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Abstract

Introgressed DNA is often deleterious at many loci in the recipient species’ genome, and is therefore purged by selection. Here, we use mathe-
matical modeling and whole-genome simulations to study the influence of recombination on this process. We find that aggregate recombination
controls the genome-wide rate of purging in the early generations after admixture, when purging is most rapid. Aggregate recombination is influ-
enced by the number of chromosomes and heterogeneity in their size, and by the number of crossovers and their locations along chromosomes.
A comparative prediction is that species with fewer chromosomes should purge introgressed ancestry more profoundly, and should therefore
exhibit weaker genomic signals of historical introgression. Turning to within-genome patterns, we show that, in species with autosomal recom-
bination in both sexes, more purging is expected on sex chromosomes than autosomes, all else equal. The opposite prediction holds for species
without autosomal recombination in the heterogametic sex. Finally, positive correlations between recombination rate and introgressed ancestry
have recently been observed within the genomes of several species. We show that these correlations are likely driven not by recombination’s
effect in unlinking neutral from deleterious introgressed alleles, but by recombination’s effect on the rate of purging of deleterious introgressed

alleles themselves.
Keywords: recombination, introgression, hybridization, speciation

Introduction

It has become clear in recent years that hybridization and
subsequent genetic introgression are common features of the
evolutionary histories of many species, including our own
(Edelman & Mallet, 2021; Taylor & Larson, 2019). It has
therefore become a major focus of evolutionary genetics to
understand the impact of introgression on the population
genomics of species, and conversely to learn about histori-
cal admixture from genomic patterns of introgressed ancestry
(Moran et al., 2021).

Introgressed DNA is typically deleterious in the recipient
species. This can be for a number of reasons: donor-species
alleles could be maladapted to the recipient species’ ecol-
ogy (Schluter, 2009) or genome (Dobzhansky, 1937; Muller,
1942; Orr, 1995), and the donor species could carry a higher
genetic load than the recipient species (Harris & Nielsen,
20165 Juric et al., 2016). Importantly, the deleterious effect
of introgressed ancestry is often spread across a large number
of loci. For example, it has been estimated that Neanderthal
alleles were deleterious in humans at ~1,000 loci (Harris &
Nielsen, 2016; Juric et al., 2016), and comparable estimates
have been obtained for other species (e.g., Aeschbacher et al.,
2017; Schumer et al., 2014).

Since introgressed alleles initially appear in the recipient
population in perfect linkage disequilibrium, recombina-
tion will clearly be influential in determining their fate. The
influence of recombination on the purging of deleterious

introgressed alleles can be interpreted in two complementary
ways. The first is that recombination breaks up the initially
very long blocks of introgressed DNA, which are strongly
selected against, into smaller and smaller blocks, which are
more weakly selected against (Barton, 1983). The second
is that recombination, by distributing introgressed ancestry
more and more evenly among more and more individuals,
reduces ancestry variance over time and thus reduces the effi-
ciency of selection against deleterious introgressed ancestry
(Harris & Nielsen, 2016). Both interpretations indicate that
recombination should, over time, reduce the rate at which
deleterious introgressed ancestry is purged.

This process has been well studied in the context of stylized
genetic maps (Bengtsson, 1985) and small genomic segments
(e.g., Barton, 1983; Barton & Bengtsson, 1986). However,
recent evidence suggests that introgressed alleles can be dele-
terious at many loci throughout the genome, and that many
species—with a great diversity of recombination processes—
have experienced introgression. Moreover, recently developed
software enables evolutionary simulations of whole genomes
(Haller & Messer, 2017, 2019; Messer, 2013), and such sim-
ulations have already been applied fruitfully to the study of
introgression and speciation (e.g., Duranton & Pool, 2022;
Harris & Nielsen, 2016; Yamaguchi et al., 2022). In light of
these developments, it is worth revisiting the role that recom-
bination plays in the purging of introgressed DNA, taking a
whole-genome perspective.
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Figure 1. Schematic of the model that we study and the variables used in our calculations.

Here, we use mathematical models and computer simulations
to study the role of recombination in selection against intro-
gressed DNA. First, we ask what features of the recombination
process affect the efficiency with which introgressed ancestry is
purged genome-wide. Cross-species variation in these features
would be expected to predict variation in the retention of intro-
gressed ancestry, and thus the strength of the genomic signal
of historical admixture. Second, inspired by recent empirical
findings in several taxa that introgressed ancestry is preferen-
tially retained in high-recombination regions of the genome
(Brandvain et al., 2014; Calfee et al., 2021; Edelman et al.,
2019; Martin et al., 2019; Schumer et al., 2018), we investi-
gate the mechanisms that generate within-genome correlations
between recombination rate and introgressed ancestry.

Model

We study a model in which selection acts additively against
introgressed DNA: if a proportion p of an individual’s genome
is introgressed, the individual’s relative fitness is 1 — pS. This
is the additive version of the model in Barton (1983), and
corresponds to a situation where introgressed alleles are del-
eterious in the recipient species at a large number of loci,
with fitness effects additive within and across loci. The loci
at which introgressed alleles are deleterious are assumed to
be spaced uniformly along the physical map of the genome,
although this assumption can be relaxed with minimal change
to the interpretation of our results.

This model, with additive fitness effects at many loci,
applies best to situations where introgressed ancestry is dele-
terious because of higher load in the donor species or broad
maladaptation of donor-species alleles to the recipient spe-
cies’ ecology. We later briefly consider the case where intro-
gressed ancestry is deleterious because of negative epistatic

interactions between donor- and recipient-species alleles
(Dobzhansky-Muller incompatibilities).

Notice that, in assuming that an individual’s fitness is deter-
mined by the fraction of its genome that is introgressed, we
have ignored the distinction between deleterious and neutral
(or beneficial) introgressed alleles. If introgressed alleles are
deleterious at sufficiently many loci throughout the genome,
this assumption will have little effect on the overall rate at
which introgressed ancestry is purged (Supplementary Figure
S1). To understand how and when recombination can cause
differential retention of deleterious and neutral introgressed
DNA, we later carry out simulations with neutral loci
included amongst the deleterious loci. We also later discuss
the case where introgressed alleles are strongly deleterious at
only a few loci, which pertains in some important systems.

Similar to previous work (e.g., Harris & Nielsen, 2016; Juric
etal.,2016; Steinriicken et al., 2018), we assume that hybridiza-
tion occurs as a pulse in a single generation, such that a certain
fraction of individuals in the next generation are F1 hybrids,
each with half its genome introgressed. Mating is assumed to
be random with respect to ancestry (the role of nonrandom
mating in this model is studied in Muralidhar et al., 2022).
For simplicity, we ignore sex chromosomes at first. Finally, we
assume that the population is large enough that drift can be
ignored (in our simulations, the population size N = 100,000).

All simulations were carried out in SLiM 3 (Haller &
Messer, 2019). Code is available at github.com/cveller/
RecombinationAndIntrogression.

Species differences in the genome-wide rate
of purging

Figure 2 shows the genome-wide purging of introgressed
DNA in simulations of the model described above, under the
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Figure 2. Genome-wide purging of introgressed DNA following an admixture pulse, under the recombination processes of humans and Drosophila
melanogaster. The recombination process of D. melanogaster causes much more introgressed ancestry to be purged in the first few generations after
admixture (A), and thus by later generations as well (B), because it is associated with a lower aggregate recombination rate, driven predominantly by
the small karyotype of D. melanogaster (2 major autosomes) relative to humans (22 autosomes). The dots in A are analytical predictions from Equations
(6) and (10). The bold lines are trajectories averaged across 100 replicate simulations; the faint lines are representative trajectories. The dotted line in B
marks that Drosophila purges as much introgressed DNA in 12 generations as humans do in 2,000 generations.

recombination processes of humans and Drosophila melano-
gaster (using linkage maps produced by Kong et al. (2010) and
Comeron et al. (2012), respectively). All other parameters are
identical between the two cases, and were chosen to resemble
parameters inferred for Neanderthal-human introgression
(Harris & Nielsen, 2016; Juric et al., 2016): the initial intro-
gression fraction is 5%, introgressed alleles are deleterious
at 1,000 loci, and F1 hybrids suffer a 20% fitness reduction.
Simulations were run for 2,000 generations, approximately
the number of human generations since Neanderthal intro-
gression. Several features of the trajectories in Figure 2 are
noteworthy.

First, in both humans and Drosopbhila, introgressed
DNA is purged very rapidly in the first few genera-
tions after admixture. The rate of purging subsequently
decreases. This effect, expected from previous theory
(Bengtsson, 1985) and observed in recent simulations
(Harris & Nielsen, 2016; Petr et al., 2019), is so extreme
that, for both species, most of the purging that has eventu-
ally occurred after 2,000 generations occurred in the first
five generations.

Second, Drosophila purges introgressed DNA much more
efficiently than humans. After 2,000 generations, Drosophila
has purged 94% of the initial introgressed fraction, while
humans have purged only 59%. Put differently, the amount
of introgressed DNA that it takes humans 2,000 generations
to purge, Drosophila has purged after just 12 generations.
Therefore, the recombination process of D. melanogaster is a
much more effective barrier to gene flow than the recombina-
tion process of humans.

The observations above are robust to alternative speci-
fications of our model in which the fitness effects of intro-
gressed alleles are variable across loci (Supplementary Figure
S2) or driven by Dobzhansky-Muller incompatibilities
(Supplementary Figure S3).

Our aim in the following subsections is to derive analytical
expressions that help us understand these observations.

Preliminary calculations

Let Z; be the fraction of a random generation-t zygote’s
genome that is introgressed, and let G, be the introgressed
fraction of a random gamete produced by generation-¢ adults.
Let A, be the proportion of generation-t zygotes that have
hybrid ancestry (in the pedigree sense—i.e., some of them
might nevertheless have inherited no introgressed DNA),
and A, the corresponding proportion of adults after viabil-
ity selection (and therefore also the proportion of successful
gametes produced by generation ¢). Let A signify the property
of having hybrid ancestry (which applies to a proportion A,
of zygotes and A, of adults and gametes). A graphical repre-
sentation of the variables used in these calculations is given
in Figure 1.

We are interested in how the overall fraction of intro-
gressed DNA, E [Z,], is reduced over time by selection—this
is the process displayed in Figure 2. We show in SI Section S1
that, in general, the fraction of introgressed DNA purged in
the ¢-th generation is

A, = E(Z]-E[Zi1] _ SVar (Z;)

E[Z,] - E[Z]J(1-SE[Z])" (1)

Therefore, to understand what factors govern the rate of
purging of introgressed DNA, we must understand what fac-
tors govern the trajectory of Var (Z;), the variance across indi-
viduals in how much introgressed DNA they carry (Harris &
Nielsen, 2016). Var (Z;) can be decomposed into two compo-
nents: a contribution from the fact that some individuals have
introgressed ancestry and some do not, and a contribution
from variance among those individuals who do have intro-
gressed ancestry. We shall call these the “between group” and
“within group” components of the overall variance, respec-
tively. The precise decomposition is

Var(Z,) = A/(1 — A)(E[Z,|A))* + A, Var(Z,| A) .

between

(2)

within
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An analogous decomposition holds for genetic ancestry
variance across gametes:

Var(G,) = Aj(1 — A)(E[G,]A])* + AVar(G,|A).  (3)

We begin by calculating Var (Z;) and Var (Z,). For later
t, we provide an approximate calculation of Var (Z,;) in the
special case where selection is weak.

Short-term purging of introgressed DNA
Selection in the first generation.

A zygote in the first generation after admixture either carries
no introgressed DNA (probability 1 — Ay) or is an F1 hybrid,
with half its genome introgressed (probability A4). Therefore,

A
ElZi =5 4)
and
Var(Zl) = Al(%ﬂ«n) (5)

Notice that all of the ancestry variance in generation 1 is
due to differences between hybrids and non-hybrids—there is
no “within group” contribution, because all hybrids have the
same introgressed fraction.

From Equation (1), the proportion of introgressed DNA
removed by selection in the first generation is

_E[Z]-E[Z)] _ SVar (Z) _
E[Z1] E[Z1] (1 - SE[Z4])

S(1—Ay)
2 - SA; (6)

This expression is, of course, independent of the recom-
bination process, explaining why the introgressed fraction
in generation-2 zygotes in our simulations is the same for
humans and Drosophila (Figure 2A).

Ay

Selection in the second generation.

Some generation-2 zygotes have F1 hybrid parents; recombi-
nation in these parents will generate ancestry variance among
their offspring. From Equation (1) in Veller et al. (2020),

Var(Gil4) = 3 (% ”) (7)

among those gametes produced by generation-1 hybrids,
where 7 is the average recombination rate across all pairs of
loci in the genome (Veller et al., 2019). When the recombi-
nation process differs between the sexes—as is usually the
case (Lenormand & Dutheil, 2005; Sardell & Kirkpatrick,
2020)—the sex-averaged value of 7 applies in Equation (7).

Noting that E[G1|A]=1/2 and applying Equation (3), we
find that

Var(Gy) = A (1 — A})(E[G1]A])* + A} Var(G1] A)

_AO-4) A (1)

N 4 2 \2 ’ (8)
where A} = Ay % is the fraction of generation-1 gametes
that derive from hybrid parents.

Since a zygote’s introgressed fraction is the average of the
introgressed fractions of the gametes that produced it, and
since we have assumed that mating is random with respect
to ancestry,

B G1>7A’1(1—A’1) A’1<1 _)
Var(Zz)—ZVelr(7 _fq_f 3-7)29)

Veller et al.

where the first term is the “between group” contribution and
the second term is the “within group” contribution.

Finally, we observe that E[Z,] = A|/2 and substitute
Equation (9) into Equation (1) to find the proportion of intro-
gressed DNA that is purged in the second generation after
admixture:

E[Z,) - E[Zs] _  SVar(Z)
E[Z,] E[Z,)(1 — SE[ZJ])

SR+ (3 -7)  sa—a41-27)
Al Al — 7 :
7 (1 - 571) BN )

Equation (10) reveals that the rate of purging of introgressed
DNA in the second generation after admixture depends on
the aggregate recombination rate, quantified by 7. 7 can be
measured from various kinds of data, including cytological
data of crossover positions at meiosis I, sequence data from
gametes, and linkage maps (Veller et al., 2019). 7 is influenced
by several features of the recombination process: the number
of chromosomes and heterogeneity in their size, the number
of crossovers and their locations along the chromosomes, and
the spatial relationships among crossovers (i.e., crossover
interference). In most species, the dominant contribution to
7 is from independent assortment of chromosomes at meiosis
(Crow, 1988; Veller et al., 2019). Therefore, the primary cause
of variation in 7 across taxa is variation in chromosome num-
ber, with crossovers playing a secondary role.

These considerations explain a key feature of the trajec-
tories in Figure 2A—that in the first few generations after
admixture, D. melanogaster purges introgressed DNA
much more rapidly than humans do. D. melanogaster has
only two major autosomes, the independent assortment of
which at meiosis contributes relatively little genetic shuf-
fling. Furthermore, crossing over is absent in males. Veller
et al. (2020) estimated a sex-averaged autosomal value of
7= 0.305 for D. melanogaster, substantially less than the
theoretical maximum of 1/2. In contrast, humans have 22
autosomes, the independent assortment of which generates
much genetic shuffling. Veller et al. (2019) estimated a sex-av-
eraged autosomal value of 7 = 0.490 in humans, close to the
theoretical maximum. Substituting these values into Equation
(10), we obtain predictions of how much introgressed DNA
is retained by humans and by Drosophila in the third gener-
ation after admixture. These analytical predictions agree well
with our simulations (Figure 2A).

We conclude that, relative to humans, Drosophila purges
introgressed DNA more efficiently in the early generations
after admixture because its aggregate recombination process
generates substantially less genetic shuffling, owing primarily
to its small karyotype and the absence of crossing over in
males. Generalizing, this suggests that karyotypic variation
across species could be a primary driver of species differences
in the retention of introgressed DNA and thus the strength of
the genomic signal of historical introgression (Supplementary
Figure SS; Discussion).

Ay =

Long-term purging of introgressed DNA

After the third generation post-admixture, the complex inter-
action of recombination and selection prevents tractable
analytical calculations in the general case. Nevertheless, we
can make analytical progress in understanding the impact of
recombination on the purging of introgressed DNA in these
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later generations by considering the special case where selec-
tion against introgressed ancestry is weak (S < 1). In this
case, selection does not appreciably alter the ancestry vari-
ance in the population; therefore, we need only calculate the
ancestry variance that would obtain if introgressed ancestry
were neutral.

We begin by assuming that the initial introgressed fraction
is small (Ay < 1). In this case, with selection not appreciably
limiting the number of descendants of the initial hybrids, the
fraction of the population with introgressed ancestry grows
exponentially: A; = Ag - 2'. Concomitantly, because selection
does not appreciably deplete the overall fraction of intro-
gressed DNA (E [Z,] = Ao), the average fraction among those
individuals with introgressed ancestry declines exponentially:
E[Z,|A] =1/2¢.

Because the initial introgressed fraction is small, each
generation-¢ individual with introgressed ancestry descends
from a single introgressing ancestor in generation 0, and,
because selection has not appreciably affected the distribu-
tion of genetic ancestry among these generation-¢ individuals,
the ancestry variance among them is equal to the variance
of a random individual’s genetic relatedness to one of its
t-th degree great-grandparents. This quantity is calculated in
Veller et al. (2020):

1 (7 1

Here, (1 —7)""" is the average value of (1- ri,')t_l taken
over all locus pairs (i,7), with r; the sex-averaged recombi-
nation rate between loci i and j [notice that this expression
is not the same as (1 — ?)F]]. Equation (11), and the quan-
tities below that depend on it, can be interpreted in terms of
average covariances, or linkage disequilibria, between intro-
gressed alleles (Veller et al., 2020), recognizing that these
linkage disequilibria are simply remnants of the originally
perfect linkage disequilibrium in which introgressed alleles
initially appeared. Substituting Equation (11) into Equation
(2), we find that the overall variance of genetic ancestry in
generation ¢ is

Var(Z,) = A,(1 — A)(E[Z,|A))* + A, Var(Z,] A)

, 1) B v S |

1

= EAo(l - - Af (12)
1, — =
~ 3Ao(1 - L (13)

Substituting this result into Equation (1), we find that the
rate of purging of introgressed DNA in generation ¢ is

_EZ]-E[Z] 1 ot
2 I R (14)

We now relax the assumption that the initial introgressed
fraction is small, still assuming that introgressed ancestry is
only weakly selected against. Observe that, in the special case
above where the initial introgressed fraction is small, if an
individual does have an introgressing ancestor (property A)
and has inherited DNA from that ancestor (probability p;,
calculated in Donnelly, 1983), then they have almost certainly
inherited only one contiguous block of introgressed DNA if
the number of generations since admixture is large. Equation
(11) is therefore informative of the variance of introgressed

Ay

block length, an observation that carries over to the more
general case where the initial introgressed fraction need not
be small. In Supplementary Section S2.1, we combine this
observation with the assumption that, many generations after
admixture, distinct introgressed blocks are approximately
independently inherited to derive an expression for the ances-
try variance when ¢ is large and introgressed ancestry is neu-
tral or weakly deleterious, which turns out to be the same as
in the case where the initial introgressed fraction is small':

1, 71
Var(Zt) = EA()(l 77’) . (15)
Therefore, the rate of purging in generation ¢ is
E[Z)] - B{Ze] 1
EZ] 2 (16)

We can make several observations frc;m Equations (15) and
(16). First, because the terms (1 — ;)"  that contribute to

A, = S(1—n'

the average (1 —7)"~" decline exponentially over time (since

1 — r; < 1), the variance of introgressed ancestry declines over
time (Equation (15)), and therefore so does the rate of purg-
ing of introgressed DNA (Equation (16); Figure 2). Second,
Equation (16) is informative of the genomic scales of recom-
bination that most influence the rate of purging at different
timepoints after admixture. When ¢ is small, terms (1 — ;)
from unlinked loci (r; = 1/2) are not much smaller than terms
(1 —r;) from linked loci (r; < 1/2). Since, in most species,
there are many more unlinked locus pairs than linked locus
pairs (Crow, 1988; Veller et al., 2019), in the early genera-
tions after admixture, unlinked locus pairs will usually be the

dominant contributors to the average (1 — 1’)Z_1 and thus to
the rate of purging of introgressed DNA. In contrast, when ¢

is large, only terms (1 — 1’,-,»)171 from tightly linked loci (r;; ~ 0)
are not negligibly small, and so, many generations after
admixture, only tightly linked loci contribute meaningfully

to the average (1 — 7)™ and thus to the rate of purging. A
corollary of these observations is that, in the early generations
after admixture, species differences in the rate of purging will
be driven largely by species differences in karyotype, which
determine the fraction of locus pairs that are unlinked, while
in later generations, species differences in the rate of purging
will be driven by species differences in fine-scale recombina-
tion rates.

Intuition

Our main result above, that species with lower aggregate
recombination rates purge introgressed DNA more efficiently,
has a simple intuition. Initially, introgressed DNA appears in
the recipient population in long linkage blocks, each the size
of a haploid genome. Recombination influences the subse-
quent rate of purging of introgressed DNA because it breaks
up these initial long blocks into smaller, variably sized blocks.
A species with a low aggregate recombination rate will main-
tain introgressed DNA in longer and/or more variably sized

1 Because this expression can be interpreted as the neutral ancestry
variance expected many generations after admixture in a well-
mixed population, it can be compared against the measured vari-
ance in particular cases to test for selection or population structure
or other forces that might cause the variance to deviate from this
expectation.
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blocks, and will therefore purge introgressed DNA more effi-
ciently (Barton, 1983).

The average size of the blocks into which recombination
chops the initial long blocks is determined predominantly by
the number of chromosomes and crossovers, while the vari-
ability of block size is determined largely by heterogeneity
in the sizes of chromosomes and the spatial arrangement of
crossovers along chromosomes. To see this, note that a cross-
over anywhere along a block of introgressed DNA will break
that block up into two smaller blocks with an average size of
half the parent block. The position of the crossover along the
block, however, will determine how variably sized the two
descendant blocks are.

Thus, all else equal, a species with more chromosomes and/
or more crossovers will purge introgressed DNA less effi-
ciently, because it more rapidly breaks up the initial intro-
gressed blocks into smaller blocks, which are less deleterious.
And, all else equal, a species that situates crossovers near the
tips of chromosomes will purge introgressed DNA more effi-
ciently than a species with a uniform distribution of cross-
overs, because, in the former species, the resulting blocks of
introgressed DNA will vary greatly in size. (Similarly, cross-
over interference—which causes even spacing of crossovers
along chromosomes and therefore more even sizing of intro-
gressed blocks—will reduce the efficiency with which intro-
gressed DNA is purged.)

In Supplementary Section S2.2, we analyze a simple model
that distinguishes the contributions of these two factors—the
mean and variance of introgressed block length—to ances-
try variance across individuals and thus the rate at which
introgressed DNA is purged. The model applies best when
sufficiently many generations have elapsed since the ini-
tial admixture pulse that different blocks of introgressed
DNA can be assumed to have been inherited independently.
Applying this model to the recombination process of D. mela-
nogaster, we find that (a) the model accurately predicts the
rate of purging of introgressed DNA (Supplementary Figure
S6A), (b) the contribution of block length variance is greatest
in the early generations after admixture, when crossover loca-
tions and variation in chromosome size have greatest effect
(Supplementary Figure S6B), and (c) block number variance
across individuals—which in this model is proportional to
the average block length—becomes the most important con-
tributor to ancestry variance in the long term (Supplementary
Figure S6B). These results are again consistent with the
view that aggregate recombination—as quantified by 7 and
analogs—determines the short-run rate of purging of intro-
gressed DNA, while fine-scale recombination rates determine
the long-run rate of purging.

Variation in the rate of purging across the
genome

The intuition above applies not only to different species but
also to different regions within a given species’ genome. In
genomic regions with low aggregate rates of recombina-
tion, deleterious introgressed alleles will be maintained in
larger and/or more variably sized blocks, and will therefore
be purged more efficiently. Thus, for example, a chromo-
some that typically receives few crossovers per meiosis will,
all else equal, purge introgressed DNA more rapidly than a
chromosome that receives more crossovers (Supplementary
Figure S7A). Similarly, if two chromosomes receive the same
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number of crossovers per meiosis, but crossovers tend to be
terminally situated on the one chromosome and uniformly
distributed along the other, then the chromosome with the
more terminal distribution will purge introgressed DNA more
rapidly, owing to its lower chromosome-specific value of 7
(Supplementary Figure S7B).

Below, we study two implications of recombination differ-
ences across the genome for the purging of introgressed DNA.

Sex chromosomes

Sex chromosomes often show unusual signatures of admix-
ture. Most notably, X and Z chromosomes tend to retain
less introgressed ancestry than autosomes (Martin & Jiggins,
2017). Several factors could account for the weaker signal
of admixture on X/Z chromosomes, including their enrich-
ment for alleles that reduce hybrid fitness (Charlesworth et
al., 1987; Presgraves, 2008) and their hemizygous expression
in the heterogametic sex (Turelli & Orr, 1995).

Here, we explore an additional factor that affects the
retention of introgressed ancestry on sex chromosomes ver-
sus autosomes: recombination differences. In species with a
degenerate sex-specific chromosome (the Y or W), recombina-
tion along most of the X/Z chromosome is typically restricted
to the homogametic sex (XX females or ZZ males). This
affects the average rate at which the X/Z chromosome recom-
bines, relative to the autosomes.

Species with autosomal recombination in the heterogametic
sex.

First, consider a species with autosomal recombination in
both sexes (i.e., most heterogametic species). Unless the X/Z
chromosome recombines at a substantially elevated rate in
the homogametic sex, its lack of recombination in the het-
erogametic sex will ensure that, on average across genera-
tions, it experiences less recombination than the autosomes.
Therefore, all else equal, we expect sex chromosomes to
retain less introgressed DNA than autosomes in such species.
This prediction was confirmed in simulations of our model
augmented to include sex chromosomes (Figure 3A and C).

Species without autosomal recombination in the
heterogametic sex.

In some species, the autosomes do not cross over in the het-
erogametic sex, with recombination along both the X/Z
chromosome and the autosomes therefore limited to the
homogametic sex (e.g., Drosophila, Lepidoptera). Assuming
an even sex ratio, in a given generation of such a species, one
half of the copies of each autosome are present in the homog-
ametic sex and therefore have an opportunity to recombine;
the other half are present in the heterogametic sex and do
not recombine. In contrast, two thirds of the copies of the
X/Z chromosome are present in the homogametic sex and can
therefore recombine. So, in this case, the X/Z chromosome
actually experiences more recombination than the autosomes.
All else equal, we therefore expect the sex chromosomes to
retain more introgressed DNA than the autosomes in such
species. This prediction too was confirmed in simulations
(Figure 3B and D).

Thus, recombination differences alone can generate dif-
ferences in the retention of introgressed DNA between sex
chromosomes and autosomes. Of course, recombination dif-
ferences will not fully explain the ancestry differences actually
observed between sex chromosomes and autosomes, since
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Figure 3. Recombination differences between sex chromosomes and autosomes generate differences in the rate of purging of introgressed DNA. (A,C)
In species with autosomal recombination in both sexes, the lack of recombination along the sex chromosome in the heterogametic sex (here, the X
chromosome in males) leads to a lower average rate of recombination than on autosomes. The sex chromosome therefore purges introgressed DNA
more rapidly than the autosomes, all else equal. (B,D) In species without autosomal recombination in the heterogametic sex, the sex chromosome has
a higher average rate of recombination than the autosomes, because 2/3 of its copies are in the (recombining) homogametic sex, compared to only
1/2 of autosomes. Therefore, in such cases, all else equal, the sex chromosome purges less introgressed DNA than the autosomes. The simulations
here assume no dosage compensation in the heterogametic sex, such that, for a heterogametic individual with autosomal and sex-linked introgressed
fractions ps and py, the overall introgressed fraction is calculated as (2Lapa + Lxpx) / (2La + Lx), where La and Lx are the total haploid lengths

of the autosomes and the X chromosome. Trajectories are averages across 100 replicate simulations. The stylized genomes in A and B involve one
autosome, of equal size to the sex chromosome (500 deleterious loci each), with the sex chromosome and the autosome each receiving, on average,
two crossovers in the homogametic sex, with the location of each crossover sampled independently and uniformly along its chromosome. In A, the
autosomal recombination process is identical in the heterogametic and homogametic sexes.

additional features of sex chromosomes are known to be early generation hybrids (Coyne, 1992), owing, among other
important in this regard (Coyne & Orr, 2004; Payseur et al.,  possibilities, to its hemizygous expression in the heteroga-
2018). Indeed, in some cases, the predicted impact of recom- metic sex and its enrichment for alleles that are deleterious in
bination differences is opposite in direction to the observed hybrids (Presgraves, 2008). The results above suggest another
ancestry disparity between sex chromosomes and autosomes. way in which the X chromosome can play a disproportionate
For example, in Heliconius butterflies, with female heterog-  role in determining hybrid fitness: its outsized contribution
amety and no autosomal recombination in females, Z chro- to the variance of hybrid fitness, owing to its lower aggre-
mosomes are especially depleted for introgressed ancestry  gate recombination rate than the autosomes (in species with
(Van Belleghem et al., 2018; Martin et al., 2019; though see autosomal recombination in the heterogametic sex). Here,

Zhang et al., 2016 for an interesting exception). This is in we quantify this additional large X-effect in the case of F2
spite of the Z having a higher average recombination rate hybrids.

than the autosomes, per the argument above. In such cases, To do so, we compare two secenarios: one where the entire
the factors that underlie the reduced retention of introgressed genome lies on a single autosome, and one where the entire
ancestry on the sex chromosome must be even stronger than genome lies on an X chromosome. The number of loci at
previously thought, since they must work against the coun- which the introgressed allele is deleterious is large and equal
tervailing effect of recombination differences between the sex among the two cases, as is the genomic spacing of these loci.
chromosomes and the autosomes. The recombination process in females is the same in the two

cases, and, in the autosomal case, is the same in males. Under
A large X-contribution to hybrid fitness variance. these assumptions, we can calculate the variance in fitness
The “large X-effect” refers to the disproportionate contribu- among F2 hybrid offspring in the two cases. We focus on

tion of the X (or Z) chromosome to the reduced fitness of female F2s, since comparison of the fitness variance of male
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F2s in the two cases is complicated by assumptions about
X-chromosome dosage compensation.

In the autosomal case, the variance in introgressed ancestry
among F2s is given by Equation (5) in Veller et al. (2020):
Var(Z) = % (3 —7), where 7 is the average recombination
fraction across pairs of loci on the autosome. In the case of
the X chromosome, a female F2 receives a potentially recom-
binant X from her F1 mother and an unrecombined X from
her (haploid) F1 father. With equal probability, the paternal
X carries no introgressed alleles or only introgressed alleles;
its ancestry variance is therefore 1/4. From Equation (1) in
Veller et al. (2020), the ancestry variance of the maternal X is
3 (% — 7). The overall ancestry variance among F2 females is
therefore Var(Z) = % [% +1 (% —-7)].

If the fitness reduction of a female F2 is proportional to
her introgressed fraction, as in the primary model we have
studied, then the fitness variance among F2 females is propor-
tional to their ancestry variance. Therefore, the ratio of fitness
variances in the X chromosome vs. the autosomal case is

Ld 10717

G 1w
an increasing function of 7. Single-chromosome values of 7
typically lie between 1/5 and 1/3 (e.g., 1 and 2 Morgan chro-
mosomes with uniform recombination and no crossover
interference show values of 0.22 and 0.31 respectively; the
mean sex-averaged value in humans is 0.27). By these values,
and holding all else equal, the X overcontributes to fitness
variance among F2s by ~30-100%, relative to its genomic
length.

Note that, if there is no autosomal recombination in males,
then the contributions to fitness variance among F2 females
would be the same for the X chromosome and the autosome,
since, in each case, an F2 female inherits a potentially recom-
bined chromosome from her mother and an unrecombined
chromosome from her father.

Of course, as for the long-term retention of introgressed
ancestry on the X chromosome versus the autosomes, recom-
bination differences alone will not fully explain the difference
between the X’s and the autosomes’ contributions to hybrid
fitness variance. If the X is enriched for alleles involved in
DMIs, for example, then its contribution to hybrid fitness will
be larger than expected based on its genomic length.

Correlations between regional recombination rate
and introgressed ancestry

Several recent studies, encompassing a broad diversity of taxa,
have identified positive within-genome correlations between
local recombination rate and the amount of introgressed
ancestry (Brandvain et al., 2014; Calfee et al., 2021; Edelman
et al., 2019; Martin et al., 2019; Schumer et al., 2018). That
is, regions of the genome that experience less recombination
tend to retain less introgressed DNA. In trying to understand
these correlations, it is important to note that, even if intro-
gressed alleles are deleterious at many loci throughout the
genome, the overwhelming majority of introgressed DNA is
expected to be neutral. Therefore, the positive correlations
that have been reported are driven by heterogeneity across
the genome in the retention of neutral introgressed alleles
(Schumer et al., 2018).

For a neutral introgressed allele ultimately to survive in
the recipient population, it must recombine away from its
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flanking deleterious introgressed alleles before those deleteri-
ous alleles are eliminated by selection (Barton & Bengtsson,
1986; Bengtsson, 1985). Recombination affects this process in
two ways (Schumer et al., 2018): (i) it affects the rate at which
deleterious introgressed alleles are purged, and (ii) it affects
the rate at which neutral introgressed alleles dissociate from
their flanking deleterious alleles. These two effects of recom-
bination constitute two distinct mechanisms by which local
recombination rates across the genome come to be positively
correlated with local ancestry.? The mechanisms are concor-
dant: in regions of low recombination, deleterious alleles are
purged more rapidly, and neutral alleles remain linked to their
flanking deleterious alleles for a longer time.

The relative contributions of these two mechanisms to the
overall correlation between recombination rate and intro-
gressed ancestry can be quantitatively distinguished using the
following decomposition, a graphical representation of which
is given in Supplementary Figure S8:

Cov(I,r) =~ Cov(In,7) = Cov(Ip,7) + Cov(IN — Ip, 7). (17)

Here, I is the overall introgressed fraction in a given
genomic window, In and Ip are the introgressed fractions at
neutral and deleterious loci respectively, and r is some mea-
sure of the recombination rate within the window (below,
we use the average per-bp rate). The first term on the right
hand side of Equation (17), Cov (Ip,7), captures the direct
effect of recombination on the rate of purging of deleteri-
ous introgressed alleles—effect (i) above. The second term,
Cov (Iny — Ip,7), captures the effect of recombination in
unlinking neutral from deleterious introgressed alleles, thus
decoupling their frequency trajectories—effect (ii) above.
The relative importance of the “unlinking effect” is given by
Cov (In — Ip,7) /Cov (I, 7).

To analyze the genomic correlation between recombination
rate and introgressed ancestry in our simulations, we aug-
mented our model to include neutral loci between the loci at
which introgressed alleles are deleterious. We first employed
a similar parameter configuration to our simulations above:
introgressed alleles are deleterious at 1,000 loci and cause a
20% fitness reduction in F1 hybrids. Neutral allele frequen-
cies were tracked at 10,000 evenly-spaced loci. Under this
configuration, for the recombination processes of humans
and D. melanogaster, and for various genomic window
sizes, we made the following observations (Figure 4). (a) The
positive correlation between recombination rate and intro-
gressed ancestry builds up quickly, and once it has reached
a maximum value, remains approximately stable for many
generations thereafter (Figure 4A). (b) Under the Drosophila
recombination process, the correlation is stronger when taken
across larger windows of the genome (Figure 4A), while
under the human recombination process, the strength of the
correlation does not monotonically increase with window
size. A positive effect of window size on correlation strength

2 To see that the two mechanisms are conceptually distinct, consider
the case where every neutral introgressed allele is completely linked
to a deleterious introgressed allele. Then no neutral allele ever dis-
sociates from its flanking deleterious alleles, so that, eventually, all
neutral alleles will be purged. Despite this lack of unlinking, in the
long period before purging is completed, there will be a positive
correlation between recombination rate and neutral introgressed
ancestry, because a greater fraction of deleterious ancestry (and
linked neutral ancestry) will have been purged in regions of low
recombination.
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Figure 4. Genomic correlations between local recombination rate and introgressed ancestry. These simulations involve 10,000 evenly spaced loci at
which introgressed alleles are neutral, and 1,000 loci at which introgressed alleles are deleterious. The genome is divided into windows of size 50,

100, or 150 neutral loci, with windows constrained to lie on the same chromosome. Each generation, we calculate, across all windows, the correlation
coefficient between the average introgressed fraction per window (calculated at neutral loci) and the average recombination rate between adjacent
neutral loci in the window. We then use Equation (17) to calculate the proportion of the correlation that is due to recombination’s effect in unlinking
neutral from deleterious introgressed alleles. Profiles are averaged across 100 replicate simulations. (A) The correlation between recombination rate and
introgressed ancestry is set up quickly, and is stronger under the recombination process of D. melanogaster (right) than of humans (left). (B) For both
recombination processes, recombination’s effect in unlinking neutral from deleterious introgressed alleles (thus decoupling their frequency trajectories)
contributes little to the correlation between recombination rate and introgressed ancestry. Instead, for many generations after the admixture pulse,
the correlation is driven by differences across the genome in the efficiency with which deleterious introgressed alleles are purged. This conclusion is
sensitive to the number of loci at which introgressed alleles are deleterious—see Supplementary Figure S9 and the Discussion.

has been observed previously (e.g., Schumer et al., 2018), and
is presumably due to the per-window introgressed fraction
changing in a less stochastic fashion over time in larger win-
dows (and, in empirical settings, also because estimates of
the introgressed fraction in larger windows are less noisy).
Note that the window sizes we used were chosen such that
each window included at least one deleterious locus, and are
therefore substantially larger than those for which empirical
recombination—introgression correlations have been mea-
sured. (c) The direct effect of recombination on the rate of
purging of deleterious introgressed alleles is, at first, by far
the more important mechanism in setting up the positive cor-
relation between recombination rate and introgressed ances-
try (Figure 4B). Recombination’s effect in unlinking neutral
from deleterious introgressed alleles gradually becomes more
important, but for both humans and Drosophila, even 2,000
generations after admixture, it remains the minor mechanism
(especially so for Drosophila).

The reason that recombination’s unlinking effect is rel-
atively unimportant under this configuration of parame-
ters—with introgressed alleles deleterious at 1,000 loci—is
straightforward. Take a high-recombination case like humans,
with ~20 chromosomes and ~1 crossover per chromosome
per gamete. In the model as configured above, there would
be ~50 deleterious loci per chromosome. Consider a neutral
introgressed allele situated halfway between its two flanking

deleterious alleles. For the neutral allele to dissociate from
both its flanking deleterious alleles requires, first, a recom-
bination event anywhere between the two deleterious alleles
(rate ~1/50 — waiting time ~50 generations), which unlinks
the neutral allele from one of the deleterious alleles; and then,
subsequently, a recombination event between the neutral allele
and the remaining linked deleterious allele (rate ~1/100 —
additional waiting time ~100 generations). It therefore takes,
on average, about 150 generations following the admixture
pulse for the neutral allele to dissociate from both its flanking
deleterious alleles (and even longer for neutral alleles that are
closer to one flanking deleterious allele than the other). As
we have seen, by the time 150 generations have elapsed since
admixture, most of the purging of introgressed ancestry has
already occurred, and substantial ancestry differences have
been set up between low-recombination and high-recombina-
tion regions. These differences across the genome, the imprint
of which will persist for many generations, are therefore
driven predominantly by the direct effect of recombination
on the rate of purging of deleterious introgressed alleles.

The logic above is even more forceful in the case of low-re-
combination species like D. melanogaster: neutral alleles
take even longer to dissociate from their flanking deleterious
alleles, allowing even greater ancestry differences across the
genome to be set up in the mean time by the direct effect of
recombination on the rate of purging of deleterious alleles.
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This explains why, in our simulations of the D. melanogas-
ter recombination process, 2,000 generations after the initial
admixture pulse, the unlinking effect still accounts for less
than 20% of the overall correlation between recombination
rate and introgressed ancestry.

These arguments clearly depend on the number of loci at
which introgressed alleles are deleterious—if this number is
smaller, so that deleterious loci are more diffusely scattered
through the genome, then neutral introgressed alleles will
recombine more rapidly away from their flanking deleteri-
ous alleles, on average, and so the unlinking effect of recom-
bination will be more important. Supplementary Figure S9
displays the recombination-introgression correlation over
time, and the fraction of this correlation due to recombina-
tion’s effect in unlinking neutral from deleterious introgressed
alleles, in the case where introgressed alleles are deleterious
at only 100 loci in the genome. As in the case of 1,000 dele-
terious loci, the positive correlation between recombination
rate and introgressed ancestry again builds up quickly and
then slowly dissipates, under both the human and D. melano-
gaster recombination processes (Supplementary Figure S9A).
However, the effect of recombination in unlinking neutral
from deleterious introgressed alleles is much more important
than in the case of 1,000 deleterious alleles. Under the human
recombination process, it grows to become more important
than recombination’s effect on the rate of purging of delete-
rious alleles themselves after about 75 generations; under the
D. melanogaster recombination process, this takes about 500
generations (Supplementary Figure S9B). Thus, although the
unlinking effect of recombination is more important in this
case than in the case with more deleterious loci, the unlink-
ing effect is still less important than recombination’s effect on
the rate of purging of deleterious alleles for many generations
after admixture, during which time most of the purging of
introgressed DNA occurs.

A corollary of the results above is that, when introgressed
alleles are deleterious at many loci throughout the genome,
recombination’s role in determining the genome-wide rate of
purging of introgressed DNA—and thus its role in generating
species differences in the retention of introgressed DNA—is
driven largely by recombination’s impact on the rate of purg-
ing of deleterious introgressed alleles, rather than its effect in
unlinking neutral from deleterious introgressed alleles. Even
though most introgressed DNA is expected to be neutral, the
persistence of the neutral alleles’ initial linkage to deleteri-
ous alleles causes them to be purged genome-wide at a rate
that is, for many generations, almost identical to the rate of
purging of the deleterious alleles themselves (Supplementary
Figure S1).

When introgressed alleles are deleterious at only a handful
of loci across the genome, however, the genome-wide rates
of purging of neutral and deleterious introgressed ancestry
diverge sooner after admixture (Supplementary Figure S4),
with the consequence that a greater fraction of introgressed
ancestry is retained overall (Moran et al., 2021). This obser-
vation underscores the importance of discerning the nature
of the fitness effects underlying the purging of introgressed
ancestry (see Discussion).

Discussion

Recent genomic evidence indicates that, following admix-
ture, introgressed alleles are often deleterious at many loci
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throughout the recipient species’ genome. Here, we have stud-
ied the influence of the aggregate recombination process on
the efficiency with which selection purges introgressed DNA
genome-wide. We have shown that species (and genomic
regions) with low aggregate recombination rates—as quan-
tified by 7 and analogous metrics—purge introgressed DNA
more rapidly and more profoundly than species (and genomic
regions) with high aggregate recombination rates. These
effects are driven predominantly by recombination’s effect on
the rate of purging of deleterious introgressed alleles, rather
than its effect in unlinking neutral introgressed alleles from
their deleterious counterparts.

Empirical predictions

The simplest prediction emerging from our analysis is that
species with fewer chromosomes should exhibit a weaker
genomic signal of historic introgression. This is because (a)
species differences in the retention of introgressed DNA are
typically set up in the first few generations after hybridization,
when most purging of introgressed DNA occurs (Figure 2);
and (b) the rate of purging in these first few generations is
governed by the aggregate recombination rate, which is dom-
inated by the effect of independent assortment of chromo-
somes and thus by the number of chromosomes (Veller et al.,
2019).

We expect that it will soon be possible to test this predic-
tion, as quantitative estimates of genome-wide introgressed
fractions become available for many taxa owing to rapid
accumulation of sequence data and the recent development
of multiple complementary methods to identify introgressed
tracts within sequence data (Dagilis et al., 2022). A particu-
larly promising clade is Drosophila, because, with its small
baseline karyotype, the variation in chromosome number
observed in the genus (Bracewell et al., 2019) corresponds
to substantial variation in aggregate recombination rate. For
example, D. melanogaster has only two major autosomes,
the independent assortment of which contributes ~0.25 to 7.
D. subobscura, in contrast, has four major autosomes, the
independent assortment of which contributes ~0.38 to 7 (this
calculation makes use of chromosome lengths reported by
Bracewell et al., 2019). This karyotypic advantage, together
with substantial progress in the analysis of introgression
across the genus (e.g., Suvorov et al., 2022), suggests that
Drosophila will likely be among the most informative clades
in which to test the prediction that chromosome number cor-
relates positively with introgressed ancestry.

Introgression selects for lower recombination

We have shown that aggregate recombination affects the rate
at which deleterious introgressed DNA is purged. Since we
know hybridization and subsequent genetic introgression to
be common, this raises the converse question: does introgres-
sion select for modification of the recombination process?
Introgression’s effect on modifiers of local recombination
rates is straightforward. A modifier allele in the recipient
species that reduces its local recombination rate prevents
deleterious introgressed alleles from recombining onto its
background, and is thus favored by selection. For example,
a segregating inversion keeps together a haplotype of non-in-
trogressed alleles, and is therefore favored over the alternative
haplotype whose orientation is the same as that in the donor
species and which therefore admits deleterious introgressed
alleles by recombination (Kirkpatrick & Barton, 2006).
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Our results also point to how selection acts on global mod-
ifiers of the recombination process in the face of deleterious
introgression. A modifier allele that reduces the aggregate
recombination rate (i.e., 7 and analogous metrics) increases
the variance among its descendants in how much introgressed
DNA they carry (Veller et al., 2020). This allows selection to
purge introgressed DNA more efficiently among descendants
of the modifier allele, causing the modifier allele to end up in
fitter genotypes and thus to be positively selected. It is inter-
esting to contrast this logic with that underlying the standard
result that, in a finite, well-mixed population with multipli-
cative selection across loci, a global modifier that increases
the recombination rate is favored by selection because it
increases fitness variance among its descendants (Barton,
1995; Barton & Otto, 2005; Burt, 2000). The reason is
that, in this case, the interaction of selection and random
drift tends to generate negative linkage disequilibra between
deleterious alleles (Barton & Otto, 2005). These negative
LDs reduce fitness variance; their destruction by recombi-
nation therefore increases fitness variance, and so selection
favors higher recombination rates. In our case, in contrast,
the deleterious alleles are introgressed into the recipient pop-
ulation in perfect positive LD. These positive LDs increase
fitness variance; their destruction by recombination therefore
decreases fitness variance, and so higher recombination rates
are disfavored by selection.

Therefore, selection against introgressed ancestry can gen-
erate selection on both local and global modifiers to reduce the
recombination rate. Local modifiers of recombination include
structural rearrangements (Kirkpatrick, 2010), alterations to
the binding sites of recombination-specifying proteins (Grey
et al., 2018; Paigen & Petkov, 2018), and mutations that
affect local chromatin structure in meiotic prophase (e.g.,
Stack et al., 2017). The simplest global modification of the
aggregate recombination rate is a change in chromosome
number (Veller et al., 2019), but introgression is not generally
expected to select for reduced chromosome number owing to
fertility problems in karyotype-heterozygous hybrids (White,
1978). Therefore, introgression is expected to select for global
modification of the recombination process predominantly via
modifiers of the number and spatial arrangement of cross-
overs. Our expanding knowledge of the molecular biology of
meiosis and recombination (reviewed in Hunter, 2015; Zickler
& Kleckner, 2015) suggests global modifiers of this form to
be very common: they include mutations to key meiosis pro-
teins, such as those that determine the lengths of chromosome
axes in meiotic prophase (e.g., Hong et al., 2019; Novak et
al., 2008), those that control the interference process along
chromosome axes (e.g., Zhang et al., 2014), and those that
globally specify recombination hotspots (Grey et al., 2018;
Paigen & Petkov, 2018).

Frequent introgression is therefore expected to shape
genetic variation in these factors toward reducing both local
and global recombination. In this way, selection for reduced
recombination acts as an indirect form of reinforcement,
causing post-zygotic selection against introgressed DNA to
be more efficient, and thus strengthening the barrier to gene
flow between species.

Note that introgression can also select for reductions in
recombination among loci underlying traits relevant to hybrid
fitness without alteration of the recombination process itself,
via turnover of and changes in allelic frequencies at these loci
(Yeaman & Whitlock, 2011).

1

The influence of demography on recombination’s
role in selection against introgressed DNA

We have studied a very simple demographic scenario, where
there is a single, immediate pulse of admixture, and mating is
thereafter random in the admixed population.

In reality, mating is unlikely to be random in early admixed
populations. Instead, one might expect mates often to assort
based partially on ancestry. Elsewhere, we have studied the
consequences of ancestry-based assortative mating for selec-
tion against introgressed DNA, showing that assortative mat-
ing—by bundling introgressed ancestry together—increases
ancestry variance in the population and thus allows selection
to purge introgressed DNA more efficiently (Muralidhar et
al., 2022). There, we discussed recombination’s role in accel-
erating this “bundling effect” of assortative mating, which
partially counteracts the effect of recombination that we have
studied here, to reduce the rate at which introgressed ancestry
is purged. Additionally, assortative mating might mute recom-
bination’s role in mediating the rate at which introgressed
ancestry is purged, since, by bringing together like-with-like
ancestry in individuals and thus decreasing the number of
locus pairs at which individuals are doubly ancestry-hetero-
zygous, assortative mating reduces “effective” recombination
in these individuals (cf. Nordborg, 2000).

The “instant pulse” model of admixture that we have stud-
ied is likely also unrealistic. Even in cases where admixture
is not perpetual as in stable clines, pulses of admixture will
usually persist across multiple generations—or occur at sep-
arate points in time (e.g., Vilgalys et al., 2022). In such cases,
early- and later-generation hybrids will interbreed, creating
complex patterns of admixture that, in the absence of further
simplifying assumptions such as that admixture pulses are
very small (Barton, 1983), are not amenable to the kinds of
simple calculations we have developed in this paper.

Finally, we have chosen the overall deleterious effect
of introgressed ancestry to match that estimated for
Neanderthal-human introgression (with F1 hybrids suffering
a ~20% fitness reduction; Harris & Nielsen, 2016; Juric et
al., 2016). While the rate at which introgressed ancestry is
purged obviously depends on how deleterious it is, we do not
expect recombination’s role in this process to be particularly
sensitive to this parameter.

The number of loci at which introgressed alleles
are deleterious, and the nature of selection against
introgressed ancestry

Recent genomic work has shown that, in many cases, intro-
gressed alleles are deleterious at a great number of loci scat-
tered throughout the genome, with alleles at these loci each
having a small individual effect on fitness but together having
a large combined effect such that early-generation hybrids—
who carry many introgressed alleles—suffer substantial fit-
ness reductions (e.g., Aeschbacher et al., 2017; Juric et al.,
2016). Our calculations have focused on the role of recombi-
nation in mediating selection against introgressed ancestry in
this “polygenic” case. However, in some systems, the reduced
fitness of hybrids is predominantly due to very strong fitness
effects at only a handful of loci (e.g., Powell et al., 2020;
Presgraves, 2003).

A conclusion that should be particularly sensitive to the
number of deleterious loci is the unimportance of recombina-
tion’s effect in unlinking neutral from deleterious introgressed
alleles, relative to its effect on the rate of purging of the
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deleterious alleles themselves, in explaining both the overall
rate of purging of introgressed alleles (Supplementary Figure
S4) and genome-wide correlations between recombination
rate and introgressed ancestry (Figure 4, Supplementary Figure
S9). With fewer deleterious loci throughout the genome, the
average genetic distance of a neutral locus to its nearest flank-
ing deleterious loci is larger, and so the unlinking of neutral
from deleterious introgressed alleles will be more rapid.

To illustrate the importance of the number of deleterious
loci for genome-wide correlations between recombination
rate and introgressed ancestry, we have compared cases with
1,000 loci (Figure 4) and 100 loci (Supplementary Figure S9)
at which the introgressed alleles are deleterious. A technical
difficulty in reducing the number of deleterious loci further
than this in our simulations is that Equation (17), which
decomposes the genome-wide correlation between recombi-
nation rate and introgressed ancestry into contributions from
recombination’s unlinking effect and its effect on the rate of
purging of deleterious alleles, requires that there be at least
one deleterious locus in each of the genomic windows across
which the correlation is measured. With very few deleterious
loci, these genomic windows would need to be unreasonably
large—e.g., spanning chromosomes—for the decomposition
to apply. Nonetheless, the increased importance of recombi-
nation’s unlinking effect when there are fewer deleterious loci
can be observed in the greater and more rapid divergence of
the overall introgressed fractions at neutral and deleterious
loci (Supplementary Figure S4). A corollary is that, hold-
ing the overall fitness reduction of early-generation hybrids
constant, a greater fraction of introgressed ancestry persists
when this overall deleterious effect is spread across fewer loci
(Supplementary Figure S4; see also Figure 4 in Moran et al.,
2021).

The number of loci at which introgressed alleles are delete-
rious seems often to depend on the nature of selection against
introgressed ancestry (Moran et al., 2021). If this selection is
due to higher genetic load in the donor species (owing to its
lower effective poulation sizes), then the deleterious effect of
introgressed ancestry is expected to be spread across a large
number of loci at which weakly deleterious mutations accu-
mulated in the donor species. Such a scenario has been argued
to be relevant for Neanderthal-human introgression, and
genomic patterns consistent with the same scenario have been
found in other cases as well (e.g., Aeschbacher et al., 2017).
In contrast, when introgressed ancestry is deleterious because
of negative epistatic interactions between donor- and recipi-
ent-species alleles (DMIs), then individual selective effects are
often strong, with individual incompatibilities substantially
reducing hybrid fitness (e.g., Powell et al., 2020; Presgraves,
2003).

We have focused primarily on the role of recombination
in selection against introgressed ancestry under a load-like
model, where introgressed alleles are additively deleterious
at many loci throughout the genome. This situation might
also be expected to pertain if introgressed alleles are broadly
maladapted to the recipient species’ ecology. The role of
recombination in the alternative scenario, where introgressed
alleles are deleterious owing to their participation in DMlIs,
is complicated by two factors. First, two-locus DMIs fall into
three epistatic dominance classes, depending on whether an
individual must be homozygous for the incompatible allele at
both, one, or neither of the two loci to suffer the deleterious
effect of the DMI (type 2, 1, and 0 DMIs, respectively; Turelli

Veller et al.

& Orr, 2000). The effect of recombination in “uncovering”
these three kinds of DMI varies: two recombination events
are required for a type-2 DMI to be expressed, while type-0
DMIs are expressed already in F1 hybrids, with no recom-
bination between the two loci required. Second, the loci
involved in each pairwise DMI might not be independently
chosen from across the genome, as we have assumed for sim-
plicity in our DMI simulations (Supplementary Figure S3).
For example, if ancestry mismatches between genes and their
promoters lead to suboptimal gene expression in hybrids,
then DMIs might disproportionately involve tightly linked
locus pairs (Moran et al., 2021). In such cases, the effect of
recombination on selection against incompatible alleles at
these loci, and against the minor-parent ancestry more gen-
erally, will be influenced by a combination of local/fine-scale
recombination rates, which govern how rapidly incompati-
ble alleles recombine into the same genome, and aggregate
recombination, which governs how efficiently selection
purges collections of incompatible alleles that find them-
selves in these configurations.
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