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Abstract

Identifying genetic variation involved in thermal adaptationis likely to yield insights into how species
adapt to different climates. Physiological and behavioral responses associated with overwintering
(e.g., torpor) are thought to serve important functions in climate adaptation. In this study, we use
2 isolated Peromyscus leucopus lineages on the northern margin of the species range to identify
single nucleotide polymorphisms (SNPs) showing a strong environmental association and test for
evidence of parallel evolution. We found signatures of clinal selection in each lineage, but evidence
of parallelism was limited, with only 2 SNPs showing parallel allele frequencies across transects.
These parallel SNPs map to a gene involved in protection against iron-dependent oxidative stress
(Fxn) and to a gene with unknown function but containing a forkhead-associated domain (Fhad1).
Furthermore, within transects, we find significant clinal patterns in genes enriched for functions
associated with glycogen homeostasis, synaptic function, intracellular Ca* balance, H3 histone
modification, as well as the G2/M transition of cell division. Our results are consistent with recent
literature on the cellular and molecular basis of climate adaptation in small mammals and provide
candidate genomic regions for further study.
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Understanding the role that the thermal environment plays in
shaping local adaptation and global biodiversity is a burgeoning area
of research (Johnston and Bennett 2008; Keller and Seehausen 2012;
Aratjo et al. 2013; Porcelli et al. 2015; Chen et al. 2018). Animals in
temperate regions face particular climatic challenges as they must be
adapted to cope with seasonal fluctuations in temperature and food
availability. To survive low winter temperature and scarce resources,

many species have evolved the ability to decrease energy expenditure
through torpor, a highly common strategy among small mammals
entailing precise regulation of metabolic rate (Lyman et al. 1982).
Small mammals, having a high surface area to volume ratio, are par-
ticularly susceptible to heat loss during cold stress. This energetic
constraint imposed by ambient temperature and lack of energy re-
sources drives adaptation in small mammals, in part, through shifts
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in metabolism (Humpbhries et al. 2002; Lovegrove 2003; Rezende
et al. 2004; Fristoe et al. 2015). Understanding the genomic basis of
thermal adaptation may yield insights about the targets of selection
that can allow species to adapt to ongoing global climate change.
In this regard, populations on the margins of temperature-limited
distributions provide an opportunity to study adaptation to novel
thermal regimes (Hill et al. 2011).

Population genomic methods are often used to search for evi-
dence of local adaptation in natural populations by scanning the
genome for the signature of positive selection (e.g., White et al.
2013; Fumagalli et al. 2015; Babin et al. 2017; Bassham et al. 2018).
However, it is well recognized that stochastic processes can cause
similar patterns to those arising from selection (Currat et al. 2006;
Gilbert et al. 2017). One potential solution to discriminating between
stochastic and deterministic scenarios is to investigate independent
instances of populations in similar environments undergoing local
adaptation (e.g., Bassham et al. 2018). Because large allele frequency
changes caused by genetic drift should occur at random single nu-
cleotide polymorphism (SNP) loci across the genome, identifying the
same outlier SNPs in multiple populations experiencing the same
selection regime, that is, parallel evolution, can provide evidence for
natural selection.

Peromyscus leucopus is a geographically widespread rodent spe-
cies native to eastern North America. The northern range limit of
P. leucopus reaches southern Quebec, where it is ecologically limited
by cold-winter temperature (Roy-Dufresne et al. 2013). The St.
Lawrence River separates 2 postglacial P. leucopus lineages (Fiset
et al. 2015; Garcia-Elfring et al. 2017) that over recent decades have
been expanding northward (Roy-Dufresne et al. 2013) into lati-
tudes inhabited by the more cold-adapted Peromyscus maniculatus.
Relative to P. leucopus, P. maniculatus has behavioral and meta-
bolic traits more suitable for colder winters. While both species
may share similar thresholds under which they become torpid, ap-
proximately 4.5 °C (Tannenbaum and Pivorun 1988), their torpor
response is different in important ways. For example, in response to
cold-stress, P. leucopus builds less insulated nests, hoards less food,
and is less likely to become torpid under caloric restriction, rela-
tive to P. maniculatus (Tannenbaum and Pivorun 1988; Pierce and
Vogt 1993). Within P. leucopus, there is also a latitudinal gradient in
the torpor response to environmental cues. Heath and Lynch (1983)
studied laboratory-reared P. leucopus lines from wild mice caught
in 2 states with different winter climates, Georgia and Connecticut.
They found that mice belonging to the lineage from Connecticut,
where the winter is colder and longer, were more likely to become
torpid in response to cold temperature and a short photoperiod.

More recently, genomic data from hibernating 13-lined ground
squirrels (Ictidomys tridecemlineatus) indicates variation in the
onset of hibernation is genetically controlled and highly heritable
(Grabek et al. 2017). Thus, if thermal adaptation occurs through
changes in metabolic and behavioral responses to local (winter) tem-
perature, then genes involved in energy metabolism and neural cir-
cuitry should be overrepresented in SNPs showing the signature of
clinal selection.

Here, we investigate the genomic signature of clinal selection
in P. leucopus inhabiting a climatic gradient (Table 1) in southern
Quebec. We study 2 independent lineages of P. leucopus, and ask:
do these lineages show patterns of clinal genetic variation that
deviate from neutrality? If so, do we find parallelism across lin-
eages? What are the functions of genes showing clinal patterns in
allele frequency? With ongoing climate change around the world,
answering such questions will advance our understanding of the
phenotypes under selection in small mammals facing novel thermal
regimes.

Materials and Methods
Study System and DNA Extraction

We collected P. leucopus samples from southern Quebec during
the summer of 2013 and 2014, as described in Garcia-Elfring et al.
(2017). Here, we use 47 P. leucopus samples from 3 sites north of
the St. Lawrence River (“transect A” hereafter; sites: Al [z = 16],
A2 [n = 11], and A3 [n = 20]) and 68 samples from 4 sites south of
the St. Lawrence River (“transect B” hereafter; sites: B1 [z = 20], B2
[n = 8], B3 [ = 20], and B4 [ = 20]). We previously used genome-
wide markers to investigate population structure (Garcia-Elfring
et al. 2017) and established that the St. Lawrence River is a strong
barrier to gene-flow that separates lineages expanding from distinct
source populations or glacial refugia (Rowe et al. 2006; Fiset et al.
2015). We now look for selection in 2 of these lineages using popu-
lations along a climatic gradient (Table 1). These populations are
labeled according to transect and in ascending order going north
(Figure 1). Within transects, our collection sites consist of relatively
small forest patches scattered in an area dominated by agricultural
fields that are relatively ineffective barriers to gene-flow (Marrotte
et al. 2014). These populations thus provide an opportunity to look
for evidence of clinal selection within and across lineages. DNA was
extracted from liver or muscle tissue using a standard 3-day phenol-
chloroform extraction protocol (Sambrook et al. 1989). Samples
were identified as P. leucopus by PCR amplification of a mitochon-
drial COIII sequence (Tessier et al. 2004).

Table 1. Summary information of collection sites and the local winter climate (years 2001-2010)

Site n Latitude Longitude Elevation Average minimum Average max-  Average mini- Winter de- MAT  MAP DD >5 CMD
(m) winter tempera-  imum winter mum January  gree—days
ture temperature temperature below 0
Al 19 45.33 -74.4 80 -12.3 -1.8 -14 668 6.5 986 2132 125
A3 11 46.07 -73.28 24 -13.5 -2.9 -15.5 763 6 1076 2066 98
A4 20 46.3 -73.09 63 -14 -3.4 -16.2 803 5.6 1103 1990 75
B1 20 45.06 -73.29 46 -11 0.1 -12.7 557 7.4 946 2257 114
B2 8 45.42 -73.07 46 -12 -1 -13.7 626 6.9 1071 2183 78
B3 20 4566  -72.75 79 -12.7 -1.9 -14.6 688 6.4 1125 2105 62
B4 20 45.87 -72.56 88 -13.2 =2.7 -15.4 746 5.9 1122 2030 51

Included are annual climatic variables, such mean annual temperature (MAT) and precipitation (MAP), degree-days above 5 °C (DD > §), and the Hargreaves

moisture deficit (CMD, measures evapotranspiration), all of which covary. The temperatures are in degrees Celsius.
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Figure 1. Geographical locations of Peromyscus leucopus populations
sampled in southern Quebec. Three populations were sampled north of the
St. Lawrence River (transect A), sites A1 (n=16), A2 (n=11), and A3 (n = 20).
Four populations were sampled south of the St. Lawrence River in transect
B. These sites include B1 (n = 20), B2 (n = 8), and B3 (n=20), and B4 (n = 20).
The bold dotted line demarks international border, light dotted line demarks
the provincial border.

Sequencing Restriction-Site Associated DNA

Libraries

RAD-seq library preparation was done at the Institut de biologie
intégrative et des systeémes (IBIS) at Université Laval using a modi-
fied version of the genotyping-by-sequencing protocol (Elshire et al.
2011). Briefly, we used the rare cutting (1 cut/4096 bp) restriction
enzyme Pstl (CTGCAG) to anchor markers and the more frequent
cutting (1 cut/256 bp) Mspl (CCGG) to define library size. Once
ligation of barcoded and common adapters was completed, size se-
lection was done with PCR to pools of 48 samples. We sequenced
100 bp paired-end reads on the Illumina HiSeq 2000 platform at
the Genome Quebec Innovation Center using one lane per 48
individuals.

SNP Genotyping and Bioinformatics

We processed raw data and identified SNPs using Stacks 1.48
(Catchen et al. 2013), a pipeline designed for short-read sequences.
Raw reads were demultiplexed and quality filtered using the
process_radtags script, which discarded reads of low quality (-q) and
with uncalled bases (-c). We then aligned demultiplexed reads to the
Peromyscus maniculatus bairdii reference genome (Pman_1.0) assem-
bled at the unplaced scaffold level using Bowtie2 2.3.4.1 (Langmead
and Salzberg 2012) with end-to-end alignment and default param-
eters. We discarded ambiguously mapped reads with SAMtools (Li
et al. 2009) by removing reads with low mapping quality (-q 20). We
identified SNPs with a minimum depth of coverage of 5 reads per al-
lele (-m 5) using the ref_map.pl wrapper program from Stacks. This
resulted in a catalogue with 1 101 363 RAD loci. From this cata-
logue, 2 SNP data sets were obtained with the populations script,

one for each transect. Filters required each SNP have a minimum
allele frequency of at least 5% (--min_maf 0.035, applied globally at
the metapopulation level) and a maximum heterozygosity of 0.50
(--max_obs_het 0.50) to avoid paralogs. Each SNP was genotyped in
every population within each of the 2 transects (-p 3 and 4) and in at
least 70% of individuals within each population (-r 0.70). We used
one SNP per RAD locus to avoid linkage bias. For repeatability, only
the first SNP per RAD locus (--write_single_snp) was analyzed (e.g.,
Combosch et al. 2017; Nunziata and Weisrock 2018; De Candia
et al. 2019). This resulted in 21 723 SNPs for transect A and 79 956
SNPs for transect B. However, we identified some SNPs that were
duplicates under a distinct catalogue ID assigned by Stacks. We re-
moved the duplicates and retained SNPs with unique genomic lo-
cations (scaffold and SNP position), ending with 21 505 SNPs for
transect A and 79 343 SNPs for transect B. Between these 2 data
sets, 14 687 are “shared SNPs.” The catalogue locus ID for these
markers (21 505 SNPs for transect A and 79 343 SNPs for transect
B) were incorporated in a text file (“whitelist”) used by the popula-
tions script to obtain population genetic information for these SNPs
only. We used the same approach to obtain allele frequency informa-
tion for candidates under selection.

We used the software LinkImpute (Money et al. 2015) to impute
the 18.6% missing data in transect A and the 14.8% missing in tran-
sect B. LinkImpute was designed for unordered RAD-seq data and
uses correlations between markers and a k-nearest neighbor algo-
rithm (“LD-kNNi”) to impute genotypes. We obtained imputation
accuracies of 0.846 for transect A and 0.836 for transect B.

Genetic Variation, Population Structure, and Linkage
Disequilibrium

We obtained measures of genetic diversity (observed and expected
heterozygosity, i, and F) for populations within each transect using
the populations script. We estimated genome-wide divergence (F,)
with the software genepop (Rousset 2008), implemented in R 3.5.1
(R Core Team 2016). To test for significant divergence, we used the
test_diff function which uses Fisher’s method to evaluate whether
alleles are drawn from the same distribution in each pairwise com-
parison. We also summarized genetic variation with a principal
component analysis (PCA) using the R package LEA (Frichot and
Francois 2015).

Identifying Candidate SNPs for Local Adaptation

We combined 2 genome scan approaches to identify SNPs poten-
tially under clinal selection. Both approaches compare the distri-
bution of allele frequencies relative to a neutral model (Lewontin
and Krakauer 1973; Beaumont and Nichols 1996). We used the
program pcadapt 4.0 (Luu et al. 2017) to look for SNPs showing
evidence of local adaptation. This program ascertains population
structure with K principal components (PCs) and identifies SNPs
strongly associated with this captured population structure, as
measured by a vector of K Z-scores. Relative to 3 other genome
scan programs, pcadapt was found to be the most powerful method
under a model of range expansion (Luu et al. 2017). We used the
scree plot of a PCA to estimate the number of PCs to ascertain
population structure, testing 20 PCs in transect A and 30 in tran-
sect B (Supplementary Figures S1 and S2). However, our decision
was ultimately based on having a well-calibrated null hypothesis,
demonstrated by a histogram with uniform P values and a peak
near zero. We plotted histograms for the first 2, 3, 4, and 5 PCs
and selected 3 PCs as it showed the best calibrated histogram for
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both transects (Supplementary Figures S3 and S4). Having well-
calibrated P values is an indication that confounding factors (e.g.,
genetic drift, isolation-by-distance) have been properly taken into
account (Frangois et al. 2016). We used 3 PCs to capture population
structure in both transects. The test statistic employed by pcadapt
to identify candidate SNPs is the Mahalanobis distance. We cor-
rected for multiple hypothesis testing with the false discovery rate
(FDR) method of Storey and Tibshirani (2003), implemented in the
R package qualue (Storey et al. 2018). We applied a FDR threshold
of 0.10 to identify candidate SNPs.

Our second approach for detecting candidates under selection in-
volved testing for clinal variation deviating from neutrality along an
environmental variable (e.g., Haldane 1948; Waldvogel et al. 2018).
To do this, we applied latent factor mixed models (LFMM; Frichot
et al. 2013) using the package LEA (Frichot and Francois 2015)
and tested for SNPs with allele frequencies significantly associated
with winter climate, the range-limiting factor. Comparative studies
have shown LFMM provides a good trade-off between power and
error rate and performs well under a variety of sampling schemes
(De Villemereuil et al. 2014: Lotterhos and Whitlock 2015). LFMM
accounts for population structure using statistical models called la-
tent factors. These random factors attempt to control for the con-
founding effects of population structure and isolation by distance
(Frichot et al. 2013; Francois et al. 2016). The choice of how many
latent factors to use was informed by the number of genetic clus-
ters present in the data set, which we evaluated using the computer
program sNMF (Frichot et al. 2014) and the minimal cross-entropy
criterion implemented in LEA. Two latent factors were used in both
transects (Supplementary Figures S5 and S6). LFMM is based on
a Markov Chain Monte Carlo approach and uses the Gibbs sam-
pling algorithm for parameter estimation. We applied 15 repeti-
tions of 20 000 iterations with 10 000 for burn-in. We combined
the Z scores from the 15 repetitions and computed the median. We
then recalibrated Z scores by dividing by the inflation factor before
computing the P values displayed in the histogram (Supplementary
Figures S7 and S8). We accounted for multiple testing using the
q value procedure and a FDR of 0.10. We obtained climate data
for the most recent decade (2001-2010) available using the plat-
form ClimateNA (Wang et al. 2016). Winter climate, which limits
the range of P. leucopus, was summarized with 4 variables: average
minimum and maximum winter temperature, average minimum
temperature during the coldest month of the year (January), and
winter degree-days below 0 °C (Table 1). Altitude estimates for each
site were obtained from the online platform Geoplaner V2.8 (data
from Google Elevation Service) and incorporated into ClimateNA
to estimate temperature. We reduced winter climate data to a single
dimension by log-transforming absolute values and running a PCA
(centered and scaled) with the prcomp function in base R. The first
PC, which explained all the variance (Supplementary Figure S9), was
treated as the environmental variable.

SNP Annotation and Gene Ontology Enrichment
Analysis

To annotate SNPs, we applied a custom bash script that used
the genomic location of each marker (scaffold and SNP pos-
ition) and gene intervals from the annotation file (.gff3) of the
Pman_1.0 reference genome to map SNPs to protein-coding genes
(“gene_biotype=protein_coding”). We investigated the enrich-
ment of GO terms with the use of the software topGO (Alexa and
Rahnenfuhrer 2016). We first retrieved gene attributes (“go_id” and

“external_gene_name”) from the Pman_1.0 database on ensembl
(Zerbino et al. 2017) using the package biomaRT (Durinck et al.
2005; Durinck et al. 2009). To test for overrepresentation of bio-
logical processes in candidate SNPs, we used the “classic” algorithm,
which tests each GO term independently, and Fisher’s exact (Alexa
and Rahnenfuhrer 2016). Within each transect, the GO analysis was
based on a comparison between the list of candidate genes under
clinal selection and the list of genes present in the respective SNP
dataset (“gene universe,” Alexa and Rahnenfuhrer 2016). To avoid
false positives, we required a minimum of 5 nodes per GO term (i.c.,
5 genes annotated per GO term).

Results

Genetic Diversity and Population Structure

Overall, we find slightly less genetic variation in individuals from
transect A (north of the St. Lawrence River) than in individuals from
transect B (Table 2). However, we find that the northern-most site

(i.e., A3) shows relatively low F,, or excess heterozygosity, perhaps

18
due to out-crossing with an unsampled population. Genome-wide
levels of F_ range from 0.057 (A2-A3) to 0.101 (A1-A3) in transect
A (mean: 0.075, Supplementary Table S1), and from 0.037 (B3-B4)
to 0.070 (B1-B4) in transect B (mean: 0.052, Supplementary Table
S2). We evaluated whether alleles across all SNPs are drawn from
the same distribution in each pairwise comparison to test for signifi-
cant divergence. The result was “highly significant” for all pairwise
comparisons (Supplementary Tables S1 and S2). A highly significant
result is reported when a test yields a zero P value estimate (Rousset
2019). PCA on genomic variation also shows that individuals gener-
ally cluster according to sampling locality (Figure 2).

Outlier SNPs

Using pcadapt, we detected 598 (2.8%) candidate SNPs in transect
A and 1177 (1.5%) in transect B (referred to as “pcadapt-outliers”
hereafter). With LEMM, 281 SNPs (1.3%) showed a significant
gene—environment correlation in transect A and 529 SNPs (0.67%)
in transect B (“LFMM-outliers” hereafter). Within transects, looking
for overlap between methods we find 37 in transect A (0.17%) and
137 (0.17%) in transect B (“pcadapt-LFMM-outliers” hereafter).
We found no overlap of pcadapt-LEMM-outliers across transects.
However, traits under climate-induced selection may be polygenic
and selection reflected as subtle shifts in allele frequency at indi-
vidual SNPs. Thus, requiring that a SNP be a candidate in pcadapt
and LEMM may be overly conservative as it requires that SNPs show
relatively large differences in allele frequency, in addition to a sig-
nificant association with the environment. We therefore also looked
for parallelism among LFMM-outlier SNPs. First, we found that

Table 2. Measures of expected heterozygosity (H,), observed het-
erozygosity (H,), nucleotide diversity (xt), and the inbreeding coef-
ficient (F) for each collection site across all SNPs

Site ID H, H, m Fy

Al 0.184 0.260 0271 0.252
A2 0.148 0.235 0.250 0.269
A3 0.239 0.250 0.257 0.057
B1 0.234 0.267 0.275 0.118
B2 0.237 0.253 0.272 0.086
B3 0.221 0.259 0.267 0.134
B4 0.223 0.260 0.268 0.130
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Figure 2. Summary of genetic variation using PCA of 2 Peromyscus leucopus lineages north (transect A) and south (transect B) of the St. Lawrence River.

191/281 LFMMe-outliers in transect A and 83/529 LEMM-outliers A hypergeometric test showed that an overlap of 7 SNPs is more
in transect B are part of the 14 687 “shared SNPs” across tran- than expected by chance (P value = 1.2 x 107%), considering the
sects. Between these shared SNPs that are LEFMM-outliers (i.e., 191 number of shared SNPs. However, only 2 of the 7 candidate SNPs
and 83), we found an overlap of 7 SNPs (Supplementary Table S3). have allele frequencies that are in the same direction (increasing)
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in both transects, while the others are anti-parallel (Figure 3). We in protection against iron-induced oxidative stress (O’Neill et al.
found that the 2 SNPs that have parallel allele frequencies each 2005). Less is known about the function of Fhadl, but it contains a
map to a different gene, Fxn and Fhadl. The gene Fxn plays a role region coding for a forkhead-associated domain. Other genes with

6102 Joquiadaq 90 Uo Jasn saueiqi Ausioniun (199 AQ £681€SS/789/9/01 LAOBASGE-0[0ILE/PRISY[/LI0 dNO DILSPEDE//:SANY WOI) POPEOJUMOQ



690

Journal of Heredity, 2019, Vol. 110, No. 6

forkhead and forkhead-associated domains have functions related
to histone H3 modification during the G2/M phase of cell division
(Prigent and Dimitrov 2003; Rieder 2011), which is consistent with
the putative functional targets of clinal selection found in this study
(see Potential functional roles of candidate SNPs). In both transects,
3 of the anti-parallel SNPs have opposite alleles fixed at sites repre-
senting the limits of the gradient. Two of these map to genes involved
in the nervous system (genes Grin2a and Metrn).

Allele Frequency Clines

Within each transect, we fit a LOESS curve to our pcadapt-LEMM-
outlier frequencies to visualize how genomic variation putatively
under natural selection changes with the environmental gradient
(Figure 4). Some outlier SNPs have reference alleles (i.e., major al-
lele) that increase in frequency along the gradient, while other out-
liers have alleles that decrease in frequency. Notably, in transect B,
the 2 smoothed averages of all allele frequencies going in opposite
directions have a similar nonlinear shape, sharing a drastic change of
allele frequencies at similar latitudinal points, between sites B2 and
B3 (Figure 1). Because no significant barrier to dispersal exists be-
tween these 2 sites, this pattern supports a role for natural selection,
where alleles at different SNPs experience a transition in the selective
regime at the same point along the environmental gradient (Vines
et al. 2016; Bradley et al. 2017). In transect A, with fewer pcadapt-
LFMM-outlier SNPs (i.e., wider error bands) and limited to only 3
data points or sites sampled, this pattern is not observed.

SNP Annotation

We assessed the number of genic SNPs and different genes found in
our 2 datasets (Supplementary Figures S10 and S11). We find that
63% of SNPs from transect A map to 5140 different protein-coding
genes (genic SNPs: 13 563; intergenic SNPs: 7492; mean: 2.6 SNPs
per gene). In transect B, 60% of SNPs were found in 9912 different
genes (genic SNPs: 47 221; intergenic SNPs: 32 122; mean: 4.8 SNPs
per gene). Among pcadapt-LFMM-outliers, we find 59% map to
21 different protein-coding genes in transect A (genic outliers: 22;
intergenic outliers: 15, Supplementary Table S4). In transect B, we
find that 64% of outliers map to 77 different genes (genic outliers:
87; intergenic outliers: 50, Supplementary Table S5), with an add-
itional outlier mapping to a pseudogene and one to a genomic region
for long noncoding RNA.

Potential Functional Roles of Candidate SNPs

We hypothesized that selection for climate adaptation in P. leucopus
on the range margin would be reflected as an enrichment of GO
terms relevant to torpor, such as metabolism and behavior. Analysis
of candidate genes shows 57 biological processes overrepresented in
transect A (P < 0.05; Supplementary Table S6) and 123 in transect B
(P < 0.05; Supplementary Table S7). Our GO analysis finds shared
overrepresentation across transects for functions related to glucose
homeostasis and synaptic transmission. Additionally, we find an
overrepresentation of genes for histone acetylation, the G2/M transi-
tion of the cell cycle, and Ca?* transport.

Discussion

We analyzed genome-wide SNPs from P. leucopus on the northern
range margin to identify SNPs associated with winter climate. We
hypothesized that subtle differences in winter climate at the edge
of the species distribution would impose selection on physiological
and behavioral traits for thermal adaptation, and that this would

be reflected as allele frequency changes in genes involved in metab-
olism and the central nervous system. Consistent with expectations,
our results showed evidence of putative clinal selection on genes
for glucose metabolism and synaptic transmission. In addition, we
found enrichment of gene functions related to H3 histone modifica-
tion, Ca?* balance, and the G2/M transition of the cell cycle among
those genes identified as candidates by both genome scans we imple-
mented. However, the evidence of parallelism at the SNP level was
limited, with only 2 SNPs showing parallel clines in allele frequency.

Evidence of Parallel Selection

Parallel evolution is considered strong support for the deterministic
effect of natural selection (Rosenblum et al. 2014). We found limited
evidence of parallelism across transects, with most candidate SNPs
(i.e., LEMM-outliers shared between transects A and B) showing
anti-parallel patterns of allele frequencies. However, we found that 2
SNPs showed parallel allele frequencies and they mapped to different
genes, including a mitochondrial gene (Fx#) involved in the protection
against iron-dependent oxidative stress (O’Neill et al. 2005). Other
mitochondrial genes have been found to have a similar protective func-
tion of guarding against iron-dependent oxidative stress during torpor
(Wu et al. 2015). The other parallel SNP we found maps to Fhadl,
a gene containing a forkhead-associated domain. While the function
of this particular gene is not known, other genes with forkhead and
forkhead-associated domains are known to play important roles at the
G2/M check-point of cell division (Prigent and Dimitrov 2003; Rieder
2011). Consistent with this, we found an enrichment of genes with
functions at the G2/M transition among candidate genes identified as
being under selection by LFMM. The forkhead transcription factors
Fox(0 protect against oxidative stress and are involved in cell cycle
arrest (i.e., quiescence), specifically at the G2/M boundary (Greer and
Brunet 2005). Interestingly, there is evidence that Fox0 transcription
factors protect against oxidative stress (Wu and Storey 2014) and in-
hibit muscle atrophy (Zhang et al. 2016) during torpor. Further func-
tional work is needed to determine whether Fxn and Fhadl have any
functional role in climate adaptation.

There are biological reasons for observing limited parallelism
at the SNP level. For example, our finding of less overlap at the
SNP level than at the functional level is consistent with the idea
that the chance of finding parallel evolution depends on the level
of biological hierarchy investigated (Bolnick et al. 2018). Parallel
evolution of the mutations or genes is less likely than parallel evo-
lution of phenotypes or fitness due to the redundancy of many-to-
one mapping between SNPs, phenotypes, and fitness (Stadler et al.
2001; Thompson et al. 2017). One advantage is that many-to-one
mapping allows for functional modularity of traits. For example, 2
cichlid species have independently evolved to graze on algae through
parallel evolution of jaw protrusion abilities and 4-bar linkage that
arose through nonparallel changes to 4-bar morphologies (Hulsey
et al. 2019). A similar functional convergence has been observed in
labrid fishes (Alfaro et al. 2004).

Another process that can blur the signature of parallel clinal
selection at the SNP level is adaptive introgression (Taylor and
Larson 2019). The ecological consequences of climate change, for
example, range expansion (Roy-Dufresne et al. 2013), may facilitate
the breakdown of reproductive barriers between P. leucopus and P.
maniculatus (Currat et al. 2008; Chunco 2014). Indeed, previous
studies have shown evidence of hybridization between these 2 spe-
cies south of the St. Lawrence River (Leo and Millien 2017; Garcia-
Elfring et al. 2017). This hybridization could lead to the introgression
of adaptive loci from the more cold-adapted P. maniculatus to P.
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Figure 4. LOESS regression fitted to allele frequencies of pcadapt-LFMM-outliers from transect A (n = 37) and transect B (n = 137). Some outliers have reference
(i.e., major) alleles that decrease in frequency along the gradient (blue cline), others increase in frequency (red cline). Lines depict the smoothed trend of allele
frequencies and shaded areas represent 95% confidence bands. See online version for full colors.

leucopus. Hybridization between a local and colonizing species can replacing P. maniculatus as the most abundant Peromyscus species
also lead to the replacement of the local species by the colonizer in some areas of southern Quebec (Millien et al. 2017), although
(Rhymer and Simberloff 1996). There is evidence that P. leucopus is whether hybridization is a factor is not known.
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The limited parallelism at the SNP level was also possibly af-
fected by the use of RAD-seq. Because RAD-seq inherently samples
only part of the genome, many regions under selection could have
been missed. Furthermore, it is also possible that the lack of overlap
across transects between pcadapt-LFMM-outliers was partly due to
the different statistical approaches between LFMM and pcadapt.
While LFMM explicitly tests for associations between environmental
parameters, pcadapt does not. This means that pcadapt can detect
patterns of allele frequency that are consistent with clinal adapta-
tion, but it will be unclear which specific parameters are responsible.
It is possible that pcadapt will detect local adaptation to conditions
along the cline that are not reflected by the particular environmental
factors tested by LFMM, and this may result in a lack of overlap be-
tween outliers using each method.

Signatures of Selection on Gene Functions with
Potential Links to Torpor

Successful overwintering strategies require behaviors appropriate for
the thermal environment. For example, differences in nest-building
and food-hoarding behaviors in anticipation of winter (Pierce and
Vogt 1993) have likely facilitated the establishment of P. maniculatus
in colder latitudes than P. leucopus. We found clinal variation on
genes enriched in functions related to the central nervous system,
which may be the result of subtle behavioral differences between
populations on opposite ends of the gradient. While the genetic basis
of overwintering behavior (e.g., extent of added insulation) is not yet
known, similar complex traits such as burrow construction (Weber
et al. 2013) and reproductive nest building (Bendesky et al. 2017)
are known to be controlled by specific genomic regions in some
Peromyscus species. Our work identifies genomic regions potentially
involved in adaptive behavioral responses to local climate.

Mammals that initiate torpor demonstrate a metabolic switch
from catabolizing glucose to mainly using lipids for energy (Yan
et al. 2008; Melvin and Andrews 2009). Both lineages in this
study showed overrepresentation of gene functions in glucose and
glycogen metabolism among candidate genes. One of the genes asso-
ciated with energy balance is linked to obesity in some human popu-
lations (gene KIf9; Okada et al. 2012). Previous work investigating
genomic targets of adaptation to different thermal regimes in hu-
mans has found candidate genes linked to common metabolic dis-
orders (Hancock et al. 2008) and nutrient metabolism (Fumagalli
et al. 20135). A recent study on P. leucopus revealed signatures of
selection on genes linked to carbohydrate and lipid metabolism on
an urban-rural gradient (Harris and Munshi-South 2017), a gra-
dient which also correlates with temperature. Our results are thus
consistent with the literature indicating metabolic changes are im-
portant for thermal adaptation in mammals.

Although not predicted a priori, we discovered enrichment of GO
terms for H3 histone modification, cell division (G2/M transition),
and intracellular Ca* homeostasis. For example, both lineages shared
evidence of selection for genes involved in histone acetylation. These
findings are consistent with research on the molecular basis of torpor.
Epigenetic mechanisms like histone modification play important roles
in the modulation of metabolism during torpor (Morin and Storey
2006; Alvarado et al. 2015; Tessier et al. 2017; Rouble et al. 2018).
During the initiation of torpor, a reduction of transcriptional ac-
tivity in skeletal muscle is associated with deacetylation of histones
(Morin and Storey 2006), while histone acetylation is up-regulated
in metabolically active brown adipose tissue (Rouble et al. 2018).
Modification of H3 histones are known to have functions in the cell
cycle, interestingly, during the G2/M phase, and in the suppression of

transcription activity (Prigent and Dimitrov 2003). Indeed, there is
evidence that H3 histone modification is involved in the suppression
of gene transcription during torpor (Zhang et al. 2016).

It is also well known that accompanying a reduction of meta-
bolic activity during hibernation is the cessation of cell division.
Mayer and Bernick (1958) documented cellular quiescence in
hibernating ground squirrels. More recently, it was shown that
genes responsible for cell cycle arrest show an increase in expres-
sion during hibernation initiation, while genes promoting cell div-
ision increase during arousal from hibernation (Yan et al. 2008; Wu
and Storey 2012). Work by Turbill et al. (2012) also documented a
difference in telomere length between torpid and nontorpid ham-
sters. The coupling of cell cycle processes with hibernation may
reflect an adaptation against oxidative stress and premature senes-
cence (i.e., cellular aging) during nonreproductive periods of time
(Turbill et al. 2012).

Finally, we found an overrepresentation of genes involved in Ca?*
homeostasis among SNPs showing strong allele frequency clines.
Precise regulation and compartmentalization of intracellular Ca?*
have been found to be adaptations for proper heart function (Wang
et al. 2002; Yatani et al. 2004; Nakipova et al. 2017) and, interest-
ingly, against muscle atrophy (Cotton 2016; Fu et al. 2016; Guo et al.
2017) during hibernation. Overall, the enrichment of gene functions
related to glucose metabolism, neural circuitry, histone modification,
cell division, and Ca* balance suggest that P. leucopus on the range
margin in southern Quebec have physiological phenotypes linked to
torpor under clinal selection.

We note that our analysis only provides indirect inferences about
associations of candidate SNPs and adaptive function and fitness
(Nielsen 2009; Barrett and Hoekstra 2011; Pavlidis et al. 2012). We
are also limited by sample size (i.e., collection sites) in our ability to
pick-up clinal signals. This is especially the case in transect A, where
we have data from only 3 sites. The role that outlier SNPs found in
this study have in climate adaptation should therefore be viewed
with caution. With further functional work the link, if any, of our
candidate SNPs to climate adaptation can be clarified.

Conclusion

We found signatures of selection reflected as allele frequency clines
along a latitudinal gradient, although evidence for parallelism was
limited. Our findings suggest that P. leucopus populations on the
northern range limit have experienced clinal selection for gene func-
tions associated with energy balance, the central nervous system,
histone modification, cell division, and intracellular Ca** regula-
tion. We speculate that these functions play a role in torpor, but
further work making the genotype-phenotype-fitness link is needed
to reach strong conclusions. Nonetheless, our findings add to our
understanding of the genetics of thermal adaptation in small mam-
mals and sheds light on the functional targets of selection expected
with climate change.
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