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Abstract It has been more than 10 years since the first
bacterial genome sequence was published. Hundreds of
bacterial genome sequences are now available for com-
parative genomics, and searching a given protein against
more than a thousand genomes will soon be possible. The
subject of this review will address a relatively straightfor-
ward question: “What have we learned from this vast
amount of new genomic data?” Perhaps one of the most
important lessons has been that genetic diversity, at the
level of large-scale variation amongst even genomes of the
same species, is far greater than was thought. The classical
textbook view of evolution relying on the relatively slow
accumulation of mutational events at the level of individual
bases scattered throughout the genome has changed. One
of the most obvious conclusions from examining the
sequences from several hundred bacterial genomes is the
enormous amount of diversity—even in different genomes
from the same bacterial species. This diversity is generated
by a variety of mechanisms, including mobile genetic
elements and bacteriophages. An examination of the 20
Escherichia coli genomes sequenced so far dramatically
illustrates this, with the genome size ranging from 4.6 to
5.5 Mbp; much of the variation appears to be of phage
origin. This review also addresses mobile genetic elements,

including pathogenicity islands and the structure of
transposable elements. There are at least 20 different
methods available to compare bacterial genomes. Metage-
nomics offers the chance to study genomic sequences
found in ecosystems, including genomes of species that are
difficult to culture. It has become clear that a genome
sequence represents more than just a collection of gene
sequences for an organism and that information concerning
the environment and growth conditions for the organism
are important for interpretation of the genomic data. The
newly proposed Minimal Information about a Genome
Sequence standard has been developed to obtain this
information.

Keywords Bacterial genomics . Comparative genomics .
Bioinformatics . Genomic diversity .
Molecular evolution

Introduction

The year 1995 marked the publication of two human
pathogenic bacterial genome sequences: Haemophilus
influenzae (Fleischmann et al. 1995, US patent number
6,528,289) and Mycoplasma genetalium (Fraser et al.
1995, US patent number 6,537,773). Since then, more than
300 bacterial genomes have been fully sequenced and
become publicly available, including the sequence of a
virulent form of H. influenzae (Harrison et al. 2005); the
original H. influenzae strain sequenced in 1995 was from
an isolate that does not cause disease. Although the
majority of these several hundred genomes are from
pathogenic organisms, some environmental bacterial ge-
nome sequences have also become available. This review
article will provide a brief overview of sequenced bacterial
genomes, their genomic diversity and some of the insights
gained from analysis of this vast amount of data.

Bacteria are microscopic unicellular prokaryotes that
inhabit a wide variety of environmental niches, broadly
distributed in three ecosystems: the soil, marine environ-
ments and other living organisms. Although there are
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literally millions of bacterial species, only a small propor-
tion of these can be grown in the laboratory (Handelsman
2004). Bacteria (and Archaea) can be found almost
anywhere in the environment: in the air, even in the
International Space Station (Novikova et al. 2006), in
thermal ducts found at great depths in the oceans (Alain et
al. 2002; Vezzi et al. 2005), in the intestinal tracts of
animals (Yan and Polk 2004; Backhed et al. 2005) and in
soil and rocks, even thousands of meters deep (Torsvik et
al. 1990). Bacteria live within unicellular eukaryotes,
algae, plants or animals. This diversity is reflected in their
physiology, morphology, metabolism and ecosystems. For
example, from a physiological perspective, most intestinal
bacteria such as Escherichia coli are motile by means of
flagella, to overcome the peristalsis of the gut, whilst the
soil bacterium Clostridium perfringens does not posses
such motility machinery (Shimizu et al. 2002). From a
metabolic perspective, the versatile Burkholderia cepacia
(formerly Pseudomonas cepacia) can utilise approximately
100 different organic compounds as a sole energy source
(Goldmann and Klinger 1986) compared to the strictly
intracellular Mycobacterium tuberculosis which is depen-
dent on only a few carbon sources produced by its
involuntary host. From an inter-bacterial interaction
perspective, sometimes bacteria cooperate. For example,
Enterobacter cloacae and Pseudomonas mendocina posi-
tively interact to stimulate plant growth (Duponnois et al.
1999). On the other hand, there are also bacteria which not
only “do not cooperate” but exhibit predatory behavior,
such as Bdellovibrio bacteriovorus (Rendulic et al. 2004).
As for bacteria–host interactions, for a given bacterial
species both pathogenic and non-pathogenic strains can
exist (Dobrindt and Hacker 2001; Penyalver and Lopez
1999), while other species may be exclusively parasitic
(Goebel and Gross 2001), truly symbiotic (Gil et al. 2004)
or commensal (Yan and Polk 2004) for their host. It is
interesting to note that this diversity is somehow captured
in the relatively small bacterial genomes.

The first complete viral genome (φX174) was published
in 1977 (Sanger et al. 1977). To put this into perspective, to
sequence the 4.6-Mbp E. coli K-12 genome at that time
(about a thousand base pairs (bp) could be sequenced per
year in 1977) would take more than a thousand years to
finish, and to sequence the human genome would take
more than a million years to complete. The automation of
sequencing methods, the invention of polymerase chain
reaction (PCR) (Mullis et al. 1986) and the shotgun cloning
procedure reduced costs and time, and provided the
capability for large-scale sequencing. These developments
together have led to the sequencing of the first complete
bacterial genome (Fleischmann et al. 1995) almost 20 years
after the sequencing of φX174. The choice of the first
bacterium to be completely sequenced (H. influenzae Rd
KW20) was based on the following reasons: (1) the
genome size was thought to be ‘typical’ among bacteria
(1.8 Mbp), (2) the G + C base composition was close to that
of the human genome (38%) and (3) the bacterium had
important human health implications. In the absence of
procedures to produce a genetic map for the species,

genome sequencing was proven to be a powereful
alternative for genetic characterisation. This landmark
work initiated the influx of genome sequence data which
is now updated frequently and is publicly available. As of
November 2005, there are more than 300 fully sequenced,
publicly available bacterial genomes. Figure 1 shows this
increase of sequence data over the past decade.1

The total number of completed bacterial genome
sequences has more than doubled over the past 2 years
and, at the time of writing, there are 855 publicly listed
bacterial and archaeal genome projects that are in various
stages of progress.2 In addition to new species, multiple
strains of the same bacterial species are being sequenced.
The amount of genomic data currently available has
provided significant advances in our understanding of a
number of important themes, including bacterial diversity,
population characteristics, operon structure, mobile genetic
elements (MGE) and horizontal gene transfer (HGT). It has
also provided a number of challenges in understanding the
ecology of, as yet, undiscovered bacterial worlds. The
availability of whole genome sequences for pathogenic and
commensal bacterial species has allowed a more detailed
analysis of the complex interactions that occur with their
plant or animal hosts. Figure 2a is a phylogenetic tree of
300 sequenced bacterial genomes (available at the time of
writing). Many of these genomes are from pathogenic
bacteria living in complex ecosystems, such as the
spirochaete Brachyspira pilosicoli labelled in red in the
phylogenetic tree shown in Fig. 2b. This bacterium attaches
to enterocytes to form a “false brush border” in the colon.

Most genome sequencing projects are currently carried
out using automated applications of the sequencing
technique developed by Sanger et al. (1973), but newly
developed methodologies may enable even more rapid
sequencing in the future. Two papers have been published
about two different methods for high-throughput sequenc-
ing of bacterial genomes (Pennisi 2005). One method is
essentially a “do-it-yourself kit”, which uses a laser
confocal microscope and other “off-the-shelf” components
to build a sequencing machine capable of sequencing an E.
coli genome in less than a day (Shendure et al. 2005). The
second method is a commercial machine, based on
pyrosequencing methodologies to generate many short
pieces of DNA; this method was used to sequence a
bacterial genome within a few hours (Margulies et al.
2005). Although there are still some technical problems
with both of these methods, it is clear that, in the near
future, it will be possible to quickly sequence a bacterial
genome at a considerably low cost.

1 Completed genome statistics obtained from the CBS atlas web
pages http://www.cbs.dtu.dk/services/GenomeAtlas
2 http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=genomeprj
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Genomic information

DNA codes for more than just proteins

The quality of annotation of bacterial genomes varies,
although a survey based on three different methods to
predict the expected number of genes in a genome has
found that it is likely that, for most bacterial genomes,
around 20% of the genes annotated might not be “real”
(Skovgaard et al. 2001). Furthermore, some “real” genes,
based on proteomics experiments, which were not
originally predicted have been detected, highlighting the
dynamic nature of annotation and that genes are missed
(Jaffe et al. 2004). Over-annotation of bacterial genomes is
a problem but, unfortunately, this cannot be easily avoided.
On the one hand, no one wants to miss a gene and, on the
other hand, small genes can be quite difficult to predict, as a
short open reading frame could easily occur by statistical
chance (Skovgaard et al. 2001).

There are currently several automated annotation sys-
tems and the BaSys system (Van Domselaar et al. 2005)
provides a comprehensive annotation of a DNA sequence
file. To conduct comparative genomics with several
hundred genomes, quality databases are essential and the
“GenomeAtlas” database, which was originally developed
to store DNA structural information about the various
sequenced genomes, is one example (Hallin and Ussery
2004). Approximately a hundred different features for each
genome (such as percent AT, coding skew bias, length of
genome and number of genes) are currently made available
through http://www.cbs.dtu.dk/services/GenomeAtlas/.

Duplication of essentials

One of the features of genomic sequences that can be easily
recognised is the presence of repeat sequences. The most
obvious and extensive repeats present in many bacterial

genomes are the operons encoding the ribosomal RNA
genes. These rRNA operons typically encode 16S and 23S
rRNA separated by a short spacer, often followed by the 5S
rRNA gene. All sequenced bacterial genomes possess at
least one rRNA operon, and many (215 of 300) have two or
more copies; the number of operons tends to correlate with
bacterial division time. Thus, species that divide quickly
(such as Bacillus cereus) have more copies of rRNA genes,
so as to enable rapid production of ribosomes. In addition,
species containing multiple rRNA operons appear to be
more adaptable to changing environmental conditions
(Acinas et al. 2004). The rRNA genes are a valuable tool
for the estimation of taxonomic relationships (see Fig 2a).
These genes evolve slowly, presumably because they play
an essential role as the backbone of ribosomes while
interacting with multiple proteins. Any changes in the
shape (sequence) of rRNA would most likely be fatal.

Multiple copies per genome of tRNA genes can also be
found in some genomes, again tending to correlate with
division time. However, for tRNAs, the duplication
number is also dictated by the frequency with which
particular codons are used (or vice versa, as cause and
effect cannot be distinguished here). This enables a less
obvious level of regulating gene activity: a gene using
many codons for which only one tRNA gene is available
will probably be translated at a rate-limiting step, whereas
abundant proteins are more likely to use tRNAs for which
multiple gene copies are available. This is the basis for the
codon adaption index, which is a measure of the adaptation
of a gene’s codon usage towards the optimal tRNA pool
(Sharp and Li 1987).

There are of course other duplications in bacterial
genomes, some of which might appear at first glance to be
less essential. For example, the ‘REP’ repetitive sequences
frequently found in enterobacteriaceae can be used as
unique identifiers of bacterial genomes (Tobes and Ramos
2005). It has been speculated that these repeats are
meaningless, resulting from errors in replication, or that

Fig. 1 Cumulative number of
complete published sequenced
bacterial genomes (bars) and
total number of basepairs (line)
over the past decade
(1995–2005)
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they may be a part of mobile elements that are able to
translocate and duplicate themselves. These could alter-
natively be non-functional ‘molecular fossils’ of previous
insertion events. Finally, it could well be that these repeats
serve some as yet undiscovered useful purpose. It is
possible, for example, that repetitive sequences and
insertion sequence elements (ISs) contribute to genome
plasticity through structural changes based on homologous
recombination (Kennedy et al. 2001; Fraser-Liggett 2005).

A brief history of bacterial operons

Much of the early classical work in microbiology has been
done with E. coli, as this bacterium is relatively easy to
culture in the laboratory. As more and more genetic
information was gathered, it was considered a ‘typical’
bacterium, although E. coli is not more typical for bacteria
than a rabbit is for all eukaryotic organisms. More than
40 years ago, a model was proposed for gene regulation of
the catabolism of lactose in E. coli (Jacob et al. 1960; Jacob
and Monod 1961). The model described an operon as a
cluster of genes with related functions (encoding, in this
case, enzymes required for lactose degradation). This
operon structure neatly allows regulation of gene expres-
sion by the concentration of lactose (Lewis et al. 1996;
Reznikoff 1992). With the continuous expression of one
small protein (a repressor), wasteful expression of several
other catabolic enzymes in the absence of lactose is
prevented.

Since the discovery of the lac operon, many more
catabolic operons have been discovered, with positive and
negative feedback strategies, and these illustrate the
biological need to use resources as efficiently as possible.
Many, if not all, bacterial genomes indeed display clusters
of genes involved in a single process (be it co-jointly
transcribed and regulated, as in classical operons, or with
separate promoters and regulators), but the degree of
operon gene organisation and gene clustering differs
between species. In some bacteria, such as in Helicobacter
pylori, operons are relatively unconserved, and genes
involved in one cellular process can be dispersed

throughout the genome (Tomb et al. 1997; Alm and Trust
1999), although more recent work suggest that perhaps
there are more operons inH. pylori than previously thought
(Price et al. 2005). There are currently many resources for
prediction of operons (Rogozin et al. 2004; Rosenfeld et al.
2004; Alm et al. 2005; Janga et al. 2005; Nishi et al. 2005;
Price et al. 2005; Vallenet et al. 2006), including several
databases, such as the Operon Database (Okuda et al.
2006), RegulonDB (Salgado et al. 2006a,b) and Gene-
Chords (Zheng et al. 2005).

How did the first operon evolve? There have been
historically three models proposed for the origins of gene
clusters. The first model, which dates back to 1945,
proposed the clustering of genes to be the direct result of
gene duplication and evolution (Horowitz 1945, 1965).
Gene duplication can occur during replication and, as a
duplicated gene has more freedom to mutate, this is
believed to be a classical mechanism for novel enzymes to
evolve (Lazcano et al. 1995). However, although all genes
within an operon may be involved in a single metabolic
process, their function and structure can vary considerably,
and a phylogenic relationship between them is not always
likely.

The second model proposed for the evolution of operons
is that coregulation of genes under a common promoter
could provide selective advantage (Jacob et al. 1960).
However, we now know that, in fact, it is possible to have
coregulation of genes that are not physically linked
together. Furthermore, this model does not really provide
a gradual step-by-step mechanism for the evolution of
operons.

The third model for the evolution of an operon is that
pre-existing genes moved together due to selective
advantages of having genes involved in the same
biochemical pathways or processes being physically
close to each other. This hypothesis allows for structurally
distinct genes to be part of one operon. This model requires
both variation and frequent recombination and has been
proposed as an explanation of clustering of genes in
bacteriophage genomes (Stahl and Murray 1966; Juhala et
al. 2000).

In addition to these three views, there are other
alternatives. Gene clustering may be of selective advantage
in the case of horizontal gene transfer (see section below)
and, based on this idea, a fourth mechanism, ‘selfish
operon’ model, was proposed (Lawrence and Roth 1996).
This view has been recently called into question, based on
the physical clustering of essential genes in the E. coliK-12
genome (Pal and Hurst 2004). Two other alternatives for
operon evolution deal with chromatin structure and the
physical location of genes in bacterial chromosomes, where
transcription and translation are coupled (Pal and Hurst
2004). It is quite possible that, in fact, there is no one
“correct” mechanism, but perhaps different mechanisms are
involved at the same time. For example, the selective
advantage of gene clustering during horizontal gene transfer
is exemplified by the clustering of multiple antibiotic

3Fig. 2 a Phylogenetic tree of 287 sequenced bacterial genomes,
based on aligments from the 16S rRNA gene sequence. The phyla
are colour-coded; a more detailed view, with names of all the
organisms can be found in the supplemental information: http://
www.cbs.dtu.dk/services/GenomeAtlas/suppl/FIG10yr/. b Photomi-
crograph showing a dense fringe of anaerobic spirochaetes (B.
pilosicoli) attached by one cell end to the luminal surface of human
colonic enterocytes, forming a “false brush border”. Besides that of
humans, B. pilosicoli colonises the large intestine of a variety of
mammals and birds, causing diarrhoea and reduced growth rates.
Genomic sequence from B. pilosicoli is being analysed to assist in
understanding the genetic basis of this dense colonisation, including
patterns of gene expression underlying the complex interactions that
occur between individual bacterial cells and the colonised
enterocytes. The photograph is courtesy of Dr. W. Bastiaan DeBoer,
University of Western Australia, Perth, Western Australia
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resistance genes on mobile genetic elements (Carattoli
2001). In the era of antibiotic use, such genes are under
strong selective pressure and are frequently passed on
between bacteria by means of mobile elements. Whether
these have directly contributed to the spread of catabolic and
other operons between bacterial species is currently not
known.

What separates genes in a genome?

In comparison to genes, the non-coding part of genomes
receives far less attention. Some genomes are more
densely packed than the others. The average coding
density is about 90%, ranging from 95% for Pelagibacter
ubique (Giovannoni et al. 2005) to 51% for Sodalis
glossinidius (Toh et al. 2006). Bacterial genes are not
spliced as they are in eukaryotes; that is, introns are absent
from nearly all bacterial genes. The sequences separating
genes (intergenic regions) can be thought of as spacers
where information on regulation of transcription can be
stored, although sometimes these intergenic regions can
also be more than regulatory and spacer domains.
Intergenic regions in the E. coli K-12 chromosome have
been suggested to contain the sequences for several
hundreds of small RNA genes which are transcribed but do

not code for proteins (Chen et al. 2002). Many of these
small RNAs act as regulators (Gottesman 2005).

In general, the intergenic regions of bacterial genomes
are more AT-rich, will melt more readily, are more curved
and are more rigid than the chromosomal average
(Pedersen et al. 2000; Hallin and Ussery 2004). This is
true for nearly all of the several hundreds of bacterial
genomes sequenced, regardless of AT content. These
characteristics make sense in terms of mechanical proper-
ties needed for initiating transcription.

Generation of genomic diversity in bacteria

Genomic diversity is far greater than expected

The view in many textbooks of biological diversity and
evolution often envisions clonal bacteria which slowly
evolve through the gradual accumulation of single-nucle-
otide changes. There might occasionally be a rare event
where a new gene is duplicated but, in general, it has been
commonly thought that if one were to sequence two
different strains of a common bacterium like E. coli, the
sequences would, for the most part, be similar and the two
strains would share most (perhaps 90% or more) of their
genes. At the time of writing, there are 20 different E. coli

Table 1 Current E. coli genomes sequenced or in progress

Escherichia coli
strain

Length (bp) Number of
genes

Number of
tRNAs

Number of
rRNAs

Number of
contigs

Accessionumber

O157_EDL93 5,528,445 5,349 100 7 1 AE005174
E22 5,516,16 4,788 NA NA 109 AAJV00000000
O157_RIMD0509952 5,498,450 5,361 103 7 1 BA000007
E110019 5,384,084 4,746 NA NA 119 AAJW00000000
B171 5,299,753 4,467 NA NA 159 AAJX00000000
53638 5,289,471 4,783 NA NA 119 AAKB00000000
042 5,241,977 4,899 93 7 2 Sanger Institute

(unpublished)
CFT073 5,231,428 5,379 89 7 1 AE014075
H10407 ~5,208,000 ~5,000 NA NA 225 Sanger Institute

(unpublished)
F11 5,206,906 4,467 NA NA 88 AAJU00000000
B7A 5,202,558 4,637 NA NA 198 AAJT00000000
NMEC RS218 5,089,235 ~4,900 NA NA 1 Uni. Wisc. (unpublished)
E2348 5,072,200 4,594 71 7 4 Sanger Institute

(unpublished)
E24377A 4,980,187 4,254 97 6 1 AAJZ00000000
UPEC 536 ~4,900,000 ~4800 NA NA 1 Uni. Würzburg

(unpublished)
101NA1 4,880,380 4,238 NA NA 70 AAMK00000000
HS 4,643,538 3,689 89 6 1 AAJY00000000
K-12_W3110 4,641,433 4,390 88 7 1 AP009048
K-12_MG1655 4,639,675 4,254 88 7 1 U00096
B03 4,629,810 4,387 86 6 1 CNRS France (unpublished)

NA Currently not annotated
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genomes which have been either completely sequenced or
at least with an expected coverage of greater than 99% of
the genome. Table 1 lists these genomes, and one of the
surprising observations is the diversity just in size of the
main chromosome, ranging from 5.5 to 4.6 Mbp—that is,
close to a million base pairs present in some E. coli strains
which are missing in others. Furthermore, if one were to
pick any one of these 20 strains, there would be more than a
hundred genes which are unique to that strain and are not
found in the other 19 E. coli genomes. Studies have
indicated that much of this diversity comes from
bacteriophages (Ohnishi et al. 2001).

Gene order conservation

When comparing bacterial genomes, two features are
frequently analysed: gene presence and gene order. The
presence or absence of genes is particularly interesting
when two closely related species or strains that have
different phenotypes, such as a pathogenic and a commen-
sal strain of the same species, are compared (Hayashi et al.
2001). As for the actual process leading to the difference,
the direction of the insertion/deletion event is not always
clear; the nature of the indel (INsertion/DELetion) is
generally kept neutral.

There are various models of how the gene order within
operons may have changed throughout evolution. It may be
that the gene order in ancient ancestral operons has been
maintained, such that all (or many) of the operons in
studied genomes would be expected to have a similar gene
structure. However, this view has been contradicted by data
from whole genome studies. Examining the stability of
operon structures over evolutionary distance shows that the
majority of the gene orders within operons could be
shuffled frequently during evolution, with the ribosomal
protein operons as an exception (Itoh et al. 1999). Such
observations support the alternative possibility that oper-
ons are multiple evolutionary inventions. A more recent
study has examined the evolution of the histidine operon in
Proteobacteria and found evidence for indeed a gradual
merging of genes with similar function into operons, at
least in this case (Fani et al. 2005).

Comparisons of gene order can also be informative of
chromosomal translocations and inversions, which fre-
quently happen in bacterial genomes (Kuwahara et al.
2004). Such events are mostly neutral in terms of
evolution, as they do not change the total genetic content
of the cell, but translocations and inversions frequently
coincide with insertions or deletions. Any of these
processes can result from inaccurate excision of mobile
genetic elements and, as such elements are frequently

Table 2 Types of mobile genetic elements found in bacterial genomes

MGE Description References

Plasmids Circular, self-replicating DNA molecules that exist in cells as extra-chromosomal
replicons. Some plasmids can insert into the chromosome.

(Dobrindt et al. 2004)

Transposons DNA molecules that frequently change their chromosomal localisation, either
within or between replicons. They usually code for a transposase and some other
genes (such as antibiotic resistance genes), and are flanked by inverted repeat
DNA sequences.

(Dobrindt et al. 2004)

Conjugative
transposons

Transposons that also carry genes related to plasmid-encoded conjugation, thus,
providing the ability to transfer between cells via conjugation

(Dobrindt et al. 2004)

Bacteriophages Prokaryote-infecting viruses, which can modify the host genome by coding new
functions or by modifying existing functions. They are also capable of inserting
into the genome (prophages). These are also agents of HGT.

(Dobrindt et al. 2004)

Integrons Genetic elements composed of a gene encoding an integrase (int gene; excises and
integrates the gene cassettes from and into the integron), gene cassettes (become
part of the integron upon integration; consist of a promoterless gene and a
recombination site termed attC) and an integration site for the gene cassettes (attI
gene)

(Fluit and Schmitz 2004; Holmes et al.
2003; Peters et al. 2001)

Insertion
sequence
elements

Small, genetically compact DNA sequences, generally less than 2.5 kbp in length,
encoding functions involved in their translocation, and transpose both within and
between genomes. IS elements are a subset of a general group of elements named
transposable elements. These transposable elements are defined as elements of
DNA segments that carry the genes required for this process (and, in some cases,
other genes), and consequently move about chromosomes and, more generally,
genomes.

(Mahillon et al. 1999; Ou et al. 2006)

Genomic
islands

Large chromosomal regions that contain a cluster of functionally related genes, an
operon or a number of operons, flanked by direct repeat sequences, and located
near an integrase or transposase gene and a tRNA gene.

(Dobrindt et al. 2004)
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involved in generating diversity in bacteria, they deserve to
be treated in a separate section.

Mobile genetic elements

MGEs are genomic elements that are capable of translocat-
ing themselves within or between genomes. When moving
to a new genome, they may confer a new characteristic on
the recipient. Their size ranges from hundreds of base pairs
to more than 100 kbp. Plasmids, transposons, conjugative
transposons, bacteriophages, integrons, insertion sequence
elements and genomic islands (GEIs) are all considered
MGEs (Table 2). Bacteriophages are the most sophisti-
cated, as they produce their own protein coat to protect the
genetic material (which can be DNA or RNA). Conjugative
transposons induce conjugation between cells, a process in
which cellular membranes merge to produce a bridge
through which the transposon can move. Some plasmids
can also induce conjugation (a transposon always encodes
transposase whereas a conjugative plasmid replicates
without integration in the chromosome). Some of the
definitions for the various MGEs partly overlap, as indeed
these terms are flexible. For instance, transposons can
integrate in plasmids, and bacteriophages may contain
insertion sequence elements (Burrus and Waldor 2004).

MGEs constitute potentially foreign DNA located in a
conceptual ‘flexible’ gene pool, from where ‘donated’
DNA is made available for recipient cells. Once the MGE
is transferred into the recipient cell, the DNA will either
insert into a region on the chromosome or it will start to
evoke its own replication machinery. If the MGE is
integrated into the genome, for example, like a pathoge-
nicity island (PAI), the genes (or operon) will start to be
expressed, thus adding a new characteristic to the cell. The
MGE may later initiate ‘donation’ of DNA either to a next
receptor (for which the trigger is as yet unknown) or to the
flexible gene pool, perhaps taking with it a ‘new’ or
additional gene or function. The integrated MGE may also
become immobile as a result of chromosomal re-arrange-
ments, duplications or sequence insertions/deletions. In the
case of such rendered immobility, the integrated MGE
becomes a permanent genomic element or genomic island.
At a later stage, the genomic island may be modified and
rendered mobile again, making it available for transfer to
the flexible gene pool once again.

As the subject of all MGEs listed in Table 2 would
suffice a review paper on its own, this review focuses on
two, namely, insertion sequence elements and GEIs. These
two MGEs are of particular interest because our knowledge
of them has improved dramatically as a direct result of
genome sequence availability and due also to their impact
on the diversity of bacteria.

Insertion sequence elements

IS elements are small DNA sequences, generally less than
2.5 kb in length, encoding functions involved in their own

translocation and can transpose both within and between
genomes (Mahillon et al. 1999). IS elements were
originally described as a subset of transposable elements
(Prescott et al. 1999). IS elements are the simplest form of
MGE and a key component of a majority of the more
complex transposable elements, found both in bacterial and
eukaryotic genomes. A number of reviews deal with IS
elements in greater depth (van Belkum et al. 1998;
Mahillon et al. 1999; Galun 2003).

An IS contains a transposase gene, flanked by terminal
inverted repeats (the sequence of one flank is encoded on
the opposite strand of the other flank). One of these repeats
classically contains the promoter for the transposase gene
(Fig. 3; Galun 2003). The IS elements are also flanked by
short, directly repeated sequences, which are generated in
the recipient DNA as a result of insertion.

The activity of transposable elements in genomes was
first noted by McClintock (1950) in maize, although at that
time the mechanism behind the observed genetic changes
was not understood. Starlinger and Saedler (1976) provided
the first review of IS elements in bacterial genomes. As
noted by Lupski and Weinstock (1992), the first ISs were
classified before their function, origin and dispersion
mechanisms were understood. The present genomic era
has resulted in advances in their classification, under-
standing of mechanisms of dispersion and identification of
their role in evolution (van Belkum et al. 1998; Mahillon et
al. 1999). Although the classical ISs are considered to be
evolutionary neutral, as each can only translocate their own
transposase, they are the means by which genomic islands
(for example PAIs and metabolic islands) are transferred,
and they also play a role in plasmid integration (Rocha et al.
1999). Variation in the excision of ISs promotes genome
rearrangements (including deletions, inversions and repli-
con fusions; Mahillon et al. 1999). Antibiotic resistance
genes are frequently spread within bacterial populations
with the aid of ISs, which gives these simple elements
clinical relevance. Finally, in special cases, IS elements can
indirectly cause antigenic variation, a process in which a
gene is switched off and on in a reversible manner within a
bacterial population (Talarico et al. 2005). IS sequences that

Fig. 3 Organisation of a typical insertion sequence. The IS is
represented as an open box in which the terminal inverted repeats are
shown as blue boxes labelled IRL (left IR) and IRR (right IR). An
open reading frame encoding the transposase (grey box) is located in
the IS. WXY boxes flanking the IS represent short directly repeated
sequences generated in the target DNA as a consequence of
insertion. The transposase promoter is localised in IRL

172



are present in the first part of a gene can cause slippage
during replication, as DNA polymerase has difficulties with
correct replication of short multiple repeats. The result can
be a frame shift with consequential inactivation, but the
next frame shift can restore gene function. Such slippage
can also vary the distance and, thus, activity of a promoter
and its gene. Examples involving genes with a role in
pathogenicity, with antigenic variation of surface exposed
proteins, and environmental adaptation have been de-
scribed (van Belkum et al. 1998; Rocha et al. 1999).

Monitoring of these elements has provided insights into
bacterial genome molecular processes and the nature of IS
elements. For example, understanding the regulatory
mechanisms of IS elements has provided insights into the
importance of the compromises adopted by IS elements
(and MGEs, in general) between a stable host genome and
in endangering the survival of the host, through too much
transposition activity (Nagy and Chandler 2004). It has
also been suggested that IS expansion occurs during an
evolutionary bottleneck, which reduces effective popula-
tion size and the degree of intraspecies competition
(Parkhill et al. 2003).

Genomic islands

GEIs, also referred to as integrative and conjugative
elements or ICElands (van der Meer and Sentchilo 2003),
are large chromosomal regions that cluster functionally
related genes, are flanked by direct repeat sequences and
are located near an integrase or transposase gene and often
also near a tRNA. Furthermore, GEIs must have a GC
composition different from the rest of the genome. GEIs
include pathogenicity islands, symbiosis islands (SYIs),
metabolic islands (MEIs), antibiotic resistance islands
(REIs) and secretion system islands (SEIs) (Zhang and
Zhang 2004). This remarkable variety of GEIs demon-
strates the power of horizontal gene transfer, as they are
believed to be the result of interspecies DNA transfer. With
multiple genes neatly clustered in functional groups
including all necessary regulatory and secretory genes,
the power of transferring such ‘adaptive genetic bombs’
can be easily imagined.

Genome sequences have revealed that GEIs are common
in bacteria as a result of successful horizontal transfers of

DNA from a donor genome to a recipient genome. In most
cases, the nature of the donor is unfortunately unknown.
Even when an identified GEI bears a high resemblance to a
section of another sequenced organism, one should not
assume (though frequently this mistake has been made)
that the GEI was directly received from that other
organism. The transfer could well have involved a third
unidentified species, serving either as an intermediate
between the first two or as the donor for the others. These
possibilities are frequently not recognised, as people can be
mislead by the available genome sequences and are not
sufficiently aware of all those bacterial genomes for which
we are currently lacking sequence information.

The discovery of abundant genomic islands is strength-
ening the concept of a bacterial genome being quite
dynamic and consisting of a backbone genome supple-
mented with adaptive genome modules, which may or may
not be present in a given strain of the species (Fraser-
Liggett 2005). All modules available to the species (but
never all present in one strain) would comprise the gene
pool of that organism. This concept clearly does not apply
to strictly clonal species, in which case all isolates or strains
closely resemble each other (as is the case, for instance,
with Bacillus anthracis), but it better describes the situation
for frequently observed highly diverse species, such as E.
coli or Streptomyces. Nevertheless, the timescale at which
these events take place should not be ignored. Genomes are
the sum of thousands of years of evolution. Observations of
evolutionary events taking place in ‘real time’ are still
relatively seldom.

Pathogenicity islands

PAIs are now considered a subtype of genomic islands but
were among the earliest islands to be described. PAIs
harbour pathogenicity-related genes, thus potentially con-
ferring a pathogenic phenotype on a recipient genome.
Figure 4 illustrates a generalised model of a PAI. As with
other GEIs, PAIs are commonly inserted into tRNA genes,
which may be preferred sites of insertion due to their
relative conservation and redundancy (Dobrindt et al.
2004). PAIs are flanked by direct repeat sequences
allowing for insertion into the recipient DNA and contain
an integrase gene that enables the integration into the

Fig. 4 Generalised diagrammatic representation of a pathogenicity
island. Commonly inserted into a tRNA gene sequence, flanked by
direct repeat sequences, containing an integrase (int) gene,
commonly containing insertion sequence elements, and harbouring

functional genes (with virulence associated properties), which may
be organised into an operon structure. Sometimes, a type III
secretion system is also present
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recipient DNA. A feature observed for many PAIs (and
originally included in their definition although not always
present) is the presence of a type III secretion system, a set
of genes building an apparatus to specifically inject
virulence factors into the host cell (Jores et al. 2004).
Numerous investigations have identified and analysed PAIs
(McGillivary et al. 2005; Middendorf et al. 2004; Paulsen
et al. 2003; Schneider et al. 2004; Zubrzycki 2004; Schmidt
and Hensel 2004).

Horizontal gene transfer and restriction modification
systems

Evidence of HGT (also referred to as lateral gene transfer
LGT) dates back more than 30 years (Falkow 1975), with
the finding of transposable elements. Although such events
were considered only exceptional cases at that time, it is
now evident that HGT events can make a substantial
contribution to the generation of genetic diversity. As with
all other features, the degree of horizontal transfer varies
amongst species. Ochman et al. (2000) assessed 19
completely sequenced bacterial genomes and reported
that the proportion of foreign proteins vary from 0%
(Mycoplasma genitalium) to about 17% (Synechocystis
spp). These findings were supported by others including
Dufraigne et al. (2005). Ortutay et al. (2003) undertook a
genomic-scale phylogenetic analysis of protein-encoding
genes from five closely related Chlamydia spp and
identified a set of sequences that have arisen via HGT as
the divergence of the Chlamydia lineage. These data
illustrate the significant role of HGT in the evolution of
particular bacterial species. It is not surprising that obligate
intracellular pathogens show less evidence of recent HGT:
they will not easily encounter other bacterial species with
which to share DNA.

Doolittle (1999a) listed three observations that can only
be explained by HGT. The first observation is that
phylogenetic trees based on individual protein-coding
genes frequently differ substantially from the rRNA tree
or from each other. The second observation comes from
analysis, within a genome, of variation in G + C content,
codon usage and gene order. The third observation is a
result of between-genome comparisons, which show that
all genomes contain particular genes that are more similar
to homologues in distant genomes than to homologues in
closer relatives or indeed that are absent from all known
genomes of closer relatives. Combining this evidences,
Doolittle (1999b) proposed an alternative to the tree of life
to describe the evolutionary history of living organisms.
His model of a web-like structure takes into account the
influence of HGT, where interactions occur between
ancestral organisms and descendants (branches) as well
as between branches. A similar concept of a biological
network has been further explored by Kunin et al. (2005).
Such a concept is difficult to work with, and currently
many microbiologists still accept a tree-like phylogenetic
relationship, at least for an artificial ‘backbone’ of the
species. Independent of the source (strain or species) of the

genes, phylogenetic trees can indeed be correctly produced
for many genes and gene families and may describe
evolutionary relationships that do not date back very far.
Going back further in time, the vertical lineages become
weaker and the phylogenetic trees are less meaningful. The
paradoxal conclusion is that, by elucidating more of the
evolutionary history of bacteria, their history has become
less clear.

If it is really true that horizontal gene transfer is so
general, how is it still possible to recognise bacterial
species? First, HGT is not so frequent that it can be easily
observed as DNA exchange in ‘real time’ (other than the
uptake of plasmids, spread of antibiotic resistance genes or
transfection of phages). Evidence for past HGT events can
be seen in many bacterial genomes and exemplifies its
importance in evolution but, without a time scale, the
frequency of such events cannot be estimated. Second,
there are barriers that restrict HGT. It is obvious that not all
bacteria share the same gene pool and only bacteria that
share an ecological niche are likely to encounter and share
each other’s DNA. Even under circumstances that favour
DNA exchange, internal factors restrict the success of
HGT, notably bacteriophage specificity, plasmid incom-
patibility, and the activity of restriction modification (RM)
systems. Finally, not all putatively HGT genes from E. coli
are actually translated into proteins, perhaps because of
incompatability of translational machinery (Taoka et al.
2004).

The discovery of restriction enzymes which could cleave
specific DNA sequences provided the basis for driving the
“biotechnology revolution” in the 1970s. RM systems are
popular in molecular genetics and are routinely used by
most molecular biology laboratories throughout the world.
The RM systems encode a modification enzyme that
chemically modifies a specific short DNA sequence and a
restriction endonuclease that will digest the DNA at that
same specific recognition sequence unless the sequence has
been modified (usually by methylation). Bacterial species
(and frequently strains within a species) all have their own
combination of RM systems (Roberts et al. 2005).
Incoming DNA with a different modification pattern will
be recognised by the endonuclease of the recipient strain,
and the fate of such DNA is to be degraded. This is seen as
a serious restriction for the spread of DNA through
populations unless their RM systems are compatible.

The analysis of RM systems at a comparative genomics
level (particularly the type restriction II endonucleases) has
shown the dynamic state of the respective genes (Lin et al.
2001) and posed a number of questions to the view that RM
genes restrict gene flow. For example, H. pylori and
Campylobacter jejuni are competent to take up DNA and
have a large set of genes to maintain this property. The
dynamic nature of the H. pylori genome and its natural
competence is consistent with the weakly clonal population
structure of H. pylori. Nevertheless, studies on H. pylori
identified at least eight type II RM systems across two
strains with an active restriction endonuclease and
methylase (Kong et al. 2000; Lin et al. 2001). In addition,
there were several active methylase genes without an active
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endonuclease. The occurrence of RM systems that are not
shared between the strains suggests that new RM systems
are readily acquired and subsequently lost as a result of
mutation or recombination (Lin et al. 2001). But that these
would pose restriction barriers in gene flow is difficult to
envisage with the dynamic population structure. RM genes
possibly have other advantages to the cell. For methylation
genes missing their matching restriction gene, it has been
suggested that they may be used for regulating gene
expression (as for DAM methylation in E. coli; Lobner-
Olesen et al. 2005; Robbins-Manke et al. 2005) and for
keeping track of which parts of the chromosome have been
recently replicated (Maas 2004).

Methods for comparing bacterial genomes

There are at least 20 methods to compare bacterial
genomes, as shown in Table 3. Some methods are more
commonly used than the others, and it is beyond the scope
of this review to provide a detailed analysis of each
method. A few of these methods are discussed in this
section.

Chromosome alignment and size comparison

Perhaps one of the easiest ways to compare genomes is by
their sizes, as shown in Fig. 5. Although different phyla
have different average sizes, it must be kept in mind that
many of the phyla have currently few representatives and
that there is a strong economic bias towards sequencing the
smallest genome, so the size distributions shown here for
the sequenced genomes could well be shorter than what

exist in natural ecosystems. Another way of comparing
chromosomes is to do a simple alignment of the DNA
sequences. There are two versions of the alignment
programmes. One involves downloading some scripts
and running them on a local computer such as the Sanger
Centre’s (Cambridge, UK) Artemis Comparison Tool
(ACT, Carver et al. 2005) and the other is web-based
such as “WebACT”, a web-based version of ACTwith pre-
computed comparisons between several hundred bacterial
genomes. The latter might be easier to use for those
biologists who are less computationally inclined (Abbott et
al. 2005).

AT content in genomes and promoter analysis

Another relatively easy method to compare genomes is by
their AT content, which ranges from 78% (Wigglesworthia
glossinidia) to 27% (Clavibacter michiganensis) for the
300 genomes sequenced at the time of writing. In addition
to the average AT content for a whole genome, if the
variation of the AT content within a given genome is
examined, two general trends can be seen for nearly all of
the bacterial genomes. First, on a more global chromo-
somal level, there is a tendency for the region around the
origin of DNA replication to be more GC rich (i.e. less AT
rich) and the region around the replication terminus to be
more AT rich (Hallin et al. 2004b). Second, the average AT
content for DNA about 400 bp upstream of the translation
start site for all the genes in a genome is higher than 400 bp
downstream (Hallin et al. 2004b). This makes sense in that
the DNA will need to melt more easily in order for
transcription to start.

Table 3 Approaches to comparing bacterial genomes

Level Method Reference

Genome Chromosome alignment Carver et al. 2005
AT content in the genome and upstream of genes Ussery and Hallin 2004a
Oligomer bias on leading or lagging strands Worning et al. 2006
Repeats (local and global) Ussery et al. 2004a
Periodicity of DNA structural properties Worning et al. 2000
Length comparison Ussery and Hallin 2004b
Promoter analysis Ussery et al. 2004d

Transcriptome Organisation of rRNA operons Ussery et al. 2004b
tRNAs and codon usage Ussery et al. 2004c
Third nucleotide position bias in codon usage Ussery et al. 2004c
Annotation quality Skovgaard et al. 2001

Proteome Amino acid usage Ussery et al. 2004c
BLAST atlases Hallin et al. 2004a
BLAST matrices Binnewies et al. 2004
Sigma factors Kiil et al. 2005a
Transcription factors Kummerfeld 2006
Secreted proteins Bendtsen et al. 2005a
Membrane proteins Bendtsen et al. 2005b
2-D correlation of properties Willenbrock et al. 2005
Two component signal transduction systems Kiil et al. 2005b
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tRNAs, codon usage and amino acid

As mentioned above, the 200 bp upstream of translation
start sites is more AT rich, on average, than the 200 bp
downstream. However, if the unsmoothed data is examined
(the grey lines in Fig. 6, panel a), there is much “noise” in
the coding sequence, compared to the upstream, noncoding
DNA. This is due to bias in codon usage, as shown in
Fig. 6, panel b. The genome for a given organism will tend
to show a preference towards certain codons and can be
seen as a bias in the third codon position (Fig. 6, panel c).
Finally, these codon biases also are in part affected by
which amino acids an organism uses, as shown in panel d
of Fig. 6. The amino acid usage for different E.coli
proteomes differ: for example, E. coliK-12 shows the same
amino acid usage as Salmonella entericia LT2, while the
usage in E.coli O157 resembles that of Shigella flexeneri.
Thus, two different E. coli genomes can have quite
different amino acid usage (which might not be that
surprising in view of the differences between strains of this
species, see Table 1).

BLAST atlases

The GenomeAtlas is a method to visualise structural
features of an entire bacterial genome sequence as one plot.
The plots are created using the “GeneWiz” programme,

developed at CBS (Pedersen et al. 2000). A more recent
extension of this method is the development of the
“genome BLAST atlas”, in which genes from different
genomes are blasted against a reference genome and
visualised using an atlas plot. BLAST atlases can provide
additional contextual information about regions which
contain few conserved genes. For example, a new genome
might have a few small islands of unique proteins, and
these regions might be more AT rich or might be expected
to be potentially highly expressed, based on chromosomal
structural information also provided in the plots. As
mentioned above, when the 20 E. coli sequenced genomes
in Table 1 are compared, an enormous amount of diversity
is found. A BLASTatlas for E.coli 0157 is shown in Fig 7a.
Several regions of the chromosome have “holes” repre-
senting large segments of missing genes in some organ-
isms, compared to the reference genome. In a sense, this
information is somewhat similar to that obtained by the
ACT plots mentioned above, although now the compar-
isons are being made at the level of presence/absence of
clusters of proteins. In Fig. 7b, some of the regions
containing gaps are more AT rich, some contain repeats and
a few (marked) contain genes that might be highly
expressed, based on chromatin properties. Thus, this tool
can give a quick overview of the comparison of many
genomes.

In Fig. 7a, the gaps correspond to regions of missing
genes in the E. coli O157 genome. Similar patterns can be

Fig. 5 Genome length distribution for 287 bacterial chromosomes,
shown as box and whiskers plot for each phyla. The number of
chromosomes in each phylum is shown on the axis. Most of the
bacterial genomes shown are either Proteobacteria (156 genomes) or

Firmicutes (70). At the time of writing, the largest complete bacterial
genome sequenced is that of Burkholderia xenovorans, which is
consists of 9,703,676 bp within two chromosomes, and the smallest
is that of M. genitalium genome of 580,074 bp
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seen for many other bacterial genomes. For example, in
Fig. 7b, there are four large gaps in the C. jejuni RM1221
genome compared to other epsilon Proteobacteria. These
correspond to phage insertion sites in C. jejuni RM1221, as
described in the original genome sequence publication
(Fouts et al. 2005). Similar results have been observed for

Streptococcus (Hallin et al. 2004a). In all three of these
cases, there are large regions which contain many genes
which are missing in other genomes of the same species.
These clusters of genes often contain evidence that they
came from phages, which appears to be an efficient method
of bringing new DNA into a genome.

Fig. 6 Genomic properties of Streptomyces coelicolor A3. a Com-
parison of ATcontent upstream and downstream of all 7,825 genes; the
genes are all oriented in the same direction and aligned such that the
translation start site is in the middle. Z-scores of standard deviations
from the chromosomal average are plotted, as described previously
(Ussery and Hallin 2004a). b Codon usage of the same set of 7825
genes. The frequency of occurrence of each of the 64 codons is plotted
in a star plot; note that most codons have a relatively low frequency of
usage. c Bias in the codon position are plotted as frequencies; note that

there is a strong tendancy for Cs and Gs in third position. dAmino acid
usage of each of the 20 amino acids for the entire S. coelicolor
proteome is plotted as frequency of the total; the amino acids in this plot
are grouped according to their properties; for example, all the aliphatic
amino acids (A, V, L, I and G) are together and, in general, there is a
general trend for this proteome to favour aliphatic amino acids, with the
exception of isoleucine. The three star plots are as described previously
(Ussery et al. 2004c)
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BLAST matrices

Figure 7a,b illustrates the use of BLAST atlases to compare
genome sequences. However, with several hundred
genomes available, there is a need for a faster way of
getting an overview of genome similarity. One method is
the use of reciprocal hits—that is, to BLAST all the
proteins encoded in a genome of interest against those in
another genome (Binnewies et al. 2004). First, the genomes
of interest are selected (e.g. all genomes of Proteobacteria),
then a BLAST matrix can be displayed from this selection.
The results are pre-generated and the system keeps track of
sequence updates by generating MD5 checksums of all
sequences and the combinations in which they have been
BLASTed. The MD5 (termed also a message digest) will

produce a 32-digit string that is unique to an input string,
e.g. a genomic sequence. The system maintains an all-
against-all BLAST database updating only the missing
comparisons—that is, changing the sequence of a record or
inserting a new record will cause a BLAST run of the
sequence against all the existing sequences of the database.
By having multiple genomes in a given selection, an all-
against-all BLAST matrix can be presented showing the
percentage of genes that are shared between sequences—
both on a protein and on a nucleotide level. Each such
percentage is supplied with a link to give a full listing from
the BLAST report. Fig. 8 shows an example of such a
BLAST matrix, with the diagonal (in red) reflecting the
internal homologues of a given genome. The boxes are
colour-coded such that the intensity represents the fraction
of hits (Binnewies et al. 2004) (Fig. 8).

Meta-genomics: comparison of all the genomes
in an ecosystem

The term “metagenomics” is used for genome sequencing
projects in which many organisms are sequenced at once
by shotgun cloning of all DNA present in a sample
(Handelsman 2004). This enables microbial ecosystems
containing microbes that are not (presently) culturable in
pure form to be investigated (Handelsman 2004). The

Fig. 8 The BLAST table shows
the overall protein homology
between all combinations of the
five available Vibrio sequences.
Only hits containing at least
80% of the length of the gene
and with an E-value of 1×10 or
better are counted. The diagonal
(red/pink) indicates the fraction
of proteins that have homolo-
gous hits within the proteome
itself; the fraction is similar in
all genomes, and the intensity is
shown by the red colour, scaled
from ~24% (grey) to ~27%
(red). Note that the largest ge-
nome also has the highest frac-
tion of internal homologs. The
green area for the rest of
the table, on each side of the
diagonal, shows the number
of proteins that have homolo-
gous hits between different
Vibrio genomes. As before, the
fraction is indicated by the in-
tensity of the colour (green)
scaled from ~57 (grey) to ~83%
(green). In general, it is clear
that these organisms share a
high percentage of their genes
with the other Vibrio species,
which should be expected
because they are from the same
genus

3Fig. 7 Genome BLAST atlases. The outer circles represent BLAST
hits of a given genome (named in the legend) to the reference
genome (named in the center of the atlas). The colours are scaled
such that good BLAST hits (E=10–40) are darkly shaded, whilst
regions containing no hits are shown in light grey, as described
previously (Hallin et al. 2004a). a Genome BLAST atlas of E. coli
EO157 EDL933 vs four other sequenced E. coli strains (the four
outermost circles; the genomes are, going from the outermost
towards the center, E. coli K-12 MG1655, E. coli K-12 W3110, E.
coli CFT1076 and E. coli O157 RIMD0509952). b Genome BLAST
atlas of C. jejuni vs other epsilon Proteobacteria
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reasons why organisms remain uncultured can be practical
(e.g. thermophilic bacteria grow at a temperature above the
melting point of agar), physiological (e.g. extremophiles
that grow on pure culture can have very different properties
from those observed in their true environment) or biolog-
ical (symbiotic life forms cannot be cultured in microbi-
ological pure form). The first genome sequence obtained
from a non-culturable bacterium was indeed that of
Buchnera aphidicola, a symbiont of aphids. This sequence
was not obtained by meta-genomics at the total genome
DNA level but rather at the rRNA level. Cell counts
compared to plate counts showed that the latter can be
orders of magnitude wrong: many viable bacteria refuse to
grow on solid culture medium. The isolation of bulk RNA
and the subsequent determination of rRNA sequences
using specific primers allowed qualitative analysis to be
performed for identifying novel bacterial species or
ribotypes present in an ecosystem (Olsen et al. 1986).
The application of PCR improved the sensitivity of such
approaches but the limitation to rRNA sequences confined
analyses to phylogenetic information only and little further
knowledge was obtained about the new species. Metage-
nomics can be used to generate complete or fragmented
genome sequences of organisms that might be abundant in
nature but are not easily culturable.

The acid mine drainage sequencing project has shown
the potential of meta-genomics (Tyson et al. 2004). The
mine water of the Richmond mine is covered with a biofilm
of bacteria despite its hostile environment: an extreme acid
pH (between 0 and 1), high concentrations of metal ions,
including copper, zinc and arsenic, and the absence of
carbon or nitrogen sources (other than from air). The
biofilm was composed of relatively few organisms,
enabling the sequencing of shotgun-cloned DNA and the
sorting of fragments according to their G + C content into
nearly complete bacterial genomes. A dominant bacterial
genus was identified, Leptospirillum, and a less abundant
Sulfobacillus spp and some Archaea were also present. The
findings greatly improved understanding of this ecosystem.
The predominant bacteria were responsible for nitrogen
and carbon fixation (Leptospirillum group III), whereas
several species were able to generate energy from iron
oxidation (Ferroplasma and Leptospirillum spp). As in this
approach, each sequenced DNA fragment is obtained from
a different individual (whereas in classical genome
sequencing all DNA is obtained from one clone);
information on polymorphisms also becomes available.
As more complex ecosystems are studied, the puzzle of
genome assembly becomes more difficult due to the
presence of more species, genomic rearrangements and
horizontal gene transfer events.

The largest attempt so far at metagenomics was initiated
by C. Venter to sequence the microbial ecosystem in the
Sargasso Sea (Venter et al. 2004). Seawater was sampled
by filtering to specifically recover bacterial (and not viral or
amoebal) DNA. Over 1 billion base pairs of sequence were
generated, which was attributed to at least 1,800 species.
As the abundance of individual species determines their
coverage in shotgun cloning, this coverage (or rather the

mean of their Poisson distribution) was used to sort out
DNA scaffolds (a scaffold is a reconstructed genomic
region), and oligonucleotide frequencies were used to
refine this sorting. Although the complexity of the
investigated ecosystem did not allow complete assembly
of individual genomes, the scaffolds belonging to the most
abundant species could be attributed to Burkholderia and
Shewanella-like species. As with the acid main drainage
project, polymorphisms were detected with varying
frequencies. In fact, the dataset ranged from organisms
belonging to a single species and clonal (few polymor-
phisms) to a population continuum in which some clonal
complexes could be recognised. These observations
illustrate the ‘unnatural’ approach of studying only pure
bacterial cultures that have a strict clonal structure in
contrast to natural environments where the population
structure is much more fluid and the concept of clones or
species is more elusive. The most impressive output of the
Sargasso Sea study is the numbers of individual genes that
were identified (69,901). Among the surprising findings
was that rhodopsin (the bacterial protein required for
carbon fixation) was abundant outside the proteobacteria
where it had previously been identified. The finding of
many genes involved in phosphate uptake and utilisation of
poly- and pyrophosphates is puzzling, as the marine
environment is extremely phosphate-limited.

The challenge to analyse the complex communities of a
nutrient-rich environment was taken up by Tringe and
Rubin (2005). One sample that was analysed was derived
from agricultural soil and three were from marine whale
carcasses. First, rRNA libraries were generated by PCR to
investigate the microbial diversity. The soil sample (DNA
obtained from 5 g of surface clay loam from land that had
been used for livestock) was extremely rich in species with
at least 847 ribotypes detected representing over 12 phyla.
The whale samples (two bone parts and one biofilm
covering a whale carcass) were less diverse but still
contained between 25 and 150 ribotypes. Although the
assembly of sequences obtained from shotgun libraries was
not possible, the genes that were identified on the
sequenced library clones demonstrated that approximately
half of the predicted proteins found similarities (homologs)
in existing gene databases. Plotting the number of novel
gene families against the amount of generated sequences
suggested that, for the soil sample, few novel orthologues
were found after sequencing 25 Mbp. The functions of
predicted proteins from the sequences were naturally
diverse, but for the soil sample, potassium channelling
systems were overrepresented, whereas for the whale
samples sodium ion exporters were abundant—which fit
with the abundance of these two ions in the two
environments, respectively.

The metagenomics analyses will continue to see data-
bases expanding, with the interpretation and assembly of
raw data becoming more complete. The human gastroin-
testinal tract, for example, is the target of a metagenomics
sequencing project (Mongodin et al. 2005). It is apparent
that each individual carries a large variety of microflora,
probably acquired early in life (and which may have health
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consequences even though these organisms are not patho-
genic) as well as bacterial microheterogeneity that was not
recognised previously. Against the common belief that
Firmicutes and Bacteroides would be the most abundant
microbes present in the human gut, it appears that
Actinobacteria and Archaea may be more prominent
(Mongodin et al. 2005). The intestinal microflora of
obese mice differs considerably to that of lean animals,
an observation in support of the view that the microbiota of
mammals are good indicators (be it cause or effect) of their
health status (Ley et al. 2005). There are clearly many
microbial communities to be analysed and compared using
metagenomics.

Application: computational vaccine development

Vaccines remain an extremely important tool for control-
ling infectious diseases of humans and animals, although
they are only available for about 10% of the microrganisms
known to be harmful to humans (Lund et al. 2005).
Traditional vaccines typically have incorporated whole live
attenuated or killed microorganisms, but, particularly for
use in humans, such vaccines now have limited application
due to concerns about safety, efficacy and/or ease of
production. Much recent work, therefore, has focused on
developing vaccines composed of prominent immunogenic
parts of microorganisms (subunit vaccines) or genes
encoding these components (genetic vaccines, Ellis
1999). For bacterial vaccine discovery, these newer
approaches have been greatly assisted by the recent
availability of whole genomic sequence data and has
allowed a new approach to vaccine development called
“reverse vaccinology” (Rappuoli 2001).

In reverse vaccinology, bioinformatics tools are used to
undertake comprehensive in silico screening of genomic
sequence to identify genes encoding proteins that have
desirable characteristics. The power of this process has
increased as more and more genomic sequences that
encode proteins of known function become available in the
databases for comparative analysis. Targets for considera-
tion for use in vaccines include genes encoding outer
membrane proteins or lipoproteins, transmembrane do-
mains or export signal peptides, and proteins with
homologies to bacterial factors already known to be
involved in virulence or pathogenicity. Surface-exposed
or secreted proteins as well as virulence factors such as
toxins or adhesive factors are likely to induce an immune
response that may be protective (Zagursky and Russell
2001). In this way, large numbers of potential vaccine
components can be identified from a whole (or partial)
genome sequence. This approach was first taken for the
human pathogen Neisseria meningitidis serogroup B, with
600 open reading frames (ORFs) of potential interest
initially being identified (Pizza et al. 2000). Recombinant
proteins from 350 ORFs were eventually produced and,
after screening in for distribution in different serotypes,
stability, immunogenicity and cross-protection, 15 were
selected as potential subunit vaccine candidates. This same

approach to vaccine discovery is now being taken for a
number of important human and animal pathogens (Serruto
et al. 2004). Reverse vaccinology allows rapid identifica-
tion of a large number of potential subunit vaccine
candidates, many of which would not have been recognised
by more traditional approaches. It is complemented by the
use of microarrays to analyse gene expression and of
proteomic approaches to study protein expression and
distribution and can be focused further by the use of
computer alogorithms that scan and identify sequences
encoding specific epitopes involved in immunogenicity
(reviewed in Lund et al. 2002; see also, fo a review,
Theoretical Biology and Biophysics Group, Los Alamos
National Laboratory [http://www.hiv.lanl.gov/content/
immunology/pdf/2002/1/Lund2002.pdf]). These alogo-
rithms have been strengthened by the availability of full
genomic sequences for many pathogens.

Methods for the three main types of epitopes targeting B
cell, helper T lymphocyte and cytotoxic T lymphocyte
have been made, and improved methods are constantly
being developed. Thus, it is possible to take a genome
sequence, use some predictors as described above and
select potential peptide sequences for construction of
vaccines. These vaccines can be either chemically
synthesised peptide based or DNA based. With regards to
peptides, these can be used directly or used to construct a
“polytope”, which is a composite protein made from
individual epitopes.

Intellectual property rights: who owns the genome
sequence?

This review started by giving the US patent numbers for the
first two genomes sequenced. This final section will briefly
discuss some of the issues facing researchers working with
genomic data. At the time of writing, ten whole genome
patents have been granted, with more patents being applied
for (O’Malley et al. 2005). Some of these patents include
the use of the sequence in silico and clearly raise a number
of issues related to freedom to operate in research. In
addition, the enforcement of the patents could be difficult,
with many bioinformatic tools being developed in the
public domain.

Another related difficulty has to do with using or
analysing genome sequences before they are presented in
scientific publications. Now that it is possible to sequence a
bacterial genome in an afternoon and have a GenBank file a
day or two later, the time gap between having the sequence
publicly available and having the paper in print can be
several years. Some public granting agencies have pushed
hard for the data to be made available as soon as possible
for people to search for their particular gene of interest. On
the other hand, it is also understandable that the individuals
who have actually sequenced the genomes need some lead
time to analyse their data. With high-throughput bioinfor-
matic techniques, it is possible, for example, for some
groups to do in a few days what would take other groups
months (or years) to complete.
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A final problem has to do with obtaining basic
information about the strain used for sequencing a genome.
For example, what was the strain isolated from? What was
the growth temperature or culture medium pH for the
culture that the genomic DNA was derived from? What is
the doubling time of this organism under these conditions?
These are all important pieces of data, but they are often
missing in genome publications. A recent “minimal
information about a genome sequence” standard has been
proposed (Field and Hughes 2005), which is in the same
spirit as the MIAMI standard for microarray experiments.3

In the future, it could well be that something resembling a
GenBank file with additional biological information will be
the “publication” for a bacterial genome sequence, as
genome sequencing becomes ever cheaper and easier to
perform. Overall, it is important that genome sequence
information is released into the public domain in a timely
manner so that global scientific progress can be maintained.
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