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Abstract

The genomic era has made clear that introgression, or the movement of genetic material

between species, is a common feature of evolution. Examples of both adaptive and deleteri-

ous introgression exist in a variety of systems. What is unclear is how the fitness of an intro-

gressing haplotype changes as species diverge or as the size of the introgressing haplotype

changes. In a simple model, we show that introgression may more easily occur into parts of

the genome which have not diverged heavily from a common ancestor. The key insight is

that alleles from a shared genetic background are likely to have positive epistatic interac-

tions, increasing the fitness of a larger introgressing block. In regions of the genome where

few existing substitutions are disrupted, this positive epistasis can be larger than incompati-

bilities with the recipient genome. Further, we show that early in the process of divergence,

introgression of large haplotypes can be favored more than introgression of individual

alleles. This model is consistent with observations of a positive relationship between recom-

bination rate and introgression frequency across the genome; however, it generates several

novel predictions. First, the model suggests that the relationship between recombination

rate and introgression may not exist, or may be negative, in recently diverged species pairs.

Furthermore, the model suggests that introgression that replaces existing derived variation

will be more deleterious than introgression at sites carrying ancestral variants. These predic-

tions are tested in an example of introgression in Drosophila melanogaster, with some sup-

port for both. Finally, the model provides a potential alternative explanation to asymmetry in

the direction of introgression, with expectations of higher introgression from rapidly diverged

populations into slowly evolving ones.

Introduction

Before reproductive isolation is complete between 2 taxa, these taxa are often able to exchange

migrants, form hybrids that backcross, and as a result exchange genes (for recent reviews, see

Edelman and Mallet [1], Aguillon and colleagues [2]). Even a small number of hybrids between

young species pairs can lead to introgression of genetic material between them [3,4], and stud-

ies across eukaryotes have identified introgression between a vast range of species [5]. Studies

of hybrids have identified that the degree of divergence between the parental species strongly
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predicts hybrid fitness [6–9], and many models have considered how the fitness of these

hybrids changes over the course of divergence, whether using insights from the build-up of

incompatibilities [10–13] or through Fisher’s Geometric Model [4,14–16]. Generally, these

models find that there is a “gray zone” of speciation—a period in the process during which

hybrid fitness is reduced yet remains high enough to enable gene flow between species as

observed in real data [17]. There are many fewer models of introgression, and those that exist

generally assume that introgression is primarily deleterious [3,18–23] despite the observation

of adaptive introgression [1,24,25]. What types of loci and what fraction of the genome in gen-

eral can introgress at different points in the speciation process remains unknown, but it is

likely that introgressed regions are often non-neutral.

Several patterns are suggestive of the non-neutrality of introgressed regions. First, many

introgressed alleles have been identified as adaptive or deleterious [1]. Further, in one of the

few cases where historic data is available, the frequency of introgressed Neanderthal ancestry

in humans has decreased over time [18]. Finally, correlation between recombination and

introgression is suggestive of the non-neutrality of introgressed regions in a variety of systems.

A positive relationship between recombination and introgression has been explained by

“hybrid load,” or the idea that alleles from a minor parent ancestry (the ancestry with less

representation in the genome) are selected against [21,26]. The source for this selection is less

clear—it is possible that the introgressing haplotypes carry weak deleterious epistatic interac-

tions with the recipient genome (e.g., swordtail fish [27] or butterflies [28]), or that they are

simply directly deleterious due to the accumulation of deleterious mutations in a more inbred

population (e.g., Neanderthals [18,20,29]). In both cases, a clear negative correlation between

the size of the introgressing haplotype and its fitness is expected—larger haplotypes contain

both more deleterious alleles and neutral/adaptive alleles are selected out alongside these dele-

terious alleles in absence of recombination. High recombination regions can break such haplo-

types up and enable neutral or adaptive alleles to introgress more easily, leading to a positive

correlation between recombination rate and introgression. By contrast, a negative relationship

between recombination and introgression has been observed in Drosophila melanogaster [30].

Recent work has used simulations to demonstrate that this relationship could be in part

explained by positive selection on introgressed regions [31]. Empirical evidence of positive

selection of introgressed alleles more generally is extensive (see Edelman and Mallet [1], Aguil-

lon and colleagues [2] for reviews). Thus, introgressed alleles may commonly be both posi-

tively and negatively selected, but it is not clear how these effects may change over the course

of divergence.

The selective effects of introgression have important theoretical consequences. On the one

hand, alleles acting as barriers to gene flow (due to lower fitness in the recipient genome) may

impede introgression of nearby neutral alleles [3] or even positively selected alleles [23]. If het-

erozygotes experience higher fitness due to overdominance of alleles, the introgression proba-

bility of neutral alleles may be increased [22], even when deleterious epistasis between an

introgressed haplotype block and the recipient genome is frequent. If selection on introgressed

alleles is positive, but distributed broadly across introgressing regions, adaptive blocks may be

maintained at intermediate sizes due to linkage between many individually selected alleles

[32]. In general, the probability that a given allele will introgress depends more heavily on its

genetic neighbors than on its additive effects alone [33], and so understanding the overall fit-

ness of a block of introgressing genes is a critical component for predicting patterns of

introgression.

Introgressing haplotypes can carry a multitude of fitness effects. These effects will include

the direct fitness effects of individual alleles as well as any potential incompatibilities with the

recipient genome. However, introgressing haplotypes are likely to carry epistatic interactions
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not only with the receiving genome, but also among the introgressing alleles as well. As those

alleles arose in a common genomic background, epistatic interactions between them are tested

by selection and are likely to be on average nonnegative. Thus, larger introgressing haplotypes

carrying co-adapted sets of alleles may in fact be buffered against weak negative epistatic effects

with the recipient genome. This within-block epistasis is particularly relevant when recombi-

nation cannot break up the introgressing haplotype, a scenario that is expected when recombi-

nation is absent (e.g., horizontal gene transfer in asexual lineages) or is regionally suppressed

(e.g., sex limited chromosomes [34], inversions [25,35], or other recombination suppressors

[36]). However, knowing the marginal fitness of a block that can recombine is also crucial in

determining the long-term evolutionary dynamics of introgression. Currently, no theoretical

approach has examined how the fitness of an introgressing haplotype changes depending on

both its size and divergence between the 2 populations.

In this paper, we fill that gap. We begin by asking what selective forces act on different

types of introgressing alleles—novel alleles that introduce derived variants at an ancestral site,

ancestral alleles that introduce an ancestral variant at a derived site in the recipient population,

and replacement alleles that introduce a different derived allele from the donor at a site in

which the recipient population has fixed a derived allele. We then ask how the fitness of small

haplotypes consisting of a small number of introgressing alleles changes as the total number of

substitutions in the recipient population increases. We find that the overall divergence

between species is a key predictor of both the direction and genomic location of introgression.

In general, we expect introgression to be more strongly selected against when it replaces exist-

ing derived variation, because it breaks apart epistasis within the recipient population. More

broadly, large haplotypes carrying many derived alleles may make it across species barriers

with relative ease while divergence between populations is low, as the number of incompatibil-

ities is smaller than the number of co-adapted interactions. As divergence continues, larger

haplotypes are more and more strongly selected against, especially as they break up positive

epistatic interactions within the recipient population. This model creates a new framework

with which introgression over the course of speciation can be explained, provides several test-

able predictions, and suggests further avenues for both theoretical and empirical approaches.

We examine some of these predictions in genomic data from populations of D. melanogaster
which have experienced recent introgression [30,37] and find that introgression rarely occurs

in regions of the genome in which the recipient population has evolved quickly in comparison

to the source of introgression and occurs more in lower recombination regions.

The model

We model a haplotype (a non-recombining block of the genome) introgressing from a source

population (A) into a recipient population (B). We assume a total b derived substitutions have

been fixed in B since the population diverged from the common ancestor (Fig 1A). We ask

what the marginal fitness of an individual carrying a rare introgressing haplotype is (WI) com-

pared to the average individual in the recipient population ( �W ), and calculate the effective

selection coefficient (σI) for the haplotype, equal to WI/ �W -1. We will consider both direct

(individual) and pairwise epistatic fitness effects among all diverged alleles. Since we are setting

fitness relative to the ancestor, all ancestral alleles have no epistatic effects with diverged alleles.

We assume that fitness is a product of all relevant effects, but our results are congruent to

assuming that fitness is a sum of these effects. We only examine the mean effect of alleles,

assuming that variance in fitness effects is very low. We will first examine results in a haploid

population, but they extend readily to diploid cases. First, let us examine the fitness of the

recipient population (compared to the ancestor). This fitness will depend on B, the set of
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Fig 1. Outline of model assumptions. (A) Two populations (A and B) evolve independently, fixing substitutions in

their genome, represented by filled bars, until introgression at some point moves alleles from A into B. (B) Three types

of alleles may introgress as a result: new alleles which are derived in A and ancestral in B (blue fill), ancestral alleles

which are ancestral in A and derived in B (dashed outline) and replacement alleles in which both A and B have fixed

alternate variants (dashed outline, blue fill). Each of these types of alleles will on average have different fitness effects,

and either introduce new epistatic interactions (solid arrows), or remove existing ones (dashed arrows) (C) An

PLOS BIOLOGY The fitness of an introgressing haplotype

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002185 July 17, 2023 4 / 24

https://doi.org/10.1371/journal.pbio.3002185


substitutions fixed in that population, for a total of b substitutions, and the direct and epistatic

fitness effects:

�W ¼
Yb

i¼1
ð1þ siÞ

Y

i;j2B
ð1þ εijÞ �

Yb

i¼1
ð1þ sÞ

Y

i;j2B
ð1þ εwÞ � 1þ bsþ b

2

� �
εw: ð1Þ

Where s is the average direct fitness effect of substitutions, and b
2

� �
denotes the binomial

coefficient “b choose 2” equal to the number of pairs among b total substitutions. Substitution

i carries a direct fitness effect si, and each pair of alleles i,j has an epistatic effect of εij. Finally,

εw denotes the average strength of epistatic interactions of alleles that have evolved “within”

the same genetic background and s denotes the average additive effect of fixed substitutions.

The approximation on the right side of Eq (1) is accurate whenever the selective effects (both

direct and epistatic) are very small and have low variance. The exact form of Eq (1) is used to

calculate all results in figures, but the approximation is useful in describing how parameters

impact fitness. For example, note that fitness in the recipient population depends linearly on

the number of substitutions, but the number of pairwise epistatic interactions increases

quadratically.

Selection on individual alleles

We can now consider introgression of 3 different classes of alleles (Fig 1B). The first is a site at

which a substitution occurred in population A but not in B, termed “new” alleles. The selection

coefficient on this allele can be expressed as:

snew ¼
WI
�W
� 1 ¼

b 1þ εbð Þ
Qbþ1

i¼1
1þ sð Þ

Q
i;j2B 1þ εwð Þ

�W
� 1 � sþ bεb ð2Þ

That is, the allele carries 1 new direct fitness effect, as well as b epistatic interactions of

strength εb—epistasis of alleles “between” populations. Unlike within population epistatic

interactions, these will be epistatic interactions that have not been tested by selection (as they

are between alleles evolved in different backgrounds) and so are likely to be quite different (see

Dagilis and colleagues [13] for simulations confirming this intuition). Indeed, while εw can on

average be expected to be positive, εb is likely to be both negative and an order of magnitude

weaker. What these parameters suggest is that even alleles with directly beneficial fitness effects

will be selected against as populations diverge (b increases). On the other hand, if epistasis

between populations is positive for some reason (due to the shape of the fitness landscape, for

example), introgression of these alleles will on average be selected for.

A second type of allele that can introgress is what we will call an ancestral allele—a position

in the genome in which the recipient population has fixed a substitution, but the introgressing

allele carries an ancestral variant. Following the logic from above, the selection coefficient of

an allele of this type can be expressed as:

sancestral � � s � ðb � 1Þεw: ð3Þ

In this case, the introgression of the ancestral allele removes a direct fitness effect as well as

b-1 epistatic effects with existing substitutions in the recipient population. Thus, it is immedi-

ately clear that fitness effects of introgressing ancestral variation will in general be more

introgressing haplotype of length x carrying all 3 types of alleles will both introduce novel epistatic interactions (solid

arrows) and remove existing ones (dashed) in individuals carrying the haplotype compared to others in the population.

https://doi.org/10.1371/journal.pbio.3002185.g001
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deleterious than those of introgressing new alleles under reasonable parameter space (positive

within population epistasis), since they remove whatever the direct fitness effect is and remove

positive epistasis. As with the introgression of new alleles, the total selection on these alleles

increases as the recipient population becomes more diverged (larger b).

Finally, we can consider what occurs when an introgressing allele is derived compared to

the ancestral allele, but also replaces an existing derived allele in population B. In this case, it is

reasonable to assume that the 2 fitness effects are essentially combined—we can call this type

of allele a “replacement” allele and express its selection coefficient as:

sreplacement � b � 1ð Þ εb � εwð Þ ð4Þ

Here again, whenever εb< 0 and εw> 0, increased divergence leads to stronger selection

against introgression; however, direct selection coefficients do not play a role as we assume

direct effects of alleles fixed in either population are equivalent. Since epistasis may often be

orders of magnitude weaker than direct fitness effects, these types of alleles may be very weakly

selected while b is small (early in divergence). Note that in the special case εb = εw, no selection

against these types of alleles is expected under this model.

Selection on haplotypes

Introgression of a larger block of alleles is likely to contain loci of all 3 types (Fig 1C). When

more than a single allele introgresses, the effect of the full haplotype is not simply a sum of the

effects of Eqs (2) to (4), but also includes effects between the alleles on the haplotype itself. The

only new type of interaction will be within population epistatic interactions (εw) between

alleles coming from population A (either new or replacement alleles). That is, each pair of

those alleles has its own small epistatic interaction of strength εw.

To simplify notation somewhat, we can consider that the introgressing haplotype will carry

alleles at 2 types of sites—ones in which the source population (A) has fixed substitutions, and

ones in which the recipient population (B) has fixed substitutions. New alleles will be of the

first type, while ancestral of the second, and replacement alleles are of both types. Letting the

numbers of these be xA and xB, respectively, we define the size of the haplotype (x) as the total

number of alleles it is carrying, which will be equal to the number of new, ancestral, and

replacement sites. Since sites with derived alleles fixed in A can be either new or replacement

alleles, xA = xnew + xreplacement and xB = xancestral + xreplacement. With all of these assumptions,

the effective selection coefficient of an introgressing haplotype in a haploid population can be

expressed as:

sI � s xA � xBð Þ þ
εw

2
x2

A � xA � xB 2b � xB � 1ð Þ
� �

þ εb xA b � xBð Þ ð5Þ

We can further simplify the above relationship by assuming that replacement alleles will be

quite rare early in the process of divergence, and letting the fraction of x composed of ancestral

alleles be denoted as f with the remainder being new alleles (e.g., fx = xancestral, (1-f)x = xnew).

The selection coefficient on an introgressing haplotype can then be expressed as:

sI � 1 � 2 fð Þ sxþ
εw

2
x2 � xð Þ

� �
� x εw f � εb 1 � fð Þð Þ b � x fð Þ ð6Þ

Note that the number of fixed variants in the recipient population (b) only appears as a lin-

ear term, while the size of the introgressing haplotype (x) appears as a quadratic term. As a

result, the size of the haplotype can have a larger effect on its fitness than the divergence of the

recipient population while b is of a similar order of magnitude to x. We can make 2 final
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simplifications for early and late divergence. Early in divergence, if a haplotype only carries

newly derived alleles, Eq (6) further simplifies to:

sI � sxþ εw
x
2

� �
þ εbxb ð7Þ

As divergence continues, and b>> 1, we can instead assume that all alleles on the intro-

gressing haplotype will be replacement alleles. When x<< b, the total fitness of the haplotype

can then be approximated as:

sI � xbεb ð8Þ

The replacement alleles introduce as many within population epistatic interactions as they

remove, leading to a linear relationship between haplotype size and its fitness.

We can parameterize the exact form of Eq (5) to examine the exact effects of b and x. The

exact values of the relevant parameters are hard to gauge—very few studies of epistatic effects

between many alleles have been performed (but see Costanzo and colleagues [38]). In general,

some large differences between εw and εb may be expected. Within-population interactions

are exposed to selection, and are therefore not only likely to be positive, but in simulations

have been shown to be an order of magnitude larger than between-population interactions

[13]. On the other hand, because between population interactions are not exposed to selection,

they are likely to be a random subset of interactions among all possible epistatic interactions.

For illustrative purposes, we will assume that εb = −10−4 and that εw is an order of magnitude

larger and positive in line with prior simulations [13]. Nonetheless, these simulations were

based on a network of interactions between knockout mutations and so may be orders of mag-

nitude larger than most epistatic interactions. We examine a slightly larger parameter space in

S1 Fig, but we try to draw conclusions from the general shapes of the fitness curves rather than

their exact values. Finally, we chose a value of s (−0.01) that is larger than any of the epistatic

effects—the actual fitness landscape may be highly different (and indeed all these values may

change with divergence), so caution must be employed in interpreting the actual values of the

curves. As a result, we will talk about “small” and “large” haplotypes, as well as “early” and

“late” divergence, but the exact values of small or early depend entirely on the values of the

selection parameters in a system.

When divergence is low (and by consequence b is small), introgression of large haplotypes

carrying new alleles is strongly favored (Fig 2A). As divergence continues, the size of the

introgressing haplotype necessary to overcome incompatibilities becomes larger, and even

small haplotypes are strongly selected against (Fig 2A). At some degree of divergence, the

number of alleles necessary to overcome the number of incompatibilities becomes so large as

to be practically impossible, leading to a purely negative relationship between the size of the

haplotype and fitness over feasible haplotype sizes. A second effect of divergence is that hap-

lotypes become increasingly unlikely to carry solely new alleles as the region they introgress

in is more and more likely to have fixed substitutions in the recipient population. Replacing

existing variants with either ancestral alleles or new derived alleles decreases the fitness of

the introgressing haplotype strongly (Figs 2B and 3). This is the case even though we assume

the direct effects of the fixed substitutions are deleterious (i.e., removing each diverged allele

without accounting for epistatic effects would be beneficial). If we further expand to vary the

number of new, ancestral, and replacement alleles at the same time, we find that replacement

alleles act largely like ancestral alleles, especially later in divergence (Fig 3)—they are gener-

ally deleterious because they break up large numbers of existing co-adapted sets of alleles,

and while they bring in some positive epistasis among each other, the number of those inter-

actions is relatively small in comparison. While we choose very large epistatic effects here for
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illustrative purposes, they are based on observed epistatic effects in yeast mutants [38], and

so may represent reasonable values for the introgression of haplotypes carrying large effect

alleles. Smaller epistatic effects are likely to change the scale of divergence needed to see

selection against introgressing haplotypes as well as the size of the introgressing block before

Fig 2. Results for a haploid model. (A) When divergence (b) is low, even fairly small introgressing haplotypes carry sufficient positive interactions between

introgressed derived alleles to cancel out potential deleterious effects. As divergence increases, however, the fitness of smaller haplotypes rapidly declines,

and it takes increasingly larger haplotypes to cancel out potential DMIs. If each allele has only direct negative selection on it in the receiving population

(solid black line), a simple linear relationship in fitness is expected. Note that we assume direct selection on each allele is on average negative, and so the

positive selection is entirely driven by epistasis. (B) When the introgressing haplotype is only carrying novel alleles (f = 0), increasing the number of alleles

introgressing introduces increasing amounts of positive epistasis. However, as it replaces more and more of existing substitutions in the receiving

population, it becomes more and more strongly selected against. In both panels, it is assumed all alleles are carrying either new or ancestral variants, with no

replacement alleles (xreplacement = 0). Solid lines show exact numeric solutions, while dashed lines show approximations from Eq (5). The code underlying

this figure can be located in S1 File.

https://doi.org/10.1371/journal.pbio.3002185.g002
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it becomes positively selected. We can predict both of these quantities by examining the

inflection point of Eq (6).

Since σI = 0 when x = 0 (by definition, as there is no selection on a haplotype carrying no

alleles), the quadratic shape of the fitness function (Eq (6)) and reasonable parameter assump-

tions (εw> 0> εb) suggest there is a minimum fitness of an introgressing haplotype depen-

dent on its size (S2 Fig). This minimum will occur when the derivative of Eq (6) with respect

to x is 0. If we ignore direct fitness effects (i.e., let s = 0), this value occurs at:

b
εw f � εbð1 � f Þ

εw � εw þ εbð Þ2 f ð1 � f Þ
ð9Þ

When f = 0 (i.e., only new alleles are being introduced), this is simply -bεb
εw

, so it depends

entirely on the ratio of between and within-population epistasis (S2 Fig) and divergence of the

recipient population. If between-population epistasis is several orders of magnitude weaker

than within, the most strongly selected-against haplotypes will be a small fraction of the diver-

gence in the recipient population. For example, if εb� 10−6 and εw� 10−4, then the minimum

Fig 3. The effect of replacement alleles mimics introgressing ancestral variation. Examining how the selection coefficient on an introgressing

haplotype changes as the fraction of substitutions it carries varies between new, ancestral, and replacement alleles. Parameters listed in top left and

calculations based on exact numerical evaluation of fitness (see S3 Fig for approximation using Eq (5)). Early in divergence (top row), carrying more

ancestral variants has a more strongly deleterious effect than carrying replacement alleles. However, as divergence increases (lower plots), haplotypes

that carry replacement alleles begin looking largely like haplotypes that carry entirely ancestral variants. In all cases, haplotypes carrying only novel

alleles are the least deleterious. The code underlying this figure can be located in S1 File.

https://doi.org/10.1371/journal.pbio.3002185.g003
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fitness of an introgressing haplotype occurs when it introduces 0.01b new alleles. Any larger

haplotypes will be increasingly less deleterious and potentially positively selected. When both

εb and εw are positive, this inflection point is negative, meaning that all introgression is posi-

tively selected. Finally, if both epistatic parameters are negative, the inflection point is again

negative, but all introgression is selected against. As within and between epistasis become

more similar, this value gets increasingly closer to b, meaning unrealistically larger haplotypes

are necessary to overcome any deleterious effects—e.g., if the recipient population has fixed

200 substitutions and εb = -εw, then haplotypes introducing up to 200 alleles will be increas-

ingly selected against, equivalent to swamping the recipient genome with as many diverged

alleles as it has already fixed. When f = 1/2 (so half of the alleles are replacing existing variants),

the above is always equal to b, meaning that haplotypes are increasingly selected against until

they replace more than half of the existing substitutions, and introduce an equal number of

new alleles. Finally, when f = 1, Eq (9) is again equal to b, meaning that haplotypes that are

only replacing existing variants are always more strongly selected against as they become larger

(S2 Fig). Note that in this final case, the maximum value of x is b, as if each allele is swapping a

diverged variant for an ancestral one, then you can at most replace b alleles.

Selection in diploids

While results are straightforward for the haploid model, several new parameters need to be

introduced for a diploid model (S4 Fig). Direct fitness effects are assumed to have dominance

h. When alleles tend to be recessive (h< 0.5), the removal of existing variants has larger fit-

ness effects, making introgression harder when more alleles are being replaced (f> 0) (S5

Fig). On the other hand, dominant alleles heighten the effect of introducing new variants,

making introgression more difficult if alleles are negatively selected and only new alleles are

introduced (S5 Fig). Epistatic interactions may also have varying degrees of dominance (S4

and S5 Figs). In particular, epistatic interactions may occur at different strengths depending

on whether both derived alleles are heterozygous, one is heterozygous and the other is homo-

zygous, or both are homozygous [12,13]. We parameterize this by setting the interaction

strength when both alleles are homozygous as ε, while homozygous–heterozygous interac-

tions are assumed to be on average of strength a2ε and heterozygous–heterozygous interac-

tions are of strength a1ε. A closed form expression for the approximate fitness of a haplotype

introgressing in a diploid population can be found in the Materials and methods (Eqs

[13,13]), but the addition of 2 extra parameters makes simple analytical conclusions more

difficult to draw. Assuming that a1 and a2 are roughly proportional (e.g., both recessive or

both dominant), several broad patterns can be identified. As epistasis becomes recessive, the

role of new alleles is strongly weakened (S5 Fig). Especially early in the process of introgres-

sion, the introgressing haplotype is almost always going to be found in heterozygotes. As a

result, any within population epistasis will be strongly dampened, while any between popula-

tion epistasis will be quite weak (S5 Fig). This means that any new epistatic interactions the

haplotype introduces have a very weak effect on fitness, while the removal of existing interac-

tions plays a much stronger role. On the other hand, dominant epistasis would suggest that

within effects are expressed nearly as strongly as in the haploid case, and between effects are

immediately exposed to selection (S5 Fig). In our general case of positive within and negative

between this leads to strong selection against the introgressing haplotype. If epistasis tends to

be dominant, therefore, introgression should on average be more positively selected than if it

is recessive. In nature, of course, introgression is likely to vary in dominance broadly both

within and between systems.
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Effects of recombination

So far, we have discussed the model in terms of haplotypes unaffected by recombination. This

simplifying assumption allows us to infer the effective selection coefficient of a set of alleles,

but is not likely to be held in a variety of cases of introgression. We were unable to extend the

results to an arbitrary linkage map; however, we can make some conclusions about introgres-

sion across the genome based on the results from the fully linked haplotype approach.

Imagine the genome is split up into haplotypes, the sizes of which are inversely correlated

to local recombination rates. In turn, we would expect regions of the genome with high recom-

bination to have small introgressing haplotypes, while regions of the genome with low recom-

bination may carry much larger introgressing blocks. To further simplify, we will assume that

any individual is at most carrying a single region with introgressed alleles. While the average

fitness in the population (Eq (1)) will change with many introgressing haplotypes of various

sizes, the relative fitness of each haplotype should still show the same shape, since average pop-

ulation fitness only appears in the denominator (i.e., the change is only quantitative, but not

qualitative). As a result, we can make some predictions—early in the process of divergence,

large introgressing blocks (found most likely in regions of low recombination) will have higher

fitness than small ones (found in regions of high recombination), with intermediate blocks

showing the lowest fitness. Thus, there may be a negative relationship between local recombi-

nation rate and introgression. Later in divergence, large haplotypes are less fit than small ones,

and so a positive relationship between recombination rate and introgression is expected to

occur. The latter pattern has been seen in many studies of introgression between species

[26,39,40], while a negative pattern between recombination and introgression was observed in

gene flow between populations of D. melanogaster [30].

Introgression in Drosophila melanogaster
Within Africa, D. melanogaster is strongly genetically structured, with multiple distinct ances-

tries geographically distributed throughout the region [37]. Subsequent gene flow between

these ancestries has been detected in multiple studies [30,37]. A particularly intriguing case is

introgression of African ancestry into North American populations, in which a negative rela-

tionship between recombination rate and introgressed ancestry was previously identified

[30,31]. In previous work, we identified recent introgression between an ancestry primarily

present in Western Africa (called West) and an Out of Africa ancestry primarily present

among North American flies (referred to as OOA2), confirming prior observations by Pool

and colleagues. This introgression event represents an opportunity to test some of the predic-

tions of our model for recently diverged populations. The ancestries in question likely have

been separated for 10,000 years [41], and introgression is thought to be a result of the Triangle

trade, taking place from the XVIth to the XIXth centuries. In previous work, we calculated a

measure of introgression proportion within local genomic windows (fD) as well as population

differentiation (FST) in non-overlapping 200 SNP windows across the genome for these popu-

lations (Coughlan and colleagues, 2021). Here, we use those data to test several predictions of

our model.

We first calculated the Population Branch Statistic (PBS) [42] for each of 3 populations:

OOA2, West, and South1—the latter being an ancestry present in Southern Africa with no evi-

dence of introgression with either of the other 2 populations. Briefly, PBS indicates what pro-

portion of the total branch length for a window leads to the focal population. As introgression

would lead to shorter branch lengths between the introgressing populations, we used FST cal-

culated excluding any individuals that carried more than 1% introgressed ancestry according

to ancestry estimates performed using PCAngsd [43]. This gives us a baseline of divergence

PLOS BIOLOGY The fitness of an introgressing haplotype

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002185 July 17, 2023 11 / 24

https://doi.org/10.1371/journal.pbio.3002185


between these ancestries without the effect of introgression. We next set all negative PBS values

to 0, as a negative value of PBS is not intuitive to interpret (however, our results hold even

when these windows are retained, S6 Fig). Finally, we re-normalize each window by dividing

each PBS value by the total of the 3 PBS values at that window. The resulting values naturally

sum to 1, letting us ask what proportion of evolution has likely occurred on each branch

among the 3 populations. A West branch value of 1 for a window would therefore indicate that

all substitutions within that window have taken place along the branch to the Western popula-

tion, with South1 and OOA2 populations sharing all alleles. We next examined whether win-

dows with high fD differed in their branch lengths compared to the genome average (Fig 4B).

We find that while most of the genome has large OOA2 branch values, high introgression win-

dows tended to cluster at higher South1 values. This recent introgression event seems to con-

firm some of the predictions made in our model, as these populations with low divergence

show overall a negative relationship between introgression and recombination (Fig 4C) as

High

Low

Fig 4. (A) Previous work has identified an introgression event between Western African D. melanogaster (West) into North American populations (OOA2). South

African populations (South1) are ancestral to both and used as an outgroup. Using previously published data, we calculated branch scores (normalized Population

Branch Statistics), for 25,874 windows across the genome with some evidence for introgression. fD statistics were calculated using the population relationship shown in A,

with OOA1 as a sister population with OOA2. (B) The genome-wide density of relative branch scores is clustered at values indicating high differentiation between OOA2

and both of the other populations (red values—high density, blue—low). However, the higher introgression windows (fD > 0.5) are depleted for long OOA2 branches and

show many more windows with longer West and South1 branches. (C) Density plot of recombination rate versus fD, each bin is colored by the number of windows

within the bin. A negative relationship between local recombination rate and introgression exists for all windows with fD >0 and (D) a similar negative relationship exists

for OOA2 branch score and introgression, indicating diverged windows are more resilient to introgression. No significant relationship between West branch length and

fD was identified. Slopes and p-values are from individual linear models for each plot. The code and data underlying this figure can be located in S1 File.

https://doi.org/10.1371/journal.pbio.3002185.g004
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observed previously [30,31]. Windows that have shown higher divergence in the recipient pop-

ulation show overall resilience to introgression (Fig 4D), with both relationships significant in

linear models of the data. However, as recombination rate and PBS seem to be somewhat co-

linear, we cannot easily separate out the causal relationship, and their co-linearity makes statis-

tical analysis difficult. We do, however, find no significant relationship between the West

branch and fD. Note that because the relative branch scores are calculated using individuals

with no admixed ancestry according to NGSAdmix [44], these patterns should not be driven

by introgression reducing PBS scores for the OOA2 population.

Discussion

Our model describes the fitness of an introgressing haplotype over the course of divergence.

Divergence, the fraction of the haplotype that replaces locally diverged alleles, and (in case of

diploidy) epistatic dominance play the largest roles in determining whether and what kinds of

haplotypes can introgress. We discuss each of these in turn.

Divergence

Early in divergence, when the recipient genome has fixed few substitutions, introgression is

unlikely to replace new derived alleles. In turn, the majority of the alleles introgressing may be

bringing in entirely new variants. While their exact fitness depends on how divergence

between the 2 populations has taken place, these alleles are likely to be neutral or positively

selected to have been fixed in the source population. While these alleles may have negative epi-

static interactions with alleles fixed in the recipient population, there are relatively few of these

possible incompatibilities [10,12]. Additionally, there is likely positive epistasis between alleles

the introgressing haplotype is carrying [13]. The number of deleterious interactions with

alleles in the recipient population increases linearly with the size of the introgressing haplo-

type, while the number of positive epistatic interactions increases quadratically (Eq (6)). In

effect, larger introgressing haplotypes are expected to, on average, be more positively selected

during the early stages of divergence. Even for alleles that are highly deleterious in the recipient

population, positive epistasis may allow larger haplotypes to introgress, although this may only

occur for haplotypes carrying very many alleles under some fitness landscapes (Fig 2A). The

same is largely true for haplotypes introgressing in a diploid population; however, the domi-

nance of epistasis plays a large role in determining selection on the introgressing haplotype (S5

Fig). Gene flow between populations with low levels of divergence is not often dissected in the

same way as gene flow between diverged species, but several studies do suggest that, in general,

the fraction of the genome which shows evidence of introgression decreases with increasing

divergence [45]. Whether larger haplotypes are also introgressing at lower degrees of diver-

gence is, as far as we are aware, unknown, but this pattern should in part result in a negative

relationship between recombination rate and introgression, which has been observed in intro-

gression between populations of D. melanogaster [30,31], and is repeated in this study (Fig

4C).

As species continue to diverge (and b increases), there is a buildup of reproductive incom-

patibilities leading to increased selection against introgressing haplotypes. In turn, it takes

larger introgressing haplotypes to overcome the deleterious effects with the recipient popula-

tion, with the inflection point defined in Eq (8) relating directly to total divergence. The num-

ber of alleles required to overcome incompatibilities with the recipient genome quickly

becomes so large as to be implausible, leading to an increasingly negative relationship between

the size of the haplotype and its fitness (Fig 2A). Therefore, introgression of smaller haplo-

types, which are on average more weakly selected against, is much more likely than
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introgression of large haplotypes. This relationship should manifest in a pattern of decreased

introgression in regions of the genome with low recombination, a pattern observed in several

species, for example, swordtails [26]. These results are also congruent with previous models

that assume that larger introgressing haplotypes are broken down by recombination to avoid

direct negative fitness effects [18] or to break up negative epistatic interactions [40].

Finally, divergence is also likely to play a role in modifying the other parameters of our

model. As populations diverge, the relevant parameters of alleles fixed within each popula-

tion (s and εw) may change [13]. Mutations that are increasingly deleterious in the ancestral

background may be able to fix due to a buildup of positive epistasis with previously fixed sub-

stitutions. In the figures presented in this manuscript, we assumed that direct effects would

be an order of magnitude more deleterious than epistatic. Early in divergence, this may not

be the case—it is unlikely that the first mutations to fix would be highly deleterious in an

ancestral background. Even small haplotypes may be favored to introgress early in diver-

gence (and indeed, individual alleles might be favored to introgress when divergence is

extremely low). As divergence continues, s may decline while εw increases—making intro-

gression increasingly more difficult. Similarly, εb can change over the course of divergence

as well, with its value determined entirely by the fitness landscape and where on it the 2 pop-

ulations evolve to. Lastly, the fraction of alleles that replace local variants will naturally

change over the course of divergence. While a haplotype is unlikely to replace fixed differ-

ences in the recipient population early in divergence, it becomes more likely to do so as

divergence increases. Many of the factors crucial to determining the marginal fitness of an

introgressing allele in Eq (6) may therefore change with respect to b, but our model is still

useful in capturing the fitness of introgressing haplotypes given a fixed set of selective

parameters.

Fraction of ancestral and replacement alleles

Not only is an introgressing haplotype bringing in novel alleles, which now have many

potential incompatibility partners, but also that haplotype is likely to replace existing derived

alleles in the recipient population (i.e., see [46]). Whether this replacement occurs in the

form of reintroducing ancestral variants or different diverged alleles (Fig 1B), larger haplo-

types replace more diverged alleles, disrupting existing epistasis in the population. As we

note earlier, the positive epistasis within a population has evolved under a selective sieve, and

so it is likely to both be on average positive and of a larger magnitude than random new

interactions between alleles untested in the same genetic background [13]. Because of this, as

larger haplotypes replace more local alleles, they remove increasing numbers of positive

interactions and may be strongly selected against (Fig 1C). This effect is paralleled in diploid

populations (S5 Fig), although it depends strongly on the dominance of epistatic interactions

—if epistatic interactions are dominant, a rare introgressing haplotype will not diminish the

effects of within population epistasis very strongly. Whether the introduced alleles are simply

bringing in ancestral variation or replacing existing derived variants with new ones, haplo-

types carrying many such alleles are generally more strongly selected against than ones carry-

ing derived variants at sites with ancestral variation in the recipient population (Fig 3). This

means that introgression is expected to be strongly resisted in parts of the genome that have

large numbers of diverged alleles, but not necessarily in regions carrying primarily ancestral

variants. We find this pattern among populations of D. melanogaster, with a negative rela-

tionship between introgression and divergence of the recipient population (OOA2) from the

source (West) (Fig 4D).
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Dominance of epistasis

In the haploid case, we can infer some reasonable parameter values (specifically for epistasis

within and between populations) to make some general conclusions. Such conclusions are dif-

ficult to extend to diploids without a clear understanding of the dominance of epistatic interac-

tions. While rare, the introgressing haplotype will occur primarily in heterozygotes. As such,

when epistasis is recessive, introgressing haplotypes will not benefit from positive interactions

among the alleles they carry, but replacement alleles will strongly disrupt existing positive epis-

tasis and lead to overall stronger selection against introgression (S5 Fig). On the other hand, if

epistasis is dominant, introgressing haplotypes do not disrupt existing interactions, and will

bring in stronger positive effects among the alleles they carry, leading to much stronger selec-

tion for introgressed haplotypes of any size. Little is known about the dominance of epistatic

interactions, but they may be recessive as suggested by studies of the large-X effect [12] and

Haldane’s Rule [47]. As with any biological system, actual substitutions are likely to have epi-

static interactions of various dominance and so models of a single parameter for dominance

are unlikely to fully represent reality. Nonetheless, the general shape of the fitness functions

does not change based on the dominance parameters examined here, and so most of our pre-

dictions should hold in a variety of circumstances.

Caveats

Our model is simplistic by design, in order to give a clearer intuition of the relationship

between the size of an introgressing haplotype and its fitness during the course of divergence.

To describe this relationship, we make several major assumptions. First, we assume that the

haplotype has appeared in the recipient population, but do not know how. In order for a small

haplotype to occur in the recipient population, many generations of backcrossing must first

occur. Later in divergence, when selection against large haplotypes is very strong, it may be

exceedingly rare for these small haplotypes to make it across species barriers, primarily because

early generation backcrosses are strongly selected against (see [48] for a recent review). Indeed,

we do not account for the fitness of F1 or later generation hybrids at all and simply measure

the fitness of the haplotype against an otherwise uniform genetic background.

Second, we ignore recombination in our model, which prompts several important qualifi-

ers. The haplotype’s fitness determines its fixation only if that haplotype stays the same size—

in practice, the fitness of a haplotype and its fixation probability are not identical. Haplotypes

spanning large sections of chromosomes and carrying many alleles may be positively selected

but are also more likely to be broken up by recombination. As noted in Sachdeva and Barton

[33] “the initial introgression of loci within a block is governed by the rate of the spread of the

block (rather than the selective effects of individual loci),” with block sizes being determined

by recombination. In effect, while the fitness we calculate in our model may be an important

factor, how recombination decays larger haplotypes into stable blocks plays a crucial role in

the establishment of the introgressed region. In a simplified view, if we extend the logic of

Sachdeva and Barton to our model, intermediate sized blocks may introgress most easily early

in divergence, even if they are not the most fit. Our model is more accurate if the haplotype is

being maintained at its size by an inversion or some recombination modifier linked to the hap-

lotype, acting as a “supergene” [49–52], but most introgressing regions are unlikely to be main-

tained in perfect linkage disequilibrium. Similarly, because we ignore recombination, we

equate the numbers of alleles it carries with its physical size. However, in practice, physically

small regions may carry many more alleles than large ones, especially as gene density can be

highly heterogeneous. As a result, our expectation of different relationships between
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recombination rate and introgression probability depends in large part on an assumption of a

roughly equal density of substitutions across the genome.

Lastly, we assume that there are only 2 genotypes in the population—individuals carrying

the “recipient” genetic background and those carrying the introgressing haplotype. Even if we

ignore polymorphism within the recipient population before hybridization, which may be

highly relevant to fitness of hybrids in general [53,54], the 2 processes above—backcrossing

and recombination—will lead to a wide array of genotypes in the recipient population. Real

instances of introgression have the haplotypes evolving alongside many other introgressing

haplotypes of various sizes and distributions along the genome. Early in divergence, this may

dampen the benefits of keeping large blocks intact, as individuals may carry many unlinked

co-adapted introgressing alleles that weaken selection against any individual introgressing

allele. More broadly, this means that multiple haplotypes of varying sizes are likely to be intro-

gressing, making predictions far less straightforward [21,22,31].

Conclusions

Selection for or against introgressed haplotypes seems to follow similar patterns to fitness of

hybrids in general. Early in divergence, hybrid fitness can remain high [13,15,16], and similarly

we find that introgressing haplotypes may be positively selected early in divergence. Under

reasonable parameters, co-adapted epistatic interactions can outweigh deleterious epistasis

and lead to positive selection of large introgressing haplotypes. This is especially the case when

the haplotype carries alleles at sites that have not experienced substitutions in the recipient

population. On the other hand, later in divergence, as hybrid fitness decreases, haplotypes are

negatively selected unless they are bringing in vast numbers of novel alleles, which is unlikely

to occur in nature. Therefore, different relationships between introgressing haplotype size and

fitness are expected between recently diverged populations and highly diverged species pairs.

There are 2 consequences from these simple observations. Late in divergence, recombina-

tion that breaks up introgressing haplotypes is nearly always favored, as smaller haplotypes

have lesser fitness consequences. This expectation may explain the observed positive correla-

tion between introgression and recombination in several systems, including swordtail fish,

Heliconius butterflies, and Neanderthal-human introgression [26,55]. However, early in diver-

gence, larger haplotypes might actually introgress more easily, although the degree to which

they do so depends largely on the recombination map [32]. In turn, the relationship between

recombination rate and introgression may not exist or even be reversed. The second major

result is that introgression should be impacted by how many diverged alleles an introgressing

haplotype is replacing. Introgression of a haplotype that carries almost entirely new derived

alleles is almost always more beneficial than a haplotype replacing existing derived alleles in

the population (see Figs 2B and 3).

The predictions of our model generate several major expectations for patterns of intro-

gression in nature that we cannot test here. First, large haplotypes that have managed to

introgress should carry proportionately few ancestral or replacement alleles, as they should

be strongly selected against otherwise. Second, even in the absence of asymmetric migration

rates, there should be an asymmetry in the direction of introgression, with species that are

more highly diverged in the pair showing less evidence of introgression. Haplotypes intro-

gressing into a more diverged population are more likely to replace existing derived alleles,

and so are more strongly selected against than haplotypes introgressing into a genetic back-

ground that has fewer substitutions in general. A rapidly adapting population therefore ends

up with a genome that is more resilient to introgression than a sister population drifting

around the ancestral optimum. Asymmetry in directionality of introgression has been

PLOS BIOLOGY The fitness of an introgressing haplotype

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002185 July 17, 2023 16 / 24

https://doi.org/10.1371/journal.pbio.3002185


observed in many taxa, for example, Mimulus, Anopheles, and Motacilla [56–59]. It is often

explained by Darwin’s Corollary to Haldane’s Rule [60]—asymmetry in postzygotic isolation

resulting in lack of backcrosses to 1 direction of parents. Alternatively, as in our D. melano-
gaster data, the asymmetry may be driven by asymmetry in migration rates (with migrants

from West Africa to North America, but not in reverse). Our model suggests that even in the

absence of asymmetry of postzygotic isolation or migration, asymmetry of introgression can

occur when one of the taxa has evolved more rapidly than the other. This same pattern may

be mirrored along the genome, with regions of the genome which have many fixed substitu-

tions being resilient to introgression. However, divergence at a single population is insuffi-

cient to generate an “island of speciation” [61–63], as introgression from the diverged

population into a population carrying largely ancestral variants is still possible. Instead,

islands of speciation that are resilient to ongoing gene flow between populations will only be

generated when both populations fix multiple substitutions within the same region, creating

barriers to introgression in both directions.

The current model shows how basic intuitions about the size of introgressing blocks are

affected by epistatic fitness effects on the block of introgressing alleles and with the recipient

genome. The results we obtain depend on several parameters that require far more study. Very

few studies to date have examined the strength of epistatic interactions, and so parameterizing

our model is still difficult. Similarly, very little is known about the dominance of epistasis.

Lastly, our model, like any model, makes simplifying assumptions that are not likely to hold in

many natural cases of introgression. Nonetheless, this work provides a novel framework to

understand the fitness effects caused by the interplay between the size of introgressing allele

blocks and divergence time.

Materials and methods and model details

We model the fitness of an introgressing haplotype that carries x alleles that are not present in

the recipient population. For simplicity, we assume that the recipient population does not

carry any polymorphisms aside from the introgressing haplotype. We will only examine the fit-

ness of the introgressing haplotype while it is rare. As such, we assume that the average fitness

of the population is determined entirely by the fitness of locally fixed alleles, relative to the fit-

ness of a purely ancestral genome set to 1. The fitness of an individual carrying a set of derived

alleles X is defined to be:

WX ¼
YjXj

i¼1
ð1þ siÞ

Y

i;j2X;i6¼j
ð1þ εijÞ ð10Þ

Where sx is the direct selection coefficient of allele x and εij is the epistatic effect between alleles

i and j. That is, we assume that the total fitness is a product of all fitness effects, although largely

the same approximations are obtained assuming fitness is the sum of these effects. The fitness

of an individual carrying the introgressing haplotype will therefore depend on the alleles the

haplotype is carrying—these will be the diverged alleles outside the haplotype (B\XB, i.e., all

diverged alleles in B minus those that are overwritten by the introgressing haplotype) and the

new diverged alleles brought in by the haplotype (set XA). A carrier of an introgressed haplo-

type therefore has the set of alleles I = XAUB\XB. Finally, we assume that all fitness effects have

low variance, so that total fitness is well approximated by using the average of these effects

(e.g., si = s and εij = εw or εb). This assumption may not be held in interaction networks that

are highly structured (with some mutations having many strong interactions and others hav-

ing few weak ones), causing high variance in the possible fitness effects. However, the expected

fitness should not be affected (see [64,65]). The fitness of an individual carrying the
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introgressed haplotype is therefore:

WI ¼
Y

i¼XA[ðBnXBÞ

ð1þ siÞ
Y

i;j2XA;i6¼j

ð1þ εijÞ
Y

i;j2ðBnXBÞ;i6¼j

ð1þ εijÞ
Y

i2XA ;j2ðBnXBÞ

ð1þ εijÞ ð11Þ

Where εw is the average epistatic effect for alleles fixed “within” the same population, while εb
is the epistatic effect for alleles fixed “between” populations. The relative selection coefficient

can then be calculated as WI divided by the average fitness of an individual in B, given by the

left side of Eq (1), minus 1. These equations are used to produce Fig 2. To obtain analytically

simple results, we note that when the epistatic effects and direct selection are very small, the

above is well approximated by:

WI � 1þ s xA þ b � xBð Þ þ εw xA þ b � xBð Þð Þ þ εbxA b � xBð Þ ð12Þ

Where b = |B| or the size of set B. Note that alleles in sets XA and XA can overlap (i.e., a replace-

ment allele is a locus where population B has a fixed substitution that also has a fixed substitu-

tion in population A). If we think of the 3 types of introgressing alleles outlined in Fig 1B, xA =

xnew + xreplacement, while xB = xancestral + xreplacement. Early in the process of divergence, it is rea-

sonable to assume that the number of replacement alleles will be negligible, and so to simplify

results we assume that xreplacement = 0, but see Fig 3 for an exploration of how replacement

alleles affect the fitness of the introgressing haplotype. We can next assume that xA = (1-f)x
and xB = f x, and plug in these values to obtain Eq (6). Finally, we can take the derivative of the

resulting equation with respect to x while setting f = ½ to obtain Eq (9).

Diploid model

We now need to consider the diploid case. We again assume the haplotype is quite rare, thus

will always be found in a heterozygous state. As such, we need to consider 2 types of domi-

nance effects—dominance of direct and epistatic effects. We assume direct effects have, on

average, dominance h. Epistasis between 2 heterozygous-derived alleles will be assumed to be

of strength a1ε, while epistasis between a homozygous and heterozygous-derived pair of alleles

is of strength a2 ε. Epistasis between 2 homozygous-derived alleles is of full strength ε. Like the

haploid model, we can express the fitness of an individual carrying the introgressed haplotype

as follows:

WI ¼
Y

i¼XA[XB

1þ hsð Þ
Y

i¼BnXB

1þ sð Þ

Y

i;j2XA;i6¼j

1þ a1εwð Þ
Y

i;j2XB;i6¼j

1þ a1εwð Þ

Y

i2XB ;j2ðBnXBÞ

1þ a2εwð Þ
Y

i;j2ðBnXBÞ;i6¼j

1þ εwð Þ

Y

i2XA;j2XB

ð1þ a1εbÞ
Y

i2XA;j2ðBnXBÞ

ð1þ a2εbÞ ð13Þ

And the effective selection coefficient can be calculated by comparing this fitness to the fitness

of an average individual in the population, still equal to Eq (1). These equations are used to

produce S5 Fig. Following the same logic as before, we can approximate the relative selection
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coefficient further by assuming all effects are small and have low variance to produce:

sI � sx h � fð Þ þ εw a1

x x � 1ð Þ

2
� x2f 1 � fð Þ

� �

þ a2xf b � xfð Þ þ
xf
2

xf þ 1ð Þ � bxf
� �

þ εbx 1 � fð Þ a1xf þ a2 b � xfð Þð Þ ð14Þ

Finally, we can simplify the above in the special case that epistasis is additive (a1 = ½ a2 =

¼) to obtain a slightly condensed form:

sI � sx h � fð Þ þ
εw

2

1

2

x
2

� �
þ xf 1 � b �

x
2

1 � fð Þ
� �� �

þ
εb

2
x 1 � fð Þ b �

xf
2

� �

ð15Þ

A few takeaways can be obtained from these equations. Just as in the haploid case, a linear

relationship between the effective selection coefficient and divergence is expected. On the other

hand, the size of the haplotype appears primarily in quadratic terms, and so large haplotypes at

low divergence may once again be positively selected easily. Finally, we can make a note on

dominance when h = f—for example, if direct selection is on average additive (h = ½) and the

introgressing haplotype carries new alleles as frequently as ancestral (f = ½), no net direct fitness

effects are expected and only epistatic effects determine selection on introgressing haplotypes.

Re-analysis of Drosophila melanogaster data

We used previously calculated values of fD for introgression between fly lines with a majority

ancestry West and those with majority ancestry OOA2 [37], assuming a population tree of

(South1,(West,(OOA1,OOA2))). Individuals with less than 1% introgressed ancestry, but

majority of either OOA1, OOA2, West, or South1 ancestry were identified, and FST between

these individuals was calculated using pixy [66] in windows matching the windows from intro-

gression analyses. PBS [42] values for each branch were next calculated manually in R [67].

Windows with negative PBS values for any of the windows were next filtered out; however,

major results are largely the same if these windows are kept (S6 Fig). Finally, branch scores

were obtained by normalizing the PBS value at each window by dividing by the sum of the 3

PBS values. The resulting values were plotted in ternary plots using ggplot [68], hexbin [69],

and ggtern [70] packages. Recombination rates per window were obtained using data from

[71], assigning average recombination rate for each window based on the Comeron dataset.

We next fit a general linear model of fD dependent on recombination and the OOA2 branch

score using the glm function. While we could include other PBS branches as well, their high

degree of correlation made us cautious of using more than 1 PBS branch in the model at a time.

Supporting information

S1 Fig. The effects of varying epistasis within and between populations. Ternary plots as in

Fig 3, with b = 60 and x = 40, s = 0. Selection on the haplotype varies widely depending on

parameter choice. When between population interactions are positive (top 2 rows), introgres-

sion is favored in a wide range of scenarios, while deleterious between population interactions

(bottom 2 rows) lead to small parameter spaces in which introgression may be favored. Epista-

sis within populations, on the other hand, has varying effects depending on the proportion of

alleles which are replacement (R) or ancestral (A). When epistasis within and between are

equal magnitude but opposite signs, introgression does not depend heavily on the mix of

ancestral vs. replacement vs. novel alleles (diagonal from top left). The code underlying this

figure can be located in S1 File.

(EPS)
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S2 Fig. A graphical illustration of Eq (9), demonstrating the size at which the introgressing

haplotype is most strongly selected against versus the fraction of the haplotype that carries

ancestral/replacement alleles. The above shape is consistent for all values of parameters, and

values are all positive when between and within population epistasis are opposite signs or are

both positive. The code underlying this figure can be located in S1 File.

(EPS)

S3 Fig. Replacement alleles show similar effects to ancestral. Examining how the selection

coefficient on an introgressing haplotype changes as the fraction of substitutions it carries var-

ies between new, ancestral, and replacement alleles, as in Fig 3 but using approximation in Eq

(5). The code underlying this figure can be located in S1 File.

(TIF)

S4 Fig. Schematic representation of fitness effects in a diploid model. Individuals carrying

the introgressed haplotype are assumed to always be heterozygous, therefore carrying epistatic

effects of varying degrees of dominance, with all new within population epistatic interactions

occurring between heterozygous alleles, while some between population interactions occur

between heterozygous and homozygous alleles. We parameterize epistatic dominance with 2

new parameters, a1 and a2.

(EPS)

S5 Fig. Results for a diploid model. All parameters are the same to those used in Fig 2, and

only exact numeric solutions are shown. Three new parameters, h, a1, and a2 determine the

dominance of direct selection and epistasis. (A) Varying f for different values of h demon-

strates that increasing dominance decreases the impact of replacing existing variation. (B)

When an individual is heterozygous at 2 derived alleles, epistasis is of strength a1* ε, when one

is heterozygous and the other is homozygous, it is a2* ε, and when both are homozygous it is

ε. Top row of plots shows how varying divergence (b) changes selection on introgressing hap-

lotypes of varying sizes, f fixed at 0. Bottom row shows the effects of varying the fraction of the

haplotype that is ancestral alleles (f), b fixed at 60. Patterns in general mirror the haploid case,

although recessive epistasis leads to much stronger selection against the introgressing haplo-

type, and dominant epistasis leads to overall stronger selection for introgression. As with other

models where f is used, we assume that the number of replacement alleles is 0, but the shape of

the curve changes very little with the addition of replacement alleles (as each replacement allele

increases x by only 1, but carries the effects of both a new and ancestral alleles). The code

underlying this figure can be located in S1 File.

(EPS)

S6 Fig. Raw PBS values, including negative ones plotted against fD. While both PBS values

are negatively correlated with introgression, note that the vast majority of PBSWest values are

close to 0, and the negative trend is driven in part by more positive than negative PBS values.

On the other hand, a more clear negative relationship between PBSOOA2 and fD is observed.

The code and data underlying this figure can be located in S1 File.

(EPS)

S1 File. Compressed archive of files to regenerate figures in this manuscript. Files include a

Mathematica notebook to generate Figs 2 and 3, S1, S2, S3, and S5 Figs. The archive also

includes data files and R code to generate Fig 4 and S6 Fig.

(ZIP)
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