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Introduction

Scientists in many disciplines rely on the system-
atics of bacteria — epidemiologists, biotechnolo-
gists, agriculturists and microbial ecologists,
and evolutionary biologists — and they all place
high demands on the classification of bacterial
species. All these consumers of bacterial system-
atics demand a reasonably complete accounting
and description of the world’s species. I will ad-
dress how far bacterial systematics has fallen be-
hind in identifying and describing species that
we now know exist (Yarza et al., 2014; Garrity,
2016; Locey and Lennon, 2016). An existential
problem for systematics is that our current ap-
proach to describing species applies only to culti-
vated bacteria, since it requires a cultivated type
strain (Garrity, 2016). Moreover, the current
‘polyphasic’ approach to species taxonomy re-
quires a labour-intensive characterization of
any new species through laboratory testing of its
properties (Vandamme and Peeters, 2014). I will
discuss how genomic approaches give us a means
to catch up, by potentially providing us the full
metabolic capacity for any organism, and a
means to demarcate organisms into species taxa
(Garrity and Lyons, 2011; Thompson et al.,
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2014; Vandamme and Peeters, 2014; Garrity,
2016; Konstantinidis et al., 2017).

To satisfy evolutionary biologists, systema-
tists have aspired to define species according to
an evolutionary theory of species origination.
Speciologists of animals and plants have pro-
posed that a species should have certain dynam-
ical properties. Most famously, Ernst Mayr and
others have suggested that species should be de-
fined by properties of genetic exchange (Mayr,
1963; Coyne and Orr, 2004), and some bacteri-
ologists have suggested extending that property
to bacteria (Dykhuizen and Green, 1991; Cadillo-
Quiroz et al., 2012; Bobay and Ochman, 2017).
The motivation is that ecological diversification
within a species is constrained by genetic exchange,
while different species may diverge without limit
(Mayr, 1963; Templeton, 1989; Cohan, 2017a).

We shall see that this widely celebrated
property of species does not apply reliably to any
group of organisms, even to the animals that in-
spired Mayr’s work, and much less to bacteria
(Mallet, 2008; Cohan, 2017a; see also Chapters
10 and 15). However, there is another universal
property of species cohesion that applies to spe-
cies of animals, plants and bacteria (and probably
beyond) — that recombination prevents neutral
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sequence divergence within a species (Cohan,
2011a, 2019). I will show that bacterial sys-
tematists of the mid-20th century fortuitously
created a species-level systematics that actually
fits an important universal theory of speciation.

Finally, T will discuss what may be the most
exacting demand on species taxonomy. The ani-
mal ecologist G. Evelyn Hutchinson aspired that
every species should be homogeneous in its bio-
chemical, physiological, morphological and eco-
logical characteristics. He argued that such a
taxonomy would allow us to infer the important
characteristics of any unknown organism once
we classify it to species (Hutchinson, 1968). In
the case of bacteria, many microbiologists may
agree that we would benefit from a taxonomy
that classifies bacteria to groups that are uni-
form in the characteristics we care most about.
For example, we might want a pathogenic taxon
to be uniform in its tissue tropisms, host range,
disease aetiology and so on. However, microbiol-
ogists understand that the typical bacterial spe-
cies taxon houses a substantial level of ecological
diversity (Konstantinidis et al., 2006; Cohan and
Kopac, 2017). There are many good reasons not
to move to a higher-resolution species taxonomy
that would abide by Hutchinson’s aspiration.
However, I will discuss ways in which we can ex-
tend infraspecific systematics of close relatives to
better abide by the Hutchinsonian aspiration of
homogeneous taxa.

How Taxonomy Demarcates
Bacterial Species

Each species experiences its world in its own
unique way, and has evolved a special sense of its
surroundings, known as an ‘umwelt’ (Yoon, 2009).
In the case of our species, we inherited an um-
welt from our hunter-gatherer past that enabled
our ancestors to distinguish animal and plant
species, driven by the need to distinguish benefi-
cial and safe animal and plant species from their
close relatives that were dangerous. Unfortu-
nately, we have no umwelt for distinguishing
bacteria because they are so new to us (Cohan,
2011a).

Lacking an umwelt for bacteria, mid-century
microbiologists set the foundation for species
systematics based on the metabolic and chemical

traits that were then available. By borrowing the
methods of numerical taxonomy developed by
zoologists and botanists, bacterial systematists
developed a new intuition for using phenotypes
to estimate relatedness of organisms. Through
numerical taxonomy, they sought to identify
meaningful clusters of similar organisms (Sneath
and Sokal, 1973), and these clusters became the
species of bacteriology (Holmberg and Nord, 1984).

In principle, mid-century bacterial systema-
tists could have defined their species narrowly,
for example by distinguishing species by subtle,
quantitative differences in metabolic capacities
(Cohan, 2002). Instead, they made a pragmatic
decision early on to include, within a species,
strains that were hugely heterogeneous in the
presence versus absence of many metabolic
capabilities (Rossello-Moéra and Amann, 2001;
Cohan, 2011a).

There was no reason to believe that these
species should abide by any evolutionary theory
about the properties of species, nor was there
any desire to do this. However, we will see that
these species fortuitously share a universal, spe-
cies-like, dynamic property with species of ani-
mals and plants (Jain et al., 2018; Cohan, 2019).

Beyond metabolic analyses, a series of mo-
lecular tools has contributed profoundly to bac-
terial systematics. DNA sequencing has revealed
polyphyletic groups; that is, evolutionarily dis-
tant groups that were mistakenly identified as a
single taxon on the basis of having converged on
the same phenotype. For example, phylogenetic
study of the 16S rRNA gene sequence revealed
that the bacteria assigned to the Caulobacter
genus (based on sharing the stalked phenotype)
are really a set of divergent taxa that independ-
ently evolved the stalk (Stackebrandt et al., 1988).
Also, phylogenetic study of the 16S rRNA mol-
ecule was able to place all cellular organisms on
a single tree (Woese, 1987). Universal trees have
come a long way since then by utilizing a large set
of universal, single-copy genes (Zhu et al., 2019).

An early whole-genome approach to ana-
lyzing relatedness was able to corroborate the
mid-century metabolic species clusters. That is,
DNA-DNA hybridization (DDH) could estimate
the percentage of the genome shared between a
pair of strains (De Ley, 1970), and it turned out
that sharing more than 70% of the genome gave
about the same species demarcations as meta-
bolic clustering (Wayne et al., 1987). This was
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the first in a series of molecular traits that was
calibrated to yield the species previously demar-
cated by numerical taxonomy of metabolic traits.

Following DDH, systematists brought vari-
ous molecular tools into the systematics of spe-
cies demarcation, and they calibrated each to
yield the earlier metabolic clusters (Thompson
et al., 2014; Jain et al., 2018). Sequence identity
at the 16S rRNA gene locus was calibrated to
yield the metabolic species demarcations, first with
a criterion of 97% sequence identity (Stackebrandt
and Goebel, 1994) andthen at98.5% (Stackebrandt
and Ebers, 2006). More recently, multilocus se-
quence analysis, with clusters based on sequence
identity of seven or so shared genes, has also
corroborated the species taxa based on meta-
bolic sequence clusters (Gevers et al., 2005). A
multilocus approach yields an advantage over
16S rRNA in providing greater resolution for
discovering significant within-species diversity
(Gevers et al., 2005). Moreover, multilocus ap-
proaches are less likely to misclassify when a
given marker has recombined.

Whole-genome sequencing has given new
opportunities for species-level systematics (see
Chapter 13). First, the extent of gene content
sharing, which DDH measures only indirectly, can
be estimated directly by comparing whole-
genome sequences (Auch et al., 2010). While
DDH was limited by requiring pairwise measures
of genomic distance, and by requiring special ex-
pertize, whole-genome sequencing allows an in-
cremental increase in the taxonomy of species.
Each new species can be added to an existing
database, without the need for comprehensive
pairwise experiments every time a new species is
added to the taxonomy (Garrity, 2016).

Additionally, whole-genome sequencing takes
clustering by multiple loci to the limit, with the
potential to take into account the sequence iden-
tity levels of thousands of shared genes. In 2005,
with the prospect of extremely cheap, whole-
genome sequencing on the horizon, Kostas Kon-
stantinidis and his colleagues presciently developed
whole-genome average nucleotide identity (ANI)
as a measure of relatedness (Konstantinidis and
Tiedje, 2005). Like each of the earlier molecular
markers of relatedness, whole-genome sequen-
cing was calibrated to yield the old metabolically
defined species. This team found that an ANI
value of 95% closely approximated the existing
species demarcations of bacterial systematics.

A recent study by Matt Olm and colleagues
found the optimal cutoff for yielding the species
taxa with various genes and sets of genes, and it
rated each marker for its ability to delineate the
existing species taxa of bacterial systematics
(Olm et al., 2019). They found that the optimal
level of 16S rRNA divergence for recalling the
existing species taxa was 99% (similar to the
suggestion by Stackebrandt and Ebers, 2006).
Notably, 16S rRNA was the least discerning of
all the single-gene markers that they studied,
and the ribosomal protein L6 was the most dis-
cerning single-gene marker. However, an ANI
value of 94.5% yielded the highest delineation
of species of any molecular marker, far greater
than for any single gene.

Systematists are currently adopting ANI as
ameans for classifying new isolates and metage-
nome-assembled genomes to existing species
and for discovering new species. For example,
nearly 2500 published genomes in the Lactoba-
cillus genus were recently classified by ANI (Wit-
touck et al., 2019). Wittouck and colleagues
demarcated the entire set based on 94% ANI, a
value lower than that recommended (Jain et al.,
2018; Olm et al., 2019). Their analysis merged
several species, and allowed discovery of eight
previously uncharacterized species. Similarly,
Kanny Diallo and colleagues applied ANTI to dis-
cover and classify the full extent of human-
infecting Neisseria species (Diallo et al., 2019).

There is also a pseudo-genomic approach
similar to multilocus sequence analysis. Here, a
small sample of genes from whole-sequence gen-
omes is concatenated to yield sequence clusters.
For example, a recent survey of Acinetobacter
was based on a concatenation of 13 genes se-
lected from whole-genome sequences (Mateo-
Estrada et al., 2019).

For decades now, and over generations of
molecular techniques for demarcating species,
systematists have applied a ‘polyphasic’ approach
to identifying and describing species. This ap-
proach has sought to characterize novel species
as fully as possible to reach a consensus among
molecular and phenotypic traits (Vandamme
et al., 1996, Tindall et al., 2010). Here, labora-
tory tests of physiology and metabolism are
compared with molecular analyses with the aim
of creating a stable taxonomy with a minimum
of contradiction. While no one would argue that
more information about a taxon is unhelpful,
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there is a growing concern that polyphasic tax-
onomy places too high a standard on the quality
of diagnostic information for a species taxon
(Vandamme and Peeters, 2014).

The problem with polyphasic taxonomy is
that bacterial systematics is almost hopelessly
behind in bringing all the species we know exist
into our taxonomy. Pablo Yarza and colleagues
have pointed out that the number of species taxa
that have been discovered and are not yet classi-
fied is increasing steadily. At the current rate of
describing species, systematists would require
thousands of years to classify just the species that
we currently are aware of (Yarza et al., 2014).
High-throughput sequencing has made us aware
of this problem but, as we will see, high-throughput
sequencing can also solve the problem by giving
us full genomes.

This is because genomes are more than a
high-resolution method of distinguishing clus-
ters of bacteria. They can, potentially, also pro-
vide the full metabolic capabilities and ultimately
the physiology and ecology of bacteria. As a re-
sult, some systematists and microbial ecologists
are eager to replace physiological testing with a
genome-based estimate of a bacterium’s capabil-
ities (Garrity, 2016; Konstantinidis et al., 2017).
Let us next consider how a genome-based spe-
cies taxonomy would serve the microbiological
community.

A Genome-based Species Taxonomy

A genome-based species taxonomy will need to
consider three points: (i) how to obviate the need
for a cultivated type strain; (ii) how to demarcate
genomes into new species; and (iii) how to de-
scribe and recurrently update the phenotype
and diagnostic criteria for new species as new
data become available.

Substituting a type genome sequence
for a type strain

Recognizing the limitations of a culture-based
systematics at the species level, microbiologists
are increasingly demanding a genome-based
route to characterizing new species (Garrity and
Lyons, 2011; Thompson et al., 2014; Vandamme

and Peeters, 2014; Garrity, 2016; Konstantinid-
is et al., 2017). One solution is to relax Rules 27
and 30 of the taxonomic code (Garrity, 2019),
such that a genome sequence can be substituted
for a type strain. Supporters of reform argue
that this change will further the democratiza-
tion of systematics, such that anyone who can
sequence and analyse genomes will be able to de-
marcate novel species and characterize their
metabolic features (Garrity, 2016).

Those genome sequences based on a single
uncultivated cell would make the most reasonable
substitute material for a type strain. Characterizing
the metabolic and ecological features of the type
sequence would be comparable to characterizing
those features from study of an isolate.

However, I will argue that a metagenome-
assembled genome should be considered as type
material only for a candidate taxon. The problem
is that a metagenome-assembled genome (MAG)
is based on a concatenation across reads from
multiple organisms. Therefore, a MAG could con-
tain multiple ecologically distinct populations
(ecotypes) (Nelson et al., 2016), considering that
ecotypes appear to have as little as 1% diver-
gence in ANI (Konstantinidis and Tiedje, 2005),
and possibly less (Cohan, 2016a).

Whether a genome sequence is based on a
single cell or from a metagenome, any metabolism
inferred from the genome should be considered
tentative until assayed directly in laboratory tests.
Taking into account both the limited opportun-
ities for funding and the urgencies of the science,
we should at least aspire to eventually confirm the
inferred phenotypic features of a type genome se-
quence. George Garrity has anticipated that de-
scriptions of species based on genomes will be in
flux, and he and his coworkers have proposed and
patented the Names for Life database (www.
namesforlife.com/search, accessed 30 July, 2020),
which allows continual updating of the data re-
sources of a taxon. This includes a record of the
original description as well as further taxonomic
and nomenclatural events relating to the taxon
(Garrity and Lyons, 2011).

Demarcating genomes into new species

Because ANI delineates genomes into the recog-
nized species taxa more accurately than any
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other molecular approach (Olm et al., 2019), it is
reasonable to demarcate genomes of unculti-
vated bacteria into species by ANI (Varghese
et al., 2015; Parks et al., 2019). One protocol is
to apply complete-linkage clustering of ANI val-
ues to demarcate the genomes. That is, a new
species would be demarcated such that all pair-
wise distances yield > 95% ANI (Varghese et al.,
2015).

In an alternative classification, systematists
would base the demarcation of each novel spe-
cies by sequence identity with the type genome
for the species (Parks et al., 2019). That is, after
the type genome for a novel species is chosen,
other genomes would be added to the species
based on having an ANI value > 95% of the type
genome. This would capture the central import-
ance of type strains in taxonomy.

Although ANI can now be calculated ex-
tremely quickly with the new FastANI algorithm
(Jain et al., 2018), there is still a need to improve
the speed of classifying millions of novel species
by their ANI values. One recent approach is to
prescreen for close relatives by tetranucleotide
composition, and to then apply ANT only to close
relatives (Zhou et al., 2020).

Describing the phenotype of novel
species

Genomes provide a trove of information for de-
scribing the metabolic, chemical and ecological
properties of species taxa. Most straightfor-
wardly, the standard phenotypic traits of poly-
phasic studies can be estimated by analyzing
gene content. For example, the capacity for the
Voges—Proskauer reaction, indole production
and utilization of any number of carbon sources
can be tentatively determined through gene con-
tent analyses (Thompson et al., 2014).

Using genomes to characterize novel bac-
teria for their tolerances of physical and chem-
ical conditions is more challenging. However,
microbial ecologists are making progress to-
wards identifying genes that confer complex
phenotypes. In genome-wide association stud-
ies, one correlates the genome content with
phenotypes among close relatives, to identify
genes responsible for the phenotypic differences.
For example, the Traitar algorithm can predict

67 phenotypic traits from genomes from various
phyla (Weimann et al., 2016). The algorithm
was based on correlating phenotypic data from
the GIDEON database (Berger, 2005) with gene
content from sequenced genomes. Others have
predicted phenotypes from genome variation
within a species, for example by predicting inva-
siveness and resistance among strains of Neisse-
ria meningitidis (Collins and Didelot, 2018).
Various approaches to identifying genes respon-
sible for complex traits such as salt and pH toler-
ance in laboratory studies promise future
predictions of phenotypes (Hahne et al., 2010;
Mirete et al., 2015; Barberan et al., 2017). Genes
that promote successful interactions with other
bacterial species have also been identified from
laboratory studies (He et al., 2017).

Genome-wide association studies (GWAS)
can, in principle, be used more generally to dis-
cover the genes conferring the ability to live in
various habitats (Dutilh et al., 2013). For ex-
ample, correlation of genes in Novosphingium
with diverse habitats including rhizospheres,
contaminated soils, freshwater and marine
water, yielded the discovery of genes consist-
ently associated with each habitat type (Kumar
et al., 2017). We should note that GWAS ana-
lyses can be performed retrospectively by future
investigators, but only if microbiologists are
careful to publish detailed accounts of the envir-
onments from which they isolate novel organ-
isms. Following the MIxS protocols for describing
habitats will become especially important as we
try to characterize ecological abilities from
GWAS (Cohan, 2011b; Yilmaz et al., 2011). This
open-ended discovery of genes responsible for
ecological adaptations will contribute to esti-
mating the phenotype from the genomes of un-
classified strains.

In short, a genome-based systematics will
allow us to demarcate novel, uncultivated species
that are similar in their phylogenetic breadth (i.e.
down to 95% ANI) to the traditional species, and
we can in principle obtain a tentative outline of
their phenotypic features from genomes. More-
over, I will discuss how the species we have classi-
fied up to now, as well as the species classified by
their genomes, will abide by a universal theory of
the dynamic evolutionary properties of species
that a species should hold (Cohan, 2019).

Let us next consider the properties that evo-
lutionary biologists expect for species.



Bacterial Species Taxa — Bacterial Diversity

287

Is There Something Real About
Species?

Systematics begins with the observation that life’s
diversity is organized into clusters of related or-
ganisms that are similar in structure, function and
genomic properties. These phenotypic and genetic
clusters are found from the most complex organ-
isms to the prokaryotes and at all levels of life’s di-
versity, from the domains and phyla to species
(Mallet, 1995; Caro-Quintero and Konstantinidis,
2012). Between these clusters are gaps that repre-
sent intermediate phenotypes, which we can im-
agine, but do not actually exist in the natural
world (Wilkins, 2009; Cohan, 201 3). This pattern
of clusters and gaps reflects the genealogical con-
tinuity of all organisms, taking into account that
some lineages have been extremely successful,
while nearly every lineage that has ever existed
has gone extinct.

The higher ranks of systematics take into
account obvious gaps in phenotype among
closely related genera, families and so on. Sys-
tematists generally agree that these higher ranks
(above the species level) are simply a conveni-
ence for consumers of systematics (McDonald
etal., 2012). That is, systematists and evolution-
ary biologists have not hypothesized any dy-
namic force that would apply within a genus, for
example, that would not apply across different
genera (Cohan, 2017b).

Nevertheless, there has been recent interest
in determining a universal criterion for how
much diversity should be included within each
taxonomic rank. To this end, Donovan Parks and
colleagues have developed a universal method
for reclassifying organisms so that every genus
contains organisms that have diverged for the
same amount of time (Parks et al., 2018). In the
case of genera, for example, each taxon is reclas-
sified so that it contains organisms that have di-
verged up to 7% of the time since the last
common ancestor of all of life.

Among the most contentious issues in sys-
tematics is whether there is some biological real-
ity to species. Some systematists believe that
species are no more biologically real than the
higher taxa (Hey, 2001; Doolittle and Zhaxy-
bayeva, 2009), while others hold that there is
something special about species — that they hold
certain dynamic properties that transcend
human attempts at classification (Mayr, 1942;

de Queriroz, 2005; Cohan and Perry, 2007).
Among these proposed properties are that each
species is ecologically distinct and irreversibly
separate from other species, and that each spe-
cies is cohesive in that some force constrains di-
versification within a species (de Queriroz, 2005;
Kopac et al., 2014). We will see that there has
been recent progress in showing that bacterial
species taxa (as well as plant and animal species)
are cohesive, although not in the way that most
evolutionary biologists had expected (Jain et al.,
2018; Cohan, 2019).

I will next consider how recombination and
selection can act as forces of cohesion within
and between bacterial populations.

Recombination Does Not Prevent
Ecological Divergence Between
Bacterial Populations

The first force of cohesion proposed for species
was genetic exchange. Ernst Mayr and Theodos-
ius Dobzhansky defined species such that popu-
lations within an animal or plant species could
exchange genes at some high frequency, but that
members of different species could not (Mayr,
1942; Dobzhansky, 1951). They argued that
this pattern would limit the divergence among
populations of the same species but not the di-
vergence between different species. Thus, popu-
lations could diverge without bound only when
they break free of their recurrent recombin-
ation, through evolving sexual isolation. The
term ‘Mayr’s brake’ was applied to the action of
recombination in stifling the adaptive diver-
gence between populations of the same species.
The concept of Mayr’s brake ruled with hegem-
ony over the thinking of animal and plant speci-
ologists throughout the 20th century, and its
influence still rules to some extent over bacterial
speciology (Bobay and Ochman, 2017; Cohan,
2017b).

However, nearly a century ago the popula-
tion geneticist J.B.S. Haldane noted an essential
problem with Mayr’s brake (Haldane, 1932). He
showed mathematically that a recurrent trickle
of gene flow (exchange of genes) between popu-
lations adapted to different circamstances could
have only a negligible effect on the abilities of the
populations to maintain their unique adaptations.



288

F.M. Cohan

That s, if ¢, is the rate of recombination between
populations (frequently called m, for migration)
and s is the selection intensity against migrant
alleles, then the equilibrium frequency of a mal-
adaptive, migrant allele in a population is ¢, /s,
which would be tiny for any set of populations
with limited recombination between them (Vos
and Didelot, 2009; Cohan, 2011a). James Mallet
recently argued that even adjacent populations
of animals or plants that are adapted to different
environments can diverge without hindrance
from recombination (Mallet, 2008).

Recombination is exceedingly unlikely to
hinder adaptive divergence between ecologically
distinct populations of bacteria. This is because
the rate of recombination in bacteria is ex-
tremely low, even within populations, hovering
within an order of magnitude or two of the mu-
tation rates, around 107° per gene per gener-
ation (Vos and Didelot, 2009). Thus, even if
different populations were to recombine at the
same rate as cells of the same population, the
equilibrium frequency of a foreign allele would
be negligible. This is to say that two populations
could diverge even if they were in exactly the
same place (e.g. two populations living on differ-
ent soluble compounds in the same aquatic en-
vironment) and recombining at the same rate
between as within populations. I have, therefore,
argued that the evolution of sexual isolation is
not a milestone in the ecological divergence of
bacterial lineages (Cohan, 1994).

We should expect, then, that one bacterial
population should be able to diverge into two
ecologically distinct lineages, even without any
geographic separation or any kind of reduction
in their recombination rate. Thus, laboratory
evolution experiments have repeatedly brought
diversification of the founding lineage into mul-
tiple populations within a culture flask, owing to
specialization on different soluble resources
(Treves et al., 1998; Blount et al., 2012) or to
specialization on different microhabitats within
the same flask (Rainey and Travisano, 1998;
Koeppel et al., 2013). Likewise, surveys of eco-
logical diversity within natural habitats have
demonstrated ecological divergence among ex-
tremely closely related strains (Shapiro and Polz,
2014).

Some researchers (Cadillo-Quiroz et al., 2012;
Polz et al., 2013; Kashtan et al., 2014) have ar-
gued that recombination must be reduced before

bacterial lineages can diverge into different spe-
cies (Cohan, 2016a). Their evidence was that
the closely related, ecologically distinct clades
that were the focus of their studies showed re-
duced recombination between them, compared
to recombination rates within them. However,
these studies did not consider whether there was
ecological diversification within each of the focus
clades, where recombination may have been
higher (Melendrez et al., 2016). Our work with
hot spring Synechococcus demonstrated ecological
divergence among extremely close relatives,
even those with the highest levels of recombin-
ation (Melendrez et al., 2016). Given this evi-
dence, as well as the theoretical expectation that
reduced recombination is not necessary for eco-
logical divergence, we may conclude that sexual
isolation is not likely to be a necessary step for
adaptive diversification of bacteria.

Let us next consider what might be the most
significant forces of cohesion in the bacterial
world.

Periodic Selection as a Force of
Cohesion in Bacterial Species

One important force of cohesion for bacteria is
periodic selection. Because recombination rates
in bacteria are so low (Vos and Didelot, 2009),
natural selection favouring an adaptive gene
within an ecologically homogeneous population
(or ecotype) can reduce the genome-wide gen-
etic variation within the ecotype to near zero
(Cohan, 1994). However, because different eco-
types are ecologically distinct, a periodic selection
cannot purge the diversity genome-wide across
ecotypes (Cohan, 2017a).

Genome-wide selective sweeps have been
observed in the bacterial world, as expected for
periodic selection events acting within a single
ecotype. A metagenomic survey of diversity in a
bog lake has yielded the first direct evidence of
genome-wide sweeps in nature (Bendall et al.,
2016). However, more frequently genomic
(Bhaya et al., 2007; Shapiro et al., 2012) and
metagenomic (Bendall et al., 2016) surveys have
revealed evidence of single-gene sweeps (or
sweeps over only a short segment of the chromo-
some) within a sequence cluster. These results
appear at first to demonstrate that recombination
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is sufficient to prevent genome-wide purges of
diversity within any given population (Papke
et al., 2004; Shapiro and Polz, 2015). However,
my colleagues and I have previously argued that
single-gene sweeps do not occur within just a
single population. Instead, single-gene sweeps
are most likely involve the transfer of one generally
adaptive gene segment across all the ecotypes
within a sequence cluster (Majewski and Cohan,
1999a; Kopac and Cohan, 2012; Cohan, 2016a).

Ecotypes as Species-like Lineages

Bacterial ecotypes meet a diversity of aspirations
of what a species should be (Ward, 1998; Koep-
pel et al., 2008; Sikorski, 2008). Because eco-
types are each ecologically homogeneous, the
ecotypes reach Hutchinson'’s call for a species
taxonomy that allows a precise description of
any unknown organism that is classified to an
ecotype (Hutchinson, 1968). The ecotype also
reaches the speciologists’ aspiration that a spe-
cies should hold species-like properties — that
ecotypes are each ecologically homogeneous
and cohesive, and that different ecotypes are
ecologically distinct and irreversibly separate
(Cohan, 2017a).

Ecotypes have been a target of study for mi-
crobial ecologists because they represent the
most newly divergent, ecologically distinct popu-
lations of bacteria (Koeppel et al., 2008; Martiny
et al., 2009; Becraft et al., 2015; Chase et al.,
2019). Ecotypes may be tentatively discovered
as closely related lineages that form distinct se-
quence-based clusters (Koeppel et al., 2008;
Martiny et al., 2009; Wood et al., 2020). The hy-
pothesized clusters may then be confirmed to be
ecologically distinct, most easily by finding that
they are substantially different in their habitat
associations (Cohan, 2017a). Microbial ecolo-
gists have found that closely related ecotypes can
differ in the chemical and physical conditions to
which they are adapted (Connor et al., 2010;
Denef et al., 2010; Becraft et al., 2015; Thomp-
son and Kouba, 2019) or in the resources that
they consume (Hunt et al., 2008; Kopac et al.,
2014; Ramirez et al., 2020). A sampling of the
ecological dimensions along which infraspecific
ecotypes have diverged include solar exposure
and soil texture in desert Bacillus (Connor et al.,

2010), temperature and depth in hot spring
Synechococcus (Becraft et al., 2015), host specifi-
city within Agrobacterium tumefaciens (Lassalle
etal., 2011) and adaptation in Alteromonas macl-
eodii to marine environments with different
levels of organic content (Koch et al., 2020).

There are generally many ecotypes within a
bacterial species taxon that are recognized by
bacterial systematics (Staley, 2006; Hunt et al.,
2008; Connor et al., 2010; Cohan, 2016b). For
example, the marine species Vibrio splendidus
was found to have 15 ecotypes, which were con-
firmed to differ by the size of the particle on
which they were sampled and by their seasonal
abundance (Hunt et al., 2008).

One may argue that ecotypes are the true
species of the bacterial world, for being ecologic-
ally homogeneous and having periodic selection
as a force of cohesion that limits their diversity.
However, this would severely disrupt the stability
of bacterial taxonomy. I will, instead, discuss the
prospects for enriching bacterial systematics by
including ecotypes as infraspecific taxa.

Enriching Bacterial Systematics
with Ecotypes

Within species taxa, both bacteria and higher
organisms have diverged to form ecotypes that
are adapted to different conditions and re-
sources. Botanists developed the concept of ‘eco-
type’ to represent populations in different
locations that have diverged in their local adap-
tations (Turesson, 1922; Clausen et al., 1947).
Whenever botanists study a single location of
plants belonging to one species, they are not
confused by the exuberance of ecotypes within
the species, because the ecotypes tend to be in
different places. When we study a collection
within an animal or plant community, we
know for example that all the fruit flies of Dros-
ophila melanogaster from one site represent one
evolutionary unit. The existence of ecotypes
is not generally a confusion for botanists and
zoologists.

On the other hand, the proliferation of eco-
types is much more confusing for bacteriology.
When we study Escherichia coli strains isolated
from one habitat (even from one microhabitat),
there can be any number of ecotypes subsumed



290

F.M. Cohan

within the collection (Cohan and Kopac, 2011;
Luo et al., 2011). Because bacterial ecotypes can
differ quantitatively in their habitat preferences,
any one microhabitat could include various eco-
types, some specialized to different resources in
the same microhabitat and others specialized to
different microhabitats (Hunt et al., 2008).

There are significant pitfalls in reifying a
pool of ecotypes into one bacterial species. One
problem is that population geneticists may in-
correctly estimate population sizes and migra-
tion rates from sequence data when they focus
on an entire bacterial species taxon. Population
genetic estimates work well for a typical animal
species, when we can assume that all individuals
from a region are members of the same evolu-
tionary unit (Ho and Shapiro, 2011; Volz,
2012). The principle of estimating the size of a
single population is that, as population size in-
creases, genetic drift will have lower potential to
reduce the sequence diversity of the population.
This works well for the Drosophila melanogaster fruit
flies of a region, where we can reasonably figure
that the sequence diversity of the species is limited
by genetic drift. However, the sequence diversity
within a bacterial species taxon containing mul-
tiple ecotypes is determined only very little by
the population size of any one ecotype. Instead,
the sequence diversity of the whole species taxon
is determined mostly by the time that ecotypes
have diverged from their common ancestor (Co-
han and Kopac, 2017). Mistaking a bacterial
species taxon for a single evolutionary unit has
recurrently introduced errors into population
genetic estimates (Roberts and Cohan, 1995;
Bobay and Ochmann, 2018).

My colleagues and I have previously dis-
cussed how classifying organisms to ecotypes
may bring practical benefits for biotechnologists
who are looking for close relatives of a useful
strain that may differ in its optimal conditions;
the search for a vaccine may also benefit from an
ecotype-based taxonomy (Cohan and Kopac,
2017). Most generally, when we define a species
taxon so broadly as to include many ecotypes, we
reduce the opportunity for a full exploration of
the metabolic, physiological, ecological and gen-
omic diversity within the species. Systematics
would, therefore, benefit from official recognition
of the ecotypic diversity within a species taxon.

The International Code of Nomenclature of
Prokaryotes allows for infraspecific classification

(Parker et al., 2019), and gives a path for inclu-
sion of ecotypes in taxonomy. Rule 13a—d regu-
lates subspecies taxa, and Rule 14a states that
taxa below the subspecies level are not regulated
(Garrity, 2016; Parker et al., 2019). Systematists
have regularly applied infrasubspecific labels to
describe diversity within a species or subspecies.
These labels include pathovar, serovar, phago-
var, biovar, chemovar and morphovar (among
others) (Parker et al., 2019). While each of these
labels applies specifically to certain kinds of vari-
ants (e.g. biovar applies to symbionts of different
plant species), ecovar could apply more gener-
ally to closely related phylogenetic groups within
a species that are ecologically distinct in any way
(Cohan, 2006).

I will next consider possible criteria for intro-
ducing an ecovar to the taxonomy. The proposed
ecovar should be identifiable as a sequence cluster,
ideally demarcated by an algorithm intended to
discover ecologically distinct groups, such ecotype
simulation (Koeppel et al., 2008; Wood et al.,
2020), AdaptML (Hunt et al., 2008), or General-
ized Mixed Yule Coalescent (GMYC) (Barraclough
et al., 2009). Alternatively, ecotypes could be re-
vealed by whole-genome clustering at an ANI
level of about 99.5% (Konstantinidis and Tiedje,
2005). Ecotypes hypothesized from sequence ana-
lysis should then be confirmed, at least tentatively,
by quantitative differences in habitat associations.
We need to keep in mind that very closely related
ecotypes are frequently not totally divergent in
their habitat preferences, and so we should not dis-
count habitat differences that are not complete
(Hunt et al., 2008). It is worth noting that if a sur-
vey of diversity within a species taxon provides
the habitat provenance of each strain, future re-
searchers can later add ecovar descriptions.

Also, analysis of genomes can more fully
confirm the ecological distinctness of ecotypes
hypothesized by sequence clustering analyses.
Michiel Vos has argued for using genome-wide
analyses of positive selection to identify ecotypes
(Vos, 2011). That is, when two closely related
lineages show different histories of adaptive evo-
lution in their shared genes, we may conclude
that they are ecotypes (Kopac et al., 2014). Also,
differences in genome content can predict eco-
logical differences among hypothesized ecotypes
(Lassalle et al., 2011).

Bacterial systematics will be enriched by in-
cluding ecotypes where it is convenient and
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useful to describe them. Perhaps most appealing
to microbial evolutionary biologists is that the
ecotypes would represent taxa with the spe-
cies-like properties of each being cohesive and
ecologically homogeneous. Also, ecotypes are
the most newly divergent lineages that can di-
verge without bound in their adaptations
(Cohan, 2017a).

However, I will argue that ecotypes are not
the only bacterial groups to abide by a universal
species concept. Recent developments in com-
parative genomics have indicated that the more
inclusive and recognized species taxa, originally
based on metabolic and chemical features alone,
surprisingly follow a different criterion of species
dynamics.

Recombination as a Force of
Cohesion Among Ecologically
Distinct Lineages

While recombination does not act to hinder adap-
tive divergence among bacterial lineages, recom-
bination can nevertheless act as a force of cohesion
in a different way. In the world of animals and
plants, recombination can act to spread an adaptive
gene from one population to another, within a spe-
cies or between extremely closely related species
that can interbreed. In the process of ‘adaptive
introgression’, a generally useful adaptation can
spread between populations that have adapted to
different environments while the populations
maintain their adaptive divergence. For example, in
the case of humans, an adaptive allele for lactase
persistence (allowing lifelong consumption of fresh
cow milk in pastoral societies) spread between
North Africa and Scandinavia, while allowing each
population to maintain its adaptations to its par-
ticular environment (in this case, maintaining
adaptive differences in skin colour) (Gerbault et al.,
2011). Also, in our species, Tibetans acquired some
of their adaptation to high elevations through
adaptive introgression from Denisovans, an extinct
sister species with whom humans once interbred
(Huerta-Sanchez et al., 2014).

This process of adaptive introgression takes
many generations in animals and plants because
it involves a meiotic recombination of whole
genomes, followed by natural selection of the
hybrids and backcrosses that contain the adaptive

recombinants. However, in bacteria, transferring
a single adaptive gene or a set of chromosomally
linked adaptive genes can be immediate. This is
because the size of recombined segments is usu-
ally much smaller than the full genome, and can
contain just the generally adaptive genes (i.e. that
are adaptive across different populations) without
bringing along the whole genetic baggage of the
donor cell (Zawadzki and Cohan, 1995; Wiedenbeck
and Cohan, 2011).

We can view recombination among close re-
latives as a cohesive force because of its ability to
spread generally adaptive genes across ecologic-
ally distinct populations. Thus, closely related but
ecologically distinct populations that recombine
frequently have the greatest opportunity to share
generally adaptive genes, as proposed in the
Adapt Globally Act Locally model (Majewski and
Cohan, 1999a, 1999b; Cohan, 2016a). In
whole-genome comparisons, Martin Polz and his
colleagues found many examples of a single gene
(or closely linked set of genes) that swept across
ecologically distinct populations within a Vibrio
species taxon (Shapiro et al., 2012; Arevalo et al.,
2019). Likewise, a metagenomic survey of diver-
sity has shown many cases of such single-gene
sweeps across ecologically distinct populations
(Bendall et al., 2016; Cohan, 2016).

To sum up, in both the bacteria and higher
organisms, recombination can act as a force of co-
hesion that allows the sharing of adaptations
among close relatives. We can add that ongoing,
recurrent recombination can also act as a force of
cohesion for neutral sequence variation. That is,
recurrent transfer of ecologically interchange-
able, neutral variants across ecotypes may hom-
ogenize the ecotypes’ sequences genome-wide
(with the exception of genes involved in adaptive
divergence). Ecotypes will homogenize nearly ge-
nome-wide when homologous recombination of
neutral variants within a species taxon occurs
faster than sequence divergence by mutations,
causing a limit on the accumulation of neutral
diversity (Palmer et al., 2019).

A Force of Cohesion That is Limited
to Species Taxa Across Much of Life

Fortuitously, the systematics laid down by the
mid-century microbiologists appears to have
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delineated bacterial species taxa that are cohe-
sive in the same way as animal and plant species
taxa. Adaptive divergence within any species
taxon, whether bacterial, animal or plant, does
not appear hindered by recurrent recombin-
ation, yet recombination within animal or plant
species appears to homogenize variation within
species for genes not involved in adaptive diver-
gence. In the case of bacteria, comprehensive
comparisons of whole bacterial genomes have
revealed that there is a similar cohesion acting
within the broadly defined species taxa of bac-
teria, even though each species taxon is eco-
logically heterogeneous with a great diversity of
ecotypes (Jain et al., 2018; Cohan, 2019).

Early metagenomic studies indicated a ge-
nome-wide cohesion among closely related but
ecologically distinct bacteria. This was suggested
by early ‘tiling’ studies, in which the genome se-
quence of one isolate from an environment was
compared to random sequence reads from the
same environment. For example, when my col-
leagues and I compared the genomes of each of
two Synechococcus isolates from a Yellowstone hot
spring to the metagenome reads from the same
hot spring, the environmental reads were either
very closely similar to the isolate (> 95% identical)
or they were much more divergent (usually
< 80%) (Bhaya et al., 2007); other tiling experi-
ments have yielded similar results (Caro-Quintero
and Konstantinidis, 2012). These results sug-
gested that some force acted cohesively to bacteria
within 95% identity, perhaps slowing down their
rate of divergence. Beyond 95% identity, it would
seem that lineages are able to diverge freely at a
faster rate (Cohan, 2019).

The first study of ANI, based on a limited
set of genomes in 2005, showed that 95% se-
quence identity has a special significance for
bacterial taxonomy (Konstantinidis and Tiedje,
2005). An ANI value of 95% appeared to be a
universal molecular criterion of relatedness that
yielded the metabolically delimited species taxa
of mid-century systematics.

More extensive studies of genomes and
metagenomes corroborated that there was a spe-
cial cohesion of some kind that extends down to
95% sequence identity. Konstantinidis and col-
leagues analysed the ANI between all 90,000
pairs of sequenced genomes that were available
at the time (Jain et al., 2018). A more recent
study, using both cultivated and uncultivated

genomes, has confirmed a universal gap in ANI,
where many close relatives span values from
95% to nearly 100%, and extremely few pairs of
organisms are found between 83% and 95%
ANI (Olm et al., 2019). The species taxa of bac-
terial systematics appear universally to be cohe-
sive groups, with some force limiting divergence
within them but not (or to a much lesser extent)
between them (Cohan, 2019).

It should surprise microbial ecologists that
bacterial species taxa would be cohesive, given
that they are each heterogeneous in their physi-
ology, ecology and genome content (Cohan,
2016c). The species taxa each appear to be rife
with ecotypes (Connor et al., 2010; Becraft et al.,
2015), and each ecotype has its own force of co-
hesion through periodic selection events, which
constrains the diversity within each of them
(Bendall et al., 2016; Cohan, 2016a).

Homologous recombination may be a force
hindering divergence among relatives down to
95% ANI. One possibility is that homologous re-
combination is passing interchangeable se-
quence variants between the various ecotypes
within a given species taxon. A recent study by
Bobay and Ochman (2017) searched widely for
recombination events between genome pairs
from the same and different species taxa, and
found that the rate of recombination was much
higher within than between. While their study
was not framed in terms of ANI, we can note
that recombination rates decreased by orders of
magnitude in groups with less than 95% ANI.
Olm and colleagues extended the study of re-
combination to metagenome-assembled genomes
from diverse habitats, and found a very similar
result. That is, recombination decreased by or-
ders of magnitude down to 95% ANI, at which
point recombination rates became negligible
(Olm et al., 2019).

Why should divergence within any species
taxon, from any walk of life, be constrained to
the same extent by homologous recombin-
ation? We should first note that 95% ANI rep-
resents only the lower bound of within-taxon
identity (Jain et al., 2018). While pairs of Es-
cherichia coli strains extend down to 95% ANI,
pairs of strains within Mycobacterium species
taxa are rarely less than 99% identical. We can
allow that homogenization of genomes is oc-
curring across different levels of relatedness in
different groups.
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One possibility is that homogenization of
genomes with high ANI may be mostly passive,
with recombination bringing functionally inter-
changeable sequence variants between the vari-
ous ecotypes of a species taxon (Marttinen et al.,
2015; Iranzo et al., 2019). Various forces can
cause the rate of recombination to decrease with
increasing divergence. It is challenging to see
why all taxa should be subject to the same con-
straints on homologous recombination, such
that homogenization of sequences would fade
out by 95% ANI.

First, consider that there is a molecular re-
quirement of sequence identity between donor
and recipient at one or both ends of a recombin-
ing segment (Shen and Huang, 1986). This
yields an exponential decay of recombination
with increasing sequence divergence (Majewski
and Cohan, 1999a,b; Majewski, 2001; Cos-
techareyre et al., 2009). Of all constraints on re-
combination, one can most easily imagine how
this molecular constraint on recombination
may act more or less uniformly across the
conserved recombination apparatus in different
bacterial phyla.

On the other hand, it is difficult to see why
ecological constraints on recombination would
increase uniformly with sequence divergence
across all bacterial groups. Recombination be-
tween lineages requires that they live in the
same microhabitat (Matte-Tailliez et al., 2002),
and it is not clear why the probability of inhabit-
ing the same environment would decline
uniformly with sequence divergence. Other con-
straints on homologous recombination include
differences in restriction endonuclease systems
and in the plasmids and phage that could carry
host genes (Wiedenbeck and Cohan, 2011; Han-
age, 2016). It is not clear why these aspects of
sexual isolation would increase uniformly with
sequence divergence, especially when sexual iso-
lation does not always increase monotonically
with evolutionary divergence (Stefanic et al.,
2019).

An alternative explanation for homogen-
ization of genomes with greater than 95% ANI
(within a species taxon) could be that, above a
particular level of relatedness, generally adap-
tive genes can pass from one ecotype to another
and could thereby provide their adaptation to all
the ecotypes within a species taxon (Cohan,
20164, 2019). Each such sweep of an adaptive

gene would homogenize the entire taxon for
that gene. However, it does not appear that this
model could explain homogeneity at more than
a few tens of thousands of base pairs (Arevalo
et al., 2019). Instead, a passive homogenization
of neutral sequence variants by homologous
recombination is somehow responsible for
blocking divergence within species taxa, down
to a level of around 95% ANI, over all groups
of bacteria.

So we are faced with the convenient but not
totally understood phenomenon that homolo-
gous recombination declines to near zero by
95% ANI in all bacterial species taxa. The result-
ing gap between 95% and 83% ANI, across all
groups, can enable systematists to demarcate
species taxa even when we know very little about
a prospective species taxon. Demarcating bacter-
ial species taxa by 95% ANI not only yields the
familiar species of bacterial taxonomy. It also
yields species taxa that have the species-like
property of cohesion in limiting the genome-
wide divergence among a set of ecologically dif-
ferentiated ecotypes.

Conclusion

It turns out, unexpectedly, that bacterial species
taxa share a species-like property with the spe-
cies taxa of zoology and botany. While recom-
bination within species taxa of all these groups
fails to prevent diversification within species, re-
combination nevertheless appears to act univer-
sally as a force of cohesion within species taxa.
That is, recurrent recombination within species
limits neutral sequence divergence within spe-
cies taxa of plants, animals, and bacteria; re-
combination also allows a sharing of generally
adaptive genes across a species range. The 95%
ANI criterion that demarcates the traditionally
defined species taxa of bacteria fortuitously also
yields groups of bacteria that are subject to the
species-like property of cohesion, where recom-
bination prevents neutral sequence divergence
among ecotypes within a species. Use of the ANI
criterion, then, not only provides an easily used
algorithm for demarcating bacterial species; it
also places bacterial demarcation on the same
theory-based foundation as the species tax-
onomy of animals and plants.
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