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to be maintained when s << (Yeaman and Otto 2011). By
reducing recombination and gene flow, chromosomal linkage
of divergently selected alleles should enhance the longevity
of polymorphisms, thereby enabling a faster pace of buildup
of critical levels of standing variation. Hence, when 1) the
vast majority of mutations have very small fitness effects
(s << m) and 2) the genome is compact (e.g, fewer chro-
mosomes with higher densities of genes), DH may indeed
accelerate the approach to GWC (compare lines for “GH
+ DS” and “DH + GH + DS” in Figure 2B,D). With that
noted, provided that there is a sufficient supply of new or
standing variation of at least modest effect size on fitness,
reaching the threshold needed for GWC need not involve a
substantial role for chromosomal linkage. Indeed, when link-
age is too tight, divergence can be hindered because favora-
ble mutations can arise in unfit genetic backgrounds and be
lost before they have a chance to recombine away (Hill and
Robertson 1966; Feder et al. 2012b).

GWC and the Speciation Continuum:
From Genic to Genomic Phases of
Divergence

A major prediction of GWC is that two distinguishable
stages of speciation with gene flow exist. First, early in the
divergence process, populations should be in a “genic” phase
in which differentiation is localized to isolated regions of the
genome. Observable divergence will be predominately due to
DS. Second, there should be a subsequent “genomic” phase
in which differentiation and RI become evident genome-
wide (Figure 3). Populations residing in genic versus genomic
phases are expected to display markedly different distribu-
tions in single nucleotide polymorphism (SNP) allele fre-
quency divergence, LD, and Fyy; particularly for divergently
selected loci (Figure 3). Thus, transitions between these
phases should be detectable in comparative genome scans
among populations arrayed across a speciation continuum.

Specifically, for partially isolated vatieties and races in
the “genic” phase, even if many regions display differentia-
tion and evidence for divergent selection, most regions will
not. In addition, candidate gene regions or loci confirmed
through quantitative trait loci mapping, association stud-
ies, and selection experiments to affect phenotypes under
divergent selection will not uniformly display high levels of
divergence between populations. Moreover, LD among these
loci will tend to be weak and restricted primarily to mark-
ers undergoing little recombination. As a result, populations
should show characteristic “I.-shaped” distributions for the
aforementioned divergence metrics (Figure 3E-G).

In contrast, for populations that have entered the genomic
phase, post-GWC, divergence metrics will become sub-
stantially elevated for many SNPs throughout the genome
and distributions increasingly “J-shaped” (Figure 3B-D).
Divergence will still be heterogeneous across the genome
because 1) the genome may not yet be uniformly impervi-
ous to gene flow, 2) mutation and drift may not have had
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enough time to generate differentiation for neutral mark-
ers, and 3) divergently selected mutations that arise in the
genomic phase still require time to become fixed differences.
Nevertheless, the consequences of GWC will be manifested
as numerous regions displaying evidence for selection and
LD being detected not only between loci within chromo-
somes but also among loci on different chromosomes.

Figure 3 presents simulation results contrasting predicted
patterns of differentiation for loci experiencing selection
between a population pair in the initial genic phase of diver-
gence prior to GWC versus in an early genomic phase of
speciation. These simulations used parameter estimates of
s, m, and genome size representing a possible test case for
GWC involving the classic apple and hawthorn host races
of Rhbagoletis pomonella fruit flies and its closely related sister
taxon attacking flowering dogwood that we discuss in more
detail below (mean s = 0.03, 7 = 0.05, and a genome of five
chromosomes each 100 cM in length; Powell et al. 2013).

Two key points merit attention. First, the predicted differ-
ences between genic and genomic phases in Figure 3 are not
subtle, at least for the (relatively weakly) divergently selected
loci we considered. Following the GWC transition, allele fre-
quency differences for divergently selected SNPs are expected
to dramatically rise (compare Figure 3B-D to Figure 3E-G).
The implication is that given the predicted large changes
in divergence metrics during the transition, tests of GWC
are possible with reasonable sample sizes. Second, tests for
GWC are not based only on an outlier approach that relies
on detecting SNPs displaying exceptional divergence beyond
a neutral expectation cutoff. Rather, shifts in the total distri-
bution of divergence metrics for all SNPs can be leveraged
to assess speciation status. Thus, empirical data from genome
scans can be tested against predicted patterns to comple-
ment and extend outlier analysis in discerning the processes
causing population divergence. We note that outlier analysis
alone is not sufficient to infer that a given SNP is actually
experiencing divergent selection. Thus, we urge the coupling
of genome scans with manipulative transplant and selection
experiments to confirm selection. Further development of
analytical methods for comparing the fit of observed to pre-
dicted patterns of divergence metrics are required. In this
regard, we note that the predictions generated in Figure 3 are
only for divergently selected sites and thus extending predic-
tions of GWC to include neutral sites is required.

Testing for GWC Involves More Than
Genome Scans

As discussed above, genome scans, although a central ele-
ment of testing for GWC, are not sufficient to verify the the-
ory. Genome scans should be complemented by additional
information on natural history and selection studies to con-
struct a strong test for GWC, as we elaborate upon below.
Similar patterns of genomic divergence could be generated
from differing combinations of evolutionary processes and
modes of speciation that may or may not be indicative of
GWC (Nielsen 2005; Barrett and Hoekstra 2011; Gompert
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etal. 2012; Nosil and Feder 2013). For example, many studies
do not independently confirm that populations are actually
currently experiencing gene flow or did so in the past when
they diverged. Allopatric (geographic) isolation coupled with
directional selection and/or the vagaries of genetic drift
could generate heterogeneous patterns of genomic diver-
gence misinterpreted as genomic islands of speciation with
gene flow (Noor and Bennett 2009). Also, current genome
scan studies generally represent a somewhat disparate col-
lection of unrelated taxa. Such “apples-to-oranges” taxo-
nomic comparisons do not constitute the evolutionary series
of related populations at varying stages of divergence along
the speciation continuum needed to test for GWC (although
see Gagnaire et al. 2013). Thus, a compelling test for GWC
requires a set of well characterized and evolutionarily related
populations that span varying stages of divergence across
the speciation continuum. Ideally, the ages of these popu-
lations would be known (or at least their relative times of
divergence), and there would be enough replicate taxon pairs
for statistical testing of differences among taxa. Although
a series of such populations would not constitute different
stages of a single speciation event, they do constitute a logi-
cal evolutionary progression along the speciation continuum.

Establishing the Occurrence and Timing
of Gene Flow

GWC applies to taxa undergoing divergence with gene flow
and thus the populations being compared should be known
to be evolving with gene flow. Patterns of genome-wide dif-
ferentiation for allopatric populations can resemble those
for geographically overlapping pairs (i.e., both can be “L
shaped”; Nosil et al. 2012a; Feder et al. 2013; Roda et al.
2013) and thus when possible independent evidence for the
existence of gene flow should be obtained.

Moreover, an important issue beyond the existence of
gene flow is the timing of it during the divergence process.
Although tests for GWC might be the most straightforward
when the taxa considered evolved in the face of continu-
ous gene flow, this is not essential. GWC also applies to the
circumstances of divergence following hybridization upon
secondary contact although in terms of empirical testing
this can make it more difficult to distinguish the incomplete
breakdown of differences initially evolved in allopatry from
divergence builtup in sympatry. As a result, establishing the
occurrence, timing, and level of gene flow between popula-
tions are important and nontrivial components to testing for
GWLC as they are for the interpretation of genome scans in
general.

Selection Experiments: Integrating
Natural History with Genome Scans

Another key component of natural history knowledge is the
ecological basis for divergent selection affecting populations.
This information allows for transplant studies in the field
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and/or selection experiments in the laboratory to confirm
that gene regions showing differentiation in nature are likely
affected by divergent selection and not due purely to other
factors such as drift or reduced recombination. Specifically,
by exposing populations to contrasting conditions represent-
ing differing aspects of alternate habitats in manipulative
lab and field studies, experiments can determine whether
candidate SNPs/gene regions identified in genome scans
display responses to divergent selection in a priori predicted
directions (Michel et al. 2010; Pespeni et al. 2013; Gompert
et al. 2014). For example, a release and recapture field experi-
ment transplanted stick insects to native and novel host
plants and directly measured genome-wide allele frequency
changes within a generation at 186576 loci (Gompert et al.
2014). By identifying loci whose observed degree of change
exceeded expectations under null models of random mort-
tality (i.e., drift), the authors identified dozens of loci dis-
tributed across the genome that were affected by divergent
selection. Such transplant experiments might be coupled
with genetic mapping studies of phenotypic traits to bolster
evidence concerning the number and locations of genomic
regions involved in divergent adaptation (Michel et al. 2010;
Gompert et al. 2014). Integrating these data with information
on gross migration rates allows estimates of selection coef-
ficients acting on SNPs in nature to evaluate the ratio of sto
m acting through the genome.

Rhagoletis Flies: A Putative Test Case
for GWC

Tephritid fruit flies in the R. pomonella sibling species group
are a model for ecological speciation with gene flow via sym-
patric host-plant shifting (Bush 1969; Filchak et al. 2000;
Berlocher and Feder 2002; Linn et al. 2003; Linn et al. 2012;
Powell et al. 2013), making them a strong potential test case
for GWC. The group comprises a series of geographically
overlapping host races, closely related sibling species, and
more fully morphologically distinguished taxa. Thus, a num-
ber of replicate pairs of Rbagoletis flies exist at varying stages
along the speciation continuum to allow testing for rapid
transitions from genic to genomic patterns of divergence
and GWC. In addition, studies measuring the per generation
gross migration rates of flies between host plants have been
performed, generating estimates of » ranging from 5% (host
races), to 3-0.1% (sibling species), to 0% (morphologically
distinct taxa; Feder and Bush 19892, 1989b; Feder et al. 1994;
Berlocher 2000). Gene flow was likely continuous prior to
and during divergence. In addition, molecular data imply that
the radiation occurred relatively sequentially within the last
25000 years, with several of the host races emerging in his-
torical time. Thus, there is a well-defined series of popula-
tions that vary in their relative ages of divergence.

Sources of host-related divergent selection are also known
for Rhbagoletis (Linn et al. 2003; Dambroski and Feder 2007,
Powell et al. 2012), allowing for selection experiments. In this
regard, all R. pomonella flies are host-plant specialists. Adult
flies mate on or near host fruit; females oviposit into ripe
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fruit on trees; eggs hatch and larvae feed in host fruit; and
when fruit fall to the ground, larvae leave fruit, burrow into
the soil, and overwinter as pupae. Host-related adaptation in
diapause life-history timing, host choice, and in some cases
feeding performance in host fruit have been shown to result
in ecologically based RI. Nevertheless, almost all populations
can be mated in the lab to generate F2 and later generation
hybrid progeny for SNP mapping. Near complete intrinsic
isolation is evident only between the species R. pomonella and
the most basal taxon in the group, R. cornivora (Betlocher
2000).

A survey of 39 allozymes and microsatellites between
apple and hawthorn-infesting host races of the species
R. pomonella at sympatric field sites where the flies co-occur
in the Midwestern United States revealed genomically wide-
spread differentiation (Michel et al. 2010). However, none of
the 39 loci showed a fixed difference (maximum frequency
difference = 0.30). Moreover, the distribution of frequency
differences mirrored Figure 3E, implying that the races are in
a genic phase of speciation. In addition, although apple and
hawthorn populations display significant local genetic differ-
entiation from each other, across populations they show a
tendency to group genetically by geography, supporting their
status as host races and not cryptic species. Thus, although
they likely have not yet reached GWC, the host races meet
conditions for such a transition to occur.

In contrast, allozymes and microsatellites suggest that the
taxonomically undescribed sister sibling species to R. pomo-
nella that attacks flowering dogwood (Cornus florida) has tran-
sitioned past GWC. Like the races, gene flow is moderate
between R. pomonella and dogwood flies (~3% per genera-
tion), and no fixed or private variant was found for any gene
(Powell et al. 2013). However, the magnitude of divergence
is much greater for the dogwood fly and follows the distribu-
tion pictured in Figure 3B, implying GWC. Moreover, the
dogwood fly clusters into a distinct genomic entity from the
apple and hawthorn host races of R. pomonella across their
entire geographic range, agreeing with the genomic phase
of GWC.

These results are based on very few loci and thus more
comprehensive surveys of the genome are required, coupled
with selection studies for R. pomonella and dogwood flies and
other host races and sibling species. However, we anticipate
that patterns predicted pre- versus post-GWC, if observed
in the R. pomonella group, will be seen between populations
that we currently classify as host races and recently evolved
sibling species.

Extensions of Theory

GWC was developed from individual-based computer simu-
lations of a two-population model of divergent selection act-
ing on demes inhabiting alternative habitats (Flaxman et al.
2013, 2014b). Constant fitness and symmetric selection coef-
ficients were used to generate performance tradeoffs between
habitats under soft selection (constant population size), with
multiplicative interactions between divergently selected loci.

Feder et al. * Speciation Transitions

Only sites under divergent selection were considered. Thus,
additional work is needed to 1) improve quantitative esti-
mates of divergence distributions by varying the densities of
neutral sites in simulations to further generalize genome pat-
terns for statistical testing; 2) extend analysis of the effects
of specific aspects of genome structure on GWC (e.g,, locus
density and rearrangements); 3) determine how sexual selec-
tion and conflict, habitat-specific mating, epistasis, inherent
Dobzhansky—Muller incompatibilities (genomic conflict),
and other forms of selection (e.g, frequency dependent) can
influence GWC; and 4) further discern the consequences of
standing variation for facilitating genic to genomic transi-
tions. As mentioned above, GWC is not limited to cases of de
novo speciation with gene flow; it is also relevant to resolving
the outcome of hybridization following secondary contact.
Thus, GWC has broad potential implications for understand-
ing speciation.

The inclusion of neutral sites is important for empirical
testing because genome scans obviously provide patterns of
differentiation for the totality of sites, not just those affected
by divergent selection. The extent to which neutral sites
will exhibit patterns consistent with GWC requires further
work although these may sometimes be similar to patterns
for divergently selected sites given that the simulations under
which GWC theory was developed involved weak selection
and genetic drift. Nevertheless, simulations for neutral sites,
preferably coupled with estimates of recombination rates,
are still required to determine if telltale patterns of GWC
emerge from the totality of sites across the genome. If so,
then the theory will be even more broadly applicable to
empirical studies, which often consider neutral markers or
cannot distinguish selected from neutral sites. However, we
do note that empirical whole genome resequencing studies,
which examine both selected and neutral sites, are accumulat-
ing and hold particular promise for testing GWC (Ellegren
et al. 2012; Jones et al. 2012; Kronforst et al. 2013; Martin
et al. 2013; Ellegren 2014).

Conclusions

Modern sequencing techniques have the potential to advance
the study of speciation from the individual-gene level to
broad analysis of the combined effects of loci causing RI
across the genome (Hudson 2008; Rokas and Abbot 2009;
Stapley et al. 2010). However, this potential has yet to be fully
realized because much research is still focused on identify-
ing individual “outlier” loci within a perspective where much
of the genome is thought to be homogenized by gene flow.
Recent empirical results from several model ecological sys-
tems and new theory challenge the view that speciation can
be explained solely by understanding small or moderate num-
bers of loci having exceptional effects on divergence.

Here, we have tried to begin bridging this gap by out-
lining a framework for testing genome-scale hypotheses
about speciation. We outlined evidence that a critical transi-
tion during speciation with gene flow may occur when the
cumulative effects of many genes rapidly change RI from
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being a characteristic of individual loci to a property of the
entire genome. Empirical testing of the predictions of this
theory of genome congealing (GWC) is needed, and we out-
lined some ideas for doing so. Specifically, testing the theory
requires showing that 1) many (but not necessarily all) diver-
gently selected loci experience relatively weak selection (s <
m); 2) selected loci display a marked shift in the distribution
of SNP allele frequency differences and LD values between
population pairs in the genic versus genomic phases of spe-
ciation; and 3) populations form globally distinct clusters
from each other once they cross the GWC threshold and are
in the “genomic” stage of speciation. Together with further
development of theory, the results will help advance under-
standing of speciation beyond considerations based upon rel-
atively few genes considered independently of the rest of the
genome. Thus, there is reason for some guarded optimism
despite the complexity and difficulty in accurately estimating
the pertinent parameters affecting population divergence and
speciation. Although difficult, such an undertaking is essen-
tial if we are to advance speciation genomics from a descrip-
tion of pattern to a predictive field of understanding process.
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