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Abstract

Replicated clines across environmental gradients can be strong evidence of adaptation.
House mice (Mus musculus domesticus) were introduced to the Americas by European col-
onizers and are now widely distributed from Tierra del Fuego to Alaska. Multiple aspects of
climate, such as temperature, vary predictably across latitude in the Americas. Past studies
of North American populations across latitudinal gradients provided evidence of environ-
mental adaptation in traits related to body size, metabolism, and behavior and identified can-
didate genes using selection scans. Here, we investigate genomic signals of environmental
adaptation on a second continent, South America, and ask whether there is evidence of par-
allel adaptation across multiple latitudinal transects in the Americas. We first identified loci
across the genome showing signatures of selection related to climatic variation in mice sam-
pled across a latitudinal transect in South America, accounting for neutral population struc-
ture. Consistent with previous results, most candidate SNPs were in putatively regulatory
regions. Genes that contained the most extreme outliers relate to traits such as body weight
or size, metabolism, immunity, fat, eye function, and the cardiovascular system. We then
compared these results with the results of analyses of published data from two transects in
North America. While most candidate genes were unique to individual transects, we found
significant overlap among candidate genes identified independently in the three transects.
These genes are diverse, with functions relating to metabolism, immunity, cardiac function,
and circadian rhythm, among others. We also found parallel shifts in allele frequency in can-
didate genes across latitudinal gradients. Finally, combining data from all three transects,
we identified several genes associated with variation in body weight. Overall, our results pro-
vide strong evidence of shared responses to selection and identify genes that likely underlie
recent environmental adaptation in house mice across North and South America.
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Author summary

Since their arrival with European colonizers, house mice have successfully spread
throughout the Americas. There is strong evidence that populations in North America
have adapted in that time, including parallel evolution of phenotypes across latitude (e.g.,
body size, behavior) as well as significant overlap of genes that show signals of selection.
Here, we investigate the genetics of environmental adaptation in South America. We
found that populations in South America are genetically distinct from populations in
North America. We identified candidate genes for environmental adaptation with links to
traits like body size, metabolism, immunity, eye function, thermoregulation and the car-
diovascular system. We then bring together data from three transects across two conti-
nents to determine if environmental adaptation is predictable, with shared genetic
responses. We found that most responses to selection do not involve changes in amino
acid sequence and therefore are likely due to changes in gene regulation. We also found
that while most candidate genes are unique to individual transects, there was more overlap
than expected by chance. In addition, we observed parallel shifts in allele frequency
among shared candidate genes, i.e., shifts in the same direction across different latitudinal
gradients. These results suggest that there is a shared response to selection and identify a
core set of candidate genes that likely contribute to environmental adaptation. Finally, we
combine the data from all three transects to identify genes associated with variation in
body weight. These findings highlight the value of studying wild populations of this
important genetic model system.

Introduction

Understanding the genetic details of how species adapt to new environments is a key goal of
evolutionary biology. One approach to investigating the genetic basis of environmental adapta-
tion is to look for covariation between allele frequencies and environmental variables [1,2].
Such clines can result from neutral processes, but statistical methods can be used to account
for neutral population structure [e.g., 3,4], and this approach has been applied successfully to a
wide range of organisms [5-9]. An extension of this approach is to compare patterns of genetic
variation across multiple independent environmental gradients [e.g., 9-14]. For example,
comparisons of Drosophila melanogaster populations in the northern and southern hemi-
spheres have identified shared responses to selection [13,15,16]. When neutral population
structure is accounted for, shared responses to selection and parallel clines, in particular, can
provide strong evidence that particular genes and traits contribute to adaptation even when
the specific mechanism is unknown. “Parallel evolution” is used to refer to a range of related
patterns including similar shifts in phenotypes or alleles as well reuse of the same genes and/or
pathways over independent gradients [e.g., 17-21]. For clarity, we refer to overlapping candi-
date genes as “shared” responses to selection, and we refer to shifts in allele frequencies or
phenotypes in the same direction over an environmental gradient as “parallel” changes [e.g.,
22-24].

Characterizing phenotypic variation in wild populations can be difficult, and biologically
important phenotypes contributing to adaptation may go undetected. Even when there are
known clines in phenotypes, many of the traits of interest may be polygenic and influenced by
the environment. Detecting signatures of selection on complex traits and connecting those
changes to phenotypes remains challenging [25-29]. However, signals of selection that are
shared among clines can help identify genes and traits that contribute to adaptation. Moreover,
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because genome scans are agnostic with respect to phenotype, this kind of comparative
approach can also point to previously unnoticed traits that may be important to adaptation.

House mice (Mus musculus domesticus) provide an opportunity to study the genomic basis
of environmental adaptation using natural replicates. Native to Western Europe, house mice
have spread opportunistically around the world in association with humans during the last five
hundred years [30-34]. In this short time, they have successfully colonized both North and
South America, from Tierra del Fuego (55°S) to Alaska (61°N), spanning an enormous range
of habitats and climates. Previous studies have found that house mice exhibit clinal variation
in body size, with size increasing with distance from the equator in South America and North
America, consistent with Bergmann’s Rule [35-39]. House mice also show clines in ear length
and tail length across North and South America, with length decreasing with increasing dis-
tance from the equator, consistent with Allen’s Rule [39]. These observations conform to well-
known ecogeographic patterns in mammals and are thought to reflect thermoregulatory adap-
tations for animals living in cold or warm environments. These differences persist in a com-
mon laboratory environment for multiple generations, indicating that they have a genetic
basis [36,38,39]. Genomic surveys have identified candidate genes using covariation between
environmental variables and genetic variation in two clines across latitude in North America
[36,38,40] in tandem with phenotype and gene expression data [36, 40]. Furthermore, compar-
ison of the two latitudinal transects in North America identified significant overlap in signals
of selection, including several genes related to heat sensing (e.g., Trpm2) and body weight (e.g.,
Mc3r and Mtx3), suggesting some shared response to selection [38].

Less is known about genetic variation in South American populations. Previous studies of
altitudinal adaptation [41,42] and cytogenetics [43] provided evidence that house mice in
South America derive from the same subspecies (M. m. domesticus) as mice in North America.
However, sampling was limited, and it is not known whether there may be introgression from
other subspecies. Patterns of genetic diversity and differentiation across the continent are also
largely unknown as are the relationships to populations in North America. Importantly, some
aspects of the environment, such as temperature, vary similarly across latitude in North and
South America [44] providing an opportunity for an investigation of parallel rapid environ-
mental adaptation across two continents.

Here, we explore genomic signatures of environmental adaptation in house mice from
South America across a latitudinal transect from equatorial Brazil (~3° S) to southern Argen-
tina (~ 55° S) using exome capture data of wild-caught individuals. We combined the data
generated in this study with published data from eastern and western North America. We
address five main questions. First, do house mice in South America derive from the same sub-
species (M. m. domesticus) as house mice in North America? House mice are comprised of
three major subspecies which diverged ~150,000-500,000 years ago and have distinct ranges:
M. m. musculus is found in Eastern Europe and northern Asia, M. m. domesticus is found in
Western Europe and the Mediterranean region, and M. m. castaneus is found throughout
South and Southeastern Asia [45-48]. M. m. domesticus is the presumed source population for
the Americas [30,49-51], although the subspecific origin of house mice across most of South
America has never been explored. Second, are house mice in South America genetically dis-
tinct from populations in North America? If so, this would provide an opportunity to study
the repeatability of evolution, including shared signals of selection and parallel evolution.
Third, which genes show signatures of selection in house mice from South America? Fourth,
to what extent are signatures of selection shared in comparisons among mice from three differ-
ent latitudinal transects: South America (SA), eastern North America (ENA), and western
North America (WNA)? Previous work showed that mice in eastern and western North Amer-
ica form two clades [38], providing an opportunity here to compare three phylogenetically
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independent transects. Finally, what genes underlie variation in body size and are they associ-
ated with signals of selection? We found that mice in South America are of M. m. domesticus
origin and that they are more closely related to each other than to any populations in North
America. We found signatures of selection across the genome among mice from South Amer-
ica across climatic gradients and we found significant overlap among candidate genes for all
three transects, providing evidence of shared responses to selection. We also found that shifts
in allele frequency at SNPs within overlapping candidate genes were typically in the same
direction, suggesting that shared signals result from parallel evolution. Finally, a genome-wide
association study (GWAS) identified eight genes associated with differences in body weight, all
but one of which also showed signatures of selection.

Results
Mus musculus domesticus ancestry in the Americas

We sequenced the complete exomes of 86 wild house mice sampled from 10 populations along
a latitudinal transect from central Mexico to the southern tip of South America (Fig 1A and

S1 Table). To analyze patterns of admixture, we combined these data with previously pub-
lished data from populations in eastern (n = 50) and western (n = 50) North America [36,38]
and published data from each of the three major Mus musculus subspecies [52] (S2 Table).
Specifying K = 3 genetic clusters, we found that house mice in the sampled populations of the
Americas are of M. m. domesticus origin, apart from one population in Tucson which is mostly
of M. m. domesticus origin but also shows some limited admixture with M. m. castaneus

(Fig 1B), as previously reported [38]. These results provide strong evidence that house mice in
Mexico and South America are M. m. domesticus with no evidence of significant introgression
from the other subspecies.

Phylogenetic relationships among transects in the Americas

We constructed a maximum likelihood phylogenetic tree using RAXML [53] with M. spretus as
an outgroup (Fig 1C and S2 Table). For this analysis, we pruned the dataset to only include
autosomal sites for which 80% of the individuals were covered, resulting in 895,333 sites. This
analysis identified three major clades: populations from western North America, populations
from eastern North America, and populations from Mexico and South America, each with
100% bootstrap support (Fig 1C). Within South America, mice formed two reciprocally mono-
phyletic groups, each with 100% bootstrap support, largely corresponding to a northern clade
(Manaus, Porto Velho, Brasilia, and Maringa) and a southern clade (Uruguaina, Tandil, Gai-
man, and Ushuaia). In North America, mice formed two reciprocally monophyletic groups,
each with 100% bootstrap support, corresponding to the eastern and western transects as pre-
viously reported [38]. Thus, these analyses indicate that mice within each transect are more
closely related to each other than they are to mice in the other transects. This conclusion does
not address whether selection has acted on new mutations, shared ancestral variation, or alleles
introduced by rare long-distance migrants. House mice in the Americas derive from house
mice in Western Europe within the last 500 years. Given the recency of this history, it is likely
that selection acted mainly on ancestral shared variation or perhaps on alleles introduced
through rare long-distance migration. However, the phylogenetic grouping of populations
suggests that the response to selection occurred separately in each transect. For example,

Fig 1C is inconsistent with the hypothesis that large-bodied mice far from the equator in the
northern and southern hemispheres share a more recent common ancestor with each other
than with the small-bodied mice closer to the equator within their transects.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 4/33


https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS Environmental adaptation in house mice

Western

Guanajuato -

Eastern

Chiapas

- E Mexico
i T e
Porto Velho 100 %
Brasilia 104
Mean Annu;lcT)emperature Maringa 166 )
P . Brazil
ruguaiana
20 100|
10 Tandil 100
Gaiman od
0
g 100
Ushuaia e :
0 Argentina
L__ M. spretus
b) .
(32]
1l
X
(V]
S
>
e
X
£
T
<
0
§ S o Western Eastern .
£ 3 8¢ . Mexico Brazil Argentina
S 2 1S North America North America
3 g8
o - (O]
g € .
s s Mus musculus domesticus

Fig 1. a) Map of mean annual temperature across the Americas (Map generated in R, using the WorldClim database information for Biol- Mean Annual Temperature).
Populations of wild house mice sampled across a latitudinal transect in Mexico and South America are shown with large circles. Populations included in previously
published surveys in North America [36,38] are shown with small circles. b) Admixture plot including representatives from all three primary subspecies of house mouse
as well as mice from sampled populations in the Americas. ¢) Phylogenetic reconstruction of Mus musculus domesticus populations across the Americas, with M. spretus
as the outgroup.

https://doi.org/10.1371/journal.pgen.1011036.9001
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Population structure in the Americas

We first used NGSadmix to explore patterns of population structure within South America
(Fig 2A), excluding Mexico because of limited sampling. The number of separate clusters that
best fit the data was 5 (Evanno test). At K = 5 we observed clusters that corresponded to each
sampled population or geographically close pairs of populations (Manaus and Porto Velho,
Brasilia and Maringa, and Tandil and Ushuaia). At K = 8, each sampled population formed its
own cluster. Consistent with the phylogenetic tree, principal component analysis including all
populations in the Americas revealed genetic differentiation between North and South Amer-
ica, in which PC1 and PC2 largely separate populations by latitude (Figs 1C and 2B). When the
first three principal components are plotted together, five major clusters are observed, corre-
sponding to eastern North America, western North America, Mexico, northern South Amer-
ica, and southern South America.

The average F;, in pairwise comparisons among all eight South American populations (F; =
0.154; Fig 2C) was significantly higher than the average pairwise F;; seen among the 10 North
American populations (F gastern = 0.069, Mann-Whitney U p-value = 0.00001, z-score = 4.52,
and Fy; western = 0.079, Mann-Whitney U p-value = 0.00001, z-score = 4.6; S3 Table). We also
detected a significant signature of isolation by distance among populations in SA (Mantel sta-
tistic: R* = 0.2246, p = 0.0001; Fig 2C and S3 Table) in contrast to only modest evidence of iso-
lation by distance in the WNA transect [38] and no evidence in the ENA transect [36]. The
distance between sites is larger in the South American transect. However, even when limiting
comparisons to similar geographic distances, there is a significant positive correlation between
geographic and genetic distance in SA (y = 4x10x+ 0.091, R” = 0.42), while there is no
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Fig 2. a) Admixture plot from South American populations evaluating K = 2, 5, and 8. b) Genetic PCA of Mus musculus domesticus populations across the
Americas. ¢) Heatmap of pairwise genetic differentiation (F,;) values between the eight populations in South America.

https://doi.org/10.1371/journal.pgen.1011036.9g002
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evidence of a correlation in ENA (y = -3x10°° x +1.37, R” = 0.0005). These differences suggest
that barriers to gene flow (physical, political, or otherwise) may differ. While our sampling was
not explicitly planned to test such hypotheses, rivers, topology, and regulated borders between
countries within South America may result in more limited gene flow.

Genomic signatures of environmental adaptation in house mice from
South America

We first explored variation in climatic variables across the sampled localities in South and
North America. In a PCA analysis of the 19 bioclimatic variables from the WorldClim data-
base, the first two principal components explained 71.53% of the total variance (Fig 3A and
§4-S5 Tables). As expected for latitudinal sampling in this region, the first principal compo-
nent was largely driven by mean annual temperature (MAT, Biol) and other highly correlated
temperature related variables. The second principal component was mainly associated with
precipitation of the driest month (PDM, Bio1l4) and precipitation of the driest quarter (Biol7;
Fig 3B). Since our sampling design was based on a latitudinal transect, we were most interested
in exploring the effects of climatic variables associated with PC1, for which MAT showed a sig-
nificant negative correlation with latitude (R” = 0.85, p-value < 2.2 x 10~'% Fig 3B). Mean
annual temperature showed a very high degree of overlap among transects, varying from near
5°C to over 20°C in all three transects. In contrast, precipitation of the driest month showed
variation in all three transects, but little overlap among transects (Fig 3B).

To identify candidate SNPs that show signals of environmental adaptation in South Amer-
ica, we used a latent factor mixed model (LFMM) that implements a Bayesian bootstrap algo-
rithm [4]. This approach allows for the simultaneous identification of gene-environment
correlations and estimation of confounding factors related to population structure (i.e., popu-
lation history and isolation-by-distance), reducing the number of false positives [4]. Moreover,
this approach is expected to perform comparatively well with respect to false positives when
environmental factors that vary across a transect are correlated with population structure [54].
Closely related individuals were removed from the analysis (S1 Fig) as were individuals from
Brasilia and Ushuaia due to insufficient sample size (N = 5), leaving 52 individuals from six
populations (Manaus N = 8, Porto Velho N = 8, Maringa N = 9, Uruguaiana N = 9, Tandil
N =9, and Gaiman N = 9). Given those populations, we filtered SNPs retaining those with a
minimum allele frequency of 5% and with sites called in at least 80% of all individuals (270,720
SNPs). We then conducted genomic scans for selection with LEMM at K = 3, first with latitude
and then with MAT and PDM. We identified as outliers those sites with a |z-score| > 2 and a
g-value < 0.01 after False Discovery Rate (FDR) correction. Genes that contained outlier SNPs
were considered candidate genes in all following analyses.

We identified 9,600 outlier SNPs in >3,400 genes across the genome associated with varia-
tion in latitude and 7,481 outlier SNPs in >2,800 genes for MAT (Fig 4 and Tables 1 and S6).
We identified far fewer candidate SNPs for PDM (1,007 SNPs in ~500 genes) which was
expected given that the sampling scheme was not designed to explore variation in this variable
(Figs 3, 4 and S6 Table). The vast majority of candidate SNPs were not amino-acid changing
(Fig 4 and S7 Table) and most genes that contained a candidate SNP did not contain candidate
SNPs that were amino-acid changing (57 Table). We expect that candidate SNPs identified by
the analyses are almost certainly not causative themselves, but rather are in linkage disequilib-
rium with causative variants. Nevertheless, most candidate genes did not have any non-synon-
ymous candidate SNPs, suggesting that selection is acting mainly on regions that affect gene
regulation. This finding is consistent with selection scans in the eastern and western transects
of North America using latitude and mean annual temperature as variables [36,38].
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https://doi.org/10.1371/journal.pgen.1011036.9003
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To explore the functional significance of candidates, we conducted gene ontology enrich-
ment analyses for each set of candidate genes using Gowinda [55] and we used MouseMine
and the Mouse Genome Database (via MGI) to identify phenotypes associated with the genes
via mutants, knock-outs, and other genetic analyses [56-58]. Using Gowinda for gene enrich-
ment analysis has the advantage of addressing potential biases introduced by variation in gene
length [55]. Gowinda implements two analysis modes (snp, gene), both of which make simpli-
fying assumptions regarding linkage between SNPs within a gene that can lead to over- and
under- estimates of enrichment [55]. We applied both methods (S8 Table) and we used a
third, modified approach in which we first pruned SNPs based on linkage disequilibrium (LD)
and then ran the analysis in snp mode (see Materials and Methods and S8 Table). Results var-
ied widely among these analyses. Analyses in snp mode yielded many enriched GO terms
(~700-1400) for each candidate set, while analyses in gene mode yielded none. For brevity, we
have focused on reporting results of the LD-pruned analysis which identified a modest set of
enriched genes (but see S8 Table).

For latitude, we found significant enrichment (FDR < 0.05; S8 Table) in a variety of biologi-
cal processes including terms related to regulation and immunity (S8 Table). We also identi-
fied top candidate genes for latitude (genes annotated to the 100 SNPs with the lowest p-
values) for which mutants are associated with phenotypes related to body weight and size, fat,
metabolism (lipids, cholesterol, insulin, triglycerides, leptin, etc.), immunity, cardiac function,
thermoregulation, limb and organ morphology, locomotion, and eye function/development,
among others (Tables 1 and S6, S8). Functional results for MAT were similar to those for lati-
tude (Tables 1 and S8). For PDM, we detected candidate genes with diverse mutant pheno-
types including those related to immunity, muscle function, and kidney function/morphology
(S8 Table). There was enrichment of biological process GO terms including those related to
regulation of hormone levels, regulation of metabolic processes, metal ion transport, and ion
homeostasis, among others (S8 Table).

As expected, most of the candidate SNPS and genes identified using latitude and MAT were
shared (>6,541 shared SNPs from 2,545 genes and 2,575 shared genes including those for
which there was not exact overlap at the SNP level), whereas candidates identified using PDM
were largely unique (Fig 4B and 4C). Twenty-three genes were annotated to the 100 SNPs with
lowest corrected p-values for both latitude and MAT (Table 1). These genes are linked to
many mammalian phenotypes (MGI [56-58]; Tables 1 and S8) including abnormal blood
homeostasis (Bcl2l11, Grem1, Jade2, Kif21a, Nign2, Plscr3, Sar1b, St18, TblIxr1), lipid and fatty
acid metabolism, body fat, and related phenotypes (Bcl2!1, Plscr3, Sar1b, St18, Tbixr1), abnor-
mal glucose homeostasis (Carl3, Jade2, Kif21a, Plscr3, Tbllxrl), immunity (Arrdc4, Bel2l11,
Cyren, Jade2, St18), abnormal eye/retina morphology (Car13,Dsc2, Dscamll, Kif21, St18),
abnormal renal/urinary system (Arrdc4, Bcl2l11, Caldl, Grem1, Jade2), abnormal cardiovascu-
lar system morphology (Cyren, Dsc2, St18, Tblixrl), abnormal limb and digit morphology
(Grem1), and behavior (Nlgn2; Table 1). Four of these 23 genes included top candidate SNPs
classified as missense modifications (Agbl3, Caldl, Vwa5b2, Vps8). In humans, Plscr3 and
Sarl1b are linked to obesity and lipid metabolic disease, respectively, Kif21a is linked to ocular
disease, and Nign2 is linked to schizophrenia (MGI [56-58]).

Shared response to selection across transects in the Americas

The three transects were planned to capture responses to climatic variables that covary with
latitude, allowing us to investigate the extent to which responses to selection are shared. As
expected, all three transects have similar ranges in MAT, from near 5°C to over 20°C, although
the shift is more gradual in South America, covering ~50 degrees of latitude compared to ~20
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degrees of latitude in the other transects (Figs 1A and 3B; S5 Table). The transects were not
planned to cover clines in PDM and there was little overlap in the range of values among tran-
sects in PDM (Fig 3A and 3B), but we also considered this variable given its inclusion in the
analysis of South American populations and since it reflects climatic variation that is largely
orthogonal to MAT (Fig 3A and 3B)

To ensure standardization, we repeated genome scans using published exome-capture data
for transects in eastern North America (50 individuals in five populations) [36] and western
North America (50 individuals in five populations; Fig 1A and S1 Table) [38] using exactly the
same approach to calling SNPs and genotypes as for the South American transect. After filter-
ing, there were 281,362 SNPs in the transect from eastern North America and 342,108 SNPs in
the transect from western North America (minimum allele frequency of 5%, with sites called
in at least 80% of all individuals). For each transect and variable (latitude, MAT, and PDM),
we identified candidate SNPs applying a g-value cut-off < 0.05 and |z-score| > 2 (S9 Table). To
identify shared responses to selection among transects, we compared the candidate genes iden-
tified using each environmental variable in pairwise comparisons between transects (S10
Table). We performed permutation tests using 100,000 replicates with replacement to evaluate
whether the overlap in shared genes in pairwise comparisons was significantly greater than
expected by chance (S11 Table).

In each of these three pairwise comparisons, the number of shared candidate genes was sig-
nificantly greater than expected by chance in all analyses of latitude and MAT as evaluated via
permutation test (z-score > 3, p-value < 0.005 for each of the six comparisons; Fig 3C and S10,
S11 Tables). Overlap among candidates identified using PDM was significantly more than
expected by chance in only one comparison (WNA-ENA, z-score = 2.65, p-value = 0.007; Fig
3Cand S10, S11 Tables). The proportion of shared genes was also much higher for latitude (x
=16.50%) and MAT (x = 16.22%) than for PDM (X = 6.95%; Fig 3C). When considering the
overlap among all three transects, the pattern was even more pronounced. The proportion of
genes shared among all three transects for latitude (¥ = 7.30%) and MAT (X = 7.16%) was
more than seven times greater than for PDM (x = 0.93%; S10 Table). These observations are
consistent with the overlap in climatic variables relating to temperature but not precipitation
among transects (Fig 3A and 3B). Nevertheless, while there was more overlap among transects
than expected by chance for latitude and MAT, most signals of selection were specific to indi-
vidual transects (Fig 3C).

We explored the function of candidate genes shared among the three transects for each
environmental variable. For latitude, 203 genes were shared in the three transects with diverse
annotated phenotypes (MGI [56-58]) including those related to metabolism (insulin, glucose,
leptin, lipids, cholesterol, etc.), body size/fat, immunity, reproduction, eye development/func-
tion, behavior, thermoregulation, and cardiovascular function/development (Fig 3C and S10,
S12 Tables). Links to cardiovascular function suggest possible impacts on thermoregulation
(for example, an efficient mechanism to avoid blood vessel constriction when temperature
drops) [59,60]. For MAT, we found that 156 genes were shared, with a similar range of func-
tions as for latitude (Fig 3C and S10, S12 Tables). Only five candidate genes were shared
among transects for PDM (Cgnll, Col27al, Myol5, Robol, Sri; Fig 3C).

In total, 90 genes were identified for both latitude and MAT in all three transects (S12
Table). Of these 90 genes, 24 were top candidates (annotated to the 200 SNPs with lowest
p-values) in at least one transect (Table 2). Many of these have mutant phenotypes related to
abnormal behavior (12), abnormal homeostasis (11) and related child terms, abnormal
immune system morphology (6), and abnormal body size (6). Over half have GO annotations
related to metabolic processes (14). Notable among these are genes like Mc3r which was identi-
fied as a top candidate in both North American transects and is functionally linked to body
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Table 2. Candidate genes shared among all three transects for both latitude and mean annual temperature that were a top candidate for at least one of the variables
in at least one transect. Functional summarization is based primarily on MGI Mammalian Phenotype and GO Biological Process annotations and is not exhaustive.

MGI Symbol Chr:Start:End Gene Name Top Linked to changes | Parallel Functional Summary
Candidate* in gene shifts***
expression™*
A830018L16Rik | 1:11484329:12046125 RIKEN cDNA A830018L16 gene SA Y Y NA
Ahctfl 1:179572459:179631245 | AT hook containing transcription ENA Y N Regulation of cell cycle,
factor 1 chromatin, nuclear pore, cell
mass
Mgatda 1:37478421:37580097 | mannoside ENA Y Y Abnormal blood homeostasis,
acetylglucosaminyltransferase 4, glucose/insulin/fatty acids,
isoenzyme A weight gain
Mc3r 2:172090412:172093034 | melanocortin 3 receptor ENA, WNA N N Body size, fat, leptin, insulin,
food intake
Myo3a 2:22232314:22508264 | myosin IIIA WNA N Y Hyperactivity, hearing
Hc 2:34873343:34951450 | hemolytic complement WNA Y Y Grip strength, glucose,
immunity
Ndst3 3:123319815:123484502 | N-deacetylase/N-sulfotransferase SA Y N Cholesterol, immunity
(heparan glucosaminyl) 3
Pde4dip 3:97597144:97796023 | phosphodiesterase 4D interacting WNA Y Y Hyperactivity, hemoglobin, bone
protein (myomegalin) mineral, retina/cornea
Wdfy3 5:101980822:102217787 | WD repeat and FYVE domain SA Y Y Craniofacial/liver/spleen/brain/
containing 3 blood vessel morphology
Fry 5:150042110:150421218 | FRY microtubule binding protein WNA Y Y Mitosis
Dpp6 5:27022355:27932498 | dipeptidylpeptidase 6 WNA Y Y Abnormal nervous system
morphology
Akap9 5:3977410:4130204 A kinase anchor protein 9 SA Y Y Homeostasis, cholesterol,

calcium, spermatogenesis, tooth
morphology, body weight,
immunity, fat

Mical3 6:120908668:121107959 | microtubule associated ENA Y Y Immunity, activity

monooxygenase, calponin and LIM
domain containing 3

Tspanll 6:127864585:127930940 | tetraspanin 11 ENA Y Y Coat/hair, vocalization

Met 6:17463799:17573979 | met proto-oncogene WNA, SA Y N Metabolism, cancer, pulmonary
function/morphology, liver,
brain

Cdh8 8:99751103:100143103 | cadherin 8 WNA Y Y Thermal nociception, tail
movement, abnormal nervous
system physiology

Mihi 9:111057296:111100854 | mutL homolog 1 ENA, SA Y Y Fertility, immunity

Wdr72 9:74017608:74190485 | WD repeat domain 72 ENA Y Y Body weight, enamel/tooth

Fat2 11:55141435:55227390 | FAT atypical cadherin 2 ENA N Y Cell-cell adhesion

Sle35b1 11:95275696:95282602 | solute carrier family 35, member Bl WNA N Y Energy metabolism

Tspanl3 12:36064554:36092477 | tetraspanin 13 WNA Y Y Bone density/structure, body fat,
glucose

Hivepl 13:42205304:42338504 | human immunodeficiency virus type I SA Y N Heart morphology

enhancer binding protein 1
Epha3 16:63363897:63684538 | Eph receptor A3 WNA Y Y Heart, spleen, body size
Rorb 19:18907969:19088560 | RAR-related orphan receptor beta ENA, WNA Y Y Eye, body size, coordination,

regulation of circadian rhythm

*ENA: [36]; WNA: [38]
** Linked to differential expression, allele specific expression, and/or cis-QTL in comparisons among either wild mice from populations at different latitudes in the
Americas [40] or lab strains derived from populations at different latitudes in the Americas [36,61,65].

***Genes marked with “Y” have shared SNPs that show the same direction of allele frequency change across all three transects (513 Table).

https://doi.org/10.1371/journal.pgen.1011036.t002
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size and metabolism (Table 2). Rorb was a top candidate in two transects and linked to differ-
ences in gene expression in strains derived from the Americas [61]. Rorb is a nuclear receptor
that functions in photoreceptors. Normal development of rod and cone photoreceptor cells
depends on Rorb [62] and it is known to be involved in the regulation of circadian rhythm
[63,64]. Akap9 which was a top candidate in the South American transect, is linked to differ-
ences in gene expression in strains derived from the Americas [36,61,65], and has annotated
phenotypes relating to fat, immunity, and metabolism.

In addition to identifying shared responses to selection at the gene level, we were also inter-
ested in determining if there were parallel shifts in SNP allele frequencies. There were no can-
didate SNPs that overlapped among all three transects. This may be due in part to the modest
depth of sequencing and the fact that the SNPs with sufficient data to estimate allele frequen-
cies varied in each transect. In addition, candidate SNPs are not expected to be causative, but
rather in linkage with causative variants. Given the age of these populations, though, haplo-
types are likely largely shared [40]. Therefore, to investigate parallelism, we first identified all
candidate genes that were shared among the three transects. Next, we identified the shared
SNPs within those candidate genes with sufficient data from all of the populations at the ends
of each transect to estimate allele frequencies. We then asked whether the direction of the allele
frequency shift across the climatic gradient was the same among the three transects for each of
those SNPs. In other words, we counted the number of genes for which there was a parallel
shift in allele frequency from populations at higher latitudes to those at lower (i.e. Edmonton
vs Tucson; New Hampshire-Vermont vs Florida; and Gaiman vs. Manaus; S13 Table). We
found a total of 101 genes (out of 173 shared candidates with sufficient data) for latitude, 116
genes (out of 150) for MAT, and five genes (out of five) for PDM for which the direction of
allele frequency shifts was shared in all three transects. The number of genes with parallel
changes in allele frequencies across all three transects was significantly more than expected by
chance for all variables (latitude, MAT, and PDM) using both a %* and permutation test
(S13 Table).

GWAS for body weight and body mass

Consistent with Bergmann’s rule, body size in house mice varies clinally in both North Amer-
ica and South America, with larger animals farther from the equator [36-40] (Fig 5). Body
weights of wild-caught mice are positively correlated with degrees from the equator in ENA
and SA but not in WNA, as previously reported [37] (Fig 5). However, data from field collec-
tions can be noisy, reflecting differences in age and environmental conditions. Age matched
lab-born descendants of mice from Edmonton are significantly larger than lab-born descen-
dants of mice from Tucson [38], consistent with patterns seen in ENA [36]. To identify genes
contributing to variation in body weight, we performed an association study using the exome
data from 114 adult mice from South America (n = 38), ENA (n = 36), and WNA (n = 40). We
excluded juvenile animals, pregnant or lactating females, and mice from Manaus which were
housed in a laboratory setting before weighing. After filtering (MAF of 5% or greater and less
than 10% missing data), 163,121 SNPs remained. We repeated the analysis using body mass
index (BMI).

We carried out the analysis via GEMMA [66] using sex as a covariate, controlling for relat-
edness among individuals, and correcting for multiple testing (FDR < 5%). We did not find
SNPs significantly associated with variation in BMI. We did find 10 SNPs in eight genes and
one gene model (Cenpe, Gm30940, Gpatch2, Rab33b, Rabgap1l, Ralgapa2, Prmt9, Snx25,
Togaram]I) significantly associated with variation in body weight (FDR < 0.05, Tables 3 and
S14). None of these genes were identified in a similar GWAS limited to the western North
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Fig 5. Body weight and genes associated with body weight in house mice from North and South America. a) Boxplot shows the distribution of adult body
weights for each population from Eastern North America (magenta), Western North America (grey), and South America (green). Pregnant females have been
excluded. b) Manhattan plot showing the genome-wide association results using exome and body weight data. Significant candidate SNPs (FDR < 0.05)
associated with body weight are highlighted in purple with the gene annotated for the SNP (red line indicates p-value = 0.01, and blue line indicates a p-

value = 0.001). Description of the genes is in Table 3 and detailed GEMMA results are given in S14 Table.

https://doi.org/10
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Table 3. Genes annotated to candidate SNPs identified via GEMMA analysis of body weight across the Americas. Functional summarization is based primarily on
MGI Mammalian Phenotype annotations and is not exhaustive. For additional detail on GEMMA results, see S14 Table.

MGI Gene Name Location p-value MGI Phenotype Candidate in other
Symbol transect
Rabgapll | RAB GTPase activating protein 1:160236459 1.27¢¢ | -- ENA, SA
1-like
Gpatch2 G patch domain containing 2 1:187341647 | 8.88¢® | Immunity - -
Gm30940 | Gene model 2: 73563937 8.73e¢ | -- - -
Ralgapa2 | Ral GTPase activating protein, 2:146447211 | 5.83¢® | Neoplasm, renal/urinary system; glucose metabolism in adipocytes* | ENA
alpha subunit 2 WNA, SA
Rab33b Member RAS oncogene family 3:51483947 8.39¢® | Bone morphology/function, body weight, increased aspartate WNA
transaminase level (associated with cardiac events/hepatitis)
Cenpe Centromere E protein 3:135242350 | 5.12¢ | Homeostasis/metabolism, chromosomal stability, liver regeneration | WNA
Snx25 Sortin nexin 25 8: 46593877 5.33e® | Activity, cardiac function; circadian pace-making** ENA, WNA, SA
Prmt9 Protein arginine 8:77581031 5.83¢® | Behavioral/neurological, hearing/vestibular/ear/hematopoietic ENA, SA
methyltransferase 9 system, immune system
Togaraml | TOG array regulator of axonemal | 12: 65057994 | 1.41e® | Facial cleft; Abnormal limb bud morphology; Polydactyly ENA, SA
microtubules 1 12:65062969 | 5.66¢°
*[67]

https://doi.org/10.1371/journal.pgen.1011036.t003

American transect [38], but all but one was identified as a candidate gene in scans for selection
using LFMM (Tables 3 and S14). Overlap between the GWAS and LFMM selection scan can-
didates is significantly more than expected by chance using a permutation test (z-score = 4.64,
p-values < 0.005). Mutants in these genes relate to varied phenotypes, including aspects of
metabolism, immunity, and morphology (MGI [56-58]). For example, mutations in Cenpe are
associated with phenotypes related to lipase and glucose levels and Cenpe was differentially
expressed in fat tissue collected from lab raised mice from New York and Florida [36]. Immu-
nity phenotypes are annotated to Gpatch2, Rab33b, and Prmt9. Mutations in Rab33b also relate
to bone morphology, body weight and cardiac function and Prmt9 is also annotated to pheno-
types relating to metabolism and grip strength (Table 3).

Discussion
Genetic variation in the Americas

We now have a comprehensive view of genomic variation in wild house mice across the Amer-
icas [36,38] (Fig 1A). Our data strongly support that the populations surveyed in Mexico and
South America derive from M. m. domesticus, the subspecies found in Western Europe, consis-
tent with known European colonization of the Americas [30,34]. Overall, contributions from
other subspecies appear to be restricted to southwestern North America, with signals of admix-
ture from M. m. castaneus in Tucson, AZ [38]. Previous studies of retroviral resistance showed
that mice in the Lake Casitas region of southern California showed significant introgression
from M. m. castaneus [69] which may be linked to immigration from China [70]. Gene flow
between southern California and Tucson would have been facilitated by the launch of a rail-
road line linking the areas in 1880 [71]. Additional sampling in California and the Southwest
would help determine the extent to which introgression from M. m. castaneus has contributed
to genetic variation in Western North America.

We found clear patterns of genetic differentiation among populations and among the three
transects. Importantly, patterns of genetic variation across the continents suggest that the
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three sampled transects are genetically distinct. Geographic distance was not strongly predic-
tive of levels of differentiation among populations within transects in North America [36,38].
Idiosyncratic patterns may reflect complex but porous barriers to long distance gene flow due
to human mediated transport (contemporary and/or historic). In contrast, geographic distance
was a good predictor of genetic distance in South America, which may reflect more effective
barriers to gene flow (e.g., elevation, regional climates, water ways, political borders) within
the transect. Interestingly, Brazil and Argentina formed a clade sister to the Mexican clade.
The clustering of Mexico with South American populations is somewhat surprising based on
the significant physical barriers between Mexico and populations in Brazil and Argentina and
the comparative proximity to southern populations in the WNA transect. While speculative,
the existence of the South/Central American clade suggests the hypothesis that historic pat-
terns of European colonization (e.g., colonization predominately by Spain and Portugal in
Central and South America vs. England and France in North America) have influenced popu-
lation structure in house mice in the Americas. These data complement genomic data from
European populations, opening the door to a higher resolution understanding of the popula-
tion genetics of an invasive species [34].

Environmental adaptation in South America

In South America as in North America, we identified signals of selection associated with varia-
tion in latitude and mean annual temperature, with many of the candidate genes related to
metabolism, fat, and body size, consistent with the observed variation in body size among
mice from different latitudes [37] (Fig 5). Top candidate genes were also linked to phenotypes
related to immunity and cardiac, eye, and renal/urinary systems. We also considered PDM,
identifying candidate genes with diverse functions including those related to immunity, mus-
cle function, kidney function/morphology, and cholesterol.

Nearly half of top candidate genes associated with variation in latitude and mean annual
temperature in South America were also identified as candidates in previous studies of envi-
ronmental adaptation in mice in the Americas and over half of them have been linked to dif-
ferences in gene expression either in lab strains derived from these populations in the
Americas or from wild populations in the ENA transect. Ten of these genes have mutant/
knockout phenotypes related to blood/glucose/lipid homeostasis. These genes represent excel-
lent candidates for additional investigation of the genetic basis of environmental adaptation in
South America.

The challenge of investigating adaptive complex traits in wild populations

Genome-wide scans can be powerful tools for detecting selection in wild populations. Agnostic
to phenotype, they allow us to capture signatures of selection even when phenotypic variation
may go unnoticed or be difficult to characterize. However, one major challenge of genome
scans is that it can be difficult to connect candidate SNPs and genes to effects on traits that
affect fitness. The depth of functional work in house mice as a genetic model can be useful,
helping to link candidate genes to function via mutants, knock-outs, and gene ontologies, for
example [56-58] and generate hypotheses about genes and traits that contribute to environ-
mental adaptation in this system [36,38]. For example, in this study, while many candidate
genes relate to phenotypes known to vary with latitude, such as body size, the results of func-
tional analyses suggest additional phenotypes to consider, such as those relating to immunity,
circadian rhythm, temperature sensing, and cardiac function.

Nevertheless, many of the traits of interest in this system are complex (e.g., body size and
aspects of metabolism), where effects of individual variants are expected to be small. Moreover,
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most candidate genes did not contain candidate SNPs that were amino-acid changing, suggest-
ing much of the response to selection is due to changes in gene regulation. To try to better
understand how candidate genes affect phenotypes, studies of wild house mice in the Americas
have been integrative [36,38,40,61,65,72], including phenotyping in the wild and in the lab,
expression studies in wild and laboratory populations, and GWAS, in addition to selection
scans. For example, lab-born descendants of mice from cold environments are larger than lab-
born descendants of mice from warm environments [38,65,72] and GWAS across the Americas
for body weight identified eight candidate genes. All but one of these genes was also identified in
selection scans, and two of them were identified in all three transects: Snx25, which is linked to
activity, cardiac function, and more recently, circadian pace-making [68] and Ralgapa2, which is
linked to neoplasm and glucose homeostasis [67]. The significant overlap between the selection
scan and GWAS results highlights these genes as promising candidates for further study.

We can also bring together the candidate genes identified here in all three transects with
published functional data and gene expression studies [36,40,61,65]. The use of replicated tran-
sects provides strong evidence that a core set of genes with diverse functions contribute to
environmental adaptation in the Americas. For example, MIhI was a candidate in all three
transects and a top candidate in two. Mutants in MIh1 affect aspects of immune system func-
tion among other phenotypes. MIh1 differs in expression both among inbred strains from the
Americas [61,65] and among wild mice from opposite ends of the ENA transect [40], and it
was associated with a cis-eQTL in ENA. Another example comes from the Trpm gene family.
TRPM channels act as cellular sensors with impacts on diverse physiological processes, includ-
ing temperature sensing, mineral homeostasis, cardiac rhythm, and immunity [73]. Multiple
genes in the Trpm family have been linked to response to environmental factors like tempera-
ture and light, among others [74-77]. Trpm2 was identified as a candidate gene for latitude
and MAT in all transects [36,38] and was linked to differences in gene expression in strains
derived from different populations of the Americas [36]. Mutant phenotypes in Trpm2 relate
to immunity [78] and experimental results link Trpm2 to sensitivity to warmth [76] and insu-
lin secretion [79]. Trpmé6 was identified as a candidate in all three transects, functions in Mg
+ transport, and was linked to differential expression under different temperature regimes in
lab strains derived from New York and Brazil [61]. While these results do not provide defini-
tive links between genes in the Trpm family and specific phenotypes, they do identify a poten-
tial role for genes that mediate temperature sensing in adaptation to novel climates.

Shared responses to environmental variation

Clinal or ecotypic approaches have long been used to detect selection in wild populations
[2,80-84]. Clinal variation in traits like allozyme polymorphisms [80,81] and diapause [84]
across environmental gradients have been interpreted as signals of potential adaptive signifi-
cance. Shared responses to selection and specifically parallel patterns of clinal or ecotypic vari-
ation have been of particular interest, both because they provide strong evidence of adaptation
and because they help us better understand to what extent evolution is predictable. Theory
suggests a number of factors that might influence the predictability of evolutionary outcomes
across parallel gradients or ecotypes including the mode of selection, similarity of trait optima,
the amount of divergence time, factors related to the architecture of the trait (e.g., the number
of loci underlying variation in the trait, pleiotropy, genetic redundancy), and population spe-
cific factors (e.g., initial allele frequencies, mutation rates, gene flow) [29]. Moreover, in many
systems, selection is expected to be multivariate, with multiple factors acting on traits in poten-
tially complex ways, resulting in scenarios in which clinal trait variation can occur even when
underlying allele frequencies are not clinal [54].
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With data from three transects across two continents, we can address how much of the
response to selection across latitudinal gradients is shared and what that can tell us about adap-
tation in this system. Two major findings emerge. First, changes in putatively regulatory
regions dominate signals of selection in all three transects. While the relative contribution of
regulatory and amino acid changing mutations to differences in phenotype is not known, the
overwhelming and consistent signal suggests a key role for regulatory changes in rapid adapta-
tion to climate across latitude. This result is similar to what has been found in another well-
known example of parallel adaptation, the three-spined stickleback, in which freshwater habi-
tats have been repeatedly and independently invaded from marine source populations [19].

Second, while most candidate genes are unique to individual transects, there is evidence for
shared responses to selection in this system as well as some evidence for parallel clines. Overlap
among candidate genes from the three transects was significantly more than expected by
chance for both latitude and mean annual temperature, with ~16% of candidates shared
between any two transects on average and ~7% of candidates shared among all three transects.
Moreover, the direction of allele frequency shifts in overlapping candidate genes was shared in
all three transects significantly more often than expected by chance. Adaptation across latitudi-
nal gradients in house mice undoubtedly encompasses changes in many different traits, many
of which are likely complex, such as body size, aspects of metabolism, immunity, and behavior.
Shared responses to selection are expected to be more common for simple traits in which the
mutational targets are small compared to complex, highly polygenic traits [85]. However, in a
meta-analysis of published studies across a range of taxa, Conte et al. (2012) showed that the
probability of parallelism increases with decreasing age of the common ancestor of the com-
pared taxa [86]. Broadly, the results of this study are consistent with theoretical predictions. In
this case, the traits of interest are largely complex, and we have observed mostly unique signals
of adaptation. Nevertheless, there is significant evidence of a shared response to selection;
house mice in the Americas are of very recent origin, and responses to selection in the three
transects are almost certainly fueled by standing genetic variation from European populations.

There are now many diverse empirical examples of independent, shared responses to selec-
tion in response to environmental variation within species. As mentioned above, sticklebacks
are perhaps the most well-known example in vertebrates with extensive genomic data
[11,19,87]. While EDA stands out as a shared locus of major effect that contributes to adapta-
tion in the marine/freshwater transition [87], data suggest extensive common responses across
the genome arising from selection on standing variation [11,19]. Comparisons among lakes
and streams also suggest that unique responses might relate to population specific environ-
mental factors [88] and data from throughout the range of the species suggest that shared
genetic responses may be common in the Eastern Pacific because of a unique demographic his-
tory [89]. In a genomic analysis of four global regions of marine to freshwater transitions [8]
most signals of selection associated with environmental and phenotypic variation were unique
to individual regions, but there was significant and compelling evidence of overlapping candi-
date regions. While there are clear differences, the genome-wide nature of response to selec-
tion and the strong signal of regulatory change in sticklebacks mirror to some degree the
results of this study, perhaps in part because in both cases, putatively adaptive phenotypes have
a complex genetic basis, adaptation is relatively recent, and standing variation is expected to be
the foundation of such adaptation.

As in this study, studies of selection in Drosophila melanogaster have spanned latitudinal
clines across continents [reviewed in 13]. Populations along the east coast of North America,
which experiences significant, correlated, and predictable shifts in climatic variables with lati-
tude, have been extensively studied for decades [81,84,90]. Populations in eastern Australia
have also been extensively studied [10,91-93] over a latitudinal gradient with similar shifts in
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climatic variables facilitating studies of shared responses to selection and parallel adaptation
across the two continents [12,94-97]. D. melanogaster is cosmopolitan and there are also many
comparative global studies of adaptation [94,98,99]. While many of these studies have focused
on specific phenotypes or candidate genes/alleles [12,94-99], some studies have used a
genome-wide approach to investigate environmental adaptation in specific transects [100-
102] as well as to investigate parallel adaptation [15]. Moreover, recent genome wide
approaches to parallelism have expanded to include Europe [103] and to facilitate worldwide
comparisons [104].

Studies in D. melanogaster (both candidate gene and genomic) have, in some cases, found
significant evidence of shared response to selection over latitudinal gradients. Perhaps most
well-known, the “fast” allele of ADH is consistently at higher frequency in higher latitudes,
providing evidence of parallel adaptation at this locus [81,98,99]. On the other hand, some
examples underscore the biological complexities that can underly shared responses to selec-
tion. Couch potato (cpo) stands out as an example for which the connection to function (dia-
pause) and fitness has been directly demonstrated [84]. There are latitudinal clines in allele
frequencies in eastern North America consistent with those impacts on function and fitness
[84]. Clinal patterns from eastern Australia are broadly similar [105], but the details of the
clines vary in many ways, including the nature of the cline and associated phenotypes
[105,106; reviewed in 13]. Moreover, parallelism on both continents is complicated by demo-
graphic history, namely colonization from both Europe and Africa [e.g., 107].

Genomic studies have found extensive evidence of clinal variation in both North America
and Australia [101,102] and the identified candidate genes are diverse, suggesting that many
different traits may be involved in adaptation. Similar to our results with mice in the Americas,
differentiation in flies was especially high in regulatory regions in North America [102]. Com-
paring the results of two studies [101,102], Adrion et al. (2015), noted that ~31% of the genes
that are differentiated between populations at the ends of the cline in North America show the
same pattern in Australia [13]. Reinhardt et al. (2014) found substantial evidence of parallel
adaptation in genomic analysis of clines in both North America and Australia [15]. While an
inversion contributes to that pattern, there is also evidence of parallelism throughout the
genome. The authors point out that the large number of parallel candidates along with the
range in the magnitude of differentiation of these candidates suggest many targets of selection.
While the degree of overlap in D. melanogaster is higher than seen in this study, the greater
number of unique candidates and the diversity of candidates throughout the genome in both
systems is consistent with selection on complex traits.

Conclusion

House mice arrived in the Americas in association with human colonization, quickly and suc-
cessfully establishing populations in a variety of climates and habitats. Consistent with their
natural history, genetic differentiation among populations is relatively high and, while evi-
dence for isolation by distance is restricted to South America, populations across the Americas
cluster by continent and by region within continent. Bringing together results from three inde-
pendent transects, we demonstrate that adaptation across latitudinal gradients in the Americas
is largely driven by unique changes in putatively regulatory regions. However, significant over-
lap of candidate genes among transects and the generally consistent direction of allele fre-
quency shifts in shared candidate genes provides evidence for a shared response to selection
and parallel adaptation. The wealth of functional data available for house mice together with
gene expression studies in wild populations and new wild-derived inbred strains from the
Americas help connect these candidate genes to traits with the potential to affect fitness. While
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much more is now known about the genetics of wild house mice in the Americas, population
genomic data at this geographic scale combined with the functional resources generated (new
wild-derived strains, phenotype data, and gene expression data) point to great potential for
continued investigation of the genetic basis of adaptation in this system and more broadly, to
the connection between genotype and phenotype in house mice [72].

Materials and methods
Ethics statement

Animals were collected and sacrificed following protocols approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of the University of Arizona and the Animal Care and
Use Commiittee (ACUC) of the University of California, Berkeley. All wild-caught animals
were collected with permits issued from Mexico, Brazil and Argentina.

Sampling

Mice were collected using live Sherman traps from sites within eight sampling locations along
a latitudinal transect in South America and from two sampling locations in Mexico (Fig 1A
and S1 Table). When possible, mice were collected from ten or more sites within each sam-
pling location and sites were at least 500 m apart to avoid the inclusion of close relatives. In
some sampling locations, this collection scheme was not tractable and either fewer sites were
included (Ushuaia, Argentina; Chiapas, Mexico) or some sites were less than 500 m apart

(S1 Table). Sex and body size data were recorded for each mouse along with latitude, longi-
tude, and elevation (S1 Table). Measures of size included total length, tail length, hindfoot
length, and ear length as measured with a ruler and total weight (grams) measured using a
micro-line spring scale. Animals were sacrificed in accordance with a protocol approved by
the Institutional Animal Care and Use Committee (IACUC) of the University of California,
Berkeley. Tissues including the liver, kidneys, and spleen were collected and either stored in
liquid nitrogen or dry ice until transfer to a -80°C freezer or immersed in 96% EtOH that was
drained and replaced after 24 hrs. and then stored at 4°C. Skins, skulls, and skeletons were
deposited in the Museum of Vertebrate Zoology, University of California, Berkeley (S1 Table).

DNA Extraction, library preparation, and sequencing

DNA was extracted and exome capture libraries were prepared as in Phifer-Rixey et al. (2018)
[36]. Individuals were pooled for capture and each pool of enriched capture libraries was then
sequenced on each of five lanes of an Illumina HiSeq4000 (150-bp paired-end) resulting in an
average of approximately 6.4 GB of raw data per individual (S1 Table). Sequence data from
three individuals (FMM273, FMM 275, FMM276, Rodonia, Brazil) was generated separately
but with a similar capture, pooling, and sequencing approach.

Exome-capture pipeline

The exome sequence data were cleaned, and adapters were removed with the program Adap-
terRemoval [108] using a minimum quality of PHRED > 30. Then, we used the Escherichia
coli genome (ASM584v2) to filter potential contamination. We mapped the exome raw reads
against the E. coli genome, and we retained the unmapped reads using HISAT2 [109]. After
cleaning and filtering, we retained more than 99% of the reads (S1 Table). On average, the
sequence depth coverage per site was 33.6x and 92% of the targeted exome was covered. The
resulting reads were mapped to the house mouse reference genome (GRCm38.p6) using
BWA-MEM [110,111]. Aligned reads were sorted, duplicates were marked and removed, and
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the reads that aligned to chromosomes X and Y were extracted using Picard and Samtools soft-
ware (https://broadinstitute.github.io/picard/) [112]. We followed the GATK Best Practices
pipeline to identify artifacts or technical errors made by the sequencing machine using base
calibrator tools (BQSR and ApplyBQSR). Additionally, we performed a local realignment for
indels and a variant filtering using the variant quality score recalibrations (VQSRs [113]).

Based on the Bayesian method implemented in ANGSD [114,115], we estimated the allele
frequencies and called SNPs for the six populations using the recalibrated bam files generated
with GATK (calling genotypes with a posterior probability > 95% and a p-value < 10%; for
additional details, see https://github.com/YocelynG/HouseMouse_EnvAdapt). Finally, we
retained those variants that were present in at least 80% of the samples, obtaining a total of
271,720 SNPs.

Mus sp. Genomic data and admixture analysis

To investigate genetic admixture between South American and North American populations
and the historical relationships among Mus musculus, we included the previously published
genomic information for 50 individuals of M. m. domesticus from Eastern North America
[36], 50 individuals from Western North America [38], 10 M. m. domesticus from France and
Germany, three M. m. musculus individuals each from the Czech Republic and Kazakhastan,
and 10 individuals of M. m. castaneus [52] (S2 Table). All of these data are publicly available
and were downloaded from the NCBI Sequence Read Achieve or the European Nucleotide
Archive repositories (S2 Table).

We cleaned and filtered the raw reads using the same method applied to the data generated
for this study. The resulting reads were mapped to the house mouse reference genome
(GRCm38.p6) using BWA-MEM. The mapped reads were sorted, duplicates were marked and
removed using picard and samtools. We used GATK pipeline to identify artifacts or technical
errors (BQSR and ApplyBQSR). Additionally, we performed a local realignment for indels and
a variant filtering using VQSRs [113]. Finally, from the genomic bam files, we extracted the
exome coordinate regions using samtools, bedtools and bash scripts [116,117]. We used the
autosomal recalibrated bam files and the software ANGSD [114] to calculate genotype likeli-
hoods for polymorphic sites (for additional details, see https://github.com/YocelynG/
HouseMouse_EnvAdapt).

To obtain an accurate estimate of the admixture proportions and the best genetic cluster
value (K), we ran NGSadmix for several K values: K = 2 to K = 5, with 5,000 as the maximum
number of EM iterations. We used the log-likelihood estimated for each K to calculate the
Cluster Markov Packager Across K from Evanno using R scripts.

Phylogenetic reconstruction

To investigate the phylogenetic relationships between the South American house mice popula-
tions and their close relatives from North America, we used the exome sequence data gener-
ated for this study, 86 individuals from Mexico and South America, and the exome data from
the 100 individuals from North America included in the admixture analysis [36,38]. We also
incorporated the genomic data of M. spretus (one individual, Project: PRJEB11742, sample:
ERR1124353) (S2 Table) as an outgroup.

We used ngsDist (from ngsTools) [118] to estimate pairwise genetic distances, using the
genotype likelihoods calculated for M. m. domesticus and M. spretus as an outgroup (with 100
repetitions of bootstrapping for node support). We used RAXML [53] to place support in the
main tree, and FigTree software [119] to visualize the tree.
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Genetic differentiation between populations

To explore population structure in the house mouse populations from North America, Mexico
and South America, we used ngsCovar software [118] to generate a genetic covariance matrix
from the genotype posterior probabilities) generated from the autosomal bam files of 186 indi-
viduals. We included sites with a minimum MAF (—minMAF parameter) > 5%, and a p-
value < 10° (for additional details, see https://github.com/YocelynG/HouseMouse_
EnvAdapt). We used R to perform the eigenvalue decomposition and generated the PCA plot
using the three principal components. With ANGSD, we estimated Fj; for each pair of popula-
tions (North and South America), using the unfolded pairwise site frequency spectra (SES) as
priors for the allele frequency probabilities at each site. Additionally, we used VCFtools to cal-
culate pairwise Weir and Cockerman’s F,, for all the populations. Finally, for the populations
from South America, we analyzed the relationship between genetic distance and the geo-
graphic distance by performing a Mantel Test using the R packages vegan, adegenet and hierf-
stat [120-122]

Relatedness analysis

To infer relatedness between pairs of individuals in the South American populations, we used
ANGSD to estimate the genotype likelihoods and allele frequencies (including sites with a
minimum MAF > 5%, and a p-value < 10)” and the program ngsRelate [123] to calculate dif-
ferent relatedness and inbreeding coefficients. To identify close relatives, we used the related-
ness coefficient proposed by Hedrick and Lacy [124]. Those pairs of individuals with a
relatedness measure above 0.25 (equivalent to half-siblings) were considered relatives resulting
in the removal of 14 individuals from Mexico and South America (S1 Fig). Relatedness heat-
maps were generated using R (R Team Core).

Environmental association analysis

We used the Arctos database to obtain the geographic coordinates of each locality (latitude
and longitude) for the 186 individuals of house mice from South America, eastern and western
of North America (S1 Table). Based on the geographic coordinates, we extracted the 19 biocli-
matic variables from WorldClim database [125] with 30 seconds spatial resolution for each
individual, using the package raster in R [126]. We performed a PCA using the 19 bioclim vari-
ables to explore the climatic variability of our samples and to identify the most informative
environmental variables (S5 Table). Moreover, we tested the relationship between latitude and
the two bioclim variables (Bio 1- Annual Mean Temperature and Bio 14 —Precipitation of the
Driest Month) calculating Pearson’s correlations.

To identify candidate genes underlying environmental adaptation, we performed a popula-
tion genomic scan for selection using LFMM [4] and three environmental variables (Latitude,
Bio 1, and Bio14). LFMM used a Bayesian bootstrap algorithm that accounts for population
structure while identifying genetic polymorphisms that exhibit correlations with variables of
interest (environmental measures or phenotypic traits). For each environmental variable, we
ran LFMM (25 repetitions, burn-in = 100,000 and 500,000 iterations), using K = 3 for South
America, and a K = 2 for the eastern and western transect. For each LEFMM result, we esti-
mated the genomic inflation factor (1), and the p-values were adjusted to control for the false
discovery rate. We identified candidate SNPs using a threshold g-value < 0.05 and |z-score| >
2.

To explore the potential functional significance of the candidate SNPs identified, we used
Ensembl’s Variant Effect Predictor command line software [127] with the house mouse refer-
ence genome (GRCm38.p6). Many SNPs had more than one potential functional consequence.
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To classify the SNPs annotated based on their “primary” functional consequence we followed
the scheme proposed by Phifer-Rixey et al. (2018) [36]: 1) missense, stop lost or stop gain; 2) 3’
or 5 UTR; 3) synonymous; 4) non-coding exon variants or non-coding transcript variants; 5)
intron or splice site variants; 6) downstream or upstream variants.

Additionally, we extracted from The Mouse Genome Informatics Database (MGI) [56-58]
the gene ontology terms (GO) [128] associated with the genes annotated in each LFMM analy-
sis. We conducted an enrichment analysis using GOwinda [55] which accounts for potential
biases introduced by variation in gene length. First, using all candidate SNPs, we ran the analy-
sis in snp mode and then in gene mode. Both of these modes make simplifying assumptions.
The snp mode assumes that all SNPs are independent, including those within the same gene.
In contrast, gene mode assumes that all SNPs within a gene are completely linked. Therefore,
snp mode likely results in an overestimate of gene enrichment when there is linkage disequilib-
rium within genes and gene mode will result in an underestimate when SNPs within genes are
in linkage equilibrium [55]. The average distance over which LD decays in mouse populations
is typically somewhere between these two extremes which suggest that both assumptions are
likely to be violated [129]. Therefore, we also implemented a third approach, choosing snp
mode but using SNPs that had been pruned based on LD using PLINK2 in both the target and
background set [130]. Pruning was based on an r* of 0.5 with non-overlapping 50 kb windows.
For gene and snp mode, we used all called SNPs as a background set and conducted the analysis
using the exon parameter, associating SNPs within exons with genes. We performed 10,000
simulations and the GO enrichment p-values were corrected using a False Discovery Rate
approach.

We used the R package “VennDiagram” [131] to identify those genes shared among LFMM
environmental variables results, and also among transects. With the R package “RegionR”
[132], we performed permutation analysis to test if the genes shared between transects (South
America-ENA, South America-WNA, ENA-WNA) were significantly greater than expected
by chance. First, we generated a data frame using the genomic regions of those SNPs identified
as a candidate for each environmental variable for each transect, using the function toGRanges.
To evaluate if the overlap between the candidate genes shared among two transects is higher
or lower than expected, we used the function overlapPermTest. We performed three indepen-
dent permutation tests for each environmental variable, evaluating the overlap between 1)
South America-ENA; 2) South America-WNA; and 3) ENA-WNA, running 100,000 repli-
cates with replacement, calculating the p-value and z-score.

To investigate the direction of allele frequency changes, we generated VCF files separately
for each transect, incorporating population data from Edmonton and Tucson (WNA), from
New Hampshire-Vermont and Florida (ENA), and from Gaiman and Manaus (SA). We only
included sites with data for at least 60% of the individuals in each population. We identified all
shared SNPs in candidate genes shared among all three transects. Then, we characterized the
direction of the allele frequency shift across the relevant gradient (latitude, AMT, or PDM)
and determined whether the direction was the same in all three transects. To evaluate the sig-
nificance of the results, we used ” tests with the expectation that 25% of genes should share
directional shifts among all three transects by chance (S13 Table). In addition, we used permu-
tation tests with 1,000 iterations, selecting with replacement the same number of genes as in
the overlap (101, 116, or 5) from the full set of genes with shared SNPs to determine if the
number of genes at which there was parallel change was more than expected by chance given
genome wide patterns (https://github.com/YocelynG/HouseMouse_EnvAdapt). There were
data for 16,984 genes, of which 2,243 showed parallel changes in allele frequency in all three
transects. Given the results, we calculated the cut-off values corresponding to 5% for the
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distributions as well as the z-score and p-value for the observed number of genes with parallel
changes for each environmental factor (S13 Table).

Genome-wide association analysis for body weight

We conducted a genome wide association analysis to identify genes that contribute to variation
in body weight using the program GEMMA [66] that implements an algorithm of linear
mixed models. We used the body weight data from 116 adult house mice from the Americas.
We excluded individuals reported as juveniles, subadults, pregnant, those with undetermined
reproductive status, and those that were weighed after being housed in a laboratory colony.
We used a total of 163,121 loci (filtered by minor allele frequency > 5%, and < 10% of missing
data) to generate a genotype matrix as an input for GEMMA. We ran GEMMA using the body
weight as a phenotype, controlling for relatedness among individuals and population structure,
and using sex as a covariate to reduce the number of false positives. We adjusted p-values
using a false discovery rate correction. Finally, the SNP candidates were annotated using the
Ensemble’s variant predictor command line program. To test whether the overlap between
GWAS candidates and the LFMM selection scans was more than expected by chance, we used
a permutation test implemented in RegionR [132] as described above.

Supporting information

S1 Table. List of 86 wild-caught house mice individuals (Mus musculus domesticus) col-
lected in Mexico (N = 10), Brazil (N = 60) and Argentina (N = 26). Table contains: Collec-
tor’s number, SRR ID, Museum of Vertebrate Zoology catalog number, exact collecting
locality, latitude, longitude, sex, reproductive data, measurements of length and body weight,
and data of exome sequencing (number of reads, length of reads and coverage).

(XLSX)

$2 Table. Sample information for the European samples of Mus musculus musculus, Mus
musculus domesticus, Mus musculus castaneus, and Mus spretus from Harr et al. (2016;
Doi: 10.1038/sdata.2016.75) [52] included in our analyses.

(XLSX)

S3 Table. Pairwise differentiation (F,,) across the three transects: South America, East and
West of North America.
(XLSX)

S4 Table. Values for bioclimatic environmental variables for sampled populations of M.
musculus domesticus across the Americas.
(XLSX)

S5 Table. Loadings of bioclimatic variables for the first five principal components for the
analysis of climate data for all included populations in the Americas.
(XLSX)

S6 Table. Results of Latent Factor Mixed Model (LFMM) analysis for the each of three vari-
ables (latitude, MAT, PDM) in South America populations as well as information about

top candidates and shared candidates, and the allele frequencies.
(XLSX)

S7 Table. The distribution of candidate SNPs identified in LFMM analyses of South Amer-
ican populations and all SNPs included in the analyses across predicted functional
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S11 Table. Pairwise permutation test results for overlap among candidate genes for each
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(XLSX)
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for each environmental variable.
(XLSX)
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S1 Fig. Heatmap of pairwise relatedness coefficients between individuals from the same
population using the relatedness estimator R 3, described by Hedrick and Lacy (2014)
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(TIF)

S1 Text. Alternative language abstract (Spanish and Portuguese) and Alternative language
author summary (Spanish and Portuguese).
(DOCX)

Acknowledgments

We thank the members of the Nachman Lab for their valuable comments and discussions. We
thank Felipe Martins for extensive field work. We thank Katya Mack, Sylvia Durkin, and Mal-
lory Ballinger for sharing work in progress. We thank Ticul Alvarez for providing samples from
Mexico, Andreas Chavez and Taichi A. Suzuki for help with data collection, Libby Beckman for
comment and discussion, and Lydia Smith and Ke Bi for technical support and expertise. This
work was facilitated by access to the Patung cluster, LANCIS-Instituto de Ecologia, UNAM.

Author Contributions
Conceptualization: Megan Phifer-Rixey, Michael W. Nachman.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 26/33


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s010
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011036.s016
https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS

Environmental adaptation in house mice

Data curation: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey.

Formal analysis: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey, Michael W. Nachman.
Funding acquisition: Megan Phifer-Rixey, Michael W. Nachman.

Investigation: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey, Michael W. Nachman.
Methodology: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey, Michael W. Nachman.
Project administration: Megan Phifer-Rixey, Michael W. Nachman.

Resources: Megan Phifer-Rixey, Michael W. Nachman.

Software: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey.

Supervision: Michael W. Nachman.

Validation: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey, Michael W. Nachman.
Visualization: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey, Michael W. Nachman.

Writing - original draft: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey, Michael W.
Nachman.

Writing - review & editing: Yocelyn T. Gutiérrez-Guerrero, Megan Phifer-Rixey, Michael W.
Nachman.

References
1. Huxley J. Clines: an auxiliary taxonomic principle. Nature. 1938; 142:219-220. https://doi.org/10.
1038/142219a0.
2. Endler JA. Geographic variation, speciation, and clines. Monogr Popul Biol. 1977; 10:1-246. PMID:
409931

3. Coop G, Witonsky D, Di Rienzo A, Pritchard JK. Using environmental correlations to identify loci
underlying local adaptation. Genetics. 2010; 185(4):1411-1423. https://doi.org/10.1534/genetics.110.
114819 PMID: 20516501

4. Frichot E, Schoville SD, Bouchard G, Francois O. Testing for Associations between Loci and Environ-
mental Gradients Using Latent Factor Mixed Models. Mol Biol Evol. 2013; 30:1687—-1699. https://doi.
org/10.1093/molbev/mst063 PMID: 23543094

5. Hancock AM, Alkorta-Aranburu G, Witonsky DB, Di Rienzo A. Adaptations to new environments in
humans: the role of subtle allele frequency shifts. Philos Trans R Soc Lond B Biol Sci. 2010;
365:2459-2468. https://doi.org/10.1098/rsth.2010.0032 PMID: 20643735

6. Fournier-Level A, Korte A, Cooper M. D, Nordborg M, Schmitt J, Wilczek AM. A map of local adapta-
tion in Arabidopsis thaliana. Science. 2011; 334(6052):86—89. https://doi.org/10.1126/science.
1209271.

7. Bohutinska M, Vicek J, Yair S, Kolar F. Genomic basis of parallel adaptation varies with divergence in
Arabidopsis and its relatives. Proc Nat Acad Sci USA. 2021; 25:2022713118. https://doi.org/10.1073/
pnas.2022713118 PMID: 34001609

8. Magalhaes IS, Whithing JR, D’Agostino D, Hohenlohe PA, Mahmud M, et al. Intercontinental genomic
parallelism in multiple tree-spined stickleback adaptive radiations. Nat Ecol Evol. 2021; 5:251-261.
https://doi.org/10.1038/s41559-020-01341-8.

9. Chaturvedi S, Gompert Z, Feder JL, Osborne OG, Muschick M, Riesch R, et al. Climatic similarity and
genomic background shape the extent of parallel adaptation in Timema stick insects. Nat Ecol Evol.
2022. https://doi.org/10.1038/s41559-022-01909-6 PMID: 36280782

10. Umina PA, Weeks AR, Kearney MR, McKechnie SW, Hoffmann AA. A rapid shift in a classic clinal pat-
tern in Drosophila reflecting climate change. Science. 2005; 308(5722):691-3. https://doi.org/10.1126/
science.1109523 PMID: 15860627

11.  Hohenlohe PA, Basshan S, Etter PD, Stiffer N, Johnson EA, Cresko WA. Population genomics of par-
allel adaptation in threespine stickleback using sequenced RAD tags. PloS Genet. 2010; 6(2):
€1000862.2. https://doi.org/10.1371/journal.pgen.1000862 PMID: 20195501

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 27/33


https://doi.org/10.1038/142219a0
https://doi.org/10.1038/142219a0
http://www.ncbi.nlm.nih.gov/pubmed/409931
https://doi.org/10.1534/genetics.110.114819
https://doi.org/10.1534/genetics.110.114819
http://www.ncbi.nlm.nih.gov/pubmed/20516501
https://doi.org/10.1093/molbev/mst063
https://doi.org/10.1093/molbev/mst063
http://www.ncbi.nlm.nih.gov/pubmed/23543094
https://doi.org/10.1098/rstb.2010.0032
http://www.ncbi.nlm.nih.gov/pubmed/20643735
https://doi.org/10.1126/science.1209271
https://doi.org/10.1126/science.1209271
https://doi.org/10.1073/pnas.2022713118
https://doi.org/10.1073/pnas.2022713118
http://www.ncbi.nlm.nih.gov/pubmed/34001609
https://doi.org/10.1038/s41559-020-01341-8
https://doi.org/10.1038/s41559-022-01909-6
http://www.ncbi.nlm.nih.gov/pubmed/36280782
https://doi.org/10.1126/science.1109523
https://doi.org/10.1126/science.1109523
http://www.ncbi.nlm.nih.gov/pubmed/15860627
https://doi.org/10.1371/journal.pgen.1000862
http://www.ncbi.nlm.nih.gov/pubmed/20195501
https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS

Environmental adaptation in house mice

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Paaby AB, Blacket MJ, Hoffmann AA, Schmidt PS. Identification of a candidate adaptive polymor-
phism for Drosophila life history by parallel independent clines on two continents. Mol Ecol. 2010;
4:760-774. https://doi.org/10.1111/].1365-294X.2009.04508.x PMID: 20074316

Adrion JR, Hahn MW, Cooper BS. Revisiting classic clines in Drosophila melanogaster in the age of
genomics. Trends Genet. 2015; 31:434—444. https://doi.org/10.1016/}.tig.2015.05.006 PMID:
26072452

van Boheemen LA, Hodgins KA. Rapid repeatable phenotypic and genomic adaptation following muilti-
ple introductions. Mol Ecol. 2020; 21:4102—-4117. https://doi.org/10.1111/mec.15429 PMID: 32246535

Reinhardt JA, Kolaczkowski B, Jones CD, Begun DJ, Kern AD. Parallel Geographic Variation in Dro-
sophila melanogaster. Genetics. 2014; 197:361-373. https://doi.org/10.1534/genetics.114.161463.z.

Juneja P, Quinn A, Jiggins FM. Latitudinal clines in gene expression and cis-regulatory element varia-
tion in Drosophila melanogaster. BMC Genomics. 2016;17. https://doi.org/10.1186/s12864-016-3333-
7

Jones R, Culver DC, Kane TC. Are parallel morphologies of cave organisms the result of similar selec-
tion pressures? Evolution. 1992; 46:353-365. https://doi.org/10.1111/j.1558-5646.1992.tb02043.x
PMID: 28564018

Schluter D, Clifford EA, Nemethy M, McKinnon JS. Parallel evolution and inheritance of quantitative
traits. Am. Nat. 2004; 163:809-822. https://doi.org/10.1086/383621 PMID: 15266380

Jones FC, Grabherr MG, Chan YF, Russell P, Mauceli E, Johnson J, Swofford R, Pirun M, Zody MC,
White S, Birney E, Searle S, Schmutz J, Grimwood J, Dickson MC, Myers RM, Miller CT, Summers
BR, Knecht AK, Brady SD, Kingsley DM. The genomic basis of adaptive evolution in threespine stickle-
backs. Nature. 2012;12; 484: 55—61. https://doi.org/10.1038/nature 10944 PMID: 22481358

Wooldridge TB, Kautt AF, Lassance JM, McFadden S, Domingues VS, Mallarino R, Hoekstra HE. An
enhancer of Agouticontributes to parallel evolution of cryptically colored beach mice. PNAS. 2022;119;
27:€2202862119. https://doi.org/10.1073/pnas.2202862119 PMID: 35776547

Coll-Costa C, Dahms C, Kemppainen P, Alexandre CM, Ribeiro F, Zanella D, Zanella L, Merila J,
Momigliano P. Parallel evolution despite low genetic diversity in three-spined sticklebacks. Proc Biol
Sci. 2024; 291:20232617. https://doi.org/10.1098/rspb.2023.2617 PMID: 38593844

Tennessen JA, Akey JM. Parallel adaptive divergence among geographically diverse human popula-
tions. PLoS Genet, 2011; 7:e1002127. https://doi.org/10.1371/journal.pgen.1002127 PMID:
21698142

Pool J, Braun DT, Lack JB. Parallel evolution of cold tolerance within Drosophila melanogaster. Mol
Biol Evol. 2017: 34:349-360. https://doi.org/10.1093/molbev/msw232.

Schiétterer C. How predictable is adaptation from standing genetic variation? Experimental evolution
in Drosophila highlights the central role of redundancy and linkage disequilibrium. Philos Trans R Soc
Lond B Biol Sci. 2023:378: https://doi.org/10.1098/rstb.2022.0046 PMID: 37004724. https://doi.org/
10.1098/rstb.2022.0046.

Hermisson J, Pennings PS. Soft sweeps: molecular population genetics of adaptation from standing
genetic variation. Genetics. 2005; 169(4):2335-2352. https://doi.org/10.1534/genetics.104.036947
PMID: 15716498

Messer PW, Petrov DA. Population genomics of rapid adaptation by soft selective sweeps. Trends
Ecol Evol. 2013; 11:659-669. https://doi.org/10.1016/j.tree.2013.08.003 PMID: 24075201

Berg JJ, Coop G. A Coalescent Model for a Sweep of a Unique Standing Variant. Genetics. 2025;
2:707-725. https://doi.org/10.1534/genetics.115.178962.

Harris RB, Sackman A, Jensen JD. On the unfounded enthusiasm for soft selective sweeps II: Exam-
ining recent evidence from humans, flies, and viruses. PLoS Genet. 2018; 12:e1007859. https://doi.
org/10.1371/journal.pgen.1007859 PMID: 30592709

Barghi N, Hermisson J, Schiétterer C. Polygenic adaptation: a unifying framework to understand posi-
tive selection. Nat Rev Genet. 2020; 12:769-781. https://doi.org/10.1038/s41576-020-0250-z PMID:
32601318

Boursot P, Auffray JC, Britton-Davidian J, Bonhomme F. The Evolution of House Mice. Annual Review
of Ecology and Systematics. 1993; 24: 119-152. https://doi.org/10.1146/annurev.es.24.110193.
001003

Berry RJ, Peters J, Aarde RJV. Sub-antarctic House mice: colonization survival and selection. J Zool.
1978; 184:127—-141. https://doi.org/7998.1978.tb03270.x

Hardouin EA, Chapuis JL, Stevens MI, van Vuuren JB, Quillfeldt P, et al. House mouse colonization
patterns on the sub-Antarctic Kerguelen Archipelago suggest singular primary invasions and resilience
against re-invasion. BMC Evol Biol. 2010; 10. https://doi.org/10.1186/1471-2148-10-325 PMID:
20977744

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 28/33


https://doi.org/10.1111/j.1365-294X.2009.04508.x
http://www.ncbi.nlm.nih.gov/pubmed/20074316
https://doi.org/10.1016/j.tig.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26072452
https://doi.org/10.1111/mec.15429
http://www.ncbi.nlm.nih.gov/pubmed/32246535
https://doi.org/10.1534/genetics.114.161463.z
https://doi.org/10.1186/s12864-016-3333-7
https://doi.org/10.1186/s12864-016-3333-7
https://doi.org/10.1111/j.1558-5646.1992.tb02043.x
http://www.ncbi.nlm.nih.gov/pubmed/28564018
https://doi.org/10.1086/383621
http://www.ncbi.nlm.nih.gov/pubmed/15266380
https://doi.org/10.1038/nature10944
http://www.ncbi.nlm.nih.gov/pubmed/22481358
https://doi.org/10.1073/pnas.2202862119
http://www.ncbi.nlm.nih.gov/pubmed/35776547
https://doi.org/10.1098/rspb.2023.2617
http://www.ncbi.nlm.nih.gov/pubmed/38593844
https://doi.org/10.1371/journal.pgen.1002127
http://www.ncbi.nlm.nih.gov/pubmed/21698142
https://doi.org/10.1093/molbev/msw232
https://doi.org/10.1098/rstb.2022.0046
http://www.ncbi.nlm.nih.gov/pubmed/37004724
https://doi.org/10.1098/rstb.2022.0046
https://doi.org/10.1098/rstb.2022.0046
https://doi.org/10.1534/genetics.104.036947
http://www.ncbi.nlm.nih.gov/pubmed/15716498
https://doi.org/10.1016/j.tree.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24075201
https://doi.org/10.1534/genetics.115.178962
https://doi.org/10.1371/journal.pgen.1007859
https://doi.org/10.1371/journal.pgen.1007859
http://www.ncbi.nlm.nih.gov/pubmed/30592709
https://doi.org/10.1038/s41576-020-0250-z
http://www.ncbi.nlm.nih.gov/pubmed/32601318
https://doi.org/10.1146/annurev.es.24.110193.001003
https://doi.org/10.1146/annurev.es.24.110193.001003
https://doi.org/7998.1978.tb03270.x
https://doi.org/10.1186/1471-2148-10-325
http://www.ncbi.nlm.nih.gov/pubmed/20977744
https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS

Environmental adaptation in house mice

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Morgan AP, Hughes JJ, Didion JP, Jolley WJ, Campbell KJ, et al. Population structure and inbreeding
in wild house mice (Mus musculus) at different geographic scales. Heredity. 2022; 129:183—-194.
https://doi.org/10.1038/s41437-022-00551-z.

Agwamba KD, Nachman MW. The demographic history of house mice (Mus musculus domesticus) in
eastern North America. G3. 2023; 2:jkac332. https://doi.org/10.1093/g3journal/jkac332 PMID:
36546306

Lynch CB. Clinal variation in cold adaptation in Mus domesticus: verification of predictions from labora-
tory populations. The American Naturalist. 1992; 6:1219.

Phifer-Rixey M, Bi K, Ferris K. G, Sheehan MJ, Lin D, et al. The genomic basis of environmental adap-
tation in house mice. PLoS Genet. 2018; 14:e1007672. https://doi.org/10.1371/journal.pgen.1007672
PMID: 30248095

Suzuki TA, Martins FM, Phifer-Rixey M, Nachman MW. The gut microbiota and Bergmann’s rule in
wild house mice. Mol Ecol. 2020; 29:2300—2311. https://doi.org/10.1111/mec.15476 PMID: 32419280

Ferris KG, Chavez AS, Suzuki TA, Beckman EJ, Phifer-Rixey M, Bi K| et al. The genomics of rapid cli-
matic adaptation and parallel evolution in North American house mice. PLoS Genet. 2021; 17:
e€1009495. https://doi.org/10.1371/journal.pgen.1009495 PMID: 33914747

Ballinger MA, Nachman MW. The Contribution of Genetic and Environmental Effects to Bergmann’s
Rule and Allen’s Rule in House Mice. Am Nat. 2022; 199:691-704. https://doi.org/10.1086/719028
PMID: 35472023

Mack KL, Ballinger MA, Phifer-Rixey M, Nachman MW. Gene regulation underlies environmental
adaptation in house mice. Genome Res. 2018; 11:1636—1645. https://doi.org/10.1101/gr.238998.118
PMID: 30194096

Storz JF, Sabatino SJ, Hoffmann FG, Gering EJ, Moriyama H, Ferrand N, Monteiro B, Nachman MW.
The molecular basis of high-altitude adaptation in deer mice. PLoS Genet. 2007; 3:e45. https://doi.org/
10.1371/journal.pgen.0030045 PMID: 17397259

Beckman EJ, Martins F, Suzuki TA, Bi K, Keeble S, Good JM, et al. The genome basis of high-level
adaptation in wild house mice (Mus musculus domesticus) from South America. Genetics. 2022; 220:
iyab226. https://doi.org/10.1093/genetics/iyab226.

Giménez DM, Bidau CJ. A first report of HSRs in chromosome 1 of Mus musculus domesticus from
South America. Hereditas. 1994; 121:291-294.

Paruelo JM, Laurenroth WK, Epstein HE, Burke IC, Aguiar MR, Sala OE. Regional climatic similarities
in the temperate zones of North and South America. J Biogeo. 1995; 22:915-925. https://doi.org/10.
2307/2845992.

Suzuki H, Shimada T, Terashima M, Tsuchiya K, Aplin K. Temporal, spatial, and ecological modes of
evolution of Eurasian Mus based on mitochondrial and nuclear gene sequences. Mol Phylogenet Evol.
2004; 33:626—646. https://doi.org/10.1016/j.ympev.2004.08.003 PMID: 15522792

Geraldes A, Basset P, Gibson B, Smith KL, Harr B, Yu HT, Bulatova N, Ziv Y, Nachman MW. Inferring
the history of speciation in house mice from autosomal, X-linked, Y-linked, and mitochondrial genes.
Mol Ecol. 2008; 17:5349-5363. https://doi.org/10.1111/j.1365-294X.2008.04005.x PMID: 19121002

Duvaux L, Belkhir K, Boulesteix M, Boursot P. Isolation and gene flow: inferring the speciation history
of European house mice. Mol Ecol. 2011; 20:5248-5264. https://doi.org/10.1111/j.1365-294X.2011.
05343.x PMID: 22066696

Phifer-Rixey M, Harr B, Hey J. Further resolution of the house mouse (Mus musculus) phylogeny by
integration over isolation-with-migration histories. BMC Evol. Biol. 2020;120. https://doi.org/10.1186/
$12862-020-01666-9.

Gabriel SI, Johannesdorttit F, Jones EP, Searle JB. Colonization, mouse-style. BMPC Biol. 2010;
8:131. https://doi.org/10.1186/1741-7007-8-131 PMID: 20977781

Suzuki H, Nunome N, Kinoshita G, Aplin KP, Vogel P, Kryukov AP, Jin M-L, Han S-H, Maryanto |, Tsu-
chiya K, lkeda H, Shiroishi T, Yonekawa H, Moriwaki K. Evolutionary and dispersal history of Eurasian
house mice Mus musculus clarified by more extensive geographic sampling of mitochondrial DNA.
Heredity. 2013; 111:375-390. https://doi.org/10.1038/hdy.2013.60.

Didion JP, de Villena FPM. Deconstructing Mus gemischus: advances in understanding ancestry,
structure, and variation in the genome of the laboratory mouse. Mamm Genome. 2013; 24:1-20.
https://doi.org/10.1007/s00335-012-9441-z.

Harr B, Karakoc E, Neme R, Teschke M, Pfeifle C, et al. Genomic resources for wild populations of the
house mouse Mus musculus and its close relative Mus spretus. Sci Data. 2016; 3. https://doi.org/10.
1038/sdata.2016.75.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 29/33


https://doi.org/10.1038/s41437-022-00551-z
https://doi.org/10.1093/g3journal/jkac332
http://www.ncbi.nlm.nih.gov/pubmed/36546306
https://doi.org/10.1371/journal.pgen.1007672
http://www.ncbi.nlm.nih.gov/pubmed/30248095
https://doi.org/10.1111/mec.15476
http://www.ncbi.nlm.nih.gov/pubmed/32419280
https://doi.org/10.1371/journal.pgen.1009495
http://www.ncbi.nlm.nih.gov/pubmed/33914747
https://doi.org/10.1086/719028
http://www.ncbi.nlm.nih.gov/pubmed/35472023
https://doi.org/10.1101/gr.238998.118
http://www.ncbi.nlm.nih.gov/pubmed/30194096
https://doi.org/10.1371/journal.pgen.0030045
https://doi.org/10.1371/journal.pgen.0030045
http://www.ncbi.nlm.nih.gov/pubmed/17397259
https://doi.org/10.1093/genetics/iyab226
https://doi.org/10.2307/2845992
https://doi.org/10.2307/2845992
https://doi.org/10.1016/j.ympev.2004.08.003
http://www.ncbi.nlm.nih.gov/pubmed/15522792
https://doi.org/10.1111/j.1365-294X.2008.04005.x
http://www.ncbi.nlm.nih.gov/pubmed/19121002
https://doi.org/10.1111/j.1365-294X.2011.05343.x
https://doi.org/10.1111/j.1365-294X.2011.05343.x
http://www.ncbi.nlm.nih.gov/pubmed/22066696
https://doi.org/10.1186/s12862-020-01666-9
https://doi.org/10.1186/s12862-020-01666-9
https://doi.org/10.1186/1741-7007-8-131
http://www.ncbi.nlm.nih.gov/pubmed/20977781
https://doi.org/10.1038/hdy.2013.60
https://doi.org/10.1007/s00335-012-9441-z
https://doi.org/10.1038/sdata.2016.75
https://doi.org/10.1038/sdata.2016.75
https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS

Environmental adaptation in house mice

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large phyloge-
nies. Bioinformatics. 2014; 9:1312—1313. https://doi.org/10.1093/bioinformatics/btu033 PMID:
24451623

Lotterhos KE. The paradox of adaptive trait clines with nonclinal patterns in the underlying genes.
Proc. Natl. Acad. Sci. USA. 2023; 120:€2220313120. https://doi.org/10.1073/pnas.2220313120
PMID: 36917658

Kofler R, Schlétterer C. Gowinda: unbiased analysis of gene set enrichment for genome-wide associa-
tion studies. Bioinformatics. 2012; 28:2084—2085. https://doi.org/10.1093/bioinformatics/bts315
PMID: 22635606

Motenko H, Neuhauser SB, O’Keefe M, Richardson JE. MouseMine: a new data warehouse for MGI.
Mamm. Genome. 2015; 26:325-330. https://doi.org/10.1007/s00335-015-9573-z PMID: 26092688

Blake JA, Baldarelli R, Kadin JA, Richardson JE, Smith CL, Bult CJ, Mouse Genome Database Group.
Mouse Genome Database (MGD): Knowledgebase for mouse-human comparative biology. Nucleic
Acids Res. 2021; D1:D981-D987. https://doi.org/10.1093/nar/gkaa1083 PMID: 33231642

Baldarelli RM, Smith CL, Ringwald M, Richardson JE, Bult CJ, Mouse Genome Informatics Group.
Mouse Genome Informatics: an integrated knowledgebase system for the laboratory mouse. Genet-
ics. 2024: 227:iyae031. https://doi.org/10.1093/genetics/iyae031.

Withers PC, Cooper CE, Maloney SK, Bozinovic F, Cruz Neto PA. Ecological and environmental phys-
iology of mammals. Ecological and environmental physiology series. OUP. https://doi.org/10.1093/
acprof:0s0/9780199642717.001.0001.

Tan CL, Knight ZA. Regulation of Body Temperature by the Nervous System. Neuron. 2018; 1:31-48.
https://doi.org/10.1016/j.neuron.2018.02.022 PMID: 29621489

Ballinger MA, Mack KL, Durkin SM, Riddell EA, Nachman MW. Environmentally robust cis-regulatory
changes underlie rapid climatic adaptation. Proc Nat Acad Sci USA. 2023. https://doi.org/10.1073/
pnas.2214614120 PMID: 37725649

André E, Conquet F, Steinmayr M, Stratton SC, Porciatti V, Becker-André M. Disruption of retinoid-
related orphan receptor beta changes circadian behavior, causes retinal degeneration and leads to
vacillans phenotype in mice. EMBO J. 1998; 17:3867-3877. https://doi.org/10.1093/emboj/17.14.
3867 PMID: 9670004

Masana Ml, Sumaya IC, Becker-Andre M, Dubocovich ML. Behavioral characterization and modula-
tion of circadian rhythms by light and melatonin in C3H/HeN mice homozygous for the RORbeta
knockout. Am J Physiol Regul Integr Comp Physiol. 2007; 292:R2357-2367. https://doi.org/10.1152/
ajpregu.00687.2006 PMID: 17303680

JiaL, Oh ECT, Ng L, Srinivas M, Brooks M, Swaroop A, Forrest D. Retinoid-related orphan nuclear
receptor RORbeta is an early-acting factor in rod photoreceptor development. Proc Natl Acad SciU S
A. 2009; 106:17534—17539. https://doi.org/10.1073/pnas.0902425106 PMID: 19805139

Durkin SM, Ballinger MA, Nachman MW. Tissue-specific and cis-regulatory changes underlie parallel,
adaptive gene expression evolution in house mice. PLoS Genet. 2024; 20:e101892. https://doi.org/10.
1371/journal.pgen.1010892 PMID: 38306396

Zhou X Stephens M. Genome-wide efficient mixed-model analysis for association studies. Nat Genet.
2012; 44:821-824. https://doi.org/10.1038/ng.2310 PMID: 22706312

Skorobogatko Y, Dragan M, Cordon C, Reilly CM, Hung C-W, Xia W, Zhao P, Wallace M, Lackey DE,
Chen X-W, Osborn O, Bogner-Strauss JG, Theodorescu D, Metallo CM, Olefsky JM, Saltiel AR. RalA
controls glucose homeostasis by regulating glucose uptake in brown fat. Proc Natl Acad Sci USA.
2018; 115:7819-7824. https://doi.org/10.1073/pnas.1801050115 PMID: 29915037

Takemura S, Nagano M, Isonishi A, Tanaka T, Tatsumi K, Yamano M, Minami Y, Shigeyoshi Y,
Wanaka A. Circadian rhythms of sorting nexin 25 in the mouse suprachiasmatic nucleus. Neurosci
Lett. 2020; 727:134897. https://doi.org/10.1016/j.neulet.2020.134897 PMID: 32156614

Orth A, Adama T, Din W, Bonhomme F. Hybridation naturelle entre deux sous-espéces de souris
domestique, Mus musculus domesticus et Mus musculus castaneus, prés du lac Casitas (Californie).
Genome. 1998; 41:104—110. https://doi.org/10.1139/g97-109.

Gardner MB, Kozak CA, O’'Brien SJ. The Lake Casitas wild mouse: evolving genetic resistance to ret-
roviral disease. Trends Genet. 1991; 7:22-27. https://doi.org/10.1016/0168-9525(91)90017-k PMID:
1848377

Eubank J. Tales from the Morgue: The railroad comes to Tucson. The Arizona Daily Star.

Durmont BL, Gatti D, Mallory BA, Dana L, Phifer-Rixey M, Sheeban MJ. Into the wild: A novel wild-
derived inbred strain resource expands the genomic and phenotypic diversity of laboratory mouse
models. bioRxiv. 2023. https://doi.org/10.1101/2023.09.21.558738.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 30/33


https://doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
https://doi.org/10.1073/pnas.2220313120
http://www.ncbi.nlm.nih.gov/pubmed/36917658
https://doi.org/10.1093/bioinformatics/bts315
http://www.ncbi.nlm.nih.gov/pubmed/22635606
https://doi.org/10.1007/s00335-015-9573-z
http://www.ncbi.nlm.nih.gov/pubmed/26092688
https://doi.org/10.1093/nar/gkaa1083
http://www.ncbi.nlm.nih.gov/pubmed/33231642
https://doi.org/10.1093/genetics/iyae031
https://doi.org/10.1093/acprof:oso/9780199642717.001.0001
https://doi.org/10.1093/acprof:oso/9780199642717.001.0001
https://doi.org/10.1016/j.neuron.2018.02.022
http://www.ncbi.nlm.nih.gov/pubmed/29621489
https://doi.org/10.1073/pnas.2214614120
https://doi.org/10.1073/pnas.2214614120
http://www.ncbi.nlm.nih.gov/pubmed/37725649
https://doi.org/10.1093/emboj/17.14.3867
https://doi.org/10.1093/emboj/17.14.3867
http://www.ncbi.nlm.nih.gov/pubmed/9670004
https://doi.org/10.1152/ajpregu.00687.2006
https://doi.org/10.1152/ajpregu.00687.2006
http://www.ncbi.nlm.nih.gov/pubmed/17303680
https://doi.org/10.1073/pnas.0902425106
http://www.ncbi.nlm.nih.gov/pubmed/19805139
https://doi.org/10.1371/journal.pgen.1010892
https://doi.org/10.1371/journal.pgen.1010892
http://www.ncbi.nlm.nih.gov/pubmed/38306396
https://doi.org/10.1038/ng.2310
http://www.ncbi.nlm.nih.gov/pubmed/22706312
https://doi.org/10.1073/pnas.1801050115
http://www.ncbi.nlm.nih.gov/pubmed/29915037
https://doi.org/10.1016/j.neulet.2020.134897
http://www.ncbi.nlm.nih.gov/pubmed/32156614
https://doi.org/10.1139/g97-109
https://doi.org/10.1016/0168-9525%2891%2990017-k
http://www.ncbi.nlm.nih.gov/pubmed/1848377
https://doi.org/10.1101/2023.09.21.558738
https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS

Environmental adaptation in house mice

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

Chubanov V, Kéttgen M, Touyz RM, Gudermann T. TRPM channels in health and disease. Nat Rev
Nephrol. 2023. https://doi.org/10.1038/s41581-023-00777-y PMID: 37853091

Vriens J, Owsianik G, Hofmann T, Philipp SE, Stab J, Chen X, et al. TRPMS3 is a nociceptor channel
involved in the detection of noxious heat. Neuron. 2011; 70(3):482—-94. https://doi.org/10.1016/j.
neuron.2011.02.051 PMID: 21555074

Held K, Kichko T, De Clercq K, Klaassen H, Van Bree R, Vanherck JC, et al. Activation of TRPM3 by a
potent synthetic ligand reveals a role in peptide release. Proc Natl Acad Sci USA. 2015; 112(11):
E1363—-1372. https://doi.org/10.1073/pnas.1419845112 PMID: 25733887

Tan CH, McNaughton PA. The TRPM2 ion channel is required for sensitivity to warmth. Nature. 2016;
536(7617):460-3. https://doi.org/10.1038/nature 19074 PMID: 27533035

Yang S, Lu X, Wang Y, XuL, Chen X, Yang F, et al. A paradigm of thermal adaptation in penguins and
elephants by tuning cold activation in TRPM8. Proc Natl Acad Sci U S A. 2020 Apr 14; 117(15):8633—
8. https://doi.org/10.1073/pnas. 1922714117 PMID: 32220960

Zou J, Ainscough JF, Yang W, Sedo A, Yu SP, Mei ZZ, et al. A differential role of macrophage TRPM2
channels in Ca2+ signaling and cell death in early responses to H202. American Journal of Physiol-
ogy-Cell Physiology. 2013 Jul; 305(1):C61-9.

Togashi K, HaraY, Tominaga T, Higashi T, Konishi Y, Mori Y, et al. TRPM2 activation by cyclic ADP-
ribose at body temperature is involved in insulin secretion. EMBO J. 2006; 25(9):1804—15. https://doi.
org/10.1038/sj.emboj.7601083 PMID: 16601673

Power DA, Place RA. Biochemical genetics of Fundulus heteroclitus (L) |. Temporal and spatial varia-
tion in gene frequencies of LdH, Mdh-a, Gpi-B, and Pgm-A. Biochem. Genet. 1978; 16:593-607.

Berry A, Kreitman M. Molecular analysis of an allozyme cline: alcohol dehydrogenase in Drosophila
melanogasteron the east coast of North America. Genetics. 1993; 134:869-93. https://doi.org/10.
1093/genetics/134.3.869 PMID: 8102342

Stinchcombe JR, Weinig C, Ungerer M, Olsen KM, Mays C, Halldorsdottir SS, Purugganan MD,
Schmitt J. A latitudinal cline in flowering time in Arabidopsis thaliana modulated by the flowering time
gene FRIGIDA. Proc. Natl. Acad. Sci. USA. 2004; 13:4712—4717. https://doi.org/10.1073/pnas.
0306401101.

Saccheri LJ, Rousset F, Watts PC, Cook ML. Selection and gene flow on a diminishing cline of melanic
peppered moths. Proc. Natl. Acad. Sci. USA. 2008; 105:1612—1617. https://doi.org/10.1073/pnas.
0803785105 PMID: 18854412

Schmidt PS, Zhu C-T, Das J, Batavia M, Yang L, Eanes WF. An amino acid polymorphism in the
couch potato gene forms the basis for climatic adaptation in Drosophila melanogaster. PNAS. 2008;
105: 16207—-16211. https://doi.org/10.1073/pnas.0805485105 PMID: 18852464

Schluter D, Marchinko KB, Arnegard ME, Zhang H, Brady SD, et al. Fitness maps to a large-effect
locus in introduced stickleback populations. Proc Natl Acad Sci USA. 2021;118. https://doi.org/10.
1073/pnas.1914889118 PMID: 33414274

Conte LG, Arnegard ME, Peichel LC, Schluter D. The probability of genetic parallelism and conver-
gence in natural populations. Proc Biol Sci. 2012; 279:5039-5047. https://doi.org/10.1098/rspb.2012.
2146 PMID: 23075840

Colosimo PF, Hosemann KE, Balabhadra S, Villarreal G, Dickson M Jr, Grimwood J, Schmutz J,
Myers RM, Schluter D, Kingsley DM. Widespread parallel evolution in sticklebacks by repeated fixation
of Ectodysplasin alleles. Science. 2005; 307:1928—1933. https://doi.org/10.1126/science.1107239
PMID: 15790847

Stuart YE, Veen T, Weber JN, Hanson D, Ravinet M, Lohman BK, Thompson C J, Tasneem T, Dog-
gett A, Izen R, Ahmed N, Barrett RDH, Hendry AP, Peichel CL., Bolnick DI. Contrasting effects of envi-
ronment and genetics generate a continuum of parallel evolution. Nat. Ecol. Evol. 2017; 1:158. https://
doi.org/10.1038/s41559-017-0158.

Fang B, Merila J, Ribeiro F, Alexandre CM, Momigliano, P. Worldwide phylogeny of three-spined stick-
lebacks. Mol. Phylogenet. Evol. 2018; 127:613-625. https://doi.org/10.1016/.ympev.2018.06.008.

Kapun M, Fabian DK, Goudet J, Flatt T. Genomic Evidence for Adaptive Inversion Clines in Drosophila
melanogaster. Mol. Biol. Evol. 2016; 33:1317-1336. https://doi.org/10.1093/molbev/msw016.

James AC, Azevedo RB, Partridge L. Cellular basis and developmental timing in a size cline of Dro-
sophila melanogaster. Genetics. 1995; 140: 659—666. https://doi.org/10.1093/genetics/140.2.659
PMID: 7498744

Hoffman AA, Anderson A, Hallas R. Opposing clines for high and low temperature resistance in Dro-
sophila melanogaster. Ecol. Lett. 2002. https://doi.org/10.1046/j.1461-0248.2002.00367 .x.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 31/33


https://doi.org/10.1038/s41581-023-00777-y
http://www.ncbi.nlm.nih.gov/pubmed/37853091
https://doi.org/10.1016/j.neuron.2011.02.051
https://doi.org/10.1016/j.neuron.2011.02.051
http://www.ncbi.nlm.nih.gov/pubmed/21555074
https://doi.org/10.1073/pnas.1419845112
http://www.ncbi.nlm.nih.gov/pubmed/25733887
https://doi.org/10.1038/nature19074
http://www.ncbi.nlm.nih.gov/pubmed/27533035
https://doi.org/10.1073/pnas.1922714117
http://www.ncbi.nlm.nih.gov/pubmed/32220960
https://doi.org/10.1038/sj.emboj.7601083
https://doi.org/10.1038/sj.emboj.7601083
http://www.ncbi.nlm.nih.gov/pubmed/16601673
https://doi.org/10.1093/genetics/134.3.869
https://doi.org/10.1093/genetics/134.3.869
http://www.ncbi.nlm.nih.gov/pubmed/8102342
https://doi.org/10.1073/pnas.0306401101
https://doi.org/10.1073/pnas.0306401101
https://doi.org/10.1073/pnas.0803785105
https://doi.org/10.1073/pnas.0803785105
http://www.ncbi.nlm.nih.gov/pubmed/18854412
https://doi.org/10.1073/pnas.0805485105
http://www.ncbi.nlm.nih.gov/pubmed/18852464
https://doi.org/10.1073/pnas.1914889118
https://doi.org/10.1073/pnas.1914889118
http://www.ncbi.nlm.nih.gov/pubmed/33414274
https://doi.org/10.1098/rspb.2012.2146
https://doi.org/10.1098/rspb.2012.2146
http://www.ncbi.nlm.nih.gov/pubmed/23075840
https://doi.org/10.1126/science.1107239
http://www.ncbi.nlm.nih.gov/pubmed/15790847
https://doi.org/10.1038/s41559-017-0158
https://doi.org/10.1038/s41559-017-0158
https://doi.org/10.1016/j.ympev.2018.06.008
https://doi.org/10.1093/molbev/msw016
https://doi.org/10.1093/genetics/140.2.659
http://www.ncbi.nlm.nih.gov/pubmed/7498744
https://doi.org/10.1046/j.1461-0248.2002.00367.x
https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS

Environmental adaptation in house mice

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Hoffmann AA, Weeks AR. Climatic selection on genes and traits after a 100 year-old invasion: a critical
look at the temperate-tropical clines in Drosophila melanogaster from eastern Australia. Genetica.
2007; 129:133-147. https://doi.org/10.1007/s10709-006-9010-z.

Oakeshott JG, Chambers GK, Gibson JB, Eanes WF, Willcocks DA. Geographic variation in G6pd
and Pgd allele frequencies in Drosophila melanogaster. Heredity. 1983; 50: 67—72. https://doi.org/10.
1038/hdy.1983.7 PMID: 6404856

Bubliy OA, Kalabushkin BA, Imasheva AG. Geographic variation of six allozyme loci in Drosophila mel-
anogaster. an analysis of data from different continents. Hereditas. 1999; 130: 25-32. https://doi.org/
10.1111/j.1601-5223.1999.00025.x PMID: 10364826

Zwaan BJ, Azevedo RB, James AC, Van 't Land J, Partridge L. Cellular basis of wing size variation in
Drosophila melanogaster. a comparison of latitudinal clines on two continents. Heredity. 2000;
84:338-347. https://doi.org/10.1046/j.1365-2540.2000.00677 .X.

Fry JD, Donlon K, Saweikis M. A Worldwide Polymorphism in Aldehyde Dehydrogenase in Drosophila
Melanogaster. Evidence for Selection Mediated by Dietary Ethanol. Evolution. 2008; 62: 66—75.
https://doi.org/10.1111/j.1558-5646.2007.00288.x PMID: 18070084

David JR, Mergot H, Capy P, McEvey S. Alcohol tolerance and Adh gene frequeccies in European and
African populations of Drosophila melanogaster. Génét. Sél. Evol. 1986; 128:405—16. https://doi.org/
10.1186/1297-9686-18-4-405 PMID: 22879258

Oakeshott JG, Gibson JB, Anderson PR, Knibb WR, Anderson DG, Chambers GK. Alcohol dehydro-
genase and glycerol-3-phosphate dehydrogenase clines in Drosophila melanogaster on different con-
tinents. Evolution. 1982; 36: 86-96. https://doi.org/10.1111/j.1558-5646.1982.tb05013.x PMID:
28581103

Turner TL, Levine MT, Eckert ML, Begun DJ. Genomic Analysis of Adaptive Differentiation in Drosoph-
ila melanogaster. Genetics. 2008; 179: 455—473. https://doi.org/10.1534/genetics.107.083659 PMID:
18493064

Kolaczkowski B, Kern AD, Holloway AK, Begun DJ. Genomic Differentiation Between Temperate and
Tropical Australian Populations of Drosophila melanogaster. Genetics. 2011; 187: 245-260. https://
doi.org/10.1534/genetics.110.123059 PMID: 21059887

Fabian DK, Kapun M, Nolte V, Kofler R, Schmidt PS, Schiétterer C, et al. Genome-wide patterns of lat-
itudinal differentiation among populations of Drosophila melanogasterfrom North America. Molecular
Ecology. 2012; 21: 4748-4769. https://doi.org/10.1111/j.1365-294X.2012.05731.x PMID: 22913798

Machado HE, Bergland AO, Taylor R, Tilk S, Behrman E, Dyer K, et al. Broad geographic sampling
reveals the shared basis and environmental correlates of seasonal adaptation in Drosophila. Nordborg
M, Wittkopp PJ, Nordborg M, editors. eLife. 2021; 10: e67577. https://doi.org/10.7554/eLife.67577
PMID: 34155971

Kapun M, Nunez JCB, Bogaerts-Marquez M, Murga-Moreno J, Paris M, Outten J, et al. Drosophila
Evolution over Space and Time (DEST): A New Population Genomics Resource. Molecular Biology
and Evolution. 2021; 38: 5782-5805. https://doi.org/10.1093/molbev/msab259 PMID: 34469576

Lee SF, Sgra’ CM, Shirriffs J, Wee CW, Rako L, Van Heerwaarden B, et al. Polymorphism in the
couch potato gene clines in eastern Australia but is not associated with ovarian dormancy in Drosoph-
ila melanogaster. Molecular Ecology. 2011; 20: 2973-2984. https://doi.org/10.1111/].1365-294X.
2011.05155.x PMID: 21689187

Erickson PA, Weller CA, Song DY, Bangerter AS, Schmidt P, Bergland AO. Unique genetic signatures
of local adaptation over space and time for diapause, an ecologically relevant complex trait, in Dro-
sophila melanogaster. PLoS Genet, 2020: 16:e1009110. https://doi.org/10.1371/journal.pgen.
1009110 PMID: 33216740

Bergland AO, Tobler R, Gonzélez J, Schmidt P, Petrov D. Secondary contact and local adaptation
contribute to genome-wide patterns of clinal variation in Drosophila melanogaster. Mol Ecol. 2016;
25:1157—-1174. hitps://doi.org/10.1111/mec.13455 PMID: 26547394

Schubert M, Lindgreen S, Orlando L. AdapterRemoval v2: rapid adapter trimming, identification, and
read merging. BMC Res Notes. 2016; 9:88. https://doi.org/10.1186/s13104-016-1900-2 PMID:
26868221

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and genotyping
with HISAT2 and HISAT-genotype. Nat Biotechnol. 2019; 37:907-915. https://doi.org/10.1038/
$41587-019-0201-4 PMID: 31375807

Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformat-
ics. 2010; 26:589-595. https://doi.org/10.1093/bicinformatics/btp698 PMID: 20080505

Jo H, Koh G. Faster single-end alignment generation utilizing multi-thread for BWA. Biomed Mater
Eng. 2015; 26 Suppl 1:51791-6. https://doi.org/10.3233/BME-151480 PMID: 26405948

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 32/33


https://doi.org/10.1007/s10709-006-9010-z
https://doi.org/10.1038/hdy.1983.7
https://doi.org/10.1038/hdy.1983.7
http://www.ncbi.nlm.nih.gov/pubmed/6404856
https://doi.org/10.1111/j.1601-5223.1999.00025.x
https://doi.org/10.1111/j.1601-5223.1999.00025.x
http://www.ncbi.nlm.nih.gov/pubmed/10364826
https://doi.org/10.1046/j.1365-2540.2000.00677.x
https://doi.org/10.1111/j.1558-5646.2007.00288.x
http://www.ncbi.nlm.nih.gov/pubmed/18070084
https://doi.org/10.1186/1297-9686-18-4-405
https://doi.org/10.1186/1297-9686-18-4-405
http://www.ncbi.nlm.nih.gov/pubmed/22879258
https://doi.org/10.1111/j.1558-5646.1982.tb05013.x
http://www.ncbi.nlm.nih.gov/pubmed/28581103
https://doi.org/10.1534/genetics.107.083659
http://www.ncbi.nlm.nih.gov/pubmed/18493064
https://doi.org/10.1534/genetics.110.123059
https://doi.org/10.1534/genetics.110.123059
http://www.ncbi.nlm.nih.gov/pubmed/21059887
https://doi.org/10.1111/j.1365-294X.2012.05731.x
http://www.ncbi.nlm.nih.gov/pubmed/22913798
https://doi.org/10.7554/eLife.67577
http://www.ncbi.nlm.nih.gov/pubmed/34155971
https://doi.org/10.1093/molbev/msab259
http://www.ncbi.nlm.nih.gov/pubmed/34469576
https://doi.org/10.1111/j.1365-294X.2011.05155.x
https://doi.org/10.1111/j.1365-294X.2011.05155.x
http://www.ncbi.nlm.nih.gov/pubmed/21689187
https://doi.org/10.1371/journal.pgen.1009110
https://doi.org/10.1371/journal.pgen.1009110
http://www.ncbi.nlm.nih.gov/pubmed/33216740
https://doi.org/10.1111/mec.13455
http://www.ncbi.nlm.nih.gov/pubmed/26547394
https://doi.org/10.1186/s13104-016-1900-2
http://www.ncbi.nlm.nih.gov/pubmed/26868221
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
http://www.ncbi.nlm.nih.gov/pubmed/31375807
https://doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/pubmed/20080505
https://doi.org/10.3233/BME-151480
http://www.ncbi.nlm.nih.gov/pubmed/26405948
https://doi.org/10.1371/journal.pgen.1011036

PLOS GENETICS

Environmental adaptation in house mice

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, et al. Twelve years of SAMtools
and BCFtools. Gigascience. 2021; 10. https://doi.org/10.1093/gigascience/giab008 PMID: 33590861

Van der AGA, Carneiro MO, Hartl C, Poplin R, Del AG, et al. From FastQ data to high confidence vari-
ant calls: the Genome Analysis Toolkit best practices pipeline. Curr Protoc Bioinformatics. 2013;
43:11.10.1-11.10.33. https://doi.org/10.1002/0471250953.bi1110s43.

Korneliussen TS, Albrechtsen A, Nielsen R. ANGSD: Analysis of Next Generation Sequencing Data.
BMC Bioinformatics. 2014; 15:356. https://doi.org/10.1186/s12859-014-0356-4 PMID: 25420514

Durvasula A, Hoffman PJ, Kent TV, Liu C, Kono TJ, Morrell PL, et al. angsd-wrapper: utilities for ana-
lyzing next-generation sequencing data. Mol Ecol Resour. 2016; 16:1449—-1454. htitps://doi: 10.1111/
1755-0998.12578.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, et al. The Sequence Alignment/Map format and
SAMtools. Bioinformatics. 2009; 25:2078. https://doi.org/10.1093/bicinformatics/btp352 PMID:
19505943

Quinlan AR, Hall I. M. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinfor-
matics. 2010; 26:841-842. https://doi.org/10.1093/bioinformatics/btq033 PMID: 20110278

Fumagalli M, Vieira FG, Linderoth T, Nielsen R. ngsTools: methods for population genetics analyses
from next-generation sequencing data. Bioinformatics. 2014; 10:1486—1487. https://doi.org/10.1093/
bioinformatics/btu041 PMID: 24458950

Rambaut A. FigTree. http:/tree.bio.ed.ac.uk/software/figiree/ [accessed August 2021].

Dixon P. VEGAN, A Package of R Functions for Community Ecology. Journal of Vegetation Science.
2003; 14(6), 927-930. https://doi.org/10.1111/j.1654-1103.2003.tb02228.x

Jombart T. adegenet: a R package for the multivariate analysis of genetic markers. Bioinformatics.
2008; 24:1403-1405. https://doi.org/10.1093/bioinformatics/btn129 PMID: 18397895

Goudet J. hierfstat: a package for R to compute and test hierarchical F-statistics. Mol Ecol Notes.
2005; 5:184-186.

Hanghgj K, Moltke |, Andersen PA, Manica A, Korneliussen TS. Fast and accurate relatedness esti-
mation from high-throughput sequencing data in the presence of inbreeding. GigaScience. 2019; 8.
https://doi.org/10.1093/gigascience/giz034 PMID: 31042285

Hedrick PW, Lacy RC. Measuring relatedness between inbred individuals. J Hered. 2015; 106:20-25.
https://doi.org/10.1093/jhered/esu072 PMID: 25472983

Fick SE, Hijmans R. WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas.
Int J Climatol. 2017; 37:4302—-4315. https://doi.org/10.1002/joc.5086.

Lewin-Koh N, Bivand R, Pebesma E, Archer E. Package ‘Maptools’: Tools for Reading and Handling
Spatial Objects. R package version 1.8.0.

McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, et al. The Ensembl Variant Effect Predictor.
Genome Biol. 2016; 17. https://doi.org/10.1186/s13059-016-0974-4 PMID: 27268795

Hayamizu TF, Baldock RA, Ringwald M. Mouse anatomy ontologies: enhancements and tools for
exploring and integrating biomedical data. Mamm Genome. 2015; 10:422—-430. https://doi.org/10.
1007/s00335-015-9584-9 PMID: 26208972

Laurie CC, Nickerson DA, Anderson AD, Weir BS, Livingston RJ, Dean MD, Smith KL, Schadt EE,
Nachman MW. Linkage disequilibrium in wild mice. PLoS Genet. 2007: 3:e144. https://doi.org/10.
1371/journal.pgen.0030144 PMID: 17722986

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-generation PLINK: rising to
the challenge of larger and richer datasets. GigaScience. 2015; 4:7. https://doi.org/10.1186/s13742-
015-0047-8 PMID: 25722852

Chen H, Boutros PC. VennDiagram: a package for the generation of highly-customizable Venn and
Euler diagrams in R. BMC Bioinformatics. 2011; 12. https://doi.org/10.1186/1471-2105-12-35 PMID:
21269502

Gel B, Diez-Villanueva A, Serra E, Buschbeck M, Peinado MA, Malinverni R. regioneR: an R/Biocon-
ductor package for the association analysis of genomic regions based on permutation tests. Bioinfor-
matics. https://doi.org/10.1093/bicinformatics/btv562.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011036  July 5, 2024 33/33


https://doi.org/10.1093/gigascience/giab008
http://www.ncbi.nlm.nih.gov/pubmed/33590861
https://doi.org/10.1002/0471250953.bi1110s43
https://doi.org/10.1186/s12859-014-0356-4
http://www.ncbi.nlm.nih.gov/pubmed/25420514
https://doi:
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.1093/bioinformatics/btu041
https://doi.org/10.1093/bioinformatics/btu041
http://www.ncbi.nlm.nih.gov/pubmed/24458950
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1093/bioinformatics/btn129
http://www.ncbi.nlm.nih.gov/pubmed/18397895
https://doi.org/10.1093/gigascience/giz034
http://www.ncbi.nlm.nih.gov/pubmed/31042285
https://doi.org/10.1093/jhered/esu072
http://www.ncbi.nlm.nih.gov/pubmed/25472983
https://doi.org/10.1002/joc.5086
https://doi.org/10.1186/s13059-016-0974-4
http://www.ncbi.nlm.nih.gov/pubmed/27268795
https://doi.org/10.1007/s00335-015-9584-9
https://doi.org/10.1007/s00335-015-9584-9
http://www.ncbi.nlm.nih.gov/pubmed/26208972
https://doi.org/10.1371/journal.pgen.0030144
https://doi.org/10.1371/journal.pgen.0030144
http://www.ncbi.nlm.nih.gov/pubmed/17722986
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
http://www.ncbi.nlm.nih.gov/pubmed/25722852
https://doi.org/10.1186/1471-2105-12-35
http://www.ncbi.nlm.nih.gov/pubmed/21269502
https://doi.org/10.1093/bioinformatics/btv562
https://doi.org/10.1371/journal.pgen.1011036

