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Abstract 
The development of improved sequencing technologies has enabled the field of 
genomics to evolve. Handling and sequencing of large numbers of samples require 
an increased level of automation in order to obtain high throughput and consistent 
quality. Improved performance has lead to the sequencing of numerous microbial 
genomes and a few genomes from higher eukaryotes and the benefits of comparing 
sequences both within and between species are now becoming apparent. This thesis 
describes both the development of automated purification methods for DNA, 
mainly sequencing products, and a comparative sequencing project.  
 
The initially developed purification technique is dedicated to single stranded DNA 
containing vector specific sequences, exemplified by sequencing products. Specific 
capture probes coupled to paramagnetic beads together with stabilizing modular 
probes hybridize to the single stranded target. After washing, the purified DNA can 
be released using water. When sequencing products are purified they can be directly 
loaded onto a capillary sequencer after elution. Since this approach is specific it can 
be applied to multiplex sequencing products. Different probe sets are used for each 
sequencing product and the purifications are performed iteratively. 
 
The second purification approach, which can be applied to a number of different 
targets, involves biotinylated PCR products or sequencing products that are 
captured using streptavidin beads. This has been described previously, but here the 
interaction between streptavidin and biotin can be disrupted without denaturing the 
streptavidin, enabling the re-use of the beads. The relatively mild elution conditions 
also enable the release of sensitive biotinylated molecules. 
 
Another project described in this thesis is the comparative sequencing of the 40 kb 
cag pathogenicity island (PAI) in four Helicobacter pylori strains. The results 
included the discovery of a novel gene, present in approximately half of the 
Swedish strains tested. In addition, one of the strains contained a major 
rearrangement dividing the cag PAI into two parts. Further, information about the 
variability of different genes could be obtained. 
 
© Anna Blomstergren, 2003 
 
Keywords: DNA sequencing, DNA purification, automation, solid-phase, 
streptavidin, biotin, modular probes, Helicobacter pylori, cag PAI. 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

What’s past is prologue...  
 

 William Shakespeare 



  



LIST OF PUBLICATIONS 
 
This thesis is based on the following manuscripts, which in the text will be 
referred to by their roman numerals: 
 
I. Anna Blomstergren, Deirdre O’Meara, Morten Lukacs, Mathias Uhlén 

and Joakim Lundeberg (2000), Cooperative oligonucleotides in 
purification of cycle sequencing products, Biotechniques 29(2), 352-
363. 

 
II. Anna Blomstergren, Anders Holmberg, Morten Lukacs and Joakim 

Lundeberg (2003), Automated purification of multiplex cycle 
sequencing products suitable for capillary electrophoresis, submitted. 

 
III. Anders Holmberg, Anna Blomstergren, Morten Lukacs, Joakim 

Lundeberg and Mathias Uhlén (2003), Reversible biotin-streptavidin 
interaction with release using non-ionic aqueous solutions at elevated 
temperatures, submitted. 

 
IV. Anna Blomstergren, Annelie Lundin, Christina Nilsson, Lars 

Engstrand, Joakim Lundeberg (2003), Comparative analysis of the 
complete cag pathogenicity island sequence in four Helicobacter pylori 
isolates, Gene, in press. 

 



TABLE OF CONTENTS 
 
INTRODUCTION ......................................................................1 
 

1 Historical background ..........................................................2 
2 Structure and properties of DNA ........................................3 
 

3 Sequencing methods..............................................................5 
3.1 Sanger sequencing...................................................................................... 5 
3.2 Maxam and Gilbert..................................................................................... 8 
3.3 Pyrosequencing .......................................................................................... 8 
3.4 Single molecule sequencing ..................................................................... 11 
3.5 Sequencing by hybridization (SBH)......................................................... 12 

 

4 Major strategies for genome and transcript sequencing.13 
4.1 Sequencing of genomic DNA................................................................... 13 

4.1.1 Complete genome sequencing ......................................................... 13 
4.1.1.1 Clone-by-clone shotgun sequencing ....................................... 14 
4.1.1.2 Whole-genome shotgun sequencing ....................................... 16 
4.1.1.3 Creating shotgun libraries ....................................................... 18 
4.1.1.4 Gap closure ............................................................................. 20 

4.1.2 Sequencing specific regions of the genome..................................... 21 
4.1.2.1 Primer walking........................................................................ 21 
4.1.2.2 Directed PCR amplification .................................................... 22 

4.2 Sequencing of transcripts (cDNA) ........................................................... 23 
 

5 Sequencing technologies .....................................................24 
5.1 Amplification of templates ....................................................................... 24 

5.1.1 Cultivation of plasmids and M13..................................................... 24 
5.1.2 PCR amplification ........................................................................... 26 
5.1.3 Rolling circle amplification ............................................................. 27 

5.2 Generation of Sanger fragments ............................................................... 28 
5.3 Purification of sequencing products ......................................................... 29 

5.3.1 Precipitation techniques................................................................... 29 
5.3.2 Filtration methods............................................................................ 30 
5.3.3 Magnetic bead techniques................................................................ 31 

  



5.3.3.1 Hybridization based techniques .............................................. 31 
5.3.3.2 Streptavidin-biotin .................................................................. 31 
5.3.3.3 Unspecific capture of DNA..................................................... 32 
5.3.3.4 Capture of dideoxynucleotides................................................ 33 

5.4 Separation and detection........................................................................... 33 
5.4.1 Electrophoresis ................................................................................ 33 
5.4.2 Mass spectrometry ........................................................................... 34 

5.5 Automation............................................................................................... 35 
 

6 Data analysis ........................................................................35 
6.1 Quality assessment ................................................................................... 36 
6.2 Assembly .................................................................................................. 36 
6.3 Comparing sequences............................................................................... 37 
6.4 Annotation ................................................................................................ 38 

 

PRESENT INVESTIGATIONS..............................................41 
 

7 Solid-phase purification of DNA........................................42 
7.1 Hybridization based technique for the purification of cycle sequencing 

products ................................................................................................. 42 
7.2 Purification using the biotin-streptavidin system ..................................... 44 
7.3 Comparison of the two assays .................................................................. 47 

 

8 Comparative sequencing of H. pylori ................................47 
8.1 Helicobacter pylori................................................................................... 47 
8.2 The cag pathogenicity island.................................................................... 49 
8.3 Strategy for comparing the cag PAI in four clinical isolates of H. pylori 51 
8.4 Nucleotide and amino acid sequence variation ........................................ 53 
8.5 Major rearrangements............................................................................... 53 

 

9 Concluding remarks............................................................55 
10 Acknowledgments................................................................56 
11 References ............................................................................58 
Original Papers I-IV ................................................................73 



 
 
 
 
 
 
 
 
 
 

 

  



Strategies for de novo DNA sequencing 
 

 
 

 
 

 
 

INTRODUCTION 
 
 
 
 
 
 
It is now 50 years since James Watson and Francis Crick proposed the double 
helical structure of DNA. This paved the way not only for understanding the 
relationships between DNA and proteins, but also for the development of powerful 
tools for studying genes and genomes. It is now possible to sequence a large 
number of DNA samples at relatively low cost, which has enabled the sequencing 
of the human genome (to 98% completion), but also the genomes of mouse, fruit 
fly, rice and a number of microbial species. Soon the genome sequences of the rat 
and our close relative the chimpanzee will be described and several hundred other 
genome sequencing projects are ongoing. Comparing the genomic sequences of 
different species gives important information through the identification of 
conserved regions between distantly related species, as well as through the 
differences between closely related species. The mouse genome, for example, has 
been widely used to discover regulatory and coding regions that are conserved 
between humans and mice and comparison of human and chimpanzee genomes 
may give important clues about genes involved in complex abilities like speech. 
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1 Historical background 
 
In 1943 Oswald Avery and coworkers discovered that transfer of DNA between 
different strains of Pneumococcus could convey the ability to produce capsules 
(Avery et al. 1944). Since the trait was inherited by following generations of 
bacteria, the conclusion was that DNA could be the molecule encoding genes. This 
was first met with skepticism since DNA was regarded as being too simple to 
convey all the genetic information of an organism, but interest in DNA had been 
triggered. Ten years later James Watson and Francis Crick published a landmark 
article in which they proposed a double helical structure for DNA. They also 
described the complimentary nature of the two strands of the helix (Watson and 
Crick 1953a; Watson and Crick 1953b). Two articles (Franklin and Gosling 1953; 
Wilkins et al. 1953), in the same issue of Nature, presenting x-ray photographs of 
DNA supported and to some extent provided the foundations for Watson and 
Crick’s conclusions. Francis Crick and coworkers went on to describe the flow of 
information in a cell, known as the central dogma, which include the transcription 
of DNA to RNA and the translation of RNA to protein (Crick 1958). A few years 
later they also showed that the genetic code, used for translating the RNA 
sequence to amino acids, is based on multiples of three (Crick et al. 1961), and 
shortly thereafter the genetic code was determined independently by the groups of 
Hara Khorana and Marshall Nirenberg (Khorana 1965; Nirenberg et al. 1965).  
 
Principles for sequencing and amplifying DNA laid the foundations for the field of 
genomics in the 1970s and 1980s. Two independent methods for sequencing DNA 
were developed in 1977, one by Fred Sanger and coworkers (Sanger et al. 1977) 
and the other by Allan Maxam and Walter Gilbert (Maxam and Gilbert 1977). The 
other key achievement in the field of molecular biology was the invention of an 
amplification method for DNA, called the polymerase chain reaction (PCR) by 
Kary Mullis in the mid 1980s (Mullis et al. 1986).  
 
All these accomplishments led to the first complete sequencing of the genome of a 
free living organism, Haemophilus influenzae (Fleischmann et al. 1995). The 
number of completed genomes has grown rapidly over the years and is continuing 
to increase. Helicobacter pylori became the first organism of which two unrelated 
strains from the same species were completely sequenced (Tomb et al. 1997; Alm 
et al. 1999).  
 
In 1990 the large project of sequencing the 3 billion bases of the human genome 
was initiated through an international collaboration called the Human Genome 
Project (HGP). The plan was to complete the genome sequence in 15 years, 
starting with the construction of high-resolution maps and then moving onto DNA 
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sequencing. In 1998 Craig Venter proposed that a whole genome shotgun 
approach, which had first proved successful with microbial genomes, should be 
used for sequencing the complete human genome (Venter et al. 1998) and this was 
done by Celera Genomics Corporation in a parallel effort to the HGP. In 2002 both 
groups published draft versions of the human genome sequence, in Nature and 
Science, respectively (Lander et al. 2001; Venter et al. 2001). 
 
 

2 Structure and properties of DNA 
 
DNA is the carrier of genetic information in most organisms. The DNA is located 
in the nucleus, and to some extent in the mitochondria and chloroplasts, of 
eukaryotic cells and in the cytoplasm of prokaryotic cells. The central dogma 
describes the flow of information in a cell. First DNA is transcribed into 
messenger RNA (mRNA), which is then translated into protein. If the cell divides 
into two daughter cells the entire genome needs to be replicated in order for each 
cell to have a copy. All of these processes have been studied extensively and a 
number of different enzymes are involved (Lodish et al. 1997).  
 
Nucleic acids are linear polymers of nucleotides. For DNA (deoxyribonucleic 
acid) the nucleotides consist of three components: a phosphate, a deoxyribose (a 
five carbon sugar) and an organic base (figure 1A). The bases can be adenine (A), 
cytosine (C), guanine (G) or thymine (T) and are either purines (A and G) or 
pyrimidines (C and T). In RNA (ribonucleic acid) deoxyribose is replaced by 
ribose and thymine is replaced by uracil (U). DNA in its native form consists of 
two antiparallel strands, with phosphate and deoxyribose units providing the 
backbones, which form a double helix (figure 1B). The two strands are held 
together by van der Waals forces and a large number of hydrogen bonds between 
the bases. In order to maintain a constant distance between the two strands a 
purine must form hydrogen bonds with a pyrimidine, which is possible for the 
combinations of A with T and G with C (figure 1C). This means that if one strand 
harbors a certain sequence, the other strand must have the complementary 
sequence for the double helix to form. If DNA is exposed to heat or high pH the 
two strands will separate, i.e. the DNA will be denatured, but if favorable 
conditions are restored the two strands will spontaneously re-hybridize to each 
other. 
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Figure 1. The structure of DNA. A) Chemical composition of the sugar-phosphate 
backbone. B) Structure of the double helix. C) Hydrogen bonds between the 
organic bases. 
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3 Sequencing methods 
 
A number of methods for sequencing the order of nucleotide bases in a DNA 
molecule have been developed since Fred Sanger and Alan Coulson presented the 
first technique in 1975 (Sanger and Coulson 1975). Here the most common 
methods for de novo DNA sequencing are briefly described. By far the most 
common sequencing approach is Sanger sequencing, and this thesis will focus on 
this methodology. 
 

3.1 Sanger sequencing 
 
As previously mentioned, a method for sequencing DNA, called the “plus and 
minus” method, was described by Fred Sanger and Alan Coulson in 1975 (Sanger 
and Coulson 1975). Two years later Sanger and his coworkers described a new, 
more efficient method (Sanger et al. 1977), which has been fundamental to the 
field of DNA sequencing. This method became known as the chain termination 
method, the dideoxynucleotide method or, simply, Sanger sequencing.  
 
In the initial setup (figure 2) a 32P-labeled primer was annealed to the DNA 
template. This primer acted as a starting point for DNA polymerase to synthesize 
the complementary strand. The extension continued until the polymerase 
incorporated a modified nucleotide, a dideoxynucleotide or terminator, which had 
been added to the reaction mixture. Since dideoxynucleotides lack a free hydroxyl 
group at the 3’ position of the ribose no further phosphates could be added and the 
DNA chain extension terminated. By performing four reactions, each with a 
specific terminator and thus ending at a position corresponding to that specific 
base, four different sets of DNA fragments could be obtained. These fragments 
were then separated by electrophoresis through a polyacrylamide gel and detected 
by autoradiography. 
 
Several modifications and improvements have been made to the initial technique. 
The 32P-label has been replaced by various fluorophores (Ansorge et al. 1986; 
Smith et al. 1986; Ansorge et al. 1987; Swerdlow and Gesteland 1990; Karger et 
al. 1991), enabling the use of only one gel lane per sample and thus increasing 
throughput. The introduction of energy transfer (ET) dyes further improved the 
performance (Ju et al. 1995a; Ju et al. 1995b; Metzker et al. 1996). In addition the 
fluorescent labels can now be placed on the terminator instead of on the primer 
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Figure 2. Basic principle of Sanger sequencing using dye primer chemistry. 
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(Rosenthal and Charnock-Jones 1992; Kumar et al. 1999), allowing the 
sequencing reaction to be performed in one tube. Automated sequencers have been 
developed that simplify the separation and detection, as well as a variety of 
different software packages for analyzing of the obtained sequence data. An 
example of the created sequence output using terminators labeled with four 
different dyes can be seen in figure 3. 
 

 
Figure 3. Partial sequence electropherogram obtained from a dye terminator cycle 
sequencing reaction sequenced on a capillary electrophoresis unit. 
 
 
After the introduction of thermostable polymerases a new technique for generating 
Sanger fragments, called cycle sequencing, was introduced (Innis et al. 1988; 
Carothers et al. 1989; Murray 1989; Manoni et al. 1992; Wang et al. 1992). Cycle 
sequencing has the advantages of needing less template and being able to start 
directly from double-stranded templates. The basic principle is the same as for 
classical Sanger sequencing, but a temperature profile is used. After adding all the 
reagents, the mixture is heated in order to denature the DNA template. The 
temperature is then lowered enough to allow annealing of the primer and extension 
by the polymerase. When the temperature is again raised, the created Sanger 
fragments will be denatured from the template, which is then available for 
annealing of a new primer. By alternating between the two temperatures, large 
numbers of sequencing fragments can be obtained, although the reaction is linear 
rather than exponential as in PCR. 
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3.2 Maxam and Gilbert 
 
In 1977 a chemical method for sequencing DNA was presented by Allan Maxam 
and Walter Gilbert (Maxam and Gilbert 1977). They exposed a 32P-labeled DNA 
molecule to reagents that first damaged and then removed a base from its sugar 
(figure 4). The backbone of the DNA molecule was weakened at these positions 
and could therefore easily be broken. The removal of bases was limited to one 
residue for every 50 to 100 bases, while the cleavage of the backbone was 
performed to completion. Four different reactions, affecting different bases, were 
performed and the resulting fragments were separated and analyzed on 
polyacrylamide gels. The first reaction affected the DNA at G and A, but the 
reaction was 5-fold faster for G, resulting in dark bands for G and weak bands for 
A. In the second reaction the opposite was achieved, and dark bands were obtained 
for A while G gave weaker bands. The third reaction cleaved the DNA with 
similar efficiency at both C and T, while the fourth only affected C. These four 
reactions in combination provided more than enough information to elucidate the 
DNA sequence from the autoradiograph of the gel. If both strands are sequenced 
this technique can also detect 5-methylcytosine, since it will produce a gap in the 
sequence of one strand while the other strand will have a G. When PCR was 
introduced the 32P-labels could be exchanged for fluorophores attached to primers, 
generating labeled PCR products suitable for use as templates for the sequencing 
reaction. 
 

3.3 Pyrosequencing 
 
In 1987 Pål Nyrén described how DNA polymerase activity could be monitored by 
bioluminescence (Nyrén 1987), and soon thereafter a DNA sequencing method 
based on this system was presented (Hyman 1988). This sequencing method was 
cumbersome in practice, requiring several passes of samples through six sequential 
columns with immobilized enzymes. In 1998 the pyrosequencing method was 
described (Ronaghi et al. 1998). 
 
In pyrosequencing a primer is annealed to a single-stranded DNA template 
followed by sequential addition of one nucleotide at a time. When the correct 
nucleotide for the position adjacent to the 3’ end of the primer is added it will be 
incorporated by DNA polymerase and pyrophosphate (PPi) will be released (figure 
5A). ATP sulphurylase will then convert PPi into ATP and finally light will be  
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Figure 4. Schematic illustration of sequencing with the Maxam Gilbert method. 
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Figure 5. Enzymatic reactions involved in pyrosequencing. 
 
 
 
emitted by firefly luciferase (figure 5B and C). The amount of light emitted is 
proportional to the number of nucleotides incorporated into the growing chain for 
small numbers of incorporations, and it can be detected with a suitable instrument, 
for example a CCD camera. Apyrase is included in the reaction in order to degrade 
unreacted dNTPs and the ATP produced before the next nucleotide is added 
(figure 5D). This also has the advantage of reducing background signals from 
mismatch incorporations since the apyrase will compete with the polymerase for 
the nucleotides and incorrect nucleotides are incorporated more slowly than the 
correct nucleotide. Substitution of dATP to α-thio dATP is necessary to avoid 
background noise since ATP is a substrate for luciferase (Ronaghi et al. 1996). In 
order to increase the efficiency of the sequencing, single-stranded DNA-binding 
proteins (SSB) have been added to the reaction (Ronaghi 2000; Ehn et al. 2002). 
An example of a pyrosequencing result is shown in figure 6. 
 
Since pyrosequencing produces rather short reads of approximately 50 bp (Agaton 
et al. 2002; Ronaghi and Elahi 2002) it is most suited for applications like tag 
sequencing or single nucleotide polymorphism detection. Advantages of 
pyrosequencing include the facts that no labels or electrophoresis are needed and 
detection is performed in real time. 
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Figure 6. Tag sequencing using pyrosequencing. A poly(A)-tail can be seen at the 
end. 
 

 
 

3.4 Single molecule sequencing 
 
The possibility of single molecule sequencing was proposed by Jett et al. in 1989 
(Jett et al. 1989) and several groups are working towards a functional system 
(Sauer et al. 2001; Stephan et al. 2001; Werner et al. 2003). A DNA molecule in 
which all nucleotides are labeled with base-specific fluorescent labels must first be 
established. This DNA fragment is then attached to a microsphere and introduced 
into a flow channel where it is immobilized. Addition of an exonuclease will start 
the sequential degradation of the DNA fragment from the 3’ end, releasing one 
nucleotide at the time. The flowing buffer carries the released nucleotides to a 
detector, where the fluorescence is measured. This sequencing method will 
significantly increase both speed (with a rate of 100-1000 bases per second) and 
read-length if all the obstacles can be overcome. The read-length is limited by the 
stability of the labeled DNA fragment and the processivity of the exonuclease. 
Several kb could probably be sequenced in a single reaction, which is significantly 
more than with conventional sequencing methods. Additional problems associated 
with single molecule sequencing are that extremely sensitive detection methods 
and labels with large fluorescence quantum yields are needed, since the 
fluorescence of single nucleotides must be measured. All buffers and reagents 
need to be extensively purified since the method is very sensitive to fluorescent 
contaminants.  
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Several other approaches to single molecule sequencing have recently been 
proposed. The majority of these methods are based on the detection of 
incorporation of labeled nucleotides rather than the degradation of DNA. Single 
molecule sequencing is attractive for de novo sequencing of DNA but to date a 
successful sequencing experiment has still not been performed. Recently the J. 
Craig Venter Science Foundation announced a $500,000 Technology Prize, which 
will be awarded for advances allowing the human genome to be sequenced for 
$1,000 or less. To date, the various single-molecule sequencing approaches are 
probably the most promising candidates for this prize. 
 

3.5 Sequencing by hybridization (SBH) 
 
This DNA sequencing method is based on annealing a labeled unknown DNA 
fragment to a large number of short oligonucleotides, usually between 5 and 25 nt 
long. The sequence can then be deciphered from the hybridization pattern 
(Drmanac et al. 1993; Drmanac and Drmanac 2001; Drmanac et al. 2002). In most 
cases either the probes or a number of targets are attached to a solid phase as a 
DNA array. Initially, the complete set of probes of a certain length, for example all 
65,336 combinations of 8-mers, were used, but selected sets of fewer 
oligonucleotides, for example all non-complementary probes, have also been 
applied. SBH has the potential to sequence longer DNA fragments than 
conventional methods and it can easily be miniaturized. The problems that still 
need to be resolved for SBH include variations in hybridization stability between 
different probes, false positive signals from probes with one-base mismatches and 
ambiguous reads when repetitive sequences are present in the target sequence 
(Marziali and Akeson 2001). These problems are of less importance when SBH is 
used for comparative sequencing or mutation analysis, but they are troublesome 
for de novo sequencing. 
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4 Major strategies for genome and transcript 

sequencing 
 
 

4.1 Sequencing of genomic DNA 
 
In whole genome sequencing the aim is either to produce a complete, continuous 
sequence of high quality or a fragmented draft version of the genome. Although 
the draft version can be produced faster and at lower cost compared to the 
complete sequence, only the latter can be reliably used in different analyses, since 
(for example) a gene that is not found in the sequence is truly missing. If a certain 
region of the genome is of special interest it can be sequenced separately. For 
example, a gene, known to be associated with a specific disease can be sequenced 
from a number of individuals with differing symptoms or disease outcomes to 
establish the connection between genotype and phenotype. 
 

4.1.1 Complete genome sequencing 
 
Two major strategies (clone-by-clone and whole-genome shotgun approaches) 
have been used for whole genome sequencing. The most suitable method depends 
on the organism to be sequenced. For relatively small and non-repetitive genomes, 
the whole genome shotgun method is advantageous, since mapping and 
construction of large insert clones are avoided. More complex genomes, like the 
human genome, are difficult to sequence using this method. The high level of 
repetitive sequences cause difficulties in the assembly of the genome. 
Combinations of the two methods, hybrid strategies, might be more successful 
when sequencing complex genomes. 
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4.1.1.1 Clone-by-clone shotgun sequencing 
 
The public effort to sequence the human genome was performed using a clone-by-
clone strategy (Lander et al. 2001). Initially, a three-stage divide and conquer 
approach was adopted (figure 7A), in which three different clone libraries were 
constructed (National Research Council 1988; Venter et al. 1996). First, a library 
of yeast artificial chromosome (YAC) clones was created, containing DNA 
fragments of approximately 1 Mb. This library was used to generate a low-
resolution map of the genome (or chromosome) by identifying shared landmarks 
on overlapping clones. These landmarks included sequence-tagged sites (STSs; 
sites that can be uniquely amplified by PCR), or restriction fragment sites. Second, 
the inserts from suitable YAC clones covering the genome were fragmented into 
40 kb pieces and subcloned into cosmid vectors. A high-resolution map was then 
constructed by identifying overlapping landmarks in the cosmid clones. This 
sequence-ready map could be used to select cosmid clones that form a minimal 
overlapping set, known as a tiling path. Third, the cosmid clones in the tiling path 
were further randomly fragmented and subcloned into M13 or plasmid vectors, 
carrying inserts of 1-10 kb. Finally, enough of these clones to cover the cosmid 
insert with an eight to ten-fold redundancy were sequenced, and computational 
assembly of the obtained sequence was performed. The random, or shotgun, 
sequencing of the cosmids ensured high accuracy, due to its redundancy. This 
approach, however, was subject to a number of problems. To obtain even a low-
resolution map covering the complete genome or a complete chromosome proved 
to be very difficult. Another problem was the instability of a high proportion of the 
YAC clones: almost 50% showed structural instability resulting in deletions or 
rearrangements. Cosmid clones also showed these instability problems to some 
extent.  
 
This approach could be simplified due to two scientific advances: the increase in 
computational power, which made shotgun sequencing of fragments significantly 
larger than a cosmid possible, and the development of a new vector, the bacterial 
artificial chromosome (BAC). The BAC could harbor an insert of 350 kb and was 
far more stable than the previously used YACs and cosmids. Using this new vector 
to replace both YACs and cosmids converted the three-stage strategy to a two-
stage strategy (figure 7B), which was applied to a large portion of the human 
genome (Green 2001; Lander et al. 2001). 
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Figure 7. The clone-by-clone approach for genome sequencing using A) a three 
stage and B) a two-stage strategy. 
 
To circumvent some of the problems associated with the approaches described 
above Craig Venter and coworkers proposed a new strategy in 1996 (Venter et al. 
1996). In this simplified approach to sequencing large genomes, a library of 
BACs, with 15-fold coverage and containing inserts of 150 kb, is first created. The 
inserts of these BAC clones are then sequenced, generating approximately 500 
bases, from each end. The sequences obtained from the BAC ends are called 
sequence-tagged connectors (STCs) and are scattered throughout the genome, 
spaced approximately 5 kb apart (if 300,000 BACs are used for the human 
genome). The BACs are also fingerprinted using one restriction enzyme in order to 
detect unreliable clones, containing for example deletions or chimeras. Finally, 
one or a few seed BACs, chosen as starting points, can be sequenced with the 
same shotgun approach as previously described for the cosmid clones. When the 
sequences of the BAC inserts are obtained they can be compared to the STCs of 
the other BACs in the library, theoretically identifying approximately 30 
overlapping BAC clones for each seed BAC. Two clones showing minimal 
overlap at each end of the seed BAC can then be chosen for further sequencing. 
This approach significantly reduces the need for extensive mapping, allowing 
sequence generation to be started earlier.  
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4.1.1.2 Whole-genome shotgun sequencing 
 
Instead of first cloning large fragments of the genome into vectors like YACs or 
BACs, whole genome shotgun sequencing directly fragments the entire genome 
into pieces suitable for plasmid vectors (figure 8). Sequencing a large number of 
random plasmid inserts, a few kb in size, in both directions then yields a highly 
redundant set of sequence reads, each approximately 500 bases long. Assembly of 
the sequence reads is done computationally and typically results in a number of 
contigs separated by gaps, which need to be closed by directed strategies. This 
strategy has proven to be effective for the sequencing of microbial genomes 
(Fleischmann et al. 1995; Fraser and Fleischmann 1997), but its value for complex 
genomes, e.g. the human genome has been debated (Venter et al. 1998; Butcher 
2001; Green 2001; Lander et al. 2001; Venter et al. 2001; Green 2002; Myers et al. 
2002; Waterston et al. 2002).  
 
In the whole genome shotgun approach for sequencing the human genome, 
described by Craig Venter and performed by Celera (Venter et al. 1998; Venter et 
al. 2001), the genome is fragmented into three different libraries of varying insert 
sizes. Most of the sequencing templates originate from a plasmid library 
containing 2 kb inserts, while fewer templates from a low-copy-number plasmid 
library containing 10 or 50 kb inserts are used for medium-range linking. The 
obtained sequence reads are then assembled using a complex algorithm capable of 
handling the approximately 70 million reads. This assembly produces a number of 
contigs, which are then ordered into scaffolds based on the presence of read pairs. 
In order to be able to assemble the genome properly it is important to obtain these 
read pairs by sequencing the plasmid inserts in both directions. The read pairs 
provide valuable information since they are physically connected and the distance 
between connected reads is known, enabling them to be used for confirmation of 
an assembly and for ordering contigs. If two sequences from the same clone are 
located in different contigs, this clone can be used for primer walking in order to 
close the gap.  
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Since the entire genome has to be assembled simultaneously, instead of the 150 kb 
of a BAC insert, whole genome shotgun sequencing demands much greater 
computational capacity. Repetitive sequences will also cause problems, especially 
interspersed repeats where more or less identical copies of a sequence are located 
far from each other. When a clone-based strategy is used these repeats would 
probably be located in different clones, and even if they could cause problems in 
the mapping process they would not interfere with the sequencing.  
 
 

igure 8. Whole genome shotgun sequencing. The obtained contigs are ordered 

he best way to sequence a complex genome might very well be to use a 

 
F
into scaffolds using information from read pairs (bold lines) spanning the gaps. 
 
 
T
combination of whole genome sequencing and a clone-based approach. Whole 
genome shotgun sequencing would produce large quantities of sequence data 
while the mapping of larger clones was underway, thereby shortening the total 
time needed for the project. The large insert clones would then provide a scaffold 
on which the whole genome shotgun sequences could be assembled, significantly 
reducing the problems associated with the assembly process. 
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4.1.1.3 Creating shotgun libraries 
 
Regardless of which of the above strategies is chosen, shotgun libraries must still 
be created. A shotgun library should be completely random and contain inserts of 
relatively uniform size. Libraries with large inserts can be somewhat more biased, 
since some regions might contain complete genes that are lethal to the Escherichia 
coli host. These regions will then be under-represented in the library. Short insert 
libraries display less of these problems since they contain the complete gene less 
often, but too short inserts will reduce the benefits of sequencing from both 
directions in order to obtain read pairs. The library should preferably be large 
enough to contain sufficient clones to cover the genome (or BAC) at least eight to 
ten times. 
 
The traditional method for creating a library (figure 9) is to shear the DNA using 
sonication or nebulization (Sambrook and Russell 2001). Restriction enzymes can 
also be used, but they are generally less random. The ends of the fragments are 
repaired to obtain blunt ends prior to ligation with a linearized plasmid vector. The 
pool of plasmid clones thus generated, each containing an insert, constitutes the 
shotgun library, and the inserts can then be sequenced using the methods described 
in subsequent sections of this thesis. 
 
A number of variations on the traditional approach have been described. A major 
concern is the ligation of blunt ends, which is quite inefficient and can result in the 
formation of chimeric inserts as well as self-ligated vectors. Blunt end ligation can 
be avoided by the introduction of adaptors (Haymerle et al. 1986; D'Souza et al. 
1989; Povinelli and Gibbs 1993; Andersson et al. 1994; Andersson et al. 1996b). 
Oligonucleotides are ligated to the blunt ends of the inserts and in some cases also 
to the vector, using an excess of oligonucleotides to drive the reaction. The 
adaptors create complementary overhangs on the insert and vector, making the 
ligation much more efficient. If overhangs of 11 bases are used the ligation can 
even be omitted, since the annealing of inserts to the vector is stable enough 
(Nisson et al. 1991; Rashtchian et al. 1992; Andersson et al. 1994; Andersson et al. 
1996b). Adaptors will also significantly reduce the formation of chimeras since the 
adaptors annealed to the inserts are complementary to the vector overhangs, but 
not to the other insert overhangs. Yet another advantage comes from the fact that 
the vector can be cleaved using two restriction fragments, which efficiently 
prevents re-circularization in the absence of an insert.  
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Figure 9. Shotgun library construction. The template DNA is fragmented by 
nebulization or sonication and the ends of the obtained fragments are repaired 
using for example T4 DNA polymerase and/or Klenow polymerase to create blunt 
ends. Preparative agarose gel electrophoresis can then be used to obtain fragments 
of the desired size range. Finally the fragments are ligated into a plasmid vector, 
which has been cut with a blunt end generating restriction enzyme and treated with 
a phosphatase (generally calf intestine phosphatase, cip) to prevent self-ligation. 
 
 
Another approach to avoid conventional blunt end ligation is employed by a 
commercially available kit (Invitrogen, Carlsbad, CA, USA), which has been 
widely used since its introduction in 2000. In this kit, a linearized vector is 
supplied with Vaccinia virus topoisomerase I covalently bound to the 3’ ends. 
When this vector is mixed with blunt end fragments that have been 
dephosphorylated the enzyme is released and the fragments are ligated to the 
vector in a highly efficient manner (Shuman 1994). Since the fragments are 
dephosphorylated there is no risk of chimera formation, but the empty vector does 
re-circularize to some extent. Two selection systems, blue-white selection and a 
gene lethal to E. coli, are included in the vector in order to discriminate between 
clones containing an insert and those consisting solely of vector sequence. 
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4.1.1.4 Gap closure 
 
Shotgun sequencing is used, at some stage, in both the clone-by-clone strategy and 
whole genome shotgun sequencing. During this random sequencing stage the 
majority of the template is covered. Eventually, the sequencing of more clones 
will mainly lead to higher redundancy, but not to “new” sequence. At this point it 
is time to move from random sequencing to directed methods in order to close the 
remaining gaps. Before gap closure is started it is prudent to check the obtained 
assembly. This can be done by comparing a virtual restriction fragment pattern of 
the obtained sequence with the true experimentally determined pattern of the 
template. Another method is to check the distances between read pairs, i.e. the 
forward and reverse sequence reads from the same clone.  
 
Special care has to be taken when repeats are present in the sequence. Repeats that 
are larger than a sequencing read, and where the copies are similar, will be 
difficult to distinguish from each other. Correct assembly of these regions 
generally requires software specifically designed for this task (Tammi et al. 2002; 
Tammi et al. 2003), but if the repeats are identical or too similar not even this will 
suffice. If the repeats are interspersed it might be possible to obtain each copy 
separately by using, for example, PCR with primers located in the unique flanking 
sequences. Primer walking can then be used to sequence these PCR products. For 
tandem repeats, the only option might be to determine the number of copies of the 
repeat by agarose gel electrophoresis of a restriction fragment, without being able 
to completely resolve the DNA sequence. 
 
Once the assembly is believed to be correct the contigs are ordered as far as 
possible into scaffolds of contigs. This is mainly done by using read pairs 
spanning the gaps, but specific markers can also be used to map the contigs. The 
gaps between contigs are either sequence gaps, where a spanning clone is present, 
or physical gaps, where no clone is present. 
 
Sequencing gaps can arise from a cloning bias, low redundancy or problems in the 
sequencing reaction. In the first two cases clones covering the gap can be 
identified and additional sequence information can be obtained using primer 
walking (further described in section 4.1.2.1). Problems in the sequencing reaction 
can originate from the presence of secondary structure, which hinders the 
polymerase. Sometimes this can be solved by sequencing the other strand or by 
testing other sequencing chemistries or enzymes (Kukanskis et al. 2000). When 
this does not work the clone can be further subdivided into fragments 300-500 
bases long, which can then be cloned and sequenced (McMurray et al. 1998). This 
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will usually disturb the secondary sequence sufficiently to allow sequencing 
through it. 
 
The closure of physical gaps requires other methods. The first approach to be 
tested is usually to design primers close to the contig ends and try to span the gaps 
using PCR. If successful, the PCR products can then be sequenced using primer 
walking. In the case of microbial genomes or BACs, primer walking can be 
performed directly on the template (as described in section 4.1.2.1). This method 
is useful when the DNA region is unstable in subclones. Another approach is to 
isolate a large insert clone containing the missing region. This has been done by 
using, for example, subtractive hybridization (Frohme et al. 2001) or screening by 
hybridization (Yang et al. 2003). Recently, PCR-assisted contig extension was 
described for the use of cap closure (Carraro et al. 2003). This technique involves 
stepwise extension from the end of a contig using one specific and one arbitrary 
PCR primer, and has previously been used in other applications (Sterky et al. 
1998). 
 

4.1.2 Sequencing specific regions of the genome 
 
In some projects a certain region of the genome is of specific interest. For example 
regions related to the virulence of a pathogenic bacterium, or a known disease 
gene. In these cases it can be advantageous to study only the specific region in a 
large number of strains, individuals or even species. Two major approaches to 
accomplish the directed sequencing of a genomic region are described in the 
following sections. If the desired region is mostly unknown, primer walking 
(either directly on genomic material or on a subclone) must be used, while directed 
PCR amplification can be used if the sequence is known in a closely related 
organism, or if flanking sequences on both sides of the region are known. 
Repetitive DNA will be a major concern in both of these approaches since it will 
prevent the design of primers with unique priming sites. In these cases, the DNA 
has to be subcloned prior to sequencing. 
 

4.1.2.1 Primer walking 
 
If the sequence of a small section close to the region of interest is known, or can 
be introduced (using for example a transposon), primer walking can be used for 
sequencing. A primer annealing to the known region is used in a sequencing 
reaction and the obtained data are used to extend the known sequence. Designing a 
new primer close to the 3’ end of the previous read continues the walking. For 
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confirmation, a second primer, pointing in the other direction, can be used to 
generate sequence data for the other strand (Voss et al. 1993). These steps are 
repeated until the entire region is covered.  
 
Primer design and synthesis are generally bottlenecks in the primer walking 
approach. To avoid the delays they may cause, a number of groups have used 
either short 8-mers or modular primers (Kotler et al. 1994; Jones and Hardin 1998; 
Kostina et al. 2000). Libraries containing a large number of these primers are pre-
synthesized, and for each round of sequencing a new primer is selected from the 
library. If the template is long, for example a bacterial genome, 8-mer probes 
might not be specific enough. Then, modular primers ranging from 5 to 7 
nucleotides can be used (Kotler et al. 1994; Kostina et al. 2000). These primers 
combine specificity with comparably small libraries.  
 
When large templates, for example BACs or bacterial genomes, are used for direct 
sequencing, a large excess of sequencing reagents is needed to drive the reaction 
(Heiner et al. 1998). Large amounts of template are also needed, which 
significantly reduces the applicability of primer walking since reagents are 
expensive and it is cumbersome to prepare large amounts of BAC or genomic 
DNA. 
 

4.1.2.2 Directed PCR amplification 
 
If sequences flanking the region of interest are known they can be used for 
amplification using PCR. Fragments as large as 35kb have been successfully 
amplified by this method (Barnes 1994), enabling it to be applied to quite large 
regions. The obtained PCR products can then be sequenced using the same primers 
as used in the PCR reactions, and if necessary primer walking can be performed. 
This will significantly reduce the amount of template needed compared to direct 
primer walking. If desired, the fragment can be cloned into a vector using A/T-
cloning for further studies. 
 
Another directed PCR amplification approach can be applied if the complete 
sequence of, for example, a closely related strain is known (as described in paper 
IV). This sequence can then be used for designing suitable primers for PCR. As 
before, these PCR products can be sequenced using the same primers. The 
obtained PCR products should overlap one another sufficiently to avoid gaps when 
the obtained sequences are assembled. This approach will also significantly reduce 
the amount of template needed compared to primer walking. 
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4.2 Sequencing of transcripts (cDNA) 
 
The fraction of a eukaryotic genome that represents coding sequence can be very 
low, especially for mammals and plants. If the major interest is in identifying and 
analyzing genes, whole genome sequencing is rather inefficient for these genomes. 
A more rewarding approach can then be to sequence the transcripts or tags of the 
transcripts (Adams et al. 1991; Adams et al. 1992), frequently denoted expressed 
sequence tags (ESTs). The first steps involve the isolation of mRNA and synthesis 
of complementary DNA (cDNA). In eukaryotes the poly(A)-tail present at the 3’ 
end of almost all genes can be utilized, both as a handle for purification and as a 
primer site for the first strand synthesis. The cDNAs are then cloned into a suitable 
vector and sequenced. In most cases the clones are sequenced from the 5’ end to 
avoid problems that arise from sequencing through the poly(A)-tail, although 
anchored primers that consist of an oligo(T) region followed by one or a few 
degenerate bases can be used to sequence the 3’ end (Khan et al. 1991; Liao and 
Gong 1997; Grayburn and Sims 1998). When enough clones have been sequenced 
the reads are assembled into clusters and the consensus sequences from each 
cluster are searched against relevant databases to identify the genes. 
 
To further study the structure and function of a gene product, it is necessary to 
know the complete sequence. This can be obtained by primer walking along full-
length clones from a cDNA library prepared as described above. However, a more 
efficient way is to ligate several full-length cDNAs into concatemers, randomly 
fragment them and clone them into sequencing vectors (Andersson et al. 1997; Yu 
et al. 1997). Prior to concatenation, restriction sites are introduced at the ends of 
the cDNAs, enabling both efficient ligation and recognition of junctions in the data 
analysis. When sequence reads are assembled they are first restricted in silico at 
these sites, resulting in a separate assembly for each gene. 
 
As the databases containing gene sequences grow, there is less need for long 
sequences in order to identify a gene. This has led to the development of a 
technique called serial analysis of gene expression (SAGE), where concatemers of 
short tags of cDNA are cloned and sequenced (Velculescu et al. 1995). Each tag is 
only nine bases long, but allows the unique identification of 95% of the human 
genes. Another suitable method for sequencing tags long enough for gene 
identification is pyrosequencing (Agaton et al. 2002). The focus of complete gene 
expression profiling has now shifted to the field of microarrays, where several 
thousands of genes can be studied simultaneously. However, EST sequencing can 
still be of interest for genomes where very little is known about the transcriptome, 
since this approach has the capability to discover novel genes. Ongoing EST 
sequencing projects include the amphibious axolotl, honeybee, silkworm, sheep, 
pig, coffee and poplar (http://wit.integratedgenomics.com/GOLD/). 
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5 Sequencing technologies 
 
When a strategy has been chosen for a sequencing product and either a library of 
clones or genomic DNA has been prepared, it is time to begin the actual 
sequencing process. Usually this involves amplification of template, the generation 
and purification of Sanger fragments, separation and detection. In projects where 
large numbers of sequences are being produced there is also a need for efficient 
automation. 
 

5.1 Amplification of templates 
 
In most cases an amplification step is needed before a cycle sequencing reaction 
can be performed. The most appropriate method for this depends on the type of 
template involved, and the number of samples to be sequenced. In most 
sequencing projects the templates are cloned into plasmids or M13 vectors, 
enabling the use of any of the amplification methods described here (figure 10). 
For high-throughput sequencing projects the cost per sample and the handling time 
becomes increasingly important. 
 

5.1.1 Cultivation of plasmids and M13 
 
Plasmids or M13 phages can be amplified through cultivation followed by lysis 
and purification. Plasmids are transformed or electroporated into E. coli cells, 
which are then cultivated. After harvesting, by centrifugation of the cell 
suspension and removal of growth medium, the cells can be lyzed using nonionic 
or ionic detergents, organic solvents, alkali or heat (Sambrook and Russell 2001). 
The most commonly used methods employ either alkali treatment (Birnboim and 
Doly 1979) or boiling (Holmes and Quigley 1981), often combined with detergent, 
RNaseA and lysozyme treatment (Konecki and Phillips 1998; Marra et al. 1999; Li 
et al. 2002). Chromosomal DNA is more sensitive to shearing than plasmid DNA, 
and when the cells are subjected to denaturing conditions during lysis, the 
chromosomal DNA strands will be separated while the plasmid DNA strands are 
held together, since they are topologically intertwined. When normal conditions 
are restored the plasmids will reform their double-stranded form while 
chromosomal DNA is precipitated together with proteins and remnants of the cell 
wall (Sambrook and Russell 2001).  
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Figure 10. Amplification options for plasmid or M13 templates. 
 
After collecting the cleared lysate, the plasmid can be further purified using a 
number of methods, including centrifugation in CsCl-ethidium bromide gradients, 
differential precipitation, ion-exchange chromatography or gel filtration. A 
number of protocols for preparing plasmids in a 96-well format, using for example 
filterplates (Ruppert et al. 1995; Itoh et al. 1999; Harris et al. 2002) or 
carboxylated magnetic particles (Skowronski et al. 2000; Elkin et al. 2001), have 
also been described. These have been developed for high-throughput and can often 
be used in automated workstations, but they are usually quite expensive. A method 
developed at Washington University (Marra et al. 1999) has been used for high-
throughput plasmid preparation prior to sequencing in our core facility. This 
technique involves lyzing the cells using Tween-20, RNaseA, lysozyme and a one-
minute exposure to microwave radiation. After lysis the plates are centrifuged and 
the cleared lysate is collected. No further purification is needed prior to 
sequencing the plasmids. The protocol is very inexpensive and requires relatively 
few manipulations. 
 
When M13 phage is used as a vector it is transformed or electroporated into E. coli 
in the same manner as plasmids. When the bacteria are cultivated on agar plates 
the infected cells form plaques, due to their slower growth rates. A plaque is then 
used to inoculate a liquid culture from which M13 phage can be purified. The 
infected E. coli cells will produce hundreds of phage particles in each generation. 
These particles are released into the growth medium without lyzing or killing of 
the cells. This enables the virus particles to be harvested by simply centrifuging 
the cell suspension and collecting the supernatant. In the traditional protocol 
(Sanger et al. 1980; Messing 1983; Sambrook and Russell 2001) the phage is then 
concentrated by precipitation using polyethylene glycol (PEG) in the presence of 
salt at high concentration. Extraction with phenol releases the single-stranded 
phage DNA, which is then collected by ethanol precipitation. This protocol is not 
suited for high-throughput purification and a number of variants have been 
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developed, in which the phenol extraction has been replaced by lysis of the phage 
particles using detergents (Eperon 1986; Mardis 1994), heat (Beck and Alderton 
1993), NaI (Wilson 1993) or NaClO4 (Andersson et al. 1996a; Marziali et al. 
1999). Several methods have also introduced modifications to accommodate use of 
96-well format, using glass-fiber filter plates (Andersson et al. 1996a; Marziali et 
al. 1999), magnetic particles (Fry et al. 1992; Wilson 1993; Johnson et al. 1996) or 
centrifuges capable of handling deep-well plates (Wilson 1993). When magnetic 
particles are used the target DNA can be captured either by unspecific binding of 
nucleic acids to carboxylated beads (Wilson 1993) or more specific hybridization 
methods where oligonucleotide probes are attached to the beads (Fry et al. 1992; 
Johnson et al. 1996). 
 

5.1.2 PCR amplification 
 
Polymerase chain reaction (PCR) amplification was first described by Kary Mullis 
and coworkers (Mullis et al. 1986) and has revolutionized molecular biology. It 
has the capacity to amplify DNA exponentially and the key elements are the use of 
a thermostable DNA polymerase and a cyclic temperature profile. First the 
temperature is raised sufficiently to denature the two DNA strands in the template. 
Two primers are then annealed, one on each strand, and extended by DNA 
polymerase at the optimal temperature for the enzyme. After extension the 
temperature is again raised to denature the newly synthesized strands from the 
template and the procedure is repeated. Since the synthesized DNA can act as 
template in the following cycles, the amount of DNA will increase rapidly.  
 
Initially E. coli DNA polymerase was used, and addition of enzyme after the 
denaturation step was necessary for each cycle since the high temperature 
inactivated the enzyme. Another problem was the risk of unspecific primer 
annealing due to the low stringency of hybridization at low temperatures. The use 
of thermostable DNA polymerases, like Taq DNA polymerase from Thermus 
aquaticus (Chien et al. 1976), simplified the procedure significantly as the enzyme 
is stable throughout the reaction (Saiki et al. 1988). The optimal temperature for 
extension is 72°C for Taq DNA polymerase, enabling the use of stringent 
annealing temperatures for the primers. Using a thermostable polymerase 
improves the specificity, yield, sensitivity and maximum product length of the 
PCR amplification. 
 
PCR is a powerful method for amplifying DNA prior to sequencing. It can be used 
regardless of whether the template is in the form of plasmids, M13 phage or 
genomic DNA. If plasmids or M13 are used as template, the reaction can be 
performed directly from a picked colony or plaque. Care has to be taken with 

26  



Strategies for de novo DNA sequencing 
 

genomic DNA to avoid multiple priming sites, leading to nonspecific 
amplification products. In most cases the PCR products are purified before being 
used as templates in a sequencing reaction. This is done mainly to remove 
unextended primers that would result in Sanger fragments of incorrect lengths, but 
it is also beneficial to remove excess nucleotides and misprimed PCR fragments 
such as primer dimers. Several purification methods have been used, including 
agarose gel purification (Tracy and Mulcahy 1991; Leonard et al. 1998), 
precipitation (Høgdall et al. 1999), filtration (Clarke and Diggle 2002) and an  
enzymatic approach using exonuclease I combined with shrimp alkaline 
phosphatase (ExoI/SAP) (Werle et al. 1994). An alternative method is to use low 
amounts of primers in the PCR reaction, and thus avoid the need for a purification 
step (Silva et al. 2001). 
 

5.1.3 Rolling circle amplification 
 
An amplification method that has recently been applied to sequencing templates is 
rolling circle amplification (RCA). A number of viruses that contain a single-
stranded circular genome use rolling circle replication to multiply their DNA. 
Initially, RCA was used to amplify short DNA circles for generating tandem 
repeats (Fire and Xu 1995; Liu et al. 1996). In this technique, a primer is annealed 
to the circular template and a polymerase extends it, generating concatenated 
copies complementary to the template in an isothermal process. If, instead, two 
primers are added, one for each strand, the amplification of the template becomes 
exponential since the second primer can anneal to the newly synthesized strand 
(Lizardi et al. 1998). This process is called hyperbranched rolling circle 
amplification (HRCA), and was first used to detect point mutations in small 
amounts of human genomic DNA. When RCA is performed on very short 
templates any DNA polymerase can be used, probably because the synthesized 
strand is released from the template due to the small radii of the circles (Liu et al. 
1996). If the template is larger, for example a plasmid or phage, the polymerase 
needs to have strand-displacing activity in order for RCA to occur. The most 
commonly used polymerase is Φ29 DNA polymerase, which is a highly processive 
polymerase with strand displacement and proofreading 3’-5’ exonuclease activity, 
but other enzymes like exo(-) Vent DNA polymerase and Bst large fragment DNA 
polymerase have also been employed (Lizardi et al. 1998).  
 
For plasmid-size targets the rate of RCA is approximately 20 copies per hour, 
limiting the applicability of the method. To overcome this limitation, multiply-
primed RCA was developed (Dean et al. 2001; Detter et al. 2002; Nelson et al. 
2002). Here, instead of specific primers, random hexamers are used in the 
reaction, leading to the generation of multiple replication forks. The double-
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stranded product can be used as template in sequencing reactions without any 
purification, although dilution is sometimes necessary, due to the high viscosity of 
the product. Since Φ29 DNA polymerase displays an exonuclease activity it is 
important to use exonuclease-resistant primers to prevent their degradation. The 
use of multiply-primed RCA for template preparation in sequencing projects is 
advantageous since high and uniform yields of DNA can be obtained with few 
manipulations, decreasing hands-on time compared to most other methods. 
Isothermal strand displacement amplification has also been applied for the 
amplification of complete microbial genomes prior to PCR, direct sequencing or 
library construction (Detter et al. 2002). 
 

5.2 Generation of Sanger fragments 
 
As already described, a number of improvements have been made to the original 
protocol for chain termination sequencing. The most common sequencing 
chemistry today is to use terminators labeled with four different energy-transfer 
dyes. Dye terminator chemistry has the advantage that any primer can be used for 
the sequencing reaction, while dye primer chemistry is more or less restricted to 
universal sequencing primers, since labeling of primers is expensive. Another 
advantage of dye terminator chemistry is the possibility to perform the reaction in 
a single tube, instead of one for each base when dye primer chemistry is used. If 
PCR-amplified templates are used, left over PCR primers can be extended in the 
sequencing reaction, generating unreadable sequence data. This problem is 
avoided if dye primer chemistry is used, since the fragments extended from PCR 
primers will not be labeled. On the other hand, false stops (where the polymerase 
is prematurely released from a template without incorporation of a terminator) will 
be a problem for dye primer chemistry, but not for dye terminator chemistry, for 
the same reason. Signals are significantly increased when energy-transfer dyes are 
used instead of conventional dyes. Energy transfer dyes consist of one donor and 
one acceptor dye. When exposed to a laser beam, the donor will absorb energy and 
transfer it to the acceptor, which will emit light of a different wavelength.  
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5.3 Purification of sequencing products 
 
Considerable efforts have been made by a large number of research groups to 
develop the “ultimate” purification method for sequencing products, which would 
be fast, cheap, efficient and automated. To date, no single method has been able to 
out-compete the rest, they all have specific advantages and disadvantages. The 
demands on the purification method will depend on the sequencing chemistry and 
separation platform used. For instance, the use of dye terminators demands more 
thorough purification than the use of dye primers, whether separated on slab gels 
or capillaries, since the excess labeled terminators will otherwise result in dye-
blobs that obscure part of the sequence. The importance of purifying the cycle 
sequencing products has increased with the introduction of capillary sequencers 
since they are more sensitive to salt, template and other impurities than slab gels. 
The different purification methods that can be used can be divided into three major 
categories, depending on whether they are based on precipitation, spin 
columns/filter plates, or magnetic beads. 
 

5.3.1 Precipitation techniques 
 
The traditional purification method is ethanol or isopropanol precipitation, usually 
combined with a 70% ethanol wash, and sometimes also preceded by a 
phenol/chloroform extraction. When ethanol is used, addition of EDTA or salts 
(e.g. sodium acetate, ammonium acetate or magnesium chloride) can improve the 
performance of the precipitation. Ethanol precipitation is a very cheap method that 
does not require any expensive equipment. However, template will be co-purified 
with the sequencing products and if the precipitation is not properly optimized 
excess salt and terminators may also be precipitated. In addition, it is difficult to 
automate the process, due to the centrifugation steps. Another disadvantage is the 
variable yield of sequencing products. A modified precipitation protocol, in which 
n-butanol is used instead of ethanol has also been described (Tillett and Neilan 
1999). It has several advantages over traditional ethanol precipitation, since it 
gives higher yields (especially of short DNA fragments), requires shorter 
centrifugation steps, co-precipitates less salts, and avoids the need for a washing 
step. 
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5.3.2 Filtration methods 
 
A large number of commercial kits are available for the removal of dye 
terminators by filtration. Spin columns are generally used for low-throughput 
applications while filter plates with 96 or 384 wells are used for medium- and 
high-throughput applications. One approach is to fill the columns or filter plate 
wells with a gel separation matrix, consisting of spheres with uniformly sized 
pores. When the cycle sequencing products are passed through the matrix the 
small molecules, such as salt and nucleotides, diffuse into the pores where they are 
retained. Longer DNA fragments pass through the matrix and can be recovered in 
the filtrate (figure 11A). Another approach is to use a filter that acts as a molecular 
sieve, allowing small molecules to pass while larger DNA fragments are retained 
(figure 11B). The sequencing products can then be obtained by resuspension in the 
desired loading buffer. 

Figure 11. Basic principles of filtration methods. A) The matrix consists of 
spheres with pores, the small molecules diffuse into the pores and are retained. B) 
The filter allows small molecules to pass while large molecules are retained. 
 
Both approaches are fast, and they are becoming quite inexpensive, probably due 
to the high competition between different companies. They are relatively easy to 
automate if vacuum filtration is used instead of centrifugation, and more or less 
any liquid handling robot fitted with a vacuum manifold can be used. The removal 
of salts and dye terminators is efficient using filtration methods and the yield is 
quite high, but unfortunately template, misprimed products or false stops will not 
be removed.  
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5.3.3 Magnetic bead techniques 
 
Our laboratory has a long tradition of utilizing magnetic beads in a number of 
procedures, for example: solid phase sequencing (Stahl et al. 1988; Hultman et al. 
1989; Uhlen et al. 1992; Wahlberg et al. 1992), in vitro mutagenesis (Hultman et 
al. 1990), gene assembly (Stahl et al. 1993), solid-phase cloning (Hultman and 
Uhlén 1994), immunomagnetic separation (Stark et al. 1996), diagnostic detection 
assays (O´Meara et al. 1998b), preparation of single-stranded DNA for 
pyrosequencing (Holmberg unpublished), and purification of PCR or cycle 
sequencing products (Papers I, II and III). Magnetic bead assays are easy to 
automate using liquid handling robots equipped with magnetic stations. In 
addition, buffer exchanges are efficient and fast, enabling thorough washes of the 
captured moiety. Magnetic beads have been utilized in a number of ways for the 
purification of sequencing products, some of which are described below. 
 

5.3.3.1 Hybridization based techniques 
Specific oligonucleotides coupled to magnetic beads have been used for the 
purification of single-stranded DNA. Due to the high specificity of hybridizations, 
this type of approach can be used in diagnostics for extracting viral particles that 
are present in very low concentrations (Albretsen et al. 1990; van Doorn et al. 
1994; Millar et al. 1995; O´Meara et al. 1998b). Another possible application is 
the purification of M13 templates prior to sequencing reactions (Fry et al. 1992; 
Johnson et al. 1996). In Papers I and IV, a technique utilizing cooperative 
oligonucleotides for the purification of cycle sequencing products is described 
(figure 12A). This technique is direction- and vector-specific, enabling the 
iterative purification of multiplex cycle sequencing products (further described in 
section 8.1). 
 

5.3.3.2 Streptavidin-biotin 
Streptavidin-biotin is a versatile system for purification of both DNA and other 
biomolecules. The non-covalent interaction involved is very stable, allowing harsh 
washes to remove all contaminants. A more thorough description of the biotin-
streptavidin system is presented in section 8.2. Several groups have described the 
use of biotin and streptavidin for purification of sequencing products (Tong and 
Smith 1992; Tong and Smith 1993; Fangan et al. 1999; Ju 2002). In most cases the 
sequencing reaction is performed using a biotinylated primer (Figure 12B), either 
internally labeled, when dye primers are used (Tong and Smith 1992; Tong and 
Smith 1993) or 5’-labeled  when dye terminators are used (Fangan et al. 1999). 
Biotinylation of the terminators, together with the use of dye primers has also been 
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Figure 12. Different approaches for purification of sequencing products using 
magnetic beads. A) Hybridization. B) Streptavidin beads and biotinylated 
products. C) Unspecific capture of DNA. D) Capture of unincorporated 
teminators. 
 
 
described (Ju 2002). It is beneficial to have the dye at one end of the sequencing 
fragment and the label at the other. Fragments missing one of these features will 
then either not be captured or not detected, thereby reducing the background. The 
sequencing fragments can be eluted from the beads prior to loading on a DNA 
sequencer, either using denaturing or non-denaturing conditions (Paper III). These 
techniques have the advantages of not co-purifying template DNA while 
efficiently removing salt and dye terminators. Streptavidin beads are relatively 
expensive, but if sequencing products can be released in a non-denaturing fashion, 
and the beads thus can be re-used, costs can be lowered significantly. 
 

5.3.3.3 Unspecific capture of DNA 
Solid-phase reversible immobilization (SPRI) is a purification method in which 
DNA is precipitated onto the surface of carboxylated magnetic particles (figure 
12C). After washing, the DNA can be eluted using water. In the original SPRI 
protocol, polyethylene glycol (PEG) and sodium chloride were used to precipitate 
the DNA onto the beads (Hawkins et al. 1994). This is not a suitable approach for 
the purification of sequencing products since capillary sequencers are sensitive to 
salt. Instead, an ethanol solution containing tetra ethylene glycol (TEG) is used to 
precipitate the DNA onto the beads, followed by a 70% ethanol wash (Elkin et al. 
2002). Large templates, e.g. BACs or rolling circle amplified DNA, will remain 
bound to the beads under the conditions used to elute sequencing products, while 
smaller templates will be co-eluted. This method can be useful for sequencing 
projects where, for example, primer walking is used, since there is no requirement 
for modified primers or universal sequence in the products. 
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5.3.3.4 Capture of dideoxynucleotides 
Instead of capturing the desired sequencing products, as described above, this 
technique specifically removes the unincorporated dye terminators (Springer et al. 
2003). Since no washes of the beads are necessary this method is faster than other 
magnetic bead approaches, but template, salt and other impurities will remain in 
the sample (figure 12D). 
 

5.4 Separation and detection 

5.4.1 Electrophoresis 
 
Once the staggered set of Sanger fragments has been generated and purified they 
need to be separated and detected. The separation method must have sufficient 
resolution to be able to discriminate between two DNA fragments differing in size 
by a single nucleotide. The most common approach to achieve this separation is to 
use electrophoresis. Initially, sequencing was performed manually, and the 
fragments were separated on polyacrylamide slab-gels prior to detection by 
autoradiography. The introduction of automated slab gel sequencers increased 
throughput and decreased the handling time. In these sequencers, fluorescently 
labeled DNA fragments were detected in real time at a fixed position by a CCD 
camera as the DNA migrated through the gel. Disadvantages with slab-gel 
electrophoresis include time consuming and tedious operations like pouring gels 
(using hazardous chemicals as acrylamide), loading samples and tracking gel 
images.  
 
Capillary sequencers circumvent these problems by performing electrophoresis in 
thin capillaries instead of slab-gels. The cross-linked polyacrylamide gels are 
substituted with replaceable matrices (linear polyacrylamide, for example), 
enabling the same capillary to be used more than 100 times. In addition, since heat 
is dispersed more rapidly from a capillary than a slab gel the electrophoresis can 
be performed at higher voltages, reducing run times. The samples are loaded, one 
sample per capillary, using electrokinetic injection. A certain number of ions will 
enter the capillary during the injection and if ionic molecules other than the 
sequencing fragments, like salt or nucleotides, are present they will compete with 
the DNA and thus lower the signal (Ruiz-Martinez et al. 1998). Therefore, it is 
important to efficiently purify the sequencing products prior to loading. Since a 
sequencing sample is confined to the capillary to which it was injected no lane 
tracking is necessary, making analysis of the raw data easier and faster. The 
human genome has mainly been sequenced using 96-capillary sequencers 
(ABI3700, Applied Biosystems and MegaBACE 1000, Amersham Pharmacia 
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Biotech). These were introduced approximately at approximately the same time as 
Celera launched their sequencing effort and shortly after the human genome 
consortium entered full-scale production sequencing. Although the 96-array 
capillary sequencers increased the throughput, the production of the draft sequence 
of the human genome would not have finished ahead of schedule without the use 
of a large number of sequencers. It is now possible to load a capillary sequencer 
with enough sample plates and reagents to perform eight runs, each taking 
approximately 3 hours, start the sequencer and come back the next day to collect 
the data. 
 
Since capillary electrophoresis only uses a small fraction of the prepared 
sequencing mixture (the sequencers have amol detection limits compared to the 
pmol sequencing reactions) miniaturization is possible in order to decrease reagent 
costs. Several groups have performed sub-microliter sequencing reactions in nano-
reactors, for example fused–silica capillaries, prior to capillary electrophoresis 
(Soper et al. 1998; Hadd et al. 2000; Pang and Yeung 2000; Paegel et al. 2002). 
 

5.4.2 Mass spectrometry 
 
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 
spectrometry (MS) can be used as an alternative to electrophoresis for the 
separation and identification of Sanger fragments. In this approach, the DNA 
sample is dried together with a UV-absorbing matrix. When the sample is 
subjected to a short pulse of UV light DNA ions are ablated into the gas phase, 
generally these ions are monovalent and intact. A high voltage pulse accelerates 
the ions in an electric field giving them a common kinetic energy and subsequently 
they are passed into a flight tube. When the ions pass through the vacuum of the 
flight tube they are separated according to size. An ion-to-electron conversion 
detector is placed at the other end of the flight tube, registering the time of flight 
(TOF) from the original laser pulse for each fragment. The TOF can then be used 
to calculate the mass, and since the nucleotide bases have different molecular 
masses the DNA sequence can be deduced. MADI-TOF-MS is a very fast method 
for separating and detecting Sanger fragments. Unfortunately, the read length is 
only about 100 bases, making it unsuitable for most de novo sequencing 
applications (Marziali and Akeson 2001). 
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5.5 Automation 
 
The automation of DNA sequencing has resulted in a vast number of different 
commercially available as well as “home-made” robotic workstations. These range 
from small semi-automatic instruments for liquid handling, like a plate filler or a 
Hydra (Robbins Scientific), to huge robots capable of performing several 
operations simultaneously, for example the Genesis RSP (Tecan). Pipetting heads 
have evolved from a single tip to 384 tips, but the most commonly used have eight 
tips (Biomek™1000, BekmanCoulter) or 96 tips (Microlab 4200, Hamilton; 
PlateMate™, Matrix; Biorobot 8000, Qiagen). Most of these workstations can be 
used to set up PCR reactions or cycle sequencing reactions, since this only 
requires a few pipetting steps per sample. Many liquid-handling workstations can 
also be equipped with vacuum manifolds or magnetic separation stations, enabling 
a number of purification techniques to be automated. A workstation that was 
developed at our department but is now commercially available (Magnatrix 1200, 
Magnetic Biosolutions AB) utilizes a movable magnet in order to perform the 
magnetic separation in the tips, enabling fast and efficient bead recovery. 
 
Colonies or plaques can be automatically picked and placed into microtiter plates 
using a picker robot equipped with a camera and one or several needles. This saves 
time and manual labor. However, the currently available robots are not as good as 
a trained human at deciding if a colony is worth picking. 
 
 
 

6 Data analysis 
 
Once sequencing reads have been obtained, the data analysis process starts. The 
choice of software and analysis mainly depends on the type of project. This area is 
too extensive, and the number of available software tools too large, to be covered 
comprehensively in this thesis. The exemplified software packages are freely 
available for academic users and they are listed, together with references in table 1 
(quality assessment, assembly and alignment) and table 2 (annotation).  
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6.1 Quality assessment 
 
The raw data of a sequence read is first base-called, using an appropriate algorithm 
for the sequencing platform involved. The base caller will reduce the background 
originating from spectral overlap of the different dyes. Correction for mobility 
shifts caused by the dyes is also performed. Next, a quality value is assigned to 
each base in the read, this is a measure of the probability that the base call is 
incorrect. The most commonly used software for quality scoring is Phred (Ewing 
and Green 1998; Ewing et al. 1998). A Phred score of 10 represents a 10% error 
probability, while a Phred scores of 20 and 30 corresponds to 1% and 0.1% error 
rates, respectively. The standard approach when measuring read lengths is to give 
the number of continuous bases with a Phred score of 20 or more. Previously, 
accuracy was also commonly measured in terms of the quality of a read (rather 
than a base). If the true sequence was known, accuracy could be calculated as the 
number of correct bases divided by the total number of bases. 
 

6.2 Assembly 
 
In a project where a large region of DNA is sequenced using several overlapping 
reads, these reads have to be assembled correctly. If no repetitive sequence is 
present this is quite straightforward. A computer program compares the reads to 
each other and determines the best way to join them. This can be done in at least 
two ways, and software packages using both kinds of method have been 
developed. One approach is to choose a read, compare it to all other reads and 
determine which are sufficiently similar. These reads are then assembled into a 
contig and the process is repeated for the next read (Gap4). If the first read to be 
compared is of poor quality this can negatively affect the assembly of contigs. In a 
second approach, all reads are compared to all other reads before any assembly is 
performed. The best matches are then assembled first to obtain the best overall 
assembly possible (Phrap). This will result in better assemblies, but require more 
computational power. These two methods can be described to two ways of putting 
a jigsaw puzzle together: either starting with one piece and finding the pieces that 
fit it before moving on to the next piece, or looking at all the pieces and working 
out how they all fit together, simultaneously. The second approach would, of 
course, be impossible without computational assistance if there were any more 
than a few pieces.  
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Quality values are a useful asset when assemblies are being made. For instance, 
deviation at a corresponding base between two similar reads may be due either to a 
sequencing error, or to the reads originating from different parts of the DNA 
sequence, despite their similarity (for example they may be two copies of a 
repeat). When one or both bases have low quality assignations the difference can 
usually be attributed to sequencing error, but if they both have high quality values 
they should probably not be assembled together. When several copies of similar 
repeats are present in a sequence the assembly process will become very difficult 
and most programs will produce faulty assemblies. However, software has been 
specifically developed to resolve these regions (TRAP), for example by producing 
multiple alignments and comparing the sequence in defined nucleotide positions 
(DNPs). These positions are then used to group the reads into different copies of 
the repeat.  
 

6.3 Comparing sequences 
 
A large number of alignment tools that can be used for aligning short, similar 
nucleotide or amino acids sequences have been developed. The main differences 
between alignment tools and assembly tools are the nature of their inputs and 
purpose. Assembly tools are used to put fragments of a common template together, 
forming a consensus sequence, while alignment tools compare consensus 
sequences from different templates. Some of the alignment tools can only handle 
pair-wise alignments, while other can handle multiple sequences (for example 
CLUSTALW). They use different algorithms, but if the differences between 
sequences are small most will perform well. In this case the major discernable 
difference between the tools is in the output format and the way the results are 
displayed. The best choice for a particular alignment depends mainly on the 
purpose of the alignment and what is to be done with the data afterwards. 
 
Large DNA sequences, for example complete bacterial genomes from different 
species or strains, are more difficult to align correctly. Problems arise partly from 
the larger number of bases to be compared, but mainly from the presence of 
insertions/deletions and rearrangements. Most traditional alignment tools have 
difficulties handling large gaps in one or more sequences, but several software 
packages have been developed to solve these problems (including 
AVIDA/MAVIDA, BlastZ, MGA and MUMmer). In order to extract useful 
information from these long alignments, new visualization tools have also been 
introduced (PipMaker and VISTA), but both the alignment and visualization 
packages could be improved significantly in terms of user friendliness and 
performance. 
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Table 1. Software tools for quality assessment, assembly and alignment. 
 

Function Name Web address Reference 
Quality 
assessment 

Phred http://www.phrap.org/ (Ewing and Green 
1998; Ewing et al. 
1998) 

Gap4 (Staden) http://www.mrc-
lmb.cam.ac.uk/pubseq/ 

(Bonfield et al. 1995) 

Phrap http://www.phrap.org/ (Gordon et al. 1998) 

Assembly 

TRAP  (Tammi et al. 2002; 
Tammi et al. 2003) 

AVID/MAVID http://baboon.math.berkeley. 
edu/mavid/ 

(Bray et al. 2003; 
Bray and Pachter 
2003) 

BlastZ http://bio.cse.psu.edu/ (Schwartz et al. 
2003b) 

CLUSTALW http://www.ebi.ac.uk/clustalw/ (Thompson et al. 
1994) 

MGA http://bibiserv.techfak.uni-
bielefeld.de/mga/ 

(Hohl et al. 2002) 

Alignment 

MUMmer http://www.tigr.org/software/
mummer/ 

(Delcher et al. 1999; 
Delcher et al. 2002) 

(Multi) 
PipMaker 

http://bio.cse.psu.edu (Schwartz et al. 2000; 
Schwartz et al. 2003a) 

Visualization 
of long 
alignments VISTA http://www-gsd.lbl.gov/vista/ (Mayor et al. 2000) 
 

6.4  Annotation 
 
One of the major challenges for any genome-sequencing project is to identify and 
annotate all coding and regulatory regions (Stein 2001). Full understanding of a 
genome requires annotation at nucleotide, protein and process levels. 
 
Nucleotide-level annotation starts with mapping known genes, gene tags and other 
markers using for example BLASTN or SSAHA. This process connects the 
genomic sequence with any pre-existing physical or genetic maps. Gene finding is 
also a major part of the nucleotide-level annotation. In prokaryotic genomes this is 
a fairly straightforward procedure, in which open reading frames (ORFs) 
exceeding a specified threshold length, are identified and start and stop codons are 
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verified. Prokaryotic genomes consist mainly of coding sequence, which simplifies 
this process. In eukaryotic genomes, especially of higher organisms, only a small 
proportion of the genome encodes genes. Together with the more problematic 
gene design of eukaryotes, in which genes are split into several exons divided by 
introns, this significantly complicates gene finding. A number of software 
algorithms have been developed to predict genes in eukaryotic genomes (for 
example GeneMark.hmm, Genie, GENSCAN and Grail), but they are still far from 
optimal. Sequences of known transcribed sequences can be very useful in 
predicting genes. Data from cDNA or EST sequencing projects can be compared 
with the genomic sequence in order to identify similarities. The most powerful 
method for predicting protein-coding regions in a genome is to combine ab initio 
gene predictors with similarity data (using, for example GenomeScan and 
Grail/Exp). There are a number of other features that are of interest in a genome, 
for example non-coding RNAs and regulatory regions. Non-coding RNAs are 
generally found by similarity searches, although certain characteristic secondary 
structures can be sought instead (elements of tRNAs, for instance). Unfortunately, 
similarity searches will only identify those RNAs that are already known, and 
there are probably a large number of small RNAs that have not yet been identified. 
The same is true for regulatory regions, where known transcription factor binding 
sites can be found by similarity searches, but many regulatory regions remain 
unknown. By comparing two species, e.g. human and mouse, it is possible to 
identify conserved intergenic regions that could represent regulatory regions.  
 
In protein-level annotation attempts are made to create a catalogue of the proteins 
in an organism. This catalogue should contain the name and putative function of 
each protein. To date, only a fraction of the genes found during the nucleotide-
level annotation of an organism corresponds to known, well-characterized 
proteins. One reason for this is the simple fact that DNA is easier to characterize 
than proteins. Usually, attempts are made to group the vast number of unknown 
proteins into protein families. This is accomplished by similarity searches against 
protein or protein domain databases (for example SWISS-PROT, PFAM, 
PROSITE and SMART). During evolution protein genes are sometimes 
duplicated, followed by divergence of the copies, leading to the formation of 
paralogue genes. These are similar in sequence, but can have completely different 
functions. Separating orthologue genes (which are descendants from the same 
ancestral gene rather than originating from a duplication) from paralogues can be 
very difficult, and human curation of the protein families is usually needed.  
 
Perhaps the most difficult part of annotating a genome is the process-level, or 
functional, annotation. The aim here is to describe how the proteins encoded by 
the genome relate to metabolism, the cell cycle, cell death and so on. A standard 
vocabulary, called gene ontology (GO), describing the function of eukaryotic 
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genes has been developed (http://www.geneontology.org/). This vocabulary is 
used to describe the proteins at molecular function, biological process and cellular 
component levels. “Molecular function” is concerned with aspects such as the 
enzymatic activity of the protein, while “biological process” describes the broader 
system in which the protein participates. “Cellular component” describes the 
subcellular location of the protein. Computational comparison of sequences is 
often not sufficient for full functional annotation, and additional investigations 
may often be required, for example microarray analyses, to gather information on 
the roles that proteins play in specific physiological processes. 
 
Table 2. Software tools for annotation. 
 

Function Name Web address Reference 
Blastn http://www.ncbi.nlm.nih.gov/

BLAST/ 
(Altschul et al. 
1990) 

Similarity 
searches 

SSAHA http://www.sanger.ac.uk/Software/
analysis/SSAHA/ 

(Ning et al. 
2001) 

GeneMark.hmm http://genemark.biology.gatech.edu
/GeneMark/ 

(Besemer and 
Borodovsky 
1999) 

Genie http://www.fruitfly.org/seq_tools/
genie.html 

(Reese et al. 
2000) 

GENSCAN http://genes.mit.edu/GENSCAN. 
html 

(Burge and 
Karlin 1997) 

Ab initio gene 
prediction 

Grail http://compbio.ornl.gov/Grail-1.3/ (Uberbacher and 
Mural 1991) 

GenomeScan http://genes.mit.edu/genomescan/ (Yeh et al. 2001) Gene 
predictions 
using 
similarity data 

Grail/EXP http://compbio.ornl.gov/grailexp/ (Xu and 
Uberbacher 
1997) 

PFAM http://pfam.wustl.edu/ (Bateman et al. 
2000) 

PROSITE http://www.expasy.org/prosite/ (Hofmann et al. 
1999) 

SMART http://smart.embl-heidelberg.de/ (Ponting et al. 
1999) 

Protein 
databases 

SWISS-PROT http://www.ebi.ac.uk/swissprot/ (Schuler 1997) 
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PRESENT INVESTIGATIONS 
 
 
 

This thesis is based on four papers, three of which describe the development of 
two new methods for purifying DNA, while the fourth describes an effort to 
compare the cag pathogenicity island (PAI) in four Helicobacter pylori strains. 
Both of the developed purification techniques utilize magnetic beads, which are 
ideal for automation, but exploit different strategies to capture the DNA. However, 
both techniques were unsuitable for the approach used to sequence the 40 kb 
region in H. pylori, where specific primers were used to PCR-amplify overlapping 
sections. The first purification technique requires all of the samples to contain the 
same vector specific sequence, making it impossible to use for primer walking or 
directed PCR approaches. The second technique requires biotinylated primers, 
which are too expensive when hundreds of primers have to be used. Both 
techniques were developed as tools for purifying cloned inserts, which is an 
important step in high throughput sequencing strategies. In the subsequent sections 
these purification techniques are described, then some background concerning H. 
pylori and the cag PAI is given, followed by a description of the strategy used for 
sequencing this region and a presentation of the results obtained with it. 
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7 Solid-phase purification of DNA 
 
As sequencing capacity requirements increase, so does the importance of 
automated solutions. Solid-phase techniques for purifying of biomolecules such as 
DNA are easy to automate, especially if magnetic beads are used as the solid-
phase. A number of different methods have been developed for the purification of 
PCR or cycle sequencing products. In this thesis two different purification 
strategies that can be applied to cycle sequencing products are presented: a 
hybridization technique (Paper I and II) that is suitable for multiplex sequencing 
reactions, and a technique utilizing streptavidin to capture biotinylated DNA 
(Paper III). The major breakthrough incorporated into the second approach is a 
step allowing biotinylated biomolecules to be released from a streptavidin-coated 
support without denaturation. 
 

7.1 Hybridization based technique for the purification 
of cycle sequencing products 

 
Hybridization between oligonucleotides and their complementary nucleic acid 
targets is used in numerous applications, for example PCR amplification, cycle 
sequencing, nucleic acid blotting and microarrays. In studies described in Papers I 
and II, oligonucleotides coupled to magnetic beads were used for the purification 
of cycle sequencing products. Previous methods using probes on magnetic beads 
to capture single-stranded template prior to sequencing have relied on long capture 
probes (Fry et al. 1992) or triple-helix formation (Johnson et al. 1996) in order to 
stabilize the hybridization complexes. Here, we have used shorter adjacently 
annealing modular probes instead. The stabilizing effect of modular probes is 
shown in Paper I, but it has also been evaluated in more detail in previous studies 
(Lane et al. 1997; Raja et al. 1997; O´Meara et al. 1998a; O´Meara et al. 1998b; 
Nilsson et al. 1999). It has been suggested that the increased stability arises from 
van der Waals forces between adjacent nucleotides, together with an opening up of 
secondary structures in the target sequence. Even a one-base gap between the 
modular probes significantly decreases the stability of the complex. 
 
Paper I describes the purification technique, which was then further developed and 
applied to multiplex cycle sequencing reactions reported in Paper II. A capture 
probe, covalently coupled to a paramagnetic bead, and an adjacently annealing 
modular probe were designed to hybridize between the primer site and the insert 
on the cycle sequencing products (figure 13A). Different sets of probes were 
added in an iterative fashion as outlined in figure 13B in order to purify multiplex 
sequencing products. 
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Figure 13. Purification of multiplex cycle sequencing products. A) Two probe sets 
were designed to anneal between the primer site and the insert. B) Duplex cycle 
sequencing was performed by adding two primers. One probe set at a time was 
then added in order to iteratively capture the corresponding sequencing products. 
The asterisked supernatant (*) corresponds to a normal single cycle sequencing 
reaction. 
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In figure 14 the results from the purification of single, duplex and quadruplex 
cycle sequencing reactions are presented (unpublished data). In the latter case the 
cycle sequencing products were obtained simultaneously from two directions on 
two different templates. This purification strategy has five major advantages. First, 
any type of sequencing chemistry and any sequencing primer can be used to 
generate sequencing products. Second, non-incorporated primer or misprimed 
sequences are not captured, which reduces background signals and increases the 
accuracy. Third, the sequencing templates can be plasmids, PCR products, M13 or 
even BACs, as long as they contain vector-specific sequence. If double-stranded 
template DNA is used it will not be co-purified, which is an advantage since 
excess template can interfere with capillary sequencing. Fourth, multiplex cycle 
sequencing products can be iteratively purified due to the specificity of the 
technique. This reduces costs as well as instrument and handling times per sample. 
Fifth, the beads are easy to regenerate in an automated fashion and can be re-used 
at least 12 times, which results in low reagent costs for the purification. 

Figure 14. Results from single, duplex and quadruplex cycle sequencing reactions. 
Two vectors were used for the quadruplex reaction (pUC18 and pBluescript), but 
here the results from only one of the vectors (pBluescript) are shown. 
 

7.2 Purification using the biotin-streptavidin system 
 
The biotin-streptavidin system is the strongest non-covalent biological interaction 
known, with a Kd of 4·10-14 (Savage 1992). This has been exploited in a variety of 
applications in research and diagnostics, where streptavidin can be coupled to a 
solid phase while biotin is coupled to the moiety of interest. Harsh conditions, 
such as formamide at high temperatures, are generally required to separate the 
biotin from the streptavidin resulting in denaturation of the streptavidin molecule. 
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A B 

 
Figure 15. Purification of A) PCR products and B) cycle sequencing products 
using streptavidin beads. The beads can be regenerated due to the non-denaturing 
elution conditions used. 
 
In Paper III a technique for the non-denaturing release of biotin from streptavidin 
was investigated. Surprisingly, this could be accomplished with non-ionic aqueous 
solutions at elevated temperatures. The purification of both PCR products and 
cycle sequencing products is described in the paper. Briefly, the PCR or cycle 
sequencing reaction was performed using one biotinylated primer (figure 15). The 
resulting product was captured on the streptavidin beads and the complex was 
washed. Elution was then accomplished by heating to 70ºC for one second in 
deionized water. The washing was important in order to remove salt, which 
significantly reduces the elution efficiency even at low concentrations. Divalent 
salts, like MgCl2, are especially detrimental to the release of biotin from 
streptavidin, as can be seen in figure 16. Analyses in which the beads were 
subjected to two consecutive elutions clearly showed that no DNA remained on 
the beads after elution (figure 17). The relatively mild elution ensured that both the 
streptavidin and the biotin remained intact, enabling regeneration of the 
streptavidin beads. 
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Figure 16. Effect of different salts on elution efficiency. 
 
Purification using this method has been employed for the preparation of PCR 
products for printing microarrays (Wirta unpublished). A modified version of this 
technique has also been used in the preparation of single stranded templates for 
pyrosequencing. After capturing PCR products on streptavidin beads, the complex 
is treated with sodium hydroxide in order to separate the two strands. The non-
biotinylated strain is discarded and the beads are washed prior to elution of the 
biotinylated strand (Holmberg unpublished). Further possible applications include 
solid-phase cloning and the purification of genomic DNA. 
 
 

igure 17. Elution efficiency. A) Biotinylated PCR product was bound to 

while the peak between70 and 75 seconds corresponds to PCR product. 

F
streptavidin beads and then eluted after washing. B) The beads were then 
subjected to a second elution. Peaks at 35 and 85 seconds correspond to markers, 
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7.3 Comparison of the two techniques 
 
Both techniques utilize magnetic beads as a solid-pha
automated on similar workstations (Magnatrix 8000 for

se and they have been 
 the hybridization assay 

nd Magnatrix 1200 for the streptavidin assay, both from Magnetic Biosolutions, 

 Comparative sequencing of H. pylori 

ogenicity island 
human pathogen 

at causes a number of gastric diseases, and therefore the understanding the 

obacter species have been isolated from a 
nd Loiseaux-De Goer 2002). The human 

athogen H. pylori was cultured for the first time by Barry Marshall and Robin 

a
Stockholm, Sweden). It might seem redundant to develop two quite similar 
methods, but they both have distinct advantages. The hybridization technique has 
the advantage of specificity, which allows for purification of multiplex cycle 
sequencing products. It also removes excess primer and misprimed sequencing 
products, which could interfere with the electrophoresis. Using streptavidin beads 
to capture biotinylated molecules is a more flexible approach, since the same 
beads can be used together with any biotinylated product, and the strong 
interaction allows more stringent washes. Both methods have the possibility of 
regenerating the beads, leading to significantly reduced reagent costs. 
 
 

8
 
Paper IV in this thesis describes a comparison of the cag path
(PAI) in four clinical isolates of H. pylori. H. pylori is a common 
th
bacterial virulence factors and their impact on pathogenicity is of great 
importance. Two isolates were obtained from patients with gastric cancer and two 
from patients with duodenal ulcers. By selecting isolates from patients of the same 
age and sex as well as from the same geographic region (Enroth et al. 2000), the 
effects of host and environmental factors were minimized. 
 

8.1 Helicobacter pylori 
 
To date, 26 formally named Helic
number of mammals (Gueneau a
p
Warren in 1982 (Marshall and Warren 1984). H. pylori is a spiral-shaped, 
microaerophilic, Gram-negative rod with unipolar sheathed flagella (figure 18A) 
(Lee et al. 1993; Covacci et al. 1999). It is primarily found in the antrum, but 
sometimes also in the duodenum or corpus of the human stomach (figure 18B) 
where it colonizes the mucus lining of the gastric epithelium. Approximately half 
of all humans in the world are infected with H. pylori, but the numbers are higher 
in developing countries and lower in industrialized countries, thus low 
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socioeconomic status is associated with increased prevalence of infection 
(Parsonnet 1995; Pounder and Ng 1995; Mitchell 2001). Infection usually occurs 
early in life and it is chronic if not treated (Mitchell et al. 1992; Miyaji et al. 
2000). H. pylori is believed to be spread through person-to-person contact, but 
further studies are needed to clarify the route of transmission (Covacci et al. 1999; 
Mitchell 2001; Björkholm et al. submitted). 
 
 

Figure 18. m with 

 

rally accepted. Infection by H. pylori 
lways leads to inflammation, but in some individuals peptic ulcers or even gastric 

 Schematic pictures of A) H. pylori, a spiral shaped bacteriu
unipolar flagella and B) a human stomach. 

The link between H. pylori and gastro/duodenal disease was at first met with 
skepticism (Blaser 1987), but is now gene
a
cancers develop (Lee et al. 1993). The formation of duodenal ulcer seems to be 
mutually exclusive to gastric ulcer or cancer. H. pylori predominantly colonizes 
the antrum of the stomach where there are no acid-producing parietal cells. 
Overproduction of acid can lead to acid leaking into the duodenum where 
intestinal cells are then replaced by gastric epithelial cells. This, in turn, enables H. 
pylori to colonize the duodenum and leads to an increased risk of duodenal ulcers. 
If, instead, the acid production is lower than normal, H. pylori can colonize the 
corpus, normally protected by low pH. This occurs during atrophy development in 
the corpus when the number of parietal cells decreases resulting in an increase of 
pH. The epithelium then changes to an antrum-like structure, allowing H. pylori to 
colonize the corpus and thus increasing the risk of both gastric ulcers and gastric 
cancer in the corpus (Israel and Peek 2001). Gastric cancers are the third most 
common form of cancer (Parkin et al. 2001), surpassed in frequency only by lung 
cancer and breast cancer, and H. pylori is classified as a class 1 carcinogen in 
humans (IARC 1994). 
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H. pylori strains isolated from unrelated individuals rarely have the same genetic 
fingerprint when analyzed by, for example, PFGE (Alm and Trust 1999). In 1999, 
H. pylori became the first species for which two unrelated strains had been fully 

 

ular chromosomal regions called 
 virulent strains of the bacteria, 

ut absent or only sporadically present in less pathogenic strains. The PAIs often 

sociated with severe gastric diseases 
kenoue et al. 2001; Stein et al. 2001). The cag PAI is an approximately 40 kb 

sequenced (Alm et al. 1999). Strain 26695 was isolated from a British gastritis 
patient (Tomb et al. 1997), while strain J99 was isolated from an American 
duodenal ulcer patient (Alm et al. 1999). Comparison of the two completely 
sequenced genomes showed that much of the variation consisted of point 
mutations in the third base of the codons, and therefore had no impact on the 
expressed proteins. On the other hand, 7% of the genes were unique to the 
respective strains, indicating that more fundamental rearrangements of the genome 
do occur (Alm et al. 1999; Alm and Trust 1999; Doig et al. 1999). Most of the 
strain-specific genes were found in the two plasticity zones (PZ), which have a 
different G+C content compared to the rest of the genome, indicating horizontal 
transfer (Alm et al. 1999; Salama et al. 2000).  
 

8.2 The cag pathogenicity island
 
Bacterial virulence traits can be encoded by partic
pathogenicity islands (PAIs). PAIs are present in
b
differ in G+C content compared to the rest of the genome, and are flanked by 
direct repeats or insertion sequence (IS) elements (Hacker et al. 1997). The 
presence of cryptic “mobility” genes, such as integrases, transposases, oris of 
plasmids or IS elements, indicate that they were probably acquired through 
horizontal transfer. PAIs are often somewhat unstable and partial or complete loss 
of the PAI is common (Hacker et al. 1997). 
 
In H. pylori a PAI, named cag after the cytotoxin associated gene (cagA), can be 
found in more than 90% of all strains as
(I
genetic element flanked by 31 bp direct repeats, containing 27 genes, as shown in 
figure 19 (Censini et al. 1996; Akopyants et al. 1998; Stein et al. 2001). The 
flanking direct repeats are identical to the core sequence of the left and right arms 
of the IS element IS605, the second repeat is also the end of the glr gene (Censini 
et al. 1996; Stein et al. 2001). In some strains the cag PAI is split into two parts, 
either by an IS element or by two IS elements together with intervening DNA 
(Censini et al. 1996; Akopyants et al. 1998; Stein et al. 2001).  
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Figure 19. Overview of the cag PAI. The locations of the 31 bp flanking repeats 
are marked by the black arrows. Grey arrows mark genes and point in their 
direction of transcription. Known homologs are listed just below the arrows. A 
number of different naming schemes have been used for the cag genes. The most 
common is the one used for strain 26695, designating the genes HP0520 to 
HP0547. 
 
 
The cag PAI encodes a type IV secretion system (TFSS), involved in a number of 
pathogenic processes, for example IL-8-induction and conformational changes of 
epithelial cells (Fischer et al. 2001; Stein et al. 2001). The CagA protein, encoded 
by the HP0547 gene (cagA) in the cag PAI, is translocated into the host cells by 
the TFSS. Once inside the host cell it is tyrosine phosphorylated, which starts a 
cascade of host responses, eventually leading to morphological changes called the 
scattering phenotype (Segal et al. 1999; Odenbreit et al. 2000; Stein et al. 2000; 
Fischer et al. 2001; Stein et al. 2001; Selbach et al. 2002). About half of the genes 
in the cag PAI, not including cagA, are also involved in the induction of 
expression and secretion of the chemokine Interleukin-8 (IL-8) by the host cells 
(Censini et al. 1996; Fischer et al. 2001; Stein et al. 2001; Selbach et al. 2002). It 
has been proposed that this induction is caused either by translocation of a second 
effector molecule or by the binding of the secretion apparatus to host cells 
receptors (Stein et al. 2001; Selbach et al. 2002). IL-8 induces the inflammatory 
response of the host.  
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8.3 Strategy for comparing the cag PAI in four clinical 
isolates of H. pylori 

 
Isolates of H. pylori were obtained from patient biopsies and genomic DNA was 
prepared after minimal rounds of culturing. Since H. pylori has been completely 
sequenced twice, directed sequencing of a specific genomic region was possible 
without subcloning or mapping. The two cag PAI sequences obtained from the 
completed genomes were aligned, and primers for PCR and sequencing were 
designed using this alignment as a template (figure 20). The primers were mainly 
located in regions where the two genomes agreed and care was taken to avoid 
repetitive sequences. In order to obtain a satisfactory coverage of the region, 
primers were designed to produce PCR products of approximately 700 bp with 
100 bp overlap between adjacent PCR products. Sequencing in both directions was 
then performed using the same primers as in the PCR and the obtained sequences 
were assembled into contigs. 
 
A number of PCR reactions failed on one or more of the four strains. Analysis of 
the obtained sequence data showed that this was mainly due to nucleotide 
variation between different H. pylori strains. Therefore, new sets of primers were 
designed using the strain-specific sequences obtained in order to close the gaps 
between the contigs. Some regions were impossible to amplify with PCR due to 
either repetitive sequences or large insertions of unknown sequence. These regions 
were analyzed using cycle sequencing directly on genomic DNA. Even then, it 
proved impossible completely resolve two regions. One of them, in the middle of 
gene HP0527 and approximately 3 kb long, consisted of previously described 
repetitive units (Liu et al. 1999), making directed sequencing impossible. The 
second region was only present in one of the strains and seemed to be a very large 
insertion or rearrangement of DNA from other parts of the H. pylori chromosome 
(further discussed below). 
 
When the cag PAI had been assembled for each strain individually, the consensus 
sequences could be compared. The four sequences (each consisting of two or three 
contigs) were aligned together with the cag PAI sequence from the two completed 
genomes of strains 26695 and J99 using multi PipMaker software (Schwartz et al. 
2000). Localization of the cag PAI genes was straightforward since the completed 
genomes had already been annotated. The open reading frames were translated 
into amino acid sequence and compared. Differences between the strains included 
single nucleotide differences, insertions/deletions, insertion sequence elements (IS 
elements) and major rearrangements.  
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Figure 20. Strategy for comparing the cag PAI of four different H. pylori strains. 
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8.4 Nucleotide and amino acid sequence variation 
 
When the nucleotide sequences of each gene were compared in the four sequenced 
strains, the detected variation ranged from 1.3% to 6.5%. The corresponding 
variation for the amino acid sequence ranged from 0.3% to 10.3%. If a nucleotide 
variation occurs in the third base of the codon it will not always affect the encoded 
amino acid sequence, due to the degenerative genetic code. A totally random 
distribution of nucleotide mutations would result in roughly 67% affecting base 
one or two in the codons involved, and thus be non-synonymous. In the cag PAI 
of H. pylori the fraction of non-synonymous mutations ranges from 6% in gene 
HP0525 to 64% in gene HP0547. This suggests that the amino acid sequence 
encoded by some genes cannot be altered, without loss of viability, i.e. the 
structure of the protein must be conserved to maintain functionality, but other 
genes can be mutated more freely. Interestingly, the gene product of HP0547 
(CagA), which has the highest frequency of non-synonymous mutations, is 
translocated into the host cells, where it triggers a number of cellular responses. 
For this protein, variation might be advantageous in order to allow adaptation to 
new hosts. Other proteins forming the core structure of the TFSS, allowing CagA 
translocation, are less prone to mutation. 
 
A number of small insertions or deletions, each comprising only a few bases, can 
be found when comparing the four strains. The vast majority of these are located 
in the non-coding regions between genes. Only a few are located intragenically, 
and only one of them disturbs the reading frame of a gene (HP0536 in Ca73, one 
of the strains obtained from a cancer patient) while the others are in multiples of 
three bases. It is difficult to judge the importance of nucleotide variations in 
intergenic regions, including promoter regions, since very little is known about the 
regulation of gene expression in H. pylori. 
 

8.5 Major rearrangements 
 
A number of major rearrangements were found in the four studied H. pylori 
strains. An IS element was located in one of the strains (Ca52) obtained from a 
cancer patient. This IS element has previously been described in a different strain 
at another location of the cag PAI. Since the IS element in Ca52 was located 
between two clusters of genes, both transcribed towards the IS element, it should 
not have any effect on the expression of the cag genes. It was also shown that all 
four strains were able to translocate CagA and induce IL-8 in host cells, indicating 
functional cag PAIs.  
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One of the strains obtained from a duodenal ulcer patient (Du52:2) harbored a 
major rearrangement near the 3’ end of the cag PAI. This rearrangement was not 
completely resolved due to its size and the presence of duplicated sequences. 
When primer walking was performed from the 5’ end, genes HP0509 and HP0510 
were found. These genes are located upstream from the cag PAI in other strains. 
Primer walking from the 3’ end revealed a duplication of the end motif of the cag 
PAI, together with the remnants of an IS element. There are at least two possible 
explanations for this feature: DNA including at least one duplication may have 
been inserted into the cag PAI, or a chromosomal rearrangement may have 
occurred. Further investigations are needed in order to determine the exact nature 
of this region. 
 
Perhaps the most surprising finding in these four newly sequenced strains was that 
three of them contained a novel gene, while the fourth had a deletion of the 
corresponding region. This new gene, HP0521B, was located where the gene 
HP0521 is normally found. The gene started in the sequence preceding HP0521, 
but in a different reading frame, while its stop codon was the same as for HP0521. 
A number of additional strains were examined, either by sequencing or by PCR, in 
order to determine how common this new variant was. Approximately half of the 
tested Swedish strains harbored the novel HP0521B. The additional strains also 
showed that the region close to the stop codons of the genes was rather unstable, 
displaying a number of different one or two base insertions or deletions. The 
resulting frame shifts have led to variation in the N-terminal regions of the 
translated proteins and resulted in the co-translation of HP0521 and HP0522 in 
two strains. 
 
Even though the cag PAI has been extensively studied and several variable regions 
have been previously characterized there is still much to discover. This study 
shows the immense variability that can occur between different bacterial strains, 
even within the same species. Therefore, sequencing of one complete genome of a 
microbial organism provides a far from complete description of the species’ 
nature. 
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9 Concluding remarks 
 
Even though the landmark accomplishment of sequencing the human genome is 
now more or less completed there is still a need for further development of the 
techniques used for genome analysis. Recently a prize was announced that will be 
awarded to those who enable the human genome to be sequenced for $1000 or 
less. Achieving this goal will probably require the development of an alternative 
approach to Sanger sequencing, where single molecule sequencing is one 
candidate. Never the less improved approaches to conventional sequencing will 
probably be needed for years to come, until a new method has been developed and 
implemented. The focus of the genomic field is now shifting towards comparative 
genomics either between species or between individuals of the same species. In 
this thesis the virulence associated cag PAI from four strains of H. pylori has been 
compared. The results show that even in a rather well studied region of a genome 
there are novel features, especially in prokaryotes where the variability is often 
high. 
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