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the presence of 89.3% complete BUSCOs, 0.9% of duplicates, and 
9.0% missing, excluding unplaced scaffolds. As anticipated based 
on karyotypic analyses (Smalec et al. 2019), we found no significant 
variation in chromosome number or major interchromosomal re-
arrangements between P. crinitus and P. maniculatus (Supplementary 
Figure S4). We annotated 17 265 total protein-coding genes in the 
P. crinitus genome. Similar to other Peromyscus species, LINE1 (long 
interspersed nuclear elements) and LTR (long terminal repeats) elem-
ents comprised 22.7% of the repeats in the P. crinitus genome, with 
SINEs (short interspersed nuclear elements) representing an add-
itional 9.6% (Supplementary Table S5). Although similar to other 
Peromyscus species, P. crinitus has the greatest total repeat content 
(>37%; see Tigano et al. 2020, Supplementary Table 2).

Population Genomics
MDS analysis parsed the 3 species into 3 well-separated clusters and 
identified no outliers or evidence of admixture (Supplementary Figure 
S6). NGSadmix identified all 3 species as a single group (K = 1) with 
the highest likelihood, but a 3-population model neatly parsed the 3 
species as expected (Supplementary Figure S7, Supplementary Table 
S8). NGSadmix analysis, which is more sensitive to low sample sizes 
than MDS analyses, showed putative admixture in P. crinitus with at 
least 3 individuals displaying 11–27% ancestry from P. eremicus and 
additional material from P. maniculatus (4–16%). Variable samples 
sizes may impact assignment certainty and expanded sequencing of 
additional Peromyscus species and populations will be required to 
identify potential sources of introgressed material. Four P. eremicus 
individuals had <90% assignment probability to the P.  eremicus 
species cluster, with a maximum of 15% assignment to a different 
species cluster. Identification of admixture in both species was not 
biased by differences in coverage, as low (2×), medium (8×), and 
high coverage (17×) samples were found to be admixed at a <90% 
assignment threshold (Supplementary Figure S9). No P. maniculatus 
individuals were identified as admixed.

PSMC estimates of historical demography (>10 kya, 
Nadachowska-Brzyska et  al. 2016) show greater variance and a 
higher overall Ne for P.  crinitus relative to P.  eremicus (Figure 2). 
Demographic estimates for P. maniculatus are included as an add-
itional comparison but should be interpreted with caution as they 
are based on sequence data from a captive-bred individual and may 
not accurately reflect the demography of wild populations.

Selection and Convergence
Sweepfinder2 results were generally consistent across downsampled 
(N = 5) and all-sample datasets (9 P. crinitus, 26 P. eremicus). For 
example, there were no significant sweep sites identified on chromo-
some 21 for P.  crinitus using either dataset, and although more 
sweeps were significant on chromosome 23 for the downsampled 
dataset (16 vs. 8), 15 of the 16 sweeps were proximal to a single 
protein-coding gene (S15A3) that was also identified as experiencing 

a significant sweep when using all available data. All genes proximal 
to significant sweep sites in the downsampled P. crinitus dataset were 
also identified when all samples were analyzed. Six additional genes 
were identified as experiencing selective sweeps when the complete 
dataset was evaluated. Results for P. eremicus were slightly less con-
sistent: identical numbers of sweep sites were detected on chromo-
somes 22 and 23 with additional significant sweep sites identified on 
chromosome 21 when all samples were examined. The majority of 
sweep sites on chromosome 21 in P. eremicus were proximal to G3P, 
which represented a significant sweep in both downsampled and all-
sample datasets; however, there were 8 additional protein-coding 
genes proximal to significant sweep sites that were detected using 
the downsampled dataset, but not detected when all samples were 
included in the analysis (e.g., Peripherin-2, BICRAL, Mrps18b). We 
hypothesize that population structure may increase inconsistency in 
these results, as the 26 P. eremicus samples represent 2 populations 
(MOT and DCDRC) and 3 distinct collection events (MOT 2018, 
DCDRC 2009, and DCDRC 2018; Supplementary Table S1), whose 
representation in the reduced dataset may vary due to different 
sample sizes and random selection of downsampled individuals. 
While the study design does not allow us to distinguish between type 
1 and type 2 statistical errors, we hypothesize that inconsistencies 
are related to differences in statistical power, with greater power in 
the full datasets relative to the subsampled datasets.

Within P.  crinitus we identified a total of 209 significant 
sweep sites (Supplementary Table S10), with 104 sites localized 
on chromosomes 9 and 16 experiencing major selective sweeps 
(Figure 3). We found 239 total significant sweep sites for P. eremicus 
(Supplementary Table S11, Supplementary Figure S12). Despite the 
large size of chromosome 1 and strong signature of selective sweeps 
in P. eremicus, we found no significant sweep sites on this chromo-
some for P. crinitus. Finally, we identified a total of 213 significant 
sweep sites for P. maniculatus (Supplementary Table S13), with 103 
sites located on chromosome 4. Despite general chromosomal syn-
teny among Peromyscus species (Supplementary Figure S4; Tigano 
et al. 2020), the chromosomal distribution of sweep sites differed 
among species. For example, P. eremicus had at least one significant 
sweep detected on every chromosome, while sweeps were only de-
tected on 8 and 13 chromosomes in P. maniculatus and P. crinitus, 
respectively. We found a number of sweep sites were concentrated 
on chromosome 9 for both desert specialist species, with additional 
significant sweep sites for P.  crinitus localized on chromosome 
16 (Figure 3, Supplementary Figure S12; Supplementary Tables 
S10 and S11). Sweeps in P.  eremicus were widespread across the 
genome, with a large peak (56 significant sweep sites) on chromo-
some 1 (Supplementary Table S11; Supplementary Figure S12). 
Peromyscus maniculatus sweeps fell primarily on chromosomes 4 
and 20 (Supplementary Table S13). The chromosomal distribution 
of significant sweep sites does not appear to be driven by differ-
ences in coverage (Supplementary Table S14). Average sequencing 
depth for 10 kbp windows surrounding each significant sweep 

Table 1.  Assembly stats, genome size, and global Tajima’s D and pi (1 kbp windows) for each Peromyscus species

Species N Scaffold N50 Contig N50 Size (Gb)a Size (Gb)b Taj. D π

Peromyscus crinitus 9 94 816 992 204 461 2.27 2.28 −0.69 0.005
Peromyscus eremicus 26 119 957 392 76 024 2.45 2.54 −1.27 0.007
Peromyscus maniculatus 5 115 033 041 42 400 2.33 2.44 −1.62 0.012

aabyss-fac estimate.
bassemblathon estimate.
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site did not differ significantly from the global average sequencing 
depth for P. crinitus (P = 0.25) or P. maniculatus (P = 0.28). Local 
(10 kbp window) coverage surrounding significant sweeps for 

P.  eremicus were less consistent (Supplementary Tables S10, S11, 
S13; Supplementary Results). Fourteen of 232 significant sweep sites 
(6%) in P. eremicus exhibited extreme local sequencing depths of 0 
or >1000, leading to a significant difference between overall mean 
sequencing depth and sequencing depth surrounding sweep sites 
(P = 0.03), with sweep windows exhibiting higher sequencing depths 
on average (73 vs. 25). If the 14 anomalous values are excluded, 
sequencing coverage does not differ (P = 0.37) for P. eremicus.

The effect of a selective sweep extends beyond the specific site 
identified as the target of positive selection; hence, putative outliers 
(CLR > 99.9%) are indicative of a sweep in the 10 kbp window but 
the specific nucleotides under selection cannot be identified. Coding 
genes represent only a small proportion of the genome, therefore, if 
a sweep site does not fall within a coding region, we assume that 
the target of selection may be a regulatory element that affects gene 
expression of proximal coding genes. Under this assumption, we 
hierarchically examined protein-coding genes most proximal to 
each sweep site and chose not to set a distance threshold, as regu-
latory elements are known to affect genes up to hundreds of kb 
away (e.g., Wallbank et  al. 2016). On average, the distance from 
a sweep site to the nearest coding gene was 45 kbp in P. crinitus 
(range: 31–439  122  bp, median  =  5 kbp) and much greater for 
both P.  maniculatus (average: 152 kbp; range: 190–513  562  bp, 
median  =  111 kbp) and P.  eremicus (average: 117 kbp; range: 
38–1 423 027 bp; median: 35 kbp), despite high assembly qualities 

Figure 2.  Distributions of effective population size (Ne) through time for 
Peromyscus crinitus (red/top), Peromyscus eremicus (blue/bottom), and 
Peromyscus maniculatus (yellow/middle) based on a generation time of 
6 months (0.5 years) and a general mammalian mutation rate of 2.2 × 10−9 
substitutions/site/year. Note that the P. maniculatus genome was sequenced 
from a captive individual and therefore does not reflect natural populations’ 
trends of this species. CLR scores for P.  crinitus based on Sweepfinder2 
results. Values above the horizontal red line surpass the 99.9th percentile. The 
top 5 or fewer unique genes are labeled for each chromosome. See online 
version for full colors.

Figure 3.  REVIGO plots of enriched functional groups for Peromyscus crinitus (top row) and Peromyscus eremicus (bottom row) based on functional annotation 
of the 2 nearest protein-coding genes to each site (dataset II) identified as the subject of a selective sweep. Darker colors indicate greater significance. MP, 
metabolic process, MB, membrane-bound. See online version for full colors.
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Limited Evidence of Parallel Evolution
Identification of similar genes or functional groups under selection 
in different species adapted to similar environments can provide evi-
dence in support of parallel evolution. In contrast, we found limited 
evidence of parallel evolution among desert-adapted Peromyscus. 
Few to no enriched GO terms overlapped between desert specialists 
(Figure 5). Only GO terms relating to ribosomes (e.g., “ribosome,” 
“ribosomal subunit,” “cystolic ribosome,” etc.) overlapped between 
all 3 Peromyscus species examined, with the most significant overlap 
in GO terms occurring between P.  eremicus and P.  maniculatus. 
Although P. maniculatus are not generally xerocoles, the individuals 
sequenced here were collected in arid regions of southern California 
(subspecies P. m. sonoriensis). Therefore, the shared signature of se-
lection on ribosomes across all examined Peromyscus, whether it 
reflects parallel evolution or the selective retention of shared ances-
tral polymorphisms, may be associated with adaptation to hot and 
dry conditions or more broadly relate to thermoregulatory plasticity 
among Peromyscus rodents. Few genes proximal to selective sweeps 
were shared among all species, with only one instance of significant 
overlap: 10 genes were shared between the 2 desert specialists under 
dataset III (Figure 5). Although dataset III may be confounded by ex-
cess noise through the inclusion of additional protein-coding genes, 
this signature is potentially consistent with a parallel evolution. 
Again, many of the genes shared between P. crinitus and P. eremicus 
are directly related to ribosomal functionality (e.g., RL36, RS26, 
RL15) and also shared with P. maniculatus. Determining whether 
these sweeps are the result of shared new mutations or ancestral 

variation and whether selection on ribosomal functionality is unique 
to desert-adapted taxa or more broadly relevant to the genus will 
require additional tests for selection and expanded taxonomic sam-
pling across the genus Peromyscus.

Cellular damage accumulates quickly in desert environments as 
a consequence of increased thermal and osmotic stress (Lamitina 
et  al. 2006; Burg et  al. 2007). In response, expression changes 
modulate osmoregulation by removing and replacing damaged 
proteins to prevent cell death (Lamitina et al. 2006); hence, ribo-
somes, which play a critical role in protein synthesis and degrad-
ation, are central to thermoregulatory responses (Porcelli et  al. 
2015). Although we did not find significantly expanded or con-
tracted gene families within the genus Peromyscus, previous inves-
tigations of the entire Myodonta clade within Rodentia identified 
multiple expanded or contracted gene families associated with 
ribosomes in P. eremicus (Tigano et al. 2020). Here, ribosomes ap-
pear to be a potential target of parallel evolution in desert-adapted 
Peromyscus, yet this genomic signature is not unique to this genus, 
nor to desert-adapted species. First, the relative abundance of 
ribosome-associated genes throughout the genome (>1000 GO 
annotations pertaining to ribosomes, Bult et  al. 2019) may in-
trinsically increase the representation of this functional group, es-
pecially at coarse resolution (10 kbp windows). Second, selection 
on ribosomal functionality may be commonly experienced across 
many species adapted to distinct thermal environments (meta-
zoans; Porcelli et  al. 2015). Ribosomes are evolutionarily linked 
to the mitochondrial genomes of animals (Barreto and Burton 

Figure 5.  Overlap in proximal gene names (top row) and enriched GO terms (bottom row) for datasets I  (left column), II (center), and III (right). * indicates 
significant overlap between species. See online version for full colors.

296� Journal of Heredity, 2021, Vol. 112, No. 3
D

ow
nloaded from

 https://academ
ic.oup.com

/jhered/article/112/3/286/6158454 by guest on 04 January 2022



2013; Bar-Yaacov et al. 2012) and accelerated mitochondrial evo-
lution in animals has led to compensatory, rapid evolution of ribo-
somal proteins (Bar-Yaacov et al. 2012; Osada and Akashi 2012; 
Barreto and Burton 2013). Rapid mitochondrial diversification 
within Peromyscus (Riddle et al. 2000; Bradley et al. 2007; Platt 
et al. 2015), coincident with the ecological radiation of this genus 
(Lindsey 2020), suggests that equivalent, recent selection on ribo-
somal proteins may be a key evolutionary innovation that enabled 
Peromyscine rodents to successfully and quickly adapt to varied 
thermal environments. Alternatively, broad selection on ribosomes 
across all species may also contribute to other, varied aspects of 
these species biology. Comparisons among additional Peromyscus 
species will be necessary to test these hypotheses in detail.

Evaporative cooling through sweating, panting, or salivating in-
creases water loss and challenges osmoregulatory homeostasis in a 
hot and dry climate (McKinley et al. 2018). Thermal stress exacer-
bates dehydration by increasing evaporative water loss and if un-
treated, can lead to cognitive dysfunction, motor impairment, and 
eventually death. In consequence, osmoregulatory mechanisms are 
often under selection in extreme thermal environments (MacManes 
and Eisen 2014; Marra et al. 2014). Consistent with the importance 
of osmoregulation in desert species, 4 of the 10 protein-coding genes 
that experienced a significant selective sweep and were shared be-
tween desert specialist species (dataset III) are involved in ion balance 
(Table 3). Proteins trypsin-2 (TRY2) and trimeric intracellular cation 
channel type-B (TM38B) are associated with sweeps in both desert 
specialists and are involved in calcium ion (Ca2+) binding and release, 
respectively. DNA-directed RNA polymerase III (RPC1) has also ex-
perienced a significant sweep in both desert specialists and influences 
magnesium (Mg2+) binding. Calcium and magnesium cations are 
among those essential for osmoregulation (also, Na+, K+, Cl−, HCO3

−; 
Stockham and Scott 2008) and parallel selection on these genes is 
consistent with the hypothesis that solute-carrier proteins are es-
sential to maintaining homeostasis in desert-specialized rodents 
(Marra et al. 2014; Kordonowy and MacManes 2017). Additional 
genes involved in osmoregulation were identified as experiencing se-
lective sweeps only in P. crinitus (Table 2; Supplementary Table S10). 
Prostatin (PRSS8), only found to be under selection in P. crinitus, 
is critically responsible for increasing the activity of epithelial so-
dium (Na+) channels, which mediate sodium reabsorption through 
the kidneys (Narikiyo et al. 2002). Two more genes associated with 
Ca2+ regulation (PRSS2 and TRYP) and other genes regulating zinc 
(KLK4) and iron (NCOA4) were also identified as targets of se-
lective sweeps exclusively in P. crinitus.

Genomic scans for selective sweeps based on the SFS are only one 
way to detect signatures of parallel evolution and these methods can 
be sensitive to missing data, including low-coverage and small sample 
sizes; thus, the putative roles of these candidate genes in desert adap-
tation remains to be explored using additional methods with increased 
sequencing depth (Booker et al. 2017; Weigand and Leese 2018) and 
other experimental approaches (e.g., MacManes 2017).

Metabolic Tuning: Proteins-for-Water or Lipids-for-
Torpor?
Hot deserts experience dramatic fluctuations in both food and 
water availability that challenge species survival (Noy-Meir 1973; 
Silanikove 1994). Mammals accommodate high temperatures by 
increasing body temperatures, to a point, and cold temperatures by 
aerobic thermogenesis or metabolic suppression via the initiation 
of torpor or hibernation (Levesque et  al. 2016). When resources 

are scarce, metabolism relies exclusively on endogenous nutrients; 
carbohydrates (e.g., sugars, glucose) are consumed immediately, 
then lipids, and eventually, proteins. Protein oxidation has a low-
energy return relative to lipid catabolism (Bar and Volkoff 2012), 
but yields 5 times more metabolic water (Jenni and Jenni-Eiermann 
1998; Gerson and Guglielmo 2011a, 2011b; McCue et  al. 2017). 
Therefore, in a low-water environment an early shift to protein ca-
tabolism during periods of resource limitation may represent an 
important water source for desert species (e.g., protein-for-water hy-
pothesis; Mosin 1984; Jenni and Jenni-Eiermann 1998; Gerson and 
Guglielmo 2011a, 2011b). Consistent with this hypothesis, we iden-
tified numerous candidate genes that experienced selective sweeps 
in P.  crinitus and that are involved in the detection of metabolic 
stress and shifts in metabolic fuel consumption. For example, the 
gene eIF-2-alpha kinase GCN2 (E2AK4), which is responsible for 
sensing metabolic stress in mammals and required for adaptation to 
amino acid starvation, experienced the strongest selective sweep on 
chromosome 4 in P. crinitus (Figure 3; Harding et al. 2003; Baker 
et al. 2012; Taniuchi et al. 2016). Numerous candidate genes involved 
in oxidation (Oxidoreductase NAD-binding domain-containing 
protein 1 [Oxnad1]), fat catabolism (Kallikrein-6 [KLK6]), protein 
processing (Kallikrein-13 [KLK13]), and proteolysis (Kallikrein 
[KLK4, KLK13], Trypsin [PRSS2, TRYP, TRY2], Chymotrypsin-like 
elastase family member 2A [CELA2A]) were associated with signifi-
cantly enriched GO terms in P.  crinitus. Proteolysis was the most 
enriched functional group in P.  crinitus (Figure 4; Supplementary 
Table S15), potentially supporting the protein-for-water hypothesis.

In contrast to the protein-for-water hypothesis, efficient lipid ac-
quisition and storage may be critical to enabling heat- and drought-
induced torpor (Buck et  al. 2002; Melvin and Andrews 2009), 
which allows long duration, low energy survival in desert-adapted 
species, including Peromyscus. Significant weight loss in experimen-
tally dehydrated P.  eremicus and enhanced thermogenic perform-
ance of high-altitude–adapted deer mice have been associated with 
enhanced lipid metabolism (Cheviron et al. 2012; Kordonowy et al. 
2016). At high altitudes, increased lipid oxidation enables aerobic 
thermogenesis, but in hot deserts, lipids may represent a valuable 
energy source in a food-scarce environment (e.g., lipids-for-torpor 
hypothesis). Two additional candidate genes, DCC-interacting 
protein 13-alpha and -beta (APPL1, APPL2), experienced signifi-
cant selective sweeps in P.  crinitus and are important in glucose 
regulation, insulin response, and fatty acid oxidation, potentially 
supporting the lipids-for-torpor hypothesis. Laboratory manipu-
lations of APPL1 demonstrate protection against high-fat diet-
induced cardiomyopathy in rodents (Park et al. 2013) and APPL2 
is responsible for dietary regulation, cold-induced thermogenesis, 
and cold acclimation (uniprot.org). Together, these genes play a role 
in both obesity and dietary regulation. Both APPL genes are asso-
ciated with obesity and nonalcoholic fatty liver disease and their 
sweep signature in P. crinitus has relevant connections to biomed-
ical research that remain to be explored (Jiang et al. 2012; Barbieri 
et  al. 2013). Physiological tests will be essential to determine 
whether desert-adapted deer mice prioritize proteins or fats during 
periods of resource limitation (e.g., lipids-for-torpor) or extreme de-
hydration (e.g., protein-for-water hypothesis).

Molecular rewiring of metabolic processes in response to envir-
onmental conditions has been documented in a number of species 
(e.g., mammals, Velotta et al. 2020; birds, Xie et al. 2018; fruit flies, 
Mallard et al. 2018), but expression changes can also impact spe-
cies metabolism (Cheviron et al. 2012; Storz and Cheviron 2016). 
The capacity for rapid molecular adaptation to distinct thermal 
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environments through either transcriptomic regulation or changes 
to protein-coding genes, combined with thermoregulatory behav-
ioral fine-tuning (e.g., nocturnality, aestivation, food caching, bur-
rowing, dietary shifts), suggests there may be many evolutionary 
strategies available for small mammals to accommodate increasing 
temperatures. Anthropogenic change, however, is occurring at a rate 
that far outpaces the evolutionary timescales on which these adapta-
tions have naturally evolves; Thus, while metabolism and metabolic 
plasticity represent fundamental phenotypes for anticipating species 
survival under altered climate scenarios natural selection, alone they 
may be insufficient for species survival.

Different Evolutionary Strategies, Same Result
Diverse functional enrichment of the P. crinitus genome (Figure 4), 
spanning metabolic and osmoregulatory functions, in addition to the 
general functional enrichment of ribosomes, identifies a number of 
candidate loci worthy of detailed examination. Future comparisons 
across populations and environments will help determine the influ-
ence of these loci and others in thermoregulation, dehydration tol-
erance,  and other adaptive traits. Significant selective sweeps that 
are not shared among desert specialists, including most of the loci 
detected here, may still be related to desert adaptation but could also 
be related to other aspects of this species biology.

There are multiple evolutionary routes to achieve environmental 
adaptation, most notably through genomic changes in protein-
coding genes or transcriptional regulation of gene expression. Lack 
of evidence for parallel evolution between desert specialists, the 
proximity of significant selective sweeps to protein-coding genes, 
diverse functional enrichment of P. crinitus relative to P. eremicus, 
and previous gene expression results for P. eremicus (Kordonowy 
and MacManes 2017; MacManes 2017) lead us to hypothesize 
alternative evolutionary strategies for each desert specialist, each 
shaped by their independent demographic histories: P. crinitus pri-
marily through changes in protein-coding genes and P.  eremicus 
primarily through transcriptional regulation. Evidence of many sig-
nificant sweep sites in the P.  eremicus genome, located more dis-
tant from protein-coding genes, and with functional enrichment 
restricted to ribosomes, suggests that adaptation in this species may 
be driven more by selection on regulatory or noncoding regions of 
the genome that impact gene expression, a hypothesis that is con-
sistent with transcriptomic investigations in this species (MacManes 
and Eisen 2014; Kordonowy and MacManes 2017) and other 
Peromyscus and rodents (Cheviron et al. 2012; Marra et al. 2014; 
Storz and Cheviron 2016). Without equivalent gene expression data 
for P. crinitus, we cannot eliminate a similarly important role for 
transcriptional regulation and look forward to testing this hypoth-
esis in greater detail with RNAseq data. Transcriptional regulation 
is a particularly useful mechanism for environmental acclimation, 
as these changes are more transient relative to genomic changes and 
can enhance phenotypic flexibility (Garrett and Rosenthal 2012; 
Rieder et  al. 2015; Liscovitch-Brauer et  al. 2017). Reduced vari-
ation is expected near selective sweeps and can encompass tens to 
thousands of adjacent nucleotides depending on recombination and 
the strength of selection (Fay and Wu 2000; Carlson et al. 2005), 
yet counter to expectations, Tajima’s D and nucleotide diversity for 
regions flanking putative selective sweeps were significantly higher 
than the global average for most comparisons (Supplementary 
Table S20). The same observation, of elevated Tajima’s D and nu-
cleotide diversity surrounding selective sweeps, was also made 
in P.  eremicus (Tigano et  al. 2020). This counterintuitive pattern 

also holds across different window sizes (1 kbp, 10 kbp) and war-
rants further investigation.

Placing the results of selective sweep analyses within an evo-
lutionary framework is important to interpreting adaptive evo-
lutionary responses, including the order and sequence of such 
events. The genus Peromyscus originated approximately 8 Mya, 
followed by a massive radiation around 5–6 Mya, which  prob-
ably led to the divergence of a monophyletic desert-adapted clade. 
The ancestral state of this clade remains unknown, but species 
therein likely colonized arid environments through either a single 
or multiple invasions, followed by additional interspecific diver-
gence  (Platt et al. 2015). The expansion of North American de-
serts following the conclusion of the last glacial maximum (~11 
Kya; Pavlik et al. 2008) constrains the adaptive timescales of con-
temporary desert-adapted species. The consistently low and stable 
effective population size of P. eremicus over deep time scales sug-
gests that this species has historically harbored less standing gen-
etic variation, despite equivalent contemporary levels diversity 
relative to P.  crinitus (Figure 2). Evolution and adaptation are 
more impacted by genetic drift in species with small population 
sizes (Allendorf 1986; Masel 2011). Peromyscus crinitus, which 
historically has a much larger effective population size, is expected 
to have a broader pool of variation for selection to act upon over 
longer evolutionary timescales, consistent with the higher diver-
sity of genes and enriched GO terms observed as experiencing 
selective sweeps in P. crinitus. From a demographic perspective, 
regulation of gene expression would be a more expedient means 
of environmental adaptation available to P. eremicus (Allendorf 
1986; Barton 2010; Neme and Tautz 2016; Mallard et al. 2018), 
whereas the maintenance of higher effective population size of 
P. crinitus would enable more rapid evolution of protein-coding 
sequences due to the reduced impact of genetic drift, larger pool of 
standing genetic variation, and potentially, gene flow. Peromyscus 
crinitus experienced a historical demographic bottleneck prior to 
the formation of North American deserts; Nevertheless, the re-
covered effective population size of this species is much larger 
than P. eremicus and consistent with low levels of detected admix-
ture in P. crinitus (Supplementary Figure S7, Supplementary Table 
S8). Consistently, negative Tajima’s D values can also indicate 
population expansion following a bottleneck. Evidence of a his-
torical bottleneck is further reinforced by moderate to high levels 
of nucleotide diversity in P.  crinitus. Repeated growth and con-
traction of rivers in the American Southwest during Pleistocene 
glacial-interglacial cycles (0.7–0.01 Mya; Muhs et al. 2003; Van 
Dam and Matzke 2016) would have provided iterative opportun-
ities for connectivity between incompletely isolated Peromyscus 
species and historical hybridization between P. crinitus and one or 
more Peromyscine species, likely unsampled here, may have con-
tributed to adaptation in P. crinitus. Low-coverage whole-genome 
resequencing is optimal for population genomics investigations 
(O’Rawe et al. 2015; da Fonseca et al. 2016), but limits detailed 
analyses of historical introgression and we look forward to testing 
this hypothesis with expanded population sampling and increased 
sequencing depth. Finally, linkage disequilibrium decays faster in 
larger populations, where recombination is higher, therefore the 
shorter distance between significant sweep sites and the nearest 
coding gene in P. crinitus could also be a consequence of the larger 
historical population sizes of this species relative to P. eremicus. 
However, the evolutionary scales of PSMC and Sweepfinder2 do 
not overlap, as  PSMC characterizes historical demography be-
yond 10 kya, whereas selective sweeps have occurred recently. 
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Overall, incorporating an evolutionary perspective into the in-
terpretation of selection patterns has important implications for 
understanding species responses to changing climate, as historical 
demography and gene flow, in addition to selection, shape genetic 
diversity over evolutionary timescales.

Conclusion

Contrasting patterns of selective sweeps and evolutionary his-
tories between different species experiencing similar environmental 
pressures can provide powerful insight into the adaptive potential 
of species. We used comparative and population genomic ana-
lyses of 3 Peromyscus species to identify candidate loci that may 
underlie adaptations to desert environments. Candidate loci iden-
tified in P.  crinitus serve to inform future investigations focused 
on predicting potential for adaptation and identifying the causes 
of warming-related population declines (Cahill et  al. 2013). The 
identification of numerous targets of selection within P.  crinitus 
highlights multiple molecular mechanisms (metabolic switching, 
osmoregulatory tuning) associated with physiological responses to 
deserts that warrant further investigation. Our approach demon-
strates the importance of placing genomic selection analyses into 
an evolutionary framework to anticipate evolutionary responses 
to change.
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