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Abstract | Speciation is a fundamental evolutionary process, the knowledge of which is
crucial for understanding the origins of biodiversity. Genomic approaches are an
increasingly important aspect of this research field. We review current understanding of
genome-wide effects of accumulating reproductive isolation and of genomic properties
that influence the process of speciation. Building on this work, we identify emergent trends
and gaps in our understanding, propose new approaches to more fully integrate genomics
into speciation research, translate speciation theory into hypotheses that are testable using
genomic tools and provide an integrative definition of the field of speciation genomics.
Reproductive isolation
The absence or restriction of
gene flow between populations
beyond that caused by spatial
separation.

Gene flow
The movement of alleles
between populations. For gene
flow to occur, individuals must
disperse between populations
and successfully reproduce
with local individuals.
Therefore, gene flow can be
reduced not only by dispersal
barriers but also by either
intrinsic or extrinsic
reproductive isolation.
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Major insights into the genetics of speciation have come
from various approaches (BOX 1), which range from the
mapping of individual genes that cause reproductive
isolation to the characterization of genome-wide differentiation patterns, and from quantitative genetic
approaches to admixture analyses that associate pheno
types with reduced gene flow between populations1–3.
These empirical approaches have a long history that
started with the work of Dobzhansky 4 and Muller 5.
The theoretical understanding of the genetics of speciation has advanced markedly 6–10. However, the deluge of
empirical data from next-generation sequencing (NGS),
along with the emergence of new analytical approaches,
necessitates the integration of this theoretical work to
strengthen the conceptual foundations of the nascent
field of speciation genomics. Such integration will help
to elucidate the relationships between evolutionary
processes and genomic divergence patterns on the one
hand, and between genomic properties and speciation
processes on the other hand, and it will help to unify
research on both the ecological and non-ecological
causes of speciation.
In this Review, we first discuss areas in which genomic
approaches have begun to make important contributions
to speciation research (BOX 1), which include elucidating
patterns and rates of genome-wide divergence, improving
our understanding of both the genomic basis and the evolution of intrinsic and extrinsic reproductive barriers, and
identifying mechanisms by which different barriers
become genomically coupled. We also highlight areas
that would benefit from further attention, such as the
distributions of locus effect sizes, pleiotropy and genomic
constraint. We conclude by discussing how NGS data

and innovative population genomic analyses — which
use genome-wide data to make inferences about evolutionary processes in natural populations — could
contribute to further progress in integrating these
study areas into a more comprehensive and coherent
understanding of speciation genomics.

Speciation: theory and classical evidence
In line with others1,3, we define speciation as the origin
of reproductive barriers among populations that permit
the maintenance of genetic and phenotypic distinctiveness of these populations in geographical proximity.
These reproductive barriers can be initiated either by
divergent selection (that is, ‘ecological’ or sexual selection that creates extrinsic reproductive isolation) or by the
evolution — through genetic drift, as an indirect consequence of selection, or through genomic conflict — of
genetic incompatibilities that cause intrinsic reproductive
isolation (BOX 2) . The study of the accumulation of
intrinsic isolation has a strong tradition in evolutionary
biology 1,11. However, most recent population genomic
studies of divergence across the genomes of incipient and
sister species have investigated cases of putative ecological
speciation and have focused on divergent adaptation and
extrinsic isolation (but see REF. 12, discussed below, for
an important role for genomic conflict in generating
reproductive incompatibilities).
Extrinsic postzygotic isolation arises as a consequence
of either divergent or disruptive selection when the viability or the fertility of migrants or of individuals with
intermediate genotypes is reduced2. Prezygotic sexual
isolation and also extrinsic postzygotic isolation (when
hybrids have reduced mating success13) may evolve as
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Box 1 | Genomic tools for studying speciation
Next-generation sequencing is rapidly expanding the tool box for the study of speciation.

Speciation genomics
The field of speciation research
that addresses the influence
of genomic properties on the
evolution of reproductive
barriers and the signatures
of speciation processes that
are observable in genomic
patterns (for example,
processes of diversity and
divergence). Its aim is a
conceptual and methodological
integration of genomic
approaches with other
empirical and theoretical
speciation research.

Effect sizes
The magnitude of the influence
of a locus or a specific allele on
a phenotypic trait. This can be
expressed, for example, as the
proportion of phenotypic
variation due to a specific locus
or as the phenotypic difference
between genotypes with and
without a specific allele.

Pleiotropy
Effect of an allele on more than
one trait.

Divergent selection
Selection that favours different
phenotypes in different
populations.

Extrinsic reproductive
isolation
Fitness reduction in hybrids
that is dependent on the
environment and that is
mediated by genotype–
environment interactions.

Genomic conflict
Conflict that arises between
genes or genetic elements
within the same genome either
when they are not transmitted
by the same rules (for example,
biparental versus uniparental
inheritance) or when a gene
causes its own transmission
to the detriment of the rest of
the genome. The presence
of elements that bias
transmission (that is, distorter
loci) is expected to lead to the
evolution of loci that restore
Mendelian segregation (that is,
restorer loci).

Intrinsic reproductive
isolation
Fitness reduction in hybrids
that is independent of the
environment.

Patterns of genomic divergence
Several methods can be used to investigate genome-wide divergence along the ‘speciation continuum’. These methods
include genome scans using single-nucleotide polymorphism (SNP) arrays78, restriction-site-associated DNA sequencing
(RAD-seq)72,77 or related genotyping-by‑sequencing (GBS) methods, whole-exome or transcriptome sequencing76
and whole-genome resequencing112 of population samples. Patterns in genome-wide divergence can be visualized and
compared using, for example, FST kernel density plots and Manhattan plots98 (FIG. 1).
Testing for signatures of introgression
Various approaches are available to assess whether the sharing of genetic variants between incipient species is a result of
hybridization or incomplete lineage sorting90. The ABBA–BABA test183 is particularly applicable to genome-scale data
sets. It relies on the frequencies of two specific patterns of allele sharing among a group of four species.
Identifying signatures of selection
Genome scans can reveal genomic regions that show evidence of divergent selection between incipient species using
FST-outlier analyses or related approaches, which can be applied either to individual SNPs77 or to smoothed average FST
values72 within windows (that is, regions of a defined size) of the genome. The latest methods can account for
demographic variation and other sources of variation104,184 and make improved use of high-density marker information185.
Mapping genes that are involved in reproductive isolation
A logical first step in the search for candidate genes that are involved in reproductive isolation is to carry out genome
scans of incipient species pairs at several different stages along the speciation continuum69,72,74,98. A range of genetic
mapping tools are available for identifying links between divergent genomic regions and the phenotypic traits that
contribute to reproductive isolation. Quantitative trait locus (QTL) mapping is one such method that is powerful for doing
so186. In short, a genome-wide set of markers is genotyped in a phenotypically variable population that has known
pedigree data, and statistical associations are identified between the genetic markers (in this case, QTLs) and phenotypes
of interest (in this case, traits related to reproductive isolation). With functional information on genes that are in the
vicinity of a QTL, candidate reproductive isolation genes can be identified.
Admixture mapping
If pedigree data are not available, then it is possible to take advantage of the phenotypic and genetic differences
between hybridizing taxa and use admixture as the basis to genetically map phenotypes that contribute to reproductive
isolation108,187 using samples from wild hybrid populations. Both intrinsic and extrinsic postzygotic barriers involve alleles
that are selected against in hybrids, and various methods can be used to identify such alleles in hybrid zones or in other
situations in which admixture occurs. Genomic cline analysis188 is one such method that can identify candidate
reproductive isolation loci with low levels of introgression relative to most of the genome79,189.
Manipulative selection experiments
Both QTL and admixture mapping have an unfortunate bias towards detecting loci of large effect147. Alternatively, alleles
that affect fitness and reproductive isolation can be located using manipulative selection experiments, which track
allelic changes or genome-wide responses86,190. Estimates of these effects can be ascertained by measuring selection
and introgression in the wild. So far, few studies have taken this approach and none has measured effects on
reproductive isolation.
Gene expression studies
To further investigate the functional importance of candidate loci that are involved in reproductive isolation, expression
QTL (eQTL) analysis can be useful. It identifies genomic loci that regulate expression levels of mRNAs191. Systematically
generated eQTL information can provide insights into the mechanism that underlies reproductive isolation in regions
that have been identified through genome-wide association studies, and such eQTL information can help to identify
networks of genes and the role of genetic interaction (including epistasis in Bateson–Dobzhansky–Muller
incompatibilities) in reproductive isolation.

a consequence of divergent sexual selection3,14 that is
often, but not always, mediated by differences in environments15,16. Prezygotic sexual isolation and extrinsic postzygotic isolation are therefore dependent on
genotype–environment interactions in the wider sense,
in which mating partners are part of the external environment. By contrast, intrinsic postzygotic isolation is
independent of the external environment. Consequently,
different types of genes and gene networks, and different
evolutionary processes may be involved in generating
these classes of isolation. Extrinsic postzygotic isolation and sexual isolation can rapidly evolve17, and they
often interact with each other 16 and with the evolution of

intrinsic postzygotic isolating barriers18 (BOX 2). Selection
can initiate speciation in situations both with and without gene flow between populations, whereas intrinsic
incompatibilities are less likely to accumulate when
gene flow is present 6. However, adaptive divergence
and ecological speciation are not the same. Divergent
adaptation alone rarely causes sufficient reproductive
isolation to allow the accumulation or the persistence
of species differences in geographical proximity: this
typically requires the evolution of prezygotic isolation1,3
(BOX 2), although it is possible that this varies between
major taxonomic groups such as insects compared with
vertebrates or plants.
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Box 2 | Evolution of reproductive isolation

Barrier eﬀects

a Speciation driven by divergent selection

Extrinsic postzygotic
and prezygotic barriers

Intrinsic
postzygotic
barriers

Panmictic
populations

Two irreversibly
isolated species

Speciation continuum

Pundamilia nyererei and Pundamilia pundamilia cichlids
Littorina spp. ecotypes

Heliconius spp. butterﬂies

Rhagoletis spp. host races
Haplochromine cichlids
Young stickleback species pairs
Ophrys spp. orchids

b Speciation driven by intrinsic barriers

Barrier eﬀects

Reproductive isolation can be usefully divided into
three forms. First, extrinsic forms of postzygotic
isolation result from divergent ecological or sexual
selection and depend on interaction either with the
environment or with other individuals; an example is
reduced viability or fertility of migrants and hybrids
due to ecological or behavioural factors. Second,
intrinsic forms of postzygotic isolation are due to
genetic incompatibilities that are independent of
the environment (for example, Bateson–
Dobzhansky–Muller incompatibilities). Third,
prezygotic isolation includes phenological isolation,
habitat isolation and sexual isolation that is due to
assortative mating or fertilization.
In speciation driven by divergent ecological or
sexual selection, extrinsic postzygotic and
prezygotic barriers evolve first and often interact to
produce reproductive isolation, and intrinsic
postzygotic barriers will often only evolve later in
the speciation process (see the figure, part a). By
contrast, speciation driven by intrinsic barriers often
results from epistatic incompatibilities, which may
(although not necessarily19) accumulate in an
accelerating ‘snowball’ manner61,192 either as a
by‑product of selection or as a result of genetic drift
(which only occurs slowly). Extrinsic postzygotic and
prezygotic barriers may accumulate later, which
facilitates both ecological coexistence between
sibling species and reinforcement of reproductive
isolation (see the figure, part b).
In each part of the figure, the x axis depicts the
position of a diverging taxon pair on the ‘speciation
continuum’ in terms of relative time, and the y axis
represents the strength of reproductive isolation
between sister taxa. Shapes of the curves are
hypothetical and reflect the idea that, in speciation
driven by divergent selection, extrinsic postzygotic
and prezygotic barriers rapidly arise early in the
speciation process. Classes of barriers in each part
of the figure are not necessarily additive or
interactive, and the emergence of reproductive
isolation through either of these barrier types
should be viewed as independent trajectories.
Movement along the speciation continuum — from
weakly isolated species to irreversibly isolated ones
— is not constant, and speciation can either go back
and forth or be arrested at intermittent stages; the
average timescales for speciation through the two
processes contrasted in the figure may vary.
Arrows below the x axis in each panel (see the
figure) indicate the positions of model systems
along the speciation continuum that we have
studied. These organisms vary in the strength and
the types of barriers that isolate incipient and sister
species. Studies of the genomics of speciation at
different points in the speciation continuum are
emerging in several systems, mainly where
speciation is driven by divergent selection, as
indicated by the dashed arrows that show time
spans along the speciation continuum (see the
figure). In many cases, particularly in ecological
speciation121, strong reproductive isolation may
never evolve. Incomplete reproductive isolation
may facilitate cases of ‘speciation reversal’ (REF. 193)
and ‘ephemeral’ speciation194.

Intrinsic
postzygotic
barriers

Extrinsic postzygotic
and prezygotic
barriers

Panmictic
populations

Two irreversibly
isolated species

Speciation continuum
Mus musculus domesticus and
Mus musculus musculus

Ficedula hypoleuca and
Ficedula albicollis ﬂycatchers

Japan sea stickleback
Orchis spp. orchids
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Ecological speciation
The evolution of reproductive
isolation as a consequence of
divergent or disruptive natural
selection between populations
that inhabit different
environments or exploit
different resources.

Postzygotic isolation
Effects of barriers that act after
fertilization, such as hybrid
sterility and hybrid inviability. It
can be either extrinsic (that is,
mediated by the environment)
or intrinsic.

Disruptive selection
Selection within a single
population that favours
extreme phenotypes over
intermediate phenotypes.

Sexual isolation
Reproductive isolation due to
reduced mating between
members of divergent
populations, including
behavioural assortative mate
choice and assortative
fertilization in animals, as
well as pollinator-mediated
assortative mating in plants.
It is most often thought of as
prezygotic but can also be
postzygotic if there is
disruptive sexual selection.

FST-outlier analyses

The comparison of the
distribution of FST values across
loci with the distribution
expected in the absence of
divergent selection for the
same average differentiation.
A locus with an FST value that
exceeds expectation is likely to
be influenced by divergent
selection, either on the locus
itself or on a linked locus.

Prezygotic isolation
Effect of barriers that act
before or after mating but
before fertilization, including
the isolating effects of
divergent mate choice, habitat
preference, reproductive timing
and gametic incompatibility.

Bateson–Dobzhansky–
Muller incompatibilities
(BDMI). Intrinsic postmating
barriers that are the result of
epistatic interactions between
alleles at two or more loci that
reduce fitness in hybrids but
not in the parental populations.

The available evidence suggests that negative epistatic
interactions — Bateson–Dobzhansky–Muller incompatibilities
(BDMIs; although hereafter we use the more common
abbreviation, DMIs) — are the most frequent cause
of intrinsic postzygotic isolation1,19–21. However, other
mechanisms, including underdominance 22 and gene
duplication, transposition and gene loss23–25, may also
cause intrinsic postzygotic isolation. The time course of
the accumulation of DMIs is not well understood19,26–28,
and accumulation rates may vary among taxa and among
mechanisms that underlie DMI evolution19. DMIs were
long thought to arise as a consequence of genetic drift, as
a result of stochastic deactivation of gene duplicates29 or
as a by‑product of ecological selection30. However, theoretical considerations, such as the slow pace of neutral
accumulation of barriers31, and early empirical evidence
for positive selection on loci that contribute to incompatibilities32, suggested that genetic drift was unlikely to
be a common source of incompatibilities. Instead, recent
observations indicate that genomic conflict may be a
common mechanism that drives DMI evolution20,33–35
(BOX 3), as originally proposed in 1991 (REFS 34,35).
Genomic conflict may arise from competing interests
of males and females36; from meiotic drivers37,38, mobile
elements39,40 or other ‘selfish’ genetic elements and their
suppressors; and from competing interests between
genomes of organelles and the nucleus41,42. Sexual conflict
is thought to drive the evolution of new sex chromosomes43,44, and empirical observations suggest that the
turnover of sex chromosomes has a role in the evolution
of reproductive isolation45,46.
The different evolutionary mechanisms that underlie
the build‑up of both extrinsic and intrinsic postzygotic
isolation and of prezygotic isolation suggest that their
genomic signatures will also be distinct. The genomic
architecture of extrinsic isolation is likely to resemble that
of adaptive population divergence and is likely to be diverse
and scattered across multiple regions in the genome
(see below). However, there are theoretical arguments
and empirical evidence that sites under selection in the
genome will spatially cluster when adaptive evolution
proceeds under prolonged bouts of divergent selection with either migration or recurrent hybridization47.
For intrinsic isolation, incompatibility factors that are
driven by genomic conflict are expected to accumulate
in genomic regions of reduced recombination where
linkage disequilibria between distorter loci and responder loci
can become established48,49. Sex chromosomes are particularly susceptible to the accumulation of incompatibility
factors that are derived from genomic conflict because
these chromosomes are constantly in a ‘battle’ over segregation, whereas only small and tightly linked autosomal regions are in conflict with their homologues34. At
the same time, there will be particularly strong selection
for suppression of sex-linked distorter loci because they
tend to bias sex ratios50,51. The genomic architecture of
certain types of prezygotic isolation may also be influenced by regions of reduced recombination around sexdetermining loci52 or sex chromosomes53, particularly
when sex linkage resolves sexually antagonistic effects
of sexual selection54. Alternatively, prezygotic isolation

loci may accumulate near extrinsic ecological isolation loci (see the section below on genomic coupling
of reproductive barriers). All of these signatures must
be distinguished from background patterns of genetic
diversity and divergence that depend on the populations’
history of genetic drift, gene flow, background selection
and episodes of positive selection that are unrelated to
reproductive isolation.
The search for signatures in the genetic architecture
of reproductive isolation has a long ‘pre-genomic’ history 55,56. However, there has been a historical disconnection between research programmes that were focused on
intrinsic isolation, which have typically concentrated
on later stages of speciation20,57, and those focused on
extrinsic postzygotic isolation and prezygotic sexual
isolation at early stages of speciation2,30,15,16. As a result
of this disconnection, it is currently a challenge to compare the evolutionary rates of different components of
reproductive isolation and their relevance to speciation. Such rates have been compared in the same taxon
using pre-genomic methods11,58–60, and the data suggest
that prezygotic and extrinsic postzygotic isolation often
evolve faster than intrinsic postzygotic isolation, which is
consistent with expectations from classical theory 61. The
availability of genome-wide data will now permit testing
of this pattern with a considerable increase in resolution.

Genomics and the ‘speciation continuum’
After speciation is complete, populations accumulate differences as a result of mutation, genetic drift and ongoing selection. Therefore, reproductively isolated species
often differ in traits that evolved under ecological selection and in others that evolved under sexual selection,
and these species may also have intrinsic incompatibilities. A central task of speciation genetics is to reconstruct
the sequence in which these different barriers originated
in order to distinguish between causes and consequences
of speciation. To achieve this, one would ideally take an
unbiased view of the entire genome at all stages of the
same speciation process. However, speciation can rarely
be studied in real time in natural populations of sexually
reproducing multicellular organisms. Estimates of variation among loci in the timing and the magnitude of gene
flow could help to determine the order in which reproductive barriers emerged, but it is challenging to make
such inferences, and current methods are not accurate
enough for this purpose62. However, by integrating case
studies of closely related taxa that vary in their extent
of divergence (that is, the ‘speciation continuum’), inferences can often be made about the chronology and the
importance of different factors and processes involved.
Investigations of this speciation continuum have
made important contributions to speciation research63,64,
and this approach is being adopted in NGS-based
genome scan and transcriptome scan studies of speciation. The major questions being addressed are: to what
extent is divergence at different stages of speciation
localized in the genome (that is, the island view) and to
what extent is it widespread? To what extent can heterogeneity in divergence be attributed to selective processes
compared with genetic drift? What are the sources of
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Underdominance
Heterozygotic inferiority; that
is, the phenotype expressed
in heterozygotes has lower
fitness than that of either
homozygote. This can cause
disruptive selection.

Meiotic drivers

Genome scans of ecological speciation. Several NGSbased genome scans of the speciation continuum have
found surprisingly variable patterns of genomic divergence. It seems that incipient species can quickly accumulate substantial divergence even in the presence of
gene flow (FIG. 1). However, in some cases — such as those
of Heliconius spp. butterflies69, Helianthus spp. sunflowers70 and poplar trees71 — divergence between parapatric
ecotype populations is limited to a few large genomic
regions, whereas it is widespread across the genome in
other cases72–75. NGS-based genome scans of sympatric
sister species have generally reported genomically widespread and highly heterogeneous divergence that varies
on a very local scale75–81. Few studies have looked for

selection? Does genomic divergence tend to follow a
common trajectory as it proceeds along the speciation
continuum? And how are all of these affected by the
extent of geographical isolation? A recently much cited
scenario for speciation without strong geographical isolation, which is derived from earlier models65,66, involves
an early stage of divergence at which differentiation is
limited to a small number of loci (that is, islands) that
are under strong divergent selection. The size of these
regions would gradually increase through the process
of divergence hitchhiking, and the effective migration rate
would eventually decrease globally across the genome,
which gives rise to genome-wide divergence (that is,
genomic hitchhiking)67,68.

Factors that distort Mendelian
segregation. At a heterozygous
site, the driving variant will be
found in more than half of the
gametes.

Sexual conflict
The evolution of phenotypic
characteristics by sexual
selection when the trait confers
a fitness benefit on one sex
but a fitness cost on the other.

Hybridization
Mating between individuals
that belong to distinct species
or populations. If postmating
isolation is incomplete,
hybridization leads to the
introgression of genes from
one population to another.

Linkage disequilibrium
The statistical association of
the alleles at two loci within
gametes in a population.
Although linkage disequilibrium
tends to be greater between
linked loci, it can also arise
between physically unlinked
loci (for example, because of
selection, nonrandom mating
or gene flow).

Box 3 | Models of hybrid incompatibility in a genomic conflict scenario
In the classic model, Bateson–Dobzhansky–Muller incompatibilities (DMIs) are envisioned as two-locus, two-allele
interactions, in which incompatibilities arise either between an ancestral allele and an allele that is derived in one
lineage or between alleles that are derived in two separate lineages (see the table). Circles represent derived alleles.
A special case of the model with separately derived alleles can refer to maternal-effect ‘selfish’ loci in which maternal
‘poison’ and zygotic ‘antidote’ are both due to divergence in developmental expression of the same locus. In
co-evolutionary models, DMIs are continually fixed either at the same loci (that is, two-locus, two-allele) or at different
loci (that is, four-locus, two-allele) (see the table). In all examples with two substitutions in a lineage, the selfish locus
(left) drives the evolution of the restorer locus (right). Grey arrows indicate negative epistatic interactions between
complementary loci. In all models, the ancestral state is wild type except for the two-locus two-allele co-evolutionary
model. In this model, the ancestral state is a co-evolving selfish element-restorer system; numbers represent the
lineages in which the derived alleles originated. Insights into the role of genomic conflict in speciation reveal the
potential for further development of models of hybrid incompatibility. Models that incorporate the possibility
for increased lag load due to ongoing co-evolution predict successively more severe incompatibilities as the lag load
increases. Additional theoretical work is needed to investigate such co-evolutionary models.

Model type

Allelic
substitutions

Divergence
in allopatry

Hybridization
in sympatry

Direction of DMI

Classic model
Two-locus
two-allele

Two substitutions
in the same lineage

Ancestral–derived

Two-locus
two-allele

One substitution
in each lineage

Derived–derived

Distorter loci
Loci that underlie meiotic drive,
which is the non-Mendelian
segregation of alleles in
meiosis. Distorter loci may
act on other loci, so-called
responder loci.

Co-evolutionary model

Responder loci
Loci that show deviations from
Mendelian segregation (that is,
meiotic drive) owing to the
effect of distorter loci.

Two-locus
two-allele

Two substitutions
in each lineage

2
2

Speciation continuum
Variation of the strength of
reproductive isolation between
two incipient species either
in different locations or in
different species pairs that
belong to the same
evolutionary lineage and
that diverge in similar ways.

1
1

Four-locus
two-allele

Derived–derived
1
1
2
2

Two substitutions
in each lineage
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Aa Parapatric races: H. m. amaryllis (Per) versus H. m. aglaope (Per)
FST

1.0
0.5

0

10 Mb

FST 1

0

Ab Allopatric races: H. m. rosina (Pan) versus H. m. melpomene (FG)
FST

1.0
0.5
0

Ac Sympatric species: H. cydno (Pan) versus H. m. rosina (Pan)
FST

1.0
0.5
0

Ad Allopatric species: H. cydno (Pan) versus H. m. melpomene (FG)
FST

1.0
0.5
0
1

2

3

4

5

Ba Early stage without

0.2

0.4

0.6

0.8

Comparison of genome-wide
patterns of diversity within
populations and/or divergence
between populations at
hundreds or thousands of
markers. Until recently,
most studies used
amplified fragment length
polymorphisms (AFLPs) but
this has recently changed,
and single-nucleotide
polymorphisms (SNPs)
generated by next-generation
sequencing or SNP chips are
being used.

8

9

10

11

1.0

0.0

0.2

0.4

0.6

0.8

12

13

14

15

16

17

Bc Late stage without

geographical isolation

FST

Genome scan

7

Bb Early stage with

geographical isolation

0.0

6

1.0

0.0

0.2

0.4

0.6

FST

0.8

19

20 Z

Bd Late stage with

geographical isolation

FST

18

geographical isolation

1.0

0.0

0.2

0.4

0.6

0.8

1.0

FST

Figure 1 | Genomic patterns of divergence along the ‘speciation continuum’ of Heliconius spp. butterflies. The
Reviews | Genetics
patterns of differentiation between hybridizing parapatric races (part Aa) and sympatric speciesNature
(part Ac),
as well as those
between geographically isolated (that is, allopatric) races (part Ab) and species (part Ad), are shown along the genome;
the x axes represent chromosome positions. Divergence is highly heterogeneous even between allopatric populations
of the same species (part Ab). The shapes of the frequency distributions of locus-specific FST values (part B) clearly differ
both between the different stages in the continuum and between geographical scenarios. For example, the greater
variance is consistent with gene flow between species in sympatry (part Bc). However, the challenge is to distinguish
between speciation with gene flow (parts Ba, Bc) and that without gene flow (parts Bb, Bd). All species shown are from the
genus Heliconius, and all subspecies shown are from the species Heliconius melpomene. FG, French Guiana; Pan, Panama;
Per, Peru. Figure is modified, with permission, from REF. 87 © (2013) Cold Spring Harbor Laboratory Press.

evidence of divergence hitchhiking, and the available
results are inconsistent 69,76,82. Genome-wide average FST
often increases as phenotypic divergence increases80,83,
but divergence seems to remain heterogeneous across
the genome for a long time, which is potentially due to
repeated episodes of interspecific gene flow even after
reproductive isolation has become strong 84,85. The first
generation of NGS-based population genomic studies of

ecological speciation has therefore shown that ecological selection can cause strong isolation of small genomic
regions between diverging populations and that, when
reproductive isolation is strong enough to permit persistence of incipient species in sympatry, many unlinked
regions typically experience significant isolation.
So where does the heterogeneity in genomic divergence come from? It is commonly inferred to result
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Divergence hitchhiking
When divergent selection on a
locus reduces the effective
migration rate for physically
linked regions, which increases
the opportunity for divergence
at loci under weaker selection
in the surrounding regions.
Regions of divergence
hitchhiking may remain much
larger than those of traditional
hitchhiking after a selective
sweep within populations
because of the persistent
reduction in the ability of
flanking regions to recombine
away from a divergently
selected gene.

Parapatric
Pertaining to organisms,
populations or species that
inhabit either adjacent
geographical regions or
spatially distinct but adjacent
habitats and that may
exchange genes.

Sympatric
Pertaining to organisms,
populations or species that
share the same geographical
region and that overlap in their
use of space with no spatial
barriers to gene exchange.

FST

(Also known as Wright’s
fixation index). A measure of
population subdivision that
compares the correlation
between two gene copies that
are randomly drawn from the
same population to that
between two gene copies that
are drawn from two different
populations. An FST of 1
indicates that two populations
are fixed for alternative alleles.

Allopatric
Pertaining to organisms,
populations or species that
inhabit distinct geographical
regions and are therefore not
exchanging genes.

Coalescence
The merging of two genetic
lineages in a common ancestor.

Incomplete lineage sorting
The situation in which some
alleles share a more recent
common ancestor with alleles
in another species than with
other alleles in the same
species.

from locus-specific differences in the effects of divergent selection and gene flow. Indeed, genome scans have
shown strong isolation at genomic loci that were known
to be under divergent selection64,69,70,72,74. However,
caution is warranted because different evolutionary
processes can leave similar signatures in the genome.
Heterogeneous genomic divergence is sometimes also
observed between allopatric populations of the same
species in the absence of any current gene flow 76,86,87
(FIG. 1). Indeed, many studies assume ongoing gene flow
between species, even though stochastic variation due
to recent coalescence times and incomplete lineage sorting
can lead to low divergence and high heterogeneity in
a similar way, particularly when they are combined
with selection88,89. Statistical methods are available to
distinguish divergence in isolation from that with gene
flow, and these methods are increasingly being applied
to genome-scale data sets (BOX 1; reviewed in REF. 90).
Even in the absence of selection, divergence is
expected to vary owing to both the stochasticity of
genetic drift and the complexities of population history, and this variation can be enhanced by confounding effects of genomic heterogeneity 91. In particular,
regions of low recombination and/or high gene density often show reduced intraspecific diversity, which
inflates relative divergence as measured by either FST
or Da (that is, relative average divergence that is corrected for intraspecies diversity)88. This can result from
background selection against deleterious mutations92,
intraspecific selective sweeps (in allopatry)88 or even
a direct influence of recombination on genetic diversity 93. It is challenging to disentangle these processes94.
Some have suggested correcting for recombination rate
in the interpretation of FST patterns83. Others have suggested that absolute divergence measures such as Dxy
are more robust to diversity artefacts95, especially when
they are corrected for local mutation rate96. It seems
unlikely that any single parameter will reliably disentangle divergent selection and gene flow from neutral
processes. Having a good knowledge of the geographical context of population divergence will help, but new
parameter-rich modelling approaches90 will be frequently required to distinguish between hypotheses of
primary divergence with gene flow, secondary contact
with hybridization and incomplete lineage sorting.
Adaptive divergence has been shown to accumulate preferentially in regions of low recombination 97,
including the centres of chromosomes83, the vicinity of
centromeres98, sites of inversions74 and often (but not
always12,71) sex chromosomes98–100. Heterogeneity in
genomic divergence that is seen in allopatry might also
result from gene-flow–selection balance that has occurred
in the past 47,76. Finally, the assumption that the baseline
FST reflects neutral divergence may be violated in cases
in which divergent selection is pervasive and multifarious,
and this would bias against the detection of the
selection signature81.
There is evidence for repeated divergence of the
same genes or the same genomic regions across replicate pairs of species or environmental contrasts,
which strongly supports the idea that these regions

are indeed involved in adaptation and/or reproductive
isolation72,74,85,97,101–103. The detection of such parallel
divergence may require dense sampling of genomes or
transcriptomes because the highest levels of repeatability may be observed at the scale of genomic regions
rather than that of individual genes or single-nucleotide
polymorphisms (SNPs)97. In this case, the repeatability
in the heterogeneity of genomic divergence may be due,
at least partly, to shared genomic heterogeneity in both
recombination and mutation rates rather than to parallel
adaptive divergence, but the shared genomic structure
may facilitate the repeated accumulation in the same
genomic regions of adaptive differentiation97. Another
approach involves combining classic cline theory with
genome-wide analyses, which allows measurements of
the strength of selection at specific loci79 (BOX 1). In the
future, parameter-rich coalescent models of divergence
with gene flow fitted to genomic data may be able to
account for the heterogeneity of demographic history
across the genome when seeking to identify genomic
regions that have reduced gene flow 84,104. Finally,
genome scans combined with manipulative selection81,
quantitative trait locus (QTL) mapping 82,105, candidate
gene mapping 72,74 and admixture mapping79,106–108 can be
used to investigate whether divergent genomic regions
contain loci that contribute to reproductive isolation.
Several recent studies have found a contribution of
ancient alleles to recent divergence, as exemplified by
sticklebacks74,109, cichlids77,110, Rhagoletis spp. flies111 and
Heliconius spp. butterflies112. Ancient alleles are identifiable owing to the accumulation of many substitutions or to the sharing across wide spatial or taxonomic
ranges. The sources of such ancient allelic variation can
be either standing genetic variation or hybridization113.
It is difficult to distinguish between these hypotheses in practice because of the challenges of differentiating incomplete lineage sorting from hybridization90
(BOX 1). The balance of evidence from NGS data implies
introgressive hybridization rather than standing genetic
variation as the source of ancient alleles in most of the
above cases. Speciation in these cases might have been
facilitated by hybridization that provides genetic material for both adaptation and reproductive isolation in
the face of gene flow. Future research should test this
hypothesis further by combining genomic and ecological
approaches.
Genomic divergence and intrinsic isolation. Many studies
have investigated DMI genes in strongly isolated species but, in many cases, it remained unclear whether
the fixation of the underlying mutations was a cause or
a consequence of speciation20,57. Regardless of whether
identified DMI alleles are the first step in the origin of
reproductive isolation, a striking pattern from recent
work is that these alleles have evolved under strong
positive selection rather than genetic drift and that
genomic conflict is often implicated as the source of this
selection. For example, one study identified Overdrive
(Ovd), which is an X‑linked gene that underlies both
hybrid male sterility and sex ratio distortion in crosses
between Drosophila pseudoobscura pseudoobscura and
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Sweeps
Increases in frequencies of
alleles and closely linked
chromosomal segments due
to positive selection. Sweeps
initially reduce variation and
subsequently lead to a local
excess of rare alleles as new
unique mutations accumulate.

Dxy

The average number of
nucleotide substitutions per
site between two populations.

Secondary contact
The meeting of the distribution
ranges of two distinct
populations or species after
a period of evolutionary
divergence in geographical
isolation (that is, allopatry).

Gene-flow–selection
balance
A level of differentiation
between subpopulations at
which the homogenizing
effect of gene flow and the
differentiating effect of
divergent selection are in
equilibrium.

Multifarious
Pertaining to divergent
selection that acts on
multiple traits.

Cline
Directional variation in
phenotype or genotype, or
change in frequency (for
example, of an allele) across
a geographical region.

Coalescent
A statistical framework for the
analysis of genetic data, in
which the alleles that are
shared by populations or
species are traced back in time
to their most recent common
ancestor.

Quantitative trait locus
(QTL). A chromosomal region
that has a significant effect on
a phenotype.

Admixture mapping
The identification of genetic
loci that contribute to
phenotypic differences
between ancestral populations
by investigating genotype–
phenotype correlations in a
population of mixed ancestry.

Drosophila pseudoobscura bogotana 51. Another recent
analysis found strong evidence for ongoing positive
selection within Drosophila mauritiana in genes that
have diverged between this species and its closest relatives and that are known to be involved in genomic
conflict 12. Two marked polymorphism troughs on the
X chromosome were centred on a pair of genes that
cause sex ratio distortion within Drosophila simulans
and on Odysseus (OdsH), which is a rapidly evolving
homeobox gene that was known to cause male sterility
in D. mauritiana–D. simulans hybrids32 and that may be
involved in genomic conflict. These are two candidate
cases of speciation by conflict-driven DMI evolution.
Genomic coupling of reproductive barriers. The
build‑up of associations between several traits or loci
that are involved in reproductive isolation strengthens
the total barrier to gene flow between diverging populations and is therefore important for the evolution of
strong reproductive isolation114,115. Such genomic coupling can involve any prezygotic or postzygotic barriers116. Deviations from linkage equilibrium between
barrier loci can be initially generated either by new
mutations that arise on a particular genetic background or by genetic drift during divergence with
limited gene flow. For example, coinciding barriers
may arise through secondary contact between divergent populations, through the evolution of DMIs as
an incidental by‑product of divergent selection117 or
through hitchhiking of intrinsic incompatibility alleles
with divergently selected alleles, as has been shown for
populations of monkey flowers that have adapted to
the presence of heavy metals118. However, for genomic
coupling to be important in speciation, such coupling
has to be maintained or even strengthened in the
face of gene flow, which typically requires divergent
selection6.
Selection is expected to favour the coupling of
barriers if this leads to an increase in mean fitness.
In theory, this can involve multiple intrinsic barriers (such as DMIs)119,120, both intrinsic and extrinsic
postzygotic barriers, as well as sexual and other prezygotic isolation traits. Across an ecotone, multifarious
extrinsic selection can assemble and maintain many
coinciding clines at loci that are involved in adaptation121, and these can become coupled with sexual isolation traits122 and with DMIs18,115,123. Selection can also
directly favour the evolution of increased prezygotic
isolation, as in the case of reinforcement124. Finally, sexual conflict can couple intrinsic postzygotic isolation
and prezygotic sexual isolation because DMIs that are
driven by sexual conflict and genes underlying sexual
traits or preferences which are expressed only in one
sex may both accumulate on sex chromosomes53,125.
Consistent with these expectations, loci for plumage
colour, mating preferences and intrinsic postzygotic
incompatibilities are coupled on the Z chromosome
in flycatchers52 and in Gouldian finches126,127. Similarly,
loci for behavioural isolation and hybrid male sterility
are coupled on the X chromosome in a species pair of
Japanese sticklebacks45.

As recombination tends to break up gene associations, genomic architectures that eliminate or decrease
recombination are expected to facilitate coupling and
hence speciation128. Most prominently, recombination
will affect neither one-allele mechanisms nor associations
among traits that are pleiotropically influenced by the
same allele129. One-allele mechanisms do not leave a
population-specific signature in the genome at the primary isolation locus, but such mechanisms should be
detectable as sweeps that are shared by both diverging
populations if they arise during speciation (for example,
if an allele for imprinting on the phenotype of the father
spreads across two incipient species that were connected
by gene flow). Despite the theoretical expectation that
one-allele mechanisms evolve more readily during speciation with gene flow than other types of barriers6,16,129,
we are not aware that the predicted genomic signature of
shared sweeps at isolation loci has been detected in any
case. The revelation of such a signature would be a strong
contribution of speciation genomics to supporting
a classical prediction of speciation theory.
Loci that underlie two-allele mechanisms are expected
to be concentrated in regions of reduced recombination. Recent genomic studies have observed genomic
architectures that either eliminate or reduce recombination between traits that are involved in reproductive
isolation: there is evidence of synergistic pleiotropy in
multiple-effect or ‘magic’ traits16,130–132, which are traits
that contribute both to adaptation and to reproductive
isolation (for example, a trait that contributes to local
adaptation and that is also used as a mating cue). Several
genes that underlie isolating traits have been found
together in inversions133–135, on sex chromosomes45,52,127
and also in otherwise tight physical linkage118,136, including mating traits and mating preferences in cases of
speciation with gene flow 137. These data also provide
some evidence that reinforcement of prezygotic isolation is facilitated either by linkage (as in the example
of flycatchers138) or by pleiotropy (as in the example of
phlox 131). In other cases, reinforcement might be constrained139 where loci are unlinked and where there is
extensive gene flow. However, recent genomic studies
have also provided empirical examples of coupling
between unlinked loci in fully sympatric hybridizing
species77 and especially in hybrid zones, in which clines
at many unlinked loci often coincide, although it is
not always clear exactly how these loci are implicated
in reproductive isolation140. Unbiased whole-genome
resequencing data and genome scans from diverging
populations, coupled with methods to reduce bias from
NGS data141 and with mapping of isolation traits, are
needed to test the generality of these patterns.
Effect sizes and pleiotropy. A key question with a long
history 55,142 is whether speciation is typically initiated
by divergence at few loci of large and possibly pleiotropic effects or by divergence at many loci with small
and additive effects132,143. This distinction is important
because it will affect how speciation is constrained by the
availability of suitable genetic variation and how likely
it is that either selection or genetic drift may overcome
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a

b

Substitution

1

Phenotypic eﬀect size

Fitness eﬀect size

Sexual isolation eﬀect size

Standing genetic variation
Allelic variation that is currently
segregating within a
population, as opposed to
alleles that arise through new
mutation events.

Ecotone
A zone in which there is a
transition between two distinct
biological communities, for
example, between forest and
grassland or between aquatic
and terrestrial habitats. It is
typically associated with
changes in the physical
environment.

Small P and small RI
(e.g. CHCs in
Drosophila spp.)

Large P and small RI
(e.g. EDA in sticklebacks)

Total RI eﬀect
Other factors

The introduction of genes from
one population or species into
another through hybridization.

The situation in which a
mutation or a variant has
achieved a frequency of
100% in a population.

Large P and large RI
(e.g. optix in
Heliconius spp.)

Pleiotropy

Introgressive hybridization

Fixation

Eﬀect of locus on RI

Expression or protein-coding change

Small P and large RI
(e.g. DMIs in
Solanum spp.)

Increase in FST

0
0

Eﬀect of locus on P (that is, morphology,
behaviour and physiology)

1

Figure 2 | Effect sizes of substitutions on phenotype and on reproductive isolation. a | Effects
ofReviews
variation| Genetics
at
Nature
different levels and the connections between these levels are shown. The size of effect can vary at each step from zero
or quite small to very large. A substitution can alter gene expression or protein coding, which in turn has some effect
on a phenotype. This phenotype can have effects of varying sizes on environment-dependent fitness and hence
possibly extrinsic postzygotic isolation; on environment-independent fitness and hence possibly intrinsic postzygotic
isolation; and on prezygotic isolation. Alternatively, a phenotype may pleiotropically affect both fitness and
prezygotic isolation. All of these effects combine to generate total reproductive isolation (RI), which will probably
increase FST, although other factors also can affect FST. b | There is a lack of correlation between the effect of a locus on
phenotype (P) and that on RI, such that phenotypic effect size does not necessarily predict RI effect size. Examples of
different relationships between these effect sizes can be found in Bateson–Dobzhansky–Muller incompatibilities
(DMIs) in Solanum spp.27, the optix locus in Heliconius spp.159, the cuticular hydrocarbon (CHC) loci in Drosophila spp.200
and the ectodysplasin (EDA) locus in sticklebacks190. The relationships between phenotypic effect size, RI effect
size and FST are currently unknown to a large extent.

Reinforcement
Selection for the strengthening
of prezygotic barriers to avoid
the production of unfit hybrids
between taxa that have
previously evolved some
postzygotic isolation.

One-allele mechanisms
Mechanisms that produce
reproductive barriers through
the spread of the same allele
in each of two diverging
populations, such as alleles
for behavioural imprinting or
reduced migration.

Two-allele mechanisms
Mechanisms that produce
reproductive barriers through
the spread of different alleles
at the same locus in two
diverging populations, such as
alleles for different habitat or
mating preferences.

Hybrid zones
Spatially restricted regions
where the distribution ranges
of distinct populations or
incipient species come into
contact and where hybrids are
formed.

gene flow. On their own, FST estimates from genome
scans inform us little about the effect sizes of individual
alleles on phenotypes, fitness or reproductive isolation106
(FIG. 2). With regard to fitness, Fisher’s geometric model
predicts that the probability that a mutation is favourable decreases exponentially with mutational effect size,
and we therefore expect few alleles of large positive fitness effects but many alleles of small effects144–147 (but see
REF. 147 for an argument that much evolutionary change
relies only on small-effect alleles). However, this prediction does not take into account standing genetic variation, gene flow or changing environments. When these
factors are considered, the predictions may change47,146,148
and may even reverse149.
Speciation with gene flow may require divergent or
disruptive selection to be concentrated on a small number of regions in the genome that also have large effects
on reproductive isolation6. Theoretically expected
distributions of effect sizes in terms of reproductive
isolation (rather than fitness) may be different for different classes of isolating barriers, but current data are
equivocal (FIG. 2b). For example, the mapping of hybrid
inferiority in natural environments for Arabidopsis spp.
has shown that reproductive isolation is due to many
genes with moderate effects150. By contrast, hybrid
inviability in Mimulus guttatus is a consequence of two

linked loci of major effect 118. Predictions about the distribution of effect sizes expected for genes that underlie
DMIs are also lacking in general, partly because effect
sizes depend on mutation order and on the extent of
background genomic divergence. Traits that govern
prezygotic isolation and especially sexual isolation
(BOX 2) are likely to have large effects on reproductive
isolation because they directly influence mating or fertilization patterns1,6,16,151–153. To test this prediction with
genomic data, existing quantitative genetic, mapping
and candidate gene studies45,108,110,127,137,154–158 should now
be followed up by NGS-based genome scans to assess
reproductive isolation around these loci106.
Recently identified large-effect alleles that are
involved in adaptation and speciation with gene flow
are often highly pleiotropic; these alleles include optix
in Heliconius spp.159 and ectodysplasin (EDA) in sticklebacks160, although we lack estimates of the effect of EDA
on reproductive isolation or fitness. Such alleles may
be rare among newly arising mutations, but alleles with
synergistically pleiotropic effects may be more common
in standing genetic variation. Recent theory suggests
that large-effect or pleiotropic alleles may be favoured
by selection during evolution in gene-flow–selection
balance and hence eventually become enriched in taxa
with divergence and gene flow 47.
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G‑matrix
The additive genetic variance–
covariance matrix that
summarizes the variance within
and the covariance between
multiple phenotypic traits.

Correlational selection
Selection for optimal
combinations of
characteristics.

Transgressive phenotypes
Phenotypes in hybrids that
exceed the range of
phenotypes that are observed
in the parental taxa.

Genomic constraint. The flipside of the coupling
problem is that genetic correlation between traits that
results from either pleiotropy or tight linkage may
also constrain speciation. As new population genomic
data are revealing divergence in many regions of the
genome early in speciation, there is an opportunity to
unite population genomics with a quantitative genetics
perspective on the evolution of polygenic traits during speciation. In quantitative genetics terms, standing
genetic variation is quantified by the G‑matrix161, which
may indicate potential constraints on adaptive evolution
that affect the response to directional selection162,163, as
well as potential constraints on genetic drift 164. Tests to
detect the effect of selection on the G-matrix are available165. Divergence among populations is biased along
axes with greater genetic variation and covariation, and
it is constrained along axes with little variation or covariation163,166,167. Importantly, however, genetic constraints
are not only negative. Genetic covariation may align
with correlational selection168,169 and, as discussed above,
pleiotropy can couple adaptation to reproductive isolation. It is not known how genes of major effect, compared with the traditional assumption of many genes of
small effect, influence the structure of the G-matrix 170,
and how higher moments of the distribution of genetic
variation and covariation affect the response to divergent selection171. These questions can now be addressed
with genomic methods, such as the direct estimation of
the G-matrix in outbred populations using NGS data172.
A different approach is to estimate the G-matrices for
gene regulatory networks from gene expression data.
The analysis of genomic data in a quantitative genetics framework in this way will illuminate how genomic
constraint affects speciation173.
Studying effects of hybridization is one promising
application. Beyond being a source of allelic variation,
hybridization may facilitate evolution and perhaps speciation by releasing populations from constraints that
are caused by genetic correlations. Although there is
accumulating empirical evidence that selection alters
genomic architecture168,174, the role of gene flow in
aligning the G-matrix with the direction of divergent or
disruptive selection has rarely been investigated149. The
emerging consensus that hybridization frequently introduces adaptive variation18 calls for empirical studies in
this area. We predict that hybridization will influence
speciation not only by generating novel and transgressive phenotypes but also by aligning the G-matrix with
the axis of divergent selection (FIG. 3a). Even when early
generation hybrids have reduced fitness, hybrid populations may benefit from increased evolvability over
time175. Hybridization may alter patterns of genetic
covariance at a rate that is much faster than is possible
by selection alone and may lead to bursts of evolutionary
diversification and speciation113,176 (FIG. 3b–d). Genomic
methods can now be used to assess these hypotheses in
several ways, for example, by the direct estimation of the
G-matrix in both parental and hybrid natural populations, and by association or admixture mapping of loci
that contribute to novel adaptive phenotypes in hybrid
populations107.

Speciation genomics: towards a synthesis
Speciation can proceed in many different ways, but these
can be grouped in terms of ‘drivers’ (that is, genetic drift
and different types of selection), causes (that is, extrinsic environment-dependent or intrinsic environmentindependent isolation) and stage in the life cycle of
reproductive isolation (that is, postzygotic or prezygotic
isolation), which results in two major classes that are, at
least in theory, quite distinct (BOX 2). Reproductive isolation is initiated by extrinsic selection in one class and by
intrinsic incompatibility in the other class. Analyses of
NGS data have begun to shed light on the signatures
of these processes in the genome. Both classes of speciation can generate reproductively isolated species
in allopatry, but parapatric and especially sympatric
speciation are constrained to situations in which divergent natural and/or sexual selection has overcome the
homogenizing effects of gene flow 1,6. Whether speciation in such scenarios can proceed depends both on the
strength of selection2,6 and on the genetic architecture
of adaptation and reproductive isolation76,121. Speciation
that is driven by genomic conflict is much less likely to
be initiated in the presence of gene flow because selfish
genetic elements may then spread across populations
and thereby prevent or slow down the accumulation of
conflict-driven DMIs177. However, it remains possible
that fairly brief periods of allopatry are sufficient for the
origins of conflict-driven DMIs. Although DMIs may
be removed by selection after secondary contact with
gene flow, they may, in theory, facilitate speciation if they
become coupled with other components of reproductive
isolation before they are eliminated115,178. How often this
happens is unknown.
These principles are not new 1, but they can and
should now be examined with much greater resolution
using genomic methods. Although speciation genomics is clearly still in its infancy, a few trends are emerging from the first generation of NGS-based genome
scans, particularly in relation to non-allopatric speciation. The available evidence indicates that divergence
can be genomically widespread early in speciation and
may generally be so in species that coexist in full sympatry 74–77,80, whereas it can be restricted to few genomic
islands in parapatric ecotypes69,70. Multifarious divergent
selection or genomically widespread selection is perhaps
important to generate sufficient reproductive isolation to
permit maintenance and even accumulation of genetic
differentiation in sympatry. More data are now needed
to confirm this intriguing pattern.
Some genomic regions that are divergent between
incipient and sibling species in geographical proximity
contain genes with large effects on adaptation and pleiotropic effects on prezygotic isolation. The alleles at several of these loci have turned out to be ancient variants
that were either present as standing genetic variation
or brought together by hybridization in the ancestors
of emerging species pairs99,110,111. Although it is premature to draw strong conclusions, this may turn out to be
another emergent feature of speciation with gene flow.
We expect larger effect sizes, less antagonistic pleiotropy and more synergistic pleiotropy in ancient alleles
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Figure 3 | Influence of genetic constraints on speciation. a | With the help of next-generation
sequencing,
is now
Nature
Reviews |itGenetics
feasible to infer relatedness of individuals in any given natural population and thus to estimate a G‑matrix without
the use of pedigree data172. The G‑matrix (represented as an ellipse in the space of two quantitative traits) can bias
evolution in certain directions. Depending on the adaptive landscape (represented by regions of higher (+; red) and
lower (–; blue) fitness than the parental populations (white and black)), the G-matrix might constrain adaptive
divergence and speciation. Hybridization events may facilitate speciation either by aligning the G‑matrix in the
direction of divergence between parental species (that is, the intermediate hybrid) or by giving rise to novel
phenotypes (that is, the transgressive hybrid) in new regions of positive fitness that cannot be reached through gradual
evolution in either of the parental species. The influence of genetic constraints on speciation can be tested at the
phylogenetic level. b | Constraints may persist over evolutionary time as a result of the inability of divergent selection
to change genetic architecture, which prevents speciation from happening. c | Alternatively, other forms of selection
(for example, correlational selection) can alter the structure and the orientation of the G‑matrix and can potentially
facilitate divergence and speciation over moderate timescales. d | Hybridization and gene flow can markedly alter the
G-matrix in only a few generations, which ‘fuels’ adaptive divergence and results in sudden bursts of speciation. Note
that hybridization between sister species is shown here for illustration, but hybridization that facilitates divergence
may occur more widely among related taxa.

that have been refined by selection over time than in
alleles that are newly arising through mutation. We
hypothesize that the substitution of such ancient alleles
at major-effect loci has the potential to quickly reduce
gene flow, to the point at which alleles with smaller effect
at other loci can also spread in one of the two divergent incipient species without affecting the other one.
Genome scans of divergence early in the speciation
continuum at low overall reproductive isolation (BOX 2)
should allow explicit tests of these hypotheses.
Alternative mechanisms and geographical modes
of speciation make different predictions for patterns
in genomic data. Specifically, we predict that speciation due to conflict-driven DMIs involves greater
divergence at centromeres and at sex chromosomes,
and these regions should therefore bear signatures of
selective sweeps. Divergence under ecological selection
may be more widely distributed across the genome,
and sweeps at individual loci may be less marked. The
available data are consistent with these expectations,
although theory predicts an accumulation of genes
for ecological divergence in regions of low recombination when selection is antagonized by gene flow 128.
Divergence by sexual selection may be concentrated

on sex chromosomes52, but support for this prediction
is not always found and predictions vary with the sex
determination system54. Further testing of these predictions requires many more population genomic studies of divergence in a wider range of taxa and across
a greater range of points in the speciation continuum.
More generally, future work should seek to determine
the extent to which different evolutionary mechanisms
and geographical modes of speciation can be distinguished on the basis of genomic data and, in turn, the
extent to which genomic features can predict the modes
and the mechanisms of speciation that apply to a given
evolutionary lineage.
Taxonomic variation is prevalent in the propensity
for speciation without geographical isolation179, and it
will be interesting to learn whether variation in genomic
architecture explains some of this. Apart from the total
strength of selection, whether selection can overcome
gene flow depends on the number of genomic regions
that are targeted by selection, on the rate of recombination between these regions and on the extent of
pleiotropy. The analyses of genomic data together
with ecological data therefore hold promise to help to
explain why non-allopatric speciation occurs readily in
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Box 4 | New data for new theory: speciation genomics and patterns in biodiversity
As speciation produces the ‘raw material’ for patterns in biodiversity, an important goal is to connect speciation
processes to these patterns195. We envisage that speciation genomics can make vital and unique contributions to
elucidating these connections. Studies of the distribution of species richness among clades provide evidence for
non-uniform diversification rates among taxa, which can arise from differences in speciation and/or extinction rates196.
Speciation rates that are estimated from the fossil record are much slower than those predicted from mathematical
models and those observed in studies of recent diversification. One explanation for this discrepancy is a high frequency
of ‘ephemeral’ speciation, in which taxa that have recently undergone speciation have high rates of extinction194. This has
been documented in cases of ‘speciation reversal’ (REFS 193,197,198), which is possible when speciation does not reach
completion121,199.
A better understanding of the genomic basis of speciation might help us to understand the influence of speciation
on both species persistence and patterns of species diversity. For example, ecological speciation readily and rapidly
produces divergent, partially isolated ecotypes, as well as species that may immediately be able to coexist without
competitive exclusion. Ecological speciation might thereby contribute disproportionately to the build-up of biodiversity
compared with non-ecological mechanisms195. However, isolation between young ecologically differentiated species is
often extrinsically based and is contingent on the persistence of divergent selection (BOX 2). The species that arise most
rapidly may therefore be those that are the most vulnerable to extinction early in their histories199. By contrast, speciation
through intrinsic mechanisms may produce species that are less prone to ephemerality because speciation reversal may
be less likely. However, speciation rates might be slower in these lineages than in lineages in which ecological speciation
is common, and ecological differences must evolve after speciation for closely related taxa to coexist. Progress in
connecting speciation to broader-scale patterns of species richness will require attention to how speciation mechanisms
and their genomic bases influence rates of speciation as well as the persistence and coexistence of young species. If
mechanisms of speciation leave distinctive genomic signatures, then correlation between genomic patterns and disparity
in species richness among clades could be quantitatively tested using comparative phylogenetic approaches.

cichlid fish, whitefish, sticklebacks, Rhagoletis spp. flies,
Heliconius spp. butterflies, Coprosma spp. shrubs180 and
some other taxa but is not reported in the majority of
others. This combination of approaches may also help
more generally to explain why some taxa undergo speciation and accumulate species diversity a lot more readily
than others. Answers to such questions will also facilitate an understanding of larger-scale patterns in species
diversity (BOX 4).
There is still a lack of population genomic studies
that explicitly compare the rates of evolution and the
genomic distribution of prezygotic, extrinsic postzygotic and intrinsic postzygotic barriers to gene flow. We
believe that such studies hold considerable promise to
overcome old dichotomies in speciation genetics. As the
discovery of DMIs used to be laborious, we cannot yet
answer the question of how often DMIs are caused by
genomic conflict, ecological selection or genetic drift.
Hopefully, this will also change soon, as genomic data
now allow the identification of DMI loci at an increasing
pace12,26 (BOX 1).
A part of a synthesis in speciation genomics that is
still missing is the integration of evolutionary developmental biology. Insights from this field make several
relevant suggestions for speciation genomics181. First,
mutations in protein-coding sequences may have pleiotropic effects more often than those in cis-regulatory
regions. Second, pleiotropy will be more common when
selection targets genes that have central roles in gene
regulatory networks, and many morphological developmental genes are in such positions. Third, because
of the first two predictions, morphological evolution
may often be constrained to take place through changes
in cis-regulatory mutations, whereas physiology may
be freer to evolve through protein-coding mutations.
These predictions make interesting yet little explored

connections between some of the above questions in speciation research and the debate about the prevalence of
protein-coding mutations compared with cis-regulatory
mutations in evolution181,182. Notwithstanding possible
ascertainment biases, empirical data suggest that divergence between sibling species and between conspecific
populations is predominantly due to evolution of protein-coding genes and is independent of their positions
in gene regulatory networks, but morphological differences between species that diverged a longer time ago
are predominantly a result of cis-regulatory evolution181.
To explain this, selection that acts early during population divergence has been proposed to partly overcome
the negative fitness effects of antagonistic pleiotropy that
are expected from protein-coding mutations, but such
selection may not be strong enough to fix these mutations181. Over time, as more mutations become available, cis-regulatory mutations that have more specific
effects and less antagonistic pleiotropy would replace
the protein-coding variants. An interesting implication
is that the mutations that are responsible for phenotypic
differences between older species may be distinct from
those that are causally important in the process of population divergence and speciation, even when the mechanisms of speciation and the diverging phenotypes are the
same. This hypothesis needs to be tested by studies of the
genomic basis (that is, whether mutations are in proteincoding or cis-regulatory regions) of species divergence
in incipient species compared with older species in the
same taxon. We are not aware that such data exist.
These are exciting times for speciation research, and
major progress in the field is likely to come from integrating the analyses of genomic data with studies of ecology, behaviour, developmental biology and theory. We
propose three major building blocks as a ‘roadmap’ for
such continued integration.
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First, there is a need for more comparative genome
scans both at different stages of the speciation continuum in closely related taxa and in replicate species
pairs in the same taxon. These data need to be combined with annotation of the effects of alleles on phenotypes and on reproductive isolation, which can be done
through QTL mapping or functional analyses in the
context of annotated reference genomes. This would
allow divergent genomic regions to be associated with
mechanisms of reproductive isolation. Such studies
need to be repeated in the following scenarios: in taxa
in which speciation is driven by ecological selection,
sexual selection and intrinsic incompatibilities (BOX 2);
in different spatial contexts; and in taxa that have
not speciated but that occupy similar environments
to those that have undergone speciation. Sampling
design should explicitly aim to explore variation both
in different stages of the speciation continuum and for
different degrees of geographical isolation (FIG. 1), and
the history of geographical isolation should ideally be
known. With replication and clever experimental and
comparative study designs, it will eventually become
possible to understand whether different mechanisms
and modes of speciation can be distinguished on the
basis of patterns observed in genome-wide data.
Second, experimental population genomic studies
of speciation are needed to measure the strength and
the multifarious nature of selection, and more generally
to test hypotheses about processes that underlie differentiation and isolation, including genomic conflict,
coupling and heterogeneity in recombination rates.
Third, there is a need for theoretical modelling
that includes the influences of variable demography,
recombination rates and time, and that explicitly considers standing genetic variation and different sources
of incompatibilities. Such models will be helpful in
generating predictions that can be tailored to individual empirical study systems to make them testable.
These predictions could include genomic signatures
of alternative speciation modes and mechanisms, and
how such modes and mechanisms can be inferred
from genomic patterns at different stages of the speciation continuum. Improved methods for estimating
the timing of long-term gene flow would also be valuable90. Given the increasingly widespread evidence for
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