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Abstract
Advances in sequencing  technologies constantly improves the throughput and 
accuracy of sequencing instruments. Together with this development comes new 
demands and opportunities to fully take advantage of the massive amounts of data 
produced within a sequence run. One way of doing this is by analyzing a large set of 
samples in parallel by pooling them together prior to sequencing and associating the 
reads to the corresponding samples using DNA sequence tags. Amplicon sequencing 
is a common application for this technique, enabling ultra deep sequencing  and 
identification of rare allelic variants. However, a common problem for amplicon 
sequencing projects is formation of unspecific PCR products and primer dimers 
occupying large portions of the data sets.

This thesis is based on two papers exploring  these new kinds of possibilities and 
issues. In the first paper, a method for including thousands of samples in the same 
sequencing run without dramatically increasing the cost or sample handling 
complexity is presented. The second paper presents how the amount of  high quality 
data from an amplicon sequencing run can be maximized.

The findings from the first paper shows that a two-tagging  system, where the first tag 
is introduced by PCR and the second tag is introduced by ligation, can be used for 
effectively sequence a cohort of 3500 samples using  the 454 GS FLX Titanium 
chemistry. The tagging procedure allows for simple and easy scalable sample 
handling  during  sequence library preparation. The first PCR introduced tags, that are 
present in both ends of the fragments, enables detection of chimeric formation and 
hence, avoiding false typing in the data set.

In the second paper, a FACS-machine is used to sort and enrich target DNA covered 
emPCR beads. This is facilitated by tagging quality beads using  hybridization of a 
fluorescently labeled target specific DNA probe prior to sorting. The system was 
evaluated by sequencing  two amplicon libraries, one FACS sorted and one standard 
enriched, on the 454 showing a three-fold increase of quality data obtained.

Keywords: next generation sequencing, genotyping, massive parallel sequencing, 
454, Pyrosequencing,  amplicon sequencing, enrichment, DNA barcodes
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"Any fool can make things bigger, more complex, and more violent. It takes a touch 
of genius - and a lot of courage - to move in the opposite direction."

- Albert Einstein
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1. Introduction

From blob to blueprint
The year 1869 a young Swiss physician, Friedrich Miescher, discovered an unknown 
precipitate resistant to protease treatment while he was examining leukocytes [1]. He 
analyzed its chemical composition and found that it contained much phosphorous 
but no sulphur. These results suggested that this could not be anything  like a protein 
and after realizing  that it might be an unknown molecule he named his new 
discovery nuclein since it was found in the nucleus of the cells. This was the first 
time deoxyribonucleic acid (DNA) was observed and isolated but it took until 1953 
before its famous and still today accepted double helix structure was resolved by 
James Watson and Francis Crick [2].

In 1928, a Brittish scientist at the Ministry of Health in London by name Frederick 
Griffith performed an experiment where he mixed dead Streptococcus pneumoniae  
cells from a virulent strain together with cells from an alive non-virulent strain and 
when the mix was injected into mice it caused a deadly infection [3]. This suggested 
that bacteria can transfer genetic information between each other and the theory was 
that proteins were the carriers. At the end of World War II in 1944, three scientists 
from the Rockefeller Institute for Medical Research showed that it was the molecule 
of DNA, and not proteins, that carried the genetic information. This was achieved by 
repeating Griffith’s experiment but isolating  the DNA from the virulent strain before 
mixing it with the living  cells [4]. These findings were however hard to accept for the 
scientific society, especially for the supporters of the “tetranucleotide hypothesis” 
proposed by Phoebus Levene who had shown that DNA consisted of only four 
components and was a far too simple molecule to carry the genetic information.

In 1952, Markham and Smith constructed a device where they applied a current 
over a paper onto which they had loaded digested ribonucleic acids (RNA) [5]. To 
their amazement, the complex mixture of RNA fragments separated into distinct 
bands based on the physical properties length and charge of the different molecules. 
They named their device electrophoresis apparatus and after further development by 
others, who for instance discovered that large molecules could be separated and that 
starch or polyacrylamide gels could be used [6-8], the method has became one of 
the most frequently used for analyzing nucleic acids.
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Erwin Chargaff, a biochemist at Columbia University, had found that the quantities of 
the four components of DNA are always pairwise equal: the amount of guanine (G) 
always equals the amount of cytosine (C) and the amount of adenine (A) always 
equals the amount of thymine (T). Inspired by these findings, James Watson and 
Francis Crick realized that A and T matched each other so as C and G and hence, 
enabling two strands of DNA to pair together in a double helix structure. The theory 
was experimentally visualized by x-ray diffraction images taken by the British 
biophysicist Rosalind Franklin, working  at King’s Collage in London. The image was 
presented to Watson and Crick by Maurice Wilkins and the three men shared the 
1962 nobel prize in medicine. Unfortunately, Rosalind could not take part of the 
prize since she died in 1958.

In 1958, Francis Crick formulated the Central Dogma of Molecular Biology. This 
describes the flow of genetic information where DNA is copied into DNA through a 
process called replication, DNA is copied into RNA through a process called 
transcription and RNA is further processed into a protein through a process called 
translation. The essence of the central dogma is the one-way information flow; once 
the information has been transfered into RNA or a protein, it cannot reverse from 
RNA into DNA or from neither protein into RNA or protein to protein. This theory 
was reformulated in 1970 and published in Nature [9] and is today still accepted 
even though some modifications have been made, such as adding several RNA 
species and the conversion of RNA into DNA, denoted reverse transcription, carried 
out by viruses and in synthetic environments.

The year of 1977 provided a big  leap for science. Partly because the science fiction 
movie Star Wars had its premiere and partly because two methods for sequencing 
DNA were published [10, 11] and, furthermore, the first DNA genome was 
sequenced [12]. DNA Sequencing  means that the mutual order of the four DNA 
bases adenine (A), cytosine (C), guanine (G) and thymine (T) within a DNA molecule 
are resolved. 

Since the only physical property of DNA that allowed it to be analyzed at the time 
was the length, both methods were based on creating DNA fragments of different 
lengths that, after gel electrophoresis and separation, could reveal the DNA 
sequence. Maxam and Gilbert presented a method where chemical treatment was 
used for cleaving  a radioactive labeled DNA fragment at specific bases and hence 
generating DNA fragments [11]. 

Sanger and colleagues mixed dideoxynucleotide triphosphates (ddNTPs), that are 
terminating nucleotides, together with native deoxynucleotide triphosphates 
(dNTPs). The ddNTPs terminate the extension of a growing DNA chain once they 
have been incorporated [10]. This method, known as Sanger DNA sequencing, has 
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been the working  horse in the field of molecular biology for almost 30 years. 
Especially after that the throughput and read length was greatly improved during the 
80s [13].

A few months earlier in February 1977, Sanger published the 5375 bases big 
genome of the bacteriophage phi X174 [12], thereby initiating the field of genome 
sequencing. However, this genome was sequenced using  a precursor to the Sanger 
sequencing method denoted the "plus and minus" method [14].

Genomes
The diversity of life on earth has its origin in the fact that genetic information is 
mutable. The alteration occurs in the process when genetic material is replicated or 
when genetic material is exposed to external influence [15]. This occurrence is 
called  mutation from the latin word mutatio, meaning change. The complete genetic 
material from a certain organism is called the genome and it is inherited from its 
ancestors. The size of genomes varies a lot among different organisms ranging from 
small virus genomes of a couple of thousands bases to hundreds of gigabases (Gb)   
[16] for some plants and fish genomes. The genome size of an organism is not 
necessarily positively correlated to how advanced it is and the largest known 
genome of 670 Gb actually belongs to an amoeba [17, 18]. It is rather the 
complexity of the regulatory system that regulates which genes to be expressed in 
time and space that decides the complexity of an organism. The genome is located in 
the nucleus of each cell of all eukaryotic organisms.

The human genome is a diploid genome, meaning that there are two copies of each 
gene, one inherited from the mother and the other from the father. It consists of just a 
little bit more than 3 Gb spread on 23 chromosome pairs coding for between 
20,000-25,000 genes, depending on how a gene is defined. The first draft of the 
human genome was published in 2001 by two independent groups: the International 
Human Genome Sequencing Consortium led by James Watson who published their 
draft in Nature [19] and Craig Venter with his company Celera Genomics who 
published their draft in Science [20].

Genetic variations
The human genome is under constant alteration. If the genomes from two unrelated 
individuals were compared, they would match by 99.9% [21], meaning  that there 
are 3 million differences between two randomly picked human genomes. Even when 
the genomes from two different cells within the same individual are compared one 
would find significant differences. These are denoted somatic mutations and have 
occurred some time after conception in contrast to inherited variation.
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Single nucleotide polymorphisms
The most common and most investigated type of genetic variations are single-
nucleotide polymorphisms (SNPs). SNPs are single base alterations in the DNA 
sequence and for a position to classify as a SNP it must be present in at least 1% of 
the population. Today it is estimated that there are 11 millions SNPs among the 
human population. SNPs are not equally distributed across the genome, but if they 
were, there would be an SNP every 290 base [21]. A certain variant of a SNP is 
denoted an allele, a word originated from the greek allelos meaning each other. An 
allele that has a low allele frequency is rare among  the population. If an individual 
has inherited the same allele of a SNP from both its parents, that individual is 
homozygous for that SNP and if it has inherited two different alleles, it is 
heterozygous. An individual can only have one or two alleles of a certain SNP but 
there can be more alleles within a population. SNPs located in coding regions could 
alter the amino acid sequence the gene is coding  for. If not, the SNP is synonymous 
and if it does, the SNP is non-synonymous and could be coupled to a trait such as 
eye color [22] or sprinter versus endurance athlete [23].

Some SNPs can occur in groups, meaning that the markers are in linkage. Such a 
group is called a haplotype and efforts of mapping  all haplotypes in the human 
genome are being made to find correlations among the SNPs [24].

Short tandem repeats
Microsatellites, or short tandem repeats (STRs), are repeating units of short (2-6) 
nucleotide sequences [25]. These repeats are very common in the human genome. 
The length of the repeats vary considerably between individuals and the reason for 
this is that these regions are very hard to copy for the cells replication machinery due 
to polymerase slippage. The high rate of polymorphism and the relative simple 
analysis of STRs lengths makes them good markers for DNA fingerprinting  [26, 27] 
and STRs are being used by forensics across the world [28].

Structural variations
Another type of genetic variations are the structural ones, such as copy-number 
variations (CNVs), translocations, inserts and deletions. In contrast to SNPs, these are 
large segments of DNA that have been altered, often during replication before 
mitosis. CNVs are DNA segments in the size range of kilobases (kb) to megabases 
(mb) occurring  in different number of copies in different genomes and are 
considered as one of the major sources of genetic variation [29, 30]. CNVs have also 
been coupled to a long  list of traits such as enhanced HIV resistance [31], 
schizophrenia [32] and autism [33].
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Genotyping
The process of investigating  allelic variants is called genotyping. The goal of almost 
all variation analysis of the human genome is to associate certain genetic marker or 
markers, a genotype, to a phenotype that is a certain physiological characteristics 
such as hair color, obesity or predisposition to disease. The biggest problem when 
looking for genetic markers in the human genome is that the genome is very large 
and to analyze the whole genome at once has until recently been too expensive. 
Thus, scientists have had to rely on partial methods, looking  only at a small part of 
the genome at a time. The big question is then: where to look? 

Screening studies
Basically, there are two approaches when designing  a study aiming  to find a genetic 
marker of a certain trait. Either screen to known markers, such as SNPs, across the 
whole genome, or to pinpoint genes associated to the trait of interest making it 
possible to discover unknown SNPs. Both methods have their benefits and 
drawbacks but common for both approaches is that the more samples included in 
the study, the more likely is a finding  of an significant marker or markers. Which 
approach to choose depend on the type of trait studied. If it is a mendelian trait, 
meaning that a single genotype is the cause of a phenotype, looking  at genes related 
to the mechanisms behind the trait is a good start. For a complex trait, meaning that 
a combination of genotypes rises or lowers the risk that a individual shows a 
phenotype, looking at positions across the genome could be beneficial [34]. The 
selected positions are genotyped in two pools of individuals, one group of persons 
showing the phenotype studied and one control group not showing  the phenotype. 
The genotyping  data is compared between the groups and genotypes common for 
the phenotype pool, that are not present in the control group, are considered as 
potential markers for the phenotype. The larger groups, the higher probability that 
the candidate markers are true ones.

Population genetics
During evolution, all genetic material undergo mutations that accumulate in the 
genomes over time. Hence, by analyzing  and comparing genes between individuals 
or species it is possible to draw conclusions about their history. Such studies can 
reveal connections and evolutionary paths between species or migration paths for 
animals and humans [35-37]. When performing a study where conclusions are 
drawn based on stochastic events, such as mutations, patterns are only visible if the 
number of data points is large. In a population study, having many data points means 
that many individuals are to be analyzed. One such example is the efforts to 
determine the geographical location for the domestication of dogs by studying the 
occurrence of different genetic variants across the world. Different groups have come 
to different conclusions in this matter. Mainly because of basing their studies on 
different sample sets but also because different genetic markers are studied [38-41]. 
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In conclusion, the larger and more wide spread sample set, the stronger evidence 
can be submitted.

Transcriptomes
The genome is static in comparison to the dynamic transcriptome. In a complex 
organism, that is built of different organs composed of different cell types, the 
genome in all cells’ nuclei is basically the same. What differentiates the cells, giving 
them their specialized properties, is often the transcriptome. In contrast to the 
genome, the transcriptome is under constant change conducted by the cell’s needs 
for the moment. It consists of a complex mixture of transcribed ribonucleic acids 
(RNAs), working in concert to provide the cell with the proteins necessary for 
survival and for carrying  out its functions. The key role player is the messenger RNA 
(mRNA) carrying the genetic information necessary for a certain gene product to the 
protein synthesizing ribosome. 

Most genes consist of coding and non-coding regions denoted exons and introns 
respectively and the exons are put together into a mature mRNA through a process 
called splicing. The ribosome consists of a complex of ribosomal RNA (rRNA) and 
ribosomal proteins. It translates the genetic code from the mRNA into a growing 
polypeptide chain of amino acids transported to the active site of the ribosome by 
transfer RNAs (tRNA). There are other species of RNA that have a regulatory role in 
the cell such as micro RNAs (miRNA), small interfering RNAs (siRNA) and non-
coding RNA (ncRNA) [42]. Coding  and regulatory regions can also be antisense 
transcribed showing  the complexity of the regulatory machinery [43]. The major 
mass of the transcriptome consists of rRNA and tRNA [44] but it is the 5% mRNA 
that is interesting  if gene expressions is to be profiled since its composition mirrors 
which genes that are expressed at which levels at a certain time point. It is through 
the sequencing of RNAs that functional elements of the genome are located. By 
comparing the transcriptome of normal and abnormal cells it is possible to find the 
transcript or transcripts whose up or down regulation might causes the abnormality. 
But to study the transcriptome at a significant level of complexity one must detect 
thousands of transcripts at the same time and the desire to do so gave birth to the 
microarray technology in the mid 1990s [45].

Data for all
So far, tremendous amounts of data have been generated from different genotyping 
studies around the world but where does all the data from a study go after the case 
has been closed and the conclusions have been drawn? There are several data bases 
on the internet where scientists can upload their data and making it available for 
others. Some data bases are really large, such as the National Center for 
Biotechnology Information (NCBI), where basically all biological data generated in 
the world is available. Other databases are specialized in a certain kind of data, 
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making  it easy to browse all the SNPs in certain genomic loci for instance and there 
are even databases specialized in correlating information between databases.

All this data have been generated sometime, by someone using some kind of 
technology and to evaluate the reliability of the data, it is necessary to be familiar 
with the different genotyping and sequencing methods.
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2. Genotyping and profiling

There are many ways to determine the variants of a genomic locus for a certain 
individual or pool of individuals. These can be divided after which properties that are 
used to discriminate between the variants: hybridization based methods, extension 
based methods and ligation based methods. Important factors to consider when 
comparing different methods are: i) specificity - meaning  how accurately the method 
discriminates between the allelic variants, ii) multiplex capacity - meaning  how 
many features may be analyzed in parallel without loosing specificity and iii) 
scalability - that is the capacity for analyzing many samples in parallel. The 
genotyping  procedure can be divided into two parts, firstly enrichment and 
amplification where the regions of interest are collected and copied and secondly 
read-out where the DNA variants are converted into measurable signals.

Expression profiling  differs from genotyping in the desire to detect presence and 
relative amounts of certain fragments rather than discriminating  between alleles. 
However, many of the methods developed for genotyping are also very suitable for 
expression profiling and this application is almost always investigated when new 
methods are introduced.

Amplification
The ability to make copies of DNA has been a key for molecular biology. This is a 
prerequisite in order to get strong  enough signals when interrogating DNA, even 
though read-out methods sensitive enough to examine DNA at single molecule level 
have been developed lately [46]. In the early years of DNA science, one had to rely 
on cloning DNA fragments into bacteria and wait for them to propagate in order to 
obtain enough copies for performing the experiments. In the mid-1980s one of the 
biggest paradigm-shifts of experimental DNA science occurred when the Polymerase 
Chain Reaction (PCR) was developed by the american biochemist Kary Mullis [47] 
who was awarded the 1993 nobel prize in chemistry for the effort.

Polymerase chain reaction
Even though Kary Mullis has been considered as the inventor of PCR, the idea was 
actually first described, but not realized, by the norwegian scientist Kjell Kleppe 
more than ten years earlier [48]. A possible explanation may be that at that time, 
synthesizing  oligonucleotides in such a quantity and quality required for a PCR 
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reaction was not yet feasible so Kleppe did not have any possibility to experimentally 
prove his theory and his paper went by relatively unnoticed. When Kary Mullis 
experimentally proved the method, he did not have access to a thermostable DNA 
polymerase so new enzyme had to be added after each cycle making the procedure 
very time consuming [47]. It was first when Taq DNA polymerase was isolated from 
the thermophilic bacteria Thermus aquaticus that PCR became possible in its present 
and powerful form [49].

The components of the reaction are i) the DNA that is to be amplified (often genomic 
DNA) denoted template, ii) a pair of two short synthesized DNA sequences, denoted 
primers, complementary to the two regions flanking the target region, iii) the four 
nucleotides that are the building blocks of DNA, iv) a thermostable DNA polymerase 
and a buffer containing ions for the polymerase to work properly and to make the 
DNA strands anneal smoothly.

PCR is a cyclic reaction where the amount of copies doubles for each cycle hence 
giving an exponential amplification. Each cycle is divided into three steps where 
each step has its unique temperature which is the factor that controls what happens 
within each step. In the first step all double stranded DNA is melted apart by heating 
the reaction to about 95°C. In the second step the temperature is lowered to about 
50-60°C and an excess of primers anneals to the template molecules. In the third 
step the temperature is raised to the optimal working temperature for the polymerase, 
about 72°C, and an extension of the primers takes place and the template is copied 
[47, 49, 50]. 

The specificity of the reaction is established by the demand of the two primers being 
complementary to the surrounding regions of the template for driving  an exponential 
amplification. The probability that one primers miss anneals at another site in the 
genome is relatively high but the probability that both primers miss anneals close 
enough together to enable exponential amplification and hence form an unspecific 
PCR product, is relatively low. However, if the number of primer pairs is increased in 
purpose of amplifying several targets in the same reaction, the probability of having 
unspecific products increases [51]. Also, having multiple primer pairs in the same 
reaction increases the risk for having  primer-dimer products, which is two primers 
annealing together giving rise to a short product. These shorter products also have a 
tendency of stealing capacity from the reaction so that the composition of the end 
product mainly consists of the primer-dimers. In summary, PCR has high specificity 
but low capability of multiplex amplification. The reaction is cheap and easy to set 
up, so to amplify many samples in parallel is affordable.
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Emulsion PCR
PCR can be performed in microscopic reactors containing one single DNA template 
giving a clonal amplification. This is achieved by a water in oil emulsion where 
template and primer-carrying  beads are mixed in such quantities so that the 
probability of having only one DNA molecule in each droplet is maximized [52]. 
When the reaction is finished, the emulsion is broken and the beads carrying the 
products are recovered. This method is widely used in sample preparation prior to 
massive parallel sequencing.

Multiplex amplification
Amplifying several targets in the same PCR reaction is possible in the magnitude of 
tens of targets. For amplification of a greater multitude of targets, without producing 
unspecific products, it is necessary to add more discriminating steps by increasing 
the number of demands that have to be fulfilled for an amplification to take place. 
Since PCR is a very powerful and specific way of amplifying at simplex level, the 
strategy of all currently available highly multiplex amplification methods is to 
introduce universal amplification handles to all targets and to protect the target 
fragments so that the genomic DNA can be degraded or washed away. This ensures 
multiplex amplification using a single primer pair. The introduction of handles can 
be achieved in many ways, as well as how the genomic DNA is removed prior to 
PCR amplification, and these specificity steps ensures that only targets get the 
universal handles.

When designing  multiplex amplification methods, there is a tradeoff between 
specificity, measured by how many unspecific products that are amplified, and 
convergence rate, measured by how large fraction of the targets that were captured. 
When the specificity becomes too high, a common problem is that the fraction of 
captured targets is decreased.

Molecular inversion probes
The use of molecular inversion probes (MIPs) for multiplex amplification has been 
widely investigated and implemented into many applications such as SNP 
genotyping [53, 54], CNV detection [55] and exon enrichment [56]. 

The principle of MIP assay is to circularize DNA probes at the targets and then 
enzymatically degrade all non-circulated DNA fragments. The probes are cut open 
and amplified using a universal primer pair in PCR [57]. The main specificity step of 
the method is when the two target specific ends of the probe are hybridized and 
joined. In the first version of the MIP assay, denoted padlock probes, the ends were 
simply allele-specific ligated but after further development to MIP, single base 
extension was added to enhance the demands required for end-joining [53]. This 
version of MIP assay also included a sequence tag  for SNP identification on a 
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microarray enabling  up to 10,000 SNPs to be genotyped simultaneously [54]. The 
latest version of the MIP enables exon capture, achieved by extending  the gap to be 
filled prior to end-joining  and it has been demonstrated to be possible to capture up 
to 55,000 targets in one single reaction [58].

The major drawback of the method is that a relatively long oligonucleotide is 
required for each target but by incorporating cleavable amplification handles, it is 
possible to regenerate a set of probes for an extensive number of reactions [56]. 
Padlock probes fulfills all the requirements of high specificity, capacity of 
amplification in highly multiplex reactions and the possibility of amplifying the 
probes makes it cheap to run many samples.

Golden Gate
Illumina has developed a platform for genotyping  up to 1,536 SNPs in parallel by 
including  both ligase and polymerase based discrimination steps and integrated the 
selection and amplification steps into the genotyping  procedure [59]. The allele 
discrimination is conducted on genomic DNA by allele specific extension of DNA 
probes equipped with different amplification handles for the different alleles. The 
extended probes are ligated to a third probe containing a SNP specific address tag 
and a universal amplification handle. These synthetic allele specific templates are 
amplified by PCR using three primers; two labeled with fluorescent dyes matching 
the two allele specific probes respectively and a third primer matching the SNP 
specific tagged probe. The resulting PCR products are hybridized to SNP specific 
beads by their address tags on a decoded random bead array [60] for SNP 
identification and genotyping. The platform allows for analysis of up to 96 samples in 
parallel generating almost 150,000 genotypes.

Trinucleotide threading
Trinucleotide threading  (TnT) has proven to be a highly specific method for parallel 
target  selection and amplification. It shares the end-joining strategy with the MIPs 
but the finesse of the method is the addition of an extra requirement to be fulfilled 
for the end-joining to take place; the gap between the ends consists of only three out 
of the four nucleotides and by only having these three nucleotides present in the 
reaction, only gaps between correctly hybridized probes are likely to be filled. 

There are two thermally stable enzymes present in the reaction, a DNA polymerase 
and a DNA ligase. Two DNA probes, consisting of an amplification handle and a 
target specific region, are hybridized on each side of the target leaving a gap. The 
gap consists of one or more of the three nucleotides present. The polymerase fills the 
gap and the ligase joins the ends. The reaction is cycled giving a linear amplification 
of the targets. One of the probes of each pair is biotinylated. By immobilizing the 
DNA threads on streptavidin coated magnetic beads, it is possible to wash away all 
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material not covalently attached to a biotin using sodium hydroxide hence getting rid 
of template DNA and excess probes. The threads are released from the beads and 
amplified using a universal primer pair in a simplex PCR [61].

Trinucleotide threading has been proven to work in a 147-plex reaction for targeting 
SNPs prior to massive parallel sequencing  [62] and to be a good method for targeted 
expression profiling  [63]. TnT has a very high specificity and the potential of carrying 
out highly multiplex enriching and amplification tasks. Since the reaction is not more 
difficult to setup than a PCR it is easily scaled to several samples.

Expression profiling
There are both low-plex and highly multiplex methods for studying gene expression. 
Among the low-plex methods, reverse transcription quantitative real-time PCR is the 
most widely used technique. This is a highly specific and sensitive method for 
analyzing  gene products [64, 65]. At the other end of the complexity scale the 
microarray and sequencing based methods (such as serial analysis of gene 
expression (SAGE) [66] and massive RNA sequencing (RNA-seq)[67]) can be 
mentioned.

Microarray-based methods for studying  gene expression rely on printing or in-situ 
synthesizing  oligonucleotides complementary to the transcripts of interest onto a 
glass slide in microscopical spots. The sample mRNA is converted to complementary 
DNA (cDNA) through a process called reverse transcription by the enzyme reverse 
transcriptase and labeled with fluorescent dyes. The cDNA is subjected to the glass 
and hybridized to the spotted DNA. Non-hybridized material is washed away and 
the glass slide is scanned. Two colors can be used at the same time as the case 
sample allowing to have a reference sample to monitor up or down regulation of 
genes in comparison to the reference [45].

It is not only the expression levels of genes that varies over time and space in the 
transcriptome but also how the mRNA is put together from the protein coding exons, 
a process called alternative splicing. It is estimated that there are 5.4 alternatively 
spliced transcripts per gene [68] and artifacts in the regions regulating the splicing 
process can give rise to non-functional or missing  proteins. One way of investigating 
alternative splicing  is to design probes complementary to the exon junctions of the 
mRNA for an microarray experiment [69]. Another way is to selectively enrich for 
exon junction regions prior to massive sequencing  for example by employing MIP 
assay [70] or the TnT assay. This opens up for investigating larger sample sets in 
parallel compared to the microarray based methods.
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3. Sequencing

The most detailed information about any genomic locus is obtained by sequencing. 
The development of sequencing  methods and platforms has happened at a dramatic 
pace during the last years. The increase of sequencing capacity has exceeded 
Moore’s law [71] and the cost per finished sequenced base dropped by 1,000 times 
between 1990 and 2005 [72] - a price reduction never observed before. If the price 
of computers would have had a similar development, a MacBook would price at $1 
today. The first instrument capable of massive parallel sequencing was presented in 
2005, moving  away from the electrophoresis dependence and since then, the price 
drop per finished sequenced base has been in the magnitude of 1013 fold (in just five 
years!).

Pyrosequencing
In the late 1980s the swedish biochemist, Pål Nyrén, came up with the idea of 
enzymatically converting  the pyrophosphate that is released when a nucleotide is 
incorporated to a growing DNA chain, into light [73]. By adding one nucleotide at a 
time in a cyclic reaction and observing  whether light is emitted or not, it was 
possible to read out the nucleotide sequence of the template DNA. This sequencing 
reaction contains four enzymes; first a nucleotide is incorporated by a DNA 
polymerase generating  a pyrophosphate (PPi) as byproduct. ATP sulfurylase uses the 
PPi for converting adenosine phosphosulphate (APS) into adenosine triphosphate 
(ATP). The ATP molecule acts as a fuel, driving the light emitting oxidation of 
luciferin into oxylucifering by the enzyme luciferase derived from fire flies. The 
amount of light emitted is proportional to the amount of PPi available and it is 
therefore possible to detect homo polymeric regions up to a certain length. Before 
the next cycle is initiated by the addition of a new nucleotide, all remaining 
nucleotides and ATP from the preceding cycle is degraded by apyrase [74, 75].

The method was commercialized by the company Pyrosequencing AB (Uppsala, 
Sweden) who offered kits and sequencing machines capable of analyzing 96 
samples per run at a read length of 15-20 bases. This may not seem so impressive 
considering that Applied Biosystems (Foster City, CA, USA) provided sequencing  by 
capillary electrophoresis instruments capable of generating 96 reads of 700-900 
bases at the time. But pyrosequencing  showed to perform very well in SNP calling 
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[76] and by using  a programmed nucleotide dispersion it was possible to achieve 
longer reads with very accurate precision [77].

The major factors limiting  the read length of pyrosequencing  is byproduct formation 
leading  to unsynchronized sequencing, so called plus and minus frame-shift [78]. 
Minus frame-shift occurs because of incomplete nucleotide incorporation in each 
cycle which makes some fragments fall behind and out of sync. Plus frame shift 
occurs because of incomplete nucleotide degradation by the apyrase, leaving some 
nucleotides to be incorporated in the next cycles producing some fragments that are 
ahead of the rest of the fragments. For each cycle, more and more fragments become 
frame-shifted leading to noisy signals. In addition, byproduct accumulation of 
sulphate and oxyluciferin inhibiting  ATP sulfurylase and luciferase respectively 
makes the path for converting  PPi into light slower and hence the light signal lasts 
longer but at a lower intensity [78]. The product of deoxynucleotide 
monophosphates (dNMPs) generated when apyrase degrades nucleotides has 
inhibiting effect on the apyrase and some on the DNA polymerase. A combination of 
increased dNMP amounts and heat makes the apyrase very slow after a few cycles 
leading to increased plus frame shifts.

Massive parallel sequencing
As mentioned earlier in chapter one, the automated fluorescence and capillary 
electrophoresis based read-out of Sanger DNA sequencing was the first method 
allowing for sequence analysis at a somewhat high throughput level. During the 
2000s, a new era of instruments evolved that were capable of massive parallel 
sequencing, generating gigabases of data from a single run. This level of throughput 
has come to be called next generation sequencing.

Today there are three main players on the massive parallel sequencing scene, 
representing  three different sequencing  technologies: Roche/454 Life Sciences with a 
pyrosequencing based platform, Illumina who has a reversible terminator based 
chemistry and Applied Biosciences with the sequencing  by ligation based SOLiD 
system. The common theme for these platforms is the clonal amplification that 
precedes the actual sequencing reactions. It is achieved by emPCR conducted in the 
454 and SOLiD systems and by bridge amplification in the Illumina system. This 
amplification is necessary for generating strong enough signals for detection. 

454
In 2005 454 Life Sciences presented their first instrument, the Genome Sequencer 
20, being the first one on the market of the massive parallel sequencing machines. It 
was capable of generating  300,000 reads, each 100 bases long per run [79]. The 
name 454 originate from the internal project number during early development and 
since it sounded quite well it was kept. Out of the three platforms, 454 has the 
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lowest throughput in terms of bases and reads per run but in return it generates the 
longest reads and has the shortest running time. The long reads makes the 454 
invaluable for de-novo genome sequencing  projects since it makes the assembly of 
complex regions possible [80].

454 sequencing is basically a pyrosequencing reaction performed in a picolitre 
reactor on solid support [79]. The genomic material to be sequenced is prepared in a 
process called library preparation. First the DNA is sheared through nebulization and 
the ends of the fragments are polished (blunted and phosphorylated). Then the 454 
adaptors, which work as universal amplification handles and sequencing primers, 
are ligated and the library is immobilized onto magnetic beads for amplification in 
emPCR. The DNA covered beads are spread on the sequencing chip  (PicoTiterPlate, 
PTP) that consists of millions of picolitre sized wells that are just big enough to fit 
one single bead. The bottom of the PTP is transparent allowing for a CCD camera to 
record the light emissions.

In contrast to conventional pyrosequencing  where the reaction wells are closed, 454 
sequencing relies on a washing procedure that removes all byproducts and 
remaining material between each cycle. Enzymes are expencive and the 
pyrosequencing reaction requires a lot of them so to wash away and adding new 
enzymes for each cycle would be very expensive. The problem is solved by 
immobilizing the enzymes ATP sulphurylase and luciferase onto even smaller beads 
embedding the bigger DNA covered ones. The DNA polymerase is bound to primed 
DNA fragments and thus not washed away. The nucleotides are flowed across the 
chip surface altered with the washing reagents containing the nucleotide and ATP 
degrading  enzyme apyrase. These improvements deals with some of the read length 
limiting  factors described above, making reads of hundreds of bases possible. 
According to 454 Life Sciences, 1000 bases long reads will be possible in late 2010.

The ability of sequencing homo polymeric regions has improved compared to the 
early pyrosequencing machines but it is still the main source of sequencing  errors. 
The light signal generated by the pyrosequencing  reaction is proportional to the 
number of bases incorporated but when the number gets too great it is hard to 
distinguish between for example a 5 bases signal and a 6 bases signal. The biggest 
improvement of this issue has been made in the base calling software, making  it 
better to differentiate the homo polymer lengths.

Of the achievements decorating  the 454, one should mention the re-sequencing  of 
the human genome conducted in two months when James Watson got his genome 
sequenced in 2008 [81]. Another project, involving  a closely related but somewhat 
older eucaryote, is the draft of the neanderthal genome sequenced by Svante Pääbo 
and colleagues [82].
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Solexa
Illumina’s Solexa sequencing platform does not rely on emulsion PCR for the clonal 
amplification but like the other massive sequencing platforms, the library preparation 
procedure starts with fragmentation and adaptor ligation. Instead of emPCR, clusters 
of DNA are generated by bridge amplification which is basically a PCR on a flat 
surface with both primers immobilized. The sequencing  chemistry is based on 
fluorescently labeled reversible terminating nucleotides. All four nucleotides, each 
labeled with its own dye, are flowed across the sequencing surface and since the 
nucleotides are chemically 3’-modified, precluding  further extension, only one 
nucleotide will be incorporated by the DNA polymerase in each cycle and the dyes 
of the incorporated nucleotides are detected. To enable further cycles of nucleotide 
incorporation, the chemical protective group and the fluorescent dye is cleaved off 
[83].

The HiSeq 2000 sequencing machine, released in 2010, is capable of generating  one 
billion 100 bases long reads per run and it is possible to sequence each cluster from 
both directions giving a total data amount of 200 gigabases in an 8 day run [84].

SOLiD
The SOLiD (Sequencing  by Oligonucleotide Ligation and Detection) platform, 
released in 2007, was the last one to be introduced to the market and it is the only 
platform not relying on a DNA polymerase in its sequencing reaction since it uses 
the sequencing by ligation chemistry [85]. Like 454, the DNA library to be 
sequenced undergoes fragmentation, adaptor ligation and clonal amplification by 
emPCR. The sequencing  reaction takes place on microscopical beads covalently 
attached to a glass slide through 3’-modifications of the emPCR products. The 
sequencing strategy is to hybridize randomized DNA probes next to the sequencing 
primer and if the two bases closest to the primer match, the probe is ligated to the 
primer. The probes are labelled with fluorescent dyes and the color of the dye is 
specific to the discriminating  base. After ligation, the unligated probes are washed 
away and the color of the ligated probe is detected and reveals the base. Half the 
probe, including the dye, is cleaved off and the reaction is cycled. SOLiD uses a two-
base encoding system, consisting of 16 different probes labeled in four different 
colors, where the combination of two ligated probes is used for base calling  giving  a 
good quality control since each base is sequenced twice. In contrast to the 
polymerase dependent sequencing methods, it is possible to sequence in both the 3’ 
and 5’ direction of the sequencing primer.

In the latest version of the platform, SOLiD 4hq, Applied Biosystems claims that 300 
gigabases of data can be produced at a read length of 75 bases in a 14-days run [86].
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Single molecule sequencing
Apart from the three clonal amplification dependent methods, other massive parallel 
sequencing methods have been developed. These platforms are taking the detection 
limits into single molecule level. The biggest advantage of single molecule 
sequencing, besides high speed, small reaction volumes and parallelization 
possibilities is that bias in the sequencing data caused by amplification, that often 
affects GC-rich regions, can be avoided.

Helicos
The only commercially available single molecule sequencing platform today is 
Helicos tSMS (true Single Molecule Sequencing) technology. It is very similar to the 
Illumina/Solexa system but with two major differences. No cluster generation prior to 
sequencing is needed, just single stranded DNA immobilization to the chip surface. 
One color fluorescent system meaning that instead of flowing all four nucleotides in 
each cycle, only one nucleotide at a time is flowed and a more pyrosequencing-like 
base calling  procedure is used [46]. Helicos sequencing has been employed to 
various applications such as expression profiling [87, 88], genome-wide SNP 
association studies [89] and direct RNA sequencing [90, 91].

Pacific Biosciences
The SMRT (Single Molecule Real Time) technology by Pacific Biosciences has 
reversed the sketch by immobilizing the DNA polymerase instead of the template. By 
limiting  the detection volume to the very bottom of a small reaction well, it is 
possible to detect fluorescent labelled nucleotides in real-time while they are being 
incorporated by the polymerase to a growing DNA chain [92, 93]. The company is 
claiming read lengths of kilobases once the platform is released and a promising 
feature seems to be the ability to detect DNA methylation without prior bisulfite 
treatment [94]. The templates can be circularized making it possible to sequence 
each template several rounds since the polymerase used is based on phi29, that is a 
DNA polymerase with a strong strand displacement activity and hence, achieving a 
greater sequence depth.

Nanopores
The thought of letting a DNA strand pass a membrane through a nanopore and 
supervise the bases as they cross the membrane is thrilling. The principle has been 
shown to work in several proof of principle studies and most likely a commercial 
system will be available in a not too distant future [95-97]. There are many strategies 
of how to facilitate the detection of single nucleotides flowing through a pore such 
as having an exonuclease enzyme at the opening of the pore letting  it shoot 
nucleotides through the pore while it degrades a single stranded DNA molecule [98].
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Data processing
As the capacity of the sequencing  machines has increased, so has the demand on 
reliable and effective ways of handling the large amount of sequence data produced. 
Usually, genome centers employ several bioinformatic engineers to handle the data 
output from each sequencing machine. The companies supplying the instruments 
often offer some kind of easy-to-use data processing  software especially designed for 
the type of data their machine produces. These softwares are good in many cases, 
such as aligning the reads to a known genome, but for some projects a more 
customized data processing is required - especially when new highly multiplex 
methods for massive sequencing applications are developed. For these kinds of 
projects, dynamic programming is a very useful resource and there is an abundance 
of well documented object orientated languages with bioinformatic modules, such 
as BioPerl, BioPython and BioJava. These make it possible to perform many 
bioinformatic operations by relatively few lines of programming. The fact that they 
are freely available and that basically all information is searchable on the internet 
makes them very accessible.

In addition, several research groups are providing their own algorithms as open 
source code and web applications. Some of these have emerged into being the 
golden standard for some bioinformatic operations such as the Basic Local 
Alignment Search Tool (BLAST) [99], widely used for finding sequence similarity and 
the multiple sequence alignment tool MUSCLE [100]. These tools also have their 
own modules for some of the dynamic programming languages making  them easy to 
incorporate in a custom fitted workflow.

Tagging systems for sequencing large cohorts

22



4. Present Investigation

This thesis aims to solve some of the problems concerning  complexity and costs 
involved when typing  large sample cohorts and to improve sequencing performance 
for amplicon sequencing. The thesis consists of two papers (referred to as paper I and 
II) and the common theme is the use of tags. In paper I tags are used for facilitating 
association of sequence reads to individuals and in paper II a tagging 
oligonucleotide is used to enrich for beads that carry specific products.

Growing needs
The amount of data generated by a sequencing machine has rapidly increased during 
the past years. The question of how to fully exploit this capacity gets more and more 
relevant when designing a sequencing study. For whole genome sequencing,  more 
sequence data renders a better assembled genome, even though the need for long 
reads should be considered based on the complexity of the genome to be 
sequenced. For targeted sequencing, balancing the number of targets to the number 
of samples has become important. 

Up until now, the throughput of the machines have allowed, for instance, exome 
sequencing of a small set of individuals targeting  55,000 genomic loci [58] and the 
question is how useful it would be to increase the number of targets even further. In 
expression profiling  studies, a sequence depth of 10-20 million reads may be enough 
to cover the vast majority of at least highly expressed transcripts, which means that a 
single sequencing run using the Illumina HiSeq 2000 generating 1 billion reads 
could profile about 50-100 transcriptomes in parallel. When the throughput 
increases even further in the near future, there will be capacity for thousands of 
samples in each run. Population genetic studies, often looking at one or a few 
genetic targets at once, will thus benefit from the fact that potentially tens of 
thousands of samples may be genotyped in a single sequencing run.

The conclusion is that there will be a great need for including larger and larger sets 
of samples when conducting  targeted sequencing, both in the future but also at 
today’s throughput levels. Methods allowing for mapping the reads to specific 
samples without being preceded by too complex sample preparation will be 
extensively used.
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Current methods
When sequencing a multitude of samples in a massively parallel manner, methods 
for sorting the sequence reads by their origin is essential. The common strategy is to 
incorporate a short DNA sequence, specific for each sample, at the beginning  of the 
DNA fragments to be sequenced and hence sort the resulting reads based on the 
identity of these tags. 

The integration of identification tags to DNA fragments has previously been 
described, using either PCR [101, 102] or ligation [103] and has also been widely 
used as indexing  systems in the different massively parallel sequencing  platforms. For 
example, Roche provides up to 141 multiplex identifiers (MIDs) that are introduced 
by ligation in the 454 library preparation. These in combination with physical 
separation of samples by applying an up to 16 lanes gasket, makes it possible to 
sequence 2,256 samples in parallel. However, such a study is not likely conducted 
since preparing 141*16 MID-libraries is both time consuming  and expensive. In 
addition, the amount of produced data from such a run is greatly reduced because of 
the sequencing space occupied by the gasket.

Since many studies that are investigating larger cohorts often sequence amplicons, it 
is both easier and cheaper to introduce the tags during the PCR. But when the 
sample quantity increases, so does the need for uniquely tagged PCR primers. This is 
feasible for sample sets in the range of hundreds but for larger studies it gets both 
complex and expensive.

Methods to circumvent these problems have been presented i.e. addressing  the 
demand of, the number of unique tagged primers not increasing linearly, as sample 
size increases. However, the drawback of these methods is that they increase the 
complexity of the sample handling  rather than reduces it. A method presented in 
2009 denoted DNA sudoku relies on complex pooling  patterns and tagging  of pools 
rather than individuals [104]. Each specimen occurs in two pools by pooling both 
row-wise and column-wise in a sample matrix. By solving the obtained matrix after 
sequencing, using strategies similar to the ones used for solving a sudoku, it is mostly 
possible to associate a genetic diversity to a sample. This method greatly reduces the 
amount of tags needed for a certain cohort size, but it does not manage to reduce 
experimental complexity and is best suited for detecting divergent genotypes within 
a large sample set.

A way of reducing the number of tags required for a multiplex experiment is letting  a 
combination of two tags be the key for associating reads and specimens. A method 
based on this principle was recently presented where the tags were introduced by 
PCR and each sample was given a unique combination of forward and reverse 
tagged primers [105]. This method also managed to reduce the required uniquely 
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tagged primes but since each and every sample need a unique primer combination, 
the sample handling prior to sequencing remains quite complex. In addition, since 
there are different tags incorporated in each end of the fragments, detection of 
chimeric PCR products using the tags is impossible which could lead to false scoring 
of alleles in the data set.

Paper I - reducing complexity
In this study a novel method for sequencing large cohorts is presented. It is based on 
a two-tagging strategy for reducing the number of primers needed but it also makes it 
possible to conduct really big sequencing projects without increasing  the complexity 
of sample handling.

This is achieved by introducing  the first tag  by PCR, using 96 primer pairs each 
carrying a tag  unique for a certain position in the 12 x 8  grid PCR plate. Hence, they 
are indexed as A1, A2, … , H12 and denoted position tags. After PCR, all samples 
within a plate are pooled in equal volumes. The reason for not pooling  at equal 
molarity is to avoid the time consuming  and costly step of determining  the 
concentration of thousands of PCR products. The method is robust enough for 
allowing pooling  at equal volumes which, also is much faster than setting different 
volumes for all samples. The plate pool is then purified from remaining  primers and 
PCR components and a second tag, now unique for this certain plate and hence 
denoted plate tag, is ligated together with the sequencing adaptors for the 
sequencing platform of use.

This tagging system provides a convenient and scalable system since there is only 96 
tags at the most multitude step of the sample preparation. Since they are always 
handled in 96-wells format by multi pipetting it is very easy to set up a foolproof 
procedure assigning tags to thousands of samples without human errors. Once the 
PCR products are pooled, the number of samples to handle decreases by almost 100 
times making the remaining  steps easy to carry out. Once the 96 position tag  primers 
and a set of plate tags have been synthesized, adding 96 extra samples to the study is 
easily done just by synthesizing an extra plate tag.

To fully test this system, the 2nd exon in the hyper variable gene DLA-DRB1 was 
amplified for 4700 dogs plus negative controls in 52 96-well plates. The resulting 
products were further processed using 52 plate tags giving in total 4992 unique 
tagging combinations. The generated library, that contained 3700 successfully 
amplified samples, was massively parallel sequenced using  the 454 GS FLX Titanium 
chemistry.

To further decrease cost and hands-on time, the plate tagging and sample 
preparation procedures were carried out in a liquid handling robot using  an 
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automated protocol [106] and third part library preparation kits. To establish the 
most even distribution of reads between the plates, they were quantified and pooled 
at equal molarity after tag and adaptor ligation.

The resulting data was associated to the individuals by identifying the two position 
tags and the plate tag. This was carried out using a custom made script written in 
BioPerl. Out of the 3700 samples that were successfully amplified, 3500 obtained 
more than 20 reads, which was sufficient sequence depth for a decent genotyping. 
This means that the coverage between the samples was even enough to allow 95% 
of the vital cohort to be successfully sequenced. This is, so far, the largest number of 
sequenced samples in one run.

Paper II - sorting glowing beads
Ultra deep sequencing  of amplicons has previously been shown to be an effective 
strategy for detecting rare allelic variants in cancer cells [107, 108] and genotyping 
human cytomegalo viruses in human lung  transplant patients [109] to mention some 
examples.

As described in chapter 2, PCR may give rise to unwanted products, often with a 
shorter length than the main target. If these get into the sequencing  procedure, they 
will steal a lot of sequence capacity, especially since shorter fragments are more 
efficiently amplified in an emPCR. There are methods for reducing these unspecific 
fragments, such as gel purification or precipitation onto carboxylic acid coated 
beads if the size difference is sufficient for separation. But even though the 
sequencing library might seem successfully purified there will still be sufficient 
unspecific material to disturb the sequencing run.

This paper presents an effective method for eliminating  unwanted products and 
enriching the DNA covered beads prior to massive parallel sequencing on the 454 
system and hence increasing  the quality of the sequence data generated. The method 
is based on labeling the beads containing  correct DNA using a gene specific probe 
attached to a fluorescent dye. A fluorescence activated cell sorting (FACS) machine is 
used to enrich the DNA covered beads based on the sequence content.

Two identical sequencing  libraries were prepared from 34 tagged amplicons from the 
2nd exon of the hyper variable gene DLA-DRB1 derived from 34 dogs. After emPCR, 
one of the libraries was FACS enriched and the other traditionally enriched. They 
were both sequenced on a 1/16 lane in a 454 GS FLX run. Comparison of the two 
obtained data sets showed a nearly three-fold increase of quality sequences for the 
FACS-sorted library and a significant increase in average read length.
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Since the studied gene is hyper variable, variation also occurred within the region 
used for hybridization of the fluorescently labeled probe. This could lead to bias in 
the data because individuals with an allele that did not perfectly match the probe 
could have a disadvantage in the sorting  process. The individuals included in this 
study showed up to five mismatches against the FACS probe and to investigate how 
this affected their ability to be sorted, the read distribution across the individuals was 
compared between the two libraries. This showed no significant differences between 
perfectly matched and mismatched samples and the biggest difference observed for 
one individual was 2 percentage units.

Conclusions and future perspectives
The findings from the work proceeding this thesis may lead to simplified 
experimental design and lowered costs making screening or population studies 
involving a multitude of individuals more accessible for the research society. 

There are several methods for sequencing multiple samples together; the most 
commonly used are the sequencing platform integrated index systems suitable for 
sample sets in the range up to hundreds. The fact that the manufacturers provides 
reagents and protocols makes them easily available. Methods for sequencing 
thousands of samples simultaneously have also been described previously, none of 
which actually captures the essence of the problems involved with handling a really 
large sample set. The main focus of the development of these methods has been to 
reduce the cost and required amount of barcoded oligonucleotides and hence, 
sacrificing simplicity.

The method presented in paper I does not require the least primers per sample but it 
stands out against other analogous methods because it manages to keep the sample 
preparation simple. This attribute will improve the odds for this method’s usefulness 
in future projects such as targeted expression profiling or extensive SNP screening 
studies and it is also easily fitted to each one of the three massive parallel sequencers 
of choice. It is a good complement to all sophisticated methods for highly multiplex 
enrichment and amplification, enabling  not just the interrogation of multiple loci but 
does also provide an easy way of doing  this in large populations leading  to high 
significance for the discovered markers.

Even though ultra-deep amplicon sequencing  is a very powerful way to discover 
really rare genetic variants and to investigate highly polymorphic genes, there are 
surprisingly few studies that have employed this in practice. The method presented in 
paper II could encourage research groups to perform more amplicon sequencing 
studies since it solves a common problem concerning  abundant presence of low 
quality reads in the sequence data. A further development of the strategy could be to 
target different tags of a multiplex sample set using different colors which would 
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enable really even read distributions across the sample set. This strategy is however 
limited to how many fluorescent dyes that are available to create a probe set of 
sufficient spectral resolution for FACS sorting.

If these methods come in common use, they would certainly contribute to a deeper 
understanding of genetic diversity and the linkages to physiological variation and 
also a greater knowledge about the evolutionary paths of our highly diverse 
biosphere.
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särskilt tack till professor Per-Påke, doktor Vernet, Hovsep och Barahm.

Givetvis också ett stort tack till min familj: mamma Lena, pappa Hasse, lillasyster 
Åsa, Magnus,  Margareta och Öivind för allt. Även ett tack till Sven och Anders som 
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Även ett tack till alla vänner utanför jobbet. Inte för att ni har haft något som helst att 
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Maja, du är den finaste fru och livskamrat man kan ha. Egentligen är det dig jag har 
att tacka för allt jag är. Jag älskar dig!
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