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Abstract Population genomics has emerged as a valuable tool to define and delimit
species and to understand the mechanisms that drive and maintain speciation. Species
and speciation have been notoriously difficult to study in microbes owing to their
asexual reproduction, promiscuous horizontal gene transfer, and obscure microscopic
niches. Over the past few years, whole-genome sequencing of closely related, locally
co-occurring populations of microbes, combined with simulations and modelling, has
revealed certain general features of microbial speciation: it is usually driven by
divergent natural selection between distinct ecological niches (a form of the ecolog-
ical species concept), and species distinctness is maintained by barriers to gene flow
(a form of the biological species concept). In some cases, gene-flow barriers may
come about as a natural consequence of ecological specialization. Although these
features appear to be quite general, there are exceptions. Trivially, barriers to gene
flow cannot be used to delimit clonal populations where there is negligible gene flow.
More interestingly, it is unclear whether other barriers to gene flow, such as genetic
incompatibilities or differences in phage-host range, are able to drive speciation in the
absence of other selective pressures. Here, I discuss the extent to which speciation is
driven by natural selection, gene-flow barriers, or a combination of the two, drawing
on recent examples from bacterial and archaeal population genomics, experimental
evolution, andmodelling. I then describe how population genomic data can be used to
define and delimit species boundaries, based upon nucleotide identity cutoffs or upon
discontinuities in gene flow. Despite important limitations and caveats, delimitation
methods provide a useful starting point for more detailed investigation into the genetic
and ecological basis of speciation.
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1 Introduction

Over 150 years since Darwin published On the origin of species, biologists and
philosophers are still debating what species are, how they form, and if they really
exist (Doolittle and Zhaxybayeva 2009; Doolittle 2012). I have previously argued that
species do exist and their origin (the process of speciation) is generally, if not always,
driven by natural selection for adaptation to distinct ecological niches (Shapiro et al.
2016). Here, I will critically re-evaluate this argument and discuss alternatives,
drawing on the most recent advances from population genomics. Most of the exam-
ples will be from bacteria, with some comparisons across other domains of life.
Building on the observation that genetically and ecologically coherent units do exist
(Caro-Quintero and Konstantinidis 2011; Shapiro and Polz 2014) even if their
boundaries may be “fuzzy” (Hanage et al. 2005; Hanage 2013), I will focus on the
mechanisms that give rise to these units and keep them distinct. In other words, this
chapter is mainly about speciation, not species. However, I will also discuss methods
to define and delimit species, which can provide a practical first step toward better
understanding of the mechanisms driving speciation.

2 Species Concepts and Definitions

To begin, let us briefly define population genomics and make the distinction between
species concepts and definitions. Species concepts require at least some notion of
mechanism, whereas species definitions can be completely operational and agnostic to
mechanism but can also be based on a particular species concept (Gevers et al. 2005). I
will focus on two popular types of species concepts. The ecological species concept
(ESC), favoured byDarwin, posits that speciation is driven by natural selection,with each
species adapted to a unique ecological niche (Schluter 2009). The biological species
concept (BSC) posits that speciation is driven by barriers to genetic exchange, which is
equivalent to reproductive isolation in sexual species (Dobzhansky 1935; Mayr 1942).
Strictly speaking, the BSCwill never apply to asexual organisms like bacteria.Moreover,
bacteria (and other domains of life, including plants and animals) can exchange genes
across species boundaries, so barriers to gene flow will always remain somewhat
permeable (Shapiro et al. 2016). Therefore, rather than the strict BSC, I will refer mainly
to a BSC-like concept in which rates of gene flow are higher within than between species,
but cross-species gene transfer can still occur. Other species concepts exist, but most are
effectively combinations of the ESC and the BSC. For example, the stable ecotypemodel
is essentially the ESC with relatively low rates of genetic exchange (Wiedenbeck and
Cohan 2011). Allopatric speciation is a special case of the BSC in which barriers to
genetic exchange are initially due to physical isolation, although they can later be
reinforced by genetic incompatibilities. Different species concepts predict different and
distinctive patterns of genetic variationwithin and between species (Krause andWhitaker
2015), which can in principle be harnessed to define species.
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Population genomics is a valuable tool—perhaps the most valuable tool avail-
able—to both inform our concept of species and to precisely define species. The
(relatively new) field of population genomics (see the Chapters in this volume on this
topic) uses whole-genome information to answer questions posed by the (more
mature) field of population genetics—the study of how mutation, selection, and
drift change allele frequencies within a population. Populations are generally defined
as sets of locally coexisting members of species. If we do not know what species are
in the first place, or how to define them, the task of defining species and populations
can become circular. Therefore, the application of population genomics to the study
of species and speciation usually requires some a priori notion of species or
population boundaries, which can then be critically evaluated based on the fit of
observed patterns of genomic variation with the predictions of competing species
concepts. In some cases, the prior information can include ecological hypotheses, for
example, that speciation in marine vibrios is driven by adaptation to either free-
living or particle-associated lifestyles (Shapiro et al. 2012). In other cases, a previ-
ously named species or genus might be sampled to test whether genome sequence
data fits a particular species concept and whether the sampled genomes constitute
one or many species (Cadillo-Quiroz et al. 2012; Bobay and Ochman 2017). In
general, population genomics requires complete or near-complete genome
sequences from several individuals, be they cultured isolated or single-cell genomes.
Metagenomic sequencing of bulk DNA from an environment is usually incapable of
linking particular genes or mutations back to a specific individual, making it more
difficult to test certain species concepts, particularly versions of the BSC that require
testing for differences in recombination rates within and between populations. These
shortcomings have not prevented researchers from defining “metagenomic species”,
although such definitions are purely operational and not clearly grounded in any
particular concept of species other than the prediction that members of the same
species should have correlated abundances over time or across samples (Caro-
Quintero and Konstantinidis 2011; Alneberg et al. 2014; Nielsen et al. 2014).
Nevertheless, metagenomics can help estimate valuable population genetic param-
eters such as the nucleotide diversity within a species.

3 Selection, Gene-Flow Barriers, or Both?

Both natural selection and barriers to gene flow can be important in the speciation
process, but which is usually the driver that initiates speciation? Certain forms of
gene flow, namely, homologous recombination, require a certain degree of sequence
identity between donor DNA and the recipient genome (although a few dozen base
pairs of identity can be sufficient to initiate the transfer of several kilobases of
completely nonhomologous DNA; Mell et al. 2011; Croucher et al. 2012). In
principle, the accumulation of mutations could gradually create barriers to homolo-
gous recombination, driving speciation in the absence of selection and yielding
genetically distinct species fitting the BSC. According to computational modelling,
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this is unlikely to occur, unless recombination rates decline unrealistically rapidly
with sequence divergence (Fraser et al. 2007). The model suggests that another
force—such as divergent natural selection between two niches—is required to drive
speciation. A further theoretical argument why selection is required to initiate
speciation is based on the competitive exclusion principle (Gause 1934; Tilman
1982). If two species are ecologically equivalent (meaning they are under identical
or near-identical regimes of selection), one will inevitably (after some period of
time) drive the other to extinction. Only if species are under divergent selection for
adaptation to distinct niches will speciation occur.

Beyond these theoretical considerations, what is the population genomic evi-
dence for selection driving speciation? Perhaps the most direct evidence comes from
laboratory evolution experiments, combined with whole-genome sequencing. In a
long-term evolution experiment starting with a single clone of E. coli, a lineage
evolved after ~31,000 generations with the ability to metabolize citrate, a previously
unused carbon source present in the growth medium (Blount et al. 2008). Sequenc-
ing of ancestral CIT- and derived CIT+ genomes revealed the genetic changes
required for citrate utilization (Blount et al. 2012). The two ecologically distinct
lineages continue to coexist in the experiment, consistent with the ESC. Despite
being a clear example of how ecological selection can drive speciation, it is not really
a fair test of whether gene-flow barriers can drive speciation because the E. coli in the
experiment are not competent and do not recombine DNA.

In another evolution experiment using bacteriophage capable of recombinationwithin
host cells, Meyer et al. (2016) showed that speciation readily occurred under both
allopatric and sympatric conditions, driven by divergent selection for phage to specialize
on one of two available bacterial hosts that differed only in their surface phage receptor. In
the allopatric experiment, phage were cultured in media containing only one host, and
specialization occurred rapidly. In the sympatric experiment, both bacterial hosts were
present in the culture media, but specialization still occurred because of the link between
ecological preference (one host or the other) and recombination,which only occurswithin
a host cell. These barriers to gene flow imposed by host preference are analogous to the
barriers imposed by particle preferencewithin themarinewater column,which appears to
be driving sympatric speciation in natural vibrio populations (discussed below). This
subtle spatial structure within seemingly homogeneous sympatric environments has been
referred to as “mosaic sympatry” (Mallet 2008; Shapiro and Polz 2014) and explains how
ecological selection can initiate speciation,which is later reinforcedbygene-flowbarriers.
By sequencing evolved and ancestral phage genomes,Meyer et al. (2016) further showed
that severalmutations in a single host-recognition gene in thephagegenome (J) explained
host specialization, with different mutations associated with different hosts. The obser-
vation of a single gene apparently responsible for speciation is consistent with theoretical
predictions that sympatric speciation proceedsmore readily when fewer loci are involved
in ecological differentiation or reproductive isolations (Kondrashov and Mina 1986;
Friedman et al. 2013). Further reducing gene flow between incipient phage species,
recombinant J alleles encoding combinations of mutations adapted to different hosts
were not viable. Therefore,Meyer et al. (2016) appear to have captured a very early stage
of sympatric speciation, driven by ecological differentiation andmaintained by gene-flow
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barriers. A population genomic study of sympatric marine cyanophages suggests the
same mechanisms may be at play in natural phage populations, although speciation may
be driven by ecological factors other than host identity (Gregory et al. 2016).

Similar patterns have also been observed in recombining natural bacterial populations.
For example, we compared the genomes of very closely related Vibrio cyclitrophicus
isolates (identical 16S and>99% amino acid identity) and concluded that speciation was
driven by differential selection for either free-living or particle-associated niches and
maintained by the emergence of barriers to gene flow (Shapiro et al. 2012). In other
words, the speciation process began with an ESC-like mechanism and was reinforced by
a BSC-like mechanism. However, it is difficult to be certain that ecological selection
preceded the establishment of gene-flow barriers. We found that gene-flow barriers
between incipient species are only evident among the most recent detectable recombi-
nation events, while older recombination events do not respect species boundaries
(Shapiro et al. 2012). I later used an adaptation of the McDonald-Kreitman (MK) test
(Vos 2011) to show that the divergence between incipient species involved an unex-
pected excess of nonsynonymous substitutions, suggesting positive selection driving
their divergence (Shapiro 2014). Still, although it is certainly consistent with the “selec-
tion first” hypothesis, this does not conclusively prove that ecological selection occurred
before the establishment of gene-flow boundaries. Further complicating things, the likely
targets of differential selection between free-living and particle-associated habitats—
three loci containing >80% of ecoSNPs (the single nucleotide polymorphisms fixed
between habitats) and several other genes present in one habitat but not the other—are
subject to frequent recombination andwere likely acquired fromdistantly related lineages
of Vibrio, making it difficult to date their acquisition with certainty. Nevertheless, it is
abundantly clear that the two incipient species are ecologically distinct (Yawata et al.
2014) and there is currently no evidence suggesting that gene-flow boundaries emerged
before differential selection.

Evidence from several other natural bacterial populations supports the idea that
ecological differentiation, due to selection on one or a few “niche-specifying” genes,
can occur before any apparent boundaries to gene flow. For example, a population
genomic study of Rhizobium leguminosarum found that they “form dynamic, diverse
populations that are unified by gene flow despite selection acting at one or more loci”
(Klinger et al. 2016). Specifically, they found that selection (artificially applied in a
22-year nitrogen fertilization experiment) favoured certain alleles of nitrogen fixation
genes, which rose to high frequency in the R. leguminosarum population without
affecting diversity elsewhere in the genome (Klinger et al. 2016). Such “gene-specific”
selective sweeps (Shapiro and Polz 2014) have also been documented in population
genomic studies of other bacteria, including Mesorhizobium (Porter et al. 2016) and
Streptococcus (Croucher et al. 2011; Bao et al. 2016). The apparent ease with which
natural selection can favour the increase of adaptive genes or alleles in recombining
microbial populations suggests that selection could at least plausibly drive speciation,
before the establishment of gene-flow boundaries.

Let us now consider the alternative hypothesis that gene-flow barriers directly drive
speciation without the need for ecological selection—a version of the BSC without any
trace of the ESC. As described above, it is unlikely that gradual mutation accumulation
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could cause barriers to homologous recombination. But what about other mechanisms of
recombination? Phage-mediated transduction requires the donor and recipient cells of a
recombination event to be infected by the same phage. Therefore barriers to phage
infection could limit gene flow. Consistent with this idea, a comparative analysis of
phage and bacterial genome sequences showed that phage-mediated recombination
events are mostly limited to closely related bacterial donors and recipients (Popa et al.
2016). This phage-host specificity could limit genetic exchange to close relatives,
providing a natural mechanism for the BSC and leading tomore genetic exchange within
than between species. In principle, a mutation or recombination event changing a phage
receptor could instantaneously create a barrier to geneflow (Rodriguez-Valera et al. 2009;
López-Pérez and Rodriguez-Valera 2016), but population genomic evidence of such a
BSC-like mechanism driving speciation is still lacking. Large-scale chromosomal
rearrangements can play an important role in creating reproductive isolation in yeast
(Charron et al. 2014; Leducq et al. 2016), but it is unclear which came first—barriers to
gene flow or ecological specialization—or whether both occurred more or less simulta-
neously to initiate speciation.

4 Models to Interpret Population Genomic Data

Population genomic data can be used to operationally define species and, more impor-
tantly, to test competing species concepts. An example of an operational species
definition based on genome sequence data is the proposed 95% average nucleotide
identity (ANI) threshold (Konstantinidis and Tiedje 2005; Konstantinidis et al. 2006).
Pairs of genomes that have below 95% ANI always come from distinct species,
according tomost species concepts or definitions. However, although a 95% threshold
mayworkwell formost species, somerecentlydivergedspeciesmight still share97,98,
or99%ANI(DoolittleandZhaxybayeva2009).Forexample, thenascentphage(Meyer
et al. 2016) and Vibrio (Shapiro et al. 2012) species described above would be lumped
into a single species using a 95% cutoff. ANImay also varywidely across the genome,
leading to “fragmented speciation” in which different parts of the genome effectively
speciate at different rates (Retchless and Lawrence 2010). Therefore, a universal
ANI-based species definition, while appealing in its simplicity, will likely fail to
distinguish “good” species, especially at early stages of speciation. ANI, like other
sequence-based thresholds (suchas97%identity in the16S rRNAgene), is still a useful
starting point for a more in-depth testing of species concepts. It has been argued that
97% is amuch too inclusive cutoff and that 99%16S identity or unique sequence types
better capture ecologically coherent bacterial species (Acinas et al. 2004; Eren et al.
2013;Koeppel andWu2014).Noonewould argue that genomes sharing less than95%
ANIarepartof the samespecies.However, genomessharingmore than95%ANImight
be divided into two, three, or several species, depending on the choice of species
concept.

Testing species concepts requires more than population genomic data. It also
requires a model describing the mechanism of speciation, which can then be fit to
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population genomic data. One of the first and most influential such models is the
stable ecotype model (SEM), which defines species as ecotypes, each inhabiting a
distinct ecological niche, such that selective sweeps and neutral drift affect diversity
within but not between species (Wiedenbeck and Cohan 2011). In other words,
selective sweeps or population bottlenecks that occur within one species (ecotype)
do not affect the genetic diversity of other species. Phylogenies based on marker
genes often fit well with the predictions of the SEM, namely, that monophyletic
groups of closely related bacteria tend to share the same ecological associations
(Hunt et al. 2008; Koeppel et al. 2008). However, applied to marker gene sequences
from natural populations of Bacillus, the SEM fits slightly worse than a neutral
model without ecological niches (Fraser et al. 2009), and patterns that appear
consistent with the SEM based on marker genes may be inconsistent when
genome-wide information is considered (Shapiro et al. 2012).

In the SEM, sweeps or bottlenecks purge genetic diversity genome-wide, because
recombination is not strong enough to decouple the evolutionary fates of loci across
the genome. Different versions of the SEM can accept increasing levels of recom-
bination (Majewski and Cohan 1999; Wiedenbeck and Cohan 2011), but the SEM
always emphasizes strong selection between ecological niches and relatively low
rates of gene flow, such that an adaptive allele will always spread by clonal
expansion rather than recombination. Such clonal expansions are expected to result
in genome-wide selective sweeps, purging genetic diversity across the genome.
Although such clonal expansions and genome-wide sweeps likely occur over rela-
tively short time scales [e.g. pathogen outbreaks; (Shapiro 2016)], they appear to be
rare in nature, at least among recombining aquatic and soil bacteria studied with
genome-wide surveys (Shapiro et al. 2012; Cui et al. 2015; Rosen et al. 2015;
Klinger et al. 2016; Porter et al. 2016). For example, of 30 bacterial populations
tracked using metagenomics in a lake over a 9-year period, only one appeared to
experience a genome-wide purge of diversity (Bendall et al. 2016), although it
remains unclear whether the purge was driven by selection or drift (Shapiro 2016).
To explain the apparent rarity of genome-wide sweeps in nature, recent models have
shown how combinations of negative frequency-dependent selection [e.g. to avoid
phage predation; (Takeuchi et al. 2015)] and migration between habitat patches
(Niehus et al. 2015) can allow recombination to outpace natural selection, resulting
in gene-specific rather than genome-wide selective sweeps. These models help
explain population genomic and metagenomic observations consistent with gene-
specific sweeps in nature (Coleman and Chisholm 2010; Shapiro et al. 2012; Shapiro
and Polz 2014; Klinger et al. 2016; Porter et al. 2016), but did not specifically
investigate the process of speciation.

Fraser et al. (2007) used a computational model to investigate the role of homol-
ogous recombination in speciation. They confirmed the prediction of the SEM that, in
the absence of distinct ecological niches and in the absence of recombination,
genetically distinct clusters of bacteria continuously formed and went extinct. Thus,
stable species cannot bemaintained in a neutral model with only one niche. Theywent
on to show that recombination homogenized the clusters, resulting in a single, stable
“cloud” of genetic diversity. When recombination rates declined with genetic
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divergence, distinct and stable clusters (reminiscent of species biological species)
were maintained—but only using an unrealistically steep rate of decline. In contrast to
any parameterization of the Fraser et al. model, real sequence data from the genus
Streptococcus fall into distinct clusters, despite high rates of recombination. This
suggests that a neutral model with or without recombination is not sufficient to explain
the formation of stable genetic clusters. For speciation to occur, another ingredient is
missing. The missing ingredient could be divergent natural selection between eco-
logical niches or, in special cases of geographic isolation, physical barriers to recom-
bination (Krause and Whitaker 2015).

In the sympatric simulation (symsim) model of divergent selection between eco-
logical niches, we found that recombination accelerated the initial rate of niche
adaptation but later eroded the distinctness of incipient species, particularly when
several (>5) loci are involved in adaptation (Friedman et al. 2013). The model is fully
sympatric, meaning that incipient species freely exchange genes despite having
completely distinct niches, as might perhaps occur for species inhabiting a well-
mixed aquatic environment but specializing on different dissolved nutrients. Quali-
tatively, the model fit well with the observation of relatively few niche-specifying
genes (~3–10) involved in the ecological differentiation of marine vibrios (Shapiro
et al. 2012) and suggested that barriers to gene flow (either ecological or physical)
might be required to maintain the separateness of species, especially when niche
adaptation involves many genes.

Marttinen and Hanage took the next logical step by modelling evolution in two
ecological niches with an adjustable level of overlap (Marttinen and Hanage 2017). In
thisOverlappingHabitatModel (OHM), individuals exchangegenes and compete only in
their overlapping region of multidimensional niche space (Fig. 1). Unlike symsim, which
explicitly models the niche-specifying genes, the OHM assumes that niche adaptation is
caused by very many loci, such that the recombination of just a few of these loci does not
affect niche preference. Using this model, Marttinen and Hanage were able to investigate
the rates of genetic divergence under different levels of niche overlap and recombination.
Intuitively, with low levels of niche overlap (~20% or less), speciation occurs rapidly due
to (implicit) divergent selection between niches and reduced opportunity for genetic
exchange (which can only occur in the region of niche overlap). With high niche overlap
(~60%), speciation is slow and genetic distances within and between subpopulations
(nascent species) continue to overlap significantly, making species difficult to distinguish
(as in the case ofV. cyclitrophicus). Fitting theOHMto real population genomic data, two
putative subpopulations of S. pneumoniae are predicted to have 41% niche overlap and
two putative subpopulations ofC. jejuni to have 24% overlap. Themodel further predicts
that with fast divergence (no niche overlap), all genes across the genome rapidly
accumulate ecoSNPs, similar to the genome-wide divergence predicted by the SEM.
With higher niche overlap, ecoSNPs are predicted to accumulate in just a few genes, with
most genes containing zero or very few ecoSNPs. This pattern of few dense ecoSNP
clusters was observed in both S. pneumoniae and C. jejuni genomes, suggesting their
gradual divergence in the presence of gene flow in partially overlapping niches (Fig. 1).
Qualitatively, this also resembles the three dense patches of ecoSNPs inV. cyclitrophicus
described above, suggesting that the OHM could capture speciation processes in a range
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of natural bacteria. Because the OHM does not model niche-specifying genes (the genes
under divergent selection between niches), it follows that clusters of ecoSNPs in the
genome can arise even when these ecoSNPs are not the direct targets of selection. As a
consequence, ecoSNP clusters can be either drivers or passengers of the speciation
process.

The OHM is appealing for its seamless combination of the ESC and the BSC. Ecology
and divergent selection are implicit in the overlap of abstract multidimensional niches.
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Fig. 1 Population genomic signatures of speciation under the Overlapping Habitat Model (OHM).
The first (top) row illustrates the extent of habitat overlap between two populations. Populations can
live and recombine in their respective habitat or in the region of overlap. Habitats exist in
multidimensional niche space. The second row illustrates the genetic distances within and between
populations, as predicted by the OHM. When there is little habitat overlap, the two populations
diverge rapidly, but as overlap increases, distinct populations become difficult to distinguish from
within-species genetic variation. The third row illustrates the predicted distribution of ecoSNPs
(fixed single nucleotide differences between the two populations) per gene. The fourth row shows
the estimated median homoplasy/mutation (h:m) ratio as increasingly large subsamples of genomes
are taken from the populations. With ~0% habitat overlap, no recombination is expected between
populations; thus the h:m ratio will be close to zero, and species are undefinable by the BSC-based
method of Bobay and Ochman. In the example of C. jejuni (~20% overlap), a discontinuity is
observed in the h:m ratio, suggesting the existence of two distinct species. The top three panels
qualitatively summarize Figs. 2, 4, and 5 from Marttinen and Hanage (2017). Note that the OHM
was fit to C. jejuni and S. pneumoniae datasets, but not V. cyclitrophicus. The panels marked with an
asterisk are therefore hypothetical, based on the results of Shapiro et al. (2012). The bottom panel
qualitatively summarizes portions of Supplementary Fig. 1 from Bobay and Ochman (2017)
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Barriers to geneflowoccur as a consequenceof nonoverlapping (orminimally overlapping)
niches. The percentage of overlap in multidimensional niche space is a rather abstract
concept but provides a point of entry for researchers to determine the main drivers of niche
overlap (e.g. physical separation, host preference, nutrient utilization, growth rates, or some
combination of these).

5 Species Delimitation Using Population Genomic Data

As discussed above, operational species definitions (such as a 95% ANI threshold)
can easily be used to delimit species using population genomic data in the absence of
any particular species concept. A more profound use of population genomic data is
to detect signals predicted by a specific species concept and define species based on
this concept. For example, the BSC predicts higher levels of gene flow within than
between species. (Strictly, the BSC predicts zero gene flow between species, a
criterion that will never realistically be met in recombining bacteria and archaea;
hence only BSC-like concepts are amenable to most microbes and possibly most
macrobes; Mallet et al. 2015; Shapiro et al. 2016.) Based on mounting population
genomic evidence of higher rates of recombination within than between species or
suspected species (Cadillo-Quiroz et al. 2012; Shapiro et al. 2012; Krause and
Whitaker 2015; David et al. 2017), a BSC-like concept could plausibly apply to a
large variety of microbes. In this BSC-like concept, barriers to gene flow provide a
signature of speciation, but the drivers of speciation are not specified.

Bobay and Ochman (2017) recently proposed a way to apply a BSC-like concept
to define species based on population genomic data. The method begins with a set of
aligned genomes from a putative species (e.g. named species downloaded from
NCBI GenBank) and identifies SNPs in the alignment. SNPs are then divided into
those that can be placed parsimoniously on the phylogenetic tree, attributed to point
mutation, and those that cannot: homoplasies, attributed to recombination. These
two classes of SNPs are used to estimate the ratio of recombination to mutation rates
(r:m) from the ratio of homoplasies to parsimonious mutations (h:m). If the align-
ment includes genomes sampled from just one species, sampling additional genomes
will allow the SNP calling procedure to converge on a stable h:m ratio. However, if a
“contaminant” genome from a second species is added to the alignment, this will
cause an abrupt drop in the estimate of h:m, because under a BSC-like model, most
mutations occurring between species are due to mutation, not recombination. The
method therefore accepts “good” species as those that converge on a stable h:m
estimate and proposes to split species containing “contamination” from other spe-
cies. Importantly, Bobay and Ochman’s method also identifies species that are too
clonal (i.e. species with a very low h:m) and therefore cannot be classified based on a
BSC-like concept.

Studying 105 named species from NCBI GenBank, Bobay and Ochman found
that just over half constitute “good” species, about a quarter should be split, and
about a quarter are too clonal or lack sufficient numbers of informative SNPs to be
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defined (e.g. Mycobacterium tuberculosis and Bacillus anthracis). Encouragingly,
the method identifies a species boundary between familiar animal species such as
humans and chimpanzees. The two named species analysed with the OHM model,
S. pneumoniae and C. jejuni, were also included in Bobay and Ochman’s analysis,
providing an opportunity for comparison (although not exactly the same set of
genomes were used). In the C. jejuni genomes, a clear discontinuity was identified
by Bobay and Ochman (Fig. 1), suggesting that this species should be split in two
according to the BSC-like concept. In contrast, S. pneumoniae behaves as a single
cohesive species (Fig. 1). At face value, this contradicts the OHM model, which
predicts that S. pneumoniae contains two gradually diverging subpopulations that
might be considered distinct species. However, the divergent S. pneumoniae sub-
population (SC12) identified by the OHM was not represented in Bobay and
Ochman’s dataset, highlighting the importance of sampling for any population
genomic study of speciation or species delimitation. The two nascent species of
V. cyclitrophicus (Shapiro et al. 2012) were not identified as distinct species based on
the BSC-like criterion, likely because divergence was too recent and barriers to gene
flow do not yet extend across the genome. Therefore, very early stages of speciation
may be difficult to detect based on a genome-wide gene-flow criterion.

Bobay and Ochman’s method is attractive for two main reasons. First, it is not
based on any arbitrary threshold of genetic similarity, but rather upon a discontinuity
in inferred rates of gene flow. As a result, even if some very early stages of speciation
may be missed, the method can delimit species across a range of genetic divergences.
Second, it is based on genome sequences, meaning it can be readily and reproducibly
applied across a range of different species (including bacteria, archaea, eukaryotes, or
even viruses) without “expert” knowledge or complicated phenotypic tests. It also
comeswith some caveats. For practical reasons, themethod tests the coherence of an a
priori hypothesized species; it does not define species de novo from a database of all
sequenced genomes. More importantly, the method depends strongly on sample size
and in fact relies on unbalanced sampling between species for discontinuities in gene
flow to be identified. As such, the method is optimized to detect single “contaminant”
genomes but will fail to distinguish two species sampled in roughly equal proportions.
Like any comparative genomic method, it only measures realized (rather than poten-
tial) genetic exchange. Under the strict BSC, individuals that can exchange genes are
members of the same species, even if in practice they do not (e.g. due to geographic
separation and the population structure that results). Determining the potential for
genetic exchange requires experiments. All that can be reasonably asked of a com-
parative genomic method is to assess the realized rates and boundaries of recombi-
nation. Therefore, themethod provides a useful starting point for further investigation.
If a species is split, researchers must go on to ask, was the split due to population
structure or ecological differentiation? If the latter, what are the relevant ecological
niches?
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6 Conclusions

Here I have described how speciation can be initiated by ecological differentiation
(an ESC-like species concept) and be maintained by barriers to gene flow (a BSC-like
species concept). Population genomic evidence from several groups of bacteria
support this “ESC+BSC” paradigm, but there are sure to be exceptions. In effectively
nonrecombining bacteria, the BSC does not apply. In some groups of bacteria or
archaea, speciation could be driven entirely by barriers to gene flow, but strong
examples are still lacking. Even in cases where gene-flow barriers appear to maintain
species, it is not clear whether these barriers initiated speciation (Cadillo-Quiroz et al.
2012; Krause and Whitaker 2015). Moreover, the distinction between ESC and BSC
may be somewhat artificial, because ecological differentiation can create barriers to
gene flow, for example, when incipient species favour different hosts or particles
(Shapiro et al. 2012; Meyer et al. 2016). This combination of the ESC and BSC is
elegantly modelled in the OverlappingHabitatModel, in which gene flow occurs only
in the region of niche overlap (Marttinen and Hanage 2017). In many instances,
ecological specialization and barriers to gene flow may occur effectively simulta-
neously, whichwould explainwhy the two potential drivers of speciation have proven
so difficult to disentangle.

Population genomic and, in some cases, metagenomic data have the potential to
delimit species in a standard, reproducible way. For example, genomes that differ at
more than 5% of nucleotide sites tend to belong to different species (Konstantinidis and
Tiedje 2005; Konstantinidis et al. 2006). While this simple cutoff-based species delim-
itation may work well in many cases, there are exceptions that are better resolved using
concept-based delimitation. For example, Prochlorococcus marinus includes genomes
that share only 72% average nucleotide identity, but this group still behaves as a coherent
gene-flow unit according to a BSC-based species delimitation (Bobay and Ochman
2017). On the other hand, it is well established that there are several, if not hundreds,
of genetically and ecologically distinct subclusters withinProchlorococcuswhich appear
to stably coexist in the ocean (Rocap et al. 2003; Johnson et al. 2006;Kashtan et al. 2014).
It may notmatter if there are 1000, 100, or only one species ofProchlorococcus—but it is
useful to note that Prochlorococcus appears to be a relatively homogeneous unit of gene
flow, which may contain finer-scale units that go undetected by certain methods (Bobay
andOchman 2017). Similarly, S. pneumoniae shows finer genetic substructurewithin the
twomajor subpopulations, suggestingfine-scale niche partitioning (Marttinen et al. 2015;
Marttinen and Hanage 2017). Therefore, although species delimitation methods (Bobay
and Ochman 2017) and speciation models (Marttinen and Hanage 2017) can provide
impressive fits to the major features of population genomic datasets, these methods and
models generally provide only a starting point—a very useful starting point—for more
detailed investigations into the ecology, phenotypes, and genetics of the organisms in
question.

With the possible exception of experimental evolution experiments, it is effec-
tively impossible to follow a speciation event from start to finish in real time.
However, if speciation is indeed common—and it must be if all organisms can be
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placed somewhere along a speciation spectrum (Mallet 2008; Shapiro and Polz
2014)—studying diverse microbes at different stages of speciation will allow us to
more fully appreciate the order of events driving and maintaining speciation, the
general mechanisms involved, and the inevitable exceptional cases.
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Glossary

Niche A specific set of ecological parameters (environments, resources, physical
and chemical characteristics, biotic interactions, etc.) to which an organism is
adapted. This does not necessarily imply (but does not exclude) physical separa-
tion between niches. For the purposes of this chapter, “niche” and “habitat” are
used more or less interchangeably, although “habitat” has a more spatial conno-
tation, while niches can be temporal, behavioural, physiological, etc.

Ecological species concept (ESC) A species concept in which speciation is driven
by adaptation to distinct habitats or ecological niches, with each species inhabiting
a distinct niche.

Biological species concept (BSC) A species concept based on reproductive isola-
tion (in the strict sense) or to barriers to gene flow, resulting in more gene flow
within than between species, even if some between-species gene flow still occurs.

Allopatric speciation Speciation driven by physical barriers to gene flow between
incipient species, such that speciation may occur in the absence of natural
selection.

Sympatric speciation Speciation that occurs in the absence of physical barriers to
gene flow, such that speciation must be driven by some combination of natural
selection and/or genetic barriers to gene flow.

Mosaic sympatry An intermediate between sympatry and allopatric, in which
organisms inhabit different niches (e.g. particles or hosts) within an otherwise
well-mixed environment.

Gene flow Ageneral term for exchange ofDNAbetween chromosomes, including both
homologous and nonhomologous DNA. In sexual organisms, gene flow occurs
during meiosis. In microbes, gene flow can occur by phage-mediated transduction,
plasmid-mediated conjugation, or natural competence (uptake of free DNA) followed
by homologous or nonhomologous recombination.

Gene-specific selective sweep The process in which an adaptive gene or allele
spreads in a population by recombination faster than by clonal expansion. The
result is that the adaptive variant is present in more than a single clonal back-
ground and that diversity is not purged genome-wide.

Genome-wide selective sweep The process in which an adaptive gene or allele
spreads in a population by clonal expansion of the genome that first acquired
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it. The result is that diversity is purged genome-wide and that the adaptive variant
is linked in the same clonal frame as the rest of the genome.

ecoSNP An ecologically associated single nucleotide polymorphism (SNP) with
different nucleotides fixed between two different habitats (e.g. an A allele in
habitat 1 and a T allele in habitat 2). Genes under divergent natural selection
between niches or habitats (“niche-specifying genes”) are expected to contain a
large number of ecoSNPs.
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