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ABSTRACT
This thesis is about the use of massive DNA sequencing to 
investigate the transcriptome. During recent decades, sev-
eral studies have made it clear that the transcriptome com-
prises a more complex set of biochemical machinery than 
was previously believed. The majority of the genome can be 
expressed as transcripts; and overlapping and antisense tran-
scription is widespread. New technologies for the interroga-
tion of nucleic acids have made it possible to investigate such 
cellular phenomena in much greater detail than ever before. 
For each application, special requirements need to be met.

The work presented in this thesis focuses on the transcrip-
tome and the development of technology for its analysis. In 
paper I, we report our development of an automated approach 
for sample preparation. The procedure was benchmarked 
against a publicly available reference data set, and we note 
that our approach outperformed similar manual procedures 
in terms of reproducibility. In the work reported in papers 
II-IV, we used different massive sequencing technologies to 
investigate the transcriptome. In paper II we describe a con-
catemerization approach that increased throughput by 65% 
using 454 sequencing,and we identify classes of transcripts 
not previously described in Populus. Papers III and IV both 
report studies based on SOLiD sequencing. In the former, 
we investigated transcripts and proteins for 13% of the hu-
man gene and detected a massive overlap for the upper 50% 
transcriptional levels. In the work described in paper IV, we 
investigated transcription in non-genic regions of the ge-
nome and detected expression from a high number of previ-
ously unknown loci. 

Keywords: Transcriptome, RNA-seq, DNA sequencing, gene 
expression profiling, non-coding RNA, small RNA
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For every leap in technology, a leap in biological knowledge follows. 

When Frederick Sanger and colleagues published their paper 
on DNA sequencing using terminated chains, researchers were 
provided with a tool to investigate the nucleic acid content of a 
cell (Sanger et al., 1977a). Using this technology, the first genome 
ever to be sequenced, bacteriophage φX174, was published in 1977 
(Sanger et al., 1977b), with several more being completed in the 
following years. Frederick Sanger was awarded the Nobel Prize in 
Chemistry in 1980.

For every leap in technology, a leap in biological knowledge follows. 

When Kary B. Mullis and colleagues published their work on 
thermocycling-based DNA amplification (Mullis et al., 1985), a 
revolution occurred in the field of biotechnology. Researchers 
could finally avoid the tedious cloning-based procedures that 
were routinely used for amplification prior to DNA sequencing. 
This was a crucial step in the sequencing of many genomes, and 
continues to be one of the most frequently used techniques in the 
toolkit of the molecular biologist. Kary B. Mullis was awarded the 
Nobel Prize in Chemistry in 1993.

For every leap in technology, a leap in biological knowledge follows.

In the mid-nineties, researchers at Stanford University devel-
oped microarray technology to monitor expression levels of 45 
genes simultaneously (Schena et al., 1995). Since then, research-
ers have used variants of this technology for the in-depth analysis 
of the transcriptome (Birney et al., 2007), and single nucleotide 
polymorphisms in genome-wide association studies (Sladek., et al 
2007). 

For every leap in technology, a leap in biological knowledge follows.

Recently, a new technological revolution has occurred, and the  
acquisition of DNA sequences is today several orders of magni-
tude cheaper and faster than ever before. Researchers are now 
harnessing the new massive sequencing technologies to drive our 
knowledge of biological systems forward at an unprecedented 
pace. 

Welcome to this thesis. 
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When the first draft of the human genome  
sequence was completed in 2001 (Lander et 
al., 2001, Venter et al., 2001), a fundamental  

cornerstone was laid on which to build a deeper understand-
ing of human development and disease. In the years leading 
up to this event, researchers had only been able to estimate 
the number of protein coding genes in the human genome. 
After estimates from organisms such as yeast (S. cerevisiae) 
at ca 4 800, worm (C. elegans) at ca 19 000, plant (A. thali-
ana) at ca 25 000 and fruit fly (D. melanogaster) at ca 13 000, 
a team of researchers led by Ewan Birney at the European 
Bioinformatics Institute started a wager called GeneSweep. 
This wager would run from 2000 to 2003 and the rules were 
simple: Make a bet on the number of protein coding genes 
in the human genome. Based on publications indicating that 
the number of protein coding genes in the human genome 
was as high as 120 000 (Liang et al 2000), researchers were 
certain; Surely, we must harbor significantly more genes than 
a plant or a worm. 

By April 2003, a total of 165 bets had been placed, ranging from 
27 426 to over 150 000, with an average of just over 60 000 
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(Ensembl 2003). In May of the same year, the winners were 
announced. One of the three people who shared the pot, 
Dr Paul Dear, had estimated that the gene count would be 
27 426. He had made his bet late at night in a bar, and had 
concluded that «at that hour, people‘s behavior did not seem 
so different from that of fruit flies» (Wade 2003). Following 
many revisions, the number of protein coding genes in the 
human genome, according to the Ensembl database, current-
ly stands at 23 621 (Ensembl version 56).

Thirty-five years ago, the first indication of the importance 
of non-polyadenylated transcripts was published by Mil-
carek et al., (1974), with more publications following in the 
subsequent decade (Katinakis et al 1980., Salditt-Georgieff 
et al., 1981). Another 20 years later, with the advent of DNA 
microarrays built on tiled probes, researchers were provided 
with the tools that enabled them to investigate this pheno-
menon more deeply. Kapranov and colleagues used tiling  
arrays to investigate transcription from chromosomes 21 and 
22 and noted massive transcription, even if most seem to be 
present at very low levels (Kapranov et al., 2002, Bertone et 
al., 2004). Large-scale Sanger sequencing of roughly 60 000 
clones from the Functional Annotation of the Mammalian 
genome (FANTOM) consortium revealed that only approxi-
mately half of all interrogated loci harbored an open read-
ing frame (Okazaki et al., 2002). A massive investigation of 
paired transcription starts and ends indicated a transcrip-
tome with massive overlapping transcription where up to 
87% of all protein-coding genes having a partner antisense 
transcript and almost two thirds of the genome collapsed 
into transcriptional clusters with expression from at least one 
strand (Carninci et al., 2005, Katayama et al., 2005). 

Using tiling arrays, Cheng and colleagues discovered that  
almost half of all transcripts lack polyadenosine tails, and 
that almost 40% are bimorphic (existing in copies that both 
harbor and lack polyadenosine tails) (Cheng et al., 2005). 
When the Encyclopedia of DNA Elements (ENCODE) 
consortium published their results after a thorough survey 



4 » INTRODUCTION

of 1% of the human genome, the mammalian transcriptome 
landscape appeared even more complex. It is now believed 
that over 90% of the base pairs in the genome can be tran-
scribed from at least one strand, even though only 15% seem 
to be transcribed in a single tissue sample (Birney et al., 2007;  
reviewed in Lindberg and Lundeberg 2009). Taken together, 
these findings led to that researchers re-defined the term 
«gene» to focus on final functional products (Gerstein et al., 
2007). 

As our understanding of the human transcriptome becomes 
deeper, our view of it begins to change. Trends have been 
reported, not between protein-coding genes and organism 
complexity but rather between the amount of non-protein-
coding genetic material and complexity (Mattick 2004; 
Frith et al., 2005). More and more of the non-protein-coding 
parts of our genome are becoming associated with function  
(Guttman et al., 2009) and thus called genes, and regulation 
of gene expression is being regarded as a complex and mul-
tilayered process (Birney et al., 2007). Those scientists, who  
believed that humans must have significantly more genes 
than a plant or a worm, might not have been so wrong after all. 
In the near future, further studies will provide even deeper  
insights into the transcriptome, and massive DNA sequenc-
ing is likely to be a key technology in this quest.
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In 1995, researchers at Stanford University successfully 
attached small amounts of DNA oligonucleotides to a 
glass surface in an ordered array, and used it to moni-

tor the expression of 45 genes (Schena et al., 1995), the ini-
tial step was taken towards highly parallel analysis of tran-
scriptomes. Since then, researchers around the world have 
published roughly 30 000 papers on the use of DNA microar-
ray technology. Today, new and more comprehensive DNA  
sequencing technologies are starting to replace DNA micro- 
arrays for many applications, including among others, in-depth 
transcriptome analysis. 

Today’s technologies

Currently, there are four technologies that are most com-
monly used to investigate the base-composition of the nucle-
ic acid content of a sample, in a massively parallel manner. 
These technologies are summarized and discussed below.

Pyrosequencing was developed in the mid-nineties by Pål 
Nyrén and colleagues (Ronaghi et al., 1998). It is based on 
the real-time detection of pyrophosphate as it is released 
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figure 1. 454 Sequencing. hexagonal 
wells on the picotiter plate are loaded with 
DNA covered beads. Luminescence de-
rived from the release of pyrophosphate 
is monitored as nucleotides become incor-
porated in the growing DNA chain.

by DNA polymerase after the incorporation of a nucleotide 
triphosphate. The technology was parallelized by 454 Life 
Sciences, with the first proof-of-concept paper being pub-
lished in 2005 (Margulies et al., 2005). After adapter liga-
tion, the platform utilizes emulsion PCR on beads for clonal 
amplification, after which DNA covered beads are deposited 
onto a plate, called a picotiter plate, containing small wells. 
Smaller beads that carry the enzymes are then introduced, 
after which a nucleotide substrate is flowed across the sur-
face of the plate. Luminescence derived from the release of 
pyrophosphate is monitored in real-time, and a flowgram is 
constructed for each well (Figure 1). Currently, one full run 
can generate roughly 1.2 million reads. An inherent issue 
with pyrosequencing is the reading of homopolymers that 
are longer than approximately 5 nucleotides, since above this 
limit, the signal intensity scaling becomes non-linear. At  
approximately 400 nucleotides, the read-length is currently 
much higher than is possible with the other platforms that 
are available. For sample multiplexing, a barcoding system 
can be used. Multiplex identifiers (MIDs) that consist of spe-
cific 10-nucleotide tags can be introduced at the beginning of 
each fragment. Using a specific MID for each sample, several 
libraries can be mixed on one picotiter plate and each read 
can be classified to a sample after sequencing, which allows 
for an increased throughput of samples, but a reduced num-
ber of reads per sample.

Since gene expression analysis requires a high number of 
reads to gain a complete picture (discussed in further detail 
in Digital Transcriptome Analysis below), 454-sequencing is 
generally not well suited to this type of analysis. However, 
the long read-lengths can be successfully used to investigate 
splicing patterns (Bainbridge et al., 2006), or for the cluster-
ing and assembly of reads into full-length cDNAs (Cheung et 
al., 2006). This is also discussed in more detail below in the 
chapter Digital Transcriptome Analysis.

Illumina sequencing is also based on sequencing-by-syn-
thesis technology (Bentley et al., 2008). In this case, DNA 
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fragments are clonally amplified to produce clusters on a 
solid support in a process called bridge amplification. The 
result is a random array of clusters, over which fluorescently 
labeled, chain-terminated nucleotides are flowed, and a poly-
merase incorporates one base. Images are then acquired, the 
fluorophore moiety and chain terminator are cleaved off, and 
the next cycle can begin (Figure 2). At the time of writing, 
one full run can generate around 300 million reads with a 
read-length of over 100 nucleotides. An important feature 
of the Illumina system is the paired-end strategy, in which 
the DNA in each cluster can be fully extended and flipped 
on the surface, and another round of sequencing can begin 
from the other end of the DNA molecule. In this case, 100 
nucleotides from each end are obtained, which facilitates the 
discovery of, for example, fusion genes (Maher et al., 2009b). 
Like 454, Illumina features a barcoding system, where mul-
tiple samples can be tagged with a specific sequence and 
pooled together on a slide prior to sequencing. An impor-
tant modification of the Illumina system (and of SOLiD, see  
below) is that the barcode is sequenced separately from  
another sequencing primer, after the primary sequencing 
has been completed. The gain from this is two-fold: first, the 
barcode does not take sequencing capacity from the sample  
itself; and second, it allows barcodes to be added to previ-
ously prepared samples. 

Applied Biosystems launched SOLiD as the third massive 
sequencing platform to reach the market. In this case, adapter- 
ligated fragments are clonally amplified onto 1-µm beads in 
emulsion PCR, after which beads which are enriched for 
DNA on the surface, are covalently attached to the surface 
of a glass slide, and a sequencing primer is hybridized onto 
the protruding strand. The sequencing process relies on a 
two-base encoding system, where degenerated probes, with 
two specific positions and a fluorophore label, hybridize and 
are ligated onto the growing strand. After image acquisition, 
the 3‘ part of the probe containing the fluorophore is cleaved 
off and the next cycle begins (Figure 3). In this process, two 

figure 2. Illumina Sequencing. fluores-
cently labelled chain-terminated nucle-
otides are flowed across a randomly 
ordered array of DNA clusters. After im-
age analysis, the chain-terminator and 
fluorophore are cleaved off and the next 
cycle begins. 

figure 3. SOLiD sequencing. fluorescently 
labelled oligonucleotides are hybridized 
and ligated to the growing strand. After 
image analysis, the 3‘-end containing the 
fluorophore are cleaved off. Two bases 
are interrogated per ligation.
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figure 4. Output from SOLiD sequencing. 
The dibase interrogation system yields a 
color-space sequence with special prop-
erties. for example, a single nucleotide 
change results in two color changes.

nucleotides at a time are interrogated and 10 consecutive 
ligation reactions take place, after which the entire built-
up strand is removed and the process is repeated with a 
sequencing primer that is one base shorter than the first. 
In total, five different sequencing primers are used in order 
to interrogate every base in a DNA strand twice, giving a 
current read-length of 50 nucleotides. The two-base encoding 
system exhibits some special features: for example, a single 
nucleotide change results in two adjescent colors changing 
(Figure 4), which can increase the precision when calling of 
mutations over sequencing errors. 

Helicos technology is the only commercially available tech-
nology to use single-molecule sequencing. In this procedure, 
a polyadenosine tail is added to single-stranded DNA tem-
plates, after which hybridization to a glass slide covered with 
polythymine primers takes place. One nucleotide, containing 
a chemically cleavable fluorescent label, is then flowed across 
the glass slide. After incorporation and image acquisition, 
the next cycle with the next nucleotide follows (Figure 5).  
This allows virtually preparation-free sequencing; all that 
is needed is the addition of the polyadenosine tail. Recently, 
Helicos reported direct transcriptome analysis by single-
molecule sequencing of polyadenylated transcripts in yeast, 
without having to synthesize cDNA (Ozsolak et al., 2009). 
Since no amplification occurs, estimates of transcript levels 
can be made by directly counting reads (Lipson et al., 2009). 
The average read-length is currently 30-35 nucleotides, and 
the total number of reads is around 400 million reads per run 
(Helicos 2008). 

Tomorrow’s technologies

Several technologies are currently lining up to deliver faster 
and cheaper sequencing of DNA in the near future. Some of 
these technologies are discussed below. 

Pacific Biosciences aim to use tiny wells, called zero-mode 
waveguides (ZMW), with a single DNA polymerase mole-

figure 5. helicos sequencing. After addi-
tion of a polythymine tail, single-stranded 
DNA fragments are hybridizes to a slide 
covered with polyadenosine primers. 
Chain-terminated, fluorophore labelled 
nucleotides are flowed across the surface 
one at a time, and images are aqcuired. 
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cule attached to the bottom of each well, in order to monitor 
the incorporation of nucleotides in real-time. Each nucleo-
tide has a fluorescent moiety attached to the 5‘ phosphate 
tail, which is released upon incorporation. The small scale 
of the ZMW (around 50 nm in diameter) allows the exciting  
laser beam to penetrate only the bottom 20-30 nm of the 
well, corresponding to a detection volume in the zeptoliter 
range (10-21 liters) (Levene et al., 2003). As one nucleotide is 
incorporated, it stays in close proximity to the polymerase 
long enough (> 100 ms) for it to be detected, thus creating a 
pulse for one of the four dyes (Figure 6). Using this technolo-
gy, it has been possible to sequence several thousand nucleo- 
tides from a single molecule (Eid et al., 2009). Furthermore, 
this technology makes it possible to sequence circular DNA 
molecules, allowing redundant analysis of a single template. 

Complete Genomics are developing a DNA sequencing plat-
form based on the hybridization and ligation of fluorescent  
degenerate probes. In the first round, the most 5’ nucleotide 
of the probe is fixed, with each nucleotide corresponding to 
one fluorescent dye. After hybridization, ligation to an anchor  
oligonucleotide, and image acquisition, the entire probe-
anchor complex is washed away and a new identical anchor is 
hybridized in its place. In this next cycle, the second position 
in the probe determines the fluorescent dye. Repeating this 
procedure using 10-mer probes, a total of 10 nucleotides can be  
interrogated (Figure 7). A proprietary amplification and library 
construction protocol ensures that the process can be repeated 
with four different anchors, yielding a total of 35 nucleotides 
(Complete Genomics 2009). The company has released a 
draft of the human genome, sequenced using their technology  
(Turcott 2009a). Recently, they reported that another 14  
human genomes have been sequenced, and that a sequencing 
service will be made public in January 2010 (Turcott 2009b). 

further ahead

Sequencing nucleic acids as they pass through a nanopore 
with some form of electrical read-out is currently a rapidly 
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figure 6. DNA sequencing by Pacific 
Biosciences. A single DNA polymerase is 
attached to the bottom a zero-mode wave-
guide. fluorescence is detected in real-
time as fluorophore labelled nucleotides 
become incorporated. 

figure 7. Complete Genomics approach 
to DNA sequencing.  An probe oligonu-
cleotide with a fluorophore label is hybrid-
ized and ligate to a sequencing primer  
after which image analysis takes place. 
The entire probe-sequencing primer com-
plex is then washed away and a new 
cycle begins.
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developing field of research. This approach might feature, 
for example, a single alpha-haemolysin-based pore in a lipid 
bilayer membrane. As nucleotides pass through the pore, the 
electrical current that flows between the two sides of the 
membrane is temporarily reduced. In the approach developed 
by Oxford Nanopore, an exonuclease releases one nucleotide 
at a time, which then passes through the pore. The decrease 
in current is specific to each base, so a sequence can be con-
structed from the current drops (Figure 8).  High accuracy 
and a high probability of nucleotide translocation through 
the pore have been reported (Clarke et al., 2009).

IBM recently reported that they are working on «DNA tran-
sistors», which are essentially pores in the nanometer range, 
through which a single stranded DNA template can migrate. 
During the migration, the speed of the strand’s passage 
through the pore can be adjusted by modifying the electri-
cal field, and the sequence can be interrogated (IBM 2009). 
Ion Torrent Systems are working on a strategy to sequence 
DNA that uses ion-sensitive transistors to detect changes in 
the conductivity caused by the incorporation of nucleotides 
in a growing DNA chain (Rothberg et al., 2009, Karow 
2009). Other approaches include design polymers developed 
by LingVitae, which are a bit-encoded version of the source 
DNA that can be read either through a nanopore or by using 
optical disc technology (Soni and Miller 2007; Thompson 
and Stratford 2009).

In the near future, a broad spectrum of technologies is likely 
to become available, based on different readout principles 
with different read-lengths and different throughput and 
researchers will be able to use DNA sequencing to answer 
a wide range of questions. Each technology is likely to find 
its niche, some more suitable for de novo-sequencing of  
bacterial genomes; some for the re-sequencing of eukaryotes; 
and some for transcriptome analysis. The days of a single,  
dominant technology in the DNA sequencing field are over. 
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figure 8. Oxford Nanopore sequencing. 
An exonuclease removes one nucleotide 
at a time from a single stranded DNA tem-
plate. As the nucleotides are translocated 
through the pore, the current drop across 
the pore is detected in real-time. 
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As the new sequencing technologies have emerged, 
researchers around the world have been provided 
with new tools with which to investigate the nucleic 

acid content of a cell. In this chapter, applications of these 
technologies are described. 

Transcription start site mapping

The first publications using massive parallel sequencing for 
transcriptome analysis, focused on the mapping of transcript 
start and end points. Gowda et al. (2006) used alkaline phos-
phatase and acid pyrophosphatase to convert 5’ cap struc-
tures to monophosphates suitable for RNA linker ligation, 
while removing fragments that naturally harbor a 5’ mono-
phosphate or hydroxyl group. The technology was named 
Robust Analysis of 5’-Transcript Ends (5’-RATE). Using 
this approach, they investigated the 5’ ends of transcripts in 
maize and detected variance in 5’ transcript start sites and  
5’ polyadenylation (Gowda et al., 2006). 

Ng et al. (2006) used paired-end ditags (PETs) to investigate 
the 5’ and 3’ ends of transcripts simultaneously. This approach 
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includes the cloning of full-length cDNA into a circular plas-
mid, and cleavage by a type-IIs restriction enzyme to extract 
tags from the start and end of the cloned sequence. After for-
mation of ditags, 454-sequencing was employed and over 300 
000 paired-end tags were extracted from the resulting data 
(Ng et al., 2006). 

Scientists at the RIKEN institute in Japan used cap analysis 
of gene expression (CAGE) (Kodzius et al., 2006) to analyze 
core promoters and transcription start sites (TSSs) in the  
human hippocampus (Valen et al., 2008). CAGE employs  
enzymatic cleavage of a cap-selected cDNA library to extract 
a tag of roughly 20 base pairs from the 5’ end of a transcript. 
After linker ligation and concatemerization, 454-sequencing 
was used as the readout. The authors were able to conclude 
that mammalian cells have 5-10 times more TSSs than  
previously believed. 

The PET technology employed by Ng et al. can be used to 
interrogate transcript starts and ends simultaneously. How-
ever, the technology is likely to be biased since it is based on 
molecular cloning of full-length fragments and enzymatic 
cleavage, making it unsuitable for expression analysis. The 
strategy used by Gowda et al. is also based on several enzy-
matic steps, including dephosphorylation and decapping, 
which are likely to influence fragment levels. CAGE also  
utilizes enzymatic cleavage, but only from one end of the 
molecule, and no cloning into vectors is needed, thus making 
it a more suitable method for the investigation of differen-
tially used transcription start sites. 

Gene expression profiling

Currently, sequencing the full transcriptome is not conducted 
routinely, mainly due to the large fraction of ribosomal 
transcripts (rRNA) in a total RNA sample (5S, 5.8S, 18S 
and 28S in human). Altogether, these transcripts constitute 
approximately 90% of the total RNA content of a cell, which 
means that a very large proportion of all reads collected will 
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correspond to these transcripts alone. Several techniques 
can be used to reduce the number of reads derived from 
these fragments: for example, the capture of polyadenylated 
transcripts; size-exclusion; and rRNA depletion. For 
small RNA sequencing, this is generally not an issue, since 
fragments of approximately 15 to 35 nucleotides are selected 
and sequenced, while longer transcripts are excluded (see 
Small RNA profiling, below). 

Bainbridge et al., (2006) used 454-sequencing to interro-
gate the prostate cancer cell line LNCaP, and detected sev-
eral new splice events and novel transcripts. Using short-read 
technology, recent papers have reported work that paved the 
way for what will replace microarrays for expression profil-
ing, as prices continue to fall. In June 2008, Nagalakshmi  
et al. coined the term «RNA-seq», when they published their 
work on the yeast transcriptome using Illumina sequencing 
(Nagalakshmi et al. 2008). A month later, in the July 2008 
issue of Nature Methods, Mortazavi et al. and Cloonan et al. 
published two papers on using Illumina and SOLiD sequenc-
ing respectively, in which they described how these tech-
nologies can be used for characterization of transcriptomes. 
Mortazavi et al introduced the unit of measure «reads per 
kilobase gene and million reads» (RPKM). This measure is 
calculated as: 

where Rik is the RPKM expression value for gene i in sample 
k; Ci is the number of reads mapping uniquely to this gene; Li 
is the exon-only length of gene i; and Nk is the number of reads 
from sample k that map uniquely to the genome (Figure 9). A  
notable feature of this formula is that the RPKM value is 
«normalized by gene length» providing a true quantitative 
method for expression profiling. However, Oshlack and 
Wakefield recently showed that the variance of the RPKM 
measure is influenced by transcript length, since a longer 
gene will yield more reads than a shorter one, given the same 

Rik =
109

 Ci

Li Nk

figure 9. RNA-seq. Reads that map uni- 
quely to exons can be counted and nor-
malized to the gene length and read 
depth to yield expression values. 
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expression level. The effect of this is greater statistical power 
in the detection of differential expression for longer genes. 
However, it can lead to severe effects when, for example, 
gene set enrichment is performed (Oshlack and Wakefield, 
2009). 

Expression profiling is a numbers game. Kuznetzov et al. 
showed that the expression levels in the transcriptome follow 
a Pareto-like distribution (Kuznetzov et al., 2002). As such, 
it is heavily skewed by a few members with a very high level 
of expression; or in other words: «There are a few redundant 
and many rare transcripts» (Kuznetzov et al., 2002). In a  
recent study, Mortazavi et al. (2008) acquired roughly 40 mil-
lion reads from a single sample. After creating several subsets 
of varying sizes, they investigated the RPKM level in each 
subset, and concluded that at around 10 million reads, a high 
fraction of all genes, are not within 5% of their final RPKM 
(see Figure 2d in Mortazavi et al., 2008). While interesting in 
theory, it is hard to interpret what the range of ±5% of the 
final reported RPKM value means for the statistical power 
to call differential expression. Wang et al. sequenced 7-8 mil-
lion 25-mers from each of two reference samples (Ambion 
First Choice Brain Total RNA, and Stratagene Total Human 
Reference RNA) that have previously been investigated in 
detail (Shi et al., 2005). Across almost 1000 genes of various 
expression levels, they reported a correlation of 0.95 to qPCR 
data (Wang et al., 2008). 

Thus, the question «how many reads do I need to sequence?» 
is a difficult one to answer. It clearly depends on the scientific 
question. If it is necessary for samples to be analyzed with 
a resolution similar to microarray technology, one million 
reads might be enough (Figure 10). However, if the aim is to 
investigate low-frequency splicing events, as many as 50 mil-
lion reads might be necessary (Wang et al., 2008). 

figure 10. Correlation between mRNA-
seq and qPCR data (yellow bars). The 
dashed line correponds to the correlation 
between Affymetrix DNA microarrays  
and qPCR. At approximately 1 million 
reads, the correlation between mRNA-seq 
and qPCR is similar to that between DNA 
microarrays and qPCR. 
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Detecting splicing events

Splicing of transcripts refers to the process by which exons 
are joined together while the introns between them are  
removed (reviewed in Sharp 1994). Alternative splicing can 
occur when several splicing events compete, which might 
lead to, for example, the inclusion or exclusion of an exon 
and so result in different mature transcripts and, possibly, 
different functional products. Initial efforts using massive 
sequencing employed 454-sequencing to detect alternative 
splicing (Bainbridge et al., 2005). The authors acquired a total 
of approximately 180 000 reads that were mapped using the 
Basic Local Alignment Search Tool (BLAST) which enabled 
them to map single reads across introns and detect exon- 
exon junctions (Figure 11). Wang et al. (2008) used Illumina 
sequencing of 10 human tissues and five cell lines. The 32-
base pair reads were mapped to a database of possible splice 
junctions based on known genes in the University of Califor-
nia Santa Cruz (UCSC) genome browser. This procedure en-
abled them to conclude that over 90% of all human genes are 
involved in alternative splicing (Wang et al., 2008). 

Specialized algorithms are needed to analyze the large quan-
tities of data that are generated by these techniques. One 
such algorithm is TopHat (Trapnell et al., 2009), which 
uses Bowtie (Langmead et al., 2009) to map the reads to a  
genome, after which it generates clusters based on the  
genomic coordinates. Potential splicing donor and acceptor 
sequences (GT-AG, respectively) in the vicinity of each cluster 
boundary are located, and reads that do not map to the ge-
nome are aligned across the predicted junctions. 

Small RNA profiling

In eukaryotes, «small RNA» is defined as mature tran-
scripts roughly 15 to 35 nucleotides long; it should not be  
confused with bacterial small RNA that describes structured  
transcripts shorter than 500 nucleotides. Lee et al. (1993)  
described what was to become known as microRNA  

figure 11. Introns are removed and exons 
are joined to produce the mature tran-
script. Single reads that map to exon-exon 
junctions or paired-end reads that map 
entirely to different exons can be used to 
investigate splicing patters. 
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(miRNA), but it was not until 2001 that their work became 
widely acknowledged,  through three back-to-back articles in 
Science (Lee et al., 2001, Lau et al., 2001, Lagos-Quintana et 
al., 2001). Today, several classes of small RNA in eukaryotes 
are known, including miRNA (Ambros et al., 2003); small 
interfering RNA (siRNA) (Ruby et al., 2006); trans-acting 
small interfering RNA (Allen et al 2005); Piwi-interacting 
RNA (piRNA) (Girard et al., 2006, Aravin et al., 2006); and 
transcription initiation RNA (tiRNA) (Taft et al., 2009). For  
extensive reviews on small RNA in eukaryotes, see  
Chapman and Carrington (2007), He and Hannon (2008), 
and Okamura and Lai (2008). 

Researchers soon adopted 454-sequencing for profiling 
these small RNAs (Henderson et al., 2006), but due to the 
small number of nucleotides that need to be sequenced, the  
current read-length of 454-sequencing is redundant. Illumina,  
SOLiD and Helicos technologies are not only clearly bet-
ter, suited to profiling these small RNAs, they also deliver 
a greater number of reads. As the read-length of these plat-
forms increases, the ability to generate concatemers of the 
small RNA-derived cDNA is beneficial, since this can  
increase the throughput and so allow more samples to be pro-
cessed and sequenced in parallel (Klevebring et al 2009b). 

Detection of fusion genes 

Fusion genes are those that have been fused together as a  
result of a translocation, insertion, deletion, or other forms of 
rearrangement in the genome (Maher et al. 2009), as well as 
genes that are fused on the transcript level by trans-splicing 
(reviewed in Agabian, 1990 and Yang and Walsh, 2005).  
Fusion introduces the possibility for genes to combine their 
functions (Figure 12).

Maher et al. (2009a) used a combination of 454-sequencing 
and Illumina-sequencing to detect fused transcripts in sever-
al cell lines. They used low-coverage, long 454 reads to define 
candidate fusion genes, and then used more in-depth short-

figure 12. Two genes are transcribed 
and fused together through trans-splicing. 
Single reads across the junction between 
them or paired-end reads that map to ex-
ons of different genes can be used to de-
tect fused genes. for genes fused on the 
level of the genome, similar strategies can 
be used.
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read data from the Illumina system to further validate these 
regions. The same group also used a paired-end strategy 
using the Illumina system to identify chimeras (Maher 
et al., 2009b). Furthermore, Ruan et al. (2009) recently  
demonstrated that PET technology can be used to detect  
fusion genes. 

In order to differentiate genes fused on the genomic level 
from genes fused by trans-splicing, further investigation is  
required. Kidd et al. (2008) recently employed end-sequenc-
ing profiling of fosmid libraries (around 40-kb insert libraries, 
cloned and grown in E. coli) to detect structural rearrange-
ments and fusion genes in eight human genomes. While fos-
mid libraries are versatile, their construction is tedious, and 
paired-end sequencing strategies can be used to obtain simi-
lar information. Bashir et al. (2008) evaluated several strate-
gies for the investigation of structural rearrangements using 
massive sequencing and concluded that for very large (150 kb) 
libraries, only around 100 000 sequence pairs are necessary 
to detect over 90% of all gene fusions in a sample. In certain 
cases, obtaining sufficient amounts of high-molecular-weight 
genetic material for the construction of such large-insert 
libraries can be complicated and quantities of DNA suitable 
for the construction of smaller-size-insert libraries are more 
likely to be found. Bashir et al. (2008) have shown that for a 
2-kb insert library, fewer than 10 million sequence pairs are 
required to detect over 90% of all gene fusions. 

Transcriptome analysis in single cells 

Genome-wide analysis of gene expression in single cells has 
great potential for advancing the investigation of gene-ex-
pression heterogeneity (Raj et al. 2006). Tang et al. (2009) 
recently published their work on mRNA-seq of single cells 
using a modified version of a previously published protocol 
(Kurimoto et al., 2007) to generate full-length cDNA. By 
utilizing SOLiD sequencing, they acquired and mapped over 
100 million reads against the mouse genome and were able to 
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show an increased sensitivity compared to microarray tech-
nology. Furthermore, the authors identified over 1 500 novel 
splice junctions and more than 500 differentially expressed 
genes between samples.

This approach is very appealing for single-cell transcriptome 
sequencing, apart from one drawback. Because the current 
protocol is not strand-specific, overlapping genes and anti-
sense transcripts cannot be investigated. A modified version 
of the protocol, which adds strand specificity, would further 
improve its potential application, including the possibility of 
detecting antisense transcription. 

Detection of RNA editing

RNA editing refers to the process by which one nucleotide 
is chemically altered into another. This commonly refers to  
editing from adenosine to inosine (A-to-I-editing) (Valente 
and Nishikura 2005), but variations have been reported (Chan 
et al., 1997; Bourara et al., 2000; reviewed in Scott 1995). 
The conversion from A to I takes place in a double-stranded 
structure by enzymes called Adenosine deaminases that act 
on RNA (ADARs), where an AU-base pair is converted to 
an IU-mismatch. The resulting nucleotide substitution can 
have a great impact on a transcript sequence, as inosine is  
interpreted as guanosine (G) in base pairing (Figure 13). 

To date, a few studies have used massive sequencing to inves-
tigate A-to-I editing. Wahlstedt et al. (2009) used 454-based 
amplicon sequencing over 28 sites that are known to be ed-
ited in the mouse brain. This approach gave high confidence 
across the targeted regions, with over 100 reads covering 
most sites. 

Li et al. (2009) used Illumina sequencing to screen over 36 
000 predicted editing sites in the human genome. Using a 
modified version of molecular inversion probes to capture 
cDNA from seven different tissues, as well as genomic DNA, 
they identified 239 editing sites after conducting a stringent 

figure 13. A nucleotide in a transcript is 
edited from one base into another possi-
bly altering the function of the final gene 
product. Single-nucleotide changes in the 
RNA-seq data (commonly from A to G) 
can be used to detect editing. 
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search for changes from homozygous A to at least a fraction 
of G. Importantly, when the list of target sites was compiled, 
repetitive regions such as Alu elements were discarded. 
Since A-to-I editing has been strongly associated with Alu 
elements (Barak et al., 2009), this approach is likely to miss 
many editing sites. The human genome harbors over one mil-
lion Alu elements, each roughly 300 bases. Thus, to be able to 
assign a read uniquely across an Alu element, it needs to be at 
least around 350 nucleotides, depending on the uniqueness of 
the flanking sequence. 

Metatranscriptomics 

Investigating the collective transcriptome in a mixed  
sample, for example a soil sample or ocean water, is com- 
monly referred to as metatranscriptomics. This field of study, 
along with metagenomics, has expanded rapidly since the 
emergence of the massive sequencing technologies. The first 
step in such an analysis is the extraction of total RNA from 
the sample, followed by the removal of ribosomal transcripts 
(rRNA). Since these transcripts are very abundant, their  
removal is necessary in order to be able to investigate the 
less frequent mRNA molecules. This step is carried out by 
the hybridization of biotinylated probes designed to target  
regions in the ribosomal transcripts that are highly con-
served between organisms.  Since the probe sequences are 
fixed, the fraction of removed transcripts will vary among 
different microbial communities. Using this methodology, 
cDNA mixtures have been reported to contain from 0.08% 
to 20% of rRNA remnants (Poretsy et al., 2005; Gilbert et 
al., 2009). The yield of RNA from the samples is often very 
low, commonly requiring an amplification step prior to  
sequencing (Frias-Lopez et al., 2008).

Recently, Wommack et al. (2008) have shown that for 
metagenomics experiments, the read-length is a crucial fac-
tor. From in silico simulations of publicly available data, the  
authors report that for reads 400 nucleotides long, 30% - 80% 
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of the reads match the same homolog as the original ~750 
nucleotide Sanger-derived read. These percentages drop to 
around 5% - 40% if 100-nts reads are used, thus limiting the 
use of Illumina sequencing, as well as technologies such as 
SOLiD and Helicos, which yield shorter reads. New long-
read technologies, such as those developed by Pacific Biosci-
ences and others, could prove to be of great benefit to meta-
transcriptomics and metagenomics.

Detecting RNA-Protein interaction

Computational analysis has revealed that 5% - 8% of all 
protein-coding genes in yeast encode for proteins that have 
RNA-binding capability. The corresponding figures for  
C. elegans and D. melanogaster are both 2%, but these per-
centages are likely to increase as more domains are identified 
(Glisovic et al., 2008). Interactions between transcripts and 
proteins can be investigated by cross-linking and immuno-
precipitation of the transcript-protein complex (CLIP) (Ule 
et al., 2005), followed by sequencing of the precipitated RNA. 
This method was recently adapted for massive sequencing 
and used to identify 10 000 to 100 000 genomic loci per  
experiment (Wang et al., 2009). 
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The work presented in this thesis is based on four 
scientific artices with a focus on the transcriptome 
and the technology development for its analysis. In 

this chapter, each of the papers is presented briefly.

Automation of sample preparation 
improves reproducibility

In Paper I, an automated procedure for cDNA synthesis and 
labeling is described. A rapid evolution is currently taking 
place in the field of large-scale nucleic-acid analysis. In or-
der to perform experiments where large numbers of samples 
are analyzed, the variance between analyses has to be kept 
to a minimum. One such source of variation is the effect of 
different technicians who perform the analyses (Irizarry et 
al., 2005). In order to reduce variance introduced by sample 
preparation, and to facilitate a high throughput of samples, 
we developed an automated protocol using a robotic worksta-
tion capable of handling superparamagnetic beads. 

To be able to analyze the variance, and make comparisons 
with other platforms, we used the samples interrogated in 
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the Microarray Quality Control study (MAQC) (Shi et al., 
2005). The MAQC study investigated these samples using 
several microarray and real-time platforms. From these data, 
we chose a subset of experiments based on the same probe-
set that we used, and investigated the intra-platform concor-
dance, and were able to conclude that our automated proto-
col out-performed a similar manual procedure.  Furthermore, 
we investigated concordance between experiments and plat-
forms and noted that the correlation between our automated 
experiments (ρ = 0.97) was higher than the correlation be-
tween any of the experiments conducted by NCI (max ρ = 
0.94). 

In general, a higher correlation between experiments means 
a lower technical variance, and that samples added later in-
troduce less variance. We speculate that this effect occurs 
irrespective of which platform is used for read out: DNA  
microarrays, or massive sequencing. 

Genome-wide profiling of 
Populus small RNAs

Several studies have recently shed light on the different 
families of small RNAs in plants (reviewed in Schwach et 
al., 2009).  A number of distinct groups have been identified, 
mainly through work in A. thaliana, including miRNAs, 
siRNAs and ta-siRNAs. Over the last decade, Populus has 
become the main model system for the investigation of forest 
trees ( Jansson and Douglas 2007). 

In Paper II, we report our investigation into the expression 
of small RNAs through massive sequencing. We describe a 
strategy for concatamerization prior to sequencing by which 
we were able to increase the throughput by roughly 65%, thus 
increasing the number of small RNAs sequenced from 550 
000 to just over 900 000 in a single 454-run, without altering 
the measured expression levels.

Using external bioinformatic tools (Moxon et al., 2008), we 
identified several loci producing phased siRNA that could 
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represent novel trans-acting siRNAs. Interestingly, most of 
these regions failed to meet other criteria that would have 
classified them as trans-acting. Some were discarded because 
they either mapped to repetitive regions, or because they 
mapped to a protein coding region and other likely targets in 
cis (Howell et al., 2007, Chen et al., 2007). 

Furthermore, we identified a hot-spot for small RNA pro-
duction on chromosome XIX, a region which has been im-
plicated in sex determination and has an enrichment for 
NBS-LRR disease genes (Pamkull et al., 2009, Yin et al., 
2008). This expression was specific to the female haplotype. 
One phased locus was also identified within this region, and 
target prediction revealed nearby NBS-LRR genes from the 
same haplotype to be potential targets. Since several features 
were detected specifically for one of the haplotypes, this 
could indicate that small RNA expression from this region 
plays a key role in sex determination, although further and 
more in-depth sequencing experiments are needed to inves-
tigate this finding. 

Analysis of transcript and protein overlap in a 
human osteosarcoma cell line

In Paper III, we describe work in which we set out to inves-
tigate the overlap of expression of transcripts and proteins 
in a human osteosarcoma cell line. This was carried out  
using RNA-seq for transcriptome analysis, and immuno-
histochemistry (IHC) and immunofluorescence microscopy 
(IF) using antibodies for proteome analysis. 

We defined a subset of genes for which we had presence/ 
absence data at the transcript and protein levels, here denoted 
as the HPA subset. When all human genes were investigated 
at the transcript level, roughly 75% of all protein coding genes 
were found to be expressed, a figure that increased to 85% 
when the HPA subset was investigated. Furthermore, we de-
tected a massive overlap of 64–77% between transcripts and 
proteins, depending on the method used for the detection of 
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protein expression and only 98.8% of the investigated genes 
were with at least one method. Interestingly, genes detected 
by RNA-seq and IF only (and not by IHC), are expressed on 
the transcript level at a lower rate than genes detected by all 
three platforms, indicating that the sensitivity of IF is higher 
than that of IHC. Notably, we found that IHC detected a 
higher number of proteins than IF (88% versus 73.6%, respec-
tively). This could by caused by a lower specificity for IHC: 
i.e. IHC creates more false positive present calls than IF. 

For the 50% most highly expressed genes on the transcript 
level, we saw a protein product present in 80% of the cases 
for IF, increasing up to 95% for IHC. This corresponds to 
a massive overlap of expression, indicating that the regula-
tion of gene expression does not take place at the presence/
absence level, but rather at the level of abundance. In order to 
assess this more thoroughly, more sensitive and quantitative 
technologies for proteome interrogation are needed. 

In-depth transcriptome analysis reveals  
novel TARs and prevalent antisense  

transcription in human cell lines. 

In paper IV, we report our investigations into transcriptional 
patterns outside of protein coding genes. In order to inves-
tigate long transcripts, we used an extraction method that 
captures fragments over 200 nucleotides. This allows tran-
script classes such as long non-coding RNAs to be investi-
gated, while excluding shorter groups such as miRNAs and 
tiRNAs.

We note that in promoter and terminator regions of tran-
scripts, 12% and 16% respectively of all tags mapped to the 
opposite strand of the gene, indicating that transcription of 
long (>200 nts) antisense transcripts is a common feature of 
these regions. We also note that in introns, roughly 50% of 
all reads originate from the antisense strand. 
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In order to detect novel regions with transcriptional activity, 
we used a clustering approach where reads are collapsed onto 
the genome to create non-interrupted regions of transcrip-
tion. After subtraction of known exons and introns, we de-
tected roughly 40 000 novel transcriptionally active regions 
(TARs). Expression analysis of these TARs indicated them 
to be generally present in lower amounts than mRNAs. 

We also investigated the correlation between RNA-seq 
data and microarray data. We showed that the correlation is  
dependant on gene length, such that longer genes show a better 
correlation. This is likely to be due to the fact that longer 
genes give rise to more reads that short ones, given the same 
expression level. A higher number of reads from a gene will 
lead to a decreased variance measure for the expression value, 
and thus a more stable ratio of expression between two sam-
ples. This is concordant with previous reports into the vari-
ance of the RPKM measure.

future perspectives

When DNA microarrays were invented, several disciplines 
had to interact to interpret the data that experiments gen-
erated. Molecular biologists generated vast amounts of data, 
and computational biologists and biostatisticians contributed 
by developing algorithms that were capable of interpreting 
the data, even when there was a relatively large level of noise 
in it. As the data output of genomics experiments grows, the 
issue of data handling and analysis becomes more important 
than ever. In this sense, the microarray era can almost be  
regarded as one long pilot-project, prior to the era of massive 
DNA sequencing. 

The new massive sequencing technologies are used to in-
vestigate the transcriptome in more depth than ever before.  
Recently, several publications have shown that short tran-
scripts can originate from a region close to the transcription 
start site, in a direction antisense to the gene. (Seila et al., 
2009; Preker et al., 2009; He et al., 2009; Core et al., 2009). 
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These fragments could well represent a novel class of tran-
scripts that function as transcription regulators, and further 
investigation will provide greater insights into the functional 
nature of these fragments. 

While this technology holds great promise, a handful of 
challenges still remain. Analysis of samples in which the 
amount of genetic material is very limited is one such chal-
lenge. Efforts have already been made (Tang et al., 2009), but 
further approaches that allow for an unbiased analysis of the 
transcriptome, which includes non-polyadenylated and small 
RNA, will generate exciting data that might provide insights 
into, for example, different developmental stages, or tumor 
heterogeneity. The inherent complexity of the transcriptome 
also provides a tough challenge. Recent data suggest that 
non-protein coding transcripts can overlap mRNAs, and 
that genes commonly use multiple start sites. These features 
make the assembly of full-length transcripts from RNA-seq 
data hard, and they will greatly benefit from longer read-
lengths and improved computational methods. 

As DNA sequencing develops further, our understanding of 
biological systems, including the transcriptome, will contin-
ue to improve. The Danish scientist and poet Piet Hein once 
said «Problems worthy of attack prove their worth by hitting 
back». The transcriptome has been striking back for a long 
time now; but it is likely to become friendlier as our under-
standing of it increases. 
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