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ENGLISH SUMMARY 

Biogas production from wastewater streams represents a resource for replacing fossil 

fuels while minimising the cost and energy needs for waste treatment. This is a central 

part of the bio-refinery view of wastewater treatment plants and have the potential to 

turn them into small power plants as an alternative to costly treatment facilities. It is 

widely believed that we need to advance our understanding of the microbes to fully 

realise this potential and improve the performance of the underlying biological 

processes. To determine whether this is a feasible strategy, we need to grasp how 

many organisms we need to know. What organisms are present? and are the same 

bacteria present in all reactors? Alternatively, do they differ between different 

reactors and why? Beyond identification, we also need to establish the functional 

roles of the different microbes within the anaerobic digesters. 

The aim of this project was to establish an overview of the microorganisms in Danish 

digesters treating primary and surplus sludge at wastewater treatment plant with a 

focus on novel microbes. In particular, the objectives were to identify novel and 

uncharacterised microorganisms important for the processes and then obtain their 

genomic information to serve as a basis for future investigations. 

We analysed the microbial community composition in 32 full-scale anaerobic 

digesters using 16S rRNA gene amplicon sequencing. The reactors were sampled 

during a six-year period and we used influent samples to distinguish between 

microbes that were actively growing and the ones that were influent related. This 

analysis provided evidence for a short list of “most wanted” organisms that made up 

the majority of the biomass. To improve the discovery beyond PCR biased amplicon 

sequencing, we developed and tested methods for obtaining full-length SSU 

sequences directly from rRNA. This provided evidence for many novel bacterial 

sequences within anaerobic digesters even from a single sample and holds the 

potential to expand the reference databases dramatically. Based on the 

comprehensive survey we identified targets for genome recovery and developed the 

“mmgenome” toolbox to support reproducible genome binning. Using this tool, we 

successfully retrieved the first genomic information for members of the Hyd24-12 

phylum (now Fermentibacteria), as well as a novel genus within the family 

Anaerolineaceae.   
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DANSK RESUME 

Biogasproduktion fra spildevand repræsenterer en ressource til at erstatte fossilt 

brændsel samtidig med at det minimerer udgifterne og energibehovet til 

spildevandsbehandling. Biogassen er en central del af den fremvindende ”bio-

refinery” tankegang for renseanlæg og har potentiale til at ændre dem fra 

omkostningstunge renseanlæg til små kraftværker. Der hersker en udbredt enighed 

om at der er et behov for at øge vores forståelse for mikroorganismerne for at forbedre 

performance for de underliggende biologiske reaktioner. For at vurdere hvorvidt det 

er en realistisk strategi er vi nødt til at bestemme hvor mange forskellige organismer 

vi skal lære at kende. Hvilke mikroorganismer er tilstede? og er det de samme i alle 

anlæg? Alternativt, er der forskellige arter i forskellige rådnetanks reaktorer? 

Målet med dette projekt var at etablere et overblik over mikroorganismerne i Danske 

rådnetanke ved renseanlæg hvor de behandler primært og sekundært slam. Dette med 

et fokus på opdagelse af hidtil ukendte bakterier. Vigtige delmål var at identificere 

ukendte og ubeskrevne mikroorganismer, der er vigtige for processerne og 

fremskaffe deres genetiske information, som kan danne grundlag for fremtidige 

studier. 

Vi analyserede sammensætningen af de mikrobielle samfund i 32 fuldskala 

rådnetanke ved hjælp af amplikon sekventering af 16S rRNA genet. Der var taget 

prøver fra reaktorerne gennem en seks årig periode og vi analyserede indløbsprøver 

for at belyse hvilke mikroorganismer, der groede aktivt og hvilke, der bare kommer 

med ind i indløbet. På baggrund af denne analyse fandt vi at en kort liste udgjorde 

langt størstedelen af biomassen. For at forbedre mulighederne for at opdage nye 

mikroorganismer uden PCR bias udviklede og testede vi en metode til at bestemme 

fuldlængde ribosomale RNA sekvenser. Denne analyse indikerede at der selv i en 

enkel prøve fra rådnetanke er ukendt diversitet nok til at udvide de eksisterende 

databaser drastisk. Baseret på den omfattende karakterisering af mikrobiologien i 

danske rådnetanke identificerede vi vigtige organismer for hel genom sekventering 

og udviklede ”mmgenome” værktøjet til at supportere reproducerbar genom binning 

fra metagenomer. Ved hjælp af dette værktøj opnåede vi at hive den genomiske 

information ud af metagenomer for medlemmer af Hyd24-12 rækken, som vi har 

navngivet Fermentibacteria såvel som for et hidtil ukendt genus af Aanaerolineaceae 

familien. 
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CHAPTER 1. INTRODUCTION  

Burning of fossil fuels have powered the industrial revolution and accelerated the 

technological development. However, along with the benefits from this rapid 

development comes the problems with pollution, health risks, climate change and 

resource limitations in a closed system when burning the carbon energy deposits 

accumulated over millions of years (Schellnhuber et al., 2016). In addition, the fossil 

energy deposits are not evenly distributed and thus not matching the demand in the 

local regions. This poses a threat to the global economy as political instabilities in the 

countries with large production of conventional energy can trigger shocks in the 

global markets or even military action (Bentley, 2002). 

Awareness of the need for sustainability and a circular economy, has spurred the 

interest for alternative sources of energy and better use of existing resources through 

recovery and recycling (Rogelj et al., 2016). Biogas production from biological waste 

products such as manure, food waste, and wastewater have the potential to fit both of 

these needs as it turns carbon waste streams into valuable energy stored as methane 

that can be utilised as a replacement for fossil fuels in the existing infrastructure. Bio 

energy is already widely used as an important piece in the sustainability puzzle but 

does still have potential for further development (Weiland, 2010). 

Biogas production from wastewater has benefits that go beyond mere energy 

production. The carbon and nutrient removal in conventional aerobic wastewater 

treatment plants is extremely important to avoid eutrophication of receiving waters 

but the energy demand due to the need for aeration is extremely costly. Wastewater 

treated anaerobically does thus not just produce energy; it also saves energy for 

aeration in the conventional treatment process and anaerobic digesters are thus 

considered a central part of modern wastewater treatment (Figure 1). It is believed 

among researchers and the industry that wastewater treatment can become at least 

energy neutral or even act as a net energy producer with biogas production from 

anaerobic digestion effectively making the facility a power plant (Jenicek et al., 2013; 

McCarty et al., 2011; Hughes, 2015). In addition, the reduced sludge volume makes 

it cheaper to transport and get rid of the final product now enriched in nutrients such 

as nitrogen and phosphorus, thereby increasing its value as fertiliser (McCarty et al., 

2011). Pathogens in the wastewater pose a threat to human health as microbes from 

e.g. excrements can cause serious infections that need antibiotic treatment. Anaerobic 

digestion has shown potential for effective removal of certain human pathogens such 

as E. coli and Salmonella spp. especially in thermophilic reactors, whereas they might 

survive in mesophilic reactors where the temperatures are similar to that of the human 

body. This is especially important if the remaining sludge is to be used as a fertiliser 

on farmland (Chen et al., 2012; Smith et al., 2005; Watanabe et al., 1997).  
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Figure 1 Anaerobic digestion is considered a central part of a modern wastewater treatment 
plant as it can deliver biogas, bioplastics, and fertilisers while reducing the sludge volume 
(Source www.billundbiorefinery.dk/en/). 

1.1. ANAEROBIC DIGESTION 

Biogas production relies on a multifaceted set of microbes to orchestrate the biological 

conversion of complex biomolecules into methane. This conversion happens as a four-

step process beginning with the hydrolysis of proteins, carbohydrates and lipids into 

sugars, amino acids and fatty acids (Figure 2). These molecules are fermented into 

volatile fatty acids in the acidogenesis and the produced acids are then converted into 

acetate in the acetogenesis. The acetate as well as the produced hydrogen and carbon 

dioxide is finally converted into methane in the methanogenesis via either the 

acetoclastic or hydrogenoclastic pathway (Saady, 2013). Depending on the partial 

pressure of hydrogen, microbes might also be able to shift between the two paths to 

methane through syntrophic acetate oxidation or homoacetogenesis (Sun et al., 2014; 

Saady, 2013). 

As no single microbe has been found to carry out the entire process, biogas production 

relies on well-balanced interactions between groups of microorganisms spanning both 

the bacterial and archaeal domain. Bacteria are involved in the first three steps of the 

conversion whereas archaea are solely responsible for the methane production, as no 

methane-producing bacteria have been identified yet. Organisms capable of some of 

these reactions and their tight syntrophic interactions have been demonstrated in lab 

cultures (Patel and Sprott, 1990; Yamada et al., 2006). However, the responsible 

organisms working at full-scale complexity were often poorly characterised or 

completely unknown (Weiland, 2010).  A number of studies have therefore sought to 

describe the microbial communities in full-scale anaerobic digesters using DNA based 

surveys and by recovery of genomes from some of these organisms (Sundberg et al., 

http://www.billundbiorefinery.dk/en/
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2013; Vrieze et al., 2015b; Treu et al., 2016; Vanwonterghem et al., 2016). It is widely 

believed that an improved biological understanding of the identified organisms is 

going to help ensure that the biological process runs well in an engineered system. 

The direct benefits will be the increase in both process performance and stability 

(Vanwonterghem et al., 2014; Carballa et al., 2015). Fundamental knowledge of 

hitherto uncharacterised microorganisms will be obtained as an extra benefit from the 

process of optimising performance from biological insight by adding some new 

entries to the microbial encyclopaedia and expanding what is already known about 

the microbial tree of life and microbial ecology (Rinke et al., 2013). The microbial 

surveys of anaerobic digesters have highlighted that we know little or nothing about 

many of the bacteria present in these systems or their interactions with other microbes 

(Sundberg et al., 2013; Vrieze et al., 2015b). 

 

 

Figure 2 Conversion of complex biomass into methane and carbon dioxide involves four steps 
hydrolysis, acidogenesis, acetogenesis and methanogenesis. Methane is created through two 
different pathways depending on the microbes present and bacteria can shift between the 
pathways by performing either acetate oxidation or homoacetogenesis. Adapted from (Saady, 
2013). 
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1.2. AIM 

The aim of this project was to discover novel abundant microorganisms in anaerobic 

digesters at wastewater treatment plants and obtain their genomes as a basis to 

describe their functional potential and ultimately understand their role in the 

ecosystem. More specifically the two main objectives of this work can be stated: 

1. To identify novel and abundant microorganisms that are active in anaerobic 

digesters through a survey spanning multiple plants and years to make a 

prioritised “most wanted list”. 

2. To obtain genomic information for the high priority target microbes in 

anaerobic digesters through binning of sequencing data from metagenomes 

and subsequent metabolic reconstruction. 
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1.3. IDENTIFICATION OF TARGET MICROBES IN ANAEROBIC 
DIGESTERS 

Microorganisms have been studied extensively since their discovery in the 17th 

century and the techniques have changed dramatically from “simple” morphology 

based microscopy to whole genome sequencing, gene expression profiling, and DNA 

based identification of individual cells. The methods are thus providing information 

with increasing resolution and often proving that microbes are far more capable and 

complex than we previously imagined (Gest, 2004; Koch et al., 2014; van Kessel et 

al., 2015; Daims et al., 2015).  

1.3.1. RAPID IDENTIFICATION OF MICROBES 

The current standards provide identification within a few days of all microorganisms 

in complex samples. This is achieved through DNA sequencing of marker genes that 

are classified based on curated reference databases to reveal the composition in many 

samples with high throughput (Caporaso et al., 2011). This type of microbial analysis 

have been used in the context of anaerobic digestion to identify the key organisms 

involved in the processes and to assess whether these were shared among different 

reactors independently of location providing a basis for generalised biological insight 

(Rivière et al., 2009).  

The analysis of archaea and bacteria involved in the anaerobic digestion relies on 

sequencing of the universal 16S rRNA gene that contains regions with evolutionary 

divergence as well as more conserved regions that make up primer targets for 

producing amplicons (Woese and Fox, 1977; Ashelford et al., 2005).  The short read 

length of the most common DNA sequencing platforms have limited high-throughput 

analysis of complex samples to include only a subset of the 16S rRNA gene. Thus 

only covering one or a few of the variable regions. The lack of a perfect region for 

covering all organisms has led to studies applying different primers and thus 

introducing different PCR biases that make comparison between studies less tractable 

(Klindworth et al., 2013).  

1.3.2. LINKING SEQUENCES WITH NAMES 

The link between the DNA sequence from an amplicon and a biological name is 

provided by the comparison with a curated taxonomy. However, there is currently no 

consensus on how this should be developed and maintained and there are thus a 

number of alternative reference databases (Silva, RDP, Greengenes and NCBI) 

providing different names for the same DNA sequences (Mcdonald et al., 2012; Quast 

et al., 2013; Cole et al., 2009; Federhen, 2012). A stable link between sequence and a 

name is key to biological understanding as it allows researchers to draw upon the pool 

of existing knowledge about the organisms (McIlroy et al., 2015). To benefit from 

this link it is vital to get taxonomic classifications with a resolution that ensures that 
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at least some phenotypic features are conserved within the phylogenetic group. To 

match this criteria classifications to genus or species level is needed whereas higher 

level classifications are less likely to show trait conservation within the groups 

(Martiny et al., 2013). 

1.3.3. COMPARISON BETWEEN STUDIES 

The use of different DNA extraction protocols, primers and reference databases have 

been a problem in the context of anaerobic digestion where it makes it difficult to 

compare findings between studies and generalise knowledge (Table 1) (Debelius et 

al., 2016). In addition, the introduction of active biomass into biogas reactors poses 

the question of whether detected organisms are active, dead or dormant. DNA can be 

extracted and amplified by PCR from cells in all of these stages but that does not mean 

that the organisms attribute to the function of the process. Solutions to inhibit PCR 

from dead cells using chemical addition and light activation have been suggested. 

However, they were found not to be suited for complex and dark samples such as 

anaerobic digester sludge due to limited penetration and complex interactions 

(Wagner et al., 2008). The problem of inactive organisms has been identified in 

engineered biological treatment systems including anaerobic digesters using 

microbial analysis of influent streams as an indicator of whether organisms are 

actively growing in the system (Saunders et al., 2015; Mei et al., 2016).  

The use of different protocols for characterisation of microbes in anaerobic digesters 

hampers the establishment of general knowledge, as findings in one study are often 

impossible to validate with another. Surveys of anaerobic sludge digesters applying 

16S rRNA gene amplicon sequencing has led to the current consensus that 

microorganisms are generally shared among different plants with similar 

configuration (Rivière et al., 2009; Sundberg et al., 2013; Vrieze et al., 2015b). 

Furthermore, it has provided insight into the main players of anaerobic digestion at 

full-scale. Revealing the acetoclastic genus Methanosaeta as the dominant group of 

methanogens, followed by lower abundances of hydrogenoclastic methanogens such 

as Methanobrevibacter, Methanobacterium, Methanoculleus and others. Most 

archaeal OTUs had close matches in the databases and thus received genus level 

classification for most of the sequences  (Rivière et al., 2009; Sundberg et al., 2013; 

Vrieze et al., 2015b). However, the bacterial communities have presented more novel 

sequences and a larger fraction, 73% (Sundberg et al., 2013) and 67% (Vrieze et al., 

2015b), of the reads were not assigned a genus level classification compared to only 

3% of the archaeal reads (Sundberg et al., 2013). The lack of a genus name for the 

bacteria makes it impossible to establish the link between the sequence information 

and previous knowledge obtained from other studies as the conservation of traits is 

less pronounced at higher taxonomic levels (Martiny et al., 2013).  

To mitigate the problems with poor classifications of bacterial OTUs and incoming 

microbes in anaerobic digesters we have analysed the microbial community 
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composition of more than 300 samples from thirty-two anaerobic digesters during six 

years along with the samples from the influent streams of primary and surplus sludge 

(Paper 1). We have used the most abundant OTUs from this comprehensive microbial 

analysis in the anaerobic digesters to guide an extensive curation of the Silva 

taxonomy to expand our similar efforts from activated sludge, namely the MiDAS 

database (Paper 2). With this work, we have been able to classify 80% of the bacterial 

and more than 90% of the archaeal reads to the genus level and identify organisms 

such as Microthrix and Tetrasphaera that were clearly influent derived and likely 

inactive in the digesters (Paper 1 & 2). Our survey confirms the separate clustering 

of samples from the different reactor conditions (Figure 3) and indicate that the 

microbial communities were dominated by less than 300 OTUs that account for 80% 

of the reads (Paper 1).  

The dominant methanogens in the mesophilic reactors were Methanosaeta followed 

by hydrogenoclastic methanogens such as Methanolinea, Methanospirillum and 

Methanobrevibacter. The thermophilic reactors were dominated by 

Methanothermobacter followed by Methanosarcina (Paper 1). The most abundant 

bacteria in the mesophilic reactors were the previously uncharacterised T78 phylotype 

belonging to Chloroflexi accounting on average for 2-13% of the reads in the 

anaerobic digesters indicating an obvious target for further studies. The thermophilic 

reactors had a high abundance of the G35_D8 phylotype, which represented on 

average 4-9% of the reads and thus represents another target for further studies (Paper 

1). To allow for comparison between the microbial analysis of sludge digesters and 

the extensive collection of data from activated sludge systems we have used the same 

DNA extraction kit, primers, PCR settings as provided by the MiDAS initiative to 

characterise the bacterial community (Albertsen et al., 2015; McIlroy et al., 2015). 

We also tested multiple primer pairs for targeting the archaea and evaluated their 

performance based on a comparison to a PCR free metagenome dataset.  
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Figure 3 “Principal component analysis of the bacterial communities analysed in this 

study highlighting samples by process type information. Mesophilic (), thermophilic 

(), and mesophilic with thermal hydrolysis pre-treatment ( THP), primary sludge 

(), and surplus sludge ()” (Paper 1). 
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Table 1 Overview of some of the differences in community profiling of anaerobic digesters that 
make comparison between studies flawed. *”Universal” means that the primers should target 
both bacteria and archaea. 

Target DNA extraction PMA Region Database Reference 

Bacteria and 

archaea 

separately 

Fast DNA SPIN 

Kit for Soil 

no bV1-V9 RDP (Ariesyady et al., 

2007) 

aV1-V9 

Bacteria and 

archaea 

separately 

Enzymatic lysis, 

phenol/chloroform 

no bV1-V8 RDP  (Rivière et al., 

2009) 

aV1-V8 

Bacteria Phenol/chloroform 

method 

no bV1-V2 Greengenes (Werner et al., 

2011) 

Bacteria PowerSoil DNA 

extraction kit 

no bV1-V3 RDP (Lee et al., 2012) 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V6-V8 Greengenes (Ho et al., 2013) 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V3-V4 RDP (Sundberg et al., 

2013) 

“Universal” PowerSoil DNA 

extraction kit 

no V3 RDP,SILVA, 

Greengenes 

(Kougias et al., 

2014) 

Bacteria and 

archaea 

separately 

E.Z.N.A Soil 

DNA kit 

no bV1-V3 SILVA (Yu et al., 2014) 

aV3-V5 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V4-V6 Greengenes (Narihiro et al., 

2015) 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V4 Greengenes  (Vrieze et al., 

2015b) 

Archaea PowerSoil DNA 

extraction kit 

no aV1-V2 NCBI (Wilkins et al., 

2015) 
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Bacteria and 

archaea 

separately 

PowerSoil DNA 

extraction kit 

no bV1V3 

 

Greengenes  (Abendroth et al., 

2015) 

 

aV3-V6 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V5-V6 SILVA  (Vrieze et al., 

2015a) 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V4-V5 Greengenes  (Mei et al., 2016) 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V4 Greengenes (Mosbæk et al., 

2016) 

“Universal” Fast DNA SPIN 

Kit for Soil 

no V4 Greengenes, 

RDP and NCBI 

(Seib et al., 2016) 

 

1.3.4. DISCOVERY OF NOVEL ORGANISMS 

To discover novel organisms it is important that identification methods do not rely too 

heavily on prior knowledge. This is an inherent problem when it comes to amplicon 

sequencing as it relies on primers designed based on what is already known and 

present in the reference databases. Databases from which we already know that 

primers cannot be designed to be truly universal (Klindworth et al., 2013). The 

sequences deposited in the reference databases are mostly PCR derived and it is thus 

likely that the conservation of primer sites is overestimated (Brown et al., 2015). 

To circumvent this, we have developed a method that allows the sequencing of the 

16S rRNA gene sequence without the need for primers and through molecular tagging 

also allows the sequencing of not just a fragment, but the entire sequence spanning all 

the variable regions on short read sequencers (Paper 4). Furthermore, we 

demonstrated a solution using the molecular tags to sequence the entire 16S rRNA 

gene and provide high accuracy sequences by consensus sequencing on the error 

prone long read sequencer MinION. These methods, provides a solution with much 

better taxonomic resolution, due to the increased sequence length and comes with no 

discovery bias, as no prior information about the sequence composition is needed. In 

addition, this method also provides sequences from all the three known domains of 

life unlike the “universal” primers that generally targets subsets of bacteria and 

archaea but misses eukaryotes (Table 1) (Karst et al., 2016a). We demonstrated this 

method in an anaerobic digester among other environments (Figure 4), and found that 
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even in just one sample there is considerable bacterial diversity without close matches 

in the reference databases supporting the need for additional reference sequences. 

 

Figure 4 Sequence identity (%) to the best match between the full-length SSU 

sequences obtained from the different environments to the Silva database for Archaea 

(A), Bacteria (B), and Eukarya (E). Each point represents a SSU sequence  (Karst et 

al., 2016a). 

To obtain novel genomes efficiently it is key to use the above-mentioned techniques 

to identify samples enriched with novel microorganisms using high throughput 

screening. Such screenings will also contribute to improve the general census about 

microbes and more specifically in anaerobic digesters to establish the list of important 

organisms (Schloss et al., 2016; Rivière et al., 2009). 

1.4. GENOME RECOVERY FROM ANAEROBIC DIGESTERS 

Following the identification of samples with novel and active target organisms, it is 

necessary to employ strategies and tools to obtain the genomes from the complex 

mixtures of organisms (Figure 5). This has led to two very different strategies 

enrichment towards ultimately isolation in the lab or sequencing of DNA from a 

mixed community and subsequent isolation of the sequences using bioinformatics. 
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Figure 5 Framework for identifying novel microorganisms and studying their way of 

life through a genomic approach.  

1.4.1. PURE CULTURE AND SINGLE CELL SEQUENCING 

Classical microbiology has relied on isolation of microbes into pure culture and since 

the first bacterial genome was sequenced in 1995 plenty of microbial genomes have 

followed and it is now routine to sequence pure culture genomes  (Fleischmann et al., 

1995; Fraser et al., 1995; Land et al., 2015). However, even though many organisms 

can now be cultured in the lab using various strategies to mimic the environment it is 

still very time consuming and somewhat luck based (Stewart, 2012). 

The need for genomes without the requirement for culturing has spurred the 

development of single cell sequencing techniques to obtain genomes from mixed 

cultures relying on enrichment of the target species by sorting of cells and colonies or 

even sequencing the DNA of a single cell (Blainey, 2013; Lim et al., 2015). However, 

this process is also relatively time consuming and the estimated completeness of the 

genomes derived with these methods is often very low with a notable risk of 

contamination (Parks et al., 2015; Blainey, 2013).  

1.4.2. GENOME RECOVERY FROM METAGENOMIC SEQUENCING 

Metagenomic sequencing is an alternative approach to obtain genomes, from a 

complex sample, without the need for tedious and time-consuming enrichment in the 
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lab. DNA from all the organisms is sequenced, assembled and subsequently separated 

into the original genomes in a process termed genome binning. The first genomic 

binning strategies relied on species-specific signatures in the DNA such as GC 

content, k-mer distributions etc. (Mande et al., 2012). However, the real breakthrough 

in recovery of genomes from metagenomic sequencing came with the sequence 

independent binning utilising the relationship between abundance of an organism and 

sequence coverage in multiple samples (Figure 6) (Sharon et al., 2013; Albertsen et 

al., 2013). This has led to a dramatic increase in available software tools that allow 

supervised to completely automated binning of metagenomic data into genomes based 

on differential abundance in multiple samples (Karst et al., 2016b; Imelfort et al., 

2014; Alneberg et al., 2014; Kang et al., 2015). However, with the explosion of 

genome bins derived from metagenomic sequencing there is a need for quality control 

to ensure that the databases are not flooded with incomplete and contaminated 

genomes (Parks et al., 2015). The quality control often depends on “universal” single 

copy genes that can be used to estimate completeness and in the case of duplicate 

genes indicate contamination (Parks et al., 2015). Metagenomic surveys of anaerobic 

digesters have deposited genome bins to the public databases with very varying 

quality determined by these methods and completeness estimates spanning from 8-

100% as well as contamination levels from 0-2902% (Table 2). This observation 

highlights that the genome quality problem is very real if genome references should 

be a resource to the scientific community (Parks et al., 2015; Markowitz et al., 2015). 

 

Figure 6 Concept of genome recovery from complex samples. Metagenomic 

sequencing, assembly, read mapping and coverage based genome binning. 

The genome bins often consists of multiple contigs or scaffolds rather than a single 

contiguous sequence. This fragmentation of the genome sequence is the result of a 

number of problems with metagenomic sequencing for instance the short read lengths 

of the most common sequencing platforms. When the short reads do not span repeat 

regions they cannot resolve where the individual contigs should be connected 

(Alneberg et al., 2014; Williamson et al., 2016). To circumvent this problem a 
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multitude of methods have been developed, it is possible to provide linking 

information between contigs using mate-pair sequencing, make artificial long reads 

or even simply read longer fragments of DNA (Mardis, 2013; Eisenstein, 2015). These 

long read and hybrid approaches have shown promising results for closing genomes 

in pure and simple cultures (Loman et al., 2015; Daims et al., 2015). However, data 

generation from the first iterations have not been enough for tackling complex systems 

yet and the current iterations still have to prove their worth in the field (Jain et al., 

2016).  

Following the retrieval of genomes from novel organisms in complex settings, it is 

important to test and validate the findings from the genomic potential. Even though it 

is at present difficult to obtain completely finished genomes, high quality genome bins 

have been powerful for generation of hypotheses about their metabolism for further 

testing in complex settings as well as used to design DNA probes for visualisation in 

situ (Sekiguchi et al., 2015; Kirkegaard et al., 2016). The visualisation can be 

complemented using a suite of isotope labelling techniques to help assist in the process 

of determining who eats what, where and when (Neufeld et al., 2007). 

Automated coverage binning solutions use statistical power to separate genomes and 

thus need many related samples with different abundance patterns, demonstrated for 

11+ samples (Alneberg et al., 2014; Imelfort et al., 2014; Kang et al., 2015). However, 

in many cases that amount of samples will be difficult or too expensive to get and 

sequence. In addition, small contigs with repetitive elements such as the 16S rRNA 

gene will have coverage profiles that are considerably off and are thus often missing 

in the bins produced by unsupervised methods. We have developed the mmgenome 

package that allows visual coverage binning of genomes from as little as two samples 

(Karst et al., 2016b). The toolbox uses the open source environment R and 

reproducible binning can be achieved and documented using RMarkdown files (R 

Core Team, 2016). In addition to coverage, the package allows the user to benefit 

from sequence signatures such as the GC content, colour contigs by phylogenetic 

classification and use paired-end or mate-pair information to pull in contigs with 

different coverage profiles such as multi copy genes e.g. the 16S rRNA gene. We have 

used the mmgenome tool to extract genomes from full-scale anaerobic digesters for 

organisms representing the first genomic information for the phylum previously 

known as Hyd24-12 and a novel genus within the Anaerolineaceae (Paper 5 & 6). 

Based on the obtained sequence information we have also designed FISH probes for 

visualisation of the microbes in situ. 
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Table 2 Overview of some of the genome recovery studies from anaerobic digesters 

No. 

of 

bins 

Completeness/c

ontamination 

estimates 

(method) 

Sequencing 

technology 

Binning method Reference 

2 93-94% / NA 

(111 marker 

genes) 

Illumina 

Nextera and 

Nextera 

matepair 

Metagenomic sequencing and 

coverage binning using 

GrooPM (Imelfort et al., 2014) 

(Sekiguchi et 

al., 2015) 

10 54-118% / NA 

(139 conserved 

genes) 

Ion Torrent Metagenomic sequencing and 

binning using Metawatt (Strous 

et al., 2012) 

(Nolla-Ardèvol 

et al., 2015) 

3 86-91% / 1-2% 

(CheckM) 

Illumina TruSeq 

PCR free 

Metagenomic sequencing and 

coverage binning using 

mmgenome package (Karst et 

al., 2016b) 

(Kirkegaard et 

al., 2016) 

5  83-97% / 2-

28% (CheckM) 

KAPA-Illumina 

library creation 

Metagenomic sequencing and 

binning using MetaBAT (Kang 

et al., 2015) 

(Stolze et al., 

2016) 

106 15-99%/ 0-16% 

(CheckM) 

Illumina TruSeq 

PCR free, 

Nextera  

Metagenomic sequencing and 

coverage binning 

(Campanaro et 

al., 2016) 

157  26-97% (107 

“essential” 

genes) 

Illumina 

Nextera XT 

Metagenomic sequencing and 

coverage binning 

(Treu et al., 

2016) 

43 8-100%/ 0-

2902% 

(CheckM) 

Illumina & 

pacbio 

Metagenomic sequencing and 

binning using PhyloPythia S+ 

(Gregor et al., 2016) 

(Hagen et al., 

2016) 

101 59-100% / 0-

11% (CheckM) 

illumina Metagenomic sequencing and 

coverage binning using 

GrooPM (Imelfort et al., 2014) 

(Vanwonterghe

m et al., 2016) 
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1.5. CONCLUSION 

A comprehensive survey of the microbiology of Danish digesters at wastewater 

treatment plants have been carried out using 16S rRNA gene amplicon sequencing. 

The analysis revealed that, in agreement with other studies, microbial communities 

clustered based on process temperature and pre-treatment (Paper 1). In addition, the 

survey revealed that most of the abundant organisms were shared among all the plants 

of similar operation and that only 300 OTUs were needed to account for 80% of the 

reads. The fact that the majority of the biomass was made up of a set of relatively few 

organisms that were shared is key as it makes it feasible to study the individual 

organisms in detail and generalise findings. A notable impact of influent microbes on 

the apparent microbial community in anaerobic digesters was detected in the survey. 

Some of the seemingly most abundant microorganisms were deemed as inactive in 

the digesters (Paper 1). With this knowledge a short list of “most wanted” organisms 

that are abundant, uncharacterised, and active in anaerobic digesters were identified 

and forms the basis for prioritising future efforts of studying the microbes in depth 

(Paper 1). Based on the survey, digester relevant taxa were added to the MiDAS 

database efforts curating the taxonomy and expanding the knowledge database with 

methanogens as well as digester specific bacteria (Paper 2). 

An improved method for primer free discovery using full-length sequencing of the 

small subunit rRNA has been developed and tested in an anaerobic digester (Paper 

3). It revealed that digesters still contain notable diversity within bacteria without 

good matches in the public databases. Even from just a single sample, sequences were 

obtained that may represent new genera, families, orders and classes based on the 

sequence identities of less than 94.5%. 

The mmgenome package, an open source software tool for visual supervised genome 

extraction, was developed to recover genome bins from metagenomes and tested in 

the context of full-scale anaerobic digesters (Paper 4, 5 & 6). Genomes were 

recovered from novel and abundant organisms in mesophilic anaerobic digesters 

representing the first genomic information about members of the Candidate phylum 

Hyd24-12. This lead to the development of FISH probes, their visualisation in situ 

and prediction of metabolic capabilities (Paper 5). A closed genome was recovered 

from one of the most abundant taxa within the Chloroflexi in the mesophilic digesters 

previously only known from the 16S rRNA gene sequence. Based on the genomic 

information, FISH probes were designed, they were visualised and shown to co-locate 

in situ with Methanosaeta spp. (Paper 6).  
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1.6. PERSPECTIVES 

Genomes assembled from short read metagenome sequencing are generally 

fragmented in the public databases and thus present as draft genome bins of contigs 

and scaffolds. However, microbial genomes need to be of high quality to have lasting 

value for the scientific community. We do not know what is missing in between the 

contigs and it could be of biological importance (Parks et al., 2015; Williamson et al., 

2016). To ensure better quality of reference genomes in public databases they need 

high accuracy and to be present as a number of closed contigs that matches the 

biological entity of circular or linear genomes. Long reads will provide much easier 

assembly and the resulting closed genomes will form the foundation for improving 

biological understanding (Koren et al., 2016). High sequence accuracy can be 

obtained by polishing the genome assemblies with complementary sequencing data 

with different error profiles leading to high quality reference genomes (Walker et al., 

2014; Sović et al., 2016). 

Getting the genome catalogue is just the first step towards fundamental biological 

understanding and ultimately process control. The genomes form the foundation for 

generating hypotheses about what the microbes are capable of, but to go beyond 

genetic potential the hypotheses need subsequent experimental validation and can be 

tested using a palette of techniques in combination. This includes various types of 

microscopy, gene expression profiling, protein profiling, characterization of enzymes 

and the entire suite of “omics” technologies (Neufeld et al., 2007; Segata et al., 2013; 

Gerlt et al., 2011; Neufeld, 2016).  

The path to better operation of digesters at wastewater treatment plants based on 

biologically informed control relies on the development of rapid identification of 

microbes, functional interpretation and supervised decision on actions needed to 

intervene. Close to real-time DNA sequencing using cheap and disposable sequencers 

will bring the rapid identification and quantification on location (Jain et al., 2016). 

Long read sequencing will provide high quality genome references, in situ methods 

the functional information and database efforts will help link identity with function 

but all aspects need to be in place before the full potential can be realised (Jain et al., 

2016; Koren et al., 2016; Neufeld et al., 2007; McIlroy et al., 2015). 
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