
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1615

Culture-independent methods and
high-throughput sequencing applied
to evolutionary microbial genomics

ANDERS E. LIND

ISSN 1651-6214
ISBN 978-91-513-0196-9
urn:nbn:se:uu:diva-336794



Dissertation presented at Uppsala University to be publicly examined in B22, BMC,
Husargatan 3, Uppsala, Friday, 16 February 2018 at 13:00 for the degree of Doctor of
Philosophy. The examination will be conducted in English. Faculty examiner: Professor
Purificación López-García (Paris-Sud University, Paris, France).

Abstract
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Culture-independent methods allow us to better understand the diversity of microorganisms on
earth. By omitting the culturing step, we can gain access to species previously out of our reach.

To better capture and understand the diversity of microorganisms, we have developed an
alternative to 16S amplicon sequencing. This method exploits the fact that the rRNA operon in
most prokaryotes contains both the 16S and the 23S genes in a determined order, close to each
other. Combining this with PacBio long molecule sequencing, we can now generate amplicon
containing the 16S-ITS-23S operon, allowing for a stronger phylogenetic signal.

Using two culture-independent methods, single-cell genomics and metagenomics, we have
been able to fully sequence the genome of two archaeal endosymbionts from the genera
Methanobrevibacter and Methanocorpusculum. These methanogenic archaea were isolated
from the ciliates Nyctotherus ovalis and Metopus contortus. The genomic data show evidence
of genome degradation, mainly through pseudogenization of genes. These genomes represent
the first genomic data from archaeal endosymbionts.

The endosymbiotic archaea we have sequenced live in close proximity to hydrogen
producing mitochondria, or hydrogenosomes. In ciliates it has previously been shown that
the hydrogenosome of N. ovalis has retained a genome, something many other ciliate
hydrogenosome have not. Using genomic and transcriptomic data from seven anaerobic ciliates,
we have been able to show that these ciliate have independently evolved from ancestral
mitochondria, and show various degrees of genome reduction.

Furthermore we have been able to shed some new light on haloarchaeal evolution by
reconstructing the genomes of five species belonging to the Marine Group IV archaea. These
archaea have previously been found to be closely related to the haloarchaea, however they are
not halophiles. All five genomes were obtained using metagenomic binning of the publicly
available TARA Oceans dataset. The genomes are all of high quality and completeness, and are
used in tree-aware ancestral reconstruction, in order to try to better understand the evolutionary
transition from an anaerobic methanogen to a halophile.

These studies all show how culture-independent method are powerful tools in gathering
genomic information about microbes we are currently unable to culture in the lab.
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Introduction 

In this thesis I hope to provide a thorough introduction to both the methods 
used as well as our current understanding of the questions addressed in the 
included papers. The topics of the papers are wide, but they all seek to im-
prove our understanding of organisms previously not studied using genomic 
tools. The technologies that have made this work possible have all been de-
veloped under the last decade, and can serve as examples on the type of stud-
ies which we can now perform, but which was not feasible just a few years 
ago. 

In this processes I have, together with all my collaborators, generated se-
quence data from organisms from which there were previously no such in-
formation available. This represents just a small drop of the vast amount of 
sequences that are now being generated on a daily basis. Especially when it 
comes to prokaryotic genome sequencing, the possibility and ease in which 
such projects can be undertaken has never been greater. 

From this massive wealth of sequence data, we have been able to gain a 
better understanding of the forces that have shaped the evolution of all man-
ner of organisms. Culture-independent methods have been key in allowing 
us to look up from our agar plates and explore new frontiers. We are now 
able to study and understand how life from all possible, and sometimes 
seemingly impossible, corners of the earth. And while perhaps not every-
thing found to be true for the E. coli must also be true for the elephant, as 
Jacques Monod once famously said, they are built with the same tools.  
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The rise of DNA sequencing 

Early history 
Sequencing, the determination of the exact sequence of the four bases of 
DNA, is the foundation of the methods this thesis relies upon. From the dis-
covery of the DNA structure in 1953 by James Watson and Francis Crick 
(Watson et al., 1953), with important contributions by Rosalind Franklin and 
Maurice Wilkins (Maddox, 2003), up until today, there have been astonish-
ing improvements in the technologies underlying sequencing.  

In 1977 Frederick Sanger published both the genome sequence of the bac-
teriophage phiX174 (Sanger et al., 1977a), and a short time later, his new 
and improved method for DNA sequencing (Sanger et al., 1977b). While this 
was not the first method ever developed for sequencing of nucleic acids 
(Holley et al., 1965, Fiers et al., 1972, Padmanabhan et al., 1974), Sanger’s 
method proved robust, as evident by its continued use today. The method he 
developed to determine a DNA sequence, called chain termination, is based 
on the process of DNA polymerization. In normal polymerization, a deox-
ynucleotide triphosphate (dNTP) is incorporated. However, if a modified 
form of dNTP (called a di-deoxynucleotide triphosphate, or ddNTP) is in-
corporated instead, further DNA polymerization becomes impossible, due to 
the ddNTP’s lack of a 3’ hydroxyl group.  

In short, Sanger’s method is this: the DNA template of choice is incubat-
ed together with DNA polymerase, a primer, and a mix of dNTPs with a 
single type of radioactively labelled di-deoxynucleotide triphosphates 
(ddATP, ddGTP, ddTTP or ddCTP). The incorporation of ddNTPs is ap-
proximately 100-fold lower than that of dNTPs. The primer hybridizes with 
the template DNA and extension by the DNA polymerase occurs via the 
incorporation of dNTPs. Occasionally a ddNTP will be incorporated instead 
of its dNTP equivalent, and the elongation of the DNA strand stops. The 
mixture of different DNA fragments can then be separated based on length 
on an acrylamide gel (Figure 1). Doing so gives the position of the incorpo-
rated ddNTP. The reaction is then repeated using each different ddNTP, and 
by comparing all gels to each other, the complete sequence of the DNA can 
be determined (Sanger et al., 1977b). 
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Figure 1.  Acrylamide gel showing the length of sequences following two primers, 
named A14 and A12d, for each of the ddNTPs used as terminator. The interpretation 
of the DNA sequence, done manually, can be seen annotated in the margins together 
with an indication of its position. Original figure by (Sanger et al., 1977b). 

While Sanger’s method for DNA sequencing remained the staple for 
many years, advancements in automatisation and parallelization took place 
rapidly. Several companies developed automatic DNA sequencers based on 
the Sanger method, and to this day these produce some of the highest quali-
ty-to-length reads of any DNA sequencers, with read accuracy above 99.9% 
(Liu et al., 2012). These types of machines were also instrumental in the 
Human Genome Project (HGP) initiated in 1988 (National Research 
Council, 1988). This ambitious project aimed to completely map the approx-
imately 3 billion bases of the human genetic code. The project was declared 
completed in 2003, and the first high quality genome with 99% of the eu-
chromatic sequences mapped were published in 2004 (International Human 
Genome Sequencing Consortium, 2004).  
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The HGP was not the only effort to sequence the human genome. There 
was competition from a private venture, Celera, lead by Craig Venter. The 
Celera project had a fundamentally different attitude to who would be the 
benefactor of the genome projects. Where the HGP had daily public releases 
of all new data generated, the Celera project explored venues for how to 
monetize their results. Ultimately they wished to patent their findings, and 
license the use of the sequence data to anybody who could afford it. While 
the two projects were not able to find grounds for direct co-operation, they 
did agree upon trying not to interfere with each other, and this lead to simul-
taneous publications of the initial results in 2001 (Lander et al., 2001, Venter 
et al., 2001).  

In parallel with the HGP, several other genomes were completely se-
quenced. The first eukaryotic genome was that of the yeast Saccharomyces 
cerevisiae in 1996 (Goffeau et al., 1996), and was followed by model organ-
isms such as Caenorhabditis elegans, Arabidopsis thaliana and Guillardia 
theta (The C. elegans Sequencing Consortium, 1998, Kaul et al., 2000, 
Douglas et al., 2001). The first cellular genomes were of the bacterium 
Haemophilus influenzae and the archaeon Methanococcus jannaschii in 
1995 and 1996 respectively (Fleischmann et al., 1995, Bult et al., 1996). 

The high throughput revolution 
Apart from delineating the human DNA, the HGP functioned as a technolog-
ical catalyst. In the wake of the HGP, advances were made that allowed for 
development of various high-throughput sequencing technologies, which in 
turn allowed for massively larger amounts of sequence data to be generated.  

One of the first of these high-throughput technologies was the pyrose-
quencing method (Nyrén et al., 1993), pioneered at KTH (Royal academy of 
technology), Stockholm. This method led to the development of the 454 
sequencing platform (Margulies et al., 2005), which allowed for medium 
length sequence reads (up to 700 bp) to a much reduced cost as compared to 
Sanger sequencing, due to the improvements in parallelization.  

The principle behind 454 sequencing is as follows. A DNA template is 
fixed to a solid surface and a primer is hybridized to it. A single type of 
dNTP is added to the mixture and any incorporation of dNTP is accompa-
nied by the release of pyrophosphate (PPi). This PPi is converted to ATP by 
ATP-sulfurylase, which in turn is used by luciferase to emit light. The emit-
ted light can be measured with a luminometer (Ronaghi et al., 1996) and 
used to determine the sequence of bases following the primer. The reaction 
vessel is then washed and the procedure is repeated using the other types of 
dNTP to determine the following bases of the DNA template. This technique 
leads to a loss of signal when many bases of the same type are being incor-
porated in the same step. Stretches of 3 or more identical nucleotides are 
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referred to as homopolymer regions, and their inaccurate sequencing makes 
for one of the main weaknesses of the 454 technology (Huse et al., 2007).  

The next major disruption to the sequencing industry came with the intro-
duction of the Solexa (later named Illumina) Genome Analyzer in 2006 and 
the ABI SOLiD sequencer in 2007. Where Sanger and 454 sequencing 
would results in reads between 300–1000 bp, these new methods would pro-
duce reads of only around 35 bp (Morozova et al., 2008). Their main ad-
vantage, however, comes in the form of massively increased output of a se-
quencing run (Morozova et al., 2008, Harismendy et al., 2009). A single 
experiment could now produce several gigabases of data over only a few 
days (Liu et al., 2012). As a consequence, new assembly methods had to be 
developed that could take this massive amount of short length data into ac-
count (these methods are further discussed in the next section).  

Illumina sequencers, just as Sanger and 454 sequencing, use a variation 
on sequence by synthesis (SBS). A major difference in Illumina sequencing, 
as compared to previous methods, was the bridge amplification, which al-
lowed for the creation of millions of clonal sequencing clusters attached to a 
sequencing flow-cell (Mitra et al., 1999, Adessi et al., 2000, Goodwin et al., 
2016). These millions of clusters can then be sequenced by polymerization 
in several rounds. A primer sequence binds to each strand of DNA in the 
cluster, and a single fluorescent nucleotide is incorporated. Besides being 
fluorescent, this nucleotide will have its 3’ end blocked so no additional 
polymerization can occur. This blocking prevents multiple fluorophores 
being incorporated at once, solving the homopolymer issue. Due to Illumina 
holding the patent to this technique, 454 and similar technologies were una-
ble to also use this method, which caused them to continue to be plagued by 
the homopolymer problem. A laser then reads the colour of the fluorophores, 
which will have strong enough signals due to the many clonal reads of each 
cluster. The 3’ end is then unblocked and the process is repeated (Goodwin 
et al., 2016). While only approximately 35 bp could be sequenced in the 
early days of the Illumina method, today this technique can sequence more 
than 300 bp, rivalling the lengths reached by 454 sequencing. 

While it produces similar read lengths, DNA sequencing using the SOLiD 
method does not rely on sequence by synthesis, but rather on sequence by 
ligation (SBL) (McKernan et al., 2009). The DNA template is fixed to a 
surface and an oligonucleotide anchor is hybridized to the template. A mix-
ture of probes, each containing two known bases followed by six variable 
ones and a specific fluorophore are added to the mix. The probe with two 
complementary bases is ligated onto the template and imaged in order to 
determine the identity of the two bases. The last base containing the fluoro-
phore is then cleaved of the 3’ end, and a new probe is ligated on. After 10 
rounds, where two bases out of every five are identified, the whole comple-
mentary strand is washed off the surface, a new n+1 oligonucleotide anchor 
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is hybridized to the template, and the whole process is repeated until every 
base of the fragment can be identified (Goodwin et al., 2016). 

These techniques, i.e. 454 pyrosequencing, Illumina and SOLiD sequenc-
ing methods, were the first in what is sometimes called the “Next Generation 
Sequencing methods”. This name is somewhat ridiculous since it means that 
any names for even newer methods would have to be called “Next-Next 
Generation sequencing methods,” and so on, in a clearly absurd and unin-
formative pattern. I will therefore refrain from using this term, and instead 
refer to them as the second-generation sequencing methods, where Sanger 
sequencing is the first generation method. In addition to the methods men-
tioned here, there were other methods developed with various commercial 
success, such as IonTorrent and Complete genomics (Heather et al., 2016). 
While some of these are still being used today, they will not be discussed in 
further detail here. 

The exact definition of what would entail a third generation sequencing 
method has been debated (Schadt et al., 2010, Niedringhaus et al., 2011, Liu 
et al., 2012), but many would argue that the third generation started with the 
development of single molecule sequencing. While the second generation 
sequencers relied on some sort of DNA amplification in order to obtain 
enough material to get a signal (fluorescent or otherwise), the third genera-
tion sequencers can detect nucleotide incorporation into a single piece of 
DNA (Braslavsky et al., 2003). Pioneered in the early 2000s, these methods 
were first commercialized by Helicos Biosciences, and later other companies 
developed their own takes on single molecule sequencing, with the Pacific 
Biosciences (PacBio) sequencers being the most prominent today (Goodwin 
et al., 2016).  

Just like Illumina and 454, the PacBio sequencers work on the SBS prin-
ciple. A DNA polymerase is fixed on a surface, and a laser excites fluores-
cent nucleotides as they are being incorporated in real time. This allows for 
very long reads, over 20 kb in length, to be generated (Giordano et al., 
2017). Where the second generation sequencing methods produced DNA 
with very low error rates, less than 0.1% (Liu et al., 2012, Luo et al., 2012), 
the PacBio platform has an error rate closer to 15% (Weirather et al., 2017). 
A number of solutions have been implemented to bring these rates down, 
such as to circularize the DNA template and repeatedly loop it around the 
polymerase many times over (Rhoads et al., 2015), and correction of the 
reads using short read data (Au et al., 2012).  

The second technology belonging to the third generation worth mention-
ing is that of Oxford Nanopore. In this method, instead of sequencing by 
synthesis, a protein pore sits in a membrane and a DNA molecule is passed 
through it. The fluctuation in current over the membrane is measured, and 
the nucleotides passing through can thus be determined (Branton et al., 2008, 
Venkatesan et al., 2011). This method allows for single molecule sequencing 
in real time, in the smallest available package on the market (an Oxford Na-
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nopore minION sequencer is about the size of a USB memory-stick). While 
the initial data produced using this method had a high error rate (over 35%, 
(Goodwin et al., 2015, Laver et al., 2015), more recently the error rate has 
been shown to be around 15% due to improved sequencing strategies and 
chemistries (Weirather et al., 2017). The long reads, up to 900 kb, produced 
are still useful when it comes to resolving repeat structures and scaffolding 
of genomes, a feature it shares with PacBio sequencing (Utturkar et al., 
2014, Karlsson et al., 2015).  

There has also been development of the existing second generation, short-
read technologies which allows for creation of longer reads out of barcoded 
short reads (Kuleshov et al., 2014). Illumina calls this method TruSeq Syn-
thetic Long-Reads, and it allows for the generation of reads up to 18 kb in 
length (McCoy et al., 2014). 

Apart from increasing the amount of data obtainable from a single se-
quencing run, these technologies have also helped to radically drive down 
the cost of sequencing. By the time the HGP was declared completed, the 
cost to sequence a megabase of a DNA template (1 million base pairs) was 
approximately $2986. In just 5 years, this price had fallen to $102, and today 
that cost is around $0.012 per megabase (Wetterstrand, 2017). Of course, 
calculating such costs is not a straightforward process, since one has to take 
into account several factors apart from the pure reagent costs, such as the 
initial purchasing cost of the sequencing platform, labour, analysis etc. And 
given the amount of data generated by these new technologies, the ever-
increasing cost of computational resources should not be underestimated 
(Sboner et al., 2011, Muir et al., 2016). However, despite these concerns it is 
safe to say that DNA sequencing, as a tool, is now available to a very broad 
range of scientist and labs. 

Putting the pieces together: genome assembly 
Currently available sequencing technologies are unable to sequence the ge-
netic material of an organism in its entirety. Even the smallest cellular organ-
isms have genomes that are hundreds of kilobases long. While the newest 
technologies such as PacBio and Oxford Nanopore can produce very long 
sequence reads, up too 900 kb, we are as of yet often faced with millions of 
shorter DNA reads. A typical Illumina-based sequencing project generates 
reads that are 250bp in length, which then require sequence assembly, i.e. 
piecing the reads together into contiguous sequences (contigs). The two ma-
jor methods used by assemblers are overlap-layout-consensus (OLC) and De 
Bruijn graphs. 

OLC assemblers, such as the Celera assembler and Newbler (Miller et al., 
2010a), were commonly used with first generation sequencing methods (i.e. 
Sanger sequencing). By finding overlapping regions in these long, a single 
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contig is built by finding all reads that overlap with each other, given a de-
fined overlap length. Any redundantly inferred contiguous stretches are re-
moved during the layout step. Lastly the sequence of the contigs is deter-
mined by the consensus of the reads used to build it (Li et al., 2012). This 
process is well-suited for long sequences with easily identified overlaps, but 
struggles when starting with many smaller pieces of DNA. This is due to the 
need for performing pair-wise alignments for every possible read-pair. The 
amount of computational power necessary for assembling millions of reads 
can quickly become impractical. 

To faster assemble the shorter reads produced by Illumina and other high 
throughput methods, one can use De Bruijn graph assemblers, such as Velvet 
and SPAdes (Zerbino et al., 2008, Bankevich et al., 2012). Reads are subdi-
vided into k-mers, and graphs are built from every possible k-mer pair over-
lapping by n-1 nucleotides, where n is the length of the k-mer (Idury et al., 
1995, Zerbino et al., 2008). The contig is then inferred by finding the path 
connecting k-mers in the graph. Since this method does not involve con-
structing alignments between each sequence read, it is both faster and less 
memory intensive than OLC assemblers. 

Regardless of the type of assembler used, certain genomic regions are dif-
ficult to assemble when using only short reads (< 300 bp). A 400 bp DNA 
element repeated several times would be impossible to completely solve 
using 250 bp reads, since there is no way for an assembler to span this region 
By combining the new long molecule sequencing methods, such as PacBio 
and Oxford Nanopore, with the deep sequence coverage offered by Illumina 
and other methods in hybrid assemblers, such problems can be overcome 
(Koren et al., 2012, Goodwin et al., 2015). This combination also has a syn-
ergistic benefit in that the short, high quality reads can be used to correct any 
sequencing errors present in the longer reads. Using such methods it is pos-
sible to completely assemble microbial chromosomes into single contigs, 
without the need for any manual finishing (Koren et al., 2015). 

From micro to pico 
The ever-decreasing price of sequencing is one of the major factors behind 
the rapid increase of available sequence data, but one should not overlook 
the importance of innovation in the fields of DNA library creation and whole 
genome amplification (WGA). These two techniques have allowed us to 
sequence the DNA of organisms from environments that were previously out 
of our reach. At the introduction of the first high throughput Illumina se-
quencer, the Genome Analyzer, the construction of the DNA libraries need-
ed 1–4 µg of input DNA (Quail et al., 2008). This can be compared to today 
when a sequencing library can be constructed from between 5 ng and 1 pg. 
(Rinke et al., 2016, Ring et al., 2017).  
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In synergy with this decrease in the amount of required starting material, 
WGA technologies have allowed researchers to gain enough DNA from 
precious samples in order to perform genome sequencing. Most WGA meth-
ods amplify DNA via exponential or linear polymerase reactions (De Bourcy 
et al., 2014, Normand et al., 2016, Babayan et al., 2017). One of the most 
successful methods is multiple displacement amplification (MDA), which 
uses the strand-displacing capabilities of the phage phi29 DNA polymerase 
to create high concentrations of high molecular weight DNA (Esteban et al., 
1993, Paez et al., 2004). Limitations of these WGA methods include uneven 
genomic coverage (Pinard et al., 2006, Marcy et al., 2007) and chimera for-
mation (Lasken et al., 2007). But despite that, the combination of WGA and 
low-input DNA library construction allows for the sequencing of genomic 
and metagenomic samples previously unavailable to us, due to limited avail-
able starting material. This includes samples from low-accessibility envi-
ronments such as ocean floor sediments (Spang et al., 2015), samples with 
low cell density (Duhaime et al., 2012) and precious samples such as clinical 
samples, preserved samples or ancient DNA (Greninger et al., 2015, Kader 
et al., 2016). 

The future 
As sequencing technology has progressed, the number of organisms from 
which there are genomic sequences has increased substantially. In June 
2003, the NCBI RefSeq genome database contained genome sequences from 
280 vertebrate species (O'Leary et al., 2015). By September of 2017, this 
number had increased to 4691. And that is only the vertebrate genomes. If 
we also include the genome of invertebrates, plants, fungi, prokaryotes and 
protists, the number of species from which we have access to genome has 
increased from 456 to 65413. These numbers do not include the thousands of 
mitochondrial, viral and plasmid sequences which we have also sequenced 
over the last 15 years. 

The technologies of DNA sequencing are sure to advance again in the fu-
ture, and they will be able to provide even longer sequences with ever-
increasing quality and yield. Established companies such as Illumina and 
Pacific Biosciences are continuously pushing the envelope for their methods. 
New emerging technologies based on both the tried-and-true method of se-
quencing by synthesis and that of Nanopore sequencing are sure to appear. 
An effort to replace the protein pores used by Oxford Nanopore with solid 
state pores is currently underway and shows some initial promise (Dekker, 
2007, Lindsay, 2016). Apart from the increase in yield and quality of these 
new methods (Figure 2), the third generation sequencing methods and its 
successors will provide DNA sequencing capabilities beyond those that exist 
today.   
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Figure 2. Read length and output per sequencing run (Gb) for some of the major 
sequencing platforms. Image adapted from Lex Nederbragt 
http://dx.doi.org/10.6084/m9.figshare.100940 

The extremely compact real-time sequencer minION from Oxford Nanopore 
has already allowed researches to conduct DNA sequencing in field condi-
tions (Hoenen et al., 2016). The rapid turnover of these types of sequencers 
allows them to be used as diagnostic and monitoring tools for clinicians.  

One can also speculate about the impact these new technologies will have 
on the fields of molecular evolution and genomics. As the length and accura-
cy of the DNA reads increase, the complex methods of modern genome as-
sembly will become simpler. This should allow more research groups to 
perform genomic studies, and focus can be shifted from the technical aspects 
to the interpretation of the data itself. Despite these technological and meth-
odological advances, the challenge of interpreting the ever-increasing 
amount of DNA sequences available will remain a significant bottleneck to 
our understanding of life on Earth. 
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This incredible development of technology over the last 40 years is per-
haps only rivalled by the advancement in heavier than air flight, which start-
ed with the Wright brothers’ first powered flight in 1903, and reach the 
heights of the moon with the lunar landing of Apollo 11 in 1969. But just as 
flight has continued to expand and improve, so too are we nowhere near the 
end of the journey of DNA sequencing. Even though we now might have the 
blueprints to life, we still do not know what all the parts are.  

.   
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Culture independence 

Since the days of Antonie Van Leeuwenhoek, microbiological studies have 
revolved around microorganisms we can culture in the lab. This is due to the 
fact that in order to be able to answer questions about what a certain species 
of microbes does, we need to have it isolated from other species so we can 
perform experiments. This includes experiments trying to elucidate the me-
tabolism of some species, by seeing which compounds can be broken down 
as in traditional biochemical assays, or in experiments trying to extract the 
DNA of some microbe, among others. Having multiple species in a sample 
would make it impossible to know where a certain DNA sequence came 
from, but also the amount of DNA needed for sequencing necessitates a very 
large number of cells as starting material. This has lead to a bias in the types 
of species that have been extensively studied so far. The ones that could 
readily grow in the lab, and did so in a timely manner, have been good can-
didates for study. The classical example is of course Escherichia coli, which 
grows in well defined media such as LB (Lysogeny Broth) (Bertani, 1951, 
Bertani, 2004) and has a doubling time of around 20 minutes. Such species 
make for excellent study subjects, and E. coli has been a model organism for 
decades.  

However, our need for culturing has been the cause of a blind spot in our 
microbiological field of vision. Some organisms that we might find in nature 
defy our attempts to grow them at the lab, despite our efforts to do so. The 
fact that some species grow better, or at all, using culture media was first 
noticed by Razumov in 1932 and later coined the Great Plate Count Anoma-
ly by Staley in 1985 (Razumov, 1932, Staley et al., 1985). In short, this 
means that the diversity of microorganism that we are able to observe in the 
cultures we produce in the lab does not reflect the diversity in nature. Esti-
mates of how large this fraction of microorganisms we are yet to be able to 
grow have been estimated to be up to 99% (Epstein, 2013).  

This has lead to some people referring to species we are unable to culture 
as “unculturable”. I believe this term is unfortunate since it implies that it 
would be an impossible task to produce a monoculture of such species. This 
mind-set is, if nothing else, a bit pessimistic. The species we are able to grow 
in the lab today are much more numerous than ever before, and advances are 
indeed made (Browne et al., 2016). Despite these advancements, we would 
benefit from alternative methods of studying the enormous natural diversity 
we are able to observe with more direct methods such as microscopy. A 
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good way of doing so would be to study organisms without the step of culti-
vation.  

Furthering skewing our knowledge of the true diversity of microbes is the 
fact that some organisms have a greater incentive to their study. These in-
clude those microorganisms that have a medical impact either on us humans 
directly or on our pets. A tremendous amount of scientific funding and work 
have gone into bettering our understanding of microorganisms causing such 
diseases such as tuberculosis, hepatitis or cholera. There has also been exten-
sive study of the microbes that might be of economical importance. This 
includes beneficial and pathogenic microbes of livestock and crops, as well 
as those organisms that are part of the refinement of products such as milk or 
beer. Finally, we have the organisms important to the biotechnology indus-
try. Insulin is now produced using bacteria, and the biofuel industry is bor-
rowing heavily from nature in coming up with new ways of converting or-
ganic and inorganic compounds into climate friendly fuel. While there is 
nothing too surprising with the fact that medical and economical needs have 
steered our examination of natural diversity, it has lead to a certain bias in 
our understanding of what is out there in terms of microorganisms.  

One group of organisms that has been understudied is the archaea. First 
described by Carl Woese in the late 70s, the archaea are known as the third 
domain of life (Woese et al., 1977, Woese et al., 1990). While being physi-
cally more similar to bacteria, the archaea possess core functions such as 
transcription, translation and other information processing machinery more 
similar to the eukaryotes (Huet et al., 1983, Pühler et al., 1989, Langer et al., 
1995, Spang et al., 2013). They are of particular interest from an evolution-
ary standpoint as it has been shown that eukaryotes branch inside the archae-
al part of the tree of life, rendering the three-domains model of the tree of 
life invalid in favour of a two-domains topology (Iwabe et al., 1989, Guy et 
al., 2011, Williams et al., 2013). Furthermore, there is evidence indicating 
that the eukaryotes are most closely related to the group of archaea named 
the Asgard archaea (Spang et al., 2015, Zaremba-Niedzwiedzka et al., 2017). 
Not only does the phylogenetic evidence point towards this, but a vast 
amount of genes and proteins previously thought to be exclusive to eukary-
otes, are now found in archaeal species, particularly in the Asgard archaea 
(Zaremba-Niedzwiedzka et al., 2017).  

Despite the impact the archaea have had on evolutionary research, there is 
an oddity about this group that have lead to their underrepresentation in sci-
entific studies. That is that while both bacteria and eukaryotes are found as 
pathogens of humans, to date there is no example of direct medical harm 
caused by an archaeal species. There is however no lack of examples of ar-
chaea living in close association with humans. Archaea has been found liv-
ing in our gastrointestinal tract (Dridi et al., 2009), vagina (Belay et al., 
1990), mouth (Bik et al., 2010) and on our skin (Probst et al., 2013). Recent-
ly there have also been reports of archaea found in connection to periodontal 
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disease (Lepp et al., 2004) and brain abscesses (Drancourt et al., 2017), 
however there is no indication that these archaea were the direct cause of 
these conditions. The lack of examples of archaeal pathogens has been the 
topic of discussion for quite some time (Reeve, 1999, Cavicchioli et al., 
2003, Eckburg et al., 2003). We are now starting to see some of the first 
cases of archaea implicated in human health, like the examples mentioned 
previously. This might very well be due to clinicians and other medical sur-
veys using methods suitable for detecting not only bacteria, but also archaeal 
species. 

As we are now aware that we have a skewed image of what microbial life 
can be found on planet Earth, many have taken to these new cultivation-
independent methods in order to improve upon our knowledge of the natural 
biodiversity. These methods have, among many examples, helped us under-
stand organisms from extreme environments not easily replicated in the lab, 
organisms very rare in the biosphere and endosymbionts relying on their 
hosts for many of the metabolic needs. Many organisms are still being 
found, and not only new species. A group of bacterial phyla were recently 
discovered and named the “Candidate Phyla Radiation” (CPR) (Brown et al., 
2015). These never-before seen bacteria are estimated to make up 15% of the 
bacterial sequence diversity. Also in the domain of archaea new phyla are 
being discovered. The DPANN group of archaea (Diapherotrites, Parvar-
chaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaea), were first 
reported in 2013 (Rinke et al., 2013), and the aforementioned Asgard ar-
chaea in 2015 (Spang et al., 2015). Both were detected via the means of cul-
tivation-independent sequencing efforts.  

So even though we are yet to discover how to culture the vast majority of 
diversity in nature, alternative methods can now be used. One might even 
relish the notion that today, when many things seem already discovered and 
explored, there exists a myriad of organisms still waiting to be encountered. 
The tools for doing so have expanded impressively in the last decades. 

Who is out there? 
Studying the diversity of nature has long been at the heart of biology. Carl 
von Linné, sometimes referred to as the inventor of modern taxonomy, gave 
us the tools for classification with his publication Systema Naturae. Since 
that time, we have strived to identify and classify the natural world around 
us. Antonie Van Leeuwenhoek discovered the microbial world using the first 
microscopes and since then, the microscope has remained one of the most 
important tools for microbiology. The microscope has many advantages 
even today. The ability to visualize the subject of study has a profound im-
portance for our understanding. The mind tends to believe what it can see. 
But of course it also has several shortcomings. As a tool for discovering new 
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species it has a low throughput, requires extensive knowledge of the existent 
diversity by its operator, and can be restricted to certain samples. One might 
also argue that the extensive preparation of samples needed by many micros-
copy techniques alters the nature of the sample, putting into question just 
how “direct” such observations are. This is true for both our modern electron 
microscopes as well as classic light microscopes.  

Diversity surveys today are usually based on DNA sequence instead of di-
rect observation. While many different genes can be used as the target for 
such experiments, by far the most common one is the gene encoding the 
small ribosomal subunit. This is commonly referred to as the 16S gene in 
prokaryotes and the 18S gene in eukaryotes. The strength of using these 
genes for studying diversity was well laid out by Carl Woese in 1987, refer-
ring to them as the “Ultimate Molecular Chronometers” (Woese, 1987). He 
pointed out that such marker genes should be conserved across all three do-
mains of life, be readily sequenced and should maintain a phylogenetic sig-
nal even between the most distantly related organisms.  

There are however certain shortcomings of using the 16S/18S for micro-
bial ecology studies. One of them is that these genes are often found in mul-
tiple, heterogeneous, copies within a single genome (Crosby et al., 2003). 
This can cause biases in trying to determine abundances of members in a 
microbial community. While there are suggested methods for correcting 
such issues via bioinformatic means, this remains an issue today (Angly et 
al., 2014). Other genes have been suggested to complement 16S surveys, 
such as the rpoB gene which encodes for the DNA polymerase subunit β 
(Case et al., 2007). However, despite advantages any alternative marker gene 
would have, the 16S/18S genes have been in use for decades. This has lead 
to a vast accumulated wealth of 16S/18S sequences at our disposal.  

One of the most prominent biological databases for 16S/18S gene se-
quences, SILVA, consists of over five and a half million sequences (as of 
December 2017). This large abundance of sequences is the true strength of 
the 16S/18S gene as a tool for molecular ecology today. Starting in in 1990 
with the exploration of the genetic diversity in the Sargasso sea (Giovannoni 
et al., 1990), numerous surveys of every kind of available environment have 
been undertaken using the 16S/18S as a marker.  

The fundamental workflow of these surveys is that of extracting all DNA 
found in an environmental sample and amplify the 16S/18S gene using PCR 
(Saiki et al., 1985) with primers universal to all known organisms. Before 
the advent of the second and third generation sequencing methods, the am-
plicons (amplified gene fragments) were cloned into plasmids, and subse-
quently sequenced. With modern sequencing methods we can now sequence 
millions of 16S/18S amplicons directly in a single sequencing run. This 
deeper sequencing allows for detection of community members with very 
low abundances.  
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While 16S/18S amplicon sequencing has been key in unravelling the un-
known microbial diversity, it has some limitations. Firstly, there are tech-
nical aspects that are difficult to overcome. Soil samples are for instance 
harder to work with than aquatic ones due to compounds in the soil which 
inhibit either the DNA extraction or the PCR (Miller et al., 1999, Schrader et 
al., 2012). There are also potential risks with how DNA is extracted from the 
sample with different methods giving different final results both in terms of 
capturing the true diversity of the sample, as well as differences in yield of 
DNA (de Lipthay et al., 2004),.  

The PCR method itself can also create problems. PCR can introduce arte-
facts and biases due to template loading (Polz et al., 1998), polymerase error 
rates (Acinas et al., 2005) and through chimera formation (Haas et al., 2011). 
The issue of designing suitable primers for PCR should also not be underes-
timated. A primer is a small piece of DNA that is designed to be comple-
mentary to the gene one wants to amplify, and it primes the DNA polymer-
ase in the PCR. These small oligonucleotides are generally around 15–25 bp 
in length, which means that in order to make a truly universal PCR primer, 
there has to be two stretches of DNA (one in each direction) in the 16S/18S 
gene, which is conserved in all organisms on earth. Such a sequence does not 
exist. Designing primers that try to be universal, at least for the domains 
bacteria and archaea can in the best cases achieve coverage of up to 90% of 
all known species. However, despite this, it has been shown that entire phyla 
of bacteria and archaea could still be missed using such primers (Klindworth 
et al., 2013, Takahashi et al., 2014).  

One should also note that PCR primers are designed is based on our cur-
rent knowledge of 16S/18S sequences. They can therefore never find any 
novel sequences with mismatches to the primers, which might lead to such 
sequences going undetected. It is also noteworthy that primer design has to 
take not only sequence conservation into account, but also the length and 
region of the gene the target fragment is from. A sequence that is very short, 
or that is in a too conserved region of the marker gene, will contain very 
little phylogenetic signal, which makes classification of the species it is from 
quite difficult.  

An alternative to PCR-based 16S/18S amplicon methods is to use RNA 
sequencing. By extracting all RNA from a sample and using reverse tran-
scriptase to generate DNA, full-length 16S/18S sequences can be generated 
(Karst et al., 2016). A welcome side effect is that the ribosomal large subunit 
can also be sequenced in the same experiment. While this method does re-
move the primer issue, it does mean that RNA has to be extracted, which can 
be technically difficult since the RNA molecules are less stable than DNA 
(Fleige et al., 2006). The issue with some species containing a large number 
of ribosomal RNA operon copies, which skews the abundance profiles, also 
still remains. 
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Despite their shortcomings, the use of both amplicon and RNA sequenc-
ing is of much use when trying to identify environmental samples of interest. 
Being aware of each methods strengths and shortcomings, and compensating 
for these, will allow these methods to remain relevant for a long time to 
come. These techniques were used in some of the massive global sampling 
expeditions undertaken in the last decades. One of the first major sampling 
efforts was the Global Ocean Sampling expedition in 2003, which sampled 
the marine environments it traversed during its circumnavigation of the 
Earth (Rusch et al., 2007). This was followed up with more efforts, like the 
Pacific Ocean Virome project (Hurwitz et al., 2013) and the TARA oceans 
expedition (Sunagawa et al., 2015). Together these projects have generated 
vast amounts of sequence data, showing us some of the true microbial diver-
sity on our planet. They also serve as public resources from which diversity 
data from around the globe can be extracted. 

What are they doing? 
Microbial composition and abundance answers the question of who is out 
there, but not what they are doing. Taxonomy can be used to infer function-
ality, but it has its pitfalls (Langille et al., 2013). We know that even closely 
related species can differ in genome size and genomic capabilities. An ex-
ample is the 5.5 Mb genome of the human pathogen E. coli O157:H7. This 
genome is 35% larger than the genome of the human commensal E. coli K-
12, and contains genes not previously found in E. coli strains (Hayashi et al., 
2001). This is despite the fact that these two strains are 99% identical in their 
16S sequence.  

In order to fully understand which species inhabit a certain environment, 
and to know what they are doing there, we benefit from having the genomes 
of these organisms available to us. As discussed previously it is not always 
feasible to culture these organisms, so culture-independent whole genome 
sequencing is required. In the current state of the field, two techniques are 
dominant in procuring such genomes, namely single cell genomics and met-
agenomic binning. 
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Single cell genomics 
Isolating and sequencing the DNA of a single cell can be done in various 
ways, but the general work flow is to capture a cell of the organisms of in-
terest, lyse it, extract the DNA and sequence using high throughput methods 
(Figure 3). 

 

 
 

Figure 3. A cell is captured and isolated in a microtiter plate via fluorescent activat-
ed cell sorting. Lysis and whole genome amplification is then performed. A screen 
for organisms of interest, usually by 16S PCR, is performed to identify candidates 
for further processing. Sequencing libraries are constructed and the DNA is se-
quenced and assembled into a Single Amplified Genome (SAG). 

The variation in the workflow comes mainly in how one captures the single 
cell. This can be done using micro manipulation (Inoue et al., 2008), laser 
dissection (Frumkin et al., 2008), micro fluidics (Nishikawa et al., 2015) or 
fluorescent activated cell sorting (FACS) (Rinke et al., 2014). While mi-
cromanipulation and laser dissection can provide very good specificity, they 
are low throughput, requiring extensive manual work for each cell analysed. 
FACS can achieve a moderately high throughput where cells can be sorted 
into 96 or 384 well microtiter plates and the 16S from the resulting samples 
can be simultaneously screened using multiplexed, high-throughput meth-
ods. Yet, the highest throughput workflow currently available is based on the 
use of droplet micro fluidics. These systems encapsulate single cells from an 
environmental sample into millions of picoliter-sized drops using automated 
high-speed droplet generating systems. These droplets are then used as min-
iature reaction chambers for cell lysis, whole genome amplification and li-
brary construction. The SAGs generated are then sequenced as previously 
described (Nishikawa et al., 2015, Hammond et al., 2016). Apart from being 
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very high throughput, reaching processing capacities of millions of amplifi-
cation reactions per experiment, there are also advantages to performing 
whole genome amplification in picoliter volumes in terms of coverage and 
completeness of the resulting SAGs (Marcy et al., 2007, Hammond et al., 
2016).  

Completeness of the SAG, i.e. how much of the organism’s genome is 
represented by the generated sequence data, is traditionally lower in single 
cell genomics as compared to traditional whole genome sequencing. The 
uneven genome coverage generated by the use of random primers in the 
MDA techniques probably explains the lower completeness rates of these 
techniques (Pinard et al., 2006) (Ellegaard et al., 2013). Ways for increasing 
the completeness of SAGs includes, as previously mentioned, smaller reac-
tion volumes, or to pool the isolated single cells. This pooling can be done 
before or after the whole genome amplification steps (Dodsworth et al., 
2013). 

Metagenomics 
An alternative method to single cell genomics, which avoids some of the 
technical challenges associated with capturing single cells, is metagenomics. 
Instead of processing each cell from an environmental sample one by one, all 
cells are lysed and the whole sum of all DNA is used for library preparation 
and high throughput sequencing. This means that one does not need to opti-
mize the sometimes complicated single-cell protocols. 

The metagenomic techniques completely avoid the biases introduced by 
primers, rRNA operon copies and sample inhibitors, since they can be done 
without the use of any DNA amplification. Metagenomic surveys do still 
share some technical issues with 16S/18S amplicon sequencing. The meth-
ods used to sample the environment, lyse the cells, and extract the DNA will 
still influence the final composition of the sample (de Lipthay et al., 2004). 
Particularly, cell lysis has shown to be key, and the use of a combination of 
extraction methods can sometime improve the recovered biodiversity of a 
sample of up to 83% as compared to using a single extraction method 
(Delmont et al., 2011).  

Of course, analysing all DNA at once introduces some new problems, es-
pecially in terms of bioinformatics. The raw sequencing reads are a mix of 
short stretches that represents the genomes of an unknown number of organ-
isms. While genome assembly can be performed, the assembled contigs nev-
er represent a full genome, which necessitates methods for determining 
which contigs belong to which organisms. The assembly itself can also be 
problematic since a metagenomic study of a sample, especially a complex 
one with high diversity, necessitates a deep sequencing effort in order to 
make sure that all organisms DNA have been sequenced with enough cover-
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age. This large amount of DNA puts higher demand on computational re-
sources, particularly in regards to computer memory. 

Determining the organisms present in a sample, and piecing together 
which contigs belong to which organism, can be done using mapping tech-
niques. The contigs or the raw sequence reads are simply aligned and 
mapped against a fully sequenced reference genome. This, of course, neces-
sitates good reference sequences. In samples with novel lineages, or with 
different species from the same genera, it becomes hard to fully separate the 
contigs into singular genomes. One might also miss any unusual genome 
rearrangements since the reads will map poorly to these regions. 

As an alternative to reference-guided methods, many metagenomic exper-
iments now use binning methods. This means that each contig is, by some 
mean, grouped together with all other contigs from the same organism into a 
single group, or bin. There are many competing methods for performing 
binning, but many of them utilize the fact that an organism’s DNA is mostly 
homogeneous in terms of sequence composition. This is the reason why GC 
content (percentage of the genome consisting of the nucleotides G+C) has 
been used for a long time for identifying species. GC content in itself is too 
crude of a method to be used for binning, so instead a related metric is often 
used, the tetranucleotide frequency (Pride et al., 2003, Teeling et al., 2004). 
The frequency of each possible tetranucleotide in a contig is calculated and 
the combined information is used as a profile in order to compare with every 
other contig in a metagenome. Contigs that have similar tetranucleotide fre-
quency profiles are binned together. In addition to using sequence composi-
tion, metagenomic binning strategies can be improved upon by using infor-
mation such as taxonomic classification (Brady et al., 2009), sequence 
paired-read linkage (Lu et al., 2017) and coverage (Alneberg et al., 2013). 
For example, if one has access to multiple samples close in spatial or tem-
poral space, one can use differential coverage, meaning that multiple sam-
ples can be combined in order to bin contigs with similar coverage profiles 
over several locations (Albertsen et al., 2013, Alneberg et al., 2013). 

There are also some downsides to metagenomic binning. Compared to 
single cell genomics, where one can often be sure about the exact origin of 
every contig, there are possibilities that contigs get grouped together in an 
incorrect way. This can lead to artificially chimeric genomes, or genomes 
split into multiple parts. A sample with many closely related species will 
have many contigs with similar nucleotide compositions, making binning 
challenging. Even within a genome there are regions that are more difficult 
to bin than others. Large non-coding sequences such as rRNA operons, new-
ly acquired material such as prophages or horizontally transferred genes can 
all deviate in their nucleotide composition, making them harder to properly 
bin. Organisms with a very low abundance might also be missed unless the 
sequencing depth is high enough, but improving this parameter is not always 



 29 

possible owing to purely financial limitations. In fact, these low-abundance 
organisms will be challenging to capture whatever the method used. 

What we can learn 
Regardless of the challenges, culture independent sequencing has allowed us 
to sequence the genomes of many newly discovered organisms. Today, a 
single metagenomic project can yield thousands of new genomes, many of 
them from never before seen taxa (Brown et al., 2015, Parks et al., 2017). 
This has greatly expanded our genomic sampling of the world, allowing us 
to better understand the evolution of the tree of life (Hug et al., 2016, 
Zaremba-Niedzwiedzka et al., 2017). We are not however limited to new 
sampling efforts. The publicly available sequence data from projects such as 
GOS and TARA (Rusch et al., 2007, Sunagawa et al., 2015) can be mined 
for genomes of new and interesting organisms. We are able to not only find 
who is out there, but also better understand what these newly discovered 
organisms are doing in their environments. Through comparative genomics 
we have the ability to discover new interactions and important players in 
biochemical cycles (Manor et al., 2014, Evans et al., 2015, McIlroy et al., 
2017). 

Problems with culture-independent methods 
The development of culture-independent methods, like single-cell genomics 
and meta-genomics, means that we are no longer limited to studying the 
biology of organisms that we can grow, as we are also able to infer aspects 
of biology from the genomes of uncultivated organisms. We now have the 
means to discover and analyse microbial taxa we were unable to only a few 
years ago. Culture independent methods have allowed us to discover new 
groups of organisms that have diverse metabolisms and ecological roles that 
we were completely unaware of previously, like the CPR bacteria (Brown et 
al., 2015), and the Asgard archaea (Zaremba-Niedzwiedzka et al., 2017).  

Despite these advantages, the age of microbial culturing is probably far 
from over. Comparative genomics is only as good as the references we have 
to compare with, and the need for high quality, experimentally verified, ge-
nome annotation will only increase. There is a risk of information overload 
and erroneous conclusions drawn based on inferred homology when doing 
large-scale automated genome sequencing projects (Richardson et al., 2012). 
Automatic genome annotations also have the risk of propagating previous 
annotation errors if no steps are taken to carefully correct them. The data-
bases that exist today often have inadequate mechanisms in place to update 
and correct the available sequences, so mistakes often remain unidentified. 
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Given the sheer number of genomes that are generated today, it is key that 
the analyses of these genomes are held to a high standard, and that the auto-
matic aspects of genome annotation are also experimentally verified. There 
have been calls for implementation of rules and guidelines to uphold mini-
mum informational requirements for genomes obtained by culture independ-
ent methods (Bowers et al., 2017), a step in the right direction. Of course it is 
the responsibility of researchers to make sure such guidelines are upheld. 
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Genomics of symbionts 

Symbiosis 
The term “symbionts” was coined by Heinrich Anthon de Bary in 1897 
(Oulhen et al., 2016). The term covers any organism that lives in association 
with an organism from another species. Symbiotic relationships can be mu-
tualistic, commensal or parasitic. A mutualistic relationship benefits both 
partners, a commensal relationship benefits one partner at no expense to the 
other, and a parasitic relationship benefits one partner at a cost for the other. 
There are numerous examples of such partnerships in nature, including fungi 
living on the roots of plants (Remy et al., 1994), the classic case of the Li-
chen, which is one or more fungi living with a photosynthetic partner 
(Spribille et al., 2016) and bacteria that inhabit our own gastrointestinal 
tracts (Turnbaugh et al., 2007, Yatsunenko et al., 2012). 

As there have been multiple definitions for different forms of symbiosis, 
here I will describe the definitions that I will be using in this thesis. The term 
“symbiosis” will refer to any direct ecological relationship between two or 
more organisms, no matter the benefits or costs that the different partners 
reap from it. For the more specific symbiotic relationship of endosymbiosis, 
I will consider any organism residing inside a tissue or cell of another organ-
ism an endosymbiont. This condition is sometimes called intracellular endo-
symbiosis, but I will use these terms interchangeably. This means that any 
microorganism in a gastrointestinal tract would not be considered an endo-
symbiont as long as it lived on the outside of the gut epithelium. Rather, 
such microorganisms could be examples of ectosymbionts, if they are living 
on the exterior of cells or tissues. Apart from the organisms in our gastroin-
testinal tracts, other examples include the Nanoarchaeota Nanoarchaeum 
equitans living on the surface of its Crenarchaeal host Ignicoccus hospitalis 
(Huber et al., 2002), the devescovinid flagellates that moves using ectosym-
biotic bacteria (Tamm, 1982), and ticks, which suck blood from its mamma-
lian prey. 

The phenomenon of endosymbiosis is widespread in nature, but arguably 
the most important endosymbiosis, from an evolutionary perspective, is that 
which gave rise to mitochondria in eukaryotes (Sagan, 1967, Margulis, 
1970). While it was a highly debated topic at the time this idea was intro-
duced by Lynn Margulis (Cavalier-Smith, 1975, Bonen et al., 1977), it is 
now a well-established theory that the mitochondrial progenitor, related to 
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the alphaproteobacteria (Williams et al., 2007, Gray, 2012), was taken up by 
an archaeal common ancestor of eukaryotes. Recently this archaeal ancestor 
has been shown to be closely related to the Asgard superphylum of archaea 
(Spang et al., 2015, Zaremba-Niedzwiedzka et al., 2017). The mitochondrion 
represents a case of endosymbiosis where the symbionts have been reduced 
to the level of an organelle in the eukaryotic cell. While the term ‘organelle’ 
is not well defined, it can be said to represent an intracellular structure that is 
present in most, if not all, cells of a multicellular organism. While mitochon-
dria represent an extreme case of endosymbiont adaptation, the are extensive 
examples of endosymbionts in various stages of host-adaptation (Toft et al., 
2010). 

Endosymbiotic relationships seem especially common in insects. The 
most widespread example is possibly that of the bacterial endosymbionts 
from the genus Wolbachia, which might inhabit up to 60% of all insects 
species (Hilgenboecker et al., 2008). These endosymbionts have various 
effects on the hosts they inhibit and in some cases they can function as re-
productive parasites. The mechanisms for which includes feminization and 
killing of males (O'Neill et al., 1997, Bordenstein et al., 2001). In the fruit 
fly Drosophila paulistorum, where Wolbachia is essential for the host’s sur-
vival, the endosymbiont functions as a sexual barrier, allowing mating to 
occur only between flies infected with the same strain of Wolbachia, driving 
speciation of the host (Miller et al., 2010b).  

Organisms living as endosymbionts do have some intuitive advantages 
over free-living ones. Living inside a nutrient-rich cell not only supplies the 
endosymbiont with the sustenance it needs for growth, but also protects it 
from predation and other sudden detrimental changes in the environment. 
Also the host can greatly benefit from having a endosymbiont, since in some 
cases they perform functions that the host is unable to perform itself. Exam-
ples of these include the nitrogen recycling Blattabacterium in wood-feeding 
cockroaches (Sabree et al., 2009), green algae and cyanobacteria in lichen 
that produce energy for the host via photosynthesis (Spribille et al., 2016), 
and amino acid and vitamin synthesis by Buchnera in aphids (Nakabachi et 
al., 1999). Biosynthesis of nutrients not available in the host diet seems to be 
a fairly common trait of bacterial endosymbionts (Moran et al., 2000, 
Akman et al., 2002, Kuriwada et al., 2010, Smith et al., 2015), and there are 
even examples of multipartite relationship where biosynthesis pathways are 
broken up into parts performed by multiple endosymbionts (Ponce-de-Leon 
et al., 2017). 

Genome evolution of endosymbionts 
The endosymbionts mentioned in the previous section are all examples of 
well-established symbioses where the host and symbionts have a long-term 
evolutionary relationship. Interactions over such timescales lead to genomic 
adaptations, and for endosymbionts a pattern of genome reduction is appar-
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ent, where some endosymbionts’ genomes have been reduced to less than a 
megabase in length (McCutcheon et al., 2012). Endosymbionts have small 
effective population sizes and it has been shown that this, combined with 
relaxed selection due to the hosts providing many of the factors normally 
encoded by the genomes of free-living organisms, leads to large portions of 
endosymbiont genomes being reduced (Burke et al., 2011). The isolation 
from free-living, closely related species and small population sizes also lead 
to degradation of the genomic content due to Müllers ratchet, where accumu-
lated deleterious or neutral mutations are not compensated for by inflow of 
genetic material which could be incorporated via recombination (Moran, 
1996).  

The process of endosymbiont genome reduction typically follows a pro-
gressive trend, in which recently acquired endosymbionts undergo loss of 
gene function due to pseudogenization, either by mutation or by insertion of 
mobile genetic elements. As the endosymbiosis stabilizes, the genome 
shrinks by elimination of non-functional genes and those genes whose func-
tion is supplied by the host (Figure 4). 

 
 

 
Figure 4. Endosymbiont genomes are reduced over time by gradual gene loss and 
and pseudogenization, genome rearrangement and deletions. Reprinted by permis-
sion from Macmillan Publishers Ltd: Nature Reviews Genetics (Toft et al., 2010), 
copyright 2010. 

In the most advanced stages, all that remains are the very core genes for the 
survival of the endosymbiont and its host (Figure 4). These typically include 
genes necessary for the propagation of the endosymbiont as well as those 
genes that are useful for the host (Toft et al., 2010, McCutcheon et al., 
2012). Again the most extreme example is the mitochondrion, whose ge-
nome in humans is around 16,5 kb (Ingman et al., 2000), and has been com-
pletely lost in some anaerobic protists (Palmer, 1997). Many of the functions 
that were once encoded in the mitochondrial genome are now encoded in the 
nuclear genome, and it is clear that some of these genes have been acquired 
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through horizontal gene transfer (HGT) from the alphaproteobacteria that 
later became the mitochondria (Mourier et al., 2001). 

Next-generation sequencing has been key in studying these endosymbi-
otic relationships. The wealth of fully sequenced endosymbiont genomes we 
have access to today have made comparative studies of genomes a reality 
and insights into how endosymbionts evolve and interact with their hosts 
have become possible.  

In addition to understanding how genome evolution occurs, there have 
been advances in elucidating how endosymbionts interact with their hosts. 
This includes both the initial evasion of the host defences as the endosymbi-
otic relationship is established, and how partners in mature syntrophies inter-
act with one another. For the initial steps towards symbiosis that any organ-
isms take, one could perhaps talk about a general strategy of adhering-
invading-resisting.  

Many bacteria uses type III secretion systems to invade and interact with 
the hosts, like in Sodalis glossinidius and Sinorhizobium fredii (Viprey et al., 
1998, Dale et al., 2001). These systems are used in order to penetrate the 
membrane of the cell and inject them with effector proteins. Other systems 
functioning in similar ways include fimbriae and flagella (Hentschel et al., 
2000, Somvanshi et al., 2010).  

For resisting degradation by the host there have been multiple mecha-
nisms shown. In Drosophila, the endosymbionts of the genera Wolbachia 
and Spiroplasma seem to be able to alter the host gene expression levels of 
genes involved in immune-responses (Xi et al., 2008, Anbutsu et al., 2010). 
In protists it has been shown that invading prokaryotes can avoid being de-
graded in the host lysosome by counteracting the host’s metal-ion pumps, 
and Shigella flexneri seem to be able to escape by lysing the phagosome 
altogether (High et al., 1992). There are even some symbionts that produce a 
toxin/antitoxin complex to make sure that the cost for getting rid of the in-
vading organism is high, or even fatal (Leplae et al., 2011).  

These examples and many more illustrate that there does not seem to be 
any universal mechanisms that endosymbionts employ in order to establish 
themselves inside a host, but that such systems are needed for the successful 
establishment of the symbiosis. One should also keep in mind that these 
mechanisms predominantly come from bacterial examples. For archaeal 
endosymbionts no mechanisms have yet been described. 

When examining more ancient endosymbiotic relationships, many of 
them no longer contain any traces of such systems at all. Instead there seem 
to be some convergence in what is lost by the endosymbionts (Merhej et al., 
2009), leading to the idea that loss of function, could also be a driving force 
of endosymbiosis. 
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Archaeal endosymbionts 
As discussed, there are many well-studied examples of diverse endosymbi-
otic bacteria (Moya et al., 2008, Fisher et al., 2017), but far fewer examples 
of endosymbiotic archaea. While cases of endosymbiotic archaea have been 
known for decades (van Bruggen et al., 1983), much less effort has gone into 
understanding these systems than has gone into studying the bacterial sys-
tems. All known archaeal endosymbionts are methanogens that inhabit an-
aerobic microbial eukaryote hosts (Hackstein, 2010). Many methanogenic 
archaeal endosymbionts can be found in anaerobic ciliates, including free-
living aquatic species, such as Metopus contortus (Figure 3a), Trimyema sp. 
and Cyclidium porcatum (Clarke et al., 1993, Embley et al., 1993, Finlay et 
al., 1993), as well as ciliate species from gastrointestinal tracts, such as Nyc-
totherus ovalis (Figure 3b) (Van Hoek et al., 1998). Endosymbiotic archaea 
can also be found in parabasalid and oxymonad flagellates such as Hex-
amastix termopsidis, Tricercomitus termopsidis, Microjoenia sp. and 
Dinenympha parva (Lee et al., 1987, Tokura et al., 2000), which inhabit 
termite guts. Giant amoebae, like Pelomyxa palustris, are also known to 
harbour endosymbiotic methanogens (Gutiérrez et al., 2017). 
 

 
Figure 5. The archaeal endosymbionts of Metopus contortus (a) and Nyctotherus 
ovalis (b) are intimately associated with the host hydrogenosomes. Examples of 
endosymbionts are marked with a red arrow, and hydrogenosomes with a blue ar-
row. 

Relationships between methanogens and anaerobic microbial eukaryotes 
are thought to centre on the transfer of hydrogen. Some anaerobic microbial 
eukaryotes have specialised hydrogen-producing mitochondria, traditionally 
called hydrogenosomes. The methanogenic endosymbionts use this hydro-
gen in order to generate energy via methanogenesis. The hosts benefit from a 
lowered intracellular partial pressure of hydrogen, which lowers the overall 
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free energy of the fermentation process (Worm et al., 2010). The extent of 
the benefit to the host seems to vary between different host/symbionts sys-
tems. For example, the ciliates Metopus contortus and Plagiopyla frontata 
were found to have a decreased growth time when cured of their methano-
genic endosymbiont by growing the ciliates with the methanogenesis inhibi-
tor 2-bromoethanesulfonate (BES). This inhibitor stops methanogenesis and 
causes the endosymbionts to stop dividing. Conversely, Metopus palaeform-
is showed no difference in growth with or without the endosymbiont present 
(Fenchel et al., 1991). A similar result was observed in Trimyema compres-
sum, where curing the ciliate of its endosymbionts did not substantially af-
fect the ciliates’ growth (Yamada et al., 1997).  

In the parabasalid flagellate Trichomitopsis termopsidis, which harbours a 
Methanobrevibacter-like endosymbiont (Lee et al., 1987), growth of the 
methanogens was also inhibited when the flagellate was treated with BES. 
Interestingly, the growth rate was rescued by using heat-killed Bacteroides 
sp. JW20 as food source for the flagellate (Odelson et al., 1985). Using other 
bacterial species however, did not have this rescuing effect on the growth 
rate of the flagellate. This indicates that the methanogenic endosymbiont not 
only provides a benefit to the host by removing hydrogen, but it might also 
provide the host nutrients, the nature of which were not determined (Odelson 
et al., 1985). 

All the described archaeal endosymbionts come from three different or-
ders of methanogens: Methanomicrobiales, Methanobacteriales and Meth-
anosarcinales. A previous study suggested that endosymbiotic archaea asso-
ciated with free-living protists tend to come from the Methanomicrobiales, 
whereas the gut/faecal associated protists tend to harbour Methanobacterial-
es type endosymbionts (van Hoek et al., 2000). There are exceptions to this 
observation, however, such as the free-living ciliate Trimyema compressum, 
which has an endosymbiont of the genus Methanobrevibacter (of the order 
Methanobacteriales) (Shinzato et al., 2007). The third group of methanogens, 
Methanosarcinales, was only recently found living as endosymbionts of pro-
tists (Narayanan et al., 2009, Gutiérrez et al., 2017). Specifically, the endo-
symbionts identified in these studies seem to belong to the genus Meth-
anosaeta.  

Limited co-speciation seems to have occurred between anaerobic protists 
and their endosymbionts (van Hoek et al., 2000). Instead, based on phyloge-
netic evidence there seems to be numerous cases where the endosymbionts 
in anaerobic protists have been replaced (Smith et al., 2013, Husnik et al., 
2016). One possible reason for this could be due to a new species being ac-
quired by the host that outcompetes the existing population of endosymbi-
onts. Endosymbionts are thought to suffer a reduced long-term fitness due to 
Muller’s ratchet effects (Doolittle, 1998): their asexual method of reproduc-
tion means that they are unable to recombine to avoid the accumulation of 
deleterious mutations, and deleterious mutations are driven to fixation 
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quicker because of small effective population sizes. The uptake of methano-
genic archaea into a protist lacking endosymbionts was demonstrated exper-
imentally previously (Wagener et al., 1990), consistent with the lack of evi-
dence for co-speciation, suggesting that these relationships are not entirely 
stable. One might speculate that the protists’ proximity to free-living meth-
anogens that are closely related to their own “pre-existing” endosymbiotic 
methanogens (for example inside animal digestive tracts) might increase the 
frequency of such replacements. 
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Isolation of archaeal endosymbionts 
In paper II of this thesis we provide the first genomic data from archaeal 
endosymbionts. In order to obtain these genomes we used culture-
independent methods, since previous work with bacterial endosymbionts has 
shown that endosymbionts are difficult to culture outside their hosts 
(Kikuchi, 2009). This inability to culture endosymbionts stem from them 
tending to have reduced genomes, which often lack genes for key metabolic 
pathways, or parts thereof. The decision was made despite numerous reports 
of isolation and growth of archaeal endosymbionts in the past (van Bruggen 
et al., 1984, Van Bruggen et al., 1986, Goosen et al., 1988, Van Bruggen et 
al., 1988, Broers et al., 1993, Tokura et al., 1999).  

Many of these studies were performed before the advent of sophisticated 
molecular biological techniques that can unequivocally confirm the endo-
symbiotic nature of the identified methanogens (e.g., fluorescent in situ hy-
bridization). Methods such as these are crucial in providing direct evidence 
of the intracellular nature of the organism in question, however there are 
additional issues with these studies that need to be addressed. Several studies 
found Methanobacterium formicicum as an endosymbiotic partner of a num-
ber of different protists (van Bruggen et al., 1984, Goosen et al., 1988, Van 
Bruggen et al., 1988, Broers et al., 1993). This would be remarkable if these 
various ciliates, giant amoebas and amoeboflagellates, harboured the same 
endosymbiont, however the endosymbionts for these hosts were not identi-
fied using sequence data. Instead they used less accurate methods like 
growth conditions and nucleotide composition (mol% GC). This is of course 
a blunter instrument than the methods we have available to us today, such as 
16S gene and whole genome sequencing. Even more remarkable is the fact 
that the hosts all seem to have been isolated from the same 200-L aquarium 
situated in the lab of the authors (van Bruggen et al., 1983, van Bruggen et 
al., 1984, Goosen et al., 1988, Van Bruggen et al., 1988). The authors also 
indicate that several different fluorescent colonies (a marker trait of meth-
anogenic archaea) grew on the solid media plates they used for isolation, and 
that several rounds of re-plating were done in order to get a pure culture.  

Later studies have also found that the 16S sequences of the Methanobac-
terium formicicum suggested to be the endosymbiont are identical between 
hosts. These studies could not identify M. fomicicum as the endosymbiont, 
but rather show other species as probable endosymbionts (Embley et al., 
1993, Gutiérrez et al., 2017), which suggests that the Methanobacterium 
formicicum reported in these papers, and which have later been fully se-
quenced (Gutiérrez, 2012), are not an endosymbiont but rather a common 
contaminant.  

Other studies have shown other species to be endosymbionts of ciliates, 
for instance Methanoplanus endosymbiosis sp. nov. as an endosymbiont of 
Metopus contortus (Van Bruggen et al., 1986). Here, the authors admit that 
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contaminants were present during the time of cultivation, and repeat studies 
using in situ hybridization methods have been unable to confirm this species 
(Embley et al., 1993). In the case the isolation of Methanobrevibacter sp. as 
endosymbiont of sheep rumen-associated ciliates (Tokura et al., 1999), the 
evidence provided is not compelling enough to classify the isolated and cul-
tured organism as an endosymbiont. The cultures of methanogens, which 
were obtained from a sample with multiple ciliates isolated from sheep, 
showed contamination of bacterial species despite the use of antibiotics in 
the growth media. Tokura et al. also did not use any in situ localisation 
methods and the authors themselves report that the isolated species did not 
show the same growth traits (halophilism) as their own previous reports 
(Tokura et al., 1999). 
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Hydrogen-producing mitochondria 
Many of the archaeal endosymbionts we know today come from hosts con-
taining mitochondria producing hydrogen (Hackstein, 2010). These types of 
mitochondria are common in anaerobic protists, and have evolved inde-
pendently in several lineages (Embley et al., 1995, Stairs et al., 2015). Clas-
sifying the many different kinds of mitochondria is not a straightforward 
task. There have been attempts to classify the different types into distinct 
classes based on metabolic properties, such as mitosomes, aerobic and an-
aerobic mitochondria, hydrogen producing mitochondria, etc. (Müller et al., 
2012). However, recent work has shown that these capabilities are not easily 
split into discreet classes, but rather represent a spectrum (Gawryluk et al., 
2016). Here I will discuss the hydrogen producing mitochondria often re-
ferred to as hydrogenosomes. While there is a debate regarding the differ-
ence between hydrogen producing mitochondria and hydrogenosomes (Stairs 
et al., 2015), I will use the term “hydrogenosomes” for any mitochondrion 
that produces hydrogen. 

 More typical mitochondria, like the ones in human cells, respire oxygen 
in order to produce ATP via the electron transport chain (ETC). This is 
achieved by pumping protons out of the mitochondria, establishing a gradi-
ent that can be used to generate ATP via an ATPase. Hydrogenosomes in 
ciliates such as N. ovalis and M. contortus, who live in anaerobic conditions, 
instead couple ATP and hydrogen production. This process benefits from a 
low partial pressure of hydrogen (Worm et al., 2010), and the endosymbionts 
in the cell ensure this by using the hydrogen for methanogenesis, as men-
tioned previously. 

The hydrogenosomes of ciliates seem to have evolved numerous times 
(Embley et al., 1995), and in this process many of the ciliate hy-
drogenosomes have lost their genome (Palmer, 1997). An exception to this is 
the hydrogenosome of the ciliate N. ovalis that has retained a 48 kb genome, 
which was discovered and partially sequenced in 1998 (Akhmanova et al., 
1998). A follow-up study revealed a near complete genome, and showed that 
the hydrogenosome of N. ovalis contained a partial ETC (Boxma et al., 
2005).  

This partial ETC is thought to be useful for establishing a proton gradient 
used for driving protein transporters rather than ATPases (Gasser et al., 
1982, Chacinska et al., 2009). Another possible function would be to main-
tain a high production rate of Fe-S clusters in the hydrogenosomes, some-
thing that is reduced when the membrane potential is decreased (Kispal et 
al., 1999, Veatch et al., 2009). 

In order to expand our knowledge of hydrogenosomal evolution in cili-
ates, we need to have a broader sampling of hydrogenosomal genomes. 
When the hydrogenosomal genome of the ciliate N. ovalis was sequenced in 
1998, it was the first example of a ciliate that had retained a genome. How-
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ever, there is no reason to believe that other closely related species will not 
contain any genetic material. The ciliates that harbor methanogenic endo-
symbionts together with hydrogenosomes represent an opportunity to use 
culture-independent methods for sequencing the genomes of both the endo-
symbiont, and the hydrogenosome. 
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Evolution of the Haloarchaea 

There are many groups of halophilic (salt-loving) organisms. Many of these 
groups are archaea, but there are also bacteria that are halophilic to various 
degrees, including extreme halophiles (Antón et al., 2002, Amoozegar et al., 
2013, Oh et al., 2016). The archaeal halophiles come from many different 
parts of the archaeal tree, including species from the recently described phy-
lum nanohaloarchaea (Narasingarao et al., 2012). These species belong to 
the wider group of the DPANN (Diapherotrites, Parvarchaeota, Aenigmar-
chaeota, Nanoarchaeota and Nanohaloarchaea) archaea (Rinke et al., 2013). 
However, most of the halophiles are of the phylum euryarchaea. Within this 
phylum there are species of the families Methanosarcinaceae (Paterek et al., 
1988, Wilharm et al., 1991, Boone et al., 1993) and Methanocalculaceae 
(Ollivier et al., 1998, Lai et al., 2004). The largest group, however, is that of 
the aptly named haloarchaea. They are found in salt-rich environments rang-
ing from modest salt content up to saturation (~26%) (Purdy et al., 2004, 
Savage et al., 2007). 

The haloarchaea were originally named the halobacteria. This name per-
sists in scientific texts today, despite these organisms having been known to 
be members of the archaeal domain of life for several decades. In order to try 
to alleviate some of this confusion, I will only refer to this group as the halo-
archaea throughout this text. 

Most of the haloarchaea known today are aerobic heterotrophs, and are 
seemingly quite flexible as to their metabolism (Andrei et al., 2012). Many 
of them use amino acids as organic energy/carbon source, but they may also 
use carbohydrates (Altekar et al., 1992, Johnsen et al., 2001, Anderson et al., 
2011). Some species are capable of growing in anoxic environments as fac-
ultative anaerobes (Oren, 1991, Antunes et al., 2008, Werner et al., 2014) 
and recently two obligate anaerobic species were found in the sediments of 
hypersaline lakes (Sorokin et al., 2016, Sorokin et al., 2017b). One of these 
species, Halanaeroarchaeum sulfurireducens, seems to respire elemental 
sulfur (Sorokin et al., 2016). As a supplement to their aerobic respiration, 
some species of the haloarchaea contain light sensitive proteins, rhodopsins. 
The rhodopsins function as proton-pumps, supplementing the proton motive 
force, driving the generation of ATP through ATPase (Hartmann et al., 1980, 
Mukohata et al., 1988). There are also other rhodopsins in the haloarchaea, 
with functions ranging from signalling to chloride ion pumps (Spudich, 
1998, Essen, 2002, Sharma et al., 2007). Different types of rhodopsins can 
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be present in the same organism, with Haloarcula marismortui having six 
rhodopsins encoded in its genome (Baliga et al., 2004). 

All organisms living in high saline environments need some mechanism 
for coping with the increased osmotic stress. The haloarchaea have evolved a 
mechanism usually referred to as the ‘salt-in strategy’. In short, they pump 
potassium ions (K+) into the cytoplasm at the expense of sodium ions (Na+) 
using H+/K+ symporters and H+/Na+ antiporters (Becker et al., 2014). Apart 
from ion pumps, the haloarchaea all perform isoprenoid lipid biosynthesis, 
which have been shown to make membranes more impermeable to ions 
(Yamauchi et al., 1993) and genes involved in isoprenoid biosynthesis are 
upregulated in response to increased salinity (Bidle et al., 2007).  

The evolution of the haloarchaea has been under increased scrutiny over 
the last decade. Their phylogenetic position in the euryarchaeal tree, where 
they branch together with anaerobic methanogens (Brochier-Armanet et al., 
2011, Spang et al., 2017), coupled with them being aerobic heterotrophs, has 
lead many to ask how these metabolic changes came to pass. It has been 
suggested that a single event of a large influx of over 1000 bacterial genes 
led the transition from a methanogenic lifestyle to the one known in haloar-
chaea today (Nelson-Sathi et al., 2012, Nelson-Sathi et al., 2015). However, 
this study only used the ten haloarchaeal genomes that were available at the 
time of the analysis. Subsequent papers, that added an additional 65 haloar-
chaeal genomes, have shown that the number of horizontally acquired bacte-
rial genes at the base of the haloarchaea might be artificially inflated (Becker 
et al., 2014). The method used to infer the massive gene influx has also been 
questioned. After re-analysing the data using an evolutionary model for gene 
gain and loss, it seems that the number of genes acquired by the haloarchaeal 
ancestor is closer to 200, and many of the genes acquired by the haloarchaea 
have been gradually transferred to its species, rather than acquired at the root 
(Groussin et al., 2015). 

The transition from an anaerobic methanogen to an aerobic heterotroph 
suggests that major evolutionary changes have taken place. Any method that 
tries to infer the changes that lead to the ancestor of the haloarchaea will 
need a good sampling of lineages closely related to the halo-archaea. Two 
such potential linages are the SA1 (Sorokin et al., 2017a) and MG-IV (Ma-
rine Group IV) groups of archaea. The SA1 has been described as a new 
class of halophilic methanogens, the ‘Methanonatronarchaeia’, and might be 
closely related to the haloarchaea. The other group, the MG-IV archaea were 
first discovered in 2001, at 3000 m depth of the coast of Antarctica (López-
García et al., 2001a, López-García et al., 2001b). Given their close phyloge-
netic placement to the haloarchaea, and the fact that they are non-halophilic 
aerobes, they might be key in understanding the transition from methanogen 
to haloarchaea. 
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Results 

Paper I – PacBio sequencing of rRNA amplicons 
Traditional 16S surveys rely on amplifying regions of the 16S small subunit 
rRNA gene by using primers designed to match the conserved sites of said 
gene. This allows for, given properly designed primers, the capture of 16S 
fragments from a broad range of taxonomic groups. A caveat of this method 
is the relatively short sequences one can obtain, due to the maximum read-
length of the Illumina sequencing platform. Typically, the largest fragment 
sizes one can achieve, by overlapping the paired-end fragments, is around 
500 bp. While such short fragments can be used to identify many of the 
known species of prokaryotes, it can be hard to gain any insight into the 
identity of novel species. Typically one would construct phylogenetic trees 
of any hard-to-classify sequences, but given the short fragment length, a 16S 
amplicon does not carry much phylogenetic signal. 

In this paper we describe a method that utilizes the fact that the 16S and 
23S rRNA genes are together in a single operon, including an internal tran-
scribed spacer (ITS) between, in most prokaryotic species. This allowed us 
to design primers that amplify the near full length 16S-ITS-23S operon in a 
single experiment. Since this fragment usually is more than 3 kb in length, 
we used the long-molecule sequencing offered by the Pacific Biosciences, or 
PacBio, sequencers. Using this technology, we were able to sequence the 
near full-length 16S-ITS-23S amplicons. An issue we had to overcome were 
the higher error rates that are a result of choosing PacBio sequencers over 
Illumina. We were able to mitigate these by establishing an in silico pipeline 
that brought the error rates down from 2.5% to 0.2%. This we consider to be 
well within the natural variation that can be found between rRNA operons 
from the same genome. 

With these longer fragment lengths we could now construct phylogenetic 
trees from the combined 16S and 23S sequences together with a reference 
set of sequences. These sequences, which we used to build trees, carry a 
stronger phylogenetic signal than if we would have used only a small frac-
tion of the 16S gene, and we were able to observe phylogenetic relationships 
and classify sequences that we would not have been able to without both the 
16S and the 23S combined. 
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By using this method, we were able to generate 911 bacterial and 595 ar-
chaeal 23S sequences, which will be deposited to databases and be of further 
use in future studies. We believe that this method could be used as an alter-
native to pure 16S studies, when one would want to better classify novel 
rRNA sequences. 

Paper II – Genome sequences of archaeal 
endosymbionts 
Archaea, sometimes referred to as the third domain of life, remains as the 
most under-studied branch on the tree of life. Previously mainly known for 
being extremophiles, archaea have now been found in almost every corner of 
the globe. Here we present the draft genomes of two archaea living in endo-
symbiosis with their ciliate hosts. The ciliates are Nyctotherus ovalis, isolat-
ed from a cockroach hindgut, and Metopus contortus, isolated from a marine 
pool.  

While many examples of endosymbiotic bacteria exists, much fewer are 
known from the world of archaea. The genomes presented here are the first 
genomes ever sequenced from archaeal endosymbionts. Cultures of endo-
symbionts are usually hard to establish since they often rely upon their hosts 
for various metabolites, which is why we have chosen to implement culture-
independent techniques in order to obtain the genomes of these methanogen-
ic archaea.  

The genome of the endosymbionts of N. ovalis, referred to as Methano-
brevibacter sp. NOE, was obtained using single cell genomics. Ciliate cells 
were isolated from cockroach hindguts by exploiting their galvanotactic 
behaviour. The cells were then lysed and sorted using fluorescent activated 
cell sorting (FACS). A total of 19 cells identified as the endosymbiont by 
their 16S sequence were pooled together and sequenced. 

In contrast, we used a metagenomic approach to sequence the genome 
from the M. contortus endosymbiont, Methanocorpusculum sp. MCE. Hand-
picked ciliate cells were lysed and the nuclear DNA was removed using a 
combination of filtration and centrifugation. The remaining DNA coming 
from the endosymbiont, hydrogenosome and any phagocytosed prokaryotes, 
was sequenced together and the endosymbiont genome was binned out using 
tetranucleotide frequency profiling.   

The genomes sequenced both show gene loss due to pseudogenization, a 
pattern commonly found in endosymbionts. In comparison to genomes of 
long-term, stable endosymbionts, we did not see extensive genome reduction 
however, indicating that these organisms might be recent acquisitions, or 
that frequent replacement of these endosymbionts takes place.  
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We were not able to directly identify the mechanisms of how the endo-
symbionts escape the hosts’ immune system, but we were able to identify 
several genes of unknown function that did contain secretion peptides. These 
genes could prove interesting for further study of the interactions between 
the endosymbionts and their hosts. 

Paper III – Evolution of hydrogenosomes in ciliates 
Archaeal endosymbionts are most commonly associated with hydrogen pro-
ducing mitochondria, called hydrogenosomes. The endosymbionts benefit 
from a steady supply of hydrogen for methanogenesis that is provided by the 
hydrogenosomes, the metabolism of which also benefits from the lowered 
partial pressure of hydrogen as a result of this interaction. In paper II we 
provided the first genomic data from two such endosymbi-
ont/hydrogenosome systems. The ciliate hosts in those relationships were 
Nyctotherus ovalis and Metopus contortus. 

N. ovalis was the first ciliate to be shown to contain a hydrogenosome 
that had retained a mitochondrial genome. This discovery confirmed that the 
hydrogenosomes of N. ovalis were derived from aerobic mitochondria, and 
that it contained genes for a partial electron transport chain. 

Based on 18S phylogenies, there is evidence that anaerobic lifestyles, and 
hydrogenosomes, have evolved independently on multiple occasions in dif-
ferent ciliate lineages. In order to better understand the evolution of hy-
drogenosomes, we investigated whether anaerobic ciliates from three differ-
ent lineages contain a mitochondrial genome: Metopus contortus, Metopus 
es, Metopus striatus, Plagiopyla frontata, Trimyema finlayi, Cyclidium por-
catum and a re-sequencing of the hydrogenosome of Nyctotherus ovalis. We 
were successful in obtaining at least partial genome sequences from 5 spe-
cies: M. contortus, M. es, M. striatus, C. porcatum and N. ovalis. For P. 
frontata and T. finlayi no sequences could be obtained, suggesting that they 
lack mtDNA all together. 

Transcriptomic data was also generated for each of these ciliates and used 
to reconstruct key pathways that have been shown to function in the mito-
chondria of aerobic ciliates, as well as pathways that function in the hy-
drogenosomes of other anaerobic eukaryotes. Combined with phylogenetic 
analysis of key enzymes, this revealed that diverse patterns of gene retention 
and gene loss, as well as gene acquisition by lateral gene transfer, has had a 
key role in shaping how the hydrogenosomes of these ciliates function and 
provide the ciliates with energy in anoxic environments. 
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Paper IV –Marine Group IV and the evolution of 
Haloarchaea 
The haloarchaea, sometimes referred to as the halobacteria, is a group of 
halophilic, aerobic archaea of the phylum euryarchaea. They are thought to 
have evolved from anaerobic methanogens, a fact supported by their place-
ment in the phylogenetic tree of life as a sister clade to the methanomicrobia. 
How this transition took place is currently a debated subject. It has been 
suggested that a large influx of genes (> 1000) of bacterial origin, via hori-
zontal gene transfer, has facilitated this transition. However, more recent 
work has disputed this fact, claiming that such conclusions were drawn 
based on insufficient taxon sampling. 

In this paper we perform a gene flow analysis of the euryarchaea, with fo-
cus on the haloarchaeal branch. This analysis was done using tree-
reconciliation methods, and with a much increased taxon sampling. Not only 
did we include many more haloarchaeal genomes in this analysis, but we 
also obtained 5 new genome bins of the Marine Group IV archaea, which 
were binned from publicly available data from the TARA oceans project. 
These genomes represent the first genomic data from this group of archaea, 
and are of interest since they are not halophilic, but rather come from marine 
environments. They have also been shown to be a sister branch to the halo-
archea. In addition we examined the recently discovered methanonatronar-
chaeia, and their phylogenetic relationship to the haloarchaea. While we did 
find that they are probably not representing a sister branch to the haloar-
chaea, we did include them in the gene flow analysis. 

While our results are preliminary, and additional work is required, our re-
sults show that the inflow of genetic material via horizontal gene transfer 
was not as high as previously claimed. It should be mentioned that the topol-
ogy of the euryarchaeal tree used in this study for species-tree/gene-tree 
reconciliation is still under investigation, and the reconciliation method itself 
also needs further improvement. 
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Perspectives 

Via DNA (and RNA) sequencing we know have the means to peer into the 
blueprints of all organisms on earth. This has allowed us to realize that just 
because we can do so, doesn’t mean that we understand how it all works. 
There is much more complexity to life than just genes and their products. 
Advances in regulation, epigenetics, protein-protein interactions, etc. have 
shown that we have still much to learn. 

Despite this, we have come a long way since they first viral genome was 
sequenced. We have discovered new forms of life, living in some of the most 
extreme environments on earth. From these genomes we have seen how life 
has adapted to overcome all sorts of challenges. We have expanded our own 
toolboxes for medial, agricultural, biotechnical and other fields of research. 

With the culture independent methods developed over the last decades we 
are more capable than ever to explore organisms that were previously out of 
our reach. This allows us to better understand how life has evolved on earth 
during billions of years. Looking back over just the last 10 years or so, the 
amount of sequence data we are now able to generate is astonishing. It has 
been pointed out before, but it is worth repeating that making sense of this 
abundance of information is one of the true challenges in the next coming 
years. 

The large scale genomics projects that has been undertaken, from the hu-
man genome project to the TARA oceans sampling expeditions have also 
allowed for a vast amount of publicly accessible data to be available. This 
has in a way leveled the playing field to a point where it is no longer only the 
big genome centers that have access to large scale datasets. Labs from all 
over the world can now access this data and try to find key organisms in 
order to answer their biological research question. I do believe that these 
kinds of efforts are very worthwhile performing, and society as a whole will 
benefit from more such efforts. 

Of course one should remember that comparative genomics is just that, 
comparative. While these methods are powerful when it comes to correla-
tions and for suggesting new venues of research, there is still a great need for 
experimental efforts in understanding genomic traits. We should also keep 
being wary of how we interpret and use automatic methods for annotating 
and analyzing genomes. Predicted functions are just that, predicted, and veri-
fication should remain a priority if we ever want to truly understand how the 
organisms we study work.  
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Svensk sammanfattning 

Att sekvensera en organisms DNA, det vill säga att ta fram ordningen på de 
fyra nukleotiderna (A, T, C och G), har varit möjligt under flera årtionden. 
På 1970-talet, när DNA sekvensering först startade, var det en mycket lång-
sam och resurskrävande process. Att då sekvensera hela arvsmassan, ge-
nomet, av ett virus cirka 5000 nukleotider (eller baspar), tog veckor av ar-
bete och kostade tiotusentals kronor. På grund av detta var många därför 
skeptiska när ett förslag kom att sekvensera hela det mänskliga genomet, 
vilket är mer än 3 miljarder baspar. Trots detta inleddes arbetet i slutet av 
1980-talet. Projektet bedömdes klart 2004, och hade då kostat närmare två 
och en halv miljard svenska kronor. Det kostade alltså nästa en krona att 
bestämma ett enda baspar. Under denna tid skedde dock en explosion av 
innovationer inom fältet DNA-sekvensering. Idag har vi tillgång till metoder 
som kan producera ett mänskligt genom på mindre än en vecka, och till en 
kostnad på ca 12 000 svenska kronor. Från att kosta en krona per baspar, har 
priset alltså sjunkit till ca 0,0004 öre på bara 20 år. Det är svårt att tänka sig 
andra teknologier som har haft en lika otrolig prisutveckling. 

Samtidigt har utvecklingen gått framåt starkt inom fältet mikrobiologi. 
Tidigare har forskare till stor del varit begränsade till att studera de mikrober 
som vi kan odla på labb. Man har behövt en stor mängd celler av de bakte-
rier eller andra mikrober man velat studera, genom till exempel genom DNA 
sekvensering. Detta har lett till att vi fått en skev bild av mångfalden av 
mikroorganismer. Det är numera ett känt faktum att endast ca 1 procent av 
alla de arter av mikroorganismer som finns i naturen ens går att odla i labb-
miljöer. Vi har därför alltså missat att studera ca 99% av allt mikrobiellt liv 
på vår planet. Under de senaste tio åren har det därför lags ner stor möda på 
att få fram så kallade kultur-oberoende metoder, där vi kan hoppa över steget 
med att odla dessa organismer. 

Kombinationen av de nya moderna sekvenseringsmetoderna som utveck-
lats, tillsammans med att vi nu kan kartlägga arvsmassan hos organismer vi 
tidigare inte kunde studera, har lett till att vi upptäckt en myriad av mikro-
organismer vi tidigare inte visste fanns. De här upptäckterna kommer från 
alla delar av livets träd (Figur 6).  
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Figur 6. Det så kallade livets träd, där de tre stora grenarna är Bakterier, Arkéer och 
Eukaryoter. Vi människor är en del av den eukaryota gruppen, och vi delar den med 
allt multi-cellulärt liv. Den mesta biologiska mångfalden utgörs dock inte av multi-
cellulärt liv, utan av mikroorganismer. Hit hör bakterierna, arkéerna och encelliga 
eukaryoter. 

 
Förutom bakterier som eventuellt kan ha en negativ inverkan på vår hälsa, så 
kallade patogener, har vi nu också upptäckt helt nya grupper av arkéer, in-
klusive arter som verkar representera våra allra tidigaste släktingar. Den här 
gruppen av arkéer kallas nu Asgård-arkéer, och innehåller arter döpta efter 
olika asagudar såsom Loke, Tor, Odin, Freja med flera. Det verkar som att 
de allra första eukaryoterna på jorden uppstod då en Asgård-arké ingick i ett 
symbiotiskt förhållande med en bakterie, vilken under miljarder år har ut-
vecklats till det vi idag kallar för mitokondrien. Asgård-arkéer är ett bra ex-
empel på hur vi kan lära oss mer om evolutionen på jorden genom att se-
kvensera DNA från mikroorganismer med hjälp av kultur-oberoende tekni-
ker. Bioteknologin är ännu ett fält där stora framgångar rönts tack vare att vi 
har kartlagt hur nya arter av mikroorganismer kan genomföra olika proces-
ser. Ett sådant exempel är biobränslen, där forskare nu försöker härma de 
alger och cyanobakterier som kan konvertera socker, eller till och med bara 
solljus och koldioxid, till biobränsle. I naturen har miljarder år av evolution 
format en uppsjö av metoder för att genomföra olika biokemiska reaktioner. 
Det har sagts för, men det är värt att upprepa, att naturen är den största inno-
vatören vi känner till. 

I den här avhandlingen visar jag, och mina med-författare, på en ny metod 
för att upptäcka nya arter av mikroorganismer genom att använda en gen 
som är gemensam hos alla organismer på jorden. Tidigare har man kunnat 
göra liknande studier, men vi visar för första gången hur ett mycket större 
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fragment kan sekvenseras, vilket är till fördel om man vill konstruera så 
kallade fylogenetiska träd från dessa sekvenser. Dessa fylogenetiska experi-
ment lägger grunden till vår förståelse för hur olika organismer är besläktade 
med varandra. 

Jag använder mig också av kultur-oberoende tekniker för att kartlägga 
arvsmassan hos organismer vi tidigare inte kunnat studera, så som avlägsna 
släktingar till haloarkéerna. Haloarkéer är halofila (salt-älskande) arkéer som 
lever i extremt salthaltiga miljöer så som döda havet, och salt-öknar. De är 
aeroba, vilket menas att de behöver syre föra att leva och föröka sig. Intres-
sant nog har dessa haloarkéer utvecklats ifrån metanogena (metan tillver-
kande) arkéer, vilka inte kan överleva om det finns syre närvarande. Hur 
denna transformering gått till försöker vi besvara genom att studera DNA 
från en grupp organismer som verkar befinna sig emellan dessa två grupper. 

Jag har också sekvenserat genomet hos två arkéer som lever i endosymbi-
otiska förhållanden med väte-producerande mitokondrier, inuti eukaryot 
celler. Att arkéer kan leva inuti eukaryota celler, och utnyttja den vätgas som 
bildas av dessa mitokondrier har varit känt länge. Dock så har det fram tills 
nu inte funnits några sådana endosymbionta arkéer där man kartlagt hela 
arvsmassan. Dessa nya genom kommer förhoppningsvis att öka vår förstå-
else för hur arkéer, och andra organismer, kan leva i dessa mycket intima, 
endosymbiotiska förhållanden. 
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