Interpreting the genomic landscape of introgression
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Abstract
Introgression, the transfer of genetic material between species through hybridization, occurs in many taxa and has important consequences. Genomic studies allow us to characterise the landscape of introgression across the genome, shedding light on both its adaptive benefits and the incompatibilities that help to maintain species barriers. Studies taking a genome-wide view suggest that adaptive introgression may be common, but that introgressed variation between many species is selected against throughout much of the genome. Confounding factors can complicate interpretations from these data, and computational simulations have proved vital to illustrate expected patterns under different scenarios. Future developments will move beyond correlative evidence to explicit models that account for how selection and genetic drift influence introgressed variation.
Introduction
Introgression is the transfer of genetic variation between species through hybridization and repeated backcrossing. Recent work using genome scale sequence data has documented widespread evidence of introgression, challenging our understanding of the nature of species and suggesting that apparently distinct species can be evolutionarily coupled by ongoing exchange of genetic material [1]⁠. The field of speciation genomics has recently emphasised the landscape of divergence between closely related populations [2]⁠. Here we focus on the opposite pattern, the genomic landscape of introgression between species. This landscape is shaped by differential fitness effects of introgressed variation across the genome and can provide insight into how selection drives or blocks the movement of genes between species. We review recent work in this field and focus on studies from the past three years that have introduced a genome-wide view of the frequency and fitness consequences of introgression. We discuss new insights and challenges that are faced in quantifying introgression and testing hypotheses about the role of selection.
How common is adaptive introgression?
Most genetic differences between related species are likely to be neutral. However, introgression can occasionally introduce variants that are adaptive and therefore spread in the recipient population (Figure 1). This process, known as adaptive introgression, has risen to prominence on the basis of a series of high profile examples. For example, mimetic butterflies, humans living at high altitude in Tibet and Darwin’s finches all show evidence that key adaptive traits have been acquired through introgression from related species [3–5]⁠. Many of the early studies focused on simple traits already known to be adaptive. However more recent work has taken a more genome-wide approach and attempted to correlate signatures of positive selection with signatures of introgression (see Box 1) to provide a survey of adaptive introgression. For example, a recent study of Arabidopsis arenosa has shown that some (but not all) of the regions showing signals of adaptation to serpentine soils are introgressed from Arabidopsis lyrata [6]⁠, and a similar analysis compared signals of introgression with those of selection in domesticated landraces of sunflowers [7]⁠. Similarly, in thrushes, loci that experienced selective sweeps during allopatry show the strongest signals of introgression in sympatry [8]⁠. In mussels, most regions of high differentiation between intraspecific populations were a result of introgression from related species [9]⁠. A counter-example comes from a study of incipient cichlid fish species, in which genomic regions with high divergence between species did not show any elevated signal of introgression, suggesting that divergence had instead arisen in sympatry [10]⁠. 
It seems likely that adaptive introgression is far more common than has previously been recognised. It can provide genetic variants that have already been tested by natural selection and in precisely the geographic area in which they are already well adapted. Even though hybridisation itself may be rare, a trickle of introgression may provide variants at a higher frequency than de novo mutation, and can provide linked blocks of sequence with multiple functional mutations, potentially including complex co-adapted alleles [11]⁠. The challenge for the future will be to quantify the frequency of adaptive introgression more widely and to understand the circumstances where it is likely to play a predominant role in adaptation. 
Box 1. Characterizing the landscape of introgression
There are many ways to search for the footprints of introgression in genomic data, from simple summary statistics to more sophisticated model-fitting approaches. While some methods aim to detect ‘outliers’, here we are particularly interested in methods to quantify variation in admixture. We are therefore interested in the ‘effective migration rate’, the rate at which foreign alleles enter and persist in the population. During and soon after admixture, this may be approximated by the ‘admixture proportion’ at a locus, by which we refer to the frequency of introgressed variation (Figure 1). However, over time, anciently introgressed variation will either be fixed or lost, through selection or drift (Figure 1) (sometimes called genome stabilisation [12]⁠). At this point defining introgression becomes a binary problem, but it may take many generations to reach this point.
Simple divergence statistics such as FST and dXY are often used to examine patterns of divergence between populations. While these can be useful for identifying ‘barrier loci’ when rates of migration are high and selection is strong, they provide a poor proxy for the effective migration rate, as they are confounded by other factors such as the substitution rate and within-population diversity [13,14]⁠. A range of more sensitive statistics have been developed recently and shown to be more effective at detecting admixture at particular loci [15–17]⁠. One of these, fd [17]⁠, is roughly proportional to the effective migration rate and can therefore be used to compare different parts of the genome [6,18–20]⁠.
Probabilistic approaches can also be used to combine multiple signals and find likely introgressed tracts, particularly if introgression is fairly recent (e.g. see Figure 1)[21]⁠. This may be most valuable for closely-related taxa in which signatures of introgression are subtle.
Tree-based approaches can be used to characterise the landscape of introgression by identifying where in the genome the tree topology switches from a “species tree” to an ‘introgression tree’ [12,22–24]⁠.  Probabilistic approaches further allow inference of the points at which topologies switch along a chromosome [25,26]⁠. Tree-based methods provide only qualitative information about ancestry, although the level of support for one or the other hypothesis has been used as a proxy for the extent of introgression [12,27]⁠. A recent approach instead summarises tree shapes, providing a more quantitative measure of ancestry [28]⁠.
There are also model-based approaches to directly infer the effective migration rate. Genomic cline analysis is suitable when both mixed and unmixed populations of the same species exist [29]⁠. Other approaches fit models by dividing the genome into windows [30,31]⁠. A final class of approaches estimates the distribution of effective migration rates among sites, but does not consider their distribution in the genome [32]⁠. While these approaches provide probably the best estimators of effective migration, they usually assume complete neutrality, and may be confounded by selection.
None of the above measures is without simplifying assumptions that can affect interpretations. For example, if populations experience different mutation rates, this can lead to an incorrect inference of signatures of introgression with several of these methods [33]⁠. All measures and tests for introgression should therefore be interpreted with caution.
Introgression and incompatibilities
Despite the apparent frequency of adaptive introgression, introgressed alleles probably more often have negative fitness effects in a foreign genetic background. Decades of research has explored the genetic basis for species incompatibilities e.g. [34]⁠. Heterogeneity in the extent of admixture across the genome in natural populations offers a novel source of insight into loci involved in incompatibilities or local adaptation, potentially detecting weaker fitness effects than could be measured directly and thereby addressing questions about the number and distribution of such loci. The genomes of non-African humans have ‘deserts’ devoid of introgressed variation from our archaic relatives the Neanderthals and Denisovans, possibly driven by selection against introgression [21,35]⁠. Incompatibilities caused by interactions among loci in highly admixed populations may also be identified by the fixation of particular allelic combinations from one or the other species, as is observed to occur repeatedly in Italian sparrows [36]⁠. Another possible signature of incompatibilities is ‘ancestry disequilibrium’, the non-random association of ancestry in pairs of unlinked loci [37]⁠, although simulations show that this might also arise in the absence of selection [38]⁠. Such simulation studies are essential to the proper interpretation of patterns of admixture.
A consistent pattern in speciation is a disproportionate role for the sex (X and Z) chromosomes in species differences and hybrid incompatibility [39–41]⁠. Several genomic studies have found supporting evidence in reduced introgression on sex chromosomes [21,35,30,22,23]⁠ . However, genomic evidence for this phenomenon must be interpreted with caution [30]⁠. For example, an apparent reduction in introgression across the Z chromosome among Ficedula flycatchers [42]⁠ is probably an artefact of its lower effective population size [43]⁠. There are also known exceptions to the rule. For example, a large region of the snow leopard X chromosome appears to have introgressed from lions [27]⁠. 
Further evidence for the role of selection in shaping introgression can come from particular classes of genes  experiencing more or less introgression than others [12,23,36,44]⁠. For example, genes showing testes-specific expression are over-represented in regions devoid of Neanderthal and Denisovan ancestry in humans, suggesting that admixture may have led to reduced male fertility [35]⁠.
Genome-wide selection against introgression?
If selection against introgression occurs at a large number of loci throughout the genome, its combined effects on many loci can leave detectable patterns, even though selection on any individual locus may be weak. It is therefore possible to study barriers to introgression without identifying specific incompatibilities. For example, studies in mice and humans have shown weaker signals of introgression in parts of the genome with high gene density and/or low recombination [21,35,44]⁠. This is predicted by theory, as the strength of selection against introgression is dependent on the density of selected sites and the recombination rate [45]⁠(Figure 1). Barriers to introgression may also be weaker toward chromosome ends, where neutral introgressing alleles can more easily recombine away from incompatibilities [45]⁠, a pattern seen among Lake Malawi cichlids [24]⁠. These studies all imply that incompatibilities between fairly closely related species can be widespread in the genome (although an alternative explanation may be accumulation of weakly deleterious variation, see below). However, these patterns do not show up in all cases (e.g. [46]⁠), and in some cases they are ambiguous [12]⁠. One difficulty in interpreting these different results is a lack of standardisation in approaches, each of which may be prone to different biases (see Box 1). Better understanding of these contrasting findings will come from improved standardisation of methods to quantify introgression and explicit tests for possible biases.
Many of the factors that influence selection against introgressed genomic tracts, such as recombination rate and gene density, are not independent. It is therefore advisable to use models that account for their combined effects. Such models can also incorporate more specific predictions about the decline in barrier strength with increasing distance from selected loci. Juric et al. [47]⁠ modelled the level of Neanderthal ancestry in human populations as a function of the recombination distance from nearby selected alleles. They were able to estimate both the density of selected loci and the strength of selection. Similarly, Aeschbacher et al. [31]⁠ developed a framework to infer from genomic data the rate of migration, and strength and timing of selection against introgression, and applied this approach to study Mimulus monkeyflowers.
A different modelling approach has been used to characterise the landscape of introgression without explicitly considering the spatial distribution of selected sites or variation in recombination rate. Roux et al. [32]⁠ fitted models of isolation with migration that allow for variation in the effective migration rate among sites in the genome, while Bay and Ruegg [8]⁠ first grouped SNPs into classes based on patterns of divergence in allopatric populations, and then separately inferred migration rates in sympatry. Thus, while potentially improving parameter estimates for species split times, population sizes and migration rates, these approaches also provide information about the distribution of introgression rates across the genome.
The form of selection affects predictions
Interpretations of the landscape of introgression depend on simplifying assumptions. In particular, most models assume that introgressed blocks are selected independently of one another in the genetic background of the recipient population. However, early-generation hybrids will have complex ancestries (Figure 1) in which epistasis can lead to non-additive fitness effects [48,49]⁠, and much of the selection against introgression may occur in these early generations [50,51]⁠. Models that ignore the nature of selection in early generations after hybridisation may therefore be misleading. Multi-locus simulations that test predictions under different forms of selection [48]⁠ will be essential to interpreting the genomic patterns of introgression.
Another important consideration is that selection against introgression may not be driven by incompatibilities, but rather by weakly deleterious mutations segregating in the donor population. This has been proposed as the main driver of selection against Neanderthal introgression in humans [47,51]⁠. A lower effective population size in Neanderthals would have led to accumulation of weakly deleterious alleles that, once introgressed into humans, would reduce relative fitness. As most populations are likely to differ in their population sizes, this might be a common phenomenon among hybridising species, and may also lead to selection favouring introgression into populations that have experienced a bottleneck [19]⁠. Counter-intuitively, even if both species carry deleterious alleles, if these are recessive and occur at different sites in different species, hybrids might have enhanced fitness through the ‘rescue’ of deleterious recessives (i.e. the ‘dominance hypothesis’ for hybrid vigour). This leads to the surprising conclusion that costly Neanderthal introgression may have initially been selected for rather than against in humans [51]⁠. This same phenomenon might also explain a curious pattern in haplodiploid ants, where introgressed variation is selected against in haploid males, but leads to fitness benefits for diploid females [52]⁠.
Conclusions
Genomic studies of introgression between related species are beginning to offer novel insights into the evolutionary consequences of hybridization and the genetic architecture of speciation. There is quite commonly evidence for widespread selection against introgression across the genome, but the importance of adaptive introgression may also be underestimated. Studies that take a whole-genome view and consider the possible influence of confounding factors and different forms of selection will be the most useful for expanding our understanding in this area. An exciting future prospect is that our interpretations of observations in nature will be aided by simulation studies [51]⁠ and empirical studies of the consequences of introgression for phenotype and fitness, in both experimental [49]⁠ and natural populations [50,53]⁠.
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Figure 1. Selection, recombination and drift influence the landscape of introgression
We used a simple simulation to show how multi-locus selection, recombination, and random drift shape the landscape of introgression along a chromosome. Each panel shows the genotypes of ten samples from a simulated population, along with the frequency of introgressed alleles in the whole population for each locus (i.e. the admixture proportion). Introgressed alleles are shaded more darkly than native alleles, and contain multiple incompatibility alleles (dark shaded points), which are weakly selected against (additively). A single locus caries a beneficial introgressed allele (black point). After one generation (first panel), only F1 hybrids exist in the population. In successive generations, the introgressed haplotypes are broken up by recombination. The recombination rate varies along the chromosome such that some regions are broken up more quickly. By the 1000th generation, introgressed variants have been more effectively removed in regions of lower recombination rate, and the adaptive introgressed allele has reached fixation, but some incompatibilities have also drifted to high frequency.
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