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■ Abstract Recent advances in DNA-sequencing technologies have made available
an enormous resource of data for the study of bacterial genomes. The broad sample
of complete genomes currently available allows us to look at variation in the gross
features and characteristics of genomes while the detail of the sequences reveal some
of the mechanisms by which these genomes evolve. This review aims to describe
bacterial genome structures according to current knowledge and proposed hypotheses.
We also describe examples where mechanisms of genome evolution have acted in the
adaptation of bacterial species to particular niches.
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INTRODUCTION

The 1998 edition of the Annual Review of Genetics included an outstanding review
by Sherwood Casjens entitled “The Diverse and Dynamic Structure of Bacterial
Genomes” (13). This current review aims to update some of the ideas covered by
Casjens. Indeed, it is fascinating to see just how rapidly this field has advanced in
such a short time, largely due to the surge in whole genome sequencing, and the
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associated wealth of new data, over the period. By the end of 1998, 17 complete
bacterial genome sequences were available. By the end of 2003, that figure had
risen to 149 [for a comprehensive record of genome sequencing projects, both
complete and in progress, see http://www.genomesonline.org/ (10)].

Prior to the advent of whole genome sequencing, our knowledge of prokaryotic
genome structure was largely limited to what we could determine from polyacry-
lamide gel electrophoresis and classical genetic maps (9). From the early 1970s
through to the twenty-first century, rapid advances in the technology associated
with DNA sequencing meant that obtaining the complete DNA sequence for a
bacterial genome went from being very challenging to relatively simple, at least
for certain genomes. By the end of 2003, the public sequence databases held the
complete sequence of 99 bacterial and 12 archaeal genomes covering 69 and 12 dif-
ferent species, respectively. This represents an unprecedented dataset with which
to investigate prokaryotic genome structure. Studying each genome in isolation
has brought novel insights, and this new knowledge has often been further en-
riched by comparison of genomes from related strains. For the study of genome
structure, the importance of having complete and accurate genome sequences from
related bacteria cannot be overstated. With such information we can observe re-
arrangement and evolution of genomes from the multi-mega base-pair level down
to single-nucleotide resolution. This review aims to convey the major themes in
prokaryotic genome structure, focusing for the most part on advances in the past
decade.

GENOME STRUCTURE

The obvious parameters for describing a bacterial genome are size, geometry,
replicon number, and G + C content; variation in these alone ensures that there is
no such thing as a typical bacterial genome. Actually defining a bacterial genome
is complicated by the variety of DNA replicons found within bacterial cells. For
this review the genome includes only those replicons that can be considered to be
“chromosomes.” This allows us to disregard transient replicons such as plasmids
but the definition of “chromosome” is in itself controversial (see below).

Genome Size

Prokaryotic genome sizes vary across more than a twentyfold range. Figure 1A
shows how this size range lies relative to all forms of life, overlapping with the
smallest eukaryotes and the largest viruses. It is now clear that archaeal genomes,
previously thought to cover a relatively narrow range (13), vary to a similar degree
as those of eubacteria. Within the prokaryote group, different phyla cover broadly
overlapping size ranges (Figure 1B). Even within species large-scale variation can
be seen; genomes of Escherichia coli, Prochlorococcus marinus, and Streptomyces
coelicolor have all been seen to vary by more than 1,000,000 bp (46, 56, 75). Bac-
terial genome size is the sum of different genetic events, such as gene duplication,
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horizontal acquisition, and lineage-specific gene loss and is therefore not a good
indicator of evolutionary lineage.

Although distantly related, the proteobacteria and actinobacteria both appear
to reach the extremes for bacteria, suggesting that the factors limiting genome
size may be common to all. The exact nature of these limiting factors is unclear.
The “minimal genome” concept is attracting great interest, with the seductive
aim of defining the minimal set of genes required for cellular life, though the
minimal set will of course vary depending upon the niche (33, 35). Definition of a
“maximal genome” is perhaps less intuitive. Whereas a minimal genome is limited
by the ability to live, the maximal boundaries are more difficult to draw. Complex
issues relating to generation time, replication rate, and energy supply need to be
considered as well as simple practical issues such as the physical space taken up
by the genome within the cell sacculus.

Figure 1 (A) Estimates of genome sizes, based on data from DOGS (Database of
Genome Sizes; http://www.cbs.dtu.dk/databases/DOGS/) (72). A selection of genome
sizes and size ranges from specific species are indicated. For simplicity this figure
includes one line for the kingdom Protoctista, which is defined as nucleated microor-
ganisms and their descendants, exclusive of fungi, animals, and plants. (B) Size ranges
of sequenced prokaryotic genomes. (C) GC content ranges of sequenced prokaryotic
genomes. For (B) and (C) the data are shown as “box and whiskers” plots, where the
shaded box represents the middle 50% of the observations (interquartile range) and
the vertical line in each box is the median value. The “whiskers” represent plus or
minus 1.5 times the interquartile range. Outlier points are designated with circles. n
is the number of sequenced genomes for the given phylum or group. (D) GC content
versus genome length for 146 sequenced prokaryotic genomes. Figures supplied by
D.W. Ussery & P.F. Hallin (71, 72).
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Figure 1 (Continued)
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Figure 1 (Continued)

The smallest prokaryote genomes tend to belong to organisms restricted to
a stable niche, often in association with a host organism, whereas the bacteria
with genomes at the larger end of the scale tend to occupy highly complex and
variable environments such as soil. At the time of writing, the sizes of sequenced
prokaryotic genomes ranges from 490,885 bp for Nanoarchaeum equitans, an
obligate symbiont growing only in coculture with crenarchaeon Ignicoccus (74),
to 9,1058,28 bp for Bradyrhizobium japonicum, a metabolically adept soil-dweller
capable of colonizing plant root nodules (31).

Generally the coding density of bacterial genomes does not vary much, with
most approximating one gene per kilobase of DNA. Clearly then, genome size is
directly proportional to number of genes, a trend not true for eukaryotes. An in-
crease in gene numbers allows for two possibilities: (a) an increase in the number
of protein families encoded and (b) an increase in the number of encoded mem-
bers of each protein family. Comparison of the predicted proteome of S. coelicolor
with those of a range bacteria showed that both of these occur (7). Such a broad-
ened repertoire of genes presents a management problem. Cells containing larger
genomes are still limited by energy supply, which in turn limits gene expression
to levels equivalent to those for cells with smaller genomes. Accordingly, larger
genomes require more complex regulation of gene expression via an increased
numbers of genes encoding regulatory proteins. Stover et al. (63) first noted that,
rather than being directly proportional, the percentage of regulatory genes in a
genome appeared to increase with increasing genome size. This observation was
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based on comparison of the handful of genomes available at the time but was
still gaining support years later (7, 12). Two recent comprehensive studies have
expanded on this type of observation.

Ranea et al. (54) looked at the distribution of 816 structural protein superfamilies
across 56 prokaryotic genomes including 10 archaea. Each of the superfamilies
were selected from the CATH structural protein database (47) as being present in
at least 70% of the genomes and thus considered to be “universally” distributed.
Correlation with genome size revealed two major groups; size dependent and size
independent. Within the size-independent group was a subgroup of proteins evenly
distributed across all genomes. These proteins are almost exclusively involved in
translation, ribosome structure, and protein biogenesis. The size-dependent group
could be subdivided into families with a linear distribution relative to genome
size and those with a nonlinear relationship. The majority of the linear group was
concerned with cellular metabolism while the nonlinear group mostly comprised
overrepresented families involved in regulation of gene expression. Notably, none
of the superfamilies in the nonlinear group was underrepresented.

Konstantinidis & Tiedje (34) used a fundamentally different approach but still
arrived at compatible major conclusions. They used the COG database (67) to
place the protein products of 115 bacterial genomes into functional categories and
then looked to see how these groups correlate with genome size. Negative correla-
tion with genome size was observed for proteins involved in translation, ribosome
structure, protein biogenesis, DNA replication and repair, cell division, chromo-
some partitioning, and nucleotide transport and metabolism. This is equivalent to
the size-independent group of Ranea et al. (54). Positive correlation with genome
size was seen for transcription and its control, signal transduction, cell motility,
secondary metabolism, and energy production and conversion. It was also noted
that the proportion of noncoding DNA and genes encoding proteins of unknown
function (hypotheticals) remains constant. These data fit well with the idea that
genome size and content are largely dictated by environmental pressures.

Genome Geometry and Replicon Arithmetic

By far the majority of bacterial genomes exist as a single circular chromosome. In-
deed, only relatively recently were deviations from this model found to exist in the
form of bacteria with linear and/or multiple replicons. So far, linear chromosomes
have been found in S. coelicolor (32), Borrelia burgdorferi (19), Agrobacterium
tumefaciens (2), and related species. Streptomycetes have a single linear chromo-
some whereas agrobacterial and borrelial genomes comprise a mixture of linear
and circular replicons. Linear plasmids have been isolated from these three groups
as well as from others where only circular chromosomes have been found (2, 6,
55, 79). Phylogenetic distance alone strongly suggests that linear chromosomes
arose independently from a circular progenitor in the three taxonomic groups.
This is further supported by their differing mechanisms for maintenance of the
chromosome ends or telomeres.
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In Borrelia, the telomeres exist as closed hairpins formed by a process known
as telomere resolution (69). This process is part of the general DNA replica-
tion mechanism for bacterial and phage replicons with covalently closed hair-
pin telomeres. Bidirectional replication from an internal origin forms a circular
head-to-head, tail-to-tail dimer with the two DNA monomers covalently linked
at the telomere. The circular dimer is processed by a DNA breakage and reunion
reaction generating daughter replicons with hairpin telomeres. In Borrelia, this
reaction is catalyzed by ResT, an enzyme with similarity to recombinases and
topoisomerases. The telomeres of A. tumefaciens are also thought to have a cova-
lently closed structure (23), although the mechanism of maintenance has not been
confirmed.

The replication of Streptomyces linear plasmids also proceeds divergently from
a central origin but instead of forming a circular molecule, a 3′-leading-strand over-
hang is generated at the telomere. This is followed by extension of the recessed 5′

ends to produce full-length duplex DNA molecules (14). As Streptomyces linear
chromosomes and linear plasmids have similar termini (29, 53), and the linear
chromosomes also replicate bidirectionally from an internal origin of replication
(44), linear chromosome telomeres are presumed to employ the same mechanism.
Both linear plasmids and linear chromosomes of Streptomyces have neighboring
genes known as tpg (terminal protein gene) and tap (terminal associated protein).
Both genes are essential for replication of Streptomyces chromosomes and plas-
mids in a linear form (3, 80). Tpg protein is covalently attached to the 5′ DNA
ends but there is no evidence that it may function as a primer for DNA synthesis
(3, 80). Tap protein recruits Tpg to the telomere termini by interacting with both
Tpg and specific sequences on the 3′ overhang of telomeric DNA (4).

Although the evolutionary triggers and advantages for linear chromosomes are
open to speculation, reversion to a circular form has been observed in both Borrelia
(20) and Streptomyces (38).

Physical mapping techniques and whole genome sequencing have revealed
several cases where bacterial genomes have more than one large replicon (Table
1). Although it is not surprising to find multiple replicons, a situation where the
second largest replicon approaches the size of the largest replicon creates a problem
of classification. Has the chromosome split to form a secondary chromosome or
has a smaller plasmid accumulated extra DNA to form a megaplasmid? Often
the designation has been influenced by historical precedent but the availability of
complete genomes sequences in a growing number of cases has allowed a more
detailed and objective assessment. One simple test may be whether the bacterium
can grow without the second replicon. The replicon-deleted strain can be difficult
to create but the presence of a known essential gene on the second replicon is good
evidence of essentiality, particularly if it is a unique copy. Table 1 shows that simply
looking at distribution of ribosomal RNA operons can be a convenient test. On this
criterion, the designation of most replicons is straightforward and correlates well
with the distribution of the overwhelming majority of housekeeping functions to
the chromosomes. However, the fluid nature of bacterial genomes means that there
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TABLE 1

Species Appellation Size (kb) Shape rDNA no.

Streptomyces coelicolor Chromosome 8667 Linear 6
Plasmid 356 Linear 0
Plasmid 31 Circular 0

Agrobacterium tumefaciens Chromosome 2842 Circular 2
Chromosome 2057 Linear 2
Plasmid 543 Circular 0
Plasmid 214 Circular 0

Borellia burgdorferi Chromosome 911 Linear 1
Plasmid (n = 11) 9–54 Circular/Linear 0

Brucella melitensis Chromosome 2117 Circular 2
Chromosome 1178 Circular 1

Clostridium acetobutylicum Chromosome 3941 Circular 11
Megaplasmid 192 Circular 0

Deinococcus radiodurans Chromosome 2649 Circular 3
Chromosome 412 Circular 0
Megaplasmid 177 Circular 0
Plasmid 46 Circular 0

Ralstonia solanacearum Chromosome 3716 Circular 3
Megaplasmid 2095 Circular 1

Salmonella typhi Chromosome 4809 Circular 7
Plasmid 218 Circular 0
Plasmid 107 Circular 0

Sinorhizobium meliloti Chromosome 3654 Circular 3
Megaplasmid 1683 Circular 0
Megaplasmid 1354 Circular 0

Vibrio cholerae Chromosome 2941 Circular 8
Chromosome 1072 Circular 0

Yersinia pestis Chromosome 4654 Circular 6
Plasmid (n = 3) 10–96 Circular 0

From Ochman (45).

will inevitably be exceptions to such a simple test; Deinococcus radiodurans and
Vibrio cholerae both have designated chromosomes that lack rDNA.

Vibrio cholerae is an interesting case (26). The larger of its two chromosomes
(chromsome 1) contains most of the genes essential for growth and pathogenicity,
whereas the smaller chromosome (chromosome 2) contains the majority of the
genes for DNA repair and damage response. However, all eight ribosomal RNA
operons and most tRNA genes are on chromosome 1, with a few redundant copies
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on chromosome 2. Regardless of the essentiality of the replicon, the origin of genes
for functions such as replication, partitioning, and conjugal transfer can be good
indicators of the origin of the replicon. V. cholerae chromosome 2 contains an
integron island, typically found on plasmids, that contains a gene capture system
and host addiction genes. The gene capture system seems to have facilitated the
acquisition of several coding sequences for potential virulence and drug-resistance
proteins. Analysis of the parA locus on each chromosome is also revealing. The
ParA protein is essential for partition and distribution of replicons to daughter
cells during cell division. The chromosome 1-encoded ParA is most related to
other chromosomally encoded ParAs, whereas chromosome 2-encoded ParA is
most related to those encoded by plasmids and plasmid prophages. Agrobacterium
tumefaciens shows similar inconsistencies with its linear chromosome displaying
several features reminiscent of plasmids, including conjugative proteins and a
RepABC-type replication system (78).

Ralstonia solanacearum is another exceptional case, with the second largest
replicon designated as a megaplasmid despite harboring a ribosomal RNA operon
(61). Also, although the chromosome encodes many housekeeping functions, the
megaplasmid carries several important genes for which there are no counterparts
on the chromosome and for which deletion results in auxotrophy. The megaplasmid
also carries genes for flagella and exopolysaccharide production that, although not
essential for the survival of the bacterium, are fundamental to its lifestyle and
identity.

The complete genome of Burkholderia pseudomallei, a close relative of R.
solanacearum, has recently been sequenced revealing a similar replicon organiza-
tion (27). The complete genome of B. pseudomallei strain K96243 consists of two
circular replicons that have been designated chromosome 1 and chromosome 2.
Chromosome 1 encodes the typical prokaryotic chromosomal replication machin-
ery while the chromosome 2 replication mechanism appears to be of plasmid origin.
However, the authors designated the second replicon as a chromosome because of
the presence of several likely essential genes, most notably a unique seryl tRNA
(SerGGA) necessary for translation of genes on both chromosomes. Alignment of
replicons from B. pseudomallei and R. solanacearum reveals extensive synteny
(conservation of DNA sequence and gene order) between the two largest replicons
but almost none between the secondary replicons (27). This implies either that the
emergence of the second replicon occurred independently in each lineage or that
the second replicon has diverged at a faster rate than the primary replicon (see
below).

Where there are two chromosomes in a genome it may seem sensible, from
a practical viewpoint, for them to merge to form a single chromosome. For V.
cholerae, Heidelberg et al. (26) describe two possible explanations for why this
does not occur: (a) differential replicon copy numbers may be required for spe-
cific gene expression levels in certain conditions; (b) aberrant segregation may be
desirable such that “drone” daughter cells may be produced with only a single
chromosome. Such drone cells may represent the “viable but non culturable state”
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and have been implicated in biofilm development. Whatever the case, the distinc-
tion between chromosome and megaplasmid is unlikely to be clarified without the
addition of many more multireplicon genome sequences to the analysis.

BASE COMPOSITION

It was noted as early as 1962 that “Among bacteria. . .the mean GC. . .content of
DNA varies approximately from 25 to 75%, and this range extends over the range
of the mean GC content of DNA of higher organisms” (64). The current GC con-
tent range for sequenced bacterial genomes is from 72.1% [S. coelicolor (7)] to
26.5 [Wigglesworthia glossinidia (1)]. Figure 1C shows that although the bacterial
phyla occupy differing ranges of GC content, the actinobacteria tend to be GC-rich,
whereas the firmicutes are mostly AT-rich. The epsilon group of proteobacteria
stand out as AT-rich compared with the other proteobacterial subgroups. There
is a clear correlation between genome size and GC content (Figure 1D) (25, 42,
58), with the large genome soil-dwellers tending to have GC-rich genomes and
the reduced genome host obligates tending toward AT-rich genomes. The mean
genome GC content for free-living bacteria is around 49% and the equivalent fig-
ure for host obligates is 38% (58). Again, looking within the different phyla shows
further compelling trends. The small AT-rich genomes belong to species such as
W. glossinidia [proteobacteria; 0.7Mb; 22% G + C (1)], Mycoplasma mycoides
[firmicute; 1.2 Mb; 24% G + C (77)] and Tropheryma whipplei [actinobacteria;
0.9 Mb, 46% G + C (8)], whereas the GC-rich large genomes belong to B. japon-
icum (proteobacteria; 9.1 Mb; 60.1 G + C), Bacillus cereus (firmicute; 5.4 Mb;
35.3% G + C), and S. coelicolor (actinobacteria; 8.7 Mb; 72.1% G + C).

Although the correlation between genome size and niche complexity seems log-
ical, explanations for the linear relationship with GC content are more equivocal.
One consideration is the fact that GTP and CTP nucleotides are more energeti-
cally expensive than ATP and UTP (58). Also, the central role of ATP in energy
metabolism leads to a greater availability relative to other nucleotides. In circum-
stances where resources are limited, these factors could drive the drift toward
AT-richness. Rocha & Danchin (58) suggest that these factors may result in a se-
lective pressure toward AT-richness in the small genome organisms and extend this
hypothesis to explain that the comparatively high AT content of plasmids, phages,
and insertion elements may also be due to differential cost and availability of the
relevant metabolites in the cell. However, this proposal does not take into account
the fact that host obligate bacteria vary in their external supply of nucleotides as
well as in their ability to synthesize them. Another factor likely to be relevant is
DNA repair. Every reduced genome appears to have lost some genes involved in
DNA recombination and repair pathways, though the precise set discarded varies
(42). These genes are important for bacteria generally but clearly not essential
in such circumstances. Their absence allows for unchecked point mutations to
accumulate. Experiments have shown that the most frequent random mutation
occurring in cells is C to T (or G to A), due to the deamination of Cytosine to form
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Uracil, which is subsequently replicated as Thymidine (22). Thus in the absence
of DNA repair, genomes tend to become more AT-rich.

Figure 1C represents the mean values for whole genomes, but GC content
across chromosomes is far from uniform and shows some interesting trends. For
reduced-size genomes the drift toward AT is more pronounced in intergenic, non-
coding sequences and in the codon third base position in coding sequences. For
all genomes, upstream promoter sequences tend to be AT-rich in order to allow
a curved, rigid conformation that unwinds more easily (52). For similar reasons,
the region a few hundred bases around the origin of replication is AT-rich; how-
ever, this does not explain the decrease in GC content in intergenic regions that
do not contain a promoter. On a whole genome scale there appears to be a slight
preference for GC toward the origin and AT toward the terminus (71), and this
may be due to structural constraints on the genome, or to a physical or functional
partitioning of the chromosome. Due to codon redundancy, AT bias at the codon
third base position is less likely to change the encoded amino acid; however, AT
drift is random so first and second codon positions are inevitably affected, unless
reversed by selection. These changes cause a drift in amino acid usage and a con-
comitant increase in average isoelectric point for the proteome (62) for AT-rich
organisms. Obviously, AT-biased substitutions also have the potential to reduce
or ablate gene function. The highest level of AT bias in Ureaplasma urealyticum
occurs in genes with orthologues shown to be nonessential in the close relative
Mycoplasma genitalium, reflecting the opposing pressures of AT bias and preser-
vation of gene function (22). A similar observation in the highly degraded genome
of Mycobacterium leprae showed that the nonfunctional pseudogenes had a lower
G + C content overall than the functional genes (15).

The GC equilibrium of each genome is presumably imposed and constrained
by a whole host of functional and environmental influences. Accordingly, foreign
DNA incorporated into a genome may have a different GC composition. Over time,
such DNA is subjected to a process of amelioration where directional mutation
pressures act to alter the base composition of the incoming DNA to match that of
the whole genome. Modeling of this phenomenon has been used to predict the rate
of amelioration for a particular genome, which can then be used to calculate the
time since a foreign region of DNA was first integrated (36, 37).

A curious base composition feature of bacterial genomes is the measure of
G-C/G + C for leading and lagging strand, commonly referred to as GC skew.
The ubiquitous pattern in prokaryote genomes is for a bias toward G over C on the
leading strand of DNA resulting in a biphasic pattern across the genome, which is
particularly useful in locating the origin and terminus of replication (Figure 2) (39).
The mechanism responsible for creating this pattern remains elusive but it seems
likely that some strand-specific mutation frequency due to replication asymmetry is
crucial. Preferential gene order has been shown not to be a major influencing factor
but it has been observed that, as for AT bias, the GC skew is more pronounced in
“neutral” DNA such as the third codon position of coding sequences (41). Studies
in Escherichia coli indicate that functional DNA motifs may be relevant. The
distribution of Chi and Rag motifs, both G-rich, is more skewed to the leading strand
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than would be predicted from the GC skew itself. Chi sequences are recognized
by the RecBCD complex and may serve to facilitate the restarting of aborted
replication forks (24). Rag motifs may be involved in resolution of chromosome
dimers and clearing of the closing septum. Together these two motifs can only
account for up to 14% of the total GC skew, but other processes may possibly
rely on such polarity. GC skew is also subject to amelioration such that recent
chromosomal rearrangements or insertions can be detected due to aberrant GC
skew patterns (50).

GENE ORIENTATION

Genes tend to be oriented in the direction of replication, transcribing away from the
origin of replication. The strength of the bias varies from around 52% to 83% and
tends to be most pronounced in the low GC firmicutes (57). The more extremely
biased genomes tend to encode a PolC orthologue, a subunit of the replication
complex thought to act asymmetrically (57). In a study of 59 bacterial genomes,
those containing a PolC orthologue carried 78% of their genes on the leading
strand whereas those lacking a polC gene had a 58% strand bias. Importantly, the
presence of polC does not correlate with GC-skew.

Clear gene strand bias in bacteria that do not encode PolC indicates that other
factors are involved. One popular theory suggests that this arrangement has evolved
in order to minimize the number of collisions between replication and transcription
complexes as they move along the DNA (11, 21). Such collisions cause replication
to stall and can cause transcription to either pause or abort (21). This in turn would
be influenced by the level of expression such that highly expressed genes tend
to be on the leading strand. This fits well with the systematic location of rDNA
and ribosomal protein operons on the leading strand (41). However, a positive
correlation between expression and strand bias suggests that the bias would be
stronger for faster-growing bacteria but this does not seem to be the case. For
example, the slow-growing Mycobacterium tuberculosis (59%) is more biased than
the fast-growing E. coli (55%). More recently, this has been refined in a study that
concludes that essentiality rather than expression level drives gene strand bias, with
the majority of essential genes across a cross-section of bacterial genomes shown
to be orientated away from the origin of replication. It was postulated that this may
be due to the toxicity of truncated translation products of essential genes (59).

SYNTENY: CONSERVATION OF GENE ORDER

The word synteny was originally used to describe the occurrence of gene or-
thologues on equivalent chromosomes in two different eukaryotic genomes (51).
Over recent years the usage has been adapted by genomicists and is now widely
accepted as referring to multigene regions where the DNA sequence and gene
order are conserved between genomes. The detailed genetic maps of E. coli
and Bacillus subtilis indicated that genes did not necessarily occur at the same
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relative position in all bacterial genomes, but it was known that certain gene clus-
ters were syntenic. Genome sequencing allowed a more detailed assessment, and
it was soon concluded that although there seems to be a positive selection for
clustering of physically interacting proteins, there is no absolute requirement for
juxtaposition of any genes in a bacterial genome and synteny is lost at a much
faster rate than sequence similarity (43). Nevertheless, synteny remains a useful
indicator in assessment of genome evolution (65) and prediction of gene function
(16). Gene clusters that appear resistant to dispersal include the ribosomal protein
operon, the nuo operon (NADH dehydrogense), and the dcw cluster (66).

The genomes of close relatives show extensive synteny and reveal a striking
feature of bacterial genome evolution. Using dot plots to represent similarity be-
tween aligned genomes, it has been shown that large-scale symmetrical inversions
centered on the origin of replication are common in bacteria (18, 68). In such plots
collinear genomes are represented as an unbroken diagonal. A single symmetrical
inversion around the origin results in a counterdiagonal with multiple inversions
appearing as a broken X pattern (18, 27). Using this method, synteny can be eas-
ily detected in between genomes as phylogenetically distant as S. coelicolor and
M. tuberculosis (7). The prevalence of these inversions over other types of re-
arrangements is intriguing and has provoked several plausible explanations. An
unresolved question is whether such rearrangements are more likely to occur per
se, or whether they are more readily fixed by selection, with other rearrange-
ments being more deleterious (60). One factor may be that the inversion does not
disturb the orientation or distance of a gene relative to the origin. Since, under
certain circumstances, multiple replication forks may be in operation, distance
from the origin would have a gene-dosage effect (40). Furthermore, such recipro-
cal inversions do not disturb the equality of replichore lengths, and the differential
mutational pressures on the leading and lagging strands (see above) may have a
detrimental effect on genes whose strand is switched by other types of inversion
(40). A link with replication seems likely with the unwound and unpackaged DNA
within replication forks serving as hotspots for reciprocal recombination (17, 68).
Mycoplasma and Chlamydia genomes have a slower rate of inversions relative to
phylogenetic distance, possibly due to absence of proteins from their replication
machinery that are involved in recombination (65).

The apparently gradual reduction of synteny due to reciprocal inversions and
other rearrangements implies that conserved gene order may be useful as a phylo-
genetic measure for studying the relationship between genomes, but other factors
need to be taken into account such as the potentially catastrophic effect on synteny
of insertion element expansion (49).

EXPANDING AND CONTRACTING GENOMES

The classical view of evolution says that change occurs slowly via the accumulation
of point mutations in particular genes. For bacteria the process is much more dy-
namic, with various mechanisms allowing the rapid gain, loss, and rearrangement
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of substantial portions of the genome. This state of flux has allowed prokaryotes
to evolve rapidly in response to environmental pressures and is the main rea-
son why they exist and persist in almost every niche on the planet. Comparative
genome analysis has brought enormous insights into the fluid evolution of bacterial
genomes. The scenarios for genome evolution are as numerous as the number of
possible niches, and here we consider a selection of interesting examples arbitrarily
classified as expanding and contracting.

Expanding Genomes

As described in the section on genome size, the largest bacterial genomes tend to
belong to bacteria that dominate in complex environments such as the soil or rhi-
zosphere. In these cases, large numbers of genes have been acquired that may only
be occasionally advantageous. Unlike host obligate or host-associated bacteria,
the soil-dwellers must be able to persist and prosper in a broad range of physical,
nutritional, and biological conditions, and it is the possession of a large inventory
of genes that makes this possible. Another feature of this environment seems to be
that there is little penalty for slow growth so replication time does not seem to be
critical. One typical example is S. coelicolor, described as a “boy-scout” bacterium
because it seems prepared for anything (7, 28). The S. coelicolor genome is rich in
genes for degradation of complex carbohydrates, making it capable of exploiting
the decaying matter from plants, animals, insects, and fungi as well as other bacte-
ria. It also dedicates a large portion of the proteome to the production of specialist
compounds, known as secondary metabolites, which can function as antibiotics,
protect against desiccation and low temperature stress, and aid in scavenging of
iron from the environment. Addition of the genes necessary for mycelial growth
and sporulation results in a genome clearly expanded to enrich complexity. Sev-
eral mechanisms for genome expansion are apparent. Twenty potentially laterally
acquired regions have been detected in the genome, the largest of which spans
153 kb (148 genes). There is also likely to have been extensive gene duplication.
The study by Ranea and colleagues (54) showed that gene duplication and genome
size are strongly connected. Indeed, it is suggested that lineage-specific gene
expansion is positively correlated with genome size and may account for up to
33% of coding capacity (30).

The most remarkable feature of the S. coelicolor genome is its spatial and
functional compartmentalization. It has a single linear chromosome that can be
roughly divided into three portions, a central core and two flanking arms. Most
essential and housekeeping genes reside in the core while the arms contain most of
the “occasionally useful” functions. The extreme ends are rich in insertion elements
and pseudogenes, suggesting a regional tolerance to insertion events. A major
factor in the expansion of the S. coelicolor genome from the ancestral chromosome
has likely been the insertion of genes, from lateral acquisition and intragenomic
duplication, into the chromosome arms. Strong evidence for this hypothesis comes
from the observation that the core region shows extensive synteny with the entire
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3.9-Mb genome of M. tuberculosis, but this synteny does not extend into the
arms.

Spatial and functional compartmentalization seems to be a theme for larger
genomes though general mechanisms vary. Other bacteria with large genomes such
as A. tumefaciens, R. solanacearum, and S. loti have multiple replicons. Particularly
interesting is the situation for the Burkholderiaceae. Each of these genomes has
two replicons with a distinct partitioning of core and accessory functions to the
larger and smaller replicon, respectively (27).

“Balanced” and Contracting Genomes

Reduction in genome size can be seen at many different levels in different genomes.
Generally, overall reduction in genome size can be seen as an adaptation, or re-
sponse, to a simplified or more stable environment. This adaptation should probably
be differentiated from the loss of genes that occurs as a corollary to gene acquisition
and niche change in free-living organisms. As originally postulated by Lawrence
& Ochman (37), in these organisms gene acquisition is balanced in the longer term
by gene loss, such that genome sizes tend to remain relatively stable within taxa.
The genomes of enteric pathogens such as E. coli and Salmonella show very clear
evidence of this. There is ample evidence for large recent insertions of self-mobile
DNA, termed pathogenicity islands, and for the presence in some strains of smaller
islands and single genes not present in others (17, 48, 50). Despite this, the overall
size of the genomes within the Enteric group remains reasonably similar, at around
4–5 Mb. Gene acquisition must therefore have been balanced by gene loss over
evolutionary timescales.

The consequent balancing gene loss can be seen most easily within the genomes
of organisms that have recently changed niche, and is clearest in human pathogens
such as Salmonella enterica serovar Typhi (48), Shigella flexneri (76), and Yersinia
pestis (50). Such genomes often contain a larger number of pseudogenes than close
relatives, around 5% or more of their total coding capacity. These pseudogenes have
been interpreted as being due to accelerated genetic drift caused by the evolution-
ary bottlenecks that these organisms have gone through on changing niche. Many
genes that have been inactivated in this way were likely to have been involved
in adaptation to the old niche and are no longer required (or disadvantageous)
in the new niche; specific examples include the flagellar apparatus and various
adhesins of Y. pestis (50); these are required for survival as a gut pathogen but
are unnecessary for a systemic pathogen. However, some genes may also have
been inactivated by drift during a bottleneck, even though these mutations may
be neutral or mildly deleterious. Many of these pseudogenes are caused by point
mutations incorporating stop codons, or causing frameshifts; however, they can
also be due to an expansion of Insertion Sequence (IS) elements. These selfish
mobile elements can expand in number as a consequence of relaxed intraspecific
competition during evolutionary bottlenecks, and are often associated with chro-
mosomal rearrangement and gene loss by deletion (50), as well as inactivation of
genes by insertion.
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Acquisition of pseudogenes can also be seen as the first stage in a larger-scale
genome reduction, and again this can be exemplified by human pathogens such
as Bordetella pertussis (49). Like the organisms described above, B. pertussis
also seems to have recently changed its niche, and, again like S. Typhi, it has
become restricted to a single host. However, the scale of gene inactivation, loss,
and IS element expansion in B. pertussis is considerably greater. Compared with
B. bronchiseptica, which appears to be closely similar to its immediate ancestor,
B. pertussis has lost over 20% of its chromosomal DNA by deletion, and nearly
10% of the genes that remain have been inactivated. Much of this inactivation has
been mediated by IS element expansion; B. pertussis has nearly 240 copies of a
single IS element, IS481, scattered around its genome, and when compared with
B. bronchiseptica, there are nearly 150 chromosomal rearrangements. Given that
the two species are 99.8% identical at the 16S rRNA level, this is an unprecedented
level of recent genome decay. It is a moot point as to whether this is representative
of balancing gene loss, or whether B. pertussis is on the route to a permanent
reduction in genome size; there is almost no evidence of recent gene acquisition
in this organism.

Other organisms that appear to be host dependant and display visible signs of
gene decay include the Rickettsias, where the different stages of gene loss can
be traced through different species or strains (33), and Mycobacterium leprae,
where a massive loss of gene function has not yet been caught up with by DNA
deletion; with a 3.4-Mb genome, but only 1604 functional genes, M. leprae has
1116 identifiable pseudogenes, many heavily degraded (15).

Although many reduced genomes show clear signs of gene loss, as described
above, others do not. The organisms with some of the smallest genomes, such
as Mycoplasma (5), appear to have extremely compact and streamlined genomes,
with almost no evidence for nonfunctional genes. This is despite the fact that their
genome size is apparently a derivative state and not representative of a small-
genomed common ancestor (35). In these cases, the selection for DNA loss after
gene inactivation appears to be strong, which does not seem to be the case with, for
example, M. leprae. One possibility is that this difference is correlated with the fact
that Mycoplasmas are extracellular pathogens, whereas M. leprae is an obligate
intracellular pathogen. However, this supposition will require further investigation.

CONCLUSIONS AND FUTURE PERSPECTIVES

Our knowledge of bacterial genome structure has clearly benefited from the recent
advances in genome sequencing. We now have detailed information relating to over
150 bacterial genomes and this figure continues to rise. This large dataset helps
draw a useful picture of bacterial genomes in terms of size, geometry, and repli-
con number and the variation within these parameters. The detail of the data has
brought new insights into genome structure and evolution and has provoked many
hypotheses to explain observed patterns. The onus now is for those hypotheses to
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be proven experimentally, though in many cases they may simply be strengthened
or weakened by the accumulation of further genome sequences.

Since genome sequencing requires considerable funding, the focus of bacte-
rial genomics thus far has been motivated primarily by medical and commercial
considerations. The priority has been to sequence the genomes of pathogens along
with a handful of model organisms and important environmental species. This strat-
egy has greatly advanced our understanding of the mechanisms by which bacteria
evolve and adapt to best fit their niche and, for pathogens, evade immune responses.

The prioritization of research resources has inevitably meant that the current
dataset is biased, but continued sequencing at decreasing costs should help us move
toward a representative view of all bacterial genomes regardless of our ability to cul-
ture them. The emerging field of metagenomics, the analysis of all genomes within
a niche, will be crucial in this endeavor. Recent studies have carried out random
shotgun sequencing of DNA representing ecological communities from an acid
mine drainage (AMD) site (70) and from the Sargasso Sea (73). The dominance of
just a few species within the AMD ecosystem meant that two near-complete and
three partially complete genomes could be constructed. The Sargasso Sea sample
was much more complex, so the billion bases of sequence generated did not assem-
ble into many whole genomes but did indicate the presence of over 1800 species.
These are the first steps for metagenomics but, if the progress of genomics is any-
thing to go by, we can expect to see hundreds (if not thousands) of new complete
bacterial genomes in the next decade. Eventually, our ability to interpret genome
sequences will mean that complete characterization of metagenomes in terms of the
nature and interactions of the individual species will be a realistic and exciting task.

The Annual Review of Genetics is online at http://genet.annualreviews.org
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