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Abstract

DNA sequence alignment is one of the most common bioinformatics tasks.
Alignment analysis for eukaryotic genomes is challenging because the datasets
are large. Repeat sequences also make the analysis difficult. This thesis de-
scribes new methods which we have developed for DNA sequence alignment
that address these problems. We have applied these new methods in chicken
and Trypanosoma cruzi genome analysis projects, and this publication also de-
scribes the result from these projects.

Most alignment programs use a seed and extend method, where subsequences
(seeds) are used to locate potential alignments that are verified. There is a trade-
off between sensitivity and specificity in the seeding process, as short seeds are
inefficient in eliminating spurious matches and long seeds are more likely to omit
true alignments in the presence of sequencing errors and polymorphisms. We
developed an approximate seed matching algorithm which reduces the impact
of this tradeoff by allowing mismatches within the seeds. Approximate seed
matching allows the use of long seeds, which results in high specificity in the
seeding and a faster alignment program. At the same time, sequencing errors
and polymorphisms between the sequences do not reduce sensitivity.

The chicken is both an important agricultural source of protein and model
organism in biological research. The genome sequencing of the wild ancestor of
domestic chickens have offered an opportunity to study genetic factors involved
in domestication. Sequences from three domestic chicken breeds were available
for comparison to the genome sequence. We used this data to find signs of
selective sweeps between wild and domestic chickens by searching for regions
with low diversity within domestic breeds. The results showed no evidence of
large, domestic-specific sweeps. These findings indicate substantial sequence
variation within chicken breeds.

Copy number variation is emerging as an important source of genotypic and
phenotypic variation in humans. We investigated the presence of such struc-
tural variation in the chicken genome through array comparative genome hy-
bridizations of different chicken breeds. The results show extensive copy number
variation, in some cases unique to domestic chickens.

Trypanosoma cruzi is a protozoan parasite which causes Chagas disease. It
has interesting biological features, including a genome structure with many re-
peated genes. Genes are often repeated in tandem arrays, including surface
antigen genes and house-keeping genes. The genome assembly shows numerous
gaps and collapsed gene copies. We investigated the copy number of the anno-
tated genes and found the gene content of T. cruzi to be even more repetitive
than previously thought.

The genome analysis studies described in this thesis validated the DNA
sequence alignment methods we have developed, and have provided important
information for the chicken and T. cruzi research communities.
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AIDS acquired immune deficiency syndrome
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BGI Beijing Genome Institute

bp base pairs
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DNA deoxyribonucleic acid
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Gb gigabase - 1 000 000 000 nucleotides

kb kilobase - 1 000 nucleotides

Mb megabase - 1 000 000 nucleotides
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SNP single nucleotide polymorphism
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Chapter 1

Introduction

It has been more than 50 years since Watson and Crick discovered the helical
structure of deoxyribonucleic acid (DNA) [1]. DNA consists of a sugar backbone
supporting nucleotide bases. There are four different nucleotides, commonly
abbreviated A, T, C and G. The nucleotides bind exclusively, A to T and C to G,
making one strand of DNA complementary to the other. This complementarity
is crucial in the duplication of DNA and the transcription of DNA to ribonucleic
acid (RNA).

The sequence of DNA encodes all the information necessary for survival and
reproduction for an organism. It is stored as chromosomes in the cell nucleus
and is in its entirety called the genome. The word genome is a mix of the
words gene and chromosome. A schematic view of a genome, from its storage
as chromosomes in a cell nucleus to the double-helix of the DNA molecule, is
shown in Figure 1.1. Two nucleotides binding each other from one strand of the
DNA helix to the other is called a base pair. Nucleotides are sometime referred
to as bases, which is a common way to measure the length of DNA. For example,
the human genome is three gigabases, 3 Gb, which is three billion bases.

A gene is a hereditary unit of DNA. It includes a promoter, which controls
the transcription of the gene, exons, which are the pieces of the genes that
are part of the mature RNA, and introns, which are transcribed pieces of the
gene later spliced from the RNA and hence not part of the mature RNA. There
are genes without introns, and genes sharing promoters. Genes can be protein
coding or non-protein coding, where the RNA is the end product. Figure 1.2
shows the DNA structure of a gene.

Protein coding genes are transcribed into RNA, which is translated into
amino acid sequence through three-base codons. If the gene has exon/intron
structure, the intronic sequence is spliced out before translation into protein.

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Organization of a genome. Image credit: NHGRI Talking Glossary of
Genetic Terms

Figure 1.2: Organization of a gene. Im-
age credit: NHGRI Talking Glossary of Ge-
netic Terms

Today, DNA sequences are famil-
iar structures. Researchers produce
them daily through a process called
sequencing, and compare them to get
information about an organism, a se-
quence variant, or a disease. Sequenc-
ing DNA, that is determining the nu-
cleotide sequence, is the key to study-
ing the DNA sequence itself and the
genes it contains. Comparing differ-
ent DNA sequences can give informa-
tion on evolutionary relationships, de-
tect differences giving rise to normal
variation, or give information on ge-
netic disease.

The focus in this thesis is on DNA sequence comparison. DNA sequencing
will be described briefly. I will give an introduction to the field of DNA database
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search and alignment. My contributions to the field will be presented in section
6.1. They consist mainly of increasing the sensitivity in the database search.
The model organisms used in the articles presented, namely the chicken and
the protozoan parasite Trypanosoma cruzi will be introduced. An additional
focus within DNA alignments has been on repeated sequence. Thus, a short
introduction to this field is included. My contributions within the field of chicken
genomics are presented in sections 6.2.1 and 6.2.2. They concern genetic factors
involved in the domestication of chickens through the investigation of single
nucleotide polymorphisms and larger genomic rearrangements between wild and
domestic chicken breeds. A study on repeated genes in Trypanosoma cruzi will
be described in section 6.2.3.

1.1 DNA Sequencing

In the mid-20th century it became increasingly clear that biological sequences
had an essential role in living systems. Finding out the nucleotide sequence of
a molecule can give information on the amino acid sequence of genes, evolu-
tionary relationships of genes or genomes, information on genetic disease, etc.
The sequenced DNA can be a chromosome, complementary DNA (cDNA), or
any other type of sequence. Sequencing a cDNA molecule gives an expressed
sequence tag (EST), which represents an expressed RNA sequence, giving in-
formation on expression patterns in for example different stages of development
or different tissues.

At first amino acids were sequenced. In the sixties focus shifted to method
development for nucleotide sequencing. One of the first successful sequencing
projects was the 20 nucleotide ’sticky end’ of the lambda phage [2]. After some
early advances in sequencing techniques [3, 4, 5], the breakthrough came in
1977 when Frederick Sanger introduced chain-terminating inhibitors [6]. This
earned Sanger his second Nobel price in chemistry, together with Walter Gilbert.
The Nobel committee honored them for ”their contributions concerning the
determination of base sequences in nucleic acids”. They shared the prize with
Paul Berg, who was awarded half the prize for his work on recombinant DNA.

Sanger sequencing works by building a single stranded DNA molecule into
a double stranded DNA molecule by adding complementary nucleotides. The
introduction of nucleotides starts at a known short sequence, called a primer,
that binds to the DNA. DNA polymerase is used to incorporate the nucleotides
and elongate the double-stranded chain. This is done with a large number of
identical DNA molecules simultaneously. A small portion of one nucleotide
lacks the ability to link, thereby terminating the chain. That is the chain-
terminating inhibitor. When the double stranded sequences subsequently are
separated the produced strand will have terminated at all instances of the ter-
minating nucleotide. This is repeated for all four nucleotides. The fragments
can be resolved according to size in a gel, and the sequence can be read. At
first, this technique could sequence around 200 nucleotides, the gel separation
limiting the length. Today modern Sanger sequencing techniques give sequences
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up to 1 000 nucleotides. A nucleotide sequence obtained through sequencing is
often called a read.

Obstacles in the early days of Sanger sequencing included fractionation of
the DNA fragments and separation of a double stranded DNA molecule into a
sequenceable single strand. Fractionation was necessary to get a pure sample
of one DNA molecule. An impure DNA fragment sample would give ambiguous
sequences, as different sequences would have been ’read’ and mixed on the gel.
Both of these problems were solved by cloning DNA as a recombinant into a
single stranded bacteriophage [7, 8]. Fractionation could then be achieved by
cloning the phage. There were additional improvements, but essentially Sanger
sequencing is the method still used today. Instead, improvements in robotics
and data processing are advances that led to the large scale sequencing we see
today.

Sequencing is not perfect. Sequencing errors include mistaking a nucleotide
for another, skipping a nucleotide or inserting a nucleotide too many, and the in-
ability to determine the correct nucleotide. Errors are common at the beginning
and end of sequences. Long stretches of a single nucleotide are also error-prone.
Software determining the sequence from the fluorescent signals often include
error probabilities, or quality values for each nucleotide. An example is the
popular phred program [9, 10]. A common method to reduce the error rate in
a sequence is to repeat the sequencing, for example by reading the sequence in
both the forward and reverse direction. This solves random sequencing problems
but not systematic difficulties.

Many DNA sequences are longer than 1 000 nucleotides. In the earliest days
of sequencing, Holley et al. determined the first complete nucleotide sequence,
that of a tRNA. They used two different sets of fragments derived from two
different restriction enzymes and looked at overlaps between the two result sets
to piece together the tRNA sequence [11].

Sanger et al. built on this idea [8]. Random fragments from the target
sequence are sequenced to a certain depth that ensures the ability to fully re-
construct the target sequence by overlapping the fragments. This approach
is known as shotgun sequencing. Another means to obtain longer sequence is
primer walking, where a new primer is designed from the sequence obtained.
This method is preferred when the target sequence is of intermediate length,
meaning a few kb long. Shotgun sequencing can in theory be used for any
length of target sequence.

As an aid in reconstructing the target sequence, a technique sequencing both
ends of the insert in the clones was invented [12, 13]. The two sequences obtained
can be anchored in the reconstruction using the known spacing between them.
The optimal length of the inserts and the strategies for sequencing has been
investigated [14]. This strategy is called double-barrel shotgun sequencing. The
paired reads have many names, including mate pairs and paired ends.

The human genome, published in 2001, is a milestone in DNA sequencing [15,
16]. Other great achievements over the years include the first bacterial genome,
Haemophilus influenzae in 1995 [17], the first eukaryote genome, Saccaromyces
cerevisiae in 1996 [18] and the first multi-cellular organism, Caenorhabditis ele-
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gans in 1998 [19].
The goals in DNA sequencing today are the same as ever: getting faster

and cheaper. There is a goal of a $1 000 (human) genome proposed at the
14th International Genome Sequencing and Analysis Conference in 2002. The
sequencing the human genome cost around $300 million. The $1 000 genome
is, however, a goal of re-sequencing the genome. A lot of work today is in re-
sequencing of genomes rather than sequencing de novo. Re-sequencing a genome
gives information on structural variation within a species and can be used for
example for locating disease genes.



Chapter 2

DNA Comparison

Once the sequences have been obtained, the task becomes to compare them.
Sequences are compared, among other things, for evolutionary relationships, se-
quence polymorphisms or overlaps in target sequence reconstruction. Sequences
compared include shotgun reads, assembled genomes or chromosomes, EST se-
quences mapped to genomic sequence or protein sequences. Another common
task is to find sequences similar to a query sequence in a sequence database.

The following section focuses on DNA sequence comparison. Many of the
methods described do, however, compare protein sequence as well. They might
even be designed for protein sequence comparison.

2.1 Dynamic Programming

The breakthrough of modern computer algorithms for biological sequence com-
parisons came in 1970 with the paper ”A general method applicable to the
search for similarities in the amino acid sequences of two proteins” by Saul
Needleman and Christian Wunsch [20]. They concluded that visual comparison
of sequences was tedious and that significance of the results relied on intuitive
rationalization. These problems included comparisons using computers where
every possible layout of two sequences was tested and assessed [21]. The method
they introduced is still in principle the method used to compare two protein or
DNA sequences, and relies on dynamic programming.

The Needleman-Wunsch algorithm was the first example of dynamic pro-
gramming on biological sequences. Dynamic programming is a computer sci-
ence term. It solves problems that have overlapping sub-problems by breaking a
large problem into incremental steps so that optimal solutions are known to sub-
problems. In other words, dynamic programming assumes there is a recursive
solution to the problem and gives a bottom-up evaluation of the solution.

The method introduced a matrix where one sequence is represented on the
x-axis and one on the y-axis. Every position in the matrix thus represents a
pair of nucleotides. From left to right, top to bottom, the matrix is filled with

6
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scores. Each score represents the maximum score if the step taken was diago-
nal, representing a match or a mismatch, horizontal representing a gap in the
sequence on the y-axis, or vertical representing a gap in the sequence on the x-
axis. Matches, mismatches and gaps are given different scores, where the score
for a match is greater than the scores for mismatches and gaps. Simultane-
ously, a matrix storing the movements is created. When more than one possible
movement give identical scores, both are saved. It is possible to have more than
one optimal alignment between two sequences, as seen in the example in Figure
2.1. To extract the optimal alignment between the sequences, start at the right-
bottom corner of the matrix. Trace the steps back in the second matrix to get
the layout of the alignment. An example of a Needleman-Wunsch alignment is
presented in Figure 2.1.

Figure 2.1: An example of the Needleman-Wunsch algorithm. The sequences
are aligned in a matrix and each position in the matrix is filled with the scores.
Each score is the maximum of moving diagonally in the matrix, which represents
a match or a mismatch, vertically, which represents introducing a gap in one
sequence, and horizontally, which represents introducing a gap in the other
sequence. For simplicity, the traces are shown in the same matrix. Matrix 1
shows the score and traces, matrix 2 shows the traceback from the rightmost
bottom corner. In this example, there are three optimal alignments.

The Needleman-Wunsch algorithm searches for optimal global alignments.
It finds the best way to align the sequences from start to finish. In the late
seventies, a discovery led to the development of algorithms locating the optimal
subsequence alignment: the intron and exon structure of genes [22, 23]. Now,
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the objective became locating pieces of locally aligning sequences. It was also
noted that sometimes the objective was to locate repeats in the sequences, or
other matching subsequences, also indicating the need for local alignments. Af-
ter initial attempts to find local alignments [24], this was solved by arranging
the scores in the dynamic programming matrix so that the upper row and the
leftmost column do not represent a base in either sequence and are initially filled
with zeroes. Then the scores and traces are filled in as in the Needleman-Wunsch
algorithm. The scores must have different signs. That is, the match score must
be positive, while the mismatch and gap penalties are negative. To find the opti-
mal subsequence, trace the path from the highest score in the score matrix until
reaching a zero in the score matrix. This algorithm is also named after its inven-
tors, Smith-Waterman [25]. Together with the Needleman-Wunsch algorithm,
these are still the methods to find optimal alignments between sequences.

2.2 Seed and Extend Methods

Advances in sequencing techniques led to faster production of sequences and it
became common to store all sequences produced in a database. The objective
in DNA sequence comparison now shifted from not only comparing sequences
pairwise to finding similar sequences in a large set. Finding similar sequences can
reveal relationships previously unknown. Before long, it was no longer feasible
to compare a sequence to all sequences in a database. Heuristics were introduced
to decrease the search space and group similar sequences together. A common
method is to first search the database for similar sequences, using subsequences
they have in common, and subsequently align and verify the alignments using
dynamic programming.

Most database search and alignment programs work this way. A common
method to screen the database is to build a hash table of the locations of sub-
sequences. A hash table is a data structure that associates keys (subsequences)
with values (positions). It is commonly used to compress a large number of
potential values to a limited number of positions. The procedure to fill the hash
table with values is referred to as hashing. Storing the location of subsequences
is an example of hashing. Common subsequences between the query sequence
and the database sequences can be found rapidly by looking for values under
the same key. Subsequences can also be referred to as seeds, k-tuples or words.
In this thesis, seed will be used to denote a subsequence of a certain size. Se-
quences with common seeds are verified for similarity by dynamic programming
and the use of similarity cutoffs to yield the desired result.

After some early advances [26, 27] with seeds and hashing, the development
led to two commonly used programs: FASTA [28, 29] (and FASTP [30]), and
BLAST [31].

The FASTA alignment program hashes the sequence database with overlap-
ping seeds. It divides the query sequence into overlapping seeds and looks up
matches in the hash table. The matches are elongated using dynamic program-
ming in a diagonal band around the matches. The band reduces the search
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space for the dynamic programming and saves both space and calculations [32].
FASTA also calculates a score for the resulting sequence alignments, the Z score,
which compares the dynamic programming score with scores obtained with dy-
namic programming using a shuffled query sequence. The authors introduced
a file format for biological sequences, the FASTA file format, which has since
become the standard biological sequence file format.

The BLAST (Basic Local Alignment Search Tool) alignment program is the
most used alignment program. It hashes the query sequence instead of the
sequence database. The sequence database is traversed to locate matches to
the seeds in the query sequence. This is done rapidly using computational
improvements in database scanning. This approach saves memory, as the hash
table becomes much smaller. Using the hardware the program initially was
tested on, the database scan is faster than the hash table lookups. BLAST uses
a threshold on the number of one seed allowed to remove common seeds and
reduce the number of dynamic programming verifications. The rationale for
this cutoff is that common seeds arise from repetitive sequence and are hence
non-statistically significant matches. The matching seeds are extended in both
directions as far as possible without gaps in the alignment. Only if a high-scoring
match is found, dynamic programming is used to find the optimal alignment.

The authors also introduced a statistical measurement on the significance
of the alignment, the expect (e) value. The e-value describes the number of
hits the user expects to see by chance, given the database size. It gives low
values for repeated sequence and cannot separate discrepancies from sequencing
errors. Another means to indicate the significance of the results is through
percent identity. This measurement also does not take sequencing errors into
account, and is thus only reliable as an indication of sequence similarity. We
have developed a statistical method to separate true and false alignments using
phred quality values that eliminates the need for both e-values and identity
cutoffs. This method is described in paper II, section 6.1.2.

The BLAST alignment program has, since its publication, developed into
a family of alignment programs. There are nucleotide search, protein search,
nucleotide to protein search programs, and many more. There have been im-
provements in the algorithm and new algorithms introduced [33]. A review on
the BLAST algorithms, including a guide to which program to use and which
database to search against, has been published by McGinnis and colleagues [34].

There have also been improvements in the dynamic programming algorithms.
These improvements include reducing the search space from quadratic to linear
space through a divide and conquer approach where sections of the dynamic
programming matrix are investigated separately [35].

2.3 Modern Alignment Programs

As the datasets grow larger and larger, the need for more efficient alignment
algorithms grow as well. One way to increase the efficiency of an algorithm has
been to specialize the use. Specializing the alignment algorithm also speeds up
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the parsing and interpretation of the results. The user can choose the algorithm
that suits his or her needs and the algorithm developer can focus on streamlining
the program for that special case. Examples include BLAST-like alignment tool
(BLAT) [36], MegaBLAST [37] and BLASTZ [38].

One of the most challenging problems in DNA alignment algorithms using
hashing is the tradeoff between sensitivity and specificity controlled by the seed
size. Choose a short seed size, and the sensitivity will be high, but the specificity
in the hashing low. In contrast, a long seed size will give a high specificity, as the
probability of two random sequences having a common seed decreases. However,
a long seed size will give a low sensitivity in the presence of sequencing errors
and/or other differences between the sequences. Very similar sequences will
have long subsequences in common, while more divergent sequences will not.

BLAT is designed to align EST sequences to a genome sequence. This task
requires finding subsequences (exons) in the EST sequence aligning to the ge-
nomic sequence and link these sub-alignments together. BLAT is faster than
BLAST but sacrifices sensitivity for attaining this speed [38]. BLAT keeps the
sequence database (e.g. the genome sequence) hashed, thereby saving time by
not traversing the sequence database for each query. Another program that
specializes in cDNA alignment is sim4 [39].

The second example of a specialized use for alignment programs is DNA
sequences that are highly similar. Shotgun reads differing only by sequencing
errors is an example. These algorithms are in general only applicable to DNA
sequences. The BLAST family program member is MegaBLAST. MegaBLAST
utilizes the high similarity between the sequences to increase the seed size.
The default seed size is more than double the default seed size for the origi-
nal BLAST (28 versus 11 nucleotides). The long seed size makes MegaBLAST
very fast. Another program faster than BLAST is SSAHA [40]. SSAHA hashes
the database with non-overlapping seeds. Hashing the database saves time in
the seed matching step, as SSAHA does not have to traverse the entire database.
The non-overlapping seeds reduces the seed database size and makes SSAHA
suitable for very large datasets. BLAT also works very well with highly similar
sequences, although it is not the main focus of the program.

PatternHunter [41, 42] is an alignment program that attempts to match the
sensitivity of BLAST with the speed of MegaBLAST by the use of spaced seeds.
Spaced seeds is a simple idea with a high impact. The number of matching
nucleotides is kept low, but spread over a larger window. An example of a
spaced seed is given in Figure 2.2. The spacing allows for the seed, or the
seed window, to be large without losing sensitivity in the search. The main
drawback is the difficulty in finding an optimal spaced seed. The second version
of PatternHunter uses multiple seeds, which it matches to multiple hash tables.
Another drawback of the PatternHunter series is the licensing required to obtain
the program. All other programs described here are free of charge for academic
users. MegaBLAST has since adopted the idea of spaced seeds in the form of
discontiguous MegaBLAST. We have developed an approximate seed matching
algorithm that is designed to reduce the impact of the sensitivity-specificity
tradeoff in the same way as the spaced seeds were. Unlike spaced seeds, there
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is no problem of locating an optimal seed. Our algorithm also removes the
problem exemplified by sequence C in Figure 2.2 where mismatches are located
in matching seed positions and a true overlap is eliminated. The approximate
seed matching algorithm is described in paper I, section 6.1.1.

Figure 2.2: An example of a spaced seed. The query sequence is given on top.
The ones and zeroes in the spaced seed represent positions where the seed need
the nucleotides to match and where the seed does not need the nucleotides to
match, respectively. Four seeds are shown below the spaced seed. They all
match imperfectly, identities are shown to the right. One sequence (C) does
not match using the spaced seed, even though its identity is as high as the two
matching seeds, as its mismatches (in boxes) are in the positions where the seed
demands a match. Two other sequences (A and B) match the spaced seed. One
sequence rightly does not match the spaced seed (D).

The last example of specialized alignment programs involves aligning very
large sequences, for example when two chromosomes from two different species
are compared. The size of the datasets puts emphasis on memory storage and
of course speed. A large sequence can be seen as many sequences concatenated.
As such, the problem can be seen as a large hash table and many queries.
There is often a need for a high sensitivity in chromosome alignment, as the
sequences can be quite different. BLASTZ was used to align human and mouse
chromosomes. It is also used in the program PiPMaker [43]. BLASTZ does
not sacrifice sensitivity for speed in the same way as BLAT or MegaBLAST do.
BLASTZ finds regions of similarity in the same way as BLAST, but then re-
searches for regions of lower similarity between the initial regions using shorter
seeds and lower score demands. It joins similar regions based on order and
direction. Another program that aligns chromosomes is MUMmer [44, 45]. In
order to address the memory constraints on data storage in alignment search
methods, we have developed a way to divide the data in random access memory
(RAM) and on disk to enable searching very large datasets. This scheme is
presented in paper II, described in section 6.1.2.
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2.4 Additional Algorithms

All methods described so far use some sort of hashing to reduce the search
space followed by elongation of the matches using dynamic programming. The
sequence database or the query sequence can be hashed and the seeds can be
overlapping or not. The seed length differs, there are attempts to use approxi-
mate seed matching and some programs use multiple seeds. There are, however,
a few examples of sequence alignment programs that does not use this scheme.

One such example is the briefly mentioned series of MUMmer programs.
MUMmer does not use hash tables. Instead it uses a data structure called
suffix trees. Suffix trees are sometimes also called position trees and present
suffixes of a sequence. They give linear time and space solutions to the linear
common substring problem, which is essentially the same as finding the optimal
alignment. Linear space is a heavy memory requirement when searching large
databases. Also, mismatches and gaps in the sequences are hard to deal with.

Buhler proposed the use of locality-sensitive hashing to find distantly re-
lated similarities when comparing long genomic DNA sequences [46]. Locality-
sensitive hashing is essentially the same as spaced seeds. The algorithm includes
finding inexact seeds 60 to 80 nucleotides long and tying them together. No dy-
namic programming is used to evaluate the matches. The method does not,
however work well with gaps in the sequences.

A last example is the Rapid alignment program [47]. Rapid compares two
databases for example for vector contamination and uses a scheme to calcu-
late the probabilities of two sequences being similar based on the seeds they
share. The method never elongates the seeds into optimal alignments, much as
Buhler’s.

The conclusion from this section on DNA alignments remain with the seed
and extend method. The method can be specialized for specific purposes, by
changing parameters such as seed size and criteria for potential matches. There
will be a need for faster and more memory efficient methods as long as the
sequence databases continue to grow. This need can only in part be filled by
adding more computer power.

There are no methods that work perfectly for all problems universally. There
are still uses for many of the algorithms described here, with improvements or
without. BLAST continues to be the most widely used sequence database search
tool. The FASTA format remains the standard format for biological sequences,
while the Needleman-Wunsch and Smith-Waterman dynamic programming al-
gorithms give the optimal alignment between two sequences.



Chapter 3

Trypanosoma cruzi

Trypanosoma cruzi is a flagellated protozoan parasite. It infects humans, caus-
ing Chagas disease. It can also infect other mammals. T. cruzi spreads indi-
rectly through the bite of a blood-sucking bug. The parasite is found in Latin
America, where it inflicts mainly those in rural areas with primitive housing
where the parasite-spreading bugs live. There is some spreading of the disease,
for example through immigration, to north America. An photomicrograph of
T. cruzi parasites is shown in Figure 3.1.

Figure 3.1: Photomicrograph of
Trypanosoma cruzi parasites. Image
credit: WHO/TDR

T. cruzi belong to the Kinetoplastid
group of flagellated protozoa. The group
also includes parasites such as Trypanosoma
brucei and Leishmania species. T. bru-
cei is a human pathogen responsible for
sleeping sickness in Africa. The Leishma-
nia species are also infective in humans,
with over 20 known diseases. They collec-
tively go under the name leishmaniasis.
Many of the features unique to Kineto-
plastids described here have been charac-
terized in T. brucei. The Kinetoplastid
group is characterized by the kinetoplast,
a large mitochondrion. Kinetoplastids are among the earliest eukaryotes with a
mitochondrion, which makes them interesting from an evolutionary viewpoint.
The kinetoplast is also interesting in its amount of mini- and maxicircle DNA
and RNA editing of its transcripts. RNA editing involves insertions and dele-
tions of the U base with the help of guide RNA molecules [48]. The process is
reviewed by Lukes and colleagues [49].

T. cruzi has a complex life cycle of four different stages. It lives in the
bloodstream as well as within cells in the mammalian host and in the gut and
hindgut in the invertebrate host. The stages are morphologically different. The
parasites can be replicating or non-replicating and infectious or non-infectious.
These differences prepares the parasite for life in such different environments.

13
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There are mostly dividing, non-infectious epimastigotes in the gut of the
invertebrate host. The epimastigotes slowly differentiate into the infectious
form, trypomastigotes, which live in the hindgut of the bug. It takes three
to four weeks from the insect digesting parasites to the presence of infective
trypomastigotes in the hindgut [50]. The trypomastigotes infect the mammalian
host through bug feces, which are left at the site of the bite and scratched into the
wound. Sometimes the feces are transferred through the eye of the mammalian
host. Sometimes even orally. Trypomastigotes in the mammalian bloodstream
invade host cells, where they differentiate into amastigotes. Amastigotes are
non-infective and multiply in the cells by binary division every 12 hours. Some
amastigotes differentiate back to trypomastigotes as the cell becomes full of
parasites. The cell eventually bursts, releasing new infective trypomastigotes
into the bloodstream. There are between 50 and 300 parasites released from a
bursting cell and the cycle from cell invasion to the time it bursts takes four to
five days. Bugs feeding on infected blood complete the cycle [51]. Figure 3.2
shows the T. cruzi life cycle.

Figure 3.2: Trypanosoma cruzi life cycle. Image credit: TDR/Wellcome Trust

Very early after discovery of T. cruzi, there were observations of great mor-
phological and metabolical differences among T. cruzi strains. There are also
great genetic differences. The T. cruzi strains can be divided into two major
groups: I and II [52]. Using a different nomenclature, the groups can be de-
scribed as lineages. Lineage I is equivalent to group II and lineage II to group I.
In this thesis, I will refer to the two T. cruzi groups when I write about the T.
cruzi subdivisions. There is preferential association of group I and marsupials
and group II and human disease. The differences between the two groups are so
great that there has been debate as to whether the groups represent two species,
or at least two subspecies [53]. T. cruzi II can be further divided into five sub-
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groups: IIa-IIe. Comparisons of intragenic DNA show that group I and IIb are
pure lines and that IIa/IIc and IId/IIe are hybrid lines. Genetic recombination
has happened more than once in these hybrids. The reference strain for the T.
cruzi genome project (CL Brener, T. cruzi IIe) is one of these hybrids [54].

These findings point towards the existence of an alternative mode of replica-
tion in T. cruzi. Although the parasite mostly multiply through binary division,
there is evidence of genetic exchange [55]. For example, two drug-resistant clones
co-cultured gave rise to double drug resistant clones [56].

There are numerous interesting features making T. cruzi intriguing. The
parasite possess special cytoplasmic organelles and structures. The kinetoplast
described above is one example, the glycosome another. The glycosome is the
site of glycolysis in trypanosomes. It was discovered in T. brucei in 1977 [57]
and is believed to protect the cell from dangerous levels of sugar phosphates [58].
There are 65 to 200 glycosomes per parasite and they comprise up to 4% of the
volume of the cell. Their equivalent in mammalian cells is the peroxisome [59].

T. cruzi also have interesting regulation of gene expression. Genes are orga-
nized in clusters on the same strand. Many genes exist in multiple copies and
are repeated in tandem arrays [60]. Genes are transcribed into polycistronic
pre-mRNAs [61]. Spliced leader RNAs [62] are trans spliced onto each mRNA
to separate the transcripts [63] and provide a cap [64]. There are, however,
examples of genes with introns, where cis splicing matures the mRNA [65].
Transcriptional rates do not vary greatly and gene copy number can be corre-
lated with protein levels. However, as the stages of the parasite are so different
both morphologically and metabolically, there is evidence of great regulation
of protein expression levels. This is believed to occur post-transcriptionally,
through for example mRNA processing and stability. There are also epigenetic
effects from altering base T into a base termed J, which has been shown to
correlate with decreased protein levels [66].

3.1 Chagas Disease

Trypanosoma cruzi cause Chagas disease in humans. Named after Brazilian
physician Carlos Chagas, who described the parasite in 1909, it is also referred
to as American Trypanosomiasis.

Chagas disease is a life disabling disease. There are 13 million infected, and
14 thousand die each year [67]. Mostly poor people living in rural areas are
affected. The disease is spread in poor-quality housing, where insects cohabit
with humans. T. cruzi can also infect both wild and domestic mammals who
carry the parasite and put more people at risk [51]. The people affected are in
many cases also without access to healthcare.

The parasites causing the disease are transmitted indirectly through bug
bites. Other means of infection include blood transfusions and through the con-
genital route (mother to fetus). There are rare micro-epidemics where humans
are infected through contaminated food. Even more rare modes of infection that
have been known to happen are laboratory accidents and organ transplants [68].
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Chagas disease is divided into two phases, the acute and chronic phases, with
a long intermission in between. The acute phase includes mostly mild symptoms.
There is a seven to fourteen days incubation period, after which an inflammation
of the site of entry, a chagoma, can arise. If the site of entry was the eye, the sign
of a swollen inflamed eye is called Romaña’s sign. A picture of a patient with
acute phase Chagas disease with Romaña’s sign is shown in Figure 3.3. Other
symptoms include fever and nausea. Most patients completely recover within
four to six weeks. Young children and immuno-surpressed adults can develop
more severe symptoms. The mortality rate in the acute phase of Chagas is less
than 5%. Among the more severe symptoms is myocarditis. The peripheral
and central nervous systems also undergo various degree of destruction. Even
among the severely sick, most recover completely within three to four months of
infection [51, 69, 50]. There is an abundance of parasites in the blood during the
acute phase and parasites can also be found in the cerebrospinal fluid [51, 50].
The parasites infect cells, where they transform into a dividing form, mostly
muscle and glia cells [51].

Figure 3.3: A young girl with
acute Chagas disease showing
the eye sign of Romaña. Im-
age credit: WHO/TDR/Wellcome
Trust

The acute phase is followed by an inter-
mission that can last years to decades. Only
around 30% of those infected develop chronic
symptoms. The chronic phase is associated
with heart and gastrointestinal disease. Often
these symptoms are associated with a loss of
neurons in the affected area [50]. Aside from
this deneuration, autoimmunity has been im-
plied [69]. Parasites in the chronic stage are
scarce and un-detectable in blood. A stable
balance between the parasite and host seems
to develop [51].

Different T. cruzi strains give different mor-
tality rates and courses of parasitemia. Sex,
age and genetic constitution of the host also
affect severity of the disease [51]

Diagnosis of Chagas disease is difficult. Some
of the symptoms are typical, but generally
the parasite has to be detected. During the
acute phase, diagnosis is based on parasites
in the blood. During the chronic phase, an-
tibodies binding to T. cruzi antigens can be
detected [50].

Vector control using insecticides began in the 1940s, with large-scale national
programs in the 1970s. Screening of blood for transfusions began in the 1980s
following the emergence of AIDS. Effective control has proven to be achievable
as long as there is political will [70]. Vector control and screening of transfected
blood has reduced the annual number of new cases from around 750 000 in
the eighties to around 200 000 today [67]. Vaccines against for example surface
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molecules are not available. However, sequencing of the genome gave a wealth of
information to explore. Targets for vaccine development should be low copy or
single copy genes coding for proteins involved in critical steps of metabolism [71].
We have added information to the genome sequence regarding copy number of T.
cruzi genes. This information is available in an online database and is described
in paper V, section 6.2.3.

There are at present two drugs available for Chagas disease, nifurtimox and
benznidazole, which must be administered during the acute phase. During this
phase they are capable of curing 50 to 80% of cases. Both drugs can give severe
side-effects. Lack of economic incentives have made development of new drugs
slow. However, a few promising compounds are now in clinical or pre-clinical
trials [72]. Chronic stage Chagas disease is un-treatable. The symptoms can be
treated for example by surgical removal of affected intestines.

3.2 T. cruzi Genomics

There was an initiative in 1994 by the Special Programme for Research and
Training in Tropical Diseases (TDR) by the World Health Organization (WHO)
to analyze the genomes of five parasites, among them T. cruzi [73]. CL Brener
was chosen as the T. cruzi reference clone. CL Brener was isolated by Z. Brener
and M.E.S Pereira. It was deemed the right choice because it shows important
characteristics of T. cruzi concerning infection to the mammalian host, abil-
ity to differentiate in vitro, susceptibility to chemotherapeutical agents used in
Chagas disease and since it presents stable genetic markers that allow molecular
typing [74].

The T. cruzi genome is large and complex for a unicellular eukaryote. It
was determined in 1981 that T. cruzi is diploid [75]. Some of the peculiarities
are described above, such as the hybrid nature of the genome project reference
strain and the high copy number of certain genes. The reference strain is not
only a hybrid, but also diverges from uniform diploidy with triploid sections of
the genome [56]. Repetitive sequence, including repeated genes, amount to over
50% of the genome. Genes encoding housekeeping proteins, antigens, enzymes
and structural proteins are among the repetitive genes arranged in allelic tandem
arrays. Genes in high copy numbers give high protein levels, and antigens in
many, slightly different, copies allow for antigenic variation to confuse the host
immune system [76]. The total amount of T. cruzi DNA differs between strains,
between isolates and even between clones from the same strain.

As sequencing techniques improved, the decision was taken to sequence the
entire genome of T. cruzi. A consortia with three sequencing centra was formed
and a collaboration with the Trypanosoma brucei and Leishmania major genome
projects named the TriTryp consortia. The genome sequences were published
in Science in 2005 [77, 78, 79] together with a comparative analysis [80].

The T. cruzi genome was estimated to be between 106.4 and 110.7 Mb. The
assembly resulted in a large number of contigs due to the repetitive nature of
the genome and covers only slightly more than 60% of the estimated genome
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size, 67 Mb. A strain representing one of the parental strains in the hybrid CL
Brener, Esmeraldo, was sequenced at low coverage to resolve the haplotypes.
22 570 protein-coding genes were predicted, whereof 6 159 represented alleles
from the Esmeraldo haplotype, 6 043 alleles from the other haplotype and 10
368 sequences that could not be resolved into haplotypes. In the comparative
study, a core proteome of 6 200 genes was discovered in all three genomes. Many
genes were in synteny. That is, they were located in the same order in all three
genomes. Synteny helps with the annotation of the genes, as the function can
be inferred from the known genes in the other species. Many of the genes unique
to one genome were from surface antigen families.

The large number of contigs in the assembly is a result of the high repeat
content in the genome. Many repeats have also been collapsed, or repeat copies
have been mixed up. As many of the repeats contain genes, the total gene
content of T. cruzi has not been determined, neither has the individual copy
numbers for each gene family. We have addressed this issue by measuring the
coverage for each annotated gene and estimating their copy number. This anal-
ysis is described in paper V, section 6.2.3.

One of the aims in sequencing the T. cruzi genome was to find candidates
for vaccine and/or chemotherapy for Chagas disease. Genome sequencing can
help with reverse vaccinology, where genome information is used to design vac-
cines [81]. It is important to know the copy number of the genes investigated
for vaccine development, as single genes are easier to target.



Chapter 4

Chicken (Gallus gallus)

The chicken is a bird species which live wild in Asia. Domestic chickens are kept
worldwide, in a variety of different breeds.

Studies on mitochondrial DNA have shown a continental population of red
junglefowl to be the ancestor of all domestic chickens [82, 83]. Other wild
chickens include green and yellow junglefowl. The close relationship between
red junglefowl and domestic chickens was already suggested by Darwin [84].
He observed how different junglefowl species could or could not intercross with
domestic chickens. A photograph of a red junglefowl is shown in Figure 4.1.

Figure 4.1: Red junglefowl. Image
credit: Jennie H̊akansson

The chicken is an important agri-
cultural source of protein in the forms
of eggs and meat. Agricultural re-
searchers are mainly interested in dis-
ease resistance, growth, egg produc-
tion and behavior. Chickens also have
a long history as a model organism,
particularly in developmental biology,
but also in immunology, virology and
oncology. When researchers select a
model organism to use in their stud-
ies, they look for several traits, such
as size, generation time, accessibility,
manipulation ability, genetics, conser-
vation of mechanisms, and potential
economic benefits.

Chickens are relatively easy and
cheap to maintain. They have a short
generation time and get relatively many
offspring, making them ideal for clas-
sical genetics, where the trait can be tracked from parent to offspring. The
chicken also has a high recombination rate, which makes the genetic study eas-
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ier [85, 86]. The egg makes the embryo accessible, which makes the chicken ideal
for studying vertebrate development. There are numerous natural mutants,
many of which model human disease, allowing researches to investigate the un-
derlying genetic causes for disease and other heritable characteristics. Chicken
and mammals have similar immunological responses allowing researchers to
study viral infections through the chicken model. The egg-laying chicken is
a model for calcium and fat metabolism.

Developmental biology in the chicken egg have been studied since ancient
Egypt. Aristotle opened incubated eggs at different times to study the progress
of the development. The studies continued, and the invention of the microscope
gave the field new life [87]. For example, most of what we know about skele-
tal patterning derived from studying limb development in chicken and mouse
embryos [88].

Other discoveries where the chicken was the model organism include the
discovery of the first proto-oncogene, for which the Nobel Prize was awarded in
1989 [89] and the discovery of reverse transcriptase, for which the Nobel Prize
was awarded in 1975 [90, 91]. The discovery of T- and B-lymphocytes was in
part made in chickens [92].

There are drawbacks with the chicken as a model organism. However, sev-
eral relatively recent discoveries removed most of these drawbacks and made
chicken one of the most used model organisms again. These include the use of
retroviruses to introduce DNA in the chicken embryo and RNAi in combination
with electroporation in ovo, providing loss of function equivalents of knock-out
mice [93]. Other advances are the discovery of embryonic stem cells and the
DT40 cell line which provides efficient recombination between transfected DNA
and endogenous chromosomal loci [94, 95]. Cryopreservation is now possible as a
means to maintain chicken lines without keeping the birds [94]. And last but not
least, the sequencing of the chicken genome and the resources provided based
on the genome sequence provide important information. The chicken genome is
especially useful in comparative genomics, as it fills a gap in the evolutionary
distance tree as the first sequenced bird genome.

4.1 Domestication

Domestication is adapting an animal or plant to life in intimate association with
and to the advantage of humans. Domesticated animals do not include for ex-
ample wolf pups caught and raised with humans, they are simply tame animals.
Domestication is achieved through conscious control of breeding and selection
of desired traits. Chickens were domesticated in Asia somewhere between 5 400
to 8 000 BC [96].

Domestication in farm animals has included selection for milk, meat and
egg production, leanness of the meat, development, energy metabolism, ap-
petite, behavioral traits, reproduction, resistance to disease and skin and meat
pigmentation [97]. Most domestic animals also have smaller brains and less sen-
sitive sense organs than their wild ancestors [98]. Chickens have always been
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selected to be larger. In the last 80 years, modern selective breeding has made
spectacular progress in egg and meat production [86]. Chickens used for egg
production are called layers and chickens used for meat production are called
broilers. Domestic chickens also have a large variety of plumage color, feather
texture and comb form and size.

The strong selection of chicken has left the species with a large collection
of mutations with phenotypic effect enriched by breeding [97]. These genotypic
and phenotypic differences are a strong argument for the chicken as a model
organism.

Much of the focus in domestic chicken breeding today is on disease resistance
and cost reduction [86].

4.2 Chicken Genomics

Chicken genomics started with genetic linkage mapping [99]. The sequencing
project was slow to start, but as the field of comparative genomics developed,
the chicken genome was found to fill a large gap in the evolutionary tree. There
has since been sequencing of cDNA clones [100] and the genome sequence was
published in 2004 [96].

The chicken genome is 1.1 Gb and consist of 38 pairs of autosomes and the
sex chromosomes Z and W. Males have two Z chromosomes, while females have
one Z and one W chromosome. The autosomes can be divided into macro and
micro chromosomes based on their size. The micro chromosomes are between 5
and 20 Mb. Micro chromosomes are common in birds and some fish and reptile
species [101].

In the chicken genome project, one inbred single female red junglefowl was
sequenced at 6.6x coverage, and assembled with help from a physical map of
bacterial artificial chromosome (BAC) clones [102]. The draft genome covered
1.05 Gb, and the annotation predicted between 20 000 to 23 000 genes. In a
comparison with the human genome, long blocks of synteny were found. In total,
as much as 70 Mb of conserved sequence was found in the same comparison,
much of which was not coding and not near genes. The synteny between human
and chicken was found to be more conserved than between human and mouse
or rat. This can be explained by rodent genomes being more rearranged [97].
The size of chicken chromosomes correlate negatively with recombination rate,
GC content, CpG island density and gene density, but positively with repeat
density. A CpG island is a sequence stretch over 200 nucleotides long where GC
percentage over 50%. It is proposed to inhibit expression of genes located nearby
when methylated. There is a paucity of retroposed genes and repeats in general.
There are for example no SINEs active since the last 50 Myrs. SINE stands for
short interspersed element and defines a category of repeats. 11% of the genome
is repeated counting interspersed, low-copy and satellite repeats. Chromosome
W is the exception, and is highly repeated and hence not well assembled [86].
The degree of repeats in the chicken genome is different to mammalian genomes
sequenced, which have 40 to 50% repeated sequence, and accounts for a large
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part of the differences in genome size. The lack of repeats, and the small size
of the intronic regions leave a large amount (85%) of the genome unaccounted
for [96].

The chicken is the first domestic animal to have its genome sequenced. Since
the release of the chicken genome, the dog genome has been released [103] and
the cow genome is well on its way. However, neither the dog nor the cow
genome present an sequenced ancestral genome to compare domestication pro-
cesses with. We have taken advantage of this availability and compared se-
quences from domestic chicken breeds to the RJF genome to locate regions of
selective sweeps in paper III, described in section 6.2.1.
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Repeated DNA

DNA repeats range from repeated single nucleotides, through almost every com-
bination up to large chromosomal sections. For example, there are microsatel-
lites, which are one to four nucleotides usually repeated between 10 and 100
times. The number of times a microsatellite is repeated often differs between
individuals and this difference can be used as a marker. Repeats can be in tan-
dem or dispersed throughout the genome. Transposons are dispersed repeats
a few hundred to a few thousand nucleotides long. They contain information
for either switching to a new genomic location or making a copy of themselves
and inserting this new copy to a new genomic location, in which case they are
referred to as retrotransposons. Larger chromosomal duplications are referred
to as segmental duplications, duplicons, or low-copy repeats. Polymorphic low-
copy repeats are referred to as copy number variants or copy number variation.
Repeats are involved in a range of genome functions, from transcription fac-
tor binding strength [104] to nucleosome positioning [105]. A review on repeat
structure and function is presented in [106], tables 2 and 3.

Different genomes have different proportions of repeats. Mammals have a
relatively high repeat content with humans having over 50% repeats [15], and
mouse with a repeat fraction of 40% [107]. On the other end of the scale,
bacterial genomes usually have around 1.5% repeats, with a few exceptions
with repeat content up to 10% [108]. An intermediate is the fruit fly Drosophila
melanogaster with approximately 3% repeats [109].

The two model organisms used in this thesis, chicken and Trypanosoma
cruzi, have repeat contents on different ends on the eukaryotic repeat content
scale. Initial reports on the degree of repeats in chicken indicated 15% [110].
The genome sequence set the figure at 11% [96]. In T. cruzi, more than 50%
of the genome consists of repeated sequence, including many retrotransposons
and large gene families repeated in tandem [77].

Repeats can be involved in disease, such as simple DNA repeat expansion dis-
eases [111] and chromosomal rearrangements in cancer [112]. Repeated genes
can impact gene dosage, and thus phenotype. In some cases they cause dis-
ease [113]. Repeats are also involved in the evolution of genomes, through for
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example polyploidization and by providing loci for genomic rearrangements.
Multiple copies of genes allow for new functions to evolve.

5.1 Segmental Duplications

Segmental duplications are long (>1 kb), recent (>90% similarity) low copy
repeats [15]. Recent means duplications arising from duplication events during
the last 35 Myrs [114].

A variable duplicated region in humans was discovered already in 1990 [115].
It was not, however, until the sequencing of the human genome that a quantifica-
tion of the degree of segmental duplications was possible. This analysis showed
segmental duplications to be enriched eight to ten-fold in pericentromeric and
subtelomeric regions, but also dispersed throughout euchromatic regions includ-
ing gene rich regions [116]. Comparisons between the two genomes published
simultaneously by the International Human Genome Sequencing Consortium
and Celera [15, 16] later showed 5.2% of the human genome to be in segmen-
tal duplications. 6.1% of genes lie within these regions, with an enrichment in
genes involved in immunity and defense, membrane surface interactions, drug
detoxification and growth and development [117].

Segmental duplications appear through polyploidization, unequal crossing
over or transposition. Duplicated genes can act as an evolutionary force by
providing redundant copies of functional units. Duplicated genes that are not
lost through drift or purifying selection, but become fixed, have different faiths.
Duplication can lead to neofunctionalization, where one copy of the gene evolves
into a new function, subfunctionalization, where the function of the original gene
is divided into the two new genes, or microfunctionalization, where gene copies
evolve into slightly different functions. Immunoglobins and olfactory receptors
are examples of microfunctionalization. Some genes that prove to be beneficial
in many copies retain original function, such as the histones [118].

It is not only the human genome that has segmental duplications and dupli-
cated genes. Plants have many repeated genes. In Arabidopsis thaliana, where
at least three polyploid events have provided multiple copies of many genes,
more than 10% of the genes are tandemly arranged and 65 to 85% of genes
exist in more than one copy. Duplicated regions have been showed to retain
around 25% of their gene copies, whereas the rest are deleted or have undergone
pseudogenization. The rice genome consist of 60% duplicated genes, and 50%
of duplicated genes are retained. Tandemly repeated genes in Arabidopsis and
rice are underrepresented in centromeres and in positive correlation to recombi-
nation rates. There is an underrepresention in gene function in nucleic binding
functions, whereas tandemly repeated genes are overrepresented in extracellular
and stress functions [119, 120].

In contrast to the human genome, the mouse and rat genomes showed 1.2%
and 2.9% segmental duplications, respectively [121, 122]. Rat segmental dupli-
cations were shown to be gene poor. These studies used slightly different criteria
for segmental duplications (minimum length of 5 kb). The chicken genome con-
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sist of 3% segmental duplications. However, many of these are quite short, and
no duplications are over 50 kb. Segmental duplications in the chicken genome
have roughly the same gene density as in human: 3.7% of genes are in segmental
duplications [96].

Segmental duplications give substrates for homologous recombination be-
tween non-syntenic regions. The resulting DNA rearrangements can cause dis-
ease through gene dosage effects, when they include genes, gene segments or
regulatory regions. These diseases are referred to as genomic diseases [123].

All repeats and segmental duplication in particular make assembly of genomes
difficult. In the human genome, segmental duplications have caused gaps in
the assembly as well as misassembly of repeated regions [124, 114]. There are
opposing views on whether or not segmental duplications are over- and under-
represented in the assembled genome [114, 125].

5.2 Copy Number Variation

Structural variation refers to duplication, deletion, inversion and other rear-
rangements of large sections of DNA. Segmental duplications that are polymor-
phic are also referred to as copy number variation (CNV). Other names for CNV
can be copy number variants, or copy number polymorphisms. For simplicity,
transposed elements often do not count as CNV. For an overview of the termi-
nology, see table 2 in [126]. CNV and phenotype were connected early [127],
but whether or not the large amount of CNV found in for example the human
genome affect phenotype remains an open question.

CNV has been found to be one of the most common sources of genetic vari-
ation in human. CNV covers more nucleotides than do SNPs [128], which were
until recently thought to be the main source of variation between individuals.
Duplication or deletion of genes, gene segments or regulatory elements can affect
gene dosage and lead to genomic disorders. The mechanisms behind genomic
disease are described in [129]. An example of a dosage-sensitive genomic disorder
is thalassaemia [113]. CNV can arise through non-allelic homologous recombina-
tion between low-copy repeats, or segmental duplications. This recombination
changes genome organization and cause loss or gain of genomic segment. Also,
unequal crossing over give variable number of copies of a repeat.

In the summer of 2004, two papers were published that describe the global
presence of CNV in the human genome [130, 131]. They describe how variable
regions are widely distributed throughout the genome, with an enrichment to
regions with segmental duplications. The two studies on average find 12.4 and
11 CNV per individual. Following studies confirmed and built on this CNV map
of the human genome. These studies showed that deletion is less tolerated than
duplication and that there is a bias in CNV for genes involved in drug detoxifi-
cation, innate immune response and inflammation, surface integrity and surface
antigens [132]. CNVs have been found to be overrepresented near telomeres and
centromeres [125], but not near chromosomal ends [133]. Sharp and colleagues
found duplication and deletion CNVs to be equally common. They also found
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that most CNVs are not confined to a single population, meaning CNVs either
appeared early in evolution or through recurrent events [133].

In an attempt to investigate the rate of CNV birth, studies on the dystrophy
gene were extrapolated to genome-wide frequencies. The results predicted one
deletion in every eight newborns and one duplication in every 50 newborns [134].

CNVs have been found using a variety of different methods. An example
is array comparative genome hybridization (array CGH), where both BAC-
clones and oligonucleotides have been used to build the arrays [135, 136, 137].
SNP studies, using data from the HapMap project [138], is a way to find CNV
using an already developed resource while also providing data from families and
populations [139, 140, 141]. Conrad and colleagues looked for deletions using
the HapMap SNP data. They found 586 deletions. The results showed deletions
to be gene-poor, and predicted every individual to have 30 to 50 deletions more
than 5 kb long. Smaller deletions were found to be more common than larger
deletions. Their cutoff for small versus large deletions was 20 kb [140]. Redon
and colleagues used an SNP map combined with a clone-based array CGH and
found 12% of the human genome to be affected by CNVs [141]. SNPs have
also been used to map inversions [142]. Recently SNPs and CNVs found in the
HapMap individuals were used to assess their impact on gene expression. The
results showed both types of variation to have a significant, mutually exclusive
impact on gene expression [143]. The most sensitive method to finding CNV is
through the comparison of genome sequences [132, 144]. However, this method
is fairly limited until further developments in sequencing techniques provide us
with multiple genome sequences to compare.

Copy number variation is not exclusive to the human genome. It is common
also in chimpanzee, with many overlaps to human CNV. In an array CGH study
of CNV in chimpanzees, an average of 31 CNVs were predicted per individual.
However, not all of the genome was covered in the array. In the CNVs shared
between humans and chimpanzees, there is a stronger bias to ancient segmental
duplications than in human CNVs alone, as there is a 20-fold enrichment of
CNV near shared segmental duplications. These sites may be ’hotspots’ for
CNV [145]. Studies of CNV in mice have shown them to be common and
relatively stable within mouse strains [146, 147, 148, 149]. In yeast, genome
rearrangements are thought to be the response to strong selective pressure. For
example, rearrangements are proposed to be the basis of observed increases in
fitness during experiments in low glucose medium [150, 151].

As for CNV in the model organisms in this thesis, chicken and T. cruzi, there
are not yet clear answers. The chicken genome has a low degree of segmental
duplications. However, the recombination rate is high. There is a positive corre-
lation between tandemly repeated genes and recombination rates in Arabidopsis
and rice [120]. The hypothesis is that CNV scale with recombination rates as
a function of the unequal crossing-over process. There is thus a possibility of
CNV in chicken, which could, in part, account for the large phenotypic diver-
sity. We have investigated this possibility in paper IV, described in section
6.2.2. Trypanosoma cruzi, on the other hand, has a high repeat content, with
many repeated genes. Regions containing tandemly repeated genes are very
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polymorphic in size. Variable surface glycoproteins in Trypanosoma brucei have
been shown to be partly responsible for the large difference in chromosome size
the parasite displays [152]. There is thus almost certainly CNVs in T. cruzi.
Whether or not they contribute to phenotype, and perhaps even disease severity,
remains to be tested.



Chapter 6

Present Investigation

This project was initiated while Trypanosoma cruzi was being sequenced in our
laboratory. The repetitive nature of the parasite’s genome led to development
of new methods for sequence comparison, assembly, repeat separation and visu-
alization. A method for detecting differences in shotgun reads between repeat
copies and separating them from spurious sequencing errors, the defined nu-
cleotide position (DNP) method, was developed [153]. This method was used
in an assembly program, TRAP [154], which focuses on separation of repeat
copies.

The DNP method is a statistical method that compares two columns in a
multiple alignment and decides if the discrepancies are random or systematic. A
DNP describes a single base difference in the repeat copy, as seen in the shotgun
read. All reads with DNPs need to be there for the differences to be considered
systematic. For this reason, we developed a sequence alignment algorithm to
increase sensitivity in the alignment search by the use of approximate seed
matching. The DNP method and the alignment algorithm were used in an
error-correction software, named MisEd, described in section 6.1.1 below.

The alignment algorithm was designed for datasets of sequenced BACs. That
reflected the original sequencing strategy of T. cruzi. However, the strategy
changed to whole-genome shotgun sequencing. This change caused a need for an
alignment algorithm that could work efficiently on large datasets. Most datasets
today, not only the T. cruzi genome, are large. We used the approximate
seed-matching algorithm in combination with an efficient data storage system
and developed a whole-genome shotgun alignment program. In this program,
a statistical method for discriminating false overlaps from true overlaps was
introduced. This program, named GRAT, is described in section 6.1.2.

GRAT has been used in three genome analysis projects described in this
thesis. One of these projects involves repeated genes in T. cruzi. All annotated
genes were investigated for copy number by aligning reads to the annotated
sequences. The method and results from this project are described in section
6.2.3 below. The other two projects investigate sequence variation in the wild
and domestic chicken genomes. Both SNP variation and CNV are investigated

28
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in different studies described in sections 6.2.1 and 6.2.2. These three genome
analysis projects both serve as proof-of-concept for GRAT and provide novel
and useful information to the chicken and T. cruzi research communities.

6.1 Methods

The method development part of this thesis is described in two related projects:
approximate seed matching which later is used in a large-scale alignment search
program. Both programs are available free of charge. MisEd is available at re-
quest from the authors and GRAT can be downloaded at http://cruzi.cgb.ki.se/grat.

6.1.1 Approximate seed matching (I)

The aim of this project was to increase the sensitivity in the seeding step of
an alignment search program. The basic idea behind this project was that by
allowing mismatches between seeds, larger seeds could be used while keeping
the sensitivity high. Large seeds reduce the number of spurious matches. The
majority of the running time is used for verification of matches using dynamic
programming, so reducing the number of matches to verify, also reduces running
time. The seed size needs to be in correlation with the database size. Ideally, a
seed should be unique to an overlap, meaning there are no spurious seeds. This
is impossible, due to the redundant nature of DNA sequences. However, the
larger the seed, the smaller the chance for a spurious match outside of repeated
sequence. Seeds that are too large, on the other hand, reduce the sensitivity
of the seeding. The solution to this problem of weighing sensitivity against
specificity is approximate seeds.

The index, I, for a seed of length q is calculated as Iq = sumq−1
i=0 (σq−i ∗ bi),

where σ is the size of the alphabet (four in the nucleotide case) and bi is the
base at position i in the seed. Each nucleotide is represented by a number. We
have used 0 to represent an ’A’, 1 for a ’T’, 2 for a ’G’ and 3 to represent a ’C’.
In other words, the index is calculated using a weight the size of the alphabet
to the power of the position, for each position in the seed and a number to
represent which nucleotide is located in the position. The index for a seed
consisting only of ’A’s is thus 0, and the maximum index is for a seed with only
’C’s. The number of possible seeds, N = σq, depend on the size of the seed, q.
The indexes are unique for each seed and used to index the positions of a seed
in a table - the seed database.

To calculate the approximate seeds, each position of the seed is mutated to
every possible nucleotide. Mathematically, this is done by adding or subtracting
the weights of that position. For example, to mutate the last position in a seed,
zero, one, two or three times the weight of position q (σq−q = 1) is added or
subtracted to the seed’s index. Figure 6.1 shows an example of seed indexes
and the symmetry of similar seeds in the seed index table. As discussed above,
ideally the index table is only sparsely filled. This can be used as an advantage
when calculating the approximate seed indexes. Or, not calculating the approx-
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imate seed indexes, as it turns out. By assigning pointers from each filled index
position to the next, areas without seeds can be excluded from mutation.

One last feature of the seed indexes can be utilized to speed up the approx-
imate seed matching: the proximity of similar seeds indexes to each other. In
the example above, where the last position of the seed was mutated, the four
resulting indexes were in direct sequence to each other. If the two last positions
of the seeds were mutated, the resulting sixteen indexes would also be in direct
sequence to each other. If the first and the last position in a seed were mutated,
the resulting indexes would lie in four clusters of four directly following indexes.
Figure 6.1 show examples of such intervals. These intervals of indexes can be
retrieved from the index table (the database) together, and in combination with
the pointers indicating the occupied slots, speed up the algorithm considerably,
given a relatively sparse database.

Figure 6.1: A seed index table for seeds of size three. The table visualizes
the relationship between the seeds and their indexes, and the symmetry of
similar seeds. Seeds approximate to seed ’AAA’ with one mismatch are indicated
by dashed bars. Seeds approximate to seed ’AAA’ with two mismatches are
indicated by bars.

This approximate seed matching algorithm was used in an error-correction
software, called mistake editor (MisEd). MisEd corrects sequencing errors. It
uses approximate seed matching for sensitive alignment search and the DNP
method to discriminate between sequencing errors and differences between re-
peat copies.

A database of all overlapping seeds is created. Then, for each sequence not
yet examined, a multiple alignment is built. The sequence is divided into non-
overlapping windows, and the seeds in each window are searched for matches in
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the database. Two matches in the beginning and end of the overlap are required
for a match. The resulting multiple alignment is optimized using the ReAligner
algorithm [155] to ensure correct DNP determination. All non-DNP differing
nucleotides are changed to the consensus nucleotide. The sequences, or the parts
of sequences that are in the alignment, are removed from the database, and the
process is restarted. This process continues until there are no sequences in the
database.

In a comparison between using two approximately matching seeds in both
ends of the sequences and using one exact match, the benefits of approximate
matching became clear. The sensitivity was calculated as the number of true
positives divided by the combined number of true positives and false negatives.
The specificity was calculated as the number of true positives divided by the
combined number of true positives and false positives. The results are listed
in Table 6.1. The sensitivity is high and the specificity, which in this pre-
screening of overlapping sequences gives an indication of how many dynamic
programming verifications must be done for false matches, is high. The length
of the exact matches were chosen to match the sensitivity and specificity of
the approximate matches. The test was run on a simulated 100 kb template
sequence sampled at 10x coverage. The sequences were given sequencing errors
based on error probabilities from a real sequencing project and were trimmed to
89% quality of at least 50 bp. The approximate seeds were 12 nucleotides long
and three mismatches between matching seeds were allowed. An exact match
of 15 nucleotides gave a comparable specificity to the approximate seeds, but
with a much lower sensitivity. Similarly, an exact match of length seven gave
similar sensitivity as the approximate seeds, but had a specificity of less than
1%. Of course, specificity can be increased through verifying the overlap using
dynamic programming, but this is a time-consuming step.

Table 6.1: Comparison of performance of approximate and exact seed matching

Test Specificity (%) Sensitivity (%)
Approximate 98.8 97.3
Exact 15 96.8 58.6
Exact 7 0.5 96.4

The results from the error-correction show that up to 99% of sequencing
errors are corrected while up to 89% of DNPs are retained. These results are
favorable in comparison to the error-correction software in the EULER assem-
bler [156].

The multiple alignment search with approximate seed matching and DNP
algorithm have also been used in repeat discrepancy tagger (ReDiT)[157], a soft-
ware to tag DNPs in ace files from phrap (http://www.phrap.org) assemblies.

There are limitations with MisEd. Above all, the memory requirements are
too large to run the program on anything larger than a BAC-sized project. A
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BAC is around 100 kb. With a sampled coverage of ten and an average read
length of 500 bp, a BAC-sized projects has 2 000 sequences. On larger datasets,
the speed of the algorithm also becomes limiting. These limitations concern the
multiple alignment construction, and not the error-correction per se. We have
improved memory use and running times in GRAT, a genome-scale alignment
tool described in the next section.

6.1.2 Large-scale alignment search (II)

In the second project, concepts from MisEd were developed further into a stand
alone alignment search program for very large datasets, GRAT. The aims of this
project were to develop an alignment program that was sensitive and specific at
the same time, and that facilitates the choice of parameters for the user.

When the datasets are larger, the seed size needs to be larger to ensure a
sparse database. The drawbacks of large seeds are the large index table and
the low sensitivity in the seeding. The low sensitivity is solved by the use of
approximate seed matching. Also, modern computers have larger memory and
faster lookup, facilitating the use of large seeds. Nevertheless, when the datasets
are large enough, the index table with lists of seed positions will no longer fit in
RAM. We have solved this by saving the database on disk. In order to further
save memory, the pointer system from MisEd was removed. However useful, it
was too memory-demanding.

The main differences to the alignment algorithm used in MisEd are the
reduced memory requirements, for example per sequence in the database, the
seed database being kept on disk with rapid access, and a statistical separation
of false and true overlaps.

A lot of effort went into reducing the memory requirements of GRAT. The
aim was to be able to run genome-size projects on a desktop computer. Most
large-scale alignment search projects are run on supercomputers at special lab-
oratories. The first step was to store sequences and their quality values on disk
with their location in the file in RAM. A buffer of a user defined number of
sequences is kept in RAM, for example all sequences in the realignment matrix.
The number of sequences in the buffer depends on the computer RAM capacity.
Other information about the sequences, such as their start and end positions
and their names, is still kept in RAM. A schematic view of the memory use is
shown in Figure 6.2.

Also, the lists of seed occurrences are saved on disk. Their indexes are stored
in RAM with positions to the lists for direct access on disk. Empty positions,
which are the majority if the seeding is efficient, are hence still retrieved on
direct access. The use of large seeds makes this index too large to fit in RAM,
and with the empty positions taking up as much space as the pointers to disk,
it is an inefficient storage. We solved this by storing 256 positions together,
which reduces memory occupied by empty positions. There will be at most 256
lookups to find the correct index and one byte per position is enough to index
the list.
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Figure 6.2: A schematic view on how
the data is divided into RAM and disk
in GRAT.

One last adjustment to reduce mem-
ory use was a method to index the
seed database file using an integer (four
bytes). Every seed list position starts
with an even number, and shorter or
longer lists are filled with non-numeric
symbols until reaching a multiple of
that number. The integer number stored
in the index file is then multiplied with
that number to get the file position.
In reverse, to save the file position
in the index, the position is divided
with the chosen number. This scheme
works until there are the maximum
number for an integer seed position
lists. A schematic view of the seed database indexing is shown in Figure 6.3.

Figure 6.3: A schematic view on how the seed database is stored. An index
to the database is stored in RAM. This index has the number of possible seeds
(σq), divided in 256 positions. σ is the alphabet size and q is the seed size.
Each position in this index points to a list with at most 256 positions, indexed
by a byte. The positions in these lists points to a location in the seed database
file. This file keeps the sequence positions of the seed and spacers (stars in the
figure). The spacers are there to make the file positions evenly dividable by a
number. The file positions stored in the seed index are the actual file positions
divided by this number. This division enables the file positions in the seed
database to be indexed by an integer, even though the file is much larger than
what an integer can index.
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The seed database is created in sections called slices. The number of slices
is set by the user and depends on the size of the database and the RAM of the
computer. The database is then filled one slice at the time. All sequences are
traversed as many times as number of slices. This increases the running time
of the database creation with as many times as the number of slices. As a slice
has been created, it is written to file. The memory is flushed and the next slice
is created. A seed database can be saved and used again. This makes the time
spent in creation of the database less important.

Another means to save both memory and running time is what is called the
fast approach. It is a user determinable setting, and can be turned off if not
wanted. The fast approach involves only looking at the ends of the sequences in
the database for overlaps. In the current implementation of GRAT, four times
the seed size is used at each end of the sequences. This reduces the number of
seeds stored in the database. It thus reduces memory usage. Also, it reduces the
search space for the seed matching and thus the running time of the algorithm.
We demand at least one end of the read to align, which is why we can use
this approach. Shotgun sequences in general have more sequencing errors at
the ends, increasing the chances of missing overlaps through not searching the
entire sequence for a match. This is solved by the approximate seed matching,
which allows for sequencing errors in the matching. The main drawback of
the fast approach is when the query sequence is shorter then the overlapping
sequence and located entirely within it. The overlap will then not be found.
This situation is visualized by sequence D in Figure 6.4. In the applications
described below, the vast majority of the query sequences are long. If the user
knows the query sequence to be short, we suggest to turn off the fast approach.

Figure 6.4: A schematic view on reads aligning to a query sequence. The
query sequence is divided into non-overlapping windows of size q. Approximate
matches to the seed database is calculated. The seed database only holds seeds
from the ends of the reads. Reads overlapping with both ends or one end to the
query sequence (A-C) are detected. Reads overlapping with both ends outside
the query sequence (D) are not.
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To ensure a high specificity in the results, we have developed a statistical
separation of false and true overlaps. In MisEd, the DNP method was used on
all sequences similar to each other. In GRAT, the user has control over which
sequences are grouped together. The user can set a parameter of accepted fre-
quency of differences, for example SNPs, in the results, and another probability
cutoff for how stringent the statistical analysis should be. The statistical sepa-
ration works by comparing every overlapping sequence to the query sequence. A
combination between Smith-Waterman and Needleman-Wunsch is used to opti-
mize the alignment between a pair of sequences. The alignments are global until
the end of one or both of the sequences as they might be of different lengths.
The number of observed mismatches in the alignment, Eobs, is counted. An ex-
pected number of mismatches based on the error probabilities of the sequences,
Eexp, is calculated. The user defined SNP frequency, Euser is added to this
expected number of differences, resulting in Etot = Eexp + Euser. The proba-
bility of observing Eobs or more differences in the alignment under a Poisson
distribution with the mean Etot is calculated as Pr(Eobs) = sumEobs−1

i=0 (Po(i)).
The cutoff for the probability of a false match tolerated is set by the user. In
the applications described below, this has been set to 1%.

GRAT was compared to two of the most widely used alignment search pro-
grams: BLAST [33] and SSAHA [40]. The results were close to identical in
unique regions compared, whereas GRAT outperformed both programs in re-
peated regions. Further, both BLAST and SSAHA had to be run with a range
of sequence identity cutoffs to reach optimal results. This requires the user to
know in advance the nature of the dataset. Using GRAT, the user only needs
to know what she wants from the results, regardless of what the datasets look
like. A third benefit of using GRAT is that an ace file of the resulting alignment
can be produced.

GRAT was used in the applications described below (III-V). It has also been
used in a study on repeated genes in the publication of the T. cruzi genome [77]
and to build the alignments in the examples published in the DNPTrapper
article [158].

6.2 Applications

The second part of this thesis describe projects where large datasets were ana-
lyzed using the alignment methods developed. The T. cruzi repeat study started
during publication of the genome sequence, and is also included in this article as
a pilot study. It became a larger project when we noticed how many gene copies
the genome assembly was lacking. The two chicken projects were initiated when
the unique resource of sequences from both the domestic and wild chicken were
made available.
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6.2.1 Haplotype blocks in Chicken (III)

The aim of this project was to detect signs of selective sweeps between domestic
and wild chickens. Selective sweeps can indicate regions of importance to traits
selected for during breeding.

Three different chicken breeds were sequenced to build an SNP map in com-
parison to the chicken genome. An SNP map facilitates complex trait mapping
by providing an improved marker density and through construction of detailed
haplotypes that segregate in different crosses. The three sequenced breeds were
domestic chickens and the chicken genome sequence is from their wild ancestor,
red junglefowl (RJF) [96]. That meant the data also provided an opportunity
for a genome-wide search for evidence of selection due to domestication.

The genome sequence of RJF [96] was sequenced from a single inbred female
at 6.6x coverage. Partial sequence from three domestic breeds, one layer, one
broiler, and from Silkie, a Chinese breed, was retrieved at 0.25X coverage at
the Beijing Genome Institute (BGI). The broiler was a male, while the RJF,
layer and Silkie birds were all female. Through aligning domestic reads to the
RJF genome sequence and comparing sequence differences, single nucleotide
polymorphisms (SNPs) can be located. In this study SNPs between RJF and
domestic breeds, between different domestic breeds and within domestic breeds
were assessed. Locating SNPs through the differences in one sequence is not a
reliable method due to the presence of sequencing errors and the possibility of
a difference being an individual mutation. Traditionally, only polymorphisms
that occur in more than 1% of a population are called SNPs. However, the low
coverage is made up by the genome wide detection of differences. Experimental
validation showed the majority of the SNPs both to be true differences and to
be common SNPs that segregate in many domestic populations.

Domestic chicken breeds have been selected for meat and/or egg production.
Layers are selected for egg, and broilers for meat production. The layer in this
study was a White Leghorn from a population at the Swedish University of
Agricultural Sciences in Uppsala. The effective population size has been kept to
60 to 80 birds. The broiler was from a Cornish breed in a effective population of
800. A Silkie is a Chinese breed used for both egg and meat production as well
as in Chinese traditional medicine. The sequenced female comes from a large
outbred population with low selection.

BGI aligned the reads from the domestic chickens to the genome sequence
of RJF using BLAST [33]. They used a combination of best match and mate
pair information to find the correct position of each sequence. They also re-
quired at least 80% of the sequence to align. To discriminate between SNPs
and sequencing errors, BGI set a phred quality value cutoff of 25 for the SNP
position and 20 for ten surrounding nucleotides. This scheme resulted in almost
one million predicted SNPs per breed. After comparing the datasets, the re-
sulting SNP map consisted of 2.8 million SNPs. The SNP rates between RJF
and the different domestic breeds, between domestic breeds and within the do-
mestic breeds were close to identical at 5 SNPs per 1000 nucleotides. The SNP
frequencies were slightly lower within the layer and broiler breeds likely due to



6.2. APPLICATIONS 37

their closed populations. The conclusions drawn from these results were that
most SNPs originate from before the domestication of chicken, and that there
was no bottleneck in domestication. This was contrary to common belief that
a few domesticated chickens are the ancestors of all domestic chickens. Rather,
domestication seems to have been an ongoing process with interbreeding back
and fourth between domestic and wild chickens over time.

Separately from BGI, we aligned all reads from the domestic chickens to the
genome sequence of RJF using GRAT. Our alignments validated the BLAST
alignments. Also, an initial study using GRAT alignments made BGI change
parameters to include more sequences in alignments. The results also validate
GRAT as they were comparable both in terms of SNP rates and in terms of
sequence alignments. The GRAT SNPs were used to search for haplotype blocks
and evidence of selective sweeps.

Domestic animals are useful models of phenotypic evolution under selection.
Selective sweeps are regions where a favorable mutation reduces variation as a
result of strong selection. An example is the IFG2 locus in pigs [159], where a
regulatory mutation reduces fat to the benefit of muscle mass in domestic but
not in wild pigs. Haplotype blocks, or regions of no sequence variation within a
population, are indicators of selective sweeps. Due to the limited data available,
we cannot search for haplotype blocks. Instead we searched for local reductions
in heterozygosity in domestic sequence versus RJF.

We divided the genome into 100 kb fragments, using a sliding window moving
with 25 kb steps along the genome. GRAT was used to build the alignments,
and the best match was used to find a unique position of each domestic sequence.
82% of the reads were aligned to the RJF genome, and the entire analysis took
less than a week on a desktop computer.

In this analysis, differences with quality values over 20 were considered SNPs.
Two domestic breeds were compared against RJF in all three possible combina-
tions. Two domestic breeds at a time were compared instead of three to increase
coverage. Only SNPs covered by sequence from all three birds were considered.
Also, SNPs that were heterozygous within a breed were not used. There are
three possible results: the SNP can be unique for RJF, unique for one domestic
breed or unique for the other domestic breed. Figure 6.5 shows these three
alternatives. On average there were 25 to 28 such SNPs per 100 kb window.
Windows with more than 10 SNPs, with at least 80% of them of the same kind,
were considered potential selective sweeps. We found almost no such windows.
Heterozygosity in domestic breeds seem to be the confounding factor. The con-
clusion was that selective sweeps, if present, originated before domestication or
are smaller than 100 kb. These results are consistent with the historically large
chicken populations and the high recombination rate in chicken.

Using a different approach to detect haplotype blocks BAC sequences from
a layer different from the one used in the GRAT alignments were introduced.
Comparisons of the BAC sequences, the three sequence sets described here, and
the sequenced RJF, revealed blocks of five to fifteen kb with SNPs unique to the
four domestic breeds. As these fragments are much smaller than the 100 kb we
were looking for, this study validates our results of no large haplotype blocks.
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Figure 6.5: A schematic view of a three-way comparison of the red junglefowl
(RJF) genome sequence and reads from two domestic chickens (Domestic 1 and
Domestic 2). SNPs can be of three types: specific for RJF, as in the first case,
specific for Domestic 1, as the middle SNP, and specific for Domestic two, as
shown in the rightmost SNP.

Another study of the evolution in domestication searched for loss-of-function
mutations. Damaging mutations are believed to be more common in domestic
animals due to relaxed purifying selection and the selection for adaptive traits.
SIFT, a software designed to predict deleterious SNPs [160], was used to locate
the sites. The conclusion was that there probably were functionally important
loss-of-function mutations. However, the effect of them was thought to be small.

In conclusion, chickens are highly divergent, even within breeds. It is difficult
to find genomic factors that influence domestication on such a large scale as
described here.

6.2.2 Copy number variation in Chicken (IV)

The aim for this project was to detect copy number variation in the chicken
genome. Further, the objective was to investigate whether this variation could
have an effect on the differences between domestic and wild chickens.

After the recent identification of copy number variation (CNV) as a major
influence on human genomes, the question arose whether or not CNV could
influence other vertebrate genomes as well. Other mammalian genomes, such
as those of mice and chimpanzees, both show extensive CNV. Since the chicken
has such large phenotypic diversity, it would be interesting to see if CNV has an
impact on the chicken genome. Also as a non-mammalian vertebrate, finding
CNV in chicken would prove that CNV is spread beyond mammalian genomes.
The chicken genome has been shown to have large SNP diversity as described in
the study above. It has high recombination rates in comparison to mammalian
genomes, but low repeat and segmental duplication proportions. Recombination
at segmental duplication sites is a means for CNV to arise. The questions we
asked in this project were whether or not CNV exists in the chicken genome,
and to which extent. What does CNV typically look like in chicken, if it exists,
and is there a difference in CNV between domestic and wild chickens? Can we,
for example, find CNVs unique to domestic breeds?
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Read depth analysis

Initially, we used the sequence data described in section 6.2.1 above to locate
regions of potential CNV in chicken. Using an idea by Bailey and colleagues [117]
used to find segmental duplications in the human genome, we attempted to
find regions with unusually high or low coverage in the alignments of domestic
chicken reads to the RJF genome. These regions may represent CNVs. We
used a more recent version of the chicken assembly than in the SNP analysis to
align the reads against. This new assembly was downloaded July 25, 2006 from
Washington University, St Louis, USA.

The reads were aligned to the contigs of this new genome assembly using the
same method as above. The difference was that to place reads at a unique posi-
tion in the genome, not only best match but best and longest match decided the
position. The sequences from the three domestic birds were screened for vector
and contamination sequence using CrossMatch (http://www.phrap.org). They
were repeat masked using RepeatMasker (http://www.repeatmasker.org) and
the chicken repeats in RepBase version 11.02 [161]. A 40 kb sliding window was
moved 10 kb along the genome. Average number of reads per window and the
standard deviation of their distribution were calculated. The sex chromosomes
Z and W were not included in this calculation, as there is a difference in sex
between the domestic birds and as the assembly has misplaced sequence on the
sex chromosomes. If the sequence on chromosome Z had been more reliable, the
two Z chromosomes in broiler could have been used as verification of the results.

We considered windows with 90% coverage, meaning without long gaps in
the assembly, and read depth two standard deviations over and under the mean
as potential copy number duplications and deletions, respectively. To increase
the specificity in the results and to compare the three domestic breeds against
their wild ancestor, windows where all three comparisons showed unusual high
or low read depth were listed. There were 79 such windows with high coverage
representing potential duplications in domestic breeds or deletions in RJF, and
287 windows with low coverage representing deletions in domestic breeds or
duplications in RJF. However, the results were uncertain, and we found no
way to validate them. We could therefore not conclude whether these regions
represented true CNVs or natural fluctuations in read depth.

Array comparative genome hybridization analysis

To study CNV in chicken on a more fine-scale level, an array comparative
genome hybridization (array CGH) study was performed. This study was done
in four different chicken populations representing different chicken breeds. The
breeds included layer, broiler and RJF. This experiment was made on pools of
DNA from birds of a population. Pooled DNA give the effect that only dif-
ferences in copy number that are fixed within a population, or close to fixed
within a population, will show. These differences must have been selected for in
breeding, and represent variation important to the breed. The layer population
used in the array CGH is the same population that the layer in the read depth
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study was from. This relationship gave us an opportunity to compare the two
result sets directly. There were two broiler populations, namely the high line
and the low line, that have been selected for high and low body weight during
the last 50 years [162]. Photographs of high and low line chickens are shown in
Figure 6.6.

Figure 6.6: Photographs of high (left image) and low (right image) line chickens
at eight weeks of age. Image credit: Lina Strömstedt

An oligonucleotide array with more than 360 000 probes 50 to 75 nucleotides
long was created. The probes were designed to have the same melting temper-
atures. Pooled DNA from four populations, with males and females pooled
separately, was used. In total, eight arrays were hybridized. Separate female
and male samples allow for verification of the results, and sets a standard for
duplication through the Z chromosome, as the males have two copies and the
females only one. All female DNA was used as the reference sample. The rel-
ative (sample versus reference) signal scores were normalized. The mean and
standard deviation of the scores were computed. The sex chromosomes were
not included in this calculation.

Pairwise comparisons of probe scores from all four populations against all
other populations were made to remove the reference score. Probes where both
males and females differed more than two standard deviations in the same di-
rection were considered to sample potential CNV. The number of probes where
males and females both differed more than two standard deviations, but in dif-
ferent directions, were counted as controls of the false positive rates. To increase
the specificity in our results, we looked for regions with more than one probe
showing CNV and for regions in which more than one pairwise comparison
showed CNV.

The array CGH study resulted in thousands of potential regions of CNV.
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The false positive rate, indicated by probes showing opposite patterns for males
and females, was between 6% and 16%. Even with the extra demand of two
or more probes and/or multiple populations, there were very many regions of
potential CNV. The regions seem to be short in comparison to regions of CNV
found in human, mouse or chimpanzee. The false positive rate for regions with
more than one probe indicating CNV and regions where more than one breed
indicated CNV was low. We thus believe those regions to have true differences
in copy number.

Comparison of the potential CNVs discovered in the read depth and the
array CGH study only showed overlap in the longest regions in the array CGH
study, further indicating a high false positive rate in the read depth study. Layer
reads from the read depth and SNP study were used to verify regions of CNV
indicated in the array CGH study. The result of this analysis supported CNV
discovered in the chicken genome.

Regions of CNV seem to be depleted of genes. We found more deletions than
duplications. That could, however, be an artifact of the array CGH methodol-
ogy, where deletions in relative terms give stronger signals than duplications. We
also found more deletions in domestic breeds in comparison to RJF. This might
be a result of selective breeding, where a chicken population quickly adapts a
new trait and where deletion might be a more rapid means to genome alteration.

In conclusion we suggest that copy number variation does exist in the chicken
genome, however not to the extent discovered in mammals, or with as large
regions involved. There might be both false negatives and false positives in our
results. That we cannot fully detect chromosome Z as a duplication between
males and females is an indication to the false negative rate. Both methods used
were based on the genome sequence of RJF, and cannot, as a result, detect full
deletions in RJF. This is a common problem in CNV discovery. Re-sequencing
of genomes as a means to detect CNV would remove this bias.

6.2.3 T. cruzi repeated genes (V)

The aim of this project was to provide additional information to the annotated
genes in the T. cruzi genome regarding their copy number.

The genome sequence of Trypanosoma cruzi was released in 2005 together
with the genomes of Trypanosoma brucei and Leishmania major. The released
genome sequence covered 67 Mb of a predicted 106.4 to 110.7 Mb genome. Due
to the high repeat content and the hybrid nature of the sequenced clone, CL
Brener, the assembly was difficult. The released genome sequence is therefore
fragmented, and many of the repeats are collapsed. Some genes are known to
exist in more copies than annotated in the released genome, and some are known
to be collapsed as indicated by a high coverage of the assembly. The collapse
of repeat copies also leads to an erroneous consensus sequence if differences
between repeat copies are mixed up. The coverage of the assembled genome
is not released and the information available on the copy number of genes, the
clusters of orthologous genes (COGs), is incomplete. This is especially true for
the genes annotated as hypothetical, where the function is unknown. This is
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more than 50% of all annotated genes.
The aim of our analysis was to provide the users of the T. cruzi genome

sequence with additional information in addition to that of the assembly. We
provide information on the coverage of the annotated genes and approximate
their copy number. The annotated genes are grouped to see which of the pre-
dicted copies are present in the assembled genome sequence.

Copy number estimation

We only investigate the protein-coding genes and their pseudogenes. Other
genes are short enough to be assembled properly as a read span more than a
repeat copy. By annotation, we refer to an annotated protein-coding gene or
pseudogene in the assembled genome. By gene we refer to a specific protein with
a specific function or its pseudogene. By gene copies, we refer to the number
of times the gene exist in the actual T. cruzi genome. Similarly, a gene copy is
one example of that gene in the genome.

The copy number of a gene was calculated through assessing the coverage
of an alignment formed by aligning shotgun reads to an annotated copy of the
gene. Genes not annotated in the assembled genome are thus not investigated.
The multiple alignments were built using GRAT, with an accepted rate of dif-
ferences between repeat copies of 5%. Reads could participate in more than one
alignment, to show the maximum coverage of all annotations. All annotations
were also aligned to each other to investigate how many copies of each gene
were present in the assembly. This collapse of annotated gene copies was also
made using GRAT with 5% differences allowed. So, for a specific annotation,
the results show both the predicted copy number of the gene and the number
of those copies present in the assembled genome sequence.

The coverage of the multiple alignment was used to calculate a predicted
copy number of each annotation using the mean coverage of the assembly. This
average coverage was calculated in regions where the assembly had very high
quality and there were no repeats. The results show the predicted copy num-
ber and a sampling of the coverage across the gene sequence. The standard
deviation of the sampled coverage is also presented. In an additional attempt
to investigate the repeated genes, the repeat unit boundaries were determined.
When a multiple alignment is optimized, the scores of columns in the alignment
decrease. These scores were used to determine regions where the level of diver-
sity increases. This increase is likely to represent the boundary of the repeat
unit into unique sequence. This turned out to be a difficult task, as the repeat
unit lengths were variable and the increase in column scores was not easy to
determine. For a fraction of the repeated annotations, repeat boundaries are,
however, reported.

Almost all annotations formed alignments. The information gathered is
stored in a database, accessible at http://cruzi.cgb.ki.se/ek/cruzi/main.html.
576 annotations, or less than 3%, are missing from the database. The majority
of the annotations that did not form alignments were surface antigens. Their
alignments were too large to fit in computer RAM. There were some exceptions,
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for example DnaJ homolog subfamily A member 2, which was too short to form
an alignment, as all reads overlapping the annotations completely enclosed it.
This is, as discussed above, one of the drawbacks of GRAT. On the other hand,
this is the only occurrence in either of the three presented studies. Another
annotation, eukaryotic translation initiation factor 1A, had multiple insertions
in comparison to the aligning reads that thus did not fall within the 5% difference
cutoff.

12% of annotations were predicted to have only one copy. These might be
true singleton genes, or simply have unusual low coverage which would mis-
predict them as singletons. 37% of annotations were predicted to have two
copies, which is the ’normal’ diploid gene arrangement. The remaining anno-
tations are repeated genes. 45% of these were predicted to have ten or more
copies.

Figure 6.7: A screenshot of the T. cruzi repeat database showing predicted copy
number for a gene with locus id Tc00.1047053506551.10.

The database holds information on all annotations that formed alignments.
A user can find out that the single-copy gene he or she is working on really is
a single-copy gene. Users interested in repeated genes can get an idea on how
repeated the gene is and how many of its copies are annotated. Besides copy
number estimation and collapse with other annotations, the database holds in-
formation on COGs as predicted in the genome paper, repeat unit if that has



44 CHAPTER 6. PRESENT INVESTIGATION

been located and additional information such as gene function, allele and hap-
lotype, if that information is available. The user can see a sampling of the
coverage along the annotation and get the standard deviation of this sampling.
A list of reads participating in the multiple alignment is also provided. Unfor-
tunately, to save the alignments themselves would be too memory-demanding.
Links to GenBank [163] and GeneDB [164] are also provided. A screenshot of
the database is shown in Figure 6.7.

In-depth analysis

To show examples of repeated genes and to show users of the database how the
information in the database can be used, we performed in-depth studies on five
genes. They were all predicted to have 15 copies or more. Alignments were
built using GRAT of a few highly similar annotated copies of the gene with
similar repeat boundaries, and assembled without quality values using phrap
(http://www.phrap.org). The reads were assembled without the use of quality
values to ensure that all were included in one assembly. The resulting assemblies
were viewed and edited in DNPTrapper [158]. Their diversity was investigated
and the multiple alignments were divided into groups using DNPs. The different
genes show very different characteristics.

Figure 6.8: A screenshot of DNPTrapper. A section of an alignment of reads
from the trans-sialidase locus is shown. The colored dots represent DNPs in the
reads. A mutation rendering a group of reads inactive is circled.

The levels of divergence varied from hardly any at all, as in the heat shock
protein 85, to very divergent, as in the surface antigen trans-sialidase. Tyrosine
aminotransferase and flagellar calcium binding protein both showed a pattern
that seem common in T. cruzi: highly similar tandem repeated copies within
an array, but differing between arrays. A hypothetical protein showed an unex-
pected number of copies with differences in predicted transmembrane regions.
Both trans-sialidase and the hypothetical protein showed erroneous consensus
sequences in the annotated copies. Figure 6.8 show a section of the alignment
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of trans-sialidase in DNPTrapper. The horizontal boxes represent the reads and
the colored positions represent DNPs. A mutation in a group of reads that make
the gene copy lose its trans-sialidase activity is circled.

The database and the examples in the in-depth study provide the user of the
T. cruzi genome a framework to do similar in-depth analysis on their gene of
interest. The specific examples can serve as a manual on how to use the database
to extract additional information on individual copies of a gene. If a gene is
repeated, the correct sequences of each individual copy can be determined. The
correct sequences of gene copies can be important for further experiments, such
as cloning or primer design for polymerase chain reaction (PCR).
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