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Abstract

How locally adapted ecotypes are established and maintained within a species is a long-standing 

question in evolutionary biology. Using forest and prairie ecotypes of deer mice (Peromyscus 
maniculatus), we characterized the genetic basis of variation in two defining traits—tail length and 

coat color—and discovered a 41-megabase chromosomal inversion linked to both. The inversion 

frequency is 90% in the dark, long-tailed forest ecotype; decreases across a habitat transition; 

and is absent from the light, short-tailed prairie ecotype. We implicate divergent selection in 

maintaining the inversion at frequencies observed in the wild, despite high levels of gene flow, and 

explore fitness benefits that arise from suppressed recombination within the inversion. We uncover 

a key role for a large, previously uncharacterized inversion in the evolution and maintenance of 

classic mammalian ecotypes.
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Wide-ranging species that occupy diverse habitats often evolve distinct ecotypes—

intraspecific forms that differ in heritable traits relevant to their local environments (1). 

Ecotypes frequently differ in multiple locally adaptive phenotypes (2), and although 

ecotypes sometimes show partial reproductive isolation (2), many experience substantial 

intraspecific gene flow (3). This raises an important question: How are differences in 

multiple traits maintained between ecotypes when migration acts as a homogenizing force?

One explanation is that natural selection keeps each locus associated with locally adaptive 

trait variation at migration-selection equilibrium (4). However, in cases of high migration, 

this requires strong selection acting on many independent alleles. Linkage disequilibrium 

can play an important role by allowing linked loci, each with potentially weaker selective 

effects, to establish and be maintained together (5), which can lead to concentrated genetic 

architectures of ecotype-specific traits (6). Characterizing the genetic basis of the full set of 

ecotypic differences and the role of migration, selection, and recombination in maintaining 

these differences is thus critical to understanding local adaptation specifically and biological 

diversification more generally.

One of the most abundant and widespread mammals in North America is the deer mouse 

(Peromyscus maniculatus), which is continuously distributed across diverse habitats from 

the Arctic Circle to central Mexico. In the early 1900s, a taxonomic revision of this species 

described two distinct ecotypes: a forest and a prairie form (7). Several features distinguish 

the semiarboreal forest mice that occupy dark-soil habitats from their more terrestrial prairie 

counterparts that occupy light substrates. Most notably, forest mice typically have longer 

tails and darker coats than those of prairie mice (7–9), with large differences in these 

traits maintained between ecotypes despite evidence for gene flow (10, 11). This consistent 

divergence in multiple traits provides an opportunity to test the mechanisms that establish 

and maintain ecotypes.

Forest and prairie mice differ in multiple traits

To study divergence between the forest and prairie ecotypes, we selected two focal 

populations—one from a coastal temperate rainforest (P. m. rubidus, referred to hereafter 

as the forest ecotype) and one from an arid sagebrush steppe habitat (P. m. gambelii, 
referred to as the prairie ecotype) in the north-western US—separated by ~500 km (Fig. 

1A). After establishing laboratory colonies from wild-caught mice, we measured both the 

wild-caught mice and their laboratory-reared descendants for four traits previously reported 

to distinguish forest and prairie ecotypes (7–9): tail, hindfoot, and ear lengths as well as 

coat color (brightness, hue, and saturation across three body regions). We also measured 

body length and weight. We found that forest mice had longer tails; longer hind feet; and 

darker, redder coats compared with prairie mice (Fig. 1, B and C; fig. S1; and table S1). 

These phenotypic differences persisted in laboratory-born mice raised in common conditions 

(fig. S2 and table S1), which suggests a strong genetic component to these ecotype-defining 

traits.
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A large inversion is associated with tail length and coat color

Using an unbiased forward-genetic approach, we identified genomic regions linked to 

ecotype differences in morphology. We intercrossed forest and prairie mice in the laboratory 

to generate 555 second-generation (F2) hybrids (forest female × prairie male, n = 203 

F2s; prairie female × forest male, n = 352 F2s) and performed quantitative trait locus 

(QTL) mapping for each trait (12) (Fig. 2, fig. S3, and table S2). We identified five 

regions associated with tail length variation [total percent variance explained (PVE): 27%; 

individual PVE: 2.6 to 12.1%]. Only one region, on chromosome 15, was strongly and 

significantly associated with coat color variation (PVE, dorsal hue: 40.0%; PVE, flank 

hue: 45.6%). Each QTL exhibited incomplete dominance, and the forest allele was always 

associated with forest traits—longer tails or redder coats. The one significant QTL for coat 

color overlapped with the largest-effect locus associated with tail length (95% Bayesian 

credible intervals: dorsal hue = 0.4 to 40.5 Mb; flank hue = 0.4 to 39.4 Mb; tail length = 0.4 

to 41.5 Mb). Thus, a single region on chromosome 15 was strongly associated with ecotype 

differences in both tail length and coat color.

The QTL peak on chromosome 15 exhibited a consistently strong association with both 

morphological traits across half the chromosome (Fig. 3A). This pattern reflects reduced 

recombination between forest and prairie alleles in the laboratory cross: Only 2 of 1110 

F2 chromosomes were recombinant in this region (Fig. 3B). We also found consistently 

elevated FST (proportion of the total genetic variance explained by population structure) 

(Fig. 3C) and high linkage disequilibrium (Fig. 3D) across this genetic region in wild 

populations relative to the rest of the chromosome (whole-genome resequencing: n = 15 

forest, n = 15 prairie). Together, these data are consistent with reduced recombination across 

half of chromosome 15 in both laboratory and wild populations.

This pattern of suppressed recombination could be produced by a large genomic 

rearrangement (or a set of rearrangements). To determine the nature of any structural 

variation on chromosome 15, we used PacBio long-read sequencing (n = 1 forest, n = 1 

prairie) (12). We generated independent de novo assemblies for each individual and mapped 

the resulting contigs to the reference genome for P. m. bairdii (12). In the forest individual, 

one contig mapped near the center of the chromosome (from 41.19 to 40.94 Mb) and then 

split and mapped in reverse orientation to the beginning of the chromosome (from 0 to 

5 Mb). By contrast, in the prairie individual, a single contig mapped continuously to the 

reference genome in this region (37 to 41.3 Mb) (Fig. 3E). Because we found no other 

forest-specific rearrangements in this region (fig. S4), we determined that chromosome 

15 harbors a simple 41-Mb inversion. Using putative centromere-associated sequences in 

Peromyscus (12), we determined that the inversion is paracentric, with the centromere 

located outside of the inversion (Fig. 3G).

Inversions may affect phenotypes directly through the effects of their breakpoints or 

indirectly by carrying causal mutations (13). Using the long-read sequencing data, we 

localized the inversion breakpoint to base pair resolution (Fig. 3F and fig. S5). The 

breakpoint falls within an intron of a long intergenic noncoding RNA (lincRNA), and 

an additional four annotated genes (two lincRNAs and two protein-coding genes) occur 
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within 200 kb of the breakpoint. Although the breakpoint may disrupt their expression 

patterns, these genes have no known functions associated with either pigmentation or 

skeletal phenotypes (table S3). An additional 149 protein-coding genes are located within 

the inversion, of which 29 contain at least one fixed nonsynonymous mutation between 

the inversion and reference alleles. Ten of the genes within the inversion (four with 

nonsynonymous substitutions) are associated with pigmentation phenotypes when disrupted 

in laboratory mice, and 13 are associated with tail or long-bone length phenotypes in 

laboratory mice (three with nonsynonymous substitutions and four with associated pigment 

phenotypes as well; table S4). These 19 genes are thus strong candidates for contributing to 

tail length and coat color variation.

Inversion frequency and divergence in wild populations

To investigate whether the inversion and associated traits (longer tails and redder coats) 

may be favored in forested habitats, we collected deer mice across a sharp habitat transition 

between the focal forest and prairie sites and estimated habitat type and mean soil hue at 

each capture site (n = 136 mice from 22 sites, supplemented by 12 additional museum 

specimens from two sites; figs. S6 and S7). We found that much of the transition in both 

habitat type and soil hue occurs in a narrow region across the Cascade mountain range 

(Fig. 4, A and B), and the phenotypic clines estimated using either all adult wild-caught 

individuals or only those from the Cascades region both identified sharp transitions in coat 

color and tail length that colocalize with this environmental transition (Fig. 4, C and D). 

Specifically, mean hue changes by 3.2° (63% of the forest-prairie difference), and mean tail 

length changes by 13 mm (47% of the forest-prairie difference) across the 50-km Cascades 

region; tail length changes by an additional 4 mm within the next 100 km, coincident 

with continued changes in forestation (Fig. 4). Together, the strong correlation between 

phenotype and habitat is consistent with local adaptation.

The inversion changes substantially in frequency across the habitat transition, from 90% 

in the forest population to absent in the prairie population (Fig. 4E). This frequency 

difference of the inversion is extreme: It is greater than the allele frequency difference at the 

maximally differentiated single-nucleotide polymorphism (SNP) in 99.92% of blocks with 

similar levels of linkage disequilibrium (12) (Fig. 4F). Moreover, similar to the changes in 

phenotype, the transition in inversion frequency occurs over only a short distance: Inversion 

frequency decreases from 100 to 62.5% in the 50-km Cascades region and then drops further 

within the next 100 km (i.e., inversion frequency drops from 100 to 4% over less than 

one-third of the total transect distance; Fig. 4E). The sharp change in inversion frequency 

across the environmental transect, and its extreme forest-prairie allele frequency difference, 

suggest that the inversion may be favored in forested habitat.

The inversion also strongly contributes to genetic differentiation between the forest and 

prairie ecotypes by carrying many highly differentiated SNPs. For example, FST between the 

forest and prairie ecotypes in the inversion region is high compared with the genome-wide 

average (inversion region: mean FST = 0.376; genome-wide, excluding inversion region: 

mean FST = 0.071; fig. S8). The strong genetic divergence between the inversion and 

reference haplotypes is reflected in maximum likelihood–based trees built from the region of 
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chromosome 15 that contains the inversion (affected region: 0 to 40.9 Mb) and the rest of the 

chromosome (unaffected region: 40.9 to 79 Mb). In the unaffected region, forest and prairie 

mice cluster by ecotype, with limited divergence between the groups (Fig. 4G). By contrast, 

in the affected region, mice cluster into two highly distinct groups on the basis of genotypes 

at the inversion (Fig. 4H). This pattern suggests that the inversion harbors a high density of 

sites that are divergent between ecotypes.

Evolutionary history of the inversion

To explore the evolutionary history of the inversion, we first estimated a best-fitting 

demographic model for the forest and prairie populations using neutral sites across the 

genome to avoid the confounding effects of background selection (12, 14). The data were 

best fit by a model with a long history of high migration: initial migration rates of 8.3 × 

10−7 [prairie-to-forest, 95% confidence interval (CI) = 3.7 × 10−9 to 1.8 × 10−6] and 3.6 × 

10−6 (forest-to-prairie, 95% CI = 1.1 × 10−8 to 4.5 × 10−6) after a forest-prairie population 

split 2.2 million generations ago (95% CI = 1.1 to 5.5 million generations) (Fig. 5A and 

fig. S9). Because the estimated effective population sizes (Ne) are large (prairie Ne = 1.9 × 

106 to 4.3 × 106; forest Ne = 1.8 × 105 to 1.2 × 106), the effective number of migrants per 

generation (Nem) is consistently high over time: Nem = 3.5 (prairie-to-forest) and Nem = 

0.6 (forest-to-prairie), with a recent shift to Nem > 10 in both directions ~30,000 generations 

ago (Fig. 5A), consistent with high levels of gene flow (15). High migration levels between 

forest and prairie ecotypes are further supported by genomic data from the Cascades region: 

We found that the Cascades mice have mixed forest and prairie ancestry genome-wide (fig. 

S10).

These high migration estimates coupled with the large, habitat-associated differences in 

inversion frequency may indicate a history of natural selection. To test this hypothesis, 

we simulated the spread of the inversion under our demographic model using SLiM (12). 

We found that divergent selection was the most likely scenario to explain both the high 

frequency of the inversion in the forest and its low frequency in the prairie (fig. S11). Using 

approximate Bayesian computation, we estimated selection coefficients (s) for the inversion 

of 3.3 × 10−4 (95% CI = 9.2 × 10−5 to 1.6 × 10−3) in the forest population and −4.1 × 10−3 

(95% CI = −9.3 × 10−3 to −7.1 × 10−4) in the prairie population (Fig. 5B). These values 

suggest that the observed distribution of the inversion in the wild is best explained by both 

positive selection in the forest and negative selection in the prairie, a conclusion robust to the 

uncertainty in the model parameter estimates (fig. S12) and to variation in the timing of the 

introduction of the inversion after the forest-prairie split (fig. S13). We also used simulations 

to assess the minimum age of the inversion required to achieve its divergence from the 

reference allele (12): We estimated the inversion to be at least 247,000 generations old (95% 

CI = 149,000 to 384,000 generations or 50,000 to 128,000 years, assuming three generations 

per year), which suggests that the inversion predates the modern habitat distribution (16) 

(Fig. 5C). Together, these results suggest that the inversion was most likely established in the 

forest population under strong divergent selection over the last ~250,000 generations.

Our estimates of forest-prairie migration rates and selection on the inversion allowed us to 

explore possible fitness effects from the inversion’s suppression of recombination. Although 
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it is formally possible that the inversion carries only a single mutation that alone confers 

a strong enough benefit (s ≥ 3 × 10−4) to explain its current distribution, an alternative 

hypothesis is that the inversion carries two or more beneficial mutations (e.g., one mutation 

that contributes to tail length and a second to color variation), each with smaller selection 

coefficients. In this scenario, theory predicts that the inversion could confer a fitness 

advantage in the forest beyond the individual mutations it carries by reducing the migration 

load suffered by each mutation (5, 17, 18). To investigate this possibility, we used our 

estimates of migration, selection, and recombination to simulate the spread of two beneficial 

mutations in the forest population either within an inversion or on a freely recombining 

(standard) haplotype, varying the distance between the mutations (12). We found that if 

the two mutations are at least 10 kb apart (which is likely, given the inversion size of 

41 Mb) and the selection coefficient for the weaker locus is at least 10% of that of the 

stronger locus [which is possible, given independent evidence for selection acting on coat 

color and tail length—e.g., (19, 20)], the beneficial mutations are more likely to establish 

and be maintained at higher frequencies in the forest when carried by the inversion than on 

the standard haplotype (Fig. 5D and figs. S14 and S15). We also explored possible costs 

associated with the inversion suppressing recombination (i.e., mutational load accumulation) 

(21, 22) by introducing deleterious mutations according to four fitness-effect distributions 

[as described in (14)] into the two–beneficial locus simulations. With weakly or moderately 

deleterious mutations, the inversion maintained its selective advantage over the standard 

haplotype in the forest (Fig. 5D and fig. S16). Only when strongly deleterious mutations 

were introduced did the inversion accumulate a substantial mutational load, which results 

in the inversion being disadvantageous relative to the standard haplotype in the forest (Fig. 

5D and fig. S16). Thus, our results suggest that, under a wide range of conditions, if this 

inversion carries two or more beneficial mutations, its suppression of recombination likely 

confers an additional selective advantage in the forest population by linking adaptive alleles 

in the face of high migration rates.

Discussion

In 1909, Wilfred Osgood described several morphological differences—including tail length 

and coat color—that distinguish forest and prairie ecotypes of P. maniculatus (7). Long tails 

are thought to be beneficial for arboreality (8, 9, 23): Long tails have repeatedly evolved in 

association with forest habitat in deer mice (20) and across mammals (24), and forest mice 

are better climbers (23), with tail length differences between the ecotypes likely sufficient 

to affect climbing performance (25). Coat color is subject to pressure from visually hunting 

predators (19), and many mammals, including deer mice, evolve coats to match local soil 

color (9, 26). By sampling along an environmental transect, we found evidence that each of 

these traits is closely associated with habitat (forestation for tail length and soil hue for coat 

color), which further suggests that these traits are involved in local adaptation.

High migration rates between the forest and prairie ecotypes, as we estimated in this work, 

makes the strong ecotypic divergence in multiple traits puzzling. By characterizing the 

genetic architecture of tail length and coat color variation, we help resolve how differences 

in these traits are maintained between ecotypes: Namely, we discover a previously unknown 

inversion, involving half a chromosome, that has a large effect on both ecotype-defining 
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traits and in the expected direction (i.e., it is associated with long tails and reddish fur 

in forest mice). Because recombination between the inversion and the noninverted prairie 

haplotype is suppressed in heterozygotes, the inversion ensures that longer tail length and 

redder coat color alleles are coinherited in the forest, despite high levels of gene flow 

(except in the unlikely scenario that only a single pleiotropic mutation within the inversion 

affects both traits). The role of this inversion in phenotypically differentiating these ecotypes 

is consistent with theoretical predictions and empirical examples of concentrated genetic 

architectures arising under local adaptation with gene flow (6, 27, 28).

Our modeling implicates divergent selection in maintaining the inversion at high frequency 

in the forest ecotype and absent from the prairie ecotype. The inversion’s selective effects 

are likely driven by its strong association with tail length and coat color (explaining 12 and 

40% of the trait variances, respectively), although it is possible other traits are involved. 

Although inversions can have phenotypic effects because of their breakpoints disrupting 

genes or gene expression (13), the inversion’s breakpoint does not occur in or near candidate 

genes for tail length and coat color variation. Alternatively, inversions may influence 

phenotypes through the mutations they carry: The inversion is highly differentiated from 

the reference haplotype, thus harboring many mutations that may influence tail length and/or 

coat color. We expect that more than one mutation contributes to the inversion’s selective 

benefit in the forest, given the size of the inversion (41 Mb), its large selection coefficient in 

the forest (s ≈ 3 × 10−4, or Ns ≈ 120), and its association with two largely developmentally 

distinct traits. If this is the case, the inversion’s suppression of recombination likely provides 

an additional benefit (beyond the individual effects of its mutations) in the forest population, 

as long as strongly deleterious mutations are uncommon. This finding—that recombination 

suppression is likely beneficial in this system—provides empirical support for the local 

adaptation hypothesis, which posits that inversions are beneficial in the face of gene flow 

because they increase linkage disequilibrium between adaptive alleles (5, 17, 18).

One hundred years after Alfred Sturtevant first provided evidence of chromosomal 

inversions in laboratory stocks of Drosophila (29) and, separately, forest-prairie ecotypes 

were first described in wild populations of Peromyscus (7), we found that a large 

chromosomal inversion is key to ecotype divergence in this classic system. Inversions have 

been identified in association with divergent ecotypes in diverse species, including plants 

(30–33), invertebrates (34–45), fish (46, 47), and birds (48–52). In mammals, however, 

evidence for ecotype-defining inversions is limited [(53), but see (54)]. Our results thus 

underscore the important and perhaps widespread role of inversions in local adaptation, 

including in mammals, and highlight how selection acting on inversion polymorphisms may 

maintain intraspecific divergence in multiple traits in the wild.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Forest and prairie mice differ in tail length and pigmentation.
(A) Map shows the approximate range of forest (green) and prairie (brown) deer mouse 

ecotypes in North America. Collection sites of wild-caught forest (P. m. rubidus, green) 

and prairie (P. m. gambelii, brown) ecotypes from western and eastern Oregon, USA, 

respectively, are shown. Photos illustrate representative habitat; pink flags indicate trap lines. 

(B) Body length (left; not including the tail) and tail length (right) for wild-caught adult 

mice (n = 38 forest and 32 prairie). Lines connect body and tail measurements for the 

same individual. Means are shown in bold. (Inset) Image of a representative tail from each 

ecotype. Scale bar, 1 cm. (C) Coat color (hue) values for the dorsal and flank regions 

of wild-caught adult mice (n = 16 forest and 20 prairie). Boxplots indicate the median 

(center white line) and the 25th and 75th percentiles (box extents); whiskers show largest 

or smallest value within 1.5 times the interquartile range. Black dots show individual data 

points. (Inset) Dorsal (D), flank (F), and ventral (V) regions from a representative forest and 

prairie mouse. ns = P > 0.05; ***P < 0.001 (Welch’s t test, two-sided). Original photography 

in (B) and (C) is copyrighted by the President and Fellows of Harvard College (photo credit: 

Museum of Comparative Zoology, Harvard University).
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Fig. 2. A region on chromosome 15 is strongly associated with both tail length and coat color.
(A) Statistical association [log of the odds (LOD) score] of ancestry with tail length (top; 

blue) and dorsal and flank hue (bottom; dorsal, dark red; flank, light red) in laboratory-

reared F2 hybrids (tail, n = 542; hue, n = 541). Physical distance (in base pairs) is shown 

on the x axis; axis labels indicate the center of each chromosome. Dotted lines indicate 

the genome-wide significance threshold (α = 0.05) based on permutation tests, and shaded 

rectangles indicate the 95% Bayesian credible intervals for all chromosomes with significant 

QTL peaks. For tail length analysis, body length was included as an additive covariate. 

(B) Tail length (left; shown after taking the residual against body length in the hybrids), 

dorsal hue (center), and flank hue (right) of F2 hybrids, binned by genotype at 20 Mb 

on chromosome 15 (f/f, homozygous forest; f/p, heterozygous; p/p, homozygous prairie) 

(sample sizes are given below the x axes). Points and error bars show means ± standard 

deviations. PVE, percent of the variance explained by genotype; a, additive effect of one 

forest allele; d/a, absolute value of the dominance ratio.
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Fig. 3. Chromosomal region associated with tail length and coat color is a large inversion.
Across chromosome 15, data are from F2 hybrids [(A) and (B)] and wild-caught mice 

[(C) and (D), (n = 15 forest and 15 prairie)]. (A) LOD score for tail length (blue), dorsal 

hue (dark red), and flank hue (light red). (B) Number of recombination breakpoint events, 

binned in 1-Mb windows. (C) FST between forest and prairie mice estimated in 10-kb 

windows with a step size of 1 kb (light gray dots). Dark gray line shows data smoothed 

with a moving average over 500 windows. (D) Linkage disequilibrium across forest and 

prairie mice. Heatmap shows R2 (squared correlation) computed between genotypes at 

thinned SNPs (12). (E) Contigs assembled from long-read sequencing for one forest (top) 

and one prairie (bottom) mouse. Only contigs that span the inversion breakpoint are 

shown. The region of chromosome 15 affected by the inversion is highlighted (purple). 

(F) (Top) Alignment between regions of the forest and prairie contigs surrounding the 

breakpoint (black, alignment quality; green, forest contig; brown, prairie contig). Large 

prairie insertion near the breakpoint is a transposon. (Bottom) Base pair–level alignment 

around the breakpoint (gray, mismatch). (G) Model of the inverted (green) and reference 
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(tan) alleles. The inversion spans 0 to 40.9 Mb (affected region, purple) and excludes 40.9 to 

79 Mb (unaffected region, gray), with predicted centromere location shown in black.

Hager et al. Page 13

Science. Author manuscript; available in PMC 2022 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Associations between genotype, phenotype, and environment in wild mice.
(A) Elevation and habitat characteristics (top row indicates majority habitat category, and 

bottom row indicates mean soil hue) at sites across an environmental transect. Letters 

indicate sites shown in (B). Soil hue and habitat category were estimated within 1 km of 

each site. (Map) Sampled sites across Oregon. Transect distance refers to the east-west 

distance from the highest-elevation site, and dotted lines in (C), (D), and (E) indicate 

distance = 0. (B) Photos of capture sites from each habitat type, with habitat and soil 

classification as in (A). (C to E) Best-fit clines for dorsal hue (C) (n = 143), tail length (D) 
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(n = 180), and inversion genotype (E) (n = 178) fit to the full dataset, with 95% CIs. Insets 

show best-fit clines using only data from the central Cascades (hue, n = 90; tail, n = 97; 

genotype, n = 136). (F) Allele frequency differences for the maximally differentiated SNP 

between forest and prairie mice in 200-bp windows across the genome (12). The inversion 

forest-prairie allele frequency difference (90%) is shown in black. (G and H) Maximum 

likelihood trees for unaffected (G) (40.9 to 79 Mb) and affected (H) (0 to 40.9 Mb) regions 

of chromosome 15, shown on the same scale. Branch colors indicate ecotype (green, forest; 

brown, prairie), and dots indicate inversion genotype (tan, homozygous reference, n = 15; 

green, homozygous inversion, n = 14; heterozygous mouse excluded, n = 1). Red arrows 

highlight the forest mouse homozygous for the reference allele.
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Fig. 5. Evolutionary history of the inversion.
(A) Best-fit demographic model. Ne, effective population size; m, migration rate. (B) 

Posterior probability distributions for the selection coefficient associated with the inversion 

in the forest (top, green) and prairie (bottom, brown) populations, when the inversion 

is introduced 150,000 generations ago (for additional introduction times, see fig. S13). 

The estimated selection coefficient is positive in forest and negative in prairie. (C) 

Posterior probability distribution for the age of the inversion. (D) Estimated fitness effects 

of suppressed recombination within the inversion. Two beneficial loci (A and B) were 

introduced into the forest population on the inversion or on a standard haplotype, varying 

the ratio of the selection coefficients for A (sA) and B (sB), with sA + sB kept constant 

at 3 × 10−4. bp, base pairs. Bar height shows the difference in final mean fitness of the 

forest population between the inversion and standard haplotype scenarios. Asterisks indicate 

a significant difference in mean fitness (P < 0.05) computed with permutation tests. (Left) 

Two beneficial loci at varying distances apart, without deleterious mutations. (Right) Two 

beneficial loci separated by 100 kb, with deleterious mutations introduced according to 

distributions of fitness effects (DFE): f0: 100% of mutations neutral (2Ns = 0, where N 
indicates population size and s indicates selection coefficient); f1: 50% of mutations neutral 

(2Ns = 0), 50% weakly deleterious (−10 < 2Ns < −1); f2: 33% of mutations neutral (2Ns = 

0), 33% weakly deleterious (−10 < 2Ns < −1), 33% moderately deleterious (−100 < 2Ns < 
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−10); f4: 25% of mutations neutral (2Ns = 0), 25% weakly deleterious (−10 < 2Ns < −1), 

25% moderately deleterious (−100 < 2Ns < −10), 25% strongly deleterious (−1000 < 2Ns < 

−100).
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