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Abstract 
During the last decade high throughput DNA sequencing of single cells 
has evolved from an idea to one of the most high profile fields of research. 
Much of this development has been possible due to the dramatic 
reduction in costs for massively parallel sequencing. The four papers 
included in this thesis describe or evaluate technological advancements 
for high throughput DNA sequencing of single cells and single molecules. 
 
As the sequencing technologies improve, more samples are analyzed in 
parallel. In paper 1, an automated procedure for preparation of samples 
prior to massively parallel sequencing is presented.  The method has been 
applied to several projects and further development by others has enabled 
even higher sample throughputs. Amplification of single cell genomes is a 
prerequisite for sequence analysis. Paper 2 evaluates four commercially 
available kits for whole genome amplification of single cells. The results 
show that coverage of the genome differs significantly among the 
protocols and as expected this has impact on the downstream analysis. In 
Paper 3, single cell genotyping by exome sequencing is used to confirm 
the presence of fat cells derived from donated bone marrow within the 
recipients’ fat tissue. Close to hundred single cells were exome sequenced 
and a subset was validated by whole genome sequencing. In the last 
paper, a new method for phasing (i.e. determining the physical 
connection of variant alleles) is presented. The method barcodes 
amplicons from single molecules in emulsion droplets. The barcodes can 
then be used to determine which variants were present on the same 
original DNA molecule. The method is applied to two variable regions in 
the bacterial 16S gene in a metagenomic sample. 
 
Thus, two of the papers (1 and 4) present development of new methods 
for increasing the throughput and information content of data from 
massively parallel sequencing. Paper 2 evaluates and compares currently 
available methods and in paper 3, a biological question is answered using 
some of these tools. 
 
Keywords: DNA, sequencing, single molecule, single cell, whole genome amplification, 
exome sequencing, emulsions, barcoding, phasing.  



  

  

Sammanfattning 
Under det senaste decenniet har storskalig DNA-sekvensering av enskilda 
celler utvecklats från bara en idé till att bli ett av de mest 
uppmärksammade forskningsområdena. En stor del av denna utveckling 
har möjliggjorts av den dramatiska reduceringen av kostnaderna för 
denna typ av analys. De fyra artiklar som ingår i den här avhandlingen 
beskriver eller utvärderar tekniska framsteg för storskalig DNA-
sekvensering av enskilda celler och enskilda molekyler. 
 
Allteftersom sekvenseringsteknologierna förbättras ökar också antalet 
prover som kan analyseras parallellt. I artikel 1 presenteras en 
automatiserad metod för preparering av prover inför storskalig DNA-
sekvensering. Tekniken har tillämpats inom flera projekt och har senare 
också vidareutvecklats (av kollegor) vilket gjort det möjligt att parallellt 
analysera ett ännu större antal prover. Amplifiering av DNA från enskilda 
celler är en förutsättning för sekvensanalys av deras genom. Artikel 2 
utvärderar fyra kommersiellt tillgängliga kit för amplifiering av 
fullständiga genom från enskilda celler. Resultaten visar att täckningen av 
genomet skiljer sig väsentligt mellan amplifierings-produkterna och som 
väntat påverkar detta efterföljande analyssteg. I artikel 3 utförs 
genotypning av enskilda celler med hjälp av exom-sekvensering. Detta för 
att i en donationsmottagares fettvävnad bekräfta förekomsten av 
fettceller som härstammar från donerad benmärg. Nära hundra enskilda 
celler exom-sekvenserades. En delmängd av dessa celler validerades med 
hjälp av sekvensering av hela genomet. I den sista artikeln presenteras en 
ny metod för bestämning av fysisk koppling av alleler för specifika 
sekvens-varianter över en hel DNA-molekyl. Amplikon från enstaka 
molekyler skapas i emulsionsdroppar och märks med specifika DNA-
sekvenser. Efter sekvensering kan denna märkning användas för att 
bestämma vilka av varianternas alleler som var närvarande på samma 
ursprungliga DNA-molekyl. Metoden tillämpas på två variabla regioner i 
den bakteriella 16S genen i ett metagenomiskt prov. 
 
I två av artiklarna (1 och 4) presenteras nya metoder som är utvecklade 
för att öka genomströmningen av prover samt öka informationsinnehållet 
i det data som kommer från den efterkommande storskaliga DNA-
sekvenseringen. Artikel 2 utvärderar och jämför tillgängliga metoder för 
amplifiering av hela det genomiska DNA’t från enstaka celler. Slutligen, i 
artikel 3, besvaras en biologisk frågeställning med hjälp av storskalig 
DNA-sekvensering av enstaka celler. 
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Uniqueness and the Ultimate Resolution 
Your fingerprint is unique, it can be used to unlock your smartphone or to 
identify you when you travel abroad. Likewise, your genome is unique 
and might in the future be used in the same manner as your fingerprint. 
Still, your genome contains much more information than your 
fingerprint. It is the basis for how the cells in your body function and 
respond to influence from the world around you. 
 
Each cell in your body harbours a copy of your genome, two sets of all the 
23 human chromosomes1. One set inherited from each of your parents, 
enclosed together in the first of your cells. This cell has then divided 
thousands of times to form the approximately thirty seven thousand 
billions (3.72e13) of cells in your body2. 
 
On rare occasions during cell division an error occurs while copying the 
genome, which leads to one of the two resulting cells getting a genome 
slightly different from all the others. Due to these so-called replication 
errors, each of the cells in your body is unique, slightly different from all 
the others. Most changes will never be noticed, though some of the cells 
might acquire changes that lead to cellular malfunction or disease, such 
as cancer. Therefore it is important to be able to analyze not only the 
average human genome present in an individual's body but also the 
precise genome present in a given cell. Ultimately one would desire to be 
able to deduce on which molecule, of the two sets of chromosomes within 
the cell, the error has occurred. 
 
This thesis aims to be a part of the technological advance leading to this 
ultimate resolution of biological data. 
 
The four papers included in the thesis either address one of the main 
obstacles encountered during single cell DNA analysis and/or are 
applications thereof. In Paper 1 the throughput of library generation for 
DNA sequencing is addressed while in Paper 2 amplification techniques 
prior to sequencing of single cells are evaluated. In Paper 3 a high 
throughput single cell study is conducted and in Paper 4 a method for 
single molecule analysis by massively parallel sequencing is presented. 
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The cell and its content. 

A Compartmentalization 
The term “cell” stems from the book Micrographia published by Robert 
Hooke in 1665. In Micrographia Hooke describes his observations of 
various matters through microscopes. While examining wood and cork he 
mentions observing “little boxes”, “pores”, “caverns” and “cells” within 
the materials3. The word cell comes from the Latin Cella meaning “small 
room”4 and is a very suitable name for these fundamental biological 
compartments. The cell harbours the biochemical reactions considered to 
be the basis for life and separates them from the surroundings by 
compartmentalization. This fundamental type of compartmentalization 
allows the cells to manipulate their microenvironment and is the physical 
link between genotype and phenotype and thereby a fundamental 
building block in the process of evolution (it has also inspired molecular 
techniques such as emulsion PCR, described later). Cellular life ranges 
from relatively simple unicellular prokaryotic life forms to very complex 
eukaryotic multicellular organisms like humans. The great diversity of 
cellular life is reflected by a diverse range of possible molecular 
components. The molecular components available to a cell are largely 
determined by the genes that are present within the cell. The full 
collection of genes in a cell is harboured within the genome and is 
encoded in the structured sequence of deoxyribonucleic acid (DNA) 
polymers. Information from active parts of the genome is copied into 
ribonucleic acid (RNA) molecules called transcripts, collectively known as 
the transcriptome. Some molecules in the transcriptome are translated 
into amino acid polymers, known as proteins. The protein molecules are 
responsible for carrying out specific functions inside a cell and the 
presence of a specific protein can for example determine if an organism is 
able to metabolize a certain nutrient or not. The direction of the 
information flow within cells, from nucleic acids (the genome through the 
transcriptome) to functional protein molecules in the proteome, is called 
the central dogma of molecular biology5. Each cell in an organism 
encapsulates the three main components present in the encoding of life; 
the genes within the genome, the transcripts within the transcriptome 
and finally the proteins in the proteome. Compartmentalized together 
with a plethora of metabolites and other biologically active molecules they 



Erik Borgström 

3 

form the basis for all cellular life as we know it and each of the three 
components are described in brief below. 

The DNA 
Deoxyribonucleic acid, DNA, was first isolated by Friedrich Miescher in 
the middle of the 19th century. Many findings and theories about its 
chemical composition and role as the carrier of genetic information were 
presented during the latter half of the 19th century and the first half of the 
20th. In 1953 Watson and Crick presented the structure of the DNA 
molecule and thereby paved the way for our understanding of how the 
genetic material is able to be replicated and propagated to following 
generations6. As suggested by Watson and Crick the (double stranded) 
DNA molecule consist of “two helical chains each coiled around the same 
axis”. The chains consist of alternating phosphate and deoxyribose sugar 
groups whereof to each sugar there is a nucleobase attached. The bases 
are located so that they pair to each other by hydrogen bonding and 
thereby hold the two chains together. The base pairing is specific where 
adenine (A) always pairs to thymine (T) and guanine (G) pairs to cytosine 
(C)7. 

The Genes and the Genome 
Studies on inheritance were initially performed by Gregor Mendel in the 
mid 19th century. Without using the term gene, Mendel described some 
of the basic principles of inheritance e.g. the concept of dominant and 
recessive traits8. The word gene was first used in 1909 after the 
rediscovery of Mendel's work. Initially the definition was “discrete unit of 
heredity”. As the understanding deepened, the concept of a gene was 
developed from this early idea through a number of intermediate and 
more strict definitions. At the end of the 20th century it ended up in more 
open definitions such as “a DNA segment that contributes to 
phenotype/function”. A popular metaphor in the recent decades has been 
to think of genes as subroutines within a computer operating system, 
using transcription and translation as means to run the subroutines. A 
recent definition is “a gene is a union of genomic sequences encoding a 
coherent set of potentially overlapping functional products”9. The 
definition of a gene is constantly evolving, large parts of the genome are 
transcribed and regulatory regions might be considered. Furthermore the 
definition of function is also debated. Still, common denominators among 
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the definitions are that a gene is a subset of genomic sequence(s) with a 
“function” and its inherent coupling to heritability. 
 
A Genome is “an organism’s complete set of DNA, including all of its 
genes”10 (there are also organisms with RNA as genetic material, eg. RNA 
viruses). The first organism to get its genome sequenced was 
Bacteriophage MS211. The bacteriophage has a 3.5kb RNA genome and 
the sequence of the final gene of the genome was published in 197612. This 
was soon followed by the first DNA genome, the 5.4kb genome of 
bacteriophage phiX, sequenced by Frederick Sanger’s “plus and minus 
method” in 197713 (prior to the invention of his chain termination 
method). The Human Genome Project (HGP) was initiated in October 
1990. The three giga-base human genome was 25 times larger than any 
previously sequenced genome and eight times larger than all previously 
sequenced genomes together. In February 2001, two draft assemblies of 
the sequence were published simultaneously by the public HGP14 and a 
privately funded initiative15. The “finished” genome sequence was 
published in 200316.  Several projects aiming at variant discovery and 
functional annotation of the sequence followed the completion of the 
human genome. A few examples are the HapMap Project17 and 1000 
genomes project18, both with the aim of cataloging human variations, as 
well as the ENCODE project19 assigning functional annotations for large 
parts of the genome. 

The RNA 
The ribonucleic acid (RNA) molecules within a cell are generally the 
product of transcription from DNA. During transcription active parts of 
the genome are copied into complementary RNA molecules called 
transcripts. RNA is structurally similar to DNA though it has a very 
different role in the cell. The two fundamental chemical differences of 
RNA compared to DNA is firstly an extra hydroxyl group on each sugar 
moiety of the backbone and secondly the presence of the uracil nucleotide 
bases instead of thymine bases. Just as DNA, the RNA molecules can 
hybridize to themselves, other RNA species or DNA and function in a 
double stranded fashion. However, as opposed to DNA, it often appears 
in single stranded form (as is the case for messenger RNAs). The 
transcribed RNA molecules that later are translated into proteins are 
termed messenger RNA (mRNA). Apart from mRNAs there are many 
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additional types of functional RNA molecules in a cell, each with a 
distinct function for example transfer RNAs, ribosomal RNAs, non-
coding RNAs and many more20. 

The Transcripts and the Transcriptome 
In a cell, RNA polymerase produces primary transcript from active genes. 
Depending on the organism and the function of the gene, the primary 
transcripts can be modified into more mature forms by processes such as 
capping, poly A tailing and splicing. The mature transcripts are then 
translated into proteins or fulfill other functions in the cell (for example 
in regulation). 
 
All cells within an organism have the same overall genome (except some 
rare and potentially impactful somatic variants). Still, cells from separate 
tissues may be very different from each other. This is due to the fact that 
only a subset of the genome is transcribed in a cell at a certain time point. 
The resulting set of transcripts dynamically changes during the lifetime of 
a cell as response to external and internal stimuli. The population of 
transcripts that are present in one cell at a certain time point are 
collectively called the transcriptome21. The transcriptome is the basis for 
the state of that cell, i.e. which proteins are produced and in which levels 
and thereby how the cell will appear and function. 

The Proteins and the Proteome 
Mature messenger RNA molecules are translated into amino acid chains. 
These polypeptides can be edited and post translationally modified, for 
example by addition of sugar moieties. Ultimately they form functional 
three dimensional protein molecules. The proteins are the working force 
of the cell. To mention a few functions, they catalyze chemical reactions, 
and function as structural building blocks, channels, transporters and 
signaling substances. The collection of all the proteins present in a cell is 
called the proteome and is studied in the field of proteomics.  

Communities and Tissues 
Cells interact with the environment and each other within multicellular 
communities such as biofilms or tissues. These multicellular structures 
are quite diverse and analyzing this heterogeneity is important. For 
example, some of the organisms in environmental samples might possess 
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interesting properties such as production of antibiotic substances22 or 
ability to metabolize specific compounds23. Still, these microorganisms 
live side by side with many other organisms, potentially in symbiosis or 
competing for the same resources. Thus, their function might be hard to 
locate and characterize in these communities. In the case of human 
tissues, analyzing intercellular heterogeneity could provide information 
about disease progress or deepen our understanding of fundamental 
processes in developmental biology24. Some microorganisms are not 
cultivable under laboratory conditions. Moreover, human tissues are 
traditionally analyzed as an average of multicellular samples. Direct 
investigation of single cells can avoid cultivation completely and allow a 
holistic view of the environmental samples. The single cell analysis 
approach also provides an increase in the resolution and sensitivity for 
human samples25. Throughout the rest of this thesis, the focus will be on 
analysis of DNA from single cells. 
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Analysis of Cells 

One, Two or Several Molecules 
High throughput analysis of DNA sequences from single cells is a 
relatively new research field. PCR was performed on single cells already 
during the 1980s26 and amplification of whole genomes soon followed27. 
It was not until recently that molecular techniques and the cost of 
sequencing reached a level that allowed for high throughput analysis of 
single cells. Still, it is worth noting that other techniques for single cell 
analysis such as histological observations has been done for hundreds of 
years and more modern techniques like fluorescent in situ hybridization 
(FISH)28 has been around for decades. 
 
Genetic material for sequence analysis is generally extracted from 
samples containing a large number of cells (for example from an 
individual, a population or an environmental sample). This classical 
approach to DNA sequence analysis assays a mixture of hundreds to 
several thousands of cells (and/or molecules) and any conclusions drawn 
are thus from population wide averages. This introduces a risk of missing 
important information about sample heterogeneity and rare entities are 
especially hard to detect29 (e.g. circulating tumor cells). The two main 
challenges when working with single cell DNA sequencing as compared to 
regular DNA sequencing are (1) acquiring the single cells preferably with 
as little perturbation of the cell as possible and (2) amplification of the 
DNA or RNA to be able to prepare sequencing libraries from the 
samples30. My work has dealt with amplification, library preparation and 
analysis of DNA sequences (often originating from single cells) but 
acquiring the cells is just as important for the end result. 

Acquiring Single Cells 
Isolation of single cells is a prerequisite for analysis. It is usually done by 
physical separation of the cells prior to amplification and analysis and a 
number of such techniques are described in the paragraphs below. 
 
A recent study identified fluorescence activated cell sorting (FACS), laser 
microdissection (LCM), manual cell picking, random seeding/dilution 
and microfluidics as the most commonly used methods for single cell 
isolation31. No single technology, however, is applicable to all sample-
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types and therefore one may not always be able to choose freely from the 
currently available methods. 
 
Serial dilution and manual (or robotic) pipetting followed by visual 
inspection of single cells probably require the least instrumentation in the 
lab. By enough dilution of a sample and depositing aliquots to wells, it 
can be statistically ensured that a large proportion of the wells will 
contain no more than one single cell. When diluted enough, the 
distribution of single cells will follow the Poisson distribution. Visual 
inspection (or similar) is finally needed to verify that a cell is present31. 
Serial dilution was used to isolate single cells in Paper 2. 
 
Another method for single cell isolation is to, after visual inspection of a 
sample, pick out the desired cells using a micromanipulator. There are 
two types of micromanipulator: mechanical and optical. Both types are 
accompanied by visualization through microscopy. The earliest 
mechanical micromanipulators were described during the 19th century 
and used regular screws to carefully control movement. More recent 
mechanical instruments use hydraulics32. The optical type, also called 
optical tweezers, utilizes one or several lasers to move cells around. These 
methods require no physical contact with the cell. However, long 
exposure of the sample to lasers can damage the cells33. 
 
Laser capture microdissection (LCM) is similar to optical tweezers in the 
sense that both use lasers to manipulate the sample. However instead of 
using low to moderate intensity infrared lasers which is usually the case 
for optical tweezers, the LCM instrument uses high intensity lasers that 
can cut biological tissue34. LCM was used to isolate single cells in paper 3. 
 
Both LCM and micromanipulators not only isolate single cells but also 
give the opportunity to select desired cells from a sample or tissue 
section. This still requires manual intervention, which might limit the 
throughput of such technologies. Fluorescent activated cell sorting 
(FACS, not to be confused with Fax invented by Alexander Bain in 184335) 
on the other hand sort cells (or particles) based on fluorescent labels and 
light scattering properties of cells in suspension and can thereby achieve 
higher throughput. During FACS, cells in suspension are pushed through 
a nozzle creating droplets containing single cells. Fluorescent colors and 
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scattering properties of the droplets are then recorded by illumination 
with a laser and detection of the light signals. Depending on predefined 
cutoffs for the recorded parameters, droplets are selectively charged and 
passed through an electric field that directs them to a collection or waste 
container36. The collection container can be of various types and 
dimensions such as microtiter plates or microscope slides. The 
instrument can also sort a predefined number of cells to each specific 
location, for example a test tube. FACS is used in paper 4 to sort DNA 
coated beads into 96 well plates. 
 
Lab on a chip methods have the potential to do much of the sample 
processing within one device, all from cell isolation to library preparation. 
Stephen Quake’s lab at Stanford University has been working on 
microfluidic cell sorting devices since the 1990s37,38. Later, valves were 
introduced to control access to small chambers allowing for different 
reactions to be performed on chip, for example reverse transcription39 or 
library preparation40. The technologies were commercialized by Fluidigm 
who claims to be able to do isolation, lysis and whole genome 
amplification (multiple displacement amplification, described later) of 96 
single cells in one run41. 
 
Droplet microfluidics is similar to lab on a chip methods and there is a 
large overlap of the technologies where droplets are created and 
processed within lab on a chip devices. Water-in-oil droplets created by 
shaking, stirring or on a chip are used to compartmentalize single cells 
together with reagents for the assay to be performed42, for example single 
cell PCR or whole genome amplification43. Commercial instruments are 
marketed by for example Raindance technologies44. 
 
Amplification most often follows single cell isolation and the next chapter 
will describe whole genome amplification. 

Whole Genome Amplification Techniques 
A single human cell harbours approximately 7 pg of DNA in two copies of 
the genome. The two copies carry a distinct set of variable positions 
whereof some are of great importance for the functionality of the cell.  
The amount of RNA in a single cell is slightly higher than the DNA 
content, about 10-30pg45. Most transcripts are estimated to have less than 
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100 copies46, although the dynamic range is from one or a few copies up 
to hundreds. Due to the small numbers of nucleic acid molecules, whole 
genome amplification (WGA) and/or whole transcriptome amplification 
(WTA) are prerequisites for library preparation for massively parallel 
DNA sequencing of single cells. The library molecules are usually further 
amplified prior to the sequencing reaction to obtain detectable signals for 
base calling. 
 
A single cell genome is a population of unique single copy DNA 
molecules. Considering this, sequencing of single cell genomes is by 
definition a type of parallel single molecule analysis and as such also faces 
the same challenges and limitations. In the case of RNA, many molecules 
are not single copy. Still, there is currently no method that is capable of 
direct sequencing of the RNA content of a single cell. Furthermore the 
uniformity of the amplification is of great importance as the abundance of 
transcripts usually plays a central role in the analysis. All amplification 
reactions potentially introduce bias and errors that affect the final results. 
These effects are less apparent when amplifying multiple cells or 
molecules with high copy numbers because some of the differences are 
averaged out over the population. The fidelity of the amplification is 
therefore of extra importance when analyzing single cells. 
 
There are several different methods for WGA, each of them with different 
characteristics in terms of methodology, performance, bias and error 
profile. The choice could for example be between using a temperature-
cycled amplification vs. an isothermal amplification or a linear vs. an 
exponential amplification and depending on which is used the error 
profile may differ. Three main types of errors are introduced during 
amplification. Firstly, the regular replication errors such as base 
misincorporation, insertions, deletions, inversions etc. Secondly, artifact 
formation such as chimeras of different regions in the genome due to 
non-intended priming. Thirdly, preferential amplification (PA) of some 
regions over others leading to non-uniform read depth, allele dropout 
(ADO) and locus dropout. Other parameters such as compatibility with a 
certain isolation procedure or size of the produced fragments can also be 
of importance depending on the application, as discussed later. Some of 
the techniques used for WGA will be described below. In the present 
investigation section (Paper 2) a comparison of several commercial kits 
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for whole genome amplification is presented. Whole transcriptome 
amplification will not be covered in this thesis. 

Temperature cycled amplification techniques 
The polymerase chain reaction47,48 (PCR) has been used to amplify 
specific regions of genomes since the mid 1980s. WGA methods based on 
PCR are temperature cycled and utilize degenerate primers or adapters 
carrying universal priming sites to enable amplification of large (non 
specific) genomic regions. Even though not intended as a WGA technique 
the first approach for amplifying a human genome, called interspersed 
repetitive sequence PCR (IRS-PCR), was published in 1989 and used ALU 
repeats as priming sites for PCR amplification49,50. The methods primer 
extension pre-amplification PCR (PEP-PCR)51 and degenerate 
oligonucleotide primed PCR (DOP-PCR)52 for amplification of whole 
human genomes were published in 1992.  
 
In the case of PEP-PCR a 15 base degenerate oligonucleotide is used as 
PCR primer at low annealing temperature to promote primer 
hybridization. This is followed by a slow temperature increase and a long 
extension step. By cycling these steps the authors estimate to cover at 
least 78% of the genome. Adapted versions of the protocol, in which the 
14-hour protocol was shortened by changing the cycling conditions, was 
published soon after the original article53. 
 
DOP-PCR utilizes a 22 bases long semi-degenerated oligonucleotide. PCR 
is performed with low annealing temperature (Ta) (30°C) a few initial 
cycles, followed by 25-35 additional cycles with increased Ta. DOP-PCR 
was initially developed as an alternative to IRS-PCR and linker adapter 
PCR (LA-PCR) where a restriction enzyme is used to create overhangs to 
which adapters later are ligated and utilized as priming sites52. In the 
original paper DOP-PCR was tested on 10ng (and more) genomic 
material. It was later shown that the method introduced high locus 
dropout and strong amplification bias50. 
 
In 1999 an improved version of the PEP protocol (improved-PEP, I-PEP) 
was published54. In I-PEP, another lysis buffer, an additional polymerase 
and an extra extension step were used to improve efficiency. I-PEP 
showed greater efficiency than both DOP-PCR and traditional PEP-PCR. 
Still only 20-50% of tested amplicons were successful for single cell 
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WGAs and 40% of the five-cell samples showed preferential amplification 
of one of two alleles. 
 
As opposed to the DOP and PEP strategies where amplification is done 
using degenerate primers, LA-PCR utilizes incorporation of general 
adapters in the initial part of the protocol. It is followed by amplification 
using the adaptors as priming sites for the amplification reaction. There 
are three main strategies for adapter incorporation. The first approach is 
ligation-mediated PCR (LM-PCR) where adapters are attached to the 
ends of the fragments by ligation, either to sticky ends resulting from 
restriction endonuclease treatment (as in the case of LA-PCR) or blunt 
ends resulting from enzymatic treatment, or chemical or physical 
shearing. Several LM-PCR techniques have been used for single cell 
sequencing for example GenomePlex55,56,57 and SCOMP58, which are 
available as commercial kits. The second approach for incorporation of 
adapter sequences utilizes amplification primers carrying general handle 
sequences at the 5’-ends59,60 and will be further discussed below. In the 
third approach insertion of adapters is done by in vitro transposition. 

Isothermal amplification techniques 
Multiple displacement amplification (MDA) is one of the most commonly 
used isothermal amplification methods though several others exist61,62. In 
MDA the target DNA and short degenerate primers (usually random 
hexamers) are incubated with a highly processive polymerase with strand 
displacement activity such as phi29. Random hexamers hybridize to the 
target DNA and are extended during the isothermal incubation. The 
polymerase simultaneously displaces the non-template strand making it 
available for further primer hybridization and extension63,64. This 
branching structure leads to a massive non-linear amplification of the 
starting material. As in PCR-based approaches, certain regions are 
amplified preferentially leading to overrepresentation of some loci65. 
Longer incubation time and more amplification (analogous to more cycles 
in the PCR based approaches) may result in greater amplification bias66. 

Exponential vs. linear amplification 
PCR-based thermocycled techniques and MDA for WGA leads to 
exponential amplification of target DNA. An exponential amplification 
scheme potentially leads to large differences in representation of different 
genomic regions as length and sequence dependent biases also are 
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exponentially amplified67. Whole transcriptome amplification was 
initially based on PCR and exponential amplification techniques but these 
methods were replaced by linear in vitro transcription (IVT) amplification 
methods68,69. The IVT techniques were later adapted to amplification of 
genomic DNA70,71. Multiple annealing and looping-based amplification 
cycles (MALBAC) is a method for WGA that was presented in 2012 and 
claims to do “a close-to-linear amplification” in the first cycles of the 
protocol72. This is achieved by a low temperature annealing of degenerate 
primers with identical handle sequences attached to the 5’-ends. After at 
least two rounds of primer extensions the ends of fragments become 
complementary to each other, hybridizing and forming hairpin loops, 
which renders the molecules inaccessible for further rounds of 
amplification (it is not known to which extent this occurs). After a few 
rounds of this close to linear amplification, exponential amplification is 
performed utilizing general handle sequences as priming sites. The 
method has lately been adapted for amplification of RNA73. A 
conceptually similar technique is PicoPlex from Rubicon Genomics in 
which an initial pre-amplification is performed leading to accumulation 
of looped hairpin molecules, which are then amplified using general 
handles74. 
 
After whole genome amplification a sufficient amount of product has 
hopefully been acquired to move on to library preparation and DNA 
sequencing. Depending on certain features of the WGA products 
(concentration, fragment size etc.) some sequencing technologies might 
be better suited than others. There is no point to use a long read 
sequencing technology if the product has an average size of a few hundred 
bases. The application or biological question and the budget also affect 
the choice of sequencing technologies and method for library preparation. 
In the next chapter such technologies and methods will be described. 
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Sequencing Genomes 
The human genome was sequenced in 13 years with an estimated cost of 3 
billion USD75. A few years after the project was finished (in 2007), Craig 
Venter's (diploid) genome was sequenced at a cost of approximately 60 
million USD. In 2008, the genome of James Watson became the first to 
be sequenced with a massively parallel sequencing (MPS) platform, for 
less than one million USD76. As of October 2015 the sequencing of a 
genome is estimated to cost 1363 USD77. The constantly decreasing cost of 
sequencing has lead to increased fields of applications of the technology. 
Accordingly, high throughput studies of many hundreds or even 
thousands samples is now a reality. The rate of cost reduction for DNA 
sequencing followed Moore's law from the early 2000 until 2007 but a 
much steeper rate has been observed in the years that followed. Still, the 
rate seemed to level off during 2012 and the price has been relatively 
constant during 2014-15. Probably, the most frequently used sequencing 
technologies of today are approaching their maximum capacity and the 
lack of competitors is starting to become apparent. The massive increase 
in sequencing throughput observed during the last decades is not a result 
of one company or a single technology. The following paragraphs briefly 
describe the main technologies (past and current) for DNA sequencing. 

DNA Sequencing Techniques 
There are many ways to group DNA sequencing technologies, by 
generation, by throughput, by detection principle or by number of 
molecules (e.g. single molecule or multiple molecules). The technologies 
will here be grouped into three blocks. First, the early sequencing 
technologies before the completion of the human genome project, all with 
relatively low throughput. Second, the massively parallel sequencing 
technologies by which throughput have been increased constantly since 
2005 to the levels of today. And finally, single molecule sequencing 
technologies that currently have relatively low throughput but have 
opened up the possibility to examine DNA and RNA with single molecule 
resolution. 

Early Sequencing Technologies 
Maxam and Gilbert published their method for DNA sequencing in 197778 
and later the same year Frederick Sanger presented his dideoxy method79. 
A few years earlier (in 1975) Sanger had published the plus and minus 
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method80. The name comes from using two sets of four reactions, one 
“plus system” with only one of the four nucleotides present per reaction 
and one “minus system” where each of the four nucleotides was omitted 
from one reaction. Resulting products from the eight reactions were then 
separated in a polyacrylamide gel. The technology had major problems 
with calling the correct length of homopolymers. Since strand 
termination only occurred at incorporation of a new base type, the length 
had to be decided from spacing of bands and the method was therefore 
replaced by other techniques81. Using the plus and minus method one 
could “deduce a sequence of 50 nucleotides in a few days”80.  
 
Maxam and Gilbert's method, like the plus and minus method, produce 
labelled fragments of varying lengths that are separated on a gel followed 
by readout of the sequence. The varying lengths were achieved by 
selective chemical cleavage, either at sites with A or G with preference for 
either the A or G base, sites with exclusively C or at sites with C or T 
bases. The four cleavage reactions (A>G, G>A, only C, C and T) produced 
fragments ending at each nucleotide in the final gel image analysis, and 
therefore there were no need to estimate the length of homopolymers 
from band spacing. The authors claimed to be able to sequence up to 100 
nucleotides using the method. 
 
Sangers dideoxy method that was published 10 months later also 
produced fragments of all possible lengths. But, instead of chemical 
cleavage the method utilized primer extension by a polymerase using a 
mix of regular dNTPs and strand terminating dideoxynucleotides 
(ddNTPs). At the time of publication the author claimed to be able to read 
15-200 bases and occasionally up to 300 bases with “reasonable 
accuracy”. In the last paragraph of the paper, Sanger and co authors 
mention that the user should not rely on this method alone but confirm 
the results using another technique. The dideoxy method is today known 
as Sanger DNA sequencing. Thanks to more than 20 years of 
improvements, the read lengths and throughput of the method has 
improved considerably. Sanger DNA sequencing was the main technology 
for sequencing the first human genome and even though the throughput 
is not close to matching the current MPS technologies it is still considered 
the gold standard for DNA sequencing (and is often used for validation of 
variants). 
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All three methods described above create labeled DNA fragments of 
various lengths and then reveal the sequence by gel electrophoresis 
separation. The pyrosequencing method, developed by Pål Nyren in 1998 
used a completely different approach called sequencing by synthesis 
(SBS). In SBS, signal detection and sequencing is made in real time as a 
primed target DNA strand is extended, one base at a time. In 
pyrosequencing, the four bases are added one at a time (usually in a cyclic 
manner) to a reaction well in which the enzymes polymerase, sulfurylase, 
luciferase and apyrase act together to reveal incorporation of the added 
nucleotide. Each time a base is incorporated into an elongating strand a 
pyrophosphate (PPi) is released, which will then be converted to ATP by 
the sulfurylase. The ATP molecules will in turn be converted to a light 
signal by luciferase. After detection of the incorporation event, any 
residual nucleotides (and also ATP) are removed by apyrase and a new 
nucleotide is added82. Similar to Sanger's plus and minus method 
homopolymers are extra tricky, as all incorporation events of identical 
bases will be detected in one step. The authors of the original 
pyrosequencing article published in 1998 mention sequencing of “more 
than 20 bases” and envisioned improved read length in future versions. 
Pyrosequencing was later automated83 and eventually highly parallelized 
giving rise to the first MPS platform released commercially, 454 
sequencing. 

Massively Parallel Sequencing Technologies 
The emergence of massively parallel sequencing (MPS) platforms and the 
recent developments of these technologies have led to massive a 
reduction of costs for DNA sequencing. As a result, high throughput DNA 
sequencing is now a routine experiment in many labs. 
 
As mentioned above, the 454 system (later acquired and distributed by 
Roche) was the first MPS platform to become commercially available. The 
first version of the system, the GS-20, was released in 200584. At the time 
of release, GS-20 performed pyrosequencing of DNA fragments in a so-
called picotiter plate consisting of 1.6 million wells. Approximately 35% of 
the wells housed a single 28μm bead covered with a clonally amplified 
DNA fragment (originated from a process called emulsion PCR). The 
reagents needed for the pyrosequencing were immobilized on the surface 
of small packing beads (luciferase and sulfurylase) placed in each well or 
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attached to the primed targets (polymerase). After addition and 
incorporation of each nucleotide a washing buffer containing small 
amounts of apyrase could be flowed over the immobilized DNA 
fragments. The reaction was performed while a 16.8 megapixel CCD 
camera captured the light signals produced85. In the last version of the 
instrument around 1 million reads with a read length of about 700 bases 
were generated86. Roche announced the discontinuation of the 454 
sequencing platform in October 201387. 
 
Another technique for massively parallel sequencing was published in 
2005, the Polonator88. It was not until 2007 that an adapted version of 
this approach was commercially available under the name SOLiD 
(sequencing by oligonucleotide ligation and detection)89. However, a year 
before SOLiD was introduced, the Genome Analyzer (GA)90 was 
developed by the UK-based company Solexa. Illumina later acquired 
Solexa in 2007. The Illumina sequencing platforms are the most 
commonly used today and will be described in more detail later. 
 
The Polonator and the SOLiD sequencing platform are sequencing by 
ligation (SBL) techniques. SBL utilize the discriminatory power of ligase 
enzymes to deduce nucleotide sequences. Fluorescently labeled probes 
with known sequence in predetermined positions are hybridized to the 
target DNA and only if no mismatch is present the probes are ligated to 
the sequencing primers. The probes are blocked in one end allowing for 
ligation of only one probe to the sequencing primer in each cycle. 
Residual probes are then washed off and the fluorescent signal is 
detected. This is followed by removal of end blocking and fluorescent 
labels, thus, preparing the template for elongation in the next cycle. 
SOLiD produces so called color space data. The colors reflect the four 
fluorophores attached to ligation probes. Each probe encodes two bases 
and the system is designed so that if color space data is aligned to a 
reference genome mismatched bases can be identified as either 
sequencing errors or true variations (and/or artifacts)91. The complete 
genomics technology acquired by BGI in 201392 also use SBL but the 
sequencing reactions are performed on so called DNA nano balls 
(products from a type of phi29 based amplification called rolling circle 
amplification)93 instead of DNA covered beads from emulsion PCR as is 
the case for SOLiD. 
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In both 454 and SOLiD sequencing emulsion PCR (emPCR) is used to 
amplify the signal from individual library molecules prior to the 
sequencing reaction. Water-in-oil (w/o) emulsions are extensively used in 
molecular biotechnology. They are used as cell like compartments for 
creating small and isolated reaction environments94,95. In 2003 a protocol 
for amplification of single molecules within emulsion droplets, to cover 
the surface of μm-sized beads96 was presented. Similar methods are 
employed prior to the sequencing reactions such as in Paper 4 in which 
454 emulsions and emPCR are extensively used. 
 
Another technology using emulsion PCR to amplify library molecules 
prior to sequencing is the Ion Torrent technology published in 201197. 
This was the first MPS technology not using light for signal detection that 
reached the market. The sequencing is very similar to the 454 though 
instead of measuring the amount of released PPi as a light signal each 
base incorporation is detected by measuring the hydrogen ion released in 
the same process. The sequencing instrument is in a way a massively 
parallel pH-meter. The pH-meter array is constructed on top of a 
semiconductor chip and thereby this technology avoids using expensive 
optical devices usually necessary for signal detection in traditional MPS 
systems. 
 
Unlike the MPS platforms described above, the Illumina sequencing 
technology (originally developed by Solexa) does not require emPCR 
prior to the sequencing reaction. Instead the individual library molecules 
are amplified by a process called bridge amplification. Illumina held two 
thirds of the market in 201298 and their sequencing technology is 
currently the most extensively used commercial platform. It is also the 
sequencing platform used in all the papers included in this thesis and will 
therefore be explained in more detail. 
 
During the process of bridge amplification (also known as cluster 
generation) library molecules with general adapter sequences in each end 
are hybridized to a planar surface (within a so called flow cell) covered 
with two primers. A PCR like amplification then takes place on the 
surface of the flow cell using the population of the two immobilized 
primers. As all DNA molecules (except the original templates) are 
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attached by one end to the solid support, the amplification product from 
each original template generates a local cluster of clonally amplified 
fragments. In the cluster, both the 5’-ends of the double stranded 
products are attached to the surface. After de-hybridization, the cluster 
consists of two directionally different populations of ssDNA. The cluster 
is made mono-directional by selective cleavage of one of the original 
primers. This specifically releases half of the ssDNA molecules from the 
flow cell resulting in one population of ssDNA within each cluster. The 
end result is thereby equivalent to emPCR where a clonal population of 
DNA molecules is also immobilized on a solid support. 
 
Illumina’s sequencing method falls into the category of sequencing by 
synthesis (SBS). The sequencing starts with hybridization of a sequencing 
primer to the molecules of all clusters. The four bases, each labeled with a 
specific fluorophore, are added simultaneously during each sequencing 
cycle (as opposed to 454 and Ion torrent sequencing in which the four 
nucleotides are added one by one). The nucleotides are reversible 
terminators and thereby further extension is blocked after incorporation 
of one nucleotide at the 3’-end of the growing sequencing primer. 
Residual nucleotides are removed by washing and the fluorophores 
attached to the incorporated nucleotides are detected by imaging of the 
full flow cell. The terminating chemistry is then reversed and 
fluorophores removed, enabling the initiation of another sequencing 
cycle. In this manner fluorescent signals are recorded from all clusters, 
while the sequencing primers are synchronously extended by one base at 
a time99. 
 
Like most of the companies marketing MPS platforms, Illumina provides 
several different instruments. The basic sequencing principles are the 
same with minor modifications of the technology or chemistry leading to 
varying throughput, runtimes and costs. For example, some versions of 
the instruments use predetermined cluster locations on the flow cell 
rather than a full surface coating of primers100. This allows for easier 
signal detection and a more dense spatial distribution of clusters. Another 
modification is the use of two fluorophores instead of four. In this case 
two of the bases are labeled with a specific fluorophore, one base is 
labeled with both the fluorophores and thus identified when a mixed 
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signal is detected and the last base has no fluorophore attached leading to 
a “dark signal”101. 
 
In all the MPS chemistries described so far, read length is limited by 
nonsynchronous extension within the clonally amplified template 
populations. This leads to an increase in background noise for each cycle 
as the reaction progresses. Factors such as non-labeled nucleotides, 
incomplete incorporation, missing terminators, failure to remove 
reversible terminators and residual reagents after washing all potentially 
lead to a population of molecules with a few bases ahead (positive frame 
shift) or after (negative frame shift) in the extension step. When this 
population of out of phase molecules grows the strength of the correct 
signal decreases compared to background, leading to decreasing quality 
(certainty) of base calls along the sequence. 
 
This type of out of phase signal in the sequencing reaction (often called 
phasing) is a result of non-synchronous extension within the clusters (or 
beads). This limitation should not exist if single molecules were imaged. 
Single molecule sequencing technologies therefore generally display 
longer read lengths. Recent advances in the techniques for single 
molecule imaging and detection have now reached the point where 
commercial systems are being developed. The current state of single 
molecule sequencing is described below. 

Single Molecule Sequencing Technology 
As mentioned above there are no phasing issues for single molecule 
sequencing. Instead, signal detection becomes more complex and high 
error rates limit the applicability of these technologies. The higher error 
rates originate from the fact that signals are recorded from only one 
molecule instead of an average of thousands. Any incomplete reaction 
step that would lead to phasing in a cluster instead leads to sequencing 
errors. Several methods for single molecule sequencing exist today. Still, 
similar to the MPS techniques, library preparation often requires 
nanogram to microgram of input material102,103,104 and therefore 
individual unamplified single cells cannot be prepared. 
 
The first single molecule sequencing platform to reach the market was the 
Heliscope from Helicos BioSciences. The technology is based on a paper 
from 2003105 but the first instrument was available in 2008106. In short, 
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the sequencing was done by detection of single fluorescently labeled 
nucleotides with reversible terminators much like Illumina sequencing. 
Despite detecting single molecules Helicos failed to achieve read lengths 
longer than 30 to 50 bases and the sequencing costs were high compared 
to the other available MPS platforms. The instrument never became a 
commercial success and Helicos BioSciences went bankrupt in 2012107.  
 
Pacific Biosciences was the second company to commercialize a single 
molecule sequencing platform when they introduced their PacBio RS 
instrument in 2011108. The sequencing reaction is a single molecule SBS 
chemistry performed using fluorescently labeled nucleotides within 
~100nm sized wells called zero-mode waveguides (ZMWs). The 
sequencing reaction is not cycled, instead fluorescent signals are recorded 
in real time from the ZMWs. The DNA fragment that is to be sequenced is 
attached to a polymerase, which is immobilized to the bottom of the 
ZMW. The ZMW is constructed in a way that the detection volume is in 
the zeptoliter scale, allowing detection of the single nucleotide retained in 
the active site of the polymerase. In the original publication, read lengths 
of more than 4000 bases and 17% error rate was reported109. An 
upgraded version of the instrument, the Pacbio RS II system, was 
released in 2013110 and in 2015 the release of a smaller instrument with 
considerably higher throughput and lower cost was announced111. 
 
Oxford Nanopore introduced their first device, the MinION, in May 2015. 
It is a USB stick sized device with the longest reported read lengths 
among all sequencing technologies, up to a few hundred kilobases104. The 
MinION is a sequencing device utilizing protein nanopores immobilized 
in a polymer membrane. An electric potential over the membrane drives 
an ionic current through the pore and characteristic changes in the 
current can be observed when molecules pass through the pore. Currently 
a DNA strand is passed through the pore at a speed of 70 bases per 
second. The current is recorded 3000 times per second and the signal is 
converted into events of consecutive 5-mers that are used to perform base 
calling through a statistical model. The error rate is approximately 15% 
for so called 2D (two directional) reads where both the strands in a 
double stranded DNA molecule are sequenced and then globally aligned 
to create one consensus sequence of higher quality than individual 
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reads112. Oxford Nanopore is also developing high throughput versions of 
their technology for future release. 
 
A number of additional single molecule sequencing techniques are in 
various development stages. For example, at the University of 
Washington a technology is being developed in collaboration with 
Illumina and a proof of concept paper was published in mid 2014113,114. 
Like the Oxford Nanopore technology, the methods works by recording 
changes in ion current as DNA is translocated through the pore but 
instead of 5-mers, 4-mers are used for base calling. The ion currents for 
all 256 possible 4-mers are measured in the proof of concept publication. 
And the technology is used to sequence the phi X genome generating 
reads up to 4500 bases. Oxford nanopore also supported a recent 
publication exploring optical sensing in combination with nanopore 
sequencing to enable more efficient scale up of the throughput115. Another 
interesting approach is the droplet sequencing technology currently being 
developed by Base4. Their single molecule sequencing device is a 
microfluidic chip where one DNA fragment is immobilized in a channel 
and the DNA molecule is broken down one nucleotide at a time. Each of 
the released nucleotides is encapsulated in droplets containing reagents, 
which initiate a chemical reaction resulting in fluorescent signals specific 
for each of the four bases. The sequence is then read by the order of the 
colored droplets116. Nabsys single molecule sequencing approach is based 
on detection of probe hybridization sites along a high molecular DNA that 
is made linear and stretched in channels on a chip. Successive rounds of 
hybridization using labeled probes with known sequences create several 
overlapping genome wide tag maps. Each base is queried several times 
and by combining the maps the sequence can be deduced117. Note that 
these techniques are all in development stages and not available for 
independent researchers to evaluate and report their performance. 
 
Longer read lengths with lower error rates are naturally desired. 
Sample/library preparation methods exist that can be used to generate 
longer stretches of sequence from short reads though often at the cost of 
throughput as higher coverage is required. Furthermore, specific types of 
library preparations will be required depending on which sequencing 
technology that is employed. The next chapter will cover sample and 
library preparation preceding the DNA sequencing. 
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Library Preparation for Sequencing 
All DNA sequencing techniques require some kind of sample preparation 
(also called library preparation) prior to the sequencing reaction. 
Depending on the application and/or the specific biological question, 
different preparation procedures may be applied. All sample preparation 
procedures are not considered as part of library preparation (eg 
extraction of genomic DNA can be used prior to regular PCR) but all 
library preparations are some kind of sample preparation and the term 
will be used interchangeably throughout the chapter. 
 
For the MPS techniques, general adapters at the ends of fragments are 
always needed to enable amplification and immobilization of each single 
molecule. The adapters are usually also hybridization sites for sequencing 
primers and in some cases contain sample specific barcodes. 
Traditionally, attachment of adapter sequences is achieved by ligation of 
oligonucleotides to the ends of fragmented genomic DNA (after an end 
repair reaction). Other approaches include amplification using primers 
with handle sequences at 5’-ends or insertion of adapters using a 
transposase118. In many cases the sample is enriched for fragments 
carrying adapter sequences by amplification with primers hybridizing to 
adapters. 
 
Whole genome sequencing (WGS) may be performed on extracted DNA 
after addition of adapters and quality control. Still, selecting a specific 
range of library molecules based on fragment size is common. This 
selection step ensures a well-defined size interval and provides useful 
information during data analysis. Amplification is also a common step in 
all library preparations. However, it may introduce bias and as a 
consequence amplification-free library preparation has become an 
attractive approach119. In such protocols, loss of sample is minimized but 
the amount of required starting material is generally much higher120. 
Therefore, to reduce the required amount of DNA, many scientists still 
prefer an amplification step in the library preparation prior to 
sequencing. 
 
In contrast to whole genome sequencing, whole exome sequencing (WES) 
is the sequencing of a library enriched for exonic regions. This is a 
common laboratory procedure that reduces the complexity of the library. 
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A complexity reduction might be desired to decrease costs, reduce the 
computational load of the analysis or simply because data from the whole 
genome is not needed. There are several methods to enrich for a smaller 
region of a genome. In the cases where the sequence of the targeted 
region is known, hybridization of synthetic complementary probes is a 
common approach. The probes are either immobilized at the time of 
hybridization (e.g. on a glass slide) or are in solution and will be captured 
after hybridization to the target (e.g. biotinylated probes captured by 
streptavidin coated beads). Thereby, the target molecules within the 
library with sequences similar to the capture probes will be retained while 
others are washed away121,122. This technique was used for exome 
genotyping of single fat cells in paper 2. Several other methods for 
enrichment of targeted genomic regions exist but will not be covered 
here. 
 
Mate pair is another type of library preparation123. Instead of being a 
subset of the original library molecules, mate pair libraries add an extra 
level of information to the results. In the preparation steps, the two ends 
of each genomic fragment are joined (prior to adapter ligation). Thus, 
sequencing is performed on ends of fragments that originally were 
separated by several kilobases. In this approach a narrow size interval is 
selected for the original fragments which leads to acquisition of sequence 
pairs with a known (and long) distance between them. This long and 
relatively well-defined spacing between the sequences is useful to span 
repeat regions and connect contigs when performing de novo sequencing. 
 
Library preparation could be designed to enrich for sequences with 
connection to specific functions or interactions. An example is to 
physically link proteins interacting with specific DNA sequences, by 
precipitating the DNA binding protein using affinity proteomics in a 
procedure called chromatin immunoprecipitation (ChIP)124. Another 
example is to chemically treat the DNA with bisulfite to convert cytosines 
to uracils. Methylated cytosines are resistant to this treatment and thus 
methylation of cytosines can be deduced from the resulting sequencing 
data125. Additionally, DNA sequencing can be used to analyze other kinds 
of molecules. One example is to detect ligation events resulting from 
protein interaction or colocalization126,127. Another example is RNA 
sequencing (RNA-Seq) where RNA is converted to complementary DNA 
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by a reverse transcriptase during the initial steps of the library 
preparation. However, direct sequencing of RNA is also possible128,129 
even though it is not a common approach. 
 
The amount of sequencing data needed per library varies considerably for 
different applications. Often the flow cell (or plate) where the sequencing 
reaction takes place is divided into a number of physically separated 
regions (often referred to as lanes). Several samples can thereby be run 
within the same instrument run (multiplexed) without pooling samples, 
which would result in mixed data. However, the output of the sequencing 
instruments is continuously increasing and in some cases many samples 
could be sequenced in one lane of the machine. To fully utilize the 
capacity of the instruments a unique sequence can be attached to each 
sample or library before pooling of the libraries. This way of encoding the 
origin of a sequence using a short known DNA sequence is often called 
barcoding (indexing or tagging). Barcoding allows for post sequencing 
separation of the mixed data in a process called de-multiplexing. 
 
Barcodes can be added directly to the ends of the DNA fragments or as 
parts of adapters. Several methods have been published describing 
various barcoding procedures130,131,132. For example, sample identity can 
be encoded within a single sequence or as a combination of several. If two 
barcodes, one to each end, are added to the DNA fragment or amplicon, 
chimeric constructs can be detected. Using combinations of barcodes is 
also a straightforward way of increasing the number of samples. Thereby 
enabling multiplexing of thousands of samples with use of just a few 
hundred synthetic barcode sequences133. Apart from multiplexing, 
barcoding has also been used to uniquely identify individual molecules by 
attaching degenerate sequences to DNA molecules, allowing removal of 
PCR duplicates134 or counting of individual transcripts135. 
 
Barcoding is also extensively used when trying to retain haplotype or 
phase information from single molecules. These methods rely on tracing 
short sequence reads back to the original (long) single molecule. In some 
cases the original fragment is reconstructed in silico (by assembly)137,140. 
In other cases lower sequencing depth is acquired and the connection 
between the reads is kept for haplotyping after mapping136,139. A common 
approach is sequencing a diluted set of molecules where each genomic 
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region is represented (at most) once139,140. Alternatively, all library 
molecules that stem from the same original molecule can be tagged with 
identical barcodes138,142. Both approaches are used to construct libraries 
for MPS where short reads can be connected to each other after 
sequencing. These methods can thereby be said to increase the apparent 
read length of the current MPS instruments. 
 
A number of methods rely on keeping one end of the original fragment 
intact after amplification while the other end is shortened either 
enzymatically or by physical shearing136,137,138. This results in read pairs 
where one of the reads is used to identify the original molecule while the 
other read is spread over the length of the molecule, thereby allowing for 
reconstruction of the long sequence136,137,138. It is worth noting that some 
of these methods do not use barcoding through synthetic oligonucleotides 
(to keep track of molecules) but instead rely completely on the genomic 
sequence at one end of the fragment136,137.  
 
The Long fragment read (LFR) method published in 2012 uses another 
approach139. Instead of trying to reconstruct the original fragments, the 
only aim is to retain the knowledge of which original molecule each read 
stems from. The method works by dilution and compartmentalization of 
the original fragments and thereby minimizes the likelihood that any 
genomic sequence is present in more than one copy in each compartment. 
After fragmentation, barcoded libraries are made from each compartment 
and sequenced. All reads that map to a specific genomic region and has 
identical barcodes can then be assumed to originate from the same 
fragment. The long read sequencing technology from Illumina (originally 
called Moleculo) also uses limiting dilution and is very similar to LFR 
though with the aim to reconstruct full fragments140,141. LFR and the 
Illumina technology use different sequencing platforms for readout and 
somewhat different procedures for library construction. Still, the main 
difference is the nature of the data analysis where LFR is designed for re-
sequencing and alignment while the Illumina technology tries to 
reassemble the original fragments. By reconstruction of full length or 
longer partial sequences the technology can also be used for de novo 
genome sequencing. The company 10x Genomics recently announced 
their own platform for the same application. Their technology is based on 
compartmentalization of long molecules within emulsion droplets 
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generated in a microfluidic station. Within each droplet, a barcode and 
reagents for sequencing library preparation are also present142. 
Examination of currently available data indicates that their aim is more 
similar to the LFR technology but as overlapping reads from single 
molecules exist reconstruction of full fragments will most probably be 
achievable by using a greater sequencing depth. Pacific Biosciences is also 
developing a similar approach in collaboration with RainDance 
technologies. Here, long reads from the PacBio platform will be barcoded 
and thereby connected using a Raindance microfluidic platform to 
facilitate de novo assembly143. A new technology for massively parallel 
barcoding and phasing of single DNA molecules is presented in paper 4. 
 
Single molecule sequencing techniques do not use adapters in both 
fragments ends as the traditional MPS techniques require. Still, known 
sequences are added to the fragments to enable immobilization and 
hybridization of general sequencing primers. In Helicos single molecule 
sequencing technology (discontinued) the fragments were polyadenylated 
on the 3’-ends in the sample preparation step. This reaction enabled 
immobilization through hybridization of the A-tails to a population of 
poly-T oligonucleotides attached to the flow cell surface (the poly-T 
oligonucleotides also functioned as sequencing primers). Pacific 
Biosciences ligates hairpin adapters (self-hybridizing ssDNA 
oligonucleotides) to both ends of the fragments, creating not only a target 
for a sequencing primer but also a circulated template that enables 
several rounds of sequencing of the same DNA molecule (given that the 
total read length is not too long). Similarly, a hairpin adapter is attached 
to one end of the fragment prior to nanopore sequencing using the 
MinION system. The hairpin adapter covalently links the 5’ and 3’ bases 
of one end and a regular dsDNA adapter is attached to the other end. In 
this way one end of each fragment is left “open” while the other end is 
joined. This molecular layout allows both strands to pass through the 
pore and thus, the sequence of each molecule is read twice. 
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Understanding the Sequences 
Sequences of Gs, As, Ts and Cs are not meaningful without interpretation 
and understanding of the data. If interpreted, correctly sequence data can 
be informative for understanding biochemical reactions, exploring the 
diversity of microbial environment and for diagnosing and curing 
diseases. Depending on the aim of the study, the data analysis can be very 
simple or quite complex. Routine tasks can often be performed using 
already available and widely acceptable tools. However, as soon as non-
standard questions are to be answered, tools tailored for the specific 
problem such as in-house scripts and software are needed. 
 
The first issue encountered when working with DNA sequencing data is 
the large amount. The raw sequences from small-scale instruments with 
only one or a few samples are easily handled on a laptop computer. 
However, when larger projects are to be analyzed the storage and 
computing power of regular laptops and desktops are not sufficient. 
Instead, so-called cloud computing clusters with many computational 
nodes and large arrays of storage media are common. The data generated 
is on par with or greater than other large computing resource consumers 
such as Twitter and YouTube and more efficient tools both in terms of 
hardware and software will be needed in the future144. Some very basic 
principles about the standard steps needed in DNA sequence analysis will 
be given in the next paragraphs. Details of algorithms used in various 
software are not within the scope of this thesis. 
 
Raw reads generated directly from the sequencing instruments are often 
initially quality controlled to asses if the base calls are reliable enough to 
be mapped to a genome or if a larger than expected proportion of the read 
population has high/low GC, AT, adapter or otherwise unwanted 
sequence content. Depending on the result the raw data might need to be 
filtered or trimmed to remove unreliable or unwanted sequences. 
 
The next step, after acquiring an as accurate data set as possible, is to 
place the reads in the right sequence context (either relative to a reference 
sequence or to each other) to get a representation of the genome(s) or 
sequence population within the sample. This is considered the most 
computationally intense problem in data analysis and stems from the fact 
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that all sequencing technologies available today introduce errors and 
provide reads shorter than full length genomes. 
 
Assembly is traditionally used when no reference sequence is available. 
During assembly, overlaps between reads are identified and used to stitch 
the original genome together. Traditionally this was done using a 
hierarchical approach where the genome was sequenced and overlapped 
piece by piece in an ordered fashion using vector-based sample 
preparation and Sanger sequencing. The alternative approach, shotgun 
sequencing and assembly, is more extensively used when short read data 
from MPS technologies are used. In contrast to the hierarchical 
sequencing approach, shotgun sequencing involves fragmenting the 
complete genome and all resulting pieces are sequenced in parallel. The 
pieces are then stitched together simultaneously without prior 
information of order or overlaps145. Even though not common, de novo 
assembly of human genomes has been performed using Sanger 
sequencing, MPS, single molecule sequencing or mixes thereof (so called 
hybrid assemblies). Human genome assembly is an interesting future 
strategy for correctly identifying variation though quality and throughput 
of long read single molecule sequencing technologies need to improve 
before this will be routinely used146.  
 
If a reference sequence exists, alignment of reads to this sequence is 
commonly performed to obtain a representation of the genome. 
Generally, alignment software search a reference sequence for locations 
where the minimum amounts of mismatches and insertions and/or 
deletions (indels) are found compared to the query. Some methods are 
weighted and give higher penalties to longer stretches of insertion and/or 
deletion and mismatch positions where the base calls are of high 
quality147. A large number of tools are available for DNA sequence 
alignment with large differences in their intended use. Software for 
everything from reference based high throughput alignment of short read 
data to pairwise alignment of full genome sequences exists. 
 
Finally, when an adequate representation of the genome(s) or DNA 
population in a sample has been acquired, the next step is usually to 
compare it to other known sequences and/or expected patterns. In case of 
WGS or WES comparison is most commonly made towards the human 
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reference genome and/or a reference sample such as a tumor vs. normal 
sample. Variant callers use statistical modeling to determine the 
likelihood that a site is a true variant or not. These calculations are based 
on parameters such as read depth and calling qualities of the aligned 
reads and/or bases. Steps such as local realignment around indels and 
quality score recalibration are therefore common steps in variant calling 
pipelines for short indels and/or base substitutions148. If copy number 
variations (CNVs) based on differences in read coverage are to be 
identified, steps normalizing for mapping efficiency (e.g. GC bias) are 
usually performed prior to variant calling149. Identification of other types 
of structural variations such as larger insertions and translocations is 
usually based on unexpected alignments of the two reads in a pair149. 
Similar to assembly and alignment, several software are available for each 
type of variant calling. Even though many SNP calls overlap when 
exchanging one software for another150 a recently published study showed 
that results for somatic mutation calling differ significantly depending on 
which software (and laboratory procedures) are used and the authors 
recommend using combinations of several mutation callers151.  
 
The analysis of DNA sequencing data from other experimental setups 
such as Chip-Seq or RNA-Seq experiments generally use the same 
mapping or assembly steps. Downstream, other aspects than sequence 
variant calling are commonly of primary interest. These include analysis 
of expression levels and identification of isoforms and allele specific 
expressions. This type of analysis is not within the scope of this thesis. 
 
If the data stems from an experiment performed during method 
development rather than standard genome sequencing, available 
assembly, alignment and/or variant calling approaches might not be 
sufficient (or needed). Instead, custom scripts for recognizing specific 
motifs or for identification and quantification of amplification artifacts 
might be required. Many open source software and libraries exist for 
simplifying such developments (and parsing of results from existing 
tools) for example Biopython152 and bioperl153. 
 
Finally, interpretation of the results is sometimes the most exciting and 
challenging part. After variant calling, annotation of variants to 
determine their functional impact might be needed and, commonly, 
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biological or technical expertise is needed to determine the practical 
implications of the experiment. Except for annotation of variants, this 
part of the analysis needs to be tailored to each question asked. 
 
In all studies included in this thesis custom scripts have been written 
(mostly in python) that either utilize the results from already available 
software to create informative summaries or search sequence data by 
simple algorithms to generate new results.  
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Present investigation 
The focus of my studies has been on improvement and development of 
methods for analysis of DNA from single DNA molecules and single cells. 
The thesis is based on several years of full time work involving many 
projects that has (so far) resulted in three publications and one 
manuscript. Paper 1 focuses on increasing the throughput of traditional 
procedures and an automation of sample preparation for MPS is 
presented. In paper 2, commercial kits for whole genome amplification 
of single cells are evaluated. Paper 3 is a study where single cell 
genotyping is performed through exome sequencing. Finally, in paper 4 
a new method for maintaining single molecule DNA phase information 
that utilizes the throughput of MPS instruments is presented. 

Paper 1 - Large Scale Library Generation for High 
Throughput Sequencing. 
This was my first project and resulted in a published paper in April 2011. 
The Division of Gene Technology at the Royal Institute of Technology had 
moved to Science for Life Laboratory (SciLifeLab) approximately one year 
earlier and at the same time the National Genomics Infrastructure (NGI) 
at SciLifeLab acquired their first Illumina HiSeq 2000 instrument. Two 
of the co-authors in this paper, Sverker Lundin and Joakim Lundeberg, 
had previously developed an automated version of a library preparation 
for 454 sequencing154. The idea was now to develop a similar strategy for 
the Illumina library preparation to be able to match the throughput of the 
HiSeq instrument. To make this possible the tedious size selection by gel 
electrophoresis step had to be replaced with an automated procedure. 
This was done through two sequential DNA precipitation reactions. First, 
large fragments were precipitated onto paramagnetic beads by using a 
poly ethylene glycol (PEG) and salt buffer. The beads with large DNA 
fragments were removed and by adding fresh beads and increasing the 
PEG concentration DNA fragments larger than a predefined size-cutoff 
were precipitated. The precipitated DNA was then re-suspended and used 
in downstream procedures. By varying the PEG concentrations we 
managed to control the size distribution of the selected DNA. A similar 
procedure using commercially available AMPure beads from Agencourt 
Biosciences was published one year earlier and the authors mentioned 
automation as a further development of the protocol155. In total, five 
libraries (three human cell line libraries and two spruce libraries) were 
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prepared with the automated protocol. All samples were part of two large 
sequencing efforts at SciLifeLab: the spruce genome sequencing project156 
and a cell line characterization project157. Sequencing data from manually 
prepared libraries was also analyzed to enable a comparison of the 
automatic and manual procedures. The presented size selection 
procedure showed robust results and automated and manual libraries 
had comparable performance in terms of sequencing quality. The 
automated protocol (and an updated version) has been extensively used 
by the NGI group at SciLifeLab. It has also been an important part in all 
studies presented in this thesis as well as ongoing projects. 

Paper 2 - Comparison of Whole Genome Amplification 
Techniques for Human Single Cell (Exome) Sequencing. 
Since my first year at SciLifeLab I have been part of a project where 
acquiring accurate single cell sequencing data, to be able to call somatic 
mutations, is central to success. Furthermore, genotyping of single cells 
was the goal of my effort in paper 3. We realized early on that our ability 
to the call variants depended much on the method used for whole genome 
amplification and decided therefore to make a comparison of a number of 
commercially available kits. Four commercial kits was selected for the 
comparison: AMPLI1 (Silicon Biosystems), MALBAC (Yikongenomics), 
PicoPlex (Rubicon) and REPLI-g (Qiagen). The REPLI-g kit is a regular 
MDA optimized for small input amounts while both the PicoPlex and 
MALBAC kits utilize some type of preamplification prior to an 
exponential phase. The AMPLI1 kit is the commercialization of the 
SCOMP technique that fragments genomic DNA using restriction 
enzymes prior to ligation of adapters. For each kit two single cells were 
amplified and the WGA product was prepared for sequencing using the 
automated protocol described in paper 1 and then enriched for exome 
content. To make a fair comparison, all kits were compared to an 
unamplified gDNA sample prepared in the same manner. The largest 
differences between the kits were how well the targeted regions were 
covered and the evenness of the read-depth distribution over the covered 
regions. These results were reflected in the variant calling steps where 
considerable number of allele dropout events was observed for the 
samples that displayed low coverage and uneven read-depth. The results 
from this project helped us to select the MALBAC kit for future single cell 
whole genome amplification but AMPLI1 displayed similar results. 
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Furthermore, the project inspired us to test alternative amplification 
strategies while developing the experimental procedure used in paper 3. 

Paper 3 - Transplanted Bone Marrow-Derived Cells 
Contribute to Human Adipogenesis. 
The contribution of bone marrow derived cells to adipogeniesis was 
investigated in a collaborative effort by two KI groups. This was 
investigated in individuals receiving bone marrow transplantation. If the 
transplanted bone marrow cells contributed to human adipogenesis, 
adipocytes (fat cells) in receiver’s fat tissue should contain the donor’s 
genotype. Otherwise, all adipocytes in receiver’s fat tissue should have the 
receiver’s genotype. The KI groups had earlier performed genotyping 
using microsatellite markers on pure adipocyte fractions of fat tissue 
samples. It was found that a small proportion of the cells displayed the 
donor genotype. However, single cell resolution of the results was lacking 
and I became involved in the project to contribute with single cell 
amplification and genotyping. 
 
Single adipocytes are difficult to isolate by use of traditional methods and 
were thus retrieved by a technique developed by our collaborators at KI. 
Briefly, pure adipocyte fractions from white adipose tissue (WAT) were 
embedded in agarose and “agarose beads” containing single cells were 
isolated by LCM. The DNA content of these cells was amplified using the 
PicoPlex WGA kit. However, the genotyping of microsattelites used on 
bulk samples was not compatible with the short fragment sizes of the 
PicoPlex WGA products. Based on experience from paper 2, we tested 
other types of amplification on the beads. But changing the WGA method 
did not turn out to be a viable approach as all WGA kits tested except 
PicoPlex failed to amplify cells in agar-beads. To address this problem, we 
proposed Trinucleotide Threading (TnT)158 assay (a multiplex genotyping 
technique developed earlier in our lab) to genotype a few hundred of 
SNPs simultaneously. Variant calling using this approach would help to 
determine whether the cells originated from one or two individuals. I had 
spent the first year of my PHD studies working with the TnT method and 
was already familiar with the laboratory procedures. A few initial rounds 
of TnT genotyping indicated that there were cells of both donor and 
recipient origin as well as cells with mixed genotypes. It also became 
apparent that the dropout rate of the procedure (WGA+TnT) posed a 
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problem. Thus, only variants where the donor and recipient were 
homozygous and differing (e.g. AA and CC for a A/C locus) were 
considered informative. However, the set of 150 SNPs that were targeted 
with the TnT approach was too small to unambiguously determine the 
origin of the single cells. In order to increase the number of examined 
variants, the alternative exome sequencing approach was investigated. 
Low coverage sequencing of one recipient/donor pair and ten single cells 
indicated that a large number of informative variants were callable even 
though the recipient and donor were siblings. This experiment was 
followed by analysis of a total of three donor/recipient pairs and ~90 
single cells. We observed two donor-derived fat cells and two cells 
displaying mixed genotypes (from two of the three recipient/donor pairs). 
The donor-derived cells, the mixed cells and two cells displaying the 
recipient genotype were also subjected to whole genome sequencing. The 
sequencing confirmed the results from exome sequencing. The results of 
this study indicate that transplanted bone marrow could contribute to 
mature fat cells in the recipient. 

Paper 4 - Phasing of single DNA molecules by massively 
parallel barcoding. 
At the Single Cell Genomics conference in Stockholm 2014, several 
projects aiming at barcoding single cells or molecules within emulsion 
droplets were presented. During 2015 a number of papers describing such 
methods were published159,160,161,162. The method presented in paper 4 was 
one of these papers and the first of them targeting DNA molecules. 
 
The seventh of June 2011 was the start of our project for tagging single 
molecules in emulsion droplets. Initially, the idea was to generate 
uniquely barcoded primer libraries by RCA (rolling circle amplification) 
of circularized oligonucleotides carrying a stretch of degenerate 
nucleotides. These primers would then be used to tag single molecules 
encapsulated in droplets. During the development process the RCA 
approach was replaced by use of beads covered with clonally amplified 
barcoded primers. In the published version of the method, an initial 
emulsion reaction generated amplified barcoded primers on beads. Single 
DNA molecules were then encapsulated together with the barcoded beads 
in water-in-oil droplets. Thereafter, a second round of emulsion PCR was 
started. The amplicons created in this reaction were linked to the 
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barcoded primer population. The products were subjected to massively 
parallel sequencing and the resulting data were sorted based on the 
barcodes. This allowed grouping reads sharing the same barcode and 
tracking them to a single DNA molecule trapped in a droplet. By 
amplifying several targets the method enables physical linking the 
amplicons.  
 
The unique barcoding of each bead-bound primer library was validated 
by sequencing of the barcodes present on individual beads. The 
procedure for barcoding of amplicons from single molecules was then 
validated by investigating two variable regions in the bacterial 16S gene. 
The full procedure was tested on both a model system of four known 
bacterial genomes as well as a complex metagenomic sample. Comparing 
sequence data from the barcoded amplicons to known 16S genes showed 
that the majority of the active emulsion compartments successfully 
amplified targets from single DNA molecules with preserved phase 
information.  
 
This study presents a system for barcoding of single DNA molecules with 
potential to target and tag more regions. Such approaches are currently 
under development in our group. One example is applying the method to 
the eight exons of the HLA-A gene. And a recently initiated project targets 
the biological contents of single cells with the ultimate goal of profiling 
circulating tumor cells. Another initiative is to perform DNA-assisted 
proteomics in emulsion droplets, a method called compartmentalized 
imuno-sequencing. 

Future perspective 
Several single molecule sequencing techniques are available today. The 
throughput and quality of these platforms are continuously increasing 
while the cost is reduced. However, the greater availability and lower 
costs of the MPS technologies lead to the fact that these platforms will be 
central for most large scale projects in the coming years. A recent news 
piece summarizing technological advancements in 2015 predicts single 
molecule sequencing platforms and technologies that allow for 
performance of more complex experiments on MPS instruments as the 
most exciting areas of development for 2016163. Automation prior to MPS 
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and development of strategies for barcoding of single molecules and 
single cells were mentioned as examples of such “enabling technologies”.  
 
Sample and library preparation and quality control will continue to be a 
prerequisite for DNA sequencing. The throughput of both traditional 
MPS platforms and single molecule technologies increases and the 
throughput of preparation procedures must follow this trend. To some 
extent this can be achieved by simpler and more efficient laboratory 
protocols but automation will definitely play a central role in this 
development. The method presented in paper 1 has been used in many 
projects, and development of automated procedures is continuously being 
done in our group. 
 
Nature Methods denoted single cell sequencing as the method of the year 
in 2013 and the field has exploded during the last few years. Both 
laboratory and computational procedures for single cell sequencing are 
currently in extensive development. Continuous evaluation of new 
methods such as the one presented in paper 2 are needed to ensure that 
the best-suited method is applied in each project. 
 
Barcoding methods are continuously being developed. A decade ago 
sequencing libraries were barcoded to increase multiplexing. Today RNA 
or DNA from single cells is barcoded. Further development of barcoding 
methods such as the one presented in paper 4 will allow encoding of even 
more information such as the spatial context of cells and better coverage 
of single cell genomes. 
 
In conclusion, the studies presented in this thesis are highly relevant for 
solving the problems we face today and for a foreseeable future. Further 
ahead, the expectations for advancement within the field of nanopore 
sequencing is sky high. Speculations of how sequencing would be 
performed the next coming decades are only fantasies. Still, a perfect 
technology would not require amplification or assembly of data after 
analysis. Instead, direct analysis of the content of single cells through 
nanopores inserted directly into the cell membrane would present a close 
to optimal scenario. 
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