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Abstract 
Order 3 billion base pairs of DNA in the correct order and you get the 
blueprint of a human, the genome. Before the introduction of massively 
parallel sequencing a little more than a decade ago it would cost around 
$10 million to get this blueprint. Since then, sequencing throughput and 
cost have plummeted and now that figure is around $1000, and large 
sequencing centres such as the National Genomics Infrastructure in 
Stockholm is sequencing the equivalent of 25 human genomes per hour. 
The papers that form the basis of this thesis cover different aspects of the 
rapidly expanding sequencing field.  
 
Paper I describes a model system that employ massively parallel 
sequencing to characterize the behaviour of type IIS restriction enzymes. 
Enzymes are biological macromolecules that catalyse chemical reactions 
in the cell. All commercially available sequencing systems use enzymes to 
prepare the nucleic acids before they are loaded on the machine. Thus, 
intimate knowledge of enzymes is vital not only when designing new 
sequencing protocols, but also for understanding the limitations of 
current protocols. Paper II covers the automation of a library preparation 
protocol for spatially resolved transcriptome sequencing. Automation 
increases the sample throughput and also minimises the risk of human 
errors that can introduce technical noise in the data. In paper III, the 
power of massively parallel sequencing is employed to describe the RNA 
content of the endometrium at two different time points during the 
menstrual cycle. Finally, paper IV covers the sequencing of highly 
degraded nucleic acids from formalin fixed, paraffin embedded samples. 
These samples often have a rich clinical background, making them 
extremely valuable for researchers. However, it is challenging to sequence 
these samples and this study looks at the impact that different 
preparation kits have on the quality of the sequencing data.  
 
Keywords: DNA, RNA, sequencing, massively parallel sequencing, 
library preparation, automation, genome, transcriptome  



  

  

Sammanfattning 
Det mänskliga genomet, vår arvsmassa, består av lite drygt 3 miljarder 
baspar som om de struktureras korrekt bildar en ritning över en 
människa. Att ta fram den här ritningen kostade fram till introduktionen 
av massiv parallell sekvensering för lite mer än 10 år sedan, runt 10 
miljoner dollar. Sedan dess har sekvenseringskostnaden sjunkit till den 
punkt där vi idag kan sekvensera ett humant genom för så lite som 1000 
dollar. Stora sekvenserings center som National Genomics Infrastructure 
i Stockholm sekvenserar idag material motsvarande 25 humana genom 
per timme. Den här boken baseras på fyra artiklar som täcker in ett flertal 
olika aspekter av ett snabbt expanderande sekvenseringsfält. 
 
Artikel I beskriver ett modell system för att studera typ IIS enzymer. 
Systemet använder sig av massiv parallell sekvensering vilket gör att 
enzymets funktion kan studeras med enorm precision. Enzymer är 
biologiska makromolekyler som cellen används för att katalysera kemiska 
reaktioner. Idag använder alla kommersiellt tillgängliga system enzymer 
för att förbereda nukleinsyror (DNA och RNA) inför sekvensering. Därför 
är det viktigt att förstå hur enzymer fungerar när nya DNA sekvenserings 
protokoll tas fram, men också för att förstå begräsningar i nuvarande 
protokoll. Artikel II redogör för automatiseringen av ett protokoll som 
används för att generera spatialt upplösta sekvenseringsbibliotek från 
RNA. Automatisering är en viktig del i att öka genomflödet av prover 
samt för att minimera teknisk variation som riskerar att dölja biologiska 
skillnader. I artikel III används massiv parallell sekvensering av DNA för 
att undersöka RNA innehållet i livmoderslemhinnan vid två tidpunkter 
under menstruationscykeln. Artikel IV handlar om sekvensering av 
nedbrutna nukleinsyror från formalin fixerad, paraffin innesluten 
vävnad. Dessa prover har ofta en rik klinisk historia vilket gör dem 
oerhört intressanta för forskare. Dock så är det mycket utmanande att 
sekvensera dessa prover och därför undersöks här hur olika kit påverkar 
kvalitén på sekvenseringsdata.  
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Introduction  
The human genome has never before been so accessible. In 2004 a 
publication in Nature announced that the human genome had been 
sequenced to completion1. This marked the end of an endeavour that 
officially started 14 years earlier in 1990, when the Human Genome 
Project (HGP) was launched with the goal of sequencing the entire 
human genome2. The scale of the project was enormous, spanning 15 
years and twenty centres in six different countries and an annual budget 
of $200 million. In May 1998, eight years after the HGP start, a company 
called Celera Genomics was formed with the explicit goal of sequencing 
the human genome and commercialising the information. Sequencing the 
human genome became a race between the academic community and 
Celera Genomics to generate the first reference sequence of the human 
genome. In June 2000 the leaders of the two initiatives held a press 
conference together with the US president, announcing the release of the 
draft sequence3,4. Finally the project resulted in two publications within 
the same week of February 2001, both describing the draft sequence of 
the human genome5,6. This would not have been possible without rapid 
advancements in sequencing technology and infrastructure. It is telling 
that by February 1999 only 15% of the genome had been sequenced7, but 
thanks to the investments made in technology development they were 
able to deliver the full reference well within the timeframe. A large part of 
the funding was spent on developing the infrastructure, sequencing 
model organisms, creating genome maps and identifying genes. Of the 
nearly three billion dollar funding, only $300 million was spent on the 
actual sequencing of the human genome8. Having sequenced the human 
genome, several other large initiatives were launched to actually 
understand its meaning9–12.  
 
These technical achievements would not have been possible without rapid 
technological advances across the field. Thousands of individual 
researchers have slowly expanded the knowledge base in their particular 
area and contributed to the advancement of the entire field. 
 
It is within this context that this thesis is written. All of the included 
projects have not only investigated scientific questions, but also explored 
the boundaries of what current technology is capable of. The first paper 
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investigates a certain class of restriction enzymes, which have many 
applications in molecular biotechnology. The next paper describes the 
automation of a protocol used for preparing spatially barcoded RNA for 
sequencing. The third paper looks into the RNA content of endometrium 
tissue and tries to establish how the levels of individual RNA transcripts 
differ between two time points in the menstrual cycle. Finally, the fourth 
paper examines the possibilities of sequencing highly damaged DNA and 
RNA from formalin fixed paraffin embedded (FFPE) tissue. These papers 
represent the author’s contribution to pushing the boundaries of what is 
possible.  
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Nucleic acids, proteins, cells and tissues  
Deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and proteins form 
the basis of cellular life. These macromolecules are maintained and 
ordered within a lipid bilayer membrane that together forms the cell. 
Encapsulation of genetic material into cells allows multicellular 
organisms to specialise their cells into different cell types, which can carry 
out highly specialised tasks. Similar cells can further organize themselves 
into tissues, and different tissue types can then order themselves into 
organs. 
 
The general flow of information in a cell is as follows: DNA is transcribed 
into RNA, which is translated into proteins. DNA is used to store 
information, which is copied during cell division. There are also more 
uncommon processes such as reverse transcription, in which RNA is 
transcribed back into DNA13,14, and RNA replication, in which RNA is the 
template for new RNA molecules. The central dogma of molecular biology 
describes this flow of information between DNA, RNA and proteins. It 
was first outlined by Francis Crick in 1956 who simply stated: “Once 
information has got into a protein it can’t get out again”15. By 
“information” he meant the sequence of amino acids or related 
sequences. This idea was first described in 195816 and further refined in 
197017 after the discoveries of the reverse transcription and the RNA 
dependent RNA polymerases.  

DNA 
In human somatic cells the DNA is ordered into 2 sets of 23 
chromosomes. These contain just over 3 billion base pairs and constitute 
the human genome.  
 
In 1869 Friedrich Mischer isolated the substance found in the nuclei of 
the cell and named the isolate nuclein18. Richard Altman was later able to 
refine the isolation process and was able to obtain an isolate free of 
protein that he termed nucleic acids. Albrecht Kossel and Phoebus Levene 
made further contributions to the chemical understanding of the DNA 
molecule, identifying the individual nucleotides (adenine (A), thymine 
(T), cytosine (C) and guanine (G)) by 192919.  this point it was not known 
that DNA carried hereditary information. It was not until 1944 that 
Oswald Avery, Colin McLeod and Maclyn McCarty suggested that DNA 
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carried such information20.The idea was met with much scepticism, as 
DNA was regarded as a far too simple a molecule to be able to harbour 
this information. However, a study published in 1952 by Alfred Hershey 
and Martha Chase supported this claim and DNA became accepted as the 
conveyer of genetic information21. The puzzle pieces were now in place, 
but not yet put together. The structure of DNA was still unknown. The 
problem was solved one year later when James Watson and Francis Crick, 
based on the X-ray diffraction patterns generated by Rosalind Franklin 
and Maurice Wilkins, presented the structure of DNA22–24. In their model 
they ordered the nucleotides into two chains that coil around each other, 
creating a double helix. The nucleotides consist a sugar deoxyribose 
linked on one side to a phosphate group and the other either a purine 
base (adenine or guanine) or a pyrimidine base (cytosine or thymine). 
These nucleotides are linked together at the sugar via the phosphate 
group, creating a backbone that allows the bases to face inwards. Erwin 
Chargaff had earlier discovered that the purines and pyrimidines existed 
in equal amounts25. This was used in Watson and Crick’s model by having 
adenines paired to thymines and guanines paired to cytosines via 
hydrogen bonds. At the end of the paper the authors modestly point out 
that the proposed structure with its complementary bases allows for a 
clever way of copying the DNA.  
 
In parallel to this work on the DNA molecule, other scientists were trying 
to understand how traits are inherited. Early work on plants by Gregor 
Mendel concluded that some traits, such as the colour of the flower, were 
inherited as discrete units - the colour of the two parental plants do not 
mix to form a third colour. In 1909 Wilhelm Johansen named these 
discrete units of inheritance “genes”. It is important to understand that 
the gene is a concept invented to help us understand the genome and 
where the functional elements are placed. Thus, when our knowledge of 
the genome and inheritance expands, the gene definition changes as well. 
A recent definition of the gene describes it as: “…the union of genomic 
sequences encoding a coherent set of potentially overlapping functional 
products.”26 It is likely that the definition we have currently will be 
updated in the future. Traditionally, a gene is described as a unit of the 
genome that is transcribed into a functional RNA molecule. This is the 
definition that will be used in this thesis.  
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Although the genome is largely similar between individuals, small 
differences in the base pair sequence are common. They come in the form 
of single nucleotide variations (SNVs) and larger structural variants (SVs) 
such as copy number variation (CNVs), including insertions, deletions 
and duplications. The 1000 Genomes project ran between 2008 and 2015 
with the aim of creating a catalogue of human genetic variation; in 2015 
the catalogue covered over 88 million variants27. Genetic variations are a 
main contributor to the differences between individuals. However, many 
genetic variations do not manifest themselves as a change in phenotype. 
Indeed, a study in 2015 found around 100 genes that could be deleted 
without apparent consequences for the carrier28. Finding the variants that 
lead to genetic disorders is one of the big challenges in the evolving field 
of genetic medicine.  

RNA 
In simple terms, DNA is used for storing information while RNA is used 
to mediate information and control the transfer of information. RNA 
differs from DNA in several ways: RNA uses ribose sugars instead of 
deoxyribose, it is generally single stranded (though it often forms intra 
and intermolecular structures) and features the base uracil (U) in place of 
thymine (T). There are several classes of RNA serving different purposes 
in the cell. These can be broadly divided in two different groups according 
to whether they are directly involved in protein synthesis or not. The list 
here is by no means complete and is mainly here to give a broad picture of 
the RNA complexity. The major classes of RNA involved in protein 
synthesis are ribosomal RNA (rRNA), transfer RNA (tRNA) and 
messenger RNA (mRNA). rRNA is an integral part of the ribosome and is 
the most abundant form of RNA. It can constitute up to 90% of the entire 
RNA content in each cell29. tRNA is responsible for recruiting amino acids 
to the ribosome. mRNA serves as the template during protein synthesis 
and can also be called protein-coding RNA. The other group of RNA 
species are involved in RNA modifications such as small nuclear RNA 
(snRNA) and small nucleolar RNA (snoRNA). There are also RNAs 
involved in the regulation of the transcription and translational processes 
such as a long noncoding RNA (lncRNA), micro RNA (miRNA), antisense 
RNA (iRNA) and small interfering RNA (siRNA).  
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The transcribed RNA content in its entirety is called the transcriptome. 
While DNA can be regarded as an almost static molecule (the bases and 
their order being mostly the same in the majority of the cells within an 
individual), RNA is a dynamic molecule. The levels of individual RNA 
transcripts vary greatly across cells and thus the transcriptome differs 
between cell types. Two papers in Nature from 2012 found 62.1% and 
74.7% of the genome to be covered by processed and primary transcripts, 
respectively, and 80% of the genome to be functional30. However, these 
figures have been disputed31,32. The transcriptome adapts as the cell 
responds to changes in it surroundings, making the transcriptome an 
interesting marker to study.  
 
Messenger RNA has traditionally been given the most focus in 
comparison to other types of RNA. This molecule is transcribed from 
DNA in the nucleus in a premature state called precursor mRNA (pre-
mRNA). These pre-mRNA transcripts consist of several blocks of coding 
sequences (exons) separated by non-coding sequence (introns), as well as 
untranslated regions (UTR) at the ends. The pre-mRNA is processed into 
mature mRNA by poly-adenylation of the 3’ end, addition of a capping 
sequence to the 5’ end and removal of introns from the transcript. The 
process in which introns are removed from the transcript is called 
splicing. Splicing is not confined to the removal of introns; exons can be 
removed from the transcript, introns can be retained and parts of the 
exons might also be removed together with the introns when the 
transcript matures. Through variation in splicing it is possible to get 
altered mature mRNAs from the same pre-mRNA, a process known as 
alternative splicing. When the transcript has been processed into mature 
mRNA, it is transported from the nucleus to the cytoplasm where it is 
translated into proteins.  

Proteins 
Mature mRNA transcripts are translated into proteins by ribosomes. The 
RNA is translated in blocks of three bases, called codons, and each of 
these codons encodes one of the 20 amino acids or a start/stop codon. 
Several combinations encode for the same amino acid and this 
redundancy is why some mutations in the genetic code may not affect 
proteins33. Translation starts at the start codon, after which tRNA with 
complementary codons to the mRNA deliver amino acids that are linked 
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together into a polypeptide chain. When the machinery reaches a stop 
codon the newly formed chain is released. The amino acid sequence then 
undergoes post-translational modifications such as phosphorylation, 
glycosylation and lipidation, and is folded into the correct 3D structure to 
form a functional protein.  
 
The entire protein content of a cell is called that cell’s proteome. The 
proteome is studied with techniques such as mass spectrometry and 
antibody arrays. The Human Protein Atlas (HPA) project was initiated in 
2003 and aims to describe the proteome of all major tissues in the human 
body34. The field of high throughput proteomics is not as mature as 
genomics or transcriptomics; one of the reasons is that proteins lack the 
copying mechanism of its nucleic acid counterparts. As such, the 
transcriptome is often studied instead as a proxy to the proteome, which 
has been shown to correlate to the proteome on a qualitative level35–37. 
 
Today, all big commercial DNA sequencing technologies utilize proteins, 
both during the sequencing and when preparing the nucleic acids for 
sequencing. Protein engineering has been, and still is, key in the 
development of DNA sequencing technologies.  

Cells, tissues and organs 
The encapsulation of DNA, RNA and protein within a lipid bilayer is what 
constitutes a cell. In multicellular organisms the cells specialize, fulfilling 
different tasks thus forming cell types. Similar cells band together to form 
tissues, and several tissues can form larger structural units called organs. 
It is important to remember that the DNA sequence in the cells is the 
same – they only differ in which transcripts are expressed and by 
extension their proteins. Even though the DNA is the same, an organ can 
be extremely heterogeneous. Efforts such as the Genotype-Tissue 
Expression (GTEx) project aims to characterize these differences38. 
However, sequencing the transcriptome of an organ and its tissues only 
gives an overview of the state in the tissue - the finer nuances are lost in a 
bulk sample. It is possible to sequence multiple small parts of the tissue, 
even down to the single cell level. This provides a more detailed picture of 
the tissue and the cells within it. What is lacking from that picture is the 
interplay between cells and how they are ordered to form the tissue and 
later the organ. However, there are sequencing techniques that can 
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provide that information39–41 and thus allow us to gain new insights into 
cells, tissues and organs. 
  



Anders Jemt 

9 

Sequencing Technologies 
In 1976 the bacteriophage MS2 became the first organism to have its 
genome sequenced42. MS2 is a single stranded RNA virus and the 
sequence was determined on the RNA level by digesting radiolabeled 
RNA and using two dimensional gel electrophoresis to separate the 
fragments43. The first DNA genome to be sequenced was the 
bacteriophage Phi X 174 in 197744, which was sequenced using Frederick 
Sanger’s plus and minus method developed a few years earlier. The plus 
and minus method creates radiolabeled double stranded DNA with sticky 
ends of different lengths that are split into two sets, the minus and the 
plus set. Each set is then split into four reactions, resulting in a total of 
eight reactions. In the minus set the newly synthesized strand is further 
extended in the presence of three out of the four bases. The plus set 
undergoes extension with only one of the four bases. Each of the reactions 
in the two sets has a different base omitted or present. The resulting eight 
reactions are analysed using gel electrophoresis for fragment size 
separation. The fragments from the minus reactions are used to deduce 
the next base to be incorporated while the plus reactions shows which 
base was the last to be incorporated45. Although a significant 
advancement from 2D gels, the system suffered from poor resolution over 
homopolymers, as the homopolymer length had to be estimated from the 
spacing of the bands in the gel46. Maxam and Gilbert took the next 
technological step when they published their chemical cleavage technique 
in 197747. Radiolabeled double stranded DNA is fragmented, split in four 
reactions and in each reaction different chemical cleavage agents are 
added. These agents cleave the DNA either at purines (A and G), at 
pyrimidines (C and T), at A or at C. The fragments generated from these 
four reactions are separated using gel electrophoresis creating a band for 
every sequence position, minimizing the homopolymer problem of the 
plus and minus method46.  
 
A few months later, Sanger introduced the sequencing technology that 
would dominate the field for nearly 30 years48. The method came to be 
known as Sanger sequencing and circumvented the homopolymer 
problem of the plus and minus system by using chain-terminating 
nucleotides. These nucleotides lack the hydroxyl group of normal 
nucleotides and thus cannot form a bond to the next nucleotide. 
Sequencing was originally carried out in four reactions, each having all of 
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the normal deoxynucleotides, where one type is radioactively labelled, 
plus a small percentage of one dideoxynucleotide. In each reaction the 
polymerase extends the nucleotide chain over the single stranded 
template until a dideoxynucleotide is incorporated. Since all bases are 
present and the chain terminating nucleotides are in minority, a wide 
range of different fragment lengths will be created. The fragments from 
each reaction are then separated on a polyacrylamide gel forming distinct 
bands at the point in the chain where a dideoxynucleotide has been 
incorporated. Thanks to its accuracy, robustness and ease of use, Sanger 
sequencing became the sequencing method of choice for many years and 
is still widely used for validation experiments49.  Sanger sequencing was 
the method used in the Human Genome Project (described earlier) and 
the method was continuously improved over the years. Some of the most 
significant introductions to the technology include the switch from 
radiolabelling to fluorescence (first by using fluorescently labelled 
primers50 and later moving the label to the dideoxynucleotides51), 
automation52 and fragment separation by capillary electrophoresis53.  
 
In 1998 Pål Nyren introduced a new method for sequencing, called 
pyrosequencing54. Pyrosequencing used a sequencing by synthesis (SBS) 
approach outlined in a patent by Melamede from 198555. In both Sanger 
sequencing and pyrosequencing, a primer is extended over a template 
sequence, but while Sanger sequencing uses separation of the labelled 
fragments by gel electrophoresis to deduce the sequence, pyrosequencing 
uses real-time detection of the incorporated base. Pyrosequencing relies 
on the indirect detection of pyrophosphate, which is released upon the 
successful incorporation of a matching nucleotide. The four bases A, G, C 
and T are added sequentially to the reaction. Sulfurylase then catalyses 
the addition of pyrophosphate to adenosine 5’-phosphosulfate (APS) 
forming adenosine triphosphate (ATP), which is used as a cofactor by 
luciferase in the conversion of luciferin to oxyluciferin, a light producing 
reaction. A camera is used to detect the burst of light, which scales with 
the number of incorporated nucleotides. Apyrase then degrades 
remaining ATP and non-incorporated bases and the next base is added. 
This technology would become the basis of the first commercially 
available massively parallel sequencing instrument.  
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Massively parallel sequencing  
Moore’s law is the name given to a prediction made by Gordon Moore 
that the number of transistors in each square inch of commercially 
available computer processors will double every two years56. This model 
has been able to predict the rapid pace of increased computational power 
quite accurately. A popular comparison in the field of sequencing has 
been to show how the reduction in sequencing cost has outpaced even 
Moore’s law57. This drop can be matched to the introduction of massively 
parallel sequencing. What connects the different sequencing platforms 
within this concept is miniaturization of the sequencing reaction, making 
it possible to run millions of reactions in parallel. In the early days of 
massively parallel sequencing the market was dominated by three 
systems: the Genome Sequencer (often called 454) from Roche, the 
Genome Analyzer from Solexa (later Illumina) and the SOLiD machines 
from Applied Biosystems. Since then new technologies have emerged, like 
the Ion torrent platform, Complete Genomics and the GeneReader, some 
of which have successfully grabbed a piece of the market.  

454 Life Sciences 
In 2005, 454 Life Sciences (later acquired by Roche) released the Genome 
Sequencer 20 (GS20). Optimization and miniaturization of the 
pyrosequencing reaction had produced an instrument capable of 
generating ~300,000 reads of 100 bases of length in each run58. To 
achieve this, template molecules were clonally amplified on micrometre-
sized beads in a process called emulsion PCR. Parallelisation was 
achieved by washing the DNA covered beads over a picotiter plate with 
wells big enough to hold one bead. The enzymes necessary for the light 
emitting reaction were coupled to smaller beads that would fit around the 
larger template bead. The dNTP’s were then added sequentially with an 
apyrase-washing step in-between. A charge-coupled device (CCD) 
monitored the plate and registered the light bursts that signals base 
incorporation. Further optimisations and parallelisation of the 
technology finally lead to an instrument capable of sequencing around 1 
million DNA fragments to a read length of 700 bases59. The system was at 
the end not able to compete with the other technologies in terms of 
throughput and Roche decided to discontinue the sequencing platform in 
201360. Another weak point for the platform was the sequencing of 
homopolymers longer than 6-8 bases, at which point the signal does not 
scale with the number of incorporated bases. This contributed to a 
relatively high rate of false insertions and deletions (indels) in the 
resulting sequences61.  
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Illumina 
The second massively parallel sequencing instrument to reach the market 
was the Genome analyser from Solexa (later acquired by Illumina). The 
Illumina platform uses sequencing by synthesis (SBS) with reversible 
chain terminating nucleotides coupled to fluorescent dyes. Clusters of 
clonally amplified single stranded DNA are generated on a flow cell in a 
process called bridge amplification, resulting in DNA fragments 
physically attached to the glass surface. Reversible chain terminating 
nucleotides containing a fluorescent label are added, extending the 
sequencing primers of each cluster by one base. After washing away 
excess nucleotides, the flow cell is imaged and each cluster lights up with 
the colour corresponding to the incorporated base. The fluorophore 
together with the chemical modification that prevents elongation is then 
cleaved from the sequences and the clusters are then ready for elongation 
again, with the next base62. Since the introduction of the Genome 
Analyzer I in 2006, Illumina has continued to develop their technology 
and diversified their portfolio of sequencing instruments to suit the 
varying demands of data output between laboratories. The instrument 
line-up now spans from the MiniSeq's 7.5 giga-base (Gb) output to the 
1800 Gb output of the HiSeqX63. The core technology has remained 
largely the same with the exception of two recent developments: the 
introduction of patterned flow cells and a new two-colour SBS chemistry. 
These developments have allowed the company to increase output speed 
of sequencing whilst decreasing the cost.  
 
Patterned flow cells allow for a higher cluster density by physically 
separating sequence clusters in nano-wells that cover the surface64. A 
standard Illumina flow cell features an open surface covered by adapter 
sequences, to which DNA fragments hybridize and form clusters during 
bridge amplification. Overloading the flow cell with DNA fragments leads 
to the entire surface being covered by clusters, which cannot be separated 
by the imaging software. Finding the loading concentration that allows 
for high data output while not overloading is key to maximising the 
output from the sequencers. In contrast, patterned flow cells use a new 
amplification strategy, called kinetic exclusion amplification, which 
makes the cluster generation process much less sensitive to overloading65.  
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The introduction of the two-channel SBS chemistry puts fewer 
requirements on the optics, which means that the instruments can be 
made cheaper and sequencing is faster66. In traditional Illumina 
sequencing A, G, C, and T are coupled to different fluorophores; the two-
channel system only uses two dyes. T and C is each labelled with one dye 
while A is labelled with a mix of the two dyes and G is unlabelled. Clusters 
with a mixture of the dyes are thus called as A while a dark cluster is 
treated as G.  

SOLiD 
Applied Biosystems’ SOLiD (Sequencing by Oligonucelotide Ligation and 
Detection) system does not use a SBS approach, instead relying on the 
ligation of detectable DNA probes to read out the DNA sequence. As is the 
case with the other two MPS technologies presented earlier, the 
sequenced fragments must first be isolated and clonally amplified either 
on beads or directly on the flow chip to create single stranded sequencing 
templates. Probes that have been labelled with one of the four available 
fluorophores (depending on the probe’s first two bases) are added to the 
flow cell and are ligated to a sequencing primer in the case of sequence 
complementarity. Redundant probes are washed off and the fluorescent 
signal corresponding to the first two bases of the ligated probe is 
registered. The 5’ end of the probe is blocked so as to only allow for 
ligation of one probe. After imaging, the block together with a few bases is 
removed to allow for the next cycle of ligation. By using sequencing 
primers of different lengths, each position on the sequencing template is 
read twice and the registered base is derived from the colour change that 
occurs when shifting two bases that are probed by one step61. This 
dependency leads to the possibility of isolating sequencing errors from 
variations in the sequence. Over the last years the SOLiD platform has 
lost ground to Illumina. The read length is shorter (75 bp for single end 
runs), data output is lower (max 320 Gb)67, the sequencing is more 
expensive and takes longer time compared to Illumina’s high output 
instruments61. However, the sequencing chemistry has been adopted in 
new applications such as in situ sequencing68.  

Ion Torrent 
In a Nature paper from 2011, Jonathan Rothberg and associates from Life 
Technologies (now part of ThermoFisher Scientific) introduced the Ion 
Torrent sequencing platform69. It was the first platform to use a non-
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optical readout, instead relying on fluctuations in pH to deduce the 
sequence. The platform shares similarities with 454 pyrosequencing in 
that it uses native nucleotides that are added sequentially to the 
sequencing reaction. Nucleotide incorporation results in release of 
pyrophosphate (measured in pyrosequencing) and a hydrogen ion, a by-
product that the Ion Torrent registers. Clonal amplification of the 
sequencing template by emulsion PCR prior to sequencing ensures that 
enough protons are released upon incorporation for the change in pH to 
be detectable by an anion-sensitive field-effect transistor (ISFET) coupled 
to a complementary metal-oxide semiconductor (CMOS) device. Ion 
torrent sequencers suffer from the same type of limitations as 454 
sequencing: a weakness to call homopolymer lengths correctly, resulting 
in indel errors. The current read length is 400 bp and the system is 
capable of outputting 10-15 Gb per chip70. 

GeneReader, Qiagen 
The GeneReader from Qiagen is a relative recent addition to the 
sequencing market. The platform utilizes emulsion PCR in order to create 
clonal sequencing templates on beads. The actual sequencing reaction is 
very similar to the chemistry used by Illumina. Terminally blocked 
nucleotides are added to the sequencing reaction but only a fraction of 
these have been labelled with a fluorophore. After imaging, the 
fluorophores are cleaved off and a 3’-OH group is regenerated61. What 
separates the GeneReader from its competitors is the focus on a complete 
workflow, bundling the sequencing machine together with sample 
preparation robotics and analysis. Qiagen has also chosen to tailor the 
GeneReader towards clinical use by currently only offering gene panels 
targeting clinically actionable genes. Currently, there are no numbers 
available on read lengths and throughput.  

Complete Genomics/BGISEQ 
In January 2010 Complete Genomics published a paper in Science 
describing sequencing by unchained ligation71. The sequencing template 
is prepared by first fragmenting the DNA, followed by repeated use of 
type IIS restriction enzymes that allow the ligation of sequencing 
adapters into the fragment. The fragments are circularized and amplified 
into “nanoballs” using rolling circle amplification (RCA). The resulting 
constructs are sequenced using anchor probes that hybridize to the 
adaptor sequence and a detection probe with degenerate bases and a 
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single known base coupled to a fluorophore. The probes are removed 
after imaging and a new set of probes are added. By alternating the 
known position in the detection probe the sequence can be deduced. The 
base call (the interpretation of the raw signal to a base) is independent of 
the previous reaction since the sequencing reaction is reset after each 
ligation, which contributes to an improved sequence quality. The business 
model of Complete Genomics was never to sell instruments, but rather 
sell sequenced human genomes as a service. The company was acquired 
by BGI in 2013 and an instrument based on the technology has since been 
launched for the Chinese market under the name BGISEQ-500. 
According to the company website the system is capable of sequencing a 
100 bp paired end and outputting up to 200 Gb72, but this has yet to be 
confirmed. 

Single-molecule sequencing 
All of the sequencing technologies described above use clonally amplified 
templates in the sequencing reaction in order to amplify the sequencing 
signal and reduce the impact of incomplete chemical reactions. Each read 
from the sequencer represents the consensus from sequencing several 
separate DNA fragments. A different approach to DNA sequencing is to 
read the sequence of one individual DNA molecule: single-molecule 
sequencing. Sequencing on this level is challenging as stochastic errors 
are directly translated to an incorrect base call instead of being masked by 
a consensus signal. However there are advantages such as longer read 
lengths and minimized GC bias. Helicos Biosciences was the first 
company to offer a single-molecule sequencer, the Heliscope73. Poly-
adenylated DNA strands are hybridized to sequencing primers and the 
bases are called by adding labelled reversible chain terminator 
nucleotides followed by imaging and signal registration74,75. The system 
was used in the first single-molecule sequencing of a human genome76 
and was also capable of sequencing RNA directly, without converting the 
RNA to DNA77. However the platform suffered from poor read length (35 
bp) and limited throughput (35 Gb per run)78 and the company filed for 
bankruptcy in 201279. Today’s market is dominated by the system from 
Pacific Biosciences, but the MinION device from Oxford Nanopore 
Technologies is gaining traction and several other systems are nearing 
launch. 
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Pacific Biosciences 
The PacBio RS instrument from Pacific Biosciences was made 
commercially available in 201180. The technology, called Single-Molecule 
Real-Time (SMRT) sequencing, was first presented in a Science paper in 
2009 and utilizes single DNA polymerases deposited at the bottom of a 
zeptoliter sized wells, called zero-mode waveguides (ZMW)81,82. The 
sequence is read by having the polymerase extend a template strand in 
the presence of fluorescently labelled nucleotides. As nucleotides are 
incorporated, fluorophores are cleaved off and diffuse out from the ZMW. 
The wells are continuously monitored by a CCD camera, which registers 
the colour and duration of the fluorescent signals. A successful 
incorporation leads to a prolonged fluorescent signal from the ZMW, as 
compared to signals registered from nucleotides freely diffusing in and 
out of the ZMW. The main benefit with the PacBio system is the longer 
read lengths. The original system had an average read length of about 
3000 bases83 and the sequel to the PacBio RS, the Pacbio RS II, boasts an 
average read length of over 10 kilo bases (kb) with occasional reads over 
60 kb84. Being a single-molecule platform, the long reads suffer from a 
high raw error rate of around 13%61. However, the errors are stochastic, 
and by creating shorter circular fragments the polymerase can make 
multiple passes over the same molecule, effectively creating a consensus 
read with an error rate of less than 1%. Recently, Pacific Biosciences 
released an updated machine, which is much smaller and lower priced, 
called the Sequel System. At the time of writing the details on the system 
are scarce, but according to Pacific Biosciences, users can expect a seven 
fold increase in throughput and an average read length between 8 kb and 
12 kb85. 

Oxford Nanopore Technologies 
Oxford Nanopore Technologies (ONT) first presented their USB stick 
sized DNA sequencer, the MinION, at the 2012 Advances in Genome 
Biology and Technology (AGBT) conference86. The company planned to 
make the instrument available to early access costumers by the end of 
2012, but it was to take until 2014 before the instruments started 
reaching users87.  
 
At the core of the technology is a protein nanopore, immobilized in a 
polymer membrane, through which a DNA strand is threaded88. As an 
electric potential is applied over the membrane an ion current flows 
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through the pore. While the DNA is translocated through the pore with 
the assistance of a motor protein, changes in this potential are registered. 
The pattern of these changes is characteristic of the nucleotide bases 
passing through the pore and can be translated to base calls89. The 
platform reads the signal continuously in the form of k-mers, with each 
possible combination having a distinct signature. Currently, the platform 
uses a modified CsgG protein pore90, and are able to pass 250 bases per 
second through the channel91, which registers the signal pattern from 6 
bases. As with all single-molecule sequencers, the MinION suffers from a 
high raw error rate, currently around 15%. To improve the base call 
qualities, ONT has devised a simple library prep in which a hairpin loop is 
ligated to the end of the double stranded fragment. This enables both 
DNA strands to be sequenced, creating a so-called 2D read with improved 
accuracy (currently around 95%) as compared to just reading one 
strand92. The read length of the system is ultimately limited by the length 
and quality of the input DNA. Reads as long as 100 kb has been 
reported93 but most reads are considerably shorter. The MinION can have 
up to 512 simultaneously active pores. At the time of writing it is possible 
to register for an early access program for a larger version of the 
instrument, the PromethION, which has up to 144,000 simultaneously 
active pores.  
 
The small size of the MinION sequencer and its simple library prep has 
opened up new possibilities and niches for DNA sequencing. During the 
Ebola outbreak in 2014 the MinION was deployed at a field hospitals for 
monitoring the virus94,95. Furthermore, the size and ease of use has seen 
the sequencer being used for sequencing on the International Space 
Station96. Other interesting applications are direct RNA sequencing97 and 
methylation studies98,99.  

Upcoming technologies 
The sequencing market is today entirely dominated by Illumina. There 
are however several new technologies and applications being developed 
that seek to challenge Illumina’s supremacy. Some of them are years away 
from reaching the market, whilst others are preparing for launch in the 
near future. A common theme for many of these technologies is that they 
try to target new markets that Illumina has not yet cornered. This 
includes focusing on a specific geographical region or targeting the 
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clinical sequencing market, which in a few years has the potential to 
dwarf the academic market.  

GenoCare, Direct Genomics 
Direct Genomics have revived the single molecule sequencing approach 
used by Helicos Biosciences, modified it and implemented this technology 
in the GenoCare sequencer. The instrument uses only a few library 
preparation steps: DNA shearing, denaturation and Cy3 labelling. The 
genes of interest are captured on the flow cell by hybridization to probes 
that double as sequencing primers. The Cy3 tag is used to identify the 
clusters, and labelled bases with reversible chain terminators are added 
sequentially. Imaging is carried out using Total Interference Reflection 
(TIRF) microscopy, creating an “evanescent wave” that only excites the 
molecules within 150 to 200 nm from the surface100. The authors report 
on a detection sensitivity of 3% minor allele frequency. The system is 
designed for gene panel sequencing in a clinical setting and is at this 
point only intended for the Chinese market.  

GENIUS, GenapSys 
Details remain scarce on the GENIUS system from GenapSys. According 
to a patent application from 2011, co-authored by the founder of the 
company, the detection principle seems to be the change in pH and 
temperature that occurs upon successful incorporation of nucleotides101. 
The patent describes the detection of temperature changes as low as 
0.003 °C in picoliter-sized wells on a semiconductor chip, similar to those 
used by IonTorrent. The company partnered with Sigma Aldrich in 2015 
to co-market the GENIUS system, which was then said to be close to 
being launched102. The sequencer has yet to reach the market. 

Genia, Roche 
One of the main challenges of nanopore sequencing is converting the 
signal from the nanopore into a correct sequence of bases. Fragments 
translocate through the pore quickly and this, together with the structure 
of the pore, means that signals are comprised of multiple bases. The 
Genia system is able to offer single base detection by sequencing tags 
instead of bases on their CMOS nanopore chip. A Phi29 DNA polymerase 
is covalently attached to a α-haemolysin nanopore situated in a lipid 
bilayer. The polymerase latches on to a primed single stranded DNA 
sequence and begins to synthesize a complementary strand using bases 
with molecular tags added to them. As the nucleotide is incorporated, the 



Anders Jemt 

19 

tag is removed and translocates through the nanopore. Each base has a 
different tag, which compared to nucleotides has a much more distinct 
signal when translocating through the pore103. As of 2014 the company is 
a part of Roche104, and is focusing the sequencer towards the clinical 
market105. There are no reports as to when the sequencer can be expected 
to reach the market.  

Firefly, Illumina 
The Firefly project at Illumina seeks to develop a CMOS based SBS 
instrument. Currently, Illumina uses multi-channel detection systems to 
call bases (four-channels in the HiSeq and MiSeq systems and two-
channels in NextSeq and MiniSeq). CMOS sensors are one-channel 
devices, which means that it only registers a binary on or off signal. Ion 
Torrent solves that problem by adding bases sequentially and registering 
the signal. Illumina seeks to develop a one-channel variant of its SBS 
chemistry where T has a permanent label, A has a removable label, G has 
no label and C starts with no label but can accept one. The base is 
deduced by imaging the chip two times. After the first image, the label is 
transferred from A to C and by combining the information from the two 
images the base can be called. Launch is expected during the second half 
of 2017106. 

Hyb & Seq, Nanostring Technologies 
At AGBT 2016, Nanostring technologies showcased their enzyme free 
sequencing principle for gene panels. The principle is based on their 
nCounter technology, originally designed for transcript quantification. 
Single stranded DNA is deposited on a flow cell and the sequence is 
interrogated by hybridizing detection probes. The detection probes have a 
10 base long recognition sequence, the middle 6 bases of which are the 
sequence that is being interrogated, and a reporter sequence that is used 
to read the sequence. The reporter sequence is an expanded version of the 
recognition sequence to which optical barcodes are hybridized in a 
sequential manner in order to read the sequence. The same sequence can 
be interrogated multiple times, reducing the error rate. The company is 
targeting the clinical market with this system but launch is still years 
away107.  

Solid-state nanopore sequencers 
The nanopore sequencers of today use a biological protein pore placed in 
a lipid bilayer. Fabricating synthetic nanopores in a solid-state membrane 
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would potentially increase stability, facilitate mass production and allow 
for easy variation in pore size. However, fabrication of solid-state 
nanopores has proven to be challenging, and sequencing devices based on 
this technology are still far away. The first pores were fabricated in a 
Si3N4 membrane108 but today a verity of materials can be used109. 
Recently, single-layer materials such as graphene have sparked much 
interest. The thickness of a graphene membrane is comparable to the size 
of a single nucleotide, which potentially would facilitate signal 
recognition. Graphene is also electrically conductive thus making it 
possible to register changes in the in-plane current as the molecule 
translocates through the pore. Several issues, aside from expensive 
fabrication, need to be solved before graphene nanopores can be 
implemented in a sequencing device. The pore is prone to clogging, the 
signal is dependent on the orientation of the DNA molecule and the 
translocation speed is too fast for single base pair detection110. This may, 
however, be the future of DNA sequencing. 
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Preparing nucleic acids for sequencing 
Currently there are no sequencing machines capable of using a raw 
sample, such as blood or tissue, as input. Instead the nucleic acids need to 
be separated from proteins, cell debris and other contaminants in a 
process called nucleic acid extraction. Furthermore, the naked nucleic 
acids need to be modified to suit both the sequencing system and the 
question at hand. This process is referred to as the library preparation.  

Extraction 
The principle of isolating nucleic acids has remained largely similar for 
many years. The workflow can be divided into three parts. First is the 
disruption of the tissue and cell lysis. This is followed by the isolation of 
the nucleic acid of interest. Finally, some sort of quality control is usually 
performed. In this section DNA extraction is described. The process is 
similar for RNA extraction, though some special considerations will be 
briefly mentioned.  
 
Depending on the source material, disrupting tissue and lysing cells can 
be a challenging process. For example, gram-positive bacteria and plant 
cells have sturdy cell walls that effectively protect the contents of the cells. 
Most cells are however quite delicate, and can be disrupted and lysed 
using salt, detergents and proteases111. If the cells are part of a larger 
tissue biopsy it might be necessary to mechanically disrupt the structure 
using different shearing techniques such as bead milling, high pressure or 
sonication. The cell has dedicated organelles (the lysosomes) for 
degrading biomolecules. Upon disruption of the cells, the DNA will come 
into contact with the nucleases in the lysosomes, which will degrade the 
DNA if not neutralized by detergents and proteases.  
 
Isolating the DNA from cell debris and other impurities can be done by 
binding the DNA to a solid support and washing away unwanted 
molecules before re-suspending the DNA. The solid support is most often 
a silica matrix, which in the presence of chaotropic salts binds DNA112 as 
water molecules become unavailable112. This bond is stable in alcohol, 
which is used to wash the silica bound DNA. When the silica is re-
hydrated, the DNA is released from the matrix and can be collected. The 
silica matrix can be in the form of a spin filter or micrometre sized 
beads113, which can be made in a paramagnetic material for easy 
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handling. Another approach is to use liquid phase extraction with 
phenol:chloroform:isoamyl alcohol. This produces a very clean product 
but the method is laborious, uses hazardous chemicals and is therefore 
avoided when possible.  
RNA is a less stable molecule then DNA. Furthermore, RNAses that can 
rapidly degrade RNA are ever-present and are highly resistant to 
inactivation114. Thus, in order to be able to extract high quality RNA, great 
care must be taken right from the time the sample is collected. The best 
method to ensure high integrity RNA is to rapidly freeze the samples to -
80° C (flash freezing). This is often not practically possible and several 
alternative methods to preserve RNA have been developed. Chemical 
cross-linking of proteins and nucleic acids with the right amount of 
formaldehyde solution has been proven to be an effective and inexpensive 
method115. There are also commercial offerings that help in preserving 
RNA integrity116. 
 
Sequencing library quality is highly dependent on the quality of the 
nucleic acids that are used as input material. Quality metrics can include 
the lengths of the nucleic acids as well as sample contamination with 
DNA/RNA or proteins. Fragment lengths can be measured using gel 
electrophoresis or, for greater resolution, capillary gel electrophoresis. A 
frequently used quality metric of RNA is the RNA integrity number 
(RIN), where a value of 10 reflects a fully intact sample and 1 is 
completely degraded117. Protein contamination can be estimated by 
measuring the absorbance at 260 nm and 280 nm using a 
spectrophotometer. Nucleic acids have their absorbance maxima at 260 
nm while proteins (mainly the amino acids tyrosine and tryptophan) 
absorb strongly at 280 nm. The ratio of these two measurements gives an 
approximate value describing the level of protein contamination. The 
nucleic acid quantity can be measured using either absorbance at 260 nm 
or by having fluorescent dyes binding specifically to the DNA or RNA. 
Fluorescence based methods offer greater accuracy and are therefore 
preferred118.  

Challenging source material 
Compared to fresh in suspension samples such as blood, extracting high 
quality nucleic acids from formalin fixed paraffin embedded (FFPE) 
samples is difficult. This preservation method is very common for clinical 
biopsies, as it leaves the sample intact for histological analysis. However, 
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the method introduces artefacts in the DNA sequence119 and the extracted 
material is generally of low quality. Two additional steps are required 
when extracting nucleic acids from FFPE samples. First is the 
deparaffinization of the sample. This has classically been done using 
xylene followed by washing with ethanol but xylene-free deparaffinization 
is increasingly common in commercial kits. Secondly, the crosslinks 
between the nucleic acids and their surrounding molecules need to be 
reversed, which is often done by simply heating the sample120. The 
temperature and time for this step is dependent on the type of nucleic 
acid that is being extracted. RNA is more sensitive than DNA and 
excessive heating will degrade the RNA fragments121. After this step the 
process of nucleic acid extraction follows the normal procedure as 
described above.  

DNA Library preparation 
Since all the papers included in this thesis have used Illumina 
sequencing, this section will take an Illumina-centric approach to library 
preparation. Many of the steps and basic techniques are shared across the 
sequencing platforms, however. The typical protocol follows this 
workflow: DNA fragmentation, size selection, modification of fragment 
ends, ligation of adapters and amplification, with reaction clean-ups in 
between steps. This creates a paired end library, which has adapters with 
sequencing primers on both ends of the genomic fragments, enabling 
sequencing from both sides into fragment. 
 
Illumina dominates the field with its massively parallel short read 
sequencers.  Reads are cheap but short, which poses a problem for certain 
applications such as genome assembly, discovery of structural variants 
and haplotyping. Other technologies (PacBio and ONT) can provide 
longer reads but at a higher cost per base. Several specialist protocols, as 
well as bioinformatics methods, exist that try to harness the massive data 
output from the Illumina machines to form artificial long reads.  

Fragmentation 
DNA extracted from cells or fresh frozen tissue can reach lengths of 100 
kb. Manipulating DNA fragments of these lengths is challenging, and they 
do not amplify well. Fragmenting the DNA into more manageable sizes 
also means that more of the bases become available to the short read 
sequencer. For genome re-sequencing, Illumina recommends fragment 
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sizes of around 450 bp. A good DNA shearing technique should have 
minimal sequencing bias, yield a tight length distribution of fragments 
and be controllable. The strategies for shearing DNA can be divided into 
three categories: physical (nebulization, sonication, point-sink shearing), 
enzymatic (fragmentase, transposase) or chemical. Two widely used 
techniques are acoustic shearing with Covaris’ ultrasonicators or use of 
transposase for simultaneous fragmentation and adapter incorporation. 
Covaris uses a technology that they call Adaptive Focused Acoustics. High 
frequency sound waves are focused on the sample in bursts, causing 
cavitation that shears the DNA. Advantages include minimal sample loss, 
no sequence bias and low risk of contamination. Transposase based 
fragmentation uses a hyperactive variant of the Tn5 transposase122. By 
including fragmentation and adapter incorporation in the same 5 minute 
reaction, the library preparation is significantly quicker when compared 
to other methods. One negative aspect of the method is that the 
transposase enzymes have a slight sequence bias122.  

Modification and Ligation 
The fragmentation process creates a mix of double stranded DNA 
fragments with sticky ends (3’ and 5’ overhangs). Before adapters can be 
ligated to the fragments, the ends need to be made blunt and active. A 
typical enzymatic cocktail contains T4 DNA polymerase, which fills in the 
5’ overhangs. Thanks to the enzyme’s strong 3’ to 5’ exonuclease activity, 
any protruding 3’ ends are removed. Furthermore, the mix often includes 
a T4 polynucleotide kinase that will activate the fragments by 
phosphorylating the 5’ ends. To add sequencing adapters to the 
fragments, a common strategy is to first add a single non-template A 
nucleotide to the 3’ ends of the fragment, using the terminal transferase 
activity of certain DNA polymerases, such as Taq polymerase123. The 
adapters can then be designed with a 5’ T overhang, which lowers the 
number of adapter dimers that form during the ligation process. The 
adapters contain a sequence for hybridizing and amplifying on the flow 
cell surface during the cluster generation process. The adapters also 
feature a region to which the sequencing primers can hybridize, as well as 
a sample specific index sequence, allowing multiple samples to be loaded 
onto the same flow cell.  



Anders Jemt 

25 

Amplification and Enrichment 
With adapters ligated to the DNA fragments, the library is commonly 
amplified using the polymerase chain reaction (PCR). Exponential 
amplification of DNA fragments with PCR is one of the techniques that 
has transformed the field since its development in 1986124. It is the most 
widely used technique for amplifying DNA, mainly due to its simplicity 
and immense capability to amplify single fragments of DNA into millions 
of copies. Selective amplification also allows PCR to work as an 
enrichment technique, using primer sequences that hybridise to the 
adapter sequences in both ends of the fragment. However, PCR-free 
library preparation protocols have started to become the norm for 
sequencing projects with no shortage of starting material. The advantage 
of using a PCR-free protocols are minimised sequence biases, fewer 
sequencing errors and a more uniform coverage of the genome125.  

Reaction clean up and size selection 
A reaction clean up is done prior to loading the finished library on the 
DNA sequencer for clustering. Aside from a change of buffers, the clean 
up also serves as a size selection step. The PCR library amplification 
process and the flow cell amplification favour shorter fragments over 
longer ones. Without a library size selection, a large fraction of the reads 
would originate from amplified adapters and PCR artefacts such as 
primer-dimers. Loading very long fragments on the flow cell is also 
wasteful. They will not amplify well, and form diffuse clusters that waste 
sequencing capacity. Fragments as long as 1500 bp can be amplified on 
unpatterned flow cells, albeit with lower efficiency126. The techniques for 
purifying the library follows the same principles as described in the 
extraction section (capturing the DNA on a silica matrix or binding it to 
paramagnetic beads).  
 
A common strategy for combined size selection and purification uses 
paramagnetic beads coated in carboxylic acids in a NaCl and polyethylene 
glycol (PEG) solution127. PEG acts as a crowding agent, causing the DNA 
to aggregate, and the sodium ions form a salt bridge between the DNA 
backbone and the carboxylic acids on the beads. Longer DNA precipitates 
more easily and by adjusting the PEG concentration it is possible to set 
the lower cut-off128. A size selection step with both a lower and higher cut-
off can be done by performing two bead purifications with different PEG 
concentrations129. Bead purifications are easy to integrate into an 
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automated protocol but the cut-offs can be inaccurate. Semi-automated 
gel excision systems offer a narrower span of insert sizes but at the cost of 
a lower throughput130.  

Variants of DNA sequencing 
The protocol described above is typical for re-sequencing a reference 
organism. Depending on the sample and scientific question, it may be 
more appropriate to employ a protocol developed for a specific purpose.  

Targeted approaches 
It is possible to make a selection within a DNA library for specific 
sequences of interest. For example, sequencing only the protein coding 
parts of the genome is called exome sequencing. The exome constitutes 
only 1% the size of the genome, but for Mendelian disorders (disorders 
that originate from a single faulty gene) it harbours 85% of the disease 
causing mutations131. The exome can be isolated from the finished 
sequencing library by hybridizing biotinylated probes to coding 
sequences. The hybridized probes and sequences can then be separated 
from the rest of the library with streptavidin covered paramagnetic beads. 
The advantage of exome sequencing is that a higher coverage over the 
regions of interest can be obtained for the same total number of 
sequenced reads. However, coverage outside of these regions is lost and 
as the cost of whole genome sequencing decreases so does the need for 
whole exome sequencing.  
 
For applications that require a large number of samples, like population 
genetics, sequencing library complexity reduction might be desirable. It is 
possible to increase coverage and obtain confident variant calls while 
keeping the cost low by using restriction site-associated DNA sequencing 
(RADseq). This achieves reduced representation by digesting the genome 
with one or more restriction enzymes, followed by adapter ligation to the 
fragment ends and sequencing132. Because cut sites are sequence specific, 
the same fraction of the genome is enriched in all samples. The reduction 
level can be adjusted to match the budget and number of samples by 
using restriction enzymes that have more or less common sequence 
motifs in the genome. This approach also lends itself well to situations 
where no reference genome is available.  
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Several other specialized library preparation protocols exist. Chromatin 
immunoprecipitation sequencing (ChIP-seq) is used to study the 
interaction between DNA and proteins. DNA is cross-linked to nearby 
proteins, followed by enrichment using antibodies that target the proteins 
of interest. These fragments are then used to create a sequencing 
library133. By using antibodies that target DNA binding proteins such as 
transcription factors, it is possible to enrich for enhancer or repressor 
regions, and gain insights into gene regulation. Another approach is to 
enrich for active parts of the genome with ATAC-seq (assay for 
transposase-accessible chromatin with high-throughput sequencing). The 
transposase in ATAC-seq preferentially targets regions of the genome that 
are not tightly packed, resulting in a selection for regions of open 
chromatin.  
 
Parts of the genome that are distant on a linear sequence level might be in 
close proximity in the three-dimensional state of the cell. Chromosome 
conformation capture techniques, such as 3C, 4C, 5C and HiC, are used to 
study how chromatin is organized. It relies on crosslinking chromatin 
fragments that are in close proximity, followed by fragmentation and 
dilute ligation of the DNA fragments. DNA sequences that were physically 
close in the cell will be joined together and can be used to create a 
sequencing library134.  
 
5-methyl cytosine is a common base modification found in many species. 
Promoters with high levels of this mark often belong to inactive genes in 
mammals, and genome-wide methylation promotes genome stability. The 
pattern of 5-methyl cytosine marks in the genome can be studied using 
bisulfite sequencing. In bisulfite sequencing DNA is subjected to 
treatment with sodium bisulfite, which converts unmethylated cytosines 
to uracil. The sample is then sequenced and the remaining C’s are 
identified as methylated135. Bisulfite sequencing requires complete 
conversion of the DNA in order to minimize the rate of false positives. 
The protocol is unable to distinguish between methylated and 
hydroxymethylated cytosines. Alternative protocols such as oxidative 
bisulfite are able to make this distinction. Single molecule sequencers 
show promise as well; PacBio has demonstrated that their sequencer can 
distinguish between methylated and non-methylated136. There are also 
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indications that nanopores from ONT might have the possibility to 
identify methylated bases98,99. 

Phasing and scaffolding 
Human somatic cells contain two alleles, each with its own unique set of 
variants. Using regular short-read Illumina paired end sequencing it is 
not possible to identify which allele variants originate from. In a case with 
two deleterious heterozygote variants on the same gene it is important to 
know if the variants map back to the same allele (leaving one copy of the 
gene intact and functioning) or if both of the alleles are affected. Placing 
the variants into consensus allelic blocks is called phasing. Long read 
single molecule techniques can offer phased blocks natively but there are 
also specialized library preparation protocols for Illumina sequencing 
that can generate phased data, such as Illumina Synthetic long read 
sequencing (formerly known as Moleculo)137,138 and the Chromium 
platform from 10x genomics139. Both methods work by 
compartmentalizing a few long fragments of the genome so that there is a 
very low risk of having two copies of the same genomic region in the same 
compartment. The fragments are amplified using primers with 
compartment specific barcodes that after sequencing are used to 
construct blocks of phased reads. The 10x approach uses a droplet station 
for compartmentalization, while the offering from Illumina use 384 well 
plates.  
 
The human genome has a large number of repetitive elements140 and a lot 
of structural variants. Paired end libraries are not well suited to resolve 
these regions, as the relatively short inserts do not span the repetitive 
elements. The challenge is even greater for organisms that lack a 
reference genome. For these organisms the reads are first assembled into 
contigs (blocks of overlapping short read sequences) that are scaffolded 
together over repetitive regions. A possible solution is to increase the 
library insert size to a length where it spans the repetitive region. 
However, as mentioned previously, longer fragments do not cluster well 
on the flow cell and some regions in the genome are notoriously hard to 
bridge. Here, long read techniques such as PacBio141 and ONT offers 
advantages. Short read techniques, like Illumina sequencing, can 
circumvent the problem by employing a mate pair library preparation 
protocol. The protocol requires high molecular weight DNA which is 
sheared to ~5-20 kb followed by size selection to remove short fragments. 
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The fragments are then circularized so that the ends of the fragments are 
joined together via an adapter sequence. A second fragmentation then 
takes place followed by selection for the adapter sequence. Sequencing 
adapters are added to the end of the fragments containing the adapter 
sequence and after amplification, the product is sequenced. The resulting 
reads will then originate from the ends of the original 20 kb fragment and 
can be used for joining contigs together in a scaffold. This is a very labour 
intensive protocol and requires large quantities of high quality DNA. 
Illumina has a library preparation kit that utilizes transposase for 
simultaneous fragmentation and adapter insertion but the process 
remains cumbersome.  

Single-cell DNA sequencing 
Even though the genomes of somatic cells are nearly identical, there are 
variations to be found. These somatic variations are more common in 
certain genomic regions where high genetic variability can even be 
desirable, such as the immune gene loci. Single cell sequencing is one of 
the tools that can be employed to find these differences. The technique 
also has great potential in cancer research, where single cell sequencing 
can be used to map tumour heterogeneity142. There are several technical 
challenges associated with single cell sequencing. Isolation of single cells 
from a tissue can be a tricky and laborious process. This is followed by a 
highly sensitive amplification process needed to generate enough 
material for DNA sequencing.  
 
Isolating a single cell can be achieved with laser capture microdissection 
(LCM) or other micromanipulation techniques. In LCM a tissue section is 
visualized under a microscope and a laser is use to isolate the cells of 
interest. The technique works well when the sample size is small, but is 
not well suited to large-scale experiments. In high throughput techniques, 
the tissue is dissociated to form a single-cell suspension. 
Compartmentalizing the single cells from this suspension can then be 
achieved by using dilutions, droplet stations, or fluorescence-activated 
cell sorting (FACS). Human somatic cells contain two nearly identical 
copies of the genome, with a total mass of around 7 picograms. Broadly 
speaking, there are three approaches for amplifying these minute 
amounts of DNA: PCR based amplification, isothermal amplification, and 
a combination of both143. PCR based techniques use random priming to 
introduce sequencing adapters, which can be used as primer targets in a 
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subsequent PCR. Isothermal approaches, like multiple displacement 
amplification (MDA), use an isothermal polymerase with strand 
displacement activity, such as Phi29, along with random priming to 
amplify the material. As DNA strands are displaced by the polymerases, 
new sites become available for primers and further amplification. Hybrid 
approaches, like Multiple Annealing and Looping Based Amplification 
Cycles (MALBAC)144 and PicoPLEX145, first employ a few cycles of linear 
amplification with a strand displacing polymerase before the fragments 
are amplified using PCR. The purely PCR based methods can struggle 
with covering the entire genome, leading to regions where one or both 
alleles are missing (allelic dropout) but have a more uniform coverage of 
the amplified regions143. A 40% coverage over the genome and dropout 
rates as high as 76% has been reported for PCR based techniques146. MDA 
approaches seldom yield a uniform amplification but cover more of the 
genome (~80% coverage) with a dropout of around 35%146. The 
isothermal polymerases used in MDA are less error prone leading to 
fewer false positive variants. Deeper sequencing can potentially alleviate 
the non-uniform amplification, but calling copy number variations from 
this data is hard143. Hybrid approaches try to combine the best from both 
techniques and consequentially share some characteristics of each143. The 
coverage over the genome is generally not as high as for MDA techniques 
(between 50% and 70%) but the allelic dropout is lower (~25%)146. 

RNA sequencing 
The Illumina sequencing machines are not capable of sequencing RNA. 
There are indications that PacBio and ONT could offer this possibility in 
the future97,147, but there are currently no commercially available kits. 
Instead, RNA must be converted into complementary DNA (cDNA) prior 
to sequencing using a reverse transcriptase. In all forms of RNA 
sequencing the library preparation enriches or depletes for one or several 
types of RNA. With this in mind it is important to consider the scientific 
question before preparing the library, so that the molecules of interest are 
preserved.  
 
Protein coding mRNA has classically been the subject of most interest 
and is separated from most other RNA species by its poly-A tail. The 
occurrence of the poly-A tail makes it possible to select for poly-A 
transcripts using biotinylated poly-T probes. This method is used in the 
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stranded Illumina TruSeq RNA library preparation kits. Good quality 
RNA is of utmost importance if coverage over the full transcript is 
desired, as fragmented RNA can generate a strong 3’ bias in the 
sequencing data148,149. Another strategy for reducing RNA complexity is to 
deplete ribosomal RNA, which constitutes the vast majority of all RNA 
content. Two major strategies are used to reduce the rRNA content. The 
first captures rRNA using baits that are complementary to the rRNA 
sequences. These can then be removed using magnetic beads. The other 
approach uses Ribonuclease H (RNase H) and its ability to selectively 
degrade RNA when it is hybridized to DNA. DNA probes against the 
rRNA are added and RNase H degrades the rRNA. These DNA probes are 
then degraded using deoxyribonuclease (DNase). Both methods are 
effective and bring the potential benefit of preserving other noncoding 
RNA in the sample148. The enriched RNA is fragmented using heat and 
divalent metal cations150, after which cDNA is created using random 
priming and a reverse transcriptase in a process called first strand 
synthesis. This is followed by second strand synthesis, in which the RNA 
strand is replaced by a second DNA strand using DNA polymerase 1 and 
RNase H151. After this point the protocol follows the steps described above 
for constructing DNA sequencing libraries, starting with the end repair 
and adapter ligation. 
 
It is beneficial to know from which of the library DNA strands the RNA 
molecule originated, and today most protocols retain this information, 
known as stranded protocols. A common way of achieving strandedness is 
to use dUTP instead of dTTP in the second strand synthesis. When the 
adapters have been ligated to the double stranded fragments the strand 
synthesized with dUTP can be degraded using Uracil-N-Glycosylase152.  

Specialized RNA sequencing libraries 
Several variations of this standard protocol exist. Below follows a 
description of some of the more specialized protocols for other RNA 
sequencing applications. 
 
RNA originating from tissues that have been preserved using FFPE 
techniques are typically heavily degraded and often only available in a 
limited amount. An interesting approach to generate RNA sequencing 
data from these samples is to employ sequence capture against mRNA. A 
cDNA library is created, after which baits hybridizing to the coding parts 
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of the transcriptome are added. The mRNA selection is then amplified 
using PCR and sequenced. A concern could be that this approach suffers 
from a non-uniform capture of targets, due to differences in hybridization 
efficiencies, which would skew the transcription pattern. However, initial 
reports show good correlation with standard RNA sequencing when 
performed on a good quality sample from the same tissue153. 
 
Another interesting application is the sequencing of small RNA species. 
These lack a poly-A tail and are generally selected against in the size 
selection step preceding sequencing. In brief, the standard practice is to 
ligate adaptors to the fragments, amplify and then perform a size 
selection step that is targeted towards short fragments. The size selection 
is challenging, since the sequencing fragments will be very similar in size 
to the PCR artefacts. Furthermore, single stranded ligation with T4 RNA 
ligase has been shown to have a sequence bias, potentially leading to 
inefficient ligation to some small RNAs154.  

Single-cell RNA sequencing 
An increasingly popular application of RNA sequencing is single cell 
transcriptomics. Sequencing the transcriptome of single cells makes it 
possible to identify rare cell types and probe tissue heterogeneity that 
would be masked in a bulk RNA sequencing experiment155. As with 
sequencing the DNA of single cells, efficient isolation and amplification 
are major hurdles to overcome when constructing transcriptome libraries 
from single cells. Extreme amplification of a limited number of starting 
molecules may also skew the original proportions. Introducing unique 
molecular identifiers (UMI) prior to amplification makes it possible to 
separate true duplicate transcripts from amplification duplicates156. Most 
single cell transcriptomics techniques use poly-T probes for capturing 
mRNA transcripts while at the same time priming the transcript for 
reverse transcription. It has been estimated that the efficiency of this step 
is only around 10%, which puts a limit on the sensitivity for all the 
methods157. After poly-A capture, the protocols have different approaches 
to amplification. One approach is to use a poly-T probe that also includes 
a T7 promoter. After reverse transcription this allows for amplification 
using in vitro transcription (IVT), a linear amplification method. The 
benefits of a linear amplification method include a more stringent 
amplification with fewer by-products as compared to PCR. However, IVT 
is a time consuming method and each round of IVT only gives around 
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1000-fold amplification of the target158. IVT is the amplification strategy 
that is used in CEL-seq159,160, MARS-seq161 and MASC-seq162. These 
methods use a UMI sequence and cell specific barcode in the poly-T 
probe to correct for amplification errors and to allow for early sample 
pooling. Another amplification strategy is to use a poly-T probe with a 
PCR primer sequence and a template switching reverse transcriptase, 
which adds a few non-template C’s to the DNA strand as it reaches the 
end of the transcript. The C’s are used to add a primer sequence (i.e. a 
template-switch primer) to the end of the transcript over which the 
reverse transcriptase can extend. The template switching activity ensures 
that only full-length transcripts are amplified in the following PCR. 
Finally, sequencing adapters are added through a tagmentation reaction 
with Tn5 transposase. In Smart-Seq2163 the poly-T probe has no UMI 
sequence and the samples are not barcoded until the final PCR right 
before sequencing. Thus the samples must be kept in separate 
compartments until they are loaded on the sequencer. However, because 
of this, the protocol is able to produce sequencing fragments from the 
entire transcript and not only the 3’ part of the transcripts, making it 
possible to study splicing as well. Two other protocols that utilize the 
same template switching mechanism but with a UMI sequence and a cell 
specific barcode in the poly-T probe are Drop-Seq164 and the Single Cell 3’ 
Solution from 10x165. These two methods create the cDNA library in 
droplets and thus enable studies of impressive amount of cells 
simultaneously. They are however confined to counting transcripts based 
on 3’ tags. A recent study compared CEL-seq, Drop-seq and Smart-seq2 
(among other technologies)166. The authors found that Smart-seq2 was 
the most sensitive method, but the lack of UMI meant that it had the 
highest level of amplification noise.  
 
Recently, protocols for the simultaneous preparation of DNA and RNA 
from the same cell have been published167–169. This offers an interesting 
opportunity to study how genomic variations, such as copy number 
variation, affects the transcriptome. Another recently published protocol, 
called scM&T-seq, combines RNA sequencing with bisulfite sequencing 
on the same single cell170. This could lead to new insight regarding what 
effect DNA methylation has on the transcriptome.  
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Tissue contextual sequencing  
There is an increased realisation that studying the transcriptome at the 
single cell level only provides a limited view of the cellular landscape. 
Most cells act and respond in the spatial context of their tissue; 
preserving this information is the aim of several recently published 
protocols.  
 
Traditionally transcript localization has been studied using fluorescent in 
situ hybridization (FISH) microscopy. This method has been adapted to 
identify multiple fragments in single cells by sequential hybridization of 
fluorescent probes171,172. Impressive as these methods are, they do not 
sequence transcripts but instead identify and quantify them. There are 
two conceptually similar methods that actually sequence the transcripts 
of single cells in the tissue39,40. In fluorescent in situ sequencing 
(FISSEQ)39 a random hexamer primes an in situ reverse transcription 
after which the resulting cDNA is circularized. The circularized fragments 
are used in a RCA to create nanoballs that are covalently attached to 
surrounding macromolecules. The nanoballs are then sequenced whilst 
still within the tissue using chemistry similar to SOLiD. The other 
approach for in situ sequencing40 uses padlock probes173 against cDNA 
created in-situ. Upon hybridization of the padlock probe, the gap is 
bridged and a RCA creates nanoballs that are sequenced using a strategy 
similar to that which was employed by Complete Genomics. A variant of 
this approach uses barcodes on the padlock probes so that each barcode 
corresponds to a transcript. Sequencing the barcode instead of the 
transcript offer easier separation of similar transcript sequences.  
 
The methods described above are not able to capture the full 
transcriptome. Therefore advanced computational methods have been 
devised that can infer spatial resolution from high-throughput single-cell 
experiments174,175. The methods rely on pre-existing spatial maps of the 
transcriptomics profile for the tissue in question. A transcriptional profile 
is created for each single cell from the high throughput experiment. This 
profile is compared to the spatial map, ideally from an adjacent section 
using either of the in-situ techniques described above, and each cell is 
assigned a probability based position. The limitation of this technique is 
that the spatial map and the sequencing data do not originate from the 
same cells.  
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Spatial transcriptomics offers the advantage of running spatially resolved 
high throughput RNA sequencing experiments41. The method uses 
barcoded poly-T probes spotted on a glass slide upon which a thin tissue 
section is placed. Following imaging and permeabilization of tissue, the 
transcripts hybridize to the poly-T probes directly below for in-situ 
reverse transcription. The cDNA library is cleaved from the slide and is 
amplified in-vitro, following a CEL-seq like library preparation. After 
sequencing, the spatial barcode is used to map the transcript back to the 
original image. The density of the spots limits the resolution to 100 µm, 
but higher density arrays will continue to push this figure further towards 
the single cell.  
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Processing sequence data  
This section of the thesis will briefly touch upon the steps after the 
sequencing, where raw data is translated into results. The focus will be on 
the steps used to verify the library quality and will be centred on Illumina 
data. A few programs will be mentioned, but there are an enormous 
amount of bioinformatics tools and alternative workflows available. 
Detailed descriptions on the tools as well as underlying algorithms are 
outside the scope of this thesis, and so are variant calling and linking 
variants with phenotypes.  

Initial quality check and trimming 
The output from the sequencers comes in the form of plain text files, 
called FASTQ files. Each read is represented in the file by four lines. First 
a title line, followed by a line with the called sequence. Then comes a line 
beginning with a “+”, indicating that the next line contains the quality 
score for each called base176. The first step after sequencing is often to run 
a quick quality control on the raw reads to assess the sequencing run. A 
popular program to use is FastQC177. The program generates a report 
containing several metrics to evaluate the run, such as a visualization of 
the quality scores, sequenced adapters, and distribution of read lengths. 
Based on the report, a choice can be made as to whether the mapping 
would benefit from the removal of low quality bases and adapter 
sequence contamination at the end of the reads with sequence trimming. 
Adapter contamination comes from short insert sizes, which causes the 
sequencer to start to read into the adapter sequence. There are several 
tools that can be used for trimming the read; two popular programs are 
cutadapt178 and trimmomatic179.  

Alignment and post alignment processes  
The next step is to place the reads into context. This is done by aligning 
the reads towards a reference genome, or if no reference exists by 
assembling the reads into contigs (only reference based mapping will be 
covered in this thesis). There are a multitude of aligners available, but two 
popular programs for aligning DNA reads against a reference are BWA-
MEM180 and Bowtie 2181. DNA data can undergo realignment with the 
GATK182 toolkit to improve the mapping around regions that are known 
to be problematic. The final touch before variant calling is to use another 
GATK tool for recalibrating the base quality scores.  
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For RNA sequencing experiments, STAR183 and TopHat2184 are two 
widely used splice aware RNA aligners, for mapping RNA reads to the 
genome. Afterwards the most common application is to do a differential 
expression analysis between two time points or conditions. The first step 
is to quantify gene expression. This is done in different ways depending 
on which programs that will be used for the differential expression 
analysis. One path is to count the number of reads that cover each gene in 
the specified annotation file, using tools such as HTSeq-count185 or 
Subread featureCounts186. Each gene will be assigned a count and the 
resulting matrix can be loaded into R for read depth normalization and 
differential expression analysis using software packages such as 
DESeq2187 or edgeR188. This approach does not take into account that a 
long gene is much more probable to be assigned reads than a short one. 
This is not necessary when comparing the same genes across different 
samples. Another strategy is to take the gene length into consideration 
when assigning them an expression value. Cufflinks189 is one program 
that does this and assigns each read an FPKM (fragments per kilobase of 
exon per million reads mapped) value that can be used for differential 
expression analysis with cuffdiff190.  

Library evaluation 
Depending on the complexity and the read depth, the data will contain a 
varying number of duplicated reads. These can be marked by running the 
Picard191 tool MarkDuplicates, which looks for aligned reads with the 
same 5’ coordinates. In a low complexity library, a limited number of 
molecules may have been excessively amplified, leading to multiple 
sequencing reads from the same initial molecule. Marking duplicates is 
especially important with DNA data, as the quality score of the variant 
calls can be inflated. In RNA data biological duplicates are expected for 
highly expressed transcripts. For RNA sequencing experiments the 
incorporation of a UMI during the library preparation process is 
advisable (especially for low input protocols), as it will help in separating 
biological from technical duplicates. It is possible to estimate the 
technical duplication levels in RNA libraries without the use of UMIs but 
it is not possible to correct them. dupRadar192 is a package written in R 
that looks at the amount of duplicates relative to the expression level of 
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each gene. Low complexity libraries will have high numbers of duplicates 
for all genes, including those that are lowly expressed.  
 
An interesting metric to look at is how many of the sequenced reads the 
aligner can map to the genome, and of those how many are mapped to a 
single unique location. This can be a somewhat blunt measurement as the 
mapping rate is dependent on which settings are supplied to the mapper. 
It might be necessary to adjust these settings to find a balance between 
high mapping rate and erroneous mapped reads. Looking at the 
uniformity of the read coverage is also important. One reason for uneven 
coverage is that different positions are unequally available during the 
library preparation. The presence of regions with extreme GC content and 
biases during the fragmentation process are both factors that can lead to 
uneven coverage. Some regions are also notoriously hard to amplify or to 
align reads against.  
 
Data from RNA sequencing experiments may contain sequence reads that 
originate from DNA. Signs of DNA contamination in RNA data include a 
large fraction of intronic reads and a loss of strandedness (if the 
preparation was done with a stranded kit). The effect of DNA 
contamination will be small on highly expressed genes, but the perceived 
expression of lowly expressed genes may be inflated, leading to a reduced 
range of variation. Problems with DNA contamination are best solved by 
treating the extracted RNA with DNase prior to library preparation. Even 
though most library preparation protocols include a selection against 
rRNA it is important to evaluate the success of this step. Often there will 
be some rRNA molecules left after either poly-A selection or depletion 
with probes. Both strategies are effective on high quality RNA, but poly A 
selection generally produces a cleaner result for low quantity samples148. 
Another metric to evaluate when doing RNA sequencing is gene body 
coverage. When preparing samples with poor RNA integrity it is 
preferable to use ribosomal depletion instead of poly-A selection, as it will 
be biased for the 3’ end of the transcript. 3’ bias is manageable for gene 
counting strategies149 but will lead to a loss of splice variants. 
Furthermore, poly-A selection of samples with both low input amounts 
and poor RNA integrity gives fewer molecules available for the library 
preparation, leading to a loss in sensitivity.   
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Present investigation 
The papers that form the basis of this thesis all cover different aspects of 
preparing nucleic acids for sequencing. Enzymes remain at the heart of 
the library preparation process and Paper I is a systematic study of type 
IIS restriction endonucleases. Automation is another important aspects 
of the library preparation process and Paper II describes the automation 
of the Spatial Transcriptomics protocol. In Paper III RNA from human 
endometrium tissue is extracted and sequenced for an exploratory study 
of how the tissue changes over a menstrual cycle. Paper IV evaluates the 
performance of commercially available kits for sequencing highly 
degraded RNA and DNA. 

Paper I - Endonuclease specificity and sequence 
dependence of type IIS restriction enzymes. 
Type IIS restriction enzymes are a fascinating class of endonucleases for 
which the cleavage site is shifted relative to the recognition site. This 
unique characteristic meant that they were extensively used in early gene 
expression studies as well as in some massively parallel sequencing 
protocols. In this paper, 14 restriction enzymes with shifted cleavage sites 
are systematically evaluated in terms of their propensity to slip, where 
slippage is defined as cleaving one or two bases away from the preferred 
site. Furthermore we evaluate whether slippage tendency can be linked to 
preferences in the base composition in the shifted sequence. This is a 
largely overlooked property of these enzymes with important implications 
for future protocol development.  
 
We designed an automatable model system with MPS readout that can be 
further expanded to encompass additional Type IIS enzymes. Four out of 
the 14 tested enzymes were found to slip one or more base in more than 
15% of the restriction events. BpuEI had previously not been reported to 
slip but was found to slip in more than 40% of the events. We were unable 
to find any correlation between slippage tendency and factors such as 
cleavage distance or reaction conditions. This work highlights the need 
for evaluating each restriction enzyme separately.  
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Paper II - An automated approach to prepare tissue-
derived spatially barcoded RNA-sequencing libraries. 
Spatial transcriptomics is a high throughput protocol for studying gene 
expression of cells in the context of their surrounding tissue. The protocol 
was developed in our research group and is extensively used by several 
researchers. The library preparation is laborious, originally designed to 
process four samples in parallel over the course of two days, and requires 
an extensive amount of hands on time. This motivated us to set up the 
protocol on a liquid handling robot. A slight modification to the protocol 
was necessary to facilitate handling on the robot but otherwise the 
automated protocol is the same as the manual protocol.  
 
In a first step we verified that the robot did not introduce any sample-to-
sample variation. In order to have control of the input material we 
designed a model system with commercially available reference RNA as 
input. Eight libraries were prepared with minimal variation, which 
encouraged us to benchmark the automated protocol against the manual 
protocol. In total six libraries were prepared from gingival tissue, three 
were prepared on the robot and the other three manually. We sequenced 
the samples using Illumina chemistry and generated more than 170 
million reads per sample. By comparing the expression levels, both for 
the whole tissue and in an isolated region we could show that the 
correlation levels were consistently higher for the samples prepared on 
the robot. This confirms that manual preparation risks introducing 
technical variation in samples, which can mask true biological variation. 
Aside from giving more robust results, the robot was able to increase the 
throughput 4-fold while at the same time minimizing the hands-on time 
to a third of that in the manual protocol.  

Paper III - Comprehensive RNA sequencing of healthy 
human endometrium at two time points of the menstrual 
cycle. 
This paper explores the transcriptome of the human endometrium. The 
endometrium is a highly specialized tissue in the uterus and undergoes 
extensive morphological changes during the menstrual cycle. Previous to 
this study the transcriptional landscape of the endometrium, concerning 
non-coding RNA as well as protein coding RNA, had not been extensively 
characterized in healthy women. This apparent lack of knowledge 
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motivated us to perform this study, which we believe will be of great 
importance when expanding to studies of infertility, pregnancy 
complications and menstruation disorders.  
 
The study encompasses seven women, who were sampled twice during a 
normal menstrual cycle: once during the early proliferative phase and 
again 7-9 days after ovulation when the endometrium is receptive. The 
samples used in the study had been stored under suboptimal conditions 
and the extracted RNA had RIN values ranging from 4.3 to 9. In light of 
the varying sample qualities it was decided to use a ribosomal depletion 
approach, which would also allow us to study the non-coding RNA. Since 
we wanted to include the micro RNA in the study, two libraries were 
created and sequenced. The small RNA libraries was sequenced to an 
average of 36 million reads and the total RNA libraries to an average of 77 
million reads, giving us a great chance to pick up lowly expressed 
transcripts. There were initial concerns that the samples would not 
cluster according to time point and instead each donor would form a 
separate cluster. However, a principal component analysis showed that 
the menstrual phase is a stronger separator than inter-individual 
differences. We applied differential expression analysis to identify several 
significantly expressed mRNA and miRNA transcripts that had never 
before been reported as differentially expressed in endometrial tissue. 
The results were cross-validated in order to remove genes that had 
support only in one sample. To further validate our findings we applied 
quantitative PCR against three differentially expressed mRNA and 
miRNA in three sample pairs, which showed excellent correlation with 
RNA sequencing data.  

Paper IV - Evaluation of methods for whole genome and 
transcriptome sequencing from nanograms of FFPE 
samples. 
For many years the standard method of preserving samples has been 
fixation in formalin followed by embedding in paraffin. There are vast 
numbers of samples stored in this way, often linked to extensive clinical 
data. However, sequencing formalin fixed paraffin embedded samples is 
challenging. The fixation process introduces artefacts in the DNA and 
thus nucleic acids extracted from FFPE samples tend to be of inferior 
quality, shorter and cross-linked, compared to nucleic acids from snap 
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frozen samples. Most previous studies have focused on sequencing either 
the exome or transcriptome, and whole genome sequencing of these 
samples are not common practice. The project was performed in 
collaboration with the Genomics Application Development group at the 
National Genomics Infrastructure (NGI), which had a large demand from 
the users to sequence FFPE samples. Our goal was to identify suitable 
library preparation kits and bioinformatics workflows that would enable 
us to robustly sequence FFPE samples from a limited amount of starting 
material.  
 
Whole genome sequencing libraries were prepared from the one tissue 
block and were sequenced to a minimum of 298 million read pairs. We 
assessed two different sample qualities, two different preparation 
protocols and also investigated the effect of a kit designed to repair highly 
damaged DNA. The data reflects the highly fragmented nature of FFPE 
samples. More often than not, the read pairs overlapped and the reads 
required extensive trimming to remove sequenced adapters. The data 
show that the library preparation kit from Rubicon Genomics yielded the 
library with the highest complexity. However, whole genome sequencing 
of DNA from FFPE samples remained challenging. 
 
Two different approaches to RNA sequencing of FFPE samples were also 
investigated. In one, the preparation kit use sequence capture targeted 
towards the mRNA part of the transcriptome. In the other, a low input kit 
that uses random priming and rRNA depletion was used. Both kits have 
uniform gene body coverage, indicating that the capture kit did not 
introduce any bias towards any part of the transcripts. Generally, the 
sequence capture kit performed better with more reads aligning towards 
the protein coding part of the genome.  
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Concluding remarks 
The introduction describes the advent of human genome sequencing and 
how the technology has evolved to the point where consumers can have 
their genome sequenced for under $1000. When Illumina announced the 
$1000 genome back in 2014, their cost calculation was immediately 
questioned. The $1000 only included reagents, machine cost and the 
salary for a technician to prepare the library and load it on the sequencer. 
In reality the cost was never $1000, as it did not include factors such as 
real estate, electricity, analysis and storage of the data193. Furthermore, 
you had to buy ten HiSeqX machines at a total cost of $10 million, and 
run them at full capacity around the clock for a year in order to reach a 
cost of $1000 per genome. The first time the cost actually reached $1000 
for the consumer was this year. However, at the moment it is unlikely that 
the company is able to yield profit based solely on the consumer price. 
Instead, they will probably need to launch additional services for which 
they can charge their customers. There is also the interesting question of 
what a genome, even in an anonymous form, is worth to people and 
organisations other than the consumer. Highly curated databases with 
rich phenotypic information linked to the data are certainly valuable194. 
 
The thesis has not covered the growing field of clinical sequencing. For 
some conditions, such as cancer diagnosis and Mendelian disorders, 
sequencing is already a part of the diagnostic toolbox. Technical 
innovations will continue to drive down the sequencing cost and thus 
make it feasible to apply sequencing to more disorders. It is likely that 
sequencing will become a standard tool for diagnosis, prognosis and that 
it may even expand into pre-emptive medicine.  
 
What will the sequencing filed look like in the future? For many years the 
prediction has been that solid-state nanopore sequencers will replace the 
current era of sequencers that use biological processes for both library 
preparation and sequencing. However, solid-state nanopores have proven 
to be both difficult to fabricate and to lack in sensitivity. It is likely that 
we will continue to use biological sequencers for the foreseeable future 
(which in this field rarely means more than five years). This means that 
intimate knowledge of enzymes and their function will continue to be 
important in the preparation of nucleic acids for sequencing. The need for 
automated library preparations will only continue to increase as the 
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quantity of samples subjected to sequencing increases. There are also 
important insights to be made from the wealth of FFPE samples, which 
often have a rich clinical history that accompany them. It is now possible 
to sequence these samples, though it remains challenging. There is 
therefore a need for new improved extraction methods and library 
preparation protocols in order to improve data quality for the most 
degraded samples  
 
The completion of the human genome project in 2004 has left the 
genomic field in search for the next great multinational endeavour. 
Recently, an initiative called the Human Cell Atlas195 has been launched 
with the intent of sequencing all the cell types in the human body at a 
single cell level. The advent of single cell sequencing and spatial mapping 
means that this is now achievable. The body map would not be limited to 
the transcriptome, but rather integrate the genome, transcriptome and 
epigenome. This will yield new spectacular insights into the heterogeneity 
and interplay between the cells in the body. And as with the human 
genome project before, numerous new technologies, collaborations and 
standards will follow in the wake of the project.  
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