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ABSTRACT 

Characterization of microbiologically influenced corrosion in pipelines by 

using metagenomics 

Badoor Ali Nasser 

 Corrosion in pipelines and reservoir tanks in oil plants is a serious problem in the 

energy industries around the world because it causes a huge economic loss due to not 

only frequent replacements of the parts of pipelines and tanks but also potential damage 

of the entire fields of crude oil. Previous studies have revealed that corrosions are 

generated mainly by microbial activities and they are now called as Microbial Influenced 

Corrosion (MIC) or simply bio-corrosion. Bacterial species actually causing bio-corrosion 

is crucial for the suppression of the corrosion. To diagnose and give proper treatment to 

pipelines in industrial plants, it is essential to identify the bacterial species responsible for 

bio-corrosions. For attaining at this aim, I conducted an analysis of the microbial 

community at the corrosion sites in pipelines of oil plants, using the comparative 

metagenomic analysis along with bioinformatics and statistics.  In this study, I collected 

and analyzed various bio-corrosion samples from four different oil fields. 

 First, I collected samples from the seawater pipelines that are essential in the oil 

fields to maintain seawater injection system (field#1), and then I conducted the 

metagenomic analysis of these samples. The metagenomes obtained revealed that 

samples in both sites contain a wide range of bacterial taxa.  However, the comparative 
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analysis of the microbial community with statistics in the comparison between sites with 

corrosion and without corrosion revealed the presence of microorganisms whose 

abundances were significantly higher in sites with corrosion. Some of these microbes can 

be sulfate reducers and sulfur oxidizers of which are considered to be casual agents in 

recent bio-corrosion models.   

 In addition to the seawater pipelines, I also collect samples from corrosion sites in 

oil pipelines at Field #2 and #3. My metagenomic analysis combined with statistics 

showed that several microorganisms are speculated to be very active at the corrosion 

sites in the oil pipeline. Although biological mechanisms of forming bio-corrosion in the 

oil pipelines still remain unclear, these microbial species are suggested to be some of the 

responsible bacteria for bio-corrosion in the oil pipelines. 

 Besides seawater injection systems, groundwater injection systems are often 

used, especially in inland oil fields. Therefore, more detailed understanding of bio-

corrosion in the groundwater injection system is also required in oil industries. In the 

present studies, I then analyzed the microbial communities in pipelines in the oil field 

where groundwater is used as injection water (field #4). I collected samples from four 

different facilities in the field #4. Metagenome analysis revealed that microbial 

community structures were largely different even among samples from the same facility. 

Treatments such as biocide and demineralization at each location in the pipeline may 

affect the microbial communities independently. The results indicated that microbial 
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inspection throughout the pipeline network is important to protect industrial plants from 

bio-corrosions.    

 Identifying the bacterial species responsible to bio-corrosion, this study provides 

us with information on bacterial indicators that will be available to classify and diagnose 

bio-corrosions.  Furthermore, these species may be available as biomarkers to detect the 

events of bio-corrosion at an early stage. Then, any appropriate care such as the 

appropriate choice of biocides can be taken immediately and appropriately.  Thus, my 

study will provide a platform for obtaining microbial information related to bio-corrosion 

that enables us to obtain a practical approach to protect them from bio-corrosion. 
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Chapter 1 General Introduction 

Microbiologically influenced corrosion (MIC): An overview 

 Microbiologically influenced corrosion (MIC) or bio-corrosion is a phenomenon 

that causes the deterioration of metallic or nonmetallic materials stimulated by different 

microorganisms.  MIC is considered as one of the major challenging problems in the oil 

industry as a result of complex processes. The MIC was defined by Videla (1996) as “an 

electrochemical process in which the microorganisms are present to initiate, facilitate and 

accelerate the corrosion reactions.”  The MIC becomes one of the most important topics 

for engineers and scientists in various fields of the oil industry since this problem causes 

a huge amount of economic losses in the oil company that often reaches several billion 

of US dollars annually  (Haile et al. 2017).  

 The recent studies have suggested that sulfate-reducing bacteria (SRB) are the 

main contributor to the MIC by generating hydrogen sulfide (H2S).   However, the latest 

studies revealed that more species with complex different mechanism are involved in this 

process such as methanogens, acid-producing bacteria (APB), sulfur-oxidizing bacteria 

(SOB), iron-reducing bacteria (IRB) and manganese-oxidizing bacteria (MOB). SOB, IRB, 

and MOB have an ability of using metals in their respiration as electron donors or 

acceptors. In particular, APB bacteria potentially influence metals by generating various 

kind of acids. On other hand, methanogens and other bacterial species in ability to utilize 
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various kinds of hydrocarbons are also considered as important factors of MIC formation 

in petroleum fields (Jia et al. 2017). 

Mechanism of microbiologically influenced corrosion (MIC) 

Biofilm formation  

 The MICs usually happen in associating with biofilm formation. Biofilms are 

considered to be the safest for bacteria to protect their cells from external environment 

and to keep better condition for the microbes to grow and proliferate. In addition, 

biofilms give advantages to microorganisms to survive in severe environments by using 

mutual interaction in metabolisms. MIC is also considered as one of these examples, in 

which microorganisms in biofilms (sessile form) influence corrosions much more than the 

planktonic form in general. Figure 1.1 explains the schematic process of MIC formation.  

In the biofilm formation process, microorganisms first adhere to the soiled surface and 

formed conditioning film. Then, bacteria start colonization on the film,  forming biofilms 

by surrounding themselves with Extracellular Polymeric Substance (EPS) that is a high 

molecular weight polymer secreted by the microorganisms (Jia et al. 2017). 
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Source: EcoMARINE (http://www.ecomarineyachtdetail.com/hull-cleaning/)” 

Figure 1.1 Biofilm formation (biofouling) process 

MIC of metals 

The corrosion of ferrous metals cost hundreds of millions of dollars annually. Indeed, it 

was estimated that 15% of metal corrosion is due to MIC. SRBs have been considered as 

a main cause of MIC (Haile 2017) . Figure 1.2 illustrates the role of SRB in MIC on metals. 

Dissimilatory sulfate reduction by SRBs is considered to be the main reaction contributing 

to the development of MIC. Fe(0) is spontaneously oxidized to Fe2+.  

Fe0 -> Fe2+ +2e- (anodic reaction) 

This reaction also generated two electrons, which are utilized by SRB for dissimilatory 

sulfate reduction where sulfides were produced.  

SO4
2- + 2H++ 2e-  -> S2- +4H20 (cathodic reaction) 
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Recent studies also suggest that sulfides generated by SRB can enhance the iron reduction 

and subsequent electron generation  

Fe0 + S2-  -> FeS+2e- (anodic reaction 2) 

These things indicate that the iron oxidation and sulfate reduction cycles mediated by 

SRB cause and accelerate MIC (Kakooei et al. 2012). 

	

I,	iron	dissolution;	II,	water	dissociation;	III,	proton	reduction;	IV,	bacterial	sulfate	reduction	
and	V,	sulfide	precipitation	

 
Figure 1.2 Schematic presentation of iron corrosion by SRB based on reactions as suggested by the 
cathodic depolarization theory.  

  

On the other hand, recent studies also suggest that the mechanism of MIC is 

different in the absence of sulfate. Several studies suggest that the hydrogenotrophic 

methanogens can contribute to MIC by the reaction below (Dinh et al. 2004, Uchiyama et 

al 2010).  
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4Fe0+5H++5HCO3
- -> CH4+4FeCO3+3H2O 

Other studies also suggest that hydrogenotrophic acetogen also can be involved in MIC 

by the following chemical reaction (Mand et al 2014). 

4Fe0+6HCO3
-+ 5H+ -> CH3COO- + 4FeCO3 + 4H2O 

It has been revealed that microbial communities in MIC sites is very diverse, indicating 

that there are still a lot of unknown mechanisms for the metal corrosion.  

MIC of concrete and stonework  

SRB can also contribute to MIC on concrete pipes and conduits. The growth of SRB results 

in production of H2S in the sediment and water, which causes H2S accumulation in the 

bottom of concrete pipes. The H2S gas is converted by aerobic sulfide-oxidizing bacteria 

to sulfuric acid that slowly dissolves the concrete structure (Figure 1.3) (Barton and 

Fauque, 2009). 
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(A)	SRB	grows	in	the	anaerobic	sediment	and	releases	H2S	as	a	result	of	
their	metabolism.	(B)	Acidithiobacillus	sp.	present	in	the	aerobic	region	
of	the	pipe	oxidizes	H2S	to	sulfuric	acid	which	(C)	dissolve	various	
minerals	in	the	wall	of	the	concrete	pipe.	The	result	of	this	action	
weakens	the	structure	of	the	pipe	(Adapted	from	Barton	and	Fauque	
2009	)	

Figure 1.3 Model indicating MIC of concrete pipes attributed to bacteria metabolizing sulfur 
compounds.  

 

Conventional method for corrosion inhibition and prevention in the oil 

industry to control MIC 

 The MIC is accelerated by the cathode reaction that produce corrosive metabolic 

products such as H2S. The formation and release of H2S by SRB is, therefore, considered 

to be the main cause of reservoir souring and other many problems in a refinery process 

that reduces the value of oil and gas as well as causing operational problems (Zhu et al., 

2004).  Many  studies have been, therefore, conducted to suppress MIC. Various 

strategies to manage and control the corrosion were tested so far, and no much have 

been fruitfully successful. (Lin et al. 2012).  
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Physical control  

 There are many ways in the physical corrosion control. The first one is cathode 

and anodic protection.  Especially in aqueous media, electrical conductivity of media is 

important in causing corrosion. Therefore, applying potential differences between 

medium and metal is used to prevent anode and cathode formation on the surface of 

pipelines (Lin et al. 2012).  

 The second one is the control by cleaning operation. Detergents as well as 

equipment like scrapers and sponge balls were often used for the cleaning to remove 

biofilms from surfaces inside the pipelines.  

 The third one is to coat the pipe with a protective layer to prevent 

microorganisms from attaching to metal surface. For example, Ag/SiO2 nanoparticle can 

protect the pipe for a long time even in aggressive environments. (Lin et al. 2012) 

Chemical control   

 Biocides including oxidizing and non-oxidizing ones have been used to control 

MIC. The combination of different strategies, for example, electric field generation or 

utilization of more easily corroded sacrificial metal with biocides are also adopted to 

reduce MIC. 

a. Biocide  

 Biocide is very effective to reduce MIC because they have the ability to kill most 

of microorganisms living inside the pipelines in general. Using the biocide in oil industry 
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causes a lot of pollution problems as well as it costs a lot of money due to the expensive 

regent. In recent studies However, green biocides, the so-called environmentally friendly 

reagent, have been looked for. 

  The oxidizing biocides are affected by a lot of environmental factors such as pH, 

temperature and light. Nevertheless, oxidizing biocide is still popular as the method to 

suppress MIC. Chlorine, chlorinating compounds, chloramines and bromine are 

commonly used in freshwater systems. Since it has been revealed that they are not very 

effective to biofilms at low concentration, strong oxidizing biocides like chlorine dioxide 

are often used recently, especially in cooling systems.   

 No-oxidizing biocides include quaternary salts, anthraquinones, amine-type 

compounds and aldehydes. Non-oxidizing biocides are more stable than oxidizing agents, 

and they act over a wide range of environmental conditions (Videla and Herrera, 2005). 

Tetra-cis-hydroxymethylphosphonium sulphate (THPS) is considered as one of the most 

promising biocides, and showing good effectiveness in biofilm in oil field operations 

(Videla and Herrera, 2011, Lin et al., 2012).  

 Ozone is also oxidizing biocide, and it is very effective biocide and environmentally 

friendly where there is no byproduct and pollution with fast attacks to bacteria cell walls. 

It suggests that ozone is a promising biocide for the future. Utilization of ozone requires 

high running cost and complex control system, limiting its availability in small-capacity 

production particularly in developed countries.(Lin et al. 2012) 
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b. Antimicrobial agent  

 Although antimicrobial agents are also expected to be used as biocides to suppress 

MIC, the technique still has problems, for example, bacteria resistant to the antibiotic 

appear in the MIC site.  Although antibiotics target bacterial molecules work for bacterial 

growth in most cases, the antibiotics can stay at MIC sites for only a short time while cells 

show low growth rates in the biofilms in general (Costerton et al. 1994). The antibiotics 

work about 500 to 5000 times more efficiently in planktonic phase than in biofilm in the 

case of the same species (Ashby et al. 1994). 

c. Cathodic protection  

 One of the most widely-used technologies to prevent the bio-corrosion is cathodic 

protection (CP) (Saravia et al., 2003; Orfei et al., 2006). In the CP method, metals that is 

more easily corroded are put as sacrificial metals together with the main metal structure 

such as steel pipes. The sacrificial metals are oxidized earlier than metal structures, which 

eventually protect the structures from MIC (Orfei et al., 2006; Loto and Popoola, 2011). 

Instead of putting sacrificial metals, CP is also conducted by forcing the positive potential 

on the structure. There are some examples that are successful in reducing MIC to a 

negligible level. CP is adopted to steel structures to protect pipelines or many other 

facilities from MIC in marine or underground environments (Orfei et al., 2006; Loto and 

Popoola, 2011). Cathodic protection techniques become more effective by combining 

with coating methods (Zuo et al., 2004).   
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Biological control  

 Biological control is a method that controls MIC using other microorganisms. It is 

considered to be the most nature-friendly and low-cost technique. The methods can be 

classified into two types. The first one is the bio competitive exclusion (Videla and 

Herrera 2011) that is considered as a promising techniques to give an effective result in 

oil filed. One example of the techniques is by stimulating the growth of nitrate reducing 

bacteria (NRB) to inhibit the growth of SRB. The addition of nitrate ion into the system 

shifts the microbial dominant from SRB to NRB.  The second one is to control the bio 

corrosion by bacterial species which can produce antimicrobial compounds within the 

biofilm (Jayaraman et al., 1999a; Zuo et al., 2004).  

Summary of Introduction 

 As mentioned above, MIC is now considered to be one of main causes of 

corrosions. Many studies have revealed microorganisms that are related to MIC, 

suggesting several models of MIC formation in which SRBs are playing important roles. 

The recent advancement of microbial detection techniques indicates strongly that much 

more bacterial species are involved in MIC other than SRBs.  The mechanisms for MIC 

formation, is thus, considered to be much more complicated than we have expected.  

Currently, a lot of protection methods from corrosions have been developed, 

and most of them target microorganism living in MIC sites. Nevertheless, MIC is still an 
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unresolved problem in industry, occurring all over the world. To overcome the current 

situation, further understanding of microorganisms causing MIC is required.  

 Recent advancement of metagenome technologies allows us to get high 

throughput information of microorganisms that are living in the environment. There are 

several examples of metagenomic studies of microbial community at MIC site. However, 

most of these studies introduced a huge diversity of microorganisms there only, and small 

efforts have been made for revealing the mechanisms of MIC formation by use of 

metagenomes.  

 To understand further, it is important to conduct a comparative analysis of 

metagenomes that are obtained from various kinds of MIC sites.  

Aim and outline of this study 

 The aim of this study is to obtain information regarding microorganisms that play 

important roles in the mechanisms of MIC formation by conducting the comparative 

analysis of MIC metagenomes. 
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This thesis is composed of four chapters. In chapter 1, I summarized the background of 

MIC which is associated with biofilm formation and explain the conventional method to 

suppress the corrosion in the oil industry. In chapter 2, I conducted the metagenomic 

analysis of MIC inside water pipelines in the oil field using seawater for injection and 

revealed species potentially responsible for MIC formation in the pipelines. In chapter 2 

I also conducted metagenomics analysis of MIC occurring in the oil pipelines and 

suggested the difference of microbial communities in MICs between seawater and oil 

pipelines. In chapter 3, I conducted large scale metagenomics analysis of the oil field by 

collecting 11 samples from four different facilities working there. I discussed not only 

about microbial community but also about the relationship between local microbial 

communities and pipeline networks, the effect of various treatments (for example, 

biocide treatment) and so on by using information collected across the field.  

Finally, in chapter 4, by combining all the results from chapter 2 and 3, I discussed the 

significance of this study and possible contribution to the industry. 
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Chapter 2 Metagenomics of seawater and oil pipelines 

Introduction 

 Corrosion loss in our society is enormous impact, consuming more than three 

percent of the world’s GDP (Renner et al. 2006). In oil and gas industries, corrosion is a 

vitally practical problem for steal pipelines (Liu et al. 2016). Recent studies revealed that 

corrosions are caused by particular microorganisms, and those corrosions are now also 

called as bio-corrosion or MIC.  Detection of microorganisms inside a network pipeline is 

of importance to design and implement strategy at corrosion mitigation (Lenhart et al. 

2014). Many kinds of research have been conducted to investigate microorganisms living 

at the corrosion sites with various methods including enrichment, metabolite analyses 

and DNA sequencing.  Knowledge obtained from these studies has given us an 

opportunity of leading to suggesting of the bio-corrosion formation models that are 

composed of the activities of sulfate reducing bacteria, sulfur oxidizing bacteria, 

methanogen and so on (Kip and Even 2015).   

 With a recent advancement of Next Generation Sequencing (NGS) technologies, 

metagenomics enables us further to obtain high-throughput information about 

microorganisms living in the environments. Although the proportion of microorganisms 

cultured so far is thought to be only less than 1% in all the microorganisms obtained 

(Vartoukian et al. 2010), metagenomes provide us genome information of both culturable 

and unculturable bacteria in given environments. Therefore, metagenomes are expected 
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to give more than culturing and other conventional methods with regards to the bacterial 

community. Although metagenomes generate high throughput results with more than 

one million microbial sequences, most of studies could not handle such high throughput 

data effectively. In many cases, they are used to make catalogs of microorganisms and 

discussed about some of dominant species. On the other hand, metagenomes, especially 

16S rRNA amplicon-based metagenomes, can provide us information on both taxonomy 

and abundance of each species in a given environment.  In particular, in bio-corrosion 

studies, information about what species increase along with the formation of corrosion is 

very important to know because these species are strong candidates as causal agents for 

bio-corrosion. 

  In this chapter, I performed metagenome analysis using samples that obtained 

from corrosion sites of pipeline in the oil field (field #1). Seawater was pumped up and 

used for injection in this oil field. Seawater is rich in natural electrolytes, and pipelines for 

seawater are highly corrosive (Hou et al. 2017). I obtained three scraper samples from the 

seawater pipeline where corrosion was caused (i.e., bio-corrosion site) at three different 

dates. In addition, I obtained two water samples from two pipelines at the inside of which 

protective coating are applied, and almost no corrosion has formed so far (i.e., non-

corrosion site). I not only obtained the taxonomic information from metagenomes but 

also tried to extract species that were dominant and therefore thought to be important 

players in the corrosion formation by conducting statistic comparisons of metagenomes 

between bio-corrosion and non-corrosion sites.  
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 In addition to seawater pipelines, we also conducted the metagenome analysis of 

MIC in the oil-pipelines. MIC are also severe problems in oil facilities like oil-pipelines and 

storage tanks in oil fields. I obtained 5 samples of oil pipeline samples from 2 different oil 

fields (field #2 and field #3) and analyzed their microbial communities. In addition, I 

conducted statistic comparison of microbial community in bio-corrosion sites between 

seawater- and oil-pipelines and extracted microbial species characteristic to oil-pipeline 

corrosions.  

 

Materials and Methods 

Sampling Sites 

  I collected samples from the water injection system (field #1) where Arabian Gulf 

seawater is used for the injection (Figure 2.1). In this system, the seawater is collected 

into Intake Lagoon, and then transferred to QSTP where desalination, deoxygenation, 

biocide tretment are conducted after sand and other particles are filtered out. The 

resulting water is transferred to various injection wells through six different piplines for 

the oil recovery. Among six pipelines, the orange-colored piplines, Qu1 and Qu2, are pipes 

without any coating treatment (uncoated) where corrosion causes inside. On the other 

hands, the blue-colored Qu3, Qu4, Qu5, Qu6 are pipelines of which inside surfaces are 

coated. MIC are highly suppressed in these coated pipelines.  
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 I obtained scraper samples (i.e., water sample suspended with sludge obtained 

during cleaning operation for the inside of pipes) from uncoated pipelines where 

corrosion is causing as bio-corrosion samples. On the other hand, I got water samples 

from coated pipelines, and used these samples as negative control, that is, non-corrosion 

samples. Samples I used for this study are described in Table 2.1. 

 

Figure 2.1 The water injection system where we obtained samples from field #1 

 

Table 2.1. Sample list of this study from field #1. 

# Label Sample information Date Type of 
sample 

1 S1 Water injection system in al- Qoraia (Quu1) uncoated pipe   20-11-2016 Scraper  

2 S2 Water injection system in al- Qoraia (Quu1) uncoated pipe   31-10-2016 Scraper 
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Filtration 

 Since both scraper and water samples were suspended liquid, I conducted the 

two-step filtration of samples. I used nitrocellulose membranes (50 mm in diameter, 

MFTM-MEMBRANE FILTERS, Merck Millipore Ltd.) for the filtration. The first filtration was 

conducted with filters of 5.0 µm-diameter pores and the second one was done with 0.2 

µm-diameter pores filters. The volume of samples used for filtration is described in Table 

2.2. 

Table 2.2 Volumes of waters used for the filtration of samples in field 
 

   

 

 

 

3 S3 Water injection system in al- Qoraia (Quu1) uncoated pipe   Dec- 2016 Scraper 

4 S4 Water injection system in al- Qoraia (Quu3) coated pipe   May 2017 Water 

5 S5 Water injection system in al- Qoraia (Quu4) coated pipe   May 2017  Water 

Sample Filtration amount 

S1 40 ml 

S2 40 ml 

S3 40 ml 

S4 2 L 

S5 4 L 
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DNA extraction and 16S rRNA amplicon library preparation 

 I extracted DNA from the obtaining filters after cutting them into small pieces. 

DNA extraction was conducted with DNeasy PowerLyzer powerSoil Kit (QIAGEN) following 

the manufacturer’s instruction.  

 The DNA samples were quantified using the Qubit dsDNA Hs Assay kit (Invitrogen 

by Thermo Fisher Scientific) with the Qbit 2.0 fluorometer (Invitrogen by life 

technologies). The extracted DNA of filter was used as template to amplify the 16S rRNA 

genes by PCR with the universal forward primer (5ʹ-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG -3ʹ) and reverse 

primer --- (5ʹ-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC -3ʹ). 

TaKaRa Ex Taq Hot start Version (TaKaRa) is used for the amplification with the condition 

composed of a denaturation step for 5 min at 95 °C, 30 cycles of 30 sec at 95 °C, 30 sec at 

60 °C and 1 min at 72 °C, and a final extension step for 7 min at 72 °C. 16S rRNA amplicon 

libraries were prepared following 16S Metagenomic Sequencing Library Prep guide 

(Illumina). The sequencing was performed in Illumina MiSeq platform using paired ends 

reads mode, 300 cycles for each end, total 600 cycles. 

Taxonomic Assignment was carried out with Qiime1 version 1.9.1 bioinformatics pipeline 

(http://qiime.org/). The OTU picking was carried out with the de novo OUT picking 

method of Qiime1. 
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Sample collection from oil pipelines 

 I collected 5 oil-pipelines corrosion samples from 2 different oil fields (Field #2 and 

Field #3). Three scraper samples were obtained from Field#2 oil plant and two sludge 

samples were obtained from Field #3 plant (Table 2.3). I extracted DNA from these 

samples with Powersoil DNA extraction kit (Qiagen) following the instruction. 16S rRNA 

amplicon libraries were constructed by the same method described above. 

Table 2.3 Oil scraper and sludge sample from oil pipelines 
Sample No. Label Sample information Date 

1 SO1 Scraper sample from oil pipeline filed #2 Jan-2016 

2 SO2 Scraper sample from oil pipeline filed #2 Jan-2016 

3 SO3 Scraper sample from oil pipeline filed #2 Jan-2016 

4 SL1 Sludge sample from oil pipeline filed #3 Mar-2016 

5 SL2 Sludge sample from oil pipeline filed #3 Mar-2016 

6 SL3 Sludge sample from oil pipeline filed #3 Mar-2016 

 

Collection of 16S rRNA amplicon metagenomes from other oil plants 

 I collected 16S rRNA amplicon metagenomes from NCBI Sequence Read Archive 

(SRA) databases. Metagenomes obtained in this study were described in Table 2.4. 

Table 2.4 Corrosion metagenomes obtained from NCBI SRA database 
IDs in NCBI SRA 

database 
Description Project ID in NCBI 

SRR3171435 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 
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SRR3171436 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171429 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171430 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171433 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171434 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171432 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171431 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171428 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR3171427 Impact of marine bacteria and microbial metabolites on corrosion of 
1020 carbon steel 

PRJNA311983 

SRR493229 Expanding the use of streamlined DNA extraction techniques to novel 
environmental microbiology samples 

 SRP012575 

SRR492929 Expanding the use of streamlined DNA extraction techniques to novel 
environmental microbiology samples 

SRP012575 

SRR3433454 Bacterial communities within steel corrosion tubercles in the Duluth-
Superior Harbor 

PRJNA311760 

SRR3431748 Bacterial communities within steel corrosion tubercles in the Duluth-
Superior Harbor 

PRJNA311760 

SRR3431169 Bacterial communities within steel corrosion tubercles in the Duluth-
Superior Harbor 

PRJNA311760 

SRR3430958 Bacterial communities within steel corrosion tubercles in the Duluth-
Superior Harbor 

PRJNA311760 

ERR1147313 Influence of carbon sources and concrete on microbially induced 
corrosion of carbon steel in subterranean groundwater environment 

PRJEB11915 

ERR1147316 Influence of carbon sources and concrete on microbially induced 
corrosion of carbon steel in subterranean groundwater environment 

PRJEB11915 

SRR2106407 16S pyrotag sequences from the Hydrocarbon Metagenomics Project PRJNA181037 

SRR2106406 16S pyrotag sequences from the Hydrocarbon Metagenomics Project PRJNA181037 
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ERR1147312 Influence of carbon sources and concrete on microbially induced 
corrosion of carbon steel in subterranean groundwater environment 

PRJEB11915 

ERR1147315 Influence of carbon sources and concrete on microbially induced 
corrosion of carbon steel in subterranean groundwater environment 

PRJEB11915 

ERR1147314 Influence of carbon sources and concrete on microbially induced 
corrosion of carbon steel in subterranean groundwater environment 

PRJEB11915 

 

Hierarchical clustering analysis 

 Hierarchical clustering analysis was conducted using presence rates of species 

(genus level) of each metagenome including those obtained from NCBI SRA database.  

Distance between samples were calculated by Euclidean method with “dist” software in 

R packages in the analysis using seawater pipeline metagenomes only while “correlation 

efficiency” were measured to evaluate similarities between metagenomes in the analysis 

of various metagenomes including NCBI ones with “proxy” software in R 3.5.1 package 

(https://www.r-project.org/). Clustering is conducted by Ward methods with “hclust” 

software in the R packages.  

Statistic comparison 

The statistic comparison of microbial communities (genus level) between bio-corrosion 

and non-corrosion sites by g-test was conducted using the script group_siginificance.py 

with -s g_test option included in QIIME1 package. 
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Result and discussion 

Microbial community compositions in bio-corrosion causing pipelines  

I investigated the microbial community compositions using metagenomes obtained from 

field #1 (Figure 2.2). I filtered microorganisms using 5.0 µm and 0.2 µm filters so that I 

was able to collect biofilm and free-living microorganisms separately, however, the 

results do not show large difference between 5.0 µm and 0.2 µm filter samples. My 

hierarchical cluster analysis suggests that most of microorganisms exist as biofilms inside 

pipelines at both bio-corrosion and non-corrosion sites, and organisms detached from 

biofilm were trapped with 0.2 µm filters. 

	

Suffix	“.5”	represents	samples	obtained	with	5	µm	filters	while	“.2”	
represents	those	with	0.2	µm	filters.	Sample	names	should	See	Table	2	for	
details	about	sample.	

 
Figure 2.2 Hierarchical cluster analysis of microflora in metagenomes obtained from field #1 samples.  
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 Most of metagenomes show microbial communities with taxonomically large 

diversity.  Some species, for example, Rhodobacteriaceae and Flavobacteriaceae species 

are commonly found as dominant ones from most of metagenomes from both bio-

corrosion and non-corrosion samples. This study used three bio-corrosion samples from 

the same site on different dates, microbial communities are diverse among them, 

especially in Dec 2016 sample. The microbial community is also different between two 

metagenomes from non-corrosion sites. These results suggest that dominant species are 

always changing inside pipelines regardless of corrosion (Figure 2.3, Figure 2.4) 

 

 

Figure 2.3 Microflora in corrosion and non-corrosion sites in seawater pipelines (field #1) using 5 µm 

filter. 
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Figure 2.4 Microflora in corrosion and non-corrosion sites in seawater pipelines (field #1) using 0.2 µm 

filter. 

 

Statistic comparison of metagenomes between bio-corrosion and non-corrosion 

samples  

 In this study, I showed that many of species are commonly detected in all samples, 

and that microbial community compositions are largely different from each other 

regardless bio-corrosion or non-corrosion pipelines, which suggests the difficulty of 

finding out tendency of microbial community just by seeing the composition in Figure 2.3 

or Figure 2.4. I therefore, tried to find out differences between bio-corrosion and non-

corrosion samples using a statistic method, g-test. The test revealed several species 

statistically dominant in bio-corrosion and non-corrosion metagenomes (Figure 2.5).   
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(A) bio-corrosion pipelines, (b) non-corrosion pipelines. 

Figure 2.5 Statistic comparison of metagenomes between corrosion site and non-corrosion sites in 
seawater pipelines.  

 

 Hyphomonodaceae and Altemonodaceae specie were significantly increased in 

non-corrosion sites whilst Desulfovibrio, Sulfurimonas and Chromatiales species are in 

statistically dominant in bio-corrosion sites. Hyphomonodaceae and Alteromonodaceae 

species are well known as marine bacteria. Taking into account that the field #1 uptakes 

and used seawater for the injection, these species might have come from seawater taken 

up from the sea.   

 There are a lot of reports detecting Desulfovibrio, Sulfurimonas and 

Chromatiaceae species from bio-corrosion sites in various industry plants (Sharad et al. 

2016, Xu et al 2016, Mand et al 2016, Li et al. 2017, Lim et al 2011, Parhipan et al 2017). 
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Desulfovibrio species are well known as sulfate reducers generating H2S. H2S is one of the 

key factors to generate bio-corrosion in steel pipes. In addition, Sulfurimonas and 

Chromatiales species were reported as sulfur oxidizing bacteria (SOB). As SOB utilize 

hydrogen sulfate as electron donor, the biological interaction between sulfur reducer and 

sulfur oxidizer in corrosion sites has been often discussed. This study detected both 

sulfate reducer and sulfur oxidizer as significantly dominant species in bio-corrosion sites, 

suggesting strongly that these bacteria have mutual relationships in the sulfur 

metabolism in corrosion sites.  

 Drønen et al. (2014) and Roalkvam et al. (2015) suggested that the presence of 

sulfur oxidizers with nitrate as electron donor could potentially cause serious corrosions 

in nitrate-rich environments, for example, pipelines where nitrate ions are added as 

suppressor of SRB activities.  An et al. (2016) also found that some sulfur-metabolizing 

bacteria are potentially powerful contributors to microbial corrosion in pipelines injected 

with bisulfite. Although roles of sulfur oxidizer in the bio-corrosion formation still remains 

unclear, my results suggest the important roles of sulfur oxidizing bacteria as well as SRB 

in the formation of bio-corrosions.  

 On the other hand, bacterial species belonging to Flavobacteriaceae and 

Rhodobacteraceae were detected as significantly dominant species from both bio-

corrosion and non-corrosion sites. These results suggest these taxonomic groups have 

large diversity of species with regards to ecological characteristics. Detailed analysis of 

the difference between species represented by OTU in this study may reveal the unknown 
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mutual interaction among bacteria in the formation mechanism of the seawater bio-

corrosion. 

Microbial community compositions in metagenomes from bio-corrosion sites in 

the oil-pipelines 

 In the previous section, I analyzed microbial community in the seawater pipelines 

and characterized it by the comparison of microorganisms between bio-corrosion and 

non-corrosion sites. In addition to seawater pipelines, oil pipelines were also suffering 

from bio-corrosions in oil plants. I performed metagenome analyses of samples obtained 

from bio-corrosion sites and investigated the microbial communities in them (Figure 2.6). 

The results showed that Acinetobacter spp. were commonly detected as dominant 

species among all samples from corrosion sites of oil pipelines. Acinetobacter spp. are not 

dominant in bio-corrosion sites of seawater pipelines, suggesting that this taxonomic 

group is characteristic to bio-corrosion in oil pipelines. Regarding the remaining species, 

however, it is difficult to find out species more dominant in bio-corrosion of oil-pipelines 

than seawater ones from the charts.  
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Suffix “-5” represents samples obtained with 5 µm filters while “-2” represents those with 0.2 µm filters. Sample names 
should See Table 2 for details about samples. 

Figure 2.6 The microbial communities in the corrosion in oil pipelines. 

 

Comparison of microbial community in bio-corrosion sites between seawater 

pipelines and oil pipelines 

  To discuss whether microbial community in bio-corrosion sites are similar or 

different between seawater and oil pipelines, I performed the hierarchal clustering 

analysis using the microbial composition rates at genus level. I added 23 metagenomes 

from 4 different corrosion sites to this analysis to classify microbial communities from 

various kind of bio-corrosion sites. 
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 Figure 2.7 Hierarchical clustering analysis using various kind of corrosion metagenomes 

The resultant dendrogram composed of two large sub clusters (Figure 2.7). Microbial 

communities from the seawater pipeline corrosions and those from oil pipeline corrosions 

analyzed in this study are located in different sub clusters. Microbial communities of 

metagenomes obtained from the other seawater corrosion sites were included in the 

same sub cluster with those of my seawater pipeline corrosion samples. On the other 

hand, the other sub cluster contains microbial communities not only from oil-pipeline bio-

corrosion sites including my samples but also from corrosion sites caused in groundwater 

environments. These results suggest that microbial communities in bio-corrosion sites are 

different between seawater and oil pipelines in general. Furthermore, it suggests that 

there is strong similarity in microbial community among seawater bio-corrosion samples 

whereas microorganisms in oil-pipeline corrosions resemble to those of groundwater bio-

corrosions. 
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 These results indicate microbial mechanisms in bio-corrosion formations can be 

classified at least two types, “seawater corrosion-type” and “oil and groundwater 

corrosion-type”.  

  The hierarchal cluster analysis suggests that there is clear difference in microbial 

community between seawater- and oil-pipeline bio-corrosions. To investigate the 

difference more in details, I conducted statistic comparison of microbial communities of 

oil and seawater bio-corrosion sites by g-test (Figure 2.8). Many species belonging to 

Flavobacteriacea, Rhodobacteriaceae, Desulfovibrio, Chromatiles and Sulfurimonas 

species were detected as characteristic species at seawater bio-corrosion sites. 

Taxonomic groups detected as bio-corrosion characteristic in seawater pipelines are the 

same with those extracted by the comparison between bio-corrosion and non-corrosion 

seawater pipeline samples in this study (Figure 2.8), suggesting that these species 

represent general characteristics of microbial community causing bio-corrosion in 

seawater pipelines. On the other hand, species from a wide range of taxonomic groups 

are detected as species characteristic to bio-corrosion in oil pipeline. These species are 

also diverse with regard to the metabolism. For example, a lot of species in 

Methanobacteriaceae species are known as methanogens while Desulfovibrionales 

species includes SRB species. Many species of Acinetobacter and Peptococcaceae have 

been reported to have capability of utilizing oil hydrocarbons (Singh et al 2017, Sousa et 

al 2016). These results suggest that multiple metabolic pathways are interacting in each 

bio-corrosion site at oil pipelines.  Compared with the case in the seawater pipelines, the 
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mechanism for the bio-corrosion formation still largely remains unclear. Finding these 

species may reveal the microbial mechanism of various interspecific networks essential 

for bio-corrosion formation. 

 
Figure 2.8 Statistic comparison of metagenomes between seawater pipeline and oil pipeline corrosions. 

Conclusion 

 The metagenomic analysis combined with statistics revealed various microbial 

species significantly dominant at corrosion sites and are therefore suggested to have very 

important roles for MIC. Hierarchical clustering analysis indicates that microbial 

communities were clearly different between seawater and oil pipeline bio-corrosion sites, 

suggesting that MICs are caused by different microbiological mechanisms between 

seawater and oil pipelines. This finding is very important to understand MICs and develop 

or improve protective methods for MICs in industry. 
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Chapter 3 Characterization of MIC in groundwater: Comprehensive 

metagenomic analysis on the inland oil field  

Introduction 

 In the previous chapter (Chapter 2), I conducted metagenome analyses of 

microbial communities in bio-corrosion sites of seawater- and oil-pipelines. However, 

there are a lot of inland oil fields, and at these inland fields, groundwater were dominantly 

used as injection water. Several studies have already revealed the microbial communities 

in the corrosion sites of groundwater pipelines (Rajala et al 2015, Rajala et al 2017, 

Lenhart et al 2017). My hierarchical clustering analysis in Chapter 2 also showed that 

microbial communities are largely different in corrosion sites between groundwater- and 

seawater-pipelines. This result suggests that MICs in groundwater pipelines are caused by 

the microbiological mechanism different from MICs in seawater pipelines. 

  Recent studies have also proposed various microbial metabolisms for MIC under 

the condition of low sulfate concentration. Dinh et al (2004) and Uchiyama et al (2010) 

indicated that hydrogenotrophic methanogens can contribute to bio-corrosion while 

Mand et al (2011) suggested the important role of acetogens for bio-corrosions. However, 

it is convincing that more information is required to reveal the mechanism of MIC in 

groundwater pipelines as it needs comprehensive knowledge on them. In addition, the 

corrosion is a problem not only in pipelines. Since there are a lot of facilities with different 

functions in oil plants in general, these facilities are also suffered from the corrosion and 
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it is expected that microbial communities also differ in each facility. It is therefore 

important to characterize microbial communities in each facility to control and suppress 

bio-corrosion in plants. 

 In Chapter 3, I analyzed microbial communities in samples from the oil field #4 

where groundwater is used as injection water. I obtained samples from four different 

facilities and generated metagenomes. The aim of this chapter is to find out the difference 

and similarity of microbial communities between seawater, oil and groundwater pipelines 

by the comparative analysis of metagenomes. I also compared microbial communities 

among facilities of this field and characterized microflora in each facility to obtain the 

comprehensive view of an oil plant.  
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Materials and Methods 

Sampling Sites 

 

Figure 3.1 Schematic map of field #4 where groundwater is used for injection 

 Field #4 is a sandstone reservoir started in August 1994. The average reservoir 

temperature is 71 °C and its thickness ranges from 45 to 60 m. (Figure 3.1).  In this field, 

groundwater collected form water supply wells is transferred to Remote Injection 

Stations (RIS), and then move to water injection wells. Water-oil mixture came out from 

the reservoir through water production wells was collected at Field Control Center (FCC) 

where the mixture was separated into water and oil before transferring them to oil plants. 

(FCC)Field control center  

(RIS) Remote injection stations  

Water injection well   

Production well   

Water producer well   

Water supply well   
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Sample preparation, DNA extraction and library preparation 

 I obtained nine water samples and two water+oil mixture samples from water 

supply wells (WSW), RISs, injection wells (IW) and FCC ( 

Table 3.1). I filtered these water samples with 5 µm and 0.2 µm pore-sized filters and 

used the resultant filters for the DNA extraction. The volumes of water samples used for 

filtration were described in Table 3.2. Filtration and subsequent DNA extraction were 

conducted with the same method described in Chapter 2.  I then constructed 16S rRNA 

amplicon libraries using the obtaining DNA samples and generated metagenomes. The 

library construction and subsequent metagenome analysis were also conducted with 

the method described in Chapter 2. 

Table 3.1 Sample lists from field #4 
# Label  Sample information  Date Comment  

1 AH Rises Jun 2017 Water  

2 BH Rises  Jun 2017 Water 

3 CH Rises Jun 2017 Water 

4 DH Rises Jun 2017 Water 

5 H1 Injection well 161 Jun 2017 Water 

6 H2 Injection well 129 Jun 2017 Water 

7 H3 Water supply well 812 Jun 2017 Water 

8 H4 Water supply well 809 Jun 2017 Water 

9 H5 FCC WOSEP out Jun 2017 Water 

10 H6 FCC Trunk line F Jun 2017 Water + oil 

11 H7 FCC Trunk line E Jun 2017 Water + oil 
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Table 3.2 Volume of waters used for filtration 
Sample Filtration amount 

AH 800 ml 

BH 4 liter 

CH 4 liter 

DH 1 liter 

H1 2 liter 

H2 1 liter 

H3 2 liter 

H4 2 liter 

H5 2 liter 

H6 2.5 liter 

H7 2.5 liter 

 

Results 

Pipeline system in oil field #4 

 I obtained total 11 water samples from four different facilities (WSW, RIS, IW and 

FCC) in the oil field #4. In a general process of field #4, groundwater which was pooled in 

WSW was once collected at RIS, and then transferred to IW.  Groundwater in IW was 

injected to oil reservoirs as producing water, and the obtaining oil-water mixture was then 

separated in FCC into water and oil fractions (Figure 3.2).   

 In addition, field #4 adopt the recycle system of production water shown in Figure 

3.3. Groundwater in WSW were transferred to RIS-B & RIS-C (Figure 3.1; Figure 3.2) whilst 
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the production water separated in FCC come back RIS-A & RIS- D (Figure 3.1; Figure 3.3). 

In addition, WSW812, WSW809, RIS-C, IW129, and FCC were located on the same water 

flow network, and RIS-A and IW161 which were included in the same recycle system of 

production (Figure 3.4). Various types of treatments to pipelines in field #4 are given to 

suppress bio-corrosion (Figure3.4). For example, nitrate treatments, which suppressed 

SRB activities by enhancing nitrate reducer, was given to RIS-C. On the other hand, to the 

pipeline for the producing water recycling between FCC and RIS-A, treatments of scale 

inhibitor, corrosion inhibitor and biocide were given.   

  

 
Figure 3.2 General flow diagram in filed #4 

 
Figure 3.3 Flow diagram of produce water recycling system. 
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Figure 3.4 Treatments given to the pipelines. 

 

Analysis of microbial community composition  

 We extracted microbial DNA from eleven water samples of four different facilities 

(IW, RIS, WSW and FCC) and conducted metagenome analysis. We obtained two kinds of 

DNAs from one water sample, i.e., microbial cells corrected with 5.0 µm filter and with 

0.2 µm filter (see 3.2 Materials and Methods). Our ierarchal analysis indicated that 

microbial communities trapped by 0.2 µm and 5.0 µm filters of the same sample were 

clustered together and consisted of the same cluster. Because 5.0 µm filters were 

expected to trap biofilms which is essential for microorganisms to cause bio-corrosion, I 

here discussed microbial communities using metagenomes from 5.0 µm filter samples 

only.  
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Figure 3.5. The cluster analysis of microbial communities in field #4. Suffixes of .2 and .5 represent 

metagenomes obtained from DNA samples using 0.2 µm filter and 5.0 µm one, respectively. Distance was 

calculated by Euclidean method and clustering was conducted ward method. 

a. Microbial community of WSW 

 Water supply wells (WSWs) are facilities to pool natural groundwater. 

Nevertheless, there are large differences in dominant species between WSW809 and 

WSW812 (Table 3.3), although there were no large differences in the chemical property 

between WSW809 and WSW812 (Table 3.4). 
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Table 3.3 Relative abundance of taxa in WSW. 
Taxa WSW809 WSW812 

Desulfonatronum 0.00980392 0.72046305 

Marinobacter 0.48039216 0.00022572 

Rhodobacteraceae 0.16666667 0.00022572 

Pseudomonas 0.15686275 0.00128982 

Gammaproteobacteria 0 0.12849865 

Rhodospirillaceae 0.09803922 3.22E-05 

Flexistipes 0 0.03079453 

Desulfovibrio 0 0.01093125 

Species that showed more than 1% dominancy at least one sample were described. 

 
 

 
Table 3.4 Chemical analysis of WSW 

 WSW 809 WSW 812 

Ammonia as N <1  mg_L <1   mg_L 

Calcium 678 mg_L 676  mg_L 

Copper <1.00  mg_L <1.00  mg_L 

Iron 14.00  mg_L 10.00  mg_L 

Magnesium 424  mg_L 420  mg_L 

Manganese <1.00 mg_L <1.00  mg_L 

Molybdenum <10.00 mg_L <10.00  mg_L 

Nitrate-ICS-3000 <200  mg_L <200  mg_L 

Nitrite-ICS-3000 <200  mg_L <200  mg_L 

Sulfate 6666  mg_L 5328 mg_L 

Total Phosphate <0.050 mg_L <0.050  mg_L 

Total Phosphorus <0.050 mg_L <0.050  mg_L 

Zinc <1.00 mg_L <1.00  mg_L 
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 As shown in Table 3.3, species belonging to Marinobacter were the most dominant 

(48%) in WSW809, followed by Rhodobacteraceae (17%), Pseudomonas (16%) and 

Rhodospirillaceae (9%). These species are known to thrive in marine environments 

(Pujalte et al. 2014, Baldani et al. 2014).   

 On the other hand, WSW812 are highly dominated by SRB, Desulfonatronum taxa 

(72%). Another SRB, Desulfovibrio species also dominated at 1.1% in WSW812. Besides 

SRBs, Flexistipes species showed 3% dominancy there.  

 

b. Microbial community in Remote injection station 

 I obtained four metagenomes from four Remote Injection Station (RIS)s, RIS-A, -

B, -C and -D. Dominant taxa and the chemical properties in each RIS are shown in Table 

3.5 and 3.6, respectively. 
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Table 3.5 Relative abundance of taxa in RIS. 

Taxa RIS.A.5 RIS.B.5 RIS.C.5 RIS.D.5 

Pseudomonadaceae 0.15296616 0.40240616 0.34807911 0.08502493 

Halothiobacillaceae 0.28859847 0 2.07E-05 0.45151866 

Helicobacteraceae 0.41895924 5.56E-05 0 0.0001763 

Desulfonatronum 0 0.13631186 0.15793725 0 

Marinobacter 0.00457599 0.0009169 0.00016568 0.27978139 

Ectothiorhodospiraceae 0 0.12105804 0.15282179 2.52E-05 

Pseudomonadaceae 0.00086029 0.03642577 0.0417521 0.0143807 

Proteobacteria 0.00150092 0.03428635 0.04342964 0.00551554 

Chromatiales 1.83E-05 0.03970437 0.0101895 0.00115852 

Parvibaculum 0 0.00716846 0.033965 0 

Agrobacterium 0 0 0 0.02936584 

Chromatiales 0.00010982 0.00930788 0.01530496 0.00425628 

Chromatiales 0.01026852 0.00069462 0.00010355 0.01740291 

Desulfovibrio 0 0.01111389 0.0133789 0 

Pseudomonadaceae 0.00527154 0.005223528 0.005798902 0.005037022q 

Desulfurispora 0 0.00989136 0.01101791 0 

Desulfoglaeba 0.00662603 0.00044456 0.00014497 0.01163552 

Paracoccus 0 0.01083604 0.00031066 0.00425628 

Sulfurospirillum 0.0009152 0 0 0.01415403 

Taxa that showed more than 1% dominancy in either at least one sample were described. 

 

 
Table 3.6 Chemical analysis of RIS. 

 RIS-A RIS-B RIS-C RIS-D 

Ammonia as N 4.02  mg_L <1   mg_L <1     mg_L  5.31  mg_L 

Calcium 690  mg_L 677 mg_L  683    mg_L 723  mg_L 
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Copper <1.00  mg_L <1.00 mg_L <1.00   mg_L <1.00 mg_L 

Iron <1.00 mg_L 2. 00 mg_L 1.00   mg_L <1.00  mg_L 

Magnesium 87  mg_L 437 mg_L 436   mg_L 103  mg_L 

Manganese <1.00  mg_L <1.00  mg_L <1.00  mg_L <1.00  mg_L 

Molybdenum <10.00  mg_L <10.00 mg_L <10.00  mg_L <10.00  mg_L 

Nitrate-ICS-3000 <200 mg_L <200  mg_L <200  mg_L <200  mg_L 

Nitrite-ICS-3000 <200  mg_L <200 mg_L <200  mg_L <200  mg_L 

Sulfate 1251  mg_L 6002  mg_L  5985  mg_L 1266  mg_L 

Total Phosphate <0.050  mg_L <0.050  mg_L <0.050 mg_L <0.050  mg_L 

Total 
Phosphorus 

<0.050  mg_L <0.050  mg_L <0.050 mg_L <0.050  mg_L 

Zinc <1.00  mg_L <1.00  mg_L <1.00  mg_L <1.0  mg_L 

 

 

 Microbial communities in RIS-B and -C are very similar to each other, especially in 

the high presence rates of Desulfonatronum species (14% and 16%, respectively) and 

Ectothiorhodospiraceae species (12% and 15%, respectively) (Table 3.5). The former 

species is SRB while the latter is purple sulfur bacteria that prefer to anaerobic 

environments. In RIS A and D, Halothiobacillaceae species were commonly dominated 

(29% and 45%, respectively). Besides Helicobacter, Helicobacteraceae dominated in RIS A 

(42%), whiles presence rates of Marinobacter species was high (27%) in RIS D. 

Halothiobacillaceae and Helicobacteraceae species are known as (micro-) aerobic 

organisms (Kelly and wood,2005 on etal,2005). Chemical analysis revealed that RIS-B and 

RIS-C contained approximately 6,000 ppm of sulfate ion while those of RIS-A and RIS-D 

were around 1,200 ppm (Table 3.6). These results suggest that there is large difference 

not only in microbial community structures but also environments between RIS-A, D and 
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RIS-B, C with regard to the amount of sulfate ion and oxygen. Our findings clearly show 

the correspondence to the differences of the functional distinction of RISs in the field #4 

as I mentioned above and in Figures 3.1, 3.2 and 3.3. 

c. Microbial community in Injection Wells 

Two metagenomes from the injection wells (IW 161 and IW 129) were examined. 

Dominant families and the chemical properties in each IW are shown in Table 3.7 and 

Table 3.8, respectively. 

 
Table 3.7. Relative abundance of taxa in IW. 

Taxa IW 161.5  IW 129.5  

Anaerolinaceae 0 0.676291342 

Syntrophobacter 0.35078534 0.003084355 

Thermovirgaceae 0.02617801 0.165663322 

Petrotoga 0.172774869 0.001486436 

Ruminococcaceae 0.078534031 0.001486436 

Desulfoglaeba 0.041884817 0.002303976 

Desulfococcus 0.036649215 0.001077666 

Clostridium 0.036649215 0 

Syntrophobacteraceae 0.031413613 0.000483092 

Actinobacteria 0 0.03114084 

Desulfacinum 0.02617801 7.43E-05 

Desulfomicrobiaceae 0.020942408 0.000185805 

Anaerobaculaceae 0 0.016908213 

Coprothermobacter 0 0.012225938 

Clostridiales 0.010471204 0.000111483 
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*Taxa that showed more than 1% dominancy at least one sample were described. 

 
 

Table 3.8 Chemical analysis of IW161 
 IW 161 IW 129 

Ammonia as N 4.33   mg_L 23.1   mg_L 

Calcium 667  mg_L 247  mg_L 

Copper <1.00  mg_L <1.00  mg_L 

Iron 8.00  mg_L 4.00  mg_L 

Magnesium 98  mg_L 79  mg_L 

Manganese <1.00  mg_L <1.00  mg_L 

Molybdenum <10.00  mg_L <10.00  mg_L 

Nitrate-ICS-3000 <200   mg_L <200  mg_L 

Nitrite-ICS-3000 <200  mg_L <200  mg_L 

Sulfate 1370  mg_L <200 mg_L 

Total Phosphate <0.050  mg_L <0.050  mg_L 

Total Phosphorus <0.050  mg_L  <0.050 mg_L 

Zinc <1.00  mg_L <1.00  mg_L 

 

 The microbial communities in IW 161 and IW 129 were largely different from 

each other (Table 3.7).  Syntrophobacter species dominated the most in the microbial 

community of IW161 (35%). The high presence rate of Petrotoga species was also 

observed in IW 161(17%).  These species were reported as strict anaerobes. In addition, 

SRB species, Desulfoglaeba, Desulfococcus, Desulfacinum and Desulfomicrobiaceae 

species were observed as dominant species in IW 161 (4%, 4%, 3% and 2%, respectively, 

and 13% in total).  
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  On the other hand, in IW129, the most dominant spices are Anaerolinaceae and 

Thermovirgaceae species. These species are also strict anaerobes and have been found in 

various anaerobic environments such as soils, waste water treatment system, animal 

gastrointestinal tracts and oil wells (Yamada et al. 2018, Jumas-Bilak et al 2009). Chemical 

analysis also revealed that the sulfate concentration was about 1,400 ppm in IW161 whilst 

it was not detected in IW129, suggesting that the presence of sulfate ions cause 

dominancy of SRB in IW161.    

d. Microbial community in Field Facility Center. 

 Field Facility Center (FCC) is the facility where oil-water mixtures yielded in 

different oil wells are collected and then separated into oil and water (Figure 3.2). I used 

three different samples from the distinct parts of the same FCC. FCC Trunk line E (FCC.TE) 

and FCC Trunk line F (FCC.TF) were samples obtained from pipelines of oil-water mixtures 

whiles FCC WOSEP OUT (FCC.W) was sample of the water pipeline after the separation of 

oil-water mixtures. The microflora compositions of each sample are listed in the Table 

3.9. 
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Table 3.9 Relative abundance of taxa in FCC 

Taxa FCC.TE.5 FCC.TF.5 FCC.W.5 

Syntrophobacter 0.32011739 0.18537851 0.18060384 

Flexistipes 0.00414657 0.35105167 0.05714014 

Desulfomicrobiaceae 0.04880831 0.06716187 0.10560411 

Clostridium 0.09114132 0.00055595 0.07749374 

Desulfoglaeba 0.06895896 0.03822158 0.05768967 

Desulfacinum 0.08346601 0.01487167 0.03260169 

Anaerobaculum 0.07362831 0.03312537 0.00927854 

Lachnospiraceae 0 0 0.09705475 

Desulfovirgula 0.01182188 0.06441301 0.01471039 

Thermovirgaceae 0.03499038 0.01908762 0.03530705 

Desulfovibrio 0 0 0.07659547 

Syntrophobacteraceae 0.02584179 0.01505698 0.01947647 

Petrotoga 0.03826961 0 0.01496402 

Ruminococcaceae 0.00319606 0.03584335 0.00876071 

Thermoanaerobacter 0.01286743 0.01791395 0.00996544 

Anaerobaculaceae 0.00961196 0.01542762 0.00931024 

Thermoanaerobacterium 0.00282775 0.02594434 0.0021981 

Thermovirga 0.0203764 0.00094203 0.00633012 

Clostridiaceae 0.01937837 0 0.0021981 

Clostridia 0.01714469 0.00061772 0.00321261 

Thermoanaerobacteraceae 0.00154457 0.01198382 0.00473438 

Porphyromonadaceae 0.00474063 0.00352102 0.00933137 

Clostridiales 0.00196041 0.01059394 0.00373044 

Desulfococcus 0.00067723 0.00154431 0.00965898 

Pelobacter 8.32E-05 0 0.01036702 

Taxa that show more than 1% dominancy at least one sample  were descanted 
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Table 3.10 Chemical analysis of FCC 
                                    FCC-TE FCC-TF FCC-W 

    

Ammonia as N 3.05   mg_L 1.97   mg_L 4.16  mg_L 

Calcium 832  mg_L  810  mg_L 720  mg_L 

Copper <1.00  mg_L <1.00  mg_L <1.00  mg_L 

Iron <1.00  mg_L 9.00  mg_L 13.00  mg_L 

Magnesium 131  mg_L 110  mg_L 106  mg_L 

Manganese <1.00  mg_L <1.0  mg_L <1.00  mg_L 

Molybdenum <10.00  mg_L  <10.00  mg_L <10.00  mg_L 

Nitrate-ICS-3000 <200  mg_L <200  mg_L <200  mg_L 

Nitrite-ICS-3000 <200  mg_L <200  mg_L <200  mg_L 

Sulfate 1456  mg_L 1023  mg_L  1105  mg_L 

Total Phosphate <0.050  mg_L <0.050  mg_L <0.050  mg_L 

Total Phosphorus <0.050  mg_L <0.050  mg_L <0.050  mg_L 

Zinc <1.00  mg_L  <1.00 mg_L <1.00  mg_L 

 Syntrophobacter species was dominated (>18 %) in all of three samples. In 

addition, SRBs such as Desulfomicrobiaceae, Desulfoglaeba, Desulfacinum, 

Desulfovirgula, and Desulfococcus also showed high presence rate (>=1%) in these three 

samples (Table 3.9). FCC.TE and FCC.TF are pipelines of oil-water mixture whilst FCC.W is 

one of water intake site after the separation process of the mixture. However, although 

Lachnospiraceae and Desulfovibrio species were found only in FCC.W, there are no large 

differences in presence rates of other species between these two kinds of pipelines.  

PCA analysis 

 To evaluate difference or similarity of structures of microbial communities 

among metagenomes in field #4, PCA analysis was conducted (Figure 3.6). 
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Figure 3.6 PCA analysis of metagenomes in Field #4 

 As indicated in Figure 3.6, I could observe at least three groups on the resultant 

PCA plot. Group 1 is composed of IW161, FCC.TE, FCC.TF and FCC.W. RIS-B and RIS-C were 

included in Group 2. RIS-A, RIS-D and WSW809 were belonging to Group 3. The samples 

did not separate by facility on the plot, however, sulfate concentrations in Group 1 were 

all around 1,200 ppm and those of Group 2 were 6,000 ppm. On the other hand, sulfate 

concentrations of RIS-A and RIS-D were approximately 1,200 ppm whilte that of WSW809 

was about 6,000 ppm in Group 3. IW129 and WSW812 were located independently on 

the plot. Sulfate concentrations of these samples were <200 ppm and 6,000 ppm 

respectively. In addition to sulfate concentrations, all samples in Group 1 were on the 

same pipeline network for the recycle of production water (Figure 3.6). However, 

although RIS-A was on this network, it was plotted apart from Group 1 samples. WCW812, 
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WCW809, RIS-C and IW129 were also on another pipeline network (Figure 3.6), these 

samples were dispersed on the plot.  

Discussion  

 In Chapter 3, we examined microbial communities of 11 samples collected from 

field #4 where pipelines and facilities have been suffering from bio-corrosion for a long 

time. This analysis provided us useful information to understand microbial communities 

related to bio-corrosion occurring across the pipeline network in the oil field. 

 Here I analyzed metagenomes obtained from water samples while scraper 

samples were used for the analysis in chapter 2. Therefore, it is difficult to treat the results 

obtained in this chapter and those in Chapter 2 equally. However, regarding SRBs, only 

two SRBs, Desulfovibrio and Desulfobulbaceae species dominated in field #1 scraper 

samples while seven SRBs were detected from field #4. In addition, Sulfomonas and 

Chromatiales species that were also found as corrosion-characteristic species in Field #1 

were not dominant in Field #4 This might reflect a part of differences between oil fields 

using seawater and using groundwater.    

 The results in this chapter also indicate that microbial communities were not 

determined by the facility in general. One strong factor that determined the community 

structures might be sulfate concentrations as discussed in 3.3.3 . The differences of 

sulfate concentrations were observed in samples of RIS, IW. In these facilities, microbial 

communities were largely different. In particular, presence rates of SRBs were much 
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higher in samples with high sulfate concentrations than lower samples. Since SRBs are 

considered to be one of main causal agents of bio-corrosion (Jayaraman et al. 1999), the 

monitoring of both sulfate concentration and SRBs is thought to be important to protect 

pipelines from corrosions. The results also revealed that SRBs species in IW (IW161) and 

FCC facilities were different from those in other facilities. High presence rates of 

Desulfoglaeba, Desulfacinum and Desulfococcus species were observed in IW161 and FCC 

samples, which are SRBs using long fatty acids as an electron donor for their dissimilatory 

sulfate reduction (Kuever and Galushko 2014). FCC is a facility handling oil-water 

mixtures, and IW161 used the recycling water came from FCC, suggesting that fatty acids 

included in (residual) oil fracture might be used for SRBs as an electron donor in FCC and 

IW161 facilities. It is also noteworthy that FCC and IW161 are included in the same 

pipeline network in Field #4. These results indicate that translocation and re-settlements 

of microbial species may occur through the network.  

 On the other hand, the results also suggest that sulfate concentrations were not 

the sole factor to determine the presence or absence of SRBs. For example, RIS A and RIS 

D, these facilities contain 1,200 ppm of sulfate ions which is almost the same 

concentration in FCCs. Nevertheless, very few SRBs were detected from these samples. 

In addition, although WSW812 contains more than 6,000 ppm of sulfate ions, SRBs were 

not dominated in this facility. The studies reveal that Marinobacter, Halothiobacillaceae, 

Helicobacteraceae species which prefer (micro-) aerobic conditions (Kelly and Wood 

2015), suggesting that aerobic condition may be produced in these facilities, which may 
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suppress the growth of SRBs. In addition, these three samples were plotted very closely 

to each other on the PCA plot, indicating that these microbial communities were formed 

following oxygen the disappearance of SRB by the presence of oxygen in the pipeline. 

 To suppress the bio-corrosion, several treatments are given to the pipelines in the 

Field #4 (Figure 3.4). I also obtained some results indicating the effect of these treatment 

on microbial community structures. For example, nitrate ions were added to RIS facilities 

to expect the enhancement of the growth of denitrifying bacteria and following the 

suppression of the SRB growth. In RIS samples, Pseudomonas species which are well 

known as denitrifying bacteria were detected as a dominated one, implying that this 

species got dominant by responding to the increase of nitrate ions. However, SRBs were 

still abundant in RIS-B and RIS-C samples. Chemical analyses revealed that the 

concentration of nitrate is almost zero, suggesting that most of nitrate ion added has 

already been consumed, which allowed SRBs living in these facilities after the treatment. 

 In addition, treatments of the scale inhibiter, the corrosion inhibiter and the 

biocide were given to the pipeline between the sites of FCC and RIS-A or RIS-D (Figure 

3.3). RIS-A is on the same pipeline network with IW161 and FCC samples, nevertheless, 

microbial community of RIS-A was largely different from those of IW161 and FCC samples. 

Although detail mechanisms of action of these treatments remain unclear, the treatments 

might affect this drastic change, i.e., decrease of SRBs and subsequent dominancy of 

aerobic microorganisms.  
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Conclusion 

 Metagenome analysis across the oil field #4 revealed that microbial communities 

were different even in the same facilities. Microorganisms, in particular, abundance of 

SRBs seemed to be related to sulfate concentrations, aerobic/anaerobic condition and 

so on. These results suggest that biological and chemical monitoring of across entire 

pipeline networks is essential to understand the state of bio-corrosion properly at the 

oil field level.  
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Chapter 4 General Discussion  

 Metagenome is a powerful technique for environmental microbiology because it 

can produce high-throughput data of genome fragments sequence directly from the 

sample without culturing of microbes. Although many of metagenome data have been 

obtained by many studies, they only showed species compositions and discussed 

dominant species in the samples in most cases, being rarely referred to species invisible 

in the charts of microbial compositions. However, dominant species does not necessarily 

cause all of biological reactions in the environment, with a possibility that some of the 

reactions must be caused by species which is not dominant in the community.  

To reveal species playing important roles in a certain biological reaction, 

comparison of at least two metagenomes between the reaction causing and non-causing 

environments. In addition, to find out the differences, comparisons should be conducted 

with complete objectiveness. 

In chapter 2, I collected environmental samples from bio-corrosion sites and non-

corrosion sites from pipelines of the oil field using seawater as injection water to obtain 

metagenomes from them. I compared metagenomes from these two samples by 

combining metagenomes with statistic tests, suggesting that species which are 

statistically dominant in bio-corrosion sites than non-corrosion sites. Many of these 

species belong to SRB, SOR that are considered to have important roles in some models 

for the formation. Most of these species are not so dominant in microbial communities 
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of bio-corrosion sites, suggesting that my methods are very powerful to detect species of 

causal agents for bio-corrosion. These species can be targets of protection measures, in 

particular ones using biocides or antibiotics. It is expected that the method of 

comparative metagenomes may contribute to detailed prescriptions or new molecules 

developments for causal agents in each bio-corrosion site. 

 In addition to seawater pipelines, I also analyzed microorganisms at corrosion site 

of the oil pipelines. To know whether corrosions are generally caused by the same or 

different microbial mechanisms between seawater and oil pipelines, I first conducted the 

hierarchical clustering analysis using the metagenomes together with various 

metagenomes of bio-corrosion sites obtained from NCBI database. The results strongly 

suggest that bio-corrosions in oil pipelines are caused by the mechanisms different from 

those in seawater pipelines, and mechanisms in oil pipelines are rather similar to those 

caused in groundwater environments.  To my knowledge, this result is the first attempt 

to classify biological mechanisms of bio-corrosion, providing us important knowledge for 

the further understanding and development of new method to suppress bio-corrosion in 

industry plants. Regarding the separation in bio-corrosions between seawater and oil 

pipelines, I have now hypothesized that the separation between seawater and oil 

/groundwater pipelines might reflect the difference of sulfate ion concentration, that is, 

activity of sulfate reducing bacteria based on the general observations of the difference 

in the sulfate ion concetration between them. 
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My comparative analysis also reveals very diverse species characteristic to oil 

pipeline bio-corrosions. They include bacterial species with different metabolisms such as 

methanogen, methane oxidizer, SRB and so on. It is noteworthy that species with abilities 

to metabolite biodegradable persistent hydrocarbon compounds, are also included in 

these species. Further investigation of hydrocarbon metabolism may be very important 

to understand mechanisms of bio-corrosion in oil pipelines.   

 In Chapter 3, I conducted metagenome analyses of an inland oil fields where 

groundwater is used for the injection. Although groundwater includes 6,000 ppm sulfate 

which is equivalent to seawater used in Field #1, large differences were found in the 

abundances of SRB and other corrosion-related species, suggesting that microbial 

mechanisms for bio-corrosions differed between seawater pipelines in Field #1 and 

groundwater pipelines in Field #4, even the concentration of sulfate are not so different 

between them. In addition, my analysis of metagenomes obtained from four different 

RIS facilities with the same function in Field #4 revealed that microbial communities 

were largely different from each location in general and therefore were difficult to be 

characterized corrosions by facilities. 

 Sulfate concentration, aerobic or anaerobic states were also different even 

among the same facility, suggesting that biological and chemical inspection of pipelines 

across the oil field will be required to protect the field facilities from bio-corrosion by 

the early detection and following proper diagnosis. 
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 At the end of my thesis, I summarize the main contributions of this study to the 

industry as below;  

(1) Identification of microorganisms that can contribute to the development of bio-

corrosion formation in various kind of oil fields. 

(2) Species above will be available to develop new monitoring system of bio-

corrosions in plants using them as bio-markers. 

(3) These species are also available to classify bio-corrosions, which would help to 

develop the new method to suppress bio-corrosions by choosing appropriate 

biocides or antibiotics.  

(4) This study is thus expected to reduce preventive cost against bio-corrosion and 

save billions of US dollar that’s spend annually of maintenance by resolving bio-

corrosion problems.  
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