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A Systematics for Discovering

Review

the Fundamental Units of Bacterial Diversity

Frederick M. Cohan and Elizabeth B. Perry

Bacterial systematists face unique challenges when
trying to identify ecologically meaningful units of
biological diversity. Whereas plant and animal sys-
tematists are guided by a theory-based concept of
species, microbiologists have yet to agree upon
a set of ecological and evolutionary properties that
will serve to define a bacterial species. Advances in
molecular techniques have given us a glimpse of
the tremendous diversity present within the micro-
bial world, but significant work remains to be done
in order to understand the ecological and evolution-
ary dynamics that can account for the origin, mainte-
nance, and distribution of that diversity. We have
developed a conceptual framework that uses eco-
logical and evolutionary theory to identify the DNA
sequence clusters most likely corresponding to the
fundamental units of bacterial diversity. Taking into
account diverse models of bacterial evolution, we
argue that bacterial systematics should seek to
identify ecologically distinct groups with evidence
of a history of coexistence, as based on interpreta-
tion of sequence clusters. This would establish a
theory-based species unit that holds the dynamic
properties broadly attributed to species outside of
microbiology.

Introduction

“The sure and definite determination (of species
of bacteria) requires so much time, so much acu-
men of eye and judgment, so much of persever-
ance and patience that there is hardly anything
else so difficult.”

— Otto F. Miiller

For decades, the International Journal of Systematic
Bacteriology featured on its cover this testimonial to
the challenge of studying bacterial diversity. Indeed,
compared to zoologists and botanists, bacterial sys-
tematists face unique difficulties when beholding a
small phylogenetic group to identify its ecologically
distinct populations and the different roles that the
populations play within a community. Bacterial sys-
tematists are handicapped to some extent by the pau-
city of morphological differences that could help us
demarcate closely related species. More profoundly,
bacteriologists cannot predict with confidence what
will be the traits determining the ecological differences
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between closely related species; this is because
prokaryotes often adapt to new niches by acquiring
genes from distant relatives through horizontal genetic
transfer [1]. Consequently, the ecological differences
among closely related bacteria are often invisible to
systematists.

We canimagine how evolutionary biology might have
fared if Charles Darwin had arrived on the Galapagos
Islands with the handicaps of a bacterial systematist.
Would he have noticed 13 distinct finch species, each
with a bill morphology adapted for consuming a differ-
ent set of seeds orinsects? Or would these birds simply
have appeared as a flock of related organisms — all
much of a muchness of finchdom? The challenge of
not seeing bacterial species — with the help of mor-
phology — has been surmounted by systematists in
several ways, but we shall see that bacterial systemat-
ics still suffers deeply for not readily sensing the
ecological differences among close relatives.

Closely related bacterial species were first distin-
guished by careful analysis of phenotype (typically
metabolism). In recent decades, systematists have
adopted molecular approaches that have allowed
standardized species demarcation and have ensured
that each taxon is a monophyletic group — a true evo-
lutionary group, including all and only the descendants
of a given ancestor [2]. Ironically, just as these molecu-
lar techniques have promised a more efficient and con-
fident systematics, they have also revealed a daunting
task ahead. Surveys of gene sequence diversity from
environmental DNA have indicated that fewer than
1% of bacterial species are cultivable at present [3];
so traditional, laboratory-based studies of pure-culture
isolates have been blind to over 99% of bacterial diver-
sity. Recently, cultivation-independent molecular
methods have indirectly estimated that bacterial spe-
cies may number in the millions or even billions [4,5].
This massive expansion of the scope of systematics,
following on the heels of molecular promise, may strike
us as a Sisyphusian curse. However, we will show how
molecular and genomic approaches, when combined
with advances in ecological and evolutionary theory,
can bring us critical steps forward in the venture to fully
characterize our planet’s biological diversity.

The key to molecular discovery of biodiversity is to
find organisms that fall into highly distinct sequence
clusters for a given gene or set of genes. Because
such clusters have each had a long history of separate
evolution, they are likely to have evolved unique adap-
tations shared by the entire cluster. Systematists have
applied this sequence-based approach to discover
prokaryote diversity at all levels — from the urking-
doms, such as the Archaea, to species, and to even
lower levels of diversity [6,7]. By identifying and then
characterizing ever smaller phylogenetic groups,
each with its unique history and adaptations, system-
atists have reached a fuller understanding of the
ways that bacteria can make a living.
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But how far must we delve up the tree of life, identi-
fying smaller and smaller clades, before we have
fully characterized ecological diversity within the bac-
terial world? A comprehensive study of any type of
biological diversity would be complicated beyond fea-
sibility if nearly every individual organism were ecolog-
ically unique. Fortunately, organisms from all walks of
life — including bacteria, fungi, plants, and animals —
and from every known community, appear to fall into
discrete clusters of ecologically interchangeable indi-
viduals [8,9]. We will argue that systematics should
seek to recognize and characterize all these irreduc-
ible, ecologically distinct groups within a clade or
within a community, as these are the fundamental units
playing unique roles in community assembly, ecosys-
tem function and biotic interactions [10,11]. We will
explain that this is not the present aim of bacterial sys-
tematics, and that the recognized ‘species’ of bacterial
systematics frequently contain a diversity of popula-
tions that are distinct in their biochemistry, physiology,
genome content and ecology; classifying an unknown
organism to its species thus tells us only vaguely about
the organism’s way of life. Here we propose a system-
atics that demarcates and names the fundamental,
ecologically distinct groups within the bacteria. This
approach aims to satisfy Hutchinson’s central mission
of systematics — to ensure that the taxonomic name of
an organism can inform us precisely about the organ-
ism’s ecological and physiological properties [12].

Theory-Free Approaches to Bacterial Systematics
Species demarcation in bacteria has been historically
handicapped by lacking a theory-based conceptual
framework. Systematists have yet to agree upon
a set of ecological and evolutionary properties that
can be expected for the set of organisms within a bac-
terial species. Instead, bacterial species have been de-
marcated empirically as clusters of similar organisms.
Bacterial species were first demarcated as phenotypic
clusters based largely on metabolic capabilities [13]. In
the 1970s, bacterial systematics began incorporating
molecular methods to help distinguish closely related
species. Beginning with whole-genome comparisons
via DNA-DNA hybridization, systematists established
molecular criteria that would correspond to the spe-
cies groups that had already been defined by their
metabolic characteristics. Through whole-genome hy-
bridization, members of different named species were
usually found to share less than 70% of their genome
content, while members of the same species share
greater than 70% of their genome content [14]. In
1987, this molecular cutoff became part of the canon
of species demarcation [15].

Systematists have recently sought to replace the
DNA hybridization standard of divergence with criteria
based on sequence divergence of homologous genes
[2]. One principal advantage to a sequence-based
criterion is that any newly discovered organism can
be compared, in silico, to every existing sequence in
a growing data base for 16S ribosomal ()RNA se-
quences [16]. Stackebrandt and Goebbel [17] found
that, if two strains are at least 2.5% divergent in 16S
rRNA, they are sure to fall into different species on
the basis of DNA-DNA hybridization (although the

converse is not necessarily true). More recently,
a 16S divergence level of ~1% has been deemed suf-
ficient to consider strains as sufficiently divergent to
be in different species [18]. Similarly, Konstantinidis
and Tiedje [19] have found that a genome-wide aver-
age nucleotide identity of at least 94% in homologous
protein-coding genes is typical for members of the
species recognized by bacterial systematics. Efforts
are now underway to make possible a universal classi-
fication based on protein-coding sequences [20-22].

Another empirical approach is to find molecular cri-
teria that yield clear clusters of closely related organ-
isms, without the constraint that the clusters need to
coincide with existing species. For example, Hanage
et al. [23] have shown that phylogeny based on a con-
catenation of several genes can yield sequence clus-
ters that are robust with respect to recombination,
even within bacterial groups with relatively high re-
combination rates. Also, studies of genomic content
may have the potential to help identify clusters of
diversity.

We must note that these molecular and genomic
approaches, however promising, are not designed to
infuse a theory of species into systematics. They are
merely adding new empirical criteria for dividing or-
ganisms into clusters with little attempt to correlate
clusters with the fundamental, ecologically distinct
populations within a natural community.

What is wrong with demarcating bacterial species
without a theory-based concept of species? To illus-
trate the importance of theory, we turn to the system-
atics of animals and plants, for which a robust theory of
species was developed long ago [24]. While species
concepts for macrobes are by no means without dis-
pute, all modern species concepts embrace the fol-
lowing dynamic attributes for species [25]: a species
is a cohesive group (there are forces that limit genetic
diversity within a species); a species is monophyletic
(invented only once); different species are irreversibly
separate; and different species are ecologically dis-
tinct (allowing them to coexist into the future).

In the case of animals and plants, there is one quin-
tessential property that determines membership
within a given species: successful interbreeding in
nature. Interbreeding acts as a force of genetic and
phenotypic cohesion among the members of an animal
or plant species, and loss of the ability to interbreed al-
lows two species to diverge phenotypically and to
follow irreversibly separate evolutionary paths [26].
Different macrobial species, so defined, are typically
distinct in morphology, behavior, physiology and
ecology; organisms of the same species are expected
to be functionally interchangeable. Thus, zoologists
and botanists benefit from a systematics that satisfies
Hutchinson’s [12] fundamental mission of systemat-
ics — classifying an organism to an animal or plant
species yields detailed and specific information about
the organisms’ physiology, biochemistry, and ecology.

The Enormous Diversity within Named

Bacterial Species

Regrettably, lacking a concept of species, bacterial
systematics has failed to identify taxa that might sat-
isfy this mission. That is, a typical named bacterial
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species contains huge diversity at all levels of analysis;
so species identification does not provide specific
ecological information about any of its members.
Even though bacterial species were originally demar-
cated as phenotypic (usually metabolic) clusters,
named bacterial species hold an enormous amount
of phenotypic diversity [27-29]. Species also show
a significant amount of genomic diversity. DNA-DNA
hybridization studies have demonstrated that mem-
bers of a named species frequently share only 80-
90% of their genes [30]. These results have been
more recently corroborated by physical mapping of
genomes [31,32], and by genome sequence compari-
sons [33-36]. Even for genes shared across an entire
named species, there exists a great deal of sequence
variation within the species. At the 16S rRNA locus, se-
quence diversity within a recognized bacterial species
is frequently at 1%. This is equal to the level of diver-
gence typically found between orders of mammals at
the homologous nuclear gene 18S rRNA [37]. When
we correct for the faster rate of molecular evolution
in bacteria, we can estimate the time of divergence
among conspecific bacteria to be about five times
greater than that for eukaryotic species [38].

Recent ecological studies show that a named bacte-
rial species is typically an assemblage of closely re-
lated but ecologically distinct populations [39-41].
For example, a species of free-living heterotrophs
may contain numerous sequence clusters that differ
in the carbon sources they can utilize, as seen in the
aquatic Shewanella putrefaciens [42]. Clusters within
a species of free-living soil heterotrophs may differ in
the solar radiation (and covarying parameters) to
which they are adapted, as seen in Bacillus simplex
[43] and in B. licheniformis [44]. Very closely related
phototrophs may partition resources by light quantity
and spectral quality, as seen in Synechococcus
[10,44], and in the mineral nutrient resources they
can utilize or store, as seen in Prochlorococcus matri-
nus [45]. Within a pathogen species, populations can
differ in their host ranges [41], their target tissues
[46], or in the mode of transmission [47].

Even though fine-scale ecological differences are
frequently overlooked by modern systematics, we
should note that these differences within named spe-
cies are extremely interesting from an evolutionary
point of view. These differences tell us about the kinds
of ecological adaptations that can accrue over very
short time periods, and that can foster coexistence
among the most closely related of populations. We ex-
pect that finding the basis of coexistence among clos-
est relatives will be a rewarding challenge for the next
generation of bacterial community ecologists and
systematists.

There is one realm of bacteriology where systemat-
ics has been scrupulous about naming every ecologi-
cally distinct sequence cluster — medical microbiol-
ogy. When one bacterial sequence cluster can kill us,
but a close relative cannot, it becomes worth our while
to put this distinction into our taxonomy [48]. This is
seen in the naming of Bacillus anthracis (causing an-
thrax) as distinct from B. cereus [49], and the naming
of Yersinia pestis (causing plague) as distinct from
Y. pseudotuberculosis.

We would prefer that all bacteria be as aptly demar-
cated into ecologically distinct groups as are the most
virulent agents of human death. We believe an under-
standing of bacterial population dynamics can help
us identify these groups possessing the fundamental
attributes of species.

The Peculiarities of Bacterial Population Dynamics
In contrast to most animals and plants, prokaryotes
reproduce clonally, and the genetic exchange among
prokaryotes proceeds by various parasexual pro-
cesses that are not tied to reproduction. When genetic
exchange occurs in bacteria, a short segment from
a ‘donor’ individual replaces the homologous segment
in a ‘recipient’ individual. Recombination in bacteria
occurs at much lower frequencies than in most animals
and plants, with the recombination rate ranging from
less than the mutation rate (per gene segment) to
about ten times the mutation rate in the most fre-
quently recombining organisms [50-52]. Only one bac-
terial species, Helicobacter pylori, is known to un-
dergo recombination many orders of magnitude
more frequently than mutation [53].

The rarity of recombination is expected to simplify
the formation of new species of bacteria. In order for
adaptive divergence to occur between highly sexual
animal or plant populations, gene flow must be re-
stricted by some geographical or ecological barrier
[26]. In contrast, recombination in bacterial popula-
tions is not frequent enough to hinder adaptive diver-
gence [54]. Because of the extremely low rates of re-
combination in prokaryotes, the influx of genes from
other populations is unlikely to disrupt the integrity of
each population’s specific adaptations. Evolution of
sexual isolation is thus not a necessary step toward
permanent divergence between ecologically distinct
bacterial populations [54], and sympatric speciation
may be a common occurrence.

The typical rarity of recombination in prokaryotes is
also expected to lead to a recurrent purging of diver-
sity within an ecological population. When natural se-
lection increases the frequency of an adaptive muta-
tion at a particular gene locus within a population,
there is little opportunity for separation of the adaptive
mutation from the genome in which it originated. Thus,
the entire genome of the adaptive mutant increases in
frequency and diversity is purged at nearly all loci. This
kind of diversity-purging event, called ‘periodic selec-
tion’ [55,56], can be an important agent limiting the
sequence diversity within a typical prokaryotic popula-
tion (excluding the frequently recombining H. pylori
[53,57]). In contrast, in the highly sexual animals and
plants, each bout of natural selection has only very
limited ability to purge diversity — generally affecting
only the chromosomal region near the locus under
selection.

What then are the forces limiting genetic diversity
within an animal or plant species, and to what extent
do they apply to bacteria? Genetic drift is the primary
force limiting sequence diversity within a highly sexual
population of animals or plants [58]. Random elimina-
tion of lineages limits sequence diversity. While ge-
netic drift applies to populations of all sizes, the effects
of genetic drift are quite weak in populations much
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Figure 1. Three classes of mutation and recombination events that determine ecotype diversity in bacteria.

Circles represent different genotypes, and asterisks represent adaptive mutations. (A) Periodic selection mutations. These improve
the fitness of an individual such that the mutant and its descendants out-compete all other cells within the ecological niche (ecotype);
these mutations do not affect the diversity within other ecotypes because ecological differences prevent direct competition. Periodic
selection leads to the distinctness of ecotypes by purging the divergence within but not between ecotypes. (B) Ecotype-formation
mutations. Here a mutation or recombination event allows the cell to occupy a new ecological niche, founding a new ecotype. The
ecotype-formation mutant, as well as its descendants, can now escape periodic selection events from its former ecotype. (C) Speci-
ation-quashing mutation. Even if two ecotypes have sustained a history of separate periodic selection events, an extraordinarily
adaptive mutant genotype may out-compete to extinction another ecotype. Competitive extinction of another ecotype (Ecotype 2)
is possible only if all of Ecotype 2’s resources are also utilized by Ecotype 1. Speciation-quashing mutations are expected in the
Nano-niche model [64]. (Used with permission from Landes Publishers.)

larger than 10° [44]. In large bacterial populations, if
drift were the only factor limiting the sequence diver-
sity, we would expect to see saturation in variation at
every neutral nucleotide site [54]. When we do not
see evidence of such saturation in large populations,
we can conclude that a factor other than drift (such
as periodic selection) is operating to limit sequence
diversity.

In some bacteria, however, population sizes may be
small enough for genetic drift to be an important factor.
The power of genetic drift may be especially important
when considering obligate pathogens and commen-
sals, which must be transmitted from host to host. In
cases where very few bacterial cells colonize an indi-
vidual host, and very few cells successfully leave an in-
dividual host, the effective population size of the bac-
teria is reduced to nearly that of the host species.

The Ecotype Model of Bacterial Species

Taking into account these features of bacterial popula-
tion biology, we consider first a model of bacterial spe-
cies based on the ‘ecotype’. An ecotype is defined
here as a group of bacteria that are ecologically similar
to one another, so similar that genetic diversity within
the ecotype is limited by a cohesive force, either peri-
odic selection or genetic drift, or both. The present
concept of ecotype is more general than in our previ-
ous work, where periodic selection was viewed as
the only cohesive force [38,54].

In this model, diversity within an ecotype is ephem-
eral, persisting only until the next periodic selection
event, when diversity is next crushed to near zero at
all loci, or until purged by genetic drift (Figure 1A).
What, then, is the source of permanent divergence
among closely related bacteria? Divergence can be-
come permanent when a mutation (or recombination
event) places the organism into a new ecological niche
and founds a new ecotype. Because the new ecotype
is ecologically distinct from the parental ecotype, peri-
odic selection events in the parental ecotype cannot
extinguish the founding organism and its descendants
(Figure 1B). The new ecotype thus escapes the peri-
odic selection of the parental ecotype, and the two
new ecotypes are free to diverge indefinitely.

Each ecotype so defined bears all the dynamic prop-
erties attributed to species [25]. Each ecotype is a co-
hesive group whose diversity is limited by periodic
selection and/or genetic drift. Different ecotypes are ir-
reversibly separate because they are out of range of
one another’s periodic selection events, and because
recombination is too rare to prevent their adaptive di-
vergence [59,60]; they are by definition ecologically
distinct, which allows them to coexist into the future.
Finally, such ecotypes are monophyletic groups be-
cause they are founded by a single individual (except
in the Recurrent Niche Invasion model, below).

A variant of the ecotype model is particularly prom-
ising for its utility in systematics. This is the ‘Stable
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Ecotype’ model, where ecotypes are created and ex-
tinguished at a very low rate, and during its long life-
time an ecotype is recurrently purged of its diversity
by periodic selection events [2,9,61] (Figure 2A).
Most such ecotypes (of sufficient age) should be dis-
tinguishable from other ecotypes as separate se-
quence clusters under most rates of recombination
encountered in bacteria [7,60,62]. Ideally, we may
identify ecotypes as DNA sequence clusters, provided
that the Stable Ecotype model applies. However, the
Stable Ecotype model does not take into account sev-
eral factors that may be importantin some lineages, for
example, geographic isolation, adaptation through
plasmid transfer and loss, genetic drift and very rapid
speciation. We will examine each of these complicat-
ing factors in turn, but we will first consider whether
the basic Stable Ecotype model appears correct.

Guttman and Dykhuizen provided the first evidence
for the diversity-purging effects of selection in natural
populations of bacteria [63]. They found a chromo-
somal region (near gapA) in Escherichia coli that is
nearly homogeneous, even while the rest of the chro-
mosome shows substantial heterogeneity and forms
discrete sequence clusters. They originally interpreted
this pattern as evidence that an adaptive mutation in
the gapA region swept through the “population” of
E. coli, but that recombination rescued existing varia-
tion in all areas outside of this chromosomal region.
Such an interpretation could lead to the generalization
that in bacteria, as in the highly sexual animals, each
adaptive mutation purges diversity only in the chromo-
somal region near the adaptive mutation.

We disagree with this interpretation, because we
have previously shown recombination to be rare
enough to support periodic selection in nearly all bac-
teria, provided that the rate of recombination is within
an order of magnitude of mutation (per gene) [64]; this
certainly includes E. coli, as well as all bacteria studied
for recombination rates, with the exception of Helico-
bacter pylori [53]. Also, this interpretation begs the
question of the origin of the sequence clusters within
E. coli. If all of E. coli is one population through which
one adaptive mutation can advance, why should there
be multiple, apparently coexisting sequence clusters?

We have previously proposed an alternative model
for the small chromosomal regions of homogeneity
that one encounters in genomic comparisons, as well
as in the original gapA survey. In our ‘Adapt Globally
Act Locally’ model [65,66], we interpret the various se-
quence clusters of E. coli as distinct ecotypes that un-
dergo their own periodic selection events (Figure 3).
Certain mutations arise, however, that are adaptive in
many different ecotypes, and they can be passed to
them through recombination. The adaptive mutation
can then trigger a periodic selection event within
each ecotype into which it is transferred. A series
of periodic selection events in different ecotypes
results in homogenization of the small chromosome
region that is transferred between ecotypes, but the
sequence clusters corresponding to the different
ecotypes are otherwise left intact.

As many closely related genomes are compared,
we believe that the Adapt Globally model will be the
most compelling explanation for small chromosomal

regions of homogeneity. For example, we have found
aclade of hot spring Synechococcus to be ecologically
diverse, with different ecotypes (revealed as sequence
clusters) living at different temperatures and in differ-
ent photic zones [10,44]. However, this clade is homo-
geneous within and between ecotypes in the nitrogen-
fixing region of their chromosomes [67]. Clearly, the
homogeneity in this region is not due to one adaptive
mutant outcompeting cells in the entire, ecologically
heterogeneous Synechococcus clade. Rather, an
adaptive mutant was most likely able to extinguish
cells within its ecological niche, followed by the spread
of the adaptive mutation to other ecotypes through
recombination, with subsequent periodic selection
within each recipient ecotype.

We next address other arguments that periodic
selection may not be a significant force in bacterial
evolution. Roumagnac et al. [68] noted that existing
sequence variation within Salmonella enterica serovar
Typhi appears neutral with respect to fithess — non-
synonymous and synonymous substitution rates are
similar — and claimed that this result was inconsistent
with a history of periodic selection. However, periodic
selection is expected simply to reduce the sequence
variation to near zero; so the subsequent accumulation
of sequence variation after periodic selection does not
constitute a test of periodic selection.

Also, Roumagnac et al. [68] have noted that a partic-
ular adaptive mutant clone of S. enterica serovar Typhi
(H58), conferring resistance to the antibiotic nalidixic
acid, has rapidly increased in frequency but does not
appear to be headed toward 100% frequency; they
have argued that this failure to reach 100% is evidence
against periodic selection. However, when an adaptive
mutation does not reach 100% within a clade, it is most
likely because the clade contains multiple ecotypes
[69,70]. In the case of H58, the inability to reach
100% within the S. enterica serovar Typhi clade, either
in local geographic regions or globally, provides evi-
dence of at least two ecotypes within serovar Typhi,
perhaps one adapted to the niche of humans treated
with nalidixic acid, and one or more ecotypes where
nalidixic acid is not part of the environment.

We are aware of only one taxon where periodic se-
lection is known not to effect a genome-wide purging
of diversity. This is the extremely frequently recombin-
ing H. pylori [53], an obligate pathogen of humans that
shows nearly the same pattern of geographical diver-
sity as its human host [57]; all other bacterial groups
studied appear clonal enough to support periodic se-
lection [64]. What is not clear is the extent to which
genetic drift might also limit the diversity within a
given ecotype. This is an issue that will probably not
be resolved by analysis of sequence diversity, be-
cause periodic selection and drift can both, separately
or together, limit sequence diversity within an ecotype.
In order to assess the relative contribution of these
forces, we must instead consider the population
size and recombination rates of the organism in its
natural environment. Genetic drift can be ruled out as
a major factor in populations larger than 10°, and peri-
odic selection is unlikely to be a major cohesive force
in populations with extremely high recombination
rates.



Review
R378

Geographical

Geographical :
SrapeE Region 2 ==

Region 1 N

B Geotype + Boeing C Genetic Drift

Fast gene

Y\

Fast gene

D Speedy Speciation E Species-less F Nano-Niche

Region

1 Region

Region
2

Region

Ecotype 1 Ecotype 2

G Recurrent Niche-Invasion H Cohesive Recombination I Animal-Like
Current Biology

Figure 2. A diversity of evolutionary models for the relationship between ecologically distinct populations and DNA sequence clusters.

Ecotypes are represented by different colors; periodic selection events are indicated by asterisks; extinct lineages are represented by
dashed lines; clades that may be perceived as sequence clusters are marked by a horizontal black line at the top of the phylogeny.
(A) The Stable Ecotype model. This model is marked by a much higher rate of periodic selection than ecotype formation, such that
each ecotype endures many periodic selection events during its lifetime. The Stable Ecotype model generally yields a one:one corre-
spondence between ecotypes and sequence clusters. (B) The Geotype-plus-Boeing model. A history of geographic isolation, followed
by recent human-aided transport (during the ‘age of Boeing’), can lead to multiple sympatric sequence clusters within a single ecotype.
Lineages from different regions are represented by different line thicknesses. (C) Genetic Drift model. Genetic drift can also produce
multiple clusters within each ecotype, provided that effective population sizes are relatively small. (D) The Speedy Speciation model.
Here new ecotypes are formed at a high rate, such that many young ecotypes have not diverged sufficiently enough to be distinguished
as separate sequence clusters. For example, the olive and tan ecotypes within the rectangle form a single sequence cluster when an-
alyzed using a gene with a slow evolutionary clock. However, when analyzed by a more rapidly evolving molecular marker (the ‘fast
gene’ indicated), a one:one correspondence between ecotypes and sequence clusters may be seen. (E) The Species-less model.
Here, invention and extinction of ecotypes occur very frequently. Diversity within an ecotype may be constrained primarily by the short
amount of time between the ecotype’s founding by a single mutant (or recombinant) to the time the population goes extinct. (F) The
Nano-niche model. Here an ecotype contains a set of subtly ecologically distinct subpopulations that may use the same set of re-
sources but in different proportions. While each of the subpopulations may undergo its own periodic selection events for some
time (small asterisks), eventually a particularly adaptive mutation (large asterisk) extinguishes all but one of the subpopulations and
purges diversity throughout the whole ecotype. While a slowly evolving gene might not give enough resolution to distinguish the sub-
populations, a faster gene might (inset box). (G) Recurrent Niche Invasion model. Here a lineage may move, frequently and recurrently,
from one population to another, usually by acquisition and loss of niche-determining plasmids. (H) Cohesive Recombination model.
With recurrent recombination between ecotypes, distinct clusters may never be seen in genes that are not niche-determining.
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Figure 3. The Adapt Globally Act Locally model.

Adaptive mutants compete only with cells within their ecotype,
but the mutation may be adaptive in many ecotypes and can be
transferred through recombination. (A) An adaptive mutation
(asterisk) occurs in Ecotype 1. Periodic selection purges diver-
sity (black circles) within the ecotype. (B) The adaptive allele is
transferred to a cell in Ecotype 2 via recombination. (C) Because
the mutation is adaptive in this ecological niche as well, a peri-
odic selection event occurs within Ecotype 2 [65]. (Used with
permission from the Society of Systematic Biologists.)

Systematics and the Diversity of Models

of Bacterial Evolution

We next consider alternatives to the Stable Ecotype
model, where the correspondence between ecotypes
and sequence clusters is not expected to be 1:1. In
some alternative models of bacterial evolution, one
ecotype may contain multiple sequence clusters. Con-
sider first a model in which ecotypes are long-lived, as
in the Stable Ecotype model, but there is only rare mi-
gration among the geographic regions of the ecotype.
Ecologically identical populations in different regions
can thus diverge into different sequence clusters.
Papke et al. [71] have coined the term ‘geotype’ to refer
to closely related populations from different geo-
graphic regions that have diverged as a result of their
geographic isolation and not ecological differences.

How likely is the formation of geotypes in the bacte-
rial world? For nearly a century, the theory of bacterial
biogeography was dominated by the idea that “every-
thing is everywhere, and the environment selects” [72].
That is, what determines the presence of a species at
alocation is not its ability to get there, but only its abil-
ity to thrive once it arrives [73,74]. However, recent
studies suggest that at least some bacteria are se-
verely restricted in their migration. Some extremo-
philes show only rare dispersal across uninhabitable,
mesic habitats to other favorable, extreme locales
[71,75,76], and rare migration is not limited to extrem-
ophiles [77]. Some environments are especially pro-
hibitive of dispersal [38], for example, the highly
viscous substrate of deep-rock bacteria and the pe-
rennially frozen lakes of Antarctica. Many pathogens
and commensals can be only as mobile as their hosts.

A history of geographic separation among ecologi-
cally interchangeable populations can lead to difficul-
ties for sequence-based taxonomy. In a model we
call the ‘Geotype-plus-Boeing’ model [2,9,61], geo-
graphically isolated populations of the same ecotype
could diverge into separate sequence clusters in the
time before rapid human transport; then, in recent de-
cades (or centuries), human shipping and travel could
carry all the endemic geotypes within a single ecotype
into each region of the world (Figure 2B). In this transi-
tional era when air travel (and even transoceanic sea
travel) is still relatively new, we may see multiple se-
quence clusters (the pre-‘Boeing’ geotypes) within
one ecotype at one place, as seen in the plague bacte-
rium Yersinia pestis [78] and in the tuberculosis agent
Mycobacterium tuberculosis [79]. Therefore, we can-
not conclude from sequence clustering alone that
two sympatric clusters are separate ecotypes.

Genetic drift can also yield subclusters of closely
related organisms of the same ecotype, especially in
pathogens and endosymbionts, where effective popu-
lation size can be severely limited. Thus, under either
the Geotype-plus-Boeing or the Drift models (Fig-
ure 2C), the relationship between ecotypes and
sequence clusters can be one:many.

We next consider models yielding a many:1 corre-
spondence between ecotypes and sequence clusters,
beginning with the ‘Speedy Speciation’ model, where
new ecotypes form at a rapid rate, and new ecotypes
are expected to coexist and diverge from one another
into the indefinite future (Figure 2D). While the numer-
ous new ecotypes are expected to form their own se-
quence clusters eventually, at any one moment a large
number of newly formed ecotypes may be invisible to
detection as sequence clusters for a given molecular
marker. In these cases of rapid speciation, it may be
important to use more rapidly evolving molecular
markers to detect the most recently formed ecotypes,
such as variable number tandem repeated (VNTR) se-
quences [80]. Slowly evolving genes will not highlight
newly evolved ecotypes if the rate of nucleotide substi-
tution is much less than the rate of ecotype formation
and periodic selection [81]. A Speedy Speciation

() The Animal-like model. Recombination is frequent enough that periodic selection does not limit sequence diversity within ecotypes.
The effective population size is low enough that genetic drift can effectively limit diversity within ecotypes. Also, migration is infrequent
enough that geographic regions have their own geotypes within each ecotype.
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regime that generates a many:one relationship be-
tween ecotypes and sequence clusters, as seen
through protein-coding gene diversity, might actually
generate a one:one relationship when VNTR or inser-
tion sequences are used to reveal more microdiverse
clustering [70].

Under what circumstances might the Speedy Speci-
ation model apply? Speciation may be most rapid when
many empty ecological niches are available, following
an evolutionary innovation [82], although it is not clear
what evolutionary innovations might precipitate rapid
speciation in bacteria. Rapid speciation in bacteria
may also depend on access to horizontal genetic trans-
fer (HGT), whereby bacteria can acquire new genes and
operons, sometimes from extremely divergent bacteria
[1]. HGT-facilitated speciation may be promoted by
a bacterium’s intrinsic ability to absorb a genetic
shock — such as a metabolic imbalance caused by
acquiring a novel biochemical pathway — without sub-
stantial ill effect [83] and to the bacterium’s ability to
evolve changes that ameliorate adaptive changes ini-
tially carrying some deleterious side-effect [84,85].
Also rapid speciation may be promoted by a bacte-
rium’s ability to independently tweak the expression
of newly acquired genes, so as to maintain metabolic
balance [86], as may be the case in Pseudomonas [87].

Geographic isolation may be a necessary step facil-
itating bacterial speciation, depending on the extent to
which evolution of a new adaptation diminishes the
population’s previously existing adaptations. When
there are intrinsic trade-offs between new and preex-
isting adaptations, a set of adaptive mutations can im-
mediately produce a new population that can coexist
with the parental population. However, when evolution
of new adaptations does not diminish old adaptations,
evolution of ecologically distinct, coexisting popula-
tions can occur only in geographic isolation, where
each population loses the subset of adaptations not
needed in its respective environment [88]. Thus, rapid
evolution of new species in bacteria could depend on
low dispersal and geographic isolation. Finally, a rapid
increase in the number of ecotypes may also be due to
a lower rate of extinction, but little is known about ex-
tinction in the bacterial world. Thus, for a number of
reasons, some bacteria may engage in rapid specia-
tion, perhaps too quickly to ever discern through clus-
tering of DNA sequences.

We next consider a variant of the Speedy Speciation
model, the ‘Species-Less’ model [2,9,60,61,89], where
there is a high rate of both formation and extinction of
ecotypes, most likely when environments change rap-
idly. In the Species-Less model, the diversity within an
ecotype need not be constrained into the indefinite fu-
ture by any force of cohesion; instead, diversity may be
constrained principally by the short amount of time
from the ecotype’s founding from a single mutant (or
recombinant) to the time the ecotype goes extinct
(Figure 2E). Here a single sequence cluster might con-
tain multiple very young ecotypes.

We next consider two models in which there is a
rapid and frequent invasion of ecological niches, but
the ecologically distinct populations are not expected
to diverge indefinitely. Both models yield a many:one
correspondence between ecologically distinct

populations and sequence clusters. The ‘Nano-niche’
model postulates a great diversity of ephemeral habi-
tats, for example, small particles in the marine water
column in the case of Vibrio splendidus (M. Polz, per-
sonal communication) (Figure 2F). In this model, sub-
groups within one ecotype each become adapted in
nuanced ways to the subtleties of their own habitats;
they may even have their own separate periodic selec-
tion events. Nevertheless, it may be possible for one
especially adaptive mutant to outcompete to extinc-
tion all the ecological diversity among the ecotype’s
subgroups (a ‘speciation-quashing’ event; Figure 1C)
[64]. In this case, the various ecologically distinct sub-
groups within an ecotype are not irreversibly separate,
and do not have a chance to diverge into separate se-
quence clusters.

We note that recombination may have the potential
to foster an extended coexistence of these ecologi-
cally distinct subgroups. If the adaptive mutation aris-
ing in one subgroup can be transferred to other sub-
groups and confer adaptation there, as in the Adapt
Globally Act Locally model [66], the first subgroup
might fail to outcompete the other subgroups to
extinction [65].

In the ‘Recurrent Niche Invasion’ model [61] (Fig-
ure 2G), members of each ecotype frequently and re-
currently lose the adaptations of their present ecotype
and acquire the adaptations of another. Recurrent
niche invasion is most likely when the populations
owe their ecological distinctness entirely to the facile
gain or loss of a plasmid. For example, in Bacillus thur-
ingiensis, some clades can host a number of alterna-
tive ‘crystal toxin’ plasmids, each adapted to killing
a different order of insect. A lineage may recurrently
move from one ecological niche to another by losing
one crystal toxin plasmid and then acquiring another.
If these reciprocal ecological conversions recur re-
peatedly, then the populations are not irreversibly sep-
arate lineages, and they may never appear as separate
sequence clusters.

A complex relationship between ecotypes and se-
quence clusters may occur if recurrent recombination
prevents irreversibly separate ecotypes from diverging
into separate sequence clusters for most genes — the
‘Cohesive Recombination’ model (Figure 2H) [54,90].
However, recombination between ecotypes is ex-
pected to decrease over time, owing to a positive
feedback between sexual isolation and sequence
divergence among ecotypes [60,62].

Finally, we propose the ‘Animal-like’ model (Fig-
ure 2l), inspired by the population dynamics of Helico-
bacter pylori [53,57]. In this model, recombination is
extremely frequent, such that periodic selection is
not a cohesive force. Effective population sizes are
low enough to allow genetic drift to maintain sequence
diversity at alow level in the absence of periodic selec-
tion. Also, dispersal is rare enough such that there is
a trace of migration history in the sequence record.
In other words, the recombination, population size,
and migration parameters are as expected for many
animal species.

One consequence of the high recombination rates in
the Animal-like model is that speciation would require
recombination between nascent ecotypes to be
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reduced by some form of sexual isolation, as is the
case for animal speciation. Possible mechanisms of
sexual isolation are: adoption of different restriction
enzymes in different ecotypes [91]; non-sharing of vec-
tors of recombination (phage or plasmids) across eco-
types [92]; DNA sequence divergence, which hinders
recombination [93-95]; and most importantly, ecolog-
ical differences preventing access to other popula-
tions’ DNA [96].

Incorporating Ecology and Evolution

into a Systematics of Ecotypes

Animal and plant systematists have the advantage
that, for a given clade, the traits determining niche dif-
ferences can be anticipated. Finch species are spe-
cialized by differences in the shapes and sizes of their
bills; herbaceous species on the American prairie can
specialize to different growth seasons through differ-
ences in their root architecture, and so on. Thus, ani-
mal and plant systematists can demarcate species
by identifying clades that are homogeneous for the
traits most likely to be niche specifying [97].

In the case of bacteria, horizontal genetic transfer
makes the niche-defining differences between species
very difficult, if not impossible, to predict. Indeed,
close relatives can infect entirely different hosts
[98,99] or can have profoundly different roles in mineral
cycling [45]. Because ecologists will not know ahead of
time the traits distinguishing the most closely related
ecotypes, we suggest that identification of ecotypes
should begin with a sequence-based approach to
formulate hypotheses about putative ecotypes, fol-
lowed by an ecological approach to confirm these
hypotheses.

We begin by assuming the Stable Ecotype model,
where ecotypes are in principle discoverable as se-
quence clusters, and later take into account that other
models may apply instead. Even under the Stable Eco-
type model, however, ecological interpretation of se-
quence-based phylogenies is not straightforward.
Any sequence-based phylogeny is likely to contain a
hierarchy of subclusters within clusters, and it is not
clear which level of cluster corresponds to ecotypes
[59]. We have therefore developed and tested a con-
ceptual framework for identifying ecotypes from se-
quence clusters under the assumptions of the Stable
Ecotype model [10,38,44,100].

This ‘ecotype simulation’ approach begins by char-
acterizing the sequence diversity within a clade as
the number of sequence clusters (or bins) present for
different sequence-identity criteria, following Martin
[101] and Acinas et al. [102] (Figure 4). The number of
sequence clusters at a particular sequence identity
level represents the number of lineages at some point
in the past that have survived to the present [101]. The
simulation estimates the rates of periodic selection
and drift, the net rate of ecotype formation (taking
into account ecotype extinction), and the number of
ecotypes so as to yield the clade sequence diversity
pattern of Figure 4 with maximum likelihood (Figure 5).

We have employed the ecotype simulation approach
to examine three clades whose ecological diversity
and habitats have been intensively studied [44], includ-
ing isolates of Bacillus primarily from ‘Evolution
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Figure 4. Clade sequence diversity, for the B. subtilis-B. lichen-
iformis clade, for gene rpoB.

A set of 88 sequences from the clade was binned into clusters
with different levels of minimum pairwise identity. The log-linear
portion of the curve to the left of ~0.99 identity indicates a con-
stant net rate of ecotype formation; the flair of diversity to the
right of ~0.99 indicates the facile sequence diversity within
ecotypes [102]. The ecotype simulation analysis yielded esti-
mates of the parameters for periodic selection rate, net ecotype
formation rate, rate of genetic drift, and the number of ecotypes,
and the estimated quartet of parameter values generated the
‘model’ values shown [44].

Canyon’ lll of the Negev Desert [103], sequences
from uncultured members of the Synechococcus A-
A’ clade from Yellowstone hot springs [9,10,104], and
world-wide clinical and environmental isolates of
Legionella pneumophila [100].

Ecotype simulation estimated more ecotypes than
the number of existing species and subspecies, for
each clade analyzed, corroborating previous evidence
that the demarcations of bacterial systematics fre-
quently lump many ecologically distinct populations
into a single species [9,40,41,43,105]. We extended
the ecotype simulation analysis to identify all the indi-
vidual ecotypes of a clade resolvable with DNA se-
quence data [38,44]. The rationale was first to quantify
the sequence diversity within a given subclade, and
then to determine the number of ecotypes that yields
the subclade’s sequence diversity pattern with maxi-
mum likelihood. We then demarcated putative eco-
types as the largest clades that were each consistent
with a single ecotype.

In each clade we have analyzed, ecotype simulation
demarcated some putative ecotypes that appear eco-
logically distinct in nature [10,38,44,100]. Most of these
ecological distinctions were inferred from differences
in the microhabitats where the organisms (or sequences)
were most frequently isolated. In Synechococcus, mi-
crohabitat distribution suggested that very closely re-
lated putative ecotypes are specialized to different
temperatures and photic zones [10,44]. In Bacillus,
very closely related putative ecotypes were found to
be adapted to different conditions of solar insolation
(or co-varying factors) on different faces of the canyon
[38,44] (Figure 6). In the case of Legionella, putative
ecotypes differed in the species of amoebae they
can infect [100].
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Figure 5. The ecotype simulation algorithm.

A computer algorithm simulates the evolutionary history of the » organisms sampled from nature, under different quartets of values for
the net rate of ecotype formation (EF), the rates of periodic selection (PS) and drift (D), and the number of ecotypes in the sample. In the
coalescence approach taken, the algorithm considers only the lineages that are directly ancestral to the » sampled organisms (circles).
These focal lineages are represented by solid lines; the many contemporary lineages not sampled from each ecotype are indicated by
light dashed lines (E4, Ey, and Ej3); the lineages extinguished by past periodic selection and drift are represented by bold, short-dashed
lines and long-dashed lines, respectively, with each extinction represented by a square. The program begins with a ‘backward’ sim-
ulation that stochastically produces a phylogenetic representation of the history of the community, establishing nodes of coalescence
of lineages (indicated by grey circles) and time between nodes (4, t5, etc.); this phylogeny is then taken as a scaffold for the forward
simulation. The purpose of the forward simulation is to produce nucleotide substitutions throughout the history of the clade, according
to the phylogenetic scaffold. To begin a simulation, a set of v contemporary organisms (representing the » organisms sampled from
nature) are distributed randomly among the n ecotypes. (In the case of this figure, v = 14 and n = 3.) Working backwards from the v
organisms in the present, the processes of ecotype formation, periodic selection, and drift occur stochastically in time according to
their respective rates (2, ¢, and d). The backwards phase of the simulation ends when all of the branches have coalesced into a single
node; this represents the most recent common ancestor of all the sampled organisms. Then the forward simulation begins when a se-
quence is assigned to this most recent common ancestor. Nucleotide substitutions then occur stochastically, going forward in time,
between each pair of nodes in the phylogeny derived from the backward simulation, according to the time between the events deter-

mining the nodes [44].

Ecotype simulation promises to be an effective way
to identify the fundamental units of bacterial ecology
and evolution. This approach has the advantage that
it analyzes a particular clade’s population dynamics
to obtain the appropriate demarcation threshold for
that clade. It is unlikely that the universal molecular
thresholds routinely used in systematics [7,15,18], or
indeed any universal molecular threshold, could
demarcate these fundamental units [44].

Nevertheless, sequence-based hypotheses about
putative ecotypes must take into account the great di-
versity of possible models of bacterial evolution — that
sequence clusters, even if identified by ecotype simu-
lation or a similar algorithm, do not always correspond
to ecotypes as in the Stable Ecotype model. To this
end, we suggest that ecotypes should be demarcated
as the smallest groups that: (1) show a history of coex-
istence as separate, ecologically distinct lineages, as
inferred from ecotype simulation (or an equivalent
sequence-based approach); and (2) show a prognosis
for future coexistence, as inferred from the ecological
distinctness of the groups in nature [38,44].

Why should we not demarcate ecotypes solely by
sequence clustering? To the extent that the Stable
Ecotype model is correct, different sequence clusters
are indeed likely to represent different ecotypes. How-
ever, to the extent that the Geotype-plus-Boeing
model applies, different clusters could represent

formerly isolated populations of the same ecotype
that have recently been flown or shipped to the same
locations. Alternatively, in cases where drift is likely
to be an important force, an ecotype could contain
multiple sequence clusters caused by genetic drift.
Therefore, sequence clusters must be verified to be
ecologically distinct before they can be declared
ecotypes.

Why is ecological distinctness alone insufficient to
demarcate ecotypes? First, given the potential for hor-
izontal genetic transfer, any two closely related iso-
lates or populations are likely to differ somewhat in
their physiology [106,107]. Clearly what we want to
know goes beyond laboratory assessment of physio-
logical differences that have no bearing on ecological
niche in nature. Rather, we need to ascertain that pop-
ulations are ecologically distinct in a way that allows
them to partition resources in nature, and thereby co-
exist into the future. Sequence data provide a means
for inferring that ecological differences observed in
the laboratory are important in nature. When two eco-
logically distinct populations fall into distinct sequence
clusters, we may infer that the populations are long-
standing in their coexistence, possibly owing to their
ecological differences (alternatively to previous geo-
graphic separation) [61].

There is a second problem in identifying populations
as different ecotypes when they are not yet separate
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Figure 6. Phylogeny and ecotype demarcation of the B. lichen-
iformis subclade of Bacillus.

The four putative ecotypes of this subclade differ significantly in
their associations with the three major microhabitats of ‘Evolu-
tion Canyon’ in the Negev Desert. Microhabitat sources were
the south-facing slope (O), the north-facing slope (®), and
the canyon bottom (V); asterisks indicate strains isolated else-
where. Ecotypes were also demarcated based on the more rap-
idly evolving gyrA gene, and what appeared to be one ecotype
(Ecotype 2) for rpoB was further split into three more ecotypes
(as illustrated schematically in Figure 2D) [44].

sequence clusters. The populations might not be irre-
versibly separate, a case most likely when populations
owe their ecological distinctness entirely to the gain or
loss of a plasmid (the Recurrent Niche Invasion model),
or when ecological differences between populations
are not sufficient to indefinitely evade one another’s
periodic selection events (Nano-niche model). How-
ever, if we demarcate ecotypes only when ecologically
distinct groups form separate sequence clusters, we
can be assured that the populations have had a history
of divergence as separate lineages [38,61].

Finally, we must take into account models where
ecologically distinct populations are frequently too
new to be distinguishable as sequence clusters. We
believe that we will not normally want to grant ecotype
status to a new population that has not yet demon-
strated its ability to coexist with others (by forming
a separate sequence cluster), but there are clearly
some cases where we might waive the sequence clus-
ter requirement. Some newly arisen pathogens, for ex-
ample, are difficult to distinguish from closely related
populations by sequences of protein-coding genes
(for example, Bacillus anthracis versus B. cereus)
[80], but the ecological distinctness we observe (re-
garding virulence) is clearly relevant to the ways that
the bacteria make a living in nature. When the ecolog-
ical distinctness of such groups is not readily revers-
ible (for example, with the gain or loss of a plasmid),

it is reasonable to give a prognosis for the continued
coexistence of these populations as separate lineages
and to declare them ecotypes [61].

In summary, to accommodate models yielding
a one:many correspondence between ecotypes and
sequence clusters, systematists would need to con-
firm that putative ecotypes identified as sequence
clusters are ecologically distinct from one another.
To accommodate models with a many:1 correspon-
dence, we will need to confirm that each putative
ecotype is ecologically homogeneous within itself.

How will systematists determine whether putative
ecotypes are ecologically distinct? We anticipate that
in future applications of ecotype simulation, microbiol-
ogists will confirm the ecological distinctness of puta-
tive ecotypes through microhabitat distribution stud-
ies, as well as comparisons of genome content and
analyses of genome-wide gene expression and com-
prehensive metabolic phenotype [29]. Much of the ev-
idence will draw on the existing skills of taxonomists,
who are trained in testing the capabilities of the growth
of organisms with different resources and under differ-
ent growth conditions. We recommend a new charge
for taxonomists, to move from finding diagnostic phe-
notypic characters [108] to using the broadest diver-
sity of techniques to assess ecological differences
[61]. The challenge of an ecotype-based systematics
will thus be no less demanding than the “acumen of
eye and judgment” described by O. F. Miller two
centuries ago, but as we discuss, the rewards should
be worth the investment.

An Ecotype-Based Systematics

We have proposed a systematics for identifying eco-
types, the fundamental units of bacterial ecology and
evolution. We recommend that these ecotypes be rec-
ognized also as the fundamental units of bacterial sys-
tematics [44], by issuing a name for every ecotype with
a history of coexistence and a prognosis for future co-
existence with other ecotypes. In the case when a leg-
acy, named species is found to have multiple eco-
types, we recommend that each confirmed ecotype
be given a trinomial name with an ecovar epithet, for
example, Legionella pneumophila ecovar pneumo-
phila for the ecotype containing the originally de-
scribed Philadelphia strain [2,100]. We recommend
that newly discovered clades be demarcated such
that each confirmed ecotype is named as a separate
species (with a binomial name). We believe that the
fullness of ecological diversity within the bacterial
world will be taken most seriously when each ecotype
is given its own name [61].

By identifying taxa at the level of ecotypes, systemat-
ics will allow microbiologists to focus on groups most
likely to differ in adaptations of physiology, genome
content, and gene expression. For example, an eco-
type-based systematics will help genomicists optimize
their choices of organisms to be fully sequenced.
Because comparative genomics can yield details of
ecological divergence between organisms [45,67], it
is important to choose organisms from different eco-
types for genome sequencing — then differences in
gene content will have a greater chance of determining
the niche. Ecotype-based systematics will help avoid
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choosing organisms that have a high chance of being
ecologically interchangeable. Likewise, in comparative
physiology, we should choose model organisms from
different ecotypes. For example, in the case of Legion-
ella pneumophila, three strains have been chosen as
models (Lens, Philadelphia and Paris), but Paris and
Philadelphia appear to be from the same ecotype and
indeed are very similar in their physiology [100,109].

In preparation for future epidemics, whether natural
or the result of biowarfare, we should try to discover all
the long-standing ecotype diversity within each named
pathogenic species. We could then anticipate and
prepare for future epidemics by characterizing the
disease-causing properties of each ecotype.

Biotechnologists may also take advantage of an
ecotype-based systematics. After discovering a strain
with a valuable enzyme, one could then search for ho-
mologs in each ecotype closely related to the strain.
This may allow discovery of similar enzymes with
different substrates or with optima at different
conditions.

An ecotype-based systematics would simplify the
burden of industrial testing of bacterial strains for their
safety and efficacy in agricultural applications. For ex-
ample, for any named species that is heterogeneous
for characteristics of safety concern — for example,
secreted metabolites and persistence in the environ-
ment — the European Union requires that any new
strain developed for release be tested for these char-
acteristics of concern; however, individual strains
from a species known to be homogeneous for these
features need not be tested [110]. Thus, demarcating
taxa as ecologically homogeneous units would obviate
or at least lessen the burden of these tests.

An ecotype-based systematics will allow quantifica-
tion of the ecological diversity within a community. Re-
cent studies have demarcated and counted bacterial
taxa in a community by binning DNA sequences for
a given gene (often 16S rRNA) into sequence clusters
and then attributing each sequence cluster to an oper-
ational taxonomic unit [111]. The operational taxo-
nomic units typically used in these studies have no
theoretical justification, but ecotype simulation offers
a quantification of ecological diversity as the number
of ecotypes present in a sample of sequences from
a habitat.

Finally, a systematics of ecotypes will allow us to
identify and characterize the ecologically distinct
groups of bacteria, a critical step forward in our ven-
ture to understand the myriad ecological interactions
within natural microbial communities.
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