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Abstract

Introgressed variants from other species can be an important source of genetic variation because they may arise rapidly, can include

multiple mutations on a single haplotype, and have often been pretested by selection in the species of origin. Although introgressed

alleles are generally deleterious, several studies have reported introgression as the source of adaptive alleles—including the

rodenticide-resistant variant of Vkorc1 that introgressed from Mus spretus into European populations of Mus musculus domesticus.

Here, we conducted bidirectional genome scans to characterize introgressed regions into one wild population of M. spretus from

Spain and three wild populations of M. m. domesticus from France, Germany, and Iran. Despite the fact that these species show

considerable intrinsic postzygotic reproductive isolation, introgression was observed in all individuals, including in the M. musculus

reference genome (GRCm38). Mus spretus individuals had a greater proportion of introgression compared with M. m. domesticus,

and within M. m. domesticus, the proportion of introgression decreased with geographic distance from the area of sympatry.

Introgression was observed on all autosomes for both species, but not on the X-chromosome in M. m. domesticus, consistent with

known X-linked hybrid sterility and inviability genes that have been mapped to the M. spretus X-chromosome. Tract lengths were

generally short with a few outliers of up to 2.7 Mb. Interestingly, the longest introgressed tracts were in olfactory receptor regions,

and introgressed tracts were significantly enriched for olfactory receptor genes in both species, suggesting that introgression may be

a source of functional novelty even between species with high barriers to gene flow.
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Introduction

The advent of whole-genome sequences for many organisms

has led to a renewed interest in hybridization and its role in

evolution (Taylor and Larson 2019). Although hybrid zones

have been studied for decades (e.g., Endler 1977; Harrison

1990), the focus of these earlier studies, particularly in ani-

mals, has been on understanding barriers to gene flow. In

contrast, the recent focus has been on the creative potential

of hybridization, both for adaptive evolution and for
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speciation. Indeed, genomic tracts that introgress between

divergent taxa can be an important source of variation on

which selection may act. Unlike new mutations, introgressed

variants may be introduced rapidly and repeatedly, can in-

clude multiple mutations on a single haplotype, and have of-

ten been tested by selection in the taxon of origin. Although

most introgressed genomic material is expected to be delete-

rious or neutral in the recipient species, some introgressed

regions may be beneficial.

Whole-genome studies have now revealed many cases of

hybridization and introgression between species of animals,

including humans (Green et al. 2010), house mice (Liu et al.

2015), bears (Cahill et al. 2018), cichlid fish (Meier et al. 2017),

sea bass (Duranton et al. 2020), Heliconius butterflies (Edelman

et al. 2019), and many others (reviewed in Taylor and Larson

2019). In some cases, specific introgressed genes conferring an

advantage have been identified. One of the first examples of

adaptive introgression was in populations of house mice (Mus

musculus domesticus) in Germany and Northern Spain which

evolved resistance to the rodenticide warfarin. Mice that are

resistant to warfarin carry an allele of Vkorc1 that is highly

diverged from other alleles seen in M. m. domesticus, but iden-

tical to Vkorc1 haplotypes in the closely related species, Mus

spretus (Song et al. 2011). Other notable examples of adaptive

introgression include high elevation adaptation in humans con-

ferred by an Epas1 allele that came from Denisovans (Huerta-

S�anchez et al. 2014), introgression of genes responsible for

wing pattern mimicry in Heliconius butterflies (Dasmahapatra

et al. 2012; Wallbank et al. 2016), and introgression from

black-tailed jackrabbits to snowshoe hares of an agouti allele

conferring seasonal color changes (Jones et al. 2018).

Despite the recent focus on hybridization, relatively few

studies have addressed the directionality of gene flow be-

tween lineages or the geographic extent to which introgres-

sion extends across the range of a recipient species. If most

introgressed loci are deleterious, they are expected to be elim-

inated by selection and thus are not expected to spread easily

(e.g., Juric et al. 2016, Schumer et al. 2018). This prediction

can be tested by sampling in areas of sympatry and areas of

allopatry for species whose ranges partially overlap. House

mice provide a good opportunity for studying introgression.

Mus musculus consists of three subspecies that together have

a nearly worldwide distribution: M. m. musculus is found in

eastern Europe and northern Asia; M. m. domesticus is found

in western Europe, the Middle East, North Africa and has

recently been introduced to Australia, the Americas, and

southern Africa in association with humans; and Mus muscu-

lus castaneus is found in southeast Asia (fig. 1) (Bonhomme

and Searle 2012). These subspecies hybridize in several

regions of secondary contact and are isolated by varying

degrees of hybrid male sterility (reviewed in Phifer-Rixey and

Nachman 2015). Introgression between subspecies has been

studied extensively (e.g., Tucker et al. 1992; Teeter et al.

2008; Geraldes et al. 2011; Staubach et al. 2012).

Mus spretus is a closely related species that is found in parts

of North Africa and southern Europe; its range is wholly con-

tained within part of the range of M. m. domesticus (fig. 1).

Mus spretus is not commensal with humans and is believed to

have diverged from M. musculus 1–3 Ma (She et al. 1990;

Chevret et al. 2005). The first laboratory crosses between

M. musculus and M. spretus were reported by Bonhomme

et al. (1978). Reduced fitness of hybrids is a consequence of

abnormal placental development due to disrupted imprinting

(Zechner et al. 1996, 1997) as well as complete sterility of

hybrid males (Bonhomme et al. 1978; Matsuda and

Chapman 1992). Despite the sterility of hybrid males, viable

and fertile F1 females can be recovered and backcrossed to

either parent, and these crosses have been widely used to map

specific genes in mice (reviewed in Dejager et al. 2009). No F1

hybrids between M. musculus and M. spretus have been ob-

served in nature; however, Orth et al. (2002) reported recip-

rocal patterns of introgression between these species based on

allozymes, mtDNA, and microsatellites. More recently, Song

et al. (2011) showed that a Vkorc1 allele underlying warfarin

resistance in M. m. domesticus came from M. spretus. Liu et al.

(2015) then used a genotyping array and found that introgres-

sion between M. spretus and M. m. domesticus was not lim-

ited to Vkorc1; other genomic regions were introgressed as

well. Liu et al. (2015) included only a single representative

M. spretus individual (reference genome SPRET-EIJ) and thus

could not assess the directionality of introgression.

Here we extend the work of Orth et al. (2002) and Liu et al.

(2015) by using whole-genome sequences of M. spretus, as

well as two subspecies of M. musculus to assess the extent

and direction of introgression between M. spretus and

M. musculus. Specifically, we address the following questions:

1) How extensive is introgression between M. spretus and M.

m. domesticus in natural populations? 2) Does gene flow oc-

cur in both directions, and if so, is the extent of introgression

similar? 3) Does the amount of introgression decrease with

increasing geographic distance from the area of sympatry? 4)

Do regions that contain introgression have higher than aver-

age recombination rates, as expected if linked selection

purges deleterious alleles more often in regions of low recom-

bination? 5) How are introgressed tracts distributed across the

genome, and what genes do they encode?

Results

Significant Introgression between M. spretus and M. m.
domesticus

To identify historical gene flow between M. spretus and M. m.

domesticus, we calculated the D-statistic using a population

level ABBA–BABA test and assessed significance of the D-sta-

tistic with a Z-score. Populations included in the ABBA–BABA

test consisted of M. m. musculus (8 Kazakhstan individuals),

M. m. domesticus (24 Eurasian individuals), M. spretus (8 Spain
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individuals), and the outgroup Mus caroli (single Thailand in-

dividual) (fig. 1). Mus musculus domesticus had an excess

number of shared derived single nucleotide polymorphisms

(SNPs) with M. spretus compared with M. m. musculus (D-

statistic ¼ 0.013, Z-score ¼ �9.4, P< 0.001, fig. 1). The D-

statistic was also significantly positive when each of the three

M. m. domesticus population was tested individually (table 1).

The ABBA–BABA test thus indicates that gene flow has oc-

curred between M. m. domesticus and M. spretus. However,

this test does not specify the directionality of gene flow be-

tween the two species, nor does it identify the genomic

regions that are shared between the two species.

Introgression Is Bidirectional, with M. spretus Containing

More Introgressed DNA Than M. m. domesticus

We identified introgressed genomic regions (IGRs) across the

genome in 24 individuals of M. m. domesticus and 8 individ-

uals of M. spretus using the comparison of absolute

nucleotide divergence (Dxy) between each individual and the

heterospecific and conspecific reference sequences (see fig. 2,

Materials and Methods). We accounted for directionality by

considering only sites that were invariant in the donor species.

The genome-wide average heterospecific Dxy was approxi-

mately 1%, and the genome-wide average conspecific Dxy

was approximately 0.2% (supplementary table 1,

Supplementary Material online). A histogram of the difference

in Dxy between the heterospecific and conspecific compari-

sons for different genomic regions revealed a mode close to

the expected value of 0.8% (fig. 3). There was a second,

smaller mode at 0%, and the distribution had a large asym-

metrical tail with an excess of sites at or below �0.8%. The

presence of this smaller mode and the asymmetry provides

clear evidence of introgression and cannot be explained by

incomplete lineage sorting. The large asymmetry near�0.8%

represents homozygous introgressed regions, whereas the

mode at 0 represents a combination of heterozygous intro-

gressions and introgressions in the reference genome.

FIG. 1.—Geographic sampling and ABBA–BABA design. Solid-shaded regions indicate geographic ranges of M. musculus subspecies (modified from

Phifer-Rixey and Nachman [2015] and Rajabi-Maham et al. [2008]) (blue¼M. m. domesticus; red¼M. m. musculus; green¼M. m. castaneus; gray¼ further

lineages and possible additional subspecies [Hardouin et al. 2015] and the Himayalan region). Areas of overlap represent regions of subspecific hybridization;

range edges and areas of hybridization are approximate. Mus spretus is completely sympatric with M. m. domesticus in southern Europe and north Africa,

range depicted in gold hatching. Mus caroli is completely sympatric with M. m. castaneus in southeast Asia, range depicted in purple. Mus spretus and

M. caroli ranges were downloaded from IUCN Redlist. Colored dots on the map represent collection locality of reference genomes and wild populations used

in this study (gold¼ Spanish M. spretus population; blue¼ French, German, and Iranian M. m. domesticus populations; red¼ Kazakhstani M. m. musculus

population; purple ¼ M. caroli reference genome). The phylogenetic tree shows the species tree, with the arrow indicating introgression between M. m.

domesticus and M. spretus. Values indicate the genome total number of SNPs categorized as “ABBA” and “BABA,” with significance assessed with D-

statistic and Z-score. Mouse drawings (Universitat de Valencia, ZooBot) show M. m. domesticus (left) and M. spretus (right).
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We conducted computer simulations to assess the false-

positive rate for identifying IGRs. We simulated population

divergence without gene flow using estimates of population

size, divergence time, mutation rate, and recombination rate

from the literature (see Materials and Methods for details).

Output from these simulations was analyzed using the same

methods as with the actual data; we calculated heterospe-

cific Dxy, conspecific Dxy, and the difference between them

for each of 100,000 simulated 10 kb windows. The differ-

ence between heterospecific Dxy and conspecific Dxy was

normally distributed with a mean of approximately 0.8. In

100,000 simulated 10 kb windows, none had a difference

less than or equal to 0, indicating that the false-positive rate

for detecting IGRs is less than 10�5 (supplementary fig. 2,

Supplementary Material online). The low false-positive rate

suggests that this approach is very conservative for detecting

introgression. Next, we conducted simulations with gene

flow to corroborate the intuition that introgression will

lead to a shift in the distribution of the difference between

heterospecific Dxy and conspecific Dxy values, leading to val-

ues below �0.8 and an additional mode at 0. These simu-

lations were identical to the first ones, but included a recent

period of modest bidirectional migration. In 100,000 simu-

lated 10 kb windows with gene flow, we observed a

Table 1

Summary Statistics of Genomic Introgression for Each Population

Population D-Statistic

(Z-Score)

Introgressed Windows (Collapsed by Population) Percent Genome Introgressed

Total no. Average IGR

length (kb)

No. of IGR

>100 kb

No. of IGR

>500 kb

Average pop-

ulation

frequency

Average per

individual (%)

Total (col-

lapsed by

population)

(%)

M. spretus Spain N/A 139 114.13 58 4 0.15 0.078 0.58

M. m. domesticus

France

0.018 (12.07) 95 56.42 18 1 0.33 0.069 0.22

M. m. domesticus

Germany

0.010 (11.50) 89 61.57 25 1 0.29 0.068 0.20

M. m. domesticus Iran 0.009 (11.46) 97 22.27 4 0 0.45 0.036 0.08

N/A, not applicable.

FIG. 2.—Identification of introgressed genomic regions. (A) Cartoon example (left) and actual data (right) showing comparisons used to identify

introgressed genomic regions in focal individuals and not in the reference genome. For each individual, Dxy was calculated between the conspecific reference

and the heterospecific reference genome sequences. In both the cartoon and real examples, conspecific divergence is shown in orange, and heterospecific

divergence is shown in blue. Individual 1 contains a homozygous introgression at sites 6–14, individual 2 contains a heterozygous introgression at sites 6–14,

individual 3 contains a heterozygous introgression at sites 6–9 and a homozygous introgression at sites 10–14. (B) Cartoon example (left) and actual data

(right) showing comparisons used to identify introgressed genomic regions in focal individuals and in the conspecific reference genome. This example shows

introgression at sites 6–14 in the conspecific reference genome and in individual A, but not in individual B.
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secondary mode in the difference between heterospecific Dxy

and conspecific Dxy at 0, as in the actual data (supplementary

fig. 2, Supplementary Material online). A total of 6,450 10 kb

windows had a difference between heterospecific Dxy and

conspecific Dxy less than or equal to 0. These simulations

show that gene flow can produce the observed patterns.

IGRs were detected in all 32 individuals. The eight

M. spretus individuals had an average of 0.08% of the

FIG. 3.— Histograms of Dxy values and their difference in comparisons between focal individuals and the heterospecific and conspecific reference

genomes. (A) Histogram of conspecific and heterospecific Dxy in 10kb windows. Light gray bars depict conspecific Dxy for all 10 kb windows (mean ¼
�0.2%). Dark gray bars depict heterospecific Dxy for all 10kb windows (mean ¼ �1.0%). (B) Histogram of the difference in Dxy (heterospecific Dxy-

conspecific Dxy) per 10kb window across the genome for a representative focal individual. The upper panel shows the entire distribution, whereas the lower

panel is zoomed in to show the difference in the upper and lower tails of the distribution. The mean value shown as a solid black line (�0.8%). The orange

highlighted region represents windows with a value less than �0.8% which are candidates for homozygous introgressions. The blue highlighted region

centered around zero represents windows with nearly identical conspecific and heterospecific Dxy and includes candidates for heterozygous introgression.
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genome putatively introgressed, ranging from 0.04 to 0.17%

(fig. 4 and table 1). IGRs with overlapping breakpoints among

individuals were collapsed to count the number of unique

IGRs. Mus spretus had a total of 139 unique IGRs with a

mean tract length of 114 kb. The three populations of M.

m. domesticus had fewer unique IGRs (FRA, 95; GER, 89;

and IRA, 97) and shorter tracts (average tract lengths: FRA,

56 kb; GER, 62 kb; and IRA, 22 kb) compared with M. spretus.

Mus musculus domesticus individuals had an average of

0.06% of the genome identified as introgressed, ranging

from 0.02 to 0.1% (fig. 4 and table 1). Thus, a small percent-

age of the genome has been introgressed in both directions

between M. m. domesticus and M. spretus, with M. spretus

genomes containing a greater amount of introgressed DNA.

In all populations, the majority of IGRs were small (10 kb);

however, there were several IGRs that were much longer

(supplementary fig. 3, Supplementary Material online). Mus

spretus had 58 unique introgressed tracts longer than 100 kb;

the longest was a 1.87-Mb tract on chromosome 7 that con-

tains a large cluster of olfactory receptor genes. The French

and German M. m. domesticus populations shared their lon-

gest IGR, a 2.02-Mb tract on chromosome 7 that contains a

large cluster of olfactory receptor genes. The Iranian M. m.

domesticus population had only four IGRs that exceeded

100 kb, the longest being a 0.35-Mb region on chromosome

7 that contains no protein coding genes.

To identify the genomic position of introgressed regions,

we mapped all IGRs identified in both species to the mouse

genome (fig. 5). IGRs were located on nearly all 19 autosomes

in both M. spretus and M. m. domesticus (absent only from

chr18 in M. spretus). There were also two distinct IGRs on the

X-chromosome in M. spretus (positions: 46330000–

46350000 and 137000000–137340000), but there were no

IGRs on the X-chromosome in any of the 24 M. m. domesticus

individuals. Interestingly, chromosome 7 contained the largest

fraction of total introgressed DNA in both species, correspond-

ing to approximately 50% of IGRs from M. spretus into M. m.

domesticus and approximately 33% of IGRs from M. spretus

into M. m. domesticus. In addition to the large introgressed

tract on chromosome 7 in M. m. domesticus that contained a

cluster of olfactory receptor genes, we also observed a 0.6-Mb

tract on chromosome 7 containing Vkorc1, as previously de-

scribed (Song et al. 2011). In both species, IGRs on chromo-

some 17 were not within or near the t-haplotype region,

providing no evidence of introgression caused by t-haplotype

meiotic drive. IGRs did not cluster near or far from centromeres

or gene-rich regions, instead they appeared evenly distributed

across chromosomes. Approximately half (45%) of all 10 kb

windows across the genome contained genes. A similar pro-

portion of IGRs contained genes (49–53%), suggesting that

introgressed tracts are not enriched for gene-rich or gene-poor

genomic regions.

Introgression from M. spretus in the M. musculus

Reference Genome

We detected ten distinct genomic regions ranging in size

from 30 kb to 0.44 Mb of M. spretus origin in the M. mus-

culus reference genome, totaling 1.5 Mb (supplementary ta-

ble 7, Supplementary Material online). In contrast, we did

not detect any introgression from M. musculus in the refer-

ence genome of M. spretus. The method we used to detect

introgressed regions in the reference genome required intro-

gressions that were not fixed in the recipient species. In this

study, the three geographically discrete wild populations of

M. m. domesticus gave us greater power to detect nonfixed

introgressions in the M. m. domesticus reference genome

than in the M. spretus reference genome, because only a

single population of wild M. spretus was sampled. Therefore,

we cannot rule out the possibility that there is also introgres-

sion in the M. spretus reference genome. Moreover, the

M. spretus reference genome was sequenced in a strain

established from wild mice trapped in southern Spain.

Population sampling of M. spretus from geographic regions

farther from where the reference sample was collected

would increase the power to detect introgressed regions in

the M. spretus reference genome.

FIG. 4.—Proportion of genome introgressed per individual. The amount of introgressed DNA as a percentage of genome length for each of the 32

individuals, grouped by species and by population. (SPRET¼ M. spretus; DOM¼ M. m. domesticus).
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Introgression Decreases with Increasing Geographic
Distance from the Area of Sympatry

To assess the relationship between the geographic distance

from the area of sympatry and the amount of introgression

within each population, we estimated the amount and iden-

tity of genomic introgression from M. spretus into three M. m.

domesticus populations. The three M. m. domesticus popula-

tions were all allopatric to M. spretus and were collected at

varying distances from the area of sympatry (fig. 1). The dis-

tance from the nearest known M. spretus locality was approx-

imately 550 km for the French M. m. domesticus population,

approximately 1,050 km for the German population, and ap-

proximately 2,650 km for the Iranian population. ABBA–

BABA tests were conducted for each M. m. domesticus pop-

ulation together with M. m. musculus, M. spretus, and M.

caroli. The D-statistic was greatest for the French population,

intermediate for the German population, and smallest for the

Iranian population (table 1). Similarly, the average percent of

the genome putatively introgressed was greatest in the

French population, slightly less in the German population,

and lowest in the Iranian population. There was a strong pos-

itive correlation (r2 ¼ 0.96) between the average percent of

the genome introgressed and distance from the area of sym-

patry. The three M. m. domesticus populations have a similar

number of introgressed tracts, and the differences in the

introgressed genomic proportions were driven by the length,

rather than by the number of introgressed tracts (table 1).

Windows with IGRs Had Recombination Rates Equal to or
Slightly Lower Than Windows without IGRs

We tested the prediction that introgressed regions preferen-

tially fall in regions of the genome with higher rates of recom-

bination (e.g., Nachman and Payseur 2012; Schumer et al.

2018). Contrary to expectations, 1 Mb windows that con-

tained IGRs did not show higher recombination rates than

regions without IGRs. The average recombination rate across

nonoverlapping 1 Mb windows was 0.59 cM/Mb. The

M. spretus population showed no significant difference in

recombination rate between 1 Mb windows that contained

IGRs (recombination rate ¼ 0.53 cM/Mb) and 1 Mb windows

that did not contain IGRs (recombination rate¼ 0.59 cM/Mb)

(Mann–Whitney U test; P¼ 0.055). All three M. m. domesti-

cus populations had significantly lower recombination rates in

1 Mb windows containing IGRs (France, 0.46 cM/Mb;

FIG. 5.—Genomic location of introgressed genomic regions (IGRs) between M. m. domesticus and M. spretus. The left chromosome in each pair

represents M. spretus, with yellow dots indicating the location of IGRs (�10kb) from M. m. domesticus into M. spretus. The right chromosome in each pair

represents M. m. domesticus, with blue dots indicating the location of IGRs (�10kb) from M. spretus into three populations of M. m. domesticus (dark blue

¼ France; light blue ¼ Germany; teal ¼ Iran). Red dots on the right chromosome indicate the position of IGRs in the M. musculus reference genome

GRCm38.
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Germany, 0.43 cM/Mb; and Iran, 0.37 cM/Mb) compared

with those without (Mann–Whitney U test; France,

P¼ 1.4�10�4; Germany, P¼ 1.1�10�4; and Iran,

P¼ 1.8�10�9).

Introgressed Tracts Were Significantly Enriched for
Olfactory Receptor Genes in Both Directions

To assess the functional significance of introgressed regions,

genes encoded with IGRs were tested for overrepresentation

of Gene Ontology (GO) categories. PANTHER overrepresenta-

tion tests of GO annotations of genes located within IGRs

showed significant enrichment (Fisher’s exact test,

P< 0.001) for olfactory-related GO categories in both

M. spretus and M. m. domesticus (supplementary table 8,

Supplementary Material online).

The olfactome in Mus consists of genomic regions ranging

in size from solitary olfactory genes (<1 kb) to large clusters of

several hundred olfactory genes (>1 Mb). Compared with the

small proportion (<1%) of the genome putatively intro-

gressed in each Mus species, a significantly greater proportion

of the olfactome is putatively introgressed (supplementary

table 9, Supplementary Material online). This pattern is stron-

gest in M. spretus with >10% of the olfactome introgressed.

There is a striking overlap between the longest olfactory re-

ceptor clusters and the longest IGRs. The three longest olfac-

tory receptor clusters (4.71 Mb on chr2, 2.48 Mb on chr9, and

1.66 Mb on chr7) all contain IGRs, and the three longest IGRs

(2.02 Mb on chr7, 1.87 Mb on chr7, and 1.26 Mb on chr2) all

contain olfactory receptor clusters.

Discussion

How Extensive Is Introgression between M. spretus and M.
m. domesticus?

A small, but significant proportion of the genome is intro-

gressed between natural populations of the house mouse

(M. m. domesticus) and the Algerian mouse (M. spretus).

These observations confirm and extend the results of previous

studies (Orth et al. 2002; Liu et al. 2015). Using mtDNA, seven

allozyme loci and four microsatellites, Orth et al. (2002) pro-

vided evidence of introgression in both directions between

these species. Liu et al. (2015) used a genome-wide approach

and documented introgression at a low level throughout the

genome but did not assess the directionality of introgression.

Our results show that introgression is both bidirectional and

widespread throughout the genome. Despite this, the

amount of introgression in this study (0.02–0.1% of the ge-

nome) is an order of magnitude less than has been reported

between Neanderthals and modern non-African human pop-

ulations (1–2%) (Green et al. 2010; Prüfer et al. 2014). The

proportion of introgression is even higher for some young

species groups that comprise adaptive radiations, such as

Heliconius butterflies (�20–40%; Martin et al. 2013) and

Lake Tanganyika cichlid fishes (9–25%; Gante et al. 2016).

The low level of introgression observed between M. m.

domesticus and M. spretus may reflect the comparatively

large degree of reproductive isolation between these taxa.

First, they are sympatric over only a small portion of the range

of M. m. domesticus (fig. 1). Even where they are sympatric,

they are largely restricted to different habitats: M. m. domes-

ticus is nearly always commensal with humans, whereas

M. spretus is found in more natural settings. Consistent

with these observations, no F1s have ever been observed in

nature (Orth et al. 2002). Finally, these species display a high

level of intrinsic postzygotic isolation due to both hybrid ste-

rility and reduced hybrid viability. Crosses between male

M. spretus and female M. musculus produce fertile F1 females

and sterile F1 males (Bonhomme et al. 1978). F1 male sterility

is due to lack of spermatozoa (Pelz and Niethammer 1978).

Placentas of female F1s are hyperplasic when backcrossed

with M. musculus and hypoplasic when backcrossed with

M. spretus (Zechner et al. 1997), resulting in a moderate re-

duction in the viability of hybrid conceptuses (Ar�evalo et al.

2021). In light of these barriers to gene flow, the observation

of low levels of introgression across the genome serves as a

reminder that even good “biological species” may have semi-

permeable genomes.

In addition to the detection of IGRs in wild mice, we also

found evidence of ten IGRs in the M. musculus reference ge-

nome GRCm38, containing part or all of 27 protein coding

genes (supplementary table 7, Supplementary Material on-

line). The GRCm38 reference genome was generated from

the classic laboratory strain C57BL/6J, which is mainly of M.

m. domesticus subspecific origin with a few small regions of

M. m. musculus and M. m. castaneus origin due to the estab-

lishment of lab lines from “fancy mice” (Yang et al. 2011).

The regions of GRCm38 we identify here as introgressed from

M. spretus are likely to have been present in the wild M. m.

domesticus populations that were collected and bred as

“fancy mice” preceding the 20th century.

Bidirectional Introgression

Many studies measuring introgression assume gene flow

from a donor population into a focal recipient population

and do not consider the possibility of bidirectional gene

flow. There are some situations where unidirectional gene

flow may be expected, such as in cases where the donor

species is rare, invasive, or a migrant to the recipient popula-

tion (e.g., introgression between invasive and Gulf killifish,

Oziolor and Matson 2018). A few recent studies have

reported bidirectional gene flow. For example, Walsh et al.

(2018) found bidirectional and largely symmetrical introgres-

sion between Nelson’s sparrow and the Saltmarsh sparrow.

Valencia-Montoya et al. (2020) found that initially after the

introduction of an invasive moth (Heliocoverpa) in Brazil, the

invasive moth species harbored more introgressed tracts
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compared with the native species. Over time, that pattern

flipped, driven by the adaptive benefit of an allele conferring

resistance to pesticide that introgressed from the invasive spe-

cies into the native species.

Here, we document bidirectional introgression and found

that M. spretus harbors a greater amount of introgressed

DNA than M. m. domesticus. In a general sense, these obser-

vations confirm similar suggestions made by Orth et al. (2002)

based on mtDNA and 12 nuclear loci. In that study, introgres-

sion was documented at nearly all loci, although more intro-

gression was seen into M. spretus than into M. m. domesticus.

The fact that introgression was seen at most of the loci sur-

veyed by Orth et al. (2002) while less than 1% of the genome

was identified as introgressed in the present study might seem

surprising, although several factors could account for this dif-

ference. First, although most loci in Orth et al. (2002) showed

some introgression when considering all individuals from both

species, individual mice showed little introgression, as found

here. For example, only 4 of the 64 M. m. domesticus showed

any introgression from M. spretus, and each of these 4 mice

harbored a M. spretus allele at only 1 of 13 loci. Second, Orth

et al. (2002) reported higher proportions of introgressed

alleles in Northern Africa than European samples of both spe-

cies of Mus, while we sampled populations only from Europe.

It is possible that some North African populations of

M. spretus and M. m. domesticus have a greater proportion

of IGRs, although Liu et al. (2015) found the opposite pattern

in M. m. domesticus. Third, Orth et al. (2002) did not explicitly

account for unsorted ancestral polymorphism as an explana-

tion for shared variation. In contrast, our approach only in-

cluded SNPs that were invariant within the donor population,

and thus, the IGRs reported here are unlikely to be the result

of incomplete lineage sorting. Fourth, our approach was very

conservative in identifying windows as IGRs, and we do not

suggest to have identified all genomic regions that have intro-

gressed between the two species. Finally, the higher mutation

rates of allozymes and microsatellites raise the possibility that

some of the shared variation reported by Orth et al. (2002) is a

consequence of recurrent mutation rather than gene flow.

Nonetheless, our genome-wide results are broadly consistent

with their finding of bidirectional and asymmetric introgres-

sion based on surveys of a few loci.

Does the Amount of Introgression Decrease with
Increasing Geographic Distance from the Area of
Sympatry?

The amount of introgression is predicted to decrease with

increasing distance from the area of sympatry, either due to

selection against deleterious introgressed variants or simply as

a consequence of limited gene flow over long geographic

distances. We tested this prediction and found that introgres-

sion in M. m. domesticus decreased with increasing distance

from the area of overlap with M. spretus. This pattern is

consistent with other taxa in which introgression has been

quantified in multiple allopatric populations. For example, de-

sert fishes endemic to the Colorado river (Gila robusta and

G. cypha) show spatially heterogenous asymmetric introgres-

sion throughout their range, with the highest levels in areas of

sympatry, but detectable introgression even in allopatric sites

(Chafin et al. 2019). In European Lissotriton newts, introgres-

sion is highly localized, detected only at sites where they share

the same habitat (i.e., syntopic), and absent at allotopic sites

(Johanet et al. 2011). Similarly, in European seabass

(Dicentarchus), introgressed alleles were fixed in populations

parapatric with the donor species, and absent in populations

more geographically isolated, suggesting that these intro-

gressed alleles may contribute to the reproductive isolation

within the recipient species (Duranton et al. 2020). The M.

m. domesticus populations included in this study are sepa-

rated by hundreds of kilometers. It is striking that both the

D-statistic and the analysis of IGRs provide evidence for sig-

nificant introgression in the Iranian population of M. m.

domesticus, 650 km from the range of M. spretus. As migra-

tion between the sampled populations is probably low, two

other explanations for this finding should be considered. One

is that these regions originally introgressed into populations of

M. m. domesticus that are geographically closer to M. spretus,

and gene flow within M. m. domesticus carried the alleles to

Iran. Another possible explanation is that the signal of intro-

gression comes from a closely related Mus species that is sym-

patric with M. m. domesticus in Iran, M. macedonius. The

presence of multiple IGRs that are shared between the three

populations of M. m. domesticus supports the gene-flow hy-

pothesis. Future studies with increased sampling across the

diversity of Mus species would help distinguish between in-

trogression from M. spretus and introgression from

M. macedonius in Iran. If IGRs have been carried long distan-

ces by migration, this would suggest that the observed

M. spretus alleles are not strongly deleterious in M. m.

domesticus.

Is the Recombination Rate Higher in IGRs?

Hybrids between M. spretus and M. m. domesticus have

greatly reduced fitness due to intrinsic postzygotic isolation.

Alleles causing hybrid sterility or inviability are deleterious and

are thus expected to be eliminated by selection. Similarly, ev-

idence from studies of humans suggests that introgressed loci

from Neanderthals may often be deleterious (e.g.,

Sankararaman et al. 2014; Harris and Nielsen 2016). The del-

eterious effects of introgressed DNA can also be seen in time-

series collections of invasive moths in Brazil which showed

that after an initial pulse of hybridization, the proportion of

introgressed DNA decreased (Valencia-Montoya et al. 2020).

In genomic regions with low rates of recombination, gene

flow between species is expected to be reduced because of

linkage to deleterious alleles that are purged from the
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population (Nachman and Payseur 2012; Schumer et al.

2018). Reduced introgression in genomic regions with low

recombination has been seen in many species, including sun-

flowers (Rieseberg et al. 1999), Drosophila (Machado et al.

2002), rabbits (Carneiro et al. 2009), house mice (Geraldes

et al. 2011), humans (Schumer et al. 2018), monkey flowers

(Nelson et al. 2021), swordtail fishes (Schumer et al. 2018),

and Heliconius butterflies (Edelman et al. 2019). In contrast,

we were surprised to find that genomic windows with IGRs in

M. m. domesticus showed a significantly reduced recombina-

tion rate compared with genomic windows without IGRs. This

was particularly surprising in light of the fact that introgression

between M. m. musculus and M. m. domesticus is greater in

genomic regions with higher rates of recombination (Geraldes

et al. 2011), as seen in many other species. In principle, the

pattern that we document here could be caused by hitchhik-

ing with beneficial variants, because hitchhiking effects are

expected to be greater in regions of low recombination.

However, at this point such a conclusion is speculative as

we have no evidence that any of the introgressed variants

are adaptive (apart from Vkorc1, discussed below).

How Are Introgressed Tracts Distributed across the
Genome, and What Genes Do They Encode?

Despite the barriers to reproductive isolation between

M. spretus and M. m. domesticus, IGRs were detected on

nearly all autosomes of both species (missing only from chro-

mosome 18 in M. spretus). We found less introgression on the

X-chromosome than on the autosomes; no IGRs were

detected on the M. m. musculus X-chromosome, and only

two IGRs were detected on the M. spretus X-chromosome.

The reduced introgression on the X-chromosome is consistent

with other studies and may be explained by the “large X-

effect,” the disproportionately large number of incompatibil-

ities on the X-chromosome, as well as the exposure to selec-

tion of recessive X-linked incompatibilities in males (Coyne

and Orr 1998; Presgraves 2018). One of the first documented

cases of this pattern was seen in the hybrid zone between M.

m. domesticus and M. m. musculus, where clines for X- and Y-

linked loci were steeper than those for autosomal loci (Tucker

et al. 1992). More recently, Presgraves (2018) reviewed over

100 studies and showed that the sex chromosomes were

more differentiated than the autosomes in most cases, irre-

spective of whether males or females were the heterogametic

sex. However, Presgraves (2018) also points out that such a

pattern may arise in the absence of barriers to gene flow, as a

simple consequence of differences in effective population size

for the X-chromosome and autosomes. Indeed, Fraı̈sse and

Sachdeva (2021) summarized the results of 30 empirical stud-

ies that utilized genomic data and found that the sex chro-

mosomes present a stronger barrier to gene flow than the

autosomes in only about half of the cases. Thus, in principle,

the patterns documented here could be caused by factors

other than barriers to gene flow. However, it is of consider-

able interest that two genes known to be involved in intrinsic

postzygotic isolation between M. musculus and M. spretus

map to the M. spretus X-chromosome (Gu�enet et al. 1990;

Zechner et al. 1996). A major locus underlying abnormal pla-

cental development in M. musculus � M. spretus hybrids

maps to the proximal portion of the M. spretus X-chromo-

some (Zechner et al. 1996), and a gene underlying hybrid

male sterility maps to the distal portion of the M. spretus X-

chromosome (Gu�enet et al. 1990). In both cases, it is the

presence of an X-linked allele of M. spretus origin in a hybrid

background that causes inviability or sterility. This is entirely

consistent with our observation of asymmetric introgression

of the X-chromosome between these species and strongly

suggests that the patterns we document are caused by bar-

riers to gene flow.

In M. m. domesticus and M. spretus, olfactory receptor

genes were overrepresented in IGRs, and the longest intro-

gressed regions contained olfactory receptor gene clusters.

Odorant receptors (ORs) constitute the largest gene super-

family in mammals and are responsible for odor perception

and detection of chemical cues. Mammals with greater reli-

ance on olfaction have a greater number of functional OR

genes than mammals with a greater emphasis on vision. For

example, mice and rats, which rely heavily on olfaction, have

over 1,100 intact OR genes, whereas humans have only 404

intact OR genes (Nei et al. 2008; Degl’Innocenti et al. 2019).

Across mammals, particular OR gene families are associated

with different ecotypes (aquatic, semiaquatic, terrestrial, and

flying) suggesting that natural selection is driving patterns of

OR diversity within clades (Hayden et al. 2010). Our finding

that OR genes are overrepresented in introgressed regions is

consistent with the findings of Liu et al. (2015) who reported

an overrepresentation of OR genes introgressed into M. m.

domesticus individuals. Here, we find evidence that this pat-

tern is bidirectional between the species; M. spretus also har-

bors introgressed regions that are enriched for olfactory

receptor genes. This pattern suggests that a beneficial effect

of introgression may be the increased diversity of olfactory

receptor genes.

The length of introgressed tracts is influenced by the num-

ber of generations that have elapsed since hybridization and

the strength of positive selection on the region. Repeated

backcrossing and recombination break down the size of intro-

gressed tracts, whereas positive selection can lead to intro-

gressed tracts remaining longer than would be expected

given the time since hybridization. The timing of the first con-

tact of M. spretus and M. m. domesticus is not precisely

known. Mus spretus likely colonized Europe first from

Northern Africa via the Gibraltar strait sometime during the

last 10,000 years (Lalis et al. 2019). Cucchi et al. (2020) esti-

mate that M. m. domesticus expanded their range westward

to Europe from an ancestral population in the Iranian Plateau

after the Bronze Age (�4,000 years ago). These
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archeologically based estimates suggest that the first encoun-

ters and gene transfers between M. spretus and M. m.

domesticus may date to approximately 3,000 years ago.

In general, genomic regions that are adaptively intro-

gressed are expected to have long tract lengths and high

population frequency. There are a few putatively introgressed

regions that fit these conditions. One of the longest IGRs in M.

m. domesticus contained the gene Vkorc1. The M. spretus

haplotype of Vkorc1 (Vkorc1spr) confers resistance to warfarin

rodenticide and therefore has a strong adaptive benefit in

populations that are exposed to rodenticide. The identification

of this strongly beneficial haplotype having a heterospecific

origin in M. m. domesticus was one of the first compelling

examples of an adaptive introgression (Song et al. 2011).

Despite the well-documented benefits this introgressed hap-

lotype confers (Endepols et al. 2013; Goulois et al. 2017), we

found that the Vkorc1spr allele was present at low frequency

in M. m. domesticus populations. Only two heterozygous

individuals were observed (FRA7 and GER4) out of 24, repre-

senting an overall frequency of 4.2%. Although a number of

M. m. domesticus populations across Europe have high fre-

quencies of Vkorc1spr, this allele is absent or nearly absent in

nearby populations (Rost et al. 2009; Song et al. 2011;

Goulois et al. 2017). The highly localized pattern of frequency

variation at this allele suggests that Vkorc1spr may be delete-

rious in the absence of the strong selective pressure imposed

by rodenticide, consistent with the known costs of resistance

seen in other systems (e.g., Bergelson et al. 1996; Berticat

et al. 2002; Janmaat and Myers 2003).

Interestingly, several IGRs contain overlapping introgressed

tracts with distinct breakpoints, in which the central, shared

region is at high frequency, raising the possibility that this

central region may contain adaptive alleles. One such example

in M. spretus involves the introgressed region on chromosome

6 containing Slco1a1, a gene associated with blood and urine

homeostasis (supplementary fig. 1 and table 11,

Supplementary Material online). Slco1a1 has a frequency of

0.8125 in M. spretus with decreasing frequency of introgres-

sion on either side. Along with Slco1a1, a gene with a similar

pattern in M. spretus is Esx1 (X-chromosome). Genes with a

similar pattern in M. m. domesticus include skint5 (chromo-

some 4), a cluster of hemoglobin beta genes (chromosome 7),

and Apobec3 (chromosome 15) (supplementary table 11,

Supplementary Material online). Although Vkorc1 is a clear

example of adaptive introgression, no agents of selection

have been reported for these other genes or gene regions.

Conclusion

We conducted a genome-wide scan of introgression between

M. m. domesticus and M. spretus and observed widespread

bidirectional and asymmetric introgression. Notably, the

M. musculus reference genome harbors previously unidenti-

fied segments from M. spretus. No introgression was seen

from M. spretus to M. m. domesticus on the X-chromosome,

consistent with the location of known hybrid sterility and in-

viability genes. Introgression between species decreased

with increasing geographic distance from the areas where

the two species co-occur. Finally, we observed an overrepre-

sentation of introgressed olfactory receptor genes in both

species, suggesting on-going selection for novel olfactory

repertoires.

Materials and Methods

Samples

All population samples and whole-genome reference sequen-

ces of M. musculus, M. spretus, and M. caroli were from

previously published work. The wild population samples

were downloaded as the variant call format (VCF) file

<AllMouse.vcf_90_recalibrated_snps_raw_indels_reheader_

PopSorted.PASS.vcf> (Harr et al. 2016) which is aligned to

the mm10 reference genome (Waterston et al. 2002). The

M. caroli genome (Thybert et al. 2018), which was used as an

outgroup for ABBA–BABA tests (see below), was downloaded

from European Nucleotide Archive GCA_900094665.2, and

converted to mm10 genome coordinates via liftOver with the

UCSC chain file: <GCF_900094665.1ToMm10.over.chain

.gz>. The M. spretus genome (Keane et al. 2011), which was

used to identify IGRs (see below), was downloaded from UCSC

GCA_001624865.1_SPRET_EiJ_v1, and converted to mm10

genome coordinates via liftOver with the UCSC chain file:

<GCA_001624865.1_SPRET_EiJ_v1ToMm10.over.chain.gz>.

Population ABBA–BABA Analyses

To test for introgression between M. spretus and

M. musculus, we first employed population-level ABBA–

BABA tests (Green et al. 2010, Durand et al. 2011). The

four populations that were used for this test were as follows:

Pop1 (8 M. m. musculus individuals from Kazakhstan), Pop2

(24 M. m. domesticus individuals, including 8 each from

France, Germany, and Iran), Pop3 (8 M. spretus individuals

from Spain), and Outgroup (the M. caroli reference genome)

(fig. 1). Each of the three M. m. domesticus populations was

also tested individually, resulting in four separate ABBA–BABA

analyses (table 1).

Variant calls for 43 Mus individuals (27 M. m. domesticus,

8 M. m. musculus, and 8 M. spretus) were extracted from the

“PASS” vcf file published in Harr et al. (2016). This file was

pruned with vcftools v0.1.15 (Danecek et al. 2011) to include

only sites that were bi-allelic, and had alleles called for at least

23/43 individuals. The M. caroli allele (Thybert et al. 2018) was

defined as the ancestral state; sites not called in the M. caroli

reference genome were not included. The D-statistic is the

difference of ABBA and BABA allelic patterns across the ge-

nome, divided by their sum, or D ¼ (ABBA�BABA)/

(ABBAþBABA) (Durand et al. 2011). A significantly positive
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D-statistic indicates an excess of SNPs in common between

Pop2 and Pop3, whereas a significantly negative D-statistic

indicates an excess of SNPs in common between Pop1 and

Pop3. Significance was assessed by block jackknife procedure

(window size 200 kb) implemented with the script jackKnife.R

from the ANGSD package (Korneliussen et al. 2014).

Identifying Putatively Introgressed Tracts

The ABBA–BABA tests described above can provide statistical

support for introgression genome-wide but are underpow-

ered to identify specific IGRs (Martin et al. 2015) or to identify

the frequency of introgressed variants. To identify putatively

IGRs in each wild M. m. domesticus and each M. spretus in-

dividual, we calculated the difference in genetic divergence

between the focal individual and the conspecific and hetero-

specific reference genome sequences in sliding windows

across the genome (fig. 2), as described in detail below.

This method is conceptually similar to the metric Gmin

(Geneva et al. 2015).

Filtering Sites

To exclude ancient shared polymorphisms, we only included

sites that were invariant among eight individuals of the

“donor” species, and had allele calls for at least four of those.

Thus, to identify introgression from M. m. domesticus to

M. spretus, each of the eight wild M. spretus individuals

was compared with the conspecific SpretEiJ reference ge-

nome (Keane et al. 2011) and to the heterospecific M. m.

domesticus reference genome (GRCm38, Waterston et al.

2002) at sites that were invariant among eight M. m. domes-

ticus samples representing all M. m. domesticus populations in

the Harr et al. (2016) data set (FRA1, FRA2, GER1, GER2,

HEL2, HEL3, IRA1, and IRA2). To identify introgression from

M. spretus to M. m. domesticus, each of the 24 wild M. m.

domesticus individuals was compared with the conspecific

GRCm38 reference genome and to the heterospecific

SpretEiJ reference genome at sites that were invariant among

the 8 M. spretus individuals. Despite inbreeding, a small frac-

tion (�4.8%) of the M. spretus reference genome SNPs are

heterozygous; these were filtered out using vcftools. (version

0.1.15, Danecek et al. 2011). Regions of the M. musculus

genome of M. m. castaneus or M. m. musculus subspecific

origin (Yang et al. 2011) were not included in analyses.

Absolute nucleotide distance (Dxy) for unphased diploid gen-

otypes was calculated in nonoverlapping 10 kb sliding win-

dows using custom scripts.

Homozygous Introgression Tracts

To identify introgressed regions, we first consider the situation

where the reference genomes do not contain introgressed

tracts. We then consider the situation where the reference

genomes also contain introgressed tracts. Genome-wide, the

average Dxy between M. m. domesticus and M. spretus is

approximately 1%, but the average Dxy within each species

is approximately 0.2%, and the difference between these

values is 0.8% (fig. 3). In contrast, windows that are homo-

zygous for an introgressed tract are expected to have a low

level of divergence when compared with the reference ge-

nome of the donor species and a high level of divergence

when compared with the reference genome of the same spe-

cies (fig. 2A). Specifically, homozygous introgressed regions

should exhibit a heterospecific Dxy of approximately 0.2% and

a conspecific Dxy of approximately 1%, with an expected dif-

ference of approximately �0.8% (supplementary table 1,

Supplementary Material online). This expected value

(�0.8%) is more than three standard deviations from the

mean genome-wide value (0.8%), corresponding to a Z-score

of �3.23 for M. musculus and �3.65 for M. spretus

(P< 0.001 in each case). Putatively introgressed homozygous

windows were thus conservatively defined as those for which

the difference in Dxy values between the focal individual and

the two reference genomes matched or exceeded this thresh-

old (fig. 3).

Heterozygous Introgression Tracts

Windows that are heterozygous for an introgressed tract are

expected to have levels of divergence that are the average of

the two alleles. Thus, heterozygous regions are expected to

exhibit nearly identical Dxy in comparison to the conspecific

and heterospecific reference genomes at a value intermediate

between approximately 0.2% and 1% (fig. 2A), and the dif-

ference between these values is expected to be 0 (fig. 3). This

expected value (0) is nearly two standard deviations from the

mean genome-wide value (0.8%), corresponding to a Z-score

of �1.78 (P< 0.05). We identified windows within the 5%

quantile centered on this expected value (fig. 3). To reduce

the number of false positives, heterozygous windows were

only defined as an IGR if they were greater than 30 kb in

length (i.e., three contiguous 10 kb windows), or if the win-

dow was homozygous for the introgressed haplotype in an-

other individual.

Introgression in the Reference Genome

We also searched for regions that were introgressed in each

reference genome. In cases where a focal individual is homo-

zygous for an introgressed tract that is also shared with the

conspecific reference genome, Dxy for the focal individual is

expected to be approximately 0.2% compared with both the

conspecific reference genome and the heterospecific refer-

ence genome, and the difference in Dxy values is expected

to be 0. Moreover, Dxy for focal individuals not sharing this

introgressed tract is expected to be approximately 1% com-

pared with both the conspecific reference genome and the

heterospecific reference genome, and the difference in Dxy
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values is also expected to be 0. Thus, as above, we identified

windows within the 5% quantile centered on the expected

value of 0. Among these, windows with Dxy � 1% in focal

individual A and Dxy� 0.2% in focal individual B were defined

as putatively introgressed in both the reference genome and

individual B (fig. 2B). Finally, we note that we cannot identify

introgressed regions that are fixed in the recipient species (i.e.,

found in all sampled individuals and the reference genome)

because such regions are expected to show little variation

within and between species and thus cannot be distinguished

from regions of very high constraint.

Collapsing Windows into Tracts

For each of the 32 individuals (24 M. m. domesticus and

8 M. spretus), adjacent putatively introgressed windows

(10 kb each) were collapsed into IGRs and the population

frequency of each IGR was calculated (supplementary tables

2–5, Supplementary Material online). Within populations,

IGRs that had overlapping breakpoints between individuals

were further collapsed to population-level IGRs (supplemen-

tary table 6, Supplementary Material online).

Computer Simulations

To estimate the false-positive rate for detecting IGRs we gen-

erated 100,000 simulated 10 kb genomic windows with real-

istic population parameters using the program SLiM3 (Haller

and Messer 2019) and custom python scripts. We simulated

two populations, each with an effective population size (Ne)

of 100,000 diploid individuals (Phifer-Rixey et al. 2020), mu-

tation rate per base per generation (m0) of 6e�9 (Milholland

et al. 2017), and recombination rate per bp (r0) of 5.9842e�9

(Cox et al. 2009). The two simulated populations were iso-

lated for 900,000 generations. A scaling parameter of Q¼ 50

was used to make the simulations more computationally fea-

sible. SLiM3 was used to generate tree files for each simulated

10 kb window. A custom python script used pyslim and

msprime to overlay mutations onto the SLiM-generated tree

files. We then subsampled ten (diploid) individuals per popu-

lation and generated one vcf file per simulated 10 kb window

with the 20 genotype calls. Individual 1 from Population A

was assigned to represented the “focal individual”; the first

allele of Individual 2 from Population A was assigned to rep-

resent the heterospecific reference, and individuals 1–8 of

Population B were assigned to represent the conspecific

population.

A second simulation that included migration was run to

corroborate the intuition that the patterns seen in the actual

data are consistent with introgression. The second simulation

was identical to the first, but included a recent period of mod-

est bidirectional migration between the two populations (sim-

ulated migration rate: 1e�5 from generation 750,000–

900,000).

Vcf files from each of the two simulations were analyzed

using the same methods as for the actual data to calculate

heterospecific Dxy, conspecific Dxy, and the difference be-

tween them for each of the 100,000 simulated 10 kb win-

dows. The results were summarized in histograms

(supplementary fig. 3, Supplementary Material online).

Overrepresentation Tests

PANTHER Analyses

To test for functional enrichment of Gene Ontology catego-

ries, genes located within putatively introgressed windows

were compared with background genes from all genomic

windows included in these analyses using PANTHER v11.1

(Mi et al. 2016). Significance was calculated using Fisher’s

exact tests with a Bonferroni correction. PANTHER enrichment

tests were done for each of the four populations.

Olfactome Proportion

Gene Ontology analyses have the weakness of reporting over-

representations of gene categories that exist in clusters, such

as olfactory genes. To support that the overrepresentation of

olfactory genes is not due to a bias in the GO analyses, we

calculated the percentage of the total olfactome that was

introgressed. The olfactome was defined as all nonpseudo-

genized mouse olfactory genes or gene-clusters

(Degl’Innocenti et al. 2019), totaling 1.46% of the mouse

genome. A gene or gene-cluster was considered introgressed

if it contained or overlapped with an IGR.

Recombination Rate

Several studies have reported a greater proportion of intro-

gression in genomic regions experiencing a higher recombi-

nation rate, likely due to the reduced effects of selection at

linked sites in such regions (Carneiro et al. 2009; Geraldes

et al. 2011; Schumer et al. 2018). To test for a difference in

the recombination rate of genomic regions that contain IGRs

and those without IGRs, recombination rate was estimated in

nonoverlapping 1 Mb windows (Cox et al. 2009). We used

the Mann–Whitney U test to compare the recombination rate

of 1 Mb windows with and without putative introgression in

all four populations.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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