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Abstract

A global survey of microbial genomes reveals a correlation between genome size, repeat content and lifestyle.
Free-living bacteria have large genomes with a high content of repeated sequences and self-propagating DNA,
such as transposons and bacteriophages. In contrast, obligate intracellular bacteria have small genomes with a low
content of repeated sequences and no or few genetic parasites. In extreme cases, such as in the 650 kb-genomes
of aphid endosymbionts of the genus Buchnera all repeated sequences above 200 bp have been eliminated. We
speculate that the initial downsizing of the genomes of obligate symbionts and parasites occurred by homologous
recombination at repeated genes, leading to the loss of large blocks of DNA as well as to the consumption of
repeated sequences. Further sequence elimination in these small genomes seems primarily to result from the
accumulation of short deletions within genic sequences. This process may lead to temporary increases in the
genomic content of pseudogenes and ‘junk’ DNA. We discuss causes and long-term consequences of extreme

genome size reductions in obligate intracellular bacteria.

Introduction

During the last few years, we have witnessed an ex-
plosion in the field of microbial genomics. To date,
over 60 microbial genome sequences have been pub-
lished and another 100 genomes are in different stages
of completion (http://www.tigr.org). These represent
all three kingdoms and most bacterial and archaeal
phyla. To interpret this flood of information from an
evolutionary perspective, we have to develop models
that describe causes and consequences of genome size
variations and integrate these with our knowledge of
microbial relationships, that is, TRNA phylogenetic
trees (Olsen et al., 1994).

Microbial genomes vary more than tenfold in size,
from 580kb in Mycoplasma genitalium to 9.2Mb in
Myxococcus xanthus (Casjens, 1998). Even within
bacterial subdivisions, the entire size span of ge-
nome sizes may be represented. For example, in
the a-proteobacterial subdivision genomes vary in
size from 1.1 Mb in Rickettsia prowazekii to 8.7 Mb
in Bradyrhizobium japonicum. Here, there are also

several examples of bacteria with complex genome
structures, that is, more than one replicating circle,
as observed for example in Agrobacterium tumefa-
ciens, Rhodobacter capsulatus, Brucella melitensis
(Casjens, 1998) and Rhizobium (Flores et al., 2000).
The role of repetitive sequences as targets for homo-
logous recombination and rearrangements has recently
been demonstrated in Rhizobium (Flores et al., 2000).

Genome sizes can vary quite extensively even for
closely related strains and species that show low de-
grees of divergence at the nucleotide sequence level.
For example, a recent investigation of different iso-
lates of Bartonella henselae revealed a size variation
between 1.7 and 2.9 Mb (Maruyama et al., 2001).
Likewise, a comprehensive study of natural isolates of
Escherichia coli shows that these vary in genome size
from 4.5 to 5.5 Mb (Bergthorsson & Ochman, 1998).
The two completely sequenced E. coli genomes ex-
emplify this size variation (Perna et al., 2001). Thus,
the genome of strain O157:H7 is substantially lar-
ger (5.5 Mb) than the genome of strain K12 (4.6 Mb)
and there is a 422 kb inversion around the replication
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terminus. The two strains share a linear ‘backbone’
of 4.1 Mb, and the difference in size is accounted for
by numerous strain-specific ‘islands’, that either repre-
sent imported DNA or retention of fragments that have
been lost in the other strain (Perna et al., 2001).

In free-living organisms with large population
sizes that frequently adapt to environmental changes,
some of these differences may be due to the insertion
or deletion of ‘cassettes’ of DNA that confer selective
advantages in particular growth environments (Moxon
et al., 1994; Ochman, Lawrence & Groisman, 2000).
Pathogenicity islands (PAI), plasmids, bacteriophages,
transposons and integrons are examples of mobile ge-
nomic islands (Hacker & Kaper, 2000; Hacker &
Carniel, 2001). The loss or gain of such an island
will quickly reach fixation in the population if it is
associated with a selective advantage. Indeed, it has
been shown that the gain and loss of mobile virulence
elements have occurred several times in parallel in
separate lineages of pathogenic E. coli (Reid et al.,
2001). Mechanistically, this flexibility in structure is
often caused by recombination at repetitive elements
that flank the mobile element.

In contrast, the loss or gain of ‘core’ genes that
code for proteins with functions in basic cellular func-
tions (Hacker & Carniel, 2001) is likely to represent a
(slightly) deleterious event under most environmental
conditions. Consequently, we expect cells with nucle-
otide changes and/or deletions in these genes to be
out-competed by more rapidly growing cells with no
mutations. In effect, rearrangements and indels in the
core genes will only rarely reach fixation in large,
free-living microbial populations, irrespective of the
selective demands imposed by the different growth
habitats.

Obligate intracellular bacteria, however, are fun-
damentally different from free-living bacteria in that
they form populations of small sizes that frequently
undergo bottlenecks (Andersson & Kurland, 1998).
The genomes of these organisms have evolved prima-
rily by reductive evolutionary processes, during which
even genes that are part of the highly conserved ge-
nomic core have already been eliminated or are cur-
rently in the process of being eliminated (Andersson
& Andersson, 1999a). For example, more than 1000
pseudogenes have been identified in M. leprae (Cole
et al., 2001). Likewise, R. prowazekii seem to have
at least a few hundred genes in different stages of de-
gradation (Andersson et al., 1998; Ogata et al., 2001).
Thus, as much as 25-50% of the genome of an ob-
ligate intracellular parasite may represent fairly recent

gene inactivation events (Andersson et al., 1998; Cole
et al., 2001).

Studies of the rates and patterns of changes in
bacterial pseudogenes have been done most exten-
sively in Rickettsia. A detailed comparative analysis of
the metK gene coding for S-adenosylmethionine syn-
thetase (Andersson & Andersson, 1999a) and other
pseudogenes (Andersson & Andersson, 2001) has
shown short deletions predominate over short inser-
tions in sequences that evolve by neutral processes
in Rickettsia (Andersson & Andersson, 1999b, 2001).
No signs of preexisting open reading frames could
be identified in the noncoding DNA of R. prowazekii,
probably due to extensive accumulation of frameshift
mutations (Andersson et al., 1998). However, sequ-
ence similarity between a gene in one species and a
stretch of noncoding DNA in a closely related spe-
cies has confirmed that the ‘junk’ DNA represents
highly degraded remnants of ancestral gene sequences
(Andersson & Andersson, 2001; Ogata et al., 2001).

It may seem surprising that most other micro-
bial genomes have so little junk DNA despite high
rates of DNA influx in the form of genetic parasites,
such as plamids, transposable elements and prophages
(Andersson & Andersson, 1999b; Lawrence et al.,
2001). To explain this paradox, it has been suggested
that there is a selection for high deletion rates in the
genomes of free-living bacteria to compensate for the
attacks of invading phage DNA and other pieces of
selfish DNA (Lawrence, 2001). Since obligate intra-
cellular bacteria are no longer threatened by parasitic
genetic elements, it is thought that they can tolerate a
lower deletion rate, which would result in a gradual
accumulation of pseudogenes (Lawrence et al., 2001).

Alternatively, the molecular mechanisms whereby
pseudogenes are eliminated in obligate intracellular
bacteria may be very different from the mechanisms
whereby genetic parasites are eliminated from the gen-
omes of free-living bacteria. Indeed, prophages and
transposons are often distinguished from other types
of DNA by being flanked by moderately long repeated
sequences that serve as targets for the recombina-
tion/deletion machinery. No such repeats are flanking
the identified pseudogenes in Rickettsia (Andersson
et al., 1998; Andersson & Andersson, 1999a, 2001).

To understand the role of repeated sequences in
promoting genome instability and deterioration, we
need to quantify the distribution of repeated genes in
microbes with different genome sizes and life styles.
In this paper, we present an analysis of repeat densities
in microbial genomes and we discuss the evolutionary



forces that drive genome degradation, with a partic-
ular focus on the loss of repeated genes in obligate
intracellular bacteria.

Repeat density in microbial genomes

Despite their compactness, many prokaryotic genomes
contain a variety of repetitive sequences, either as
recently expanded gene families, or as arrays of non-
coding repeated sequences or as transposable elements
and insertion sequences. A number of studies on re-
peated sequences have focused on the occurrence and
functionality of short repetitive elements, as for in-
stance in E. coli (Bachellier et al., 1999). Repeat
length, divergence and location are all factors that in-
fluence the rate of ectopic recombination (Bachellier
etal., 1999). As pointed out earlier by Rocha, Danchin
and Viari (1999a, b), large, identical repeats are par-
ticularly important because of their potential role in
genome instability and evolution.

A graphical representation of repeated sequences
longer than 200bp gives a visual impression of how
the content of large repeats vary in 37 completely se-
quenced microbial genomes (Figure 1). To enable a
quantitative comparison, we have plotted genome size
as a function of repeat density (defined as the number
of nucleotides involved in a repetitive DNA segment
per total number of nucleotides in the genome) (Fig-
ure 2). On the average, the density of identical repeats
that are larger than 200 bp is 1.7% per genome, not in-
cluding extra-chromosomal elements (Figure 2). Thus,
if the correlation between genome size and repeat
content is perfect, all microbial genomes are expec-
ted to have a repeat density close to 1.7%. However,
the variation in the relative fraction of repeats seems
to be larger than what would be expected solely by
the genome size differences (Figure 2). For example,
Neisseria meningitidis has a repeat density of 6.2%
and the symbiotic plasmid of Rhizobium (pNGR) of
6.8%, which is considerably higher than expected
from their genome sizes (Figure 2). N. meningitidis is
known to contain a large number of repeats involved
in recombination-mediated variation (Parkhill et al.,
2000b) and an unusually high frequency of insertion
sequences (Tettelin et al., 2000; Parkhill et al., 2000b).

On the other extreme, we find that there isa
significantly lower density of repeated sequences
in obligate intracellular bacteria with genomes in
the 1Mb range (repeat density is <0.6%) than
in other bacteria (p <0.026, Wicoxon signed rank
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test). For example, R. prowazekii contains only
four repeated sequences longer than 200bp and
these accounts for only 0.23% of the genome
(Andersson et al., 1998). Likewise, repeat densities in
R. conorii (Ogata et al., 2001), Chlamydia pneumo-
niae and Chlamydia muramidum are lower than 0.6%
(Figure 2). The most extreme case is the 650kb gen-
ome of Buchnera aphidicola with no repeats longer
than 200 bp (Shigenobou et al., 2000). We may won-
der: Why and how have these repeated sequences been
lost?

Loss of duplicated genes in obligate intracellular
bacteria

Since the loss of redundant genes may not necessar-
ily be a lethal event, we expect genes that are present
in more than copy to be the first targets for sequence
elimination during adaptations to intracellular growth
environments. Such genes include those coding for ri-
bosomal RNAs (rrs, rrl and rrf) and elongation factor
Tu (tuf) (Ohama et al., 1987; Buttarelli et al., 1989;
Meng, Shinozaki & Sugira, 1989; Tiboni et al., 1991;
Vijgenboom et al., 1994). For example, E. coli has
seven rRNA operons, Vibrio cholera has eight and
Bacillus subtilis has as many as 10 rRNA operons.
Since each rRNA operon is about 5 kb in size, as much
25-50kb of the repeated sequences in these organ-
isms may be accounted for by rRNA genes. A direct
comparison of rRNA and total repeat contents show
that the rRNA genes represent 40—60% of the repeated
sequences in E. coli and V. cholera and more than
90% in B. subtilis. However, in many other organ-
isms there is no such strong correlation between rRNA
gene copy numbers and repeat densities. For example,
N. meningitidis, has the highest density of repeated
sequences, but its four rRNA operons represent only
13% of the total fraction of repeated sequences.

Multiple rRNA operons are found in bacteria with
large genomes; whereas only one or two rRNA op-
erons are present in genomes that are less than 2 Mb
in size. For example, only one copy of the rRNA and
the fuf genes are present in R. prowazekii (Andersson
et al., 1995; Syvédnen 1996; Andersson et al., 1998)
and in other obligate intracellular bacteria (Stephen
et al., 1998; Shigenobou et al., 2000). A comparative
study of several Rickettsia species has shown that the
loss of duplicate copies of the rRNA and the fuf genes
occurred already prior to the divergence of species
within the genus Rickettsia (Andersson et al., 1998;
Amiri, Alsmark & Andersson, 2002).



M. tuberculosis

I.I Ji.. II : 13

D. radiodurans 1

L. lactis

N. meningitidis P. multocida

Figure 1. Content of repeated sequences larger than 200 bp in 37 microbial genomes. The images were produced using the program miropeats
(Parsons, 1995) (http://www.ebi.ac.uk/~jparsons/packages/miropeats/miropeats.html), which detects regions of sequence similarity in a se-
quences and then presents this similarity information graphically. On the vertical line, which represents the genome, an arc is drawn between any
two repeated regions. Genomes larger than 4 Mb in size are divided in two halves. (a) Repeat content in genomes of sizes 4.6 to 2.2 Mb. Genome
sequence data were taken from Blattner et al. (1997) (U00096); Cole et al. (1998) (AE000666); Kunst et al. (1997) (AL009126); Kaneko et al.
(1996) (AB001339); Cole et al. (2001) (AL450380); Heidelberg et al. (2000) (AE003852,AE003853); Simpson et al. (2000) (AE003849);
White et al. (1999) (AE000513); Bolotin et al. (2001) (AE005176); Parkhill et al. (2000b) (AE002098); May et al. (2001) (AE004439). (b)
Repeat content in genomes of size 2.1 to 1.1 Mb. Genome sequence data were taken from Klenk et al. (1997) (AE000782); Ng et al. (2000)
(AE004437); Nelson et al. (1999) (AE000512); Ferretti et al. (2001) (AE004092); Fleishmann et al. (1995) (L42023); Kawarabayasi et al.
(1998) (BA000001); Smith et al. (1997) (AE000666); Kawarabayasi et al. (1999) (BA00000); Tomb et al. (1997) (AE000511); Bult et al.
(1996) (L77117); Parkhill et al. (2000a) (AL111168); Kawashima et al. (2000) (BA000011); Ruepp et al. (2000) (AL139299); Deckert et al.
(1998) (AE000657); Kalman et al. (1998) (AE001363). (c) Repeat content in genomes of size 1.1 to 0.5 Mb. Genome sequence data were taken
from Fraser et al. (1998) (AE000520); Ogota et al. (2001) (AE006914) Andersson et al. (1998) (AJ235269); Read et al. (2000) (AE002160);
Stephens et al. (1998) (AE001273); Fraser et al. (1997) (AE000783); Himmelreich et al. (1996) (NC_000912); Glass et al. (2000) (AF222894);
Fraser et al. (1995) (L43967).

Duplicated genes like the rRNA and the ruf genes
are not only targets for sequence elimination but also
for genome rearrangements (Anderson & Roth, 1977,
Petes & Hill, 1988; Liu & Sanderson, 1996). For ex-
ample, the 16S and 23S rRNA genes in R. prowazekii
are not located in the normal rRNA operon structure

(16S-23S-5S) (Andersson et al., 1995). Furthermore,
it has been suggested that the atypical organization
of the single fuf gene in Rickettsia is the result of
an intra-chromosomal recombination event at the two
ancestral fuf genes that were located in inverse ori-
entation, leading to an inversion of the intervening
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Figure 1. Continued.



r~- i
ol
ohm

=]

w
=
=z abh
2
'z axf
g 1l
= o
2 ovel
1
4

ompu cfl
o op ohi avel i
............. aBls e b e e e e e e
ol
@ omto’P odr oSy .abs ose
= mpn o 2
oobh op
oC gat2
y kcﬁm a
- Pbu’ o matl
0 T 2 x 10° 3% 10° 4% 10° 5% 10° 6% 10°

Genome size (bp)

Figure 2. Comparisons of repeat density and genome size. Exact repeats larger than 200 bp were detected using the software Reputer (Kurtz &
Schleiermacher, 1999) (http://bibiserv.techfak.uni-bielefeld.de/reputer/). The number of basepairs present in one or several repeats larger than
200 bp was calculated for each genome. The repeated fraction of the genome is plotted against genome size and the average repeat density
(1.7%) is indicated with a dotted line. Obligate intracellular parasites are shown in shaded colour. Genomic data not present in Figure 1
were taken from: Bolotin et al. (2001) (AE005176), Ogata et al. (2001) (AE006914), McClelland et al. (2001) (AE006468), Takami et al.
(2000) (BA000004), Chambaud et al. (2001) (AL445566), Hoskins et al. (2001) (AE007317). Freiberg et al. (1997) (AE000083), Capela et al.
(2001) (AL591688). Abbreviations are used as follows: aa (A. aeolicus), atl (A. tumefaciens circular chromosome), at2 (A. tumefaciens linear
chromosome), bb (B. burgdorferi), bh (B. halodurans), bs (B. subtilis), bu (Buchnera), cc (C. crescentus), cj (C. jejuni), cm (C. muridarum),
cp (C. pneumoniae), ct (C. trachomatis), drl (D. radiodurans chromosomel), ec (E. coli), hi (H. influenzae), hp (H. pylori), 11 (L. lactis), mg
(M. genitalium), mp (M. pneumoniae), mpu (M. pulmonis), mt (M. tubercolosis), nm (N. meningitidis), rc (R. conorii), tp (R. prowazekii), ri
(Rhizobium etli, plasmidcpNGR234a), sa (S. aureus), se (S. enterica), sm (S. meliloti), sp (S. pneumoniae), sy (Synechocystis), tp (T. pallidum),
uu (U. urealytica), vel (V. cholerae chromosome 1), ve2 (V. cholerae chromosome 2), xf (X. fastidiosa).

segment (Syvinen et al., 1996). In some species, ge-
nome rearrangements at repeated sequences occur at
frequencies that are measurable in real time. For ex-
ample, populations with all possible rearrangements
matching those predicted from the location of dir-
ectly repeated sequences in the symbiotic plasmid of
Rhizobium has been identified (Flores et al., 2000).
In this case, direct-repeated sequences ranging in size
from 2.6 to 4.3kb are flanking amplicons of 36—
307 kb (Flores et al., 2000). A total of 14 potential
rearrangements generated by homologous recombina-
tion at these sites could be identified in the Rhizobium
population (Flores et al., 2000).

Short repetitive sequences have been identified
near to the rRNA genes and the fuf genes in sev-
eral Rickettsia species and these are flanking short
deletions in other species (Andersson et al., 1995;
Amiri, Alsmark & Andersson, 2002). This suggests
that homologous recombination at repeated sites do
not only cause major genome rearrangements but also
contributes to the loss of short sequence segments
(Andersson et al., 1995; Amiri, Alsmark & An-
dersson, 2002). A novel type of repetitive element was
recently identified in the R. conorii genome, called the
Rickettsia Palindromic Element (Ogata et al., 2001).
We have shown that this element flourished already



prior to species divergence within the genus Rickettsia,
and that the absence of this element in some spe-
cies is most likely due to recent loss rather than to
recent proliferation (Amiri, Alsmark & Andersson,
unpublished).

All of this suggests that multiple genome configur-
ations may be present in natural microbial populations,
in particular in microbes with high degrees of DNA re-
iteration. However, this diversity in genomic structures
may get lost in small populations that undergoes fre-
quent bottlenecks since lost sequences can not easily
be obtained by inter-chromosomal recombination in
these isolated populations. In effect, repeats that have
once been eliminated can normally not be recovered
again. In the extreme, even short repeats may get con-
sumed in this process, as observed in the tiny genome
of the aphid endosymbiont B. aphidicola (Shigenobou
et al., 2000).

Discussion

Transitions to intracellular environments have oc-
curred frequently in the evolutionary past. These
transitions impose a new set of challenges for the in-
vading bacterium, which has to learn how to enter,
survive and exit the new environment. Initially, the
bacteria may explore the intracellular habitat as fac-
ultative parasites while maintaining their free-living
status. Most of these facultative intracellular parasites
have a broad host range and must, therefore, have
evolved efficient mechanisms to evade attacks from
the immune system in each of these hosts. The ca-
pacity for rapid variation in cell surface molecules
is prevalent among pathogens (Peterson et al., 1995;
Himmelreich et al., 1996; Fraser et al., 1997; Cole
et al., 1998; Faguy et al., 2000). This is commonly
obtained through the presence of repetitive gene fam-
ilies that encode variants of outer membrane proteins.
These copies can be differentially expressed or their
frequency can be altered through conversion and re-
combination. In these bacteria, a dynamic and modular
genomic structure has enabled rapid responses to new
challenges in the growth environments (Romero &
Palacios, 1997). Changes between growth habitats al-
low bacteriophages, transposons and plasmids to flour-
ish which contribute to some of the repetitive DNA
in these genomes. Thus, high repeat contents, flexible
genomes and rapid cycles of expansion and degrada-
tion are to be expected for free-living and facultative
intracellular parasites (Figure 3).

7

When the relationship with the host becomes ob-
ligate the bacterium is restricted to growth in a few
selected host cells that it has to be transmitted between
without intervening stages of free living growth. In-
sects of various kinds often serve as hosts or vectors
of transmission between hosts. Since bacteria growing
under these conditions are isolated and do not come
in contact with many of the mobile genetic elements,
their small genomes lack much of the repetitive DNA
found in the free-living organisms. Small population
sizes, bottlenecks and integration with the host meta-
bolic system may lead to additional genomic changes,
such as the loss of large blocks of genes by homo-
logous recombination at repeated sites (Andersson
& Kurland, 1998). However, since the repeated se-
quences will gradually be consumed in this process,
the possibilities for further recombinatorial events are
reduced. At the very end, even genes involved in
the recombination machinery may be destroyed by
mutations, making any further deletions by homolog-
ous recombination impossible. Low repeat contents
and static genomes are, therefore, to be expected for
bacteria that have evolved very intimate host-microbe
relationships (Figure 3).

Throughout this process, we expect substitutions
and deletion mutations to accumulate in single-copy
genes. Some of these may be neutral or even advan-
tageous for growth in the intracellular environment.
For example, the cytoplasm of an eukaryotic cell is
nutritionally very rich which makes the biosynthesis
of small molecules such as carbohydrates, amino acids
and nucleotide monophosphates nonessential. Not sur-
prisingly, obligate intracellular parasites have no or
very few genes coding for the biosynthesis of small
metabolites (Andersson et al., 1998; Stephens et al.,
1998).

However, in small populations that undergo
frequent bottlenecks, weakly deleterious mutations
may also be fixed in the population (Andersson &
Kurland, 1998). This means that not only the redund-
ant gene function may be eliminated, but also genes
in the essential genomic ‘core’ may be inactivated by
mutations. These genes are normally not contained
within cassette-like structures, and even if they would,
the flanking repeats may already have been elimi-
nated from the genome. Thus, the removal of DNA
sequences subsequent to the loss of repeated genes
is a very tedious process that occurs by numerous
small deletion events, each of which only affects a few
nucleotides. This slow process leads to a temporary
accumulation of pseudogenes (Figure 3), in striking
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Figure 3. Schematic illustration of genome size variations as a function of time during transitions to intracellular growth habitats. Filled boxes
represent mobile genetic elements. Genomes of obligate intracellular bacteria are smaller and have a lower content of repeated sequences (/)
and a higher content of pseudogenes (x) than genomes of free-living bacteria and facultative intracellular parasites.

contrast to the rapid and clean excision of sequences
that are flanked by repeated sequences.

The reductive evolutionary processes that we ob-
serve in the genomes of modern obligate intracellu-
lar parasites and symbionts may cast some light on
the way in which the mitochondrial genomes were
once reduced in size (Andersson & Kurland, 1999;
Kurland & Andersson, 2000). The mitochondrion is
thought to have originated from an endosymbiotic bac-
terium that evolved by a massive elimination of genes,
some of which genes may have been transferred from
the endosymbiont to the nuclear genome (Andersson
& Kurland, 1999; Karlberg et al., 2000; Kurland &
Andersson, 2000). Studies of the evolution of obli-
gate intracellular parasites and symbionts have already
provided extensive information about the first of these
processes, that is, genome degradation. Whether we
can also identify examples of the other two processes,
that is, downloading of bacterial genes to the host nu-
clear genome and/or recruitment of host nuclear genes
for service in the parasite/symbionts remain to be
determined.
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