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Opinion
Glossary

Allopatric divergence: genetic divergence as a result of reduced gene flow

resulting from geographic separation.

Clade: an evolutionary lineage (including all descendants of this lineage).

DNA–DNA hybridization (DDH) assay: measures the degree of genetic

similarity between two genomes. Hybridization is less efficient when shared

genes have genetically diverged and/or when genomes have differentially

acquired or lost genes.

Fixation: the spread of a mutation through the entire population by selection or

drift.

Genetic (or neutral) drift: the change in frequency of a mutation in a population

as a result of chance, not selection.

Homologous recombination: the uptake and incorporation of a stretch of

homologous DNA from a donor cell by a recipient cell.

Lateral gene transfer: the uptake and incorporation of a stretch of non-

homologous DNA from a donor cell by a recipient cell.

Multilocus sequence typing (MLST): a typing scheme originally developed for

pathogenic bacteria based on sequencing of several (usually seven) house-

keeping gene fragments.

Neutrality Index (NI): a measure indicating the relative importance of adaptive

evolution or neutral drift in fixing nucleotide differences between two taxa.

Operational Taxonomic Unit (OTU): a pragmatically defined biological type. In

16S rRNA sequence based surveys of bacteria and archaea, sequences that are

>97% similar are usually grouped into a single OTU.

Species: a taxonomic rank for which many definitions exist. The species

definition advocated here groups individuals into a species when they form a

cluster that has diverged from its ancestral cluster as a result of statistically

significant adaptive evolution
Bacterial strains are currently grouped into species
based on overall genomic similarity and sharing of phe-
notypes deemed ecologically important. Many believe
this polyphasic taxonomy is in need of revision because
it lacks grounding in evolutionary theory, and bound-
aries between species are arbitrary. Recent taxonomy
efforts using multilocus sequence typing (MLST) data
are based on the identification of distinct phylogenetic
clusters. However, these approaches face the problem of
deciding the phylogenetic level at which clusters are
representative of evolutionary or taxonomically distinct
units. In this review, I propose classifying two phyloge-
netic clusters as separate species only when they have
statistically significantly diverged as a result of adaptive
evolution. More than a method for classification, the
concept of adaptive divergence can be used in a ‘reverse
ecology’ approach to identify lineages that are in the
process of speciation or genes involved in initial adap-
tive divergence.

The bacterial species problem
The simplest criterion for grouping bacterial strains into
species (see Glossary) is that of overall similarity, and this
phenetic species concept is the current standard for bacte-
ria [1,2]. In practice, strains are assigned to the same
species when DNA–DNA hybridization (DDH) values are
greater than 70%, a cut-off value chosen because it roughly
agreed with existing notions of what constituted different
species [3]. DDH efficiency will decrease in cases of diver-
gence of homologous genes by mutation and of divergence
in gene content via lateral gene transfer (LGT). As DDH
assays require cultured strains and are time consuming,
the percentage similarity of the gen to the 16S ribosomal
RNA subunit gene is often used as a proxy. A cut-off of 97%
similarity in 16S rDNA is often used to group strains into
Operational Taxonomic Units (OTUs). Strains that are less
similar have never been found to belong to the same
species; however, strains that are more than 97% similar
in their 16S rDNA gene sequences can still be different
species according to the DDH criterion [2].

In addition to DDH, morphological, physiological and
biochemical traits are used to group strains into species.
Some traits, often those that are of immediate relevance to
humans, are even deemed important enough to override
the genomic similarity criterion. For instance, Mycobacte-
rium tuberculosis andMycobacterium bovis are considered
different species, even though this is not supported by the
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DDH and 16S rDNA criteria [4]. Furthermore, for species
such asBacillus thuringiensis, Bacillus cereus andBacillus
anthracis, species designation is based on phenotypes
encoded by plasmids, loss or gain of which would change
species designation [5]. Related bacterial strains usually
differ in numerous phenotypes, and so it is difficult, if not
impossible, to decide which differences should be used to
classify strains into species and which differences can be
ignored. Moreover, defining species based on presence or
absence of particular phenotypes or genes is even more
arbitrary than using the overall genomic similarity crite-
rion, which at least can be applied equally to all types of
bacteria. There is thus a widely recognized need for a novel
species concept that: (i) is non-arbitrary, (ii) can be equally
applied to all types of bacteria and archaea, and (iii) is
based on the evolutionary processes that ultimately un-
derlie bacterial diversity [2,3,6–14].

The concept of adaptive divergence
A recent framework of bacterial evolution and speciation
that has gained widespread interest is the stable ecotype
model developed by Cohan and coworkers [8,9,14,15]. In
this model, a single clone diversifies into a cluster of
Sympatric divergence: genetic divergence as a result of reduced gene flow

resulting from ecological separation (rather than geographical separation)
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Box 1. Selection

Two main types of selection are often distinguished: positive

selection promoting particular mutations, and negative (or purify-

ing) selection removing particular mutations. Here positive selection

is used in the narrow sense of selection promoting a mutation until

it reaches fixation (in a ‘selective sweep’). This distinguishes it from

diversifying selection, in which mutations do not reach fixation as

their fitness is negatively correlated with their frequency (for

example in surface antigens, recognizable by many nonsynon-

ymous changes).

Because MLST studies routinely test for selection using the dN/dS

test and usually find only purifying selection, the presence of

extensive positive selection in more distantly related housekeeping

genes reported here might be unexpected. This seeming discre-

pancy disappears when one realizes that MLST studies usually focus

on a single species cluster. Within such clusters there is indeed

selection against most protein changes (dN/dS <1). When the

occasional beneficial protein change does occur, it will sweep to

fixation in relatively short time. These fixed changes can be detected

by comparing two clusters using the MK test but are invisible to the

dN/dS test, which is most useful for detecting diversifying selection

within a cluster. One well documented example of an excess of fixed

protein changes in a core gene detected by the MK test is the

divergence of a homologous regulatory gene controlling lipopoly-

saccharide modification mediating antibiotic resistance between

Escherichia coli and Salmonella enterica [19].
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Figure 1. Divergence of two bacterial lineages under the stable ecotype model. (a)

An ancestral clone (blue circle) at time t0 diversifies through neutral mutations

(circles at tree nodes). A novel adaptive mutation appears in the population as well

(yellow circle). Clones carrying this mutation occupy a niche distinct from the

ancestral blue population, and so both types can coexist. The yellow mutant

subsequently diversifies through neutral mutations also, until a second adaptive

mutation (red circle) appears. The mutant carrying both yellow and red mutations

outcompetes the clones carrying only the yellow mutation, and subsequently

diversifies again. Likewise, the ancestral blue cluster evolves by the fixation of

novel mutations that increase fitness. As both clusters inhabit different niches,

selective sweeps in cluster X do not affect clones in cluster Y, and vice versa. Note

that mutations that are universally advantageous are expected to homogenize

distinct clusters. However, because recombination uncouples the fate of different

mutations, homogenization will only affect the genomic region containing this

universally beneficial mutation. (b) DNA sequences sampled from clusters X and Y

at tx from (a). Polymorphisms present within clusters are represented by small

circles, and differences fixed between clusters are represented by large circles.

Polymorphisms are either neutral (small white circles) or slightly deleterious (small

black circles). Large coloured circles are fixed adaptive differences. Large white

circles are neutral polymorphisms that have swept to fixation along with the novel

adaptive mutation (a process termed ‘genetic hitchhiking’). Note that the ancestral

blue mutation is shared by both clusters, whereas the subsequent adaptive

mutations are unique to clusters. The NI here indicates an excess of protein-

changing fixed differences relative to protein-changing polymorphisms as a result

of adaptive evolution.
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clones as a result of neutral mutations and random
genetic drift. Occasionally, a beneficial mutation will
arise in one of these diverged clones and sweep to fixa-
tion (positive selection) (Box 1). By pruning the cluster
back to a single clone, such successive selective sweeps
will restrict genetic divergence within a cluster. Strains
that inhabit different niches will be affected by different
selective sweeps, and so sequence clusters will diverge
from each other because of the fixation of different
adaptive mutations (Figure 1a). Because such distinct
sequence clusters reflect differential ecological adapta-
tion, they could be taken to represent the fundamental
units of bacterial biodiversity [15].

The McDonald–Kreitman (MK) test [16] can be used to
detect whether two sequence clusters have diverged as a
result of recurrent selective sweeps (periodic selection), as
described by the ecotype model, or alternatively as a result
of the random accumulation of neutrally behaving muta-
tions (genetic drift). The MK test was originally developed
to detect past selection in pairs of named species [16] For
instance, it has been used to show that many homologous
genes in Escherichia coli and Salmonella enterica have
diverged through differential positive selection [17–19].
In this article, the application of the MK test is reversed;
sequence clusters are classified as separate species only
when their divergence is found to be the result of signifi-
cant positive selection. The use of the MK test to identify
ecologically distinct bacterial types has been pioneered by
Simmons and coworkers [20], and is developed further
here.

The MK test recognises two types of nucleotide substi-
tutions: synonymous substitutions that do not result in
protein changes and are considered neutral, and nonsy-
nonymous substitutions that do result in protein changes
and can be considered either neutral, deleterious or adap-
tive [21]. When clusters diverge through neutral drift, the
differences that are fixed between clusters are expected to
2

mirror the frequency of synonymous and nonsynonymous
polymorphisms within clusters [22]:

NI ¼ ðPN=DNÞ=ðPS=DSÞ; (1)

where NI is the Neutrality Index, PN and PS are, respec-
tively, nonsynonymous and synonymous polymorphisms
within clusters and DN andDS are, respectively, nonsynon-
ymous and synonymous fixed differences between clusters.
When NI = 1, there is no difference in pattern between
nonsynonymous and synonymous substitutions, and clus-
ters diverge neutrally. With NI,<1, fixed differences be-
tween species are due to nonsynonymous differences more



Box 2. Challenges to the adaptive divergence species concept

1. Species will harbour extensive genetic and ecological diversity

Species boundaries in the adaptive divergence concept are broader

than those currently used in the polyphasic species concept

(Figure 2). High intraspecies diversity, especially compared with

eukaryotes [59], has been viewed by some as a disadvantage,

because it can result in an underestimation of functional diversity

[7]. For example, many distinct phenotypes can be present among

closely related, clinically relevant strains. This is at least partly the

reason why many of the current efforts in bacterial systematics have

focused on very closely related sequence clusters [12,14,26,60,61].

However, it could also be argued that broad species boundaries are to

be preferred, as environmental pyrosequencing studies are revealing

that the number of bacterial taxa could be very large indeed.

2. Calculating NI for whole genomes will obscure biologically

relevant variation in the degree of adaptive divergence between

genes

The MK test is relatively insensitive to the number of individual

sequences used [21]. Indeed, the test can be performed using only

one individual sequence for one of two contrasted taxa. However,

only minute portions of the core genome have been sampled for the

comparisons summarized in Figure 2. Genome-wide analyses have

demonstrated that NI values for different genes can be either positive

or negative [17,62], which was also evident in analyses of individual

loci belonging to the concatemer sequences in Figure 2. Using a

small number of genes could therefore generate confounding results

(as might be the case for Staphylococcus in Figure 2). Moreover, even

in the absence of chance effects or varying selection pressure over the

genome, the use of a limited number of loci is not ideal, as it can be

shown that concatenating two loci that individually have NI = 1 can

lead to either NI = 1, N < 1 or NI > 1 [63].

Challenges 1 and 2 could be simultaneously met by also applying

the MK test to ecologically distinct lineages found within a species.

When different strains are found to exhibit adaptive divergence in

certain, niche-specific genes, they could be recognized as distinct

ecotypes, perhaps by extending the binomial name to a trinomial

name [9]. Likewise, groups of strains harbouring distinct accessory

genes conferring ecologically relevant phenotypes could still be

recognized.

3. Effects of demography can obscure effects of selection

The assumption of the MK test that deleterious nonsynonymous

mutations are efficiently removed by negative selection is actually too

simplistic. First, selection is weak when the deleterious effects of

mutations are very small. Second, selection is weak when population

sizes are small and the effect of chance (genetic drift) is relatively

large. Bacterial populations usually harbour many slightly deleterious

mutations that are in the process of being removed by selection

[64,65]. By elevating PN/DN, these slightly deleterious mutations result

in an underestimation of adaptive divergence. Moreover, past

changes in population size affecting the relative contribution of

genetic drift could lead to spurious interpretations of the MK test

[21,62,66].

An alternative explanation for NI < 1 is the fixation of slightly

deleterious mutations as a result of chance effects caused by

population bottlenecks [62]. Although subsequent population growth

and a return of efficient selection would restore PN/PS, the past

increase in DN/DS would remain visible. A recent critical examination

of the MK test [62] found that low PN/PS (efficient purifying selection

within clusters) was a better predictor of low NI than was high DN/DS

(adaptive divergence between clusters), which could fit this scenario.

McDonald and Kreitman themselves did not find it parsimonious to

assume past bottlenecks (or alternatively, recent population expan-

sions) [16]. Effective population sizes for many of the better known

bacterial taxa are assumed to be sufficiently large not to be greatly

affected by genetic drift. However, it is possible that the founding of a

new cluster as the result of a new adaptation represents a bottleneck

in itself [62].

More data on bacterial population biology as well as the develop-

ment of extensions of the MK test controlling for demography [66]

and statistical bias [67] are clearly desirable. It must be noted that

even without a complete understanding of the mechanisms that

determine its value; the NI could still be useful as a statistic to

delineate taxa.
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often than expected, and are assumed to be selected for
(positive selection). With NI >1, fixed differences between
species are due to nonsynonymous divergence less often
than expected. This is caused by selection against protein
changes (negative selection), with divergence primarily
being driven by neutral fixation of synonymous substitu-
tions (drift) (Figure 1b).

Two clusters can each be classified as a distinct species
when the MK test yields a significant NI value (<1),
whereas they can be considered to belong to the same
species when the two clusters have not diverged as a result
of adaptive evolution and the NI value is nonsignificant. To
demonstrate the utility of this species concept based on
adaptive divergence, the MK test was performed on vari-
ous pairs of sequence clusters downloaded from public
databases. Ideally, the MK test is performed on all genes
shared by related strains. However, as a proxy of the core
genome, a concatemer of multiple protein encoding ‘house-
keeping’ loci is often used for population genetic analyses, a
method termed ‘multilocus sequence typing’ (MLST) [23].
Only a small number of studies focusing on population
level variation in two related taxa exist, and few used the
MLST method. Therefore, lower resolution, single locus
datasets were also analyzed. Note that the limited amount
of sequence data used per comparison means that this
analysis is used only as an illustration of how the adaptive
divergence species concept works (Box 2).
Sequence clusters that are not very distinct were found
to have diverged predominantly through drift (Figure 2).
According to the stable ecotype model, this is because both
clusters are subject to the same selection pressures and
thus are affected by the same periodic selection events,
regularly capping inter-cluster divergence [15]. Genetic
divergence between more distantly related clusters is in-
creasingly found to be the result of positive selection
(Figure 2). Different adaptive mutations have swept to
fixation in each of the paired sequence clusters, reflecting
adaptation to different niches. The continuous nature of
speciation [24] inevitably results in a grey area in which
the MK test is indicative of adaptive divergence but is not
(yet) significant (Figure 2, open circles belowN I= 1, but see
Box 2 for the Staphylococcus case).

Based on the genes used here, B. cereus and B. thur-
ingiensis do not represent two separate species according
to the adaptive divergence species definition (Figure 2),
which is in line with current opinion [5]. Burkholderia
thailandensis has been proposed to form a species separate
fromBurkholderia pseudomallei because it forms a distinct
sequence cluster [6,25], but because the core genomes of
both lineages seem to have diverged through drift rather
than adaptation, they do not classify as separate species
either (Figure 2). Neisseria meningitidis and Neisseria
lactamica strains are separated by very few fixed nucleo-
tide differences in the genes used here (Figure 2). Strains
3
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Figure 2. Adaptive divergence (NI) between sequence clusters plotted as a

function of genetic divergence between clusters (dA). Each data point represents

a comparison of two sequence clusters. The dotted line (NI = 1) represents

completely neutral divergence. Two clusters that have diverged significantly

through differential adaptation (NI < 1) belong to separate species according to the

definition of adaptive divergence, whereas clusters that have diverged through the

fixation of synonymous mutations, with nonsynonymous mutations being

selected against (NI > 1), are considered to belong to the same species. Open

symbols indicate nonsignificance; closed symbols indicate significance (G-test, P

< 0.05). Symbol size reflects the number of loci used in the pairwise comparison

(one to seven loci, data summarized in Supplementary Table S1,online). For the

labelled symbols, the following pairs of sequence clusters were used: (1)

Sulfolobus islandicus Kamchatka population and Sulfolobus islandicus California

population; (2) Neisseria meningitidis and Neisseria lactamica; (3) Burkholderia

thailandensis and Burkholderia pseudomallei; (4) B. cereus and B. thuringiensis; (5)

Pseudomonas stutzeri and Pseudomonas syringae; (6) E. coli and S. enterica; and

(7) Staphylococcus epidermis and Staphylococcus aureus.

Opinion Trends in Microbiology January 2011, Vol. 19, No. 1
assigned to differentNeisseria species frequently engage in
homologous recombination with each other [26], andmuta-
tions are thus transferred between different lineages, pre-
venting divergence.

It must be emphasized that the adaptive divergence
concept only applies to those genes that are shared by the
complex of strains under study, a set of genes known as the
core genome [27,28]. The adaptive divergence species con-
cept does not consider accessory genes that intersperse this
frame of core genes. Although accessory genes are likely to
play central roles in defining the ecological niche of a
strain, they do not offer an opportunity to consistently
delineate species, as clusters of related core genomes usu-
ally harbour many different combinations of such genes as
a result of LGT or differential gene loss. This is exemplified
by the weak correlation between the divergence of homol-
ogous genes and the percentage of gene content shared
between genomes [29].

Insights into bacterial speciation
The previous section focused on a non-arbitrary way of
classifying individuals into species. Although species de-
lineation is of great practical use, species concepts ideally
also shed light on how species evolve. The next section
discusses the role of two processes that are key to specia-
tion: biogeography and recombination.

Biogeography

It is immediately noticeable in Figure 2 that data points
are absent from the top right corner. This indicates that
genetic drift is limited in its power to generate distinct
sequence clusters. Different nucleotide changes will accu-
mulate, and occasionally fix, in geographically isolated
4

populations between which migration is limited. This pro-
cess, termed ‘isolation by distance’, has been shown to
occur in several types of bacteria and archaea [e.g. 30–

34]. However, in none of these cases was isolation by
distance sufficiently strong to generate sequence clusters
separated bymany fixed differences. The relatively limited
extent of isolation by distance is demonstrated by the
comparison of two isolated Sulfolobus hot spring popula-
tions from Kamchatka and California (Figure 2). The
hypothesis that allopatric speciation could occur in free-
living bacteria [35,36] is therefore not supported by this
analysis. Instead, it is more likely that adaptive mutations
arise locally, sweep to fixation globally [37], and that
genetic divergence is primarily a result of niche adapta-
tion.

Homologous recombination

Homologous recombination occurs frequently in many bac-
terial taxa [38], and could impede adaptive divergence by
homogenizing emerging lineages adapting to different
niches [15]. Some barrier to homologous recombination
must thus exist to allow sequence clusters to diverge.
The efficiency of homologous recombination decreases ex-
ponentially with sequence divergence [39,40] (without a
sharp drop that could correspond to a boundary between
clusters [41]). Geographic isolation is not expected to result
in genetic divergence sufficient to greatly reduce homolo-
gous recombination between clusters [12,20,42]. Purely
mechanistic barriers to homologous recombination, such
as changes in restriction–modification systems or differen-
tial regulation of competence [43], can evolve readily.
However, such barriers would have to coincide with a shift
in niche in order for speciation to take off (or the actual
mechanism preventing recombination must ‘magically’ al-
so have ecological significance), which might not be likely
[44].

At the level of (currently recognized) species, bacteria
seem to be cosmopolitan, and so sister taxa overlap in their
geographical distribution. However, although on a global
scale ‘‘everything is everywhere’’, ‘‘the environment
selects’’ on smaller scales [45]. It could be envisaged that
niche shifts result in a different spatial or temporal occu-
pation of the same location relative to the ancestral cluster,
preventing the close contact between different cells that is
needed for homologous recombination. This tight linkage
between ecological specialization and the likelihood of
homologous recombination could enable sympatric specia-
tion, as has been observed in some phytophagous insects
after a switch in host plant [44]. The observation that
recombination is more likely to occur within rather than
between distinct phylogenetic clades even when they are
geographically intermingled [46] is consistent with this
scenario. Sympatric speciation is generally considered un-
common in animals and plants, but could well be the rule,
rather than the exception, for bacteria and archaea
[9,15,47–50].

Speciation could be expected to proceed more easily in
taxa that primarily evolve clonally. No studies exist
examining the relationship between homologous recom-
bination rate and species diversity. However, recombina-
tion rate is known to be high in some Vibrio species [38],



Box 3. Outstanding questions

� Can the enormity of bacterial diversity be explained solely by

adaptation? Or can genetic drift, via isolation by distance or via

bottlenecks, also play a significant role in the evolution of certain

species clusters?

� At what spatial scales do distinct bacterial niches occur?

� How common is despeciation, the process by which two

previously distinct clades hybridize after renewed ecological

contact [68]?

� The higher the number of sampled strains, the smaller will be the

total core genome, or ‘pan genome’, (and conversely the larger

will be the accessory genome) [69,70]. It can be argued that those

genes that are present in a relatively wide range of genomic

backgrounds are likely to confer a more general selective

advantage [28,71]. Do more widely shared genes exhibit lower

degrees of adaptive divergence?
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and this genus seems at least as speciose as some of the
genera of which representatives are known to have a
much lower homologous recombination rate. The lack
of a negative correlation between species richness and
homologous recombination (if confirmed) could indicate
that ecological barriers are sufficient to prevent frequent
homologous recombination. It could also indicate that
homologous recombination can promote speciation in
ways that outweigh its homogenizing effect. It is likely
that at any given time, different adaptive mutations will
be present in different individuals within a population.
The ensuing competition between these individuals will
slow down the fixation of these beneficial mutations, a
process termed ‘clonal interference’. Homologous recom-
bination could facilitate the response of populations to
natural selection by combining these adaptive mutations
into single individuals, as is commonly assumed for eu-
karyotic sex [51]. Adaptive speciation thus could proceed
faster in bacteria with high homologous recombination
rates because they are expected to respond faster to
divergent selection.

Any homologous recombination that does occur between
two adaptively diverging lineages is expected to result in
offspring of intermediate phenotype that have lowered
fitness in each of the two parent niches. Note, however,
that homologous recombination in genes that are not (at
least initially) involved in adaptive divergence has no
fitness consequence. Strong evidence for ongoing recombi-
nation between such genes long after the onset of diver-
gence of niche specific genes has been presented for E. coli
and S. enterica [52]. Only those niche shifts that result in
the spatial or temporal segregation of populations will
result in decreased levels of homologous recombination
between two diverging clusters. Although named species
often harbour a wide array of niche specialists, few of those
will end up evolving into a separate lineage or species, as
homologous recombination at loci not involved in niche
differentiation will continue to tie the evolutionary fates of
the different strains together. The enormous genetic and
phenotypic diversity present in many bacterial species,
especially compared with animals and plants, is consistent
with this scenario.

The inability of two clusters to engage in homologous
recombination classifies them as species according to the
biological species concept [24]. This is probably the most
well known species concept (although it is frequently over-
looked that many eukaryote classifications are not actually
based upon it). It has been proposed to apply this species
concept to bacteria by testing whether signatures of ho-
mologous recombination are evident within, but not be-
tween, clusters of related strains [53]. Because theMK test
takes into account bothmutations shared through ancestry
and mutations shared through homologous recombination,
the adaptive divergence species concept fully encapsulates
the biological species concept.

Conclusions
Darwin was much struck by the ‘entirely vague and arbi-
trary distinctions between species and varieties’ [54]. The
question of what exactly constitutes a species continues to
captivate biologists, includingmicrobiologists. The advent
of genomics has brought proposals for high resolution
methods to delineate species based on levels of overall
nucleotide similarity or shared gene content [29,55–57].
Although these approaches are a great improvement over
DDH, the problem remains of deciding on a cut-off point at
which genomic similarity between strains ends and geno-
mic dissimilarity between species begins. Statistically
significant adaptive divergence of the core genome offers
a non-arbitrary measure to assign species status to se-
quence clusters retrieved from isolates or the environ-
ment.

The adaptive divergence species concept is explicitly
based on evolutionary theory, specifically the stable eco-
type model, and incorporates the processes of evolutionary
descent, ecological adaptation and homologous recombina-
tion. It can be applied to MLST data, population genomic
data and, preferentially, whole genome data. It could even
be used to classify protein coding marker sequences from
environmental samples into species.

More than a method for classification, the concept of
adaptive divergence can shed light on how bacterial popu-
lations diversify. The approach outlined in Figure 2 could
be used to identify lineages that are in the process of
speciation, to study this process subsequently in more
detail using genomic, phenotypic and environmental data.
Intragenomic differences in adaptive divergence will offer
valuable insights into the nature of bacterial speciation.
For instance, plotting NI values of every individual gene
shared by two closely related taxa could reveal if there is a
tendency for certain types of genes to be involved in initial
adaptive divergence.

The adaptive divergence concept is not likely to be
applicable to eukaryotes, as the percentage of protein-
coding sequence is generally small in eukaryotic genomes,
and sequence evolution is less extensive in larger organ-
isms, because of their smaller effective population sizes
[58]. However, research on bacterial speciation will ulti-
mately benefit from integration into the extensive body of
speciation theory developed for plants and animals. The
increased affordability of next generation sequencing
technologies, and increased collaboration between micro-
bial ecologists and population geneticists will undoubted-
ly help to answer many important questions on bacterial
speciation (some of which are listed in Box 3) in the near
future.
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