Postzygotic intrinsic
isolation

Lowered hybrid fitness in the
form of sterility or reduced
viability of zygotes that are
produced in a cross between
two groups of individuals,
often two species.

Gene flow

Movement of chromosomes
(or chromosomal regions)
across genetically structured
populations, resulting in a
change of allele frequencies.

'Department of Evolutionary
Biology, Evolutionary Biology
Centre, Uppsala University,
Norbyvigen 18D, SE-752 36
Uppsala, Sweden.

2Section of Evolutionary
Biology, Department of
Biology II, Ludwig Maximilian
University of Munich,
Grosshaderner Strasse 2,
Planegg-Martinsried 82152,
Germany.
jochen.wolf@ebc.uu.se:
hans.ellegren@ebc.uu.se

doi:10.1038/nrg.2016.133
Published online 14 Nov 2016

@ sTuDY DESIGNS

REVIEWS

Making sense of genomic islands of
differentiation in light of speciation

Jochen B. W. Wolf'? and Hans Ellegren’

future work in this area.

The question of how new species originate and adapt to
novel environments has been foundational to the field
of evolutionary biology'. The merging of Darwinian
principles with Mendelian genetics in the ‘Modern
Synthesis’ during the first half of the twentieth century
laid the conceptual foundation for the field of speci-
ation genetics>?, which has the objective of elucidating
the molecular underpinnings of species formation. This
quest has traditionally been dominated by studies on
postzygotic intrinsic isolation that make use of genetic
crosses of diverged species in laboratory model systems
such as Drosophila, Arabidopsis or Saccharomyces spe-
cies®. At the same time, it has long been recognized that
genetic studies are most insightful when they further
our understanding of the evolutionary forces that shape
natural genetic variation®®. The rapid development of
high-throughput sequencing technologies during the
past decade has opened this avenue, and speciation
genetic research has expanded into wild populations”.
Genome-wide investigation in natural populations is
now possible in essentially any organism of choice.

By studying patterns of segregating genetic variation
across the genomes of multiple individuals sampled in
their natural environment, evolutionary processes gov-
erning the accumulation of genetic differences between
incipient evolutionary lineages can be ‘caught in the
act’ In conjunction with ecological and behavioural
investigations, genome-wide population surveys hold
great promise to provide essential information on the
biogeographic history of species®'® and address long-
standing questions in speciation research. For exam-
ple, how common is speciation with gene flow (BOX 1)?

Abstract | As populations diverge, genetic differences accumulate across the genome. Spurred
by rapid developments in sequencing technology, genome-wide population surveys of natural
populations promise insights into the evolutionary processes and the genetic basis underlying
speciation. Although genomic regions of elevated differentiation are the focus of searches for
‘speciation genes’, there is an increasing realization that such genomic signatures can also arise
by alternative processes that are not related to population divergence, such as linked selection.
In this Review, we explore methodological trends in speciation genomic studies, highlight the
difficulty in separating processes related to speciation from those emerging from genome-wide
properties that are not related to reproductive isolation, and provide a set of suggestions for

What is the genetic architecture of reproductive barriers
(BOX 2)? What is the timeline of speciation? What is the
role of sex chromosomes? What role do chromosomal
rearrangements have? In addition, population genomic
data more generally contribute to our knowledge of
genomic processes that need not be causally related to
adaptation and speciation, but that leave ‘footprints’
that mimic or interfere with signals from adaptation
or reproductive isolation''. Examples include evidence
for recombination rate variation across the genome of
individuals and species'>'?, biased gene conversion', the
link between life history traits and genome evolution®,
and the relative importance of genetic drift, background
selection and genetic draft in shaping overall levels of
genome-wide genetic diversity'. Although interesting
in their own right, the genomic footprints generated by
these processes complicate the interpretation of genome
scans in the context of speciation'’".

Originally confined to studies of human evolution,
genome scans lie at the core of speciation and adapta-
tion genomic approaches in natural populations* and
have turned into an industry. It is tempting to draw par-
allels with the dramatically increased use of mitochon-
drial DNA (mtDNA) sequencing and microsatellite
genotyping in molecular ecology several decades ago.
Population genomic studies using genome scans often
build on the idea of a ‘genic model of speciation’ under
conditions of gene flow (BOX 1). This model predicts that
divergent selection against gene flow is initially confined
to few genic elements?-*. Allelic variation at loci that
are under selection and confer reproductive isolation
will be less likely to cross population boundaries than
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Reproductive isolation
Any mechanism or process
that reduces the probability
of mating, survival or
reproduction between
members of different groups
and their offspring.

Genetic drift

Random change in allele
frequencies between
generations as a consequence
of stochastic sampling in a
finite population.

Background selection
Change in allele frequencies
and reduction in diversity at
neutral loci as a result of
selection against deleterious
alleles at linked loci.

Genetic draft

Also known as genetic
hitch-hiking. Pervasive
reduction of genetic diversity
owing to recurrent selective
sweeps.

Divergent selection

Natural selection for different
trait values in diverging
lineages.

Disruptive selection

A special case of divergent
selection in which natural
selection favours two extreme
values of a phenotypic
distribution.

Meiotic drive

A mechanism of segregation
distortion during female
meiosis in which one allele at a
locus is transmitted to the
offspring (gametes) more often
than are other alleles, even in
the absence of a selective
advantage of that allele.

Centromeric drive

A special case of meiotic drive
involving centromeres that are
in evolutionary conflict to
increase their odds of
transmission during
asymmetric (female) meiosis.

Introgression

The transfer of genetic
information (gene flow)
between divergent populations
or species as a result of
hybridization and repeated
backcrossing.

Good species
Well-separated lineages that
clearly form distinct species
and no longer interbreed.

unlinked, selectively neutral loci*. As a result, targets of
divergent selection and loci in close linkage with those
targets are relatively protected from the homogenizing
process of gene flow. Consequently, genetic differenti-
ation between diverging populations is expected to vary
along their genomes (FIG. 1).

Although often framed in a strictly ecological setting
of divergent selection (or, as a special case, disruptive
selection) across an ecological contrast, any large-effect
‘barrier locus’ contributing to pre-mating, post-mating,
prezygotic or postzygotic isolation has the potential to
create genomic areas of elevated differentiation rela-
tive to the genomic background. Importantly, this
elevated differentiation includes genic or non-genic
elements that promote meiotic drive or centromeric
drive, which have been implicated in speciation®*.
Such genomic ‘outlier’ regions have been referred to as
‘differentiation islands’ (REF. 27) or more speculatively
as ‘speciation islands’ (REFS 28,29). Their amplitude and
width should, in principle, be given by a function of the
amount of gene flow, the strength and timing of selec-
tion, the recombination rate and the underlying genetic

Box 1| Speciation with or without gene flow

architecture of the trait under selection?**° (BOX 2). The
complex interplay of these factors is instrumental in
deciding whether substantial local genomic differenti-
ation can arise in the first place, and whether it can
spread to the whole genome as populations continue
diverging and eventually lead to full reproductive iso-
lation sealing off gene flow altogether®'. Even without
adding confounding factors that are not related to adap-
tation or forms of reproductive isolation, the interaction
of these often-unknown parameters makes quantita-
tive predictions of genomic differentiation across the
genome anything but straightforward.

Consistent with the genic model of speciation, a
number of high-profile studies published recently have
revealed strong heterogeneity in genomic differentiation
upon population divergence in a variety of taxa?*3-%
(Supplementary information S1 (table)) — a pattern that
requires explanation. To describe this pattern, metaphors
such as ‘(heterogeneous) genomic landscape of differen-
tiation’ or ‘islands or continents of speciation’ are com-
monly used. Although the metaphors are, in principle,
agnostic about the underlying process, they often imply

The question of whether speciation occurs with or without gene flow has long been a central topic in speciation genetics,
as it has implications for our understanding of the underlying processes. Depending on the degree of inter-population
gene flow, expectations differ about the relative importance of selection versus drift, the role of prezygotic isolation and

the genetic architecture of barrier loci*** (also see BOX 2).

By historical convention, the intensity and modality of gene flow are often conceptualized in geographical terms (for
example, allopatry, peripatry, parapatry and sympatry), and views on the prevailing geographical mode have changed
through time. Charles Darwin saw potential for speciation in large interconnected populations and was comfortable with
the idea of many coexisting varieties with intermediate forms'?*, which was interpreted as an argument for sympatric

speciation'?®

or at least an opening for continuity of forms allowing for introgression'?®. A century later, Ernst Mayr

popularized the biological species concept and with it the view that speciation with gene flow was bound to be rare,

if it occurred at all'?’. Capitalizing on the idea that the evolution of reproductive isolation is an essential component

of speciation, Mayr proposed that gene flow has an antagonistic role by counteracting reproductive isolation and by
homogenizing gene pools. As a consequence, it seems most straightforward to achieve speciation in isolation. Indeed,
genome-wide linkage disequilibrium is readily generated between isolated demes that are free to differentiate in many
genomic regions via selection or genetic drift, with speciation resulting as a simple by-product that has an increasing
probability of occurring as time progresses (the predicted snowball effect'?®). Central speciation models such as the
Bateson—-Dobzhansky-Muller (BDM) model*!?***° or Oka’s model**!, which explain the evolution of hybrid sterility or
inviability by negative epistasis between populations, work best in the absence of gene flow.

Whereas Mayr's view dominated the second half of the twentieth century and continues to be the main null hypothesis
today, the past two decades have seen a shift in the perception of gene flow as the main antagonist to speciation. Both
modelling and empirical work acknowledge the challenge, but also emphasize the plausibility of speciation under
conditions of gene flow?*'*, even in sympatry'*3**. Fortunately, a much-heated debate on the plausibility of speciation
for certain geographical modes has given way to a more balanced discussion on how the interplay between central
population genetic parameters (such as selection, recombination, genetic drift and migration) may affect the outcome

of incipient population divergence®.

With an unprecedented amount of data characterizing genetic variation within and between natural populations,
speciation research is in a unique historical position to gain a more comprehensive view of the role of gene flow in
speciation. Methods leveraging genome-wide information to infer the presence and/or amount of gene flow from
multi-locus data are becoming increasingly available®”. Empirical surveys to characterize the extent to which population
divergence is accompanied by gene flow are now accessible for a broad range of taxa®**. As studies are accumulating,
comparative analyses have clear potential to quantify the frequency of speciation with gene flow***. However, there is a
limit to what can be achieved with empirical data alone. By paradigm, speciation genetic research is limited to
investigating the genetic basis of reproductive isolation in ‘good species’ or in current-day populations that are in the
process of diversification. For good species, lineage sorting has probably been completed, and inference on gene flow
during incipient stages is missing. For current-day populations, gene flow during divergence can be estimated, although
it remains unclear whether differentiation will result in speciation or whether a certain level of differentiation will
perpetuate at an arrested stage®. It is therefore important to accompany empirical work with theoretical studies that
define the parameter space where speciation can occur even under conditions of gene flow37-1%°.
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Magic traits

Traits that are subjected to
divergent selection and
contribute to non-random
mating; they facilitate
speciation with gene flow.

Supergenes

Clusters of tightly linked loci
where two or more haplotypes
give distinctly different
phenotypes.

Fer

A common statistical measure
of genetic differentiation
between populations that
compares the variance in
allele frequencies between
populations to the variance
within populations. It is
sensitive to genetic drift,
demographic change,
mutation, migration and
genetic variation of each
population.

Linked selection

Selection that changes allele
frequencies, often leading to
reduced diversity, at loci
genetically linked to the focal
locus.
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Box 2 | Speciation with gene flow — the importance of genome architecture

The genome is not a mere collection of independent genes. Organization into chromosomes (physical linkage) and
population processes such as admixture (statistical linkage) introduce non-independence among genes, the extent of
which is determined by the recombination rate. In the context of speciation with gene flow it is therefore crucial to
consider barrier loci that convey reproductive isolation in a genomic context. The vicinity around loci that experience
divergent selection or negative epistatic interactions among populations (in the form of Bateson-Dobzhansky-Muller
incompatibilities) may effectively be protected against gene flow (a phenomenon known as divergence hitch-hiking).

In this scenario, the rest of the genome is free to introgress if it is sufficiently disassociated by recombination, which
generates heterogeneity in the levels of genetic diversity within and among populations?**%. Speciation will be facilitated
if barrier loci coding for different components of reproductive isolation become coupled. Whether coupling occurs
crucially depends on the genetic architecture, including the number of segregating barrier loci, the strength of selection
on each locus and the degree of antagonistic recombination®*3*!*%, The combination of these factors will shape the
patterns of genomic differentiation and determine whether single peaks of differentiation are expected (divergence
hitch-hiking) or whether differentiation can generalize to the entire genome (genome hitch-hiking)?>*3¢4,

What do we expect? A broad variety of genetic architectures seem plausible. Magic traits constitute one extreme in
which a single trait — in the most extreme case this is encoded by a single gene — can facilitate speciation with gene
flow!#2143, When several genes contribute to reproductive isolation, genomic features such as centromeres or inversions
that reduce recombination between populations can promote coupling by creating and maintaining linkage
disequilibrium?®*®. The presence of barrier loci in inverted regions or even their organization in supergenes has been
suggested in a variety of taxa®*!* and may be theoretically expected to be promoted under conditions of gene flow*’.
The upper-end scenario suggested by numerous studies on ecological speciation involves many genes, each with small

effect, spread across the genome?**%.

Ultimately, characterization of the genetic architecture of barrier loci requires substantial empirical effort in a number
of systems across several time-points of population divergence. Genome scans have the potential to extract candidate
barrier loci, provided that patterns of genetic diversity are interpreted with due caution against alternative explanations.
Importantly, however, genome scans have an inherent ascertainment bias, as they more easily detect traits under
putative selection that have a simple genetic architecture. This is similarly true for functional validation of traits with
complex genetic architectures or gene—environment (G x E) interactions, which will constrain the power of functional
genetics approaches in natural populations. It will be important to more fully recognize this limitation and develop
alternative approaches to study such complex traits. One pragmatic way forward is to develop comprehensive research
programmes that use as much independent information as possible, including genome scans on larger sample sizes than
are common today, functional tests, transgenic validation and admixture analyses, in order to elucidate current-day

selection acting in zones of contact®*'8.

the genic model of speciation and interpret genomic
regions of elevated differentiation as primary hosts for
‘speciation genes, or as ‘crystallization points’ (REF. 37) of
reproductive isolation?*.

However, local peaks of genomic differentiation
need not necessarily arise as a result of divergent selec-
tion involving allelic variation of genetic elements that
advance reproductive isolation. Alternative explana-
tions are possible in which heterogenic differentiation
is not determined by differential gene flow across the
genome'” (FIG. 1). As nicely illustrated by the meta-
analysis of Cruickshank and Hahn®, there is increasing
evidence that genomic regions with elevated differenti-
ation, which are typically inferred by relative measures
of genetic differentiation such as F;, can emerge by pro-
cesses that are not related to speciation per se. Even in
the absence of gene flow, linked selection — in the form
of either genetic draft (on loci that may or may not be
relevant for speciation)**' or background selection*>**
— can significantly contribute to heterogeneity
in differentiation.

In this Review, we discuss central aspects of studies
that gather genome-wide data from natural populations
to investigate the genetic basis of reproductive isolation.
We highlight trends, illustrate the difficulty in separat-
ing processes related to speciation from those emerging
from genome-wide properties that are not related to
reproductive isolation, and provide a set of suggestions

for future work in this area. TABLE 1 provides an overview
of the suggested workflow, and indicates pitfalls of and
best-practice procedures for this research.

Study designs

We scanned the literature and identified 67 studies
that have used genome-wide approaches to investigate
genomic differentiation between diverging populations
or species. Throughout this Review, these studies form
the ‘data set’ that we used to describe current trends and
practices in speciation genomic research. Central aspects
of these studies are summarized in Supplementary
information S1 (table) and presented in FIC. 2.

Taxonomic distribution

Taxon sampling (at the level of taxonomic class) has
been very uneven and strongly dominated by ray-finned
fish and insects, followed by birds, mammals, angio-
sperms and gastropods. This bias reflects the publicly
available genomic resources, and probably a general
skew in research focus on vertebrates and insects in
evolutionary genetics. Moreover, the dominance of ray-
finned fish and insects is, to a large extent, explained by
a highly prolific literature on sticklebacks, Drosophila
spp. fruitflies and Heliconius spp. butterflies. Research
in these speciation models is certainly important, as it
allows the consistency of inferred evolutionary pro-
cesses and patterns to be tested through replication
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Figure 1| A schematic of alternative processes that generate regional genomic
islands of elevated differentiation. Red and white circles represent different alleles in

a population at the depicted genomic region. The branching schematic indicates the
segregation of these alleles between populations that are diverging. a| In regions of gene
flow (indicated by the double-headed arrows), differentiation becomes reduced relative
to loci where there is selection against gene flow because of reproductive incompatibility,
for example. b | In regions where the effective population size (N,) is reduced by processes
that are independent from gene flow (middle panel) the rate of lineage sorting is
enhanced relative to background levels, leading to elevated differentiation.

Effective population sizes
(N,). A somewhat abstract
population genetic measure
of the size of an idealized
population in which the
strength of genetic drift is the
same as that in the population
of interest.

Time to the most recent
common ancestor

In genetic genealogy, the time,
in years or generations, to the
most recent individual from
whom all individuals in the
sample under consideration
descended.

Hybrid zones

Narrow geographical regions
where two species or divergent
populations are found in close
proximity and hybridize.

across independent populations, pairs of species or
subspecies, or ecological contrasts. However, to gain a
more general understanding of genome-wide processes
that occur during population divergence there is a need
for broader taxon sampling, in particular with respect to
organisms that span a wide range of effective population
sizes (N,) (and hence a wide range in the efficacy of
selection), recombination rates (for example, degree
of selfing) and dispersal (and hence expected gene
flow). There is potential to build on common interest in
research communities that embrace under-represented
taxa* if impediments resulting from deviant paradigms
and terminology can be overcome.

Population sampling regime

Temporal sampling at different levels of population
divergence. Time to the most recent common ancestor is
a central parameter when studying population diver-
gence. Signatures of selective sweeps that are relevant to
population divergence will — depending on the recom-
bination rate, its mutational origin and the selection
coefticient — only persist for a short time after the split.

By contrast, effects of background selection on local N,
will only be exposed at intermediate divergence times,
and measures of absolute divergence such as d, (80X 3)
are only informative beyond a minimum level of diver-
gence'. Moreover, to distinguish cause and consequence
of reproductive isolation on patterns of genome-wide
variation, temporal resolution is needed to reconstruct
the sequence in which reproductive barriers emerge.
However, with the exception of experimental microbial
systems®, the temporal progression of speciation cannot
be studied in real time.

A promising way forward is to sample several popu-
lations at different stages of population divergence,
which are sometimes referred to as a ‘speciation con-
tinuum. This approach has been used in an increasing
number of studies and has yielded valuable insights into
the chronology and relative importance of the under-
lying evolutionary processes®*. For instance, by sam-
pling within and across species, studies focusing on
advanced stages of speciation have shown that linked
selection has a major role in shaping common differen-
tiation landscapes®*. Other multi-population studies
have shown that the very onset of population divergence
can be characterized by extreme differentiation peaks
confined to a small proportion of the genome®*; these
extreme differentiation peaks emerge against hetero-
geneous background levels of differentiation shaped by
linked selection that is common to all populations®*-*.

Temporal sampling at different levels of population
divergence is particularly crucial to test the ‘divergence
hitch-hiking model’ of speciation with gene flow’>%.
According to this model, primary regions of elevated
differentiation that are protected from gene flow by
divergent selection may promote the secondary accu-
mulation of genetic elements under weaker selection,
which launches a cascade of local genomic divergence.
As a consequence, regions of elevated differentiation
would grow in width as time progresses, a prediction
that to date has gained limited empirical support®>>>,

Replication. Population replication is powerful for
unveiling parallel selection pressures (or other forces
that repeatedly occur) in independent population pairs
that have a similar divergence age. In a replicate design
across parallel hybrid zones, Nadeau et al.* exposed com-
monalities in the genetic architecture of wing pattern-
ing within and between Heliconius species that confers
reproductive isolation. Similarly, Vijay et al.* studied
patterns of genomic differentiation across independent
phenotypic contact zones in crows and suggested that
the patterns reflected context-dependent selection on a
multigenic trait architecture superimposed on a common
background of linked selection. Multiple replication in
worldwide stickleback populations across a variety of
ecological contrasts revealed repeated effects of the
same major-effect genes but also peculiarities for each
genotypic background®**”*°.

More generally, population replication is central to
our understanding of the importance of context depend-
ence for adaptation and speciation. Theory and experi-
mental evidence in model organisms clearly predict
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Epistatic interactions

The interaction between two
or more genes that causes a
phenotype to be dependent on
the particular combination of
alleles at these loci.

Coalescent times

The most recent time-point
in the past at which two
gene copies share a
common ancestor.

Structural genetic variation
Polymorphisms involving
differences in the length,
orientation, order, copy
number or chromosomal
organization of DNA
sequences.

Quantitative trait loci
(QTLs). Genomic regions that
are statistically associated with
non-discrete variation in a
phenotypic trait.

Isolation-by-ecology
Genome-wide differentiation
between groups of individuals
according to environmental or
phenotypic contrasts between
populations (rather than, for
example, according to
geographical distance).

Spatial autocorrelation
Genetic similarities that are
attributable to geographical
proximity between
populations.

that phenotypic variation, and hence selection on this
variation, is strongly dependent on the environment
(gene-environment (G x E) interaction)*. Furthermore,
in addition to single-gene effects, epistatic interactions
are expected to contribute substantially to reproductive
isolation>'*%, Epistatic interactions are context-specific,
and will not only depend on the underlying genotypic
background (gene-gene (G x G) interaction) but also on
the environment (gene-gene—environment (G x G xE)
interaction) and on higher-order components®'.
Although clear-cut answers on the genetic architecture
of traits under selection will be difficult to obtain from
studies in natural populations, it is important to con-
sider this dimension in the design and interpretation
of results.

As a final note on the ‘speciation continuum,
time to the most recent common ancestor cannot be
approximated simply by mean levels of genome-wide
F;. Although F-statistics reflect mean coalescent times
within and between populations®, they cannot distin-
guish between common ancestry that is due to a recent
population split versus that due to substantial migration
between populations. Thus, population comparisons
with similar Fg; can differ widely in their histories, with
clear implications for the evolutionary processes shap-
ing heterogeneity in differentiation across the genome.

A priori contrasts. The genomics of population diver-
gence can be studied by simply quantifying intra-
population and inter-population genetic variation
between any populations. This ‘agnostic’ approach
has been successfully applied in numerous systems
and has exposed the impact of linked selection* and
structural genetic variation®*** on heterogeneity in genomic
differentiation. However, in the majority of cases,
population comparisons are complemented by a pri-
ori contrasts, which generally refer to morphometric

REVIEWS

parameters (that is, phenotypes suspected to be under
selection, often colour patterns) or ecological param-
eters (for example, habitat contrast and temperature
gradients), which can be easily monitored in the field.
The advantage of leveraging a priori contrasts lies in the
opportunity to experimentally validate loci emerging as
candidates from the genomic analyses. Examples include
forms of validation via gene expression network ana-
lyses®, through overlap with quantitative trait loci (QTLs)
(several studies in stickleback and Heliconius spp.), via
selection experiments in the wild* or by reference to
published information on the genetic architecture of the
phenotype in question. Although valuable in principle,
a priori contrasts need to be applied with some caution.
They can misguide interpretation and devalue regions
of interest that reflect relevant contrasts that are not
considered, and in cases of suboptimal population sam-
pling isolation-by-ecology can be confounded by spatial
autocorrelation®®. More generally, a priori contrasts bear
the inherent risk of biasing our perspective to a small
subset of biometric or colouration traits that can easily
be measured in the field®. Importantly, comparisons
between populations that do not differ in the contrast
of interest always need to be incorporated as a control.
As the field matures, this basic principle of experimental
design needs to be embraced more thoroughly.

Demographic history

The interpretation of the observed landscape of
genomic differentiation directly depends on the timing
and amount of gene flow between populations™. It is
therefore somewhat surprising that a large proportion
of speciation genomic studies in our data set (70%) did
not explicitly estimate gene flow between the popu-
lations in question or they loosely refer to published
information that is not necessarily derived from the tar-
get populations under study. Considering the increasing

Table 1| Speciation genomics workflows and considerations

Overall workflow Pitfalls

Best practice

Sampling of DNA
from two or more
natural populations

Genome
re-sequencing

Population genomic
analysis

Inference of
processes
underlying genomic
differentiation

Focusing on a geographical sub-sample
misrepresents divergence history and
does not allow for generalization of the
inferred processes

e Failure to identify crucial signals, or the
landscape of signals, when reduced-
representation sequencing is done

* Failure to associate regions of increased
divergence with chromosomal features
such as centromeres in the absence of a
genome assembly

* Genomic regions with high F; can
be incorrectly interpreted as having
high absolute divergence (without
acknowledging that low diversity will
give similar signals)

Ad hoc ideas about how the genes located
within outlier regions have biologically
plausible links to speciation can lead

to over-interpretation of the functional
importance of these regions

* Sample populations across the ‘speciation
continuum’

* Replicate sampling in independent species
pairs

e Variant calling based on whole-genome,
individual-based re-sequencing and read
mapping to a genome assembly with scaffolds
anchored to chromosomes

* Application of long-read technology or other
means for inferring structural variation

 Apply a suite of summary statistics

* Include recombination rate data

¢ Inference of demographic processes including
gene flow

Just as for any inference of selection using
molecular data, a null model of what pattern

is expected under a neutral scenario has to be
formulated. In this case, neutral null models
have to include, for example, variation in
genomic differentiation due to linked selection
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Figure 2 | A summary of central aspects of our literature survey on speciation
genomic studies. The figure shows the percentage of studies in our data set that
included central aspects of speciation genomic analyses.

Lineage sorting

The process by which alleles
segregating in the common
ancestor converge to the
overall phylogeny of diverging
lineages.

Backcrosses

Crosses between hybrids and
one of the parents or a
genetically similar individual
from the parental population.

ABBA-BABA tests
A type of statistical test for
introgression.

Admixture analyses
Tests for introgression of
alleles between hybridizing
populations to establish
individual ancestries of
individuals and/or genomic
regions.

Isolation-with-migration
The process of population
divergence in the presence
of gene flow.

Population bottlenecks
Sharp reductions in the size
of a population.

availability of methods to infer the presence and/or
amount of gene flow from multi-locus data®, more
effort needs to be devoted to this aspect. Given the dif-
ficulty of separating migration from incomplete lineage
sorting', it is strongly advised that information from
several sources is combined; these sources include field
evidence of naturally occurring backcrosses, ABBA-BABA
tests, admixture analyses and model-based inference on
isolation-with-migration models®3*3>°1,

Gene flow is not the only component of popula-
tion history to consider when interpreting genome-
wide patterns of genetic variation. Theory predicts
that demographic perturbations such as population
bottlenecks increase the variance in the time to the
most recent common ancestor and thus have the poten-
tial to introduce significant heterogeneity in genetic
differentiation across the genome®®. Another factor
to consider is the systematic effects for hemizygous sex
chromosome sequences; compared with the diversity of
autosome sequences, sex chromosome sequence diver-
sity is relatively more affected upon population reduc-
tion and growth™. In this context it is worth noting that
even with a constant population size, the lower N, of the
X (or the Z) chromosome will inevitably lead to faster
lineage sorting and hence higher F; of X- or Z-linked
sequences than of autosomal sequences®. The higher
rate of differentiation in sex chromosomes is even fur-
ther accentuated in the case of the non-recombining
region of the Y (or the W) chromosome. Under random
mating and assuming neutrality, N, of the Y (or the W)
chromosome is only one-quarter that of autosomes, and
in practice the difference is much more pronounced due
to the effects of selection in the absence of recombina-
tion. From a targeted assembly of the W chromosome in
flycatcher species, Smeds et al.”' recently demonstrated

nearly full lineage sorting of W-linked sequences
(Fgy=0.96-1.00) despite only moderate levels of auto-
somal differentiation (F.=0.27-0.40). Moreover,
going beyond demographic effects, sex chromosomes
are known to be important in speciation. Examples are
Haldane’s rule (the observation that in hybrids the sex
that is most often sterile or inviable is the heterogametic
sex) and the large X effect (the disproportionate involve-
ment of sex-linked genes in reproductive isolation)”7*.
Therefore, autosomes and sex chromosomes need to be
explicitly separated in genomic analyses.

In general, under a simplistic null model of demo-
graphic stability (which is often accompanied by the
expectation of homogeneous N, across the genome),
regional genomic inference on selection between popu-
lations will at best be obscured, if not falsely suggested™.
However, only a small minority of studies provide
background information on the demographic history
of the populations under investigation. Despite explicit
models for simultaneously estimating demography,
gene flow and selection still being in their infancy™, the
potential impact of demographic perturbation should
at least be qualitatively assessed. Explorative methods
extracting demographic information from zygosity dis-
equilibrium” or the single-nucleotide polymorphism
(SNP) frequency spectrum’ can be readily used on
whole-genome data and can provide insight into the
putative impact of changes in population size and
structure”'®*.

Generating and analysing data

Data generation

Reference genome. Genome scans can, in principle, be
conducted using a set of (unlinked) genetic markers in
the absence of positional information from a reference
genome. This may be potentially useful in the context of
preselected candidate genes for phenotypes with a pre-
sumably simple genetic architecture. However, the full
potential of genome scans can only be exploited with
reference to an assembled genome backbone, which
takes the non-independence of markers into account.
Assembly of gigabase-sized genomes still requires
some effort, and the resulting draft genomes vary sub-
stantially in quality. Most of the speciation genomic
studies in our data set (Supplementary information S1
(table)) had access to a draft assembly of the genome,
and in several cases the draft genomes were specifically
assembled for the purpose of studying speciation in the
system being investigated*>*>*%7”78, This clearly demon-
strates that speciation genomic studies no longer rely
on resources based on data from genetic model organ-
isms. The use of a high-quality genome assembly should
thus be considered current state of the art. Using refer-
ence genomes of closely related species may be a viable
option®*, although this requires consideration of map-
ping biases and disruption of general patterns through
rearrangements.

Ideally, speciation genomic studies ought to be based
on chromosome-level genome assemblies. In several
studied systems scaffolds have at least partially been
ordered and oriented into longer sequence blocks on
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Box 3 | Summary statistics of genetic variation
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Given a high-quality reference genome and adequate sequencing depth,
whole-genome re-sequencing data can, in principle, provide a complete
account of genetic variation in a sample population. If the sample is
sufficiently large, the distribution of allele frequencies (the allele-frequency
spectrum (AFS)) across all loci within the sample allows inference on
demographic processes and selective forces of the population as a whole.
Historically, a number of summary statistics have been derived, each drawing
from different aspects of the AFS or assaying the correlation of AFSs among
populations (known as the joint AFS). In this Box, we describe the commonly
used metrics that we deem to be most relevant. Note that in the vast majority
of studies, conclusions are qualitatively derived from estimated summary
statistics, rather than from direct inference of population genetic parameters
and processes specified in model-based inference.

Inter-population statistics

Fg;. This is a standardized measure of allele frequency differences between
populations'*¢ and is used most pervasively in the context of genome
scans!®*7 Under the (often reasonable) assumption that the rate of
mutation is low relative to migration, F¢; provides a basic measure of genetic
drift. For neutral genetic variation F; is directly proportional to the level of
gene flow under conditions of migration-drift equilibrium. However, there
are several complicating factors that warrant caution when interpreting
levels of F; at face value, and these caveats are shared in part by Fq-like
statistics such as G;**%, Gg;' (REF. 149) or D**°. F; is an upward-bounded
measure, which limits its sensitivity in those regions of the genome with high
or intermediate levels of differentiation. As an indicator of regional genomic
effective population size (N,), Fq; is sensitive to both selection and gene flow
(see FIG. 1). Moreover, it is influenced by the way it is calculated or averaged
across loci*’**!, Importantly, as a relative measure of differentiation Fg;
co-varies with the level of within-population diversity'°>'*2, such that low
diversity will generally result in a signal of increased differentiation.
Normalized versions of Fg; (such as ZF; (REF. 153) and Fg;" (REF. 49), which are
z-transformed) have been proposed; such versions of F; express
differentiation in standard deviations and hence allow the quantification of
relative differences in peak amplitude among population comparisons.

Population branch statistics. The population branch statistic (PBS) is a
variant of the Fg; statistic that quantifies population-specific change in
allele frequency from the point of population split. It is considered to have
strong power to detect recent selective events and is attractive as it
pinpoints lineage-specific rather than pairwise signals of differentiation®**.

d,.. Thisis an absolute measure of population divergence that captures the
average number of nucleotide differences among populations. It is
proportional to the mutation rate (x), time since divergence (t) and ancestral
levels of diversity (d, = 2ut+4N_). Itis not confounded by within-population
polymorphism and is thus more sensitive to gene flow than to recent
selection in the sampled populations (but is sensitive to selection in the
ancestor). It was originally formulated by Nei'** and has also been referred
to as i, (REF. 156) and 15 (REF. 102).

d,.d, is also found as D,or D,, in the literature, and was originally defined as
3. It reflects the net divergence between populations since their split,
assuming neutrality and no gene flow (d,=2ut). In contrast to d, , it removes
the component of ancestral variation before the split. In practice, ancestral
variation is generally approximated by averaging across the diversity of
contemporary populations, which renders d, dependent on intra-population
diversity levels.

d,. d; is a less commonly used measure that quantifies the number of
nucleotide differences that are fixed between populations, and it is
standardized per base pair of sequence unit under consideration (known as
the ‘density of fixed differences’ (REF. 32)). Despite its intuitive appeal, the
number of fixed differences between populations is not merely governed
by mutation rate and time since divergence, but is also influenced by
coalescence times within populations'*’. Confident inference on fixation of
alleles also requires a sufficiently large sample of chromosomes.

Intra-population statistics

0, and 0,. Genetic diversity () within a population is a fundamental statistic
that is derived from the AFS. It can either be calculated as the mean
difference between all possible pairs of nucleotide sequences present in a
population (6 ; generally referred to as nucleotide diversity (7)'**), or by
counting the number of segregating variants normalized by sample size
(Watterson’s estimator (6))**%. Under conditions specified by the neutral
theory, these measures are expected to be of equal magnitude, influenced
only by the mutation rate and the N, (that is, the population mutation rate
0~N ).

Tajima’s D. Whereas 0, captures variation of medium frequency alleles, 6is
sensitive to rare alleles. The Tajima’s D metric essentially compares the
difference between the two (0 —0;) standardized by its standard
deviation', with a negative value indicating an excess of rare variants. As
the proportion of rare alleles is influenced both by demographic processes
and by selection, their respective contribution to the metric is difficult to
distinguish. In addition, background selection and positive selection
qualitatively influence the measure in a similar way. Nevertheless, Tajima’s D
is a central test statistic in examining deviation from neutrality.

Fay and Wu'’s H. This is a summary statistic that measures departures from
neutrality that are reflected in the difference between intermediate-
frequency and high-frequency variants (6, -6,)). Thus, Fay and Wu’s H is less
sensitive to rapid changes in population size than Tajima’s D, which
capitalizes on rare-frequency variants. Comparison of the two metrics may
help to distinguish demographic processes from selection.

Fuand Li’s D. This statistic extends the above-mentioned metrics by polarizing
changes (derived or ancestral allele) with respect to an outgroup'®. This makes
Fu and Li's D suitable when investigating the importance of derived mutations
in population-specific (hard) sweeps.

Linkage disequilibrium. This is a basic measure of allelic association
between loci. Being influenced by many processes — including
recombination, selection, admixture and their complex inter-relationships
— it can be difficult to interpret. The extent of linkage disequilibrium in a
population, and in specific regions of the genome, is crucial to any type of
genome scan (that is, not only in the context of measuring diversity within
or divergence between populations), as it directly affects how far along the
chromosome signals (from selection, for example) will be detectable.
Methodological approaches making full use of genome-wide linkage
disequilibrium signatures in the context of population divergence are
gradually emerging*®*.

EHH, iHH, EHHS, iES, XP-EHH and Rsb. Haplotype statistics reflecting the
decay of linkage disequilibrium'®*'®* along the genome are useful measures
that contain information about selection. Extended haplotype homozygosity
(EHH) is the probability that two chromosomes are identical by descent for
a given interval between allelic variants of two core single-nucleotide
polymorphisms (SNPs). It detects the transmission of extended haplotypes
decaying monotonically to zero with increasing distance from the focal
SNPs. The integrated EHH (iHH) quantifies the area under this curve against
map position, thus providing a measure of ‘haplotype length’ on a
SNP-by-SNP basis. The EHHS and iES statistics are analogous to the EHH and
iHH statistics, respectively, and provide a weighted average of both alleles
of afocal SNP. Contrasting haplotype length of ancestral (iHHa) and derived
(iHHd) alleles, the iHS statistic provides a measure of recent positive
selection events. Statistics such as XP-EHH and Rsb allow for comparisons
of haplotype length between populations.

Coalescent hidden Markov models. Coalescent hidden Markov models
(HMMs)*%* examine the dependence of genealogies between neighbouring
nucleotides as a function of coalescence and recombination. The explicit
modelling of the history of recombination holds the potential to quantify
ancestry along the genome and thereby detect differential introgression.
Similar methods exploiting HMMs to account for local non-independence
of markers are emerging*®*.
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Reduced-representation
data

Genetic data from a defined
subset of the genome.

Linkage disequilibrium
The non-random, statistical
association between alleles
at different loci.

Underdominance
Fitness reduction of
heterozygous genotypes
at a bi-allelic locus.

Long-read technology
Sequencing technologies

that generate relatively long
stretches of DNA sequence per
read. The recent development
of long-single-molecule
sequencing (>20Kkb) blurs the
initial dichotomy of short reads
(from sequencing-by-synthesis
technology) versus long reads
(~1kb Sanger reads).

Optical mapping

A technique for constructing
high-resolution restriction
maps from single molecules.

the basis of genetic maps (for example, sticklebacks,
flycatchers, sunflowers, Heliconius butterflies and stick
insects). When genetic maps are beyond reach, long con-
tiguous sequences can still serve as a valuable backbone,
and new sequencing technologies providing long reads
will help to obtain such sequences.

Whole-genome versus reduced-representation
re-sequencing. The terms ‘genome-wide’ or ‘genome-
scale’ do not necessarily imply that every base pair of each
individual is analysed. For one thing, very few eukary-
otic genomes have been fully sequenced and assembled
to date. For example, highly repetitive and heterochro-
matic regions are extremely difficult to decode, and in a
strict sense the term ‘genome-wide’ is inevitably limited
to ‘genome-assembly-wide’. Of more practical relevance,
the majority of the studies in our data set based their
conclusions on a (sometimes only small) subset of the
genome in the form of transcriptomes, preselected SNP
arrays, or genotyping-by-sequencing methods with sev-
eral orders of magnitude fewer SNPs than are genotyped
in whole-genome re-sequencing efforts.

Although they are generally more cost-effective,
approaches based on subsets of the genome can be
problematic and, strictly speaking, may not warrant the
label genome-wide. For example, reduced-representation
data preclude the use of many informative summary
statistics and can risk not capturing the distribution
of genetic variation at sufficient resolution. Localized
signatures may be either missed or incorporated into
seemingly large regions of interest. Information on
linkage disequilibrium between markers is crucial in this
context, although it is often not explicitly addressed.
Several studies discuss candidate genes in the vicinity
of outlier regions suggested by one of a few genetic
markers without formally establishing the degree of
linkage between the marker and the candidate gene.
On the basis of these considerations, we advocate the
use of genome-wide approaches that are based on
assembled genome sequences and polymorphism data
obtained from whole-genome re-sequencing. In fact,
speciation genomic research should ultimately aim to
characterize genetic variation on the basis of individual
assemblies for each sampled specimen to make full use
of the variation that is not accessible when using a single
reference genome”.

The use of pools versus individuals for sequencing.
Although most studies in our data set sequenced indi-
vidually barcoded specimens, ten chose to sequence
pools of individuals. Pooled sequencing (also known as
Pool-seq) is a cost-effective alternative that, in principle,
allows for population allele frequencies to be inferred
directly from read counts®. However, deviations from
equimolar DNA contributions, sampling variance (even
for large samples), PCR biases and impeded sequencing
error detection can lead to bias in the estimation of sum-
mary statistics. Moreover, pooled sequencing precludes
the use of haplotype-based summary statistics that can
leverage important information about admixture and
selection (BOX 3). Simply put, sequencing individuals

(at sufficient depth) increases the accuracy and power
of the data, and is increasingly becoming possible owing
to the decreasing cost of sequencing.

Data analysis

Source of genetic variation. SNPs are still by far the
prevailing category of mutations considered in the
studies forming our data set, and only a small propor-
tion of studies (16%) explicitly included information on
structural genetic variation (Supplementary informa-
tion S1 (table)). The focus on SNPs has some limita-
tions because structural genomic variation — including
chromosomal rearrangements, insertions, deletions and
duplications — is known to have an impact on pheno-
typic diversity and may contribute to reproductive
isolation.

Dissection of the genetic basis of several distinct
traits of domestic animals provides illustrative exam-
ples of how complex structural variation can have
important phenotypic effects®. Likewise, chromosomal
rearrangements have been experimentally shown to
affect gene expression and fitness®. Several studies of
natural populations of non-model species also report
that segregating phenotypes can be explained both by
chromosomal inversions®-* and by recurrent dele-
tions® or insertions of transposable elements®*”. When
structural variation underlies variation in traits that
are under divergent selection among populations, it
may contribute to reproductive isolation in ways that
are not fundamentally different from SNPs in coding
or regulatory sequences. Structural variation in the
form of chromosomal rearrangements has also been
the focus of much research in speciation (the field of
‘chromosomal speciation’) that more generally explores
effects on fitness (‘underdominance’) and the effects of
linked selection of allelic variants across many genes**.
Theoretical models often focus on inversions and dif-
fer in their views on the contribution that they make
to inter-population barriers against gene flow*!, and
empirical evidence is also mixed. Several studies pro-
vide evidence (although often indirect) that is consistent
with a role of inversions in population divergence®*>%.
Others find no effect of inversions on genetic differentia-
tion under controlled conditions*, and genetic variation
present in inverted genomic regions can likewise diverge
over long timescales and still segregate without promot-
ing reproductive isolation, which is reminiscent of sex
chromosomes®. The question of how much structural
variation contributes to speciation requires more quan-
titative empirical input, and model-based approaches
predicting genome-wide patterns caused by structural
genomic variation will also be needed’®”’.

Sequencing data from long-read technology or methods
such as optical mapping contain relevant information on
structural variation, including duplications, deletions
and copy-number variation. It may be necessary to
make separate de novo assemblies of the lineages under
comparison because structural variation can easily be
missed if reads from different lineages are mapped to a
single reference genome”. This rather novel type of data
may not only add the dimension of structural variation
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to genome scans but may also affect population genetic
inference by allowing the assembly of genomic regions
that would otherwise remain unanalysed®.

Summary statistics. Traditionally, in genome scans Fj;
is the measure of choice for quantifying the genetic dis-
tance between populations along the genome (BOX 3).
Although certainly useful, it is important to keep in
mind that F, is a relative measure of differentiation that
is dependent on the underlying intra-population genetic
diversity. If differentiation is uniform across the genome
but diversity levels vary, differentiation as estimated by
F,, would appear to be heterogeneous. Absolute distance
measures such as d, are, in principle, better suited to
differentiate between evolutionary scenarios that entail
locally elevated differentiation (reviewed in REF. 19). It is
thus surprising that only 21% of studies in our data set
considered d,  at all. Similarly, population branch statis-
tics (PBSs) that allow inference on population-specific
selection versus selection already acting in the ances-
tor are only rarely used outside the context of human
population genetics.

Most studies in our data set drew conclusions from
a narrow set of summary statistics generally including
Fy; (78%) and nucleotide diversity (0 ; 51%), which by
themselves are unsuitable to identify the underlying
evolutionary processes. Both Fg; and 0, are also sensi-
tive to regional variation in mutation rate (y), proxies of
which have only explicitly been addressed in 12% of the
studies. Summary statistics that probe different aspects
of the allele frequency spectrum — such as Tajima’s D,
Fay and Wu’s H, and Fu and Li’s D — that could provide
more insight into population-specific selection were
hardly used. Linkage disequilibrium was estimated in
27% of the studies, but the use of powerful haplotype
statistics (BOX 3) was the exception rather than the rule
(only being used in 7% of studies). Outgroup species
polarizing ancestral and derived variants — and hence
enabling more powerful summary statistics regard-
ing positive selection events to be obtained — were
generally absent.

A parameter that deserves particular attention is the
recombination rate. It has a central role in theoretical
work on speciation® but also directly influences the
extent of linked selection®®. The traditional way of gen-
erating recombination rate data has been via linkage ana-
lysis based on marker genotyping in pedigrees. For use in
population genomic analyses, this almost necessitates that
a genome assembly is available such that recombination
fractions can be translated into rates of recombination (r)
per physical unit DNA (often centimorgans per mega-
base). In cases for which recombination data from
external sources are not available, the population recom-
bination rate § =4N,r might be used as a proxy on the
basis of analyses of linkage disequilibrium''®. However,
although ¢ is generally well correlated with r, it is sensitive
to selection reducing the contribution of N,. A possible
alternative is to find proxies for N, to solve r from §=4N_r
(REFS 32,50). Nevertheless, this approach is not without
its problems. As r mediates the effects of selection on N,
estimating r through N, is somewhat circular.

REVIEWS

The effects of linked selection will be particularly
pronounced in low-recombining regions, where it will
leave signatures that can be approximated by reduced
N, (REFS 18,101), and will cause accelerated lineage
sorting and hence elevated rates of genetic differenti-
ation'®, irrespective of the amount of gene flow among
populations. Without knowledge of the landscape of
recombination rate variation, regions of elevated dif-
ferentiation can therefore be mistakenly interpreted as
signals of divergent selection or reduced gene flow. Only
a subset of studies in our data set (19%) had access to
external recombination data. For instance, Burri et al."
concluded that heterogeneous differentiation landscapes
are better explained by linked selection in regions of low
recombination and high gene density rather than by
divergent selection against gene flow. Consistent with
this interpretation, Roesti et al.'® also found reduced
nucleotide diversity (and hence increased Fg;) in areas of
low recombination. In general, linked selection seems to
contribute substantially to variation in nucleotide diver-
sity (but does not fully explain it'*). In a meta-analysis,
Corbett-Detig et al.’® suggested that nucleotide diver-
sity is affected by the local recombination environ-
ment across a large taxonomic range of species. Using
model-based approaches to assess the general processes
acting genome-wide before considering outlier peaks'®®
promises to be a fruitful way forward, as high-resolution
recombination data become available for an increasing
number of taxa.

Outlier tests. Genome-wide scans rely on the assumption
that for most of the genome genetic diversity reflects neu-
trality. Anomalous patterns of genetic diversity — usually
referred to as ‘outliers’ — are then thought to indicate
selection. However, as mentioned above, factors such as
mutation, demographic perturbation or recombination
rate variation, in conjunction with linked selection, may
compromise the validity of this approach?. Importantly,
outlier tests are only sensitive to large-effect loci and thus
have an inherent ascertainment bias in detecting traits
under putative selection that have a simple genetic archi-
tecture (BOX 2). It is often forgotten that genome scans are
effectively blind to selection on small-effect polygenes or
when epistasis is involved'!?’.

Accepting the general logic of genome scans, outliers
can be inferred empirically on the basis of extreme per-
centiles of the distribution (with an arbitrary threshold)
for a given summary statistic, usually F;. Alternatively,
outliers can be inferred by contrasting the observed dis-
tribution of the summary statistic to an expected distri-
bution generally derived by simulation under a certain
demographic scenario'®. In the studies forming our
data set, 54% took an exclusively ‘empirical approach’
and 36% used model-based inference (mostly follow-
ing the methods in REFS 109,110), with the remainder
not addressing outliers. Model-based approaches have
the clear advantage of incorporating heterogeneity
in the distribution of genetic variation caused by demo-
graphic history. However, they are often computationally
intense, which was reflected by the fact that model-based
approaches were almost restricted to studies using data
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from reduced-representation libraries. The empirical
approach might result in more false-positive outlier
regions, but Fg; has been shown to be rather robust to
demographic effects'®.

Even when explicit model-based approaches are
amenable, multi-way comparisons across populations
of different connectivity are a promising way forward
to separate processes acting similarly on all populations
from processes that are specific to a single population
or population comparison (see above). The few studies
that have actively pursued this idea strongly suggest that
linked selection, that is, not related to population-
specific selection against gene flow, is pervasive across
the genome®*!!!. In the future we clearly need explicit
null models and simulation tools that take common
heterogeneity of differentiation into account to separate
population-specific effects”!"%. As a simple, empirical
way forward it has been suggested that standardized Fy;
values in orthologous genomic regions of control com-
parisons (for example, allopatric or no contrast speciation
settings) are essentially subtracted from the focal com-
parisons, yielding a measure of net differentiation (such
as AF,; (REF. 49) or A divergence''>'*). Regions classified
for F,, but not for the A statistic, can then be interpreted
as genomic regions that are subject to shared selection
pressures, whereas regions classified as outliers for the A
statistic are potentially affected by selection pressures that
are specific to the target comparisons. Similarly, Roesti
et al.'"" suggested the use of ‘residual F,, which controls
for systematic variation in Fg as a function of distance
from the centromere. Formal development of ad hoc AF;,
statistics would constitute an important step forward.

Overall, despite obvious limitations, Fy-based
genome scans are a useful exploratory tool but need to be
complemented with additional information from other
summary statistics (see above). A posteriori searches for
candidate genes in outlier regions® can narrow in on
regions of interest, but ultimately functional validation
is necessary to support conclusions on selection that are
inferred from genetic diversity data.

Functional validation
Associations between a priori ecological or phenotypic
contrasts and a genetic signal do not prove causality,
even if the contrast has been demonstrated to differen-
tially affect fitness between diverging populations. In
the context of speciation studies, genomic regions with
elevated differentiation could possibly harbour loci that
are involved in reproductive isolation, but, as described
above, such signals can also be due to processes that are
not related to speciation. Moreover, highly differenti-
ated regions usually contain several annotated genes
plus an unknown amount of sequence of unknown
function. Searching for candidates within such regions
can therefore only indicate, not demonstrate, causality.
Functional validation is thus a central component of
genomic studies of adaptation or speciation in natural
populations.

One relatively straightforward, though not definitive,
way to functionally validate a genetic signal is to carry
out gene expression analyses. For example, differential

gene expression between grey-coated hooded crows and
all-black carrion crows has been shown to largely be
confined to genes of the melanogenesis pathway, and
genes that are crucial for the regulation of these pigmen-
tation genes have been linked to major differentiation
peaks of the two crow taxa®''"®. In this case, there is a
biologically plausible link between gene expression and
genomic differentiation, yet this does not fully estab-
lish causality. In other cases in which a more complex
genetic architecture is expected for a trait under selec-
tion the link will be even less obvious, and caution is
warranted in immediately interpreting the differential
expression of genes located within highly differentiated
regions as evidence for a role in speciation. As for any
type of variation, standing cis-regulatory variation for
gene expression in the ancestral species is more likely
to sort by drift between diverging lineages in regions
of low N, than elsewhere in the genome. This makes
differential gene expression that is not related to the
ecological or phenotypic contrast more likely in such
regions than in other regions of the genome (everything
else being equal).

Another way forward is validation using informa-
tion from QTL mapping from genetic crosses or nat-
ural pedigrees'', or from admixture mapping using
genome-wide data from naturally hybridizing popula-
tions!''”!!8, Colocalization of QTLs of relevant charac-
ters and differentiation islands clearly strengthens the
interpretation of islands representing regions under
divergent selection in association with population
divergence?. This combined approach is currently the
most commonly used method of validation: examples
include pea aphids, sticklebacks, Heliconius butterflies,
whitefish and Drosophila spp.

In molecular studies of model organisms, the tradi-
tional way of demonstrating that a particular mutation
or gene underlies a phenotype has been to use transgenic
technologies (for example, knockouts) and RNA inter-
ference (RNAI). The introduction of the CRISPR-Cas9
system as a versatile tool for genome editing enables
much simplified possibilities for such functional studies
in both model and non-model organisms'”. Despite still
being in its infancy in terms of applications in evolution-
ary and ecological research'**'?!, there should be tremen-
dous potential in the use of CRISPR-Cas9 for revealing
whether mutations in candidate genes lead to reproduc-
tive incompatibility. Again, however, caution is necessary
here, as functional genomic validation is only likely to
be successful for traits with simple genetic architectures
(such as those with an oligogenic background and little
G x E interaction).

Conclusions and future directions

Summarizing the conclusions from the 67 studies form-
ing the core data set for this Review (Supplementary
information S1 (table)) is challenging. The studies used
different sets of methodological approaches (FIG. 2),
genomes and life histories differ among taxa in impor-
tant ways, and the studies differ in focus. The seemingly
simple task of comparing the relative number and extent
of ‘differentiation peaks’ is in fact nearly impossible.
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Different window sizes are used, and only a few studies
are designed so as to enable meaningful comparisons
in genetic map units rather than physical distance.
Additionally, outliers are defined either as tails of dis-
tributions or by means of different, necessarily simplis-
tic demographic models. Some studies find few discrete
regions of genetic differentiation, whereas others find
pervasive peaks across the genome; in both settings the
findings are often related to subjective a priori contrasts.

Box 4 | Relevant aspects to consider in speciation genomic studies

Demographic history

As a basis for all further investigation, the demographic history of populations needs to be
reconstructed with due care, in particular the level and direction of gene flow between
target populations need to be determined.

Alternative processes

Alternative processes to divergent selection against gene flow need to be considered.
They may have no bearing on speciation but still generate similar patterns of locally
elevated differentiation. The role of linked selection even in the absence of gene flow is
crucialin this context.

Theoretical null models

On the theoretical side, null models need to be refined so that they more completely
describe how genetic variation is expected to segregate across genomes that are under
the influence of (linked) selection to provide a basis for separating between alternatives.

Genetic maps

Recombination is a central factor in determining which traces selection will leave in
patterns of genetic variation in the genome. Genome scans should preferably be made
with reference to genetic maps rather than physical maps. Moreover, comparisons of
genetic and physical maps will uncover regions of reduced recombination rate.

Summary statistics

There is a need to move away from the F-centric view and adopt a multivariate
perspective that integrates several different (often correlated) summary statistics (BOX 3).
Genome scans do not necessarily have to start with F;. Ideally, the common practice of
hierarchical, sequential use of different summary statistics can be abandoned for the sake
of integrated, model-based analyses that directly estimate the parameter of interest.

Type of genetic variation

Increased attention should be paid to genetic variation other than single-nucleotide
variation, in particular structural genomic variation. Technology is available for detection
of structural variation, but new models and summary statistics might be needed.

Divergence continuum

Even if genome scans may identify regions that are good candidates for driving
population differentiation, their relevance to reproductive isolation is often unclear.
Replicate sampling of populations is important to assess the generality of identified
candidates in different genotypic backgrounds. It can also help to judge whether
differentiation builds up around these loci at increasing levels of population divergence.
However, the contribution of shared ancestry between population comparisons
compromising independence needs to be taken into account.

Outlier plausibility

Theory tells us that genome scans are most sensitive to large-effect loci and blind to
polygenes. The functional interpretation of genome scans needs to accommodate this
concept.

Functional validation

As for all types of association study, functional validation should eventually be strived for,
when possible. CRISPR-Cas9 genome editing is a promising tool for use in molecular
ecology.

Meta-scale analyses

In addition to well-established ecological models, in which detailed and replicate
inference is possible, we need data from a broader variety of taxa, spanning wide ranges
of N, recombination and mutation rate. Comparative analyses will prove useful to extract
commonalities.

REVIEWS

Despite apparent heterogeneity in the types of system,
the approaches and the findings, most studies in our data
set suggest divergent selection against gene flow as the
main process generating peaks of elevated genetic differ-
entiation, mostly within the framework of isolation-by-
ecology. However, in line with Cruickshank and Hahn",
we point out that caution is warranted when generaliz-
ing this interpretation. The field is currently dominated
by a few model species, by a community with an often
adaptationist perspective (depending on the organism
studied, this mindset is possibly justified), and not least
by the powerful metaphor of ‘speciation islands’ that
has been successfully spread in the context of ecological
speciation. However, alternative explanations — such
as background selection, recurrent, parallel meiotic or
centromeric drive, or increased variance due to demo-
graphic perturbations — are rarely considered as coequal
processes that contribute to heterogeneity in genetic dif-
ferentiation. Moreover, a multitude of additional factors
complicate the expected patterns of genetic variation and
differentiation along the genome, making it difficult to
infer the underlying evolutionary process from patterns
alone. These include mutational variation, biogeographic
population history, temporal fluctuation in gene flow,
strength and timing of selection, genetic architecture of
traits under selection (such as dominance, pleiotropy and
epistasis) and their interaction®"'??. The existence of these
additional factors leads researchers to interpret data in
line with their own preconceptions rather than formally
testing alternative hypotheses of equal value. Re-analysis
and re-interpretation of published material in the spirit
of community exercises such as the Assemblathon'*
would be highly welcome and are expected to invigorate
the field. Moreover, marked peaks of differentiation are
only expected for traits under strong selection that have
a simple genetic architecture. For divergent selection on
quantitative traits with a polygenic architecture and for
which epistatic interactions may have a role®', marked
F; peaks are not expected'®. Together, this indicates
that we are not yet in a position to be able to generalize
broad-scale patterns of how genomic divergence relates
to the speciation process across groups of organisms. In
an attempt to provide recommendations for how the field
should move forward we have summarized ten central
aspects that we suggest should be considered in future
speciation genomic work (BOX 4).

A decade ago there was much enthusiasm about
finding ‘speciation genes’ in genomic regions of elevated
differentiation. As the field has matured, it has become
apparent that expectations may need to be tempered. This
does not mean that analyses of genetic variation segregat-
ing in natural populations do not contain useful informa-
tion about the micro-evolutionary processes contributing
to population divergence, and eventually promoting spe-
ciation. Work published in recent years has documented
an intriguing, previously unrecognized heterogeneity in
genomic differentiation during lineage divergence, and
this heterogeneity requires explanation. To advance our
knowledge of how these patterns relate to reproductive
barriers encoded in the genome, future studies will need
to be more comprehensive in several aspects.
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