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Abstract

Understanding the genetic basis of environmental adaptation in natural populations is a central goal in evolutionary biology. The condi-
tions at high elevation, particularly the low oxygen available in the ambient air, impose a significant and chronic environmental challenge
to metabolically active animals with lowland ancestry. To understand the process of adaptation to these novel conditions and to assess the
repeatability of evolution over short timescales, we examined the signature of selection from complete exome sequences of house mice
(Mus musculus domesticus) sampled across two elevational transects in the Andes of South America. Using phylogenetic analysis, we show
that house mice colonized high elevations independently in Ecuador and Bolivia. Overall, we found distinct responses to selection in each
transect and largely nonoverlapping sets of candidate genes, consistent with the complex nature of traits that underlie adaptation to low
oxygen availability (hypoxia) in other species. Nonetheless, we also identified a small subset of the genome that appears to be under paral-
lel selection at the gene and SNP levels. In particular, three genes (Col22a1, Fgf14, and srGAP1) bore strong signatures of selection in both
transects. Finally, we observed several patterns that were common to both transects, including an excess of derived alleles at high eleva-
tion, and a number of hypoxia-associated genes exhibiting a threshold effect, with a large allele frequency change only at the highest ele-
vations. This threshold effect suggests that selection pressures may increase disproportionately at high elevations in mammals, consistent
with observations of some high-elevation diseases in humans.
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Introduction

A key problem in evolutionary genetics is to understand how
organisms adapt to novel environments. High elevation environ-
ments present a suite of challenges to metabolically active ani-
mals, including low oxygen availability in ambient air, increased
UV radiation exposure, and colder temperatures. In particular,
the decrease of the partial pressure of oxygen (Po,) with increas-
ing elevation is a strong environmental stressor (Storz et al. 2010;
Storz and Scott 2019). Animals with lowland ancestry that colo-
nize high elevations cannot avoid these difficult conditions.
Many species that live at high elevations have evolved genetic
adaptations (Beall et al. 2010; Simonson et al. 2010; Yi et al. 2010;
Alkorta-Aranburu et al. 2012; Qiu et al. 2012; Ge et al. 2013;
Lorenzo et al. 2014; Liu et al. 2019; Ma et al. 2019; Richardson et al.
2019; Schweizer et al. 2019; Signore and Storz 2020) and exhibit
unique physiological traits affecting the oxygen transport system
(reviewed in Storz and Scott 2019), the nervous system

(Hendrickson 2013; Ai et al. 2014; Velotta et al. 2020), skin color (Al
et al. 2014), body size, and metabolism (Gering et al. 2009;
Cheviron et al. 2012; Cheviron et al. 2014). Thus, analysis of the
molecular signature of adaptation in recent high elevation colo-
nists can provide insight into the process of adaptation to a novel
environment.

There is a considerable body of literature on high elevation ad-
aptation, notably but not exclusively in humans and domesti-
cated animals (reviewed in Storz and Scott 2019; Witt and
Huerta-Sanchez 2019; Storz 2021), and several broad patterns
have emerged. First, physiological and genetic adaptations to
high elevation can occur over short timescales (~200-1600 gener-
ations; Beall 2006, 2007; Witt and Huerta-Sanchez 2019; Wu et al.
2020). Second, the phenotypes exhibited by recent high-elevation
colonists are often complex and may involve both genetic and
plastic responses (Monge and Leén-Velarde 1991; Cheviron et al.
2012; Childebayeva et al. 2021). Third, genetic studies have
revealed that genes that regulate or are regulated by the hypoxia
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inducible factor (HIF) pathway often play a large role in high-
elevation adaptation (Scheinfeldt et al. 2012; Foll et al. 2014;
Eichstaedt et al. 2014). For example, Eglnl, which regulates the
HIF pathway, and Epas1, which codes for the hypoxia inducible
factor o2, bear a signature of selection in several different high el-
evation lineages (Bigham et al. 2010; Peng et al. 2011; Xing et al.
2013; Eichstaedt et al. 2017; Schweizer et al. 2019; Szpiech et al.
2020; Wu et al. 2020; reviewed in Witt and Huerta-Sanchez 2019;
Pamenter et al. 2020). At face value, this suggests that changes at
these genes may reflect convergent evolution driven by associa-
tions with a common phenotype that is under selection at high
elevation in different lineages. However, Storz (2021) points out
that underlying causal mechanisms may be radically different
even when genic targets are shared. For example, Epas1 is under
selection in both humans and deer mice at high elevations, yet
the phenotypic associations with Epasl variants are different in
these species (Schweizer et al. 2019; Storz 2021). Fourth, many
genes that are under selection associated with high elevation are
unique and population-specific, even in closely related lineages
that independently colonized high elevation (Bigham et al. 2010;
Alkorta-Aranburu et al. 2012; Scheinfeldt et al. 2012; Yang et al.
2017; Jacovas et al. 2018). Finally, studies on humans and deer
mice indicate that the genetic basis of high elevation adaptation
is highly polygenic (Jeong et al. 2018; Velotta et al. 2020), consis-
tent with the idea that many systems interact to optimize oxygen
transport and use within the body (Monge and Leén-Velarde
1991).

There have been comparatively fewer studies of natural popu-
lations of nondomestic mammals, with several notable excep-
tions, such as work on deer mice (Cheviron et al. 2014; Storz et al.
2019), artiodactyls (Qiu et al. 2012; Guang-Xin et al. 2019; Signore
and Storz 2020) and Old World monkeys (Yu et al. 2016; Szpiech
et al. 2020). There are also few studies that characterize the geno-
mic basis of adaptation to high elevation in multiple closely re-
lated lineages with independent colonization histories. With the
important exception of humans on the Qinghai-Tibetan Plateau,
the Ethiopian highlands and the Andean Altiplano, and a few do-
mestic taxa, current assessment of convergent adaptation to
high elevation in mammals come from lineages that are sepa-
rated by several million years (Storz 2016; Witt and Huerta-
Sédnchez 2019; Wu et al. 2020). Finally, it is unclear if there is a
threshold elevation above which selection pressures in mammals
increase disproportionately. Though P, decreases roughly line-
arly with increasing elevation, there are several human diseases
including high altitude pulmonary edema, acute mountain
sickness, and Sudden Infant Death Syndrome where the disease
incidence in individuals with lowland ancestry increases signifi-
cantly above ~2000 m (Hackett and Roach 2001; Gabry et al. 2003;
West 2004; Katz et al. 2015). Pulmonary artery pressure and oxy-
gen saturation in blood show an exponential relationship with
elevation in lowland humans and change rapidly above 3000 m
(Penaloza and Arias-Stella 2007). These results suggest a nonlin-
ear relationship between selection pressure and elevation, but
few studies have the intraspecific sampling across different ele-
vations to test this hypothesis.

Here, we examine the molecular signature of selection associ-
ated with high elevation environments in two transects of wild
house mice, Mus musculus domesticus, on the slopes of the Andes
in South America. Originating on the Indian subcontinent, M.
musculus is a human commensal that is native to Europe and
Asia and mostly found at low elevations. M. m. domesticus ex-
panded its range in historic times through its association with
humans, arriving in the Americas with European colonists. The

exact timing of the establishment of stable populations in the
Americas is unclear, but likely occurred several hundred years
ago, corresponding to 400-600 generations or more (Phifer-Rixey
et al. 2018). As house mice colonized new regions, they have
adapted to many diverse environments (Lynch 1992; Phifer-Rixey
et al. 2018; Ferris et al. 2021). On the Andean Altiplano in South
America, house mice have been found up to ~4000m (Storz et al.
2007). House mice demonstrate a strong acute response to hyp-
oxia (Dzal and Milsom 2019) and characteristic physiological
changes when reared under chronic hypoxic conditions
(Jochmans-Lemoine et al. 2015). Previous work on house mice in
the Andes compared one high elevation population from Bolivia
and one low elevation population from Peru and focused on al-
pha and beta hemoglobin genes. That study found no evidence
for adaptation to high elevation involving these genes (Storz et al.
2007), leaving open the larger question of genome-wide signa-
tures of selection.

To assess genome-wide signatures of selection associated
with high elevation, we sampled 96 wild-caught house mice from
10 populations across two elevational transects from sea level to
over 3000m in the Andes. One transect was in Ecuador and the
other transect was mainly in Bolivia. These two transects are sep-
arated by more than 2000km. We sequenced the complete
exomes of all individuals and addressed four primary questions.
(1) What are the evolutionary relationships of house mice in the
Andes? (2) What genes underlie adaptation to high elevation in
house mice? (3) Does adaptation to high elevation in the two
regions show convergence at the SNP, gene or pathway levels? (4)
Do some genes exhibit a “threshold effect,” where changes in al-
lele frequency in response to selection are only observed above a
threshold elevation? We found that mice colonized high eleva-
tions independently in Ecuador and Bolivia, and that in each case
many genes throughout the genome have responded to selection.
Consistent with the multifactorial and highly polygenic nature of
high-elevation adaptation, we found little evidence for broad con-
vergence in underlying genes; however, we identified a small set
of genes that appear to be under parallel selection at the gene
and SNP levels at high elevation. Furthermore, we identified a
subset of hypoxia-associated genes that exhibited a threshold ef-
fect, showing a dramatic change in allele frequency only at the
highest elevations.

Materials and methods

Sampling

We sampled wild M. musculus domesticus in two regions of South
America (Figure 1; Supplementary File S1) as described by Suzuki
et al. (2019). On the west slope of the Andes in Ecuador, hereafter
the northern transect, we collected 50 mice from five elevations
with nearly even numbers of males and females, corresponding
approximately to: ~50m (n=11), ~400m (n=10), ~1600m (n=9),
~2500m (n=10), and ~2900m (n=10). See Figure 2 for elevation
ranges for each population and Supplementary File S1 for com-
plete details. On the east slope of the Andes in Bolivia and Brazil,
hereafter the southern transect, we collected 46 mice from
five elevations: ~90m (n=10), ~300m (n=6), ~2600 m (n=12),
~3300m (n=38), and ~3800m (n=10). These sample sizes are
sufficient to provide reasonable estimates of nucleotide diversity
for each population (Pluzhnikov and Donnelly 1996). To minimize
relatedness among individuals and avoid uneven sampling of
ephemeral, local demes, each mouse was collected at least 500 m
from every other mouse (Pocock et al. 2005; Harr et al. 2016). All
mice were handled in accordance with a protocol approved by
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Figure 1 Sampling map of Mus musculus domesticus. Circles indicate sampling localities for elevational transects in (A). Northern transect (n=>50) and (B)
Southern transect (n = 46). Inset shows regions of western South America depicted in (A) and (B) with major cities indicated by white stars. See Figure 2

for color legend indicating elevational range.

the University of California, Berkeley Institutional Animal Care
and Use Committee. We preserved tissue in 100% ethanol or lig-
uid nitrogen, and prepared study specimens which were depos-
ited at the Museum of Vertebrate Zoology (MVZ) at UC Berkeley
(MVZ catalog numbers are given in Supplementary File S1).

Sequencing

We extracted DNA from frozen liver tissue with the Qiagen
DNeasy Blood and Tissue kit (Qiagen) for all individuals except
samples from Santa Cruz, Bolivia, which were handled separately
as described below. We followed Meyer and Kircher (2010) with
the modifications recommended in Bi et al. (2013) to prepare indi-
vidually barcoded libraries for each sample. We pooled 16-19
individuals in equimolar proportions and enriched the libraries
for exonic regions using the SeqCap EZ Developer Library: Mouse
Exome kit (Roche Inc.). Individuals from the northern transect
(n=50) were sequenced on three lanes of Illumina HiSeq 2000
(100 paired-end) with 16-17 individuals per lane. Forty individu-
als from the southern transect were sequenced on two lanes of
INlumina HiSeq 4000 (150 paired-end).

For the six individuals from Santa Cruz, Bolivia, we extracted
DNA from frozen tissue using the MasterPure™ Complete DNA
and RNA Purification Kit (Lucigen). We prepared individually bar-
coded libraries using the Kapa HyperPrep kit (Roche Inc), and
pooled the libraries with M. m. domesticus samples from another
project for equimolar pools of 18-19 individuals. We enriched the
pools for exonic regions as above. We sequenced 56 M. m. domesti-
cus samples, including six for this project, on one lane of Illumina
NovaSeq S4 (150 paired-end). Sequencing for all samples was
done at the Vincent J. Coates Genomics Sequencing Laboratory at
UC Berkeley.

We used FastP (Chen et al. 2018) to clean raw sequence reads
and aligned them to the M. musculus reference genome (GRCm38)

with BWA (v 0.7.13, Li 2013) using the BWA-MEM algorithm. We
indexed aligned reads in Samtools (v 1.9, Li et al. 2009). We used
the Genome Analysis Toolkit (v 4.0.11.0, Van der Auwera et al.
2013) to merge data across lanes, remove duplicates and recali-
brate base quality. We retained properly paired reads that
uniquely matched to the reference for further analysis. We per-
formed these tasks using the Extreme Science and Engineering
Discovery Environment (XSEDE) Comet (Towns et al. 2014).

We used Angsd (v0.922, Korneliussen et al. 2014) to generate
genotype likelihoods and to call variants. We employed several
filters to produce high confidence variant sites given the modest
coverage of 15-20x per locus per individual. At the transect level,
we excluded sites with exceptionally high average coverage (over
three times the average total depth) or low coverage (under five
reads average per individual) (after Bi et al. 2013). At the popula-
tion level, we removed sites that were significantly out of Hardy-
Weinberg equilibrium (P-value < 0.001), and we required at least
3x coverage in eight or more individuals per population per locus,
except for the Santa Cruz population where we required all six
individuals. For the X chromosome, we ran males and females
separately in Angsd, defined heterozygous genotypes in males as
missing, and combined genotype data from the sexes with cus-
tom scripts. Last, we eliminated tandem repeats or pseudogenes
in the M. musculus genome with bedtools (v2.27.1, Quinlan and
Hall 2010).

Population structure analyses

We assessed population structure among South American house
mice using autosomal SNPs in several ways. First, we performed
principal component analyses on genetic variation using
PCAngsd (v 0.99, Meisner and Albrechtsen 2018) for all 96 sam-
ples and for each transect separately. Second, we estimated a
maximum likelihood phylogenetic tree with RAXML (v 8.2.12,
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Figure 2 Population structure of M. m. domesticus in northern and southern transects. (A) Maximum likelihood phylogenetic tree of 96 individuals
estimated with 104,044 SNPs. Bootstrap support (bs) is shown at key nodes; * indicates bs > 97. Legend for elevation at right. (B, C) Principal component
analyses of northern and southern transects, respectively. See (A) for legend. (D, E) Admixture analysis of northern (D) and southern (E) transects. (F, G)
Genetic differentiation (Fsy) by geographic distance in kilometers for northern (F) and southern (G) transects.
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Stamatakis 2014) with the GTRCAT model and rapid bootstrap-
ping using sites present in 80% of individuals in a population. For
this analysis, we included our samples as well as M. m. domesticus
from France (n=38), M. m. domesticus from Germany (n=38), and
Mus spretus (n=1) as an outgroup (Harr et al. 2016). Third, we used
Admixture (v 1.3.0, Alexander and Lange 2011) to estimate ances-
try proportions for all our samples and for each respective tran-
sect after we pruned autosomal biallelic SNPs for linkage
disequilibrium with PLINK (v 1.90, Chang et al. 2015) using nono-
verlapping 50kb windows and an r? threshold of 0.5. For each
transect, we varied the number of populations from 1to 5 (K=1,
2, 3, 4, 5), and considered the K with the lowest cross-validation
error as the best fit to the data.

For the remaining analyses, we used the maximum number of
unrelated individuals (Supplementary File S1), defined as individuals
without a first degree relationship in Primus (v 1.9.0, Staples et al.
2013) and kinship under ~0.2 in ngsRelate (v 2, Hanghgj et al. 2019).

We characterized the genetic variation within and among pop-
ulations in each transect by calculating nucleotide diversity and
pairwise Fsrin Angsd. We estimated the proportion of segregating
sites (Watterson'’s 6) and nucleotide diversity (r) per site for cod-
ing regions and introns in each population, and calculated the
unweighted average pairwise Fsr (Reynolds et al. 1983). We also
calculated the average n in 100kb sliding windows (25kb step)
across the genome. For each transect, we tested for significant
isolation by distance (IBD) with a Mantel test (R package ade4 v
1.7, Dray and Dufour 2007) in R (v 3.6.0, R Core Team 2019).
Distances were calculated from straight lines between points
based on latitude and longitude. We tested for IBD in the south-
ern transect with and without the most distant population,
Porto-Velho, Brazil, to see if this population had an outsized im-
pact on the results.

Autosomal selection scans

We tested for selection associated with high elevation on auto-
somes using two methods, Latent Factor Mixed Models (LFMM)
(Frichot et al. 2013; Caye et al. 2019) and the modified Population
Branch Statistic, PBSn1 (Crawford et al. 2017). The goal of Latent
Factor Mixed Models (LFMM) is to identify SNPs that show signifi-
cant correlations with a specified environmental variable once
population history is taken into account; the method incorpo-
rates population structure and unidentified demographic pro-
cesses as latent factors (Caye et al. 2019). The modified
Population Branch Statistic, PBSn1 (Crawford et al. 2017), allowed
us to identify high elevation population-specific allele frequency
change. For these analyses, we required any variant to be present
with a minor allele frequency of at least 5% across the transect
and included only unrelated individuals. For both methods, we
incorporated all SNPs that passed the filters specified above,
rather than pruning SNPs that were in linkage disequilibrium.
This was done to include all SNPs that could be of biological in-
terest.

We performed LFMM using the package lfmm (v 0.0, Caye et al.
2019) in R (R Core Team 2019) with elevation as the environmen-
tal variable. We performed LFMM analyses using populations
from all elevations for each transect alone and for the two trans-
ects combined. To account for demographic history among popu-
lations, we evaluated the effect of using a different number of
latent factors (K=2-5 for each transect, K=2-10 for the com-
bined data), chose the K that best summarized the population
structure results following Caye et al. (2019), and estimated the
genomic inflation factor over 50 independent runs. To correct for
multiple testing, we used an optimized false discovery rate (FDR)

approach (Benjamini and Hochberg 1995) and defined signifi-
cance for the LFMM analysis at two thresholds: q=0.05 and
q=0.01. To approximate the size of the region impacted by selec-
tion, we chose the SNP with the highest P-value in an LFMM can-
didate gene and searched upstream and downstream from the
focal SNP in 2-kb adjacent windows for SNPs with a signature of
selection as in Phifer-Rixey et al. (2018), skipping windows with no
information.

We calculated PBSn1, the Population Branch Statistic (PBS, Yi
et al. 2010) modified to avoid artificially high values when differentia-
tion is high among populations (Crawford et al. 2017). We used PBSn1
rather than PBS because of the high Fsr values observed among pop-
ulations (see Results). We conducted PBSnl analyses for the north-
ern and southern transects separately. For each analysis, we defined
the highest-elevation population in the transect of interest as the
target, and used the lowest populations in each transect as the other
two populations. After estimating Fsr per site as described above, we
calculated PBSn1 using custom Python (v 3.7.7) scripts. We identified
candidate SNPs as the top 5%, top 1%, and top 0.1% of all SNPs. We
approximated the size of the region impacted by selection for the
top 1% of PBSn1 by searching outward in 2kb increments starting at
the highest PBSn1 value in a candidate gene as above (Phifer-Rixey
et al. 2018).

The power and false positive rate for both LFMM and PBS have
been studied under various demographic and selective models in
the original publications (Vi et al. 2010; Frichot et al. 2013; Caye et al.
2019). In general, both of these methods perform well, although the
details depend on the exact demographic or selective scenarios. A
full demographic model for house mice in the Andes is beyond the
scope of this study; however, we conducted neutral simulations un-
der two different models to assess the false positive rate for PBSn1.
Both models incorporated divergence without gene flow or selection.
One model was based on constant population sizes and the other
model incorporated bottlenecks. Parameter values for these models
were chosen to match the levels of heterozygosity and differentia-
tion observed in the actual data (see details in Supplementary
File S2).

We also examined the difference in nucleotide diversity be-
tween the highest and lowest populations in each transect in
100kb nonoverlapping windows. For each population, we esti-
mated per site nucleotide diversity in Angsd and averaged the nu-
cleotide diversity for each 100kb window. We reasoned that,
given a selective sweep associated with high elevation, the nucle-
otide diversity of a genomic region at high elevation should be
lower than the nucleotide diversity of the same region at low ele-
vation. Thus, Moy — Thigh = Tairr May be positive and of greatest
magnitude in regions that have undergone selection with respect
to high elevation. We identified the top 1% of nais across windows
that contained 500 or more sites with adequate coverage.

Each selection scan (LFMM or PBSn1) performed on house mice
from the northern or southern transect produced a set of candidate
SNPs and candidate genes. We used the variant effect predictor
(VEP) for M. musculus (v 101, McLaren et al. 2016) to characterize can-
didate SNPs as: (1) nonsynonymous mutations, (2) in 3’ or 5
untranslated regions (UTRs), (3) synonymous mutations and (4)
other. We used bootstrapping to ask if the proportion of each cate-
gory (1-4) in the candidate SNPs was the same when compared to all
the SNPs from each transect. Next, defining the allelic state of M.
spretus as ancestral, we assigned the alleles of candidate SNPs as an-
cestral or derived in VCFtools (v 0.1.16, Danecek et al. 2011). We
tested if the candidate SNPs in a transect were equally likely to be
ancestral or derived at high elevation using a Fisher's exact test.
Last, we asked if candidate gene sets were enriched for Gene
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Ontology (GO) terms and functional pathways using gprofiler2
(Kolberg et al. 2020) in R (R Core Team 2019).

To investigate whether targets of selection were the same in
both transects, we used permutation tests to ask if the putative
targets of selection were more similar than expected by chance
using permTest function in regioneR (v 1.22.0, Gel et al. 2016) in R
(R Core Team 2019). We tested for gene overlap between trans-
ects at several different significance thresholds including g =0.05
and q=0.01 for LFMM and the top 5%, top 1%, top 0.5%, and top
0.1% of PBSnl values. Using the same significance levels, we
tested if there was more overlap between candidate SNPs in each
transect than expected. For shared candidate genes based on the
top 1% of PBSn1 values, we also asked if there was more overlap
in SNPs than expected. Last, we characterized the major allele at
high elevation in shared candidate genes from both transects.

To assess the change in allele frequency in candidate SNPs
across each transect, we used VCFtools (Danecek et al. 2011) and
R (R Core Team, 2019) to plot allele frequency by elevation. To
identify regions of exceptional allele frequency change at high el-
evation, we defined a large allele frequency change (LAFC) as a
change greater than the average allele frequency change plus
two standard deviations between adjacent populations. We ex-
amined allele frequency change for the following population
pairs: (1) ~2500 and ~2900m (north), (2) ~2600 and ~3300m
(south), and (3) ~3300 and ~3800m (south). We conducted these
calculations for SNPs across the genome as a baseline, and for
PBSnl candidates alone. To highlight regions of major allele
change, we merged LAFC SNPs within 100 kb of one another.

X chromosome selection scans

We conducted separate selection scans using PBSnl and LFMM
on the X chromosome with minor adjustments to the methods
described above. Specifically, we separately analyzed genotype
data using LFMM as above; however, we defined the genotype of
males as homozygous [0, 1] while females could be homozygous
or heterozygous [0, 0.5, or 1]. To calculate the PBSn1 statistic for
the sites on the X chromosome, we calculated Fsr (Weir and
Cockerham 1984) in VCFtools (Danecek et al. 2011) after we de-
fined males as haploid. We conducted the selection scans using
our original site filters, as well as on a dataset that excluded all
missing data. We calculated the difference in nucleotide diversity
for high and low populations in each transect, Mow — Thigh = Taifr,
as above.

To investigate the structure of genetic variation on the X chro-
mosome, we phased the chromosome using fastPHASE (v 1.4,
Scheet and Stephens 2006). We estimated maximum likelihood
trees in RAXML (Stamatakis 2014) using the Lewis ascertainment
correction, evolutionary model GTRCAT and rapid bootstrapping
(-f a -N 100 -x 12345) for nonoverlapping windows of 50 SNPs. We
used TWISST (Martin and Van Belleghem 2017) to assess relative
tree topologies across the chromosome.

Results

We sequenced the exomes of 50 M. m. domesticus from the north-
ern transect and 46 individuals from the southern transect at
moderate coverage (15-20x). The number of unrelated individu-
als was 48 in the northern transect and 45 in the southern tran-
sect (Supplementary File S1). We identified 287,897 variant sites
in the northern transect and 472,455 variant sites in the southern
transect; coverage was comparable at exonic and intronic sites.
We used these high-confidence SNPs to (1) assess the history of
high elevation colonization of house mice in South America, (2)

identify the genic targets of high elevation adaptation, (3) test if
the genetic basis of high elevation adaptation is shared among
high elevation populations, and (4) evaluate evidence of an
elevation-based threshold effect. The results below are based on
autosomal variation unless otherwise specified.

Independent origin of high elevation populations

A maximum likelihood phylogenetic tree estimated with 104,044
SNPs provides strong evidence that house mice colonized high
elevations independently in the north and the south (Figure 2A).
All mice from the northern transect formed a monophyletic
group (bootstrap support = 100). Within the northern transect,
mice were grouped largely by population. Moreover, populations
in the north were arranged by elevation, with lower elevation
populations at the base of the northern clade and higher-
elevation populations nested within the northern clade
(Figure 2A). This pattern is consistent with the colonization of
high-elevation populations in Ecuador from nearby low-elevation
populations. Mice from the southern transect did not form a
monophyletic group. As in the north, mice were grouped largely
by population. The low elevation populations from the southern
transect diverged near the base of the South American clade, and
the high-elevation populations in the south formed the sister
group to all mice from Ecuador. The topology of the tree in
Figure 2A thus demonstrates that high-elevation populations in
the two transects are not each other’s closest relatives, indicating
that house mice colonized the high Andes independently in the
north and the south.

We detected population structure in both transects using sev-
eral methods (Figure 2 and Supplementary Figure S2). In the
northern transect, the first principal component (PC1) explained
28.7% of the genetic variance, and it separated individuals col-
lected below and above 500m (Figure 2B). Admixture analysis
(Figure 2D) and pairwise Fsr (Supplementary Table S1) also sup-
ported a genetic break between populations above and below
500m. We found evidence of isolation by distance across the
northern transect for the autosomes (Figure 2F, mantel test,
P-value = 0.016) and the X chromosome (mantel test, P-value =
0.024); autosomal Fsr was also correlated with elevation (R? = 0.62).
Levels of genetic variation, estimated from the proportion of segre-
gating sites (Watterson’s 0) and nucleotide diversity (r) for both
coding and intronic regions, generally decreased from low to high
elevations (Table 1). The decrease in nucleotide variation with in-
creasing elevation is consistent with smaller founding populations
colonizing higher elevations. Moreover, the genetic variation found
at the highest elevation was largely a subset of the variation pre-
sent at the lowest elevation (Supplementary Figure S3). In this
comparison, 88% of the SNPs found in the highest population were
also variable in the lowest population.

In the southern transect, the PC1 explained 23.8% of the genetic
variation, and PC1 largely separated populations by elevation
(Figure 2C). Ancestry assignments in Admixture with K=3-5 closely
followed a priori population designations based on elevation
(Figure 2E and Supplementary Figure S4). We found significant
isolation-by-distance among populations in the southern transect
(Figure 2G and Supplementary Table S2; mantel test, P =0.006).
There was still significant isolation-by-distance when the most dis-
tant population (Porto Velho, Brazil) was removed (Supplementary
Figure S5; mantel test, P =0.04). Similarly, Fsr was also correlated
with elevation (R* = 0.49, Supplementary Figure S5). The IBD pattern
was recapitulated on the X chromosome (P = 0.01). In contrast to the
northemn transect, we found similar levels of nucleotide variability in
all five populations of the southem transect (Table 1), and genetic
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Table 1 Proportion of segregating sites (6) (%) and nucleotide
diversity (n) (%) for M. m. domesticus

Intronic Coding
0 T 0 n

Northern transect, 0.10145 0.1308 0.06310 0.07878
<330m

Northern transect, 320- 0.11025 0.1353 0.06794 0.08207
500m

Northern transect, 1300- 0.06527  0.0779 0.04049 0.04781
1900 m

Northern transect, 2300 0.05662  0.0688 0.03506  0.04153
2700m

Northern transect, 2800- 0.06438 0.0806 0.03924 0.04813
3100m

Southern transect, <90 m 0.11072  0.1406  0.06985  0.08647

Southern transect, 200- 0.10555 0.1071 0.06598  0.06649
500m

Southern transect, 2500— 0.10393  0.1428 0.06657  0.08966
2900 m

Southern transect, 3000— 0.10495 0.1237 0.06605 0.07629
3699 m

Southern transect, 3700 — 0.09968 0.1207 0.06257 0.07443
3900 m

variation at the highest elevation was not a simple subset of the var-
lation at the lowest elevation (Supplementary Figure S3). This result,
in combination with the topology of the maximum likelihood tree,
does not fit a simple scenario where the high-elevation populations
in Bolivia were founded by mice from the lowland populations that
we sampled.

Genome-wide signals of selection across the
northern transect

We looked for signals of selection in the northern transect with
LFMM using 196,251 SNPs with MAF >0.05 in 48 unrelated indi-
viduals (Supplementary File S1). We chose K=2 as the number of
latent factors with the best fit to the data. We also looked for sig-
nals of selection with PBSnl using 126,473 SNPs with an
MAF >0.05 across the three populations (see Materials and
Methods). From neutral simulations, we observed an FDR for
PBSnl of <10e-7 when population sizes remained constant. In
simulations with bottlenecks, we observed an FDR of 0.00164.
These simulations suggest that most of the loci identified as sig-
nificant using PBSn1 are true positives.

Significant candidate SNPs were distributed across the ge-
nome using both LFMM and PBSn1l (Figure 3). With LFMM, we
identified 1865 SNPs in 625 unique gene regions with a signature
of selection at a moderate threshold (q=0.05). With a moderate
PBSn1 threshold (top 1% of PBSn1 values), we found 1219 SNPs in
594 unique gene regions with a signature of selection. Significant
peaks were also present on all autosomes using both methods at
more stringent thresholds (q=0.01 for LEMM,; top 0.1% for PBSn1).
There was significant overlap between LFMM and PBSnl candi-
date SNPs at both moderate and stringent thresholds (permuta-
tion tests, P-value <0.001 for both) as well as significant overlap
for gene regions at both moderate and stringent thresholds (per-
mutation tests, P-value < 0.001 for both).

With both LFMM and PBSn1, we found that the average win-
dow size over which signals of selection were detected was small
(~16kb, distribution shown in Supplementary Figure S6) and
comparable to the scale over which linkage disequilibrium
decays in natural populations of M. m. domesticus (Laurie et al.
2007). This suggests that selection is generally not creating long
haplotypes as might be expected under hard selective sweeps,

but rather that selection is acting primarily on standing genetic
variation.

The proportions of nonsynonymous SNPs and SNPs in UTRs
were not significantly different between candidate SNPs and all
SNPs either for LFMM or PBSnl (Supplementary Table S3).
Surprisingly, however, the proportion of synonymous candidate
SNPs was significantly greater than expected using both LFMM
and PBSn1 (permutation test, P =0.01 for all subsets).

Since the ancestral range of M. musculus was at low elevation,
we predicted that adaptation to high elevation might preferen-
tially involve new, derived alleles. We tested this prediction by
polarizing alleles with respect to Mus spretus and comparing the
frequency of derived alleles across elevations. M. spretus diverged
from M. musculus ~2 million years ago, shares little ancestral
polymorphism with house mice and thus serves as a good out-
group (Harr et al. 2016). The derived allele was at high frequency
at high elevation for candidate SNPs more often than expected by
chance in LFMM and PBSnl results (Supplementary Table S4;
Fisher's exact test, P <0.001 for all subsets); approximately
73-76% of all candidate SNPs in LFMM and PBSn1 analyses had a
derived allele at highest frequency at high elevation. This excess
contrasted sharply with the pattern seen in the remainder of the
genome where the derived allele was at higher frequency at high
elevation for approximately half the sites (48.5%).

We also found that estimates of mgisr, the difference in n be-
tween individuals collected below 300m (m.y) and individuals
collected above 2800m (myign) in 100-kb windows, were not nor-
mally distributed (Kolmogorov-Smirnov test, P-value = 2.2 x
107%%) (Supplementary Figure S7). The distribution of mg was
skewed to the right (kurtosis=14.4, skewness=0.85), meaning
more regions showed elevated n at low elevation and/or de-
pressed w at high elevation than expected in a normal distribu-
tion, consistent with selection acting at high elevations.

Genes that were identified at the moderate significance
thresholds in the LFMM analysis (q=0.05) and PBSn1 values (top
1%) as well as in the top 1% of mai Were strong candidates for
high elevation adaptation. Twelve genes in the northern transect
were significant in all three analyses (Supplementary Figure S8).
Two of these genes (EImol and Col22al) displayed large genomic
windows impacted by selection for both LFMM and PBSn1 (top 1%
of all windows). Four additional genes displayed a large genomic
window for PBSn1 alone (Supplementary Figure S8B).

Genome-wide signals of selection across the
southern transect

The LFMM analysis for the southern transect included 351,786
SNPs with an MAF>0.05 among 45 unrelated individuals
(Supplementary File S1). We selected K=5 as the number of la-
tent factors as a conservative approach to correcting for the pop-
ulation structure we observed; however, P-values from LFMM
analyses with K=3-5 were highly correlated (correlation coef-
ficient >0.99). We calculated PBSnl for 176,993 SNPs with an
MAF > 0.05 across all three populations.

Signatures of selection across the southern transect revealed
many similarities and some differences compared to the patterns
we observed in the northern transect. As with the northern tran-
sect, significant candidate SNPs were distributed across the ge-
nome using both LFMM and PBSnl at both significance
thresholds (Figure 3). With LFMM, we identified 1027 SNPs in 342
unique gene regions with a signature of selection at a moderate
threshold (q=0.05). With a moderate PBSn1 threshold (top 1% of
PBSn1 values), we found 1760 SNPs in 717 unique gene regions
with a signature of selection. LFMM and PBSnl candidate gene
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Figure 3 Autosomal selection scans for M. m. domesticus across elevation. (A) Latent Factor Mixed Modeling (LFMM) results with elevation in northern
transect (n=48; 196,251 SNPs). (B) PBSn1 results for northern transect, (n=48; 126,473 SNPs). (C) LFMM results with elevation in southern transect
(n=45; 351,786 SNPs). (D) PBSn1 results for southern transect (n=45; 176,993 SNPs). (E) LFMM results with elevation for all individuals (n=93; 131,701
SNPs). LFMM plots include q =0.05 (blue) and q=0.01 (red) lines. PBSn1 thresholds of top 1% (blue) and 0.1% (red) shown in (B) and (D) Genes discussed
in detail in text are indicated with blue triangles in A; the purple dashed line below each triangle indicates the gene position in panels (B-E).

regions overlapped significantly more than expected by chance
(permutation test, P-value <0.001), but SNPs did not (permuta-
tion test, P-value = 0.42). As in the northern transect, the geno-
mic distance over which signals of selection extended, on

average, was short (~16kb using either LFMM or PBSnl at the
moderate threshold; Supplementary Figure S6). In contrast to the
northern transect, candidate SNPs using LFMM or PBSnl in the
southern transect showed significantly more nonsynonymous
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and 3’ or 5’ UTR changes than expected based on the entire SNP
dataset (Supplementary Table S3). Similar to the northern tran-
sect, the top 1% and top 0.1% PBSn1 candidates had more derived
alleles at high frequency at high elevation in the southern tran-
sect (Fisher’s exact test, P < 0.001), but the LFMM candidate SNPs
did not (Supplementary Table S4). For PBSnl candidates, between
67% and 74% of sites had a derived allele at high frequency at
high elevation. Again, in noncandidate regions, the derived allele
was at higher frequency at high elevation for close to half of all
sites (50.8%). The difference in nucleotide diversity (raif) between
the populations collected under 90m and above 3700m did not
fit the expectations of a normal distribution (Kolmogorov-
Smirnov test, P-value = 2.2 x 107'); as in the north, there were
more outliers on the right side of the curve than expected
(kurtosis =12.29, skewness = 0.448) (Supplementary Figure S7).

Across the southern transect, there were three genes
(Cntnap5b, 2210408121Rik, and Atp12a) which were significant out-
liers based on LFMM and PBSnl analyses at moderate thresholds
as well as in the top 1% of ngifr values (Supplementary Figure S9).
The gene Atpl2a also bore the signature of selection across a
large region of the genome based on LFMM and PBSn1 values (top
1% of windows).

X chromosome selection scans

We analyzed the X chromosome separately in the northermn and
southern transects. For the LFMM analyses, we kept the same
number of latent factors as in the autosomal analyses (K=2 for
the north; K=5 for the south), and included 1530 SNPs from the
northern transect and 3914 SNPs from the southern transect. For
the PBSnl analyses, we included 1159 SNPs from the northern
transect and 1364 SNPs from the southern transect.

Across the northern transect, we found 13 significant SNPs in
13 unique gene regions in the LFMM analysis at the g=0.05
threshold. Eleven of these 13 SNPS were located in a single 7.8 Mb
region on the X chromosome (94253117-102069835) (Figure 4).
When we phased the variant sites across the X chromosome, we
found that the 7.8 Mb region corresponds to a large haplotype
that is nearly fixed for different alleles in comparison between
the two low-elevation populations and the three high-elevation
populations in the northern transect. Populations above 1300 m
and below 500m had low genetic variation across this 7.8 Mb re-
gion; average n in the long haplotype was 37% that of the remain-
der of the X chromosome. Candidate alleles at high elevation
were equally likely to be derived or ancestral, and this region
does not correspond to a known chromosomal rearrangement in
M. musculus. The functions of the genes in this region are not re-
lated to known hypoxia response pathways. PBSn1 analyses iden-
tifled 10 SNPs in nine genes at the 1% level across the X
chromosome, including five SNPs within this long haplotype and
five SNPs outside this region. Across the X chromosome, PBSnl
alleles at high frequency at high elevation were more likely to be
derived than expected by chance (Supplementary Table S5, fish-
er's exact test, P < 0.01). LFMM and PBSn1 candidate gene regions
overlapped significantly more than expected by chance (permu-
tation test, P-value <0.001), due to three shared genes within this
long haplotype. In contrast, LFMM and PBSn1 candidate SNPs did
not overlap more than expected by chance.

Across the southern transect, we identified 100 SNPs in 97
gene regions using LFMM and 14 SNPs in 14 gene regions using
PBSnl with a moderate threshold. Significant gene regions
and SNPs were not shared between LFMM and PBSnl analyses
more than expected by chance. Alleles at high elevation were
more likely to be derived among LFMM candidate SNPs (Fisher’s

exact test, P < 0.01), but not among PBSnl candidate SNPs
(Supplementary Table S5).

Unique and shared responses to selection

Next, we compared the signatures of selection in the northern and
southern transects. Several genome-wide patterns were broadly
consistent between the two transects, including a larger than
expected number of derived alleles at high elevation, a skewed dis-
tribution of maier values, and the observation of small genomic
regions bearing the signature of selection across all autosomes.
Despite these broad similarities, there were many differences be-
tween the two transects in the response to selection. We explored
these differences at the pathway, gene, and SNP levels.

At the pathway level, no candidate gene set from a single se-
lection scan was enriched for any GO terms or pathways.
Furthermore, candidate genes that were significant in both LFMM
and PBSnl analyses in each transect were not enriched for any
GO terms or pathways. Last, candidate genes that were signifi-
cant in both transects based on LFMM alone, PBSn1 alone, or both
methods of analysis were not enriched for any GO terms or path-
ways. Thus, the selection candidates we identified were not
enriched for functional pathways associated with hypoxia, and
there was no evidence of a broad-scale shared response between
the independent high elevation populations at the pathway level.

At the level of genes, the degree of overlap between the trans-
ects for the autosomes depended on the method of analysis
(Figure 5; Supplementary Table S6). Using LFMM, we found that
the targets of selection were primarily transect-specific. At the
q=0.05 and q=0.01 thresholds, we observed 17 and 1 gene
regions, respectively, that were shared between the transects;
this was not more than expected by chance (Supplementary
Table S6; permutation test, P-value > 0.05). In contrast, using
PBSn1, we found greater overlap of gene regions than expected by
chance between transects across a range of thresholds
(Supplementary Table S6). In the top 5%, top 1% and top 0.5% of
PBSnl values, we found significant overlap between transects
(permutation test, P-value <0.001 in all comparisons). In the top
0.1% of PBSnl values, we did not observe more overlap than
expected by chance, although the power of this comparison is
probably reduced due to the smaller number of candidate gene
regions (Supplementary Table S6). We also conducted an LFMM
analysis using all individuals from both transects (93 samples;
131,701 SNPs); 156 out of 210 unique gene regions were shared
between this analysis and any transect-specific analyses
(Figures 3 and 5).

Despite the largely distinct response to selection in each tran-
sect, several genes were identified in both transects by one or
more analytic methods, and these are strong candidates for loci
underlying adaptation to high elevation. We found 43 gene
regions (containing 46 genes) that were outliers at a moderate
threshold for at least three of the four transect-specific selection
scans (Supplementary Table S7), and six gene regions (containing
seven genes) that were significant in all four selection scans
(Table 2). We used the MGI database (Bult et al. 2019), based
largely on mutant alleles in inbred lines, to characterize the func-
tion of these six genes and found that they primarily affect the
nervous system (four genes) and the cardiovascular system
(three genes). Cellular functions associated with more than one
candidate gene included signal transduction (2), cell migration
(2), and cell adhesion (2). One of these genes, Col22a1, is involved
in extracellular matrix organization and angiogenesis, and was
also in the top 1% of mgigr values in the northern transect. Three
genes (Sh3pxd2b, Fgf14, and Ston1-Gtf2all) were also significant at
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Figure 4 Summary of genetic variation on X chromosome of northern M. m. domesticus. (A) Phased haplotypes of variable sites only (n=50; 68
chromosomes; 482 SNPs) showing the major (light) and minor (dark) alleles per SNP. From the top of (A), SNPs indicated by * are significant at ¢=0.05 in
latent factor mixed models (LFMM) analysis. In the next row, the LFMM P-value for each SNP is colored from the most significant (red) to the least
significant (blue). Next, a row indicates which allele (light or dark) is ancestral; ancestry of SNPs with medium gray could not be assigned. Below this,
individual haplotypes across the X chromosome are shown as narrow rows. The elevation of each chromosome is shown on the left and corresponds to
< 330m (maroon), 320-500 m (red), 1300-1900 m (dark orange), 2300-2700 m (light orange), or 2800-3100m (yellow). (B) LFMM analysis (n =48; 482

SNPs) with g =0.05 threshold in blue and g =0.01 in red.

Norther
LFMM

Northern
PBSn1

Figure 5 Autosomal unique gene region overlap of selection scan
candidates in northern and southern M. m. domesticus. Significance
thresholds for each transect are q=0.05 for LFMM and top 1% of PBSn1
values. Numbers in parentheses are unique gene regions of set that are
also found in the combined transect analysis with g =0.05.

the q=0.05 threshold in the LFMM analysis based on the com-
bined data from both transects (Figure 5). Finally, we identified
genomic regions that showed signatures of selection in both
transects using either PBSn1 or LFMM. This comparison identified
121 regions (Figure 5) containing 127 genes. We then asked
whether any of these 127 genes showed evidence of selection in
previous studies of other high-elevation taxa. Seventeen such
genes were identified (Table 3), including three of the six from
Table 2 (i.e., those showing signatures of selection using both

LFMM and PBSn1 in both transects). There are thus multiple lines
of evidence implicating these three genes (Col22al, Fgfl4, and
srGAP1) in high-elevation adaptation.

At the SNP level, there was not more overlap than expected by
chance between the transects for candidates identified by either
LFMM or PBSnl at any significance threshold (Supplementary
Table S8). In fact, we observed significantly less overlap of candi-
date SNPs than expected by chance between the transects for
both LFMM (q =0.05 threshold) and PBSn1 (top 5%, 1%, and 0.5%
thresholds) (Z-scores <-2, corresponding to P-values<0.02 for
each of these four analyses; Supplementary Table S8), suggesting
that selection has acted on different alleles in each transect. We
also explored whether SNPs were shared among the set of 71
overlapping genes observed in the top 1% of PBSn1 values. When
restricted to these 71 genes alone, we found that PBSnl candidate
SNPs overlapped between the transects more than expected by
chance (permutation test, P-value <0.001), suggesting there may
be common alleles under selection in both transects in a subset
of the genome. Furthermore, candidate SNPs that were signifi-
cant in both transects consistently demonstrated the same major
allele at high elevation in the north and south.

Signatures of selection on the X chromosome generally dif-
fered between the northern and southern transects. The
amount of overlap between the transects was not greater than
expected by chance either for gene regions (Supplementary
Table S9) or for SNPs (Supplementary Table S10). In contrast
to the autosomes, there were no genes on the X chromosome
that were significant in three or more selection tests
(Supplementary Figure S10). Finally, the large haplotype block
present on the X chromosome in the northern transect was
not seen in the southern transect.
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Table 2 Genes identified in both selection scans® in M. m. domesticus in both transects

b

Gene Position Northern transect Southern transect Alldata  Tissue Functional summary
LFMM  PBSnl  magr LFMM PBSn1 LFMM
SRGAP1 10:121780991 X X - X X - NERV Signal transduction and cell mi-
gration
SH3PXD2B 11:32347820 X X - X X X CARD Essential to organ development
MUSC and osteoblast fate; null allele
NERV mutants have severe skeletal
OCUL and cardiac defects
FGF14 14:123977907 X X - X X X CARD Growth factor activity that
NERV includes heparin binding activ-
RESP ity; involved in cardiac conduc-
tion and muscle contraction
COL22A1 15:71795795 X X X X X - NERV Extracellular matrix organization,
CARD Key to collagen formation and
angiogenesis
MROHS5 15:73786936 X X - X X - - -
STON1 17:88597615 X X - X X X GENI Cell adhesion, cellular signaling,

cell migration

#“X” indicates a significance threshold of q <0.05 for latent factor mixed modeling (LFMM) analyses, the top 1% of PBSn1 values, and the top 1% of the difference

in n between low and high populations (raif).
Indicates q <0.01 for LFMM.

® Affected tissues are abbreviated as CARD: cardiovascular system, GENI: genitourinary system, MUSC: musculoskeletal system, NERV: Nervous system, OCUL:

ocular, RESP: respiratory system.

Threshold effects

To explore whether any genes exhibit a threshold effect, we ex-
amined allele frequencies across elevations for candidate SNPs
from the LFMM and PBSn1 analyses (Figure 6). This comparison
illustrates how the different analytic approaches identify distinct
but overlapping candidate SNPs. As expected, we found that can-
didate SNPs from LFMM analyses in the northemn (Figure 6A) and
southern (Figure 6B) transects showed a linear relationship be-
tween elevation and allele frequency. In contrast, the PBSn1 sta-
tistic does not rely upon information from intermediate
elevations, and we found considerable variation in the pattern of
allele frequency change when comparing allele frequency with
elevation for candidate SNPs (Figure 6, C and D). Notably, there
were a number of gene regions showing LAFCs at the highest ele-
vation. We observed nine such LAFC gene regions, defined as 2 or
more SNPs exhibiting LAFC within 100kb, in the northern tran-
sect and 16 LAFC gene regions in the southern transect.

LAFC regions contained a number of genes associated with
pathways involved in hypoxia resistance (Table 4). In the north-
ern transect, three out of nine regions were involved in oxygen
transport (UBXN4, Slc4al), morphogenesis of epithelial cells in-
cluding in blood vessels and lungs (Esrpl), and cardiac and eryth-
rocyte morphology (Slc4al). In the southern transect, eight gene
regions out of 16 were related to hypoxia response. These in-
cluded the critical gene, erythropoietin (Epo), a gene in the HIF
pathway that plays a fundamental role in erythrocyte prolifera-
tion and hemoglobin biosynthesis. Across the 198 kb region con-
taining Epo, there were 14 SNPs with exceptionally LAFC from
3300 to 3800m. Another gene, encoding the apelin receptor
(Aplnr), is involved in the regulation of blood vessel cell prolifera-
tion in angiogenesis, and the region includes 8 SNPs with LAFC
over 1.8kb. Acta? is a gene involved in the regulation of blood
pressure and vascular smooth muscle contraction, and it exhib-
ited 3 SNPs with LAFC within an 11bp segment.

Overall, we found no overlap of either genes or SNPs in LAFC
regions between the northern and southern transects. However,
many of the transect-specific LAFC regions which demonstrate a
threshold effect contain genes known to be relevant to high ele-
vation adaptation.

Discussion

We used gene sequences to uncover the history of house mice in
the Andes and identify genetic signatures of natural selection as-
sociated with high elevation. We found that house mice colo-
nized high elevations independently in the north and in the
south. Targets of selection were widely distributed across the ge-
nome, and candidate SNPs were enriched for derived alleles at
high elevation. Notably, targets of selection were largely
transect-specific; however, a small number of genes showed sig-
natures of selection in both transects. Finally, we found that
many of the genomic regions exhibiting an LAFC at or above
2900 m possessed a gene in the HIF pathway or contributed to the
development of the cardiovascular system, angiogenesis, and ox-
ygen transport.

House mice colonization in the high Andes
The phylogeny in Figure 2 indicates that house mice colonized
high elevations independently in Ecuador and in Bolivia since
high elevation mice in Ecuador and Bolivia are not each other’s
closest relatives. In Ecuador, the pattern of decreasing heterozy-
gosity with increasing elevation, as well as the nesting of
high-elevation populations within the phylogeny of low-elevation
populations, suggests that house mice that reside at or above
1300m were derived from lowland mice on or near the Pacific
coast. The lowland population from which high elevation mice in
Bolivia arose is uncertain, but our analyses suggest house mice
are not moving large distances latitudinally across the Andean
Altiplano. Additional sampling and demographic analyses could
elucidate the connectivity among Andean populations in detail
and the source population for mice in the Bolivian Andes.
Dispersal of house mice into the high Andes was probably medi-
ated by human transport; thus, post-colonial trade routes in South
America provide a context for interpreting the phylogeographic
patterns we observed. The monophyletic clade of house mice in
Ecuador mirrors the import and export trade connections be-
tween Spanish administrative power in Quito and the Pacific
coast port at Guayaquil beginning in the early 1500s (Conniff
1977; Super 1979), though trade dynamics between the coast
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Table 3 Candidate genes® with evidence of selection from previous studies®

Gene

ANKMY?2

CDH4

COL9A1

COL22A1

COL25A1

CYP2U1

DNAH11

ELMO2

FGF14

HADH

ITGBL1

MB

RYR2

SLC35B4

SRGAP1

STATSB

TGFBR3

Functional summary

Enzyme binding activity,
Colocalizes with Egln1, regula-
tor of the HIF pathway

Cell adhesion; Neuron genera-
tion

Extracellular matrix component;

Involved in chondrocyte prolifer-
ation and cartilage develop-
ment

Role in extracellular matrix orga-
nization, collagen formation,
and angiogenesis

Axonogenesis, involved in inner-
vation

Heme binding activity; involved
in metabolism

Cardiac septum morphogenesis,
determination of left/right
symmetry

Actin filament organization and
cell chemotaxis

Growth factor activity, heparin

binding activity;

Involved in cardiac conduction,
muscle contraction

Positive regulation of cold-in-
duced thermogenesis;

Direct interaction with ITGA2 in
HIF pathway

Cell adhesion, integrin-mediated
signaling pathway

Colocalizes with MMP2, integral
to endothelial cell angiogenesis

Response to hypoxia, brown fat
cell differentiation, enucleate
erythrocyte differentiation

Heart morphogenesis, regulation
of heart contraction

Regulation of gluconeogenesis

Signal transduction and cell mi-
gration

Involved in organ development,
cell surface receptor signaling
pathway and lymphocyte acti-
vation

Angiogenesis; blood vessel and
heart development

HEAS®

Interaction with EGLN1

Paralog under selection (1)

Paralog under selection (3)

Paralog under selection (3)

Paralog under selection (3)
Cytochrome P450

Paralog under selection (1)

VEGF pathway
VEGFA pathway
Paralog under selection (3)

Interaction with ITGA2

Interaction with MMP2

Response to hypoxia

RYR2 (3)

SLC35 isoform (2)
Selection on SRGAP1 (3)

Selection on STATSB

TGF 3 signaling

Citation

Pourhaghighi et al. (2020)
Simonson et al. (2010)

Yi et al. (2010)

Bigham et al. (2009)

Schweizer et al. (2019)
Arciero et al. (2018)
Alkorta-Aranburu et al. (2012)

«

wn

Pokreisz et al. (2006)

Lietal. (2014)

Li and Eriksson (2001)

Gorkhali et al. (2016)
Edea et al. (2019)
Wang et al. (2016)
Dong et al. (2014)
Yang et al. (2017)
Jha et al. (2016)
Tseng et al. (2018)

Pourhaghighi et al. (2020)
Ben-Yosef et al. (2005)

De Miranda et al. (2012)

Zhang et al. (2014)

Wu et al. (2020)

Wang et al. (2015)
Huerta-Sénchez et al. (2013)
Wang et al. (2015)

Wu et al. (2020)

Simonson et al. (2010)

Chu et al. (2011)

# One-hundred twenty-one genomic regions that showed signatures of selection in both transects using either PBSn1 or LFMM were identified. These 121 regions

contained 127 genes, 17 of which were identified in previous studies as showing signatures of selection at high elevations as summarized here.
® Genes have reported high elevation associated selection (HEAS) documented for (1) the gene itself, (2) a paralog with similar function, (3) an associated
pathway, or (4) a direct protein-protein interaction with any of the former. The number of wild populations in which a gene or paralog is under HEAS is indicated in

parentheses.

and the Sierras varied dramatically over time (Hanratty 1991,
Newsom 1995). The silver trade routes may also provide a clue
to the sister relationship we observed between mice from
Ecuador and mice from La Paz in Bolivia. One of the destina-
tions for silver extracted from the rich mines of Potosi and
Sucre was the city of Lima, on the Pacific Ocean. The city of La
Paz initially played a limited role as a stopover site along this
journey before developing into a major trade center with signif-
icant population growth in the 1800s (Leonard 1948). Thus, the
source of populations in Ecuador and the Bolivian Andes may
have been house mice introduced at ports on the Pacific coast.
An alternative scenario, that house mice arrived in La Paz via

the trade route from Buenos Aires to Potosi (Cobb 1949), could
be addressed with additional sampling across the Andes and
lowland South America.

Genetic basis of high elevation adaptation in
house mice

We used multiple methods to identify several hundred genes
from each transect that were under selection at high elevation.
While many of these genes may play a direct role in hypoxia ad-
aptation, the six genes in Table 2 stand out for showing a signa-
ture of selection using two methods of analysis in both transects.
Three of these genes (Col22al, Fgfl4, and srGAP1) are especially
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Figure 6 Population allele frequency of autosomal candidate SNPs by elevation. Individual SNPs (gray) and linear regression with all candidates (black)
across elevation. (A) Northern transect LFMM candidates with q=0.05. (B) Southern transect LFMM candidates with q¢=0.05. (C) Northern transect,
SNPs from top 1 % of PBSn1 results. (D) Southern transect, SNPs from top 1 % of PBSn1 results. SNPs with large allele frequency change (LAFC) from

below to above ~2900m in red.

good candidates for high-elevation adaptation because of infor-
mation from previous studies (Table 3). Functional studies on
these genes in M. musculus domesticus could provide insight into
the initial stages of adaptation to high elevation.

Experiments on the minor collagen gene Col22al (collagen,
type XXII, alphal) implicate it in several high-elevation associ-
ated phenotypes including (1) heart mass in laboratory mice
(Shorter et al. 2018), (2) angiogenesis (Gaudet et al. 2011), and (3)
vascular integrity and permeability (Ton et al. 2018). Col22al dem-
onstrates an early response to TGFf3 signaling stimulation
(Watanabe et al. 2019) and modulates the expression of Acta2.
Interestingly, Acta2 and a second gene, Aplnr, are both members
of the Apelin signaling pathway which affects blood pressure, an-
glogenesis, cardiac contractility, and energy metabolism
(Wysocka et al. 2018). In the southern transect, Acta2 and Aplnr
were also under selection, and both gene regions included multi-
ple SNPs that exhibited an LAFC at high elevation (Table 4).
These three potentially interacting genes are located on separate
chromosomes. Previously reported collagen paralogs under high-
elevation associated selection include Colla2 in deer mice
(Schweizer et al. 2019), Col4a4 in Tibetan humans (Arciero et al.
2018), and Col6al in Ethiopian humans (Alkorta-Aranburu et al.
2012).

Fgf14 (fibroblast growth factor 14) is the fourth member of the
fibroblast growth factor (FGF) family to be implicated in adapta-
tion to high elevation in mammals. Fgf5 showed signatures of se-
lection in domestic sheep (Edea et al. 2019), goats (Wang et al.
2016), and pigs (Dong et al. 2014) at high elevation. In addition,
Fgf7 was under selection in sheep (Gorkhali et al. 2016) and Fgf10
bore evidence of selection in pigs (Li et al. 2013; Dong et al. 2014)

on the Qinghai-Tibetan Plateau. These paralogs share core con-
served amino acid residues (Wang et al. 2002). However, the func-
tional roles of FGF proteins in high-elevation adaptation remain
unclear and may vary substantially among paralogs. Fgf14 modu-
lates neuronal and cardiac voltage-gated Na* channels (Wang
et al. 2002; Lou et al. 2005; Li et al. 2014). Fgf14 knockout mice dem-
onstrate changes in locomotory behavior (Wang et al. 2002;
Strupp et al. 2020), social behavior (Hoxha et al. 2019), and spatial
learning (Wozniak et al. 2007). We found two SNPs in the 3’ UTR
and one SNP in an intron of Fgf14 that were significant in both
transects; these SNPs may play a regulatory role or may be in LD
with unsampled causative sites.

Finally, srGAP1 (SLIT-ROBO Rho GTPase activating protein 1)
mediates endothelial cell migration during sprouting angiogene-
sis (Blockus and Chédotal 2016; Genet et al. 2019). Wu et al. (2020)
report stTGAP1 as under convergent, positive selection in domestic
cattle, horses, and sheep living on the Qinghai-Tibetan Plateau.
Interestingly, stGAP1 also modulates Racl activity (Yamazaki
et al. 2013); Racl is a component of the VEGF signaling pathway, a
critical pathway that regulates angiogenesis. We found that Racl
showed signatures of selection and LAFC at high elevation in the
southern transect (Table 4). Again, these interacting genes are on
separate chromosomes.

Unique and shared responses to selection

By sampling two transects separated by over 2000 km, we were
able to assess the repeatability of evolution over short evolution-
ary timescales since house mice in Ecuador and Bolivia indepen-
dently colonized high elevations. The over-arching pattern was
that most signals of selection were specific to each transect
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Table 4 Candidate regions” of large allele frequency change above 2900 m

Transect

North
North
North
North
North
North
North
North

North
South

South

South
South

South

South
South

South

South

South

South
South

South

South

South

South

Position

1:128244465
4:11219755
7:68738456

11:68557194

11:102350132

15:65887656

19:10901049

19:11251559

19:11461388
2:84678316

2:85137930

3:126364943
4:47039636

4:155583106

4:155903388
5:137474042

5:139364147

5:140629527

5:143481619

6:49378460
10:20023776

10:20273661

11:99215323

18:65276770

19:34243280

Length (kb)

0.2
148.4
35
375
111
0.3
19.4
1.7

18.8
45.5

1.8

0.23

83.9

155.8
198.4

114
86.8

49.2

171.4

0.01

SNPs

2

11

14

Gene®

Ubxn4
Esrpl...
Arrdc4
Mfsdél
Slc4al
0Oc90
Prpf19...
Ms4al

Ms4a4b Ms4a6c
Tmx2 ...

Aplnr

Arsj
Anks6

Nadk,
Slc35e2, Mmp23

Epo...

Gpri146

Ttyh3

Racl

Fam?221a
Map3k5
Bclafl ...

Smarcel
Krt genes

Alpk2

Acta2

Functional summary”

Involved in oxygen transport, binds embryonic
hemoglobin (Hba-x)

Morphogenesis of branching epithelium includ-
ing blood vessels and lung

Extracellular vesicle biogenesis

Integral component of plasma membrane

Oxygen transport, erythrocyte morphology, car-
diac morphology

Bone mineralization

Cell proliferation, Neurogenesis

Involved in the immune system including B cell
number and physiology

Integral components of plasma membrane

Exhibits disulfide oxidoreductase activity.
Involved in brain development

Apelin receptor activity. Role in circulatory sys-
tem development, and regulation of blood
vessel endothelial cell proliferation in angio-
genesis.

Metal ion binding activity.

Involved in animal organ development; determi-
nation of left/right symmetry

Nadk: involved in regulation of insulin secretion;
direct interaction with ITGA2b, downstream
target of HIF pathway
Slc35e2: transmembrane transporter
Mmp23: involved in collagen catabolic process;

HIF signaling pathway; erythrocyte differentia-
tion; and hemoglobin biosynthetic process.

Localizes to plasma membrane. Null allele
mutants exhibit abnormal hemoglobin con-
tent, red blood cell morphology and platelet
cell number

Integral component of plasma membrane, in-
volved in chloride transport

GTP binding activity, involved in cell morphogen-
esis, cell differentiation, and neuron genera-
tion. Null allele mutants exhibit cardiac
hypertrophy, oxidative stress and abnormal
platelet aggregation. In MAPK signaling path-
way and VEGF signaling pathway

Involved in intracellular signal transduction, reg-
ulates MAPK cascade. Included in thermogene-
sis pathway. Null allele mutants have altered
response to myocardial infarction and de-
creased response of heart to induced stress.

Regulation of response to stress and apoptosis;
null allele mutants exhibit impaired lung de-
velopment, B and T cell abnormalities

Smarcel: Involved in neurogenesis. Included in
thermogenesis pathway
Krt*: keratin/keratin-like genes involved in in-
termediate filaments

Involved in epicardium morphogenesis and
heart development

Involved in blood pressure regulation and vas-
cular associated smooth muscle contraction.
Apelin signaling pathway, Relaxin signaling
pathway.

? Only regions containing more than one qualifying SNP within 100 kb of one another are included. The number of qualifying SNPs in the region (SNPs column)

and the length of the region in kb (Length column) are shown.

® Genes and key words associated with hypoxia response in bold. For brevity, the symbol “...” indicates additional, unlisted genes.
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(Figure 5). For example, using LFMM, 625 genomic regions were
identified in the northern transect, and only 17 of these were also
identified in the southern transect. Using PBSn1, 594 genomic
regions were identified in the northern transect, and only 71 of
these were also identified in the southern transect. Similarly,
there was no overlap of LAFC regions above 2900 m between the
two transects.

Despite these largely transect-specific signatures of selection,
there were a number of patterns that were shared between trans-
ects; these are consistent with selection acting primarily in the
high-elevation populations. First, there was more overlap of
PBSnl candidate genes than expected by chance at all but the
most stringent thresholds (Supplementary Table S6). Moreover,
we observed more shared candidate SNPs than expected when
we only considered the overlap of the top 1% of PBSn1 candidate
genes. Second, we observed a skew in the distribution of mgis val-
ues in both transects. Last, we observed a large excess of derived
alleles at high frequency at high elevation for candidate SNPs in
three of four selection scans (Supplementary Table S4) but not
for SNPs in the remainder of the genome. Similarly, Wu et al.
(2020) also reported more derived alleles in nonsynonymous can-
didate variants at high elevation than expected by chance in do-
mestic sheep, dogs, and cattle on the Qinghai-Tibetan Plateau. If
candidate SNPs are the direct targets of selection, derived alleles
may be favored at high elevation. Consistent with this, nonsy-
nonymous candidate SNPs showed an even more pronounced en-
richment of derived alleles at high elevation. However, many of
the candidate SNPs we identified are probably linked to targets of
selection rather than being direct targets themselves. In the case
of linked selection, the observed excess of derived alleles at high
elevations remains somewhat puzzling. While gene flow can pro-
duce an excess of high-frequency derived alleles genome-wide
(e.g., Marchi and Excoffier 2020), the fact that we see this pattern
only at candidate SNPs and not genome-wide raises the possibil-
ity that the pattern reflects a combination of linked selection and
demographic processes such as gene flow or bottlenecks. Future
simulations could be useful for exploring this idea.

Our observations of population-specific responses to selection
in house mice mirror some patterns seen in humans. Humans in-
dependently colonized high elevations between 200 and 1600
generations ago on the Andean Altiplano, the Qinghai-Tibetan
Plateau, and the Ethiopian highlands (Aldenderfer 2003, 2011;
Pleurdeau 2006; Rademaker et al. 2014; Zhang et al. 2018). These
three groups evolved distinct physiological responses to hypoxia
that distinguish each population from their closest lowland rela-
tives as well as from each other (Beall 2006, 2007). While many of
the genes underlying high-elevation adaptation in these popula-
tions are in the HIF pathway, the majority of genes and individual
SNPs under selection are population specific (Beall et al. 2010;
Bigham et al. 2010; Simonson et al. 2010; Yi et al. 2010; Xu et al.
2011; Scheinfeldt et al. 2012; Huerta-Sanchez et al. 2013; Hu et al.
2017). With the exception of Eginl and Epas1, which are under se-
lection in both Tibetans and Andeans (Bigham et al. 2010;
Simonson et al. 2010; Yi et al. 2010; Foll et al. 2014, Eichstaedt et al.
2017), most studies report that (1) individual genes under selec-
tion in high elevation populations were not shared (Bigham et al.
2010; Alkorta-Aranburu et al. 2012; Scheinfeldt et al. 2012; Yang
et al. 2017; Jacovas et al. 2018) and reflected the population-
specific physiological adaptations to high elevation (Eichstaedt
et al. 2014; Gnecchi-Ruscone et al. 2018), and (2) genetic variants
that were associated with phenotypic variation in one population
did not show the same association in other populations (Alkorta-
Aranburu et al. 2012).

In contrast, there is evidence of a shared genomic basis to ad-
aptation in some domestic animal breeds with independent high
elevation origins (Wu et al. 2020). For example, an identical vari-
ant in a transcription factor binding site upstream of Fgf/ is un-
der selection in two sheep breeds in the Himalayas (Gorkhali et al.
2016). Another study reported identical variants with a signature
of selection in breeds of high- and mid-elevation pigs (Dong et al.
2014). On the whole, parallel selection at the SNP level appears to
be comparatively rare; more frequently, a small number of genes
are reported to be under convergent high elevation associated se-
lection in two independent, closely related lineages (Hendrickson
2013; Al et al. 2014; Dong et al. 2014; Edea et al. 2019; Liu et al.
2019). Thus, there is some evidence for a shared genomic basis
for high elevation adaptation in domestic animals, but the pat-
tern is mixed and may be confounded by gene flow (Huerta-
Sanchez et al. 2014, but see Lou et al. 2015; Miao et al. 2017;
Signore et al. 2019).

Here, we found that on a broad scale the response to selection
at high elevation was population-specific. Given the recent an-
cestry of these house mouse populations and the fact that most
selection was probably acting on standing variation rather than
on new mutations, the absence of a stronger shared response to
selection is perhaps surprising. What might account for this?
First, we note that adaptation to high elevation is exceedingly
complex and may involve changes in many integrated physiologi-
cal systems (Storz and Scott 2019). For highly polygenic suites of
traits, responses in different subsets of genes may be more likely.
Second, while both transects extend from sea level to high eleva-
tions, they also differ in many environmental variables that may
impose distinct selection pressures. The high elevation habitat in
Ecuador is more temperate, more humid, and less seasonal than
the high elevation environment in Bolivia. Moreover, the highest
elevation sampled in Ecuador was 2900 m, while the highest ele-
vation sampled in Bolivia was 3800 m. Differing responses to se-
lection may reflect some of these environmental differences.
Last, it is possible that the same underlying causative SNPs are
present in both transects, but occur on different haplotype back-
grounds. This scenario is reasonable given the likelihood that se-
lection has acted on standing variation where functional
mutations may have had an opportunity to recombine and be-
come associated with different haplotypes.

Evidence for a threshold effect

Our sampling strategy enabled us to ask about large changes in
allele frequency at high elevations. We identified a small number
of PBSn1 candidate gene regions that demonstrated a steep tran-
sition between populations at and above 2900 m. We found that
33% of these LAFC regions in the northern transect are implicated
in oxygen transport and cardiovascular development. Esrpl,
which is involved in branching epithelium of blood vessels and
lungs, exhibited one of the greatest allele frequency shifts in the
entire genome. In the southern transect, a surprising 50% of
LAFC regions contained genes involved in heart morphogenesis,
erythropoiesis, vasculature development, or angiogenesis. We
originally hypothesized a threshold effect for elevation based on
the risk of certain human diseases increasing disproportionately
at higher elevations. Interestingly, one of the LAFC genes we dis-
covered was Aplnr, the apelin receptor. In humans, Aplnr variants
affect the risk of high-altitude pulmonary edema (Mishra et al.
2015), a disease which increases significantly above 3000 m (West
2004). Another four LAFC genes (Slc4al, Nadk, Epo, and Racl) are
implicated in pulmonary artery pressure in humans (Wojciak-
Stothard et al. 2006; Karamanian et al. 2014; Patel et al. 2017; Zhao
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et al. 2021) which increases exponentially above ~3000m
(Penaloza and Arias-Stella 2007).

Conclusion

We identified a number of shared genomic patterns in response
to selection in two independent elevational transects in house
mice. These included (1) a genome-wide distribution of putative
targets of selection, (2) short-genomic distances over which sig-
natures of selection extend, (3) an excess of derived, high-fre-
quency alleles in high-elevation populations for candidate SNPs
but not for other SNPs, (4) reduced nucleotide diversity in high el-
evation populations relative to low elevation populations, and (5)
a small set of genes showing large changes in allele frequency
only at the highest elevations. These observations are consistent
with selection acting on standing genetic variation at many loci
and primarily at high elevations. Despite these broad similarities,
the identity of genes showing signatures of selection was largely
distinct in each transect, similar to patterns seen in humans and
other species. Finally, we identified a small subset of genes with
strong evidence of selection in both transects. Of course, such
patterns are only one step in understanding the genetic basis of
adaptation, but the genes identified here provide a good starting
point for evaluating the effects of specific mutations in functional
studies. In this regard, the house mouse is a useful model, since
it exhibits significant variation in the wild and is also amenable
to manipulation in the lab.

Data availability

Sequences are available at the Sequence Read Archive,
BioProject ID PRJNA766703. Supplementary File S1 includes
full locality information, sex and Museum of Vertebrate
Zoology vouchered specimen number for all sequenced indi-
viduals. Supplementary File S2 includes supplemental meth-
ods, including text, model figures, and complete code for
demographic simulations. Supplementary material is avail-
able at figshare: https://doi.org/10.25386/genetics.16695040.
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