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1 Introduction

The continuous change of the genetic material is a necessity to all forms of 
life in order for evolution via natural selection to work, but the causes, con-
sequences and speed of change can be very different in different organisms. 
In some cases it might actually be the lack of selection that shapes the ge-
netic material. How can we explain the differences that we observe? Is the 
evolutionary fate of a particular organism’s genetic material just coincidental 
or can we predict or explain the genetic consequences based on its specific 
lifestyle? In this introduction I will present background knowledge about 
some of the causes and mechanisms that shape the genetic material of bacte-
ria and also to the two organisms on which most of my work is focused. 
Both of these bacteria have an obligate intracellular symbiotic lifestyle in 
insects. In some aspects one might say that they lead a similar life and 
though there are many similarities, their effects on their hosts and the evolu-
tionary and functional constraints that have shaped and are still shaping their 
genetic material seems to differ a lot. 

1.1 Intracellular symbiosis 
Symbiosis is derived from the Greek words syn and biono that means living 
together and signifies a more or less close relationship between two different 
organisms, including everything between obligate intracellular associations 
between bacteria and eukaryotes to cooperation between animals. It is a very 
common phenomenon in nature and has undoubtedly contributed to a lot of 
the organism diversity we can observe today. The mitochondrion in the eu-
karyotic cell is an example of an intracellular symbiotic relationship that has 
persisted under a long evolutionary time. The two partners can hardly be 
regarded as individual organisms anymore, since they are inseparable and 
have most probably shared a common evolutionary history for the last two 
billion years (Hedges et al. 2001). The association between intracellular 
bacteria and their eukaryotic hosts, similarly to the mitochondrion, can often 
develop into a codependency between the two partners. There are several 
different types of symbiosis and some of them are easily distinguishable 
from the type of symbiosis observed between mitochondria and eukaryotic 
cells whereas others are comprised of partners that are so tightly connected 
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that they border on being regarded as one organism, where the symbiont 
could almost be considered as an organelle.  

Parasitic relationships are associations where one of the partners in the 
symbiosis benefits on the expense of the other. Since this association will 
cause a fitness decrease for one partner and therefore only be beneficial to 
the parasite, the relationship will most likely not be transmitted vertically in 
the species where it causes a fitness decrease and will probably not become 
established over a long evolutionary time as an obligate association since 
severe fitness costs of one partner might lead to the extinction of both. The 
survival of such an association might instead build on the possibility for 
horizontal transmission to occur between individuals, populations and even 
between species often by the help of animal vectors where the parasite does 
not cause any fitness loss. 

Another type of relationship is commensalism, derived from Latin com
mensa that means sharing a table, where one partner benefits but does not 
harm nor cause a benefit to the other. This type of relationship could proba-
bly persist over longer time periods especially if the benefiting partner would 
develop an obligate dependency on the neutral partner and the intracellular 
partner is vertically transmitted.  

A third type of symbiotic interaction is mutualism where both of the part-
ners of the symbiosis are benefiting from the relationship. This type of asso-
ciation can be very similar to that seen between eukaryotic cells and mito-
chondria. Intracellular mutualists often develop a mode of vertical transmis-
sion and if the dependency becomes obligate for both partners the two be-
come inseparable and the infection can therefore persist for a long 
evolutionary time.  

Reproductive parasitism is a special case of symbiosis. The association 
does not have to confer any fitness decrease for the host but will often lead 
to a biased sex ratio in infected populations. Most often the sex ratio is bi-
ased towards females since, as for mitochondria, the intracellular bacteria 
can only be transmitted via the cytoplasm of eggs and not via sperm. These 
types of associations seem to be more prone to horizontal transmission be-
tween species and populations. However, because of their effects they can 
develop a stable infection with their host in spite of possible fitness costs and 
imperfect transmission. 

These types of symbiotic associations are but a few simplified examples 
of the types of intracellular relationships that can exist in nature and proba-
bly the whole scale of costs and benefits in between these examples exists.  

As seen, the symbiotic relationships can differ a great deal but intracellu-
lar symbionts have a lot in common, they encounter similar problems such as 
being able to enter and exit cells and avoid or be accepted by the immune 
system of their hosts. The nutritionally rich intracellular environment of a 
eukaryotic cell and the population dynamics that follow with transition to an 
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intracellular life also contributes a lot to the fate of these bacteria, which to a 
large extent is reflected in their genetic material. 

1.2 Genome dynamics of endosymbiotic bacteria 
The challenges and benefits that follow upon transition into an intracellular 
environment seem to shape the genetic material of the bacteria living there in 
similar ways. Even though the gene content of parasites and mutualist might 
differ in several aspects (Tamas et al. 2001), the similarities are striking 
when it comes to genome size and dynamics, mutational bias and in many 
cases the accumulation of “junk” DNA. One might think that this is an indi-
cation that the change is directed, but many of the shared features are proba-
bly not sprung from selection but instead might be a consequence of lack 
thereof.

1.2.1 Genome reduction 
The most notable commonality of genomes of endosymbionts is their small 
size, a condition believed to be derived rather than primitive, suggesting that 
small genomes are descendants of larger ancestors (Woese 1987).  The de-
crease in genetic material is generally explained by the process of reductive 
evolution that acts on these genomes after they enter the intracellular habitat. 
Once a bacterium becomes intracellular, many genes that were previously 
needed for survival and adaptational flexibility are superfluous in the new, 
nutrient rich environment. As a consequence, large parts of the genome can 
be deleted without a fatal outcome.  

1.2.1.1 Causes of genome reduction 
It is obvious that a lot of the reduction of genomes of obligate intracellular 
bacteria is not random and originates from loss of selection on certain gene 
functions as they become unnecessary to retain when the association be-
tween the two partners becomes more and more intimate. However, reduced 
genomes seem to continue to shrink even further, losing genes that might not 
be compensated by a nutrient rich environment. The apparent loss of selec-
tion for specific functions and the subsequent seemingly more random loss 
of genetic material, might lead to a point of no return when it comes to me-
tabolism and ecology. So why do genomes of intracellular bacteria become 
smaller?   

The speculations are many as to why genomes of intracellular bacteria 
decrease in size. Initially, it was suggested that less genetic material would 
give a replication advantage that could make smaller size a selected prop-
erty. It has, however, not been shown that reduction on the gene level would 
confer a more efficient and energetically economical replicating cell. An-
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other factor in favor of a non-selective process is the observation of inacti-
vated gene remnants in small bacterial genomes. If the process was driven by 
selection, inactivation would not be seen prior to deletion, since the replica-
tion advantage would then be lost (Moran 2002). 

One explanation for a non-selective reduction is that intracellular symbi-
onts often have small effective population sizes, due to transmission bottle-
necks and partitioning of populations among hosts, which increases the ge-
netic drift and the possibility of mutations to be fixed in the population. An 
overall relaxation of purifying selection, due to a stable and perhaps less 
competitive habitat could also have similar effects on the genome. Both sce-
narios imply that even genes that are beneficial to the organism can disap-
pear from the population, assuming that the effect is not lethal, if the strength 
of the genetic drift exceeds the strength of purifying selection or if large 
parts of the genome are evolving under neutral conditions (Andersson and 
Kurland 1998).  

1.2.1.2 Mechanisms of genome reduction 
Intra-chromosomal homologous recombination is an efficient and common 
mechanism for the excision of large chunks of DNA (Krawiec and Riley 
1990) and might therefore be of major importance for genome size reduc-
tion. The template for this type of recombination is repeated, homologous 
sequences, which are a common feature in most genomes. In every step of 
deletion one of the two template repeats is also deleted. This means that the 
ability of deleting larger portions of the genome decreases as time passes, 
since the repeated sequences needed for the process is exhausted. Genome 
shrinkage, however, can continue to take place on a smaller scale even after 
the loss of repeated sequences. Reoccurring bottlenecks in population size 
upon transmission from vector to host or host to offspring and a restricted 
habitat or the lack of selection for gene function, contributes to an elevated 
rate of fixation for nucleotide substitutions and base insertions/deletions. 
When considering insertions/deletions events, it seems that deletions pre-
dominate, giving rise to frameshift mutations and shorter genes (Charles et 
al. 1999). Deletional bias has been observed in several genomes of intracel-
lular bacteria, i.e. Rickettsia and Mycobacterium (Andersson and Andersson 
1999; Kato-Maeda et al. 2001). Therefore, base deletions might explain the 
pseudogenes seen in many small prokaryotic genomes, since when the re-
peats disappear, the mutated and possibly inactivated gene remnants can no 
longer be excised by homologous recombination. But since deletions are 
more common than insertions, genes will be eliminated slowly, only a few 
base pairs at a time. Deletional bias could eventually lead to the erosion of 
the DNA that once contained the genic sequence and hence contribute to the 
process of genome reduction (Mira et al. 2001).  The genome sequence of 
Mycobacterium leprae provides an example of a genome in the process of 
reduction, containing more than a 1000 pseudogenes and a coding density of 
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less than 50 percent, the results indicate that this bacterium made a quite 
recent transition into the intracellular niche and is now in the process of dis-
carding the genes no longer needed (Cole et al. 2001). 

1.2.2 Substitution rates 
The genomes of obligate intracellular mutualists are often seen to have an 
accelerated rate of nucleotide substitutions compared to free-living bacteria 
(Brynnel et al. 1998; Woolfit and Bromham 2003; Degnan et al. 2004). High 
nucleotide turnover is probably a consequence of the same population dy-
namics as seen in the case of deletional bias and genome reduction. As the 
genome is subjected to a decreased selection pressure and/or increased ge-
netic drift, the rate of substitutions increases (Funk et al. 2001). The loss of 
recombination and repair systems might also contribute to a higher rate of 
nucleotide turnover and base deletions, since mutations introduced during 
replication might be left unrepaired. This is especially serious if there are 
also few opportunities for inter-chromosomal recombination, due to physical 
isolation, small population sizes and asexuality. The accumulation of mildly 
deleterious mutations in an asexual population is known as Müller's ratchet 
(Muller 1964; Felsenstein 1974), a phenomenon that leads to a decline in 
overall fitness in the population, as individuals without harmful mutations 
become less and less common. However, the increase in substitution rate is 
not as severe in genomes of intracellular parasites even though their ge-
nomes are at least as affected as mutualists when it comes to genome reduc-
tion, which implicates that the effects of genetic drift experienced on the 
nucleotide level might be more severe in organisms with a strict vertical 
transmission such as mutualist as compared to parasites that are also or only 
horizontally transferred between hosts or individuals. 

1.2.3 Genome rearrangements 
Homologous recombination between repeated sequences does not only con-
tribute to making genomes smaller, but also mediates genomic rearrange-
ments such as inversion and transpositions. Since obligate intracellular sym-
bionts, in many cases, a deprived of repeated sequences we can expect a 
lowered capacity for genomic rearrangements. However, there are several 
mechanisms that could contribute to changing the gene order of bacterial 
genomes.  

1.2.3.1 Homologous recombination 
The ordinary recombination between homologous sequences needs quite 
long template sequences of almost perfect sequence identity in order to per-
form. The minimum requirement for homologous recombination is approxi-
mately 20 bp of perfect identity, as the repeats get longer, up to ~70 bp, the 
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frequency of recombination increases exponentially. After that the increase 
in frequency seems to be linear (Watt et al. 1985). If the repeated sequences 
are located in opposite replicational direction (inverted repeats), the recom-
bination between them will lead to an inversion of the intervening sequence 
as opposed to repeats oriented in the same direction (direct repeats), which 
causes deletion of the intervening sequence as previously described. The 
mechanism is well described in Escherichia coli and has been proven to be 
recA-dependent.

1.2.3.2 Illegitimate recombination 
Illegitimate recombination is another type of recombination, which is be-
lieved to be recA-independent. This type of recombination requires only 
short repeated sequence, which does not have to be highly conserved or no 
repeats at all. Illegitimate recombination can give rise to the same kind of 
genomic changes as homologous recombination. The frequency of recombi-
nation is dependent on the distance by which the two repeats are separated 
and the length of the repeats. The frequency of recombination decreases 
exponentially with the distance between the repeats and increases exponen-
tially with the length of the repeat (Michel 1999). This type of recombination 
does not usually cause as large rearrangements as homologous recombina-
tion, since the repeats has to be in very close proximity to each other. At a 
certain length, homologous recombination is much more efficient and will 
occur much more frequently than illegitimate recombination. Replicating 
slippage or single strand annealing are possible mechanisms for illegitimate 
recombination (Ehrlich et al. 1993). Replication slippage occurs when the 
replication arrest at a repeat. The newly synthesized strand dissociates from 
its template and anneals to another repeat nearby, causing a deletion, dupli-
cation or inversion of the intervening sequence. Single strand annealing can 
take place when a double stranded break appears. Degradation of one of the 
strands by exonucleases makes it possible for the repeats to pair, thereby 
deleting the intervening sequence. The mechanism of illegitimate recombi-
nation in the absence of repeated sequences seems to involve double-strand 
breaks and subsequent joining of ends (Ikeda et al. 2004). 

1.2.3.3 Recombination between the replication forks 
It is known that recombination is very tightly connected to replication. Stud-
ies show that recombination enzymes act on the replication fork when the 
replication machinery is forced to a halt. The pause in replication is often 
due to a single or double stranded break, which has to be repaired by recom-
bination. It has been speculated that in bacteria, which have bidirectional 
replication, the two forks are physically very close, so that illegitimate re-
combination can occur between the forks causing genomic rearrangements 
when a break appears. The theory is supported by the typical X-pattern ob-
served when comparing the gene order between closely related species. This 
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shows that translocations mostly appear at the same distance from the origin 
of replication, as the gene is moved to the opposing side of the chromosome 
compared to its original position (Tillier and Collins 2000). However, the 
observed X-pattern can also arise from inversion occurring around the origin 
and terminus of the chromosome (Eisen et al. 2000).

1.2.3.4 Transposable elements 
Another type of genomic rearrangement is transposition. Certain types of 
genetic elements have a natural tendency to move around in and between 
genomes. Transposable elements or Insertion Sequence (IS) elements gener-
ally consist of flanking inverted repeats (IR) and a gene coding for the en-
zyme transposase. The IRs are recognized by the transposase when the ele-
ment is deleted or inserted in the chromosome (Mahillon and Chandler 
1998). The structures of these elements can be more complex, contain more 
components and carry other genetic material, such as antibiotic resistance 
genes. IS elements are not only important for transposition, but can also act 
as templates for homologous recombination, causing inversions or deletions. 
However, in that role they act as simple sequence repeats, which have noth-
ing to do with their natural motility. 

1.2.4 Nucleotide composition biases 
Nucleotide composition biases are very common in all genomes, but as their 
presence is undisputable the underlying causes have been debated, mainly 
concerning whether selectional or neutral mutational processes are creating 
these biases. 

1.2.4.1 AT-bias
A common feature in genomes of intracellular symbionts is the enrichment 
of adenine (A) and thymine (T) bases over cytosine (C) and guanine (G) 
bases. From a neutral point of view, the AT bias reflects a built in mutational 
bias, that might arise through environmental factor that increases certain 
types of mutation or through the loss of specific DNA repair pathways 
(Sueoka 1993). The arguments for a selective process include restrictions on 
amino acid replacements, which causes selection on non-synonymous sites, 
the presence of codon bias which lead to selection on synonymous substitu-
tions and more specifically for endosymbionts, the possibility that the higher 
metabolic cost of G and C will selectively favor an elevated proportion of As 
and Ts (Rocha and Danchin 2002). As the AT-richness of genomes of intra-
cellular bacteria is generally higher in non-coding DNA and in synonymous 
sites, the most plausible explanation would be that there is a mutational pres-
sure towards A and T since these sites often are regarded as neutral espe-
cially in the absence of selection for codon usage. However, the different 
processes can be difficult to distinguish from each other, but in a recent 
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study using the obligate intracellular symbiont of aphids, Buchnera, no evi-
dence for selection on AT content was found, and the authors believe that an 
exceptionally high AT mutational bias and a reduced effective population 
size is the cause of the AT bias of the genome of the obligate intracellular 
mutualist Buchnera (Wernegreen and Funk 2004). 

1.2.4.2 GC-skew 
GC-skew is an asymmetrical compositional bias where the two strand of the 
chromosome are enriched in different nucleotides. Most commonly the lead-
ing strand is enriched in G over C and T over A. The strand specific bias is 
often attributed to the potential mutational bias between the two strands that 
arises due to the asymmetrical process of replication as the strands of the 
chromosome are replicated in different ways (Frank and Lobry 1999; Lobry 
and Sueoka 2002). The leading strand is synthesized continuously in the 
same direction as the replication fork, whereas the lagging strand is synthe-
sized discontinuously by short DNA fragments, called Okazaki fragments, in 
the opposite direction of the replication fork movement. The different modes 
of replication in the two strands are necessary since the DNA polymerase 
can only synthesize DNA in the 5’-> 3’ direction. If the GC-skew is indeed a 
consequence of asymmetrical replication, then the explanation for GC skew 
should be found in mutations that affect the two strands differently. Since the 
lagging strand synthesis leaves some of the DNA of the template strand i.e. 
leading strand exposed in a single stranded state (Marians 1992), the muta-
tions that occur more frequently in single stranded DNA will be more abun-
dant on the leading strand and could therefore contribute to the strand bias.  

Figure 1. Illustration of GC-skew. 
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Cytosine can spontaneously deaminate to uracil or to thymine, if the cyto-
sine is methylated. If the resulting U or T is not removed this will lead to a C 
-> T mutation. Adenine can deaminate to hypoxanthine that basepairs with 
cytosine, which can lead to an A -> G mutation if the error is not corrected. 
Interestingly, the rate of cytosine deamination has been shown to increase 
more than a hundred times when the DNA is single stranded (Frederico et al.
1990). However, the rate of adenine deamination has been observed to be 
much slower than the rate of cytosine deamination (Karran and Lindahl 
1980), indicating a less significant contribution of this mutation to the skew. 
Since the replication of circular chromosomes of bacteria is bidirectional, 
having an origin of replication opposite to the termination site, the skew will 
change direction at the terminus and origin when analyzing a genome se-
quence (Figure 1). Since the replication of most bacterial chromosome is 
asymmetrical and bidirectional and the properties of nucleotides the same, 
we would expect to observe strand bias in all bacterial genomes. However, 
GC-skew is not a universal phenomenon. Some of the reasons might lie in 
differences in the selectional pressure and frequent rearrangements that dis-
rupt the skew. The phenomenon of GC-skew is not a general commonality of 
genomes of obligate intracellular symbionts, but a recent survey shows that 
several of the genomes of these bacteria indeed have a strong GC-skew 
(Rocha 2004). 

1.3 The search for a minimal genome 
The minimal gene repertoire of a bacterium has been a topic of debate ever 
since the beginning of the genomic era, when the complete set of genes from 
a bacterium could be thoroughly examined. However, the search for the 
smallest autonomous self-replicating entity, which became a search for the 
smallest genome, was a quest begun in the late 1950s (Maniloff 1996). The 
smallest completely sequenced genome, and one of the smallest genomes 
ever described, is that of the parasitic bacterium Mycoplasma genitalium
(Fraser et al. 1995). With a genome size of only 580 kb, and approx. 480 
coding genes, this genome was at the time of sequencing regarded as a pos-
sible candidate for a minimal bacterial genome. M.genitalium had both the 
smallest reported cell and genome size.  

In an early attempt to characterize the genes required in the minimal gene 
set, Mushegian and Koonin (1996) made a comparative analysis with the 
only two completely sequenced genomes available at the time, Haemophilus 
influenzae (Fleischmann et al. 1995) and M.genitalium. From this analysis, 
the authors concluded that 256 genes are close to the minimal requirement 
for a modern bacterial cell to survive.    

However, for almost every genome sequenced, some of the genes re-
garded as essential for life are missing, making the minimal gene set smaller 
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and smaller. In a more recent study by Koonin (2000), the number of 
orthologous genes identified among all forms of life is found to be only 80. 
What is left of the minimal gene-set is a small core of housekeeping genes 
that are still regarded as absolutely necessary to maintain a cell, i.e. some 
genes for replication, transcription and translation. However, this does not 
necessarily mean that the functions encoded in the genes initially character-
ized as the minimal gene set are missing, it could just be that evolution has 
taken a different route in some of these organisms, a phenomenon described 
as non-orthologous gene displacement (Koonin et al. 1996). The minimal 
gene set might actually be a minimal set of functions.  

The genomes of obligate host-associated bacteria contain some of the 
smallest genomes found among prokaryotes and could therefore be regarded 
as naturally evolved minimal gene sets. However, as we compare the gene 
inventory of these symbionts to infer a minimal gene set, it becomes obvious 
that the evolutionary roads taken towards minimization are as diverse as the 
effect of the symbionts on their hosts. One explanation for the unsuccessful 
search for a definition of the minimal gene set is probably the belief that 
minimizing means optimizing, which as discussed previously might not be 
the case for obligate intracellular symbiont since much of the loss might be 
an effect of genetic drift due to small effective population sizes. Another 
explanation for the failure to identify a minimal gene set is that the bare 
minimum might not be possible in naturally occurring organisms, where 
selection will eliminate less competitive genotypes (Maniloff 1996).  

1.4 Buchnera aphidicola – the aphid endosymbiont
Buchnera is an intracellular mutualist of aphids and belongs to the -
proteobacterial branch of bacteria. It occupies the cytoplasm of specialized 
polyploid cells in the aphid called bacteriocytes or mycetocytes where it is 
enclosed inside a host-derived membrane called the symbiosomal membrane 
(Buchner 1965). The bacteriocytes are at some stages organized into a 
bilobed structure containing called a bacteriome, containing approximately 
60-90 cells (Douglas and Dixon 1987). Buchnera is vertically transmitted 
from mother to offspring via the egg if offspring is sexually produced or via 
an opening in the posterior of the embryo if the offspring is produced via 
parthenogenesis (Buchner 1965; Brough and Dixon 1990). The association 
between aphid and Buchnera is bidirectionally obligate, which is manifested 
in the observations that aphids treated with antibiotics become sterile and 
develop a slower growth (Douglas 1996) and that Buchnera so far has never 
been cultivated outside its host cells.  

The relationship between Buchnera and aphid is believed to be nutritional 
and built on the symbionts ability to produce essential amino acids for its 
host. Aphids, just like other insects, do not have the capability to synthesize 
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ten of the twenty amino acids de novo; these are called the essential amino 
acids. Since aphids feed on phloem sap of plants, a diet that is poor in amino 
acids and rich in carbohydrates, they require their bacterial endosymbionts 
for the production of the essential amino acids that they cannot produce 
themselves. The assumption that Buchnera is providing these compounds to 
its host is supported by both experimental and genomic data. The production 
of essential amino acids by Buchnera has been measured directly by compar-
ing the biosynthetic capabilities of intact Buchnera-aphid units to Buchnera-
free aphids (Douglas 1988) and from the genome sequences of Buchnera
from different aphids it can be seen that Buchnera has retained the genes for 
biosynthesis of these essential amino acids (Shigenobu et al. 2000; Paper I; 
van Ham et al. 2003) The genes for the biosynthesis of the essential amino 
acids tryptophan and leucine are even amplified on plasmids in several sub-
species. Since they are present in very small amounts in the phloem sap, the 
overproduction of these amino acids by Buchnera has been proven to be of 
major importance for the host (Lai et al. 1994; Baumann et al. 1999).  

The phylogenies of Buchnera and corresponding aphid hosts have been 
shown to be congruent, indicating a single origin of the symbiosis and sub-
sequent coevolution between Buchnera and aphids. The association between 
aphids and Buchnera has been estimated to be approximately 150-200 mil-
lion years old based on fossil records of aphids (Munson et al. 1991; Moran
et al. 1993). 

1.4.1 The genome of Buchnera
The complete genome sequence of Buchnera aphidicola from the aphid host 
Acyrthosiphon pisum, hereafter called BAp, was published in 2000 
(Shigenobu et al. 2000). This was the first published genome of an intracel-
lular mutualist and it provides insight into the gene repertoire needed for a 
mutualistic lifestyle. Buchnera has one of the smallest genomes known, with 
only 640 000 base pairs and approximately 650 genes. From the genome 
sequence of BAp, one can clearly see which categories of genes have been 
discarded. For example genes involved in DNA repair, membrane transport 
and regulatory functions are diminished to the extent of almost complete 
elimination. Additionally, all genes, except two, for the biosynthesis of 
lipopolysaccharides have been lost as well as most other genes for cell-
surface components. Most exceptional is the loss of recA that expresses one 
of the most important proteins involved in homologous recombination. The 
genome also enforced the idea that Buchnera is providing essential amino 
acids to its host since genes for the de novo synthesis of these compounds 
were found. 



20

1.5 Wolbachia pipientis 
Wolbachia is an intracellular bacterium belonging to the -proteobacteria. It 
is a reproductive parasite found in all major insect orders, spiders and iso-
pods where it causes a number of manipulations to its host reproduction, all 
with the purpose of increasing the frequency of infected females in the popu-
lation since the bacterium is only spread via mothers to offspring. The repro-
ductive manipulations include cytoplasmic incompatibility (CI), partheno-
genesis induction (PI), feminization (F) and male killing (MK) all of which 
can have major evolutionary consequences for the host. Wolbachia is also 
found in nematodes, where it does not seem to cause any reproductive ma-
nipulations but instead have all the characteristics of a strict mutualist.  

There is currently only one species in the genus Wolbachia, which is 
named Wolbachia pipientis since the bacterium was first discovered in the 
mosquito Culex pipientis. The different Wolbachia are hence regarded as 
strains and are classified into supergroups. The largest supergroups are A 
and B, which contains most of the arthropod strains of Wolbachia. The C 
and D groups contain the strains associated with nematodes (Werren et al.
1995). In contrast to Buchnera and several other intracellular mutualists, 
Wolbachia associated with arthropods do not have a phylogeny that reflects 
the host phylogeny, which is indicative of horizontal transmission between 
host species (Werren et al. 1995). However, Wolbachia of nematodes seems 
to have originated from a single infection followed by coevolution of symbi-
ont and host (Bandi et al. 1998; Casiraghi et al. 2001). 

1.5.1 Cytoplasmic Incompatibility 
Cytoplasmic incompatibility (CI) was the first described phenotypic manipu-
lation caused by Wolbachia (Yen and Barr 1973). The simplest form of CI, 
unidirectional incompatibility, is found in mixed populations of uninfected 
and infected individuals bearing a single Wolbachia strain, where crosses 
between infected males and uninfected females are incompatible and there-
fore yield a reduced number of offspring (Figure 2). The result is a reproduc-
tive advantage of infected females over uninfected females in the population 
as infected females are able to produce offspring together with both infected 
and uninfected males whereas uninfected females can only reproduce with 
uninfected males. Since Wolbachia is only transmitted to the offspring by 
infected females, the reproductive advantage gained by Wolbachia infected
females will ensure a more efficient spread of the bacterium and can lead to 
population replacement (Turelli and Hoffmann 1991). Bidirectional incom-
patibility can occur if the male and female are infected with different Wolba-
chia strains, and has been implemented as a cause of rapid speciation 
(Breeuwer and Werren 1990; Bordenstein et al. 2001). 
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Figure 2. Schematic representation of unidirectional incompatibility, a red symbol 
indicates Wolbachia infection, a tick means that the cross is compatible and a cross 
means that the cross is incompatible. 

The modification (mod) and rescue (resc) model is often used to explain the 
phenotypic expression of CI Wolbachia (Werren 1997). Modification occurs 
on the male pronucleus in the sperm of infected males before Wolbachia is 
shed (Presgraves 2000). The modified sperm then have to fuse with an in-
fected egg in order to be rescued so that offspring can be produced. If the 
egg does not contain the Wolbachia specific rescue function the cross will 
result in failure to complete karyogamy and development arrest of the early 
embryo (Callaini et al. 1997). In the wasp Nasonia vitripennis infected with 
CI-inducing Wolbachia, the failure was shown to arise through a delay in the 
breakdown of the nuclear envelope of the male pronucleus (Tram and Sulli-
van 2002), causing asynchrony between the male and the female pronuclei.
Different strains of Wolbachia display different combinations of mod and
resc. In the simplest, most intuitive case a strain is mod+resc+, meaning that 
the strain can rescue the sperm modified by the same strain. Examples where 
a strain is mod-resc+ also exist, which means that the strain does not modify 
the sperm of infected males but can rescue the sperm of males infected with 
another Wolbachia strain (Bourtzis et al. 1998). A less probable combination 
would be strains that are mod+resc-, since it implies that the modified sperm 
cannot be rescued by the strain causing the modification, but instead has to 
be rescued by another strain. So far, no strain displaying a mod+resc- pheno-
type has been found. However, strains only exhibiting partial rescue of its 
own modification has been found (Riegler et al. 2004), which might be due 
to imperfect maternal transmission. 
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1.5.2 Parthenogenesis Induction 
The phenotypic expression of parthenogenesis induction (PI) results in a 
biased sex ratio in the infected population. So far PI Wolbachia have only 
been found in species with haplo-diploid sex determination, such as parasitic 
wasps. In these species haploid males are normally produced parthenoge-
netically and diploid females are produced via fertilized eggs, arrhenotoky. 
However, in a population infected with PI Wolbachia, diploid females are 
instead produced via parthenogenesis, a reproductive mode called thelytoky. 
The process underlying the induction of parthenogenetically produced dip-
loid females has been seen to involve postmeiotic modifications that lead to 
gamete duplication via two different mechanisms (Stouthamer and Kazmer 
1994; Gottlieb et al. 2002). In several cases the thelytokous mode of repro-
duction has completely taken over and all individuals in a population are 
female. If the individuals in these populations are treated with antibiotics the 
males that appear are often unable to produce, probably because of loss of 
male genes through lack of selection (Zchori-Fein et al. 1992; Zchori-Fein et 
al. 1995).  

1.5.3 Feminization 
Feminization induced by Wolbachia causes genetic males to develop into 
functional females. The phenotype is only found in some species of isopods. 
In order for the genetic males to fully develop into males an androgenic 
gland has to differentiate and produce a male hormone. In the woodlouse 
Armadillidium vulgare, the feminizing Wolbachia is believed to disturb the 
development of this gland or the action of the hormone and thereby cause the 
genetic males to develop into females (Bandi et al. 2001). Since they have a 
heterogametic sex determination where females are heterogametic (ZW) and 
males are homogametic (ZZ), feminization can lead to loss of the female W 
chromosome, which would make Wolbachia the sex-determining factor in an 
infected population (Rigaud and Juchault 1993). 

1.5.4 Male killing 
The phenotype of male killing (MK) is as drastic as the name suggests as 
male embryos are selectively killed before developing. The death of male 
embryos will probably be advantageous to the surviving females as they can 
prey on their dead siblings. It can also reduce the competition for food re-
sources giving the daughters of infected females a better chance of survival. 
The greatest benefits for daughters of infected females would therefore be 
made in host species where eggs are laid together in clutches as opposed to 
being dispersed and where cannibalism is naturally common, for example, in 
ladybirds (Hurst and Jiggins 2000). Theoretically, the persistence of MK 
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Wolbachia in a population could lead to extinction, but selection for resis-
tance of transmission or phenotypic expresion to the infection could develop. 
The strong selection for resistance in the host is speculated to have contrib-
uted to evolution of new sex-determining systems (Hurst et al. 2003).  

1.5.5 Mutualistic Wolbachia
Beside arthropods, Wolbachia are also present in filarial nematodes where it 
has not been seen to cause any reproductive alterations to its host, but in-
stead seems to be strictly mutualistic. The underlying reason for the obligate 
symbiosis between Wolbachia and nematodes is not completely clear, but 
the genome sequencing of a strain of Wolbachia in the filarial nematode 
Brugia malayi shows evidence that it might be providing riboflavin, heme 
biosynthesis intermediates and nucleotides to its host (Foster et al. 2005).  

1.5.6 Wolbachia genomics 
The genome sequence of Wolbachia pipientis strain wMel, hereafter called 
wMel, was published in 2004 (Wu et al. 2004) and was the first in the possi-
ble long row of Wolbachia genomes to come. wMel causes weak CI in its 
host Drosophila melanogaster. The genome was found to contain 1.27 mil-
lion base pairs (bp), which encode approximately 1270 genes. The most 
striking feature of the genome is the vast amount of repeated sequences pre-
sent, taking up as much as 14% of the genome sequence. The repeats longer 
than 200 bps were classified into 19 families of which 15 are believed to be 
mobile elements such as IS-elements and retrotransposons. The presence of a 
prophage element in several different strains of Wolbachia had been detected 
prior to the genome sequencing of wMel and was named WO (Masui et al.
2000). In the genome sequence of wMel, three prophage regions were identi-
fied, of which two were similar to the previously reported phage element 
WO and a third was recognized as a small P2-like phage. The two WO-
phages in wMel were named WOA and WOB respectively based on their 
position on the chromosome. WOB was found to have several rearrange-
ments when compared to the already published sequence of phage WO from 
the Wolbachia pipientis strain wKue (Masui et al. 2000). An unusually high 
number of ankyrin-repeat (ANK) containing genes were identified in the 
wMel genome. The ankyrin repeat is a non-conserved, tandem repeat con-
sisting of 33 amino acids that form a protein-protein interaction motif. An-
kyrins are common in eukaryotic genomes where they are involved in a large 
number of functions, such as regulation of the cell cycle and transcription 
(Mosavi et al. 2004). In a close relative to Wolbachia, Anaplasma phagocy-
tophila, an ANK protein was found to bind host chromatin and possibly af-
fect the regulation of transcription in its host (Caturegli et al. 2000). The 
genome of wMel was found to contain 23 ANK genes. The large number of 
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ANK genes together with their previously reported effects makes these 
genes top candidates for the induction of the different phenotypes of Wolba-
chia. The genome of the mutualistic Wolbachia pipientis strain wBm, here-
after called wBm, from the nematode host Brugia malayi was published in 
2005 (Foster et al. 2005). The genome is approximately 1.1 Mb in size and 
contains 806 genes, which is somewhat smaller than the genome of wMel. 
Besides being smaller than the genome of wMel, the genome of wBm also 
has a lower coding density. A reduction in the amount of repetitive DNA is 
also observed in wBm, where repeats represent 5.4% of the genome. The 
genome of wBm does not contain any phages and only a few ANK genes. 
Gene order comparison between wMel and wBm showed an almost com-
plete loss of conservation. 
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2 Aims

The aim of the work has been to identify the evolutionary processes that 
shape the genomes of bacteria in general and of endosymbiotic bacteria in 
particular by using a comparative genomics approach on molecular sequence 
data.

More specifically the studies aimed to  
quantify the amount and elucidate the type of changes that have occurred 
in the genomes of the aphid endosymbiont Buchnera over the last 50 
million years, by comparing the genomes of Buchnera aphidicola sp. Sg 
and Ap. 
investigate the genome evolution and dynamics of bacteria in general by 
using a comparative genomics approach. 
investigate how minimal gene sets of endosymbiotic bacteria have 
evolved, what genes are essential to their survival and what conse-
quences are connected to an intracellular lifestyle. 
compare the three genomes of Buchnera, in order to identify the causes 
and underlying substitution patterns of GC-skew. 
identify the differences between the genomes of Wolbachia pipientis 
strains wRi and wMel, in order to find possible genetic candidates that 
underlie the specific phenotypic expression in their host species and to 
study the evolutionary processes that shape these genomes.  
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3 Methodology

3.1 Solving the genome sequence puzzle 
The standard method for sequencing of a microbial genome is referred to as 
the “random shotgun” sequencing approach and has been used for sequenc-
ing Buchnera aphidicola sp. Sg (Paper I), hereafter called BSg, and Wolba-
chia pipientis strain wRi (Paper V), hereafter called wRi. In short, the puri-
fied DNA of the organism is mechanically sheared into small pieces, which 
are then cloned into a standard vector. The collection of clones makes up a 
DNA library. The clones are sequenced and consequently assembled in order 
to reconstruct the original chromosome. The success of the assembly de-
pends to a great extent on the randomness of the shearing process, as the 
sequences have to be overlapping in order to be put together in the correct 
order. In theory, this should be a simple process if the entire chromosomal 
DNA is represented in the library and possible to sequence. However, since 
the assembly procedure using overlapping sequences depend heavily on the 
uniqueness of any sequence end, DNA that is present in several copies on a 
chromosome will often produce mistakes during assembly if it is longer than 
the length of a sequence read, approximately 600-700 bp. Misassemblies can 
occur in several different ways depending on the nature of the repeated 
DNA, but in general one copy of the repeat might act as a sink for all other 
repeats of the same kind, which leads to an under representation of the num-
ber of repeats present in an assembly. The “missing” repeats results in an 
assembly with a multiple segments, contigs, with apparent gaps between 
them. Another consequence of repeats is the incorrect joining of sequences 
that are flanking them. This type of misassembly cannot be detected and 
corrected unless laboratory methods are used.  

Since the genome of BSg did not contain any repeats, the sequencing was 
straightforward and performed by standard methods it will not be discussed 
in any more detail.  
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3.2 Sequencing of Wolbachia pipientis strain wRi 
The sequencing of a second genome within the same species is in general 
easier than the first one, since a first hypothesis for the joining of contigs can 
be based on the gene order information of a close relative. However, even 
with the help of the complete genome sequence of wMel, solving the correct 
order of the sequences for wRi has proven to be immensely difficult, the 
reason being the already mentioned vast number of repeats in the genome. 
The difficulties in this case stem from both misassemblies and from the ac-
tual rearrangements that have happened since the divergence of wRi and 
wMel. The repeats in the genome of Wolbachia are not very long but present 
in identical copies all along the chromosome, meaning that they are not con-
fined to particular islands. This causes the assembly to put together se-
quences in the wrong order at a multitude of places, but makes it possible to 
use standard PCR protocols for testing the correctness of the assembly. If we 
assume that any sequence next to a repeat could be connected to any other 
sequence next to an identical repeat, then the maximum amount of PCRs that 
would have to be done to test all possibilities for n number of repeats is     
(n-1)+(n-2)+…+2. If several of these repeat classes are present then more 
qualitative guesses are needed in order to speed up the process and to keep 
down the costs. In the case of wRi we could make use of the gene order of 
wMel as a first qualitative guess. The success of this approach reduced the 
number of possibilities for the next more random test between identical or 
near identical repeats. Testing more randomly between repeats of the same 
kind has proven to be more difficult than in theory, since some of the repeats 
are “missing” in the assembly do to the stacking of repeats in the same posi-
tion, we cannot be completely sure that we are testing all combinations. In 
addition it is also hard to determine the borders of the repeats, which makes 
it difficult to design primers since the uniqueness of the sequence cannot be 
confirmed. Additional methods, such as hybridization of probes to genome 
fragments cut by different restriction enzymes and large insert libraries could 
possibly increase the speed of the gap closure of Wolbachia strain wRi. 

3.3 Sequencing Wolbachia pipientis strain wUni 
An attempt to sequence the genome of Wolbachia pipientis strain wUni, 
hereafter called wUni, using the conventional shotgun method was initiated. 
However, since both the quality and quantity of DNA for a long time could 
not reach satisfactory levels, an alternative PCR based strategy was used. 
Since wUni is closely related to wMel, the available genome sequence of the 
latter was used to design primers for PCR. The primers were designed to 
amplify 1100 bp segments, where each segment was overlapping 300 bp 
with each neighboring segment based on the genome organization of wMel 
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(Figure 3). The resulting PCR products were sequenced directly without 
cloning. After the initial round of PCRs and sequencing, pairs of primers 
giving rise to products in the first round were combined to yield longer 
product between 5-10 kbp in size (Figure 3). Since the resulting long prod-
ucts are not suitable for direct sequencing, shotgun libraries were created 
from these products. The sequences obtained were assembled in a conven-
tional manor.   

Figure 3. Demonstration of the PCR based approach. Grey primers and lines show 
working primers and products respectively. 

The PCR based method for sequencing of a whole genome has several dis-
advantages as compared to conventional sequencing methods. First, the only 
way to even have the possibility to begin is to have the genome sequence of 
a close relative, which in most cases is not available. Second, depending on 
the similarity between the two genomes, there will be difficulties in complet-
ing the genome sequence if, for example, the genome that is in the process of 
being sequenced is larger than the sequenced one or if some regions of the 
genomes are very different between the two. If the variation in sequence 
identity between the two is large, then the resulting sequences obtained will 
be a very biased data set that should be used with caution especially when 
trying to infer evolutionary rates. Third, it is commonly known that PCR is 
error prone, which can result in polymorphisms and erroneous bases in the 
final sequence (Stewart et al. 1995). However, the errors can be reduced 
when using a DNA polymerase that contains proof reading activity.  

3.4 Finding the genes in a genome 
After completion of any genome project, the genes that are encoded have to 
be found and annotated in order to elucidate its capabilities. Finding putative 
genes can be easily done, but finding out which genes are real is a much 
more difficult problem. For automatic gene finding to work we have to know 
the genetic patterns that makes a gene being expressed. The first piece of the 
puzzle is provided by our knowledge about the start and stop codons. The 
simplest and fastest way to find a gene would therefore be to just define a 
minimum length of a gene and search for stretches of DNA that have this 
amount of base pairs between a stop and a start codon in the same reading 
frame, which could then be called an open reading frame ORF. Depending 
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on the cutoff used for length we could get varying amounts of ORFs using 
this method. To advance our algorithm we could add facts about genes rarely 
being overlapping more than a certain length, known sequence signatures 
such as promoters and ribosomal binding sites that should be present within 
a certain distance from the gene sequence and so on. Additionally, species-
specific patterns such as GC-content and codon usage can be examined to 
further strengthen the prediction. Gene prediction programs often use 
Markov models that are built from the specific patterns of a set of sequence 
of known or highly probable genes from a genome. The resulting models are 
thereafter used for prediction, which increases the possibility for correct 
identification of genes in a specific genome. However, despite more and 
more advanced prediction algorithms, for every method there is always some 
amount of false positives and false negatives that has to be manually cured in 
the annotation process, and perhaps eventually confirmed or rejected by 
laboratory methods. Additional problems are presented when regarding 
pseudogenes, since these types of degraded genes are not ORFs they will in 
most cases be missed without manual inspection of the data. Since we can 
never be really sure that any ORF is a real gene by only using gene predic-
tion models, the ORFs suggested as genes by any program should be investi-
gated further using additional criteria such as homology to known genes or 
to known protein motif and domains.  

Since both genome projects presented in this thesis are not the first ge-
nome from a species, the methodology used for annotation and gene finding 
has in principle been less complicated than if no close relative has been se-
quenced. In order to try to keep the annotation consistent between the ge-
nomes from the same species the strategy has been to transfer as much as 
possible of the information directly from the previously annotated genome of 
the same species by using the gene finding algorithm implemented in 
GLIMMER (Salzberg et al. 1998) and homology searches using BLAST 
(Altschul et al. 1990). Additionally, the ORFs found in wRi were searched 
for protein domains and motifs using InterProscan (Zdobnov and Apweiler 
2001).  

3.5 Defining orthologous 
If two sequences share a common ancestry they are said to be homologous. 
Homologous genes can be further classified into paralogs and orthologs. The 
ortologous set of genes between any species are defined as the genes that 
share a common ancestry by vertical descent since before speciation whereas 
paralogous genes have a common ancestry but arise through duplications 
within the same species. Additionally, some genes in a genome might have 
been horizontally transferred from other species. When comparing the gene 
sets of two or more species in order to quantify evolutionary rates and the 
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origin of the genes present in an organism, it is of importance to know the 
relationships of the species that are compared in order to correctly identify 
the ortologs. However, when comparing two genomes of closely related 
strains or species, if the gene investigated is not present in more than one 
copy in either of the genomes we can in most cases assume that they are 
orthologous. Nevertheless, in order to definitely determine the evolutionary 
history of a gene if several copies are present, phylogenetic methods should 
be used. Additional sequence samples from more than two taxa with a 
known species phylogeny might be needed if matters are be further compli-
cated by horizontal transfer events.  

Since all of the studies in this thesis to some extent include whole genome 
comparisons, it is of importance to define the set of orthologs. In general, the 
strategy has been based on initial homology searches with BLAST (Altschul
et al. 1990), by using a cutoff adjusted to the divergence between the species 
examined. When comparing a pair of closely related species, this approach 
will give a first rough estimate of the ortholog set between the two. Addi-
tionally, we can investigate the synteny in gene order between the two, since 
when comparing close relatives we can expect that many genes will have the 
same surrounding on the chromosome. However, in some cases the term 
positional homolog might be used for genes that are located in the same 
chromosomal position but cannot be definitely identified as orthologs due to 
low similarity and possible recombination, which results in a non-vertical 
heritance. For the genes present in multiple copies, reciprocal BLAST-hits 
can first be examined but finally we need to construct a phylogeny in order 
to determine which copies might be orthologous. However, in some cases, 
the gene duplicates can be close to identical thereby making the distinction 
between paralogy and ortology impossible to make. In such cases, the genes 
should not be used to calculated evolutionary rates between two species. 
However, if the intent is just to identify the differences in functions between 
two species the distinction might not be as important.    
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4 Results and Discussion 

4.1 The genome of Buchnera aphidicola sp. Sg  
Most striking in the comparison between the genome of Buchnera aphidi-
cola from the pea aphid Acyrthosiphon pisum (BAp) and the genome of 
Buchnera aphidicola from the greenbug aphid Schizaphis graminum (BSg), 
is the perfect gene order synteny observed between the two; not a single 
gene inversion or translocation event has occurred since their divergence at 
least 50 million years ago, neither have any horizontally transferred genes 
been inserted into either of the genomes and only 14 genes have been lost in 
either of the two lineages (Paper I). A third genome of Buchnera aphidicola,
from the more distantly related aphid Baizongia pistaciae, hereafter called 
BBp has extended the time span for the genomic stasis in the genus of 
Buchnera. The genome of BBp is somewhat smaller than and has a few rear-
rangements compared to BAp and BSg, but is estimated to have diverged 
from the BAp/BSg lineage approximately 150 million years ago (van Ham et 
al. 2003).  

4.1.1 Genomic stasis in Buchnera
Even though several mechanisms exist by which genome rearrangements can 
occur, the genomic structure and content of Buchnera has stayed the same 
for at least 50 million years (Paper I). One possible explanation for the stasis 
is the unusual loss of the gene encoding one of the key enzymes involved in 
homologous recombination, recA, in combination with an almost total lack 
of repeated sequences. The longest perfectly repeated sequences found in 
BSg and BAp are 26 and 25 basepairs long respectively, which in itself 
would probably not provide enough substrate for intra-chromosomal ho-
mologous recombination to occur at a high frequency even with the retention 
of recA. However, it is still possible that illegitimate recombination can oc-
cur and account for the one-gene deletions and the smaller rearrangements 
that are seen in the Buchnera subspecies.  

Additionally, the genomic stasis in Buchnera might be acquired by selec-
tional constraints on gene order. The genome of Buchnera contains a very 
limited gene repertoire, where a large part of the genes could be functionally 
connected and thus might have to be physically close in order to be ex-
pressed. The latter hypothesis is some what strengthened by the fact that 
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Buchnera can regulate the transcription of several genes that are positioned 
next to each other by the use of a single promoter (Wilcox et al. 2003). 
However, the transcriptional response of Buchnera to varying environmental 
conditions seems to be very weak in general.

4.1.2 Accelerated substitution rates
In contrast to the remarkable structural genome stasis, the nucleotide diver-
gence is high between BAp and BSg. The average substitution rates between 
BSg and BAp were estimated to 9.0 • 10-9 synonymous substitutions per site 
per year and 1.65 • 10-9 non-synonymous substitutions per site per year. The 
narrow distribution of the synonymous substitution rate over all genes indi-
cates that the calculated value most likely represents the intrinsic mutation 
rate of Buchnera, which is in agreement with or slightly higher than previous 
estimates of mutational rates in E. coli (Berg and Martelius 1995). Buchnera
experience a small effective population size, loss of many genes involved in 
DNA repair, and since it does not have recA, it probably has no chance to 
perform homologous recombination (Paper I). The elevated rate of substitu-
tion seen in Buchnera is probably an effect of all of these factors and it is 
therefore likely that the fitness of Buchnera will decline over time as muta-
tions accumulate. It has been speculated that the high amount substitutions 
that might lead to destabilization of proteins and RNAs are partly compen-
sated by the overexpression of the heat shock protein groEL (Fares et al.
2002).

4.1.3 Loss of selection 
Some genes in a mutualist will be under host level selection, such as the 
genes for amino acid biosynthesis in Buchnera. Five of the pseudogenes 
found in BSg are homologous to genes involved in sulphur reduction and 
cystein biosynthesis in BAp and in Escherichia coli (Paper I). Cystein is one 
of the essential amino acids required by the aphid, and is thus one of the 
amino acids that constitute the basis for the mutualistic relationship between 
Buchnera and host. Interestingly, it has been shown that the host, Schizaphis 
graminum damages its host plant in a way that causes an elevation in cystein 
levels in the phloem sap (Sandstrom et al. 2000). These pseudogenes thereby 
represent a perfect example of evolution of the symbiont in response to 
changes in the host environment and the fate of genes that are no longer un-
der selective pressure. Degeneration and loss of genes involved in amino 
acid biosynthesis due to loss of selective pressure on the host level has also 
been reported in Buchnera from other aphids (Paper III), which demon-
strated the necessity of selection on the host level for maintenance of the 
functions that form the basis of the symbiosis.  
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4.1.4 Genome reduction 
Except for 14 gene deletions, all genes in one of BAp or BSg are present in 
the other, either as whole genes, pseudogenes or fragments with short 
stretches of sequence similarity (Paper I). However, even in some of the 14 
cases where no sequence homology is observed, long stretches of seemingly 
non-coding DNA are located in the same chromosomal position as the real 
gene in the other species, which might indicate that the gene was silenced 
after the divergence between BSg and BAp, and has since been evolving 
under neutral conditions leading to a totally unrecognizable sequence.  

Figure 4. Schematic representation of genome evolution in BAp and BSg. 

Based on the observed 14 gene deletions between BAp and BSg, the rate of 
gene elimination in the two Buchnera is estimated to be one in 5-10 million 
years. This rate is to slow to explain the small genome size of Buchnera if 
the rate of gene elimination has remained constant throughout evolutionary 
time, since the ancestor of Buchnera has been estimated to contain approxi-
mately 2000 genes (Moran and Mira 2001; Silva et al. 2001). Additionally, 
the highly conserved gene content and order between BAp, BSg and BBp, 
together with the preservation of degraded gene remnants, strongly suggests 
that the genome reduction experienced by Buchnera occurred before the 
divergence of the BAp/BSg and BBp lineages, approximately 150 million 
years ago (van Ham et al. 2003). These observations give support to the 
hypothesis that massive deletions occur at an early stage of genome reduc-
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tion, possibly via homologous recombination between repeated sequences, 
followed by a slow decrease in genetic material via deletional bias or ille-
gitimate recombination. The smaller scale of genome reduction is what can 
be observed in the Buchnera genomes today, as most of the fixed mutations 
in the 38 detected pseudogenes in BSg are deletions of one or two bases. 
(Paper I).

4.2 Analysis of GC-skew in Buchnera
The third genome sequenced from the genus Buchnera, BBp is smaller and 
has a few genomic rearrangements compared to BAp and BSg. BBp has also 
in a few studies been shown to evolve faster than BAp and BSg (Clark et al.
1999; Gil et al. 2003). In addition, BBp was shown to have a asymmetrical 
base composition bias, that is much stronger than in the genomes of BAp 
and BSg (Rispe et al. 2004). Since the three Buchnera genomes differ only 
in a few genes and share a similar lifestyle, the three genomes data set is 
ideal to investigate the genetical causes and substitutional patterns that un-
derlie the bias (Paper IV).  

An overall increased rate of substitutions could not be detected in the ge-
nome of BBp, but some genes were found to evolve faster in this lineage. In 
several of these cases the genes evolving faster in BBp are located in regions 
were genes have already been deleted in this lineage, indicating a reduced 
selective pressure for these particular genes and not an overall higher substi-
tution rate due to genetic drift. Additionally, several of the genes with higher 
substitution rate are located in regions where the skew in BAp and BSg is 
reversed or lowered, which might be interpreted as if an inversion occurred 
prior to the divergence of the BBp and the BAp/BSg lineages and has since 
adapted to the skew of the new strand in BBp but not in BAp and BSg. The 
pattern of substitutions observed in the BBp lineage is dissimilar to BSg and 
BAp and shows a clear difference in the substitution frequencies between the 
two strands whereas in BAp and BSg the substitution frequencies are more 
similar on the two strands. The main difference between BBp and BAp/BSg 
does hence not seem to lie in the total amount of substitutions but in the dif-
ferences in frequencies of substitutions on the leading and lagging strand. 
Some of the difference between the two lineages could possibly lie in the 
loss of the mismatch repair gene mutH in the BAp/BSg lineage.

4.3 The genomes of Wolbachia
wRi is an A-group Wolbachia that causes strong cytoplasmic incompatibility 
in its natural host Drosophila simulans (Hoffmann et al. 1986). Most of the 
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genome, estimated to be 1.6 million base pairs (Sun et al. 2001), has been 
covered with sequence and gap closure is in progress.  

wUni is an A-group Wolbachia that induces parthenogenesis in the para-
sitoid wasp Muscidifurax uniraptor (Stouthamer et al. 1993). The sequence 
obtained so far has been generated solely by sequencing of PCR products 
that have been produced using primers designed from the published genome 
sequence of Wolbachia strain wMel (see section 3.3). Unfortunately there is 
no genome size estimation from the wUni strain, but at present approxi-
mately 800 000 base pairs of unique sequence has been generated. Since the 
dataset containing wUni sequences is probably biases because of the method 
used to obtain it, general conclusions about its characteristics cannot be 
made at this stage.  

4.3.1 Genome dynamics of Wolbachia
Even though the genome of wRi is estimated to be between 300-400 kbp 
larger than wMel, no additional biosynthetic capabilities were detected in the 
genome of wRi, instead the largest groups of genes with an inferred function 
or domain hit found only in wRi are ANK genes and transposases. In gen-
eral, the larger genome size of wRi can be attributed to an expansion of re-
peated and mobile elements (Paper V). At least 13 genome rearrangements 
have occurred since the divergence of wRi and wMel, a figure that is most 
probably an underestimation due to the status of the wRi genome and based 
on the extreme amount of repeated and mobile genetic elements. Thus the 
genomes of Wolbachia stand in remarkable contrast to previous observations 
in genomes of obligate intracellular symbionts where loss of repeated se-
quences and conserved gene order structure is observed. However, the ge-
nome of the mutualistic strain wBm seems to be evolving towards more 
typical features of endosymbiont genomes, with a reduced amount of re-
peated sequence and phages. However, only a genome of a more closely 
related strain of Wolbachia from a nematode can determine whether or not 
the gene order has remained more conserved in the lineages of mutualistic 
Wolbachia.

4.3.2 Mobile genetic elements 
Mobile genetic elements, such as phages and transposases, constitute a large 
part of the genomes of Wolbachia that cause reproductive alterations. The 
genome of wRi was found to contain three prophages, of which all are simi-
lar to the WO phage. The three phages were named WOA, B and C in con-
cordance with the wMel phages. Comparative analyses between the phage 
regions in wRi and wMel shows an interesting pattern. WOA is conserved in 
gene order, but highly divergent in nucleotide sequence. The WOB phage 
displays almost 100% identity on the nucleotide level between orthologs, but 
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has been subjected to several rearrangements. The third prophage in wRi, 
WOC, is most similar to WOB but also includes a region that is similar to 
the P2-like phage in wMel with a varying degree of sequence similarity. The 
results suggest that the WO-A phage in wRi is not active and might be 
evolving under low selective constraints, based on the presence of several 
pseudogenes and on the high level of sequence divergence between the 
orthologs in wMel-WOA and wRi-WOA. The high sequence conservation 
observed between the two WOB-phages suggests that the rearrangements 
have happened very recently, since if they lead to inactivation of the pro-
phage, the result would most probably be a decrease in selection pressure 
and a higher substitution rate in this region. However, it should be noted that 
the extreme sequence conservation between wRi-WOB and wMel-WOB 
indicates that purifying selection might still be acting on these genes, which 
could imply that they are still expressed in wMel even without the produc-
tion of a phage. 

4.3.3 Ankyrin repeat containing genes 
The presence of an unusual large number of ANK genes in wMel, together 
with previously reported functions of proteins containing the motif has put 
them in focus as possible candidates for the induction the reproductive phe-
notypes of Wolbachia. The 23 ANK genes found in the genome of wMel 
was the highest number reported from a prokaryotic genome, but even more, 
35 ANK genes, were found in the genome of wRi. The orthologous ANK 
genes between two strains were found to have a remarkable variation in di-
vergence and length. A phylogenetic reconstruction using only the repeat 
units of the ANK genes indicates that these discrepancies might arise 
through recurrent duplications and recombination events between the repeats 
both within the same and between different ANK genes. Of the whole set of 
ANK genes, 21 are positioned inside or flanking the prophage regions, 
which suggests that many of the ANK genes could have and are still being 
transferred horizontally between Wolbachia strains together with the phage 
elements. Of the 21 prophage associated ANK genes, 6 are unique to wRi-
WOC and 5 are unique to wMel-WOA. 

4.3.4 Variation in rate of evolution 
When comparing the genomes of wMel and wRi, we find that the vast ma-
jority of orthologous genes between the two are highly conserved in nucleo-
tide sequence. Not only are the genes for house-keeping functions, such as 
translation, replication and transcription conserved, but as previously dis-
cussed also genes associated with prophage elements and other genes associ-
ated with less obviously constrained functions. The observation leads us to 
speculate that highly diverging genes such as several of the ANK genes and 
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some of the prophages, might be either horizontally transferred into the ge-
nome or in fact evolve at a much higher rate than the rest of the genome. 
Even though a higher rate of point mutations in these regions could explain 
some of the variation it becomes impossible to reconcile the extreme se-
quence divergence of several of these genes with a hypothesis only based on 
elevated mutation rate even if we assume a neutral mode of evolution. A 
more plausible explanation could be a high rate of recombination, which 
could lead to bigger changes in a faster pace. For some of the regions associ-
ated with phages it is probably most likely that the highly divergent genes 
have been transferred horizontally with the phage. It is more difficult to un-
derstand why many of the genes have a synonymous substitution rate that is 
zero or very close to zero. In cases were selection on synonymous sites have 
been detected, the almost universal explanation has been selection acting on 
codon usage. But the codon usage of Wolbachia has not been seen to be 
subjected to any selection, and is probably mostly affected by the low G+C 
content of the genome (Wu et al. 2004), which has been determined as the 
major determinant of codon usage in AT-biased genomes of obligate intra-
cellular bacteria (Andersson and Sharp 1996; Wernegreen and Moran 1999; 
Rispe et al. 2004). Even though a mechanism is difficult to suggest it seems 
that selectional pressure does not only maintain conservation but also creates 
variation in the genome of Wolbachia.

4.3.5 Induction of Cytoplasmic Incompatibility 
As the compatibilities displayed by CI-inducing Wolbachia are complex and 
to some extent overlapping between strains as seen from the partial rescue of 
the modification of one strain by another, the molecular basis for CI should 
in principal also exhibit similar complexity and overlap between strains. The 
ANK genes fulfill the prediction, as they span the whole spectrum from 
identical to unique gene sequences when comparing wMel and wRi and 
other closely related Wolbachia strains (Iturbe-Ormaetxe et al. 2005). Since 
several of the ANK genes that are either unique or identical are positioned 
inside or in close proximity to the prophage elements, the possibility that the 
phenotypic expression of Wolbachia is connected to or exercised by its 
phages is likely. In a recent study it was shown that two ANK genes found in 
the genome of Wolbachia from the mosquito Culex quinquefasciatus is in 
fact packed into phage particles (Sinkins et al. 2005), giving additional sup-
port to the hypothesis. In the same study an observation of restoration of 
bidirectional incompatibility between two strains of Wolbachia in the mos-
quito Culex quinquefasciatus shows that the phenotypic expression of CI can 
be silenced through host factors that might have originated as a result of co-
adaptation between Wolbachia and host (Sinkins et al. 2005). However, 
since uninfected females carrying these restoration factors do not rescue 
sperm from infected males alone, the previously bidirectionally incompatible 
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strain must also be involved in the rescue function. Hence, if the host popu-
lation carrying these rescue factors and a Wolbachia strain (A) would be in 
connection with a population carrying another Wolbachia strain (B) which is 
closely related to A, the A strain could be at risk for extinction through re-
placement by strain B, since the nuclear factor for the specific rescue of 
strain A could be introduced into the genome of the host carrying strain B. In 
the light of host restorer factors we can conclude that the molecular diversity 
between two strains of Wolbachia may not definitely determine whether the 
two are compatible or not. The influence of host factors on the phenotypic 
expression has previously been demonstrated in transfer experiments where 
a strong CI-inducer can become a weak CI-inducer or vice versa if trans-
ferred to another genetic host background (Mercot and Charlat 2004). 

4.4 Comparison between Buchnera and Wolbachia
In my introduction I state several things that seem to be in common between 
obligate intracellular or host-associated bacteria. However, throughout the 
thesis we have seen that several of these generalizations fail to explain or 
predict the very unusual genomic features of the genomes of Wolbachia. The 
extreme amount of repetitive sequences and mobile genetic elements to-
gether with a large number of genomic rearrangements are uncharacteristic 
traits of bacteria with this lifestyle. These highly dynamic genomes greatly 
contrast the totally static genomes of Buchnera. Why do these two insect 
associated endosymbionts reveal such a contrasting pictures of flexibility? A 
major difference between Buchnera and Wolbachia is their abilities to trans-
fer horizontally between different species. The phylogenetic pattern seen 
between Wolbachia and their hosts together with results from transfer ex-
periments suggest that the bacteria can be transferred between both closely 
and distantly related host species that live in close connection (O'Neill et al.
1992) with each other, such as a parasitic wasps and a fly host (Werren et al.
1995; Heath et al. 1999). Even the phages, that are passengers of Wolbachia,
seem to be able to transfer between different strains of Wolbachia residing in 
the same host species (Masui et al. 2000; Bordenstein and Wernegreen 
2004). The dependency of insects on other insects or the same food sources, 
together with the intracellular communities of Wolbachia in some species 
presents an intricate arena for exchange of genetic material. Even though 
Buchnera lives in insects and shares a niche with other bacteria, it is appar-
ently not susceptible to uptake of foreign genetic material and has never 
been seen to transfer between different hosts. Since the genome of Buchnera 
is highly adapted to the biological and nutritional requirements of its host, it 
might just be impossible for the infection to be sustained in another host with 
other needs. Even between different aphids the nutritional requirements dif-
fer, and as seen from the results of the genome sequence of the three 
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Buchnera subspecies, the genetic material can change when the requirements 
and therefore selective forces on the host level change. As previously sug-
gested there might also be constraints on the gene order of Buchnera, since 
the genes retained in the genome could be co-regulated. The loss of ability to 
perform homologous recombination might even have arisen through selec-
tion on the host level, in order to keep the Buchnera genome intact and func-
tional.

Selection on the host level has probably been absent or less prevalent in 
the genome evolution of Wolbachia, as the symbiotic relationship between 
Wolbachia and host in most cases is probably not beneficial to the host. The 
uptake of DNA, prevalence of repeated sequences and rearrangements of the 
chromosome might as previously suggested be a result of relaxed selective 
pressure on the Wolbachia genome (Wu et al. 2004), but could also be a way 
of ensuring genetic flexibility, since if the host species would develop resis-
tance to the transmission or phenotypic expression of Wolbachia the result 
could be elimination of the infection. However, theoretical models suggests 
that the level of phenotypic expression is not under direct selective pressure 
(Prout 1994; Turelli 1994). Another possibility might be that variability is 
essential and needed in order for Wolbachia to be able to survive or express 
its phenotype after a transfer between different and/or distantly related hosts. 
Both of the latter scenarios imply that it might actually be selection that cre-
ates or maintains the mechanisms and genetic material needed for variability 
in the genomes of Wolbachia. It is not likely that the variability is a way to 
escape the immune system of the host, which is a common phenomena in 
pathogenic bacteria, since experimental evidence suggests that Wolbachia
does not activate the host immune response (Bourtzis et al. 2000).  

4.5 Genome dynamics and lifestyle 
In order to investigate more generally the relationship between nucleotide 
turnover, genomic rearrangements, insertion deletion events (indels) and 
repeat content, 11 pairs of completely sequenced genomes of closely related 
bacteria having different ecology were chosen (Paper I). Estimations of the 
number of rearrangements, indels, the non-synonymous substitution rates 
(Ka) and the amount of repetitive DNA in each pair revealed a positive cor-
relation between the number of repeats and the number of rearrangements 
and indels over non-synonymous substitutions as well as a correlation be-
tween the different parameters and the lifestyle and ecology of the species. 
The analysis showed that obligate host-associated bacteria tend to have 
smaller genomes and fewer repeated sequences and as a consequence seem 
to have less structural freedom compared to free-living bacteria. In an addi-
tional analysis, a negative correlation between the number of orthologs and 
the amount of chromosomal rearrangements could be observed in a dataset 
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including 21 pairs of closely related prokaryotic genomes (Paper II). The 
correlation between deletions and rearrangements is an indication that the 
two processes occur via the same mechanisms, such as homologous and 
illegitimate recombination between repeated sequences. Moreover, a positive 
correlation between single transposed genes and the number of IS-elements 
could be observed, which highlights the different mechanism by which these 
smaller differences in gene order might arise. The latter observation might 
also explain the presence of outliers in the correlation of indels and rear-
rangement events, especially in the case of Sulfolobus, which contains a vast 
amount of transposable elements.  

In the light of these studies, the vast amount of repeated DNA in the ge-
nome sequence of Wolbachia was probably surprising at first since all the 
previous data on obligate host-associated bacteria indicated that genome 
reduction and transition to an intracellular lifestyle was accompanied with a 
decrease in repetitive DNA. However, if we compare the genome sequence 
of the arthropod associated strain wMel with the genome of the nematode 
associated strain wBm that is believed to be strictly mutualistic, we find that 
the mutualist has become smaller in size, lost more repeats and mobile ele-
ments and is also experiencing a lesser coding density than the reproductive 
parasite wMel. The comparison clearly shows that our generalized expecta-
tions of genomes of obligate mutualist hold true for a strict vertical transmis-
sion and proves the importance of population structure and dynamics for the 
evolutionary fate of genomes. 

4.6 Is genome reduction the road to extinction? 
As smaller and smaller genomes are discovered, one wonders if there is a 
lower limit of genetic content needed to sustain life in a cell. The genomes of 
obligate host-associated symbionts represent some of the smallest genomes 
known with several in the size range around 600-700 kb (Shigenobu et al.
2000; Akman et al. 2002; Paper I; Gil et al. 2003; van Ham et al. 2003). One 
subspecies of Buchnera has even been estimated by pulse-field gel electro-
phoresis to contain only 450 kbp (Gil et al. 2002). The obligate dependency 
and the total integration of Buchnera into the aphid host cells raise some 
questions. When do we stop regarding these entities as organisms and start 
seeing them as organelles? Is it dependent on the genome size or on the stage 
of integration between symbiont and host or both? Can the symbiotic genes 
encoding the necessary machinery for biosynthesis of the compounds that 
make the association obligate be transferred to the host nucleus, thereby 
diminishing the role of a self-sustained mutualist? As symbionts are sub-
jected to genetic drift and/or relaxed selection that could lead to a decrease in 
fitness and genomic deterioration, there is a possibility that the symbiotic 
potential might be lost. The transfer of symbiont genes from the bacterial 
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chromosome to the host nucleus could rescue the necessary gene functions 
from being lost in the process. A case of transfer of DNA from endosymbi-
ont to host has been detected between Wolbachia and the X-chromosome of 
the adzuki bean beetle, Callosobruchus chinensis (Kondo et al. 2002), which 
implicates that it is possible for horizontal transmission to occur between a 
prokaryotic symbiont and a eukaryotic host. However, DNA from bacteria 
that reside only in specialized cells that are not germ cells, such as Buchnera,
might have a limited possibility to get transferred to the next generation and 
be established as a trait on the chromosome of the host.  

Another possibility would be to simply exchange the old, worn out sym-
biont for a new symbiont full of potential. Could the accessory bacteria most 
often present in the insects take the role of a deteriorated symbiont? Some 
studies have been made in order to elucidate the role of the non-obligate 
secondary symbionts of aphids. The results show that they can to some ex-
tent compensate for the loss of the primary symbiont, Buchnera (Koga et al.
2003) but they might also in some cases contribute other functions such as 
protection against parasitoids (Oliver et al. 2003) and host plant specializa-
tion (Leonardo and Muiru 2003). However, a replacement of Buchnera with
another symbiont has most likely occurred in aphids of the tribe Cerataphid-
ini, as they seem to represent the only aphids that harbour a yeast-like exo-
symbiont instead of the bacterial endosymbiont (Fukatsu and Ishikawa 
1996). Whether the replacement occurred due to loss of symbiotic potential 
in Buchnera or whether it was accidental or selected due to other reasons is 
impossible to elucidate. Evidence of multiple replacements of the primary 
symbiont, Candidatus Nardonella, in weevils of the genus Sitophilus also
exists (Lefevre et al. 2004). In the aphid Cinara cedri carrying the Buchnera
with the smallest genome known estimated to be 450 kb, investigations of 
the secondary symbiont shows that it infects all aphids in the population and 
has expanded its intracellular niche and might therefore represent an active 
case of replacement. The possibility of replacement of Buchnera by the sec-
ondary symbiont due to loss of symbiotic potential can be suspected due to 
the extreme genome reduction of the primary endosymbiont (Gomez-Valero
et al. 2004). This means that the Buchnera of Cinara cedri might actually be 
on the road to extinction. 

4.7 The power of comparison 
The stream of microbial genome sequences being published seems to be 
never ending. Every new addition will to some extent widen our knowledge 
about the diversity and patterns that are unique to each organism’s genetic 
material as we compare it to other genomes. However, the power of a com-
parison can be extended if we have several closely related bacterial ge-
nomes, as the differences in the details between two closely related species 
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more readily can reveal the evolutionary consequences of a specific ecology 
and biology. The genome sequence of BAp was the first Buchnera genome
to be sequenced and led to the confirmation of the possible nutritional role of 
Buchnera, as the genes coding for biosynthesis of essential amino acids were 
found but also to an extended knowledge about the capabilities and loss 
thereof of Buchnera. The findings are of importance but the genome cannot 
by itself be used to estimate evolutionary parameters such as mutation rates, 
speed of genome reduction and the amount of gene order rearrangements. 
The second genome of Buchnera BSg demonstrated the very static gene 
order and content that contrasted so strongly with the accelerated substitu-
tion rate, an aspect that would have been left unnoticed if there was nothing 
to compare it to (Paper I). The detailed analyses of genomes of closely re-
lated species also provide opportunity to investigate general phenomena, 
such as the cause of GC-skew (Paper IV).  

A recent turn of events has also stressed the importance of comparison 
among the genomes of Wolbachia. As a group of researchers by accident 
discovered Wolbachia sequences when searching through the sequence data-
bases of genome projects from a number of Drosophila species (Salzberg et 
al. 2005). The Wolbachia sequences were assembled, annotated and depos-
ited into general databases under newly invented names. One strain was 
found in Drosophila simulans, wSim, one was found in Drosophila ananas-
sae, wAna, and one was found in Drosophila mojavensis, wMoj. Since the 
wSim sequences were almost identical to the sequences of wRi that are de-
posited in the public databases, a debate about whether wSim is wRi was 
sparked (Iturbe-Ormaetxe et al. 2005). However, the source of the sequences 
cannot be confirmed as coming from a single strain, since the fly sequences 
come from a collection of geographic samples of which some could carry 
other D. simulans strains than wRi. The matter cannot be resolved until a 
complete genome sequence of wRi is obtained. In a recent correction to the 
paper, the authors reveal that there is no wMoj strain, since these sequences 
were just wrongly deposited in the genome project of Drosophila mojaven-
sis, and should instead be part of the Drosophila ananassae genome project, 
which means that wMoj is actually wAna. Unfortunately, since many are 
using the public databases to download sequences for large-scale analysis, 
the sequences of wAna, wSim and wMoj might eventually turn up in publi-
cations, but what kind of interpretations can be made if we don’t know the 
origin of the data. Except for the newly invented strains, the problem with 
strain identification of Wolbachia also exists, especially since the most 
commonly used gene for strain discrimination wsp, has been seen to recom-
bine among supergroups (Werren and Bartos 2001; Baldo et al. 2005). Other 
genes showing high divergence are associated with phages and ankyrins but 
the usefulness of these genes for strain typing is diminished because of their 
ability to recombine and transfer horizontally between strains. Which genes 
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that can be used for strain discrimination is something that can be resolved 
only by comparative genomics of different Wolbachia strains.

Since the evolutionary rates of large-scale changes, such as multiple gene 
deletions and genome rearrangements, does not correspond to the time of 
divergence or substitution rates between two species and since phylogenies 
of some genes are not in agreement with species phylogeny due to horizontal 
transfers and diversifying selection through recombination the arguments for 
comparative genomics for understanding evolution increases. 
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5 Concluding remarks 

The investigations of evolution of genomic structure and content in bacteria 
that have a large phylogenetic and ecological distribution, shows evidence 
that the most influential evolutionary changes to their genetic material are a 
consequence of their lifestyle. The transition from a free-living lifestyle, 
where competition for resources and an unstable environment results in vari-
ability, to an obligate intracellular host-associated way of life is accompa-
nied by the loss of genetic flexibility that is no longer needed for survival. 
The obligate host-associated lifestyle also sets the arena for genomic degra-
dation of gene functions, via deletions and substitutions, through genetic 
drift and relaxed selection pressure.

As has been seen, the total lack of repeated sequences in combination 
with the loss of recA has forced the genome of Buchnera to a point of no 
return, where it is unable to alter its current genetic material or take up new 
components. The steady accumulation of mutations that can not be cured by 
homologous recombination and the ongoing deletional bias might eventually 
reduce the gene content of the endosymbiont to the extent that it is no longer 
a self-replicating cell, but instead an amino acid factory serving the aphid 
host.

In contrast, the genomes of arthropod associated Wolbachia display a 
high degree of genomic flexibility, being totally invaded by repeated and 
mobile genetic elements, subjected to horizontal transfer and to a large 
amount of intrachromosomal rearrangements. Even though the spread of 
repeated sequence, such as transposases, might reflect a lack of selection 
pressure, some of the flexibility that can arise through the ability to recom-
bine between repeats might stem from selection for variability.  

We can only speculate as to why the genomes of Buchnera and Wolba-
chia are so different, but in the end, the lifestyle of a bacterium including its 
environment and transmission route, will influence the evolution of its ge-
netic material and thereby its future possibilities to adapt to new environ-
ments.
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6 Sammanfattning på svenska 

Symbios betyder leva tillsammans och används för att beteckna alla typer av 
nära relationer mellan organismer av två olika arter. Symbios mellan orga-
nismer har gett upphov till mycket av den mångfald som finns genom att 
t.ex. göra det möjligt för en del insekter som lever i symbios med bakterier 
att leva på nya typer av föda. Vissa av dessa relationer är så intima att de två 
organismerna inte kan leva utan varandra.  

Buchnera är en bakterie som lever i symbios med bladlöss. Precis som 
många andra djur kan bladlöss inte tillverka alla aminosyror som den behö-
ver själv utan måste få dem från sin kost, dessa kallas essentiella aminosyror. 
Bladlöss lever av att suga sav ur växter, en föda som innehåller mycket 
sockerarter men har ett lågt innehåll av aminosyror. Genom att bl.a. studera 
arvsmassan från Buchnera har man kunnat konstatera att de aminosyror som 
är essentiella för bladlusen kan produceras av Buchnera, vilket leder till att 
bladlusen är beroende av Buchnera för att få i sig alla näringsämnen den 
behöver. Genom att jämföra den evolutionära historian hos bladlöss och 
Buchnera har man kunnat visa att Buchnera och dess bladlusvärd har levt 
tillsammans under minst 150 miljoner år. Med hjälp av fossil från bladlus-
värden har man därför kunnat tidsbetstämma när olika Buchnera-stammar 
skiljdes åt under evolutionen. För att kvantifiera antalet evolutionära händel-
ser har vi jämfört arvsmassan mellan två stammar av Buchnera från olika 
bladlusvärdar som uppskattas ha utvecklats separat under 50 miljoner år. 
Studien visade att alla gener sitter i exakt samma ordning i de båda cirkulära 
kromosomerna som utgör arvsmassan och att de i det närmaste har identiskt 
geninnehåll, men att de på nukleotidnivå förändras mycket snabbt. 

Genom att undersöka antalet förändringar i genordning, mängden repete-
rat DNA och hastigheten på nukleotidförändringar mellan par av närbesläk-
tade arter med olika livstil kan vi se en positiv korrelation mellan mängden 
repeterade sekvenser och antalet förändringar i genordning, vilket kan för-
klaras med rekombination mellan repeterat genetiskt material. Dessutom kan 
vi se en korrelation mellan dessa parametrar och organsimernas levnadsför-
hållanden, där frilevande bakterier har större genom, mer repeterat gentiskt 
material och fler förändringar i genordning jämfört med bakterier som lever i 
nära association med en värdorganism. Den bevarade genordningen i Buch-
nera beror troligtvis på det faktum att genomen inte innehåller några repete-
rade sekvenser i kombination med att de har förlorat genen recA som anses 
vara en av de viktigaste komponenterna vid homolog rekombination.  
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Wolbachia är en bakterie som lever intracellulärt i en mängd olika leddjur 
så som insekter, spindlar och gråsuggor. Man har uppskattat att minst 15% 
av alla insekter är infekterade av Wolbachia. Bakterien orsakar flera olika 
fenomen i sina värdorganismer, där alla har som effekt att sprida Wolbachia 
i populationen. Eftersom bakterierna endast kan spridas från honor till av-
komman yttrar sig dessa fenomen genom att på olika sätt öka antalet infekte-
rade honor i en population. De mest studerade fenomenet som Wolbachia 
ger upphov till är cytoplamsisk inkompatibilitet (CI), vilket innebär att infek-
terade hanar inte kan producera avkomma med oinfekterade honor, något 
som gör att infekterade honor får en reproduktiv fördel i populationen jäm-
fört med oinfekterade honor eftersom infekterade honor kan få avkomma 
med både infekterade och oinfekterade hanar. 

I kontrast till Buchnera har man genom att undersöka arvsmassan hos 
Wolbachia, funnit en stor mängd repeterat genetiskt material. Genom att 
jämföra arvsmassan från två olika stammar av Wolbachia som båda ger upp-
hov till CI, kan vi se att detta verkar ge upphov till många förändringar i 
genordningen, vilket är i linje med tidigare resultat. Man har också hittat en 
stor mängd gener som kodar för proteiner som innehåller så kallade ankyrin 
motiv (ANK). Dessa typer av proteiner har tidigare visat sig deltaga i bl.a 
regleringen av cellcykeln hos bananflugan Drosphila melanogaster. Efter-
som tidigare studier har visat att Wolbachia troligtvis manipulerar reproduk-
tionen hos sin värd genom att påverka dess cellcykel är det möjligt att ANK-
generna kan ge upphov till dessa effekter. Från våra jämförelser kan vi se att 
just ANK-generna verkar vara några av de gener som skiljer sig mest mellan 
stammarna. Eftersom många av dessa gener ligger i nära anslutning till pro-
fager, dvs bakteriella virus som är inkorporerade in bakteriens arvsmassa, 
som även har bevisats packas in i dessa, kan man spekulera över om dessa 
profager är de som verkligen ger upphov till de olika fenomenen.   

Sammanfattningsvis, kan vi se att en bakteries levnadsförhållanden ger 
stora konsekvenser för hur deras arvsmassa evolverar och därmed deras möj-
ligheter att anpassa sig till att leva i andra miljöer. 
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