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ENGLISH SUMMARY 

Microorganisms inhabit every environment on this globe. They have an 
enormous impact on biogeochemical cycles, sustain entire ecosystems, keep us 
healthy and make us sick. Traditionally, studying microorganisms has relied on 
microscopy and culture-based methods, but the sheer number of 
microorganisms and their diversity render these approaches impractical for 
uncovering all the existing microbial diversity. In this PhD project, culture-
independent methods primarily relying on DNA-sequencing techniques were 
used to investigate microbial communities from different environments in 
unprecedented throughput.  

The first part of the project focused on 16S rRNA gene amplicon sequencing of 
microbial communities in drinking water. For many years, this method has been 
heavily used for identification of microbes in multiple different environments. 
Although this method also has been widely used for analyzing the microbiome 
of low-biomass environments (such as drinking water), no comprehensive 
attempts had been made to illuminate the inherent method biases relating to 
drinking water communities. We investigated the impact of DNA extraction and 
primer choice on the observed microbial community. We found drastic 
differences relating to both factors. Furthermore, we estimated the detection 
limit of the 16S rRNA gene amplicon sequencing method relating to drinking 
water samples. We also demonstrated that contamination for samples with 
bacterial concentrations in the same range as drinking water was of no concern 
with our updated workflow.    

The second part of the PhD project focused on the relatively newly discovered 
super-phylum of Asgard archaea, which are the closest known relatives to the 
eukaryotes in the tree of life. This discovery has brought more attention to the 
discussions of eukaryogenesis and the topology of the tree of life. Our first aim 
was to uncover ‘hidden’ diversity from this super-phylum. Applying a recently 
published high-throughput technique for generating high-quality SSU rRNA 
sequences using synthetic long-read sequencing by molecular tagging, we were 
able to retrieve more than 100,000 full-length archaea sequences. From our data-
set of 16S rRNA gene sequences, we were able to uncover more than 250 new 
species-level Asgard archaeal OTUs. Furthermore, a family-level cut-off revealed 
33 novel Asgard families. Our next aim was to extract Asgard archaea genomes 
from complex environments using metagenomics. Using a combination of long 
and short read technologies with cutting-edge assembly strategies, we 
successfully retrieved 16 genome bins belonging to Asgard archaea and verified 
presence of multiple eukaryotic signature proteins common to all. 
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DANSK RESUME 

Mikroorganismer findes i stort set alle miljøer på Jorden. De har en enorm 
indvirkning på biogeokemiske kredsløb, og de er essentielle for at opretholde 
økosystemer. Mikroorganismer holder os sunde og  gør os syge. Derfor er 
vigtigheden i at studere Jordens mikroorganismer stor. Traditionelt set har studier 
af mikroorganismer været afhængige af mikroskopi og kulturbaserede metoder, 
men det store antal mikroorganismer og deres diversitet har gjort disse metoder 
upraktiske til at afdække hele den eksisterende mikrobielle diversitet. I dette 
ph.d.-projekt blev kultur-uafhængige metoder (primært i form af DNA-
sekventeringsteknikker) brugt til at undersøge mikrobielle samfund fra forskellige 
miljøer. 

Den første del af projektet vedrørte 16S rRNA amplikon-sekventering af 
mikrobielle samfund i drikkevand. Denne metode har i mange år været bredt 
anvendt til identifikation af mikrober i flere forskellige miljøer. På trods af at 
denne metode også er blevet anvendt i vid udstrækning til analyse af mikrobiomet 
i drikkevand, var der ikke blevet gjort omfattende forsøg på at belyse de metode-
biaser, der vedrører mikrobiomet i drikkevand. Vi undersøgte effekten af DNA-
ekstraktion- og primer-valg på det observerede mikrobielle samfund, hvor vi 
fandt drastiske forskelle relateret til begge faktorer. Desuden estimerede vi 
detektionsgrænsen for 16S rRNA amplikon-sekventering, der vedrørte 
drikkevandsprøver, og påviste at kontaminering af prøver med 
bakteriekoncentrationer i det samme interval som drikkevand ikke 
påvirkedeanalysen. 

Den anden del af ph.d.-projektet fokuserede på den relativt nyopdagede 
superfylum Asgard archaea, der er de nærmeste kendte slægtninge til 
eukaryoterne i Livets Træ. Denne opdagelse har fornyet opmærksomheden på 
diskussionerne vedrørende eukaryogenese og topologien i Livets Træ. Vores 
første mål var at afdække 'skjult' diversitet fra Asgard archaea. Med anvendelse 
af en nyligt publiceret metode til sekventering af SSU-rRNA-sekvenser af høj 
kvalitet, var vi i stand til at producere mere end 100.000 fuld-længde archaea-
sekvenser. Ud fra vores datasæt med 16S rRNA-gensekvenser var vi i stand til at 
finde mere end 250 nye Asgard archaea OTUer på artsniveau, hvorimod et cut-
off på familieniveau afslørede 33 nye Asgard-familier. Vores næste mål var at 
samle Asgard archaea genomer fra komplekse miljøer ved hjælp af 
metagenomics. Med en kombination af long og short read teknologier samt 
avancerede assembly-strategier fik vi med succes lokaliseret 16 Asgard genomer 
hvor tilstedeværelse af adskillige eukaryote signatur proteiner. 
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CHAPTER 1 INTRODUCTION 

We live in a microbial world. Microbes are essential for life as we know it1 and 
plays fundamental roles in the major biogeochemical cycles (Gilbert and Neufeld, 
2014). Microbes have been estimated to globally constitute 4-6•1030 cells and 
contain between 350-550•1012 kg of carbon (Whitman, Coleman and Wiebe, 
1998). The amount of microbial diversity inhabiting the Earth is more debated, 
with estimates ranging from millions to upward of one trillion species (Locey et 
al., 2016; Louca et al., 2019). Given the enormous importance of microbes and 
their omnipresence in our surroundings, it is only natural that humans have tried 
to discover, understand, grow, characterize and make use of microorganisms ever 
since the first microorganism was discovered in 1677 (Lane, 2015). Yet, the field 
of microbiology has changed dramatically from the time of Anton van 
Leeuwenhoek’s initial discovery of microorganisms to today’s increasingly 
molecular-based and data-driven approaches to microbiology. In essence, 
however, the work presented in this thesis tries to answer some of the same 
fundamental questions that have intrigued microbiologists from the beginning: 
Who are there? And what do they do?   

The body of work for this PhD-project turned out to be ‘thematically’ divided. 
With the first part of the project focusing on the “Who are there?” in relation to 
drinking water environments. With amplicon sequencing of the 16S ribosomal 
RNA gene (rRNA) gaining popularity as a potential method for water quality 
monitoring, a need for methodological standardization had emerged. A 
comprehensive study was carried out, highlighting the impact different extraction 
methods and primer sets had on the observed microbial communities. The 
second part of the project replaced drinking water with the recently discovered 
super-phylum of Asgard archaea. However, the focus was still very much 
centered around the question of “who are there?”. The amplicon sequencing 
technique was replaced with a novel method allowing high-throughput 
sequencing of the full-length 16S rRNA gene. This enabled us to successfully 
uncover a lot of novel Asgard archaea diversity. As a final study, a metagenomic 
approach was applied to potentially answer the “what do they do?” question. 
Based on Nanopore and Illumina data, a hydride genome assembly strategy was 
used to produce metagenome-assembled genomes (MAGs) where the full-length 
16S rRNA gene sequences were leveraged to extract bins from Asgard archaea. 

                                                           
1 As described by Jack A. Gilbert and Josh D. Neufeld in Life in a World Without Microbes 

(Gilbert and Neufeld, 2014). 
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1.1 CHARACTERIZATION OF MICROORGANISMS 

Historically, investigation of microorganisms has relied on microscopes and 
culturing techniques. But the invention of DNA sequencing revolutionized the 
way we investigate microbial communities and has complemented the culture-
dependent methods with a wide selection of culture-independent methods. This 
section is not intended to be an exhaustive description of all techniques invented 
to characterize microorganisms. Rather, this section highlights a selection of 
techniques or concepts comprising the methodological foundation for this thesis.     

16S ribosomal RNA gene amplicon sequencing 
In 1977, Carl Woese and George Fox demonstrated how sequencing data from 
the 16S rRNA gene could be used to reveal the three primary kingdoms of 
bacteria, archaea and eukarya (Woese and Fox, 1977; Pace, Sapp and Goldenfeld, 
2012). Since the method was pioneered in the seventies, sequencing of the 16S 
rRNA gene has become a standard method in the toolkit of microbiologists. 
Even today, the method is frequently used as demonstrated in Figure 1-1. In 2019 
alone, the number of publications in Web of Science’s databases constitute 
roughly 25% of the total number of publications in the last 20 years. The advent 
of next-generation sequencing technologies has facilitated large-scale and routine 
studies of microbial communities using the 16S rRNA gene as a phylogenetic 
marker gene.  

   

Figure 1-1 Number of publications in Web of Science (all databases) for the last 20 years relating to 
‘16S rRNA amplicon sequencing’ (search performed December 2019).  

0

100

200

300

400

500

600

700

800

900

2
0
0
0

2
0
0
1

2
0
0
2

2
0
0
3

2
0
0
4

2
0
0
5

2
0
0
6

2
0
0
7

2
0
0
8

2
0
0
9

2
0
1
0

2
0
1
1

2
0
1
2

2
0
1
3

2
0
1
4

2
0
1
5

2
0
1
6

2
0
1
7

2
0
1
8

2
0
1
9



 

15 

The widespread use of 16S rRNA gene sequencing for identification of bacteria 
and archaea can be ascribed to a few key features (McDonald et al., 2012; van 
Loosdrecht et al., 2016). Mainly, the gene encodes a functional RNA-molecule 
forming a part of the small sub-unit of the prokaryotic ribosome involved in 
protein synthesis. This is an essential function for all prokaryotic cells, making 
the 16S rRNA gene an ideal marker gene as the gene is universally conserved 
across prokaryotes. The gene also spans regions in its nucleotide sequence that 
are extremely conserved as well as regions that are variable as visualized in Figure 
1-2. This facilitates primer-design targeting conserved regions, whereas variable 
regions are used for discrimination between different organisms. 

 

Figure 1-2 Illustration from (Ashelford et al., 2005) showing the average frequency of the most conserved 
base at a specific position based on all available bacteria sequences of the 16S rRNA gene. Variable 
regions are denoted from V1 to V9.     

Given the widespread use of 16S rRNA gene amplicon sequencing, different 
variations of the method exist (Rausch et al., 2019). However, all the different 
methods share the same core principle, which relies on amplifying 16S rRNA 
gene, or the region(s) of interest with the polymerase chain reaction (PCR) 
(Mullis et al., 1986). In addition to increasing the number of amplicon copies, the 
PCR amplification also attaches each target molecule with adaptors. This results 
in a library with millions of 16S rRNA gene copies attached with adaptors at both 
the 3’ and 5’ end of the molecules.  For Illumina-based sequencing, the adaptors 
enable the PCR-products to be attached to the flow cell during sequencing and 
also serve as barcodes allowing multiplexing of numerous samples per 
sequencing run ((Illumina), 2017). After sequencing, the 16S rRNA amplicon 
data is required to be computationally processed. A multitude of bioinformatic 
software are available for processing of amplicon data such as mothur and 
QIIME, although the overall concept remains the same (Schloss et al., 2009; 
Caporaso et al., 2010). Reads from the sequencing are quality filtered by removing 
any low-quality reads. Often, the quality filtered reads are subsequently clustered 
into operational taxonomic units (OTUs) based on the sequence identity of the 
reads. For full-length sequences, a sequence identity of 97 % is commonly applied 
as a proxy for species level OTUs, although different thresholds for OTU-
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clustering have been discussed before (Yarza et al., 2014; van Loosdrecht et al., 
2016). Following clustering, reads belonging to the different OTUs are counted 
and a single, representative sequence from each OTU is picked out for taxonomic 
classification. Quite recently, however, there have been calls for using amplicon 
sequencing variants (ASVs) (Callahan, McMurdie and Holmes, 2017; Dueholm 
et al., 2019). Using ASVs would allow the region to be resolved down to the level 
of single-nucleotide differences. This eliminates the need for clustering of OTUs 
and yields a much better resolution of taxa (Callahan, McMurdie and Holmes, 
2017).  

Classification consists of matching OTU or ASV sequences against a reference 
database of existing 16S rRNA gene sequences. The outcome of the 
bioinformatic steps is an OTU table containing information about the number 
of times each OTU was observed in each sample. 

Substantial advantages are related to the use of 16S rRNA amplicon sequencing 
over conventional culture-based approaches. In theory, 16S rRNA amplicon 
sequencing allows for detection of all prokaryotic diversity and not just organisms 
readily cultured in lab settings. Additionally, the method includes abundance 
information of each organism. However,  analyses with 16S rRNA gene 
sequences also come with inherent limitations. The predominant limitation is 
primer bias as no single primer-pair can target all prokaryotes (Albertsen et al., 
2015; Tremblay et al., 2015). Furthermore, the abundance information obtained 
is biased as the number  of 16S rRNA gene copies vary from species to species 
(Větrovský and Baldrian, 2013). In fact, the genomic copy number of the 16S 
rRNA gene has been demonstrated to vary between 1-15 in bacteria (Kembel et 
al., 2012). Another bias related to the method – and to DNA-based methods in 
general – is extraction bias. Studies have highlighted the importance of the DNA 
extraction step and showed the impact different extraction methods can have on 
the subsequent analyses (Salter et al., 2014; Albertsen et al., 2015).   

 

Full-length 16S ribosomal RNA gene sequencing using unique 

molecular identifiers 
As mentioned in the paragraph above, amplicon-based identification of 
microorganisms is complicated by primer-bias, and sequencing data only contain 
sequence information for a fragment of the 16S rRNA gene. In 2018, a paper by 
Karst and colleagues described a novel method for full-length sequencing of the 
16S rRNA gene without primer bias (Karst et al., 2018). A schematic 
representation is displayed in Figure 2-1. Primer bias is avoided by using purified 
RNA as input for an initial gel electrophoresis. For prokaryotes, the cell’s total 
amount of RNA is 82–90% ribosomal RNA (Blazewicz et al., 2013). Hence, by 
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size-selecting the RNA content of a complex sample on a gel, aliquots of rRNA 
fractions representing the entire community can be obtained. In order to convert 
the isolated rRNA molecules to double stranded DNA, a polyA-tail is ligated to 
all rRNA-molecules and functions as a priming site for first-strand cDNA 
synthesis using reverse transcription. For synthesis of the second-strand cDNA 
molecule, a second generic priming site is ligated to the opposite end of the 
polyadenylated cDNA molecule. During both first- and second-strand synthesis, 
adaptors containing unique tags are incorporated at each end of the target 
molecules (Burke and Darling, 2016; Salk, Schmitt and Loeb, 2018). The unique 
tags consist of 15 random nucleotides (this represents more than one billion 
possible tag combinations, 4^15 = 1,073,741,824), allowing each target molecule 
to have a unique molecular identifier. The adaptors also include generic priming 
sites needed for PCR amplification of the tagged target molecules. An initial 
PCR-amplification is needed to increase the number of uniquely tagged 16S 
rRNA gene molecules in order to perform another size-selection that removes 
partial and truncated products. A limited number of the size-selected, uniquely 
tagged 16S rRNA gene amplicons (100,000 – 1,000,000) are used as input for a 
PCR amplification, resulting in a clonal amplicon library consisting of thousands 
of copies of uniquely tagged amplicons.  

 

Figure 1-3A grafic representation of the workflow for producoing full-length 16S rRNA gene sequences. 
Illustration revised from (Karst et al., 2018).  

The clonal amplicon library is used as input for two separate library preparations: 
a read-tag library and a linked-tag library. The read-tag library is produced with 
an Illumina Nextera DNA library prep kit. The kit applies a transposome that 
both randomly fragments the full-length 16S rRNA amplicons and tag them with 
adapter sequences. Thus, paired-end sequencing of the read-tag library generates 
data where internal amplicon sequences are related to single, unique, tag-reads. 
In order to connect read-tag sequences belonging to the same parent molecule, 
a linked-tag library is prepared. The amplicon molecules from the clonal library 
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are circularized with intra-molecular ligation. The ligation is followed by a PCR 
amplification of the linked-tags, which subsequently can be identified by Illumina 
sequencing. De novo assembly is used to assemble the original 16S rRNA gene 
sequence. In similar fashion to conventional amplicon data, the full-length 16S 
rRNA gene sequences are subject to filtration, clustering and classification steps 
prior to data analyses.  

The method is also compatible with the use of primers targeting the full-length 
of the 16S rRNA gene. Instead of using RNA as starting material for the 
protocol, purified DNA is used as input for an initial PCR amplification. Custom-
made primers are required that (in addition to the primer-region) contain a tail 
with a generic primer binding site and a unique molecular tag. The initial PCR 
should be carried out with the lowest possible number of cycles in order to 
minimize formation of chimeras and number of PCR-introduced errors. The 
initial PCR step is followed by another PCR amplification that targets all 
molecules containing the generic primer binding site. The purpose of this PCR 
step is to obtain a sufficient amount of PCR product for validation, size-selection 
and quantification. Although susceptible to primer-bias, this approach also 
results in 16S rRNA gene molecules with unique molecular tags at both ends. 
Once the target molecules have been tagged and size-selected, the workflow is 
identical to the primer-free version. Again, a limited number of tagged molecules 
are used for preparation of a clonal library, which are split in two and used for 
preparation of read-tag and linked-tag libraries. 

The main advantage of the primer-based version is that the input for the method 
is in the range of a few nanograms of DNA. For the primer-free version, the 
required input of RNA for the initial size-selection is around 800-1,000 ng. In 
this way, using primers allows for analysis of even low-biomass samples and 
environments with restricted sampling options.  

A few alternative approaches to high-throughput sequencing of full-length 16S 
rRNA genes exist. In 2019, two papers demonstrated how protocols using long-
read sequencing platforms like PacBio and Oxford Nanopore can enable high-
accuracy, full-length sequencing of the 16S rRNA gene (Callahan et al., 2019; 
Karst et al., 2019). The article by Karst and colleagues - combining long reads and 
unique molecular identifiers – even permits sequencing of the entire ribosomal 
operon. Also, a commercial option from Loop Genomics 
(www.loopgenomics.com) is available.  

Microbial exploration using metagenomics 
Despite the prevalent use of the 16S rRNA marker-gene for analyses of microbial 
communities, the information obtained from these experiments primarily 
answers the question of who are there. In order to investigate what the 

http://www.loopgenomics.com)/
http://www.loopgenomics.com)/
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microorganisms (potentially) can do, we need to sequence not just one gene, but 
the entire genome. This can be achieved with metagenomic studies. The term 
‘metagenomics’ refers to random sequencing of microbial DNA, without 
selecting for specific genes (Breitwieser, Lu and Salzberg, 2017). Already back in 
1998, the term ‘metagenome’ was coined to describe the collective genomes of a 
soil environment (Handelsman et al., 1998). In the last decade, tremendous 
progress in sequencing technologies and lowered cost of sequencing have 
facilitated a wealth of studies using a metagenomic approach (Goodwin, 
McPherson and McCombie, 2016). In addition, relatively new sequencing 
platforms such as Oxford Nanopore Technologies have had a large impact on 
the scientific community with long-read sequence becoming more easily 
accessible and further assisting recovery of genomes from metagenomes (Kono 
and Arakawa, 2019). The rapid development within the field of sequencing has 
also led to publications of several tools for processing, visualizing and handling 
of increasingly large sequencing datasets.  

A brief outline of the typical process from sequencing of a complex sample to 
extraction of a single genome is illustrated in Figure 1-4.  

 

Figure 1-4 A simplified, step-wise overview of the workflow for extracting genome bins from environ-
mental samples. The sample in the illustration comprises bacterial genomes from three different species: 
blue, grey and orange in varying abundance. Sequencing of the complex sample produces millions of reads 
that are assembled into large scaffolds based on overlaps between reads. Mapping the reads back to the 
scaffolds provides information about the abundance of each scaffold. This abundance information can be 
leveraged in the genome binning process where distinct clusters of scaffolds are separated into genome bins 
representing different microbial genomes.     

As visualized in the figure above, the first part of the workflow is sequencing of 
samples. Currently, sequencing power and cost no longer constitute a limiting 
factor for most studies with high-throughput sequencing technologies routinely 
producing more than 100 gigabases of reads within 24 hours (Lightbody et al., 



CHARACTERIZATION OF MICROBIAL COMMUNITIES 

20
 

2018). Prior to assembly, an initial quality assessment and filtering step of the raw 
metagenome reads may be performed. This is in particular relevant for error-
prone platforms such as Oxford  Nanopore, which generate reads with an error 
rate between 5-20% (Kono and Arakawa, 2019). However, this procedure can 
readily be carried out with software tools like NanoPack (De Coster et al., 2018).  

In essence, all assembly methods depend on the basic assumption that highly 
similar reads originate from the same position within a given genome (Nagarajan 
and Pop, 2013). Based on similarity between reads, contiguous sequences can be 
pieced together and in that way recover lost information from the sequencing 
run (Nagarajan and Pop, 2013). Numerous of different software are available for 
performing metagenome assemblies like Miniasm (Li, 2016), Unicycler (Wick et 
al., 2017), CANU (Koren et al., 2017) and Flye (Kolmogorov et al., 2019) – just 
to name a few. All the programs each apply a unique strategy for the assembly 
process. However, each strategy can be divided into two paradigms of assembly: 
overlap-layout-consensus or De Bruijn graph (Nagarajan and Pop, 2013; Vries, 
Tsang and Grigoriev, 2018). Typically, assemblers using short-reads as input are 
based on de Bruijn graphs that deconstruct sequencing reads into overlapping k-
mers, with each k-mer being a possible sub-string of length ‘k’ for a given read. 
A critical parameter is choosing an optimal k-mer size, as too long k-mers render 
it impossible to resolve repeats. Conversely, large k-mers may increase the 
number of errors in the assembly (Vries, Tsang and Grigoriev, 2018). The 
overlap–layout–consensus paradigm relies on performing all-vs-all pairwise 
alignments between the metagenome reads and is commonly used for long-read 
assemblers (Vries, Tsang and Grigoriev, 2018). 

After completion of the assembly process, a genome binning step is required to 
extract the individual genomes from the assembly and divide them into separate 
‘bins’. The main problems in reconstructing genomes from metagenomes relate 
to the genome binning step (Albertsen et al., 2013; Nelson et al., 2016). Early 
strategies for separating contigs in the assembly into distinct genome bins 
involved use of genetic patterns such as tetranucleotide frequencies, GC-content 
as well as k-mer distribution (Perry and Beiko, 2010; Mande, Mohammed and 
Ghosh, 2012). However, in recent years the use of differential coverage binning 
as a sequence-independent binning strategy (see Figure 1-4) has enhanced the 

recovery of genomes from metagenomic sequencing (Albertsen et al., 2013; 
Sharon et al., 2013). Nevertheless, genome binning of assemblies originating from 
complex samples with a vast amount of microbial diversity is still troublesome. 
Another aspect further complicating genome binning is microdiversity, which is 
defined as diversity of phylogenetically closely related organisms that display 
different metabolic activities and thus inhabit distinct niches (Nelson et al., 2016). 
Discriminating sequencing data from closely related species can be near 
impossible. Manual selection of genome bins can be performed with tools such 
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as mmgenome2 or Anvi’o (Eren et al., 2015; Karst, Kirkegaard and Albertsen, 
2016), but also automated binning pipelines are available (like MetaBat) which 
use both genomic patterns as well as abundance information (Kang et al., 2015). 
Typically, the quality of the genome bins is estimated with CheckM (Parks et al., 
2015). CheckM estimates both completeness and contamination relying on 
marker genes that are specific to a genome’s inferred lineage within a reference 
genome tree (Parks et al., 2015).  

 

THE IMPORTANCE OF DATABASES 

One of the most fundamental disciplines in microbiology is to identify microbes 
by matching sequencing data against a reference database and assign a taxonomy. 
Having a name for a sequenced organism is extremely valuable, as names can be 
linked with functions. For classifying 16S rRNA gene sequences, numerous 
reference databases exist. These reference databases range from ecosystem-
specific like the MiDAS database for wastewater treatment systems (McIlroy et 
al., 2017) to global and frequently used reference databases like the SILVA, 
Greengenes and RDP databases (McDonald et al., 2012; Quast et al., 2013; Cole 
et al., 2014). Similarly, online resources like the Genomes OnLine Database and 
the Genome Taxonomy Database are available for genome-based analysis 
(Chaumeil, Hugenholtz and Parks, 2019; Mukherjee et al., 2019). Whereas the 
Genomes OnLine Database functions as an extensive catalog of genome and 
metagenome sequencing projects around the world, the Genome Taxonomy 
Database specifically aims at establishing a standardized microbial taxonomy 
based on genome phylogeny. All these databases provide a crucial resource as 
they constitute a taxonomic framework for interpretation of both marker gene 
analyses and metagenomic surveys (McDonald et al., 2012). Ideally, an 
identification of a target organism at the lowest taxonomic rank is desirable. 
Nevertheless, you can only assign a classification at a low taxonomic rank if the 
reference database contains a highly similar sequence to your input sequence. 
The SILVA reference database (version 132) contains around two million 16S 
rRNA gene sequences. As briefly mentioned in the introduction, this means a 
potentially large fraction of microbial diversity could still not be represented in 
the reference databases (Locey et al., 2016; Louca et al., 2019). This claim is 
supported in Figure 1-5, which is a revised illustration from Schloss and Co. 
(2016) displaying rarefaction curves for a dataset including 1,411,234 bacterial 
and 53,546 archaeal 16S rRNA gene sequences.  
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Figure 1-5 Rare faction curves for different OTU cut-offs for bacteria and archaea. The figure is revised 

from (Schloss et al., 2016). 

The reference databases of rRNA gene sequences are also known to be skewed 
towards well-characterized environments and also susceptible to primer bias and 
chimerism (Karst et al., 2018). Naturally, the genome reference databases are 
significantly smaller in magnitude. Currently, the Genome Taxonomy Database 
(release 04-RS89) includes a total of 143,512 bacterial genomes. These genomes 
represent roughly 23,458 species and only 2,392 archaeal genomes representing 
1,248 species. 

Considering that reference databases are/represent an integral resource in 
microbiology, it is a very important task to populate the databases with high 
quality sequences from yet undiscovered microbes. This is true for both the 
marker gene databases as well as the genome databases. As accounted for in 
section 1.1, the improvements in DNA sequencing coupled with developments 
of novel techniques will facilitate a large expansion of databases. Examples of 
this will be evident in Paper 2 and Paper 3 where state-of-art techniques have 
been used to produce large data-sets of full-length 16S rRNA gene sequences 
and genome bins, respectively.   
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CHAPTER 2 AIM 

The overall aim of this PhD project was to apply high-throughput DNA analyses 
for identification of novel prokaryotic diversity, and ultimately, characterization 
of previously unidentified microbes. Specific objectives included the following: 

1. Use full-length 16S rRNA gene analysis for selected ecosystems of 
interest in order to uncover microbial novelty and populate reference 
databases. 
 

2. Apply state-of-the-art approaches within metagenomics in order to 
extract high-quality genomes from complex samples of interest.   
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CHAPTER 3 PREAMBLE FOR BODY OF 

WORK  

The main output of this PhD-project is a collection of papers. In the following 
sections, a brief context to the different areas that the papers relate to will be 
provided. 
   

3.1 DNA-BASED IDENTIFICATION OF MICROORGANISMS IN 
DRINKING WATER 

Drinking water (DW) contains microorganisms, a fact often ignored to the 
public. Even DW entering the distribution system after treatment has bacterial 
concentrations of 103 to 105 cells/ml (Pinto, Xi and Raskin, 2012). The presence 
of microbial life in DW has been connected to harmful effects and contribute to 
deterioration of the infrastructure in distribution systems (Pinto, Xi and Raskin, 
2012). Also, DW can harbor pathogens - estimations suggest 12 to 19 million 
annual cases of gastrointestinal illnesses are directly related to contaminated DW 
(Ashbolt, 2015; Shaw et al., 2015). Historically, microbial characterization of DW 
has been based on culture-dependent methods of only a few indicator organisms. 
However, in recent years, DNA-based approaches have been more frequently 
applied for characterization of microbial communities in DW. Nevertheless, the 
DW environment has recently been described as under-investigated compared to 
other environments (Bruno et al., 2017; Hull et al., 2019). In 2019, an opinion 
paper entitled Drinking Water Microbiome Project: Is it Time? also argued for the need 
of more coordinated, large-scale projects of the DW environment (Hull et al., 
2019). Sequencing-based approaches to characterizing DW also have significant 
potential advantages to conventional methods. Mainly, sequencing-based 
methods allow to potentially detect almost any microorganism in DW. However, 
low-biomass samples like DW are vulnerable to biases and contamination. This 
was highlighted in an earlier study from Salter and colleagues (2014) where they 
demonstrated how contamination from lab reagents and extraction kits can 
critically impact sequence-based microbiome analyses. In particular, the 
extraction procedure was reported to contain several contaminating taxa (Salter 
et al., 2014).  

In Paper 1 (published), we outlined a lack of standardization in the methodology 
of published literature relating to 16S rRNA gene profiling of DW. In an effort 
to highlight the need for a more uniform methodology, we examined the 
performance of two commonly used DNA extraction kits and three popular 
primer-sets for DW studies. We decided to examine DNA extraction and PCR-
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amplification. These steps comprise the most crucial parts of the analysis since 
you only detect what you can amplify, and you only amplify what you can extract 
(Albertsen et al., 2015). Of the two DNA extraction kits tested, a marked 
difference was observed concerning yields, reproducibility and number of OTUs 
identified. A similarly stark contrast was observed for the primer-sets where large 
differences in OTU abundances were observed. Some of the primer-sets even 
proved incapable of detecting entire phyla (Paper 1).  

Another aspect of Paper 1 was to estimate a lower detection limit of amplicon 
sequencing - something very few have attempted to. This experiment was a highly 
relevant contribution to the discussion of the potential applicability of DNA-
based monitoring of DW quality. For a sequencing-based method to be a feasible 
alternative/addition to conventional quality monitoring, ideally it should be able 
to detect low-abundance pathogens or organisms of ecological importance. The 
experiment was set up with bacteria-free water samples (1 L) spiked with 
Escherichia coli cells in different concentrations [101–106 cells/ml] spanning the 
typical range of DW. Therefore, the experiment could also provide insight into 
whether microbiome analyses from samples with bacterial concertation within 
the normal range would be impacted by contamination. The experiment 
demonstrated that a multitude of contaminating OTUs were discovered for the 
samples with the lowest concentration of bacteria. However, samples within the 
typical range of DW was not impacted by contamination (for the top 25 most 
abundant OTUs).      

 

3.2 ASGARD ARCHAEA 

Asgard archaea is a recently discovered super-phylum that has had a large impact 
on our understanding of evolution of life. The first “Asgard archaea” publication 
appeared in 2015 and used a metagenomic approach for obtaining genomic 
information from Lokiarchaeota (Spang et al., 2015). Interestingly, phylogenomic 
analyses demonstrated that Lokiarchaeota form a monophyletic group with the 
eukaryotes (see Figure 3-1) as well as encoding a wide range of eukaryotic 
signature proteins (ESP) in their genomes (Spang et al., 2015). This has changed 
our understanding of the tree of life and eukaryogenesis (Eme et al., 2017; Spang, 
Caceres and Ettema, 2017; Castelle and Banfield, 2018). A two-domain-topology 
of the tree of life – where Eukarya emerge from within the archaea, opposed to 
the classical three-domain-topology, had been proposed earlier (Guy and Ettema, 
2011; Kelly, Wickstead and Gull, 2011). The relatedness of the Asgard archaea 
to the eukaryotes combined with the many ESPs encoded in Asgard genomes 
strengthened a 2D-topology for the tree of life.  Since 2015, the Asgard super-
phylum has been expanded with Thor- Odin- and Heimdallarchaeota (Zaremba-
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Niedzwiedzka et al., 2017) and more recently the Helarchaeota (Seitz et al., 2019). 
It is important to note, however, that the Asgard super-phylum has also caused 
some debate. More specifically, there have been claims that the affiliation 
between Eukarya and Lokiarchaeota can be attributed to an artefact from 
genome reconstruction (Da Cunha et al., 2017). Even harder criticism has been 
voiced by Garg et al. claiming all Asgard genomes reconstructed from 
metagenomic data were artefacts and questioning metagenomics as a whole 
(Garg et al., 2019). Ironically, the article by Garg et al. was published only a few 
days apart from a study authored by Imachi et al. (2019) that reported a decade-
long isolation of a Lokiarchaeota from which a closed genome could be retrieved. 
Analyses from Imachi et al. indeed showed clear phylogenetic sistering between 
the isolated Lokiarchaeota archaeon and Eukarya. Their analyses also confirmed 
the presence of many ESPs also found in other Asgard archaea. Since then, 
another study has reported near-complete Lokiarchaeota genomes from 
metagenomic data and demonstrated that eukaryote-like features linked to 
Lokiarchaeota are not caused by contamination or assembly artefacts (Caceres et 
al., 2019). 

 

Figure 3-1 Illustration of the topology of the tree of life with a three-domain-topology and two-domain-

topology respectively. Phylogenomic analyses have positioned Asgard archaea as a sister-group to 

eukaryotes favoring the 2D model on the right. The illustration is revised from (Spang, Caceres and 

Ettema, 2017). 

The work presented in this PhD-project on Asgard archaea showcases how the 
novel techniques described in section 1.1 can be used to do a large-scale screening 
of potentially novel Asgard archaea (based on the 16S rRNA gene) and identify 
Asgard archaea bins from large metagenomic datasets.  

In Paper 2 (draft manuscript ready for submission), we aimed at uncovering 
some of the ‘hidden’ diversity of Asgard archaea based on 16S rRNA gene 
sequences. Currently, the amount of publicly available 16S rRNA gene data for 
Asgard archaea is rather limited. This is clearly reflected in the latest version of 
the SILVA database (release 138, dated December 18, 2019), which only includes 
670 sequences classified as Asgardarchaeota (based on numbers from the non-
redundant version where sequences have been clustered at 99% identity). In fact, 
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archaea sequences in general are vastly underrepresented in the database owing 
to the fact that no good universal archaeal primer-sets exist (Karst et al., 2018). 
However, by using the full-length 16S rRNA gene sequencing method described 
in section 1.1, we were able to produce ~32,000 (>1,200 bp) archaea sequences 
clustered at 99% identity. Comparatively, SILVA138 contains ~20,000 archaea 
sequences (99% identity). We also made a subset of our dataset consisting 
exclusively of Asgard archaea sequences for further analyses. A phylogenetic 
analysis showed that we were able to uncover Asgard sequences broadly across 
the super-phylum. In addition, the subset was combined with Asgard sequences 
from the SILVA database and clustered into OTUs with various similarity 
thresholds to indicate different taxonomic ranks. At a 97% identity threshold, 
more than 250 OTUs consisted of Asgard sequences exclusively from our study. 
Correspondingly, for a threshold of 86.5% identity (indicating family rank), 33 
OTUs consisted exclusively of our Asgard sequences.  

Overall, our study highlighted that plenty of Asgard diversity is still left to be 
discovered and, at the same time, demonstrated the high throughput of the 
method. 

Paper 3 (in preparation) took basis in a large dataset consisting of both long and 
short read data from a sediment sample. A metagenomic assembly was 
constructed from the dataset with the aim of extracting genome bins belonging 
to Asgard archaea. Extraction of 16S rRNA gene sequences from the assembly 
was used for mapping against our Asgard archaea 16S rRNA gene sequences 
from Paper 2. In this way, we were able to specifically locate contigs belonging 
to Asgard bins. From the assembly, we identified 33 contigs encoding Asgard 
archaea 16S rRNA gene sequences. Of these 33 contigs, 29 of them were assigned 
to a bin from an automated binning software representing a total of 16 potential 
Asgard archaea bins.  

The Asgard archaea bins were validated (besides documenting the presence of 
Asgard archaea 16S rRNA genes), by identifying ESPs. We were able to identify 
a wide range of ESPs for all of our 16 Asgard bins when searched against a list 
of 347 ESPs published by Han & Collins (2012). Further validation of the Asgard 
bins were based on phylogeny inferred from large subunit rRNA gene sequences. 
23S sequences from our bins were incorporated into a database containing 
complete and cross-validated rRNA sequences of species from all known phyla 
(the SEREB database (Bernier et al., 2018)) and clearly illustrated clustering of 
our bins within the Asgard group. In summary, our analyses – yet again – 
confirmed Asgard archaea as “true” and not artificial constructs as argued by 
Garg et al (2019) and Da Cunha et al. (2017). However, quality assessment of the 
Asgard bins showed a need for additional polishing and curation of the bins. 
Also, more in-depth analyses of all or a subset of the bins are still to be carried 
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out. Nevertheless, the work presented in Paper 3 so far clearly demonstrated the 
potential of a metagenomic approach for retrieving genomes from organisms of 
interest in complex samples using high-throughput, long and short read 
sequencing.  

A fourth paper was included in this thesis (Paper 4, co-author) presenting a 
minireview on metatranscriptomics. Recently, it has become possible to perform 
analysis of transcriptomic data obtained from mixed communities. Paper 4 
comments on various computational strategies for handling antisense expression 
in metatranscriptomic datasets as well as the potential effects it may have on 
downstream analyses. In the near-future, transcriptomic analysis of communities 
containing Asgard archaea could provide valuable insight into their ecology.             
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CHAPTER 4 CONCLUSION 

The fields of microbiology and molecular biology are currently advancing at an 
incredible rate. The rapid progression in these fields has been perfectly 
exemplified in the three-year run of this PhD-project.  

At the start of this PhD-project, the work relied on datasets only containing 
information about a fragment of a single gene. In Paper 1, we used 16S rRNA 
gene amplicon data from drinking water samples to argue for the necessity of 
standardization of methodology. We highlighted the large impact different 
extraction methods and primer-sets may have on downstream analyses. Our 
message of methodological standardization is highly consistent with the recent 
call for a larger and more coordinated effort in drinking water microbiome 
research. 

Along the PhD-project, fragments of gene sequences were replaced with full-
length (>1200 bp) gene sequences. Using a recently developed method, we 
generated more than 100,000 16S rRNA gene sequences from the kingdom of 
archaea (Paper 2). With a specific interest in Asgard archaea, we successfully 
uncovered a plethora of novel Asgard archaea diversity. Classifying the Asgard 
sequences via phylogenetic analyses, we highlighted that different Asgard archaea 
were present for basically all the different Asgard phyla.  

In the final part of the project, a giant leap was taken technology-wise as 
sequencing of single genes was substituted with sequencing of entire genomes. 
Mining a large dataset with long and short-read data from a sediment sample, we 
were able to identify a total of 16 genome bins containing 16S rRNA gene 
sequences from Asgard archaea (Paper 3). The genome bins were further 
validated as Asgard archaea by identifying a multitude of eukaryotic signature 
proteins.    
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