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Many bacterial and archaeal lineages have a history of
extensive and ongoing horizontal gene transfer and loss,
as evidenced by the large differences in genome content
even among otherwise closely related isolates. How
ecologically cohesive populations might evolve and be
maintained under such conditions of rapid gene turn-
over has remained controversial. Here we synthesize
recent literature demonstrating the importance of habi-
tat and niche in structuring horizontal gene transfer. This
leads to a model of ecological speciation via gradual
genetic isolation triggered by differential habitat-associ-
ation of nascent populations. Further, we hypothesize
that subpopulations can evolve through local gene-ex-
change networks by tapping into a gene pool that is
adaptive towards local, continuously changing organis-
mic interactions and is, to a large degree, responsible for
the observed rapid gene turnover. Overall, these insights
help to explain how bacteria and archaea form popula-
tions that display both ecological cohesion and high
genomic diversity.

‘Though this be madness, yet there is method in’t.” —
Shakespeare: Hamlet, Act 2, scene 2.

The madness we refer to is rapid gene turnover due to
horizontal gene transfer (HGT) and gene loss, which can
lead to extensive genome differences among closely related
bacteria and archaea. Even isolates that are nearly identi-
cal across most of the genome can have hundreds of unique
genes [1], and recent comparison of gene-transfer networks
among hundreds of sequenced genomes has suggested
that, on average, 20% of genes have recently been acquired
[2]. Because of this vast diversity it is difficult to estimate
the total gene pool even for groups of closely related
microbes [3,4] (Box 1). Observations such as these have
led to critiques of the species concept for microbes and call
into question to what extent closely related microbes could
possibly maintain ecologically cohesive populations con-
sidering the fast pace of gene additions and losses [5,6].

Recent data, however, suggest the method in the mad-
ness of gene transfer arises from strong constraints on both

Corresponding author: Polz, M.F. (mpolz@mit.edu).
Keywords: ecological speciation; frequency-dependent selection; environmental niche;
genotypic clusters.

sequence similarity and environmental niche. This insight
provides a mechanistic explanation for why, despite the
potential for free-flowing genes, microbes remain geno- and
phenotypically clustered. Here we first review the evidence
for and significance of organization into genotypic clusters
in the core genome (see Glossary) and then outline how
recent observations of ecological differentiation among
closely related genomes support a new evolutionary model
of cluster formation. Finally, we put the observed high
gene-transfer rates in the flexible genome into an

Glossary

Core genome: the genes shared by all members of a predefined group of
bacteria or archaea (see also Box 1).

Flexible genome: genome regions or genes present in only a subset of members
of a predefined group of bacteria or archaea (see also Box 1). May also be
referred to as the ‘accessory’ (e.g., [48]), ‘dispensable’ (e.g., [49]), ‘auxiliary’
(e.g., [60]) or ‘distributed’ (e.g., [51]) genome.

Frequency-dependent interactions: interactions whose outcomes depend on
the frequency of the interacting genotypes. In negative frequency-dependency,
a particular genotype becomes more fit at low frequency; conversely, positive
frequency-dependency leads to higher fitness of more common genotypes.
Fitness advantage: expresses higher probability of survival by increased growth
or decreased death rates.

Homologous recombination: mediates a change to a stretch of nucleotides in
the genome by the incorporation of a highly similar or identical stretch of
nucleotides. In bacteria and archaea, it is unidirectional because it is decoupled
from reproduction and, in bacteria but not archaea, an identical stretch of 20 bp
at either one or both ends of the recombining DNA is required to initiate the
process.

Integron: a gene-capture system consisting of an integrase, which captures and
integrates gene cassettes at a recombination site in a conveyor-belt fashion.
Genes are eventually lost as they are pushed along the integron by new
additions.

Interference competition: occurs between two individuals by aggression rather
than resource monopolization. In microbes, it is most often mediated by
secondary metabolites such as antibiotics.

Metagenomics: the direct study of genes and genomes present in environmen-
tal samples, without culturing organisms.

Multilocus sequencing: comparison of multiple protein-coding genes across
genomes for reliable classification of isolates. The approach originated in
epidemiology but is increasingly applied to microbial taxonomy.
Non-homologous recombination: denotes all recombination mediated by
mechanisms other than homologous recombination, and includes illegitimate
recombination and integrase-mediated recombination. It generally requires no
sequence similarity (illegitimate recombination) or very short stretches or
recognition sequence (integrase-mediated recombination).

Pan-genome: the sum of core and flexible genes in a predefined group of
bacteria or archaea (see also Box 1).

Sympatric differentiation: the process of genotypic differentiation under poten-
tial for gene flow due to inhabiting the same geographic region.
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Box 1. The ‘gene pool’ of a species: core, flexible, and pan genomes - an ecological critique

It is common for microbiologists to speak of the ‘core’ genome of a
species. This is a response to the observation that, in many cases, when
multiple genomes of the same named species are compared with one
another we observe extensive variation in gene content. A classic paper
demonstrated this in three isolates of Escherichia coli that were found
to have less than 40% of their genes in common [46]. Those loci not
found in all genomes in a sample are often termed the ‘flexible’ genome
(alongside many other names; see Glossary) and the total set of genes
found in a sample, including the core and flexible genomes, is termed
the ‘pan’ genome. Although the designation of core and flexible
genomes is a natural response to varying gene content, it may also be
misleading and should not be overinterpreted as a straightforward
correlate for ecological differentiation.

The core genome is usually interpreted as encoding those basic
functions necessary for the common niche of a sample of isolates
onto which more specialized properties are grafted through the
flexible genome. The pan genome is then taken to represent the
genes that are necessary to colonize the totality of habitats within
which the isolates making up the sample are found. Although this
overall picture is generally correct, it must be remembered that the
contents of the core, flexible, or pan genome are artifacts of the
sampling criteria. Most importantly, the gene content depends on
how one defines the phylogenetic bounds of the sample of isolates.

ecological context and show its importance in the evolution
of local population structure.

Genotypic clustering

Plants and animals are organized into phenotypic and
genotypic clusters, and this forms the vernacular notion
of a species. For bacteria and archaea the identification of
natural clusters was difficult before sequencing became
widely available because phenotypic traits used for tradi-
tional taxonomy were arbitrarily defined. Although tradi-
tional classification allowed reliable identification [7], it is
clear that many taxonomic species do not necessarily
represent natural units. Hence it was an important step
forward when widespread application of multilocus se-
quencing and (meta)genomic approaches demonstrated
that organization into genotypic clusters is also pervasive
among microbes [1,8-13].

These clusters are evident from comparison of multiple
genes representing the core genome, and can take different
shapes and forms, possibly reflecting varying recombina-
tion rates within and between clusters as well as evolu-
tionary age and/or demography (reviewed in [14]). Clusters
can be sharply delineated or fuzzy, and although some
appear to be relatively monomorphic, others contain con-
siderable sequence diversity. Similarly, sequence diversity
between clusters can differ considerably, ranging from
nearly indistinguishable to deeply divergent. Although
the significance of such differences is not fully understood,
new data suggest that there may be a unifying process of
cluster formation across both bacteria and archaea [1,11].

Formation of genotypic clusters

Recent population genomic data allow a synthesis of past
theories and observations that were seemingly at odds in
explaining cluster formation. In presenting this new evi-
dence, we first pose the important question of whether
genotypic clusters can originate among sympatric microbes
in the absence of selection. The focus on sympatric differ-
entiation is because geographic isolation, although thought

For example, most taxonomically defined species have not been
tested for ecological cohesion in environmental samples. Moreover
we cannot assume a simple relationship between gene content and
ecology because these concepts take no account of frequency: a gene
found in a single isolate is weighted the same as one found in all but a
few isolates in the sample.

The definition of the core versus flexible genome also relies on the
ability to determine whether two sequences represent different genes
or different alleles of the same gene. This is not necessarily
straightforward. A further complication is the increasing importance
of draft genomes (e.g., [10,47]). Where draft genomes show a gene
that is apparently missing from one genome in a sample, this may
simply reflect poor assembly in that region rather than a genuine
absence. Finally, we must also recall the presence of numerous
prophage and other mobile elements in bacterial genomes. The genes
within elements that encode only their own mobility make little if any
contribution to niche adaptation, and yet these will be included in any
analysis of gene content.

In short, microbiologists should practice extreme caution in
defining and interpreting the contents of the core, flexible, and pan
genomes of a sample. Although the terms are a useful conceptual
shorthand, they fall far short of being an adequate description of the
relationship between gene content and ecology.

to be an important factor in animals and plants, appears to
be the exception in microbes having primarily been in-
voked for microbes from isolated hotsprings [15].

A neutral model of mutation and drift has previously
been used to identify conditions under which populations
might separate into permanently differentiated clusters
[16]. Taking into account different propensity for recombi-
nation, and the exponential drop in recombination rate
versus sequence divergence typically observed for bacteria,
the main conclusion of the model is that strong and per-
manent clustering is unlikely in the absence of some
selective pressure. Although highly clonal populations
(those with extremely low recombination rates) may dif-
ferentiate into transient and unstable clusters, microbes
with commonly observed recombination to mutation rates
only form clusters if an unrealistically steep drop in re-
combination versus sequence diversity is assumed [8].
Theory therefore suggests that selection is required for
microbes to differentiate into genotypic clusters.

The second important question is whether genotypic
clusters can form as a consequence of ecological specializa-
tion; in other words, can the spread of adaptive genes trigger
the process of clustering? The answer to this fundamental
question must lie in the balance between recombination and
selection, and can be illustrated by a simple comparison of
rates. Typically observed recombination rates are not high
enough to unlink a gene under selection from the rest of the
genome [17,18], unless we assume extremely small fitness
differences, which are hard to reconcile with the role of
selection in generating clusters. Importantly, this suggests
a mechanism for cluster formation as expressed by the
‘ecotype’ theory [19]. As the gene under selection increases
in frequency within the population, so will the genome it is
contained in, until it has outcompeted all other genomes
within its niche. Subsequently, the winning genome may
diversify by neutral processes, eventually forming a geno-
typic cluster in which all loci should show a similar pattern
of relationship, except for discordant alleles introduced by
homologous recombination from other populations [20].

171



The ecotype theory provides an appealing explanation
for the widespread observation of genotypic clusters but it
is inconsistent with several observations. First, popula-
tions of microbes have been observed in which individuals
from distinct geographic locations carry environment-spe-
cific genes [21] or alleles [22], sometimes with obvious
adaptive significance. For example, the globally distribut-
ed ocean cyanobacteria Prochlorococcus have differentiat-
ed into local populations in the Atlantic and Pacific where
horizontally acquired genes that match differing nutrient
regimes have reached high frequency, although the bulk of
the genome remains indistinguishable across populations
[21]. Second, in a few cases, reduced diversity at single loci
in the genome has been observed, providing further evi-
dence of gene-specific sweeps that are independent of their
genomic background [23-25]. Taken together, these obser-
vations suggest that the process of genotypic cluster for-
mation in natural populations subject to homologous and
non-homologous recombination is more complex.

Two studies targeting recently diverged sympatric popu-
lations of bacterial and archaeal genomes may help to
reconcile observations of genotypic clustering and gene/
allele-specific sweeps within populations. One study of hot-
spring archaea provided evidence for sympatric differentia-
tion in the absence of genome-wide selective sweeps [11].
Genomic analysis indicated that, over time, the contribution
of homologous recombination to diversification decreased,
consistent with ongoing divergence among populations;
however, it was less clear what specific adaptive genes or
genome regions might be driving this divergence.

Our second example provides a model of how ecological
differentiation may drive genotypic differentiation [1]. Two
genetically nearly indistinguishable but ecologically diver-
gent populations of Vibrio cyclotrophicus were targeted for
whole genome sequencing to examine how they had diver-
sified. These populations co-occur in the coastal ocean but
display differential propensity for being free-living or at-
tached to zoo- and phytoplankton [26,27]. Analysis of whole
genomes provided evidence that specific genomic regions,
but not whole genomes, have swept each of the two popula-
tions [1]. Moreover, several of these regions are consistent
with differentiation into attached versus free-living life-
styles, providing evidence for differential acquisition of
adaptive genes/alleles. Finally, analysis of homologous
recombination within and across populations demonstrat-
ed that both populations had been actively recombining in
the past, but that the most recent events had already
become population specific, suggesting an independent
evolutionary trajectory of these nascent populations [1].

These observations suggest a new model of genotypic
cluster formation in which an ancestral, ecologically
uniform, and recombining population differentiates into
novel, ecologically distinct populations, which gradually
develop into genotypic clusters [1] (Figure 1). The first
step in this process is evolution of an adaptive allele or
gene, either via mutation or recombination (both homol-
ogous and non-homologous), in at least one member of
the ancestral population. Such adaptive genes may sub-
sequently spread by recombination to other genomes
within the ancestral populations. Importantly, if this
process triggers differential environmental association,
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Figure 1. Model of the gradual process of genotypic cluster formation via
sympatric ecological specialization using the example of an ancestral population
associated with zooplankton giving rise to a free-living population in ocean water.
In Step 1, at least one genome receives at least one mutation (denoted by green
star) via recombination, point mutation, or gene loss that adapts it for an alternate
habitat. This mutation can spread to other members of the population by
recombination. In a phylogenetic tree of a neutral marker gene the population
remains homogeneous. In Step 2, ecological separation is beginning to depress
gene flow between the two populations (the novel population, denoted by green
coloration, is starting to occupy a niche separate from the zooplankton). The
phylogeny still appears to be mixed because of a history of recombination; only
the most recent recombinations show high population-specificity but may not yet
be evident in neutral marker genes. Also note that different genes will give
different phylogenetic trees due to different degrees of recombination and
hitchhiking with the adaptive gene(s). In Step 3, mutations accumulate within
each population. Because in bacteria there is an exponential decrease of
homologous recombination rate with sequence divergence, this process quickly
depresses gene flow between nascent populations. At this point, the phylogenetic
tree shows genotypic clusters, which are consistent with ecological differentiation.

new subpopulations are formed with decreased gene flow
between them due to spatial separation (Figure 1). Fi-
nally, if the new population structure remains stable
over time, accumulation of population-specific mutations
will start to differentiate genomes genetically. In bacte-
ria this may strongly and quickly enhance cluster forma-
tion by inhibiting homologous recombination whose rate
decreases exponentially with sequence divergence [28].
This is thought to be primarily due to (i) a requirement
for a 20 bp stretch of identical nucleotides that lines up
at one or both ends of the recombining stretches of DNA
for initiation of the process [28], and (ii) the ability of the
methyl-directed mismatch repair (MMR) system to
strongly inhibit recombination between even slightly
dissimilar sequences [29]. In contrast to bacteria, in
the archaeon Sulfolobus only a few identical nucleotides
are sufficient to initiate homologous recombination (in-
cidentally, Sulfolobus also lacks a MMR system) [30],
leading to a less rapid decrease in rates with sequence



divergence [31]. Because genotypic clustering is nonethe-
less observed in archaea this suggests that the influence
of environmental separation in inhibiting gene flow must
be a very strong factor, and this is also supported by the
very recently diverged Vibrio populations discussed
above [1].

A habitat-specific gene pool?

The above model shows how genotypic clusters in the core
genome might arise, but has yet to consider fully the intri-
cacies of the flexible genome — which has very high turnover,
can contribute a large portion of the total genes, and makes
up the bulk of the vast pan-genome. In fact, one of the
puzzles of microbial biology is that genomes can be highly
optimized energetically and functionally while tolerating
the disruptive effect of horizontally acquired genes that are
both phylogenetically and functionally diverse. However,
new data that explicitly incorporate ecology in the study of
gene flow have led us to hypothesize that horizontal acqui-
sition of genes is highly structured by function in an explicit
local ecological context [2,32,33]. We propose that there exist
local (i.e., habitat-specific) gene pools with high adaptive
potential for continuously changing organismal interactions
such as viral predation and interference competition. Rath-
er than barriers to gene flow, which undoubtedly create
structure in gene flow [34], we point to the additional
importance of environmental selection in enriching and
rapidly transferring specific types of genes in the flexible
genome, thus creating a niche-specific horizontal gene pool.
In the following, we summarize three observations that
support this hypothesis.

The first observation, already made over a decade ago, is
that flexible genes are not randomly dispersed across the
genome but are highly clustered into islands and islets
[35,36]. This has the obvious advantage that incorporation
of novel genes is relegated to specific genomic regions
without disruption of vital functions. The underlying
mechanisms of island/islet formation are varied and in-
clude preferential insertion sites for temperate phages and
integrative conjugative elements, as well as for gene-cap-
ture machines such as integrons. The latter represent
large and highly variable islands in many bacteria and
facilitate the acquisition and expression of gene cassettes
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in a conveyor belt-like fashion [37]. That is, genes are
continuously added downstream of an integrase and pro-
moter and are subsequently lost randomly along the length
of the integron. Hence although the gene content of the
integron changes continuously, the integron position in the
genome remains stable. A further, perhaps underappreci-
ated factor, which can contribute to maintenance of highly
variable islands within core regions, is that even divergent
genes can be shared by homologous recombination of con-
served flanking regions (Figure 2). The best example of this
is the O-antigen, which is highly variable even among the
closest of relatives (e.g., [38—40]) and is, despite its consid-
erable variation in sequence composition and gene content,
most often replaced via homologous recombination be-
tween specific conserved flanking genes [41].

The second observation made more recently is that the
flexible genome is highly biased in the functions it encodes
[36]. Although a very high proportion of genes in the
flexible genome annotate poorly, those that do are enriched
in particular functional categories. These include many
surface structures, such as the above-mentioned O-antigen
or membrane-spanning transporters, as well as secondary
metabolite production/modification [32,36]. These biased
functions suggest a gene pool adapted for organismal
interactions. Rapidly changing surface antigens can en-
sure resistance to rapidly changing biological factors, such
as immune defenses or viral and protozoan predation
[36,42], all of which are initiated by molecular recognition
between specific surface structures. Similarly, secondary-
metabolite production and modification genes suggest a
role in organismal interactions either via communication
within and between populations, interference competition,
or predation resistance.

Finally, several studies that systematically analyzed
the relative frequency of very recent HGT among genomes
revealed strong structuring by habitat and ecology
[2,32,33]. A comprehensive analysis of recent gene trans-
fers among 657 bacterial and archaeal genomes revealed
that the large majority of highly connected donors and
recipients reside in the same general habitat [2]. Similarly,
comparison of 2235 sequenced genomes suggested that
recent transfers, recognized as genes with near identity
between donor and recipient, are more common among
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Figure 2. Schematic representation of homologous recombination spreading flexible genes among genomes. Comparative genomics increasingly reveals the importance
of homologous recombination rather than non-homologous mechanisms in spreading genes among close relatives. This suggests a population-specific gene pool which
can rapidly add or delete genes that are under frequency-dependent selection, such as the O-antigen or various surface receptors.
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microbes that share similar ecology even after controlling
for phylogenetic divergence [33]. This trend was evident
across all environments but particularly so in the human
microbiome where recent sampling of body sites has estab-
lished a high-resolution map of associated microbes. The
preferential transfer of genes with apparent relevance for
the specific habitat suggested that transferred genes are
under local, niche-specific selection [33]. By contrast, genes
for antibiotic resistance spread more freely among habitats
in accordance with the widespread application of antibio-
tics in humans and animals [33].

A third study compared Vibrio cholerae from two loca-
tions across the globe and concluded that, although the
core genome appeared to be globally well mixed, the inte-
gron represented a locally differentiated and rapidly trans-
ferred gene pool [32]. Importantly, integron genes were
more similar between locally co-occurring V. cholerae and
V. metecus than between the globally dispersed V. cholerae
populations, indicating that habitat supersedes phylogeny
in the structuring of this gene pool. On the other hand, the
core genomes of V. cholerae and V. metecus were distinct
and showed little evidence of gene flow crossing the species
boundaries [32]. The analysis further showed that the
integron represents a gene pool enriched in the types of
interaction genes outlined above and that are discrete from
the remainder of the genome; that is, although the genes
can originate from the core genome of other unrelated
microbes, there seems to be little exchange between the
core and integron genes [32].

Taken together, we propose the existence of ecologically
determined gene-transfer networks that enable rapid
sharing of niche-adaptive genes in the flexible genome.
Far from being a random sampling of genes, the flexible
genome plays roles in adaptation to rapidly changing
environmental conditions of which frequency-dependent
interactions with predators and competitors are prime can-
didates [36]. The enrichment of surface structure determi-
nants and secondary metabolites in the flexible gene pool is
consistent with this view. Novel surface receptors may
provide immunity against phage or protozoa and hence
an immediate strong fitness advantage, at least until re-
combination equips these predators with the matching
docking proteins. Similarly, antibiotic production genes
may provide populations with weapons against competitors
until resistance spreads and the antibiotic loses effective-
ness [43,44]. At the population level, diversification by
constant exchange of genes with adaptive value represents
a type of bet-hedging similar to the random phenotype
switching observed in experimental evolution studies [45].

Concluding remarks

Although we are only beginning to understand the intrica-
cies of gene flow in the wild, it is becoming clear that gene-
transfer networks need to be analyzed in the context of
ecology. The recent results reviewed here add an evolu-
tionary dimension to this ecological structure by showing
how clusters may arise as a consequence of ecological
specialization. The gradual mechanism by which this hap-
pens (Figure 1) is unexpected because theoretical consid-
erations have suggested genome-wide selective sweeps as a
mechanism of cluster formation based on weighing the
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effects of realistic recombination and selection rates
[17,18]. This discrepancy of observation and theory shows
that additional forces depressing the effect of positive
selection for ecological adaptation are at work. Prime
candidates for such forces are frequency-dependent inter-
actions, such as predation and competition, which appear
to have a disproportionate impact upon the flexible genome
[36]. It is thus an important observation that the flexible
genome, and the transfer among lineages of the genes that
comprise it, appears to be highly structured by habitat and
ecology. Together with the observation that frequently
transferred genes are compositionally highly biased, this
gives rise to the hypothesis that there exists a horizontal
gene pool with high adaptive value for local interactions.
These genes may thus be considered ‘habitat’-associated
[6], and an intriguing possibility is that genes have differ-
ent habitat ranges dependent on environmental selection.
More limited distribution and low frequency of occurrence
might be expected for genes mediating frequency-depen-
dent organismal interactions; however, genes under posi-
tive selection (e.g., for adaptation to regional nutrient
regimes [21]) may spread much more widely. In short, in
bacteria it may be useful to think of genes as having niches
in a fashion akin to whole organisms. The dimensions of
that niche can be considered to include other genes in the
same genome.

Finally, relative rates of homologous and non-homolo-
gous recombination matter. As detailed in Figure 1, the
acquisition of ecologically differentiating genes can lead to
independent evolutionary trajectories of populations if eco-
logical separation depresses gene flow in both the core and
flexible genome. This fits the examples of V. cyclotrophicus
and hotspring archaea, which both appear to be in the
process of speciating [1,11]. On the other hand, homologous
recombination rates may remain high enough for the core
genome to remain mixed, whereas transfer of flexible genes
by non-homologous mechanisms may be much faster, such
that local population structure can ensue. This might be the
case in the globally distributed V. cholerae in which local
differentiation is evident in the integron gene pool [32].
Overall, this demonstrates the complex interplay between
recombination and ecology, and suggests a model for micro-
bial speciation and the evolution of local population struc-
ture in the highly structured microbial adaptive landscape.
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