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ABSTRACT 24 

 Urbanization significantly alters natural ecosystems, and its rate is only expected to 25 

increase globally as more humans move into urban centers.  Urbanized landscapes are often 26 

highly fragmented.  Isolated populations within these fragments may adapt in response to novel 27 

urban ecosystems, but few studies have found strong evidence of evolutionary responses in urban 28 

environments.  We used multiple genome scan and genotype-environment association (GEA) 29 

approaches to examine signatures of selection in transcriptomes from urban white-footed mice 30 

(Peromyscus leucopus) in New York City.  We scanned transcriptomes from 48 P. leucopus 31 

individuals from six environmentally heterogeneous locations (three urban and three rural) for 32 

evidence of rapid local adaption in isolated urban habitats.  We analyzed 154,770 SNPs and 33 

identified patterns of genetic differentiation between urban and rural sites and signatures of 34 

selection in a large subset of genes.  Neutral demographic processes can create allele frequency 35 

patterns that are indistinguishable from positive selection.  We accounted for this by simulating a 36 

neutral SNP dataset under the inferred demographic history for the sampled P. leucopus 37 

populations to serve as a null model when choosing outliers.  We annotated the resulting outlier 38 

genes and further validated them by associating allele frequency differences with environmental 39 

measures of urbanization, percent impervious surface and human population density.  The 40 

majority of candidate genes were involved in metabolic functions, especially dietary 41 

specialization.  A subset of these genes have well-established roles in metabolizing lipids and 42 

carbohydrates, including transport of cholesterol and desaturation of fatty acids.  Our results 43 

reveal clear genetic differentiation between rural and urban sites that likely resulted from rapid 44 

local adaptation in urbanizing habitats. The specific candidate loci that we identified suggest that 45 

populations of P. leucopus are using novel food resources in urban habitats or locally adapting 46 
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through changes in their metabolism.  Our data support the idea that cities represent novel 47 

ecosystems with a unique set of selective pressures. 48 

 49 
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INTRODUCTION 56 

 Traits are adaptive when they increase an organism’s fitness in a specific environment 57 

(Barrett & Hoekstra 2011).  The identification of specific genotypes underlying adaptive traits is 58 

a major goal in evolutionary biology. Many studies have identified the genetic basis underlying 59 

adaptation, but they often focus on a small number of well-known, conspicuous traits (Nachman 60 

et al. 2003; Pool & Aquadro 2007; Linnen et al. 2009; Storz et al. 2009).  In the current era of 61 

high-throughput DNA sequencing, where costs continue to drop by orders of magnitude (De Wit 62 

et al. 2015), it is now feasible to generate genomic datasets for natural populations of non-model 63 

organisms.  Researchers can use a reverse-ecology approach where candidate genes behind 64 

ecologically relevant, but non-conspicuous, phenotypes are identified based on patterns of 65 

variation and signatures of selection in protein-coding sequences (Li et al. 2008). Here we 66 

examined local adaptation in isolated urban populations of white-footed mice, Peromyscus 67 

leucopus, in NYC.  We scanned P. leucopus transcriptomes and identified regions and genes 68 

with divergent and skewed allele frequencies indicative of positive selection.  We incorporated a 69 

neutral SNP dataset from an inferred demographic history directly into our null model. We then 70 

examined the statistical association between allele frequencies and environmental measures of 71 

urbanization. 72 

  Traditional approaches for identifying local adaptation involve reciprocal 73 

transplant or common garden experiments (Merila & Hendry 2014), but local adaptation also 74 

leaves a predictable pattern of genetic variation and differentiation along environmental 75 

gradients across the genome (Savolainen et al. 2013).  Measuring changes in the site frequency 76 

spectrum (SFS), the distribution of allele frequencies across sites, from genomic data can be an 77 

efficient method of detecting past selection (Merila & Hendry 2014). Positive directional 78 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 28, 2016. ; https://doi.org/10.1101/038141doi: bioRxiv preprint 

https://doi.org/10.1101/038141
http://creativecommons.org/licenses/by-nd/4.0/


 

selection increases interspecific variation at selected loci compared to the genomic background 79 

(Beaumont 2005), decreases nucleotide diversity around the selected locus through genetic 80 

hitchhiking (Hermisson 2009), and skews the SFS towards excess low and high frequency 81 

variants (Nielsen 2005).  Balancing selection leaves a generally opposite pattern with decreased 82 

intraspecific genetic diversity (Nielsen 2005), low genetic differentiation between sites (Foll & 83 

Gaggiotti 2008), and an excess of intermediate frequency alleles (Nielsen 2005).  Negative, or 84 

purifying selection reduces genetic diversity and differentiation, and only low frequency variants 85 

increase in the SFS (Nielsen 2005). 86 

   Local adaptation has increasingly been shown to occur across multiple taxa 87 

(Stinchcombe & Hoekstra 2008; Bonin 2008; Linnen et al. 2009; Hohenlohe et al. 2010a; Turner 88 

et al. 2010; Ellison et al. 2011; De Wit & Palumbi 2013). Uncovering the genetic basis of local 89 

adaptation has provided insight into a variety of evolutionary processes including speciation, 90 

maintenance of genetic diversity, range expansion, and species response to changing 91 

environments (Savolainen et al. 2013; Tiffin & Ross-Ibarra 2014). Cities represent one of the 92 

fastest growing and most rapidly changing environments around the world.  Urbanization leads 93 

to habitat loss and fragmentation, changes in resource availability, novel species interactions, 94 

altered community composition, and increased exposure to pollutants (McKinney 2002; Chace & 95 

Walsh 2004; Shochat et al. 2006; Sih et al. 2011).  Each of these ecological consequences may 96 

exert strong selective pressure, and there is mounting evidence that rapid adaptation occurs in 97 

many urban organisms.  Another cause of rapidly changing environments is global climate 98 

change, where increasing temperatures and altered precipitation patterns strongly influence the 99 

life history traits of many species (Franks & Hoffmann 2011).  These two processes, 100 

urbanization and climate change, are not mutually exclusive, however.  Understanding local 101 
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adaptation in urban habitats may lead to general insights about local adaptation to future climate 102 

change threats, both of which represent cases of general rapid evolution in changing 103 

environments. What traits are most likely involved in local adaptation?  How quickly do 104 

populations respond to selective pressures and adapt locally? What environmental variables have 105 

the largest impact on populations and drive local adaptation?  Are the same genes and alleles 106 

involved in local adaptation also involved in similarly changing environments, i.e. is there 107 

evidence of convergent local adaptation?   108 

 White-footed mice are good candidates for local adaptation because they are widespread 109 

and are one of the few native mammals that thrive in extremely small, fragmented urban forests 110 

(Pergams & Lacy 2007; Rogic et al. 2013; Munshi-South & Nagy 2014). P. leucopus tend to be 111 

found at higher densities in urban patches due to a thick understory and fewer predators and 112 

competitors (Rytwinski & Fahrig 2007). Increased density may also be due to limited P. 113 

leucopus dispersal between urban sites.  Munshi-South (2012) found barriers to dispersal 114 

between isolated NYC parks, with migrants only moving along significantly vegetated corridors 115 

throughout the city. There is also substantial genetic structure between NYC parks as measured 116 

by microsatellites (Munshi-South & Kharchenko 2010), genome-wide SNPs (Munshi-South et 117 

al. 2016) and demographic modeling (Harris et al. 2016). We have also previously found 118 

evidence of divergence and selection in urban populations of NYC white-footed mice (Harris et 119 

al. 2013), though we used much smaller datasets and less sophisticated approaches than 120 

presented here.  Collectively, strong selective pressures from urbanization, lack of gene flow 121 

between NYC parks, genetic structure found between geographically close urban sites, and 122 

evidence of urbanization driving neutral allele frequency patterns in urban populations (Munshi-123 
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South et al. 2016) makes it likely that populations of urban white-footed mice are adapting to 124 

strong selective pressures in spite of the influence of genetic drift. 125 

 Urbanization and global climate change are relatively recent disturbances that rapidly 126 

change native ecosystems.  Over short timescales, standing genetic variation, as opposed to novel 127 

mutations in organisms, often underlies adaptation (Barrett & Schluter 2008; Stapley et al. 128 

2010).  As these pre-existing mutations spread to fixation they produce a detectable signal in the 129 

form of ‘hard’ or ‘soft’ selective sweeps (Hermisson & Pennings 2005; Messer & Petrov 2013).  130 

Additionally, ecologically important traits involved in local adaptation are often quantitative 131 

traits with many genes of small effect involved in producing the desired phenotype (Orr 2005; 132 

Rockman 2012).  In order to distinguish these more subtle signatures of selection, we used 133 

multiple tests that provide greater statistical power and higher resolution at identifying types and 134 

age of selection when used together (Grossman et al. 2010; Hohenlohe et al. 2011). 135 

We used transcriptomes sequenced from urban and rural populations of P. leucopus to 136 

produce estimates of nucleotide diversity π (Tajima 1983), Tajima’s D (Tajima 1989), and FST 137 

(Wright 1951) and made inferences about the evolutionary processes at work in these 138 

populations.  Several studies have used this suite of population genetic statistics to detect 139 

candidate genes that are the target of selection (Stajich & Hahn 2005; Hohenlohe et al. 2010a; 140 

Tennessen et al. 2010; Nadeau et al. 2012).  Major challenges in solely using π or Tajima’s D are 141 

distinguishing between types of selection, and then disentangling demographic processes from 142 

selection (Biswas & Akey 2006).  The difficulty arises because neutral demographic processes, 143 

like population bottlenecks, produce signatures of variation in the genome similar to those 144 

produced by selection (Oleksyk et al. 2010; Li et al. 2012).  For example, a population 145 

bottleneck followed by an expansion will create genomic regions with low genetic diversity that 146 
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resembles signatures from selection. Alleles present in the few breeding individuals during the 147 

bottleneck will become widespread during the expansion (Pavlidis et al. 2010).  There has been 148 

much discussion on how to deal with the confounding effects of demographic history on 149 

identifying selection (Excoffier et al. 2009; Li et al. 2012; Vitti et al. 2013; Lotterhos & 150 

Whitlock 2015). The prevailing approach is to produce genome-wide data and assume selection 151 

acts on one or a few loci while demographic processes act across the genome.  Outlier tests for 152 

loci under selection generate a null distribution, usually based on an island model of population 153 

differentiation (Excoffier et al. 2009), and then identify candidate genes with genetic 154 

differentiation beyond the null model’s limits.  The true demographic history of most organisms 155 

is much more complex, and computational approaches have been developed to robustly infer 156 

demographic parameters (Gutenkunst et al. 2009; Excoffier et al. 2013).  The inferred 157 

demographic history can then be used to construct a more realistic null model, reducing the rate 158 

of false positives in outlier based tests of selection (Excoffier et al. 2009; Yoder et al. 2014).   159 

We used the inferred demographic history of urban populations of P. leucopus (Harris et 160 

al. 2016) to simulate comparable SNP datasets to our observed sequence data.  We then used two 161 

genome scan tests that identify outlier loci based on population differentiation and the SFS, 162 

respectively.  Bayescan uses a Bayesian approach to identify SNPs that show extreme allele 163 

frequency divergence between populations (Foll & Gaggiotti 2008).  SweeD is a likelihood 164 

based test that finds evidence of selective sweeps by looking for regions with a SFS that deviates 165 

from neutral expectations (Pavlidis et al. 2013).  We also used an emerging approach for 166 

identifying loci underlying local adaptation by examining associations between allele frequencies 167 

and environmental variables.  Several tests have been developed based on the relationship 168 

between genotypes and environmental variables, falling under the general category of genotype-169 
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environment association (GEA) tests (Joost et al. 2007; Coop et al. 2010; Frichot et al. 2013; 170 

Lotterhos & Whitlock 2015).   GEA tests perform better than genome scan based outlier tests 171 

under complex demographic scenarios (Lotterhos & Whitlock 2015) but can suffer from a high 172 

rate of false positives. Analyses suggest that using genome scan-based outlier tests in 173 

conjunction with GEA tests leads to reliable outlier loci identification (De Villemereuil et al. 174 

2014).  GEA tests also identify local adaptation in polygenic phenotypes where each 175 

polymorphism has a relatively weak effect (Frichot et al. 2013), because correlations between 176 

alleles and environmental variables do not rely on the strength of genetic differentiation or SFS 177 

skew between populations.  178 

In this study, we examined transcriptomes generated from RNAseq for 48 Peromyscus 179 

leucopus individuals from three urban sites in NYC and three rural sites from the surrounding 180 

area.  Including population pairs that are near each other and genetically similar, but occur in 181 

different environments (urban versus rural), increases the power to identify candidate genes 182 

under selection (Lotterhos & Whitlock 2015).  We used traditional population genetic summary 183 

statistics to generate per-site estimates and find loci with patterns of genetic variation that deviate 184 

from neutral expectations.  Next, we used several tests of selection that use our transcriptome-185 

wide SNP datasets to determine whether these deviations are due to recent selection in urban 186 

populations of white-footed mice.  To increase power, reduce false positives, identify more 187 

subtle signals of selection from standing genetic variation, and find candidate genes involved in 188 

polygenic phenotypic traits, we simulated a null background model from the inferred 189 

demographic history for NYC populations of P. leucopus.  We examined the association between 190 

quantitative metrics of urbanization (percent impervious surface and human population density) 191 

and polymorphisms between rural and urban populations to identify the candidate genes 192 
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experiencing selection from ecological pressures in urban habitats. We used overlapping results 193 

from multiple tests and environmental associations in order to generate a reliable list of candidate 194 

genes involved in the local adaptation of P. leucopus populations to the urban environment. This 195 

study is the first to use transcriptome-wide patterns of genetic variation for analyses of local 196 

adaptation in cities. Evidence of local adaptation in urban populations reveals how urbanization 197 

acts as an evolutionary force, gives insights into important traits for local adaptation, and 198 

provides an example of the speed of evolution in rapidly changing environments. 199 

 200 

MATERIALS AND METHODS 201 

Sampling, library preparation, and transcriptome assembly 202 

 We sampled white-footed mice from 2009 - 2013.  We randomly chose eight individual 203 

white-footed mice (equal numbers of males and females) from six sampling locations 204 

representative of urban and rural habitats (Fig. 1) (Harris et al. 2013, 2015). Three sampling sites 205 

occurred within NYC parks: Central Park in Manhattan (CP), New York Botanical Gardens in 206 

the Bronx (NYBG), and Flushing Meadow—Willow Lake in Queens (FM).  These sites 207 

represented urban habitats surrounded by high-volume roads and dense human infrastructure.  208 

The remaining three sites occurred ~100 km outside of NYC in rural, undisturbed habitat 209 

representative of natural environments for Peromyscus leucopus.  High Point State Park is in the 210 

Kittatinny Mountains in New Jersey (HIP), Clarence Fahnestock State Park is located in the 211 

Hudson Highlands in New York (CFP), and Brookhaven and Wilde Wood State Parks and 212 

neighboring sites occur on the northeastern end of Long Island, New York (BHwwp).  We 213 

sacrificed mice on site and liver, gonad, and brain tissue were harvested in the field for 214 

immediate storage in RNAlater (Ambion).  In the lab, we extracted total RNA and then removed 215 
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ribosomal RNA during library preparation.  The reverse transcribed cDNA was sequenced using 216 

the 454 GS FLX+ and SOLiD 5500 xl systems using standard RNAseq protocols. We called 217 

SNPs the Genome Analysis Toolkit pipeline using a Bayesian genotype likelihood model 218 

(GATK version 2.8, DePristo et al. 2011).  See Harris et al. 2013 and Harris et al. 2015 for full 219 

transcriptome sequencing, assembly and SNP calling details. 220 

 221 

Summary statistics 222 

 SNP information was stored in a VCF (variant call format) file and summary statistics 223 

were calculated using vcftools (Danecek et al. 2011).  These analyses were used for general 224 

estimates of diversity for each population and were calculated for each site.  We calculated per-225 

site nucleotide diversity (π), Tajima’s D, and FST.  We also calculated the statistics for each 226 

contig (per-site statistic summed across all SNPs per contig divided by total sites) and found the 227 

average estimate for each population, including all pairwise population comparisons for FST. 228 

 229 

Sans for positive selection based on population differentiation  230 

 Population structure analyses for protein coding sequences show that the three urban sites 231 

and three rural sites comprise two distinct groups, but there was also hierarchical structure within 232 

each indicating urban sites represent unique evolutionary clusters (Harris et al. 2015).  We used 233 

the FST based analysis implemented in Bayescan v. 2.1 (Foll & Gaggiotti 2008) to compare all 234 

six population-specific allele frequencies with global averages and identify outlier SNPs. 235 

Bayescan identifies markers that show divergence patterns between groups that are stronger than 236 

would be expected under neutral genetic processes.  Based on a set of neutral allele frequencies 237 

under a Dirichlet distribution, Bayescan uses a Bayesian model to estimate the probability that a 238 
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given locus is under the effect of selection.  To generate more realistic allele frequency 239 

distributions, I used Bayescan to analyze coalescent simulations of SNP datasets based on the 240 

neutral demographic history inferred specifically for P. leucopus populations in Harris et al. 241 

2016. We generated 100 sets of 100,000 SNPs each from a three population, isolation with 242 

migration model using the previously inferred parameter estimates for divergence time, effective 243 

population size, migration rate, and population size change in the coalescent based software 244 

program, fastsimcoal2 (Excoffier et al. 2013).  In short, the model represented a deep split 245 

between an ancestral population into Long Island, NY and the mainland (including Manhattan) 246 

29,440 generations before present (GBP).  Migration was asymmetrical from the mainland into 247 

Long Island and an urban population later became isolated 746 GBP.  Urban populations were 248 

also modeled to include a bottleneck event at the time of divergence.  Finally, we allowed 249 

migration to occur between all three populations (Harris et al. 2016). Bayescan was run 250 

independently on each simulated dataset using default parameters.   Within the observed SNP 251 

dataset, we performed a global analysis, one Bayescan run where all individuals were partitioned 252 

into Urban and Rural groups, and finally analyses on all individual pairwise population 253 

comparisons.  Outlier SNPs were retained if they had a false discovery rate (FDR) value ≤ 0.1 254 

and if the calculated FST and posterior odds probability were higher than for any value calculated 255 

from the simulated dataset. 256 

 257 

Analysis for selective sweeps 258 

 We also scanned the transcriptome to look for contigs where the observed SFS showed an 259 

excess of low frequency and high frequency minor alleles, a signal indicative of a recent 260 

selective sweep in the region.  The composite likelihood ratio (CLR) statistic is used to identify 261 
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regions where the observed SFS matches the expected SFS generated from a selective sweep 262 

(Kim & Stephan 2002; Nielsen et al. 2005; Pavlidis et al. 2010).  I calculated the CLR along 263 

sliding windows across the transcriptome using the software program SweeD (Pavlidis et al. 264 

2013).  SweeD is an extension of the popular Sweepfinder (Nielsen et al. 2005) and is optimized 265 

for large next generation sequencing (NGS) datasets.  SweeD was run separately for each 266 

population and on individual contigs directly from vcf files using default parameters except for 267 

setting a sliding window size of 200 bp and using the folded SFS, as we lacked an outgroup to 268 

infer the ancestral state.  The window within each contig with the highest CLR score is the likely 269 

location of a selective sweep.  Similar to the method used for Bayescan analyses, statistical 270 

significance was chosen from a null distribution generated by running SweeD on SNP datasets 271 

simulated under the inferred demographic history for P. leucopus populations (Harris et al. 272 

2016).  SweeD does not inherently identify outlier regions, but rather, the CLR statistic is 273 

computed using a selective sweep model on the observed dataset and needs to be compared to a 274 

neutral model calibrated with the background SFS generated from simulations.  As before, we 275 

used 100 datasets with 100,000 SNPs each, simulated under the inferred neutral demographic 276 

history for urban and rural populations of white-footed mice in NYC.  The CLR was calculated 277 

using SweeD for all simulated datasets and the resulting distribution was used to set a 278 

significance cutoff.  For the observed dataset, we lacked a genome to provide clear linkage 279 

information, so SweeD was run separately on each contig.  We identified outlier regions and 280 

chose the associated contigs as candidates if their CLR statistic was greater than any produced 281 

when calculated for neutral simulations.  We also required outliers to fall within the top 0.01% of 282 

the CLR distribution for the observed SNPs. Choosing outliers within the top 0.01% of the 283 

distribution is a conservative cutoff value.  When looking for regions with genetic patterns of a 284 
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selective sweep, Wilches (2014) filtered regions within the top 5% of the distribution.  Selective 285 

sweeps from artificial selection in rice, Oryza glaberrima, were identified with a cutoff value of 286 

0.5% (Chen et al. 2014) and regions within the Gorilla genome were identified as significant if 287 

CLR scores were in the top 0.5% (McManus et al. 2014).  We chose an even more stringent filter 288 

of 0.01% because we lacked a reference genome and analyses were restricted to relatively short 289 

individual contigs.  290 

 291 

Genotype-environment association tests for environmental selection 292 

 We used LFMM (Frichot et al. 2013), a software program that is one of the recently 293 

emerging genotype-environment association (GEA) approaches for identifying selection 294 

(Hedrick et al. 1976; Joost et al. 2007; Coop et al. 2010; Frichot et al. 2013; Lotterhos & 295 

Whitlock 2015), to associate outlier SNPs and candidate loci identified above with potential 296 

environmental selection pressures. Latent Fixed Mixed Modeling (LFMM) tests for correlations 297 

between environmental and genetic variation while accounting for the neutral genetic 298 

background and structure between populations (Frichot et al. 2013).  We tested three 299 

environmental variables associated with urbanization, the percent impervious surface within a 300 

two-kilometer buffer around each sampling site, human density within a two-kilometer buffer 301 

around each sampling site, and simply designating each site urban or rural.  We tested all 302 

individuals and only the outlier SNPs detected in Bayescan and SweeD.  An important first step 303 

in using the LFMM algorithm is to define the number of latent factors, K, that can be used to 304 

define population structure in the genetic background.  To identify the appropriate number of K 305 

latent factors in our dataset, we used default parameters and performed a PCA followed by a 306 

recommended Tracy-Widom test to find the number of eigenvalues with significant p values ≤ 307 
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0.01 (Patterson et al. 2006; Frichot & François 2015).  Results suggested the use of six latent 308 

factors. Thus, I ran LFMM with default parameters except for a K = 6, an increased number of 309 

MCMC cycles = 100,000, and a burn-in = 50,000.  Using author recommendations, we combined 310 

10 replicate runs and readjusted the p values to increase the power of the test.  LFMM uses |z|- 311 

scores to report the probability of a SNP’s association with an environmental variable. After 312 

correcting for multiple testing, we used a cutoff value of q ≤ 0.1. 313 

 314 

Functional annotation of candidate gene 315 

 The contigs containing outlier SNPs identified using the tests for selection above were 316 

obtained from the P. leucopus transcriptome. The gene annotation pipeline implemented in 317 

Blast2GO (Conesa et al. 2005; Götz et al. 2008) was used to find homologous sequences from 318 

the NCBI non-redundant protein database using BLASTX, and associated gene ontology (GO) 319 

terms were retrieved.  Gene ontology (GO) terms are a standardized method of ascribing 320 

functions to genes.  Blast2GO retrieves GO terms associated with BLASTX hits and also uses 321 

the KEGG database to describe biochemical pathways linking different enzymes (Ogata et al. 322 

1999; Kanehisa et al. 2014). 323 

 324 

RESULTS 325 

Genetic diversity statistics 326 

 We retained 154,770 total SNPs for use in looking at patterns of genetic variation and 327 

performing tests of selection.  For each population we obtained estimates of nucleotide diversity, 328 

Tajima’s D, and pairwise FST.  There were differences in genetic diversity between urban and 329 

rural populations greater than one standard deviation.  Urban populations had a two-fold 330 
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decrease in nucleotide diversity compared to the rural populations (Table 1).  The average 331 

nucleotide diversity for all three rural populations was 0.224 ± 0.034, while the average for urban 332 

populations was only 0.112 ± 0.019. The average Tajima’s D calculation within populations did 333 

not show substantial differences between populations (Table 1).  For all populations, Tajima’s D 334 

was slightly positive, with rural populations only slightly more positive than urban populations, 335 

though not significantly different. Average pairwise FST calculated using vcftools ranged from a 336 

low of 0.018 ± 0.364 between two rural populations (CFP_HIP) to a high of 0.110 ± 0.520 337 

between two urban populations (CP_FM, Table 2).  These FST calculations were very similar to 338 

calculations made for neutral genome-wide SNP datasets from the same P. leucopus populations 339 

(Munshi-South et al. 2016), and supported findings that these populations lack an isolation-by-340 

distance pattern.  Comparisons between rural populations had the lowest FST values, urban to 341 

rural populations had the second lowest, and urban to urban population comparisons had the 342 

highest overall FST values despite being less than 5 km apart (Table 2).  343 

 344 

Outlier detection 345 

 The test for positive or balancing selection implemented in Bayescan for the global 346 

analysis revealed 309 (0.19%) SNPs potentially under the influence of divergent selection. To 347 

investigate divergent selection due to urbanization, sampling sites were grouped and classified as 348 

urban or rural, and genome scans using Bayescan on this dataset uncovered 40 (0.025%) SNPs 349 

with signatures of positive selection (Fig. 2A, Table 3). Eight of these SNPs were found in the 350 

global analysis.  Individual urban to rural population comparisons did not find any outlier SNPs, 351 

and zero SNPs were revealed to be under balancing selection.  FST for outlier SNPs ranged from 352 

0.21 - 0.33, much higher than the population average.  When Bayescan was run on the simulated 353 
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neutral dataset, which included bottlenecks during urban population divergence, there were zero 354 

identified outlier SNPs.  I did, however, only include outlier SNPs from the observed dataset 355 

with FDR and posterior odds values that were smaller and larger, respectively, than the most 356 

extreme values for the simulated data (FDR ≤ 0.6 and log10(PO) ≥-0.196). 357 

 Outlier regions showing signatures of selective sweeps from the SweeD analysis were 358 

identified using comparisons to neutral expectations. To generate the null distribution of the CLR 359 

statistic I tested the 100 SNP datasets simulated under the inferred demographic history for NYC 360 

populations of P. leucopus.  I found that CLR scores in the top 5% of the distribution were 361 

generally 2x - 3x lower than for the top 5% of the observed dataset.  I ran SweeD runs on 362 

observed SNPs within individual contigs and identified outliers by filtering for a CLR score ≥ 363 

3.53 (the maximum CLR from simulated data).  I also chose regions that fell within the top 364 

0.01% of the observed distribution (Fig. 2B).  SweeD identified regions with SFS patterns that fit 365 

a selective sweep model in 55 contigs (40,908 contigs in P. leucopus transcriptome, 0.13%) 366 

within urban populations (Table 4).  Contig 35790-44, which codes for the lipid transporter 367 

Apolipoprotein B100, had the highest CLR score, CLR = 8.56, and all outliers had CLR scores ≥ 368 

4.97.  There was no overlap of outliers between Bayescan and SweeD. 369 

 370 

Environmental associations 371 

 We used LFMM to examine statistical associations of outlier SNPs with environmental 372 

measures of urbanization.  Thirty of 40 outliers identified from Bayescan could be associated 373 

with at least one of the three environmental variables tested, which clearly delineate urban and 374 

rural sampling locations (Fig. 3A, Table 3).  All 30 of the identified SNPs were associated with 375 

whether a site was classified as urban or rural.  Only seven of the outlier SNPs were associated 376 
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with percent impervious surface surrounding the sampling site and five were associated with 377 

human density.  Twenty-six of the 55 outlier contigs in urban populations containing selective 378 

sweep regions as identified in SweeD could be associated with one of the environmental 379 

variables (Table 4).  Again, all 26 significant associations involved classification of a site as 380 

either urban or rural.  Fourteen outliers from SweeD were associated with percent impervious 381 

surface and eight were associated with human density surrounding the sampling location. Some 382 

contigs containing outlier SNPs associated with environmental variables were unique to 383 

individual urban populations, possibly indicating local adaptation within parks or selection on a 384 

polygenic trait. 385 

 386 

Functional annotation 387 

 The full contig sequences containing the outlier SNPs were obtained from the P. leucopus 388 

transcriptome (Harris et al. 2015) and used to identify functional annotations. Of the 40 contigs 389 

identified by Bayescan as divergent between urban and rural populations, 36 could be annotated 390 

with gene names and functional information (Table 3).  Of these, 29 were also associated with 391 

urban environmental variables.  For the Bayescan outlier sequences, the ten most frequent gene 392 

ontology terms attributed to the DNA sequences involved organismal metabolism (Table S1).  393 

Some outliers occurred within well-studied genes with known functions and biochemical 394 

pathways.  These included a farnesoid-x-receptor (FXR, Contig 25795-154) gene, the protein 395 

ABCC8 (Contig 26183-148), a Hermansky-Pudlak syndrome gene (Hps1, Contig 36706-36), 396 

KDM8, a histone demethylase (Contig 7750-426), a myosin light chain kinase (MYLK, Contig 397 

7975-4180), and the gene SORBS2 (Contig 37967-26).  These genes were identified as likely 398 
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experiencing divergent selection between urban and rural populations and showed environmental 399 

associations with urbanization. 400 

 When we used results from SweeD, we found regions within 55 contigs that showed a 401 

signature of a selective sweep (Table 4).  Forty-nine could be annotated with gene names and 402 

gene ontology terms, and 25 were also associated with urbanization.  Overall, sequences were 403 

associated with metabolic processes, similar to the outliers found in Bayescan, and many genes 404 

were involved with basic metabolic functions such as glycolysis and ATP production (Table S1).  405 

A few contigs were annotated with well-studied genes and clearly understood functions.  Contig 406 

35790-44 was annotated as the gene APOB, an apolipoprotein, and Contig 10636-348 was an 407 

aflatoxin reductase gene AKR7A1. There was also the gene FADS1, part of the fatty acid 408 

denaturase family (Contig 342-1776), a heat-shock protein (Hsp90, Contig 3964-627), and a 409 

hepatocyte growth factor activator gene (Contig 8960-388).  Most gene annotations did not have 410 

known phenotypic traits related to their function, but KEGG analysis revealed several contigs 411 

involved in the same biochemical pathways: galactose metabolism, fructose metabolism, and 412 

mannose metabolism (Fig. S1). 413 

 414 

DISCUSSION 415 

 The results of this study provide insight into the genetic basis of local adaptation, which 416 

is key for understanding the ecological and evolutionary processes that affect biodiversity and 417 

how organisms respond to changing environments.  We hypothesized that populations of P. 418 

leucopus in urban habitat fragments within NYC adapt in response to selective pressures from 419 

urbanization.  Previous work supports this claim.  Clear evidence of population structure 420 

between urban and rural sampling sites from neutral non-coding (Harris et al. 2016) and protein 421 
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coding datasets (Harris et al. 2015) suggests NYC populations of white-footed mice are 422 

genetically isolated.  Urbanization also impacts genetic diversity across the genome (Munshi-423 

South et al. 2012, Harris et al. 2015, Harris et al. 2016).  P. leucopus populations along an 424 

urban-to-rural gradient in NYC had reduced nucleotide diversity and heterozygosity in urban 425 

populations (Munshi-South et al. 2016). Additionally, demographic inference indicates that NYC 426 

populations became isolated within the timeframe of urban settlement (Harris et al. 2016).   427 

 We previously found evidence for older occurrences of divergent selection in NYC 428 

white-footed mice by investigating non-synonymous polymorphisms between pooled 429 

transcriptome samples (Harris et al. 2013).  There was little overlap between previous results and 430 

those found here, but that was not surprising, as this data-set was much larger, covered more 431 

sampling sites, and looked at recent signatures of selection. Two of the eleven previously 432 

identified candidate genes (Harris et al. 2013) were direct matches to outliers in this current 433 

analysis (Serine protease inhibitor a3c and Solute carrier organic anion transporter 1A5), and 434 

three other genes were from the same gene families or involved in the same biological processes 435 

as those described here. One gene was an aldo-keto reductase protein, part of the same gene 436 

family as our SweeD identified aflatoxin reductase gene (Contig 10636-348).  The aldo-keto 437 

reductase gene family comprises a large group essential for metabolizing various natural and 438 

foreign substances (Hyndman et al. 2003).  Two others, camello-like 1 and a cytochrome P450 439 

(CYPA1A) gene, are involved in metabolism of drugs and lipids.  In Peromyscus spp., CYPA1A 440 

is directly expressed along with Hsp90 (outlier from current SweeD analysis) when exposed to 441 

environmental toxins (Settachan 2001). Collectively, these findings suggest that urban 442 

populations of P. leucopus may be adapting in response to selective pressures from urbanization.   443 
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 In this study, we observed patterns of divergent positive selection between urban and 444 

rural populations of P. leucopus, and were able to associate outlier SNPs, while annotating the 445 

parent contig, with environmental variables representative of urbanization.  The majority of 446 

candidate genes deal with organismal metabolism, particularly diet-related breakdown of lipids 447 

and carbohydrates.  We discuss what these finding mean for organisms as they are exposed to 448 

novel urban ecosystems, and for understanding the ecological processes and time frame of recent 449 

local adaptation in general. 450 

 451 

The utility of using genome scan methods to test for selection 452 

 Over the past decade, genome scan methods have become a feasible and common way 453 

for investigating polymorphisms across the genome in order to detect and disentangle neutral 454 

(demographic) and adaptive (selection) evolutionary processes (De Villemereuil et al. 2014).  455 

One of the most popular approaches looks at locus specific allele frequency differentiation 456 

between sampling locations as measured by FST (Lewontin & Krakauer 1973; Weir & 457 

Cockerham 1984).  Sites with extremely high allele frequency differences may be subjects of 458 

positive directional selection.  Bayescan (Foll & Gaggiotti 2008) builds on this idea and 459 

identifies outliers using a Bayesian approach.  Bayescan calculates the posterior probability of a 460 

site being under the influence of selection by testing two models, one that includes selection and 461 

one that does not.  The model that does not invoke selection is based on a theorized neutral 462 

distribution of allele frequencies.   463 

 While Bayescan has been shown to be the most robust differentiation method with 464 

respect to confounding demographic processes (Pérez-Figueroa et al. 2010; De Villemereuil et 465 

al. 2014), population bottlenecks, hierarchical structure, recent migration, or variable times to 466 
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most-recent-common-ancestor (MRCA) between populations can artificially inflate FST values 467 

(Hermisson 2009; Lotterhos & Whitlock 2014).  One way to avoid false positives is to build 468 

population structure and a specific demographic history directly into the null distribution of FST.  469 

We dealt with the issue of type I errors by running Bayescan on simulated SNP datasets 470 

generated under the neutral inferred demographic history for urban populations of P. leucopus in 471 

NYC (Harris et al. 2016).  We only included outliers if their posterior probability was greater 472 

than any found from simulations. The outliers captured when comparing urban to rural sites 473 

made up 0.025% of the total number of loci analyzed from the transcriptome. This number is in 474 

line with candidates uncovered from a similar study (0.05%) that looked at high and low altitude 475 

populations of the plant S. chrysanthemifolius (Chapman et al. 2013).  Many studies find higher 476 

percentages of outlier loci using Bayescan, 4.5% in the American pika across its range in British 477 

Colombia (Henry & Russello 2013), and 5.7% in Atlantic herring across their range (Limborg et 478 

al. 2012).  Our lower overall percentage of outliers may be because we included the known 479 

demographic history in our tests, because of the relatively recent isolation of urban populations 480 

of P. leucopus, or due to the fact that we did not have complete transcriptome sequences for our 481 

populations. 482 

 SweeD, another genome scan approach, looks at patterns in the SFS within a population 483 

as opposed to allele differentiation between populations.  The statistics developed around the 484 

SFS are used to look at genetic hitchhiking around a selected locus that produces a pattern 485 

characteristic of a selective sweep (Schlötterer 2003; Pavlidis et al. 2008).  The main footprint 486 

that selective sweeps leave on the SFS is an excess of rare low frequency and high frequency 487 

variants (Nielsen 2005).  The SweepFinder method (Nielsen et al. 2005), recently upgraded to 488 

the NGS compatible SweeD (Pavlidis et al. 2013), uses a composite likelihood ratio test based 489 
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on the ratio between the likelihood of a null (neutral evolution model) and the alternative 490 

(selective sweep) hypothesis.  Like differentiation based methods, the weakness of hitchhiking 491 

methods is the confounding effect certain demographic processes have on the SFS.  A strong 492 

population bottleneck can lead to variances in the genealogical history so that some loci have 493 

decreased genetic diversity and an excess of low frequency variants (Hermisson 2009).  Again, 494 

however, building the known demographic history into the null model readily reduces false 495 

positive rates (Pavlidis et al. 2013).   496 

 We included the P. leucopus demographic history into our analysis, and found 0.04% of 497 

the transcriptome to contain regions with SFS patterns indicative of selective sweeps.  This rate 498 

is in line with other studies that found 0.5% of regions in domesticated rice to show evidence of 499 

selective sweeps, though this might be unusually high due to artificial selection (Wang et al. 500 

2014), 0.02% of loci in black cottonwood experiencing selective sweeps across geographic 501 

regions (Zhou et al. 2014), and 0.02% of regions across the entire Gorilla genome to show 502 

hitchhiking patterns (McManus et al. 2014).   503 

 Individual genome scan approaches look at different aspects of genomic structure and by 504 

themselves can miss true outliers, type II errors, or identify false positives, type I errors.  Several 505 

studies have shown that a general principle to follow in order to avoid these errors is to perform 506 

multiple tests looking at various aspects of the genome (Nielsen 2005; Grossman et al. 2010; 507 

Hohenlohe et al. 2010b).  We used Bayescan and SweeD to identify outliers experiencing 508 

positive selection, but did not find any overlapping candidate genes between them.  This finding 509 

is not necessarily unexpected as the two tests look at different selection scenarios, divergent local 510 

selection versus population-wide positive selection in the form of selective sweeps (Hermisson 511 

2009). FST based methods can pick up on divergence between alleles relatively quickly, while 512 
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models for selective sweeps typically require nearly-fixed derived alleles (Hohenlohe et al. 513 

2010b).  Given the recent time frame of urbanization in NYC, not enough generations may have 514 

passed since white-footed mice have become isolated to find complete selective sweeps in loci 515 

that overlap with outliers from Bayescan. In the case of NYC populations of P. leucopus, it is 516 

likely that adaptation is occurring from standing genetic variation in the form of soft sweeps 517 

(Hermisson & Pennings 2005), which are not readily identified by programs like SweeD (De 518 

Villemereuil et al. 2014). To give further support to this idea, we found several outliers across 519 

the various tests we ran that are unique to specific urban populations, which is characteristic of 520 

soft sweeps, as they and polygenic traits can lead to outlier SNPs unique to populations (Messer 521 

& Petrov 2013).  Despite the lack of overlapping outlier SNPs between the two tests, further 522 

evidence that positive selection is acting in urban populations of P. leucopus was found with an 523 

additional approach.  Independent confirmation of candidate genes came from correlating 524 

genotypes and environmental variables, a method that may be more powerful than the genome 525 

scans above for identifying SNPs under selection (Savolainen et al. 2013). 526 

 527 

Environmental associations strengthen evidence of local adaptation to urbanization 528 

 Genotype-environment association tests are a growing class of methods that provide fine 529 

scale detail about the ecological processes driving selection by identifying loci with allele 530 

frequencies that are correlated with environmental factors.  Several have recently been developed 531 

(Joost et al. 2007; Coop et al. 2010; Frichot et al. 2013), and here we used LFMM (Frichot et al. 532 

2013) to associate outlier SNPs with environmental measurements that capture the effects of 533 

urbanization.  LFMM is uniquely suited for our dataset as it has been found to perform better 534 

than other methods in the presence of hierarchical structure and when polygenic selection is 535 
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acting on many loci with small effect (De Villemereuil et al. 2014).  In our dataset, there are 536 

many layers of structure including urban and rural differentiation (Harris et al. 2015; Harris et al. 537 

2016), patterns of geographic structure between mainland mice and Long Island, NY (Harris et 538 

al. 2016), and population structure between individual urban parks (Munshi-South & 539 

Kharchenko 2010).  It also has more power when the sampling size is less than 10 individuals 540 

per populations, there is no evidence of IBD, and sampling design of the experiment involves 541 

pairs in environmentally heterogeneous habitats (Lotterhos & Whitlock 2015).  We sampled 542 

eight white-footed mice per population, found no evidence of IBD (Munshi-South et al. 2016), 543 

and sampled environmentally heterogeneous rural and urban locations. 544 

 Using LFMM, we found that 75 % and 47 % of outliers from Bayescan and SweeD, 545 

respectively, could also be associated with one or more environmental variables.  These results 546 

complement our findings that positive selection is acting on urban populations of white-footed 547 

mice. We acknowledge that impervious surface, human density, or classification as urban may be 548 

correlated with a different environmental selection force, but our results ultimately support an 549 

evolutionary scenario where isolated urban populations are experiencing divergent positive 550 

selection that is strongly affected by one or more environmental variables, likely associated with 551 

urbanization.  These results are also consistent with other studies combining genome scan 552 

methods and GEA tests.  Limborg et al. (2012) found 62.5 % of the outliers identified in 553 

Bayescan to be correlated with temperature or salinity changes in Atlantic herring, and 26.3 % of 554 

genome scan outliers could be associated with temperature or latitude in the tree species, A. 555 

glutinosa (De Kort et al. 2014). 556 

 The percent impervious surface and human density around a park, or the classification of 557 

sites as urban or rural, are efficient metrics for determining whether a sampling location has been 558 
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affected by urbanization (Munshi-South et al. 2016).  We can make several predications about 559 

how ecological processes are changing within parks influenced by urbanization.  One of the most 560 

obvious consequences of human altered environments is habitat loss and fragmentation 561 

(McKinney 2002; Sih et al. 2011). The act of fragmentation and the building of infrastructure 562 

invariably changes the net primary productivity due to increasing percentages of impervious 563 

surface or artificial landscapes, parks and yards (Shochat et al. 2006).   Additionally, species 564 

interactions change as organisms are forced into smaller areas or separated by infrastructure 565 

(Shochat et al. 2006).  This includes impediments to migration across the urbanized landscape.  566 

Humans often introduce invasive species into habitats (Sih et al. 2011) leading to increased 567 

competition or novel predator-prey interactions.  Urbanization also changes the types and 568 

availability of resources available in the altered habitat (McKinney 2002; Sih et al. 2011).  569 

Pollution is also a major consequence of urbanization (Donihue & Lambert 2014), and can 570 

include chemical, noise, or light pollution (Sih et al. 2011). 571 

 Given the rapid alteration of environments during urbanization, behavioral flexibility and 572 

phenotypic plasticity are thought to play an important role in a species’ response to novel urban 573 

ecosystems (Sih et al. 2011).   Climate change, another form of human-induced rapid 574 

environmental change, is often used as a model for understanding plastic and evolutionary 575 

responses in organisms.  Franks et al. (2014), in a comprehensive review of phenotypic changes 576 

in plants in response to climate change, reported that the majority of studies showed evidence of 577 

plastic responses.  They also found many studies showed evidence of adaptation, though not 578 

always conclusively.   Looking at animal responses to climate, Boutin & Lane (2014) found 579 

similar findings but even less conclusive evidence of adaptation versus plasticity, possibly due to 580 

the motility of animals and difficulty in establishing common garden or reciprocal transplant 581 
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experiments.  While it is likely that P. leucopus in NYC are displaying some plastic phenotypic 582 

responses in urban ecosystems, our results provide evidence of heritable evolutionary responses 583 

as well.  584 

 Between divergent allele frequencies, a skewed SFS, and environmental associations, we 585 

find several overlapping lines of evidence that support rapid divergent positive selection in 586 

white-footed mice.  Urban ecologists are increasingly finding evidence of selection acting in 587 

urban environments (Donihue & Lambert 2014), and our results are in line with other studies that 588 

have found rapid local adaptation to ecological pressures from urbanization.  Yeh (2004) found 589 

sexually selected tail coloration in juncos was rapidly evolving in urban populations compared to 590 

rural ones.  European blackbirds show reduced migratory behavior in cities, and there is also 591 

evidence of selection on genes underlying anxiety behavior across multiple urban areas (Partecke 592 

et al. 2006; Mueller et al. 2013).  Cheptou et al. (2008) found weeds in urban vegetation plots 593 

surrounded by paved surfaces had a higher percentage of non-dispersing seeds and that this trait 594 

was genetically based.  In marine species living in the polluted waters around urban areas, rapid 595 

adaptation for PCB resistance occurred in both killifish and tomcod (Whitehead et al. 2010; 596 

Wirgin et al. 2011). The realization that a diverse range of taxa may adapt to human induced 597 

landscape change suggests rapid adaptation to anthropogenic driven environmental change may 598 

be pervasive in nature. 599 

 600 

Functional roles and ecological relevance of candidate genes 601 

 The model rodent species Mus musculus, Rattus norvegicus, and Cricetulus griseus, all 602 

have deeply sequenced, assembled and annotated reference genomes.  These resources allowed 603 

us to annotate 89.5 % of contigs containing outlier SNPs and genomic regions with high quality 604 
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gene information.  These annotations provided us with information about the traits affected by 605 

candidate genes. Urban P. leucopus specifically exhibited genetic patterns that suggest positive 606 

selection in genes from the mitochondria, a potentially significant finding considering 607 

mitochondrial genes are often used for demographic inference (Munshi-South & Nagy 2014).  608 

Tests for selection also identified genes that protect cellular health in stressful environments, 609 

modulate melanism throughout the body, genes that are involved in epigenetic control of gene 610 

expression, or involved in digestion and metabolism of lipids and carbohydrates.   611 

 Gene ontology vocabulary assigns gene function according to biological process, 612 

molecular function, and cellular component.  Across all candidate genes and gene ontology 613 

terms, involvement with mitochondria was one of the most common assignments (Table S1).  614 

Whether genes were involved in energy production through metabolism of food or were actual 615 

mitochondrial proteins, it appears evolution in mitochondria and metabolic processes is 616 

extremely important for P. leucopus living in urban parks.  Mitochondrial genes were 617 

traditionally used as neutrally evolving markers, but researchers are finding evidence of selection 618 

on mitochondrial DNA across taxa (Oliveira et al. 2008; Balloux 2010).  One example includes 619 

mitochondrial haplotypes associated with more efficient non-shivering thermogenisis and higher 620 

fitness in over-wintering shrews (Fontanillas et al. 2005).  In Peromyscus leucopus, Pergams & 621 

Lacy (2007) found complete mitochondrial haplotype replacement in present-day white-footed 622 

mice living in the urban Chicago environment compared to haplotypes found in museum skins 623 

collected from before urbanization.  The agent of selection is not clear, but independent research 624 

found evidence of negative selection acting on the mitochondrial D-loop gene in NYC P. 625 

leucopus (Munshi-South & Nagy 2014).  These findings are not surprising.  Many mitochondria-626 

related metabolic functions are affected by the same environmental variables that change in 627 
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response to urbanization, like temperature (Urban = heat island effect) (Balloux 2010), 628 

population density (Urban = barriers to dispersal around parks) (Lankau & Strauss 2011; 629 

Munshi-South 2012), or resource availability (Urban = increased non-native prey) (Burcelin et 630 

al. 2002).  In novel urban ecosystems, P. leucopus may be experiencing different energy 631 

requirements than rural counterparts. 632 

 One example of uniquely urban energy requirements comes from the signature of a 633 

selective sweep and a strong correlation with urban site classification found in the heat-shock 634 

protein Hsp90.  Heat shock proteins are a gene family that have repeatedly been found to play a 635 

pivotal role in adaptation to environmental stress (Limborg et al. 2012).  In a landmark study, 636 

cryptic variation in Hsp90 specifically, was found to act as a capacitor for the loss of eyes in 637 

cavefish (Rohner et al. 2013).  Essentially, under normal environmental conditions, Hsp90 masks 638 

phenotypic variation in eye size, but under high stress conditions, Hsp90 is effectively inhibited 639 

allowing for eye size variation and eventual selection for unmasked phenotypic traits.  In 640 

Peromyscus spp., Hsp90 acts a chaperone for many proteins, including a suite of metabolizing 641 

receptors activated by dioxin-like industrial toxins often found in polluted soil samples 642 

(Settachan 2001). When P. maniculatus was exposed to soils inundated with the toxin, 2,3,7,8 643 

TCDD, maintenance of their circadian rhythm was affected and mice became active 3 hours 644 

earlier than under normal conditions (Settachan 2001). The aldo-keto reductase gene, aflatoxin 645 

aldehyde reductase (AKR7), was also an outlier in our analyses and is also important for 646 

metabolizing environmental toxins (Hyndman et al. 2003).  Aflatoxin is a natural carcinogen 647 

often found in cereals and nuts contaminated with the fungus, A. flavus and is metabolically 648 

activated by cytochrome P450 (Jin & Penning 2007).  In experiments on Rattus norvegicus, 649 

researchers found AKR7 is upregulated in the liver when exposed to various classes of toxins 650 
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and quickly acts to metabolize them, protecting cellular health (Ellis et al. 2003).  We found P. 651 

leucopus caught in NYC had more enlarged, scarred, and fatty livers than those from rural 652 

populations (personal observation), and this may be directly related to ecological conditions in 653 

urban environments that promote environmental toxin accumulation.  Due to proximity to human 654 

infrastructure, urban soils consistently show increased levels of heavy metal contamination 655 

(McDonnell et al. 1997). Urban ecosystems also experience the heat island effect with higher 656 

temperatures than rural locations (McDonnell et al. 1997), leaf litter that quickly decomposes but 657 

is of poor quality (Pouyat et al. 1997), and NYC in particular experiences high humidity in 658 

warmer months (National Oceanic and Atmospheric Administration, NOAA).  The combination 659 

of constantly decaying vegetation, high temperatures, and high humidity is ideal for healthy 660 

communities of the fungus A. flavus, the primary producer of aflatoxins.  Hsp90, AKR7, and 661 

cytochrome P450 may be under selective pressures in NYC to efficiently metabolize higher 662 

concentrations of toxins in P. leucopus exposed to polluted urban soils or food sources in NYC.  663 

 Energy requirements may also be different in in urban populations because of dietary 664 

shifts.  We found a surprising number of candidate genes with functions related to the 665 

metabolism and transport of lipids and carbohydrates.  These genes were strongly correlated with 666 

environmental measures of urbanization, with clearly divergent allele frequencies between urban 667 

and rural sites (Fig. 3B).  APOB-100 is the primary apolipoprotein that binds and transports 668 

lipids, including both forms of cholesterol (HDL and LDL), and Mus musculus knock-out 669 

models result in hyperglycemia and obesity (Lloyd et al. 2008).  FADS1, a farnesoid-x-receptor, 670 

is a nuclear receptor antagonist that is involved in bile synthesis and modulates high fat diets, 671 

with variation in expression affecting rates of obesity in mice (Li et al. 2013).  Manually curated 672 

protein annotations show MYLK and SORBS2 are both directly involved in the gastrointestinal 673 
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system, involved in smooth muscle contractions and absorption of water and sodium in the 674 

intestine, respectively (Magrane & Consortium 2011; Consortium 2014).  ABCC8 is an ATP-675 

binding cassette transporter, and knock-out mice models lack insulin secretion in response to 676 

glucose (Seghers et al. 2000).  Finally, KEGG analysis found that two contigs (10636-348 and 677 

27546-129) represent proteins that are both directly involved in Galactose, Fructose and 678 

Mannose metabolism (Ogata et al. 1999).  679 

 These candidate genes suggest that white-footed mice in isolated urban parks are 680 

responding to resource differences between urban and rural habitats.  One prediction is urban P. 681 

leucopus consume a diet with higher overall fat content.  The typical diet of P. leucopus across 682 

its range consists of arthropods, fruits, nuts, various green vegetation, and fungus (Wolff et al. 683 

1985). They are especially reliant on oak mast cycles and an important predator of gypsy moths 684 

(Ostfeld et al. 1996).  They are generalists and opportunistic in the food they eat, and thus many 685 

different food resources could drive diet differences in urban versus rural systems.  Urbanization 686 

in NYC has lead to relatively small green patches that are surrounded by a dense urban matrix.  687 

The high percent of impervious surface is detrimental to the persistence of white-tailed deer in 688 

urban parks, leading to their exclusion throughout the majority of NYC.  An overabundance of 689 

deer, like what occurs in our rural sampling sites, leads to the removal of the vegetative 690 

understory and inhibits regeneration of many plants (Stewart 2001).  In these heavily browsed 691 

habitats lacking a thick vegetative understory, there is direct correlation with length of deer 692 

browsing in the area and invertebrate species diversity and abundance (Stewart 2001; Allombert 693 

et al. 2005).  As the understory is cleared by deer there are fewer food resources and habitats for 694 

woodland invertebrates.   695 
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 This is not the case for urban parks that often have extremely thick and healthy 696 

understories (Leston & Rodewald 2006). Although the understory of urban forest fragments is 697 

typically composed of invasive plants, such an understory can produce a number of novel seed 698 

and fruit resources (McKinney 2008), as well as support a high abundance, if not diversity, of 699 

invertebrate prey (McDonnell et al. 1997).  P. leucopus in NYC are likely so successful in urban 700 

ecosystems because they take advantage of the new food sources in urban habitats, including 701 

seeds and other plant parts from an invasive understory layer, as well as invertebrates that may 702 

thrive in urban fragments.  There has been much research on adaptation to diet specialization, 703 

especially in human populations.  One well known case involves mutations in the human lactase 704 

gene that lead to lactase persistence, most likely in response to a cattle domestication event 705 

(Enattah et al. 2008).  Another study that looked at more subtle shifts in allele frequencies across 706 

human populations found outlier SNPs within genes that more efficiently metabolize proteins 707 

found in the root and tuber based diets that humans switched to as they moved into polar 708 

ecoregions (Hancock et al. 2010).  There is also growing evidence of adaptation in native 709 

predators in order to consume exotic or toxic prey species (Carlsson et al. 2009), for example, 710 

larger mouthparts in the Australian soapberry bug to increase foraging on invasive balloon vines 711 

(Carroll et al. 2005).   712 

We hypothesize that urban P. leucopus have much higher fat content in their diets due to 713 

increased seed or invertebrate abundance or the inclusion of high-fat human food waste, and 714 

local adaption is occurring to more efficiently metabolize the increased lipids and carbohydrates. 715 

There is strong genetic evidence that divergent positive selection is occurring between urban and 716 

rural mice, but in order to confirm hypotheses, it would be worth performing common garden 717 

experiments to measure metabolic rates when mice from different habitats are fed a consistent 718 
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diet, or sequencing these same candidate genes across a broader range of urban and rural sites to 719 

look for similar signatures of selection.  It might also be worthwhile to associate outlier SNPs 720 

with more fine scale ecological measurements like temperature, environmental pollutant level, or 721 

vegetative understory cover.  Diet analyses between sites can also be undertaken and with the use 722 

of a metabarcoding approach using next generation sequencing, the entire diet can easily be 723 

identified from P. leucopus waste (Pompanon et al. 2012; Soininen et al. 2013). 724 

 725 

CONCLUSIONS 726 

 Results strongly suggest that populations of Peromyscus leucopus within urban parks in 727 

NYC are adapting to the effects of urbanization.  Focusing on protein-coding regions of the 728 

genome, using multiple tests of selection that analyze different parts of genomic structure, and 729 

associating outliers with environmental variables that capture the ecological changes imposed by 730 

urbanization allowed us to narrow in on specific genes underlying recent adaptation in urban 731 

habitats.  In line with the definition of an ‘urban adapter’ (McKinney 2002), the generalist P. 732 

leucopus is successful in urban parks, and our results suggest white-footed mice may be adapting 733 

to changing dietary resources in urban ecosystems and potentially metabolizing increased 734 

chemical pollutants in their environment.  While we find definitive evidence of genetic variation 735 

between urban and rural sampling sites, further work needs to be done to look at specific 736 

polymorphisms and their impact on translation and protein folding. 737 

 Next steps should include SNP assays or full sequencing of outlier genes in more 738 

individuals from an increased number of sites across the urban - rural gradient.  With this further 739 

confirmation, ecological based studies of diet can be pursued.  Humans are increasingly altering 740 

the natural landscape through urbanization and indirectly through global climate change.  741 
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Despite this, there are few studies with clear evidence of adaptation in novel urban ecosystems.  742 

Our study begins to address this issue using the statistical power of genomic datasets and finds 743 

that rapid adaptation is possible in recently disturbed ecosystems.  By providing further 744 

understanding of contemporary evolution in response to urbanization, we have begun to answer 745 

important questions about the traits involved in adaptation to human modified landscapes and 746 

what environmental variables most likely drive this adaptation.  Hopefully, these insights can be 747 

used for urban ecosystem management as global biodiversity continues to deal with 748 

unprecedented environmental change in the Anthropocene. 749 
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FIGURES AND TABLES 1065 

Table 1.  Summary statistic averages for six P. leucopus populations 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

Population Nucleotide Diversity, π (mean ± SD) Tajima’s D (mean ± SD) 

CP 0.131 ±0.173 0.318 ±0.522 

FM 0.112 ±0.166 0.301 ±0.522 

NYBG 0.094 ±0.153 0.280 ±0.500 

BHwwp 0.198 ±0.186 0.350 ±0.549 

CFP 0.211 ±0.184 0.336 ±0.543 

HIP 0.263 ±0.182 0.349 ±0.569 
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Table 2.  Average pairwise FST among six P. leucopus populations 1079 

 1080 

 1081 

 1082 

 1083 

 1084 

 1085 

FST (mean ± SD) 

BHwwp HIP CFP CP NYBG FM 

BHwwp 0 

HIP 0.042 ±0.376 0 

CFP 0.034 ±0.400 0.018 ±0.364 0 

CP 0.089 ±0.458 0.060 ±0.417 0.063 ±0.447 0 

NYBG 0.070 ±0.477 0.054 ±0.428 0.043 ±0.462 0.092 ±0.536 0 

FM 0.056 ±0.468 0.061 ±0.420 0.057 ±0.456 0.109 ±0.520 0.085 ±0.535 0 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 28, 2016. ; https://doi.org/10.1101/038141doi: bioRxiv preprint 

https://doi.org/10.1101/038141
http://creativecommons.org/licenses/by-nd/4.0/


 

Table 3.  Results for selection from Bayescan and associations with environmental variables 1086 

across urban (CP, FM, NYBG) and rural (BHwwp, CFP, HIP) populations.  I = percent 1087 

impervious surface, D = human density, C = Urban or Rural Classification 1088 

Urban to 
Rural 

 LFMM 
results 

Outliers Gene I D C 
27691-127 retroviral nucleocapsid protein gag containing protein - - + 
25795-154 af478441_1farnesoid-x-receptor alpha splice variant 1 - - + 
37015-34 tubulin folding cofactor e-like isoform x6 - - - 
902-1236 alkyldihydroxyacetonephosphate peroxisomal - - + 
3135-709 transmembrane 9 superfamily member 1 isoform 2 - - - 
27707-127 autophagy-related protein 2 homolog a isoform x2 - + + 
38397-23 -- - - - 
3567-665 gram domain-containing protein 3 - + + 
2482-790 protein diaphanous homolog 1 isoform x1 - - + 
37967-26 sorbin and sh3 domain-containing protein 2 isoform x3 - - + 
17974-242 40s ribosomal protein s15a-like protein + + + 
36437-38 jnk sapk-inhibitory isoform cra_a - - + 
7975-418 myosin light chain smooth muscle - - + 
12107-321 -- + - + 
5754-511 otu domain-containing protein 3 - - - 
35973-42 isoform cra_a - - + 
36706-36 hermansky-pudlak syndrome 1 protein homolog - - + 
27887-125 26s proteasome non-atpase regulatory subunit 9 - - + 
1749-927 utrophin isoform x2 - - - 
29218-108 n-alpha-acetyltransferase 50 isoform x1 - - - 
31201-85 transmembrane protein 115 - - - 
22365-204 transmembrane protein 19 isoform x1 + + + 
36701-36 isoform cra_b - - - 
7690-428 casp8-associated protein 2 - - + 
2260-821 a kinase anchor protein isoform cra_a - - + 
1371-1036 signal recognition particle 9 kda protein - - + 
19-4220 cytoplasmic dynein 1 heavy chain 1 + + + 
20787-217 adp-ribosylation factor-like protein 1 - - + 
36491-37 5-oxoprolinase isoform x1 - - + 

23896-185 
low molecular weight phosphotyrosine protein 
phosphatase-like + - + 

38691-21 protein mdm4 - - - 
1396-1029 proteasome activator complex subunit 1 - - + 
7750-426 lysine-specific demethylase 8 - - + 
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 1089 

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

 1098 

 1099 

 1100 

 1101 

 1102 

 1103 

11279-335 mitochondrial ribosomal protein l37 - - - 

26257-147 
PREDICTED: uncharacterized protein C1orf167 
homolog - - + 

31894-78 -- - - + 
26183-148 atp-binding cassette sub-family c member 8-like + - + 
14102-290 succinate dehydrogenase - - + 
40819-1 adaptin ear-binding coat-associated protein 1 + - + 
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Table 4.  Results for selection from SweeD and associations with environmental variables across 1104 

urban (CP, FM, NYBG) and rural (BHwwp, CFP, HIP) populations. Columns to the left of the 1105 

outliers show the population where the SweeD identified outlier was found.  I = percent 1106 

impervious surface, D = human density, C = Urban or Rural Classification 1107 

Populatio
n SweeD  

LFMM 
results 

CP FM NYBG Combined Outliers  I D C 

- - - + 10099-359 -- - - - 

+ - - - 10636-348 aflatoxin b1 aldehyde reductase member 2 + - + 

+ - - - 1115-1128 -- - - - 

- - - + 113-2629 -- - - - 

- - - + 11470-332 -- - - - 

+ - - - 1156-1114 -- - - - 

+ - - + 124-2491 -- - - - 

+ - - - 12718-311 -- - - - 

- + - + 13665-297 -- - - - 

- - - + 14528-283 
solute carrier family 22 (organic anion 
transporter) member 7 + - + 

- - - + 148-2324 -- - - - 

- - + - 1583-971 isoform cra_a - - + 

- - + + 1596-968 small ubiquitin-related modifier 2 isoform 2 - - + 

- - - + 17779-244 -- - - - 

- - - + 1782-919 
solute carrier family 39 (zinc transporter) member 
1 - - + 

- + + - 17856-243 serine protease inhibitor a3c-like + + + 

- - - + 2034-860 dehydrogenase reductase (sdr family) member 3 - - + 

- - + - 20378-220 -- - - - 

- - - + 21270-213 -- - - - 

- - - + 22908-200 -- - - - 

- - - + 23358-193 -- - - + 

- + - - 243-1951 solute carrier family member 13 - - + 

+ + + + 25500-158 -- - - - 

- + - - 26488-144 
pentatricopeptide repeat domain-containing 
protein mitochondrial isoform x2 + - + 

- - + - 2736-755 -- - - - 

- - + - 27546-129 6- liver type - - + 

- - - + 280-1900 -- - - - 

- - - + 28127-122 sarcosine mitochondrial - - + 

- - - + 28528-117 -- - - - 

- - - + 289-1886 -- - - - 

- - - + 29117-109 -- - - - 
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 1108 

 1109 

- + - - 31034-87 -- - - - 

+ - - - 342-1776 fatty acid desaturase 1 + - + 

+ + + + 35790-44 apolipoprotein b- partial - - - 

- - - + 37202-32 PREDICTED: poly + - + 

- - - + 37400-30 -- - - - 

- - - + 37830-27 -- - - - 

- - - + 39-3749 alpha-aminoadipic semialdehyde mitochondrial + + + 

- - - + 3964-627 heat shock protein alpha class a member 1 - - + 

- - - + 408-1655 
disintegrin and metalloproteinase domain-
containing protein 9 isoform x1 - - + 

- - - + 42-3615 2-oxoglutarate dehydrogenase - - + 

+ - - - 4384-592 -- - - - 

- - - + 4818-563 exportin-t isoform x1 + + + 

- - - + 50-3466 -- - - - 

- - - + 533-1512 fructose- -bisphosphatase 1 - - + 
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Figure 1.  Map of NYC and surrounding area showing included sample localities. Sites in Red 1110 

are urban parks within New York City. CP = Central Park; NYBG = New York Botanical 1111 

Gardens; FM = Flushing Meadow/Willow Lake; BHwwp = Brookhaven and Wilde Wood State 1112 

Park; CFP = Clarence Fahnestock State Park; HIP = High Point State Park 1113 

Figure 2. (a) Bayescan results; Red line is FDR = 0.1. (b) Sweed results, Red line corresponds to 1114 

p value ≤ 0.0001 1115 

Figure 3. (a) Population values for three environmental variables. (b) Allele frequencies for 1116 

three contigs found as outliers in a genome scan and GEA test 1117 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 28, 2016. ; https://doi.org/10.1101/038141doi: bioRxiv preprint 

https://doi.org/10.1101/038141
http://creativecommons.org/licenses/by-nd/4.0/


	
  

New York Connecticut 

New Jersey 

CP 

NYBG 

FM 

CFP 

HIP 

BHwwp 

-74.5 -74.0 -73.5 -73.0 -72.5

4
0
.6

4
0
.8

4
1
.0

4
1
.2

4
1
.4

4
1
.6

Longitude 

L
a

ti
tu

d
e

 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 28, 2016. ; https://doi.org/10.1101/038141doi: bioRxiv preprint 

https://doi.org/10.1101/038141
http://creativecommons.org/licenses/by-nd/4.0/


	
  
F S

T 

Log 10(PO) 

A 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 28, 2016. ; https://doi.org/10.1101/038141doi: bioRxiv preprint 

https://doi.org/10.1101/038141
http://creativecommons.org/licenses/by-nd/4.0/


	
  

C
LR

 
B 

SNPs 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 28, 2016. ; https://doi.org/10.1101/038141doi: bioRxiv preprint 

https://doi.org/10.1101/038141
http://creativecommons.org/licenses/by-nd/4.0/


	
  

A B C D E F

-1
.0

0.
0

0.
5

1.
0

1.
5

2.
0

Pop

Im
pe
rv
io
us

A B C D E F

1
2

3
4

5
6

Pop

Im
pe
rv
io
us

A B C D E F

5
10

15
20

25
30

35

Pop
Im
pe
rv
io
us

CP FM BHwwp HIP

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

CP FM BHwwp HIP

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

CP FM BHwwp HIP

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

% Impervious Surface Rural_or_Urban Human Density 

25795-154  37967-26  36706-36  

A 

B 

CP FM NYBG BHwp CFP HIP CP FM NYBG BHwp CFP HIP CP FM NYBG BHwp CFP HIP 

CP FM NYBG BHwp CFP HIP CP FM NYBG BHwp CFP HIP CP FM NYBG BHwp CFP HIP 

R
ur

al
 

U
rb

an
 

Lo
g 

10
(D

en
si

ty
)  

Lo
g 

10
(%

Im
pe

rv
io

us
)  

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 28, 2016. ; https://doi.org/10.1101/038141doi: bioRxiv preprint 

https://doi.org/10.1101/038141
http://creativecommons.org/licenses/by-nd/4.0/

