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Abstract

One of the most interesting developments in the field of modern-day microbiology is the ever increasing number of whole-genome
sequences that is publicly available. There is an increasing interest in the use of these genome sequences to assess evolutionary rela-
tionships among microbial taxa, as it is anticipated that much additional taxonomic information can be extracted from these
sequences. In a first part of the present review, mechanisms that are responsible for the evolution of genomes will be discussed. Sub-
sequently, we will give an overview of approaches that are presently available to assess the taxonomic relationships between pro-
karyotic species based on complete genome sequences, followed by a brief discussion of the potential implications of these novel
approaches for bacterial taxonomy in general and our thinking about the bacterial species concept in particular.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Polyphasic taxonomy is aiming at the integration of
different kinds of data and information (including phe-
notypic, genotypic and phylogenetic information) that
allow classification of biological entities [1]. Since the
1970s, physicochemical DNA-DNA hybridisation meth-
ods have been used to delineate the prokaryotic species,
and at present a bacterial species is “‘a category that cir-
cumscribes a (preferably) genomically coherent group of
individual isolates/strains sharing a high degree of simi-
larity in (many) independent features, comparatively
tested under highly standardised conditions™ [2]. Practi-
cally, bacterial species are considered to be groups of
strains that are characterised by a certain degree of phe-
notypic consistency, by a significant degree (50-70%) of
DNA hybridisation and over 97% of 16S ribosomal
RNA (rRNA) gene sequence identity [1,3]. As stated
by the ad-hoc committee for the re-evaluation of the spe-
cies definition in bacteriology [2], the introduction of
innovative methods is providing new opportunities for
prokaryotic systematics. One of the particularly interest-
ing developments includes the analysis of complete gen-
ome sequences. The steady increase in the number of
completely sequenced prokaryotic genomes witnessed
over the last decade has been associated with advances
in sequencing technology, a boom in bioinformatics,
and sustained funding [4,5]. Recently, there has been
an increasing interest in the use of these genome sequence
data to assess evolutionary relationships among pro-
karyotic species. Although 16S rRNA gene sequences
and DNA-DNA hybridisation continue to be considered
as molecular criteria for species delineation, it is antici-
pated that much additional taxonomic information can
be extracted from complete genome sequences.

In a first section of this paper, we will discuss the mech-
anisms that are responsible for the evolution of genomes.
Subsequently, we will give an overview of approaches
that are presently available to assess the taxonomic rela-
tionships between prokaryotic species based on complete
genome sequences. In a final section, we will briefly dis-

cuss the potential implications of these novel approaches
to bacterial taxonomy and the effect they may have on
our thinking about the bacterial species concept.

2. The bacterial species genome

There are now a number of conspecific genomes
whose gene content can be compared in silico. From
these comparisons, and from results obtained with ad-
vanced molecular tools like microarrays, it can be con-
cluded that the genome sequence of one single strain
does not offer us a complete picture of the genetic diver-
sity of a species. For example, as shown in Table 1, the
gene content of Escherichia coli genomes can be as dif-
ferent as 29.25%. According to Cohan [6], it should
not come as a surprise that species contain this magni-
tude of genetic and ecological diversity. For decades,
taxonomists have known that there can be considerable
variation in metabolic traits within named species. In
this regard, Lan and Reeves [7] suggested that we define
a ‘species genome’ as comprising all the genes present in
the characterised strains of a species, in order to get an
idea of the variation in the species. This species genome
consists of two components, a core of genes present in
most of the strains, and an ‘auxiliary set’. In Table 1,
the strict species core (genes present in all conspecific
strains) for some species for which a triplet (or quartet)
of complete genome sequences is available is shown.
Although such results might be biased by the strains in-
cluded (e.g., inconsistent phylogenetic sampling), a cor-
relation between the species’ lifestyle and the magnitude
of the species core is reflected in the results. Obligate
intracellular parasites, such as Chlamydophila pneumo-
niae, are closely adapted to the physiologically stable
environments of their host cells and tend to contain fewer
auxiliary genes (see also [8]). This extreme stability con-
trasts with the high genomic variability observed in their
free-living relatives, such as E. coli, known to have a
large flexible gene pool providing the properties to adapt
to special environmental conditions.
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Table 1

The species core (genes present in all conspecific strains) and gene content similarity for some species for which a triplet/quartet of complete genome

sequences is available

Species and strain designation

No. (%) ORFs in species core®

Gene content similarity matrix®

Chlamydia pneumoniae (949 species core families)

CWL029 1034 (98.01%)
AR39 1031 (92.63%)
J138 1032 (96.54%)

Escherichia coli (2616 species core families)
K12 3710 (86.06%)

EDL933 3879 (72.23%)
RIMD0509952 3864 (71.78%)
CFTO073 3793 (70.24%)

Streptococcus pyogenes (1257 species core families)
SF370 1541 (90.22%)

MGASS8232 1578 (84.98%)
MGAS315 1565 (83.38%)
SSI-1 1556 (83.16%)

95.94

98.62 94.42 -

83.42 -

83.01 93.02 -

77.04 72.52 71.75 -
89.46 -

87.41 90.73 -

87.27 90.24 96.41 -

% For each species we determined the species core families, i.e., the gene families that have at least one member in all strains of the species, and
calculated the number of genes in these families for each of the strains separately.
® Gene content similarity was calculated from the number of common gene families divided by the weighted genome size [56].

3. Shaping the prokaryotic genome

The availability of complete genome sequences of clo-
sely related organisms presents an opportunity to recon-
struct events of genome evolution. It has become clear
that, in addition to nucleotide substitutions, other genetic
forces shape the genome. By comparing related genomes
and inferring ancestral ones, we can identify events such
as specific chromosomal rearrangements, gene acquisi-
tion, and deletions, which have led to a vast diversity in
genome content and organisation. Recently, efforts have
been made to quantify the relative contribution of these
processes through comparative analysis of multiple pro-
karyotic genomes [9-11]. Despite these efforts, and be-
cause of inconsistent results, evolutionary models that
accurately describe the phylogenetic relationships of mi-
cro-organisms based on their genome are not yet de-
scribed [12]. Here, we address the evolutionary
dynamics of prokaryotic genomes by presenting an over-
view of the principal genetic forces that shape prokaryotic
genomes, including gene duplication, horizontal gene
transfer, gene loss and chromosomal rearrangements, in
the light of a comparative genomics approach, and dis-
cuss their impact on prokaryotic taxonomy.

3.1. Gene duplications

Gene duplication is considered an important mecha-
nistic antecedent of gene innovation, and consequently
of genetic novelty, that has facilitated adaptation to
changing environments and exploitation of new niches
[13,14]. The role of gene duplications in evolution has
been studied extensively [9,10,15,14]. With the availabil-
ity of numerous complete genome sequences, the study

of gene duplication has moved on from specific genes
or gene families to the level of complete genomes. A
wealth of data can now be examined to assess various
aspects of the role of gene duplication in prokaryotic
genome evolution. Whereas in the pre-genomic era, it
was suggested that bacterial genomes may have evolved
from small to large genomes by several genome duplica-
tions [16], the analysis of the complete genomes of Hae-
mophilus influenzae and Mycoplasma genitalium did not
support this idea [17]. A recent analysis of the preva-
lence and genomic organisation of paralogs in bacterial
genomes, showed that most of the duplicated genes in
Bacteria seem to have been created by small gene dupli-
cation events [18]. Evidence for large-scale gene duplica-
tions such as those observed in eukaryotic genomes
[19-21] has not been detected in any of the bacterial gen-
omes investigated so far. Nevertheless, paralogous genes
comprise a significant fraction (up to 44%) of the bacte-
rial genome coding capacity [15,14,18,22]; a fraction
that is found to have a strong linear correlation with
the genome size. Regarding the organisation of paralo-
gous genes within the genomes, it was found that 15%
of the paranome (collection of paralogous genes) of
106 bacterial genomes investigated consists of tandem
duplicates, 9.5% is located in block duplicated segments,
and the majority (75.5%) lost its organisation as a con-
sequence of genome dynamics [18]. Most of the block
duplications resemble the typical bacterial operon size
(3-4 genes), thereby indicating a putative history of op-
eron duplication and its retention. Jordan et al. [15] were
specifically concerned with the contribution of gene
duplication to the genomic differences between genera
of prokaryotes, and studied lineage-specific gene
expansions, i.e., groups of paralogous genes generated
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following the divergence of specific prokaryotic lineages
as inferred from comparative 16S rRNA gene sequence
analysis. It was found that these paralogous gene fami-
lies are likely to contribute substantially to the pheno-
typic differences between bacterial lineages. Recently, a
clear correlation between the number of retained dupli-
cates and the functional class to which they belong was
reported [18]. For example, in the mycobacterial para-
nome the functional class of genes encoding proteins in-
volved in fatty acid metabolism is represented by an
excess of retained duplicated genes, which is in agree-
ment with the complex nature of the mycobacterial cell
wall, and might reflect adaptive evolution of the bacte-
rial cell wall [18,23]. This shows that particularly genes
involved in the adaptation to a constantly changing
environment seem to have been preserved after duplica-
tion, demonstrating the importance of gene duplication
for biological evolution.

3.2. Horizontal gene transfer

Besides gene duplication and subsequent functional
divergence, prokaryotes have an alternative mechanism
for genetic adaptation to their environment. The intro-
duction of novel genes or alleles by horizontal gene
transfer (HGT) allows for niche-specific adaptation,
which eventually might lead to bacterial diversification
and speciation [24,25]. Although HGT was known to
be involved in, for example the transmission of antibi-
otic resistance genes, it is only through recent compara-
tive analysis of multiple prokaryotic genomes that the
scale of HGT became apparent [26-29]. This finding
has even been suggested as the most fundamental
change in our perception of general aspects of prokary-
otic biology brought about by massive genome sequenc-
ing [30]. According to Woese [31], evolution as we know
it seems impossible without the interplay between verti-
cally generated and horizontally acquired variation. In
an extreme view, it has been suggested that two taxa
are more similar than a third one, not because they share
a more recent common ancestor, but because they ex-
change genes more frequently [32]. The awareness of
the potential impact of HGT has been translated into
a theoretical concept of three categories of genes: (i) a
‘hard core’ of genes recalcitrant to HGT, (ii) a ‘soft core’
with genes that are rarely transferred and (iii) the ‘shell’
genes which are susceptible to HGT [33]. Practically
speaking, HGT is probably one of the most controver-
sial topics in genomics. The essence of the problem is
that any phylogenetic evidence of HGT can also be ex-
plained via a combination of gene duplication and line-
age-specific gene loss events and high-throughput
detection of HGT is therefore far from straightforward
[30,33]. Although there are various studies in which
HGT has been observed (and quantified) directly (see
for example [34]), a great deal of work is thus yet re-

quired to unambiguously quantify the rates at which dif-
ferent processes occur [33]. Simplistic estimations of the
frequency of HGT at the genome level in a phylogenetic
context seem to indicate that it is rather low (less than
10% of the genes) [9,10,35]. Nevertheless, HGT has a
significant biological impact as many pathogenic prop-
erties are encoded on plasmids, phages or ‘pathogenicity
islands’ and the transfer of such genetic elements is
widely thought to be associated with the origin of path-
ogenic clones [36].

3.3. Gene loss

Bacterial genomes are not growing ever larger in size,
they are sampling rather than accumulating sequences,
consequently gene acquisition (both by duplication
and HGT) must be counter balanced by gene loss. Be-
cause bacterial genomes can only protect a finite amount
of information against mutation and loss, chromosomal
deletions will serve to eliminate genes that fail to provide
a meaningful function, that is, the bulk of acquired
DNA as well as superfluous ancestral sequences
[37,38]. In some cases, the loss of gene function may pro-
vide a selective advantage, as for example in the succes-
sion of genetic events contributing to virulence in
Shigella [39]. As Shigella spp. evolved from E. coli to be-
come pathogens, they not only acquired virulence genes
on a plasmid but also shed genes via deletion of a large
genomic segment. The formation of these ‘black holes’,
i.e., deletions of genes that are detrimental to a patho-
genic lifestyle, provides an evolutionary pathway that
enables a pathogen to enhance virulence. Extreme gen-
ome reduction has been documented in several bacterial
groups with a host-associated lifestyle, including myco-
plasmas, chlamydiae, spirochetes, buchneras and rick-
ettsias. Host tissues provide a constant supply of many
metabolic intermediates, eliminating the pressure to
maintain many biosynthetic genes. Adaptation of the
intracellular organisms to the physiologically stable
environments of their host cells causes selection to be
less effective in protecting against gene inactivation
and loss, even of beneficial but non-essential genes,
and consequently these intracellular organisms experi-
ence a deletional bias [38,40-42]. This occurs because
host-associated bacteria have small genetic population
sizes compared to free-living relatives, resulting in higher
levels of fixation of slightly deleterious mutations, i.e., a
population bottleneck [43]. In the pre-genomic era, it
was thought that reduced genomes converged on a set
of universal genes that underlie the core processes of cel-
lular growth and replication, with each genome also
containing some specific loci tuned to that species’ ecol-
ogy or relationship with its host [44]. This is con-
tradicted by the analysis of complete genome
sequences. It seems that each lineage has taken a differ-
ent evolutionary route to minimalism, whereby the same
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functions can be achieved by retention of non-homolo-
gous genes [45]. Knowing that: (i) the bacterial core
set of genes consists presumably of less than 100 genes
[30] and (i1) that most obligate intracellular bacteria
are phylogenetically distantly related, it is less surprising
that different minimal genomes do not share a large
number of genes. Genome reduction is thought to be a
main force behind the evolution of parasitic and/or
intracellular bacteria [42,46], and is referred to as evolu-
tion by reduction. Buchnera spp. and Wigglesworthia spp.
posses almost no genes that are not present in close rel-
atives, suggesting that the shift to obligate associations
with hosts does not necessarily require acquisition of no-
vel genes [47]. Gene loss of individual loci or operons is
the only source of divergence in the gene inventories of
Buchnera strains [48,49]. Whereas the process of genome
reduction is accompanied by chromosomal rearrange-
ments, the genomes in a more advanced stage of reduc-
tion and specialisation to their hosts are often associated
with an exceptional level of genome stability, as ob-
served within the last 150 million years of evolution of
Buchnera (Fig. 1(a)) [48,49]. Also other endosymbiontic
bacteria like the rickettsia’s have highly conserved gene
content and order [50]. A snapshot of genome degrada-
tion in progress is provided by the complete sequence of
the genome of Mycobacterium leprae [51]. Comparing
Mb. leprae to its relative Mycobacterium tuberculosis
indicates that the Mb. leprae lineage has discarded more
than 2000 genes. DNA corresponding to more than 1000
of these genes is still present as partial copies or as non-
functional pseudogenes, the largest proportion of non-
coding DNA of any fully sequenced bacterial genome
[44].

3.4. Chromosomal rearrangements

Besides the phenomena that influence variation in
gene content, described above, genome rearrangement
is a driving force behind a constantly evolving genome
organisation. Basic questions on bacterial genome orga-
nisation and evolution could not be addressed before the
complete sequencing of two bacterial genomes. From an
analysis of the first two sequenced genomes, H. influen-
zae and M. genitalium, it was found, rather unexpect-
edly, that gene order was not conserved throughout
bacterial evolution [52]. As more genomes were se-
quenced, it was found that the level of conservation
can be high when organisms are phylogenetically closely
related, mostly because rearrangements not yet had time
to occur, but that conservation is lost when phylogenetic
distance increases [53]. Gene order in prokaryotes, even
at the operon level, is conserved to a much lesser extent
than average protein sequence similarity [54]. These
observations appear to indicate that the relative gene
position is not substantially essential for gene function.
Suyama and Bork [55] evaluated the conservation of

gene order in relation to an evolutionary timescale,
and concluded that not only the number of amino acid
substitutions, but also the degree of genome rearrange-
ment constantly increases along the time of divergence.
Gene order conservation could therefore be used as a
phylogenetic measure to study relationships between
species [56]. The degree of genome flexibility is depen-
dent on the content of repeated and mobile sequences
such as insertion sequence elements (ISE), (conjugative)
transposons, plasmids and bacteriophages [17]. Chro-
mosomes containing a higher repeat density have higher
rates of rearrangements leading to accelerated loss of
gene order [57]. ISE are particularly important as medi-
ators of single gene rearrangements by offering multiple
similar sequences among which recombination can be
initiated. For example, at some point in its recent evolu-
tion, Bordetella pertussis seems to have undergone a
massive expansion of one specific family of ISE
(IS481), compared to its close relatives Bordetella par-
apertussis and Bordetella bronchiseptica. Subsequent
recombinations between these perfect DNA repeats
can explain the large amount of rearrangement and dele-
tion in the chromosome, probably contributing to spe-
cies diversification (Fig. 1(c) and (d)) [58]. In addition,
genome evolution is influenced by large-scale chromo-
somal rearrangements, especially large inversions, lead-
ing to the phenomenon of x-shaped patterns in
alignments of whole genomes (Fig. 1(b)) [55,59,60].
These large segment inversions are caused by homolo-
gous recombination between inverted repeats. Remark-
ably, inversions that get fixed in natural populations
tend to be symmetrical around the replication origin,
thereby minimizing the disruption of the chromosomal
structure relative to replication. Non-symmetrical large
inversions are relatively rare in natural strains, suggest-
ing that they lead to a reduced fitness. A factor that
could lead to the biased genome rearrangements is the
distance of a gene from the origin of replication, as this
determines the relative copy number of the gene in each
cell of fast-growing cultures of bacteria [61]. Further-
more, it has been suggested that these replication-direc-
ted translocation processes can explain not only
genome-wide rearrangements, but also local rearrange-
ments and possibly even gene gain and loss in the evolu-
tionary divergence of genomes, thereby reserving a
major role for replication in directing genome evolution
[59].

3.5. Impact on taxonomy

Increased insights in the different mechanisms
discussed above should allow us to accurately describe
evolutionary history explaining the phylogenetic rela-
tionships of micro-organisms. This would allow us to
develop a natural classification that is truly representing
evolutionary history.
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Recently, the a-Proteobacteria were used as a model
system to analyse the contribution of different processes
(duplication, HGT, loss) in the genome evolution of this
bacterial lineage [62]. A computational inference of ances-
tral genomes provided a scenario for the expansion and
contraction in the genomic repertoire (reflecting popula-
tion size and bacterial lifestyle) and an insight in the func-
tional categories mostly affected by these alterations. In
addition to a better understanding of the evolutionary
history and phylogenetic relationships, the study demon-
strated the importance of gene duplication for expansion
and diversification and a previously underestimated num-
ber of paralogous proteins. The authors suggest that the
continuous generation of novel paralogs may provide
one explanation for the difficulty to obtain congruent
single gene trees in phylogenomic surveys.

Genome variability as a consequence of the actions of
mobile genetic elements has phenotypic consequences
[63]. To what extent this variability also results in novel
microbial taxa to be generated is largely an open ques-
tion. Adaptation of micro-organisms to a new niche
promotes the evolution of new species. Some niche inva-
sions are accessible through mutations of existing genes
[64], whereas the majority of the bacteria evolve into
new niches by acquiring new gene loci from other species
[65]. It has been argued that a classification scheme that
is based on the analysis of a core set of genes (which is
thus ignoring the majority of the information content
of the entities to be classified) can have little claim of
being natural [66]. HGT contributed to evolutionary
history and should thus be considered when defining
relationships between organisms.

The classical genotypic methods used in bacterial
taxonomy (determination of the G + C content,
DNA-DNA hybridisation studies and 16S rRNA gene
sequencing) will not significantly be influenced by
either of the forces described above. The G + C con-
tent of a genome is not significantly affected by chro-
mosomal  rearrangements, gene los or gene
duplications. While HGT could have an effect on
the G + C content, the ‘amelioration’ of horizontally
transferred genes (since introgressed genes are subject
to the same mutational processes affecting other genes
in the recipient genome, over time they will start to
reflect the DNA composition of the acceptor genome)
will prevent them from having a lasting effect on the

G + C content [67]. During DNA-DNA hybridisa-
tions, the overall ability of fragments of two genomic
sequences to form heteroduplexes is measured [68],
and it is expected that this measure will be influenced
mostly by sequence divergence and only to a lesser ex-
tent by rearrangements, gene loss or duplications, and
HGT. DNA-based typing methods (in which a DNA
banding pattern is generated) include the separation
of macrorestriction fragments by pulsed-field gel elec-
trophoresis (PFGE) and various PCR-based methods
(including BOX, RAPD and AFLP fingerprinting)
[1,69,70]. Although most of these typing methods were
originally developed for subdividing species into a
number of distinct types, they are often also used to
derive relationships between species [71]. The banding
patterns obtained by these methods can be altered in
various ways. Chromosomal rearrangements (including
large insertions and/or deletions) can have a tremen-
dous effect on banding patterns generated by restric-
tion enzyme analysis based methods like PFGE [72],
as well as on patterns obtained with several PCR-
based methodologies [73]. The loss and/or gain of
restriction sites and/or primer-binding sites can also
result in altered patterns. Now that many genome se-
quences are available it is possible to link differences
observed in fingerprints to the actual differences in
the genome; this way these genomic typing methods
will learn us more about the actual evolution of the
bacterial genome.

Phenotypic and chemotaxonomic characteristics are
influenced indirectly by changes to the genome. The ef-
fect of gene duplications on phenotypic and chemotaxo-
nomic characteristics will depend on the evolutionary
fate of the duplicated gene. Neofunctionalisation (i.e.,
the duplicated gene will evolve a new beneficial function)
can lead to the acquisition of novel biochemical charac-
teristics, while subfunctionalisation (i.e., each copy will
adopt parts of the tasks of their parental gene) will have
little effect on these characteristics [74]. Similarly, the
acquisition of genes or alleles by HGT can result in no-
vel traits (if the acquired genes encode functions not
present in the acceptor genome), while gene inactivation
or gene loss will usually be accompanied by the loss of
specific traits. However, the example of Bordetella sp.,
in which it was shown that many individual traits of these
organisms could be due to independent mechanisms of

<

Fig. 1. Comparison of gene order conservation between 4 genome pairs, illustrating different forms of bacterial genome evolution. All genome
sequences were obtained from EBI, and plots were generated using the ADHoRe software [211]. X and Y axes represent the linearised chromosomes.
The axes are graduated in 500 genes. Green and red dots indicate pairs of homologous genes that are in the same orientation in both genomes, or in
inverted orientation in one relative to the other, respectively. (a) Buchnera aphidicola Sg versus B. aphidicola Ap gives an example of exceptional
genome stability. Their only source of divergence over the last 50 million years is gene loss [48]. (b) Vibrio cholerae chromosome I versus Vibrio
parahaemolyticus chromosome 1 gives an example of symmetrical genome rearrangements (mainly large inversions) around the axis defined by
putative origin and termination of replication, resulting in a X-shaped pattern. (c) Bordetella bronchiseptica versus Bordetella parapertussis and (d) B.
bronchiseptica versus Bordetella pertussis show recombinations between ISE leading to genome rearrangements. The large expansion of the S48/
family in B. pertussis compared to the presence of ISE in the 2 other Bordetella spp. resulted in an accelerated loss of gene order in this lineage [58].
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gene inactivation and gene loss [58], demonstrates that
the phenotypic outcome of the events that shape the
prokaryotic genome are not always as straightforward
as expected.

We believe that the ongoing genome sequencing and
additional evolutionary studies will allow us to gain
more knowledge of how prokaryotic genomes have
evolved. This will be the way to provide a definitive nat-
ural classification.

4. Novel approaches for assessing taxonomic relationships
among prokaryotes based on whole- genome sequences

Although DNA-DNA reassociation methods and
sequencing of the 16S rRNA gene are still the corner-
stones of present-day bacterial taxonomy, they have sev-
eral short-comings. Besides problems associated with
reproducibility and workability of DNA-DNA hybrid-
isation experiments, DNA reassociation values do not
represent actual sequence identity or gene content differ-
ences since DNA heteroduplexes will only form between
strands that show at least 80% sequence complementar-
ity; therefore a difference of 20% of sequence identity
may be spread out between 0% and 100% DNA reasso-
ciation [68]. The resolution of 16S rRNA gene sequence
analysis between closely related species is generally low,
and while organisms with less than 97% 16S rRNA gene
sequence identity will generally not give DNA associa-
tion values of more than 60%, there is no threshold va-
lue of 16S rRNA gene sequence identity for species
recognition, and there are many examples of cases where
two taxa show high 16S rRNA gene sequence identity
but low DNA-DNA binding values [75,76]. In addition,
considerable within-species 16S rRNA gene sequence
diversity has been reported for members of certain bac-
terial groups (see for example [77]) and there is concern
that single-gene trees may not adequately reflect phylo-
genetic relationships, because of the possibility of
HGT and differences in mutation rate. Although a re-
cent study [78] showed that the intragenomic heteroge-
neity between multiple 16S rRNA operons in
sequenced bacterial genomes is rather limited (suggest-
ing limited HGT of 16S rRNA genes), there are several
examples in which HGT of (parts of) the 16S rRNA
gene has been demonstrated [79-82]. Considerable dif-
ferences in mutation rates between different lineages
have also been observed for 16S rRNA gene sequences,
which might lead to tree construction artefacts [83]. Be-
low we give an overview of a number of novel ap-
proaches for assessing taxonomic relationships based
on whole-genome sequences.

4.1. Gene content

A first approach is to consider the genomes of two
organisms as a ‘bag of genes’ and compare the content

of both ‘bags’ [84]. The identification of orthologous
genes is pivotal in this approach and largely depends
on the definition of orthology [84,85]. In most studies
a minimal definition is used in which putative orthologs
are defined as those homologous genes that show the
largest identity of several possibilities above a certain
threshold [86,87]. Several studies have highlighted the
utility of comparing gene content for assessing phyloge-
netic relationships among prokaryotes [84,86,88-90] and
some general trends have been observed. First of all,
large genomes have many genes in common and this
suggests that it could be useful to normalise the data
(i.e., correct for differences in genome size) before in sil-
ico analysis. Secondly, the number of genes two gen-
omes have in common depends on their evolutionary
distance (Fig. 2) and trees based on gene content gener-
ally correspond well with 16S rRNA gene trees (see for
example Fig. 3). When using gene content to determine
relationships between organisms, it should be taken into
account: (i) that the fraction of shared orthologous se-
quences decreases rapidly in evolution, and (ii) that
the evolution of gene content of organisms can have
non-tree like aspects (i.e., phylogenetically closely re-
lated species do not necessarily share orthologous genes
that either of them shares with a phylogenetically more
distant species) [84]. Interestingly, it was recently re-
ported that HGT or parallel gene loss does not cause
systematic biases in gene content trees [90]. It will be
particularly interesting to correlate the fraction of
shared genes with measurements of DNA-DNA hybrid-
isation level, but so far such studies have not been
performed.

4.2. Gene order

The conservation of gene order can also be used to
deduce relationships between organisms. The conserva-
tion of local gene order has been documented in several
studies, but overall there is very little conservation of
overall gene order when the average protein-sequence
identity shared by orthologs in two genomes is smaller
than 50% and it is clear that the order of orthologous
genes is less preserved than their presence [55,84,91].
Due to the high rate of intragenomic rearrangements
that break up associations between genes, gene order
trees may be especially suitable to resolve the phylogeny
of closely related species but in general this method of-
fers a poor resolution on intermediate phylogenetic dis-
tances [55,85].

4.3. Comparative sequence analysis of conserved
macromolecules

The comparison of sequences of conserved macro-
molecules like the 16S rRNA gene [92] or housekeeping
genes like recA, gyrB or rpoD (see for example [93,94])
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Fig. 2. Gene content conservation versus evolutionary distance for 106 genomes. Each point represents a non-redundant pair of strains. The
horizontal axis denotes the average number of nucleic acid substitutions per site for the 16S rRNA and is therefore a representation of evolutionary
distance. The vertical axes indicates the fraction of shared genes, calculated by dividing the number of genes two genomes have in common (excluding
duplicated genes) by the weighted average genome size, and represents thus a measure for gene content conservation. Genomes included are the same
as in [18]. Pairs in which one (or both) genome(s) is an obligate intracellular organism are white, other pairs are black.
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Fig. 3. Comparison of a phylogenetic tree based on 16S rRNA gene sequence similarities (left) and a tree based on the fraction of shared putative
orthologs between the genomes of a number of lactic acid bacteria (right). The scale-bar in the tree based on 16S rRNA gene sequence similarities

indicates 10% dissimilarity. Data adapted from [87].

have become standard practice in prokaryotic taxonomy
during the last few decades. Nevertheless, as mentioned
higher, several studies raised concern that single-gene
trees may not adequately reflect phylogenetic relation-
ships, because of the possibility of HGT, variable muta-
tion rates and variable rates of recombination. Trees
based on large combined alignments of conserved
orthologous proteins (so-called ‘supertrees’ [95]) are
mostly highly robust [96] (see Fig. 4 for an example)
[97-99]. Yet, based on the alignment of 29 protein fam-
ilies, Teichman and Mitchison [100] found very little
phylogenetic signal and concluded that it may be impos-

sible to reconstruct bacterial phylogeny using models
based on nucleotide substitution. Philippe and Douady
[33] recently have proposed a consensus view, in which
genes are subdivided into three categories (see higher).
The hard-core of genes that have undergone no detect-
able HGT can be used to infer the ‘true’ phylogeny,
the soft-core genes (which have undergone few detect-
able HGTs during their history) can be used to infer
phylogeny at small and intermediate evolutionary scale,
while the evolutionary history of the shell genes cannot
be represented in a bifurcating tree but rather has a net-
work-like appearance. It appears that, although HGT
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Fig. 4. Comparison of a phylogenetic tree based on 16S rRNA gene sequence similarities (left) and a phylogenetic “‘supertree” based on the
combined amino acid sequences of 20 proteins (right) for a number of prokaryotic taxa. The scale-bar in both trees indicates 10% dissimilarity. Data

adapted from [121].

must have played a role in genome diversification, suffi-
cient phylogenetic signal remains present to allow the
construction of universal trees. The ad-hoc committee
for the re-evaluation of the species definition in bacteri-
ology proposed that a minimum of five housekeeping
genes should be sequenced to achieve an adequate infor-
mative level of phylogenetic data [2]. Recent studies
[101,102] confirmed that sequences from housekeeping
genes can accurately predict genome relatedness and
can be used for species level identification. Zeigler
[102] even suggested that less than five genes might be
sufficient to equal or surpass the power of DNA-DNA
hybridisations. The selection of candidate genes to be in-
cluded is of course of extreme importance. Zeigler [102]
put forward four a priori criteria: (i) the genes must be
widely distributed among genomes,(ii) the genes must
be unique within a given genome, (iii) the individual
gene sequences must be long enough to contain sufficient
information but short enough to allow sequencing in a
convenient way (900 — 2250 nt), and (iv) the sequences
must predict whole-genome relationships with accept-
able precision and accuracy. The latter is based on the
finding that not all genes fulfilling the three other criteria
contain enough phylogenetic information (i.e., are too
conserved), or on the other hand are too variable to
be useful for measuring phylogenetic distances between
taxa. Applying these criteria to the set of genes from
44 whole genome sequences resulted in 32 useful genes
[102]. As additional whole genome sequences became
available, this set of genes was re-evaluated for a larger
taxonomical sampling, revealing that the majority of
these genes do not longer fulfil all the above criteria
(Gevers D., unpublished results). The majority of these
genes were either not found in most (>95%) genomes,
or were found in multiple copies in one or more gen-
omes. Hence, the development of an universal approach
(as we know it for 16S rRNA gene sequencing) may be
difficult and the development of taxon-specific ap-

proaches will be necessary. Similar results were recently
reported by Santos and Ochman [103].

Although recombination has long been recognised as
a possibly confounding factor for estimating taxonomic
relationships among prokaryotes, few studies have ad-
dressed this issue in a systematic way. By using statisti-
cal tests, Feil et al. [104] showed that there is often
extreme noncongruence between different gene trees in
frequently recombining species like Neisseria meningiti-
dis and Streptococcus pneumoniae. By applying phyloge-
netic reconstruction methods to simulate recombinant
sequence alignments, Posada and Crandall [105] showed
that the effect of recombination ultimately depends on
the relatedness of the sequences involved and the relative
size of the regions with different phylogenetic histories:
ancient recombinations or recombinations between clo-
sely related taxa generally did not significantly influence
the recovery of the phylogeny, while recent recombina-
tions that divide the alignment in two regions of similar
length resulted in the estimation of a phylogeny different
from any of the true phylogenies underlying the data.

4.4. Genome blast distance phylogeny

Henz et al. [106] recently used a novel strategy to de-
rive phylogenies based on the whole genomic informa-
tion of organisms. This approach, called “genome
blast distance phylogeny” (GBDP), starts with an all-
against-all pairwise comparison of genomes. Subse-
quently a distance matrix is calculated from the resulting
high scoring pairs. That distance matrix is then pro-
cessed by a distance-based phylogenetic method to pro-
duce a tree or a network. The phylogenetic trees
constructed using this approach resembled 16S rRNA
gene-based phylogenies, albeit that there were some
noteworthy exceptions (e.g., with regard to the position
of some deep-branching taxa like Thermotogales and
Aquificales).
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4.5. Presencelabsence analysis

Relationships between taxa can also be derived from
observing presence and/or absence of specific molecular
features in their genomes. The presence and absence of
families of protein-encoding genes in sequenced gen-
omes have been used to reconstruct the relationships be-
tween a number of organisms [107,108]. In this
approach, proteins are grouped together in families if
their pairwise similarity is greater than a preset value,
thereby eliminating the need for the identification of
putative orthologs in each genome and the need for spe-
cific alignments. Initial results were very similar to re-
sults obtained by 16S rRNA gene sequence analysis,
although so far only a limited number of taxa have been
investigated. Wolf et al. [109] and Lin and Gerstein [110]
used the presence or absence of protein folds (protein
families that share the same basic molecular shape but
not necessarily sequence similarity) to build genome
trees. Protein folds are by some considered to be ideal
characteristics for building phylogenetic trees as they
represent fundamental molecular units used by organ-
isms [110]. So far only few genomes have been investi-
gated this way, but the preliminary data indicate that
trees based on presence/absence of protein folds agree
fairly well with 16S rRNA gene trees, although some
discrepancies observed remain at present unexplained.
Another group of molecular features that can be used
in presence/absence analysis are conserved insertions
and deletions (also called ‘indels’ or ‘signature se-
quences’) in proteins: based on the presence or absence
of shared insertions and deletions, taxa can be divided
into distinct groups [111,112]. The phylogenetic place-
ment of prokaryotes in different groups based on pres-
ence/absence of indels appears to correlate relatively
well with 16S rRNA sequence data [111], although some
classifications deduced by this approach remain highly
controversial.

4.6. Nucleotide composition

While it is well-known that determination of the
genomic G + C content lacks resolution for determining
taxonomic relationships between taxa, several other
biases in nucleotide composition of genomes have been
used to determine the relationships of genomes. Dinu-
cleotide relative abundance values are thought to be
constant within a genome and it has been hypothesised
that this is due to selective pressures that work on them
which are constant throughout the genome [113].
Advantages of the analysis of dinucleotide relative
abundance values include that it does not depend on
finding putative orthologous genes and does not require
prior alignment of sequences [113]. In a recent study the
relationship between dinucleotide relative dissimilarity
(0%), 16S rRNA gene sequence identity and levels of

DNA-DNA hybridisation was investigated [114]. It
was shown that the correlation between the genomic sig-
nature and DNA-DNA hybridisation values was high
and taxa that showed less than 30% DNA-DNA bind-
ing will in general not have 6* values below 40. On the
other hand, taxa showing more than 50% DNA-DNA
binding will not have 6* values higher than 17. The
overall correlation between genomic signature and 16S
rRNA gene sequence identity appeared to be low, except
for closely related organisms (16S rRNA gene identity
>94%). Similarly, it was recently shown that relative tet-
ranucleotide frequencies were more similar between clo-
sely related organisms than between more distantly
related organisms, and that trees based on relative tetra-
nucleotide frequencies were as congruent with 16S
rRNA trees as were RpoA and RecA-based trees
[115]. Other measures of compositional bias are the
effective number of codons used in a genome (N,.) and
the G + C content of the synonymous third codon posi-
tions (GC3;) [116,117], although recent studies have
shown that there appears to be little phylogenetic signal
in codon usage [87,118].

4.7. Metabolic pathway reaction content

To increase our understanding of evolutionary rela-
tionships between the major domains of life, Podani
et al. [119] evaluated the biochemical reaction pathways
of 43 species. Comparison of the information transfer
pathways of Archaea and eukaryotes indicated a close
relationship between both domains. More recently, a
phylogenetic tree was constructed based on genome-
scale metabolic pathway reaction content [11]. Although
this approach allowed the separation of Archaea from
Bacteria, the meaning and evolutionary relevance of
the subdivisions observed within the Bacteria appeared
less clear. Phylogenetic trees based on the enzyme and
reaction contents of metabolic networks reconstructed
from annotated genome information. In more than 80
prokaryotic genomes showed that, although different
functional subsystems (i.e., metabolism, cellular pro-
cesses, and information storage and processing) give dif-
ferent pictures of phylogenetic relationships between
organisms, the major results of metabolic network-
based phylogenetic trees were in good agreement with
trees based on 16S rRNA gene sequences and gene con-
tent trees [120].

4.8. Examples and discussion

A number of methods (including gene content, se-
quences of conserved macromolecules, gene order, dinu-
cleotide relative abundance values and codon usage)
were recently used to study phylogenetic relationships
between bacterial taxa.
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In a first study the taxonomic structure of the lactic
acid bacteria was evaluated and it was shown that, for
lactic acid bacteria, trees based on information derived
from whole-genome sequences were mainly in agree-
ment with trees derived more traditional methods like
16S rRNA gene sequencing [87] (see also Fig. 3). The
second study, investigating the relationship of Aquifex
aeolicus with the e-Proteobacteria showed that it is not
straightforward to come to a consistent picture of the
phylogenetic position of the Agquificales, as different
methods often resulted in discordant phylogenies [121].
Teeling et al. [122] used a supertree based on concate-
nated amino acid sequences of ribosomal proteins and
DNA-directed RNA polymerase subunit, and gene con-
tent to evaluate the phylogenetic position of the plancto-
mycete Rhodopirellula baltica. While most previous
studies agreed on the phylogenetic distinctness of the
planctomycetes, the exact position of this phylum re-
mained unclear: a distant relationship to the Chlamydiae
had been proposed based on 16S rRNA gene phyloge-
nies, while a more distinct position as one of the deepest
branching phyla within the bacterial domain was sug-
gested on the basis of the comparison of other conserved
macromolecules. All trees derived from concatenated
protein sequences consistently placed Rhodopirellula bal-
tica near the Chlamydiae. However, genome trees based
on normalised BLASTP scores supported neither a posi-
tion close to the Chlamydiae nor a deep branching posi-
tion (although it should be noted that this could be due
to tree construction artefacts caused by the availability
of only a single planctomycete genome sequence at that

Domain Phylum Class Order

Metabolic pathway content

Presence/abscence of
Protein families
Protein folds

time). Additional support for a relationship of the Plan-
ctomycetes and Chlamydiae comes from protein signa-
tures [111], trees derived from concatenated sequences
of subunits of the F;Fy-ATPase operon, the presence
of proteinaceous cell walls cross-linked via disulphide
bonds, the presence of complex cell cycles and an un-
known mode of cell division (as both taxa lack ftsZ).

It should be noted that most studies assessing taxo-
nomic relationships based on whole-genome sequences
have focussed on one or a few methods, and/or on a lim-
ited number of taxa, and large-scale systematic compar-
isons of the various novel methods have not been carried
out. However, these preliminary results indicate that
there is a stronger phylogenetic signal in some datasets
than in others, and that different parameters have differ-
ent taxonomic information levels [123]. In Fig. 5, we
show the taxonomic resolution of some of the tech-
niques mentioned above. It should be kept in mind that
more large-scale studies are required to confirm these
taxonomic resolutions and that the latter may vary
along different phylogenetic lineages. While it may be
too soon to thoroughly evaluate the existing methods,
and although it is likely that more effective methods will
be developed in the future, there appears to be a consen-
sus that whole-genome information will help to confirm
or enhance the phylogenetic signal derived from more
traditional methods. As stated by Wolf et al. [85], it is
clear that genomics did not only bring an extra layer
of complexity to molecular evolution but also provided
the information that is required to generate a new (and
more complete!) picture of the tree of life.

Family Genus Species Strain

Indels

Gene content

“Genome blast distance phylogeny” == l l

Sequence analysis of a single conserved
macromolecule (e.g. 165 TIRNA)

Genomic signature
Gene order

MLST (5-7 housekeeping genes)
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Fig. 5. Taxonomic resolution of some of the novel approaches for assessing taxonomic relationships based on whole-genome sequences. Taxonomic
categories listed are domain (e.g., Bacteria), phylum (e.g., Proteobacteria), class (e.g., B-Proteobacteria), order (e.g., Burkholderiales), family (e.g.,
Burkholderiaceaea), genus (e.g., Burkholderia), species (e.g., Burkholderia cepacia) and strain. The taxonomic resolution was derived from the data
presented in the references cited in the text and may therefore be considered as slightly speculative as further confirmation of these resolutions is

required.
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5. Comparative microbial genomics using DNA
microarrays and subtractive hybridisation

Besides by directly comparing the full genome se-
quences, the differences between related micro-organ-
isms can also be studied using DNA microarrays or
subtractive hybridisation. These methods have the
advantage that they do not require the availability of a
whole-genome sequence of all organisms being studied.
Hybridisation of DNA to whole-genome microarrays
have been used to study the genetic diversity of a wide
range of bacteria (see [124,125] for recent reviews).
The microarray technology has also been used for a
number of specialised applications. Cho and Tiedje
[126] proposed a new approach to identify bacteria
based on genomic DNA-DNA similarity employing
microarray technology. This method (so far only evalu-
ated with four Pseudomonas species) does not require
laborious cross-hybridisations and the resulting hybrid-
isation profiles can be used in statistical procedures to
identify test strains and can be stored in a database.
The authors stated that they expected that up to 20%
of size differences between two genomes (like in E. coli)
would still result in meaningful results, although the ob-
tained hybridisation values would most likely be slightly
higher than the values obtained from conventional
whole-genome DNA-DNA hybridisation. Microarrays
for the identification of specific (pathogenic) bacteria
were also developed. These include arrays for the identi-
fication of Staphylococcus sp. [127], Listeria sp. [128], E.
coli, Shigella sp. and Salmonella sp. [129], Mycobacte-
rium sp. [130] and Campylobacter sp. [131]. Microarrays
have also been developed to study specific bacterial pop-
ulations and consortia, like sulfate-reducing bacteria
[132] and toluene- and ethylbenzene-degrading consortia
[133]. van Leeuwen et al. [134] used high-density DNA
arrays for multilocus sequence typing (MLST) of Staph-
vlococcus aureus. PCR-based subtractive hybridisation
[135] also allows the identification of polymorphic
DNA fragments specific for certain bacterial strains or
species. An overview of applications of subtractive
hybridisations is given by Winstanley [136] and includes
identification of insertion sequences, transposable ele-
ments and genomic islands implicated in virulence, and
identification of strain- or species-specific sequences
for the development of diagnostic probes.

6. Detection of intraspecies diversity

Although the complete genome sequence of multiple
strains of several species have been determined (see for
example Table 1), it is unlikely that multiple genome se-
quences will become available for many species in the
near future. Nevertheless, there is an urgent need to as-
sess the intraspecies diversity from a genomic point of

view and classify many strains per species based on
genomic criteria. At present, two methods seem particu-
larly suitable to assess this intraspecies diversity: MLST
[6] and microarray hybridisations.

The indexing of sequence variation in multiple house-
keeping genes by means of MLST has become increas-
ingly popular during the last five years. In MLST the
proven concepts of multilocus enzyme electrophoresis
(MLEE) [137] were adapted to allow the identification
of different alleles directly from nucleotide sequence of
internal fragments of PCR-amplified housekeeping
genes [138,139]. However, direct sequencing of house-
keeping genes allows the detection of much more varia-
tion than was possible using MLEE. In addition, the
portability of sequence data allows the construction of
central databases (see for example [140,141]) in which
data can be stored and accessed through the Internet.
Since the introduction of MLST, numerous studies on
a wide range of organisms have been published, includ-
ing N. meningitidis [138], Helicobacter pylori [142], S.
pneumoniae [143], Yersinia pestis [144], Vibrio cholerae
[145], S. aureus [146], Streptococcus pyogenes [147],
Campylobacter jejuni [148], Enterococcus faecalis [149],
Haemophilus influenzae [150], Bacillus cereus [151], Burk-
holderia mallei and Burkholderia pseudomallei [152], and
Listeria monocytogenes [153]. In addition, several alter-
natives to MLST, including multilocus restriction typing
[154-157] and microarray-based MLST [134] have re-
cently been developed as well. Besides the indexing of
intraspecies variation, MLST allows to quantify the ex-
tent of genetic recombination between clones in a bacte-
rial population and thus allows to make inferences
regarding the structure of the population [158-161]. Re-
cent studies have shown that bacterial population struc-
tures range from the extremes of strictly clonal (no
recombination) to panmictic, with most populations
occupying a middle ground where recombination is sig-
nificant in the evolution of the population but not fre-
quent enough to prevent the emergence of epidemic
clonal lineages (for reviews see [158,160,162]). Although
there are now a multitude of studies that show that in
several species (including N. meningitidis and S. preumo-
niae [163-165]) evolutionary change at housekeeping
loci is more likely to occur by recombination than by
mutation, the precise mechanisms by which recombina-
tion occurs and the underlying reasons for the variation
in recombination rates are still largely unclear [105].

Other MLST applications include the study of differ-
ences in host preference or virulence potential between
different clones or clonal complexes, monitoring the ef-
fects of vaccination programs and revealing evidence
concerning the emergence and spread of antibiotic resis-
tant clones [161].

The microarray hybridisation technology provides a
second novel tool to assess intraspecies diversity. As is
obvious from Table 1, significant differences in gene
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content and genome size occur between multiple strains
from the same species, and, as stated higher, the micro-
array technology can be used to detect these differences,
without the need for sequencing additional genomes.
This approach was already successfully applied to detect
genomic diversity among multiple strains of C. jejuni
[166], H. pylori [167], Salmonella sp. [168], V. cholerae
[169], S. pneumoniae [170], Mb. tuberculosis [171] and
E. coli [172]. The results of these and other studies con-
firm that there are significant differences in intraspecies
diversity. Species like C. jejuni, H. pylori, S. pneumoniae
and E. coli appear to have high intraspecies diversity
(with 21%, 22%, 10% and 10% of the genes, respectively,
being altered or deleted in one or more strains compared
to the sequenced reference strain). Strain-specific genes
often include putative virulence factors or factors in-
volved in interaction with the host and mobile genetic
elements, while the conserved genes encode most meta-
bolic and cellular processes. Other species, like V. chol-
erae, revealed a high degree of conservation among the
strains tested, with only approximately 1% difference be-
tween the genomes of most test strains and the se-
quenced strain. While these results are of course
dependent on the strains included, they clearly show
that a good picture of intraspecies diversity and intra-
species differences in gene content can be obtained with-
out sequencing multiple strains of the same organism.

Besides microarray hybridisations and MLST, other
methods relying heavily on information derived from
whole-genome sequences have become available. In cer-
tain genetically homogeneous species like Bacillus
anthracis or Mb. tuberculosis, the low level of nucleotide
variation prevents the use of classical MLST schemes
[161]. To assess the intraspecies diversity of these homo-
geneous species, alternative genomic methods have been
developed. In variable number tandem repeat (VNTR)
analysis, the variation in copy number of short nucleo-
tide sequences that are repeated multiple times (resulting
in length polymorphisms), is detected by PCR [173-175].
The resolution of this technique can even further be im-
proved by simultaneously studying multiple loci (multi-
ple-locus VNTR analysis, MLVA) [175-177]. It should
be noted that this method has also been used to type
strains of more variable species, like Pseudomonas aeru-
ginosa [178]. A second method is based on the identifica-
tion of single nucleotide polymorphism (SNP) markers
for assessing intraspecies diversity. This method has pro-
ven to be particularly useful for studying the evolution
and epidemiology of Mb. tuberculosis [123,179]. Re-
cently, query software that allows identification of
highly informative sets of SNP markers in entire MLST
databases was developed [180].

As a final comment, we would like to point out that
the more conventional methods for assessing bacterial
intraspecies diversity (including various restriction-
based and/or PCR-based fingerprint techniques) have

also taken advantage of the increased availability of
whole-genome sequences, as several software applica-
tions have been developed that allow to simulate these
experiments in silico first [181,182]. This way a more
optimal selection of the subsequent experimental condi-
tions becomes possible.

7. Implications for the prokaryotic species concept

The species concept for prokaryotes is fundamentally
different from the species concept for eukaryotes. The
most popular eukaryotic species concept, the biological
species concept (pioneered by Ernst Mayr), considered
species to be groups of actually or potentially inter-
breeding natural populations which are reproductively
isolated from other such groups but there now appears
to be a consensus that, for prokaryotes, this concept
should be abandoned in favour of an evolutionary or
at least a phylogenetic species concept [68,183]. As men-
tioned higher, a prokaryotic species is “a category that
circumscribes a (preferably) genomically coherent group
of individual isolates/strains sharing a high degree of
similarity in (many) independent features, compara-
tively tested under highly standardised conditions” [2]
However, alternative prokaryotic species concepts have
been proposed and the circumscriptions of species may
vary depending on the species definition adopted
[68,184]. 1t is generally accepted that prokaryotic species
should be delineated after analysis and comparison of
many parameters in what is known to be polyphasic tax-
onomy [1]. Although this practical approach to the pro-
karyotic species definition has been the subject of
considerable debate and prokaryotic taxonomists have
been urged to adopt a more natural species concept
(see for example [185,186]), it has been found acceptable
by many. Nevertheless, a more natural species concept
would be welcomed and could be based on approaches
now commonly used in studies on bacterial population
structure, including the indexing of sequence variation
in multiple housekeeping genes by means of MLST
[6,25,138,139,187]. Although the patterns and amounts
of genetic exchange are considerably different between
eukaryotes and prokaryotes, their ecological diversity
is organised into the same way, as individual organisms
fall into more or less discrete clusters on the basis of a
number of characteristics (e.g., DNA sequences) [25].
The prokaryotic counterpart of these eukaryote species
seem to correspond to so-called ‘ecotypes’ and named
species appear to contain many of these ecotypes
[6,25]. However, using the ecotype as fundamental unit
in a prokaryotic species concept would have far reaching
consequences. As stated by Rosello-Mora [184], “the
reductionist approach of giving genetics precedence in
taxonomy conflicts with the purpose of classification,
i.e., that of being a predictive and widely applicable
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system”. The implementation of a prokaryotic taxon-
omy oriented more towards genomics should by no
means implicate an orientation towards a less-applicable
taxonomy.

It is at present difficult to assess the future impact of
the availability of a large number of complete genome
sequences on bacterial taxonomy and the prokaryotic
species concept but it can be anticipated that novel in-
sights into the current classification scheme will arise
as the increasing number of available genome sequences
will allow the bacterial taxonomists to evaluate the po-
tential of many of the above-described approaches to
deduce relationships between taxa. For example, it can
be expected that the availability of a large number of
completely-sequenced genomes will highly facilitate the
development of more universal multilocus sequence
analysis schemes, which in turn could allow us to adopt
a more natural species concept. In addition, it will be
possible to measure the extent of ‘prokaryotic sex’, as
HGT has been called, and to better assess its potential
implications for the prokaryotic species concept. How-
ever, as pointed out by Rosselo-Mora and Amann
[68], it should be clear that the practical prokaryotic spe-
cies concept as currently conceived has not much to fear
from the problem of HGT, as it is based on whole gen-
ome similarities: genomic rearrangements (including
HGT) will not affect the primary structure of the major-
ity of genes and changing the physical map will not
markedly influence DNA-DNA hybridisation levels.

8. Some concluding remarks

Several issues regarding sequencing of complete bac-
terial genomes remain at present unresolved. While
some of these may appear as of minor importance to
most, they may be crucial for taxonomists. A first
important issue is that the organisms that have been se-
quenced are by no means representative for the total
prokaryotic diversity, and, so far, have been biased to-
wards organisms of medical or biotechnological impor-
tance. In addition, it is estimated that more than 99% of
all micro-organisms observable in nature can not be cul-
tivated using standard techniques [188,189] and this
makes it very hard—if not impossible—to include them
in standard polyphasic-taxonomic studies. However, the
advances in methodology for isolating and sequencing
DNA now allow the sequencing of the genomes of many
of these fastidious organisms (see for example [190]) and
it can be expected that much will be learned regarding
their taxonomy and evolutionary history. The availabil-
ity of enormous sequencing capabilities also makes it
possible to embark on environmental genomics (metage-
nomics) studies, in which large fragments of environ-
mental DNA are cloned and subsequently sequenced
[191]. Shotgun sequencing of cloned environmental

DNA fragments (including soil [192] and sea water
[193]) has confirmed and extended previous observations
[188,189] that the vast majority of microbial organisms
has not been cultured and characterised yet. In a recent
study, Venter et al. [193] sequenced DNA from micro-
bial populations collected in the Sargasso Sea. A total
of 1.045 billion base pairs of non-redundant sequence
was generated, and subsequent analyses showed that
the sequences were derived from at least 1800 genomic
species, including 148 novel bacterial phylotypes. This
clearly shows that, in order to get a better picture of
microbial diversity, taxonomy and evolution, more
attention needs to be devoted to the study of these
uncultured organisms. It should be noted that genomic
information can also provide new insights that can be
used to design novel axenic media for fastidious and
so-far uncultured pathogens, providing the opportunity
to study them in more detail in vitro [194,195].

Our understanding of bacterial intraspecies diversity
and population structure has benefited significantly
from the introduction of mathematical methods like
split decomposition [196] and eBURST [197], that allow
to visualise relationships between taxa as networks
rather than as bifurcating trees (see for example
[198-201]). Other novel mathematical approaches to
visualise the phylogenetic content of genomes include
self-organising maps (SOMs) [202], Neighbor-Net [203]
and dekapentagonal maps [204]. It can be anticipated
that the application of these and other novel mathemat-
ical methods to data derived from whole-genome se-
quences will lead to novel insights regarding
phylogenetic relationships, intraspecies diversity, popu-
lation structures and frequency of recombination and
HGT. Similarly, advances in methodology of combining
many smaller, overlapping phylogenetic trees into a sin-
gle ‘supertree’ will allow to construct more comprehen-
sive phylogenetic hypotheses [95,205,206].

Another issue is that of the value of fully finished gen-
ome sequences as opposed to sequences in various levels
of draft. While it is obvious that the costs of draft
sequencing are lower than those of complete genome
sequencing, the extent of resources that could be saved
by switching to draft sequencing and the amount of
information that would be lost by doing so is the subject
of considerable debate [207,208]. It remains to be deter-
mined what approach will appeal most to the majority
of bacterial taxonomists and funding agencies. A final
issue that would need to be resolved is the availability
of sequences and sequenced strains. Given the amount
of efforts and money spent, all sequenced strains should
be saved from extinction by depositing them in interna-
tionally recognised culture collections [209,210]. Simi-
larly, the scientific community can only benefit from
the sequencing efforts if sequences are deposited in pub-
licly available databases within a reasonable timeframe
following completion.
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It is still too early to speculate on how the different
new genomic data will be used in the developing genomic
taxonomy. It is clear that a wuniversal, portable,
taxonomic system for culturable and non-culturable mi-
cro-organisms will need to be developed further in the
coming years. But at least, the roadmap towards a geno-
mic taxonomy of prokaryotes is now under construction.
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