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Abbott et al. (2013) extensively review our understanding of the roles of hybridization in speciation. The topic
is discussed in terms of both the homogenizing effects
hybridization may have impeding population divergence (e.g. Hendry et al., 2001; Taylor et al., 2006;
Seehausen et al., 2008) and its creative potential for
generating new biodiversity via the production of novel
genotypes/phenotypes (e.g. Rieseberg et al., 2003;
Seehausen, 2004). It is the latter topic that is the focus
of the review and is an aspect of hybridization that is
garnering increased attention and acceptance in recent
years, not just in plants, but also in animals.
As the creative aspects of hybridization are admirably
covered in Abbott et al.’s (2013) study, we instead concentrate on the conditions under which the homogenizing effects of hybridization can be overcome to
result in population divergence. This is a fundamental
question regardless of the source of variation underlying divergence or the geographical mode of differentiation (initial differentiation in allopatry, parapatry or
sympatry). The term ‘speciation-with-gene-flow’ circumscribes the issue and focuses attention on whether
at a given level of hybridization – usually defined in
terms of the gross migration rate (m) – it is possible
for increased reproductive isolation to evolve. From
this perspective, speciation-with-gene-flow reduces
emphasis on how populations initially evolved to reach
a level of reduced m and instead focuses on whether
they will diverge further, remain at an equilibrium
state, or reverse course and fuse.

Selective processes promoting genomic
divergence
There are three selective processes that generally act
to further population divergence in the face of gene
flow (reviewed in Feder et al., 2012b). The first is
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selection acting directly on a gene region. When the
selection coefficient (s) favouring an allele in one population vs. another is ~m/2 or greater, there is a nonnegligible chance that direct selection on the locus
alone will act to establish the variant and increase
population divergence, and when s ≫ m, there is a
high probability (Feder et al., 2012b). Thus, if the supply of new mutations with large selective effects is not
strongly limited, then there is little impediment to speciation-with-gene-flow. However, when this is not the
case, two forms of genetic hitchhiking can help facilitate divergence.
The first form, termed ‘divergence hitchhiking’ (DH),
is due to local reductions in effective gene flow (me) for
sites physically linked to genes subject to divergent
selection. This occurs because divergent selection can
reduce gene flow at sites linked to the direct targets of
selection before alleles at these sites have a chance to
recombine away and introgress into the other population. This reduction in me means that a linked site does
not require as large an s value to overcome the homogenizing effects of gene flow.
Divergence can also be facilitated by ‘genome hitchhiking’ (GH). In this case, the combined effect of all
genes causing reproductive isolation reduces average me
across the genome. Although the degree of reduced me
will vary across the genome according to the distribution
of selected sites, if average me is reduced enough globally,
then divergence is not limited to just strongly selected
genes and those tightly physically linked. Rather, divergence can accumulate genome-wide. DH and GH are not
mutually exclusive, and both are consequences of divergent selection. The key difference is the focus on physical
linkage to selected sites vs. more widespread divergence
arising from global reductions in gene flow.
The three processes enhancing population divergence
have been recently integrated into a four-phase model
for speciation-with-gene-flow (Feder et al., 2012a). In
this framework, populations successively pass through
‘phases’ where direct selection on individual genes, DH
and GH sequentially assume greater relative importance
for generating increased genomic differentiation
(Fig. 1). We stress that these different ‘phases’ are not
discrete and do not have strong boundaries. Rather,
they describe different parts of a continuum of divergence where the relative importance of DS, DH and GH
changes for facilitating differentiation.
A key point that we make here not covered by Feder
et al. (2012a) is that these phases can be associated with
different species concepts (Fig. 1). Moreover, although
the model was developed for de novo speciation in
sympatry, it is also applicable for divergence initiated in
parapatry or allopatry. Indeed, Wu (2001) described a
complementary model involving secondary contact
based on different patterns of genomic divergence rather
than on the evolutionary processes generating them.
A challenge is therefore to equate patterns observed in
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genome-wide scans of population divergence with
different processes promoting divergence.
As discussed above, direct selection alone can readily
promote speciation-with-gene-flow if many new mutations with s > (m/2) arise. As this may often not be the
case, discerning how effective DH and GH are at facilitating divergence becomes important. In the remainder
of this commentary, we discuss DH and GH in more
detail, culminating in a genomics perspective of how
new species might be recognized. We also explore
differences associated with speciation under primary vs.
secondary contact.

Divergence hitchhiking and physical
linkage
DH may make it possible for differentiation to build and
spread from a few initially strongly diverged gene
regions to encompass larger regions of the genome (Via,
2009, 2012). However, theory predicts that physical
linkage is most effective at reducing me for sites within a
recombination distance of < 1cM from a strongly divergently selected gene, limiting the scope for DH in much
of the genome (Feder & Nosil, 2010; Feder et al.,
2012b). Most aspects of DH pertaining to selection
strength, recombination rate and migration rate have
been reviewed elsewhere (Feder & Nosil, 2010; Feder
et al., 2012b). We focus here on a few novel issues.
One concerns mutation. DH could be important
when m is relatively high and the mutation process
produces new alleles of mostly very minor effect; it
would be difficult for these new alleles to diverge by
DS alone unaided by DH. Note that many such small s
mutations must establish to generate much progress
towards speciation because individually each will
contribute little to increasing reproductive isolation. In
contrast, if only a modest number of moderately to
strongly selected genes diverge by direct selection, then
GH can become enabled and predominate as the hitchhiking process aiding divergence (Feder & Nosil, 2010;
Feder et al., 2012b). Thus, the mutation distribution
can affect whether or not DH is critical for speciation.
Another important contributing factor for an
increased role of DH in speciation may be structural
features of the genome, such as chromosomal inversions and centromeres that reduce recombination rates
below 1cM for large regions of the genome (Noor et al.,
2001; Rieseberg, 2001; Noor & Bennett, 2009). Certain
forms of epistasis, such as those involved in the coupling of performance and preference for a habitat, may
also place a premium on tight linkage and accentuate
the importance of DH (Via, 2001). Finally, under prolonged periods of stabilizing selection in patches with
different optima, slight advantages due to physical linkage can result in the evolution of ‘concentrated’ genetic
architectures with tighter clustering of locally adaptive
alleles and/or alleles of major effect replacing those of

minor effect (Yeaman & Whitlock, 2011). In this
regard, aspects of genomic architecture such as the
recombination rate itself and the distribution of effect
sizes for diverged loci can evolve.
However, empirical tests for DH should be tempered
by considerations beyond just theoretical expectations.
For example, it is conceivable that large genomic
regions of divergence attributed to DH are artefacts
stemming from inadequate marker density and undetected QTL. In addition, one-allele genetic systems in
which the same variant generates reproductive isolation
between populations (c.f. Felsenstein, 1981) can inflate
perceptions of how clustered divergence is in the
genome (e.g. see Ortı́z-Barrientos & Noor, 2005).
Physical linkage can also have inhibitory consequences for speciation (for review see Ortiz-Barrientos
et al., 2002). First, when favourable mutations arise
frequently and many are segregating in populations, Hill
–Robertson effects associated with linkage can impede
the selective establishment of new variants and thus
speciation. Second, optimal combinations of alleles at
multiple loci need to be assembled in the first place, and
physical linkage can hamper such assembly (Kirkpatrick
et al., 2002). This might be a major issue when initial
colonization of a new habitat is dependent on standing
variation and involves complexes of alleles at multiple
loci. Third, when divergence is predicated on new mutations, novel variants often arise in nonfavoured habitats
or genetic backgrounds. In such cases, tight physical
linkage can impede these mutations from recombining
out of these unfavourable backgrounds, thus decreasing
their chances of establishing (Feder et al., 2012b).
Fourth, recent theory has shown that the origin of
intrinsic hybrid incompatibilities via divergent selection
can occasionally increase the rate of neutral gene flow
(Agrawal et al., 2012). This occurs because hybrid
incompatibilities can impede ecological divergence
between populations and thus weaken barriers to gene
flow arising from extrinsic selection. This impeding
effect, and the associated increase in gene flow, is
enhanced by physical linkage between the loci underlying
incompatibilities. More work is needed on the balance
between the constraining and promoting effects of physical linkage on speciation, rather than assuming physical
linkage always promotes speciation.

Genome hitchhiking, multilocus
clustering and taxonomic status
Taking these considerations concerning DH into
account, it may often be the case that taxa rapidly
progress from a phase dominated by DS to one where
GH plays a role in facilitating divergence across the
genome. Due to reduced gene flow across the genome,
gene regions with lower s values, and eventually even
neutral ones, can diverge. This process can generate a
pattern of isolation-by-adaptation (IBA), that is, a gen-
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Fig. 1 Four-phase model of speciation-with-gene-flow. (a) Phases of differentiation as populations evolve increasing levels of reproductive
isolation (RI) along the continuum from partially isolated races to completely isolated species. (b) Characteristic patterns of divergence (FST)
that may be observed at equilibrium for linked neutral genes at varying recombination distances from loci under divergent selection as
speciation proceeds through the four-phase model. (c) The phases do not form discrete boundaries. Rather, they signify more diffuse
transitions representing differences in the relative importance of different processes in facilitating the establishment of new selected
mutations and furthering speciation. Phase 1 = direct action of divergent selection (DS) on loci predominates (indicated by arrows). Phase
2 = divergence hitchhiking (DH) resulting from local reductions in effective migration rate for sites near selected loci (indicated by yellowshaded areas surrounding arrows) assumes greater potential significance for aiding in the establishment of new selected mutations. Phase
3 = genome hitchhiking (GH) is enabled as the combined strength of selection acting on all loci reduces the effective migration rate
sufficiently across the entire genome (orange-shaded area) for new mutations having modest to low s values to establish genome-wide.
Phase 4 = populations evolve as if they are essentially allopatric with essentially no gene flow (red-shaded area). The four phases can be
equated to different species concepts (phases 1 and 2 = genic species; phase 2 and 3 = biological species; phase 4 = phylogenetic species,
where high-frequency private alleles and/or fixed diagnostic, derived differences are observed. (d) Hypothesized relative roles of each
process as speciation progresses. DS contributes throughout, with the other processes joining in. As post-speciation divergence is defined by
zero effective migration, DH becomes less important in phase 4. Figure modified from Feder et al. (2012b) study with permission from
Elsevier.

eral association between the degree of ecological divergence between populations and genetic differentiation
(Nosil et al., 2008, 2009). We note that IBA does not
necessarily predict genetic divergence will be strong
across many regions of the genome. In fact, most
regions might still be very weakly differentiated.
Rather, IBA simply predicts that genetic differentiation
will be greater for ecologically divergent population
pairs than for ecologically similar ones, as is often
observed (Nosil et al., 2009 for review).
Abbott et al. (2013) draw attention to well-established cline theory (Barton, 1979, 1983) to highlight

cases that when different endogenous clines meet and
overlap, they are expected to become coupled, and
then these coupled multilocus clines may move
together in space. Such moving tension zones can be
trapped by natural barriers to dispersal (Barton, 1979)
or coupled with local adaptation clines that are geographically stabilized by selection. These aspects of cline
theory point to how different barriers to gene flow will
accumulate together in the genome and have synergistic consequences for reproductive isolation. As a result,
the genome begins to ‘congeal’ with reproductive isolation increasingly becoming a characteristic of the gen-
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ome rather than of individual loci, as initially conceptualized by Ernst Mayr in the biological species concept
(Coyne & Orr, 2004), although without the need for
extensive co-adapted networks.
These arguments concerning the coupling of
geographical clines might also be applied to the
coupling of locus-specific rates of admixture within single geographical localities, that is, ‘genomic clines’
(Gompert & Buerkle, 2011; Gompert et al., 2012). This
conceptualization of congealing genomic clines therefore equates spatial aspects of hybrid zone theory with
the nonspatial aspects of sympatric speciation, providing
a potential means for operationally identifying species.
Different species may form genetically diagnosable
clusters in distance networks across their geographical
ranges, as effective gene flow across the genome is
more strongly lowered between local, co-occurring
populations of different species than it is among different localities within species. This pattern of clustering
across the geographical range for species contrasts with
intraspecific varieties or ecotypes that may diverge
locally in sympatry, but not show genetic continuity
across their geographical ranges.
As mentioned above, an empirical challenge is to
equate patterns observed in genome-wide scans of
divergence with the phases of speciation (where DS,
DH and GH assume varying potential importance) and
thus with the taxonomic status of populations. One
component of the challenge is that the genome is made
of interspersed sites that directly experience divergent
selection and neutral sites that do not. There is a lag in
the time it takes for neutral divergence to accumulate
between populations dictated by the interaction of
mutation, drift, indirect effects of selection acting on
them and migration. Hence, patterns of neutral divergence can either under- or overestimate me for a given
region of the genome, thereby biasing our characterization of species. In principle, if we knew the intensity of
divergent selection at every site, we could approximate
how the entire genome might eventually equilibrate
and more accurately assess the phases of divergence
and taxonomic status. Although this is unlikely to be
realized in most systems, evidence from selection
experiments, transplant experiments and QTL mapping
of traits will still aid this endeavour. Another challenge
concerns the continuous nature of speciation. Speciation is usually not an event distinguishable by a point
in time; although the genome might increasingly
congeal as speciation proceeds, there may not be an
event horizon where full genome-wide reproductive
isolation becomes inevitable. Indeed, if conditions
change, formerly ‘good species’ can fuse into a single
taxon (Seehausen et al., 2008 for review). Consequently, the identification of geographically consistent
genetic clusters does not signify a unique breakpoint in
the timeline of speciation, but only a means to operationally recognize that divergence and the processes

acting to facilitate it have reached a phase where we
may consider populations to represent species.

Aspects of primary and secondary
contact
We highlight here some important differences between
secondary and primary contact modes of divergence.
First, reproductive isolation due to intrinsic genetic
incompatibilities, antagonistic sexual selection, meiotic
drive and genetic drift are more likely to evolve during
initial periods of allopatry and secondary contact than
for primary contact scenarios. The consequences of
these forms of reproductive isolation and any associated genome structure for speciation-with-gene-flow
following secondary contact need to be further investigated.
Second, during the initial stage of divergence in
allopatry, genome structure is usually not a major
consideration because selection is not opposed by gene
flow and numerous mutations of small effect can more
easily accumulate across the genome than is possible in
sympatry. Following secondary contact and introgression, local concentrations of these loci in the genome
could effectively act as a large effect gene and serve as
focal points to propagate further divergence by DH.
Thus, secondary contact models could be more likely to
generate populations in phase two of divergence
(Fig. 1), in which DH plays a key role, than when
speciation-with-gene-flow is initiated de novo.
Third, secondary vs. primary modes of divergence
have implications for chromosomal inversions that are
predicted to facilitate genomic divergence, and are
increasingly being described across a wide range of taxa
including Mimulus monkey flowers, Drosophila flies,
Rhagoletis flies, Gasterosteus stickleback fish, Heliconius
butterflies and Helianthus sunflowers (Noor et al., 2001;
Feder et al., 2003; Strasburg et al., 2009; Lowry & Willis, 2010; Joron et al., 2011; Jones et al., 2012). How do
inversions spread to high frequency? One possibility is
that hybridization and gene flow allow for the spread
of inversions by natural selection. The idea is that when
chromosomal rearrangements originate, they might
capture locally favourable combinations of genes. These
combinations are kept together by suppressed recombination within inversions, and thus, inversions are
favoured and spread by selection. As highlighted by
Kirkpatrick & Barton (2006), this scenario could occur
under primary sympatric divergence. However, conditions for the spread of inversions may be more favourable when inversions pre-exist at low frequencies in
allopatric taxa and become favoured following secondary contact and gene flow (Feder et al., 2011). The
reasons for an increased probability of establishment in
secondary contact are the following: (i) in initial allopatry, the inversions will likely capture all favoured
locally adapted alleles together, which can be a limita-
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tion to their spread in sympatry, and (ii) multiple
standing copies of the inversion can exist in allopatry,
which makes the rearrangements less likely to be lost
stochastically compared with a new inversion arising in
a single copy in sympatry. This ‘mixed mode’ model is
a novel and creative aspect of hybridization promoting
speciation not fully explored by Abbott et al. (2013),
although they do cover the general topic of standing
variation extensively.

Conclusions
As highlighted by Abbott et al. (2013), advances in mass
sequencing will reveal new insights into the reticulate
nature of speciation and a greater appreciation for the
often recycled nature of variation fuelling population
divergence. However, the greatest contribution of the
new technology may be in the area of genome architecture: understanding how the genes involved in reproductive
isolation are distributed and arrayed across the genome and
how their frequency and physical linkage affect the potential
for speciation. Much remains to be done. However, the
foundation exists to build a unified theory of speciation
genomics in which the causal basis for reproductive
isolation is connected to underlying physiology and
genetic mechanisms, and the consequences of these
associations for the organization and evolution of
patterns of genome-wide divergence can be resolved.
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