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Abstract: A long-standing question in evolutionary biology is how differences in multiple
traits can evolve quickly and be maintained together during local adaptation. Using
forest and prairie ecotypes in deer mice, which differ in both tail length and coat color,
we discovered a 41 Mb chromosomal inversion that is strongly linked to variation in both
traits. The inversion maintains highly divergent loci in strong linkage disequilibrium and
likely originated ~170 kya, long before the forest-prairie divergence ~10 kya. Consistent
with a role in local adaptation, inversion frequency is associated with phenotype and
habitat across both a local transect and the species range. Still, although eastern and
western forest subspecies share similar phenotypes, the inversion is absent in eastern
North America. This work highlights the significance of inversion polymorphisms for the
establishment and maintenance of multiple locally adaptive traits in mammals, and
demonstrates that, even within a species, parallel phenotypes may evolve through non-
parallel genetic mechanisms.
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Rapid adaptation to novel environments often involves concurrent divergence in
multiple traits. Determining how these trait differences are generated and maintained
together in the face of gene flow is critical to understanding local adaptation. To address
this goal, we focused on two distinct ecotypes, first described by natural historians in the
early 1900’s, that occur within a single species, the North American deer mouse
(Peromyscus maniculatus): a semi-arboreal forest form and a terrestrial prairie form that
differ in multiple traits, including tail length and coat color (7-3). Longer tails are thought
to have evolved as an adaptation to an arboreal lifestyle in forested habitat (7, 2, 4, 5),
while coat color in deer mice often evolves to match the local soil substrate, likely
through predation-mediated selection (2, 6—8). The forest ecotype is thought to have
evolved multiple times since the last glacial maximum ~12 thousand years ago (kya, (9,
10)) and is maintained despite ongoing gene flow from neighboring prairie populations
(11).

Forest and prairie mice differ in multiple traits. \We selected focal populations
from coastal temperate rainforest (P. m. rubidus, ‘forest’ ecotype) and arid sagebrush
steppe (P. m. gambelii, ‘prairie’ ecotype) habitat, separated by approximately 500 km
(Figure 1A; (711, 12)). We established laboratory colonies from wild-caught mice and
took standard body measurements (tail, body, hindfoot and ear lengths as well as
weight) and coat color measurements (brightness, hue and saturation in three body
regions) in both wild-caught mice and their laboratory-reared descendants. Forest mice
consistently had longer tails, longer hind feet, and darker, redder coats than prairie mice
(Figure 1B,C, Figure S1, Table S1), and these differences persisted in laboratory-born
mice raised in common conditions (Figure S2, Table S1), suggesting a strong genetic
component to these classic forest phenotypes.

A large inversion is associated with tail length and coat color. Using a forward-
genetic approach, we identified genomic regions linked to these ecotype-specific
differences in morphology. Specifically, we intercrossed forest and prairie mice in the
lab to generate 555 second-generation (F2) hybrids (forest female x prairie male, n =
203 F2s, and prairie female x forest male, n = 352 F2s) and inferred hybrid genotypes
(73) with sequence data generated by double-digest restriction associated DNA
sequencing (74) before performing quantitative trait locus (QTL) mapping for each trait
(Figure 2, Figure S3, Table S2). We identified five regions associated with tail length
differences; at each locus, forest ancestry was associated with longer tails (total percent
variance explained (PVE): 27%; individual PVE: 2.6 - 12.1%). Only one region, on
chromosome 15, was strongly and significantly associated with coat color (PVE, dorsal
hue: 40.0%; flank hue: 45.6%), and it overlapped with the largest-effect locus
associated with tail length (95% Bayes credible interval: dorsal hue = 0.4-40.5 Mb; flank
hue = 0.4-39.4 Mb; tail length = 0.4-41.5 Mb). Thus, a single region on chromosome 15
was strongly associated with ecotype-specific differences in both tail length and coat
color.

The QTL peak on chromosome 15 exhibited an unusual pattern of association with
both morphological traits. Specifically, the strength of association between genotype
and phenotype remained largely constant across half the chromosome (Figure 3A). This
pattern reflects reduced recombination between forest and prairie alleles in the
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laboratory cross: only 2 of 1110 F2 chromosomes were recombinant in this region
(Figure 3B). In addition, we found consistently elevated Fst (Figure 3C) and high linkage
disequilibrium (Figure 3D) across this genetic region in wild populations (whole genome
re-sequencing: n = 15 forest, 15 prairie). Together, these data are consistent with little
to no recombination across half of chromosome 15 both in the laboratory and wild
populations.

This pattern of reduced recombination could be produced by a large genomic
rearrangement (or a set of rearrangements). To determine the nature of any
rearrangements on chromosome 15, we used PacBio long-read sequencing (n = 1
forest, 1 prairie) (715). First, we generated independent de novo assemblies for each
individual and mapped the resulting contigs to the reference genome for P. m. bairdii. In
the forest individual, one contig mapped near the center of the chromosome (from
41.19-40.94 Mb), then split and mapped in reverse orientation to the beginning of the
chromosome (from 0-5 Mb). By contrast, in the prairie individual, a single contig
mapped continuously to the reference genome in this region (37-41.3 Mb) (Figure 3E).
Using the long-read sequencing, we localized the inversion breakpoint to basepair
resolution (Figure 3F) and found that it lies within a highly repetitive region (Figure S4).
Since we found no other forest-specific rearrangements in this region, chromosome 15
likely harbors a simple inversion from 0 to 40.94 Mb. Finally, we used putative
centromere-associated sequences in Peromyscus (16) to determine that the
chromosome 15 centromere is located outside the inversion (Figure 3G). Together,
these approaches identified a 40.9-Mb paracentric inversion that is segregating
between wild forest and prairie populations and is strongly associated with ecotype
differences.

The inversion is a major region of genetic divergence between ecotypes. To
understand the role of the inversion in ecotype divergence, we investigated the
frequency and genetic differentiation of the inverted region. First, using genetic principal
component analysis (PCA) and levels of heterozygosity, we genotyped the chromosome
15 inversion in wild-caught mice (whole genome re-sequencing: n = 15 forest, 15
prairie) and found that it is nearly fixed for opposite alleles in wild forest and prairie
populations (Figure 4A, Figure S5). Second, we compared maximum likelihood-based
trees built from the region of chromosome 15 that contains the inversion (affected
region: 0-40.9 Mb) and the rest of the chromosome (unaffected region: 40.9-79 Mb)
using RAXML (77). In the affected region, forest and prairie mice cluster into two
genetically distinct groups based on genotype at the inversion (Figure 4B); this is in
contrast to the unaffected region, where mice cluster by ecotype (Figure 4C). Finally,
relative genetic differentiation between ecotypes in the affected region, as measured by
Fst, is more than seven times higher than the genome-wide average (affected region:
mean Fst = 0.373; genome-wide average: Fst = 0.052), consistent with the significantly
elevated absolute genetic divergence (dxy) in this region (affected region: mean dxy =
0.015; unaffected region: mean dxy= 0.011) (Figure S6). Thus, between ecotypes, the
inversion maintains a set of highly divergent sites spanning megabases, including
causative loci for both tail length and coat color variation, together in genetic linkage.

The strong genetic differentiation within the affected region suggested that the
inversion might pre-date the divergence between the forest and prairie ecotypes. To
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investigate the evolutionary history of the inversion, we used SMC++ (18) to estimate
that the inversion and reference alleles likely diverged about 170 kya (assuming 3
generations per year; Figure 4D). By contrast, forest-prairie divergence in the
unaffected region and genome-wide are estimated to be 15 and 10 kya respectively,
consistent with the divergence occurring near the end of the last glacial maximum
approximately ~12 kya. This order-of-magnitude difference in estimated divergence time
led us to explore the evolutionary history of the inversion across closely related species,
by building phylogenetic trees from the affected and unaffected regions of chromosome
15 using 5 Peromyscus species and 3 P. maniculatus subspecies (Figure 4E,F, Figure
S7). We found that the inverted and reference alleles likely diverged early within
Peromyscus maniculatus, before the divergence between the forest and prairie
ecotypes but after P. maniculatus diverged from closely related species. Thus, we infer
that, unlike some other known inversions (19-217), it is unlikely that the inverted allele
introgressed from another extant species; instead, the inversion likely has a long history
of polymorphism within the species.

Inversion frequency in wild populations is consistent with divergent selection.
The inversion’s role in genetic and phenotypic divergence between ecotypes suggests
that it may be under divergent selection associated with habitat differences. To test the
association among genotype, phenotype and habitat in admixed wild populations, we
collected deer mice across a sharp habitat transition between the focal forest and prairie
sites and estimated habitat type and mean soil hue within 1 km of each capture site
(Figure S8, Figure S9; n = 97 mice from 22 sites, supplemented by 12 additional
museum specimens from 2 sites). First, we found that much of the transition in both
habitat type and soil hue is localized in a narrow region across the Cascade mountain
range (Figure 5A,B): for example, while the forest and prairie sites are separated by 500
km, about half of the estimated change in soil hue occurs across just 50 km (10% of the
total distance) at the Cascades. Next, phenotypic clines (Figure 5C,D) estimated using
either all wild-caught individuals or only those from the central Cascades transect
(insets) both identified sharp transitions in tail length and coat color that co-localize with
this environmental transition. Specifically, mean tail length changes by 12 mm (45% of
the forest-prairie difference) and mean hue changes by 3.2° (60% of the forest-prairie
difference) across the same 50-km region. Finally, we found that the inversion
frequency decreases from 100% to 62.5% in the central 50 km and then drops to 4%
within the next 100 km (i.e., inversion frequency drops from 100% to 4% over less than
one third of the total distance between sites; Figure 5E). Together, these data indicate
that most of the change in both phenotype and inversion frequency occurs across a
sharp environmental transition.

To compare the clinal distribution of the inversion with patterns in the rest of the
genome (22), we estimated genome-wide forest ancestry proportion using ngsAdmix
(best fit: k = 2; (23)) and found evidence for admixture between the forest and prairie
populations (Figure S10). The estimated forest ancestry proportion changes steeply
(from 80% to 14% average forest ancestry) at the environmental transition in the 50-km
central region of the transect (Figure 5E). However, the differences in allele frequencies
between forest and prairie populations at SNPs outside the inversion are small (Figure
5E; ngsAdmix SNPs have mean allele frequency change of 8%, with 95% of SNPs <
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23%). Thus, the steep change in inferred ancestry proportion results from coincident
small frequency changes across many loci (Figure S10), in contrast to the steep
inversion cline that reflects a large frequency change (90%) between forest and prairie
populations at a single locus. The allele frequency difference at the inversion is
extreme: it is greater than the maximum difference in allele frequency in 99.92% of
similar-linkage-disequilibrium blocks (Figure S11). In addition, we found that the shift in
inversion allele frequency is significantly farther east than the change in genome-wide
ancestry (assessed using the likelihood profile method (24); MLsum = -16.9, MLcomp = -
58.2, y2 = 41.4, p = 1.3e-10). We note that the genome-wide cline position is consistent
with the mountain range acting as a partial barrier to gene flow. Finally, mixed model
analyses using the admixed mice from the central Cascades transect support
associations between both inversion genotype and genome-wide ancestry proportion
with tail length and hue (Figure S12). Together, the difference in magnitude and location
of the inversion frequency shift compared with sites throughout the rest of the genome
is consistent with divergent selection favoring different inversion alleles in the forest and
prairie habitats.

Parallel forest phenotypes evolved through partially distinct genetic
mechanisms. Previous work reported that the forest ecotype has evolved multiple
times in North America (9), raising the question of whether the chromosome 15
inversion contributes to adaptation in these independent forest replicates. Using three
published datasets (9, 25, 26), we determined that the inverted allele is widespread
within P. maniculatus, particularly in western North America (Figure 5F). To test for an
association between the inversion and habitat across the species range, we first
characterized habitat in a 1-km radius around each reported capture site. Next, using
mixed-effect models implemented in EMMAX (27) to control for genetic relatedness
among populations, we tested the effect of the inversion as a single locus and found
that it is widely associated with both forested habitat (p = 8e-20) and with longer tails (p
= 4e-7). Surprisingly, despite this strong association and strikingly similar changes in tail
vertebrae (i.e. changes in both vertebrae number and vertebrae length) in eastern and
western forest populations (9), the inversion was completely absent from eastern forest
populations (Figure 5G). These results suggest that the inversion may have played a
key role in local adaptation in many, but not all, forest populations; therefore, the genetic
architecture that underlies these parallel adaptations is at least partially distinct even
within the same species.

Discussion. Theoretical models suggest that inversions can facilitate local
adaptation if they reduce recombination between multiple locally adaptive alleles, even
in the absence of epistasis (28—37). There is growing empirical evidence supporting the
role of inversions in local adaptation (e.g. (32-38)), and a limited number of studies
have identified inversions associated with multiple distinct traits (e.g. mating types: (39—
41)). However, few studies have identified inversions that are linked to multiple traits in
the context of local adaptation (but see (42)). Our results provide new evidence from
mammals in support of these models: we found that an inversion maintains variation
associated with at least two traits — tail length and coat color, which involve largely
distinct developmental and genetic mechanisms — in strong linkage disequilibrium.
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Despite gene flow between forest and prairie ecotypes, the inversion ensures that
longer tails and darker coat colors are co-inherited, which likely provides a selective
advantage in forested habitats.

If inversions are maintained as polymorphisms, they can serve as a source of
genetic variation from which a species can adapt to novel or changing environments
(32), but strong negative fitness consequences of inversions in heterozygotes (e.g.
when crossing over produces unbalanced gametes) make this unlikely. In deer mice,
however, recombination in terminal inversion polymorphisms is known to be suppressed
(76, 43, 44), minimizing potential deleterious effects. Indeed, our results suggest that
the chromosome 15 inversion was segregating in deer mice long before the forest-
prairie ecotypes evolved: the inversion is found at intermediate frequencies in many
populations and likely originated within P. maniculatus more than 150k years before the
last glacial retreat established the modern habitat distributions. Thus, this study
highlights how inversion polymorphisms may provide the genetic material for adaptation
into newly available habitats. Still, it remains unknown when the tail length and coat
color mutations arose relative to the inversion that links them together; future work
identifying the causal mutations within the inversion will help elucidate a more precise
model of inversion establishment and spread (45).

Populations often share standing genetic variation and exchange alleles through
gene flow; thus, parallel phenotypic divergence within a species is often due to shared
genetic mechanisms (46—48). Despite the old origin of the inversion, its large effect on
multiple forest traits and its widespread distribution in western forest mice, we find the
inversion is absent in eastern forest populations with remarkably similar morphology.
Thus, our results suggest that while inversion polymorphisms can be an important
source of genetic variation for rapid adaptation, even within a species, distinct genetic
mechanisms can result in parallel phenotypes.

In sum, one hundred years after Sturtevant first published his discovery of
inversions in laboratory stocks of Drosophila (49) and separately, forest-prairie ecotypes
were first described in deer mice (3), we found that a large chromosomal inversion is
key to ecotype divergence in this classic mammalian system, underscoring the
important and perhaps widespread role of inversions in local adaptation.


https://doi.org/10.1101/2021.01.21.427490

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.21.427490; this version posted January 22, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References:

1.

10.

11.

12.

13.

14.

15.

W. F. Blair, Ecological factors in speciation of Peromyscus. Evolution. 4, 253-275
(1950).

L. R. Dice, Ecologic and genetic variability within species of Peromyscus. Am.
Nat. 74, 212-221 (1940).

W. H. Osgood, A revision of the mice of the American genus Peromyscus. North
Am. Fauna. 28, 1-285 (1909).

W. Fox, Variation in the deer-mouse (Peromyscus maniculatus) along the lower
Columbia River. Am. Midl. Nat. 40, 420-452 (1948).

B. E. Horner, Arboreal adaptations of Peromyscus, with special reference to use
of the tail. Contrib. from Lab. Vertebr. Biol. 61, 1-85 (1954).

R. D. H. Barrett, S. Laurent, R. Mallarino, S. P. Pfeifer, C. C. Y. Xu, M. Foll, K.
Wakamatsu, J. S. Duke-Cohan, J. D. Jensen, H. E. Hoekstra, Linking a mutation
to survival in wild mice. Science. 363, 499-504 (2019).

C. R. Linnen, Y. P. Poh, B. K. Peterson, R. D. H. Barrett, J. G. Larson, J. D.
Jensen, H. E. Hoekstra, Adaptive evolution of multiple traits through multiple
mutations at a single gene. Science. 339, 1312-1316 (2013).

L. M. Mullen, H. E. Hoekstra, Natural selection along an environmental gradient: a
classic cline in mouse pigmentation. Evolution., 1555-1570 (2008).

E. P. Kingsley, K. M. Kozak, S. P. Pfeifer, D. S. Yang, H. E. Hoekstra, The
ultimate and proximate mechanisms driving the evolution of long tails in forest
deer mice. Evolution. (2017).

C. W. Hibbard, in Biology of Peromyscus (Rodentia), J. A. King, Ed. (The
American Society of Mammalogists, 1968), pp. 6—24.

D. S. Yang, G. Kenagy, Population delimitation across contrasting evolutionary
clines in deer mice (Peromyscus maniculatus). Ecol. Evol. 1, 26—-36 (2011).

S. W. Calhoun, I. F. Greenbaum, K. P. Fuxa, Biochemical and karyotypic variation
in Peromyscus maniculatus from western North America. J. Mammal. 69, 34—45
(1988).

P. Andolfatto, D. Davison, D. Erezyilmaz, T. T. Hu, J. Mast, T. Sunayama-Morita,
D. L. Stern, Multiplexed shotgun genotyping for rapid and efficient genetic
mapping. Genome Res. (2011).

B. K. Peterson, J. N. Weber, E. H. Kay, H. S. Fisher, H. E. Hoekstra, Double
digest RADseq: An inexpensive method for de novo SNP discovery and
genotyping in model and non-model species. PLoS One. 7 (2012).

J. Eid, A. Fehr, J. Gray, K. Luong, J. Lyle, G. Otto, P. Peluso, D. Rank, P.
Baybayan, B. Bettman, A. Bibillo, K. Bjornson, B. Chaudhuri, F. Christians, R.
Cicero, S. Clark, R. Dalal, A. DeWinter, J. Dixon, M. Foquet, A. Gaertner, P.
Hardenbol, C. Heiner, K. Hester, D. Holden, G. Kearns, X. Kong, R. Kuse, Y.
Lacroix, S. Lin, P. Lundquist, C. Ma, P. Marks, M. Maxham, D. Murphy, |. Park, T.


https://doi.org/10.1101/2021.01.21.427490

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.21.427490; this version posted January 22, 2021. The copyright holder for this preprint

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Pham, M. Phillips, J. Roy, R. Sebra, G. Shen, J. Sorenson, A. Tomaney, K.
Travers, M. Trulson, J. Vieceli, J. Wegener, D. Wu, A. Yang, D. Zaccarin, P.
Zhao, F. Zhong, J. Korlach, S. Turner, Real-time DNA sequencing from single
polymerase molecules. Science. (2009).

B. M. Smalec, T. N. Heider, B. L. Flynn, R. J. O’Neill, A centromere satellite
concomitant with extensive karyotypic diversity across the Peromyscus genus
defies predictions of molecular drive. Chromosome Res. 27, 237-252 (2019).

A. Stamatakis, RAXML version 8: A tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics (2014).

J. Terhorst, J. A. Kamm, Y. S. Song, Robust and scalable inference of population
history from hundreds of unphased whole genomes. Nat. Genet. (2017).

P. Jay, A. Whibley, L. Frézal, M. A. Rodriguez de Cara, R. W. Nowell, J. Mallet, K.
K. Dasmahapatra, M. Joron, Supergene evolution triggered by the introgression of
a chromosomal inversion. Curr. Biol. (2018).

N. B. Edelman, P. B. Frandsen, M. Miyagi, B. Clavijo, J. Davey, R. B. Dikow, G.
Garcia-Accinelli, S. M. Van Belleghem, N. Patterson, D. E. Neafsey, R. Challis, S.
Kumar, G.R.P. Moreira, C. Salazar, M. Chouteau, B.A. Counterman, R. Papa, M.
Blaxter, R.D. Reed, K.K. Dasmahapatra, M. Kronforst, M. Joron, C.D. Jiggins,
W.O. McMillan, F. Di Palma, A.J. Blumberg, J. Wakeley, D. Jaffe, J. Mallet,
Genomic architecture and introgression shape a butterfly radiation. Science. 599,
594-599 (2019).

N. J. Besansky, J. Krzywinski, T. Lehmann, F. Simard, M. Kernt, O. Mukabayire,
D. Fontenille, Y. Touré, N. Sagnon, Semipermeable species boundaries between
Anopheles gambiae and Anopheles arabiensis: Evidence from multilocus DNA
sequence variation. Proc. Natl. Acad. Sci. (2003).

S. Stankowski, J. M. Sobel, M. A. Streisfeld, Geographic cline analysis as a tool
for studying genome-wide variation: a case study of pollinator-mediated
divergence in a monkeyflower. Mol. Ecol. 26, 107-122 (2017).

L. Skotte, T. S. Korneliussen, A. Albrechtsen, Estimating individual admixture
proportions from next generation sequencing data. Genetics. 195, 693—-702
(2013).

B. L. Phillips, S. J. E. Baird, C. Moritz, When vicars meet: A narrow contact zone
between morphologically cryptic phylogeographic lineages of the rainforest skink,
Carlia rubrigularis. Evolution. 58, 1536—1548 (2004).

F. Baier, H. E. Hoekstra, The genetics of morphological and behavioural island
traits in deer mice. Proc. R. Soc. B Biol. Sci. 286 (2019).

R. M. Schweizer, J. P. Velotta, C. M. lvy, M. R. Jones, S. M. Muir, G. S. Bradburd,
J. F. Storz, G. R. Scott, Z. A. Cheviron, Physiological and genomic evidence that
selection on the transcription factor Epas? has altered cardiovascular function in
high-altitude deer mice. PLoS Genet. (2019).

H. M. Kang, J. H. Sul, S. K. Service, N. A. Zaitlen, S. Y. Kong, N. B. Freimer, C.


https://doi.org/10.1101/2021.01.21.427490

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.21.427490; this version posted January 22, 2021. The copyright holder for this preprint

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Sabatti, E. Eskin, Variance component model to account for sample structure in
genome-wide association studies. Nat. Genet. (2010).

B. Charlesworth, N. H. Barton, The spread of an inversion with migration and
selection. Genetics. 208, 377-382 (2018).

R. Burger, A. Akerman, The effects of linkage and gene flow on local adaptation:
A two-locus continent-island model. Theor. Popul. Biol. 80, 272—-288 (2011).

M. Kirkpatrick, N. Barton, Chromosome inversions, local adaptation and
speciation. Genetics. 173, 419-434 (2006).

S. Yeaman, M. C. Whitlock, The genetic architecture of adaptation under
migration-selection balance. Evolution. (2011).

T. Dobzhansky, Adaptive changes induced by natural selection in wild populations
of Drosophila. Evolution. (1947).

M. Kapun, T. Flatt, The adaptive significance of chromosomal inversion
polymorphisms in Drosophila melanogaster. Mol. Ecol. (2019).

F. C. Jones, M. G. Grabherr, Y. F. Chan, P. Russell, E. Mauceli, J. Johnson, R.
Swofford, M. Pirun, M. C. Zody, S. White, E. Birney, S. Searle, J. Schmutz, J.
Grimwood, M. C. Dickson, R. M. Myers, C. T. Miller, B. R. Summers, A. K.
Knecht, S. D. Brady, H. Zhang, A. A. Pollen, T. Howes, C. Amemiya, J. Baldwin,
T. Bloom, D. B. Jaffe, R. Nicol, J. Wilkinson, E. S. Lander, F. Di Palma, K.
Lindblad-Toh, D. M. Kingsley, The genomic basis of adaptive evolution in
threespine sticklebacks. Nature (2012).

D. Lindtke, K. Lucek, V. Soria-Carrasco, R. Villoutreix, T. E. Farkas, R. Riesch, S.
R. Dennis, Z. Gompert, P. Nosil, Long-term balancing selection on chromosomal
variants associated with crypsis in a stick insect. Mol. Ecol. 26, 6189-6205
(2017).

D. Ayala, R. F. Guerrero, M. Kirkpatrick, Reproductive isolation and local
adaptation quantified for a chromosome inversion in a malaria mosquito.
Evolution. 67, 946-958 (2012).

K. Huang, R. L. Andrew, G. L. Owens, K. L. Ostevik, L. H. Rieseberg, Multiple
chromosomal inversions contribute to adaptive divergence of a dune sunflower
ecotype. Mol. Ecol. (2020).

M. Wellenreuther, L. Bernatchez, Eco-evolutionary genomics of chromosomal
inversions. Trends Ecol. Evol. 33, 427-440 (2018).

H. B. Thorneycroft, Chromosomal polymorphism in the white-throated sparrow,
Zonotrichia albicollis (Gmelin). Science. (1966).

C. Kupper, M. Stocks, J. E. Risse, N. Dos Remedios, L. L. Farrell, S. B. McRae,
T. C. Morgan, N. Karlionova, P. Pinchuk, Y. I. Verkuil, A. S. Kitaysky, J. C.
Wingfield, T. Piersma, K. Zeng, J. Slate, M. Blaxter, D. B. Lank, T. Burke, A
supergene determines highly divergent male reproductive morphs in the ruff. Nat.
Genet. (2015).


https://doi.org/10.1101/2021.01.21.427490

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.21.427490; this version posted January 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

41. S. Lamichhaney, G. Fan, F. Widemo, U. Gunnarsson, D. S. Thalmann, M. P.
Hoeppner, S. Kerje, U. Gustafson, C. Shi, H. Zhang, W. Chen, X. Liang, L.
Huang, J. Wang, E. Liang, Q. Wu, S. M. Y. Lee, X. Xu, J. H6glund, X. Liu, L.
Andersson, Structural genomic changes underlie alternative reproductive
strategies in the ruff (Philomachus pugnax). Nat. Genet. (2015).

42. D. B. Lowry, J. H. Willis, A widespread chromosomal inversion polymorphism
contributes to a major life-history transition, local adaptation, and reproductive
isolation. PLoS Biol. (2010).

43. |. F. Greenbaum, M. J. Reed, Evidence for heterosynaptic pairing of the inverted
segment in pericentric inversion heterozygotes of the deer mouse (Peromyscus
maniculatus). Cytogenet. Genome Res. 38, 106—111 (1984).

44. D. W. Hale, Heterosynapsis and suppression of chiasmata within heterozygous
pericentric inversions of the Sitka deer mouse. Chromosoma. 94, 425-432
(1986).

45. M. Kirkpatrick, B. Barrett, Chromosome inversions, adaptive cassettes and the
evolution of species’ ranges. Mol. Ecol. (2015).

46. R.D. H. Barrett, D. Schluter, Adaptation from standing genetic variation. Trends
Ecol. Evol. 23, 38—44 (2008).

47. P.F. Colosimo, K. E. Hosemann, S. Balabhadra, G. V. Jr, M. Dickson, J.
Grimwood, J. Schmutz, R. M. Myers, D. Schluter, D. M. Kingsley, Widespread
parallel evolution in sticklebacks by repeated fixation of ectodysplasin alleles.
Science. 307, 1928—-1933 (2005).

48. G. L. Conte, M. E. Arnegard, C. L. Peichel, D. Schluter, The probability of genetic
parallelism and convergence in natural populations. Proc. R. Soc. B Biol. Sci. 279,
5039-5047 (2012).

49. A. H. Sturtevant, A case of rearrangement of genes in Drosophila. Proc. Natl.
Acad. Sci. (1921).


https://doi.org/10.1101/2021.01.21.427490

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.21.427490; this version posted January 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgments: M. Omura, J. Chupasko, M. Mullon, and J. Mewherter helped
prepare and accession museum specimens. K. Pritchett-Corning and S. Griggs-Collette
provided critical assistance with field work and establishing breeding colonies, and
Harvard’s Office of Animal Resources provided assistance with animal care. G.J.
Kenagy, D.S. Yang, and E. Kingsley provided invaluable advice at the start of the
project, and N. Edelman, A. Kautt, and E. Kingsley provided feedback on the
manuscript. We thank C. Lewarch for assistance in the field; S. Niemi, M. Streisfeld, S.
Stankowski, G. Binford, S. Bishop, K. Saunders, S. Finch, and T. Schaller for help with
field logistics; N. Hughes for assistance with both lab and field logistics; and P. Audano
for advice on long-read sequencing and analysis. The University of Washington Burke
Museum (UWBM) and the University of New Mexico Museum of Southwestern Biology
(MSB) provided specimens used in this study. Funding: This work was partially funded
by Putnam Expedition Grants to ERH, a Grant-in-Aid of Student Research to ST, and
the Chapman Fellowship for the Study of Vertebrate Locomotion to ERH and JTG from
the Harvard University Museum of Comparative Zoology, as well as funding from
American Society of Mammalogists Grants-in-Aid of Research to ERH and OSH, the
Harvard College Research Program to ST, and a Society for the Study of Evolution R.C.
Lewontin Early Award to OSH. ERH was supported by an NIH Training Grant to
Harvard’s Molecules, Cells, and Organisms graduate program (NIH NIGMS
T32GMO007598) and by the Theodore H. Ashford Fellowship. OSH was supported by a
National Science Foundation (NSF) Graduate Research Fellowship, a Harvard
Quantitative Biology Student Fellowship (DMS 1764269), and the Molecular Biophysics
Training Grant (NIH NIGMS T32GM008313). Author contributions: Conceptualization:
ERH, OSH, TBW, ST, and HEH. Formal analysis: ERH, OSH, and TBW. Investigation:
ERH, OSH, TBW, ST, JTG, SM, BN, and KMT. Writing: ERH, OSH, TBW, HEH.
Visualization: ERH, OSH, TBW. Supervision: HEH. Funding acquisition: HEH.
Competing interests: Authors declare no competing interests. Data and materials
availability: Associated data is available as Supplementary Data files S1-S9 and on
NCBI Sequence Read Archive (PRIJNA687993 and PRJNAG88305).


https://doi.org/10.1101/2021.01.21.427490

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.21.427490; this version posted January 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A (f;;'\‘a\ forest B Tail C Hue
R AeeSS i Body Tail d elud
{S" N g ‘ length  length e IS
PN " 1 4o
901 N _xxn
ns R -
k\i

60

length (mm)
degrees

e
B

504 \
4 | forest
0 prairie + yellow m prairie

dorsal flank

P. m. gambelii

Fig. 1. Forest and prairie mice differ in tail length and pigmentation. (A) We
measured wild-caught forest (P. m. rubidus, green) and prairie (P. m. gambelii, brown)
ecotypes from western and eastern Oregon, USA, respectively. Map shows the
approximate range of forest (green) and prairie (brown) ecotypes in North America.
Photos show representative capture sites; 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,
32 prairie). Lines connect body and tail measurements for the same individual. Inset:
image of a representative tail from each ecotype (scale bar = 1 cm). (C) Hue values for
the dorsal and flank regions of wild-caught adult mice (n = 16 forest, 20 prairie). Inset:
Dorsal (D), flank (F), and ventral (V) regions from a representative forest and prairie
mouse. Photos in (B,C): Museum of Comparative Zoology, Harvard University.
Symbols: ns=p>0.05; ***=p<0.001 (Welch’s t-test, two-sided).
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Fig. 2. A region on chromosome 15 is strongly associated with both tail length
and hue. (A) Statistical association (LOD, or log of the odds, 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
basepairs) is shown on the x-axis; axis labels indicate the center of each chromosome.
Dotted lines indicate the genome-wide significance threshold (o = 0.05) based on
permutation tests, and shaded rectangles indicate the 95% Bayes’ 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 as shown in figure). Points and
error bars show mean =+ standard deviation. 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. The region associated with tail length and hue is a large chromosomal
inversion. Across chromosome 15: (A-B) show data in F2 hybrids; (C-D) show data in
wild-caught mice (n = 15 forest, 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) Fsr between forest and prairie mice estimated in 10-kb
windows with 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 r? computed between genotypes at SNPs with minor allele
frequency greater than 0.1 and thinned to 1 SNP per 100 kb. (E) Contigs assembled
from PacBio long-read sequencing for one forest (top) and one prairie (bottom) mouse.
Only contigs that fully or partially mapped to the P. maniculatus reference genome from
chr15:35-45 Mb and were > 0.5 Mb in length are shown. Starred contigs localize the
inversion breakpoint (chr15: 40.94 Mb), with a single prairie contig (brown) mapping
continuously from chr15: 37.0-41.3 Mb whereas a single forest contig (green) maps
continuously from chr15: 5.1-0 Mb then chr15: 40.94-41.2 Mb. The region of
chromosome 15 affected by the inversion is highlighted in purple. (F) Alignment
between regions of the forest and prairie contigs surrounding the breakpoint (top: black
= alignment quality, green = forest contig, brown = prairie contig). Large prairie insertion
near the breakpoint is a transposon. Bottom: basepair-level alignment around the

chromosome 15
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breakpoint; gray = mismatch. (G) Model of the inverted (green) and reference (tan)
alleles. The inversion spans 0-40.9 Mb (affected region, purple), and excludes 40.9-79
Mb (unaffected region, gray). Mapping common centromere-like sequence repeats to
both sets of contigs localized the likely centromere to the end of the unaffected region.
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Fig. 4. Evolutionary history of the inversion. (A) Frequency of inversion genotype in
wild-caught forest (n = 15) and prairie (n = 15) mice (inv/inv, green = homozygous for
inversion allele; inv/ref, gray = heterozygous; ref/ref, tan = homozygous for reference
allele). (B-C) Maximum likelihood trees for affected (B) (chr15: 0-40.9 Mb) and
unaffected (C) (chr15: 40.9-79 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). Red arrows highlight the forest
mouse homozygous for the reference allele. (D) Estimated divergence times between
forest (n = 13, only mice homozygous for inversion) and prairie (n = 15) mice for the
affected region (purple) and unaffected region (light gray) of chromosome 15, and for all
of the autosomes (see supplement for masking strategy) including all mice (dark gray,
forest: n = 15; prairie: n = 15). Divergence times (in thousands of years ago, kya) were
estimated using SMC++ with 3 generations per year. (E-F) Maximum likelihood trees of
Peromyscus species for affected (E) (chr15: 0-40.9 Mb) and unaffected (F) (chr15: 40.9-
79 Mb) regions of chromosome 15. Trees are rooted with P. californicus, not shown.
Branches with < 50 bootstrap support are collapsed. Height of triangles is proportional
to the number of mice in clade (P. californicus, n = 2; P. gossypinus, n = 2; P. leucopus,
n = 22; P. maniculatus rubidus, n = 14 in (E), n = 15in (F); P. maniculatus gambelii, n =
15; P. maniculatus bairdii, n = 17; P. polionotus, n = 17). Green box highlights forest
mice and tan box highlights prairie mice. In (E), the single forest mouse outside of the
forest clade is homozygous for the reference allele.
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Fig. 5. Associations among genotype, phenotype and environment in wild mice.
(A) Elevation and habitat characteristics (color = mean soil hue, shape = majority habitat
category) at sites across an environmental transect. Letters indicate sites shown in (B).
Soil hue and habitat category were estimated for a 1-km radius around each site. Inset:
Sampled sites across Oregon, including the forest (green) and prairie (brown) sites, the
central Cascades transect (light gray), and additional museum samples (dark gray).
Transect distance = east-west distance from the highest-elevation site; dotted lines in
A,C,D,E indicate distance = 0. (B) Photos of select capture sites from each habitat type.
(C-E) Best fit clines for dorsal hue (C), tail length (D), and genotype (E) fit to the full
dataset, with 95% confidence intervals. Insets show best-fit clines using only data from
the central Cascades transect. (E) Whole genome ancestry (gray) estimated using
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ngsAdmix excluding the inversion; points show the ancestry proportion for each
individual (gray) and the average inversion frequency for each site (purple). Bottom
inset: allele frequency difference (A allele freq.) between forest and prairie populations
for the inversion (dashed line) and for SNPs used in ancestry estimation (gray). (F)
Allele frequency (fill color) for the inversion (green) and reference (tan) alleles at sites
across North America for P. maniculatus mice (n = 281). Outline color indicates the
habitat classification within 1 km of each capture site (> 50% forest: green; < 50%
forest: brown). Points are scaled by the number of mice at each site. (G) Tail to body
length ratio for P. maniculatus populations from across North America (top) with allele
frequency of the inversion in green, and reference in tan for each population (bottom).
Population numbers correspond to numbered labels on map in (F).
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