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Abstract

Understanding the process of adaptation during rapid environmental change remains

one of the central focal points of evolutionary biology. The recently formed White

Sands system of southern New Mexico offers an outstanding example of rapid adapta-

tion, with a variety of species having rapidly evolved blanched forms on the dunes

that contrast with their close relatives in the surrounding dark soil habitat. In this

study, we focus on two of the White Sands lizard species, Sceloporus cowlesi and Aspi-
doscelis inornata, for which previous research has linked mutations in the melanocor-

tin-1 receptor gene (Mc1r) to blanched coloration. We sampled populations both on

and off the dunes and used a custom sequence capture assay based on probed fosmid

libraries to obtain >50 kb of sequence around Mc1r and hundreds of other random

genomic locations. We then used model-based statistical inference methods to describe

the demographic and adaptive history characterizing the colonization of White Sands.

We identified a number of similarities between the two focal species, including strong

evidence of selection in the blanched populations in the Mc1r region. We also found

important differences between the species, suggesting different colonization times, dif-

ferent genetic architecture underlying the blanched phenotype and different ages of

the beneficial alleles. Finally, the beneficial allele is dominant in S. cowlesi and reces-

sive in A. inornata, allowing for a rare empirical test of theoretically expected patterns

of selective sweeps under these differing models.
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Introduction

The study of populations that have recently colonized

novel environments has remained an area of particular

interest in evolutionary biology – both because newly

encountered environmental pressures can generate

strong natural selection and because adaptation over

short timescales can be detectable on the genomic level.

However, recent and rapid colonization events are also

frequently characterized by severe demographic pertur-

bations (e.g. in population size and migration rates),

which may obscure genomic patterns of selection (e.g.

Przeworski 2002; Jensen et al. 2005; Thornton & Jensen

2007). Although various test statistics have been devel-

oped to circumvent this challenge (e.g., Nielsen et al.

2005; Jensen et al. 2007; Pavlidis et al. 2012), the
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performance of these approaches is often poor under

the demographic scenarios associated with colonization,

particularly for cases of severe population bottlenecks

and ongoing gene flow (Crisci et al. 2013; Poh et al.

2014). As a result, the underlying demographic history

of a population should be explicitly modelled when

searching for targets of natural selection.

Although disentangling selection and demography

remains difficult, the use of population-level, genome-

scale data from recently diverged natural populations

can help to discern the relative impact of these factors.

The advent of next-generation sequencing technologies

together with new computational and statistical tech-

niques to model demographic histories (Thornton &

Andolfatto 2006; Gutenkunst et al. 2009; Excoffier & Foll

2011; Naduvilezhath et al. 2011; Mathew & Jensen 2015)

have enabled more accurate inference of demographic

history, which can then be used as a null model when

scanning for genomic targets of selection. As a result,

substantial advances have been made in detecting genes

contributing to phenotypic changes in populations that

have undergone recent adaptation in the wild such as

Drosophila, stickleback, mice and humans (e.g., Reusch

et al. 2001; Ihle et al. 2006; Domingues et al. 2012; Lin-

nen et al. 2013) and during domestication (e.g., Doebley

2004; Pollinger et al. 2005; reviewed in Stinchcombe &

Hoekstra 2008; Ellegren & Sheldon 2008; Mackay et al.

2009; Stapley et al. 2010). However, even in these cases,

the underlying genetic variants responsible for the

observed changes often remain difficult to identify

(Chan et al. 2010).

Melanin-based pigmentation has long been studied as

a model for understanding adaptive evolution (Cott

1940; Norris & Lowe 1964), and pigmentation pheno-

types are some of the best examples of adaptation

where the underlying genetic variants are well charac-

terized. Coloration is involved in a range of different

biological processes from crypsis to mimicry to ther-

moregulation to sexual signalling, and melanin-based

coloration is conserved across many taxa (Thayer 1909;

Cott 1940; Norris 1967; Kettlewell 1973; Majerus 1998;

Bittner et al. 2002; Caro 2005). There are a number of

genes that affect melanin-based phenotypes (Barsh

1996). Perhaps the most widely studied is the melano-

cortin-1 receptor gene (Mc1r), an important component

of the melanin-synthesis signal transduction pathway in

vertebrates (Barsh 1996). Mutations in the 1 kb coding

region of Mc1r are responsible for colour variation in

many species and have been investigated in domesti-

cated animals [e.g. dogs (Newton et al. 2000), pigs (Kijas

et al. 1998), horses (Marklund et al. 1996) and chickens

(Takeuchi et al. 1996)] and in wild populations [e.g.

mice (Nachman et al. 2003; Hoekstra et al. 2006), birds

(Theron et al. 2001; Mundy et al. 2004), felines (Eizirik

et al. 2003) and reptiles (Rosenblum et al. 2004)]. How-

ever, in many of the studied species, observed colour

variation does not correspond to specific environmental

pressures, making the connection of Mc1r variants to

fitness unclear.

The White Sands system in southern New Mexico

provides an opportunity to link colour variation in wild

populations with adaptation to divergent habitats, and

thus to understand the interplay between natural selec-

tion and population demography. White Sands is a dis-

tinctive landscape of stark white gypsum dunes (~275
square miles), which contrast dramatically with the

dark substrate of the surrounding Chihuahuan Desert.

There has been dramatic convergence in dorsal colour

morphology by the White Sands fauna. All of the lizard

species that inhabit White Sands and a subset of arthro-

pods and mammals exhibit blanched forms on the gyp-

sum dunes that contrast with dark forms in the rest of

their ranges (Smith 1943; Lowe & Norris 1956; Rosen-

blum 2006). The light coloration of White Sands animals

is likely an adaptation for crypsis to avoid detection by

visually hunting avian predators, which preferentially

predate on poorly background-matched prey (e.g. Dice

1947; Kaufman 1974; Luke 1989).

The demographic context in which natural selection

has operated at White Sands has also been dynamic.

The white habitat represents a geologically recent

change in selective environment, with the bulk of the

gypsum deposition having occurred within the last

7000 years (Langford 2003; Kocurek et al. 2007). There-

fore, White Sands populations are expected to result

from relatively recent colonizations. Moreover, there are

no physical barriers separating White Sands from the

surrounding dark desert soils, and the transition

between white sand and dark soil habitats occurs

abruptly. Thus, adaptation appears to have occurred in

many species despite ongoing gene flow (Rosenblum &

Harmon 2011).

Here, we use population-level genomic data to under-

stand the demographic history and dynamics of natural

selection at the genome level for dark and light popula-

tions of two White Sands lizards, the Southwestern

Fence Lizard (Sceloporus cowlesi) and the Little Striped

Whiptail (Aspidoscelis inornata). In each species, a single

Mc1r amino acid substitution associated with blanched

coloration has been identified through candidate gene

studies and functional assays (Rosenblum et al. 2004,

2010). Population studies and functional assays have

also demonstrated that the mutations have different

dominance effects in the two species: the blanched

allele appears to be dominant in S. cowlesi but recessive

in A. inornata (Rosenblum et al. 2010). As a result, this

system represents one of the first examples from a natu-

ral population where differing predictions regarding
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hitchhiking effects of recessive and dominant mutations

may be directly studied by comparing molecular signa-

tures of natural selection for alleles of the same gene

with different dominance effects in two species inhabit-

ing the same novel environment.

In this study, we constructed fosmid libraries and

developed a sequence capture approach to obtain

>50 kb of sequence around Mc1r and hundreds of other

random genomic locations in each species. We then use

model-based statistical inference methods to infer the

demographic history of the two populations using ran-

domly selected genomic regions, investigate the evi-

dence of selection around the candidate sites in Mc1r,

estimate the age of these mutations relative to the geo-

logical age of White Sands and finally discuss these

results in the light of existing population genetic theory.

We find that White Sands and dark soil populations

show only weak background genomic differentiation

but display striking genetic differences in the Mc1r gene

region. The patterns of variation that we observe at and

around the Mc1r gene are consistent with strong selec-

tive sweeps caused by the nonsynonymous mutations

previously associated with the blanched phenotype.

Furthermore, the signatures of selection at Mc1r are

consistent with the inferred dominance of the two bene-

ficial mutations.

Material and methods

Population sampling

For both target species, we sampled populations from

the two contrasting habitats (White Sands and dark

soils) at the same localities for both Aspidoscelis inornata

and Sceloporus cowlesi to enable demographic inference

across the same spatial scale (Fig. 1). Populations are

not polymorphic for colour; therefore, all individuals

from White Sands exhibited the blanched phenotype,

and all individuals from the dark soil sites exhibited

the ancestral dark phenotype. We sampled White Sands

individuals (referred to as ‘WS’ throughout) from White

Sands National Monument (WSNM, Otero County,

New Mexico), within an approximately 2 km radius

along two neighbouring trails (Alkali Flat Trail and

Backcountry Trail). We sampled dark soil individuals

from two localities: (i) a Bureau of Land Management

site northeast of white sands (BLM, Lincoln County,

New Mexico; referred to as ‘DS1’ throughout), located

~85 km from WSNM with no separating geographic

barrier in between, and (ii) from Jornada Long-term

Ecological Research Station southwest of White Sands

(JLTER, Do~na Ana County, New Mexico; referred to as

‘DS2’ throughout), located ~50 km from White Sands

but separated from WSNM by the San Andres

Mountains. The two focal species are patchily dis-

tributed in the Tularosa Basin, and the two dark soil

sites represent the geographically closest localities

where dark colour morphs of both species could reli-

ably be sampled. We sampled approximately ten indi-

viduals per species per population.

Sequence capture assay

For each target lizard species, we first generated a fos-

mid library from high-quality DNA from a single White

Sands individual. We used the diTag fosmid vector

pFosDTx. The average E. coli insert size was approxi-

mately 40 kb, and each fosmid library contained

~5 million individual constructs. The fosmids were

then colony-amplified, and we used homologous

Sceloporus cowlesi Aspidoscelis inornata

DS2

WS

DS1

10 km

Fig. 1 Photographs and sampling localities for Aspidoscelis inor-

nata and Sceloporus cowlesi from contrasting habitats. Blanched

colour morphs are found at White Sands (indicated by the

white bar) and dark colour morphs are found in the rest of the

species’ ranges (indicated by the black bar). Both species were

sampled from the same three localities in New Mexico: White

Sands National Monument (WS) in Otero County (blue), a dark

soil Bureau of Land Management site (DS1) in Lincoln County

(red) and a dark soil Jornada Long-term Ecological Research

site (DS2) in Do~na Ana County (green).
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recombination to screen the fosmid libraries for the

Mc1r gene. We isolated clones that spanned a region up

to 100 kb around the Mc1r gene and characterized these

clones for insert size and target sequence presence. We

also chose 96 random clones in each species. Fosmid

library preparation and screening were done at the

BACPAC Resources Center (Oakland, CA, USA).

We used both Roche 454 FLX+ pyrosequencing and

Illumina MiSeq 2x150 bp sequencing to sequence the

four Mc1r clones and the 96 random clones in each spe-

cies. We processed raw sequences by removing any

potential PCR duplicates, nontarget species sequence

(e.g. from sequence adapters, PhiX spike-in, E. coli and

fosmid vector) and by trimming low-quality ends. We

merged Illumina paired-end reads with FLASH (Magoc

& Salzberg 2011) and performed a hybrid (454 + Illu-

mina) assembly using Roche GSASSEMBLER 2.6 (Roche

454, 2011). We retained contigs greater than 2 kb in

length for further analysis resulting in 364 contigs for

A. inornata (ranging from 2011 bp to 67 990 bp in

length) and 290 contigs for S. cowlesi (ranging from

2309 bp to 54 334 bp in length). We combined the con-

tigs into reference sequences, which we used to design

capture probes for a custom Roche NimbleGen Capture

Assay. The resulting probes covered more than 96% of

our reference sequence contigs.

We extracted DNA from liver and tail samples using

a DNeasy Blood and Tissue Kit (Qiagen). We generated

Illumina TruSeq barcoded libraries for all individuals

from each species, performed capture protocols accord-

ing to the Roche NimbleGen specifications and

sequenced using the Illumina MiSeq 2 9 150 bp and

Illumina HiSeq 2 9 100 bp platforms.

Sequence alignment

Raw sequence reads (fastq files) were first preprocessed

using a custom in-house pipeline including removal of

PCR duplicates, contaminants (phiX) and Illumina

sequencing adapters and trimming of low-quality bases

(seqyclean parameter –qual 24 24) [GRC_Scripts,

http://github.com/ibest/GRC_Scripts; Seqyclean,

https://bitbucket.org/izhbannikov/seqyclean]. Prepro-

cessed reads were aligned to the reference assembly for

each lane separately using STAMPY (version 1.0.22) (Lun-

ter & Goodson 2011). For every individual, aligned

reads were merged across different lanes, proper pairs

were extracted, and duplicate reads were removed

using SAMTOOLS (Li et al. 2009), retaining only the read

pair with the highest mapping quality. After mapping,

the mean coverage across individuals was 112X in

A. inornata (n = 32; Table S1a, Supporting information)

and 1159 in S. cowlesi (n = 28; Table S1b, Supporting

information). The data set was limited to individuals

with >209 coverage; this level of coverage has previ-

ously been shown to give good resolution for genotyp-

ing heterozygous sites within individual samples (The

1000 Genomes Project Consortium 2010). The resulting

data set included 24 individuals for each species (i.e.

A. inornata: 9 WS; 9 DS1; 6 DS2 and S. cowlesi: 9 WS; 9

DS1; 6 DS2). Because single nucleotide variants occur

much more frequently than indels in the genomes of

most species, most alignment algorithms annotate a sin-

gle nucleotide variant rather than an indel at positions

mismatching the reference genome when mapping indi-

vidual reads. At positions of true indels, local misalign-

ment of reads can produce an excess of false-positive

SNP calls. To identify these positions and to improve

variant calls, especially in low-complexity regions of the

genome, a multiple sequence alignment was performed

using the Genome Analysis Toolkit (GATK) IndelRea-

ligner (McKenna et al. 2010; DePristo et al. 2011; Van

der Auwera et al. 2013) to locally realign reads such

that the number of mismatching bases is minimized

across all reads spanning this locus.

Variant calling and filtering

Initial variant calls were made using GATK’s Haplo-

typeCaller via local de novo assembly of haplotypes in

an active region. Samples were genotyped jointly using

GATK’s GenotypeGVCFs tool. Besides true variation,

these initial variant calls contain false positives due to

systematic sequencing artefacts, mismapped reads and

misaligned indels. Such false-positive calls often (i)

exhibit excessive depth of read coverage, (ii) show an

allelic imbalance, (iii) occur preferentially on a single

strand, (iv) appear in regions of poor read alignment

and (v) arise in unusual close proximity to multiple

other variants. Thus, the majority of such calls can be

detected and rejected using filters based on the above

observations. Specifically, initial variant calls were fil-

tered postgenotyping using GATK’s VariantFiltration.

Variants were removed using the following set of crite-

ria (with acronyms as defined by the GATK package): (i)

Three or more variants were found within 10 bp (clus-

terWindowSize = 10). (ii) The depth of coverage at the

given position (summed across individuals) was <500
or >3000 (DP<500; DP>3000). (iii) There was evidence of

a strand bias as estimated by Fisher’s exact test

(FS > 60.0) or the Symmetric Odds Ratio test

(SOR > 1.0). (iv) The read mapping quality was low

(MQ<80). (v) At least one of the samples was not called

(NCC > 0).

After applying the initial filter criteria, the variant

data set was limited to biallelic sites using VCFtools

(Danecek et al. 2011). Genomic positions that fell within

repeat regions of the reference assembly were excluded

© 2015 John Wiley & Sons Ltd

POPULATION GENOMICS OF WHITE SANDS LIZARDS 309

http://github.com/ibest/GRC_Scripts
https://bitbucket.org/izhbannikov/seqyclean


because erroneous alignment of reads to these regions

often leads to an increased frequency of heterozygous

genotype calls. In particular, five different classes of

repeats (i.e. LINE, LTR, DNA, simple repeats and low-

complexity regions) were annotated using REPEATMASKER

(Smit et al. 2013–2015) and variants within these regions

were excluded from further analyses. To minimize

genotyping errors, all variants with either missing data

for any individual or genotype quality of less than 20

(corresponding to P[error] = 0.01) for any individual

were excluded using VCFtools. Although hard geno-

type quality thresholds might cause an undercalling of

heterozygotes in samples with low or moderate cover-

age, they have previously been shown to perform well

in samples with >209 coverage (Nielsen et al. 2011).

Variants were also filtered on the basis of Hardy–Wein-

berg Equilibrium (HWE). A P-value for HWE was cal-

culated for each variant using VCFtools, and variants

with P < 0.01 were removed. Sites for which all individ-

uals were fixed for the nonreference allele were

excluded using VCFtools. The resulting call sets con-

tained 13 960 variants (407 SNPs within Mc1r and

13 553 within the random contigs) for A. inornata and

20 782 variants (691 SNPs within Mc1r and 20 091

within the random contigs) for S. cowlesi. Genotypes

were phased using BEAGLE (version 4; Browning &

Browning 2007).

Candidate variants were subject to several filter crite-

ria to avoid false positives. As the applied filter metrics

can lead to the exclusion of a substantial fraction of

sites in the genome, mask files defining which nucleo-

tides were accessible to variant discovery were gener-

ated to obtain the exact number of monomorphic sites

in the reference assembly of each species (used in the

demographic estimation) and to avoid biases when cal-

culating summary statistics (e.g., p, Tajima’s D, and

weighted Fst). Mask files were created using the GATK

pipeline described in the section ‘Variant Calling and

Filtering’ with the exception that the ‘-allSites’ flag was

switched on when running GATK’s GenotypeGVCFs

tool to include all nonvariant loci for which there were

data available. The same filter criteria were used with

the exception of the variant cluster filter criteria, as this

metric cannot be applied in cases of calls at every site

in the genome. The filtering resulted in 58% and 45% of

the reference assembly being accessible for A. inornata

and S. cowlesi, respectively.

PCA, population structure and heterozygosity

For both species, variant data sets for the three popula-

tions were pruned for linkage, removing SNPs within a

50 SNP window that had r2 > 0.2 (using ‘-indep 50 5 0.2’

in plink) because both PCA (Zheng et al. 2012) and the

inference of population structure require a set of inde-

pendent SNPs. Population structure was studied using

PCA and structure (Pritchard et al. 2000; Falush et al.

2003, 2007; Evanno et al. 2005; Hubisz et al. 2009), a soft-

ware that identifies clusters of related individuals from

multilocus genotyping data. structure analysis was per-

formed with K = 1–5 (the number of clusters), using an

admixture model with correlated allele frequencies. For

each K, structure was run ten times for 10 000 steps after

a burn-in period of 10 000 steps. The best K was chosen

such that it maximized the marginal likelihood of the

data. Previous work has shown that structure is able to

identify isolated and relatively homogeneous groups

even if they exhibit short divergence times or exchanges

with other groups; this is because small, isolated popula-

tions often exhibit distinctive allele frequencies due to

the fact that genetic drift occurs rapidly (Rosenberg et al.

2001). As a result, identified clusters often correspond

well to geographically distinct population groups.

Finally, heterozygosity was estimated based on the num-

ber of heterozygous SNPs per individual.

Demographic analyses

We explicitly evaluated different demographic scenarios

for both A. inornata and S. cowlesi. Population modelling

was done using two likelihood methods for compar-

ison: (i) an approach that infers demographic parame-

ters from the joint site frequency spectrum (SFS) using

coalescent simulations (fastsimcoal2; Excoffier & Foll

2011; Excoffier et al. 2013) and (ii) a method in which

the likelihood is calculated using a diffusion approxi-

mation (dadi; Gutenkunst et al. 2009). SFS for all popula-

tions were directly generated from the final variant

calls (vcf files) using an in-house script. As outgroup

sequences were unavailable for A. inornata and

S. cowlesi, we used the distribution of minor allele fre-

quencies (i.e. the folded SFS) where the minor allele

was considered to be the allele with the lowest fre-

quency across all three populations. Monomorphic sites

(defined as the set of all sites that passed all filtering

criteria but for which no variants were called using

GATK) were included in the analyses. For both species,

we maximized the likelihood of the observed SFS under

six complex demographic scenarios (three possible tree

topologies each with two possible migration scenarios

as described below; parameters shown in Table 2). We

identified the best fitting demographic model on the

basis of their Akaike’s information criterion (AIC) score

(Akaike 1974).

Given the genetic differentiation between populations

identified by the PCA and structure analyses, for each

species we tested the three possible tree topologies

for the population set including WS, DS1 and DS2.

© 2015 John Wiley & Sons Ltd

310 S . LAURENT ET AL.



Topologies were tested both without migration and with

asymmetrical migration between all population pairs. In

the migration models, gene flow was only considered

between T1 (the time of the most recent population split)

and present. Additionally, admixture models were

evaluated but in no case better fit the data. Effective

population sizes were directly estimated by fixing the

mutation rate to 1.5 9 10�9 (Olave et al. 2015). We also

explored sensitivity of our results to assumptions about

mutation rate (Table S2, Supporting information).

Fastsimcoal2 and dadi were used on the folded SFS

based on 13 553 SNPs and 20 091 SNPs outside Mc1r in

A. inornata and S. cowlesi, respectively. For fastsimcoal2,

the following options were used: -N 100000 (max. num-

ber of simulations), -L 40 (max. number of EM cycles), -

M 0.001 (min. relative difference in parameter values

for the stopping criterion). For every demographic

model, 20 independent estimations with different initial

parameter values were run, and results for the estima-

tion with the highest likelihood are reported. For dadi,
50 independent runs at different starting points were

executed for each model. Generations were converted

to years assuming a generation time of 1.5 years, a rea-

sonable estimate for lizards in these taxonomic groups

(e.g. Crenshaw 1955; Degenhardt et al. 1996). We also

explored sensitivity of our results to assumptions about

generation time (Table S2, Supporting information).

Selective sweep mapping in the Mc1r region

To test for a selective sweep around the Mc1r gene, we

used the modification of the Kim & Stephan (2002) com-

posite likelihood ratio (CLR) test proposed by Nielsen

et al. (2005) as implemented in the software SweeD (Pav-

lidis et al. 2013). For each species, the folded SFS for all

contigs except Mc1r was used as a neutral background

reference and the CLR statistic was calculated at 10 000

grid points across the contig containing Mc1r. The CLR

test assumes that the data were sampled at the end of the

selective sweep; thus, following Meiklejohn et al. (2004),

we excluded all WS individuals that were homozygous

or heterozygous for the dark allele (as identified by

Rosenblum et al. (2010)) from the analysis. The statistical

thresholds for the test were defined as recommended by

Nielsen et al. (2005). For each species, we simulated poly-

morphism data under our best demographic models (as

estimated by fastsimcoal2) for the WS population and

defined the threshold as the 95th percentile of the distri-

bution of highest simulated CLR values.

Additionally, classical summaries of genetic diversity

were calculated using a sliding window approach along

the Mc1r region. We calculated p (nucleotide diversity),

Tajima’s D (Tajima 1989), and Weir and Cockerham’s

Fst (1984) using VCFtools (Danecek et al. 2011) taking

into account the information about monomorphic sites

(using the ‘–mask’ option).

ABC estimation of selection coefficients and allele ages

To estimate selection coefficients and allele ages for the

putatively selected mutations in A. inornata and

S. cowlesi, we use the approximate Bayesian (ABC)

approach of Ormond et al. (2015). In summary, an

approximate Bayesian computation (ABC) approach

was applied using a standard rejection algorithm and

tolerance threshold of 0.01, implemented in the R pro-

gram abc (Csillery et al. 2012), to estimate posterior dis-

tributions for selection strength s and allele age T in

both WS populations. A total of 100 000 neutral and

non-neutral simulations of the genealogies for White

Sands populations in both species were generated using

msms (Ewing & Hermisson 2010). Simulations used the

demographically inferred Ne values, as well as the q
and l values used in demographic inference. The

lengths L of the simulated sequences were taken to

match the SNP data available around the region of the

putatively selected mutation (a 65 kb region for A. inor-

nata and a 54 kb region for S. cowlesi). The positions of

the simulated selected mutations in both populations

were chosen to match the position of the putative selec-

tion targets in the data sets. The prior distributions for

the selection coefficient s and allele age T were log10(s) ~
U(�4, �0.5) and log10(T) ~ U(�4, �0.5), where U is a

uniform distribution.

Simulated SNP patterns were output to the program

msstats to calculate a panel of known summary statistics

that are commonly used to characterize selective

sweeps. Following Wegmann et al. (2009), a partial least

squares (PLS) approach was applied to incorporate the

most informative summary statistics from msstats into

the ABC calculation and to filter out noise from unin-

formative statistics. Summary statistics were also calcu-

lated from the actual SNP data for White Sands

populations in both species and transformed into PLS

components using the same loadings as described

above. Point estimates for s and T were calculated from

the mode of the joint density posterior distribution

using the two-dimensional kernel density function in

the MASS package in R (Venables & Ripley 2002).

Finally, credibility intervals were calculated using 95%

of the marginal posterior distributions for s and T.

Results

Sequence capture

Our sequence capture approach resulted in a high-qual-

ity population-level data set. We recovered a large
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contig containing Mc1r for both species. The Mc1r con-

tig was 54 kb long and contained 691 SNPs in Sceloporus

cowlesi and was 68 kb long and contained 407 SNPs in

Aspidoscelis inornata. We also recovered 289 additional

genomic contigs with an average length of 11.3 kb in

S. cowlesi and 363 additional genomic contigs with an

average length of 8.6 kb in A. inornata. These genomic

contigs contained 20 091 SNPs in S. cowlesi and 13 553

SNPs in A. inornata.

Demographic analysis of the Aspidoscelis inornata
populations

All three A. inornata populations exhibited similar levels

of nucleotide diversity (0.15–0.18%, Table 1) and Taji-

ma’s D values (0.11–0.80) (calculated based on the

genetic variation observed outside Mc1r). Weighted Fst
values ranging from 0.11 (WS-DS2) to 0.15 (DS1-DS2)

outside of Mc1r indicated genetic structure between

populations. Genetic structure was also identified by

the structure analysis – supporting the existence of three

clusters, which exactly corresponded to the three sam-

pled localities (Figs 2 and S1a, Supporting information).

The PCA also showed clear separation of all three pop-

ulations (Fig. 3). Notably, weighted Fst values were

greatly elevated within Mc1r in comparisons between

White Sands and dark soil populations [0.28 (WS-DS1),

0.36 (WS-DS2)], but not between the two dark soil pop-

ulations [0.12 (DS1-DS2)].

The demographic model inferred as best fitting the

data was the same in both fastsimcoal2 and dadi (Fig. 4),
with concordant parameter estimates between the two

methods (Table 2). This model suggests a young diver-

gence between WS and DS1 and an older split with DS2,

as well as an absence of gene flow between populations.

Predictive simulations were generated to test whether

the demographic parameters inferred with the two meth-

ods were able to correctly predict the patterns of genetic

variation observed in the A. inornata data set. The results

of this analysis demonstrated that both models were well

calibrated, predicting p, Tajima’s D and Fst correctly in all

three populations (Fig. S2, Supporting information) and

the SFS of each individual population (Fig. S3, Support-

ing information).

Demographic analysis of the Sceloporus cowlesi
Populations

All three S. cowlesi populations exhibited similar levels

of nucleotide diversity (0.25–0.27%, Table 1), with

roughly 1.5-fold higher genetic variation than observed

in A. inornata. Tajima’s D values ranged from �0.17 to

0.25. The range of pairwise weighted Fst values was

similar to that found in A. inornata (from 0.10 in WS-

DS2 to 0.15 in WS-DS1). The structure results reported

two or three clusters depending on which criterion was

used to identify the best value of K (Figs 2 and S1B,

Supporting information, respectively), highlighting the

lower level of differentiation between WS and DS2.

However, the three-cluster grouping correctly assigned

all individuals to their respective sampling localities.

The same pattern of differentiation was observed in the

PCA (Fig. 3) where WS and DS2 could only be differen-

tiated on the second principal component. As in A. inor-

nata, weighted Fst was notably higher within the Mc1r

region relative to the genomic background in compar-

isons between White Sands and dark soil populations

[0.31 (WS-DS1), 0.20 (WS-DS2)], but not between the

two dark soil populations [0.16 (DS1-DS2)].

Both fastsimcoal2 and dadi analyses predicted the same

general demographic model as best fitting the data

(Fig. 4), a model with a closer relationship between WS

and DS2 and presence of gene flow between the three

populations. Although both methods agreed on the tree

topology and on the presence of gene flow, there are,

unlike in the case of A. inornata, notable differences

between the parameters estimated by the two methods

(Table 2). To test whether these different parameter esti-

mates affected the predictive power of the model, we

conducted predictive simulations using both the fastsim-

coal2 and dadi estimates and compared their ability to

predict the observed data (Figs S4 and S5, Supporting

information). The results demonstrated that both meth-

ods were indeed equally well calibrated as they correctly

predicted the distribution of p, Tajima’s D and Fst in all

three populations (Fig. S4, Supporting information).

Table 1 Summary statistics of the genetic variation observed

in the set of genomewide random contigs. All statistics were

calculated directly from the joint site frequency spectra (sites

that did not pass quality control were masked out)

Length (bp)

Aspidoscelis inornata Sceloporus cowlesi

1 776 757 1 429 855

WS n 9 9

S 9983 12 308

p 0.0018 0.0025

D 0.31 �0.01

DS1 n 9 9

S 7750 11 693

p 0.0015 0.0025

D 0.80 0.25

DS2 n 6 6

S 9497 11 946

p 0.0018 0.0027

D 0.11 �0.17

FST WS-DS1 0.13 0.15

WS-DS2 0.11 0.10

DS1-DS2 0.15 0.13
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Additionally, both approaches predicted similar single

population SFS that matched the observed data well

(Fig. S5, Supporting information). It is also necessary to

note that when scaling to calendar years, the uncertainty

in mutation rate, recombination rate and generation time

in these nonmodel organisms has important implications

(see Table S2, Supporting information for an example

considering the effect of two possible mutation rates and

three possible generation times on demographic parame-

ters for each species).

Selection analysis at the Mc1r Locus in Aspidoscelis
inornata

Several aspects of the genetic variation observed at the

Mc1r locus in A. inornata stand in sharp contrast with

Fig. 2 Estimated population structure as

inferred by structure for Aspidoscelis inor-

nata and Sceloporus cowlesi. Each individ-

ual is represented by a bar partitioned

into K coloured segments; the colour of

each bar’s label indicates the source pop-

ulation, corresponding to Fig. 1: WS

(blue), DS1 (red) and DS2 (green). These

segments represent the estimated mem-

bership fractions of the individual in K

clusters. At each K, ten structure runs

were performed which generated nearly

identical individual membership coeffi-

cients. Figures shown for a given K are

based on the highest probability run.
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Fig. 3 PCA of sampled populations in Aspidoscelis inornata and Sceloporus cowlesi; Colours correspond to Fig. 1; WS (blue), DS1 (red)

and DS2 (green). Data were thinned to exclude SNPs with an r2 > 0.2 to avoid a strong influence of SNP clusters in the PCA. Per-

centages indicate the percentage of variance explain by each principal component.
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the diversity observed in the species’ genomic back-

ground and are consistent with recent and strong

positive selection. First, as noted above, the level of

genetic differentiation among populations at Mc1r was

very high compared with the differentiation observed

at neutral fragments (Fig. 5). Second, the nucleotide

diversity at the Mc1r locus in the WS population was

below the genomewide average over a region of about

50 kb encompassing the Mc1r gene (Fig. 6). Further-

more, only two of nine individuals contributed to most

of the variation in this region (CP4 and CP34). If these

two individuals are discarded, the seven remaining

individuals are almost entirely monomorphic over

~35 kb region (Fig. S6, Supporting information). This

reduction in diversity at Mc1r is not observed in the

dark soil populations (Fig. 6) and is consistent with the

expected local reduction in neutral diversity predicted

by the selective sweep model (Maynard Smith and Haig

1974). Note that the estimated and observed neutral

diversity indices are very similar between all three pop-

ulations (Table 1), so we do not expect higher levels of

genetic drift in WS to be responsible for the lower vari-

ation at Mc1r. Third, as expected in a region that expe-

rienced recent strong positive selection, Tajima’s D

values in the WS population were negative and below

the genomic background average. This was not

observed in the dark soil populations where D profiles

were above average (DS1) or in-line (DS2) with their

respective background distributions (Fig. 6). To test

whether patterns of variation were consistent with a

recent event of strong positive selection, we applied the

CLR test (Kim & Stephan 2002; Nielsen et al. 2005)

(Fig. 7). The test was only significant for the WS popu-

lation and yielded an estimated selection coefficient for

the advantageous allele of 9 9 10�4. This estimation

was obtained assuming a recombination rate of

1.5 9 10�9 and an effective population size for WS of

23 392 individuals (Table 2).

This newly identified selective sweep in A. inornata

colocalized with a nonsynonymous mutation in Mc1r

Fig. 4 Best demographic model for Aspi-

doscelis inornata and Sceloporus cowlesi as

inferred by both dadi and fastsimcoal2,

with parameters defined.

Table 2 Parameter estimates inferred by fastsimcoal2 and dadi
under the best demographic models for Aspidoscelis inornata

and Sceloporus cowlesi. Times are given in years and sizes in

number of individuals. A graphical representation of these two

demographic models (and parameter definitions) can be found

in Fig. 4

A. inornata S. cowlesi

fsc2 dadi fsc2 dadi

N_ANC 327 022 324 114 394 383 420 678

N_WS_DS1 46 478 123 264 – –
N_WS 49 586 23 392 173 803 20 237

N_DS1 16 104 7443 58 323 15 232

N_DS2 83 463 87 418 256 011 32 068

T1 9627 4538 435 660 7401

T2 15 462 18 168 453 086 254 652

T_SIZE_DS1 – – 10 656 7401

N2_DS1 – – 308 492 1 076 768

NE_WS_DS2 – – 66 690 1 515 572

M_WS_DS1 – 4.01E-06 2.95E-05

M_WS_DS2 – – 2.73E-06 3.02E-06

M_DS1_WS – – 9.30E-07 1.75E-05

M_DS1_DS2 – – 2.59E-06 2.75E-05

M_DS2_WS – – 5.74E-06 3.09E-06

M_DS2_DS1 – – 2.99E-06 2.75E-05
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responsible for a polarity-changing replacement

(THR170ILE) that has been previously associated with

blanched coloration in A. inornata (Rosenblum et al.

2010). Consistent with the hypothesis that this mutation

plays a major role in the local adaptation of the WS

population, we found the frequency of the white allele

(T) to be 0.83 (i.e. 15 of 18 gene copies) in our WS sam-

ple and absent in DS1 and DS2. This represented the

largest difference in allele frequencies between popula-

tions in the Mc1r region for the WS-DS1 comparison

(Fst = 0.82) and the second largest for WS-DS2

(Fst = 0.78) (Fig. S7, Supporting information). The three

copies of the dark allele (C) were found in CP34 (ho-

mozygote) and CP4 (heterozygote), the two individuals

contributing to most of the residual variation in the

sweep region. Interestingly, these two individuals

appear to share the same blanched phenotype as the

other samples from the WS population, suggesting the

existence of additional loci contributing to the genetic

basis of this adaptive trait.

Selection analysis at the Mc1r Locus in Sceloporus
cowlesi

In S. cowlesi, the Mc1r region does not contain a signal

for selection as strong as that in A. inornata, but several

aspects of diversity still suggest a strong selective

sweep of the mutation identified by Rosenblum et al.

(2010). Inspection of polymorphism patterns revealed

the presence of strong haplotypic structure in the Mc1r

alignment (Fig. S7, Supporting information). The four

WS individuals that were homozygous for the white

allele exhibited dramatically reduced genetic variation

across the entire contig (55 kb) compared with individ-

uals homozygous for the dark allele. Heterozygotes

were found in WS only, which stands in agreement

with the expected dominance of the white allele. Fst val-

ues only marginally reflected this strong haplotypic dif-

ferentiation as the white haplotype was not fixed in WS

(Fig. S7, Supporting information). The results of the

CLR test on this white haplotype subset of WS yielded

significant values over the whole sequenced region

(Fig. 7). The selection coefficient estimated by the CLR

method was 1.1 9 10�3, assuming a recombination rate

of 1.5 9 10�9 and an effective population size of 20 237

(Table 2).

The selective sweep in S. cowlesi is in the region of

the mutation in Mc1r that leads to an amino acid

replacement (HIS208TYR) and is associated with the

blanched phenotype in individuals that are homozy-

gotes or heterozygotes for the white allele (Rosenblum

et al. 2010). Consistent with the study of Rosenblum

et al. (2010), this mutation occurred with a frequency of

0.61 in our WS sample (four individuals were
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A. inornata Fig. 5 Genetic differentiation at the Mc1r

locus in Aspidoscelis inornata. Sliding win-

dow profile of Weir & Cockerham’s

(1984) estimator of Fst for all pairs of

populations as calculated by VCFtools.

Window size was 1000 bp and step size

250 bp. Sites that did not pass quality

control were masked (using the ‘–mask’

option). The solid horizontal lines repre-

sent the average weighted Fst across all

windows in the genomic background.

The dashed horizontal line represents the

.975th quantile of the same distribution.

The red vertical solid line indicates the

position of the nonsynonymous Mc1r

mutation reported by Rosenblum et al.

(2010).
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homozygotes and three heterozygous) but was absent

from both DS1 and DS2. Interestingly, two WS individ-

uals who were homozygous for the dark allele had a

light phenotype, suggesting other loci besides Mc1r con-

tribute to the blanched phenotype in S. cowlesi as well.

ABC estimation of selection coefficients and allele ages

Using an ABC-based approach, we estimated selection

coefficients for the putative target of 0.19 based on the

inferred fastsimcoal2 model and 0.15 based on the

inferred dadi model in A. inornata. In S. cowlesi, we esti-

mated selection coefficients for the putative target of

0.12 based on the fastsimcoal2 model and 0.05 based on

the dadi model (Fig. 8). Interestingly, the age of the ben-

eficial mutation was inferred to be young in both spe-

cies, with estimates ranging from 0.0002 to 0.003 4N

generations in A. inornata (mean estimate of 900 years),

and from 0.01 to 0.001 4N generations in S. cowlesi

(mean estimate of 1200 years). The posteriors suggest

that it may be difficult to distinguish between the ages

of these two relatively young sweeps, but we can con-

clude that the sweeps are young in both species. In fact,

given the estimates of effective population sizes, both

sweep patterns appear to be significantly younger than

the geological age of the White Sands.

Discussion

The White Sands lizards of southern New Mexico offer

an outstanding system to understand the demographic

and adaptive history associated with colonization of

young and novel habitats. Given that multiple species

have independently and convergently adapted to the

light coloured sand and that the genetic basis of adapta-

tion is known in some species, this system offers insight

into the topology of the adaptive landscape and the inter-

play between selection and demography during colo-

nization. Our sequence capture approach gave us large

contigs surrounding the Mc1r gene (68 kb long for Aspi-

doscelis inornata and 54 kb long for S. undulatus) and large

contigs for hundreds of other genomic regions (a total of

13 553 SNPs for A. inornata and 20 091 SNPs for Scelo-

porus cowlesi), allowing us to make robust inferences

about demography and selection in this system.

Demography. Our findings using hundreds of anony-

mous loci to estimate the neutral demographic history
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Fig. 6 Nucleotide diversity (p) and Taji-

ma’s D at the Mc1r locus in Aspidoscelis

inornata. Sliding window profile of

nucleotide diversity (p) and Tajima’s D

in the Mc1r region as calculated by

VCFtools (window size 1000 bp and step

size 250 bp). Sites that did not pass qual-

ity control were masked (using the ‘–
mask’ option). The solid horizontal lines

represent the average values of these

statistic calculated across all windows in

the genomic background. The dashed

horizontal lines represent the 0.025th and

0.975th quantiles of the same distribu-

tion. The red vertical solid line indicates

the position of the nonsynonymous Mc1r

mutation reported by Rosenblum et al.

(2010).
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of the two species pairs investigated here provide

insight into both shared and unique aspects of coloniza-

tion of a novel habitat. In both A. inornata and

S. cowlesi, all populations sampled were distinguishable

from each other, indicating that there is genetic struc-

ture over this habitat gradient at a fine spatial scale

(Figs 2 and 3). In both species, the White Sands popula-

tions also showed a comparable amount of genetic

diversity as dark soil populations (Table 1). There is

evidence in both species for population size reductions

relative to the ancestral population, but this effect was

no stronger in White Sands populations than in dark

soil populations. Thus, we did not find evidence for

dramatic genetic bottlenecks at White Sands, consistent

with earlier work in this system that drew from more

limited genetic data (Rosenblum et al. 2007).

We inferred recent divergence times between White

Sands and dark soil populations in both species (Fig. 4,

Table 2), consistent with the known geological history of

the formation. However, the inferred split time of light

and dark populations of A. inornata (in which the most

recent split was between WS and DS1 ~4500 years ago)

was considerably younger than in S. cowlesi (in which the

most recent split was between WS and DS2 ~7400 years

ago). The difference in divergence time estimates

between the two species might reflect a more recent colo-

nization of the dunes by A. inornata or a limited sampling

of dark soil populations for this study. Finally, patterns

of gene flow differed between the two focal species. In

the species with the more recent split, A. inornata, no

migration was detected, while in S. cowlesi there was

strong evidence for ongoing migration (Fig. 4, Table 2).

It is additionally of note that while the two com-

monly used demographic estimators utilized here agree

on important features of tree topology and the pres-

ence/absence of migration, there are notable differences

particularly in S. cowlesi with regard to specific parame-

ter estimates. Perhaps the most important of which is

the age of the WS population divergence, with dadi
inferring a more recent split (postdune formation) from

DS2, and fastsimcoal2 inferring a more ancient split

(prior to dune formation). By conducting simulations of

the best estimated models of the two approaches, we

have demonstrated that both well explain the observed

data – highlighting the fact that there are areas of the

demographic parameter space that are equally able to

predict our observations. Future work will focus on a

more comprehensive sampling of dark soil populations

to better understand the ancestry of White Sands popu-

lations and refine divergence time estimates.

Selection. Apart from the inherent interest in characteriz-

ing the demographic history of colonization in the White

Sands lizards, our demographic estimates also provide

an important null model for tests of positive selection.

We evaluated patterns of molecular evolution around the
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Fig. 7 Likelihood surfaces of the CLR test

calculated by SweeD for Aspidoscelis inor-

nata and Sceloporus cowlesi. The dashed

horizontal line is the significance thresh-

old of the test for WS (see Methods). The

red vertical solid line indicates the posi-

tion of the nonsynonymous Mc1r muta-

tions reported by Rosenblum et al. (2010).

Individuals that were homozygous for

the dark allele of this mutation were

excluded from the analysis (see Meth-

ods).
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Mc1r gene, a region hypothesized to be under selection,

relative to the genomic background. Based on Fst analy-

ses, it was clear that Mc1r is much more strongly differ-

entiated between light and dark individuals than was

expected based on differentiation across the rest of the

genome for both species. Evidence for selection based on

patterns of Fst, nucleotide diversity and Tajima’s D was

particularly strong for A. inornata (Figs 5 and 6). In addi-

tion to Fst analyses, we also took a CLR approach to eval-

uate the likelihood of selection across the Mc1r region. In

the two dark soil populations sampled for each species,

no significant test value was found. However, in light

populations of both A. inornata and S. cowlesi, strongly

significant rejections of neutrality were identified (Fig. 7).

Interestingly, in both cases, the likelihood surface peaks

were centred around two previously described functional

variants proposed to play a role in the light phenotype

(Rosenblum et al. 2010): a polarity-changing replacement

in A. inornata (THR170ILE) and a replacement in S. undu-

latus (HIS208TYR). Thus, we have now identified specific

functional variants associated with colour variation and

described signatures of selection in an entire genomic

region.

Given the differing colonization histories of these spe-

cies, it was next of interest to infer the age of the puta-

tively beneficial mutations highlighted by the CLR

approach. Taking a newly proposed approximate Baye-

sian methodology (Ormond et al. 2015), we inferred the

strength of selection and the age of the light alleles in

both species taking into account both the inferred effec-

tive population size and the dominance of the underly-

ing mutations (Fig. 8). The strength of selection was

estimated to be roughly equally strong in both species,

and the ages of both beneficial mutations were esti-

mated to be considerably younger than the age of the

White Sands formation itself. This result is highly con-

sistent with the demographic results in A. inornata, in

which the WS has a recent population split time, consis-

tent with the beneficial allele age. While there is a dis-

crepancy in estimated population split time in S. cowlesi

between our two inference methods as discussed above,

the estimated age of the beneficial allele is indeed

young – suggesting that the adaptive event in both

species occurred considerably after the formation of the

dunes.

Establishing the frequency with which selection acts on

rare vs. common variants has become an important focal

point in evolutionary genetics. Our results suggest adapta-

tion on de novo or rare mutations in both White Sands spe-

cies. This result is of particular interest given prior

theoretical work suggesting that adaptation from standing

genetic variation is more likely at White Sands, particularly
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Fig. 8 Estimation of selection coefficient s

and allele ages T. Figures show the joint

posterior density plots for s and T. Given

somewhat different demographic histo-

ries estimated between the fastsimcoal2

(Panel A & C) and dadi (panel B & D)

software, both results are shown for each

species. The white, yellow and red col-

ours indicate areas of high, moderate

and low joint density, respectively. s and

T are drawn from log uniform priors:

log10(s) ~ U(�4, �0.5) and log10(T) ~ U

(�4, �0.5). Black crosses indicate the

modes of the joint posterior distributions,

which are at s = 0.19 (CI: 0.006–0.3),
T = 0.00025 9 4Ne generations (CI:

0.0001–0.002) based on fastsimcoal2 esti-

mates and s = 0.16 (CI: 0.0009–0.3),
T = 0.0034 9 4Ne generations (CI: 0.0001–
0.002) based on dadi estimates for Aspi-

doscelis inornata; and s = 0.13 (CI: 0.0002–
0.2), T = 0.014 9 4Ne generations (CI:

0.0001–0.003) based on fastsimcoal2 esti-

mates and s = 0.05 (CI: 0.0003–0.2),
T = 0.001 9 4Ne generations (CI: 0.0001–
0.004) based on dadi estimates for Scelo-

porus cowlesi.
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for the recessive case (Nuismer et al. 2012). However, our

approach, which leveraged hundreds of SNPs over more

than 50 kb in theMc1r gene region, provides a more robust

analysis of strength of selection and allele age than has

been previously possible. Our inference of selection on rare

mutations is based on: (i) the strong CLR signal in both

light populations, a test which only has power to detect

hard selective sweeps, (ii) the inferred allele ages being

considerably younger than the age of the White Sand for-

mation (i.e. the timing of the shift in selection pressure)

and (iii) the light allele not being observed as segregating

in the dark populations. As it is expected that the light phe-

notype would be deleterious on the dark soil, it is likely

segregating at mutation–selection balance in the dark pop-

ulations. Given the necessary frequency at which selection

on a standing variant results in a soft sweep (i.e. a multiple

haplotype fixation) vs. a hard sweep (i.e. a single haplotype

fixation) as described by Orr & Betancourt (2001) and Jen-

sen (2014), a soft sweep model is thus unlikely in these

populations. However, we have reason to believe that

there are as-of-yet unknown variants contributing to the

phenotype; therefore, a model of polygenic adaptation can-

not be ruled out.

Given the inference of selection around previously

identified and functionally validated variants, along

with the in-depth demographic estimates, this system

provides another unique perspective – namely, the role

of dominance. The beneficial light allele appears to be

dominant in S. cowlesi but recessive in A. inornata.

Although the mean fixation time of both a recessive

and dominant favoured allele is similar for large N and

Ns (Van Herwaarden & van der Wal 2002), the impact

of a selective sweep in both cases is expected to differ.

When selection acts on a recessive beneficial mutation,

genetic drift dominates the early phase of the allele tra-

jectory, as the mutation remains invisible to selection

until it reaches a frequency at which it may appear in a

homozygous recessive state. However, once achieving

that frequency, a deterministic trajectory may be

entered bringing the allele to fixation. Conversely, for

selection acting on a dominant beneficial mutation, the

variant may be visible to selection immediately and

begin sweeping; however, genetic drift will dominate

the later phases of the trajectory as the wild type reces-

sive allele will be invisible to selection when in the

heterozygous state. As described by Teshima & Prze-

worski (2006), these dynamics result in a stronger

reduction in diversity near the selected site for recessive

mutations, but a wider reduction for dominant muta-

tions. Figure 9 presents simulation results for these two

models, for the species-specific parameters estimated

here. Although this analysis only represents a single

example, our results are indeed qualitatively consistent

with theoretical predictions – particularly when consid-

ering the width of the significant likelihood surface.

Conclusion

Our study provides a number of important insights into

the process of parallel ecological adaptation in a novel
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Fig. 9 Predictive simulations under the

sweep models inferred in this study for

Aspidoscelis inornata and Sceloporus cowlesi

by the ABC method of Ormond et al.

(2015). The missing values for S. cowlesi

in the right part of the graph are due to

different contig lengths for the Mc1r

region between the two species. Simula-

tions were performed using the msms

program (Ewing & Hermisson 2010).
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and geologically young environment. While the times

of colonization may differ between the focal species,

both appear to have colonized the White Sands area

after their geological formation, utilizing different

genetic mechanisms within Mc1r. Both functional and

population genetic evidence now strongly support the

role of these two identified Mc1r variants in shaping

the light phenotype. Our results also suggest that other

as-of-yet unknown mutations likely play a role in the

light adaptation. Thus, future research will seek to iden-

tify these additional mutational targets and will expand

to other light/dark species pairs across this ecotone to

more fully characterize the generality of these conclu-

sions.
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