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Chromosomalinversions are animportant form of structural variation that
can affect recombination, chromosome structure and fitness. However,
because inversions can be challenging to detect, the prevalence and

hence the significance of inversions segregating within species remains
largely unknown, especially in natural populations of mammals. Here,
by combining population-genomic and long-read sequencing analyses

inasingle, widespread species of deer mouse (Peromyscus maniculatus),
we identified 21 polymorphic inversions that are large (1.5-43.8 Mb) and

cause near-complete suppression of recombination when heterozygous
(0-0.03 cM Mb™). We found that inversion breakpoints frequently occur

in centromeric and telomeric regions and are often flanked by long
inverted repeats (0.5-50 kb), suggesting that they probably arose via
ectopic recombination. By genotyping inversions in populations across
the species’ range, we found that the inversions are often widespread
and do not harbour deleterious mutational loads, and many are likely to
be maintained as polymorphisms by divergent selection. Comparisons
of forest and prairie ecotypes of deer mice revealed 13 inversions that
contribute to differentiation between populations, of which five exhibit
significant associations with traits implicated in local adaptation.
Taken together, these results show that inversion polymorphisms have
asignificantimpact on recombination, genome structure and genetic
diversity in deer mice and likely facilitate local adaptation across the
widespread range of this species.

A longstanding goal in population genetics has been to quantify
intraspecific genetic variation, which serves as the substrate for evo-
lutionary change. Since Lewontin and Hubby first characterized protein
sequence variationin Drosophila pseudoobscurain1966, tremendous
progress has been made in measuring levels of single nucleotide
polymorphisms (SNPs) in a wide diversity of species’. However, the
prevalence of structural genomic variation, a focus of cytogenetics,
remains largely uncharacterized in the molecular era’. Chromosomal
inversions, in particular, are animportant form of structural variation:
inversions can be large (affecting megabases of sequence)® and have
beenimplicatedinlocal adaptation, including differentiation of annual

and perennial ecotypes of monkeyflowers*, wing-pattern morphs of
mimetic butterflies® and mating types of ruffs®’.

Inversions may play akey roleinlocal adaptation because of their
effects on recombination. When heterozygous, an inversion will sup-
pressrecombination with the noninverted arrangement and, asaresult,
can drastically increase linkage disequilibrium (LD) between the loci
it carries. Assuch, inversions canactas ‘supergenes’®, linking multiple
locally adaptive alleles together into coinherited haplotype blocks,
which may be advantageous in the face of gene flow’ . Although
inversions have been identified across a diversity of species in the
context of local adaptation, suggesting that beneficial inversions may
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be common?, few studies have performed unbiased scans across the
genome for inversion polymorphisms (but see refs. '), raising the
question of whether adaptive inversions are the exception or therule.
Thus, characterizing the abundance of inversion polymorphisms—that
is, inversions segregating within a species—is a critical step towards
quantifyinglevels of intraspecific genetic variation and understanding
howand whyinversion polymorphisms are established and maintained.

Detectinginversion polymorphisms with molecular datahastra-
ditionally been challenging (for example, breakpoints oftenreside in
highly repetitive regions)”, but recentadvancesinlong-read sequenc-
ing and increased feasibility of population-level genome resequenc-
ing provide new, powerful approaches for identifying inversions's".
Using these approaches, recent studies have revealed the abundance
ofinversion polymorphismsin afew species: for example, sunflowers
harbour dozens of large (1-100 Mb) inversion polymorphisms'®, and
humans harbour, on average, hundreds of inversion polymorphisms
that affect more DNA base pairs (bp) in total than SNPs'>",

Here, we perform an unbiased genome-wide scan for inversion
polymorphismsinthe deer mouse, Peromyscus maniculatus. The deer
mouseis the most abundant and widespread mammalin North America:
it haslarge effective population sizes?>* and arange spanning all major
terrestrial habitats, including dense forests and open prairies?. Early
cytogenetic work in deer mice identified at least 13 visible chromo-
somal rearrangements*>?*, Returning to this system in the molecular
age, we detect 21 large inversion polymorphisms segregating within
deer mice (some of which are likely to overlap with rearrangements
detected by cytogenetics). Inlocalizing these inversions, we determine
their positions relative to centromeres and telomeres, explore their
effectsonchromosomestructure, characterize genomic contentat their
breakpoints and propose amechanism by whichinversions arise in this
species. Further, we quantify theimpact of the inversions on recombi-
nation and the resulting effects on mutational load. Finally, we survey
thedistributions of theinversions across the species range and identify
severalinversions that contribute to local adaptation. Taken together,
these results reveal proximate and ultimate mechanisms involved in
the establishment and maintenance of inversion polymorphisms and
suggest aprominent role for these inversions in local adaptation.

Results

Identifying inversion polymorphisms

Toidentify putative inversion polymorphisms, we initially focused on
five populations—four deer mouse (P. maniculatus) and one oldfield

Fig.1|Identifying inversion polymorphisms. a, Left: photograph of

P. maniculatus (Photo credit: E. P.Kingsley, reproduced fromref. *>, Wiley). Right:
phylogenetic tree showing the relationships of five focal populations of

P. maniculatus (bold branches) and two additional species. Note: P. polionotus
subgriseus falls within the maniculatus clade. b-g, Detection of polymorphic
inversions. b, Local PCA for example inversions in P. m. bairdii (left) and
P.m.gambelii (right), where each dot represents a100 kb window. Distances
between local PCA maps are represented by the MDS1 axis, with outlier windows
highlightedin colour (red or blue). ¢, Clustering of samples by PCA for entire
outlier regions found in b, assigned using k-means clustering. Right: P. m. rubidus
shown (triangles) for comparison. d, Heterozygosity of samples by cluster
assignments from PCA in c. Boxes indicate upper and lower quartiles; centre line
represents median; whiskers extend to minimum and maximum values within
1.5xinterquartile range; points show outliers beyond whiskers. Sample sizes for
clusters1,2,3:(leftyn=7,9,1; (right) n=2,12,16. e, LD for chromosomes (chr)
harbouring the example inversions, shown as mean r? values for paired windows
across each chromosome. Mean r* values including all samples from PCA
clustering (upper triangle) and for only the more common homozygote genotype
as determined by PCA clustering (lower triangle). Coloured bars highlight outlier
regions fromb. Scales for r? values are provided. f, Recombination rates (cM Mb™)
shown for laboratory-born inversion heterozygotes. Outlier regions foundinb
are highlighted. g, Fs; between homozygous genotypes (clusters1and 3 fromc).
Outlier regions found inb are highlighted.

mouse (Peromyscus polionotus), which is nested within the P. man-
iculatus clade (Fig. 1a)—and performed whole-genome resequenc-
ing (15% coverage with lllumina short-read data) on 15 individuals per
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Fig.2|Genome-wide map of inversions. a, Three examples of contigs
highlighting inversion breakpoints. Contigs from de novo genome assemblies
(‘query’, y axis) were aligned to the P. maniculatus reference genome (‘reference’,
x axis) with nucmer. Contigs (grey) and those identifying inversion breakpoints
(red) are shown. Predicted inversion boundaries are highlighted (orange box),
showing predicted inversion (arrow) above. b, Three examples of predicted
centromeres in de novo genome assemblies. Dotplots show self-versus-self

alignments with alignment length >100 bp. Locations of centromere satellite
sequence alignments are shown (grey lines). ¢, Locations of inversions (n = 21)
across chromosomes, with predicted centromeres (black dots). Asterisks
highlight overlapping inversions on chromosomes 7 and 15; the inset shows
the positions of identified breakpoints for two overlapping inversions on
chromosome?7.
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population. To identify patterns of genetic variation consistent with
inversion polymorphisms, we first characterized local population
structure within populations and between population pairsin100 kb
windows across the genome using local principal component analyses
(PCA)* andidentified outlier regions (Fig.1b and Extended DataFig.1;
asdescribed inrefs.'**%), We then focused on genomic regions for which
the first principal component separated individuals into three clusters,
probably representing the three possible inversion genotypes (Fig. 1c
and Extended Data Fig. 1), with the central cluster having the highest
heterozygosity, consistent with inversion heterozygotes (Fig. 1d and
Extended Data Fig.1).

To verify that these genomic patterns were driven by suppression
of recombination between haplotypes, we next measured linkage
disequilibrium (LD) and recombination rates. In wild-caught mice, LD
acrossall genotypes (but not withinhomozygotes) was elevated within
predicted inversionregions (Fig. le and Extended Data Fig. 1), suggest-
ing that recombination is suppressed between but not within haplo-
types. We also estimated recombination rates using laboratory-raised
inversion heterozygotes and found that putative inversion regions
showed nearly complete suppression of recombination in heterozy-
gotes (mean recombination per inversion: 0-0.03 cM Mb™; Fig. 1fand
Extended DataFig.1). Together, these results suggest that suppression
of recombination is specifically driven by heterozygotes, providing
strong evidence thatinversion polymorphisms occurin theidentified
regions. In total, using this approach, we identified 21 inversion poly-
morphismsinthis species. Thisis a conservative estimate because our
approach was limited to identifying inversions >1 Mb in length with a
minimum allele frequency of ~-10%.

Owing to their number and sizes, these inversions alone affect
recombination rates on amassive scale. The detected inversions range
insize from 1.5to 43.8 Mb and, in total, span 17.5% of the deer mouse
genome. These inversions cause a near-complete suppression of recom-
bination in heterozygotes: inversion regions show an average recom-
binationrate of only 0.01 cM Mb™, compared with agenome-wide rate
(excluding inversion regions) of 0.80 cM Mb™ (Extended Data Fig. 2).
We also found no significant correlation between inversion size and
recombination rate, highlighting how even the largest inversions
almost completely suppress recombination (Extended Data Fig. 2). As
aconsequence, inversions can trap existing mutations oraccumulate
new mutations and maintain theminLD. Indeed, we found that genetic
differentiation (Fs;) between inversion and standard haplotypes was
elevated in a block-like structure (Fig. 1g and Extended Data Fig. 1),
suggesting that the inversions partition genetic variation into large
haploblocks, shaping patterns of genetic diversity across the deer
mouse genome.

Inversion breakpoints

To localize inversion breakpoints, we performed PacBio long-read
sequencing for one individual from each of the five focal populations
and created de novo genome assemblies at the contig level (Extended
Data Table1). By aligning the de novo genome assemblies to the deer
mouse reference genome (NCBI accession: GCA_003704035.3), we
identified breakpoints for13 of the 21inversions (Fig. 2a and Extended
DataFig.3). The eightinversions for which we did not identify break-
pointsincludedfiveinversions (inv6.0,inv7.0,inv7.1,inv19.0, inv21.0)
not represented in homozygotes among the PacBio-sequenced
individuals (Extended Data Table 2); repetitive sequences probably
prevented assembly across breakpoints for the remaining three inver-
sions (inv10.0, inv11.0, inv15.1). Using the de novo genome assem-
blies, we predicted unique centromere locations for 21 of the 23
autosomes using a 344 bp satellite sequence that localizes to deer
mouse centromeres”. Although centromeres are notoriously difficult
to assemble®®, the de novo genome assemblies spanned multiple
predicted centromeres, revealing the highly repetitive nature of
centromeric regions, with satellite sequence repeats spanning as

much as1.1 Mb (Fig.2b). Together these data allowed us to precisely
map many of the inversions to chromosomes and their positions
relative to centromeres.

We found that the distribution of the inversion polymorphisms
across thegenomeis nonrandom. Of the 21inversions, 15 are terminal,
where theinversion ends within1.5 Mb of the end of the chromosome
(Fig. 2¢). In addition, nine inversions have breakpoints (predicted
or identified) within 1 Mb of the centromere (Fig. 2c); as predicted
centromeres localize within the threeinversions withidentified break-
points (inv13.0, inv14.0, inv20.0) and the other six inversions (inv6.0,
inv7.0,inv7.1,inv10.0,inv15.1,inv19.0) are terminal and occur on acro-
centric chromosomes, these inversions are likely to be pericentric
(contain the centromere). As such, these nine inversions may toggle
chromosomes between acrocentric and metacentric states, shifting
centromere locations by as much as 43 Mb. In addition, these results
suggest that centromeric and telomeric regions are likely to harbour
inversion breakpointsin deer mice.

We alsoidentified multiple genomic regions with recurrentinver-
sion breakpoints. For example, on chromosome 7, we detected two
overlappinginversions (inv7.2,inv7.3) with nearly identical breakpoints
localizing only 80.2 kb apart (Fig. 2c, inset). Using whole-genome
alignments between P. maniculatus and Peromyscus californicus, an
outgroup, we determined the ancestral versus derived orientation for
these two inversions and found that they arose independently rather
thanasaseries of nested inversions. We also identified two inversions
onchromosome15 (inv15.1,inv15.2) with ashared breakpoint (although
we localized breakpoints for only one of these inversions with the
de novo assemblies) and two additional inversions on chromosome
7 (inv7.0, inv7.1) with breakpoints both occurring near the telomere
(although we were unable to localize breakpoints for either) (Fig. 2c).
Therecurrence of inversion breakpoints further suggests that certain
genomic regions have a greater tendency to participate in the forma-
tion of chromosomal rearrangements.

Characterizing the nature of inversion breakpoint regions is
critical tounderstanding how inversions arise and why some genomic
regions may be more susceptible to breakpoints. There are two
major mechanisms by which inversions form: (1) nonhomologous
end joining (NHEJ) can create inversions if double-stranded breaks
occur and the sequenceis reintegrated inreverse orientation; and (2)
nonallelichomologous recombination (NAHR) canyield inversions
ifintrachromosomal crossing over occurs between inverted repeats
(Fig. 3a). For 12 of the 13 inversions with localized breakpoints, we
identified at least one pair of inverted repeats flanking the inver-
sion (Fig. 3b). These inverted repeats ranged from 500 bp to 50 kb
in length (Fig. 3b) and were often duplicated near the breakpoints
(Fig.3cand Extended Data Fig. 4). This suggests that the vast major-
ity of inversions for which we identified breakpoints likely arose
owing to NAHR, as opposed to NHEJ, consistent with the formation
of inversions in humans?®.

We next explored whether the breakpoints were enriched in
repetitive genomicregions. For the 20 localized inversion breakpoints
(excluding six breakpoints at chromosome ends), we used SEDEF*’ to
identify segmental duplications (SDs), defined as duplicated sequence
within 500 kb of the breakpoint thatis >1 kbinlength and contains <70%
common repeats. We found that breakpoint regions were significantly
enriched for SDs compared with randomized regions genome-wide
(Kolmogorov-Smirnov test: P < 0.001); for example, 50% of break-
points had SD density in the top 90th percentile of random regions
genome-wide (Fig. 3d). The repetitive structure of the breakpoints
varied, with some breakpoint regions harbouring highly structured
SDs in tandem (Fig. 3e and Extended Data Fig. 4) and others harbour-
ing multiple interspersed SDs (Extended Data Fig. 4). Together, these
analyses show that genomic regions with an accumulation of SDs may
be prone to chromosomal rearrangements via ectopic recombination
indeer mice.
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Fig. 4 | Distributions and frequencies of inversions. a, Locations of all

P. maniculatus populations sampled (n =13), labelled a-m; sample sizes given
below. The five focal populations are highlighted (red). The approximate

P. maniculatus range is highlighted in tan. b, Inversion genotype frequencies
for each population: letters correspond to populationsina. Cladogram (left)
shows relatedness (excluding inversion regions) between populations and two
outgroups (P. leucopus, P. californicus); bootstrap values are shown. Inversion
genotype frequencies across all . maniculatus populations are shown at the

top (grey box). Populations that deviate from HWE equilibrium are shown
(n=5,yellow outline). Missing data are shown as grey circles. Green and tan
boxes highlight forest and prairie ecotypes, respectively. ¢, Distributions of
three example inversions (inv7.2, invl4.0 and inv21.0) are shown, with inversion
genotype frequencies for each population. Additional inversion distributions
are provided in Extended Data Fig. 5.inv, inverted haplotype; std, standard
haplotype.

Frequencies and evolution of inversions

Toexplore the distributions of these inversions, we next characterized
their frequencies across the species range. We first determined the
derived inversion arrangement based on genome alignments with an
outgroup, P.californicus, and then genotyped the inversions in 218 mice
from 13 populations (Fig. 4a). Most inversions were found in multiple
populations: 18 of the 21inversions were presentin atleast three of the
13 sampled populations (Fig. 4b). However, the varying distributions
of the inversions suggest that they have differing evolutionary histo-
ries (for example, inversion age and selection): some inversions (for
example, inv14.0) are widespread, whereas others (for example, inv7.2)
are spatially constrained (Fig. 4c and Extended DataFig. 5). The highly
polymorphic nature of many of the inversions (for example, inv21.0)
(Fig. 4c and Extended Data Fig. 5) was particularly striking, with 16 of
2l inversions segregating in at least two of the sampled populations
(Fig.4b). Assuch, inversion heterozygotes are common (Fig. 4b), indi-
cating that the inversions have a profound impact on recombination
rates in the wild.

Limited evidence for deleterious effects of inversions. To explore
any negative consequences of inversions on fitness, we first examined
possible deleterious effects due to inversion breakpoints. If an inver-
sion breakpoint occurs within or near a gene, it may substantially
affect the function and/or expression of that gene®. We found that sig-
nificantly fewer inversion breakpoints occurred within protein-coding
genes than expected based on the deer mouse gene density (binomial
test: P=0.004): of the13 inversions for which we localized breakpoints,

only twoinversions (inv9.1,inv18.0) had breakpoints occurring within
a protein-coding gene (inv9.1 disrupts the 1700129COS5Rik intron,
inv18.0 disrupts the Slc39aS5 coding sequence (left breakpoint) and
Baz2aintron (right breakpoint)) (Fig. 5a). Whereas these two inversions
may affect phenotypes through disrupting gene function, the other11
inversions with localized breakpoints do not disrupt annotated genes
(Fig.5a) and are thus less likely to convey strongly deleterious effects,
although their breakpoints may still influence gene expression.

We next characterized possible mutational loads carried by the
inversions, which may accumulate owing to suppressed recombina-
tion in inversion heterozygotes®. To do so, we tested whether the
inversions were enriched for nonsynonymous mutations relative to
the standard haplotypes. We found that the inversions did not show a
significantincreasein their proportion of segregating nonsynonymous
to synonymous mutations (pN/pS) compared with the standard haplo-
types (two-sided t-test: P> 0.05 for allinversions), nor did they show a
significantincrease in nucleotide diversity at nonsynonymous versus
synonymous sites (1,/m;) compared with the standard haplotypes
(two-sided ¢-test: P> 0.05 for all inversions) (Fig. 5b). In addition, nei-
ther the inversions nor the standard haplotypes showed enrichment
for nonsynonymous mutations (pN/pS and m,/m) relative to the rest of
the genome (one-sided t-test: P> 0.05 for all inversions and standard
haplotypes) (Fig.5b), and we did not find a correlation betweeninver-
sion heterozygote frequency and mutational load (Extended Data
Fig. 6). Using nonsynonymous mutation accumulation as an estimate
of mutational load, these results suggest that the inversions do not
harbour a strong deleterious mutational load.
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n=8-42 (inversions); n = 2,725 (whole genome). Boxes indicate upper and lower
quartiles; centre line represents median; whiskers extend to minimum and
maximum values within 1.5x interquartile range. Differences between inversion
and standard haplotypes in pN/pS and /s are all nonsignificant (two-sided
t-test: P> 0.05), and neither inversions nor standard haplotypes are enriched for
pN/pS and mry/mscompared with the whole genome (one-sided t-test: P> 0.05).

Inaddition, ifinversions accumulate a recessive mutational load,
inversion homozygotes should be rare (for example, in butterflies* and
sparrows*).Indeer mice, however, inversion genotype frequencies are
consistent with Hardy-Weinbergequilibrium (HWE): we found only five
(of73)instancesinwhich asegregating inversion significantly deviated
from HWE within a population (Fig. 4b). This suggests that inversion
homozygotes are not strongly underrepresented relative to expecta-
tion in populations segregating for a given inversion, which further
supportsthe observation of limited mutational load. We also note that
since mostinversion genotype frequencies are consistent withrandom
mating, strong assortative or disassortative mating by inversion geno-
type does not readily occur (unlike in the ruff®’ or white-throated spar-
row’*). Together, these lines of evidence suggest that these inversions
indeer mice are not associated with strongly negative effects onfitness.

Multiple inversions contribute to local adaptation. To explore the
role of positive selection in the establishment and maintenance of
these inversion polymorphisms, we characterized the contribution
of inversions to local population differentiation. We took advantage
of previous work on two populations, representing forest and prairie
deer mouse ecotypes (populations c and e, Fig. 4a), which are well
characterized and widespread®. Forest and prairie mice show many
pronounced phenotypic differences (for example, coat colour, tail
length, footlength) despite ongoing gene flow. We previously identified
an inversion on chromosome 15 (inv15.0) that contributes to pheno-
typic divergence between these ecotypes™. Returning to this system,
we found that multiple newly identified inversions were also major
contributorsto differentiation between these populations. Specifically,
genome-wide F¢;islow between ecotypes (genome-wide forest-prairie
Fs::0.03 + 0.03) owing to high migration rates™, yet we found multiple
‘genomicislands of divergence’ that showed remarkable overlap with
identified inversion polymorphisms (inversion-region forest-prairie
Fs1: 0.26 £ 0.16) (Fig. 6a). For 13 inversions, the ecotypes differed by
>50%in theirinversion frequencies. Using forward-genetic simulations
in SLiM*, we found that for alocus to be maintained at >50% frequency
difference betweenthe forest and prairie ecotypes given high gene flow,
it was most likely to be evolving under divergent selection (Extended
DataFig.7), implicating these 13 inversions in local adaptation.
Thedistributions of these inversions across a forest-prairie habi-
tat gradient further support their role in adaptation. Specifically, we
genotyped the 13 polymorphic inversions in 136 samples across an

environmental gradient and found that nine inversions showed steep
changesinfrequency across the forest-prairie habitat transition (Fig. 6b
and Extended Data Fig. 8), suggesting that these inversions may be
favoured in alternate habitats. Furthermore, five inversions (inv7.2,
inv14.0, inv15.0, inv18.0, inv21.0) were significantly associated with
anecotype-defining trait, tail length, inlaboratory-raised F, hybrids®
(P<0.05, linear model) and, for all five, the forest arrangement was
associated with longer tails (Fig. 6¢c), consistent with long tails being
important for balance in arboreal habitats*®. These five inversions
together explain 23.0% of the variance in tail length (individually
explaining 2.0-12.5% of the variance, with additive effects ranging
from 1.1-2.7 mm change in tail length). Inv15.0 has also been previ-
ously found to be significantly associated with coat colour, a second
ecotype-defining trait* (explaining 40% of coat colour variance)
(Fig. 6¢). Together, these results suggest that inversions may be a key
source of genetic variation differentiating locally adapted deer mouse
populations, with divergent selection likely to play arole in maintaining
the inversions as polymorphisms within this species.

Discussion
Technological advancesingenome sequencing have recently led to new
opportunities for characterizing intraspecific structural variation. For
example, the ability to perform population-level whole-genome rese-
quencingallows signatures of large structural variants such as chromo-
somalinversions to be more easily detected”. This approach has recently
beensuccessfulinidentifyinginversionsin sunflowers'®* and seaweed
flies” and now in deer mice. In addition, long-read sequencing has also
greatlyfacilitated the detection and classification of structural variants.
For example, here we found that inversion breakpoints reside in highly
repetitive genomic regions, harbouring an enrichment of segmental
duplications, similar to other mammalian species (that is, humans and
great apes'"). The repetitive nature of mammalian inversion break-
points probably explains why breakpoints are so challenging to detect
with short-read sequencing data alone, as well as with long-read data if
read length or coverage is insufficient to resolve repeat regions, as we
suspect is the case for the deer mouse inversions for which we failed to
localize breakpoints. Future work combining these two approaches—to
perform population-level long-read genome sequencing—will further
our ability to detect structural variation within a diversity of species'.
In discovering deer mouse inversion polymorphisms, we found
thatthey have aninteresting distribution in the genome: a majority of
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Fig. 6 | Inversionsinvolved inlocal adaptation. a, F;; between forest and prairie
ecotypes found in western North America. Grey dots show Fg; from 100 kb
windows, with smoothed Fg; as black lines. Inversions with allele frequency
difference >50% between forest and prairie ecotypes are shownin dark red;
inversions with allele frequency difference >10% are shown in pink. b, Inversion
or standard arrangement frequencies across an environmental gradient found
between the forest and prairie populations, with clines fit using hzar. Sampled
populations are shown with black ticks along the x axis, with forest population

as the left-most tick and prairie population as the right-most tick. Clines show
frequency of the forest allele: an asterisk indicates that the standard arrangement
ismore common in the forest population; no asterisk indicates that the inversion

arrangement is more common in the forest population. A satellite image across
the environmental gradient (obtained from GoogleEarth) is shown below, with
sampled sites in yellow. ¢, Inversions with significant associations with tail
length or coat colour in a forest-prairie F, intercross. F, hybrids are grouped by
inversion genotype, with each genotype coloured by whether it is more common
inthe prairie (tan) or forest (green) population. Sample sizes are shown below
the x axes. Datarepresent means (centre lines) + s.d. (boxes). P values (Bonferroni
corrected) and percentage variance explained (PVE) from linear models,
calculated with analysis of variance, are shown for each association. Tail/body,
ratio of tail length to body length; coat colour is measured by hue and shown in
degrees.inv, inverted haplotype; std, standard haplotype.

theinversions occur terminally, and most of these involve breakpoints
near centromeres. The inversions with breakpoints adjacent to cen-
tromeres are likely to be shifting centromere locations from the middle
of the chromosome to the end of the chromosome (and vice versa),
transforming chromosomes between metacentric and acrocentric
states. This result could explain the longstanding observation that
deer mice vary in number of acrocentric chromosomes®**, Further-
more, inversions are also likely to influence chromosome accessibility
owingto changes in the three-dimensional genome structure, which,
in addition to the mutations the inversions carry, may influence the
expression of genes found within the inversions. Despite this large
variation in chromosome structure, deer mice (and, more generally,
the Peromyscus genus) have astrongly conserved chromosome number
(diploid n=48)*. Unlike the case in other rodents such as the house
mouse, which harbours Robertsonian fusions”, the large rearrange-
mentsinvolving centromeres occur primarily within and not between
chromosomesin deer mice.

One hypothesis for why deer mouse inversions tend to involve
telomeric and centromeric regionsis thatinversion breakpoints arise
more frequently in these regions: genomic regions near centromeres

and telomeres can harbour an excess of SDs (as well as other repeats),
which may facilitate ectopic recombination’®. A second hypothesis is
thatinversions with breakpoints in telomeric or centromeric regions
are less likely to be removed by purifying selection than inversions
thatoccurinother genomicregions: breakpoints that occur near cen-
tromeres and telomeres may be unlikely to have deleterious effects as
these regions tend to be gene-sparse®*. Indeed, none of the inversion
breakpoints we found near centromeres (and only one near atelomere)
disrupted protein-coding sequences. Terminal inversions may also
belesslikely than non-terminal inversions to have strong underdomi-
nant effects, which often occur owing to inversion loops that form
in heterozygotes during meiosis®. If an inversion lacks homologous
sequence on one side, such asina terminal inversion, loop formation
may be prevented. Previous evidence from deer mice suggests that
inversionloop formationisrare in putative terminal inversions®. Thus,
deer mouse inversions involving telomeres and centromeres may
confer fewer deleterious costs associated with breakpoint effects and
underdominance thaninversions occurringin the rest of the genome.

Inversions are a particularly interesting form of structural vari-
ation because of their effects on recombination. Inversions in deer
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mice, when heterozygous, suppress recombination across their entire
lengths. The number and sizes of the inversions thus seem striking in
the context of recombination: 21 detected inversion polymorphisms,
withameanlength of20.0 Mb, affect a total of 420 million DNA bp (or
17%) of the deer mouse genome. Although these results are consistent
with large inversions causing suppression of recombination in other
species (for example, quails*®, maize* and cod*?), whether inversion
polymorphisms affect similar proportions of the genome in other
species remains largely unknown. Furthermore, as our approach was
limited to detectinginversions >1 Mbinlength, there are possibly many
additionalinversions of shorter lengths segregating within deer mice,
whichisanimportant direction for future work. Nevertheless, we found
that the detected inversions substantially shape the recombination
landscape of deer mice: although suppression of recombination is
limited to inversion heterozygotes (so the frequency of an inversion
will determine the extent to which it affects recombination), most
deer mouse inversions are widespread and inversion heterozygotes
are common in natural populations.

Recombination plays animportant rolein evolution through creat-
ing new combinations of alleles and increasing the efficiency of natural
selection®. In particular, through uncoupling deleterious and benefi-
cial mutations, recombination reduces Hill-Robertson interference
and facilitates the elimination of deleterious mutations and the spread
of beneficial mutations***. Given the benefits of recombination, the
abundance of inversions presents a paradox. With reduced efficacy of
purifying selection in the absence of recombination, the expectation
isthatinversions willaccumulate a deleterious mutational load (when
inversion heterozygotes are common)*, which will limit their spread*®.
In deer mouse inversions, however, we did not find evidence for the
accumulation of mutational load based on nonsynonymous mutations
(although these inversions may harbour an excess of other types of
deleterious variants such as transposable elements, which future work
will further resolve), consistent with a recent study in sunflowers*. In
both deer mice and sunflowers, inversionhomozygotes are common®’;
asrecombination proceeds uninterrupted ininversion homozygotes,
deleterious mutations can efficiently be removed once an inversion
reaches substantial allele frequency®, especially if effective population
sizes (N,) are high, as in many populations of deer mice (for example,
N, =4 x10%inasingle population®). Asinsunflowers*, we hypothesize
thattheseinversions, which act aslarge-scale modifiers of recombina-
tion when heterozygous, largely evaded deleterious costs associated
with suppressed recombination by quickly spreadingto high frequen-
cies in deer mice, whose large population sizes could facilitate effec-
tive purifying selection in inversion homozygotes® (noting that gene
conversionbetweeninversion and standard haplotypes may also have
aroleinreducing deleterious mutational load™).

A major hypothesis for the maintenance of inversion polymor-
phisms is the ‘local adaptation hypothesis’, which posits that when
a population is locally adapting in the face of gene flow, suppressed
recombination between multiple beneficial mutations can be advanta-
geous, reducing the strength of selection necessary to establish and/or
maintain each mutationinmigration-selection equilibrium’™, As deer
mice are found continuously across a wide range of habitats, they are
subjected toarange of selective pressures, probably with ongoing gene
flow. Our results support an important role for divergent selection in
maintaining inversions as polymorphisms within the species at large.
In particular, we found that 13 inversions, including one previously
identified®’, are segregating between forest and prairie deer mouse
ecotypes with high allele frequency differences and are likely to be
subject to habitat-associated divergent selection, consistent with mul-
tipleinversions differentiating ecotypes in a diversity of species such
assnails*®, cod*?, sunflowers? and sticklebacks*. Although it remains
an open question whether the inversions segregating between these
forest-prairie ecotypes are advantageous because of their suppression
of recombination, the high levels of migration between the forest and

prairie populations suggest thatincreased LD between adaptive alleles
may be particularly beneficial in this system®. Inaddition, five of these
inversions have significant effects on tail length, and thus variation
in this ecotype-specific trait is largely partitioned into inversions,
consistent with the evolution of concentrated genetic architectures
in the face of gene flow™.

A concrete understanding of the prevalence and significance of
inversion polymorphisms specifically, and of structural variation more
generally, remainslargely elusive across natural populations of organ-
isms, especially mammals®'. We find that inversion polymorphisms are
abundantin deer mice. Whether the abundance of inversion polymor-
phismsin deer mice is unique or representative of mammalian species
will require similar investigations across additional species. Neverthe-
less, this work highlights the critical role of inversions in shaping pat-
terns of recombination, genetic diversity and chromosomal structure
inthe deer mouse and suggests thatinversions may play an even more
important partinlocal adaptation than previously appreciated.

Methods

Population sampling and sequencing

Focal population sampling. We focused our initial analyses on five
populations of P. maniculatus, each representing a distinct subspe-
cies (P. m. rubidus, P. m. gambelii, P. m. bairdii, P. m. nubiterrae and P. p.
subgriseus). Tissues from 15-17 wild-caught mice per population were
collected in Siuslaw National Forest, Oregon, USA (P. m. rubidus)®,
Baker City, Oregon, USA (P. m. gambelii)*°, Derry, Pennsylvania, USA
(P. m. nubiterrae)*’, Ocala National Forest, Florida, USA (P. p. subgri-
seus)> and Bridgewater, Michigan, USA (P. m. bairdii; obtained from
the University of Michigan). Allsamples used in this study are listed in
Supplementary Table 1.

Whole-genome resequencing and variant calling. To generate
whole-genomeresequencing data, we first extracted DNA from -20 mg
of liver tissue and generated sequencing libraries using lllumina DNA
library preparation kits. We sequenced the resulting libraries using
150 bp paired-end sequencing on an Illlumina NovaSeq S4 flow cell
to obtain ~15x coverage per sample. Following demultiplexing, we
mapped sequencing reads to the P. maniculatus bairdii reference
genome (NCBI accession: GCA_003704035.3) using BWA-MEM. We
accessed published whole-genome resequencing data for three popu-
lations: P. m. rubidus, P. m. gambelii** (NCBI: PRINA688305) and P.
p. subgriseus®® (PRJNA838595). To call variant sites, we used Haplo-
typeCaller (GATK3.8) on each sample with the default heterozygosity
prior (~hets = 0.001) and ~-ERC GVCF to produce per-sample genomic
variant call formatfiles (vcfs). Then, we ran GenotypeGVCFs (GATK3.8)
tojointly genotype the samples. We performed hard filtering of SNPs
based on GATK best practices (filtering variants with quality by depth
(QD) < 2.0, FisherStrand (FS) > 60.0, mapping quality (MQ) < 40.0,
MQRankSum < -12.5, ReadPosRankSum < —8.0) using VariantFiltration.

Identifying inversions
Local PCA. Toidentify genomic regions with outlier population struc-
ture, we performed local PCA with the lostruct package” inR on each
of the five focal populations and for all focal population pairs. Note
that whenall populations areincluded, population structureis driven
by population divergence, which masks the signatures of possible
inversions. Therefore, we included only individual populations or
population pairs for this analysis, such thatinversion signatures were
detectable. Using lostruct, we performed local PCA for 100 kb windows
withastep size of 100 kb. We then computed the distance between PCA
maps (with the top two PCs) using the pc_dist function with default
parameters and visualized these distances using multidimensional
scaling (MDS) with the cmdscale function with two MDS axes.

To identify genomic regions with unusual population structure,
we scanned for consecutive 100 kb windows that showed similar
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population structure to each other and distinct population structure
fromthe rest of the chromosome. To do so, we first performed k-means
clustering ofthe 100 kb windows inthe MDS space, defined by the MDS1
and MDS2 axes, using numbers of clusters from k = 2to k=10. To deter-
mine thebest k, we chose the k with the maximums ilhouette score; this
is an averaged measure of the dissimilarity between an observation
andits neighbouring cluster. We then assigned 100 kb windows to the
cluster determined by the k-means clustering for the chosen k. We next
calculated the zscore for the MDS1 score for each 100 kb window and
selected genomic regions with consecutive windows belonging to the
same cluster in which atleast ten consecutive windows had zscore >1.5.

PCA and heterozygosity. For each identified outlier region, we per-
formed PCA onthe entire region usingscikit-allel v.1.3.2 (https://github.
com/cggh/scikit-allel). For scikit-allel analyses, we created zarr objects
from the whole-genome resequenced vcfs using allel.vcf to_zarr. We
then performed PCA using all SNPs in the region, with the function
allel.pca, with n_components =10, scaler = ‘patterson’ and ploidy = 2.
k-means clustering of samplesin PC1versus PC2 space was performed
in Rwith kmeans, following the approach detailed by Todesco et al.’,
where samples were assigned to three clusters, setting the cluster
starting positions as the minimum, maximum and middle value for
PClscores to prevent clustering from being influenced by unequal
numbers of samples per cluster. When clustering into three groups
failed, we tried clustering into two groups, which would be the case
if only two inversion genotypes are present. In a few cases (n=4), we
manually reassigned clusters for samples when k-means clustering
had clear misassignments. For each outlier region identified, we also
computed heterozygosity (reported as the percentage of sites that
are heterozygous) for every sample in the relevant populations, using
count_het in scikit-allel. Finally, we selected putative inversions to be
outlier regions for which samples clustered into three distinct groups
along PC1 with high heterozygosity for the middle cluster. We also
included an additional four regions for which samples clustered into
only two distinct groups along PC1 but signatures of recombination
suggested the presence of aninversion (see below).

Linkage disequilibrium. For each putative inversion, we computed
LD across the chromosome harbouring that putative inversion using;:
(1) all samples belonging to the population or population pair from
which the putative inversion was identified; and (2) only the samples
homozygous for the more common haplotype, based on the PCA clus-
tering. To compute LD, we subset the vcf by sample and chromosome
with bcftools. We then used vcftools tofilter for SNPs with minor allele
frequency (MAF) > 5% (--maf 0.05) and number of missing genotypes =
0 (--max-missing-count 0) and thinned SNPs to at most one SNP per1kb
(--thin1000). We computed LD with vcftools geno-r2. Finally, we used
the script emerald2windowldcounts.pl (https://github.com/owensgl/
reformat, https://github.com/owensgl/haploblocks) to calculate the
mean 2 between 500 kb windows (that is, for agiven set of two 500 kb
windows, the mean r?across all pairwise SNP comparisons between the
two windows was computed).

Recombination rates. We estimated recombination maps for both the
whole genome and within inversion regions, using laboratory-raised
F, hybrids from previous intercrosses between two population pairs:
P. m. rubidus x P. m. gambelli*® and P. m. bairdii x P. p. subgriseus™*,
which yielded a total of 547 and 1061 F, hybrids, respectively. Using
double-digest restriction-site associated DNA (ddRAD) sequencing
data of F, hybrids, we determined ancestry and the location of recom-
bination breakpointsin the F, hybrids using the multiplexed shotgun
genotyping pipeline (see ref. * for details). For the P. m. rubidus x P. m.
gambelliintercross, we genotyped the founders (n=4) and F, hybrids
(n=49) of the intercross for the inversions (see Genotyping samples
for inversions) to ensure that only F, hybrids that were offspring of F;

inversion heterozygotes were used for computing recombination rates
withininversionregions. Allinversions analyzed in the P. m. bairdii x P.
p. subgriseus intercross were fixed between the founders. Five inver-
sions (inv7.0, inv7.3,inv9.1, inv15.2, inv20.0) were not represented by
heterozygousF, hybrids and so we were unable to characterize recom-
bination rates for these inversions.

Genetic differentiation. To measure genetic differentiation between
inversion and standard haplotypes across each identified inversion,
we computed F¢; between predicted homozygote genotypes (clus-
ters 1and 3 from PCA clustering) using scikit-allel. We performed
sliding-window Fg; analyses for 10 kb windows with a 10 kb step size
using scikit-allel with the windowed_hudson_fst function and visual-
ized Fs; withloess smoothinginR.

To analyze genome-wide genetic differentiation between forest
(P. m. rubidus) and prairie (P. m. gambelii) ecotypes, we computed
Fs; between forest and prairie populations in 100 kb windows across
the genome with a step size of 100 kb, using scikit-allel with the win-
dowed_hudson fst function.

Localizing inversion breakpoints

PacBio long-read sequencing and de novo genome assem-
bly. We performed long-read sequencing on five individuals
(laboratory-colony-raised mice), one from each focal population.
First, we extracted high-molecular-weight DNA from 200 pl fresh blood
using the MagAttract HMW DNA mini kit (Qiagen), following the Whole
Blood protocol. We quantified the resulting DNA using a Genomic
DNA ScreenTape on a TapeStation 4200 (Agilent). Library prepara-
tion and sequencing were performed at the PacBio Sequencing Core
of the University of Washington. In brief, libraries were prepared with
the SMRTbell Express Template Prep Kit 2.0 (PacBio). We performed
asize selection of 30 kb for the P. m. rubidus, P. m. nubiterrae and P. m.
bairdii samples using BluePippin (Sage Science); we did not perform
any size selection for the P. m. gambelii and P. p. subgriseus samples as
the total library mass was below 500 ng. We then sequenced eachona
Sequel I SMRTcell 8 M (PacBio), the P. m. rubidus, P. m. nubiterrae and
P. m. bairdii samples with a15 h video and the P. m. gambelii and P. p.
subgriseus samples with a30 hvideo.

We converted the bam files from each video to fastq files using
bam2fastx (PacBio). We then used flye> to create de novo genome
assemblies at the contiglevel for each population. The flye assembler
uses arepeat graph to assemble across repetitive genomic regions, a
critical feature for localizing inversion breakpoints, which often occur
in repetitive genomic regions. To reduce run time, we downsampled
to 40x coverage (-asm-coverage = 40) for initial disjointing assembly
but otherwise ran the assembler with default parameters. Genome
qualities arereported in Extended Data Table 1.

To genotype each PacBio sample for the inversions, we first
mapped the PacBio fastq files to the P. maniculatusreference genome
using ngmlr*®. Then, we used longshot”, a long-read-specific variant
caller, to call variants for each sample. We merged the variant calls with
the whole-genome resequencing vcfs and performed PCA for each
inversion region, which allowed us to genotype the PacBio samples
for the inversions (Extended Data Table 2; for details, see Genotyping
samples for inversions).

Inversion breakpoint identification. We aligned the PacBio genome
assemblies to the P. maniculatus bairdii reference genome using nuc-
mer (mummer)*® with default parameters. Owing to the possibility of
reference genomeerrors, we reoriented any scaffolds in the reference
genome that were misoriented relative to the P. m. bairdii long-read
assembly (thatis, we identified signatures of inversions or transloca-
tions in the P. m. bairdii long-read assembly relative to the reference
genome and resolved these regions to match the P. m. bairdiilong-read
assembly). Thus, allinversion analyses were relative to the P. m. bairdii
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long-read assembly. We also aligned published P. californicus®® (NCBI
accession: GCA_007827085.2) and P. leucopus® (NCBI accession:
GCA_004664715.2) genomes as well as previously assembled de novo
genomes for P. m. rubidus and P. m. gambelii*® from canu (a long-read
genome assembler complementary to flye) to the P. maniculatusrefer-
ence genome using nucmer.

For each inversion, we scanned for evidence of inversion break-
points. To do so, we filtered for nucmer alignments >4 kb inlength (or
>10 kbfor P. californicus, P. leucopus alignments). Inversion breakpoints
areidentifiableif: (1) a contig spans the inversion region and maps to the
reference genome in opposite orientation within the inversion region;
or (2) acontigspans only part of the inversion region and maps to the
reference genome in opposite orientation to the flanking region of
the otherend of theinversion. We thus identified contigs that showed
signatures of inversionsin predicted inversion regions and identified
breakpoint positions based onthe PacBio assembly alignmentsto the P.
maniculatusreference genome. In addition, weidentified breakpoints
for one of the predicted inversions based on the P. leucopus genome
alignment to the P. maniculatus reference genome and one of the
predicted inversions based on the P. californicus genome alignment
to the P. maniculatusreference genome.

Determining derived arrangement. For each inversion polymor-
phism, we determined which arrangement was ancestral (standard)
versus derived (inversion) based on the whole-genome alignments
between P. californicus (outgroup) and P. maniculatus. We evaluated
whether the P. californicus reference genome was inverted relative to
the P. maniculatusreference genome for eachinversionregion, and we
assigned the P. californicus orientation to be the ancestral, standard
arrangement.

Predicting centromere locations. Peromyscus species are known to
have satellite sequences that map to centromeres; specifically, a344 bp
satellite sequence (NCBlaccession: KX555281.1) localizes to P. manicu-
latus centromeres”. We used blastn (blast v.2.2.29) to map this satellite
sequence to the P. maniculatus reference genome and to each PacBio
genome assembly (as long-read genome assemblies are more likely
to assemble across repetitive regions), filtering for alignments with
>85% identity. Using this approach, we then determined centromere
locations in the reference genome (converting alignment positions
in the PacBio genomes to their corresponding or closest reference
genome coordinates). To further explore the predicted centromeres,
we created dotplots for contigs from the PacBio genomes that spanned
apredicted centromere. To do so, we used nucmer with --maxmatch, -1
50,-c100toalign each contigtoitselfand then plotted all alignments
>100 bp usingR.

Characterizing repeat content at inversion breakpoints

Dotplots. To evaluate whether inversion breakpoints occurred in
repetitive regions, we created dotplots from the PacBio contig-level
assemblies. We performed self-versus-self nucmer alignments for
contigs spanning inversion breakpoints, with --maxmatch, -1 50, -c
100; we filtered for alignments >1 kb and plotted the alignmentsinR.

Inverted repeats and SDs. We identified inverted repeats and segmen-
tal duplications (SDs) near inversion breakpoints using the package
SEDEF*. For the relevant PacBio contigs identified above (spanning or
adjacent to inversion breakpoints), we softmasked common repeats
with RepeatMasker, using --xsmall and --species rodentia and masked
the 344 bp centromere satellite sequence. We then performed SEDEF
with default parameters on the entire set of relevant PacBio contigs.
First, we determined inverted repeats to be any repeat identified by
SEDEF that mapped in the opposite orientation to within 500 kb of
both inversion breakpoints. Next, we called repeats as SDs if they
were duplicated within 500 kb of a breakpoint, were >1kb in length,

had >70% identity with a duplication and had <70% of their sequence
masked as common repeats. We then determined the density of SDs
within 500 kb of each inversion breakpoint (note that we excluded
breakpoints at chromosome ends as telomeres are not fully assembled
in these genome assemblies). To compare the breakpoint SD density
to that of random regions genome-wide, we also ran SEDEF on each
contig from the P. m. bairdii PacBio genome assembly and called SDs.
We then randomly selected 10,000 sites from across the genome and
calculated the density of SDs within 500 kb of each site. Finally, we
tested whether inversion breakpoints were significantly enriched for
SDsrelative to the 10,000 randomized genome-wide regions using the
Kolmogorov-Smirnov testinR.

Genes near inversion breakpoints. We used the P. m. bairdii genome
annotation (Pman2.1_chr_NCBI.corrected.merged-with-Apollo.Aug19.
sorted_chr15.gff3) to explore whether inversion breakpoints disrupted
annotated protein-coding genes. We tested whether the number of
breakpoints disrupting gene sequence was expected by chance based
on overall gene density using a binomial test; we calculated the gene
density (including exons, introns and untranslated regions) tobe 39%
genome-wide and then used binom.testin Rto performabinomial test,
with probability of success of 0.39.

Inversion frequencies

Sampling populations across species range. To characterize the
frequencies and distributions of the inversions across the P. manicu-
latus range, we included 3-46 individuals from each of an additional
eight populations, which, when combined with the initial populations,
yielded a total of 218 mice from 13 populations. For five of the new
eight populations (populations a, b, f, i and k in Fig. 4a; see Supple-
mentary Table1for sample details), we extracted DNA from liver tissue
and performed whole-genome resequencing (-10-15x coverage) and
variant calling as described above. We also performed whole-genome
resequencing for 11 P. leucopus samples and two P. californicus samples
(see Supplementary Table1for sample details), whichwe alsoincluded
inour variant calling pipeline. For three additional populations (popu-
lations d, gand h in Fig. 4a; see Supplementary Table 1 for sample
details), we obtained publicly available exome-sequencing data® (NCBI:
PRJNA528923) and mapped sequencing reads to the P. maniculatus
reference genome with BWA-MEM. We then performed variant calling
as described above, except that these samples were joint-genotyped
separately from the whole-genome resequenced samples. We approxi-
mated the P. maniculatusrange using the [IUCN Red List of Threatened
Species (https://www.iucnredlist.org/species/16672/22360898) and
plotted therange map inR, as shown in Fig. 4a.

Phylogenetic trees. To reconstruct the evolutionary relationships
among populations, we used RAXML® to build maximum-likelihood
trees. First, we created a tree for the five focal P. maniculatus popula-
tions and two outgroups (Peromyscus leucopus and P. californicus).
Using hard-filtered SNPs from across the autosomes, we thinned SNPs
to at most one SNP per 100 kb using vcftools and merged vcfs across
chromosomes. We converted the merged vcftoa PHYLIP matrix using
vef2phylip.py (https://github.com/edgardomortiz/vcf2phylip) and
removed invariant sites using ascbias.py (https://github.com/btmar-
tin721/raxml_ascbias), resulting in a total of 12,292 SNPs. We then ran
RAXML v.8.2.12 using the ASC_GTRCAT model with the conditional
likelihood method, -asc-corr=lewis, to correct for the ascertainment
bias due to using SNPs®’, We ran 100 bootstraps, with-fa’ to perform
rapid bootstrap analysis and visualized trees iniTOL®*. We next created
atreeforall13 P. maniculatus populations and the two outgroups. To do
so, wefirst merged the variants called for the three exome-sequenced
populations with the whole-genome resequenced vcfs and subset each
population to at most15individuals. We removed variants with missing
genotypes for >20% of samples and masked inversion regions using
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bcftools. We then converted the vcf to a PHYLIP matrix and removed
invariant sites as described above, resulting in a total of 15,518 SNPs.
We ran RAXML as described above, with 100 bootstraps using ‘-fa’ to
perform rapid bootstrap analysis and visualized treesiniTOL.

Genotyping samples for inversions. To genotype individuals for the
presence or absence of inversions, we used a PCA approach. For each
inversion, we selected closely related populations segregating for
theinversion of interest and performed PCA for that inversion region
using scikit-allel, as described above. PCA was performed with only a
subset of populationsto allow for the inversion of interest (rather than
populationdivergence) to drive variance along PC1. We then projected
the remaining samples onto the PC1 and PC2 axes. We genotyped
samples for each inversion based on loading scores along PC1 (along
which samples clustered into inversion genotype groups) with manual
determination of boundaries. We verified that samples called asinver-
sion heterozygotes had elevated heterozygosity in the inversion region
using the count_het functionin scikit-allel. We set any populations with
ambiguous clustering along PC1 for a given inversion to have missing
genotypes. Finally, we determined inversion genotype frequencies for
each population and tested for deviations from HWE using HWE.chisq
inR from the genetics package.

We also determined inversion genotypes for: (1) 547 F, hybrids
fromthe P. m. rubidus x P. m.gambelii cross; and (2) the 136 wild-caught
mice from the environmental transect. To do so, we first created a set
of SNPs fixed between the inversion and standard arrangements using
homozygous samples fromonly forest (P. m. rubidus) and prairie (P. m.
gambelii) populations, unless there were fewer than three homozygous
samples per genotype, in which case we included additional homozy-
gous samples from nearby populations (populations b and f, Fig. 4a)
to improve filtering. Previously, the F, hybrids were sequenced using
the ddRAD-sequencing pipeline (as described in Recombinationrates,
NCBI: PRINA687993), and the 136 transect mice were whole-genome
resequenced at low coverage (NCBI: PRJNA688305)?. Using these
sequencing data, we selected the fixed inversion-standard SNPs from
bam files for the F, hybrids and transect mice using mpileup and per-
formed the hidden Markov model step of the multiplexed shotgun
genotyping pipeline® to determine genotype for each inversion.

Mutational load. To test whether the inversions were enriched for del-
eterious mutations compared with standard haplotypes, we analyzed
the number of segregating nonsynonymous (pN) versus synonymous
(pS) sites and nucleotide diversity at nonsynonymous (1) versus syn-
onymous (17) sites using PopGenome®®. For each inversion, we selected
samples homozygous for the inversion arrangement and used readVCF
toimportbiallelic SNPs for the samples and inversion regions of inter-
est into PopGenome; specifically, we selected homozygous samples
from the major P. maniculatus clade (Fig. 4b; populations a, b, ¢, e, f, i
andj) except forinv10.0 and inv11.0, for which we also included popu-
lations k, /land min order to sample both homozygous genotypes. We
then used the set.synnonsyn function with the P. m. bairdii genome
annotation to determine nonsynonymous and synonymous sites. Next,
we computed nucleotide diversity for each synonymous and nonsyn-
onymous site with the diversity.stats function. Finally, for 500 kb win-
dowsacross eachinversionregion, we calculated the ratios pN/pS and
/1 (using only sites that were segregating within the homozygous
sample set). Wethen repeated these analyses for samples homozygous
forthe standard arrangement. To test whether the inversion and stand-
ard haplotypes significantly differed in pN/pS or m,/ms, we performed
two-sided t-tests in R. Inv7.1 was excluded from this analysis because
we had sequencing data for only one homozygous inversion sample;
inv9.1was also excluded because it harbours only six genes.

We also tested whether the inverted or standard haplotypes were
enriched for deleterious mutations compared to the rest of the genome.
To doso, weincluded all samples from the major P. maniculatus clade

(Fig.4b; populationsa, b, c, e, f,iandj) and calculated pN/pS and i,/ mg
for 500 kb windows across all regions genome-wide, excluding the
inverted regions. We tested whether the inverted or standard haplo-
types showed significantly higher pN/pS or m,/ms than genome-wide
regions using one-sided ¢-testsinR.

SLiM simulations. To explore a possible role of selection on the inver-
sions, we performed forward-genetic simulationsin SLiM v.3.6 (ref.>).
We simulated the forest (population ¢, P. m. rubidus) and prairie (popu-
lation e, P. m. gambelii) populations evolving under a previously esti-
mated best-fit demographic model® and introduced aninversionasa
Mendelianlocus as asingle copy. We set separate selection coefficients
for theinversionlocusintheforest versus prairie populations, varying
theselection coefficients from-0.01to +0.01. Weintroduced the inver-
sioninto either the forest or the prairie population at five time points,
corresponding to 1.5 x 10%, 1.5 x 10%, 7.5 x 10°, 1.5 x 10° and 2.2 x 10°®
generations ago, with 2.2 x 10° being the estimated time of the forest-
prairie split. To reduce computational time, we scaled parametersbya
factor of 100, with population sizes (V) and times divided by 100 (for
example, after scaling, time points ranged from 1.5 x 10% to 2.2 x 10*
generations ago) and migration rates (m) and selection coefficients
(s) multiplied by 100 (for example, after scaling, selection coefficients
ranged from-1.0 to +1.0), to keep Nm and Ns consistent™. For each set
of forestand prairie selection coefficients and each time point, weran
1,000 simulations and recorded the frequency of the inversionin the
forest and prairie populations at the end of the simulation. Finally, for
each scenario, we computed the probability that the inversion reached
anabsolute allele frequency difference between the forest and prairie
populations >50%. All selection coefficients are reported as their values
before scaling.

Clinal variation. To test whether inversion frequency was associ-
ated with local habitat, we analyzed P. maniculatus mice previously
collected across a forest-prairie environmental gradient, which
included 136 samples from nine sites across the Cascade mountains
in Oregon, USA®, Using publicly available sequencing data* (NCBI:
PRJNA688305), we genotyped the 136 samples for the inversions (see
Genotyping samples for inversions section above) and then used
the package HZAR v.0.2.5 (ref. @) to fit clines to inversion genotypes
(https://github.com/oharring/chrl5_inversion). We fit ten different
cline models by varying the scaling of minimum and maximum allele
frequencies (scaling: ‘fixed’ or ‘free’) and how exponential tails were
fit (tails: ‘none’, ‘left’, ‘right’, ‘mirror’ and ‘both’). We selected the best
model for each inversion using Akaike information criterion (with
correction for small sample sizes) (AICc) values. Clines shown in
Fig. 6b are fit with tails: ‘none’ and scales: ‘fixed’; best-fit clines are
shownin Extended Data Fig. 8.

Genotype-phenotype associations. Using data from a reciprocal
intercross between P. m. rubidus (forest population) x P. m. gambe-
lii (prairie population) F, hybrids (n = 547) as described above, we
tested for associations between inversion genotype and three
forest-ecotype-defining traits: tail length, foot length and coat col-
our. We used previously published phenotypic measurements® and
theinversiongenotypesreported here.For each of the 13 polymorphic
forest-prairie inversions, we tested whether inversion genotype was
significantly correlated with trait variation using linear models in R,
with genotype coded numerically (additive genetic model); for tail and
foot length, we included body length as a fixed effect. We corrected
for multiple hypothesis testing (that is, testing 13 different inversions)
using Bonferroni correction.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Data availability

Sequencing dataare available from NCBISRA under BioProject acces-
sions PRJNA856879, PRINA816517, PRINA860096, PRINA862503; NCBI
SRA accessions for individual samples are listed in Supplementary

Table1.Source data are provided with this paper.

Code availability

The code used for the analysesis available from GitHub (https://github.

com/oharring/pman_inversions).
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Extended Data Fig. 1| Identifying inversion polymorphisms based on
population genomic signatures. For each identified inversion polymorphism,
the following signatures of inversions are shown (colors correspond to focal
population or population-pair in which inversion was identified, see legend):
(1) Local PCA performed with lostruct, where each dot represents a100-kb
window. Distances between local PCA maps are represented by the MDS1 axis,
with outlier windows highlighted in color. (2) Clustering of samples by PCA for
entire outlier region found with local PCA, assigned using k-means clustering.
(3) Heterozygosity (percent of sites that are heterozygous) of outlier region

for samples by cluster assignments from PCA above. Boxes indicate upper and
lower quartiles; center line represents median; whiskers extend to minimum and
maximum values within 1.5x interquartile range; points show outliers beyond

chrioposion )

whiskers. Sample sizes are shown below the x-axis for each cluster. (4) LD for
chromosomes harboring the example inversions, shown as mean r* values

for paired windows across each chromosome. Upper triangle shows mean r>
values including all samples from PCA clustering. Lower triangle shows mean
r*values for only the more common homozygote genotype as determinedin
PCA clustering. Colored bars highlight outlier region from local PCA. Scales

for r*values provided. (5) Recombination rates in cM/Mb shown for lab-born
inversion heterozygotes. Outlier region found inlocal PCA is highlighted. Five
inversions have missing data since inversion heterozygotes were not measured
inthelab. (6) F;;between homozygous genotypes (clusters1and 3 from PCA and
heterozygosity plots). Outlier regions found in local PCA are highlighted. Note
that the discontinuity for inv23.0 is likely due to reference genome mis-assembly.
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Linear fit between inversion length and recombination rate shown as red line
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Extended Data Fig. 3| Localizing inversion breakpoints. Contigs highlighting reference genome, respectively. Contigs (gray) and those identifying inversion
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aligning P. leucopus and P. californicus reference genomes to the P. maniculatus breakpoints.
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Extended Data Fig. 7 | Forward genetic simulations of selection on inversions.
The evolution of aninversion was simulated in SLiM under a best-fitting
demographic model of the forest and prairie populations. The inversion locus
was introduced into the populations at five timepoints (shown in generations

ago); the final timepoint (2.2 m generations) represents the forest-prairie split coefficients.
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Extended Data Table 1| Summary statistics for de novo genome assemblies with PacBio long-read sequencing

Population PacBio Flye Flye Flye
subread assembly assembly assembly
N50 (kb) | total length | contig N50 | # of contigs

(Gb) (Mb)

P. maniculatus bairdii 36.9 2.53 11.2 5,747

P. maniculatus gambelii 36.6 2.60 3.2 12,590

P. maniculatus rubidus 37.9 2.61 2.6 15,237

P. maniculatus nubiterrae 40.2 2.56 5.5 8,512

P. p. subgriseus 38.8 2.51 9.5 3,108

Contig-level genomes were assembled using flye for one individual from each of the five focal populations. PacBio sequencing outputs are reported as subread N50 and flye genome
assemblies are summarized with total length of assemblies, contig N50s, and number of contigs. Differences in assembly contiguity are likely driven by differences in heterozygosity in the
sequenced samples.
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Extended Data Table 2 | Inversion genotypes for long-read samples

Inversion genotypes (O=standard, 1=inversion) for all 21 inversions in each of the five PacBio long-read sequenced samples. Inv6.0, inv7.0, inv7.1, inv19.0, inv20.0, inv21.0 are not represented by

Inversion P.m. P.m. P.m. P.m. P. p.
rubidus gambelii bairdii nubiterrae | subgriseus
inv3.0 1/1 0/0 0/0 0/0 0/0
inv6.0 0/0 0/1 0/0 0/0 0/0
inv7.0 0/0 0/0 0/0 0/0 0/0
inv7.1 0/0 0/0 0/0 0/0 0/0
inv7.2 1/1 0/0 0/0 0/0 0/0
inv7.3 0/0 0/0 11 171 11
inv9.0 171 0/0 NA NA NA
inv9.1 0/1 1/1 0/0 0/0 0/0
inv10.0 0/0 0/0 0/0 1/1 111
inv11.0 NA NA 0/0 1/1 111
inv13.0 0/0 1/1 1/1 0/0 0/0
inv14.0 0/0 171 1711 1/1 1/1
inv15.0 1/1 0/0 0/0 0/0 0/0
inv15.1 0/0 0/0 11 0/0 0/0
inv15.2 1/1 0/0 NA NA NA
inv18.0 0/0 11 11 0/0 0/0
inv19.0 0/0 0/1 0/0 0/0 0/0
inv20.0 0/0 0/1 0/0 0/0 0/0
inv21.0 0/0 0/1 0/1 0/0 0/0
inv22.0 0/0 0/1 0/0 171 111
inv23.0 0/0 0/1 11 171 0/0

both homozygous genotypes in these samples.
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for long-read sequencing. One laboratory mouse (Peromyscus californicus) was used in this study for short-read whole-genome
sequencing.

Wild animals Wild-caught specimens and tissues used in this study were museum accessioned or obtained from previous publications.

Field-collected samples  This study did not involve samples directly collected from the field.
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Ethics oversight Harvard Unviersity's IACUC approved of the experiments of this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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