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Computational and Comparative Investigations of Syntrophic 
Acetate-oxidising Bacteria (SAOB) – Genome-guided analysis of 
metabolic capacities and energy conserving systems. 

Abstract 
Today’s main energy sources are the fossil fuels petroleum, coal and natural gas, which 
are depleting rapidly and are major contributors to global warming. Methane is 
produced during anaerobic biodegradation of wastes and residues and can serve as an 
alternative energy source with reduced greenhouse gas emissions. In the anaerobic 
biodegradation process acetate is a major precursor and degradation can occur through 
two different pathways: aceticlastic methanogenesis and syntrophic acetate oxidation 
combined with hydrogenotrophic methanogenesis. Bioinformatics is critical for modern 
biological research, because different bioinformatics approaches, such as genome 
sequencing, de novo assembly sequencing and transcriptomics sequencing are 
providing a distinctly better understanding at the genomic level by predicting genes and 
pathways and by deciphering the relationships between genotype and phenotype. 

This thesis describes the genomic analysis of three syntrophic acetate-oxidising 
bacteria (SAOB), namely Tepidanaerobacter acetatoxydans, Clostridium ultunense and 
Syntrophaceticus schinkii. These isolates have the ability to perform syntrophic acetate 
oxidation in the presence of a partner methanogen, which ultimately produces methane 
in the final step of anaerobic digestion. The genomes were assembled using NGS data 
and the genomic behaviour was determined through genome annotation. Metabolic 
pathway analysis revealed the physiological attributes of the SAOB regarding substrate 
utilisation, intermediate metabolism, energy conservation and genes of the Wood-
Ljungdahl pathway, which are known to be involved in acetate oxidation. 

The results showed that the three SAOB use contrasting strategies for syntrophic 
acetate oxidation (SAO): T. acetatoxydans possesses all genes involved in the W-L 
pathway except formate dehydrogenase and thus requires a syntrophic formate-utilising 
methanogenic partner; S. schinkii possesses the complete set of genes required for the 
W-L pathway to oxidise acetate in the presence of a hydrogen-utilising methanogenic 
partner; and C. ultunense uses different ways to oxidise acetate because it does not 
contain the complete set of W-L pathway genes. Moreover, the three SAOB differ from 
each other as regards organisation of the W-L pathway genes operon. 

Keywords: hydrogenotrophic methanogenesis, biogas, Wood-Ljungdahl pathway, next 
generation sequencing, de novo assembly, acetogenesis, metabolism. 
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1 Introduction 
The emerging field of sciences known as bioinformatics started its journey 
fairly modestly, with the almost manually assembled Caenorhabditis elegans 
genome (Consortium, 1998). It gathered some momentum on its way to the 
next milestone, with the first human draft genome (Consortium, 2001), and 
since then it has developed to offer full-blown services and to become a 
common nexus in the field of life sciences. 

Bioinformatics is a highly interdisciplinary field that is progressing at an 
exponential pace due to recent advances in new technologies, software and 
production of large volumes of data. Now, this relatively new science of 
bioinformatics is at the heart of many aspects of modern biological research, 
particularly whole genome studies and next generation sequencing (NGS) data 
analysis. The NGS technologies have changed the path of genomics and 
proteomics research by providing massive parallel sequencing with high 
accuracy and greater throughput. This is now driving biological research to 
several applications at the DNA or RNA level, including whole genome 
sequencing, de novo assembly, resequencing and transcriptomics sequencing, 
which may lead to a better understanding of cells by predicting genes and 
cellular pathways (Li et al., 2010), as well as improving understanding of the 
relationships between genotype and phenotype (Vallender, 2011; Voelkerding 
et al., 2010). 

Today’s industrial society is heavily dependent on energy and energy 
consumption is predicted to increase by up to 57% by 2030 (Administration, 
2007). At the same time, the main sources of energy fossil fuels (oil, coal, gas), 
are depleting at a rapid rate are becoming more difficult to extract and are 
increasing the risk of environmental pollution. In addition, combustion of these 
fossil fuels is a main contributing factor to global warming by increasing the 
greenhouse gas effects. In recent years all these factors have resulted in a 
demand for alternative sustainable energy sources such as methane-containing 
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biogas (bio-methane) that can be produced by anaerobic degradation of organic 
material and can replace fossil fuels. Anaerobic digestion can also be a suitable 
solution for waste and wastewater treatments, where the residues can be used 
as organic-mineral fertiliser to avoid the negative effects of chemical fertiliser 
manufacture. 

A number of microorganisms are involved in the multi-step process of 
anaerobic degradation, where they work in close interaction with each other. 
During this process, acetate is the most important precursor of methane 
(Kaspar & Wuhrmann, 1978; Hobson & Shaw, 1974) and two different 
pathways are responsible for the production of methane from acetate: 
aceticlastic methanogenesis, which is carried out by acetate-cleaving 
methanogens, or hydrogenotrophic methanogenesis, which involves two 
reactions. First syntrophic acetate-oxidising bacteria (SAOB) convert acetate to 
hydrogen (H2) and carbon dioxide (CO2) and then hydrogen-consuming 
methanogens reduce CO2 to methane (Karakashev et al., 2006; Zinder & Koch, 
1984). The development of syntrophic acetate oxidation (SAO) depends on 
many factors, including ammonia level, acetate concentration, temperature, 
dilution rate and methanogenic population structure (Hao et al., 2011; Schnurer 
& Nordberg, 2008; Karakashev et al., 2006; Shigematsu et al., 2004; Ahring et 
al., 1993; Petersen & Ahring, 1991). Several recent studies of methanogenic 
systems have emphasised the significance of SAO for biogas reactors 
(Westerholm et al., 2012; Hao et al., 2011; Sasaki et al., 2011; Shimada et al., 
2011), whereas previously the main focus was on the activity of the aceticlastic 
methanogens (Karakashev et al., 2006). Consequently, further research within 
this field, especially with the support of bioinformatics is important to improve 
our understanding of molecular mechanisms and metabolic pathways of 
SAOB. This knowledge can be applied to improve the efficiency of these 
organisms in biogas reactors. 

This thesis describes the results of a SAOB project in which informatics 
technology was applied in order to assemble and annotate some SAOB 
genomes, using NGS data analysis. This was followed by metabolic pathway 
analysis using bioinformatics to identify the associated molecular mechanisms 
such as substrate utilisation, energy conservation and acetogenesis. 
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2 Background 

2.1 Importance of bacteria 

People generally associate bacteria with disease, but the reality is that only a 
minority of bacteria are pathogenic (disease-causing), while most others are 
non-pathogenic (beneficial for human and plant life and environment or 
neutral; not interacting at all). There are billions of microbes (bacteria) that 
have symbiotic-relationships with other organisms (human, plant, animals), as 
was first discovered in 1869 (Bary, 1954). Recent novel discoveries 
demonstrates the new ways in which microbes (bacteria) can be beneficial for 
the whole planet (Stephanie, 2011), such as: some specific bacterial strains, 
e.g. Alcanivorax, can be used to clean up environmental pollutants, some deep 
sea bacteria e.g. Shewanella, digest toxic waste; Geobactor bacteria with 
nanowires have the ability to immobilise harmful material such as uranium, 
avoiding contamination of groundwater; some specific types of bacteria are 
able to consume non-biodegradable plastic, and some types of bacteria have 
the ability to use copper from the environment to metabolise methane and thus 
eliminate both greenhouse gases and toxic heavy metals. 

2.2 Anaerobic environment 

Anaerobic bacteria may be obligate anaerobes, which can only grow in 
anoxic environments, since oxygen is toxic for them, and they depend on other 
substrates as electron acceptors. However, some aerotolerant anaerobes can 
survive in the presence of oxygen. Anaerobic microorganisms are considered 
to be one among the oldest life forms on the earth. They have the most diverse 
metabolic pathways and lifestyles ever developed through evolution. For 
example, they have various anaerobic respiration and energy gaining reactions, 
fermentation pathways, carbon fixation mechanisms and syntrophic carbon 

 17 17



pathways, enabling life on the thermodynamic edge. Anaerobic microbial 
communities play a substantial role in eliminating natural contamination and, 
more importantly, in various biotechnological processes, including wastewater 
treatment, anaerobic digestion of biomass and biowaste and biofuel production 
(de Souza, 2013; Koukkou, 2011; Diaz, 2008; Gallert & Winter, 2008; Ohmiya 
et al., 2005; Scow & Hicks, 2005). 

2.3 Importance of Biogas 

A large number of organic waste types can be used as substrate for the 
production of biogas containing methane (CH4) during anaerobic degradation 
including animal manure, agricultural residues and by-products, sewage 
sludge, source-separated household wastes and organic industrial waste 
(Angelidaki et al., 2011; Ahring, 2003). Bio-methane is an energy-rich 
component of the biogas and can be a possible replacement for fossil fuels in 
the production of electricity, heat & power, chemicals and materials and 
vehicle fuel (Weiland, 2010). The use of biogas as an alternative energy source 
can also offer a great benefit in the form of a more healthy environment by 
reducing the emissions of ammonia and methane that otherwise occur from 
composting or storage of untreated animal manure (Borjesson & Mattiasson, 
2008; Borjesson & Berglund, 2007), and ultimately contribute to global 
warming. 

2.4 Syntrophic relationship 

Syntrophy can be defined as any type of crossfeeding of molecules between 
microbial species, but a restricted definition is applied for anaerobic syntrophic 
metabolism. In that case, syntrophy is a close mutualistic interaction in a very 
specific nutritional situation where the level of intermediates exchanged 
between the partners must be kept low for efficient cooperation and syntrophic 
partners combine their metabolic capabilities to catabolise a substrate that 
neither one of them can catabolize alone. Syntrophy operates close to 
thermodynamic equilibrium, whereby both partners must share the limited 
energy released by their overall reactions (Sieber et al., 2012). Syntrophic 
metabolism occurs ubiquitously in the microbial community without restriction 
to any particular phylogenetic group of microorganisms. 

The first syntrophic interaction identified was between phototrophic green 
sulphur bacteria and chemolithotrophic sulphate-reducing bacteria, with 
exchange of sulphur compounds between the partners (Biebl & Pfennig, 1978). 
Subsequently, a thermodynamically interdependent syntrophic lifestyle was 
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discovered between fermentative bacteria and methanogenic archaea that 
involved the exchange of hydrogen/formate between the partners (McInerney 
et al., 1979; Bryant et al., 1967). Syntrophic metabolism is found in three 
groups within the phylum Firmicutes; i) Members of the family 
Syntrophomonadaceae, syntrophically metabolise fatty acids in association 
with hydrogen/formate using microorganisms (Sobieraj & Boone, 2006); ii) 
syntrophic species in the Desulfotomaculum lineage (D. thermocisternum and 
D. thermobenzoicum) syntrophically oxidise propionate (Nilsen et al., 1996); 
and iii) members of the family Thermoanaerobacteraceae syntrophically 
oxidise acetate, e.g. Thermoacetogenium phaeum (Hattori et al., 2000) and 
Syntrophaceticus schinkii (Westerholm et al., 2010). 
2.5 Syntrophic acetate oxidation (SAO) 

Barker (1936) first hypothesised that methanogenesis from acetate could be 
possible in a two-step reaction whereby SAOB oxidise acetate into 
hydrogen/formate (H2/CO2) and then hydrogenotrophic methanogens convert 
CO2 into methane. This reaction was confirmed around half a century later by 
Zinder & Koch (1984). 

During syntrophic acetate oxidation (SAO), the SAOB and the methanogen 
are mutually dependent on each other for performing their metabolic activities, 
because acetate oxidation can only proceed if the hydrogen/formate level is 
kept low by the syntrophic methanogenic partner (Schink, 2002; Schink, 1997; 
Stams, 1994). Under standard conditions, the oxidation of acetate to CO2 and 
H2 is a thermodynamically unfavourable reaction that can only proceed when 
hydrogenotrophic methanogens consume the hydrogen (Hattori, 2008; Stams, 
1994). SAOB works more efficiently if the H2/formate level is kept low, but 
the level must also be sufficient to favour the hydrogenotrophic methanogens. 
These contradictory conditions require the H2 and formate level to be 
maintained within a low narrow range (Stams, 1994). 

A number of studies have shown that SAO contribute at a relatively high 
level in conversion of acetate to methane in biogas reactors operating under 
diverse conditions (Westerholm et al., 2012; Hao et al., 2011; Sasaki et al., 
2011; Shimada et al., 2011; Laukenmann et al., 2010; Schnurer & Nordberg, 
2008; Karakashev et al., 2006; Shigematsu et al., 2004; Schnurer et al., 1999). 
In addition, SAO have been observed to occur in a diverse range of natural 
environments, including lake sediments (Nusslein et al., 2001), oil reservoirs 
(Gray et al., 2011; Jones et al., 2008), soil (Chauhan & Ogram, 2006) and rice 
paddy soil (Rui et al., 2011; Liu & Conrad, 2010). 
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2.6 Syntrophic acetate oxidising bacteria (SAOB) 

The SAOB belong to the physiological group of acetogens which are obligate 
anaerobes and as a group differ widely in their morphological, nutritional and 
physiological properties. The term ‘acetogen’ has been previously defined by 
Drake (1994) as:  

Acetogen: an anaerobe that can use the acetyl-CoA pathway 1) as a mechanism 
for the reductive synthesis of acetyl-CoA from CO2, 2) in a terminal electron-
accepting, energy-conserving process, and 3) as a mechanism for the fixation 
(assimilation) of CO2 in the synthesis of cell carbon. 

SAO has been found to occur in biogas processes (Schnurer & Nordberg, 2008; 
Karakashev et al., 2006; Karakashev et al., 2005; Schnurer et al., 1999; Zinder 
& Koch, 1984), where methane is generally considered to be produced as a 
result of aceticlastic methanogenesis (Zinder, 1984). Interestingly, with the 
increased ammonia levels released during the degradation of protein-rich 
materials, SAOB take over and oxidise acetate to H2/formate and CO2. This is 
enabled thermodynamically by the consumption of hydrogen through 
hydrogenotrophic methanogenesis, resulting in the production of methane 
(Westerholm et al., 2012; Schnurer & Nordberg, 2008). Other factors such as 
operating parameters, acetate concentration and microbial community 
structures may also be responsible for this shift (Karakashev et al., 2006; 
Karakashev et al., 2005). The process of biogas production through anaerobic 
digestion can be categorised into four different stages: hydrolysis, 
fermentation, anaerobic oxidation and methanogenesis (Figure 1). 

During the hydrolysis phase the original complex organic compounds 
(carbohydrates, proteins, fats) are broken down into simpler soluble monomers 
compounds (sugars, amino acids, and fatty acids) due to the action of 
exoenzymes secreted by hydrolytic bacteria (Ramsay & Pullammanappallil, 
2001; Mackie et al., 1991). 
In the next step, several anaerobic oxidation reactions or fermentative 
processes are carried out by a number of fermentative bacteria and hydrogen-
producing acetogens, resulting in the degradation of soluble compounds and 
the production of acetate, formate, carbon dioxide, hydrogen, alcohols, short-
chain fatty acids and ammonia (Angelidaki et al., 2011). At this stage, 
syntrophic association is required for the removal of products by methanogens 
to make this step thermodynamically favourable (Schink, 1997). 

In the final stage, methanogenic archaea produce methane as the major 
product of their energy metabolism (Whitman et al., 2006) and there can be 
two possibilities regarding these methanogens: 1) Acetate-cleaving aceticlastic 
methanogens (which perform acetotrophic methanogenesis) or 2) hydrogen-
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consuming hydrogenotrophic methanogens (which perform hydrogenotrophic 
methanogenesis) (Demirel & Scherer, 2008). 

 
Figure 1. The process of anaerobic degradation of organic materials to produce methane and 
carbon dioxide may comprise the different stages: 1) Hydrolysis, 2) fermentation, 3) anaerobic 
oxidation, 4) hydrogen oxidation 5) syntrophic acetate oxidation (SAO), 6) hydrogenotrophic 
methanogenesis, and 7) aceticlastic methanogenesis. Modified from Zinder (1984). 

 A thermophilic SAOB Reveribactor was described for the first time in 
1988 (Lee & Zinder, 1988), but unfortunately that bacterium was lost before 
any phylogenetic position could be established. Since then, a restricted number 
of SAOB have been isolated and characterised, including the thermophiles 
Thermacetogenium phaeum (Hattori et al., 2000) and Thermotoga lettingae 
(Balk et al., 2002), the thermotolerant Tepidanaerobacter acetatoxydans 
(Westerholm et al., 2011b) and the mesophiles Clostridium ultunense 
(Schnurer et al., 1996), and Syntrophaceticus schinkii (Westerholm et al., 
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2010). Of all these SAOB, only T. lettingae belongs to the phylum 
Thermotogae, while the other four belong to the phylum Firmicutes. The SAO 
phenotype has also been found in some other bacterial phyla such as members 
of Geobactor, and Anaeromyxobacter in anoxic rice paddy soil (Hori et al., 
2007), Smithella in methanogenic crude oil-degrading enrichment cultures 
(Gray et al., 2011), Betaproteobacteria and Nitrospira in lake sediments 
(Schwarz et al., 2007). Some syntrophic bacteria have also been shown to 
possess the ability to oxidise acetate in syntrophic association with bacteria 
other than hydrogen-consuming methanogen partners. e.g. the alkali bacterium 
Contubernalis alkalaceticum can oxidise acetate in co-culture with an 
hydrogenotrophic alkaliphilic sulphate reducer to produce sulphide (Zhilina et 
al., 2005) and Geobacter sulfurreducens, can oxidise acetate syntrophically 
with nitrate or sulphate-reducing hydrogenotrophic bacteria (Cord-Ruwisch et 
al., 1998), which may also indicate that syntrophy is probably not a common 
component in biogas-producing consortia. 

To date, only a limited number of SAOB have been sequenced and 
published. These include Th. phaeum (Oehler et al., 2012), T. acetatoxydans 
sp. Re1 (I), C. ultunense strain Esp (II), S. schinkii strain Sp3 (III), and C. 
ultunense strain BS (Wei et al., 2014). 

2.7 Bioinformatics 

 The ‘bio-’ part of the term bioinformatics refers to biology, more particularly 
conceptualisation of biology in terms of macromolecule, while ‘-informatics’ 
refers to the disciplines (applied maths, computer science and statistics) 
involved in managing and revealing information related to these molecules. 
The term was first coined by Paulien Hogeweg in 1979 for the study of 
informatics processes in biotic systems (Hogeweg & Hesper, 1978). However, 
Dr. Margaret Oakley Dayhoff (1925-1983) is considered the main founder of 
the field of bioinformatics. Her main interest was in using informatics to 
deduce the evolutionary history of biological kingdoms, phyla, and taxa from 
protein sequence alignments. Since her ground-breaking work, the field of 
bioinformatics has broadened to encompass many new fields of expertise and 
the production of biological data at a phenomenal rate makes the use of 
computers indispensable for biological research. Major research efforts 
nowadays include sequence alignment, gene finding, genome assembly, 
genome annotation, protein structure prediction, protein structure alignment, 
prediction of gene expression, comparative genomics, protein-protein 
interactions, genome-wide association studies, modelling of evolution, and 
proteomics studies (Visel et al., 2009; Vastrik et al., 2007; Snel et al., 2005; 
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Ouzounis & Valencia, 2003; Stein, 2001a; Henikoff et al., 1997; Jacob, 1977). 
The interrelationships between different fields of science and bioinformatics 
are illustrated in Figure 2. 

 
Figure 2. Interrelationships between different fields of science within the bioinformatics field. 

2.8 Data mining 

The revolutionary changes in biomedical research and biotechnology and the 
explosive growth of high-throughput data in biological sciences, together with 
advances in digital storage, computing and information and communication 
technologies in the 1990s, have begun to transform biology from a data-poor 
into a data-rich science. These advances are responsible for the gradual 
transformation of biology research from classic hypothesis approaches (in 
which a single answer is provided for a single question) to data-driven research 
(in which more than one possible answer is given at a time and we have to seek 
the hypothesis which best explains the answers). 

In response to this exponential growth in biological data, the statistics, 
computer science and artificial intelligence began to be applied to the 
extraction of knowledge from these huge datasets, giving birth to the new 
discipline of data mining (DM). The DM field attained notable maturity in the 
late 1990s and its effectiveness in dealing with very large datasets has been 
proven in a range of areas of applications such as marketing, banking, weather 
forecasting, medical informatics, biology etc. The term DM can have a number 
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of different meanings within a wide range of contexts, but with reference to 
bioinformatics it can be defined as the set of techniques and working trends 
used for discovering meaningful and novel relationships and patterns in 
biological data that were previously unknown. Due to the diverse nature of 
biological data, several preparatory steps such as selection, cleaning/trimming, 
preprocessing, and transformation may be required prior to analysis to uncover 
information, which is the ultimate goal of DM. All these steps are illustrated in 
Figure 3. 

 
Figure 3. The general steps involved in performing a common data mining (DM) task. 

2.9 Machine learning  

Machine learning (ML) is one of the most representative tasks of many DM 
applications that can be used to solve problems by employing the sample data 
or past experiences. In biological jargon, the goal of ML is to understand the 
relationship between the observations collected and the experimental results 
obtained. There are a number of examples showing the wide use of ML in a 
range of applications, especially in bioinformatics (Zhaoli, 2012): 

 Molecular biology research produces dynamic data and novel concepts as a 
result of different experiments, so it is essential to apply techniques such as 
ML that can be adapted efficiently to these fast-evolving environments. 

 ML has the ability to handle effectively the huge amount of data produced 
through the novel high-throughput devices, in order to predict underlying 
relationships that are not immediately noticeable, even to experts. 

 In most biological experiments, researcher can only specify input-output 
data pairs, but are not able to describe the relationships between different 
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interrelating attributes. ML is an approach with the ability to find internal 
structures in the existing data and produce approximate models and results. 

 Due to the complex nature of biological organisms, the most difficult task is 
to extract short, understandable and relevant information without non-
desirable results. This can be done with ML dynamic approaches by 
describing the underlying hidden characteristics. 

 The constant improvements in ML allow it able to handle the abundance of 
missing and noisy data from many biological experiments. 

The development of ML techniques means that researchers in the 
bioinformatics community are now capable of dealing with the two most 
frequently occurring situations in bioinformatics applications: i) Limited 
number of samples (the curse of dataset sparseness), and ii) several thousand of 
features characterising each sample (the curse of dimensionability) (Derman, 
1961). The general scheme of some applications of ML techniques in 
bioinformatics is illustrated in Figure 4 (Larranaga et al., 2006). 

 
Figure 4. General scheme of applications of machine learning techniques in bioinformatics. 
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2.10 Next-generation sequencing 

In biological sciences, the deciphering of DNA sequences has become 
instrumental for further studies. Sanger sequencing (Sanger et al., 1977) (first-
generation technology) allowed scientists to extract information from 
biological systems and led to a number of accomplishments, including the 
completion of the only finished-grade human genome sequence (International 
Human Genome Sequencing, 2004). A number of limitations of Sanger 
technology, such as scalability, throughput and speed, catalysed the 
development of a new technology known as next-generation sequencing (NGS) 
which ignited a revolution in genomic science with many ground breaking 
discoveries. In a broader prospective, the NGS technologies have enabled 
comparative genomics by resequencing related organisms/species/strains to 
understand how genetic differences affect phenotypic features. Some advances 
leading to the DNA revolution are listed in Table 1. 

Table 1. Description of the stepwise evolution of DNA-based technologies. 

Year Discoverer(s) 
Inventor(s) 

Discovery(ies) 
Invention(s) 

1953 James Watson and 
Francis Crick 

Deduce DNA’s conformation from experimental clues and 
model building. 

1958 Matthew Meselson and 
Franklin Stahl 

Demonstrate how DNA replicates. 

1961-
1963 

- Researchers crack the genetic code linking gene and protein. 

1964 Robert Holley Complete the first nucleotide sequence of the gene encoding 
yeast alanine tRNA. 

1972 Paul Berg and colleagues Create first recombinant DNA molecule. 
1977 Frederick Sanger, Allan 

Maxam, and Walter 
Gilbert 

Pioneer for DNA sequencing(Sanger et al., 1977). 

1985 Kary Mullis Invents Polymerase chain reaction (PCR)(Mullis et al., 
1986) 

1986 Leroy Hood and Lloyd 
Smith 

Automate DNA sequencing to sequence human genome. 

1986-
87 

James Watson United States DOE officially begins human genome project. 
US NIH takes over the genome project. 

1990 - Sequencing of human and model organism genomes begins. 
BLAST algorithm developed to align DNA sequences. 

1994 - Detailed genetic map of the human genome was published. 
1995 J. Craig Venter and his 

team 
The Institute of Genomic Research (TIGR) published first 
genome sequence of organism Haemophilus 
influenzae(Fleischmann et al., 1995). 
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1996 - The international human genome project consortium 
established “Bermuda rules” for public data release. 

1999  - First human chromosome sequence was published. 
2000  - Fruit fly genome was sequenced, First assembly of the 

human genome completed by the UCSC group. 
2001 - Science and Nature published the first draft of human 

genome sequence. 
2003 - The human genome sequence completed, 2 years earlier 

than planned. 
2004 - Introduction of Massively parallel sequencing platforms 

giving rise to the “Next Generation Sequencing” (NGS). 

The ability of NGS technologies to produce voluminous data at low cost 
proved attractive for many applications, including variant discovery by 
resequencing targeted regions of interest or whole genomes, de novo assembly 
of bacterial and eukaryotic genomes, transcriptomics of cells, tissues and 
organisms (RNA-seq) (Wang et al., 2009), genome-wide profiling by using 
other sequence-based methods (ChIP-seq, DNase-seq) (Wold & Myers, 2008), 
and species classification and/or gene discovery by metagenomics studies 
(Petrosino et al., 2009). 

The ongoing journey of DNA sequencing that started in the late 1980s 
(capacity: 10 Kb per 4-hours run) has continued with improvements and step-
wise upgrades e.g. in late 1990s with capillary sequencers (capacity: 50 Kb per 
1-hour run), in 2005 with massive parallel pyrosequencing (capacity: 20 Mb 
per 5-hours run), in 2007 with sequencing by synthesis (capacity: 1 Gb per 5-
days run), and in 2010 with single molecule sequencing (capacity: 100 Gb per 
5-days run). At present (2014), the level of efficiency has reached at a point 
where a whole human genome can be sequenced in just 15 minutes. 

Now these NGS technologies have the ability to generate short reads, 
typically 100-150 bp for Illumina (Loman et al., 2012), 75 bp for SOLiD 
(Miller et al., 2012), 400–600 bp for 454 (Loman et al., 2012), and ~200 bp for 
Ion Torrent (Loman et al., 2012), and long reads of up to 20 Kb for Pacific 
Biosciences, but also with a higher error rate (Nagarajan & Pop, 2013; Koren 
et al., 2012; Niedringhaus et al., 2011). 

2.10.1   Shotgun library sequencing 

DNA sequencing with the chain termination method was initially restricted to 
fairly short fragments (100-1000 bp). To overcome this problem, a new 
sequencing method was designed to analyse sequences larger than 1000 bp, up 
to entire chromosomes, and whole genomes, which is known as shotgun 
sequencing. The shotgun sequencing approach works very well for small 
(unicellular) to medium size genomes with less repetitive regions, where the 
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shotgun-sequencing library is prepared by randomly shearing the amplified 
genomes into many small fragments (50-8500 bp). The library of subfragments 
is sampled at random, and a number of sequence reads generated. Overlapping 
ends are used for construction of contigs and eventually the full genome is 
assembled based on a high coverage of reads. A schematic graphical 
illustration of a shotgun sequencing approach is presented in Figure 5. 

 
Figure 5. Schematic overview with different steps labelled with numbers showing the stepwise 
process for shotgun library preparation and assembly:  1) Genome cloning, 2) multiple genomes 
are sheared into variable sized unordered fragments, 3) overlapping fragments are aligned through 
computational assembly, and 4) consensus sequence is produced on the basis of overlapping 
segments. Higher coverage results in better quality of the consensus sequence. 

On the other hand, large genomes add complexity by the high percentage of 
repetitive DNA (greater than 50% for the human genome) making the shotgun 
sequencing approach less reliable for large genomes (Venter, 2006). For these 
reasons, it was necessary to lower the computational load during the assembly 
process, which was done by the hierarchical shotgun sequencing approach. In 
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hierarchical approach the amplified genome is first sheared randomly into 
larger pieces (50-200 Kb) with different ends, which are subsequently used 
with enough coverage to find a scaffold that covers the entire genome. This 
scaffold is called a tilling path. Once a tilling path has been found, the large 
fragments are sheared at random into smaller fragments and can be sequenced 
using the shotgun sequencing method. A schematic graphical illustration of a 
hierarchical shotgun sequencing approach is presented in Figure 6. 

 
Figure 6. Schematic overview with different steps labelled with numbers showing the stepwise 
process for hierarchical shotgun library preparation and assembly: 1) Genome cloning, 2) 
genomes divided into large fragments of known order, 3) multiple large fragments are sheared 
into variable sized unordered segments, 4) overlapping segments are aligned through 
computational assembly, and 5) a consensus sequence is produced on the basis of segments 
overlap. Higher coverage can be the sign of better quality of the consensus sequence. 
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The SAOB genomes sequencing data used in this thesis (I-III) was first 
produced by shotgun sequencing with ion semiconductor sequencing based on 
H+ detection, where reads with average sizes of 206, 191, 205 bp were 
produced by Ion TorrentTM technology using chip type 316-D in SciLifeLab 
Uppsala, Sweden. 

2.10.2   Pair-end library sequencing 

The NGS technologies are transforming the field of genomic science (Schuster, 
2008) by providing the ability to read DNA fragments in a highly parallel 
manner to generate massive amounts of sequencing data with higher coverage 
and greater throughput. This has made it possible to sequence a whole genome 
in a relatively short time with unprecedented accuracy (Metzker, 2010). 
However, the short read length limits the use of this enormous sequencing 
power for many biological applications.  

Paired-end sequencing is a strategy for improving DNA sequencing 
efficiency and enabling biological applications. This sequencing method 
produces two sequencing reads from each end of a DNA fragment. The size of 
the DNA fragment is usually known (referred to as insert size) and can range 
between short inserts of 100-200 bp or long inserts of 6,000-20,000 bp. Paired-
end reads have three prominent properties: i) Both reads are from the same 
strand, ii) the approximate distance separating the two reads is known, and iii) 
the forward and reverse reads are identified as such, and as a pair. This makes 
the paired-end libraries useful for establishing contig order in a scaffold, 
mapping large rearrangements or insertion/deletions (Indels) to a reference 
genome or establishing a sequence within flanking repeats.  

The sequencing data for plant growth-promoting rhizobacteria (PGPR), 
which is presented as novel information in this thesis essay were generated by 
paired-end sequencing library from Illumina Genome Analyzer with insert size 
~200 bp at Uppsala Hospital, Sweden. A schematic illustration of paired-end 
library preparation and analysis is presented in Figure 7. 
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Figure 7. Schematic overview with different steps labelled with numbers showing the stepwise 
process for paired-end library preparation: 1) Genomic DNA, 2) fragments (2-10 Kb), 3) ligate 
adaptors, 4) generating clusters, 5) sequencing first end, and 6) regenerating clusters and 
sequencing paired end. 
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2.10.3   Mate-pair library sequencing 

Mate-pair library sequencing differs from paired-end library sequencing only 
in the way of library preparation. Mate-pair library preparation generates long 
insert paired-end DNA libraries with size ranging from 2-10 Kb fragments, 
which are sequenced from both ends for providing information on how 
nucleotides far apart are linked together. Mate-pair library sequencing is more 
suitable for studying different applications such as de novo sequencing, genome 
finishing, structural variant detection and identification of complex genomic 
rearrangements. A combination of mate-pair library sequencing and short 
insert paired-end reads can be used as a powerful tool to generate read length 
for maximal sequencing coverage across whole genomes. 

The SAOB genomes sequencing data generated by shotgun sequencing 
from Ion TorrentTM technology were also sequenced in this thesis using mate-
pair library sequencing from Illumina HiSeq-2500 with library size 3 Kb in 
SciLifeLab Stockholm, Sweden, to finish the draft SAOB genomes (II, III) 
(data not presented). A schematic graphical illustration of mate-pair library 
preparation is presented in Figure 8. 
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Figure 8. Schematic overview with different steps labelled with numbers showing the stepwise 
process for mate-pair library preparation: 1) Genomic DNA, 2) fragments (2-10 Kb), 3) 
biotinylate ends, 4) self-circularisation, 5) small fragments (400-600 bp), 6) enriched biotinylated 
fragments, 7) ligate adaptors, 8) generating clusters, 9) sequencing first end, and 10) regenerating 
clusters and sequencing paired end. 
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2.11 The -omics age 

The completion of the genome sequence for C. elegans (Consortium, 1998) 
provided inspiration for the Human genome project, which had started in 1990 
(Watson & Cookdeegan, 1991) and was successfully completed with the 
announcement of a first human draft genome sequence (Consortium, 2001), 
followed by a finished sequence (Collins et al., 2004). Over the past decade, 
overlapping developments in molecular research technologies along with the 
rapid developments in information technology have collectively generated a 
huge flood of data that can be considered a revolutionary advancement in this 
field. However, this might not have been possible without a number of small 
advances (Table 2). This whole very fast journey of molecular biology to 
today’s era of ‘omics’ including genomics, transcriptomics, proteomics etc., 
could not have been conceptualised without the support of bioinformatics. 

Table 2. Bioinformatics contributions that have played a key role for the advancement of life 
sciences. 

Year Discoverer(s) 
Developer(s) 
Inventor(s) 

Discovery(ies) 
Technology(ies) 
Invention(s) 

1965 Margaret Dayhoff Atlas of Protein Sequences 
1966 National Library of Medicine Development of Medline 
1968 U.S. Advanced Research 

Projects Agency 
Development of Internet 

1972 R. Tomlinson Development of Email 
1980 P.J. Stoehr and G.N. Cameron The EMBL Nucleotide Sequence Database, EMBL, 

Germany (Stoesser et al., 1997) 
1982 W.Goad Development of GenBank 
1986 Amos Bairoch Swiss-prot launched 
1988 National Library of Medicine Founding of the National Center for Biotechnology 

Information (NCBI) and creation of public databases 
systems for their use (Altschul et al., 1990) 

1988 Chris Sander at EMBL EMBnet was created to be able to distribute the EMBL 
database 

1990 S.F. Altschul and D.J. Lipman Development of the BLAST algorithm … 
1991 T. Berners-Lee and R. Cailliau Development of the World Wide Web (WWW), CERN  
1995 Michael Ashburner EMBL-EBI, keep ENA, ENSEMBL, UniProt 
1997 National Center for 

Biotechnology Information 
Development of PubMed 

1998 L. Page, S. Brin Development of Google 
1999 Ewan Birney ENSEMBL Genome Browser 
2000 Jim Kent UCSC Genome Browser 
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3 Aims of this thesis 
Anaerobic digestion technology is an interesting and promising method for 

the production of biofuel. Through this processes various organic waste steams 
can be degraded by microorganisms and converted to biogas, a renewable 
energy source. The main aim of the studies described in this thesis was to 
enhance knowledge of the SAOB key organisms in anaerobic digestion, using 
bioinformatics methods. The SAOB studied are all acetogens and are active in 
the biogas production step with the ability to reverse their metabolic flow from 
acetate production to acetate oxidation to produce hydrogen/formate, which is 
later used by methanogens for the production of methane. Acetate oxidation is 
a thermodynamically very difficult reaction that only proceeds at low hydrogen 
levels, which is achieved by syntrophic growth with partner methanogen. At 
present little is known about these organisms and how they manage to be active 
with energy levels scarcely enough for growth. Thus to learn more about these 
microorganisms, the specific aims of the work presented in Papers I-V were to: 

 
 Sequence the genomes of three syntrophic acetate-oxidising 

bacteria (SAOB), in order to provide a platform for further 
investigation of the syntrophic lifestyle 

 Perform structural and functional annotations for the sequenced 
SAOB genomes in order to allow investigations of their genomic 
behaviour  

 Start analysing metabolic pathways, such as substrate utilisation, 
intermediate metabolism, energy conservation  and acetogenesis, in 
order to improve understanding of these SAOB 

 Understand the processes of acetate reduction versus oxidation 
through the Wood-Ljungdahl (W-L) pathway. 
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4 Methods 
Different bioinformatics methods were used in papers I-V. In this section some 
of these methods are described in order to provide an understanding of 
bioinformatics resources, genome assembly algorithms, annotation processes, 
and metabolic pathway analysis. 
 
 
 
 
 
 
 
 
 
 
 
“If it were easy, it would have been done already” 
  (Solomon short)  
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4.1 DNA isolation 

Table 3. Statistics on temperature and growth time to isolate DNA of SAOB genomes. 

Organism Isolation source Temp Time Kit used 

T. acetatoxydans 
strain Re1 

Continuously stirred laboratory-
scale reactor designated Recirc 
(Westerholm et al., 2011b). 

37 °C 1 weeks Blood & Tissue 
Kit from Qiagen 

C. ultunense 
strain Esp 

Sludge of an upflow anaerobic 
filter treating wastewater from a 
fishmeal-producing factory 
(Westerholm et al., 2010). 

37 °C 4 weeks Blood & Tissue 
Kit from Qiagen 

S. schinkii 
strain Sp3 

Sludge of an upflow anaerobic 
filter treating wastewater from a 
fishmeal-producing factory 
(Westerholm et al., 2010). 

37 °C 4 weeks Blood & Tissue 
Kit from Qiagen 

4.2 Genome assembly 

Next generation DNA sequencing platforms are characterised by high parallel 
operation, high throughput and low cost, but unfortunately produce short 
length reads, with the exception of Pacific Biosciences machines (Korlach et 
al., 2010; Eid et al., 2009). All these sequencing machines detect the target 
DNA molecule and produce an output in the form of reads consisting of single 
letter base calls, plus a numerical quality value for each base call (Ewing & 
Green, 1998). These NGS platforms can also have different error profiles 
including enrichment of base call error towards the  ends of reads, 
compositional bias against high GC sequence and inaccurate determination of 
sequence repeats (Harismendy et al., 2009; Dohm et al., 2008; Huse et al., 
2007). With these different error profiles, the genome assembly procedure 
becomes more difficult and complex, especially when dealing with short and 
high-throughput reads (Miller et al., 2010). 

The genome assembly process can be linked to a jigsaw puzzle, where 
different tasks or challenges have to be complete in order to solve the puzzle. 
Each read (piece) has to be placed in the correct position in the puzzle. This 
task is directly linked to the ‘quality’ of the solution of the puzzle, i.e. the only 
available information relating to the correct position of a read (piece) comes 
from its neighbouring reads. The larger the number of reads (pieces in the 
puzzle), the greater the complexity in determining the correct position. 
Moreover, there can be ambiguity due to the positioning of similar reads which 
share similar suitable locations in the puzzle. However, some reads may have 
unique features and these serve as unique indicators to aid further read 
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positioning (Pevzner et al., 2001). A schematic graphical illustration of a 
typical genome assembly process is presented in Figure 9. 

 
Figure 9. Schematic view of the different stages in next generation genome assembly. a) Genome 
assembly starts with experimental design where experimental, technical and computational issues 
have to be considered, b) DNA from a single cell, a clonal population or a heterogeneous 
collection of cells is extracted for sequencing, c) prepared DNA samples are sequenced by 
selected technology, with maximum possible read length and appropriate coverage depth, d) 

erroneous short reads are detected and corrected by a preprocessing filtering step, e) a graph 
model is constructed for organising short read sequences into a compact form and for creating 
longer sequences during assembly, f) the graph is simplified by reducing the number of graph 
nodes and edges and removing erroneous values and g) contigs are built in a postprocessing 
filtering step. The contigs are then extended into scaffolds and attempts are made to detect 
misassembled contigs. Modified from Sara (2013). 

4.2.1 Mapping assembly 

 During mapping assembly, also known as reference-guided assembly, shotgun 
reads are assembled against an existing backbone sequence, resulting in a 
target-assembled genome that is similar, but not necessarily identical, to the 
backbone sequence. The idea behind reference-guided assembly is to use a 
reference genome from the same organism or a closely related species as a map 
to guide the assembly process. This approach is useful for resequencing 
applications (Pop et al., 2004). However, even if the target and reference 
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genomes are closely related, the species-specific attributes must be addressed 
separately to obtain the maximum information on the target genome. These 
different forms of polymorphisms between the reference and the target 
genomes can be: 

 DNA divergence: Some low similarity regions can be present in the target 
genome where the reference and the target genomes have diverged 
significantly from each other during evolution (Figure 10A) 

 Genomic rearrangements: A number of DNA segments have a different 
order or orientation in the target genome compared with the reference 
genome (Figure 10B) 

 Insertion in the target genome: Some DNA segments are part of the target 
genome, but are absent in the reference genome (Figure 10C) 

 Deletion from the target genome: Some DNA segments are only present in 
the reference genome (Figure 10D). 

4.2.2 De novo assembly 

De novo assembly is a process of assembling the short reads to reconstruct the 
full-length sequence of a target genome that may be a novel organism for 
which no map or guidance is available. Compared with mapping assembly, 
assembly by this approach commonly poses more computational challenges 
(Martin & Wang, 2011). The generation of high-throughput short reads from 
NGS technologies makes this process a highly memory-intensive 
computational task. To deal with this problem, most assemblers format their 
input reads data using graph data structures. Even though the principle is the 
same, different assemblers may vary concerning initial graph construction, 
configuration, traversing, and simplification processes (Zhang et al., 2011). 

In this thesis, the de novo assembly approach was used for constructing the 
genomes of two SAOB (II, III) and their working draft genome sequences 
were produced. The genomes were sequenced using the Ion Torrent PGM™ 
systems, resulting in a total of 2,631,078 bp (II) and 2,985,963 bp (III) single 
end reads with a mean length of 206 bp. 

The sequencing data produced by sequencing machines are often provided 
as raw reads and are not always correct and precise in their entire length, which 
may introduce artefacts into the genome assembly. For example, for an M. 
tuberculosis genome, the assembly N50 substantially increased, from 1 Kb to 
30 Kb, after filtering of the reads. Moreover, due to the massively parallel 
nature of sequencing technologies, it is not worthwhile inputting too many 
reads to the assembler, as this can dramatically increase the memory 
requirements and can also result in a lower quality assembly due to the excess 
of error reads. To avoid this, the preassembly quality was checked using the 
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FastQC tool. There are two different approaches for dealing with these 
identified low quality nucleotides in the raw reads data. The first approach is to 
correct the reads by superimposing them on each other, which usually works at 
the level of k-mers and is implemented by several tools, such as Quake (Kelley 
et al., 2010) and ALLPATHS-LG (Gnerre et al., 2011). The second approach 
tries to surgically eliminate only low quality regions and has been used in 
several studies, e.g prior to genome assembly, transcriptome assembly, 
metagenome reconstruction and RNA-Seq. 

 
Figure 10. Illustration of different types of polymorphisms between the reference and the target 
genomes. A) Region of divergence between the reference and the target genomes, marked with 
light colours. The angled line shows the parts of the reads not matching the reference genome, B) 

the genomic rearrangement between the reference and target genomes. Note that Parts 2 and 3 
from the target genome appear in a different order in the reference genome, while a, b, and c reads 
match the reference genome at disjoint locations. The dotted lines connect sections of a read that 
are adjacent in the target genome, C) insertion in the target genome, with circles indicating the 
portions of two reads that do not align to the reference genome and d) insertion in the reference 
genome. The upper alignment of reads in the reference indicates the presence of that insertion and 
dotted lines indicate the stretch of the reads needed to align to the reference. Modified from Mihai 
(2004). 
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In this thesis, prior to the genome assembly process, a preprocessing reads 
trimming procedure was performed using the Sickle tool (Joshi & Fass, 2011), 
which is a windowed adaptive trimming tool for FASTQ files. It uses sliding 
windows (size 10% of the whole read length) along with quality and length 

-end of 
reads and also determines when the quality is sufficiently high to trim th -
end of reads. It also discards reads based upon the length threshold. 

All filtered reads were then input to MIRA 4.0 (Mimicking Intelligent Read 
Assembly) and Newbler 2.8 assemblers separately to perform the de novo 
assembly. Misassemblies were corrected by visualising the assemblies and read 
mappings with a graphical visualisation tool called Tablet (Milne et al., 2010). 
A whole genome comparison tool called Mauve (Darling et al., 2004) was 
used to fill some gaps between contigs by aligning the assemblies produced by 
these two assemblers. 

For another SAOB genome presented in paper (I), a PGPR genome 
included in this thesis as additional work, two PGPR genomes (unpublished), 
and a methanogen Achaea genome (syntrophic partner of 
SAOB)(unpublished), a comparative assembly approach was used. In this de 
novo assembly was combined with reference-guided assembly to fill the gaps 
among the de novo assembled scaffolds and finish all these genomes in a single 
chromosome. 

This comparative assembly approach comprised a multi-steps process, 
where the sorted de novo assembled scaffolds were first concatenated by 
aligning them against the referenced-guided consensus sequence, which 
resulted in large scaffolds. This was done in two steps: i) two overlapping 
adjacent scaffolds were merged into one larger scaffold, and ii) if a 
subsequence was inserted in the reference-guided consensus sequence between 
two adjacent scaffolds, such a subsequence was inserted and scaffolds were 
concatenated into one scaffold, which filled the gap between these scaffolds. 
The species-specific features in these genomes (insertions, deletions) were also 
identified by aligning the reference-guided consensus sequence against the de 
novo assembled scaffolds (Figure 11). The polymerase chain reaction (PCR) 
amplification method was used to confirm all the insertion and deletion regions 
in the target genome and to fill the remaining gaps between scaffolds and end 
up with a compete genome sequence in a single chromosome. 

For this comparative assembly approach the whole genome shotgun 
sequences were obtained using the Ion Torrent PGM™ systems with chip type 
316-D, which produced single chip data with a total number of 3,333,516 reads 
with an average length of 191 bp (I). All steps such as preassembly quality 
checking, read filtering, de novo and mapping assembly, correction of 
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misassemblies and genome alignment were performed as described in the 
previous section. 

 
Figure 11. Illustration of identified insertion and deletion regions by aligning the consensus 
sequence of reference-guided assembly against scaffolds of de novo assembly. A) putative 
insertion region identified in a consensus sequence of the reference-guided assembly and B) 
putative deletion region identified in a consensus sequence of the reference-guided assembly. 

In this thesis, the Velvet assembler for short reads was also used to 
reconstruct a PGPR genome using Illumina paired-end reads with a library size 
of 180 bp. It was observed that Velvet assembly of Illumina data produce 
similar statistics to Newbler assembly of 454 and Ion Torrent data (the sff files 
produced by the Ion Torrent platform are compatible with Newbler assembler). 
However, getting the best results from Velvet is slightly more tricky than using 
Newbler. Whether using Velvet or Newbler, the first important step for de novo 
assembly with short reads can be an aggressive pre-filtering of the raw reads 
data. Velvet does not consider quality scores, perhaps indicating the utility of 
filtering steps. In summary, to obtain good results from Velvet, several steps 
can play a vital role and should be included, such as count per base quality 
scores and trimming the reads, elimination of singletons, if possible 
eliminating reads with Ns and discarding reads with low average quality. 
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4.3 Sequence alignment 

Due to the high availability of molecular sequences in DNA and protein 
sequence databases, sequence alignment has become one of the most useful 
and powerful tool. Determining the arrangement of DNA, RNA, or protein 
sequences in order to identify conserve and similar regions can provide insights 
into the functional, structural or evolutionary role of the sequences. The basic 
idea behind sequence alignment is to find conservation between sequences, as 
it is believed that evolutionarily conserved sequences can be an indication of 
active functionality (Keane et al., 1998).  

A number of computational approaches have been researched and as a result 
of those studies, methods including dynamic programming, which involves an 
exhaustive search of solutions, heuristic algorithms and probabilistic methods 
have been designed for large-scale database searches. The last step of a 
sequence alignment procedure is a scoring system to evaluate all possible 
alignments and finalise an optimal alignment based on the highest score. In the 
scoring system there is a scoring function, usually in the form of substitution 
matrices between residues. For example, the two most frequently used scoring 
matrices for protein sequences are the Point Accepted Mutation (PAM) 
(Dayhoff, 1978) and the BLOcks of amino acid Substitution Matrix 
(BLOSUM) (Henikoff & Henikoff, 1992). In addition two parameters, the gap 
opening penalty and the gap extension penalty, are used to discourage gaps 
(insertions and deletions) in the alignment. 

Synteny analysis was performed for the genomes of the three newly 
sequenced SAOB isolates in this thesis (III), because it is important in genome 
comparison to reveal genomic evolution of related species (Tamames, 2001). 
The synteny regions identified consist of genomic fragments from different 
species, which originated from a certain common ancestor. The genes located 
in these syntenic fragments called syntenic genes, are orthologs and often share 
similar functions. A built-in tool in the MaGe annotation pipeline was used to 
perform synteny analysis. All proteins of bacterial genomes present in the 
NCBI RefSeq database were compared to identify the syntenic genes. The 
putative orthologous relations between two genomes were defined as; gene 
couples satisfying the bi-directional best hit (BBH) criterion or a blastP 
alignment threshold, with a minimum of 35% sequence identity on 80% of the 
length of the smallest protein. These criteria were subsequently used to search 
for conserved gene clusters such as synteny groups (syntons) by allowing all 
possible kinds of chromosomal rearrangements such as inversion and 
insertion/deletion. A gap parameter representing the maximum number of 
consecutive genes which were not involved in a synteny group was set to five 
genes. For graphical visualisation of these computed synteny groups, a tool 
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called lineplot was used. It draws a global comparison, based on synteny 
results between two bacterial genomes, and produces a diagram to give an 
overview of the conservation of synteny groups between these two genomes. 

Local alignment 

Local alignment identifies regions of similarity within long sequences that are 
usually widely divergent as a whole sequence. It can be a powerful tool for 
some specific tasks, such as comparing protein sequences that share a common 
motif (conserved pattern) or domain (independent folded unit) but differ 
elsewhere; comparing DNA sequences that share a common motif but differ 
elsewhere; and comparing protein sequences against genomic DNA sequences 
(long stretches of uncharacterised sequence). It is more sensitive when 
comparing highly divergent sequences. 

Global alignment 

Global alignment finds best matches of sequences in their entirety and tries to 
optimise alignment along the entire length of both sequences. So-called semi-
global alignment finds best matches of both sequences without penalising gaps 
on the ends of the alignment. 

Pairwise alignment 

Pairwise alignment is used to find the best matching for a subsequence (local) 
or for an entire sequence (global), between two sequences at a time. The 
primary methods to perform pairwise alignments include the dot-matrix 
method, which is most likely the oldest visual representation when comparing 
two sequences (Maizel & Lenk, 1981). Dynamic programming algorithms 
were invented for global alignment by Needleman and Wunsch (1970) and for 
local alignment by Smith and Waterman (1981). In these methods, a 
substitution matrix is used for protein alignment and it assigns scores to amino 
acid matches or mismatches and a gap penalty for matching an amino acid in 
one sequence to a gap in the other. Word methods are heuristic methods that 
are used for searching against a large number of sequences to find local 
similarities for a specific sequence. This method implies that an optimal 
alignment is not guaranteed to be found, but on the other hand it is 
computationally more efficient than dynamic programming for alignments. 

For the genomes of the three-sequenced SAOB identified here (I-III), the 
genomic regions containing tandem duplications of protein coding genes were 
identified. The genes were considered to be tandem duplicate genes if they 
showed more than 35% identity on 80% of the length of the smallest protein 
and were separated by a maximum of 5 consecutive genes. 
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Figure 12. 1) The Needleman and Wunsch (1970) forward algorithm to recursively compute the 
entries of the alignment matrix. The grey rectangle indicates the additional parcel of the Smith 
and Waterman algorithm (1981). 2) Example of an alignment matrix and the back-tracking 
algorithm used to find the best–scoring global alignment. In the Needleman-Wunsch algorithm, 
the back-tracking reconstruction of the alignment goes from the low right corner to the top left of 
the matrix. 3) Example of an alignment matrix and the back-tracking algorithm used to find the 
best-scoring local alignment. In the Smith-Waterman algorithm, the back-tracking starts at the 
highest scoring value in the lowest row. The back-tracking reconstruction stops when a 0 value is 
found. Adopted from Balding et al. (2007). 

Alignment can be performed for protein sequences and nucleotide 
sequences, but protein sequence alignment appears more advantageous for a 
number of reasons: i) redundancy of amino acid codons is not considered in 
nucleotide alignment, ii) due to large alphabet of characters for protein 
sequences it is easy to obtain statistically significant alignment, iii) nucleotide 
sequence databases contain much more sequences apart from protein coding 
sequences (only ~1.5% of the human genome codes for proteins), so it is more 
efficient to search against proteins rather than scanning the entire genome, and 
iv) nucleotide sequence alignment does not consider the more similar 
structures of some amino acids to others and the similar functional role they 
have in the protein. Since not all important functional regions in the nucleotide 
sequence code for proteins and there are some particular situations when 
nucleotide alignment is required, i.e. to compare regions in the nucleotide 
sequence that encode for functional RNA molecules rather than proteins or 
regions that serve as binding sites for transcription factors, there is no protein 
sequence to work with. Nevertheless, it is better to narrow down the possible 
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homologs with a protein alignment, and after that nucleotide alignment can be 
performed to compare the remaining sequences. 

To allow the maximum annotation of unknown genes identified in the 
newly sequenced genomes of the three SAOB isolates (I-III), we also opted to 
perform the alignment for protein sequences. As an example pairwise 
alignment between two proteins fhs1 and fhs2 (formyltetrahydrofolate 
synthetase a key enzyme of the W-L pathway identified in the sequenced 
genome of T. acetatoxydans), is presented in Figure 13. 

 
Figure 13. A sequence alignment produced by ClustalW, of two T. acetatoxydans proteins 
(formyltetrahydrofolate synthetase). Amino acids are colour coded by their physicochemical 
properties. Red: small, hydrophobic, aromatic, not Y. Blue: acidic. Magenta: basic, not H. Green: 
hydroxyl, amine, amide, and basic. Grey: others. Alignment keys are “*”: identical residues, “:”: 
conserved substitutions (same colour group), “.”: semi-conserved substitution (similar shapes), “-
”: Inserted gap in a sequence. 

Multiple sequence alignment 

Multiple sequence alignment is an extended version of pairwise alignment, and 
is used to identify conserved sequence regions among a group of sequences. 
The most popular multiple sequence alignment tool ClustalW (Thompson et 
al., 1994) is based on the progressive algorithm by Feng and Doolittle (1987). 
The algorithm first finds the identities by using the most similar sequences to 
minimise the alignment errors and gaps are discouraged by penalties to reduce 
their presence and benefit established identities. In addition, initial sequences 
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are selected on the basis of weights, which are calculated from the branch 
length of the guiding tree. This selection is performed in ClustalW by using the 
neighbour-joining method (Saitou & Nei, 1987). 

Iterative methods improve the dependence which the progressive algorithm 
shows in the pairwise alignments calculated for the guided tree matrix. An 
iterative approach is to optimise the initial global alignment by realigning 
randomly selected sequence subsets. This sequence subsets selection procedure 
is reviewed by Hirosawa et al. (1995). In this method the newly aligned 
sequence subsets are realigned back into the multiple sequence alignment and 
used in the next iteration. 

On the basis of 16S rRNA gene sequence, the most closely related species 
to the newly sequenced genome of SAOB (III) was identified from a group of 
acetogenic bacteria, which produce acetate trough the W-L pathway. The 
multiple sequence alignment tool MUSCLE (Edgar, 2004b; Edgar, 2004a) with 
a progressive and iterative approach was used due to its reasonable speed 
performance and iterative search for a better local optimum. A benchmark 
published for different protein alignment algorithms (Nuin et al., 2006) is 
summarised in Table 4. 

Table 4. Evaluation of different multiple sequence alignment algorithms on the basis of average 
accuracy values obtained from Simprot’s simulated sequences and all BAliBASE’s references.The 
execution times are normalized to Mafft FFT-NS-2, the fastest of the algorithms. Updated from 
Nuin et al. (2006). 

Program Publishing Year Simprot BAliBASE Time (s) 

ClustalW (Thompson et al., 1994) 0.789 0.702 22 
Dialign 2.2 (Morgenstern, 1999) 0.755 0.667 53 
T-Coffee (Notredame et al., 2000) 0.836 0.735 1274 
POA (Lee et al., 2002) 0.752 0.608 9 
Mafft FFT-NS-2 (Katoh et al., 2002) 0.839 0.701 1 
MUSCLE (Edgar, 2004b) 0.830 0.731 4 
Mafft L-NS-i (Katoh et al., 2005) 0.865 0.758 16 
ProbCons (Do et al., 2005) 0.867 0.762 354 
Dialign-T (Subramanian et al., 2005) 0.775 0.670 41 
Kalign (Lassmann & Sonnhammer, 2005) 0.803 0.708 3 

4.4 Databases 

A database is basically a systematically organised or structured repository of 
data that allow easy retrieval, update, analysis and output of a piece of 
information. Databases can be classified into different types on the basis of 
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their underlying data models, which are used to describe how the data are 
stored and retrieved in the database. 

Flat file database model  

Flat files were the first form of database implementation in the computing 
machines, the indexed sequential access method (ISAM) and the virtual storage 
access method (VSAM) being two of the more common file formats of the 
time. Files have no clear advantages but rather have several limitations, such as 
only random or sequential access to information, data duplication, lack of 
security, data isolation and high maintenance cost.  

Hierarchical database model  

To overcome the limitations of a flat file database, another type of database has 
been developed, a so-called hierarchical database that uses a one-to-many 
relationship for data elements. This model uses a tree structure to link a 
number of disparate elements to one owner in a parent/child manner. The 
advantages of this model include efficient searching, less data redundancy, 
more data independence, security, and integrity, but at the same time it has 
several limitations, such as complex implementation, inability to handle many-
to-many relationships and lack of structural independence. The popularity of 
the hierarchical model coincided with the popularity of the Network database 
model, which modelled data more naturally by providing the possibility of 
many-to-many relationship.  

Relational database model  

Of all existing database models, the most successful is the relational database 
model, which was developed in 1970 by a British computer scientist (Edgar 
Frank Codd). He proposed thirteen rules (numbered from zero to 12), which 
define the characteristics of relational databases (Codd, October 21, 1985; 
Codd, October 14, 1985). A relational database permits the definition of data 
structures, storage and retrieval operations and integrity constraints. Moreover, 
it organises the data and relationships between them only in the form of tables. 
Relational databases have particular importance for the field of bioinformatics 
for the reason that most of the annotation systems are based on underlying 
relational databases. This makes it possible to look at biological phenomena on 
a scale that was previously not possible, e.g. all genes in a genome, all 
transcripts in a cell or all metabolic processes in a tissue. According to Roos 
(2001)“we are swimming in a rapidly growing sea of data … how do we keep 
from drowning?”. Relational database systems also have certain shortcomings 
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as regards storing images, large text items and complex objects (Elsmari & 
Navathe, 2000). 

Object oriented database model 

In the early 1990s, object oriented database systems came onto the market to 
fulfil the requirements of complex applications e.g. (Atkinson et al., 1993). 
The object-oriented system is based mainly on the concepts of encapsulation, 
polymorphism and inheritance and stores data in the form of objects and 
values. Object-oriented databases have a number of advantages over their 
predecessors, such as providing persistent storage of complex data types, ease 
of update and increased data security. However, in recent years both the 
research and business communities have moved toward use of object-relational 
databases, which are a hybrid of object and relational databases. 

Other database systems 

The life sciences represent a data intensive world that requires superior data 
management and advanced analytics and molecular biology research. For all 
these factors, over the past decade the database system that has attracted most 
attention for storing and managing life sciences data is the data warehouse 
system. The concept behind the data warehouse system is a database solution 
designed to collect and maintain cleansed and consolidated data from various 
sources in a secure environment to facilitate performance management, 
decision-making, strategic planning and execution for an organisation.  

Data warehouse systems have been successfully implemented in life 
sciences (Nazari et al., 2013; Haider et al., 2009; Smedley et al., 2009; Topel 
et al., 2008; Prather et al., 1997; BioMart Central Portal; Oracle) thanks to 
their friendliness, usefulness, different levels of user expertise, seamless 
integration of data and remote data access by special web services protocols. 

4.5 Computing systems 

The requirements for high speed computing have increased with the prodigious 
output of NGS data. High performance computing (HPC) storage and retrieval 
systems have become the only practical way to sift through the data to discover 
useful insights. It is also worth noting that computational processing of the 
NGS data is only half the computational problem associated with genomics. 
Managing and storing the huge volume of data is also an immense challenge. 
In this regard new database systems e.g. NoSQL, are becoming significant and 
experiencing growing use in big data and real-time web applications 
(Andlinger, 2013). Cloud computing is distributed computing over a network 
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and allows abstraction by the end users over the underlying applications and 
computer infrastructure. It could be the future solution for computing services 
and data storage. 

UPPNEX is a national resource for the NGS community in Sweden and 
provides large-scale storage and computational resources for NGS projects. It 
is part of Uppsala Multidisciplinary Center for Advanced Computational 
Science (UPPMAX), which is Uppsala University’s resource of high 
performance computers, large-scale storage and high performance computing 
(HPC). For this thesis, both UPPNEX and UPPMAX facilities were used for 
data storage and to perform bioinformatics analysis for the NGS data, as 
described in the appended papers (I-III). 

4.6 Biological databases 

Biological databases serve to store, organise, and analyse vast amounts of data, 
which are available in the form of sequences and structures of proteins and 
nucleotides. In addition, they serve as repositories for life sciences information 
that is gathered by means of scientific experiments, published literature, high-
throughput sequencing and computational analysis (Attwood et al., 2011). 

4.6.1 Primary databases 

Primary nucleotide sequence databases 

GenBank (the genetic sequence database) is physically located in Bethesda, 
USA (Benson et al., 2013) and is accessible through the NCBI (National 
Centre of Biotechnology Information) portal over the Internet 
(http://www.ncbi.nlm.nih.gov/). 

EMBL (European Molecular Laboratory) is physically located at Hinxton, 
UK. It is part of the European Nucleotide Archive (ENA) (Cochrane et al., 
2013) and now is administered by EBI (European Bioinformatics Institute) 
(https://www.ebi.ac.uk/). 

DDBJ (DNA Databank of Japan) (Ogasawara et al., 2013) is physically 
located in Japan (http://www.ddbj.nig.ac.jp). 

The GenBank, EMBL and DDBJ databases have collaborated since 1982 
and are now linked with each other and synchronise their entries once every 24 
hours according to the International Nucleotide Sequence Database 
Collaboration (INSDC) (Figure 14). 

In 1982 GenBank had 606 sequences and by 1984 the number had reached 
3,424 sequences, which seemed a lot at that time. However, since then the 
database has continued to grow exponentially and by the August 2013 release 
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GenBank contained publically available nucleotide sequences for over 
2,80,000 formally described species (Benson et al., 2014). 

 
Figure 14. Links between the GenBank, EMBL and DDBJ databases, which synchronise their 
entries, once every 24 within the International Nucleotide Sequence Database Collaboration 
(INSDC). 

Primary protein sequence databases 

PIR-PSD (Protein Information Resource – Protein Sequence Database) was 
developed in 1984 by the National Biomedical Research Foundation (NBRF) 
as a resource to help in the identification and interpretation of protein sequence 
information. It was the world’s first database of classified and functionally 
annotated protein sequences and was extended from the Atlas of protein 
sequence and structure, which was developed by Margaret Dayhoff (1965- 
1978). PIR-PSD is a comprehensive, non-redundant and expertly annotated 
protein sequences database, organised by an underlying object relational 
database management system. 

SWISS-PROT is a curated protein sequence database, which provides a high 
level of annotation. It contains some distinct features such as: i) the data in 
each entry are considered separately as core data and annotation. The core data 
consist of sequences entered in common single letter amino-acid code and the 
related references. The annotation contains information on the function or 
functions of the protein; ii) minimal redundancies due to merging the protein 
sequences submitted by separate entries; and iii) it is cross-referenced with 24 
different databases. 
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TrEMBL (Translated EMBL) is a computer-annotated protein sequence 
database which was developed as a supplement of SWISS-PROT. It contains 
the translation of all coding sequences present in the EMBL nucleotide 
database that have not been fully annotated. For this reason it may contain the 
sequence of proteins that are never expressed and identified in the organisms. 

UniProt is a comprehensive, fully classified and accurately annotated 
protein sequence knowledge base (Consortium, 2010). The UniProt 
Consortium is a result of joint efforts by the European Bioinformatics Institute 
(EBI), the Swiss Institute of Bioinformatics (SIB) and the Protein Information 
Resource (PIR). It is comprised of four components: 1) the UniProt archive, 2) 
the UniProt knowledge base, 3) the UniProt reference clusters and 4) the 
UniProt metagenomic and environmental sequence database. 

In this thesis, the newly sequenced SAOB genomes were annotated for 
identified genes (I-III) using nucleotide sequence and protein sequence 
databases. Running an automated pipeline, the fraction of genes to which a 
specific function could be assigned was 50-60% of the total number of genes, 
which is the normal range for most of the sequenced bacterial genomes 
(Loewenstein et al., 2009; Nimrod et al., 2008). The remaining 30-40% of 
genes could be either homologous to genes of unknown function and are 
typically referred to as conserved hypothetical genes, or they do not have any 
known homologs and are called hypothetical, non-characterised or unknown. 
These can be real genes with no known function or they can be artefacts of the 
gene prediction process. 

To annotate these hypothetical genes as much as possible, a PSI-BLAST 
search was performed against the primary protein sequence databases to 
predict some function for those hypothetical/unknown genes, particularly from 
regions, clusters, and operons of interest. PSI-BLAST (Altschul et al., 1997) is 
a BLAST-like tool to find distant relatives based on iterative protein profiles 
and can find much more remote matches. It is normally used to identify the 
possible evolutionary relationship between the sequences. These conserved 
sequence motifs are commonly used along with structural and functional 
information to reveal many important features such as the catalytically active 
sites of enzymes, nuclear localisation signals in TFs or any other functional 
motifs in protein domains. 

Primary structure databases 

PDB (Protein DataBank) stores three-dimensional structures of proteins 
along with other biologically important molecules. The data in PDB are 
organised in flat files. 
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CDS (Cambridge Structural Database) was developed by the University of 
Cambridge to store the published three-dimensional structure of small organic 
molecules. It only stores small peptides, including neuropeptides and 
monomers and dimers of nucleic acids.  

4.6.2 Secondary databases 

Secondary databases contain information derived from primary databases and 
most of the secondary nucleotide sequence databases are simply sub-collection 
of sequences culled from one or more of the primary databases.  

Secondary nucleotide sequence databases 

FlyBase is a Berkeley Drosophila genome project (St. Pierre et al., 2014), 
while AceDB is a database management system for the Caenorhabditis elegans 
genome project. GOBASE is an organelle genome database that organises and 
integrates diverse data related to mitochondria and chloroplasts (O’Brien et al., 
2009) and the Omniome database is a comprehensive microbial resource 
(CMR) which makes data accessible from all of the completely sequenced 
bacterial genomes. 

Secondary protein sequence databases 

The CluSTr (Clusters of SWISS-PROT and TrEMBL proteins) database 
provides an automatic classification of entries of primary protein sequence 
databases (SWISS-PROT and TrEMBL) into groups of related proteins. In the 
database the clustering is done on the basis of analysis of all pairwise 
comparisons between protein sequences (Kriventseva et al., 2001). It also links 
to InterPro (integrated documentation resource) to integrate information on 
protein families, domains and functional sites from member databases 
(PROSITE, Pfam, PRINTS and ProDom). 

The COGs (Clusters of Orthologous Groups) database contains orthologous 
groups of proteins, which are generated by comparing the protein sequences of 
complete genomes (Tatusov et al., 1997). Being a database of phylogenetic 
relationships, it can help to assign function to new protein sequences without 
going through laborious biochemical discovery processes. 

The PRINTS database contains the patterns of protein sequences in the form 
of ‘fingerprints’ that represent a set of motifs rather than a single motif 
(Attwood et al., 1994). Along with the name, accession number and number of 
motifs information in the database, each entry also contains some additional 
information such as: i) cross-links to other databases for more detailed 
information about the characterised family, ii) number of motifs that make up 
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the fingerprint and how many sequences of that family contain that fingerprint, 
and iii) information on actual fingerprints. 

PROSITE is a domain database for functional characterisation and 
annotation. It contains information on protein families, domains and function 
sites, along with amino acid patterns and profiles in these (Sigrist et al., 2013). 
Each entry contains information about the patterns and related text description, 
plus references and links to all the protein sequences which contain that 
pattern. 

The Pfam database contains protein families, which are sets of protein 
regions that share a significant degree of sequence similarity (Finn et al., 
2014). Each family contains information on the source used to make the entry 
and the method used for it, seed alignment that is used to bootstrap the rest of 
the sequences into the multiple alignments and then the family, the hidden 
Markov model (HMM) profile, and the complete alignment of all the sequences 
identified in that family. 

The Protein Domain (ProDom) database contains homologous domains that 
have been automatically identified with the sequence comparison and 
clustering from the UniProt knowledge database (Bru et al., 2005). Rather than 
patterns identification, the database mainly focuses on identifying complete 
and self-contained domains, which can be used to analyse the structural and 
functional homology relationships between the protein sequences. 

For some unknown proteins, sequence alignment or searches against protein 
databases with previously annotated proteins is not an effective way to identity 
their possible function and structure. The reason is that these unknown proteins 
are too distantly related to any protein of known structure. Another option to 
annotate these types of proteins is to search for a particular cluster of residue 
types, which are known as protein pattern, motif, signature or fingerprint. The 
reason is that during evolution, the folding patterns of proteins are often 
preserved, a feature which can be explored through structure-based 
comparisons to identify homologs when sequence-based comparisons become 
futile. These motifs developed in proteins because of particular requirements 
on the structure of specific regions of a protein and can be important e.g. for 
their binding properties or for their enzymatic activities. For this reason 
InterproScan (Mulder & Apweiler, 2007) was used in this thesis to perform 
searches against a range of domain or motif databases to annotate these 
unknown, hypothetical proteins in the newly sequenced SAOB genomes (I-
III). This approach allowed the prediction of putative functions for several 
hypothetical genes in our regions and operons of interest. To extract the 
maximum information from the newly sequenced SAOB genomes, all 
identified genes were classified according to their homologous relationships 
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using the COGs database. Because orthologs typically have the same function, 
these relations yielded a number of functional predictions for poorly 
characterised genes. 

Secondary structure databases 

NDB (Nucleic acid Database) contains three-dimensional structural 
information about experimentally determined nucleic acids and assemblies. 
The SCOP (Structural Classification of Proteins) database is used to store 
manual classification of protein structures in a hierarchical way with many 
levels. The CATH (Class, Architecture, Topology, Homologous super family) 
database is used to store classification hierarchies and is a subset of PDB. 

4.6.3 Metabolic pathway databases  

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a knowledge base 
developed by Minoru Kanehisa’s group at Kyoto University (Kanehisa & 
Goto, 2000), which consists of four databases: 1) Pathways (molecular 
interactions and reactions), 2) genes, 3) metabolites, and 4) functional 
interpretation.  

BioCyc serves as a collection of organism-specific databases (Caspi et al., 
2012), which rely on the underlying methodology and data model developed 
by Peter Karp’s group at SRI International (http://www.sri.com/). It includes 
EcoCyc (pathway/genome database of Escherichia coli K-12), MetaCyc 
(reference database of metabolic pathways), an open chemical database 
(database of metabolites) and organism-specific databases.  

In this thesis (IV, V), to examine the physiological characteristics such 
substrate utilisation, acetate transportation, energy conservation, intermediate 
metabolism and acetogenesis for the newly sequenced SAOB genomes, several 
metabolic pathways were identified and analysed using different pathway 
databases such as KEGG and MicroCyc. MicroCyc serves as a collection of 
microbial pathway/genome databases (PGDBs) and was developed for the 
MicroScope projects (Vallenet et al., 2006). 

4.7 Information sources and annotations 

When a certain molecular entity such as a nucleic acid, protein sequence, 
protein structure or a cell is known, annotation is the next process of adding 
the layers of analysis and interpretation for these entities, which can be used to 
extract their biological significance and to identify their role in some biological 
processes. It is a multi-step process, e.g. nucleotide-level annotation, protein-
level annotation, and process-level annotation. A schematic data flow for a 
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genome annotation starting with the finished sequence is illustrated in Figure 
15. 

 
Figure 15. Illustration of a generalised data flow for a genome annotation. FB: feedback from 
gene identification for correction of sequencing errors, primary frameshifts. Statistical gene 
prediction: identification of open-reading frames (ORFs) (nucleotide-level annotation), Prediction 
of structural features: prediction of putative protein functions, signal peptide and transmembrane 
segments etc. (protein-level annotation). General database search: searching sequence databases 
for sequence similarity using BLAST-like tools. Specialised database search: searching domain 
databases such as Pfam and Prosite and conserved domain genome-oriented databases such as 
COGs for identification of orthologous relationship and refined functional prediction, and 
metabolic databases such as KEGG for metabolic pathway reconstruction (process-level 
annotation). 
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4.7.1 Nucleotide-level annotation  

Nucleotide-level annotation or structural annotation is the first step in a 
genome annotation where punctuation marks are identified in the newly 
sequenced genomes, such as prediction of protein-coding genes, structural 
RNAs, tRNAs, small RNAs, pseudogenes, direct and inverted repeats, 
insertion sequences, transposons and other mobile genetic elements. In contrast 
to eukaryotic genomes, this step has the marked advantage of lacking intron in 
prokaryotic genomes (e.g. Bacteria, Archaea). Despite this, there can be some 
complications with prokaryotic genomes due to the overlapping ORFs, use of 
alternative start codon, use of codons other than the traditional ATG and 
possible dual function of stop codon (stop codons TGA or TAG may encode 
selenocysteine and pyrrolysine). Several approaches have been developed for 
accurate prediction of translation initiation sites in prokaryotes (Hu et al., 2009; 
Yada et al., 2001). 

In the early 1980s the first generation of gene prediction algorithms used a 
local Bayesian approach to analyse one ORF at a time (Fickett, 1996; Gribskov 
et al., 1984; Staden & Mclachlan, 1982). Subsequently, the second generation 
of gene prediction algorithms analysed the global properties of the genomic 
sequence (e.g. di-, tri-, tetra-nucleotide composition) to exploit discrimination 
between coding and non-coding regions using statistical and computational 
methods. Several programmes such as Glimmer (Salzberg et al., 1998) and 
GeneMark (Lukashin & Borodovsky, 1998) use this approach. Gene prediction 
methods then entered into another generation by performing similarity searches 
(Guigo et al., 2000) with known protein sequences, like the BLASTx and 
FASTA gene predication  programmes. These third generation programmes 
combine execution of multiple gene-calling programmes with similarity-based 
methods. 

4.7.2 Protein-level annotation 

Functional annotation, the second step in the process of genome annotation, 
involves assigning a biological function to the predicted genes or proteins. This 
is similar to asking “what” after answering the question of “where” in the 
genome (Stein, 2001b). Protein alignments and searches against protein 
sequence databases are some common approaches to perform this level of 
annotation. The reason is that many genes that encode similar proteins also 
share varying amounts of sequence homology, but this can be difficult for 
some genes because of the intrinsic nature of evolutionary processes (Stein, 
2001b). These diverse situations can be addressed by searching against 
experimentally verified or highly conserved protein domain databases.  

 59 59



4.7.3 Process-level annotation 

In process-level annotation higher-level classification is performed for 
annotated genes and proteins by placing them into their respective biological 
pathways, which helps to understand their functional roles in the organism. A 
common method for this annotation is through the creation of the Gene 
Ontology (GO) vocabulary, which assigns a functional role to a gene in a 
hierarchical way (Ashburner et al., 2000). For example, a term such as enzyme 
can lead to a more specific enzyme such as alcohol dehydrogenase, which can 
be further associated with a number of other descriptions. Due to this level of 
flexibility, many pathway databases, e.g. KEGG, use GO terms as a framework 
for describing metabolic and component interactions. 

In order to annotate the newly sequenced SAOB genomes in this thesis (I - 
III), structural annotation was performed to identify the genomic objects and 
their properties, such as number of protein-coding genes, GC%, ribosomal 
RNAs, tRNA, average CDS length, repeated regions, average intergenic length 
and protein coding density. Different algorithms were used to predict the 
putative CDSs within these sequenced genomes such as: i) Glimmer (Gene 
Locator and Interpolated Markov ModelER) (Salzberg et al., 1998), which 
primarily searches for long open reading frames (ORF) and uses a fixed order 
Markov model or interpolated Markov model, ii) AMIGene (Annotation of 
MIcrobial Genes) application (Bocs et al., 2003), which first constructs a 
Markov model for input genomic sequence (the gene model), followed by the 
combination of well-known gene-finding methods and an heuristic approach 
for the selection of the most likely CDSs, and iii) Prodigal (PROkaryotic 
DYnamic programming Gene-finding Algorithm) (Hyatt et al., 2010), which 
has salient features such as speed, accuracy and specificity. tRNAs were 
predicted using the tRNAScanSE tool (Lowe & Eddy, 1997), which combines 
several algorithms to identify tRNAs with high accuracy and also has the 
ability to distinguish between active tRNAs and tRNA pseudogenes. Repetitive 
sequences (a sequence present twice or more with a high degree of similarity 
within a large sequence) were detected using the Repseek programme (Achaz 
et al., 2007). PHAST (PHAge Search Tool) (Zhou et al., 2011) tool was used 
to identify the phage regions in the sequenced SAOB genomes. The transporter 
database (Saier et al., 2014) was used to identify the transporter genes in the 
sequenced genomes (V). 

As a following step, functional annotation for all predicted CDSs was 
carried out using different approaches as described in the above sections. 
SignalIP neural network software (Vonheijne, 1986) was used for signal 
peptide prediction and transmembrane regions were predicted through the 
TMHMM server, which analyses the physical constraints of both soluble and 
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membrane-based sequences with up to 90% accuracy (Krogh et al., 2001). 
Predicted genes were also subjected to manual analysis using the MaGe web-
based platform, which provides functional information on proteins that was 
used to assess and correct genes predicted through the automated pipeline. 

Web-based annotation systems 

The first automated systems, MAGPIE (Gaasterland & Sensen, 1996) and 
GeneQuiz (Scharf et al., 1994), were developed to provide biological function 
assignments to the genes. Subsequently, several web-based tools came into the 
field offering a number of services to annotate and analyse the genomic data. 
In contrast to web servers, several semi-standalone systems allow more control 
of the annotation process and unrestricted access to the data with enhanced 
security, but also require computational hardware and necessary expertise to 
integrate the tools within the system. Some of these web-based and stand-alone 
annotation pipelines are listed in Table 5. 

Table 5. List of web-based and stand-alone annotation systems. 

Program Name URL 

BASYs http:/basys.ca/basys/cgi/submit.pl 
RAST http:/rast.nmpdr.org/ 
MaGe http://www.genoscope.cns.fr/agc/microscope 
MAGPIE http:/magpie.ucalgar y.ca/ 
GenDB http:/www.cebitec.uni-bielefeld.de/ groups/brf/software/gendb_info/ 
IGS http:/ae.igs.umar yland.edu/cgi/index. cgi 
JCVI http:/www.jcvi.org/cms/research/ projects/annotation-ser vice 
CGP http:/nbase.biology.gatech.edu/ 
GenePRIMP http:/geneprimp.jgi-psf.org/login 
Integrated  Microbial 
Resource Expert Review 
(IMG-ER) 

http:/merced.jgi-psf.org/cgi-bin/er/main.cgi 
 

xBASE http:/xbase.ac.uk.annotation 
Stand-alone annotation  systems 

NCBI  Prokaryotic 
Genomes Automatic 
Annotation Pipeline 
(PGAAP) 

http:/www.ncbi.nlm.nih.gov/genomes/frameshifts/frameshifts.cgi 

DIYA http:/sourceforge.net/projects/ diyg/ 
Ergatis http:/ergatis.sourceforge.net 
Computational 
Genomics Pipeline 

http:/jordan.biology.gatech.edu/ jordan/software/cg-pipeline 
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Genome-annotation browsers 

Bacterial genome annotations produced using computational pipelines need to 
be reviewed for accuracy and error correction through visualising the sequence 
information. Using a sequence viewer that is characterised to show the 
individual genes based on their sequence often does this work. Some of these 
genome-annotation browsers are listed in Table 6. 

Table 6. List of some genome annotation browsers. 

Browser Name URL 

Artemis http:/www.sanger.ac.uk/resources/software/ artemis/ 
GBrowse http:/gmod.org/wiki/Gbrowse 
Apollo http:/apollo.berkeleybop.org/current/index.html 
CGView http:/wishart.biology.ualberta.ca/cgview/ 
Manatee http:/manatee.sourceforge.net/ 
WebGBrowse http:/webgbrowse.cgb.indiana.edu/cgi-bin/webgbrowse/uploadData 
NCBI Genome-
Workbench 

http:/www.ncbi.nlm.nih.gov/projects/gbench/ 

UCSC Microbial- 
Genome Viewer 

http:/microbes.ucsc.edu/ 

IMG http:/imgweb.jgi-psf.org/archaeal_qa/doc/ findGenomes.html 

 
 MaGe (Magnifying Genomes) system was used in this thesis to perform 

the structural and functional annotation and metabolic pathways analysis for 
the newly sequenced SAOB genomes (I-V). (Vallenet et al., 2013; Vallenet et 
al., 2006). The RAST (Rapid Annotation using Subsystem Technology) 
annotation system was also used to annotate the sequenced genomes, which 
provides the additional facility to correct the annotations which come from 
automated pipeline by ‘walking the genome’ to look for genes that need to be 
deleted, inserted or re-annotated (Aziz et al., 2008). The BASys (Bacterial 
Annotation System) annotation system was also used, which provides 
extensive textual annotation by using a collection of more than 30 programmes 
and results in an annotation output that contains ~60 subfields for each gene 
(Van Domselaar et al., 2005). The Artemis tool was used to visualise genome 
annotations (I-III) to identify the alternative start codon for doubtful CDSs that 
could be predicted by automated annotation pipelines. (Carver et al., 2012; 
Rutherford et al., 2000). Microbial genome annotation with these automatic 
pipelines can also possibly present poor annotation and errors. For this reason 
manual curation was performed to identify and remove these types of 
annotation errors from our newly sequenced and annotated SAOB genomes. 
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4.8 Limitations of biological databases 

There is no doubt that the existing biological databases serve as a great source 
of life sciences information from search areas including genomics, proteomics 
and metabolomics. While acknowledging all these pros of biological databases, 
it should be noted that there are a number of possible cons for reasons such as:  

 The new genomes submitted may have misannotations and errors that 
ultimately propagate into secondary and domain-specific databases 

 The entries in the databases may contain spelling mistakes and can be 
omitted from the search results for example there are 128 proteins in the 
UniProt database that contain the misspelled word ‘syntase’ instead of the 
correct word ‘synthase’ 

 A particular gene in the databases may have more than one product name, 
for example of the current set of 2,696 microbial genome sequences in 
RefSeq, 23,843 are identified by at least two different product names. The 
worse example of this is gene “tnp”, which has 151 different product names 
in the database 

 There can be inconsistencies with the names of the proteins in the database, 
for example there are currently 53,035 proteins in UniProt with a name 
containing two words at the same time ‘name:hypothetical’ AND 
‘name:protein’. Moreover, there are 5,178,212 proteins that contain the 
words ‘uncharacterized’ and ‘protein’, which may be real genes with no 
known function or can be artefacts of gene prediction 

 Several bacterial genomes can have multiple species and strains, which can 
be sequenced and annotated separately by different groups. This may also 
introduce inconsistencies in the biological databases. 
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5 Summary of papers  
This section presents the background, results and discussion of papers 1-V, 
following with conclusions and ends up with future perspectives for the SAOB 
project. 

 

 
 
 

 
 
 
 
 
“Never trust a tall dwarf. He’s lying about something” 
(Solomon Short) 
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5.1 Background 

Today’s industrial society is greatly dependent on energy. There is a growing 
demand for new alternative energy sources other than fossil oil, coal and gas 
because of the depletion of reserves of these fossil fuels at a high rate. In this 
regard, biogas containing energy-rich methane, produced during anaerobic 
degradation of biomass has promising potential to secure future energy supply 
with reduced greenhouse gas emissions (Bauer et al., 2012). Methane is 
formed as the end product during anaerobic degradation of organic material. 
Acetate is the main precursor for methane production during this process and 
can be converted to methane through two distinct pathways: aceticlastic 
methanogenesis and hydrogenotrophic methanogenesis (SAO). The second 
pathway encompasses a two-step reaction in which acetate is first oxidised to 
H2/formate and CO2 by acetate-oxidising bacteria and subsequently CO2 is 
converted to methane in a syntrophic association with hydrogenotrophic 
methanogens. For a long time methane was considered to result only from the 
action of aceticlastic methanogens. In fact, acetate oxidation is a 
thermodynamically very difficult reaction that only proceeds at low hydrogen 
levels. As a result, studies on the operation and optimisation of biogas reactors 
have tended to focus on maintaining the activity of the aceticlastic 
methanogens (Karakashev et al., 2006), with the role of SAO neglected. 
However, the significance of SAO has recently been emphasised in a number 
of studies of methanogenic systems (Sun et al., 2014; Westerholm et al., 2012; 
Hao et al., 2011; Sasaki et al., 2011; Shimada et al., 2011). 

Only a few SAOB have been isolated and characterised and little is known 
about their physiology and biochemistry. Therefore in the work described in 
this thesis, we were interested in research within this area to increase 
understanding of the nature and lifestyle of SAOB. To do this, we sequenced 
three SAOB genomes and performed structural and functional annotations to 
reveal the genomic behaviour of these SAOB genomes (I-III). Subsequently 
we started performing metabolic pathways analysis (IV, V) in order to 
understand physiological attributes such as substrate utilisation, acetate 
transportation, energy conservation, intermediate metabolism and acetogenesis. 

The three SAOB isolates chosen for genome sequencing 
(Tepidanaerobacter acetatoxydans sp. Re1, Clostridium ultunense strain Esp 
and Syntrophaceticus schinkii strain Sp3) have a proven ability to oxidise 
acetate in co-culture in the presence of hydrogen-consuming Methanoculleus 
sp. and have been identified as key organisms for efficient biogas production 
from protein-rich materials (Moestedt et al., 2014; Sun et al., 2013; 
Westerholm et al., 2012; Westerholm et al., 2011a). Determination of the 
whole genome sequence for these SAOB was intended to provide insights into 
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the genetic and biochemical diversity of acetate-oxidising microorganisms with 
the ability to thrive in thermodynamically difficult situations and different 
environmental conditions. 

5.2 Genome assembly 

The comparative assembly approach employed, which combined reference-
guided assembly with de novo assembly, worked well and was used to 
assemble the complete Tepidanaerobacter acetatoxydans genome sequence as 
a single circular chromosome. The resulting genome had a size of 2,761,252 bp 
(IV), which is ~1.3 Kb greater than the other available genome of T. 
acetatoxydans (NC_015519) in the GenBank database. In the case of 
Clostridium ultunense and Syntrophaceticus schinkii, no reference genomes 
were available at the time of study. Therefore using the de novo assembly 
approach, 281 scaffolds with a total size of 6,159,766 (II) and 215 scaffolds 
with a total size of 3,196,921 bp (III) were produced in the form of working 
draft genome sequences. 

The genomes of all Thermoanaerobacterales sequenced to date vary in size 
with the range 1.4 - 3.3 Mb, where Coprothermobacter proteolyticus DSM 
5265 is the smallest and Thermanaeromonas toyohensis ToBE DSM 14490 is 
the largest member of the class. Tepidanaerobacter acetatoxydans and 
Syntrophaceticus schinkii match this range very well, with a size of 2.7Mb and 
3.1 Mb, respectively. 

In contrast to the T. acetatoxydans, S. schinkii and a recently published 
Clostridium ultunense strain BS (3.2 Mb) (Wei et al., 2014) genomes, 
Clostridium ultunense Esp was almost double the size. Some clostridial species 
also have a genome size in this range (C. beijerinckii NCIMB 8052: 6 Mb, C. 
saccharoperbutylacetonicum N1-4(HMT): 6.6 Mb). Using a local BLAST tool 
against the updated 16S rRNA genes database, only one 16S rRNA gene could 
be identified in the sequenced C. ultunense genome. This is in accordance with 
our findings in the wet laboratory, where only one 16S rRNA species was 
identified. On the basis of synteny analysis, the most closely related organism 
to C. ultunense is Alkaliphilus metalliredigens, which also possesses more or 
less the same genome size, number of tRNA genes and protein-coding density 
as C. ultunense Esp (see Table 11 for comparison). However, to confirm the 
assembly one more time, the genome is also being sequenced using Illumina 
HiSeq-2500 mate-pair sequencing with a library size of 3 Kb (data not yet 
analysed). 
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5.3 Genomic features  

Among the total number of predicted ORFs of the three SAOB isolates ~61–
72% have been assigned tentative functions. A comparison of genomic 
statistics for three SAOB genomes with their closely related organisms is 
summarised in Table 11. 

5.3.1 Tandem duplication 

In prokaryotic genomes, operons mostly become into existence through   
clustering of related genes, which also reflect their functional context. Tandem 
duplication of related protein coding genes acts as a driving evolutionary force 
in the origin and maintenance of gene clusters (Reams & Neidle, 2004). It 
occurs frequently and facilitates the organisms in adaptation to a large number 
of diverse conditions in their niche (Romero & Palacios, 1997; Anderson & 
Roth, 1977). Moreover, tandem gene duplication can augment gene expression 
and protein dosage, which can allow cells to proliferate under growth-limiting 
conditions. Tandem duplications of protein coding genes were identified in the 
genomes of the SAOB isolates. The results showed that C. ultunense contains a 
higher gene duplication rate than the other sequenced SAOB genomes and the 
model acetogenic organism. This provides justification for the comparably 
larger size of the organism (Table 7). It also permits adaptation of this 
organism to a wide range of conditions in its competitive environment. 

Table 7. Comparison of tandem duplicated protein-coding genes identified in the sequenced 
SAOB and model acetogenic genomes. 

Organism Genomic regions 
 No. of duplicated 

genes 

T. acetatoxydans Re1  45 126 

C. ultunense Esp  91 221 

S. schinkii Sp3  56 163 

Th. phaeum DSM 12270 59 176 

Moorella thermoacetica ATCC 39073 55 177 

5.3.2 CRISPRs defence system 

CRISPRs (Clustered Regularly Interspaced Short Palindromic Repeats) are 
widespread in many bacterial and almost all archaeal genomes sequenced 
(Horvath & Barrangou, 2010). They can be used to understand the bacterial 
defence mechanism (Barrangou et al., 2007). 
In the genome of T. acetatoxydans, two identified operons are responsible for 
encoding cas proteins (operon 1:TepiRe1_0109-0115, and operon 2: 
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TepiRe1_0129-0134) (IV). The C. ultunense genome harbours three operons 
for encoding cas proteins (operon 1: CULT_210003-210006, operon 2: 
CULT_1190006-11900012, and operon 3: 1170013-1170017). The S. schinkii 
(V) genome contains one operon for encoding cas proteins (SSCH_830002-
830009). This cas/CRISPR system is a prokaryotic defence mechanism, which 
provides immunity against invading mobile genetic elements such as phages 
and plasmids in an RNA interference-like manner. These CRISPR-associated 
sequence (cas) genes are often directly adjacent to the CRISPR loci. These loci 
typically consist of different numbers of non-contiguous repeats with lengths 
ranging from 20 to 47 bp (Haft et al., 2005) and unique spacers of different 
length and sequence between the repeats. Of the total of 2,091 completely 
sequenced prokaryotic genomes deposited in the GenBank database (2012-07-
04), CRISPRs are present in ~55% of bacterial genomes and ~87% of archaeal 
genomes. In all CRISPR-containing organisms the occurrence of CRISPR loci 
ranges from one to 21 and only a small number of organisms (28), including T. 
acetatoxydans, C. ultunense and thermophilic SAOB Th. phaeum harbour 10 or 
more CRISPRs loci, whereas S. schinkii contains 8 CRISPR loci in the 
genome. This may be an indication that these organisms have to cope with 
mobile genetic elements in their particular environment, which results in it 
acquiring a higher number of CRISPR loci in their genomes. Based on this, it 
can also be speculated that the increased size of C. ultunense might be the 
result of the activity of mobile genetic elements, because a large number of 
CRISP loci can be considered to be a sign of a niche where the organism is 
more prone to attachment by mobile genetic elements. 

5.3.3 Phage identification 

The mostly widely accepted paradigm for viral-bacterial interactions was first 
suggested by Thingstad and Lignell (1997), and is termed “phage kill the 
winners”. Based on the ubiquitous presence of these bacterial viruses, it can be 
concluded that they exit wherever bacteria exit. Bacteriophages are found 
commonly in two categories, i.e. virulent or lytic, which kill the host 
immediately, and temperate or lysogenic, which recombine with their host 
DNA and remain dormant, but can cause cell lysis under certain environmental 
conditions. These viruses may have single or double stranded RNA or DNA 
genomes ranging in size from a few thousand to half a million base pairs in 
length (Casjens, 2005). Among the tailed, filamentous, pleomorphic and 
polyhedral bacteriophages, tailed phages are the largest and most widespread 
group (Ackermann, 2001). 
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As mentioned in the previous section, our CRISPR analysis showed that the 
genomes of the sequenced SAOB isolates had acquired more CRISPR loci, 
perhaps to cope with mobile genetic elements due to their microbe-rich 
environment. Related to this, in the complete genome sequence of T. 
acetatoxydans, two tailed phages (temperate) were identified by in silico 
analysis (IV) (Table 8). In our 
first wet-laboratory experiment, 
we also obtained an indication 
for their presence, but this needs 
to be confirmed. These phages 
might impair growth of T. 
acetatoxydans in pure and 
syntrophic culture.  

 

 

 

Figure 16. Graphical illustration of two phage 
regions identified in the complete genome sequence 
of Tepidanaerobacter acetatoxydans Re1. 

One complete set of genes for a phage was also found in the S. schinkii genome 
(Figure 17) (V). The most closely related SAOB Th. phaeum to S. schinkii also 
contains one complete phage genome, which also falls in the small group of 

organisms that acquired higher 
number of CRISPR loci into their 
genomes. No phage region was 
identified in the genome of 
Clostridium ultunense Esp. 

 

 

 

Figure 17. Graphical illustration of a phage region 
identified in the genome sequence of 
Syntrophaceticus schinkii Sp3. 
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Table 8. Statistics on two phage regions identified in T. acetatoxydans strain Re1 genome. 

Start End Length 
Kb 

Total 
proteins  

Phage 
proteins 

Hypothetical 
proteins 

Bacterial 
proteins tRNA Status 

1,075,607 1,111,233 35.6 51 28 22 1 1 Complete 

2,500,103 2,538,024 37.9 49 34 13 2 0 Complete 

However, there is little or no information regarding the impact of viral 
activity on the syntrophic oxidising bacterial community in biogas reactors, 
which might have deleterious effects under certain factors such as pH, 
ammonia concentration or temperature. A thorough investigation is needed to 
determine the role of phages for the biogas reactor SAOB community. 

5.4 Comparative analysis 

5.4.1 COG analysis 

Of the total number of predicted CDSs of each of three SAOB genomes 
identified, it was possible to allocate ~75-81 % to the 21-23 functional COGs 
(I-III), which is in the same range as described for other acetogenic bacteria 
such as Acetobacterium woodii and Moorella thermoacetica. The number of 
genes in four major COG categories, including amino acid transport and 
metabolism, energy metabolism, carbohydrate transport and metabolism and 
inorganic ion transport and metabolism, were found to be high in T. 
acetatoxydans and C. ultunense (Table 9), revealing their efficient carbon, 
amino acid and energy metabolism. This is also an indication of their 
efficiency in utilising nutrients that enable them to survive in different difficult 
situations. In contrast, S. schinkii has comparatively fewer genes for 
carbohydrate transport and metabolism (Table 9), which explains the observed 
inability of this organism to grow apart from on a restricted number of 
substrates, such as ethanol, betaine and lactate (Westerholm et al., 2010). 

The COG analysis conclusively reflected the habitat adaptation of the 
SAOB genomes on account of their competitive environments and also 
confirmed their growth habits and ability for substrate utilisation as previously 
observed by Westerholm et al. (2010) (2011b). 
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Table 9. Comparison of COG analysis for the three newly sequenced SAOB genomes. 

Organism Total COGs 
(%age) 

Total 
No. 

genes 

Amino acid 
transport &  
metabolism 

Carbohydrate 
transport & 
metabolism 

Energy 
production & 
conservation 

Inorganic ion 
transport & 
metabolism 

T. 
acetatoxydans 
Re1  

81.25 2,158 10.80 9.11 5.91 3.87 

C. ultunense 
Esp  

81.41 5,248 10.53 7.08 5.60 6.18 

S. schinkii  
Sp3  

75.07 2,586 9.84 4.00 5.92 5.97 

5.4.2 Synteny analysis  

Phylogenetic analysis revealed that the closest relatives of T. acetatoxydans are 
members of the genera Thermovenabulum, Tepidanaerobacter, and 
Thermosediminibacter (Westerholm et al., 2011b). Synteny analysis again 
confirmed this phylogenetic relationship inferred by 16S rRNA sequence 
analysis. Tepidanaerobacter acetatoxydans has the highest number of 
orthologues (1,294 or 48.72%) relative to Thermosediminibacter oceani 
(Figure 18A) (IV), an anaerobic thermophilic bacterium isolated from marine 
sediment (Pitluck et al., 2010). 

In contrast, synteny analysis of Clostridium ultunense Esp showed no high 
similarity to acetogens and or to sulphate reducers, which share phenotypic 
features, at first glance. Instead, Alkaliphilus metalliredigens appears to be the 
closest relative of C. ultunense, which has the highest number of orthologues 
(2,271 or 35.23%) relative to A. metalliredigens (Figure 18B). Alkaliphilus 
metalliredigens is a strict anaerobic metal-reducing bacterium, which belongs 
to the genus Alkaliphilus, but is only distantly related to other commonly 
studied iron-reducing microorganisms (Ye et al., 2004). All the genes involved 
in the W-L pathway were also identified in the genome. This led us to 
speculate that this organism might also belong to the physiological group of 
acetogens, which might be the reason for the distant relationship to other iron-
reducing microorganisms. 

Synteny analysis confirmed that S. schinkii is the closest relative of Th. 
phaeum by having the maximum number of orthologues (1,788 or 51.90%) 
relative to Th. phaeum (Figure 18C). Both S. schinkii and Th. phaeum, are 
known as SAOB, but differ clearly in their substrate utilisation patterns. 
Moreover, in contrast to the thermophilic Th. phaeum, S. schinkii possesses 
mesophilic characteristics and cannot switch to a chemolithoautotrophic 
lifestyle and use sulphate as a terminal electron acceptor. 
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Moreover synteny analysis was performed for these newly sequenced 
SAOB isolates with SAOB (Th. phaeum), sulphate-reducing bacteria 
(Desulfosporosinus orientis), acetogenic bacteria (M. thermoacetica, C. 
ljundanlii and T. oceani), and A. metalliredigens (Table 10). All of these 
organisms possess diverse abilities, such as SAO, CO2 utilisation through W-L 
pathway and sulphate reduction, but still share 25-50% similarity for both 
genomic organisation and functionality. This may indicate that all these 
organisms have evolved these specific diverse abilities by interacting with 
niche-associated microbes to survive in their specific competitive 
environments. All three-sequenced SAOB showed more similarity to acetogens 
than to each other except for S. schinkii. However, this organism showed the 
second highest synteny to sulphate reducers after its closest relative SAOB 
genome, which was also observed by Müller et al. (2013) on the basis of a 
single fhs gene sequence. 

It has been shown that all the SAOB belong to the physiological group of 
acetogens that are widely distributed in a range of phylogenetic classes where 
acetogenesis appears as a metabolic feature, rather a phylogenetic trait. Besides 
this, SAO is not a common physiological feature of acetogens. This provides 
reason to suggest that the physiological feature of SAO is acquired by these 
SAOB for their habitat adaptation to survive in a specific anoxic and very 
competitive environment. 

Table 10. Comparison of synteny analysis for the genome of the three SAOB isolates determined 
here with thermophlic SAOB (Th. phaeum), sulphate-reducing bacteria (Desulfosporosinus 
orientis), acetogenic bacteria (M. thermoacetica, C. ljundanlii, and T. oceani), and A. 
metalliredigens. 

Organism T. acetatoxydans C. ultunense S. schinkii 

T. acetatoxydans  - 27% 30% 

C. ultunense  43% - 33% 

S. schinkii  35% 25% - 

M. thermoacetica 36% 25% 36% 

T. oceani  49% 20% 29% 

A. metalliredigens  44% 35% 31% 

Th. phaeum 37% 25% 51% 

C. ljundanlii 36% 27% 29% 

D. orientis 38% 31% 37% 
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Figure 18. Synteny-based comparison of A) T. acetatoxydans Re1 genome with that of the closely 
related T. oceani, B) C. ultunense strain Esp genome with that of closely related A. 
metalliredigens strain QYMF and C) S. schinkii Sp3 genome with that of the closely related Th. 
Phaeum. Linear comparison of all predicted gene loci was performed using built-in tool in MaGe 
platform with the synton size of 3 genes. The lines indicate syntons between two genomes. Red 
lines show inversions around the origin of replication. Vertical bars on the boarder line indicate 
different elements in genomes such as pink: transposases or insertion sequences: blue: rRNA and 
green: tRNA. 
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5.5 Phenotypic features 

5.5.1 Sporulation  

All SAOB were shown to be able to form endospores. The master regulator 
Spo0A needed for sporulation (Paredes-Sabja et al., 2014) was identified as a 
single copy in T. acetatoxydans and S. schinkii (TepiRe1_1496, 
SSCH_630004), while C. ultunense possesses two copies (CULT_1250001-
290061), but all three organisms lack genes encoding the phosphorylase 
(Spo0F, Spo0B), as has been observed in other clostridia. 

All the sporulation-specific sigma factors were identified as a single 
occurrence in T. acetatoxydans  (SigE: TepiRe1_1251, SigG: TepiRe1_1252, 
SigF: TepiRe1_1488, SigK: TepiRe1_1533), and S. schinkii (SigE: 
SSCH_460001, SigG:SSCH_1070017, SigK: SSCH_700030), which lacks one 
SigF. In contrast, C. ultunense possesses two occurrences for each sigma factor 
in the genome (SigE: CULT_1130013-310020, SigG: CULT_1130012-
310019, SigF: CULT_1000022-290013 and SigK: CULT_130076-310020) . 

The master regulator plays the central regulatory role in sporulation. It is an 
element of the effector pathway responsible for the activation of sporulation 
genes in response to nutritional stress. Clostridium ultunense Esp uniquely 
contains two copies of this master regulator and all sigma factors, which is not 
common in other SAOB and acetogens sequenced. 

Even though biogas reactors are fed with nutrients and microbes face less 
risk of starvation, these organisms seem to have adapted to their habitat to deal 
with any unfavourable conditions, in which they can survive through forming 
endospores. 

5.5.2 Oxygen tolerance 

The presence of two putative manganese containing catalases and two putative 
rubrerythrin encoding genes in T. acetatoxydans (TepiRe1_0143, 2025, 0311, 
1181), S. schinkii (SSCH_1760003, 2560004, 590006, 180042), and C. 
ultunense (CULT_140064, 10174, 110003, 140065) can be an indication that 
all these three organisms possess the ability to be tolerant to small amounts of 
oxygen, as contained by all sequenced SAOB and certain acetogens (Karnholz 
et al., 2002). 

In biogas reactors, some oxygen tolerance might be advantageous due to the 
brief exposure to oxygen for feeding purposes. The presence of these genes is 
in good agreement with the non-disrupted growth of these SAOB isolates in 
biogas reactor environment. Thus, micro-aerotolerance and adaptation to 
unstable redox conditions is of advantage and gives increased competiveness. 
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5.5.3 Selenocysteine-containing proteins 

Selenium is an essential trace element for many organisms and is present in 
proteins in the form of selenocysteine (Sec) residue (Stadtman, 1996; Bock et 
al., 1991). Sec is known as the 21st naturally occurring amino acid and it is co-
translationally inserted into proteins by recoding opal (UGA) codons. 
Interestingly, most of the organisms that are able to decode Sec use this amino 
acid only in a small set of proteins or even in a single protein. Genes encoding 
key components of Sec-decoding (SelA, SelB, SelC, and SelD) and 
selenouridine-utilising (SelD) machinery are widely distributed in bacterial 
genomes (Zhang et al., 2006). 
Selenocysteine containing proteins were identified in C. ultunense  
(Selenoprotein B: CULT_240034, 490013, 970008) in three occurrences and in 
S. schinkii (Selenoprotein B: SSCH_440005, 960008) in two occurrences but 
seem not to be expressed in the T. acetatoxydans genome. Although all three 
genomes contain a single copy of the L-selenocysteinyl-tRNASec (selA: 
TepiRe1_1824, selA: CULT_160013, selA: SSCH_110006), T. acetatoxydans  
and S. schinkii each also contain a single copy of the selenophosphate synthase 
(selD: TepiRe1_0473, selD: SSCH_970007), and C. ultunense  possesses two 
copies (selD: CULT_1030023, 1300012). Furthermore, S. schinkii contains a 
single copy of the selenocysteinyl-tRNA specific elongation factor (selB: 
SSCH_110004) and C. ultunense possesses two copies (selA: CULT_1030025, 
210029), but it was not identified in the T. acetatoxydans genome. It seems that 
only S. schinkii and C. ultunense have the ability to express selenocysteine 
proteins, while T. acetatoxydans is incapable of expressing these proteins. 

5.5.4 Secretion pathways 

In the Tepidanaerobacter acetatoxydans genome, a total of 628 CDSs were 
predicted to encode proteins having at least one transmembrane helix, 
including 28 putative ATP-binding cassette (ABC) transport systems (Table S2 
in IV), 6 triparite ATP-independent transporters (TRAP) (Table 5 in IV), 9 
secondary sodium/solute transporters ((Table 4 in IV) and 15 putative 
phosphotransferase systems (PTS) (Table S1 in IV) to transport 
phosphoenolpyruvate-dependent sugar and sugar derivatives such as lactose, 
cellobiose, mannose, fructose, sorbose, galacticol, glucitol, sorbitol and N-
acetyl glucosamine (IV). The TRAP transporters might be an adaptation to the 
syntrophic life style of this organism. In contrast, the physiological relatives of 
T. acetatoxydans (M. thermoacetica and A. woodii), harbors only one or none 
TRAP, respectively. 

Syntrophaceticus schinkii contains 123 transporter genes, which are 
distributed into 65 transport systems (Table S1 in V). This is a smaller number 
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than in the model organism for acetogens, M. thermoacetica, which explains 
the heterotrophic growth ability of the organism with a limited number of 
substrates (Westerholm et al., 2010). We were able to identify at least 27 ABC-
type transport systems in S. schinkii (Table S1 in V), but both S. schinkii and 
its most closely related thermophilic SAOB Th. phaeum do not harbour any 
PTS and TRAP transport systems in their genomes. This explains the frailty for 
growth of S. schinkii on sugar and sugar derivatives, as previously reported 
elsewhere (Westerholm et al., 2010). 

It was not possible to identify genes coding for the TAT translocation 
pathway or genes harbouring the N–terminal twin-arginine in the T. 
acetatoxydans. However, S. schinkii and C. ultunense encode TatA and TatC 
proteins (TatA:SSCH_510014, TatC:SSCH_360036) (TatA:CULT_950006, 
TatC:CULT_360037), but both do not have a TatB gene, which is similar case 
to SAOB Th. phaeum, model acetogen M. themoacetica, and Bacillus subtilis, 
where the Tat machinery for protein transport across the inner membrane is 
composed of A and C subunits. Thus TatB-like component is apparently not 
required (Jongbloed et al., 2004). 

5.5.5 Motility 

Previous studies have reported that T. acetatoxydans shows a spinning 
movement, and C. ultunense demonstrates slightly tumbling motility, which 
was confirmed here by the identification of a complete set of flagellum genes 
in their genomes (IV). In contrast, S. schinkii (III) does not contain any 
flagellum-related genes, confirming its observed immobility.  

Motility might be an important factor in explaining how SAOB find their 
methanogenic partner and get into close contact in order to establish an 
efficient syntrophic cooperation. In addition, it plays a role in the organisms 
locating their nutrients in their environment. 
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5.5.6 Substrate utilisation 

Tepidanaerobacter acetatoxydans has the ability to ferment sugar derivatives 
(glucose, fructose, mannose, lactose, cellobiose, and salicin) (Westerholm et 
al., 2011b). This was confirmed here with the identification of all the enzymes 
required for the Embden-Meyerhof-Parnas (EMP) pathway, which are 
organised in three clusters in the genome (IV). All the genes needed for the 
EMP pathway were also found in the S. schinkii genome (V), but this organism 
showed ineptness to grow on sugar and sugar derivates. A possible reason for 
this is the absence of a glucose uptake system in the genome, as confirmed by 
the non-appearance of PTS system genes in the S. schinkii genome (V). 

Tepidanaerobacter acetatoxydans can grow heterotrophically on puruvate, 
malate, citrate, 1,2 propandiol, glycerol and dimethylamin (Westerholm et al., 
2011b). Likewise three potential malate dehydrogenases (TepRe1_0566, 0498, 
1804) and a citratelyase complex (TepRe1_2273-2275) were identified in the 
genome. Tepidanaerobacter acetatoxydans does not contain the classical 
gluconeolytic enzyme fructose-1, 6 bisphosphatase, but instead has a 
pyrophosphate-dependent fructose-6-phosphate-1-transferase (TepRe1_0478) 
in its genome. Tepidanaerobacter acetatoxydans has been shown to grow 
without any supplemental amino acids, which was confirmed here by the 
presence of all genes necessary for biosynthesis of amino acids expect for 
arginine (IV). It was also supported by the COGs analysis results, which 
showed a high number of genes falling into the category of amino acid 
transport and metabolism, explaining very well its slow growth even without 
yeast extract. Thus this organism might need to invest more proteins for 
substrate uptake or protein biosynthesis. 

Syntrophaceticus schinkii can only grow heterotrophically on a restricted 
number of substrates (Westerholm et al., 2010), as was supported by the COG 
analysis (III), which revealed a lower number of genes for carbohydrate 
transport and metabolism (Table 9). 

5.5.7 Intermediate metabolites 

The important precursor (tetrahydrofolate) of W-L pathway could be 
synthesised as a result of two pathways: de novo synthesis or salvage pathway. 
Dealing with this, all the genes required for de novo synthesis pathway were 
identified in Syntrophaceticus schinkii except for one (folA). Though on the 
basis of some similarity of the gene (SSCH_1160025) with dihydropteridine 
reductase [EC 1.5.1.34] from Thermus thermophiles, we speculate that the 
product of this gene can be the alternative of the missing substrate in the 
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genome. In addition, S. schinkii also harbours genes responsible to perform the 
salvage pathway (SSCH_1250009, SSCH_630016-17). 

The two pathways for cobalt insertion are, i.e. the “early ” and the “late” 
cobalt insertion pathways and in S. schinkii one gene is absent for “early” and 
two genes are missing for “late” pathways. Similarly the most closely related 
SAOB Th. phaeum also lacks one gene for “early” and two genes for “late” 
pathways (V). It seems that only “early” cobalt insertion pathway is working in 
S. schinkii, because “late” cobalt insertion pathway needs oxygen to be 
functional. Moreover, due to the absence of heme biosynthesis genes in the S. 
schinkii, apparently the organism is unable to synthesize cytochromes and its 
closely related thermophilic SAOB Th. phaeum also does not contain genes 
that could be involved in cytochrome biosynthesis. 

The genome of T. acetatoxydans does not contain the complete set of genes 
required for syntheses of cobalamin, naphtoate, dihydroopterin, folate, 
pyridoxal-5-phosphate and phosphopantothenate derivatives, which can be the 
explanation of the higher requirements of supplements for this organism during 
laboratory cultivation (IV). 

5.5.8 Energy conservation 
The genomic analysis of sequenced homoacetogenic bacteria has revealed 
different types of possible homoacetogenic metabolisms for energy 
conservation: i) A sodium pumping Rnf complex, ii) cytochromes and 
menaquinone iii) a proton pumping Rnf complex, and iv) hydrogenases and an 
F1F0-type ATPase using the generated proton/sodium gradient, leading to ATP 
formation. Syntrophaceticus schinkii contains genes encoding six subunits of 
the Rnf complex (rnfCDGEAB: SSCH_420047-420053), which is also present 
in many clostridial species, including C. tetani and C. kluyveri, but missing in 
the genome of M. thermoacetica, which produces a proton gradient via 
cytochromes and quinones. Interestingly the closest relative of S. schinkii, a 
thermophilic SAOB Th. phaeum does not harbour an Rnf complex (Table 12). 
Syntrophaceticus schinkii (V) does not harbour cytochromes and quinones, but 
instead it creates a metabolic mechanism for energy conservation by generating 
a proton gradient via the Rnf system, similar to the homoacetogen C. 
ljungdahlii. S. schinkii also contains F1F0-type ATP synthase, which in turn 
could used the membrane potential produced by Rnf complex to generate 
ATPs. In contrast, closely related SAOB Th. phaeum contains F1F0-type ATP 
synthase and, additionally menaquinone-7, which could be involved in electron 
transport and proton translocation (Table 12). 

Clostridium ultunense also possess an energy conservation system similar 
to S. schinkii, by generating a proton gradient via the Rnf system and for use 
F1F0-type ATP synthase was also found in the genome (Table 12). 
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In syntrophic environments, the partner methanogenic archaea also 
conserve energy as part of a membrane-bound electron transport system using 
hydrogenases, which are distinct from the Ech hydrogenase, along with 
heterodisulphide reductase. Although S. schinkii is not an archaeon, it always 
works syntrophically together with this methanogenic archaea to oxidise 
acetate, but it also has two heterodisulphide reductase gene clusters (Table 1 in 
V) that are homologous to the three-subunit heterodisulphide reductase from 
Methanothermobacter marburgensis. 

The T. acetatoxydans genome is differs in term of energy conservation from 
the other sequenced SAOB genomes. An electron transport complex Rnf was 
identified in the T. acetatoxydans genome (IV). The organization of the genes 
(rnfCDGEAB) is similar to that found for a number of Clostridia (Biegel et al. 
2011). This Rnf complex can generate a membrane potential however, for use 
no F1F0 ATP synthase could be identified in the T. acetatoxydans genome 
(Table 12). Instead, two V-ATPases were found in the genome, which in 
prokaryotic organisms consist of nine different subunits. V-ATPases build up 
sodium or proton gradients at the expense of ATP (IV). The closely related 
sequenced T. oceanii also harbours two V-ATPase operons, but the second one 
seems completely absent in the other sequenced homoacetogenic genomes. 

During heterotrophic growth, T. acetatoxydans has the ability to generate 
energy through substrate level phosphorylation, but for acetate oxidation it is 
still an open question how energy is obtained by this organism. In this regard, 
our growth experiment showed that during methane production with a 
syntrophic partner, this organism remains active without showing any further 
growth (Figure 3 in IV). 

A comparison of energy conservation systems in SAOB (T. acetatoxydans, 
C. ultunense, S. schinkii, Th. phaeum) and acetogens (T. oceani, M. 
thermoacetica, C. ljungdahlii, A. woodii) is presented in Table 12. 
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5.5.9 Acetogenesis 

Tepidanaerobacter acetatoxydans is a homoacetogen that has the ability to 
produce acetate as the only end product through the W-L pathway when it 
grows heterotrophically (Westerholm et al., 2011b). This pathway has been 
suggested to be used in reverse for oxidation of acetate in syntrophy with a 
methanogen (Müller et al., 2013; Schnurer et al., 1996). All the genes involved 
in the W-L pathway were found in the genome, and were also previously 
partially identified by Müller et al. (2013) with one exception: no formate 
dehydrogenase was found, confirming the inability of the organism to establish 
an autotrophic lifestyle when grown on CO2 and H2 (Westerholm et al., 2011b) 
(IV). As a consequence of the absence of formate dehydrogenase (Figure 19) 
T. acetatoxydans can oxidise acetate through the W-L pathway in reverse 
direction only to formate and CO2. In this regard the isolated methanogenic 
partner MAB2 has been shown to have the ability to utilise both hydrogen and 
formate (Schnurer et al., 1999). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. The Wood-Ljungdahl pathway with specific Tepidanaerobacter 
acetatoxydans Re1 genes predicted to encode each step in the pathway. 
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 Syntrophaceticus schinkii is also incapable of growing autotrophically on 
H2 and CO2 (Westerholm et al., 2010), although all the enzymes needed for 
this growth through W-L pathway could be identified in the genome (V) 
(Figure 20). We can thus conclude that this SAOB theoretically has the ability 
to grow autotrophically, but we did not observe this ability in the laboratory 
culture. Syntrophaceticus schinkii uses the W-L pathway in reverse to oxidise 
acetate to H2 and CO2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20. The Wood-Ljungdahl pathway with specific Syntrophaceticus 
schinkii Sp3 genes predicted to encode each step in the pathway. 

Interspecies H2 transfer from the fermentative community of bacteria to 
methanogens is of great significance. Accordingly, hydrogenases were 
identified in the genomes of SAOB sequenced here (T. acetatoxydans and S. 
schinkii). Since all the genes have been encoded except for formate 
dehydrogenase, that is not a problem for the methanogen archaea MAB2. It 
was found that the pathway could be used reversely. T. acetatoxydans and S. 
schinkii degrade acetate syntrophically and form H2 and CO2 (and possibly 
formate), which can be used further by the methanogenic partner to form 
methane. The important question here is whether the same enzymes are 
responsible for the reactions in both directions (acetate formation and acetate 
oxidation). On the basis of our analysis, it can be speculated that enzymes such 
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as formate dehydrogenase, CO dehydrogenase and methylene-THF reductase 
can be more interesting due to their significant role concerning energy 
conservation in both directions. 

Clostridium ultunense revealed an ability to oxidise acetate syntrophically 
in the presence of a methanogenic partner, but not all the genes of the W-L 
pathway could be identified in the genome (Figure 21). Thus it is possible that 
this pathway is not used as was assumed for the other SAOB. It appears that 
the sequenced SAOB use different ways to oxidise acetate. It has been shown 
that Thermotoga lettingae, a known SAOB, also does not use the W-L 
pathway. However, comparison to T. lettingae on genome scale was not 
possible because its genome has not yet been sequenced. 

Figure 21. The Wood-Ljungdahl pathway with specific Clostridium 
ultunense Esp genes predicted to encode each step in the pathway. 

5.5.10 Wood-Ljungdahl pathway 

 All the genes involved in the methyl branch of the W-L pathway were found 
as duplicates in the T. acetatoxydans genome, where they are organised in a 
separate cluster (IV), as previously reported by Müller et al. (2013). According 
to preliminary mRNA studies, this cluster may work as an alternative set of 
genes, which are required for the intermediate C1 carbon metabolism, when the 
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W-L operon goes to downregulation. Most of the W-L pathway genes were 
encoded only once in the S. schinkii genome (V). 

Comparison of W-L pathway genes represented in the operon of the SAOB 
genomes (S. schinkii, T. acetatoxydans, Th. phaeum) and acetgogens (M. 
thermoacetica, A. woodii) showed clearly that the organisation of the S. 
schinkii operon is strictly identical to that of its most closely related SAOB, Th. 
phaeum (Figure 22). Moreover, more genes of the W-L pathway are organized 
in the three SAOB genomes, whereas in acetogens these genes are dispersed 
over the genome. 

The formation of the W-L pathway operon showed clearly that the genomes 
of the three-compared SAOB are more similar in their organisation of the W-L 
pathway genes as a single operon, in contrast to acetogens. This more compact 
organisation of genes in SAOB might play an important role in syntrophic 
acetate oxidation by using the W-L pathway in reverse, which has not been 
observed for acetogens. 

 
Figure 22. Comparison between the W-L pathway gene clusters from SAOB (S. schinkii, T. 
acetatoxydans, Th. phaeum) and those from the acetogens (M. thermoacetica, A. woodii). cooC, 
CODH accessory protein; acsA, CODH/ACS complex, CODH subunit; acsB, CODH/ACS 
complex, ACS subunit; acsC, corrinoid iron-sulphur protein large subunit; acsF, CODH accessory 
protein similar to CooC; acsD, corrinoid iron-sulfur protein small subunit; acsE, CODH/ACS 
complex, methyltransferase subunit; hdrA, heterodisulphide reductase; metF, methylene-
tetrahydrofolate reductase. 
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“There is no such thing as absolute truth. That is absolutely true”  
(Solomon Short) 
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6 Conclusions 
Three genomes of SAOB isolates were sequenced in this thesis using Ion 
Torrent technology. One complete genome as a single circular chromosome 
was produced using the combined approach of de novo and mapping assembly, 
while two working draft genomes were generated using the de novo assembly 
approach. All three genomes of SAOB isolates differ in size, but contain genes 
for all essential functions that are required for a free-living life style and also 
acquired some specific genes related to their habitat adaptation, e.g. genomic 
analysis of the three sequenced SAOB revealed their habitat adaptation of 
acquiring more CRISPR loci to strengthen their defence mechanism against 
possible attack by mobile genetic elements in their specific microbe-rich 
environment. 

The presence of all the enzymes required for the Embden-Meyerhof-Parnas 
(EMP) pathway in the T. acetatoxydans genome confirmed its ability to grow 
with sugar and sugar derivatives. In contrast, all the genes needed for EMP 
pathway were also found in the S. schinkii genome but the absence of PTS 
system in the organism justify its inability to grow with sugar and sugar 
derivatives. 

Genome scale analysis indicated that the three sequenced SAOB use 
contrasting strategies for SAO: T. acetatoxydans possesses all genes involved 
in the W-L pathway with one exception (formate dehydrogenase) and therefore 
requires a syntrophic formate-utilising methanogenic partner; S. schinkii 
possesses the complete set of genes required for the W-L pathway to oxidise 
acetate in the presence of a hydrogen-utilising methanogenic partner; and C. 
ultunense uses different ways to oxidise acetate, because it does not contains 
the complete set of genes responsible for the W-L pathway. Moreover, the 
three SAOB are different from each other as regards the organisation of the W-
L pathway genes operon. 
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Genomic scale comparison revealed that S. schinkii and C. ultunense 
possess a similar energy conservation system by generating a proton gradient 
via the Rnf system and for use both also possess F1F0-type ATP synthase. In 
contrast T. acetatoxydans surprisingly does not contain F1F0-type ATP 
synthase and instead possess two V-ATPase operons, which build up sodium 
or proton gradients at the expense of ATP. 
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7 Future perspectives  
 
The results presented in this thesis provide a genomic picture of syntrophic 
acetate-oxidising bacteria. The genomic behaviour and features underlying 
syntrophic growth, substrate utilisation, energy conservation, defence and 
habitat adaptation described in this thesis can be used as milestones for further 
development to understand the syntrophic lifestyle more deeply. They also 
provide a platform within which to investigate the use of sequenced SAOB in 
biogas reactors for bio-fuel (methane) production. 

The successful use of microorganisms in biogas reactors requires a 
thorough understanding of the processes and modes of action underlying their 
ability to directly and indirectly perform their role in syntrophic biomass 
degradation. The use of RNA sequencing (RNA-seq) analysis for identifying 
these essential building blocks of biogas-producing bioreactors will provide a 
valuable snapshot of RNA presence and quantity in a genome at a given 
moment in time. However, because the transcriptome of a cell is dynamic, it 
continually changes, as opposed to a static genome. 

Moreover, sequenced SAOB isolates grow in different environments and in 
different ecological settings for example, how their metabolism and gene 
expression patterns change when as a acetogen play a role in a microbe-
community or as a syntrophical role with their methanogenic partner that can 
act as a H2/formate sink. In turn, proteomic and microarray studies should help 
us to improve the annotation of the genomes, by allowing us to identify 
specific biochemical functions and metabolic role of genes of unknown or 
partially known function. 

In addition, to expose the co-related genes that might be involved in 
acetate-oxidation metabolism by using W-L pathway in reverse direction, co-
relation network analysis will be crucial. This analysis will allow us to identify 
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the co-regulated genes of W-L pathway to understand their functional roles for 
syntrophic acetate oxidation. 

The results presented in this thesis provide information about the possible 
threat to biogas reactors arising from the presence of viral genomes, which can 
become active and disturb the biomass degradation process under specific 
conditions. A comprehensive study is required to investigate the possible role 
of these ‘killers of the winners’. 
  

 94 94



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“I am all in favour of keeping dangerous weapons out of the hand of fools. 

Let’s start with typewriters.”   
(Solomon Short) 
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