (µM) DNA vol. (µl) Efficiency R2 Slope y-int No. of N/A 

1 0.5 1.0 81.8% 0.973 -3.853 42.369 2 

2 0.5 2.0 55.1% 0.955 -5.248 53.937 2 
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Figure 5.7: Standard curve and melt curve for test 1, GF2 and DSRp2060F/Dsr4R. 

 

For test 2 it was decided to increase the DNA volume from 1.0 to 2.0 µl. Test 2 had an efficiency 

<90%, R2-value >0.95 and 2 N/As were observed. Most of the standards were not aligned with the 

curve. Melt curve analysis for test 2 showed one main peak with minor peaks below. The minor 

peaks consisted of 105- 103 dilutions and no melt peaks were observed for NTCs. Standard curve 

and melt curve for test 2 are shown in figure 5.8.    
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Figure 5.8: Standard curve and melt curve for test 2, GF2 and DSRp2060F/Dsr4R. 

 

See Appendix 8 for additional standard curve and melt curve. 
 

 

5.2.10 Standard curve optimization post cloning with primer set DSRp2060F/Dsr4R 

In the following section, one qPCR run with cloned plasmid DNA with PCR insert (DNA from 

produced water Eldfisk 2/7S, sample 2) and DSRp2060F/Dsr4R is presented. Table 5.11 shows 

the main parameters during testing (primer concentration and DNA volume) and standard curve 

variables. The qPCR run for test 5 consisted of 38 cycles instead of the established 35. Test 5 had 

a linear range of 107-103, an efficiency <90%, R2-value >0.95 and no N/As were observed. 

However, all NTCs were amplified.  
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Table 5.11: Optimizing standard curve by using cloned plasmid DNA PCR insert (from Eldfisk 2/7S, summer 2017) 

with DSRp2060F/Dsr4R. 

 

Standards were mostly aligned with the curve. Melt curve analysis for test 5 showed one main 

peak with minor peaks below. The minor peaks consisted of 103 dilutions and melt peaks were 

observed for NTCs. In addition, 107-106 had extra peaks to the right. Standard curve and melt 

curve for test 5 are shown in figure 5.9.    

 

Figure 5.9: Standard curve and melt curve for test 5, post cloning with DSRp2060F/Dsr4R. 

 

Test No. Primer conc. (µM) DNA vol. (µl) Efficiency R2 Slope y-int No. of N/A 

5 0.5 1.0 88.8% 0.992 -3.625 45.735 0 
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See Appendix 9 for additional standard curves and melt curves. 

 
 

5.2.11 Standard curve optimization post cloning with primer set DSRp2060F/Dsr4R and 

samples 

In the following section, two qPCR runs with cloned plasmid DNA with PCR insert (DNA from 

produced water Eldfisk 2/7S) with primer set DSRp2060F/Dsr4R and quantified samples are 

presented. Table 5.12 shows the main parameters during testing (primer concentration and DNA 

volume) and standard curve variables.    

Table 5.12: Optimizing standard curve by using cloned plasmid DNA with PCR insert (using DSRp2060F/Dsr4R) and 

quantified samples. 

 

The standard curve for test 1 had a linear range of 107-103, an efficiency >110%, R2-value <0.95 

and 8 N/As were observed. Standards were not aligned with the curve. Standard curve for test 1 is 

shown in figure 5.10.    

 

Figure 5.10: Standard curve for test 1, post cloning with DSRp2060F/Dsr4R and quantified samples. 

 

The melt curve for test 1 showed multiple melt peaks and is shown in figure 5.11. Produced water 

samples from Ekofisk 2/4J gave the highest peaks (highlighted in black). Injection water samples 

from Ekofisk 2/4VB gave minor peaks with development of shoulders (highlighted in orange) and 

standard DNA gave intermediate peaks (highlighted in red). NTCs gave flat curves.   

Test No. Primer conc. (µM) DNA vol. (µl) Efficiency R2 Slope y-int No. of N/A 

1 0.5 1.0 113% 0.910 -3.045 43.600 8 

2 0.5 1.0 98.8% 0.881 -3.352 45.479 7 
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Figure 5.11: Melt curve for test 1, post cloning with DSRp2060F/Dsr4R and quantified samples. Standard DNA 

highlighted in red, produced water samples highlighted in black and injection water samples highlighted in orange.   

 

The standard curve for test 2 had a linear range of 108-103, an efficiency >90%, R2-value <0.95 

and 7 N/As were observed. Standards were not aligned with the curve. Standard curve for test 2 is 

shown in figure 5.12. 

 

Figure 5.12: Standard curve for test 2, post cloning with DSRp2060F/Dsr4R and quantified samples. 

 

The melt curve for test 2 showed multiple melt peaks and is shown in figure 5.13. Produced water 

samples from Ekofisk 2/4J gave the highest peaks (highlighted in black) with some shoulder 

development. Injection water samples from Ekofisk 2/4VB gave minor peaks with shoulders 
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(highlighted in orange). The left peak in the melt curve consists of standard DNA from 108 to 105 

(highlighted in red), whereas 104-103 melt peaks were spread in multiple peaks below. NTCs gave 

flat curves. 

 

Figure 5.13: Melt curve for test 2, post cloning with DSRp2060F/Dsr4R and quantified samples. Standard DNA 108-

105 highlighted in red, produced water samples highlighted in black and injection water samples highlighted in 

orange. 

 

See Appendix 10 for additional standard curve and melt curve. 
 

5.3 qPCR results 

In test 7, the final qPCR results were achieved by the standard curve that was constructed using 

cloned plasmid DNA with the PCR insert (DNA from produced water Eldfisk 2/7S, sample 2) and 

DSRp2060F/Dsr4R. For test 7 all reagents, except template DNA, were combined prior to 

pipetting into plate wells. The optimized reagent mix is presented in table 5.13.  

 

Table 5.13: Optimized reagent mix for qPCR. 

 

 

 

 

 

Reagent Volume 

SYBR® Green Supermix    10 µl 

Forward primer (DSRp2060F)    1.0 µl* 

Reverse primer (Dsr4R)    1.0 µl*   

Template DNA  1.0 µl 

Molecular grade water   7.0 µl 

Total reaction volume 20 µl   

*0.5 µM   
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The standard curve had a linear range from 1.42x108 to 1.42x103, making the LOD 103 dsrB 

copies/µl. A 95.2% efficiency was achieved with no N/As, and a R2-value of 0.988. Table 5.14 

shows the main parameters (primer concentration and DNA volume) and standard curve variables. 

Table 5.14: qPCR results. 

 

The standards are partially aligned with the curve, while the unknown samples are concentrated in 

the middle (105 copies/µl) and the lower end of the curve (107-108 copies/µl). Standard curve for 

the final qPCR run is shown in figure 5.14.  

 

Figure 5.14: Optimized standard curve with quantified samples.  

 

The melt curve showed multiple melt peaks and is presented in figure 5.15. The left peak in the 

melt curve consists of standard DNA from 108 to 105 (highlighted in red), where 108-106 had 

shoulder development. Standard 104-103 melt peaks were spread in multiple peaks below. The 

highest peak consists mainly of produced water samples from Ekofisk 2/4J (highlighted in black), 

while the lower peaks on both sides, consist of injection water samples from Ekofisk 2/4VB 

(highlighted in orange). All injection water samples had significant shoulders. Two NTCs had 

minor peaks (highlighted in blue), but no amplification was detected. For raw melt data, see 

Appendix 11. 

Test No. Primer conc. (µM) DNA vol. (µl) Efficiency R2 Slope y-int No. of N/A 

7 0.5 1.0 95.2% 0.988 -3.442 46.129 0 
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Figure 5.15: Final melt curve for qPCR with quantified samples. Standard DNA 108-105 highlighted in red, produced water 

samples highlighted in black, injection water samples highlighted in orange and NTCs highlighted in blue. 

 

The amplification plot shows that most of the samples have Cq values between 16 and 20 (see 

figure 5.16).  

 

Figure 5.16: Amplification plot of optimized standard curve with quantified samples.  

 

The amplification alignment of the triplicates is indicated by the standard deviation of Cq values 

(see table 5.15). The standard deviation between the average Cq values for standards varies 

between 0.1 and 0.92.  
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Table 5.15: Cq average and standard deviation for optimized standard curve. 

 

 

 

 

Injection and produced water samples were quantified using the standard curve generated. The 

average dsrB copy number at Ekofisk 2/4VB varies from 105 to 106, while the average dsrB copy 

number at Ekofisk 2/4J varies from 107 to 108. Samples for Ekofisk 2/4VB in November, 

December and January have the highest standard deviations with respect to average Cq and varies 

from 0.98 to 2.91. Results are presented in table 5.16. For raw data, see Appendix 11.   

Table 5.16: Cq average, Cq standard deviation and average quantity for samples. 

 

 

 

 

 

 

 

 

 

 

The average dsrB copy number in injection water from Ekofisk 2/4VB was increased from 

November to December (105 to 106), and a decrease was observed from December to January (106 

to 105). Further, a slight increase was observed from January to March. The average dsrB copy 

number in produced water samples did not show any particular trend, except for a reduction in 

sampling location Ekofisk 2/4J-2 from November to December (108 to 107). In addition, sampling 

location Ekofisk 2/4J-3 was reduced from December to January (108 to 107).  

Content Cq average Cq Std. Dev. 

1.42x108 18.13 0.41 

1.42x107 21.35 0.81 

1.42x106 24.59 0.1 

1.42x105 28.84 0.57 

1.42x104 32.34 0.63 

1.42x103 34.78 0.92 

Month Sampling point Cq average Cq Std. Dev. Average copies/µl 

Nov. 2017 

Ekofisk 2/4J - 1 16.59 0.38 3.91x108 

Ekofisk 2/4J - 2 17.43 0.17 2.18x108 

Ekofisk 2/4J - 3 16.62 0.32 3.78x108 

Ekofisk 2/4J - 4 17.67 0.48 1.91x108 

Ekofisk 2/4VB 28.91 0.98 1.14x105 

     

Dec. 2017 

Ekofisk 2/4J - 1 17.15 0.32 2.65x108 

Ekofisk 2/4J - 2 18.91 0.17 8.07x107 

Ekofisk 2/4J - 3 16.10 0.37 5.38x108 

Ekofisk 2/4J - 4 18.10 0.39 1.42x108 

Ekofisk 2/4VB 26.06 2.91 2.26x106 

     

Jan. 2018 

Ekofisk 2/4J - 1 17.23 0.08 2.48x108 

Ekofisk 2/4J - 2 17.89 0.07 1.60x108 

Ekofisk 2/4J - 3 19.03 0.22 7.50x107 

Ekofisk 2/4J - 4 17.47 0.14 2.12x108 

Ekofisk 2/4VB 27.15 1.01 3.70x105 

     

Mar. 2018 Ekofisk 2/4VB 26.58 0.33 4.87x105 
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The average dsrB copy numbers for all samples are presented in figure 5.17. 

 

Figure 5.17: Average dsrB gene copy number (copies/µl) in injection and produced water samples, with error bars. 
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6. Discussion 

In this chapter, optimization of the qPCR protocol including standard curve optimization will be 

discussed. Further, a comparison between the MPN and qPCR methodologies will be made. In 

addition, the qPCR data will be compared to MPN results obtained from this thesis and reports 

from ConocoPhillips.     

 

6.1 Optimizing qPCR protocol 

The use of PCR prior to qPCR was useful to optimize primer Ta, by narrowing the Ta range that 

needed to be tested. The dsrA specific primer set Dsr-1F/Dsr-R (Kondo et al., 2008) could not be 

optimized by PCR. Nevertheless, Dsr-1F/Dsr-R was tested by qPCR but could still not be 

optimized due to amplification of NTCs, multiple N/As and high Cq standard deviation. Primer 

set rpoB1698F/rpoB2041R (Dahllof et al.,2000) which targeted the RNA polymerase beta subunit 

(rpoB) was optimized at 48°C (Ta) by PCR and qPCR. Results from the optimization with Dsr-

1F/Dsr-R was in accordance with Zhu et al. (2005), reporting that optimized reagent and reaction 

conditions in PCR may not necessarily be optimal when applied in qPCR. Meanwhile, the primer 

set Dsr2060F/Dsr4R (Liu et al., 2016) and rpoB1698F/rpoB2041R had the same Ta in both PCR 

and qPCR. Due to a two-fold higher Cq standard deviation for rpoB1698F/rpoB2041R compared 

to the dsrB specific Dsr2060F/Dsr4R, indicating slightly lower assay specificity, it was decided to 

proceed standard curve construction with Dsr2060F/Dsr4R. 

   

6.1.1 Standard curve optimization using GF1 with primer set Dsr2060F/Dsr4R 

GF1 could not be optimized in this study due to issues related to low efficiencies or high number 

of N/A, which may be caused by the secondary structures present in the gene fragment. Secondary 

structures might reduce the amplification efficiency and the specificity of the qPCR assay (Life 

Technologies™, 2012). The manufacturer of GF1 recommended either gel purification or cloning 

to reduce the secondary structure effects. Gel purification was carried out but did not seem to have 

a significant impact on amplification efficiency and reproducibility.  

During the optimization of the standard curve, a linear range of 108-101 gave a low R2-value and 

many N/As (test 2). To improve results, 108 was excluded from the standard curve, resulting in 

increased efficiency, R2-value and a significant reduction of N/As (test 4). To reduce the number 

of N/As, 101 was excluded, resulting in reduced efficiency, slightly increased R2-value and 
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significant reductions of N/As (test 9). Due to a low degree of amplification of 102 dilutions, these 

were excluded, and the primer concentration was increased from 0.25 to 0.5 µM (0.5 µl to 1.0 µl) 

(test 14). This adjustment gave a slight increase of amplification efficiency and N/As were 

eliminated. Increased pipetting volume of primers might have contributed to the slight increased 

amplification efficiency and elimination of N/As. At this point, a dilution range of 107-103 was 

established. According to Taylor et al. (2010), the exclusion of high and low dilution series may 

be necessary steps to attain amplification efficiency and R2-values within the valid range. This 

practical approach was applied in this study with improved results.     

Overall, adjustments made to this point, gave a reduced linear range resulting in elimination of 

N/As, however, the amplification efficiency was negatively affected. Increased DNA volume (2.0 

µl) combined with reduced primer concentration (0.25 µM) gave minor changes in parameters 

(test 24). In between tests that are presented, this study tested the reproducibility of the assays. 

Melt curve analysis for all qPCR runs showed that the lower melt peaks consisted of dilutions in 

the range of 103-101, indicating lower specificity for these dilutions. According to Taylor et al. 

(2010) inaccurately calibrated pipettes and inadequate pipetting skills may lead to amplification 

efficiencies outside the valid range of 90-110%. After numerous adjustments and trials, the 

combination of GF1 and Dsr2060F/Dsr4R did not meet the assay criteria and a new forward 

primer, DSRp2060F (5′-CAACATCGTYCAYACCCAGGG-3′) (Geets et al., 2006) was tested.   

 

6.1.2 Standard curve optimization using GF1 with primer set DSRp2060F/Dsr4R  

The primer set DSRp2060F/Dsr4R was used to increase the specificity i.e. the amplification 

efficiency but this was not achieved, which may be due to 2 irregular nucleotides between primer 

and target sequence. However, Lomans et al. (2016) state that a few irregular nucleotides between 

primer and target sequence can be successfully applied for qPCR reactions. Melt curve analysis 

showed lower melt peaks for the lowest dilutions, similar to GF1 with primer set 

Dsr2060F/Dsr4R. 

 

6.1.3 Standard curve optimization using GF2 with primer set DSRp2060F/Dsr4R 

Since GF1 could not be optimized with neither Dsr2060F/Dsr4R nor DSRp2060F/Dsr4R, a new 

gene fragment (GF2) was used. However, DSRp2060F/Dsr4R in combination with GF2 did in 

fact reduce the amplification efficiency, despite GF2 being one third of the length of GF1. By 

increasing the DNA volume from 1.0 to 2.0 µl (from test 1 to test 2), the amplification efficiency 



60 
 

dropped from 81.8% to 55.1%, however, in test 2, the R2-value met the criteria and 2 N/As were 

detected. Based on these results the use of 1.0 µl DNA and a primer concentration of 0.5 µM was 

established. Despite only one irregular nucleotide between GF2 and DSRp2060F/Dsr4R, 

compared to the previous set (GF1 with DSRp2060F/Dsr4R), the amplification efficiency was 

negatively affected. 

According to the user manual from IDT®, the gene fragments were ready for use after initial 

treatment (IDT®, 2017). However, both GF1 and GF2 needed further purification before they 

could be applied for standard curve construction. GF2 together with DSRp2060F/Dsr4R did not 

undergo any purification such as gel clean-up. This might have contributed to the inconsistent 

results obtained. Erroneous data could have been avoided by amplifying short target sequences 

and ideally target sequences should be between 60 and 200 bp. If long, slightly degraded 

sequences are used, for instance over 1200 bp such as GF1 (1941 bp), primer annealing might be 

affected (Life Technologies™, 2012). Whitby and Skovhus (2009) recommend target sequences in 

the range of 75-250 bp and that sequences longer than 250 bp may lower the assay sensitivity. 

Despite the application of GF2 (350 bp), insufficient amplification efficiencies were still an issue. 

An observation for most of the tests with gene fragments (GF1 and GF2) was that the lower 

dilutions (103-101) were often not amplified, indicating reduced specificity for these dilutions. 

Since the gene fragments together with Dsr2060F/Dsr4R and DSRp2060F/Dsr4R could not be 

optimized, a cloning procedure had to be initiated.  

 

6.1.4 Standard curve optimization post cloning with primer set DSRp2060F/Dsr4R    

The qPCR run for test 5 consisted of 38 cycles instead of the optimized 35. This adjustment was 

made because 103 dilutions were not amplified in previous tests. The result was elimination of 

N/As but amplification of all NTCs, which was apparent in melt curve analysis in the form of 

minor melt peaks. Based on these results the use of 35 cycles was resumed and used for all future 

tests. An interesting observation was the development of new lower melt peaks beside the main 

melt peak and shoulder development post cloning. This might indicate primer-dimers and/or 

inhibitors. The presence of inhibitors can reduce the amplification efficiency (Opel et al., 2010; 

Life Technologies™, 2012), however, cloning the gene seems to have contributed to an overall 

increase in the amplification efficiency.  
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6.1.5 Standard curve optimization post cloning with primer set DSRp2060F/Dsr4R and 

samples   

After the introduction of samples, the amplification efficiency increased, the R2-value decreased 

and N/As were detected. The detection of N/As and reduced R2-value is most likely due to 

pipetting errors. Melt curve analysis showed several melt peaks where some had significant 

development of shoulders, especially when using the injection water samples.  

 

6.2 Optimized qPCR  

The initial optimized concentration of primer set Dsr2060F/Dsr4R by qPCR was 0.25 µM, 

however, at test 14 (GF1 and Dsr2060F/Dsr4R) during standard curve construction, the 

concentration was increased to 0.5 µM for several tests and used in final qPCR results. This shows 

the continuous optimization of the qPCR protocol. Results with amplification efficiencies outside 

the interval of 90-110% are not reliable, leading to a lower dynamic range and reduces the 

practical applicability of qPCR (Life Technologies™, 2012). However, a review by Zhang and 

Fang (2006) suggested that amplification efficiencies could lie in the interval 80-115%. The final 

qPCR results obtained had an amplification efficiency of 95.2% and R2-value of 0.988, which is 

well within the valid range.  

Initial quantification of samples gave multiple N/As (table 5.12). After recommendations from 

Bio-Rad (2018) the SsoAdvancedTM Universal SYBR® Green Supermix, primers and molecular 

grade water were mixed prior to pipetting into wells. This simplification increased the pipetting 

volume and thereby reduced the risk of pipetting errors and eliminated N/As. The linear range in 

test 1 in standard curve optimization (post cloning with DSRp2060F/Dsr4R and samples) was 

107-103. However, some of the quantified samples were outside the linear range of the standard 

curve, leading to a reintroduction of 108 dilutions to the standard curve. The melt curve obtained 

had several lower peaks and shoulders. Injection water samples from Ekofisk 2/4VB gave the 

least specific results due to the combination of lower melt peaks with significant shoulders and 

highest Cq standard deviation. According to Opel et al. (2010), an alteration of the melt curve 

may indicate the presence of inhibitors. PCR inhibitors such as Polyaromatic Hydrocarbons 

(PAH’s) and heavy metals present in produced water from Ekofisk 2/4J might contribute to the 

decreased specificity (Lozano-A et al., 2008). As mentioned, lower melt peaks may indicate 

primer-dimers and these may result in a poor qPCR efficiency and complicates data analysis (Life 

Technologies™, 2012). Nonetheless, the amplification efficiency for the final results was within 
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the acceptable range. 

The last step in the cloning procedure involved plasmid linearization, which was not attainable, 

and thereby the supercoiled plasmid was further used for qPCR optimization. Linearization might 

have been possible by increasing the DNA volume and/or increasing incubation time. There is no 

consensus whether a supercoiled plasmid or a linearized plasmid is most suitable for construction 

of standard curves (Kim et al., 2013). According to Suzuki et al. (2000), amplification efficiency 

can be negatively affected by the supercoiled structure of plasmids. Whelan et al. (2003) showed 

no significant difference between supercoiled and linearized plasmids in constructing standard 

curves. In addition, it was shown that supercoiled plasmids were more suitable for long-term 

storage (Whelan et al., 2003). Nonetheless, both forms of plasmids are widely applied (Kim et al., 

2013).  

The three main methods in obtaining DNA for standard curve construction (using PCR-amplified 

target sequences, target sequences inserted into plasmids or commercially available DNA), as 

described by Dhanasekaran et al. (2010), were tested in this study. Plasmids containing the target 

PCR insert seems to have worked with the highest efficiency. DNA quality measured by 

NanodropTM gave low values for A260/A230 (Appendix 5). According to Thermo Fisher (2015) the 

A280/A260 absorbance should ideally be ~1.8 for DNA, and A260/A230 absorbance should be in the 

range of 2.0-2.2. Corresponding average values for sample 2 (Plasmid with target PCR insert, 

DSRp2060F/Dsr4R primer set) which was selected for final standard curve construction, were 

1.86 and 0.02. The low values for A260/A230 may be due to residuals from the DNA extraction 

(Thermo Fisher, 2015).  

The LOD was 103 dsrB copies/µl, however, all the samples were within the range of the standard 

curve. It was challenging to reproduce standard curves with 101-102 copy numbers as precision 

and sensitivity is reduced with the copy number (Bustin et al., 2009). The standard triplicates 

should ideally be aligned along the curve, but this was only partially achieved. This may be 

caused by minor errors in sample preparation such as preparing dilutions. Standard deviation for 

Cq values shows that several samples within triplicates vary with more than one cycle, which 

could negatively affect the amplification efficiency. In this study, the efficiency does not seem to 

be affected. SYBR® Green I is limited by its low specificity but it is widely applied because of its 

simplicity and low cost (Kim et al., 2013). If the probe-based TaqMan assay would have been 

used, it might have increased the specificity, detection sensitivity and reproducibility of the qPCR 

results (Thermo Fisher, 2018).  
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According to Klein et al. (2001) the Dsr enzyme has been identified in all SRP that have been 

studied. Thus, the additional melt peaks may be caused by amplification of Archaea, in particular, 

the Archaeoglobus species. The dsr gene is also present in sulphite-reducing bacteria (Agrawal 

and Lal, 2009) which may further contribute to additional melt peaks as observed in this study. 

Despite several distinct and lower melt peaks obtained in this study, the efficiency and R2-value 

were satisfactory. According to Dhanasekaran et al. (2010) standard curve construction requires 

considerable amount of work and the reproducibility is of vital importance, especially when 

comparing multiple samples over time. Bustin et al. (2010) discussed that repeatability of the 

qPCR assay should be documented. It would have been useful to repeat the final qPCR run to 

verify the linearity, specificity and quantification of unknown samples, but remaining amounts of 

standard DNA and samples were limiting factors. The secondary objective in this thesis was to 

develop a qPCR protocol for use in bacteriological monitoring. Due to the extensive testing, this 

objective required most of the workload during the thesis work. As a consequence, there was less 

time for analysis of a broader range of samples.  

 

6.3 Comparing qPCR and MPN 

SRB growth was not detected in any of the injection nor produced water samples by means of 

MPN. The highest difference between sampling temperatures for produced water samples was 

21.8 °C, which made it challenging to select a suitable incubation temperature for the MPNs and 

might have been a contributing factor for the observation of no SRB growth. SRB were detected 

in both injection and produced water by qPCR using dsrB specific primers. qPCR results for both 

injection and produced water have few variations, but not enough to reveal any trend. Water 

injection samples obtained from September and October 2017, could not be utilized in qPCR due 

to lack of DNA. Thus, leading to a limited selection of samples. Lee et al. (2015) suggest a broad 

range of sampling locations and sample points to establish the presence of any trends. Only based 

on these results, can the bacteriological monitoring programs be evaluated and adjusted. 

Furthermore, Lomans et al. (2016) state that establishing a trend of bacterial numbers has more 

value than single measurements. The breakdown of algae and zooplankton functions as a source 

of carbon in injection water systems (Alkindi et al., 2007). In the North Sea, algae and 

zooplankton growth is most prevalent in the end of spring and in the fall (Spark and Mutch, 

2002), but these variations could not be studied in this thesis due to time restrictions for sampling. 

SRB detection by qPCR in produced water were quantified near the upper level of the standard 

curve (107-108) and SRBs in injection water were quantified from 105 to 106. Since sessile 
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microorganism quantification by MPN and qPCR was not included in this thesis, the SRB 

numbers in the system might be higher than detected. qPCR lacks the ability to distinguish 

between live and dead cells and therefore one should take into consideration that the copy number 

might overestimate the actual microbiological population. Bae and Wuertz (2009) suggest that 

qPCR can be combined with intercalating DNA-binding chemicals to reduce the detection of dead 

cells. In addition, RT-qPCR can be used to detect bacterial activity but is not commonly applied in 

oilfields due to RNA instability (Johnson and Crane, 2017).  

In MPB media as used in this study, lactate is used as the electron donor and carbon source for 

sulphate reduction. However, if the MPB media contained another electron donor source, such as 

formate, acetate or ethanol, detection might have been possible (Liamleam and Annachhatre, 

2007). Since the MPB media was premade by Intertek, it could not be further optimized. For 

future studies, different media compositions for SRB cultivation could be tested, such as reported 

by Ghazy et al. (2011). Hamouda (1991) tested different carbon sources for SRB in injection 

water at Ekofisk 2/4K, such as acetate, butyric acid, propionic acid and benzoic acid. In addition, 

Postgate C, Postgate G and BTZ media were tested. From these experiments it was concluded that 

SRB from Ekofisk 2/4K indeed were lactate utilizers, and MPB media was further used. Hamouda 

(1991) also conducted MPN for detection of GAB and SRB in the injection water treatment 

system at Ekofisk 2/4K and was able to detect both GAB and SRB downstream the deaerator and 

booster pumps. No detection of GAB and SRB downstream the UV sterilizer unit was achieved. 

In this study there was no detection of bacterial DNA in any of the injection water sample 

locations, except from Ekofisk 2/4VB. 

Robinson et al. (2010) conducted a study at the South Arne field (North Sea, Denmark). They 

reported GAB and SRB detection by MPN in the water injection system, with identical incubation 

temperatures as in this thesis. Downstream the deaerator (pre-biocide), both GAB and SRB 

detection was 95 bacteria/ml. Whereas downstream the deaerator (post biocide) the GAB and 

SRB detection was 45 bacteria/ml and 4.5 bacteria/ml, respectively. Samant and Anto (1993) were 

able to detect both SRB and GAB by MPN in produced water from production separators at the 

Bombay High Field and the detection range of GAB was 15-47,000 bacteria/ml. Jensen et al. 

(2013) conducted a study of the produced water system at the South Arne field (North Sea, 

Denmark) comparing the MPN and qPCR methods for detection of SRB. Out of 74 MPN 

measurements, only 3 measurements gave bacterial numbers >10 cells/ml. The qPCR detected up 

to 1,000 cells/ml SRB. Based on these findings, qPCR was added to the regular biomonitoring and 

risk assessment program. These results further demonstrate a drawback of relying entirely on 
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MPN data. Jensen et al. (2013) concluded that the application of qPCR for monitoring SRB in 

oilfields provide a more realistic overview of the microbial status versus the culture-dependent 

MPN method.   

 

6.4 ConocoPhillips routines and reports 

The first step in the MPN method for SRB detection used at the Ekofisk lab, involves filtering 10 l 

of sample directly from the sampling point, by using 0.45 µm filters. Each filtration step is carried 

out with 1/10 of the previous filtration volume, directly from the sampling point. In other words, 

10 l, 1.0 l and 0.1 l. 1.0 ml is sampled only if SRB have been detected in all three previous 

dilution steps. This methodical difference in SRB sampling might contribute to the different 

detection results between this study and ConocoPhillips reports. Due to limitations with regards to 

logistics and practicality at the University lab, the sample volume had to be reduced to 3.0 l for 

injection water and 1.0 l for produced water. For GAB detection, the lab at Ekofisk uses the same 

method as in this thesis (Clariant, 2018). Microbiological measurements should be below the key 

performance indicators (KPI) as applied by ConocoPhillips, as shown in table 6.1 

(ConocoPhillips, 2017). ConocoPhillips performs routine MPN analysis of injection water at 

several locations, however, only samples received from Eldfisk 2/7E, Eldfisk 2/7B and Ekofisk 

2/4VB will be discussed in the following sections. Data comparison will be limited to planktonic 

bacteria, unless stated otherwise. Due to lack of comparative data, the MPN results from Ekofisk 

2/4J produced water will not be discussed.  

Table 6.1: Key performance indicators (KPI) applied by ConocoPhillips for bacterial counts (ConocoPhillips, 2017). 

 

   

 

 

6.4.1 MPN results September 2017 

Routine testing of injection water quality is performed at Eldfisk 2/7E US FF, US UV, DS UV 

and DS Booster pumps. ConocoPhillips (2017) reported detection of GAB <KPI in September 

2017 at DS UV. However, MPN results obtained in this thesis at DS UV indicated no GAB 

growth. In addition, DNA could not be obtained from DS UV water samples. Neither 

ConocoPhillips nor this thesis detected SRB growth in September 2017.    

Bacteria KPI 

GAB Planktonic <1000 bacteria/ml 

GAB Sessile <2000 bacteria/cm2 

SRB Planktonic <1/11.1 L 

SRB Sessile <0.3 bacteria/cm2 
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6.4.2 MPN results October 2017 

In October 2017, no GAB or SRB was detected at Eldfisk 2/7E US FF, by filtration of 10 l 

injection water (ConocoPhillips, 2017), and the same MPN results were obtained in this thesis. In 

addition, this study tested injection water samples from Eldfisk 2/7E DS DA and Eldfisk 2/7B 

WH, with no detection of GAB and SRB.  

Since DNA could not be obtained from September and October injection water samples, qPCR 

could not be performed for these samples. In the following sections MPN and qPCR results from 

Ekofisk 2/4VB obtained in this study will be compared with MPN results from ConocoPhillips.   

 

6.4.3 MPN and qPCR results - Ekofisk 2/4VB 

Results obtained in this study and ConocoPhillips MPN reports related to planktonic bacteria at 

Ekofisk 2/4VB are presented in table 6.2 (ConocoPhillips, 2018). Note that SRB results for March 

2018 from ConocoPhillips were not published during the thesis work. ConocoPhillips (2017) 

reported SRB growth >KPI (1/11.1 L) in November 2017 but SRB could not be detected by MPN 

in this thesis in the same period. This difference in detection might be due to different filtration 

volumes (10 l vs. 3 l). However, in this thesis SRB was detected by qPCR with an average of 

1.14x105 dsrB copies/µl in November 2017, demonstrating the superior detection capability of 

qPCR compared to that of MPN. In January 2018, ConocoPhillips reported SRB detection <KPI. 

In comparison, qPCR results reported 3.70x105 dsrB copies/µl. This demonstrates the importance 

of collecting and analyzing as much relevant data as possible, by combining different 

methodologies, to effectively assess the microbial flora.  

GAB detection results in this thesis were in accordance with ConocoPhillips reports with regards 

to KPI during all sampling months, except for December 2017. ConocoPhillips (2018) reported 

GAB detection <KPI, whereas this thesis detected GAB >KPI (4300 bacteria/ml). This difference 

in detection might be related to subjective observations and possible errors in assessment of the 

MPNs. In addition, bacterial growth during transportation could occur, despite samples being kept 

on ice. This observation further demonstrates some of the limitations of culture-dependent 

methods.  
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Table 6.2:Comparison of MPN and qPCR results with respect to planktonic bacteria (ConocoPhillips, 2018). 

 

 

 

 

 

 

 

 

 

 

As mentioned earlier, Eldfisk 2/7E distributes injection water to Ekofisk 2/4VB. In November and 

December 2017, ConocoPhillips (2017) reported GAB <KPI at Eldfisk 2/7E DS Booster pumps, 

which is the last sampling point prior to further distribution of injection water. In the same period, 

this study detected GAB in the range of 4300-9300 bacteria/ml at Ekofisk 2/4VB. In addition, 

ConocoPhillips (2017) reported that on average 92% of the samples (November and December 

2017) from Ekofisk 2/4VB had values >KPI, including sessile GAB and SRB. These combined 

results show that treatment of injection water at Eldfisk 2/7E is satisfactory with regards to KPI. 

The results from Ekofisk 2/4VB indicate a significant increase in the bacterial flora in the 

injection water pipeline from Eldfisk 2/7E to Ekofisk 2/4VB. 

According to Bennet (2016) injection water systems are ironically ideal places for SRB growth. 

Insufficient chlorine dosages from partly unreliable electro-chlorination units may reduce 

sterilisation and further facilitate bacterial growth. In addition, the use of deaerator towers gives 

remaining SRBs ultimate conditions for growth (Bennet, 2016). But lack of GAB detection from 

samples from Eldfisk 2/7B and Eldfisk 2/7E in combination with no detectable presence of DNA, 

indicates a well-functioning injection water treatment at Eldfisk 2/7E. The application of 

oxidizing (hypochlorite) and non-oxidizing (glutaraldehyde) biocides at Ekofisk seems to achieve 

synergistic effects by reducing bacterial resistance to biocide treatment. The injection water at 

Ekofisk 2/4VB has undergone the same treatment as the injection water samples from the other 

sample points (ConocoPhillips, 2018). According to Bennet (2016) batch biocide treatment will 

 MPN qPCR 

 SRB (bacteria/ml) GAB (bacteria/ml) SRB (DsrB copies/µl) 

November 2017    

ConocoPhillips  >KPI >KPI - 

Thesis  - 9300 1.14x105 

    

December 2017    

ConocoPhillips  >KPI <KPI - 

Thesis  - 4300 2.26x106 

    

January 2018    

ConocoPhillips  <KPI <KPI - 

Thesis  - 23 3.70x105 

    

March 2018    

ConocoPhillips  - <KPI - 

Thesis  - 93 4.87x105 
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never accomplish 100% microbiological removal. Thus, at any point in time, some bacterial cells 

will survive the treatment at Eldfisk 2/7E. The travel distance for injection water to Ekofisk 

2/4VB, is 23.4 km longer than the distance to Eldfisk 2/7B, giving a longer residence time for 

bacteria to grow (see figure 3.3). Previous contamination may accumulate in the pipeline, 

contribute to biofilm growth and the survival of new bacterial cells. Pigging is performed 

routinely in the injection water pipeline from Eldfisk 2/7E to Ekofisk 2/4K and Eldfisk 2/7B 

(ConocoPhillips, 2017). Increased frequency of pigging reduces the time for biofilm to grow and 

bi-weekly pigging is recommended (Pots et al., 2002). However, pigging is not routinely 

performed downstream the junction towards Ekofisk 2/4VB (ConocoPhillips, 2017). Thus, this 

part of the pipeline may accumulate GAB and SRB, hence the detection of GAB by MPN and 

SRB by qPCR at Ekofisk 2/4VB in this study. It should be noted that contamination can occur in 

the umbilical connecting Ekofisk 2/4VB and Ekofisk 2/4M, which might have caused the 

detection of SRB. This aspect should not be over-looked and further investigation might be useful. 

However, there exist plans to treat the umbilical with biocide (ConocoPhillips, Personal 

communication, 2018). 

According to Larsen et al. (2009) the petroleum industry relies mostly on culture-dependent 

methods such as MPN. Given that only 0.001-15% of the viable bacteria can be cultured (Larsen 

et al., 2008), relying entirely on MPN data may lead to erroneous interpretation of the bacterial 

flora causing MIC. Since determination of MPN results involves interpretation of turbidity and 

colour change, a somewhat subjective conclusion might be drawn. qPCR on the other hand, 

compared to MPN, is quantitative, with objective criteria to validate results, as reported by 

Malorny et al. (2008). Optimization of the qPCR protocol involved extensive testing and when 

optimized, gave more reliable and precise results compared to the MPN method. Lee et al. (2015) 

reported that qPCR is beneficial for application offshore due to onsite quantification of bacteria 

and may help to modify biocide programs. MMM for oilfield application should follow a 

standardized protocol, including important aspects such as sampling method, transport, storage, 

sample preparation, sample runs and interpretation of results (Hoffman et al., 2007), as 

documented during this thesis work.  
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7. Conclusion 

The primary objective of this study was to compare the culture-dependent MPN method with the 

culture-independent qPCR method, for absolute quantification of SRB in injection and produced 

water from the Greater Ekofisk Area. Results in this study document that qPCR is more suitable 

and reliable for detection and quantification of bacteria compared to the MPN method. 

Quantitative results by qPCR can be acquired within a few hours, compared to a 30 days 

incubation period for MPN.  

The secondary objective was to develop a qPCR protocol for absolute quantification of SRB. A 

detailed qPCR protocol specific for the functional dsrB gene in SRB was successfully developed, 

and it would be beneficial for ConocoPhillips to apply qPCR in detection of bacteria in future 

biomonitoring. It is imperative that the qPCR protocol is performed by qualified personnel to 

achieve reliable results.  

The results obtained in this thesis are not enough to define any trend, nor recommend adjustments 

in the water injection treatment program. Results from Ekofisk 2/4VB indicate higher bacterial 

numbers, and measures should be taken to reduce the microbial flora, to further prevent MIC. 

Relatively high bacterial numbers in produced water were to be expected, but do not show any 

significant variation in the sampling period. Except for Ekofisk 2/4VB, other injection water 

sampling locations did not show any signs of bacterial growth, indicating a highly efficient 

injection water treatment system.  
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8. Future research 

For future research it is recommended to include more samples from various sampling locations 

over a longer period to establish a trend. The breakdown of algae and zooplankton might affect 

the bacterial flora in seawater injection systems, and it would be relevant for future studies. To 

achieve a broader understanding of the bacterial diversity within the water injection system, it 

would be beneficial to apply dsrA and rpoB primers in addition to inclusion of sessile SRB and 

GAB. Optimization of these primers should continue. In addition, including 16S rRNA primers 

for qPCR would increase the overview of the microbial flora in injection water systems. Further, 

sequencing of the bacteria would determine which SRB populations are present.  

The developed qPCR protocol should be repeated to verify its reproducibility and one should seek 

to reduce additional melt peaks. To assess the efficiency of the biocide treatment that is to be 

applied to the umbilical between Ekofisk 2/4VB and Ekofisk 2/4M, qPCR could be a useful tool.  
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Appendix 1: DNA extraction and gel electrophoresis results 

DNA extraction and gel electrophoresis results. Extracted DNA was run a 1.0% agarose gel 

containing 5.0 µl GelGreen™ at 100 V for 60 minutes. 
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Appendix 2: Gel electrophoresis results for optimized primer set Dsr2060F/Dsr4R and 

rpoB1698F/rpoB2041R.  

Gel electrophoresis results for optimized primer set Dsr2060F/Dsr4R (left, Ta=55°C) and 

rpoB1698F/rpoB2041R (right, Ta=48°C).  
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Appendix 3: DNA concentration and purity of GF1 with primer set Dsr2060F/Dsr4R 

DNA and purity measured by Thermo Scientific™ Nanodrop™ One Microvolume UV-Vis 

Spectrophotometer. 

 ng/µl Avg. ng/µl A260/A280 A260/A230 

Sample 1 4.7 4.3 1.92 0.03 

3.8 1.68 0.02 

4.5 1.78 0.02 

     

Sample 2 7.4 4.4 1.78 0.08 

3.3 1.42 0.04 

3.5 1.56 0.04 

3.5 1.74 0.04 

     

Sample 3 8.9 5.4 1.65 0.08 

5.2 1.82 0.05 

3.9 2.07 0.04 

3.5 1.88 0.03 

     

Sample 4 3.5 3.6 2.38 0.02 

3.9 1.83 0.02 

3.5 2.00 0.02 

     

Sample 5 11.3 10.1 1.87 0.02 

9.3 2.02 0.01 

9.8 2.03 0.02 
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Appendix 4: DNA concentration and purity of GF1 with primer set DSRp2060F/Dsr4R 

DNA and purity measured by Thermo Scientific™ Nanodrop™ One Microvolume UV-Vis 

Spectrophotometer. 

 ng/µl Avg. ng/µl A260/A280 A260/A230 

Sample 1 51.6 40.9 1.75 0.12 

31.8 1.84 0.08 

39.4 1.81 0.09 

     

Sample 2 40.8 33.5 1.84 0.08 

29.3 1.94 0.06 

30.3 2.00 0.06 

     

Sample 3 30.4 30.3 1.97 0.12 

30.0 1.99 0.12 

30.5 1.97 0.12 
 

 

Appendix 5: DNA concentration and purity of plasmid DNA with PCR insert (primer set 

DSRp2060F/Dsr4R)  

DNA and purity measured by Thermo Scientific™ Nanodrop™ One Microvolume UV-Vis 

Spectrophotometer. 

 ng/µl Avg. ng/µl A260/A280 A260/A230 

Sample 2 9.3 8.5 1.84 0.02 

9.1 1.87 0.02 

7.1 1.87 0.02 

Sample 3 5.7 6.0 2.07 0.01 

7.0 2.43 0.01 

5.4 2.52 0.01 

Sample 4 5.8 4.9 1.73 0.01 

4.4 1.90 0.01 

4.4 2.64 0.01 

Sample 5 7.5 5.7 2.06 0.01 

5.5 2.49 0.01 

4.1 3.64 0.01 

Sample 6 12.5 9.4 1.84 0.02 

7.9 1.97 0.01 

7.7 2.05 0.01 
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Appendix 6: Standard curve optimization, GF1 with primer set Dsr2060F/Dsr4R  

Test 5, dilution series from 107 to 101 and primer concentration 0.25µM. 

 

 

Test 6, dilution series from 107 to 101 and primer concentration 0.25 µM. 

 

 

Test 16, Dilution series from 107 to 103 and primer concentration 0.5 µM. 
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Test 18, dilution series from 107 to 103 and primer concentration 0.5 µM. 

 

 

Test 23, Dilution series from 107 to 103 and primer concentration 0.5 µM.  

 

 

Appendix 7: Standard curve optimization, GF1 with primer set DSRp2060F/Dsr4R  

Test 3, dilution series from 107 to 103 and primer concentration 0.25 µM.  
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Appendix 8: Standard curve optimization, GF 2 with primer set DSRp2060F/Dsr4R 

Test 3, Dilution series from 107 to 103 and primer concentration 0.5 µM. 

 

 

Appendix 9: Standard curve optimization post cloning with primer set DSRp2060F/Dsr4R 

Test 1, Dilution series from 107 to 103 and primer concentration 0.5 µM. 

 

 

Test 4, Dilution series from 107 to 103 and primer concentration 0.5 µM. 
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Appendix 10: Standard curve optimization post cloning with primer set DSRp2060F/Dsr4R 

and samples 

Test 4, Dilution series from 108 to 103 and primer concentration 0.5 µM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 
 

Appendix 11: Raw data for standard curve, quantified samples and raw melt data 

 

Samples Cq Starting Quantity (SQ) Log Starting Quantity SQ Standard deviation

10^8 18,01 1,42E+08 8,152 -

10^8 18,59 1,42E+08 8,152 -

10^8 17,79 1,42E+08 8,152 -

10^7 22,28 1,42E+07 7,152 -

10^7 21,01 1,42E+07 7,152 -

10^7 20,77 1,42E+07 7,152 -

10^6 24,6 1,42E+06 6,152 -

10^6 24,68 1,42E+06 6,152 -

10^6 24,49 1,42E+06 6,152 -

10^5 28,97 1,42E+05 5,152 -

10^5 29,33 1,42E+05 5,152 -

10^5 28,21 1,42E+05 5,152 -

10^4 31,78 1,42E+04 4,152 -

10^4 33,02 1,42E+04 4,152 -

10^4 32,22 1,42E+04 4,152 -

10^3 33,8 1,42E+03 3,152 -

10^3 34,92 1,42E+03 3,152 -

10^3 35,63 1,42E+03 3,152 -

NTC N/A N/A N/A -

NTC N/A N/A N/A -

NTC N/A N/A N/A -

Ekofisk 2/4J-1 16,77 3,37E+08 8,528

Ekofisk 2/4J-1 16,15 5,13E+08 8,71

Ekofisk 2/4J-1 16,84 3,23E+08 8,509

Ekofisk 2/4J-2 17,44 2,16E+08 8,334

Ekofisk 2/4J-2 17,59 1,95E+08 8,29

Ekofisk 2/4J-2 17,26 2,43E+08 8,385

Ekofisk 2/4J-3 16,45 4,18E+08 8,621

Ekofisk 2/4J-3 16,43 4,25E+08 8,628

Ekofisk 2/4J-3 16,99 2,93E+08 8,466

Ekofisk 2/4J-4 17,3 2,38E+08 8,376

Ekofisk 2/4J-4 17,5 2,08E+08 8,317

Ekofisk 2/4J-4 18,22 1,28E+08 8,107

Ekofisk 2/4VB 28,55 1,28E+05 5,106

Ekofisk 2/4VB 28,16 1,66E+05 5,219

Ekofisk 2/4VB 30,02 4,79E+04 4,68

Ekofisk 2/4J-1 16,79 3,32E+08 8,522

Ekofisk 2/4J-1 17,31 2,35E+08 8,371

Ekofisk 2/4J-1 17,36 2,28E+08 8,358

Ekofisk 2/4J-2 18,78 8,80E+07 7,944

Ekofisk 2/4J-2 19,11 7,04E+07 7,848

Ekofisk 2/4J-2 18,85 8,38E+07 7,923

Ekofisk 2/4J-3 15,68 7,02E+08 8,846

Ekofisk 2/4J-3 16,34 4,50E+08 8,654

Ekofisk 2/4J-3 16,3 4,62E+08 8,664

Ekofisk 2/4J-4 17,68 1,84E+08 8,265

Ekofisk 2/4J-4 18,18 1,32E+08 8,119

Ekofisk 2/4J-4 18,44 1,11E+08 8,045

Ekofisk 2/4VB 27,42 2,73E+05 5,436

Ekofisk 2/4VB 22,72 6,33E+06 6,801

Ekofisk 2/4VB 28,04 1,80E+05 5,256

Ekofisk 2/4J-1 17,19 2,55E+08 8,407

Ekofisk 2/4J-1 17,19 2,55E+08 8,406

Ekofisk 2/4J-1 17,32 2,33E+08 8,368

Ekofisk 2/4J-2 17,94 1,55E+08 8,19

Ekofisk 2/4J-2 17,81 1,69E+08 8,228

Ekofisk 2/4J-2 17,91 1,57E+08 8,197

Ekofisk 2/4J-3 18,8 8,70E+07 7,94

Ekofisk 2/4J-3 19,07 7,28E+07 7,862

Ekofisk 2/4J-3 19,23 6,52E+07 7,814

Ekofisk 2/4J-4 17,34 2,31E+08 8,364

Ekofisk 2/4J-4 17,46 2,13E+08 8,328

Ekofisk 2/4J-4 17,61 1,92E+08 8,284

Ekofisk 2/4VB 26,38 5,45E+05 5,736

Ekofisk 2/4VB 28,29 1,52E+05 5,182

Ekofisk 2/4VB 26,79 4,14E+05 5,617

Ekofisk 2/4VB 26,95 3,73E+05 5,572

Ekofisk 2/4VB 26,32 5,70E+05 5,756

Ekofisk 2/4VB 26,46 5,18E+05 5,714

2,00E+05

1,02E+05

3,52E+06

1,27E+07

7,64E+06

1,11E+07

1,94E+07

6,01E+04

5,84E+07

9,17E+06

1,42E+08

3,78E+07

1,06E+08

2,40E+07

7,43E+07

5,66E+07

Standards

November

2017

December

 2018

Janaury

 2018

March

2018



91 
 

 

Samples Melt Temperature Peak Height Begin Temperature End Temperature

10^8 84 2173,45 78,5 87,5

10^8 84 2080,54 78,5 87,5

10^8 84 2121,96 78,5 87

10^7 84 2252,06 78 87,5

10^7 84 2312,96 78 87,5

10^7 84 2320,35 78,5 87,5

10^6 84 2373,12 78 87,5

10^6 84 2287,17 77,5 87,5

10^6 84 2288,75 77,5 87,5

10^5 84 2230,82 77,5 87,5

10^5 84 2160,17 78 87,5

10^5 84 2389,35 78,5 87,5

10^4 84 1642,31 78,5 87,5

10^4 84 1254,21 79 87,5

10^4 84 1481,9 79 87,5

10^3 None None None None

10^3 None None None None

10^3 None None None None

NTC None None None None

NTC None None None None

NTC None None None None

Ekofisk 2/4J-1 86 2307,79 79 89

Ekofisk 2/4J-1 86 2457,28 79 94

Ekofisk 2/4J-1 85,5 2482,57 79 94

Ekofisk 2/4J-2 86 2175,82 78,5 93,5

Ekofisk 2/4J-2 86 2221,98 79,5 94

Ekofisk 2/4J-2 86 2301,56 79,5 95

Ekofisk 2/4J-3 86 2698,29 79 94

Ekofisk 2/4J-3 86 2635,13 79 95

Ekofisk 2/4J-3 85,5 2637,41 79 94

Ekofisk 2/4J-4 85,5 2616,72 78,5 94

Ekofisk 2/4J-4 86 2607,87 79 94

Ekofisk 2/4J-4 86 2619,46 79 94

Ekofisk 2/4VB 88 1150,07 82 95

Ekofisk 2/4VB 88,5 1166,02 82 95

Ekofisk 2/4VB 88 1154,15 82 95

Ekofisk 2/4J-1 86 2088,96 78,5 93,5

Ekofisk 2/4J-1 86 2112,98 78,5 93,5

Ekofisk 2/4J-1 86 2114,82 78,5 93,5

Ekofisk 2/4J-2 85,5 2033,81 78,5 89

Ekofisk 2/4J-2 85,5 1943,38 79 88,5

Ekofisk 2/4J-2 85,5 1979,35 78 88,5

Ekofisk 2/4J-3 85,5 1824,79 79 88,5

Ekofisk 2/4J-3 85,5 1750,43 79 88,5

Ekofisk 2/4J-3 86 1668,5 79 88,5

Ekofisk 2/4J-4 86 2433,09 79 94

Ekofisk 2/4J-4 86 2564,68 79 94

Ekofisk 2/4J-4 85,5 2688,8 79 93

Ekofisk 2/4VB None None None None

Ekofisk 2/4VB 85,5 2311,69 79 95

Ekofisk 2/4VB None None None None

Ekofisk 2/4J-1 86 2374,8 79 94

Ekofisk 2/4J-1 86 2342,29 79 93,5

Ekofisk 2/4J-1 86 2337,48 79 93,5

Ekofisk 2/4J-2 85,5 2399,85 78,5 89

Ekofisk 2/4J-2 85,5 2325,61 78,5 89

Ekofisk 2/4J-2 85,5 2200,31 79 89

Ekofisk 2/4J-3 86 2013,22 78,5 94

Ekofisk 2/4J-3 85,5 2013,81 79,5 94

Ekofisk 2/4J-3 85,5 2096,08 79 94

Ekofisk 2/4J-4 85,5 2462,13 78,5 94

Ekofisk 2/4J-4 85,5 2377,47 78,5 94

Ekofisk 2/4J-4 85,5 2371,53 79 94

Ekofisk 2/4VB None None None None

Ekofisk 2/4VB None None None None

Ekofisk 2/4VB None None None None

Ekofisk 2/4VB 91 1471,58 85,5 95

Ekofisk 2/4VB 91 1314,29 84 95

Ekofisk 2/4VB 91 1282,6 84,5 95

November

 2017

December 

2017

January

 2018

March

 2018

Standards


