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Identifying genomic regions underlying adaptation in extant lineages is key to
understand the trajectories along which biodiversity evolves. However, this task is
complicated by evolutionary processes that obscure and mimic footprints of positive
selection. Particularly the long-term effects of linked selection remain underappreciated
and difficult to account for. Based on patterns emerging from recent research on the
evolution of differentiation across the speciation continuum, I illustrate how long-term
linked selection affects the distribution of differentiation along genomes. I then argue
that a comparative population genomics framework that exploits emergent features of
long-term linked selection can help overcome shortcomings of traditional genome scans
for adaptive evolution, but needs to account for the temporal dynamics of differentiation
landscapes.

Since the dawn of high-throughput sequencing, the inference of genomic regions of accentuated
differentiation (Box 1) - variously referred to as differentiation islands, divergence islands, or
speciations islands (Box 2) - has become a central focus of research on local adaptation and
speciation. The past years have seen an unprecedented quest for such regions (Haasl & Payseur
2016) that assumed accentuated differentiation to evolve trough processes related to adaptation
or speciation, in particular positive selection of beneficial variants (Maynard Smith & Haigh
1974; Kaplan et al. 1989) or selection against gene flow (Turner et al. 2005) in extant
populations or species (in the following referred to as ‘extant lineages’, see Glossary). However,
recent research highlights that accentuated differentiation may evolve through processes other
than positive selection (e. g. Bank et al. 2014; Cruickshank & Hahn 2014; Haasl & Payseur 2016).

Particularly, several aspects of linked selection may remain underappreciated. First,
awareness that purifying selection at linked sites (background selection, BGS) (Charlesworth et
al. 1993; Charlesworth 2013) makes important contributions to linked selection and can mimic
the footprints of positive selection (Stephan 2010) is still limited. Furthermore, part of the
effects of linked selection observed today may have accumulated over extended periods of time
and therefore be related to adaptation in ancestral rather than extant lineages (McVicker et al.
2009; Munch et al. 2016; Phung et al. 2016). Approaches that assist disentangling the effects of
alternative forms of selection and the timescales at which they acted are called for.

Here, I first showcase the impact of linked selection on the long-term evolution of genetic
diversity and hence differentiation (Charlesworth 1998). I then discuss how these effects lead to
the evolution of temporally dynamic correlations of differentiation landscapes, and how this
process may be influenced by demography and the evolution of genome features. [ close by
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outlining how emergent features of long-term linked selection can be exploited to empirically
take into account the long-term effects of linked selection in a comparative population
genomics framework that takes into account the temporal dynamics of differentiation
landscapes.

Effects of linked selection in heterogeneous recombination landscapes

The association of physically linked genetic variants within chromosomes, and recombination -
the force that can break it up - have a profound effect on the distribution of genetic diversity
along genomes (Cutter & Payseur 2013). Genetic diversity becomes not only reduced at sites
targeted by positive selection but also at surrounding sites. During selective sweeps, genetic
variants linked to beneficial mutations hitchhike along, while others are lost (Maynard Smith &
Haigh 1974). Likewise, selection against gene flow limits the levels of genetic diversity in
genomic regions involved in reproductive isolation compared to introgressed proportions of the
genome (Turner et al. 2005). Importantly, in a similar way a reduction of genetic diversity at
linked sites is caused by selection against deleterious variants, i.e. BGS, although at lower rates
(Charlesworth et al. 1993; Zeng & Charlesworth 2011). The extent to which these processes
affect particular genomic regions, besides selection strength, are determined by local
recombination rates (Maynard Smith & Haigh 1974; Kaplan et al. 1989). Specifically, in genomic
regions with infrequent recombination linked selection affects physically larger chromosome
stretches, and it does so at a higher rate in regions with a high density of functional sites
(hereafter ‘functional density’) that constitute targets for selection (Payseur & Nachman 2002).
Therefore, variation in recombination rate and in functional densities along the genome are
bound to result in a heterogeneous genomic landscape of diversity, with regions of low
recombination exhibiting troughs in diversity (and therefore reduced local effective population
size, N, as diversity m=4Ncu). Because differentiation is intrinsically affected by diversity
(Charlesworth 1998), genomic regions of low recombination inevitably evolve towards
accentuated differentiation under any of these forms of selection.

Evolution of correlated differentiation landscapes

Recent research contributes to the emergence of a striking picture of how differentiation
landscapes evolved among closely related species. Helianthus sunflowers, Heliconius butterflies,
Ficedula flycatchers, crows, greenish warblers (Phylloscopus trochiloides), and stonechats (Fig.
1) exhibit highly similar differentiation landscapes among closely related species (Kronforst et
al. 2013; Martin et al. 2013; Renaut et al. 2014; Burri et al. 2015; Irwin et al. 2016; Vijay et al
2016; Van Doren et al. 2017).

This pattern of repeated evolution is a direct prediction of the long-term action of linked
selection in heterogeneous recombination landscapes. Over timescales across which the genome
features constraining genetic diversity are stable, diversity landscapes are expected to correlate
even among independent lineages for two reasons. First, diversity levels along the genome scale
with levels of ancestral diversity (Fig. 2A-B). This cumulative impact of linked selection is
reflected in a correlation of extant diversity () with ancestral diversity (reflected in sequence
divergence, dxy, among closely related species, Box 1) (Nachman & Payseur 2012; Burri et al.
2015). The reduction of ancestral diversity through long-term linked selection may be strong
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enough to even impact sequence divergence between distantly related species, such as human
and mouse, and bird species as divergent as 50 my (Phung et al. 2016; Dutoit et al. 2017; Van
Doren et al. 2017; Vijay et al. 2017). Second, linked selection within extant lineages maintains
the relative levels of diversity among genomic regions. This is reflected most directly in reduced
levels of private polymorphisms in low-recombination regions, as observed in flycatchers (Burri
et al. 2015). Importantly, despite extant diversity in part being explained by ancestral diversity,
correlated differentiation landscapes can evolve independently; differentiation evolves only
through the differential sorting of genetic diversity in independent extant lineages. In
conclusion, the evolution of correlated differentiation landscapes is an effect of long-term linked
selection exposing conserved genomic features, namely conserved landscapes of recombination
and functional densities.

Given that BGS explains a high proportion of the variation in diversity along genomes
(Lohmueller et al. 2011; Comeron 2014; Corbett-Detig et al. 2015; Phung et al. 2016), in finite
populations that are mutation-limited, BGS may arguably play a major role in the evolution of
these patterns. Beneficial mutations are rare (Eyre-Walker & Keightley 2007), and the frequency
at which positive selection hits the same genomic regions repeatedly is expected to be limited. In
contrast, deleterious variants represent the majority of non-neutral mutations. With a steady
influx of deleterious mutations, the cumulative time span during which BGS acts is expected to
be much longer than that of episodic positive selection, and mutations representing targets for
BGS are abundant and widespread across the genome. Consequently, whilst being pervasively
affected by BGS, not all functional regions are necessarily hit by events of positive selection.
Therefore, in extremis, genomic landscapes shared among species may evolve even under the
action of BGS alone.

Even though beneficial mutations are rare, at vast timescales there is an increasing chance
for several of them to occur within the same genomic region. In such cases, also positive
selection may affect the same genomic regions repeatedly. However, it may often have occurred
at timescales exceeding lineages’ divergence times, and therefore involve events of positive
selection other than ones associated with adaptive evolution in extant lineages.

It appears that on the long run low-recombination regions are predestined to evolve
towards accentuated differentiation due to the cumulative effects of pervasive BGS and,
presumably to a lesser extent, recurring sweeps (McVicker et al. 2009; Munch et al. 2016). As a
consequence of this process, conservation of recombination rates and functional densities
among lineages will lead to the evolution of correlated diversity and differentiation landscapes
even among distantly related lineages.

Unpredictable emergence of differentiation islands at early stages of
differentiation

The existence of genomic regions predestined to evolve accentuated differentiation prompts the
question whether the same patterns are already present at early stages of differentiation.
Indeed, sharing of highly differentiated regions at early stages of differentiation has been
reported from diverse organisms (Jones et al. 2012; Renaut et al. 2013; Soria-Carrasco et al.
2014; Fraser et al. 2015). Moreover, in the few studies that investigated multiple timescales,
regions shared among older comparisons are on average also more differentiated earlier on. In
flycatchers and crows (Burri et al. 2015; Vijay et al. 2016), regions exhibiting accentuated
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differentiation among populations do so also between species. However, vice versa, only a
subset of regions exhibiting accentuated differentiation between species do so among
populations. Similar patterns are found in Heliconius butterflies (Kronforst et al. 2013; Martin et
al. 2013), and in Helianthus sunflowers (Renaut et al. 2014). These observations suggest that the
effects of linked selection expose low-recombination regions less homogeneously at early stages
of differentiation than in the long run.

Current evidence suggests that at early stages of differentiation BGS has limited power to
explain accentuated differentiation. The effects of BGS may be too subtle to drive accentuated
differentiation at short timescales. Otherwise, differentiation would be predicted to evolve in
identical genomic regions in related lineages (Munch et al. 2016). However, this expectation is
not met by observations from early differentiation stages in flycatchers and crows: genomic
regions highly differentiated among populations within one flycatcher species or across one
crow hybrid zone usually exhibit average differentiation in other species/hybrid zones (Burri et
al. 2015; Vijay et al. 2016). The emergence of differentiation islands (Box 2) at these rather
recent timescales, therefore, appears to be unpredictable. In particular the observation that the
locations of such regions differ between closely related species in flycatchers and across crow
hybrid zones suggest that, apart from the effects of drift connected with lineage splits, the
evolution of accentuated differentiation at early stages of differentiation may involve positive
selection rather than BGS.

A temporal perspective: Dynamic correlations among genomic landscapes
along the differentiation continuum

The outlined observations suggest temporal dynamics of differentiation landscapes during
which (i) differentiation increasingly reflects underlying recombination rates and functional
densities, and correlations among independent differentiation landscapes increase with
advancing differentiation, and (ii) the interpretation of accentuated differentiation may depend
on the differentiation stage in focus. These temporal dynamics have important bearings on the
design and interpretation of population genomic studies.

In populations evolving under neutrality, genetic diversity (m) is unaffected by
recombination rate variation (Fig. 2A). However, selection reduces genetic diversity, with
strongest effects on low-recombination regions. The resulting heterogeneous diversity
landscape is passed on to descendant lineages. Shortly after the lineages split, differentiation will
be minimal, mainly driven by the sampling effect connected with the split (Fig. 2B). In a first
stage, differentiation will then start building up genome-wide, predominantly through
differential lineage sorting of ancestral polymorphisms. At these early stages of differentiation,
BGS has made limited contributions to enhance lineage sorting in low recombination regions.
Therefore, unless the effects of genetic drift connected with lineage splits are unusually
pronounced in particular genome regions (see next section), the evolution of accentuated
differentiation may require positive selection (Fig. 2C). As a function of the waiting times for
positive selection to occur, the emergence of regions of strongly accentuated differentiation may
be unpredictable, and the correlation of differentiation landscapes among independent
comparisons remain limited (Fig. 3A).

As differentiation advances, the effects of linked selection will start accumulating. and
differentiation landscapes will increasingly reflect the underlying recombination landscape, such
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as illustrated, e.g., in stickleback fish (Roesti et al. 2013). Compared to earlier stages of
differentiation, these long-term effects of linked selection will contribute to a fundamentally
different picture characterized by consistently accentuated differentiation in low-recombination
regions (Fig. 2D). Across time scales for which the recombination landscape is stable - this can
be across numerous speciation events, and tens of millions of years in birds (Singhal et al. 2015)
- this process will result in strong correlations among differentiation landscapes from
independent comparisons (Fig. 3A). In contrast to shorter timescales, the cumulative effects of
BGS had more time to play out, and accentuated differentiation may evolve even in the absence
of positive selection.

Altogether, this leads to temporally dynamic correlations among differentiation
landscapes from independent comparisons (Fig. 3A). In contrast, at population genetic
timescales (Fig. 3 left) no such temporal dynamics are expected for the genomic landscapes
genetic of diversity (m) and sequence divergence (dxy), because these are passed down over
lineage splits (Fig. 3B).

However, in the long run, the correlations among genomic landscapes are eventually
bound to decay along two axes: (i) a population genetic timescale, i.e. the stage of differentiation
within each pairwise comparison (Fig. 3 left), and (ii) a phylogenetic timescale, i.e. the
phylogenetic divergence between pairwise comparisons (Fig. 3 right). Within the first, the
variance in differentiation (Fsr, Box 1) is reduced as it reaches unity towards the end stages of
differentiation. Stochastic variation may therefore lead to decreasing correlations at this stage
(Fig. 3 right). Perhaps more importantly, at the phylogenetic timescale, as divergence time
between the differentiation landscape increases, even relatively stable recombination
landscapes are bound to diverge, and lineage-specific events of positive selection accumulate.
Both processes will contribute to erode the correlation of differentiation landscapes with
increasing divergence (Fig. 3). The divergent evolution of recombination will also contribute to
erode the correlation among independent landscapes of diversity and sequence divergence (Fig.
3B) over phylogenetic timescales.

The complex interplay of genomic features and population-level processes
in the evolution of differentiation landscapes

The outlined temporal dynamics may vary strongly, and depend on the complex interplay of
various genomic features and population-level processes.

Recombination rate evolution differs substantially among species (Smukowski & Noor
2011), and may have a strong impact on the evolution of genomic landscapes. First, among taxa
in which the amplitude of recombination rate variation is limited, random variation in genetic
diversity and differentiation may dominate and differentiation landscapes may correlate poorly
(Tab. 1). Second, the conservation of recombination landscapes, determines the timescale
across which the same (low-recombination) regions are exposed to strong effects of linked
selection. In taxa with long-term conserved recombination landscapes, such as birds (Singhal et
al. 2015), diversity reductions through linked selection in low-recombination regions will be
particularly strong, and diversity and differentiation landscapes will be correlated over longer
timescales than in taxa with more dynamically evolving recombination landscapes, such as most
mammals (e.g. Oliver et al. 2009; Baudat et al. 2010) (Tab. 1).
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How other genomic features affect the evolution of correlated differentiation landscapes
may depend on the extent and sign of their correlation with recombination rate and the
turnover of their distribution along the genome (Tab. 1). Mutation rate can vary substantially
(e.g. Hodgkinson & Eyre-Walker 2011) and appears to be elevated in regions of high
recombination (e.g Cutter & Payseur 2013; Arbeithuber et al. 2015; Terekhanova et al. 2017).
Although such a positive correlation of mutation with recombination might reinforce the effects
of linked selection, there is little evidence for such a concerted effect on genetic diversity
(Francioli et al. 2015; Ellegren & Galtier 2016). Meanwhile, functional densities are positively
correlated with recombination rate to varying degrees (e.g. Flowers et al. 2012; Nam & Ellegren
2012; Kawakami et al. 2014). In taxa in which this antagonistic correlation is strong, it may
dampen the effects of linked selection (Cutter & Payseur 2013). Moreover, a quick turnover of
hot- and cold-spots of mutation and functional densities would distribute the respective effects
more homogeneously along the genome in the long run. The turnover of functional densities
may be moderate; even though new genes emerge at high rates, the majority is short-lived
(Schlotterer 2015). Meanwhile mutation rates appear to evolve at a faster pace than
recombination (Terekhanova et al. 2017), and may therefore have more ephemeral effects on
the heterogeneity of genomic landscapes than long-term linked selection in conserved
recombination landscapes.

In addition to genome features, population-level processes and parameters, in particular
demography and genome-wide N, may play a crucial role in shaping differentiation landscapes
(Tab. 1). Even though demographic effects are expected to reduce genetic diversity genome-
wide, they may have particularly strong effects on low-recombination regions. First, the higher
linkage among sites results in an elevated variance of diversity and differentiation even under
neutral evolution. Even though at early differentiation stages, this may result in accentuated
differentiation to be mistaken as a footprint of positive selection, by itself it does not increase
differentiation in low-recombination regions systematically. Second, however, low-
recombination regions affected by long-term linked selection are characterized by reduced Ne..
Demographic effects may therefore contribute to systematic increases in differentiation in these
regions, and reduce the correlation between differentiation landscapes of taxa with unequal
demographic histories.

Finally, correlated genomic landscapes may only evolve in taxa with sufficiently high N, in
which selection is not overwhelmed by genetic drift (Ohta 2002) (Tab. 1). In line with this,
linked selection appears to reduce genetic diversity below neutral expectations across a wider
range of recombination rates in taxa with high N. (Corbett-Detig et al. 2015). In taxa with very
low N, effects of linked selection may be negligible altogether, and correlations between
genomic landscapes be absent, or even inversed (Van Doren et al. 2017; Burri in review)

In conclusion, the alignment of multiple genomic features in space (along the genome) and
over time in combination with population-level processes are expected to determine the
conditions under which correlated differentiation landscapes may evolve and the timescales
over which correlations persist (see Outstanding questions).
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Accounting for the long-term effects of linked selection: a comparative
population genomics framework

While genomic regions of accentuated differentiation have commonly been interpreted as a
footprint of ecological adaptation or selection against gene flow, awareness is increasing that
such an approach is naive towards the vast recombination rate variation found in many species,
the long-term effects of linked selection associated therewith, and the contribution of BGS
therein. Distributions against which to discriminate outliers need to be adapted, and, as
suggested by the temporal dynamics of differentiation landscapes outlined above, timescales
may need to be accounted for.

At early stages of differentiation, genome-wide differentiation may offer a baseline against
which to discriminate candidate regions (but see below). However, later on, owing to the long-
term effects of linked selection, this baseline is shifted upwards in low-recombination regions
(Fig. 2D). With recombination rate data and functional annotations at hand, it is possible to
devise comprehensive models that estimate parameters of BGS along the genome to adapt
baselines accordingly and enable the discrimination of positive selection against BGS (McVicker
et al. 2009; Elyashiv et al. 2016; Huber et al. 2016). In the absence of such data, alternative
approaches are required.

In line with previous suggestions, I advocate that a comparative genomic framework may
significantly assist the inference of candidate regions involved in adaptation and/or speciation
(Berner & Salzburger 2015). First, this approach provides information on whether or not
constraints imposed by long-term linked selection apply to the taxa of interest. Second, the
correlation of genomic landscapes among independent comparisons at advanced stages of
differentiation can be exploited to expose the (relative) baseline levels of diversity and
differentiation expected to evolve under long-term linked selection.

In the simplest form of this approach, observations across multiple comparisons serve as
qualitative ‘evolutionary controls’: Differentiation patterns common to all (focal and control)
comparisons constitute a baseline hypothesis that assumes the evolution of common patterns
through long-term linked selection. Only accentuated differentiation specific to single lineages
may be taken to suggest positive selection in extant lineages (in the focal lineage or in the
ancestor of the remaining lineages if they share a common ancestor to the exclusion of the focal
lineage). Ideally, this criterion is applied even at early stages of differentiation to safeguard
against false positives in regions of exceptionally low recombination and high functional density
that may evolve accentuated differentiation most rapidly.

This qualitative criterion rigidly treats genomic regions with accentuated differentiation in
all comparisons as unrelated to positive selection. However, in genomic regions strongly affected
by long-term linked selection the effects of lineage-specific positive selection accumulate on top
of already accentuated differentiation. The qualitative criterion may therefore be overly
conservative. Instead, one might rather want to determine the varying amplitude to which
baseline levels of differentiation need to be shifted along the genome. At differentiation stages at
which differentiation landscapes are strongly correlated, the differentiation patterns common to
independent comparisons are expected to reflect the long-term effects of linked selection
(Munch et al. 2016), and may therefore be used as quantitative evolutionary controls. A dynamic
baseline across the genome taking the effects of long-term linked selection into account can
therefore be directly formulated based on the empirically observed common pattern. Several
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flavors of this approach can be envisaged (Box 3) and have helped to focus research on refined
sets of candidate regions (e.g. Roesti et al. 2012; Roesti et al. 2013; Vijay et al. 2016).

Temporal dynamics of differentiation landscapes in the comparative
population genomics framework

Although both qualitative and quantitative evolutionary controls have found application (e.g.
Roesti et al. 2012; Roesti et al. 2013; Renaut et al. 2014; Feulner et al. 2015; Vijay et al. 2016),
the outlined temporal dynamics open an issue that has found less attention: the choice of
appropriate evolutionary controls. I argue that these need to be chosen carefully with respect to
both the stage of differentiation and the phylogenetic divergence.

Mismatched evolutionary controls may result in high false discovery rates. For
comparisons at early differentiation stages (Fig. 2 B-D, Fig. 3 left) controls at an advanced stage
(Fig. 2D, Fig. 3 right) risk yielding high rates of false negatives; although in some genomic
regions accentuated differentiation may be bound to evolve in the long run, at early
differentiation stages it may require positive selection. Conversely, for comparisons situated at
advanced differentiation stages, comparisons at earlier stages, at which the effects of BGS may
not yet be discernible, are prone to yield false positives. Similar problems may be induced by
exceedingly divergent evolutionary controls (Fig. 3 right), which are prone to bias inference
towards false positives. Due to an increased risk of divergent recombination landscapes, such
divergent controls may not adequately reflect the long-term effects of linked selection relevant
for the comparison. Consequently, evolutionary controls may yield most conclusive results
when chosen at differentiation stages similar to that of comparisons, and in close phylogenetic
proximity to the latter.

Nevertheless, finding adequate evolutionary controls may be complex. In many instances
differentiation and divergence parameters may not be known when setting out for population
genomics experiments. Ideally, experimental designs therefore may incorporate a range of
evolutionary controls strategically placed along the differentiation continuum.

Conclusions

Long-term linked selection in heterogeneous recombination landscapes leads to the evolution of
highly heterogeneous differentiation landscapes. This process results in temporally dynamic
correlations among independent differentiation landscapes of related lineages, within which the
interpretation of accentuated differentiation in terms of positive selection in extant lineages is
complicated to different extents depending on the timescale studied. The comparative
population genetic approach provides a powerful tool to qualitatively or quantitatively adapt
baselines along the genome to take into account the long-term effects of linked selection.
However, evolutionary controls have to be matched to the stage of differentiation and chosen at
appropriate phylogenetic divergence. Empirical research and simulations are now called for to
investigate the temporal dynamics of correlations among independent differentiation
landscapes (see Outstanding questions), and to study the interplay of different forms of
selection, recombination rate variation, and demography in their evolution.
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Table 1. Conditions under which genomic features and population-level processes
may favour or disfavour the evolution of correlated differentiation landscapes.
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Figure 1. Systems with correlated differentiation landscapes. From top left to bottom right:
Helianthus sunflowers, collared flycatcher (Ficedula albicollis), pied flycatcher (Ficedula
hypoleuca), Heliconius melpomene rosina, hooded crow (Corvus cornix), carrion crow (Corvus
corone), Siberian stonechat (Saxicola maurus), Heliconius cydno galanthus (picture credits:
sunflowers, Takeshi Kawakami; Heliconius butterflies, Richard Merrill; birds, Reto Burri)
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Figure 2. Genetic diversity (m, blue shaded boxes) and differentiation (Fsr, green shaded
boxes) from early to late stages of differentiation and the role of linked selection in their
evolution. Three example chromosomes are depicted. The grey shaded parts of the boxes
represent the underlying recombination landscapes. A) Genetic diversity in a hypothetical
population with a heterogeneous recombination landscape before (broken line) and after (solid
line) the action of any form of selection. B) Genetic diversity and differentiation after a
population split. Differentiation is shown before (broken line) and after lineage sorting (solid
line) with lineage sorting depicted by green arrows. Before lineage sorting, genetic diversity in
the descendent populations (mw) equals ancestral diversity (dxyo) = 4Neancot + 2UT = 4Ne(ang 1.
After some amount of lineage sorting, differentiation starts building up genome-wide. At this
timescale, background selection had limited power to reduce diversity and enhance
differentiation in low-recombination regions, and no event of positive selection may have
occurred. C) After the occurrence of an event of positive selection in one population,
differentiation is enhanced in one chromosome. At this timescale, background selection still had
limited power to reduce diversity and enhance differentiation in low-recombination regions. D)
As a long-term effect of linked selection (including both positive selection and BGS)
differentiation starts building up more strongly in all low-recombination regions than in the
remainder of the genome.
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Figure 3. Sketch of temporal dynamics of the correlation among independent
differentiation, diversity, and divergence landscapes with increasing differentiation and
divergence. A) Temporal dynamics of differentiation landscapes and their correlation. Top
panel: Temporal dynamics of the correlation of differentiation landscapes. The form of this
correlation is not clear, as indicated by the alternative trajectories (broken lines). Middle panel:
Evolution of the underlying differentiation and recombination landscapes of the two
comparisons (depicted in blue and orange; blue Comparison 1; orange, Comparison 2). Bottom
panel: Phylogenetic topologies indicating the divergence between the two pairwise
comparisons. B) Temporal dynamics of the genomic landscapes of diversity (m) and sequence
divergence (dxy). The temporal dynamics of the correlations in m and dxy among
lineages/comparisons are expected to be similar, for which reason only one temporal dynamics
is shown (upper panel). ™ and dxy are not affected the same way as Fsr by lineage sorting after a
lineage split and therefore are expected to be correlated throughout the population genetic
timescale. Note that selection in extant lineages does not affect dxy. In both panels the temporal
dynamics at the population genetic (left) and phylogenetic timescales (right) are shown. Axes
are not to scale. Fat red arrows, lineage-specific sweeps; slim red arrows, divergent evolution of
the recombination landscapes, and divergence between comparisons.
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Box 1. Measures of differentiation and divergence.

The interchangeable use of differentiation (allele frequency divergence) and divergence
(sequence divergence) has led to their distinction as ‘relative divergence’ and ‘absolute
divergence’, respectively. This distinction is important, because they describe different
properties of genetic variation and are affected differently by evolutionary processes (e.g. Noor
& Bennett 2009; Cruickshank & Hahn 2014). Here, for reasons of simplicity I use the former,
original definition.

Fst

A measure of differentiation deeply rooted in population genetics theory (Whitlock 2011). It
measures the relative contribution of genetic diversity between lineages to the total observed
genetic diversity and is therefore dependent on genetic diversity within lineages (Charlesworth
1998). A particularly simple definition was given by Hudson et al. (1992):
Tiatal — Mawithin Mwithin
Fop=—2 o =g - o
Teatal Trotal

Where T and Twichin are total nucleotide diversity and nucleotide diversity observed within
lineages, respectively. In practice, Fsr is most often estimated using the unbiased estimator of
Weir and Cockerham (1984). See Bhatia et al. (2013) for recommendations regarding Fsr
estimation. It is worth noting that the m/dxy ratio that has recently found application to interpret
differentiation patterns (Irwin et al. 2016; Van Doren et al. 2017) is directly related to Fsr, as
Tlotal 1S Strongly related to dxy.

dxy (Nei & Li 1979)

A measure of divergence. It provides the average number of differences per site observed
between two random haplotypes drawn from two different lineages and (in the absence of
selection) is defined as: dXY = 4Ne@angp + 2UT, where Neunc) represents ancestral Ne, p the
mutation rate (and thus 4Neang genetic diversity in the ancestral lineage), and T divergence
time since lineage split. In practice, dxy is estimated as:

1 m
EZPHG‘:‘: +Piaga
i=1

where pi1 and qi; are the frequencies of alternative alleles at locus i in lineage 1; pi2 and qi, the
frequencies of alternative alleles at the same locus in lineage 2; m the number of variable sites;
and n the sum of variable and invariable sites (importantly, following the same filtering criteria)
within the interval for which dxy is estimated. Contrary to Fsr, dxy is not sensitive to selection in
extant lineages, but sensitive to selection in the ancestor (Nachman & Payseur 2012). At early
stages of differentiation (T~0), dxy reflects ancestral diversity, 4Ncancp- As the contribution of
4Neangl relative to 2puT diminishes, dxy converges towards d (see below).

13


https://doi.org/10.1101/131243
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/131243; this version posted April 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Relative node depth, RND (Feder et al. 2005)

RND is a measure of divergence based on dxy that aims at correcting dxy for mutation rate
variation along the genome. To this end, it divides dxy of the focal comparison by the average dxy
observed between the focal species and an outgroup. However, by doing so also variation in
ancestral population size along the genome is corrected for. This can be problematic in species
in which the recombination landscape is conserved between outgroup and focal taxa, for
instance if RND is used instead of dxy in Fsr-dxy contrasts.

da (Nei & Li 1979)

A measure of differentiation. This measure has been devised to capture pairwise differences that
arose since the lineage split and is estimated/defined as:

Ty

dg = dsgy — ——= ~ 2uT

where m; and T, are genetic diversities observed in extant lineages 1 and 2, respectively. It has
often been mistaken as a measure of divergence (see Cruickshank & Hahn 2014). Owing to the
approximation of 4Neanci through average diversity in descendant populations, it is dependent
on genetic diversity.

ds

A measure of differentiation. It represents the number of fixed differences per site (first referred
to as dr by Ellegren et al. 2012), and therefore is readily mistaken as a measure of divergence
(see Cruickshank & Hahn 2014). The evolution of the density of fixed differences is complex
(Hey 1991). At early stages of differentiation, the number of fixed sites depends on the fixation
of ancestral variants exclusively. dr is therefore highly dependent on genetic diversity within
lineages. On the long run, as fixed differences between lineages predominantly get to represent
mutations which arose since lineage split, dr converges towards d.

d (Nei 1972)

A measure of divergence used in the field of molecular evolution that assumes all variation
between lineages to be fixed variants arisen by mutation since lineages split. As such, it is
defined as d = 2uT. The estimation of d is usually based on the pairwise divergence between
single sequences from two species, assuming that all variation found between sequences is fixed
between species.
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Box 2. Types of genomic islands

Descriptions of genomic landscapes, in particular genomic regions of accentuated
differentiation, include a number of terms that have been used interchangeably. Discussions on
the existence of genomic islands (Pennisi 2014) appear of limited use. Rather, their
interpretation requires a comprehensive understanding of the processes involved in the
evolution of heterogeneous genomic landscapes, which is assisted by clear-cut terminology. The
island metaphor has its limits in capturing the processes underlying the evolution of genomic
landscapes, and interpretations of the latter may require more explicit terminology clearly
distinguishing between pattern, process, and interpretation in terms of adaptation and
speciation models.

Differentiation islands

Genomic islands exhibiting accentuated genetic differentiation (e.g. Fst, Box 1). Differentiation is
sensitive to any process affecting allele frequencies, and differentiation islands can therefore
evolve as a consequence of positive selection, gene flow in surrounding regions, or background
selection. This term therefore has the broadest application and should be preferably used in the
absence of evidence for a particular process underlying the evolution of genomic islands.

Divergence islands

Genomic islands exhibiting accentuated sequence divergence (dxy, Box 1). Divergence is mostly
sensitive to selection in ancestral (but importantly not extant) lineages, and gene flow (for useful
illustrations see (Nachman & Payseur 2012; Cruickshank & Hahn 2014)). Both processes reduce
divergence, and divergence islands are therefore usually related to gene flow in the surrounding
genomic regions.

Speciation islands

Defined as genomic regions that “remain differentiated despite considerable gene flow” (Turner
et al. 2005). Therefore, contrary to the previous terms, relating not only to pattern, but to the
supposed role in speciation. According to Nachman and Payseur (2012) and Cruickshank and
Hahn (2014), speciation islands need to qualify as both differentiation islands and divergence
islands. The term has found broader application such as to refer to any genomic islands involved
in speciation, including genomic regions under divergent selection in context of ecological
speciation in the presence of gene flow. In such cases, the usefulness of the above criterion may
be limited because at these timescales divergence is determined uniquely by ancestral
polymorphism (Box 1) (see also Burri in press). A terminology making a clearer distinction may
therefore be useful. In reference to their relation to primary and secondary speciation-with-gene
flow (Cruickshank & Hahn 2014), [ suggest the terms ‘primary speciation island’ and ‘secondary
speciation island’.

Incidental islands

A term coined by Turner and Hahn (2010) to describe genomic islands unrelated to speciation
that evolve as a consequence of linked selection following speciation.
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Box 3. Empirical approaches for the inference of lineage-specific
accentuated differentiation using quantitative evolutionary controls.

Amongst the first who recognized that differentiation landscapes followed a discernible pattern
along chromosomes, Roesti et al. (2012) accounted for generally high differentiation in
chromosome centers observed among stickleback populations pairs using residual
differentiation (Fsr’) after accounting for chromosome-wide large scale differentiation by
smoothing raw Fsr. Following this approach that considered single comparisons, Berner and
Salzburger (2015) suggested to account for differentiation patterns resulting from BGS in low-
recombination regions by adjusting observed differentiation for background differentiation
observed across multiple comparisons. This comparative approach using so-called delta
differentiation (AFsr) has found application, e.g., in crow speciation genomics work (Vijay et al.
2016) to formulate baseline levels of differentiation based on mean differentiation estimated
from a reference set of independent comparisons, and was extended to other population genetic
parameters, such as linkage and haplotype structure in research on stickleback adaptation
(Roesti et al. 2015).

This approach empirically adapts baselines across the genome to take into account
heterogeneity in population genetic parameters due to processes unrelated to ecologically
relevant lineage-specific positive selection. The extent to which this baseline reflects common
underlying processes is expected to scale with the strength of correlation among independent
observations (and by the correlation of differentiation landscapes with the underlying diversity
landscapes), which is not quantified by the above approach. Principle component analysis (PCA)
of multiple differentiation landscapes may offer an interesting alternative in this respect: Values
along the first axis (PC1), similar to mean Fsr, provide expected relative values of differentiation
along the genome, while the proportion of variance explained by the axis provides information
on the correlation among differentiation landscapes. Outlier regions can then be inferred from
type Il regression of observed differentiation against PC1. The pairwise nature of Fsr complicates
this approach, and lineage-wise estimates of differentiation, such as the population branch
statistic (PBS; Shriver et al. 2004; Yi et al. 2010) or population-specific Fsr (e.g. Buckleton et al.
2016), or nucleotide diversity (m) which is tightly bound to Fsr, may be better suited for this kind
of analysis.

Approaches like these are expected to yield sets of genomic regions enriched for candidate
regions that evolved under positive selection. To verify this prediction, the comparison of
distributions of parameters more explicitly related to positive selection, such as haplotype
structure (Voight et al. 2006; Sabeti et al. 2007; Tang et al. 2007; Ferrer-Admetlla et al. 2014)
among candidate regions and the genomic background is helpful (e.g. Roesti et al. 2015).
Furthermore, parameter distributions within genomic regions with consistently accentuated
differentiation across independent comparisons may constitute more conservative baselines
against which to discriminate candidate regions than the genomic background.
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Figure Box 3. Comparative population genomics approach. A) Phylogenetic relationships
among four species. A selective sweep is indicated on the branch leading to the blue species.
Pairwise distances are indicated to the right, separated according to whether (left) or not (right)
they would be affected by the indicated sweep. B) Pairwise-differentiation (Fsr, with grey shades
following the ones in A), lineage-specific differentiation (PBS), and diversity (m) on a
chromosome with low recombination in the middle, and their residuals from a static baseline
(flat broken red line) and a dynamic baseline (curved broken red line). These are provided for
both a scenario without (top panels) and with (bottom panels) the selective sweep depicted in
A). C) Inference of selective sweeps based on residuals. Red flashes indicate false positive
inference of selective sweeps. A static baseline leads to elevated residuals in the chromosome
center and thereby false positive inference of sweeps in all instances. With a dynamic baseline
only lineage-specific elevations/reductions of differentiation/diversity are reflected as positive
residuals and this inferred as footprints of a sweep. Note that with a dynamic baseline, due to its
pairwise nature, Fsr results in a blob of negative and positive residuals in the presence of a
sweep (lower left), and population-specific measures of differentiation or diversity may be
better suited for this approach.

Res. dynamic
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Outstanding Questions

To identify the footprints of adaptation and speciation in the differentiation landscape, an
improved understanding of the contributions of BGS, positive selection in the ancestor, and their
interaction with demography towards the evolution of differentiation landscapes and their
correlation is required. Previous simulations have shown that BGS in extant populations
substantially affects genetic diversity and differentiation, with strongest effects close to the sites
it targets and in genomic regions where recombination is infrequent, resulting in local
reductions of extant N. within the genome (Zeng & Charlesworth 2011; Zeng & Corcoran 2015)
that can be mistaken as a footprint of positive selection (Huber et al. 2016). These simulations
suggest that BGS acting within populations may not reduce diversity by more than two thirds
relative to neutral expectations (Zeng & Charlesworth 2011) and may thus not explain the
diversity reductions observed for instance in greenish warblers (see e.g. Irwin et al. 2016).
Moreover, the effects of BGS in extant lineages must be stronger than in the ancestor to result in
elevated differentiation (Zeng & Corcoran 2015). However, recent results suggest that the effects
of BGS particularly in ancestral lineages may have been underestimated so far (Phung et al.
2016). Moreover, the effects of demography acting upon a heterogeneous diversity landscape
remain largely unexplored. With regard to the model proposed here a number of question
remain open that would profit from additional simulation and empirical work:

o How strongly can BGS reduce genetic diversity in low-recombination regions relative to
the remainder of the genome, if it acts over multiple subsequent speciation events over
millions of years in taxa with long-term conserved recombination landscapes?

e At which timescales do correlations among differentiation landscapes build up? In
particular, from which stage of differentiation onwards are effects of BGS discernible in
different bins of recombination rate and functional densities, and what are the long-term
contributions of BGS and recurrent hitchhiking?

e What is the effect of demographic events, such as repeated cycles of range expansions
and contractions, on heterogeneous diversity landscapes produced by linked selection?
Are the resulting reductions in diversity (and N.) overproportional in regions with
already reduced N, and may demographic events thus further amplify the heterogeneity
of differentiation landscapes in addition to the effects of linked selection?

e How do recombination rate evolution, lineage-specific episodes of positive selection, and
variation in effective population size among lineages interplay in the temporal dynamics
of build-up and decay of the correlation among independent differentiation landscapes?

e How strong do demographic effects, such as bottlenecks, need to be to perturb the

evolution of correlated differentiation landscapes?

e In how far can the evolutionary dynamics of differentiation landscapes be extrapolated
among various organisms? Which roles may the mechanisms determining recombination
rates have therein?
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Glossary

Background selection: A process by which purifying selection against deleterious variants
results in a loss of neutral genetic diversity at linked sites.

Extant lineages (extant populations, extant species): Non-ancestral lineages, i.e. lineages
observed today including the time since the split from their ancestor.

Genomic landscapes: The distribution of parameters, such as diversity (‘diversity landscape’),
differentiation (‘differentiation landscape’) or recombination rates (‘recombination landscape’)
along chromosomes.

Hitchhiking/recurrent hitchhiking: A process by which positive selection for a beneficial
variant leads to an increase in frequency of neutral variants at linked sites, and thus loss of
neutral diversity at linked sites. If hitchhiking affects the same genomic region repeatedly, the
process is referred to as recurrent hitchhiking.

Linked selection: The process by which neutral genetic diversity in the genome is lost as an
effect of selection at a linked site. Both background selection and hitchhiking contribute to
linked selection.
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