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1 Introduction 

“Naturen gör inga språng”  
 

                Carl von Linné 
 
 
 

1.1 Bacteria 
Bacteria are the perfect organisms for evolutionary studies and have served 
as a model system for understanding the fundamental evolution of life, sim-
pler than “higher” eukaryotic life forms, but general enough for drawing 
conclusions about complex biological matters. Bacteria’s role as a model 
organism took a new turn with the development of new sequencing technol-
ogy that made it possible to do detailed DNA studies of either special genes 
of interest, DNA stretches or entire genomes for complete comparisons. We 
now have a far better understanding of the dynamics of how genes are born 
and the slow decay of redundant genes.  

What makes bacteria so well suited for studies from an evolutionary point 
of view is their great diversity that makes it possible to do comparative stud-
ies of molecular evolution of homologous genes, intergenic regions, gene 
order and phylogeny. 

Over 200 bacteria have been fully sequenced and annotated up to this day. 
To a great extent, our knowledge about basic molecular mechanisms such as 
transcription, translation and replication have originated with studies of bac-
teria. Central cellular functions such as ribosomes have largely remained 
unchanged throughout history of life. The ribosomal RNA has served as a 
cornerstone for building the tree of life. Ribosomal RNA changes very slow-
ly at the sequence level and is thus well suited for building a comprehensive 
overview of organismal history. Phylogenies based on other orthologous 
genes might not fully agree with the rRNA based phylogeny, due to horizon-
tally transferred genes, but in spite of these incongruities three major line-
ages of life appear, namely; bacteria, archaea and eucarya (Woese 2000).  
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Figure 1.1 Universal Tree of Life with the three major lineages of life; bacteria, 
archaea and eucarya (Woese 2000). 

1.1.1 In the service of man … 
Bacteria are not only a useful tool to study evolutionary aspects, they play a 
absolutely crucial role in the ecology of the Earth. The fixation of atmos-
pheric nitrogen can take place only in bacteria, which is essential for all life. 
Bacteria also take part in degradation of carbon-rich materials such as oil, 
lignin and cellulose; are now increasingly been exploited for industrial and 
commercial applications. Maybe you had some Lactobacillus bulgaricus in 
your yoghourt at breakfast (Functional food)? 

1.1.2 …and disservice 
A few bacteria have played a crucial role in history as a cause of disease to 
man. One such species is the cause of epidemic typhus, the obligate intracel-
lular parasite Rickettsia prowazekii, a disease that swept Europe during the 
16th century. Recent excavations in Vilnius reveal that one out of three sol-
diers of Napoleon’s Grand Army in 1812 suffered from epidemic typhus 
(Raoult, Dutour et al. 2006). R. prowazekii is transmitted by the faeces of the 
human body louse, Pediculus humanus corpis, and human is its main host 
and seems to be the natural disease reservoir. The human body louse was the 
cause of two other feared diseases, namely trench fever and louse-borne 
relapsing fever and their respective agents are Bartonella quintana and Bor-
relia recurrentis. These were both identified by PCR on the remains of the 
French troops (Raoult, Dutour et al. 2006).  

The incubation period for humans is about two weeks and clinical symp-
toms include high fever, delirium, maniacal episodes and coma. Epidemic 
typhus is a fatal infection and between 10-30% dies from it. Even after re-
covery from the infection the bacteria can persist and re-emerge under stress-
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ful conditions. Funnily enough, not even the louse survives more than a few 
weeks after infection (Andersson and Andersson 2000).  

Let us continue our excess in war and terror. Scrub typhus is the disease 
caused by the obligate intracellular bacterium Orientia tsutsugamushi. It is 
spread throughout eastern Asia and about a billion people risk exposure. In 
eastern Asia, scrub typhus was a more frequent cause of death during World 
War II than actual casualties from fighting per se. The natural host for O. 
tsutsugamushi is a trombiculid mite and the infection of humans is during 
larval feeding. Depending on the bacterial strain, mortality of untreated pa-
tients range between 1% and 40% (Cho, Kim et al. 2007). 

A more recent threat to man is Francisella tularensis (Larsson, Oyston et 
al. 2005), mainly as a biological weapon of terror because of its extreme 
infectivity, the ease of dissemination and its substantial capacity to cause 
illness and death (Dennis, Inglesby et al. 2001). F. tularensis is the most 
infectious pathogenic bacterium we know of and as few as 10 bacteria are 
enough to cause disease by inhalation. Humans are incidental hosts and the 
bacterium cannot be transmitted from human to human. F. tularensis has for 
a long time been considered as a potential warfare weapon and both the US 
and the Soviet troops developed for disseminating aerosols. By 1990 the 
effort of military scientists in Soviet Union resulted in military production of 
F. tularensis strains engineered to resist antibiotics and vaccines. A milder 
endemic form of F. tularensis, called F. tularensis biovar palearctica is 
found in the Scandinavian countries and is transmitted by inhalation or by 
tics, flies or mosquitoes. In 1966-1967, the so far largest airborne tularemia 
outbreak took place in Sweden with over 600 patients infected. Fortunately, 
no fatal cases were reported. And who said bacteria are dull, huh!?  

1.2 Intracellular lifestyle 
Transition from free-living bacteria to an intracellular lifestyle means going 
from unstable environment to an extremely stable environment. This has 
multiple implications for the genes of the bacteria. Genes needed to cope 
with the environment may be superfluous and new genes are acquired for 
interaction with its host. 

Obligate intracellular means that the organism life is restricted to its host, 
from which it cannot depart and survive (Ogata, Renesto et al. 2005). Once 
bacteria have adapted to intracellular life, selection on genes in certain path-
ways is relaxed and they will finally degrade and vanish from the genome. 
Comparing the two closely related genomes of R. prowazekii and R. conorii 
reveals broken pathways and systems for importing metabolites (Renesto, 
Ogata et al. 2005). The ancestor of R. prowazekii was a free living bacteria 
with larger genome and other requirements for its life supporting processes 
(Andersson and Kurland 1995; Andersson and Kurland 1998). It seems like 



 12 

the intracellular lifestyle, small genome size and a reductive evolutionary 
process correlate. A number of metabolic pathways have been replaced by 
metabolite transport systems and as a direct consequence a number of genes 
associated with these pathways have been redundant and their genomes have 
been reduced. It has been estimated that R. prowazekii may have lost about 
200-300 genes just since its divergence from the SFG (Andersson and An-
dersson 1999). 

The intracellular lifestyle also means that there is a very low inflow of 
new genetic material due to their relative isolation in their host cells. The 
most probable chance for horizontal gene transfer are then from other obli-
gate intracellular bacteria. One possible horizontal gene transfer are 
ADP/ATP translocase (Koonin, Makarova et al. 2001; Amiri, Karlberg et al. 
2003). To reverse the process and become extracellular again seems very 
improbable once the fundamental pathways have been broken. Many obli-
gate intracellular parasites have genome sizes of 1Mb or less and are found 
in different bacterial phyla such as �-proteo, �-proteo and Chlamydia, which 
supports the theory that transition to intracellular parasitism has occurred 
several times independently. In this thesis, I have studied the intracellular 
bacteria Rickettsia, O. tsutsugamushi, Chlamydia trachomatis and F. tu-
larensis. 

1.3 Hunting for genes 
At the heart of genomic studies of bacteria is to reveal the function and an-
cestry of its genes. Finding genes in genomes are usually done by computa-
tional means, but finding open reading frames are not a guarantee it is a real 
gene and is coding for a product. If positional orthologs are available in 
closely related genomes, it is possible to reveal if the ORF is coding by in-
vestigating if it is under selection. In cases when the ORF lacks orthologous 
genes to compare it with, it might only be a spurious ORF that is not under 
selection but it can also be a novel gene that gives it an evolutionary advan-
tage. 

1.3.1 The Rickettsiales  
The Rickettsiales are an order of �-proteobacteria and range from arthropod 
endosymbionts such as Wolbachia to human pathogens such as R. prowaze-
kii and O. tsutsugamushi. The Rickettsiales is an ideal group to study for 
transition to intracellular lifestyle since many of its members have been se-
quenced and in most cases it has kept its synteny between genes. Some of its 
members, such as R. prowazekiis properties are well known and comparative 
studies with its closest relatives O. tsutsugamushi and Wolbachia have sto-
ries to tell. 
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The genus Rickettsia can be divided into four major subgroups: typhus 
group (TG): R. prowazekii and Rickettsia typhii; spotted fever group (SFG): 
Rickettsia conorii, Rickettsia rickettsii, Rickettsia sibirica, Rickettsia mon-
tana; transitional group (TRG): Rickettsia felis, Rickettsia akarii; ancestral 
group (AG): Rickettsia belli and Rickettsia canadensis et cetera (Roux and 
Raoult 1995). Transmission between hosts takes place by skin penetrating 
insect vectors such as flea, lice and tic. Only some of the Rickettsia is patho-
genic to humans. The first Rickettsia to be sequenced was R. prowazekii 
(Andersson, Zomorodipour et al. 1998) and with this genome sequence 
available an intense research began to reveal how an intracellular lifestyle 
had effected the genome and compare it with the genomic features of free 
living bacteria.  

Rickettsia species have small genome sizes that range from 1.1 Mbp for 
R. prowazekii to 1.49 Mbp for R. felis. (Andersson, Zomorodipour et al. 
1998) (Andersson and Andersson 1999; Ogata, Renesto et al. 2005). O. tsut-
sugamushi form an outgroup to Rickettsia and has an astonishing large ge-
nome of 2.1 Mbp, considerably larger than its respective outgroup Wolba-
chia with genome size of 1.3 Mbp. 

1.3.2 Coding DNA 
The coding fraction of the DNA in bacteria is roughly about 90±5% and 
consist mainly of genes with assigned functions or hypothetical genes (”con-
served hypothetical genes”) that are conserved between different species but 
lack assigned function (Amiri, Davids et al. 2003). To the coding part of the 
genome we usually add the orphan genes which are open reading frames 
(ORF’s) with codon usage similar to genes with assigned function but have 
no detectable sequence similarity to any known gene (Fischer and Eisenberg 
1999). Many of the orphan genes have been shown to be degraded full 
length genes. Some 80% of the annotated orphans of R. conorii have been 
shown to be short gene fragments, fusions or remnant of degraded ancestral 
full length genes (Amiri, Davids et al. 2003). In addition to codon usage, 
substitution frequencies are relevant for measure coding potential of an ORF. 
If an ORF has not been disrupted by a stop codon or frameshift mutation, has 
kept is length intact and has low Ka/Ks it will likely code for a protein. When 
applying the Ka/Ks-measure it is important to use orthologs with distances 
not in saturation and not to close either, in order to get high resolution. De-
pending on distance, different levels of Ka/Ks are relevant for determine cod-
ing potential (Lawrence 2003).  

1.3.3 Noncoding DNA 
The noncoding part of microbial genomes is usually very small, typically 
between 6 - 14% (Amiri, Davids et al. 2003). These intergenic sequences 
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consist partly of pseudogenes which have strong similarity to real genes but 
might have a stop codon inside splitting it apart, or indels (inser-
tions/deletions) which causes frameshifts. Pseudogenes can also consist of 
fused gene remnants and look like real genes but examination of substitution 
frequencies or codon usage reveals their true nature, and quite often these 
have frameshifts compared to closely related species. Gene remnants de-
scribes even more degraded genes where only parts of full length genes re-
mains, generally with extensive mutations. Sequences with no similarity to 
full length genes are denoted spacer sequences. Noncoding ORFs are not 
under selection so Ka/Ks = 1 is expected under pairwise measure of homolo-
gous sequences if any could be studied. If an inactivation event for a pseu-
dogene occurred prior to divergence, it will have evolved under neutral con-
dition and depending on distance only degraded genes will remain. To re-
construct the ancestral gene (fossil orf) under those circumstances can be 
hard. If the fossil orf is similar to a full length gene and the position in the 
genome remains, frame and indels can be reconstructed by comparison to a 
full length template gene via alignment. The Rickettsia are not only among 
the smallest genomes sequenced, in the range of 1.1 - 1.4 Mb (Andersson 
and Andersson 1999), they also has an astonishingly high degree of non 
coding DNA, 24% in R. prowazekii, compared to 10% which is typical for 
other bacteria. The genome of R. prowazekii comprizes 1,111,523 base pairs 
encoding 834 proteins (Andersson, Zomorodipour et al. 1998). Deletion 
events by far outnumber insertions in Rickettsia and the ratio has been esti-
mated to 3.3. One reason Rickettsia has such a high degree of noncoding 
DNA is that it has lost genes due to inactivation of which only degraded 
genes remains. An explanation of this loss might be the ability to use host 
cell metabolites (Andersson and Andersson 1999; Andersson and Andersson 
2001). 

1.3.4 Orphan genes 
In most newly sequenced genomes a significant number of ORFs have no 
match to genes among the genomes earlier sequenced. They might only have 
matches that are species-, family- or lineage specific. Those ORFs has been 
referred to as paralogous orphans if they are unique to the genome or ortho-
logous orphans if they are unique to a family of closely related genomes 
(Siew and Fischer 2004). Since the orphans had no significant matches to 
other proteins very little can be learned about them by studying homology or 
by traditional bioinformatic methods. It has been estimated that the fraction 
of orphans in newly sequenced genomes are about 20-30% (Siew and Fisch-
er 2003). Some trivial and non trivial solution to orphans has been revised by 
Fisher et al (Fischer and Eisenberg 1999). Some orphans earlier reported 
may be outdated, since, as more genomes has been sequenced those have 
found matches. Siew et al  made a large scale study of the up to then (2003) 
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84 fully sequenced and annotated genomes, regarding orphans (Siew, Azaria 
et al. 2004). The database, called ORFanage, consisted of all predicted ORFs 
in fully sequenced microbial genomes and made it possible to search homol-
ogy for singleton, paralogous and orthologous orphans. The result was 
31850 singleton orphans out of a total of 248992 ORFs which equals 13%. 
Out of these singletons 63.5% were shorter than 150 residues. A match was 
considered significant if it had a BLAST hit E-value lower than 10�3 or 10�5 
for alignments shorter than 80 residues. For those short ORFs it is a chal-
lenge to reveal if they are actually coding or not. A codon adaptation index 
(CAI) could be used to predict the likelihood that an ORF really is ex-
pressed. Since these ORFs are short the CAI measure is less valuable as a 
tool, since each codon affects the value more strongly and the result might 
become skewed (Basrai, Hieter et al. 1997). A more effective approach to 
detect if those short ORFs are more than only putative reading frames is to 
measure substitution frequencies in synonymous and nonsynonymous sites, 
but to be able to do this, orthologous ORFs must exist since it is a pairwise 
measure. Singleton orphans can therefore not be analyzed this way. Plotting 
ORF length against Ka/Ks gives a rough picture of divergence between the 
genomes and sorts out orphans that are not coding for proteins. In an com-
parison between Helicobacter pylori strains Ochman (Ochman 2002) 
showed that the vast majority of putative ORFs, even short ones were actu-
ally genuine protein-coding. It is important to use a threshold of Ka/Ks 
adapted to the pairwise genome studied (Lawrence 2003). Mira et al. has 
shown that orphans are shorter in size in general than genes with orthologs in 
other species (Mira, Klasson et al. 2002). In a comparative study of R. 
conorii and four other Rickettsia from the typhus group and spotter fever 
group, it has been shown that 80% of the ORFs annotated as orphans repre-
sent short fragments of deteriorating genes (Amiri, Davids et al. 2003). 
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2 Aims 

In order to make comparative bioinformatic studies of complete or partly 
sequenced microbial genomes more comprehensible, a semiautomatic exten-
sive database driven framework was crafted, GenComp. It has foremost been 
used in the analysis of the Rickettsiaceae family and the preprocessing of F. 
tularensis for a phylogenetic study and for genotyping of C. trachomatis. 
 
Questions posed and discussed in this work are: 
 
� How to automate the process of data extraction and basic analysis of mul-

tiple microbial genomes for further evolutionary studies? 
� How to visualize intergenic homologous sequences in order to study rem-

nant genes and preserved gene order structures? 
� How do Ka/Ks correlate with the conservation of gene clusters in Rickett-

sia? 
� Why are there so many pseudogenes in Rickettsia? 
� What different path of evolution from a common ancestor can be traced in 

the genes and genomes of Rickettsiaceae? 
� Where does F. tularensis fit in phylogenetically in the �-proteobacterial 

tree? 
� Which genes in C. trachomatis are suitable for typing highly similar iso-

lates? 
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3 Comparative Bacterial Genomics 

The comparative approach to gain knowledge about our world is probably 
one of the oldest and most powerful tricks in science, and biology is no ex-
ception. Comparison can be applied to several different levels either within 
species or between various aspects of species. When taking a bioinformatic 
approach to compare homologous genes and spacers from Rickettsia and 
compare them, from an evolutionary point of view, with all so far sequenced 
bacterial genomes, a massive amount of data must be dealt with in an effi-
cient manner. Without modern computers and databases this would not have 
been possible, and it is still very time consuming.   

3.1 Programming languages 
It is said our language affect the way we think, and nowhere is this more true 
than in programming. Often the implementation of a programming problem 
has an obvious solution in a certain language but not in another. The real 
power of a language comes from covering several paradigms. Many tasks 
that are tedious to do repeatedly by hand can often be scripted in a computer 
language to perform the same flow of operations over an entire set of data. 
The flow of operations is often referred to as algorithms or simply just pro-
grams. Often a number of algorithmic concepts are used over and over again 
and are general and shared between applications in a wide number of differ-
ent programming projects (Aho, Hopcroft et al. 1987). One programming 
concept that has dominated all newly designed programming languages is 
object orientation. This has made projects more manageable and the software 
more reusable. All bioinformatic libraries utilize object orientation exten-
sively (Budd 1991). 

For programming applications in bioinformatics there are two main lan-
guages that are complete enough for doing advanced research, namely Py-
thon and Perl. SQL is a common query and data manipulation language for 
databases that is used to store and extract data from databases within Perl 
and Python scripts. 
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3.1.1 Python 
Python is a high-level multi-paradigm programming language. It has re-
cently has gained much popularity in science since it is powerful and has 
libraries for solving numerical problems and an extremely simple syntax 
(van Rossum 1995; van Rossum 1995; Lutz 1996). Python is useful for func-
tional programming concepts, so recursive constructions are natural and 
efficient. Python’s flexibility and power becomes evident when implement-
ing complex algorithms, it handles sets natively. Recursion depth is oddly 
enough set explicitly and not naturally limited by memory size. 

3.1.1.1 Biopython 
Biopython is a collaborative effort to create tools, scripts and reusable mod-
ules for computational molecular biology. Its libraries include parsing blast 
results and a number of popular bioinformatics file formats. Unfortunately, it 
is far from as complete in this as Bioperl is. Therefore Perl and Bioperl are 
introduced for its completeness when it comes to dealing with parsing and 
converting file formats. Biopython is unfortunately of limited use and the 
project seems to have stalled. 

3.1.1.2 Tkinter 
The Tkinter module is the standard Python interface to the Tk GUI toolkit, 
developed by Sun labs. It is cross platform and works on OS X as well as on 
Linux or Windows. Tkinter has all the basic graphical widgets for building 
and interacting with canvases, buttons and scrollbars (Lundh 1999; Grayson 
2000; Shipman 2007). 

For visualization of homology between genomes, Tkinter is a simple and 
fast library to use. It is easy to maintain and reuse code in an object oriented 
fashion and libraries for lines, boxes and text are flexible. Another major 
feature is its possibility to directly export graphics in postscript for printing 
paper copies or making informative wall pictures of whole projects. 

3.1.1.3 Scalable Vector Graphics 
SVG is an XML file format for defining two dimensional graphics that can 
be rendered in an ordinary web browser or converted to postscript. SVG is 
open source and there is library support for all major scripting languages. It 
gives full control over animating and scripting detailed pictures (Eisenberg 
2002). The two circles of figure 5.7 and 5.8 are rendered from scratch in 
SVG with a Python script. 

3.1.2 Perl 
Perl is the most widely used script language in UNIX thanks to its well de-
veloped support for interacting with the operating system and parsing text 
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files. Almost all aspects of UNIX are scriptable and give Perl extreme power 
and flexibility.  It inherits its syntax from BASH which makes it intangible 
and awkward to read. Perl’s impact on scripting makes it hard to ignore, 
since there are a great number of usable scripts written in it for all kinds of 
problems, including bioinformatics (Wall, Christiansen et al. 1997; Chris-
tiansen and Torkington 1998; Srinivasan 1998). 

3.1.2.1 Bioperl 
The most complete body of libraries and code written for bioinformatic ana-
lyses is by far Bioperl (Birney, Dagdigian et al. 1995). Its coverage is close 
to encyclopedic in the number of file formats and programs it supports. It 
has a big user base and is updated on a regular basis. Bioperl’s biggest draw-
back, except its syntax, is speed and lack of lucid documentation. 

3.1.3 SQL 
SQL is an acronym for “Structured Query Language” and has been the main 
language for storing, retrieving and manipulating information in databases 
since its introduction in the early 1970s. Database queries are called pro-
grammatically from either Python, Perl or from a database monitor. SQL as 
a data manipulation language is based on a relational calculus model which 
allows powerful relational operations on internal database tables. It is possi-
ble to apply strict constraint rules to a database for meeting certain proper-
ties. However, if a database is under constant reconstruction these are hard to 
meet. Building a database for science clearly differs from building it for a 
bank! 

3.1.3.1 MySQL 
MySQL is one of the most popular DBMS and it is open source and has 
support for both Python and Perl (Yarger, Reese et al. 1999; Ab 2004; Harri-
son 2006). It is fast and flexible and can be distributed to a cluster of com-
puters for further speed improvements and backup security. Documentation 
is freely available online with comments. MySQL is a central part of Gen-
Comp and all data processed is stored in it. 

3.1.3.2 MySQL query browser 
The query browser is a graphical tool for searching the database with SQL 
queries and visualizes them in rows and columns. It is especially useful un-
der development to test concepts. Exports of result tables to Excel sheets 
have been frequently used. 



 20 

3.1.4 Drawbacks of scripting 
Even thought scripting is essential for examining large sets of data, it is not 
always clear cut. Traceability must be maintained throughout computations 
from the original data to the finished analysis for scrutiny and a number of 
these must be done by hand to check for errors. In very large datasets with 
complicated parameters involved it might be feasible to look for suspect 
outliers that reveal erroneous steps in a calculation. 

Different data sources used in the same analysis might need two parallel 
pipelines of calculations to maintain integrity of data processed in each step 
of the analysis. When scripting programs with complicated parameter set-
tings it is not possible to tune in to perfection as it would have been if it was 
done by hand in an iterative way. For example, an alignment step introduces 
risk of nasty errors and cannot be checked by hand in all individual cases. 
Calculations dependent on a pipeline of programs with complicated settings 
must be carefully examined before interpretation. It is even hard to control 
that derived conclusions are correct in multiple step calculations. Usually a 
set of samples are examined by hand.  

Drawing conclusions and presenting an analysis of a large and complex 
dataset is a great task. Conclusions from each step often leads to the need of 
further examination of data before further processing is possible. 

3.2 Database approach in bioinformatics 
The main idea of a database is to have a structured set of data records that 
can be combined by relational calculus. Databases are coherent containers of 
data with methods for dealing with arbitrary type, number, size and length of 
data. Any type of systematic and structured data can be stored and processed 
in a DBMS. It has obvious advantages over file based data, such as speed 
and uniformity. The database approach reaches beyond mere storing of data, 
but in a broader sense conceptualize the formalization of information and 
flow of calculation. 

3.2.1 Information indexing 
When working with scientific investigations it is crucial to create order and 
structure out of information. Putting a label and a number on each object 
under investigation makes everything referable and thus computable within 
the realms of a DBMS. Objects can be simple as a string of letters, a gene, or 
complex as the notion of homologous spacers between genes in synteny over 
seven genomes (Fig. 4.3). Indexing is the key to order and thus computabil-
ity. 
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All database entries have to be identifiable by a unique key or a combina-
tion of fields forming a unique key. To build a database out of genomic data 
implicate the task of formalizing all data into related fields. The idea of how 
to transform the data into a database forms all later steps of processing in-
cluded the calculations of data. To store an entire bacterial genome is 
straight forward: 

p_nr name date nuc_seqchr_id

chromosome

 
Figure 3.1 Example of indexing. Chromosome table in the GenComp database with 
chr_id as key index 

In the chromosome entry above, several chromosomes can be contained in 
the same project p_nr. For the entry to be unique an artificial incrementing 
number chr_id is introduced as a key. Two versions of identical chromo-
somes can be stored and identified by unique chr_id’s.  

A less obvious example would be to formalize the concept of orthologs 
(Chapter 3.7). Ortholog is a table referring to a subset of tribe_mcl protein 
families of which is homologous genes in synteny. Tribe_mcl refer to orf 
which refer to chromosome. The references are built hierarchal top down. 

project

chromosome

orf

tribe_mcl

ortholog

 
Figure 3.2 Top down view of the object ortholog. Objects are referring to lower 
level objects in a hierarchal model. Indexing and formalization leads to an actual 
implementation from the concept of ortholog to a physical table in GenComp 

Building ever more complex objects hierarchically with references to lower 
levels means that no information is lost underway and is always accessible if 
needed for further analysis or bug tracking. 

3.2.2 Data flows  
Working with data in text files from a computer language is awkward since 
it has to be scanned and cached each time it is computed. If data is stored in 
several formats and in different files combining them to get new results are 
even more cumbersome. Databases demands coherent data, so different file 
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formats must be handled before it can stored in a database. This forces the 
developer to handle file formats as the first step of implementation. The pay-
off is obvious later in the project; all data are readily at hand for analysis. 

DBMS
Text file Parse

SQLAnalysis

SQL
External
programParse

 
Figure 3.3 Information flow in a database system with scripts. Parse all files and 
store them in the database. Run external programs, such as GLIMMER, and parse 
the GLIMMER output and store in table ORF (open reading frames). Dump 
GLIMMER orf’s in a file for analysis. 

It is most convenient to parse all data from the text files only once to the 
database and retrieve data from SQL scripts. The database should be self 
contained with all data so no access to external files is necessary as new 
results are computed. This means that all output from external programs 
such as clustalw, PHYLIP and Blast are fed from the database with SQL 
scripts and then parsed back to the database. (Fig. 3.3) 

SQL script

Python script

Graph Table

Excel

 
Figure 3.4 Standard pipeline through database to final analysis. SQL scripts can be 
retrieved from Python and processed to results that need further retrieving from the 
database. This process can take place in several steps to form a pipeline of calcula-
tions. Finally the analysis is presented as a graph or Excel table. 

Analysis of data can now be done at a SQL monitor or as a SQL script with 
computations in python and further analysis in Excel or other spread sheet 
(Fig. 3.4). 

3.2.2.1 Universal interface 
The database additionally functions as an interface between calling functions 
from scripts and external programs to the data. This modularity makes it 
easy to swap one program for another and has been used for different align-
ment and gene finding programs et cetera. First, data has to be formatted to 
suit the external program called and then parsed back to the database in the 
correct format. It is easy to control that a swap of programs work, if the new-
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ly parsed data is stored in the database in the same format, it should work 
flawlessly. 

3.2.2.2 Caching of computer intense calculations 
Some calculations like Blast, Clustalw, dN/dS and several more programs are 
extremely computer intense and can take several days to compute for mas-
sive studies. The most convenient way to work with these data is to store the 
intermediate result in the database instead of recalculate it each time it is 
needed. A drawback of this procedure is redundancy of data. In a database 
built for scientific investigations, the database scheme cannot be designed 
once and be forever static. It is in a dynamic state of change as new features 
are implemented and thus integrity is broken for simplicity. As long as this is 
kept in mind, problems should not occur from it. 

3.2.2.3 Data browsing 
Having all genomic data gathered in tables in a database gives tremendous 
power for the user to explore relations between data. It is possible to browse 
the data direct in a monitor and export as Excel sheets to plot a graph or a 
table.  

3.2.3 The relational model 
Structured Query Language (SQL) is used to handle information in DBMS. 
SQL owes its strengths from relational calculus which use combinations of 
tables compared and filtered by properties. Queries can be tested individu-
ally and combined together in several steps to higher complexity. 

3.2.4 Optimization issues 
Extracting and combining data from files to form new relations from a pro-
gramming language can only be rational when files are relatively small.  
However, data files tend to grow and live longer than first intended when the 
project was first considered. So there is seldom a reason for not using data-
bases even for intentionally small projects because there is no overhead cost 
except knowledge. 

DBMS’s are constructed with speed and memory in consideration and 
there are several ways to optimize. The most common way to speed up a 
database is to use precomputed indexes over large tables. GenComp relies 
heavily on indexes as it has grown from just a few hundred megabytes to 
more than one gigabyte. 
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3.3 Genomic databases  
Scripts were built in Python and Perl to parse and store the information from 
files to databases. Unless otherwise specified, all genome sequences have 
been downloaded from ftp.ncbi.nih.gov/genomes/Bacteria. All bacterial ge-
nomes available up to October 2007 was downloaded and stored locally in 
GenComp. 

3.3.1 COG DB 
COG is a collection of tables and genes grouped by homology. The idea is to 
annotate functions from well known genes, based mainly on direct experi-
ments from mainly E. coli and Baker’s yeast, to genes that are so far un-
known. Orthologous genes in different lineages of species retain the same 
function and thus it is important to assign genes in new genomes to those 
groups in order to predict their function (Tatusov, Koonin et al. 1997). Ho-
mology searching is done with BLAST on protein level on the sequences. As 
the number of sequenced genomes grow, they are adapted into COG and 
contain genes from bacteria, archaea and eukaryotes (Tatusov, Natale et al. 
2001). An ideal COG group is orthologous, but in practice it can sometimes 
be impossible to tell it apart from sets of paralogous genes, or the gene may 
contain several regions. These COGs then are represented by more than one 
functional assignment (Watanabe and Otsuka 1995).  

COG is distributed as a set of files from the NCBI site 
(ftp://ftp.ncbi.nih.gov/pub/COG/COG/), fun.txt, myva, myva=gb, org.txt 
(Tatusov, Koonin et al. 1997). These files have been mapped to their respec-
tive counterparts in the COG DB database and an additional table for 
BLAST hits is used to map hits to genes in GenComp and ARC DB. 

The more analytical part of COG for classifying phylogenetic patterns is 
in the COG WWW system but this were not suitable for scripting it to Gen-
Comp (Tatusov, Galperin et al. 2000). In order to use COG consequently 
together with the GenComp system the files were scanned and stored in da-
tabase tables matching the files, here called COG DB. The COG DB system 
has been used to automatically annotate genes from newly sequenced ge-
nomes to functions in papers I and II. Sometimes Tribe-MCL orthologous 
groups were annotated and manually curated for contradictions inflicted by 
COG. The clustering algorithm behind COG and Tribe-MCL are similar so 
Tribe-MCL clusters are almost one to one mappings to COG functional 
groups (Tatusov, Koonin et al. 1997; Enright, Van Dongen et al. 2002).  

3.3.2 ARC DB 
ARC (Automatic Right Click) DB is a home grown annotation database 
build out of the NCBI repository of all available sequenced and annotated 
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genomes of bacteria and archaea. Today, October 28 2007, it contains 1059 
chromosomes and plasmids from sometimes multiple strains of a species. 
This database was compiled as a reference for comparing new genes from 
our genome project and for assigning accession- and gi-number which is not 
part of COG DB and thus complement it. It consists of five tables in the 
GenComp database; arc_faa, arc_ptt, arc_cog, arc_summary and arc_blast 
which have their counterparts as files. The file repository at 
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/ has further files on genomic data 
which has not been used here. 

3.3.3 GenComp DB 
Main database and assembly of scripts.  See chapter 4. 

3.4 Sequence alignment 
Central to comparing species at molecular level is that of comparison of 
homologous sequences. In order to compare sequences of DNA, RNA or 
amino acids, they are aligned in columns and scored for similarity depending 
on sequence gaps and mismatches. The best match is the one with the small-
est evolutionary distance. Sequence alignment is among the most applied 
tools of bioinformatics and there are several flavors and packages. The dif-
ferent software tools are basically optimized for local – global, speed – accu-
racy or pairwise – multiple alignment.  

BLAST (Altschul, Gish et al. 1990) is optimized only for local pairwise 
search in large databases and is very fast. It is extremely useful for homol-
ogy searching of newly sequenced genes from any of the large gene data-
bases. It can search both for DNA and amino acids or combination of both or 
with a motif. The algorithm has been parallelized and scales well for cluster 
farms (Mathog 2003). 

For multiple global alignment, the Clustal series of programs are among 
the most commonly used (Thompson, Higgins et al. 1994; Thompson, Gib-
son et al. 1997; Chenna, Sugawara et al. 2003). Clustal is well established 
and have a version with a graphical interface that is very useful for scrutiniz-
ing an alignment (Thompson, Gibson et al. 1997). Another tool worth men-
tioning for viewing, editing and printing an alignment is Seaview (Galtier, 
Gouy et al. 1996). When the number of sequences is very large, maybe up to 
about two hundred, Clustalw is less efficient and other algorithms are doing 
a better job. Kalign is about ten times faster than Clustalw and can process a 
larger amount of sequences without misbehaving (Lassmann and Sonnham-
mer 2005; Lassmann and Sonnhammer 2006). The speed is less of a matter 
when doing only a few alignments, but matters a lot when there are a few 
thousands entries with up to two hundred sequences in each. DIALIGN is 
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yet another useful alignment program for aligning DNA at amino acid level 
where possible, by six frame translation, and at DNA level between these 
segments (Morgenstern 1999).  

All however lacks the essential feature of global in frame protein match-
ing of nucleotides or global nucleotide alignment with local in-frame protein 
alignment. In frame alignment are necessary for dN/dS calculation so a Py-
thon script was made for this, inframe-alignment.py. 

3.5 Gene extraction 
One of the first steps after completing a genome sequencing project is to 
locate its genes and assigning them function. GLIMMER (Salzberg, Delcher 
et al. 1998; Delcher, Harmon et al. 1999; Delcher, Bratke et al. 2007) is wi-
dely used for microbial gene identification and finds approximately 97-98% 
of all genes in a genome based on comparisons with published annotations. 
One potential problem with GLIMMER is overestimation of the number of 
genes predicted by 20-30% depending on genome structure and parameter 
settings. This however never poses a real problem in a comparative study, if 
ORFs are matched positionally to a closely related annotated genome which 
acts as a reference. Assigning gene function is thus done by homology to 
positional orthologs. If an annotation is available, it is blasted against all orfs 
and located by hit and position. A minor problem is that annotation errors 
are quite frequent and thus a well annotated reference genome is crucial. All 
possible coding sequences are of interest either as pseudogenes or as rem-
nants of genes. Thus GLIMMER was trained to find fragments as short as 
100 nucleotides. 

3.6 Gene homology clustering 
In order to find orthologous and paralogous genes a first step is to cluster 
them by sequence similarity. This has been covered by a number of papers 
and algorithms but most of them are focused on profile sequence databases 
and to classify new genes in accordance to these. COG uses cliques of near-
est neighbors and Pfam uses HMMs from manual alignments. When only 
clustering for orthologs, perspective is shifted towards building a classifica-
tion relevant only to genes from the participating genomes. One of the obsta-
cles in finding orthologs is the lack of positional data when clustering gene 
families by shear similarity (Heger and Holm 2000). Due to phylogenetically 
recent duplications or horizontally transferred genes, families cannot be clas-
sified by sequence alone. Discriminating orthologs from paralogs is imple-
mented in two separate steps. 1) Find the gene families, which include 
paralogs. 2) Order the families by synteny, which excludes paralogs. 
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The first step in classifying a set of genes can be an all against all similar-
ity searches with BLAST. The result is a list of weighted and directed hits 
between all genes. One crude way to sieve orthologs out of this list is to 
classify pairs of orthologs by mutually best BLAST hits. A more refined 
technique is to apply a graph walking approach where connectedness be-
tween nodes is classifying. TRIBE-MCL does just this and in addition is 
using precomputed similarity information (Enright, Van Dongen et al. 2002). 
The resulting families from TRIBE-MCL now interchangeably contains both 
orthologs, in-paralogs and out-paralogs that needs to be resolved to true po-
sitional orthologs as will be described below. 

3.7 Positional matching of genes and spacers 
Orthologous genes are the main source for gaining knowledge of evolution-
ary history and thus building molecular sequence phylogenies in modern 
biology. They also function as boundaries for homologous regions where it 
is possible to study the complex dynamics of gene-genome interaction. Cal-
culating the shared orthologous genes (hereafter, core genes) between differ-
ent subsets of a set of genomes differ depending on participating genomes, 
but have a minimal set in common which is a true subset to the core genes. 
This means that the more participating genomes results in a smaller set of 
core genes. Thus, adding a genome to a set of genomes with a fixed number 
of orthologs might degrade some former orthologs to (by definition) lower 
grade orthologs. Example: We have N participating genomes in a GenComp 
project. N-orthologs define the core orthologs spanning all N genomes. (N-
1)-orthologs spanning any set of the N-1 genomes et cetera. The same nam-
ing scheme has been used for split genes (sometimes short orfs) belonging to 
the same orthologous cluster of orfs. 

 The fundamental idea behind the method to find positional orthologs and 
thus homologous intergenic regions between multiple genomes was to step 
by step sort out the false positives in a contradiction-wise way, in order to 
end up with a set of putative positional orthologous genes and intergenic 
regions with highest possible confidence. The last step is a visualization tool 
for the connected regions of genes and intergenic DNA consisting of non-
orthologous genes – at least not orthologous to all genomes, pseudogenes, 
gene-remnants and orphans. The visual inspection tool is important for un-
derstanding of the comparative structure, in order to undertake further ex-
amination and gives an overall understanding for the region under study. 

There are several methods for finding orthologs from pairwise genomes 
that is fully automatic and uses different clustering approaches (Bansal, Bork 
et al. 1998; Remm, Storm et al. 2001). Some other projects calculate com-
parative properties between multiple genomes (Bansal 1999; Darling, Mau et 
al. 2004). Problematic for the mentioned project are that they overlap each 
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other and make it troublesome to combine data by cross referencing like in a 
database. Also a visual interface for closer inspection was appreciated. These 
were the reasons for the development of GenComp. 

3.7.1 Length ratio discrimination of gene clusters  
A simple ratio-rating test applied to the gene families from TRIBE-MCL 
resolves orthologs from paralogs by length comparison. The basic fact used 
is that if a gene has been duplicated and has evolved for a long time, and is 
still functional, there is also a certain possibility that its function and length 
has changed. We can use this fact to discard false positives to minimize the 
set we finally have to resolve by hand either visually or directly in database. 
BLAST will give roughly the same e-values in a cluster of orthologous and 
paralogous genes and we can sometimes partition them by length. It is 
straight forward to design a measure of ratio between pairs, but for a more 
general N genomes case it becomes somewhat harder. 

 
Figure 3.5 Ratio rating matrix of a set of seven genes and three groups, A, B and C 

 

The pairwise case is straight forward: Ratio(X, Y) = min(Xlength,Ylength) 
max(Xlength,Ylength) 
 
In the general case we have to measure the ratio between all orfs lengths 
against each other and create a matrix, and group all above a certain similar-
ity ratio together. Example: 

similarity cutoff = 0.80 
ratio(A,B) � 0.70 
ratio(A,C) � 0.50 
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ratio(B,C) � 0.60 
 
and: 
 
ratio(Ai,Aj) � 0.95 
ratio(Bi,Bj) � 0.95 
ratio(Ci,Cj) � 0.95 

 
Partitioning the matrix recursively in order A1, B1, B2, C1, A2, B3 and C2. 

 
A1 � [A1, A2], A1 processed 
A2 � [A1, A2], A1, A2 processed 
Thus [A1, A2] is a resolved group within 80% length ratio similarity. 

 
B1 � [B1, B2, B3], A1, A2, B1 processed 
B2 � [B1, B2, B3], A1, A2, B1, B2 processed 
B3 � [B1, B2, B3], A1, A2, B1, B2, B3 processed 
Thus [B1, B2, B3] is a resolved group within 80% length ratio similarity. 

 
C1 � [C1, C2], A1, A2, B1, B2, B3, C1 processed 
C2 � [C1, C2], A1, A2, B1, B2, B3, C1, C2 processed 
Thus [C1, C2] is a resolved group within 80% length ratio similarity. 

 
We now have three clusters with a ratio within 80% in each group and below 
80% between each of the member between the clusters. The clusters are 
[A1, A2], [B1, B2, B3] and [C1, C2]. 
 

3.7.2 Neighbor-joining of putative orthologs 
In closely related genomes synteny is usually relatively well preserved, de-
pending on under which circumstances it has evolved. This preservation of 
synteny can be exploited for studying homologous regions in multiple ge-
nomes. Orthologous neighbor clusters are joined if they are nearest neigh-
bors in all N participating genomes. This procedure will further resolve gene 
families by falsifying putative orthologs which do not follow the path of the 
nearest neighbors, and group the rest into clusters of positional orthologs. 
Those N sized clusters of positional orthologs and intergenic regions are 
grouped into regions of common origin. Orthologs with paralogs present 
usually appear in those regions and are resolved by hand. 
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Figure 3.6 Nearest neighbor join of orthologous clusters in three genomes. R clusters 
with R1 and R2 but not with L3. L1, L2 and L3 cluster to a metaregion. All regions 
are joined together for maximal length. Those regions are indexed and can be 
panned in the viewer. See figure 4.3and 5.5 

3.7.3 Reconstruction of ancestral sequences 
Once homologous regions have been identified, their dynamics can be fur-
ther examined by a comparative study of degraded genes, horizontally trans-
ferred genes, duplications, orphans and positional genes that got lost in one 
or more genomes. Gene clusters are often fragmentized but can be treated as 
a unified entity by gene clustering. In figure 4.3 cluster 42xx can be seen as a 
composite index of cluster_id and length group i.e. 4201, 4202, 4203, 4204 
where the two last figures xx are the length group. All gene remnants, but 
orphan genes, belongs to such clusters and are defined by which region con-
tains it, so if gene remnants belongs to the same cluster but in separate re-
gions it is defined as separate entities and separate evolutionary history.  

In order to do reconstructions of ancient genes from our sometimes heav-
ily degraded set of intergenic sequences, a comparison (tBLASTx) was per-
formed against all known microbial genes as in ARC DB. As can be seen in 
figure 4.4 and figure 4.5 even weaker hits make sense when positional data 
are considered. Figure 4.5 also shows clearly that in this case genes have 
been degraded almost only by mutations and not by recombination and gene 
order has actually been preserved compared to other more distant species. 
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3.8 Measuring selection using dN/dS 
Understanding the different rates of substitution frequencies between core 
orthologous genes and the cluster of genes in regions is critical for the inter-
pretation of the dynamics of gene history and the fate of genes in these re-
gions. Synonymous and nonsynonymous substitution rates are defined in the 
context of comparing orthologous genes pairwise at homologous sites, in-
frame, at nucleotide level. The measures dN and dS denotes the number of 
nonsynonymous (amino acid-changing) and synonymous (silent) substitu-
tions per site, respectively. The ratio � = dN/dS measures the difference be-
tween the two rates and is based on a codon substitution model (Yang and 
Bielawski 2000; Ochman 2003). The measure used here for computing dN 
and dS are YN00 (Yang-Nielsen) from the package PAML (Yang 1997). 
Their measure corrects for multiple substitutions at the same site. If an ami-
no acid change is neutral, it will be fixed at the same rate as a synonymous 
mutation, with � = 1. If the amino acid change is deleterious, purifying se-
lection will reduce its fixation rate, thus � < 1. Only when the amino acid 
change offers a selective advantage is it fixed at a higher rate than a syn-
onymous mutation, with � > 1 (Hurst 2002). 

Since dN/dS is calculated pairwise, the number of combinations of N or-
thologs will be combination(N,2) and follow the well known binomial pat-
tern. Thus, 7 genomes will give 21 pairwise dN/dS comparisons for each or-
thologous gene spanning all 7 genomes.   

3.9 Phylogenetic methods 

3.9.1 Phylogenetic inference  
Taxonomy is probably as old as man, since we tend to group complex pat-
terns hierarchically based on visual characters. This was taken to a new level 
by Linné, who systemized the study of plants and animals. The possibility of 
sequencing genes caused a shift from visual characters to DNA. This shift is 
fundamental since it is not longer based on visual characters and takes com-
parisons to more basic level. The change at a molecular level the DNA is 
more gradual than is morphological or physiological characters. In one sense 
this led to the digitalization of biology that is currently under way. Life on 
Earth has a common ancestor with genes derived from this common set of 
genes. As a cell divides it accumulates mutations over time and genes copy 
and specialize to different functions within the genome. The closer in time 
that two species branched off, the more alike they are in their DNA. This 
basic assumption of likeness at DNA level and gradual change over time 
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gives rise to specific patterns that can be studied methodologically by phy-
logenetic methods.  

One of the most popular and complete toolset for phylogenetic methods is 
PHYLIP, created by Joseph Felsenstein in the 1980s (Felsenstein 1989; Fel-
senstein 2004). The package includes the most common methods such as 
maximum parsimony, distance methods, maximum likelihood, neighbor 
joining, bootstrap and consensus. The toolset can be scripted from the BASH 
prompt and from inside Python and is quite swift calculating distances and 
neighbor joining trees. As such it fits perfectly for calculating massive phy-
logenies with several hundred entries. 

Not even in an idealized and imagined sequence of consecutive species 
from today back to the first cell, if inheritable traits only were transferred 
vertically and gene copies were traceable within the genome, perfectly “true” 
phylogenetic trees would always be possible. Inconsistencies will remain 
depending on sampling density of species as well as the individual evolu-
tionary history of genes and other factors we don’t know of and therefore 
cannot reconstruct. This makes it a bit of a qualified guessing game to assess 
a phylogenetic method to our data. If reality doesn’t follow our model of 
evolution the phylogenetic method will fail to some extent. This doesn’t 
mean it is worthless; on the contrary it is extremely powerful – only that it 
has to be used with some caution.  

3.9.2 Homology searching in databases 
When building a species tree out of a set of genes from different species, it is 
important to use only those genes of common ancestry, the orthologs. Ortho-
logs has the gradual change suitable for inferring evolutionary trees from. If 
paralogous genes are mixed in the set for the phylogeny, they usually form 
their own clade if they split up long time ago, as all distances are closer be-
tween genes within clades then between genes in different clades. 

When searching in a large database for orthologs it can be hard or impos-
sible to tell them apart from paralogous genes. This is especially true if there 
is more than one hit to each species and synteny information is absent. How-
ever, what can be said with certainty is 1) If the gene has any kind of hit to 
the database and 2) if present, how strong the similarity is. It is somewhat 
harder if there are multiple hits to the database, to find the nearest neighbor 
in the tree. A common way of roughly assigning phylogenetic relationship 
for a gene is to pairwise align it with BLAST to a database of genes, and 
take the best hit as an approximation for closest species in an assumed phy-
logeny. However, this approach has some deficiencies: The distance between 
two genes in a pairwise alignment and the same in a multiple alignment does 
not have to match (Koski and Golding 2001).   

Here BLAST can be appropriate for finding and indicating which genes in 
pairwise matches from a large database should be used for multiple align-



 33

ments and calculated for shortest phylogenetic distance. Thus, we can find 
the closest species to a gene, if present, and if it has an orthologous gene in 
the database, it should be the one with shortest distance. Sampling density is 
of course crucial for the former discussion, if it is only a weak hit, classifica-
tion remains in a void. 

The reason to search for ancestry for all genes in the same genome is the 
matter about the dynamic flow of genes between species inherited horizon-
tally and those inherited vertically, especially non-core genes in the regions 
that can be orphan genes, pseudogenes or remnant genes are interesting to 
classify for heritage. We will study this in some detail later in the Rickettsi-
aceae. 
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4 The GenComp system 

4.1 Background 
When the number of sequenced bacterial genomes was low there was little 
reason to build infrastructure to take care of automatically adding new se-
quences as they appear. The bacterial species selected for study was chosen 
mainly to cover the diversity of bacteria and human bacterial pathogens ra-
ther than for comparable evolutionary studies of a single clade such as Rick-
ettsia. 

Now when genomes of various clades are abundant, comparative studies 
can be made in much higher resolution. It is possible to study the dynamics 
of the DNA between conserved genes and in intervening regions. GenComp 
was crafted to make systematic comparisons between bacterial genomes of 
high synteny. GenComp mainly handles two classes of genes, conserved 
core orthologs under synteny and all genes found in regions between those. 
Those genes in the regions are then subclassed to 1) Non-core orthologs of 
order less then spanning all genomes 2) Conserved pseudogenes 3) Orphan 
genes 4) Gene remnants. Evolutionary analysis and comparison within and 
between those two groups is one of the major reasons for creating GenComp. 

GenComp can harbor any number of concurrent running projects and each 
project can contain arbitrary number of genomes. The system is semiauto-
matic in its function and interaction with its user is necessary from time to 
time. The backbone of the system consists of a relational database that is 
accessed mainly from the scripting languages of Python and Perl but can be 
accessed directly in SQL by a monitor. This is a major feature making it easy 
to browse through huge amounts of data based on parametric searching by 
keywords. Bioperl and Biopython do the main work of translating and pars-
ing the manifold plethora of different file formats only used in bioinformat-
ics.  

The GenComp system has been used in various degrees for the bioinfor-
matics analyses in the presented papers I – VII. The core of the system has 
been common throughout the analyses, such as predicting orfs and assigning 
synteny between orthologs of strains as well as the viewing framework. The 
main difference between how the system has been used in papers lies in spe-
cially written scripts on top of the basic system for doing additional analysis. 
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Most of the methods and scripts described in previous chapter have been 
incorporated as batch scripts in GenComp or is executed from the command 
line. Running programs in a batch is a major time advantage from doing it 
each program by hand which also is cumbersome. Written as a batch script it 
is easy to change parameters and rerun the programs by just changing in a 
few lines. Besides, it does not give rise to small typos but rather systematic 
errors that are easier to reveal.  

This gives a rise in productivity as all projects have the majority of calcu-
lation intense steps in common. The main difference between projects is the 
implementation of special scripts for further analysis of orthologous genes 
and the gene intervening them. The GenComp system contains all genomic 
and by scripts derived data for Rickettsia, Chlamydia and Francisella. This 
self-containedness of data in GenComp makes cross-reference comparison 
studies simple both within a project but also between separate projects. 

N Genomes 1

Orf 2

Synteny 3

Scripts 4

Analysis 5 
Figure 4.1 1) GenComp is fed with N genomes and is tagged with a project name 
and project number. 2) Orfs are predicted with GLIMMER and stored with position 
and sequence. 3)  Synteny is calculated over all genes in all genomes and curated by 
hand, guided by visual inspection in the GenComp viewer. 4) Steps 1 – 3 are com-
mon for all projects and individual scripts written for Rickettsia, Chlamydia and 
Francisella works on top of these. 5) Analysis is made directly on data from Gen-
Comp or with help of gene databases such as ARC DB or COG DB. 

4.2 Program scripting 
Most bioinformatics programs were never intended for scripting from a pro-
gramming language like Python. This is most apparent in programs like 
PHYLIP and YN00 (ka/ks) that need interactive input from the system BASH 
prompt or from a written file. When doing workarounds for these inconven-
iences, massive amount of small files are created. A fundamental concept in 
all scripting has been to keep traceability of calculations all the way from 
genome input in GenComp to individual data resulting in a graph. Obviously 
all this make the system a bit cluttered and ugly - but in the end quite func-
tional. 
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4.3 Graphical Viewer 

A major feature of GenComp is its graphical interface which gives the pos-
sibility to curate orthologous gene clusters by visual inspection. Objects in 
the interface are rendered on the fly from the database and changes will be 
visible immediately. All orthologs treated in the papers have been double 
checked in the viewer. Gene families of genes that have been duplicated 
recently can often only be verified as orthologous by position.  

 
Figure 4.2 A) Login window. B) Login host and database window. C) Project win-
dow. D) Homologous regions window. 

When starting the graphical viewer, a window appear (Fig. 4.2 A) where a 
login button takes you to a detailed login window (Fig. 4.2 B). The system 
can be hosted at any computer in the local network or over the Internet so the 
host entry should be filled with the host’s ip-address. A database in Gen-
Comp can contain an arbitrary number of project entries but due to size con-
siderations and thus speed considerations it is usually wise to use different 
databases for different project, especially if they are large. Each user in 
GenComp has individual username and password that corresponds to the 
database. This gives opportunities to have parametric users that can view 
data but not change it. At window 4.2 C all projects within the chosen data-
base are viewed.  If one of the projects are chosen window 4.2 D appear with 
a scroll list of region numbers. The appearance of a region can be seen in 
figure 4.3 between orthologous genes on left and right. Intervening ORF’s 
are depicted in green in any of its six frames. It is possible to save the view 
or entire canvas in postscript. 
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Figure 4.3 A) Genomes ordered by chr_id B) Frame number C) Core orthologs D) A 
region between core orthologs E) Gene annotation F) Gene  orf_nr G) Cluster_id for 
genes H) Cluster_id for core orthologs I) Region index 

The patterns in region 404 (Fig. 4.3) is very common in Rickettsia. It shows 
how genes are deteriorating to shorter orfs in stages. The gene sca2 is full 
length in SFG but fragmented in the TG, indexed by 42xx. R. prowazekii 
usually has the shortest spacers and usually the most degraded genes. 
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Figure 4.4 A picture of heavily deteriorated genes in region 3319. Only the gene 
folA seems to be preserved in the spotted fever group. The typhus group has shrun-
ken its spacers while the others almost only have been affected by mutations. 

When studying deterioration in spacers, the degradation takes place in sev-
eral steps (Fig. 4.4). If spacer genes are under selection, deleterious muta-
tions will not fix, and those genes mutate at similar rate as core orthologs. If 
genes are under relaxed selection they will slowly add mutations that some-
times become a start or stop codon. The genes will start to fragment in 
shorter pieces that can be detected by GLIMMER as long as codons follow 
the patterns of real genes. If there are full length genes matching the shorter 
fragments Tribe-MCL will assign them to the same group (cluster 42xx, Fig. 
4.3). Most of those clusters found in Rickettsia are genes vertically inherited 
from a common ancestor and lost selection after becoming an intracellular 
pathogen. Put in perspective, they might have been in deterioration for hun-
dreds of millions of years! 
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Reg_id = 3319

8 <> 626 2 2e-17 <> Chlamydia trachomatis(NC_000117) <> hypothetical protein <> -
8 <> 626 1 2e-17 <> Chlamydia trachomatis(NC_000117) <> hypothetical protein <> -
9 <> 626 0 1e-12 <> Chlamydia trachomatis(NC_000117) <> hypothetical protein <> -
9 <> 626 2 1e-12 <> Chlamydia trachomatis(NC_000117) <> hypothetical protein <> -

10 <> 626 0 4e-13 <> Chlamydia trachomatis(NC_000117) <> hypothetical protein <> -
10 <> 626 1 4e-13 <> Chlamydia trachomatis(NC_000117) <> hypothetical protein <> -
10 <> 626 2 4e-13 <> Chlamydia trachomatis(NC_000117) <> hypothetical protein <> -

8 <> 628 2 8e-25 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA
8 <> 628 2 8e-25 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA
9 <> 628 0 2e-25 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA
9 <> 628 0 2e-25 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA
9 <> 628 2 0.15 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA

10 <> 628 1 7e-25 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA
10 <> 628 1 7e-25 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA
10 <> 628 1 0.14 <> Chlamydia trachomatis(NC_000117) <> Dihydrofolate Reductase <> folA

8 <> 629 1 2e-24 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
8 <> 629 2 2e-24 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
8 <> 629 2 2e-24 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
8 <> 629 2 2e-24 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
8 <> 629 0 9e-19 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
8 <> 629 2 9e-19 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
8 <> 629 2 9e-19 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
8 <> 629 2 9e-19 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 0 4e-20 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 1 4e-20 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 1 4e-20 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 2 4e-20 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 1 4e-20 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 1 4e-17 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 0 4e-17 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 0 4e-17 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
9 <> 629 2 4e-17 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP

10 <> 629 0 5e-15 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
10 <> 629 0 5e-15 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
10 <> 629 0 5e-15 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
10 <> 629 0 8e-13 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
10 <> 629 0 8e-13 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
10 <> 629 2 8e-13 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
10 <> 629 0 8e-13 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP
10 <> 629 2 8e-13 <> Chlamydia trachomatis(NC_000117) <> Dihydropteroate Synthase <> folP

8 <> 630 0 8e-15 <> Chlamydia trachomatis(NC_000117) <> Dihydroneopterin Aldolase <> folX
9 <> 630 2 8e-15 <> Chlamydia trachomatis(NC_000117) <> Dihydroneopterin Aldolase <> folX

10 <> 630 2 4e-10 <> Chlamydia trachomatis(NC_000117) <> Dihydroneopterin Aldolase <> folX
10 <> 630 0 4e-10 <> Chlamydia trachomatis(NC_000117) <> Dihydroneopterin Aldolase <> folX

8 <> 935 0 0.0005 <> Thermotoga maritima(NC_000853) <> dihydropteroate synthase <> -
8 <> 935 2 0.0005 <> Thermotoga maritima(NC_000853) <> dihydropteroate synthase <> -  

Figure 4.5 The spacers in region 3319’s (Fig. 4.4) tBLASTx hits to Chlamydia tra-
chomatis full length genes, green indicate similarity in the same direction from the 
bold blue bar at top which is the spacer. A red bar would indicate a hit to the com-
plement. The line shows the entire gene it hits to in the database, so an even vertical 
distribution of lines means preservation of original gene length without large inser-
tions or deletions. 

When deterioration has gone even further then it has in figure 4.4 codons has 
deteriorated so much that no open reading frames can be found. These weak-
er similarities can be detected with tBLASTx which search all six reading 
frames.  
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5 Result and Discussion 

5.1 Evolution of Rickettsia (I-V) 

5.1.1 Rickettsiaceae 
Rickettsiaceae is a family in the �-proteobacteria clade that contains the ge-
nus Rickettsia, Orientia and Wolbachia. Wolbachia is an intracellular bacte-
rial parasite found in isopods, spiders, mites and insects. O. tsutsugamushi is 
obligate intracellular pathogenic bacteria and the only species in the Orientia 
genus and is transmitted to humans by trombiculid mites. The genus 
Rickettsia contains a large range of obligate intracellular parasites. They are 
transmitted to humans by blood-feeding arthropods such as lice, flea and 
ticks. From an evolutionary perspective these three genera have much in 
common, intracellular lifestyle have had a large impact on their genome 
evolution. A great deal can be learnt about Rickettsia by comparing it to its 
two closest relatives – Orientia and Wolbachia.  

5.1.2 GenComp setup  
In this study of the genus Rickettsia, eleven bacterial genomes from Rickett-
siaceae was included; O. tsutsugamushi, W. pipientis of Drosophila melano-
gaster, W. Brugia malayi, Rickettia belli, R. prowazekii, R. typhii, R. conorii, 
R. sibirica, R. rickettsii, R. akarii and R. felis. In the text R7 (Fig 5.1) refer to 
the seven Rickettsia which do not include R. belli. W2 (Fig 5.1) refer to the 
two Wolbachias. To conduct the Rickettsia studies two different databases 
were created, DB7 and DB11. 

For the evolutionary study of core orthologs and spacers genes in R7 the 
database DB7 was created. The genomes in R7 (Fig 5.1) are in close synteny 
so graphical images of all orthologs and spacers were produced with Gen-
Comp. In the last step to resolve cluster of paralogous genes into positional 
orthologs, these were curated by hand.  

To conduct a second study, with database DB11, all eleven genomes were 
fed into GenComp and gene families were calculated with Tribe-MCL. 
However, synteny is only preserved in R7 and not in a comparison to R. belli 
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or O. tsutsugamushi. Since synteny has not been preserved over all genomes, 
other information can be used for a complementary analysis. Instead of cre-
ating clusters of orthologous gene sets by position, the coverage of gene 
families over the eleven genomes of three groups of Rickettsia, Orientia and 
Wolbachia is used. Central to this study is a Venn analysis where gene fami-
lies were sorted into one of seven families (Fig 5.6 A).  

5.1.3 Result and discussion 

5.1.3.1 Rickettsiaceae phylogeny 
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Figure 5.1 Ribosomal phylogeny of Rickettsiaceae inferred with PHYLIP from 26 
ribosomal genes in synteny aligned as peptides with Clustalw. Genes are aligned 
individually and concatenated, bootstrap 1000, protdist, neighbor and consense. 
Genes are: rplQ,  rpoA, rpsK, rpsM, adk, secY, rplO, rpsE, rplR,  rplF, rpsH, rpsN, 
rplE, rplX, rplN, rpsQ, rpmC, rplP, rpsC, rplV, rpsS, rplB, rplW, rplD, rplC and  
rpsJ. The blue groups are by order: Spotted fever group, transitional group, typhus 
group and ancestral group. R7 in red refer to the DB7 database. The green groups 
refer to the DB11 database. 
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Figure 5.2 Gene order plot in Rickettsiaceae. There is low synteny between genes 
and O. tsutsugamushi is totally scrambled compared to R. prowazekii. 

The seven Rickettsias in R7 are close to synteny while R. belli and O. tsutsu-
gamushi has been heavily rearranged compared to R7. As can be seen in 
figure 5.2, a study of homologous genes and spacers in synteny in the genus 
Rickettsia must exclude R. belli. To achieve a study to cover both cases, it 
was implemented as two complementary databases, DB7 for seven Rickett-
sia in synteny where orthologous genes was calculated for substitution fre-
quencies and DB11 for studying eight Rickettsia, two Wolbachia and O. 
tsutsugamushi for common groups of gene families. 

5.1.3.2 Basic properties of Rickettsia and O. tsutsugamushi 

Species Group Chr length Core length Median Spacer length Median

R. prowazekii TG 1,111,523 1006 856 521 143

R. typhii TG 1,111,496 1006 856 510 144

R. felis TRG 1,485,148 1010 850 854 186

R. akarii TRG 1,231,060 1008 860 670 180

R. conorii SFG 1,268,755 1010 854 703 169

R. sibirica SFG 1,250,021 1009 854 679 165

R. rickettsii SFG 1,257,710 1009 854 691 169  
Table 5.1 Rickettsia core gene lengths and spacer length in basepairs. Calculation of 
core genes is based on 688 shared positional orthologs in R7 

Many obligate intracellular microbial pathogens have small genomes and 
sizes in Rickettsia varies between 1.1 - 1.5 Mbp while O. tsutsugamushi has 
a genome size of 2.1 Mbp. The number of genes per genome varies between 
800 – 2200 and correlate well with genome size. As can be seen in table 5.1, 
median length of core genes and median length of spacers also correlate 
relatively well with its group. The seven Rickettsia genomes (R7) have 688 
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positional orthologous genes in common and if R7 is compared regarding 
core orthologs with O. tsutsugamushi its common core of orthologs will drop 
to 512. The typhus group has extremely low number of repeated DNA com-
pared to O. tsutsugamushi. R. prowazekii has only 0.2% repeated DNA of 
length 200 bp while O. tsutsugamushi has 37% repeated DNA sequences 
ranging from 200 bp – 8000 bp. 

5.1.3.3 Substitution frequencies in Rickettsia - R7 

Ortholog rank Mean Median # Genes K a/K s Trend

Core 7 1009 856 688 0.13

6-ortholog 976 744 61 0.17

5-ortholog 1006 579 45 0.23

4-ortholog 567 330 76 0.33

3-ortholog 405 237 135 0.37

2-ortholog 332 219 166 0.47

core-7
core-6
core-5
core-4
core-3
core-2

7 6
54

3
2

A B

 
Figur 5.3 Relaxation of selection in orthologs in the R7 set from the cluster size of 7 
to size of 2. All positional orthologs are within 80% in length and are defined by 
how many genomes they span of a total of seven. Core-7 orthologs span all seven 
genomes and serve as a comparison. 

If genes are conserved and span all seven genomes and are of preserved 
length and gene order it is reasonable to believe they are important for the 
organism, either for external interaction with its environment or for internal 
purposes of the cell machinery. If this is the case, deleterious mutations will 
be at a minimum in order to keep the organism fit. In the case of the 688 
core-7 orthologs, they are under higher selection overall then lower rank 
orthologs (6-orthologs – 2-orthologs) and have lower Ka/Ks values. A free-
living bacterium must be as fit as possible in the pool of different environ-
ments it lives in. Therefore it needs more genes and a bigger genome then in 
a very restricted environment like within the stable environment in a eu-
karyotic cell. The extra excess of genes no longer needed for interaction with 
the environment outside the host in which it lives, are then under weaker 
selection and accumulate deleterious mutations and thus display higher 
Ka/Ks values. The same is true for some genes coding for metabolism in the 
bacteria. If it can use metabolites from the cytoplasm it does not need genes 
coding for these products, it can simply import the metabolites themselves. 
Depending on environmental differences and changes, different sets of genes 
will be under selection in different obligate intracellular bacteria, and genes 
that have no functional role will be under neutral selection and in time be 
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purged from the genome. In a very stable environment fewer genes are 
needed and the rest are purged faster than if the environment shifts. 

In the seven Rickettsia included in this study there are a total 483 ortho-
logs spanning less than all genomes. Genomes that lack an ortholog often 
contain more or less degraded remnants deteriorated by nonsense codons, 
frame shifts or insertion and deletions. It has to be a gradual process of gene 
removal from the genome. It also seems like relaxation of selective pressure 
precedes the gradual deterioration of genes to complete elimination. Ortho-
logs spanning less then all seven genomes are in general under less selective 
pressure than core orthologs spanning all seven are, as noted in higher � 
values. 

5.1.3.4  Gene deterioration in Rickettsia – R7 

 
Figure 5.4 Loss of function by gene fragmentation in species 1 while the function is 
retained in species 2. 

Gene degradation takes place in several steps. Relaxed selection of a gene 
will lead to accumulation of mutations. In figure 5.3 B the median length is 
continuously falling while the Ka/Ks is rising. This might indicate that or-
thologs spanning less then all seven genomes are under less selective pres-
sure then core orthologs are. The situation in figure 5.4 is very common in 
the comparative study of Rickettsia. Accumulation of deleterious mutations 
has led to a stop codon in the middle of the gene at stage 1, and the gene 
becomes split into two ORFs. The second stage shows further deterioration 
where new mutations generate additional stop codon. In the third step the 
gene has altogether vanished from species 1. This is also nicely illustrated in 
figure 5.5. 

Interesting to note here are that the 688 shared core orthologs decrease in 
number as more genomes are added to the analysis. When O. tsutsugamushi 
is added to the core set of orthologs the new core is reduced to 512 ortho-
logs. This might indicate that some of the 688 core orthologs in Rickettsia 
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are under relaxed constraints and will deteriorate and vanish under the right 
circumstances. O. tsutsugamushi has purged more of its ancestral genes than 
Rickettsia and show an extreme reorganization of its genome. 

In a comparative study like this one it is easy to spot fragments of genes 
either annotated as real genes, pseudogenes or conserved hypothetical genes. 
Gene erosion is an ongoing process in Rickettsia and is partly affecting ver-
tically transferred genes from a common ancestor, and whereas others repre-
sent the remains of rejected horizontally transferred genes. 

In addition to the 688 shared core genes in Rickettsia we identified 1160 
unique cluster of genes and gene remnants in spacers. Of the 1160 clusters 
469 had hits to homologous genes in ARC DB. Thus, the ancestor to Rick-
ettsia had between 1157 – 1848 genes. 

5.1.3.5 Reductive genome evolution 

Species Core genes Intervening Σ Core+Inter Σ Core(bp) Δ Length

R. prowazekii 62.30% 30.80% 93.10% 692088 0

R. typhi 62.30% 30.10% 92.40% 692331 243

R. felis 46.80% 37.70% 84.50% 695190 3102

R. akari 56.30% 35.70% 92.00% 693525 1437

R. conori 54.80% 36.30% 91.10% 695208 3120

R. sibirica 55.60% 35.60% 91.20% 694437 2349

R. rickettsii 55.20% 36.00% 91.20% 694533 2445  
Table 5.2 Genome coverage of core genes, intervening segments and the sum of 
both. The last two columns is the sum, in basepairs, of all core genes in each genome 
and a normalized difference to the right. 

As shown in table 5.2 there is a clear pattern that the reductive evolution of 
the typhus group has been much faster than in the transitional group and the 
spotted fever group. The intervening segments are shorter and core genes are 
shorter as well. So reduction of genome size leads to an even more compact 
gene set.  

Out of the 658 homologous spacers in R7, only 304 have any genes in any 
of the genomes and the other usually have very short spacers between genes. 
These spacers contain 469 clusters of homologous genes that have homolo-
gous genes outside the Rickettsia. Horizontal transferred genes are under 
rapid evolution and are probably mostly inactivated before they have time to 
become fixed in the genome. Therefore remnants can be found of horizontal 
transfer but seldom of core genes. 
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Figure 5.5 Gene degradation in seven Rickettsia. Genes are relatively preserved in R. 
felis and more decayed in spotted fever group to be totally vanished in the typhus 
group. Example of genome reduction. 

O. tsutsugamushi, and to some extent R. belli, the earliest diverging Rickett-
sia species, have had a totally different path of evolution than the gradual 
reduction of genome size observed in the other species. Both R. belli and O. 
tsutsugamushi contains mobile elements that mediate homologous recombi-
nation that has reshuffled their genomes heavily compared to R7 (Fig. 5.2). 
In addition to the reshuffling of genes O. tsutsugamushis genome has been 
inflated with about 37% of identical repeats in form of also mobile elements 
and accessory genes putatively involved in host-parasite interaction. In a 
sense O. tsutsugamushi have had both a direction to reductive genome evo-
lution in parallel to inflation of its genome. Compared to Rickettsias 688 
core genes in common, only 512 remain when O. tsutsugamushi is added to 
the comparison. In this sense it is closer to a minimal Rickettsia genome than 
the others are. Maybe O. tsutsugamushi has kept the genes that are under 
selection in R8 and purged the others due to its rapid evolution? 
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5.1.3.6 Venn analysis of gene families in ROW 

ROW 458 96.1

RO 209 67.9

RW 129 72.9

WO 22 59.1

R 1224 21.6

W 757 20.3

O 148 13.5

Cluster %COG

ROW

R W

RO

RW

WO

O

AncestorA B

 
Figure 5.6 A) Venn diagram of phylogroups B) Distribution of cluster fami-
lies and their coverage in COG. 

The genomes in DB11 are eight Rickettsia, two Wolbachia and O. tsutsuga-
mushi species (fig 5.1). There is almost no synteny between these genomes 
so only few positional orthologs can be extracted for analysis. All genes 
were clustered with Tribe-MCL into families, here called clusters (Fig. 5.6 
B). The gene cluster families are mapped to the phylogroups in figure 5.6 A) 
and consists of seven groups; ROW, RO, RW, WO, R, W and O. A gene 
cluster is mapped to a group if it has any gene in any genome of the group. 
For example, if a cluster of genes contain five genes with three genes in 
Rickettsia and two in Wolbachia but no in Orientia, it will be sorted in the 
RW phylogroup. No cluster of genes can thus be sorted in more than one 
phylogroup. The total numbers of gene clusters are 2947 and figure 5.6 B) 
shows how they are distributed over the phylogroups. 

All gene clusters was searched for homologies in ARC DB and COG DB 
as described in detail in section 3.9.2. In short, for each gene cluster, the 
gene with the shortest protdist value was searched for. This gives a better 
measure for homology than a BLAST search (Koski and Golding 2001).  

Orphan genes are contained in either of the phylogroups R, O or W and 
genes in these groups does not have any homologies in any other phy-
logroup. As can be seen by COG classification many of those in R, O or W 
lack this while the phylogroup ROW has 96.1%.  

All core orthologs and spacer genes from R7 (DB7) was mapped to phy-
logroups and evaluated. Of the core-7 orthologs 99.6% had a closest relative 
in �-proteobacteria and 0.003% �-proteobacteria, of the spacer gene clusters 
with homologies 88.5% had closest relative in �-proteobacteria and 4.5% to 
�-proteobacteria. Corrected for those spacer gene clusters without close rela-
tives, 35% had a closest hit in �-proteobacteria and 1.8% to �-proteobacteria. 
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5.2 Sequence Typing of C. trachomatis (VI) 

5.2.1 Chlamydia trachomatis 
Bacterial species of the genus Chlamydia are obligate intracellular parasites 
and grow by infecting host cells. The genus shows an extreme diversity in 
the number of different tissues it can infect and the genetic basis for this is so 
far unknown. It seems that its difference in pathogenicity depends on muta-
tional changes instead of novel genes. Owing to its relative solitude the ge-
nomes of members of Chlamydiae have kept almost perfect synteny (Read, 
Brunham et al. 2000). This co-linearity makes them well-suited for a thor-
ough comparative homology study at DNA level in GenComp. 

5.2.2 GenComp setup 
The system was fed with six genome strains from NCBI (D/UW-3/Cx, 
A/Har-13) and Sanger Institute (L2, 2497, CTB, B/Jali) where two of the 
Sanger strains were not fully assembled. The genomes not assembled were 
concatenated before use in the system. The result from running GenComp 
comprised a number of aligned orthologous spacer regions and orthologous 
genes in FASTA format. Two measures were applied to all clusters of 
aligned genes, dnapars (DNA parsimony, PHYLIP) and dnadist (DNA dis-
tance, PHYLIP). In the dnadist matrix we counted the number of pairs that 
exceed 0.005 and since it was six genes per cluster the measure can vary 
between 0 and 30. Reference is made to the “modified” dnadist as m-
dnadist. GenComp viewer was not widely used here since they were close to 
identical strains. The HMM training set for finding genes with GLIMMER 
was generated from D/UW-3/Cx and used on all six genomes. Gene annota-
tion from D/UW-3/Cx was blasted to identify the orfs found with GLIM-
MER. 

5.2.3 Result 
The coverage of the study was about 90% of the protein coding gene clusters 
(849/940) and 87% of the spacer regions (821/940). The incomplete cover-
age was the result of the concatenation of reads in two of the genomes. Ini-
tial screening showed that mutational variability in spacers was very low and 
not useful for genotyping so the study is concentrated on genes only. The m-
dnadist variability in coding DNA is on average 6.75 and 5.53 in noncoding 
DNA. A first striking result from the list of genes with dnapars and m-
dnadist sorted by gene position is that there appear to be clusters of genes 
with high level of mutational change.  
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Figure 5.7 Color coding for m-dnadist is: >20 red, >15 orange, >10 yellow and low-
er blue. Dnapars color coding: >0.5 red, >0.25 orange, >0.1 yellow and lower blue. 
PZ is the plasticity zone and the two other regions are R1 and R2. 

One of those is the plasticity zone (Read, Brunham et al. 2000) with m-
dnadist average of 13 and dnapars average of 345.  Another apparent region 
found is R2 with m-dnadist average of 18 and dnapars average of 157. A 
third shorter region is R1 with m-dnadist average of 17 and dnapars average 
of 183. Interesting to note also is that while PZ has highest dnapars, R2 has 
the highest m-dnadist average. Figure 5.7 shows the gene names of the final 
picks for genotyping and a majority comes from these three regions. A high 
m-dnadist value indicates that variability is spread pairwise between the 
orthologs which is advantageous since we want to find genes that are sub-
jected to continuous and rapid change.  It is the lowest dnadist scoring pairs 
that limit discrimination capability in an orthologous gene cluster. As m-
dnadist measures discrimination capability of a cluster of orthologous genes, 
it is dnapars that measure mutational change. If those two criteria are ful-
filled they are good candidates for genotyping. Table 5.3 shows genes or-
dered by m-dnadist and dnapars and table 5.4 ordered by dnapars and m-
dnadist.  
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dnadist dnapars length gene loc1 loc2 synonym code
28 332 1182 ompA 778879 780060 CT681 -
28 242 612 hctB 51504 52115 CT046 -
28 20 522 - 774638 775159 CT676 S
28 14 351 - 279485 279835 CT249 -
26 1698 1323 - 18550 19851 CT017 -
26 1174 1104 - 67425 68528 CT058 -
26 137 948 - 171816 172763 CT149 R
26 119 4350 - 165681 170030 CT147 -
26 86 858 - 160694 161551 CT144 -
26 57 762 rs2 777661 778509 CT680 J
26 31 1992 dnlJ 163592 165583 CT146 L
26 6 165 - 557793 557957 CT480.1 -
24 2134 1152 - 178320 179471 CT154 I
24 1498 1083 - 152143 153225 CT135 -
24 512 774 - 215851 216624 CT192 -
24 344 363 infC 982172 982699 CT833 J
24 330 435 - 134936 135361 CT115 -
24 224 1827 pepF 128488 130314 CT112 E
24 142 1692 - 321823 323514 CT288 -
24 93 1257 - 1024215 1025471 CT868 -
24 72 849 tsf 776816 777664 CT679 J
24 47 1071 karG 773578 774648 CT675 E
24 38 540 rrf 775530 776069 CT677 J
24 30 648 - 255514 256161 CT229 -
24 17 1494 htrA 967030 968523 CT823 O
22 623 807 trpA 194083 194844 CT171 E
22 204 357 - 752850 753143 CT656 -
22 33 1188 - 787549 788736 CT686 O
22 31 738 pyrH 776066 776803 CT678 F
22 27 972 - 796412 797383 CT694 -
22 14 318 rs10 505183 505500 CT436 J
22 12 1161 sucC 964841 966001 CT821 C
22 10 912 - 364145 365056 CT324 -
22 6 372 rpsL 508157 508528 CT439m J
22 5 330 - 541227 541556 CT466 -
20 771 1248 tyrP_1 960490 961686 CT817 E
20 47 813 - 251252 252064 CT223 -
20 13 897 yqfU 249369 250265 CT221 S
18 1255 3018 - 530908 533925 CT456 -
18 660 933 - 182735 183667 CT159 -
18 521 1971 - 120452 122422 CT105 -
18 518 3105 pmpF 1028545 1031649 CT870 -
18 445 1611 - 55644 57254 CT050 -
18 429 1563 - 57358 58920 CT051 -
18 393 1215 - 180738 181952 CT157 I
18 337 318 - 1038518 1038835 CT873 -
18 318 3060 pmpH 1034886 1037936 CT872 -
18 210 492 - 195091 195582 CT172 -
18 197 537 - 409838 410374 CT358 -  

Table 5.3 The 50 first matches ordered by m-dnadist and dnapars. The green was 
chosen for genotyping. Yellow is the plasticity zone as defined by Frazer et al 
174874-198880.  Blue is region R1 49866-58920 and grey is region R2 770500-
797383. If a field is only green it is outside any mentioned region. 

The alignments of selected candidates were inspected in Seaview (Galtier, 
Gouy et al. 1996) and some were chosen for sequencing and evaluation. 
CT058 comes out in top of both m-dnadist and dnapars lists and is therefore 
a natural top candidate. The main goal with this study was to increase the 
resolution from an earlier study conducted only on ompA for contact tracing 
(Lysen, Osterlund et al. 2004; Osterlund, Persson et al. 2005).  
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dnadist dnapars length gene loc1 loc2 synonym code
16 2379 3243 pbpB 780668 783910 CT682 M
24 2134 1152 - 178320 179471 CT154 I
8 1712 4203 secD/secF 519223 523425 CT448 U
26 1698 1323 - 18550 19851 CT017 -
12 1559 1452 arcD 426459 427910 CT374 E
24 1498 1083 - 152143 153225 CT135 -
14 1422 1845 - 161737 163581 CT145 R
18 1255 3018 - 530908 533925 CT456 -
26 1174 1104 - 67425 68528 CT058 -
10 1008 1647 - 185673 187319 CT163 -
10 890 1392 fumC 1004550 1005941 CT855 C
20 771 1248 tyrP_1 960490 961686 CT817 E
0 724 1992 dnaK 451614 453596 CT396 O
2 714 1071 ytgC 81479 82834 CT069 K
18 660 933 - 182735 183667 CT159 -
22 623 807 trpA 194083 194844 CT171 E
16 606 1587 - 76655 78241 CT065 C
8 569 1773 sdhA 671047 672768 CT592 C
10 552 1617 - 365551 367242 CT326 -
10 545 981 ytgA 79726 80706 CT067 P
18 521 1971 - 120452 122422 CT105 -
18 518 3105 pmpF 1028545 1031649 CT870 -
24 512 774 - 215851 216624 CT192 -
10 511 4191 rpoC 350487 354677 CT314 K
10 486 1347 - 845141 846487 CT733 -
0 472 1281 oppA_1 155820 157100 CT139 E
18 445 1611 - 55644 57254 CT050 -
10 435 942 - 179440 180381 CT155 I
18 429 1563 - 57358 58920 CT051 -
10 420 588 - 425856 426443 CT373 S
16 408 789 - 26673 27416 CT021 -
10 403 2775 alaS 872968 875595 CT749 J
2 397 1179 trpB 192912 194090 CT170 E
18 393 1215 - 180738 181952 CT157 I
12 356 219 - 254102 254503 CT227 -
24 344 363 infC 982172 982699 CT833 J
18 337 318 - 1038518 1038835 CT873 -
28 332 1182 ompA 778879 780060 CT681 -
24 330 435 - 134936 135361 CT115 -
16 325 741 - 184313 185053 CT161 -
10 321 438 dut 325956 326393 CT292 F
18 318 3060 pmpH 1034886 1037936 CT872 -
2 315 726 truB 108767 109492 CT094 J
10 314 1110 lpxK 461081 462340 CT402 M
16 306 579 euo 516395 516946 CT446 -
0 297 612 clpP_2 812399 813010 CT706 O
16 295 795 ybbP 12543 13337 CT012 S
10 292 1032 dacC 620037 621068 CT551 M
10 282 711 - 202611 203321 CT181 -  

Table 5.4 Here the 50 first matches are ordered by dnapars and m-dnadist. Code 
color as in table 5.3.  

Genotyping of ompA only gave 12 variants while our MLST system gave 32 
variants and could resolve intraserotype variation that was not possible be-
fore. This discriminatory possibility now makes it possible to conduct a con-
tact tracing of high resolution epidemiologic network from molecular data. 
Since ompA has been used in earlier genotyping studies it was natural to use 
it as a reference in this study to see where it was positioned in ranked lists. 
Fortunately ompA topped table 5.3, but it did not top in table 5.4. CT058 
were highly ranked in both and should perform well if the measures are 
sound.  
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Serotype hctB CT058 CT144 CT172 pbpB ompA
A-L3(16) 11 11 8 11 16 16
D(14) 4 6 5 4 6 5
E(12) 5 2 3 2 3 2
G(11) 3 4 3 3 7 4
K(10) 2 3 1 2 2 1  

Table 5.5 The discriminatory capability is show in each column and the left column 
show the number of different serotypes, in total 16 reference strains and 47 isolates. 

As shown in table 5.3, it performs close to ompA and is close in length. The 
pbpB gene top table 5.4 and when tested for discriminatory capability it is 
even better at resolving serotypes then ompA. 

5.2.4 Discussion 
It must be emphasized that the quality of these results is limited by the low 
number of sequenced C. trachomatis genomes available. The two measures 
have been used for finding probable candidates for typing closely related 
isolates. The more contributing genomes for analysis we have, the more the 
genes on the top of the lists will stabilize in ranked position. It fluctuated a 
lot when only a few genomes were used and started to stabilize more when 
all six genomes was used. Now candidates have to be chosen based on rather 
limited knowledge, but with increasing number of genomes they can be cho-
sen with higher certainty. Usually membrane proteins that interact with the 
human immune response system mutate faster and are natural candidates for 
typing, and both ompA and pbpB are putative membrane proteins. The pro-
teins CT058, CT144 and CT172 are uncharacterized and of unknown func-
tion, but seem to be changing fast. Other good candidates for genotyping 
from table 5.3 and table 5.4 are in order CT154, CT017 and CT145. These 
two measures combined could be useful for finding genes important for pa-
thogenicity that has so far not been characterized.  

From an evolutionary point of view it is tempting to interpret the rapid 
change in these five genes as adaptive selection. Since spacers are under 
neutral selection they should accumulate more mutations than genes if these 
are under purifying selection. Now it clearly seems to be the other way 
round in some genes. But if this is really the case, shouldn’t Ka/Ks indicate 
this too? Apparently not, at least not for CT144 � 0.21 (always < 0.4), 
CT172 � 0.75 (always < 1.08), hctB � 0.36 (always < 0.58), ompA � 0.19 
(always < 0.24) and pbpB � 0.27 (always < 0.63). 

The method used here for genotyping with MLST is general and quite 
straight forward and should be usable for genotyping of other closely related 
strains of pathogenic bacteria. 
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5.3 Phylogenetic analysis of F. tularensis (VII) 

5.3.1 F. tularensis 
As one of the most infectious pathogens known and the etiological agent of 
tularemia, F. tularensis is a facultative intracellular parasite and is spread 
through the bite of a blood-feeding arthropod vector such as ticks or mosqui-
toes. It can also infect by inhalation of F. tularensis as an aerosol. The natu-
ral reservoir of F. tularensis in yet not known.  

The genus Francisella is a �-proteobacteria and the only member of 
Francisellaceae which also contains the opportunistic pathogen F. philomi-
ragia which genome has not been sequenced so far. The genome of F. tu-
larensis strain SCHU S4 consist of a 1,892,819-bp circular chromosome 
with 1,804 predicted orfs of which more than 10% seems to be deteriorating. 
There are two completely identical copies of 33,910 bp in position 1,374,371 
– 1,408,281 and 1,767,715 – 1,801,625 which lack homologous genes (1e-10) 
among 16 �-proteobacteria and of the total 1,804 genes, 1,281 (71%) had 
homologous. 

0
100k

200k

300k

400k

500k

600k

700k

800k

900k1000k

1100k

1200k

1300k

1400k

1500k

1600k

1700k

1800k

Francisella
tularensis

 
Figure 5.8 Circular map of the genome of F.  tularensis strain SCHU S4. The outer 
scale is marked in thousand (k) base pairs. Circles 1 and 2 show genes from both 
strand colored by function. The next inner 16 circles show color-coded blast matches 
to genes from their position in F. t. to: L. pneumophila, P. aeruginosa, V. cholerae, 
C. burnetii, B. anthrasis, S. oneidensis, E. coli, H. influenzae, P. multocida, S. en-
terica (Typhi), S. enterica (Typhimurium LT2), X. axonopodis, X. campestris, Y. 
pestris, S. flexneri and X. fastidiosa. Red <  1e-100, green < 1e-50 and yellow < 1e-10 
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Figur 5.9 Phylogenetic relationship of 16 �-proteobacterial species inferred from a 
concatenated alignment of the proteins encoded by dnaA, ftsA, mfd, mraY, murB, 
murC, parC, recA, recG and rpoC. Bacillus anthracis was used as outgroup. The 
topology, branch lengths and bootstrap support are according to the reconstruction 
with the neighbor-joining method. Values at nodes are bootstrap support values for 
the neighbor-joining and maximum parsimony methods.  

These two regions has a G+C content of 27.5% compared to 32.9% for the 
entire genome which may indicate it has been acquired. However, their ori-
gin cannot be traced since a sequence search against GenBank didn’t reveal 
any significant sequence homology. 

5.3.2 F. tularensis phylogeny 
In order to build a species phylogeny and a phylome out of F. tularensis all 
genes were extracted with GLIMMER and searched against NCBI for ho-
mology. Most BLAST hits (<1e-10) were to Legionella (206 hits) and in total 
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the best 16 �-proteobacterial genomes were chosen for further analysis (Fig. 
5.9). Bacillus anthracis was chosen as outgroup. Genes and annotations were 
taken from NCBI and stored in GenComp for processing. 

The Francisellaceae itself do not have any close pathogenic relatives, as 
inferred from sequence similarity or 16S rRNA phylogenies. Instead, 16S 
rRNA data suggests that F. tularensis is a sister clade with arthropod endo-
symbionts like Wolbachia persica and only distantly related to human pa-
thogens Coxiella burnetii and Legionella.  

 
Figure 5.10 A) Dotplot between F. tularensis and Legionella B) Dotplot between F. 
tularensis and Coxiella.  Both plots shows a complete  absence of synteny 

This suggestion is supported by a phylogenomic analysis of 211 out of 1281 
genes with homologs in F. tularensis and spanning all 15 other �-
proteobacterial genomes, as previously undertaken for a smaller set of �-
proteobacterial genomes (Canback, Tamas et al. 2004). More than 40% of 
the 211 single gene trees had F. tularensis as a separate outgroup with boot-
strap support exceeding 75% and thus indicate that F. tularensis is the most 
deeply diverging lineage among the 16 �-proteobacterial species examined 
here. Another analysis was run on 10 separately aligned and concatenated 
genes to form a phylogenetic tree with B. anthrasis as outgroup (Fig. 5.9).  

Coxiella, Legionella and Francisella are �-proteobacterial pathogens with 
many lifestyle similarities. But they are not sister clades, and their deep di-
vergences explain the lack of overall gene-order conservation among the 
three genomes (Fig. 5.10). Therefore, although these pathogens have similar 
lifestyles and their similar genome sizes seem to reflect this similarity, their 
positions in the phylogenetic tree suggest that they experienced independent, 
convergent evolution. 
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6 Concluding remarks and future perspective 

As new innovations for faster and more relying sequencing technology ap-
pear there is an apparent lag in useful tools for analysis. Molecular biology 
has undergone a digitalization era where computers have become as an im-
portant tool as the good old microscope. When the number of bacterial ge-
nomes mount and huge environmental samples get sequenced, the comput-
ing power needed will rise faster than resources are available. The approach 
with GenComp was a holistic one and quite power demanding. A more light 
weight approach would be to make it possible to follow only one gene fam-
ily through all genomes, for example, and only do calculations where neces-
sary for deciding what to calculate next – a kind of “lazy evaluation”. 

The goal of the C. trachomatis genotyping project was to increase resolu-
tion of contact-tracing epidemiological studies. Now, it has been in use for 
some time and an allele database is taking form. Perhaps new light might be 
shed on evolution of pathogenicity and the role of the so far uncharacterized 
participating genes of CT058, CT144 and CT172. To further increase resolu-
tion, a number of more genes in the top 50 tables (table 5.3 and table 5.4) 
could be considered for inclusion in the typing design. 

In the phylogroup study of core and spacer genes in Rickettsiaceae, Clus-
talw followed by PHYLIP protdist gave much higher coherence than using 
BLAST for finding closest related species. In fact, using BLAST in this mat-
ter can only be motivated for finding candidates for doing the calculation 
above. A further study of the shared core genes between O. tsutsugamushi 
and Rickettsia (512) and in Rickettsia (688) could be made to see if it is pos-
sible to notice a relaxed selection among the 176 gene cluster that differ. 

It is interesting to note how evolution works at both ends of an extreme 
timescale. In C. trachomatis we can follow mutational change almost be-
tween hosts in some cases, and in Rickettsia we can still follow the deteriora-
tion of genes that loss selection for maybe some 100 million years ago, at the 
time when Rickettsia became intracellular. 
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7 Summary in Swedish 

Om man gör ett släktträd över allt liv som finns och har funnits på jorden, så 
kommer det att sträcka sig över en tidslinje på över 3 miljarder år tillbaka i 
tiden. De första organismerna var encelliga och är närmast besläktade med 
våra bakterier. Alla organismer har sitt ursprung ur en enda cell och allt det 
liv vi har runt oss härrör från denna urcell. Då det inte finns några välbeva-
rade fossil av bakterier så får man använda indirekta metoder för att studera 
dess utvecklingshistoria. Evolutionen lämnar, likt en lång röd tråd, spår i 
våra gener som sträcker sig ända tillbaka till denna första urcell. Grundste-
narna som styr alla organismers utveckling och vilken omgivning de kan 
överleva i styrs av dess DNA som är i ständig förändring. Förändringarna i 
sig, mutationerna, är omedvetna och slumpmässiga - men vilka förändringar 
som överlever till nästa generation beror endast på om överlevnadsförmågan 
i förhållande till en viss omgivning gynnats eller missgynnats. Denna evolu-
tionära förändring på DNA-nivå är drivkraften bakom all anpassning av djur, 
växter och bakterier till nya miljöer. Om vi till exempel tittar på vissa bakte-
rier som redan har anpassats till en ny miljö så kommer dess uppsättning av 
gener att skilja sig mot bakterier anpassade till en annan miljö. Om dessa nya 
gener, genom någon mekanism, förs över till en annan bakterie så kan den 
här bakterien automatiskt vara förberedd till denna nya miljö. Nya gener kan 
också uppstå genom omarrangemang av gener som inte sitter ihop helt. Då 
kan två halva gener bilda en ny gen med helt nya egenskaper som ibland kan 
vara fördelaktiga och därför överlever till nästa generation. Gener kan också 
flyttas från en bakterie till en annan av virus (fager) som av misstag packat 
ned en bakteriegen när den tillverkat ett nytt virus. Alla de här förändringar-
na växer och blir större med tiden och beror också på vilken stress till för-
ändring som man utsätter bakterierna för.  

För att enklare kunna studera bakteriegenom ur en evolutionär synvinkel 
så har jag byggt ett system, GenComp, där man kan ladda in alla bakteriege-
nom som man vill göra jämförande studier på. Systemet är kopplat till en 
databas och programmeras via script som gör det mycket snabbt och flexi-
belt. Ett grafiskt gränssnitt gör det möjligt att visualisera hur generna ligger i 
förhållande till varandra och underlättar den evolutionära analysen avsevärt. 
Ur bakteriegenomet extraheras alla gener som jämförs med varandra och 
bildar olika familjer klassade på gemensamma egenskaper. Vissa av dessa 
gener har behållit sin relativa position på bakteriegenomet och på så vis kan 
man veta att de har en gemensam evolutionär historia, de är ortologer. Ho-



 58 

mologa familjer av gener utgör stommen för jämförande evolutionära studi-
er. 

Vid typning av Chlamydia trachomatis (Artikel VI) har man traditionellt 
använt sig av serotypning som utförs genom analys av patientens antikrop-
par. Serotypning av C. trachomatis har endast ett drygt tiotal olika varianter 
vilket ger alltför låg upplösning för att kunna göra smittskyddsspårning. Med 
nya sekvenseringsmetoder kommer också nya möjligheter att snabbt kunna 
extrahera geners DNA. Den gen man först har använt sig av för gentypning 
på DNA-nivå är ompA, vilken är en gen som uttrycks som ett protein i bakte-
riens yttre membran som gränsar mot värdcellen. Värdcellens immunsystem 
reagerar på bakteriens yttre karakteristik (kamouflage) för att avgöra om det 
är en vän eller fiende. Bakterien är betjänt av att konstant ändra detta kamou-
flage för att undgå att bli dödad av värdcellen. Detta leder till snabba gene-
tiska förändringar i bland annat ompA-genen som kan utnyttjas för gentyp-
ning. Vid min evolutionära studie av C. trachomatis så har jag utifrån sex 
olika stammar av bakterien försökt hitta de gener som förändrar sig allra 
snabbast och därför också skall ge bäst resultat vid gentypning. Resultatet 
var fem nya gener som ökade noggrannheten i smittspårningen med 267%.  

Rickettsia är ett stort släkte bakterier som kan framkalla sjukdom hos 
människor såsom epidemisk tyfus och fläcktyfus. Rickettsias smittvägar är 
via löss, fästingar och andra blodsugande parasiter. Eftersom Rickettsia lig-
ger bakom farsoter som gisslat mänskligheten i långa tider så var den en av 
de mest intressanta organismer att studera närmare rent genetiskt när tekni-
ken för det gjorde det möjligt. Fram tills idag har cirka tio bakteriegenom 
sekvenserats och utgör ett helt unikt material för jämförande genetiska studi-
er av en intracellulär patogen. GenComp konstruerades i första hand för att 
göra evolutionära studier i Rickettsia av de gener som är identiska mellan de 
bakteriegenom som ingår i studien. Genom att jämföra likadana gener parvis 
med varandra så kan man få fram information om de fortfarande används 
eller om deras funktion har blivit överflödig. Från början var föregångaren 
till Rickettsia en fritt levande bakterie och hade många fler gener än den har 
idag. När den tog steget mot att bli intracellulär så kunde den börja parasitera 
på sin värd istället för att själv producera de byggstenar den behöver för sin 
överlevnad. Jag har studerat mönster för hur de överflödiga generna brutits 
ned och fragmenterats och i vissa fall helt försvunnit. 
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