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The Genetic Basis of Adaptation following Plastic
Changes in Coloration in a Novel Environment
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Highlights
e Side-blotched lizards on a lava flow have melanic coloration
that promotes crypsis

e Ancestral plasticity in coloration promotes background
matching to the lava habitat

e Adaptive divergence in two genes that regulate melanin leads
to darker lizards

e Plasticity can help survival in new habitats, where selection
then refines phenotypes
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In Brief

Plasticity has been hypothesized to
precede adaptation to new environments.
Corl et al. show that melanic lizards from a
lava flow have both ancestral plasticity in
coloration and divergence in two genes
that increase pigmentation. Plasticity
aided in the initial colonization of the new
habitat, where natural selection then
refined the phenotype.
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SUMMARY

Phenotypic plasticity has been hypothesized to
precede and facilitate adaptation to novel environ-
ments [1-8], but examples of plasticity preceding
adaptation in wild populations are rare (but see
[9, 10]). We studied a population of side-blotched
lizards, Uta stansburiana, living on a lava flow that
formed 22,500 years ago [11] to understand the
origin of their novel melanic phenotype that makes
them cryptic on the black lava. We found that
lizards living on and off of the lava flow exhibited
phenotypic plasticity in coloration but also ap-
peared to have heritable differences in pigmenta-
tion. We sequenced the exomes of 104 individuals
and identified two known regulators of melanin pro-
duction, PREP and PRKAR1A, which had markedly
increased levels of divergence between lizards
living on and off the lava flow. The derived variants
in PREP and PRKAR1A were only found in the lava
population and were associated with increased
pigmentation levels in an experimental cohort of
hatchling lizards. Simulations suggest that the
derived variants in the PREP and PRKAR1A genes
arose recently and were under strong positive
selection in the lava population. Overall, our results
suggest that ancestral plasticity for coloration facil-
itated initial survival in the lava environment and
was followed by genetic changes that modified
the phenotype in the direction of the induced plas-
tic response, possibly through de novo mutations.
These observations provide a detailed example
supporting the hypothesis that plasticity aids in
the initial colonization of a novel habitat, with natu-
ral selection subsequently refining the phenotype
with genetic adaptations to the new environment.

2970 Current Biology 28, 2970-2977, September 24, 2018 © 2018 Elsevier Ltd.

RESULTS

Side-blotched lizards living on the Pisgah lava flow (Figure S1)
exhibit melanic coloration, which promotes crypsis when the
lizards are on the black lava (Figure 1A). Nearby populations living
on light-colored soils are not melanic (Figure 1B). Phenotypic
plasticity substantially contributes to the melanic phenotype,
because Pisgah lizards housed on light-colored sand develop a
substantially lighter phenotype (Figures 1C and 1D).

We quantified how the coloration of lizards changed in
response to their background environment and observed that
lizards from both the Pisgah and off-lava populations exhibited
plastic phenotypes (Figure 1E). First, lizards housed for a year
on lava were significantly darker than lizards housed for a year
on sand for both the Pisgah (Fy, ¢ = 13.4, p = 0.006) and
off-lava (Fy, 7 = 164.1, p = 0.000003) populations (Figure 1E,
Time 0). Second, the coloration of the lizards changed when
the substrate was switched. Lizards from both populations
housed on lava became significantly lighter when switched to
sand (Time 10 versus 59, Pisgah: X%, = 6.07, p = 0.0138; off-lava:
X2, =13.38, p = 0.00025). Lizards from both populations housed
on sand became significantly darker when switched to lava (Time
10 versus 59, Pisgah: X%, = 5.21, p = 0.0224; off-lava: X3, = 6.36,
p = 0.0117). The two populations did not have different
reaction norms, because there was no significant interaction
between Population and Time (Time 10 versus 59) for either
the lizards housed for a year on lava (X2, = 0.02, p = 0.88)
or sand (X2, = 0.05, p = 0.83). Although substantial plasticity
was detected, Pisgah lizards were significantly darker than
off-lava lizards after being housed on lava for a vyear
(Time 0, F1, g =9.6, p = 0.015). Pisgah and off-lava lizards housed
on sand for a year did not differ significantly in coloration
(F1,5=0.2, p =0.67).

We hypothesized that the melanic phenotype could have a
genetic component because Pisgah lizards can develop darker
coloration than off-lava lizards on lava substrate (Figure 1E,
Time 0). Therefore, we gathered genomic data to identify genes
with high amounts of genetic differentiation between the Pisgah
and off-lava populations. Individuals from the two populations
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Figure 1. Coloration of the Pisgah Lava Flow and Off-Lava U. stansburiana in the Wild and after Being Housed on Lava or Sand Substrates
(A) A Pisgah male on a lava rock.

(B) A comparison of an off-lava lizard (left) to a Pisgah lizard (right, with yellow paint) on a rock at the off-lava site.

(C) A Pisgah male photographed 5 days after collection in the field.

(D) The same lizard as in (C) but after being housed for 4 months in the lab on light-colored sand.

(E) Plasticity in coloration of lizards housed on differently colored substrates. The dorsal coloration of the lizards was measured by the amount of light reflecting
from the lizard relative to a white standard (i.e., percent reflectance), with lower values indicating darker lizards. Lizards were housed for a year on either sand or
lava before their coloration was measured at Time 0. The substrate was switched on day 2 (vertical dotted line) and then back to the original substrate on day 59
(vertical dotted line). Line and point color correspond to the substrate that the lizards were housed on at Time 0 and for the year prior to the experiment with brown
for sand and black for lava rock. Filled circles, Pisgah lizards; open squares, off-lava lizards. Points are mean values, and error bars are the SEM with the between-
subject variability removed.

See also Figure S1.

could be distinguished on PC1 of a principle component analysis  highly differentiated gene between the populations and contained
of SNPs, with no overlap between the Pisgah and off-lava the 5", 11" and 13™ most highly differentiated SNPs (Table S1),
populations (Figure 2A). Although there was some population  which were in introns (5™ and 11™ SNPs) or were a synonymous
structure, the overall genetic differentiation was low, because change (13" SNP). The other candidate gene was protein kinase
PC1 only explained 2.9% of the data. In addition, the mean Fst cAMP-dependent type | regulatory subunit alpha (PRKAR1A),
between the two populations was 0.0215, indicating that most  because variation in this gene has been associated with hyper-
of the genetic variation was within rather than between popula-  pigmentation in humans [13-15]. The PRKAR1A gene was
tions. The joint site frequency spectrum for the Pisgah and the 18" most highly differentiated gene between the populations
off-lava populations showed that the allele frequencies of most  and contained the 20™ most highly differentiated SNP (Table S1),
SNPs were highly correlated and that there were no sites with ~ which was in an intron in the 5’ UTR. The top SNPs in the PREP
fixed differences between the populations (Figure 2B). However, and PRKAR1A genes were among the most differentiated sites
multiple sites did deviate from the general correlation and had  as measured by Fsr (Figure 2C), were only found in the Pisgah
divergent allele frequencies between the Pisgah and off-lava population, and were at high frequencies compared to other
populations (outlying points, Figure 2B). SNPs restricted to the Pisgah population (Figure 2D). In addition
We used an association test to identify the genes with the most  to being missing from the off-lava population, the top associated
significant allele frequency differences between the populations.  SNPs in the PREP and PRKAR1A genes were not found in indi-
Among the most divergent genes were two genes with functions  viduals from nine additional populations surrounding Pisgah,
that suggested that they could be good candidates for influencing  including an independently formed lava flow at Amboy Crater (Fig-
coloration (Table S1). One of these genes was prolyl endopepti- ure S2; Table S2).
dase (PREP), which is known to digest alpha melanocyte We tested whether variation in PREP and PRKAR1A was asso-
stimulating hormone (a-MSH), a hormone that stimulates the ciated with the dorsal coloration of lizards by studying an exper-
production of melanin [12]. The PREP gene was the 5™ most imental cohort of newly hatched lizards that was raised in a

Current Biology 28, 2970-2977, September 24, 2018 2971



Figure 2. Assessments of the Genetic Dif-

ferences between the Lava and Off-Lava
Populations

(A) Principle component analysis of the genetic
data (SNPs) for individuals from the Pisgah lava
flow (black points) and off-lava (brown points)
populations.

(B) The joint site frequency spectrum for the two
populations. The number of alternative alleles relative
to our reference sequence that were observed in our
sample of 47 off-lava and 42 Pisgah individuals are
plotted on the x and y axes, respectively. The color of
the points indicates the number of sites (specifically
log10 [number of sites +1]), from few sites (darker
blue) to many sites (red).
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(C) Histogram of the per-site estimates of Fgsr. The
mean Fgr is highlighted by the red line.

(D) Histogram of polymorphic sites that were only
variable within the Pisgah population. The minor allele
frequencies of these variants are plotted on the x axis.
Arrows in (C) and (D) highlight the polymorphic sites in
the PREP and PRKAR1A genes that were highly
differentiated between the populations. In (B), PREP
has 23 alternative alleles in Pisgah, PRKAR1A has 21
alternative alleles in Pisgah, and both genes have no
alternative alleles in the off-lava population.

PRKAR1A See also Figure S2 and Tables S1 and S2.
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common environment (Figures 3A and 3B). We found that hatch-
ling lizards with the derived C allele in the PREP gene were signif-
icantly darker than lizards homozygous for the ancestral A allele
(X3, = 3.93, p = 0.0237). We found that hatchling lizards with the
derived G allele in the PRKAR1A gene were significantly darker
than lizards homozygous for the ancestral A allele (X?; = 3.75,
p = 0.0263).

We utilized simulations to explore what levels of selection
could lead to the observed frequency of the derived PREP and
PRKAR1A alleles. The derived alleles in PREP and PRKAR1A
were both, coincidentally, at a frequency of 0.23 in the Pisgah
population (Table S2) but were not in linkage disequilibrium
(p = 1, Table S3). We inferred the joint demographic history of
the Pisgah and off-lava populations to serve as a demographic
model under which we could estimate the selection coefficients
and ages of the alleles. A demographic model with no migration
estimated that the population divergence time was 5,200
generations ago, whereas the divergence time was 35,200
generations ago under a model with migration (Figure S3). Under
demographic models with (Figure 3C) and without (Figure 3D)
migration, we found that for both genes, the derived alleles
were likely to have arisen recently (1,000 generations ago in
both models) and have been subject to strong positive selection
in the Pisgah population (s = 0.007 and 0.008, respectively).

DISCUSSION

Theories about plasticity and adaptation have a long history.
In 1896, Baldwin proposed that plasticity is important for initial

2972 Current Biology 28, 2970-2977, September 24, 2018

survival in new environments, where natural selection will subse-
quently adapt organisms in the direction of the induced plastic
response by altering levels of plasticity or by changing the mean
phenotype without changing plasticity [4, 5]. More recently, the
“plasticity-first” hypothesis proposes that novel traits arise initially
from variants produced via plasticity in a new environment, which
are then subsequently refined by adaptive genetic evolution
[1, 2, 8]. In other words, plasticity precedes and facilitates adapta-
tion by natural selection, with “genes as followers” [2, 8]. Our data
suggest that the origin of the melanic coloration of the Pisgah liz-
ards follows many of the predictions of these theories. First, off-
lava population lizards can change their coloration to match their
environment, so plasticity in coloration evolved before the origin
of the Pisgah lava flow (Figure 1E). Therefore, the first lizards to
colonize Pisgah would have been able to achieve a substantial de-
gree of background matching to the lava environment through
ancestral plasticity in coloration, just as plasticity strongly contrib-
utes to the ability of Pisgah lizards to background match today
(Figures 1C versus 1D, and 1E). Second, our experiments sug-
gested that genetic changes to coloration have occurred in the
Pisgah lizards, because they were darker than the off-lava lizards
after being on a lava substrate for a year (Figure 1E, Time 0).
A separate study also found evidence supporting genetic
changes, because neonate Pisgah lizards from controlled genetic
crosses were significantly darker than off-lava lizards despite all
eggs beingincubated inacommon environment [16]. Our genomic
data revealed that Pisgah lizards do have genetic changes in
coloration, because variants in the PREP and PRKAR1A genes
associated with darker phenotypes were found at substantially



Figure 3. The Effects of PREP and PRKAR1A
Alleles on Coloration and Their Inferred
Selective History

(A and B) The coloration of hatchlings in relation to
their genotypes for the alleles in the PREP (A) and
PRKAR1A (B) genes with high levels of population
differentiation. Lower values of luminance indicate
darker lizards. For both genes, the ancestral allele
is an A. The C allele in PREP and the G allele in
PRKAR1A were only found in the Pisgah popula-
tion. The boxplots for each genotype show the
median (thick line in the box) and the 25" and 75"
percentiles (bottom and top of the box); the
whiskers extend to the furthest data point within
1.5 times the interquartile range, and outliers are
shown as points.

(C and D) Estimates of the allele age and selection
coefficient for the derived Pisgah allele of the
PREP and PRKAR1A genes. Estimates come from
demographic simulations with migration (C) and
without migration (D) between the Pisgah and
off-lava populations. The estimates of the allele
age and selection coefficient are the same for both
the PREP and PRKAR1A genes, because the
derived alleles in these genes were both coinci-
dentally at the same frequency in the Pisgah
population.

See also Figure S3 and Tables S2 and S3.
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higher frequencies in the Pisgah population. Overall, our data pro-
vide one of the most detailed examples of a “Baldwin effect,”
wherein plastic changes in coloration facilitated initial survival in
the novel Pisgah environment by increasing crypsis, and subse-
quent genetic adaptations allowed the lizards to become even
darker than their initial plastic responses.

Examples of the Baldwin effect or plasticity-first hypothesis
have generally lacked an understanding of the genetic basis
of the traits under study [1, 2, 17]. Our study helps fill this
knowledge gap by providing a detailed mechanistic under-
standing of how the Pisgah lizards have adapted to the lava
environment. The PREP and PRKAR1A genes are compelling
candidates for adaptive changes in coloration because both
are involved in a major pathway for signaling melanin produc-
tion (Figure 4). The production of eumelanin (black and brown
pigments) is stimulated by a-MSH binding to the melanocortin
1 receptor (MC1R), which signals for increased eumelanin pro-
duction via the synthesis of cyclic adenosine monophosphate
(cAMP) in the cell [18]. The PREP protein digests «-MSH to a
truncated form, which may impair its ability to bind to MC1R
[12], and inhibiting PREP activity can elevate the concentration
of a-MSH [19]. Thus, the PREP gene could affect levels of
signaling for melanin production via altered levels of a-MSH.
The cAMP-dependent protein kinase A (PKA) protein is the
primary mediator of cAMP signaling within the cell and is a
tetramer composed of two regulatory subunits and two cata-
lytic subunits [13]. There are four major regulatory subunit
isoforms, with the PRKAR1A protein being one of the main
regulatory subunit isoforms that control cAMP signaling [13].
Therefore, the PRKAR1A gene can affect melanin production
by regulation of the PKA protein. Mutations in PRKAR1A can

give rise to a hyperpigmentation phenotype in humans charac-
terized by spotty skin [13-15].

PREP and PRKAR1A are a new pair of candidate genes for
understanding adaptive changes in coloration in wild popula-
tions. Previous studies have observed that mutations in MC1R
often underlie adaptive differences in coloration in wild popula-
tions [20-23] but that other genes involved in melanin production
can also play a role [24, 25]. A prior study of U. stansburiana at
Pisgah compared MC1R sequences of two individuals from
both on and off the lava flow but did not detect fixed differences
between the populations [26]. We also found no strong popula-
tion differentiation in MC1R with our larger sample of individuals.
Mutations in MC1R often result in canalized differences in
phenotype [20, 22, 23, 27], which may explain why MC1R was
not a target of selection at Pisgah. The ability to change colora-
tion could be generally advantageous given that both Pisgah and
off-lava lizards exhibited substantial plasticity (Figure 1E). The
heterogeneous environment at Pisgah of light sand distributed
among black rocks (Figure S1A) could make the ability to back-
ground match particularly advantageous. Thus, natural selection
may have favored genetic changes that altered coloration while
maintaining plasticity. PREP and PRKAR1A could be promising
candidate genes for other systems where natural selection has
acted on a plastic color phenotype.

The identification of candidate genes improves our under-
standing of the adaptive history of the Pisgah lizards. Variants
in the PREP and PRKAR1A genes were correlated with the
degree of dorsal darkness of hatchling lizards (Figure 3), which
provided a critical validation that these variants have a pheno-
typic effect. This validation often cannot be done, because the
genetic variants hypothesized to affect a plastic trait are fixed
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Figure 4. Pathway for Signaling Melanin Production [12, 18]
Reactions within a cell are in the oval, and parts of the pathway involving our
candidate genes are underlined. Ultraviolet radiation stimulates the production
of proopiomelanocortin (POMC) by the pituitary gland or in keratinocytes in the
epidermis. POMC can be cleaved into alpha melanocyte stimulating hormone
(2-MSH), which binds to the melanocortin 1 receptor (MC1R) in the cell
membrane, leading to increased production of cyclic adenosine mono-
phosphate (cAMP). Increased cAMP levels affect cAMP-dependent protein
kinase A (PKA), which phosphorylates the cAMP response element-binding
protein (CREB), in turn activating the melanogenesis-associated transcription
factor (MITF). MITF is a transcription factor that regulates the expression of
three key enzymes that help produce melanin: tyrosinase (TYR), tyrosinase-
related protein 1 (TYRP1), and dopachrome tautomerase (DCT). The prolyl
endopeptidase (PREP) protein digests «-MSH [12] and the protein kinase
cAMP-dependent type | regulatory subunit alpha (PRKAR1A) protein is a
regulatory subunit of the tetrameric PKA protein [13]. See also Table S1.

among populations, so their phenotypic effects cannot be stud-
ied in situ [1]. The derived variants in PREP and PRKAR1A did
not change the protein sequence, so the effects on coloration
that we observed likely result from changes in gene expression,
as often occurs in the adaptation of plastic traits [9, 28]. Our
demographic models suggest that variants in the PREP and
PRKAR1A genes were likely to have arisen recently and experi-
enced strong positive selection. The generation time of the Pis-
gah lizards is unknown, but even with a generation time
substantially greater than the minimum of 1-2 years (Sinervo per-
sonal observation), our simulations suggest that the PREP and
PRKAR1A alleles arose thousands of years after the formation
of the lava flow. Another source of uncertainty is our lack of

2974 Current Biology 28, 2970-2977, September 24, 2018

knowledge of the mutation rate of lizards, which could affect
the timescale of our estimates. However, this error is unlikely to
be extreme, as the demographic models showed good concor-
dance with the known age of the lava flow. The split times inferred
in our models (no migration: 5,200 generations; with migration:
35,200 generations, Figure S3) are compatible with the origin of
the Pisgah lava flow 22,500 + 1,300 years ago [11], especially if
the actual population history was isolation with occasional gene
flow, rather than the two disparate demographic scenarios that
we examined. Thus, although there is uncertainty in the exact
timing, the models suggest that the PREP and PRKAR1A alleles
arose recently, within the last few thousand years.

Our genetic data also offered some unexpected insights into
adaptation following plastic responses in a novel environment.
The plasticity-first hypothesis proposes that there is genetic
variation in plastic responses that is hidden until exposed in
a novel environment and that this variation can be fuel for sub-
sequent adaptive change [1, 2, 29]. However, adaptation to the
Pisgah environment does not appear to arise from standing
genetic variation because the derived variants in our candidate
genes were restricted to the Pisgah population. We were un-
able to detect the derived allele in the PREP and PRKAR1A
genes in the off-lava population, where we sequenced 57
diploid individuals (a sample of 114 chromosomes), nor in
nine other populations from the surrounding area, where we
sequenced 76 individuals (152 chromosomes). Thus, if the
derived variants did originate before the lava flow formed,
they must be at very low frequencies in the populations sur-
rounding Pisgah. If there was standing genetic variation in
the PREP and PRKAR1A genes in ancestral off-lava popula-
tions, then these variants were likely to be selected in the
similar environment at the Amboy Crater lava flow, given that
this kind of convergent selection on standing variants has
been observed in sticklebacks [30, 31]. However, we did
not detect the derived variants in the PREP and PRKAR1A
genes in the Amboy Crater population (Table S2). Thus,
the available evidence suggests that the PREP and PRKAR1A
alleles likely arose as a result of de novo mutations in the
Pisgah population. Therefore, plasticity in coloration preceded
adaptive genetic changes in coloration at Pisgah, but adapta-
tion did not result from standing genetic variation in the degree
of plasticity.

Further insights into plasticity and adaptation can be devel-
oped on the foundation established by our study. First, it is
unknown how U. stansburiana utilize information from their
background environment to plastically alter their coloration,
but knowing that levels of «-MSH could play a role may offer
an important clue for future research. A possible mechanism is
that visual signals are neuronally processed to affect the produc-
tion in the pituitary of proopiomelanocortin, which is the precur-
sor protein to «-MSH. Second, there is an opportunity for field
studies of selection aimed at better understanding the adapta-
tion of a highly plastic phenotype. Field studies are needed
to evaluate whether plasticity typically has a positive role
in adaptation, whether it is largely non-adaptive (e.g., [32]), or
whether it accelerates or decelerates selection [33]. Third,
many theories of plasticity posit that natural selection will adapt
organisms by modifying the degree of phenotypic plasticity [1, 2,
5-7, 29], but rarely is anything known about the genetic basis of



the traits or the mechanism by which plastic responses are
modified. The PREP and PRKAR1A genes are good candidates
for being involved in plastic responses because both genes help
regulate the production of melanin (Figure 4). In future studies,
we will quantify the plastic responses of animals with different
PREP and PRKAR1A genotypes to test whether variants in
these genes alter levels of plasticity. This will illuminate whether
plasticity was a target of selection as U. stansburiana adapted to
the novel environment at Pisgah.

We found that the melanic coloration of Pisgah lizards results
from both ancestral phenotypic plasticity and adaptive genetic
changes that evolved after the formation of the lava flow,
possibly through de novo mutations. Therefore, selection is still
able to refine highly plastic phenotypes that match organisms
to their environment. The genetic changes observed in PREP
and PRKAR1A modified coloration in the direction of the induced
plastic response, as first predicted by Baldwin [4, 5]. Thus,
plasticity and adaptation can work together to promote
survival in new environments. Overall, studying the plasticity
and genetic basis of traits can offer important insights into how
novel phenotypes evolve.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
® CONTACT FOR REAGENT AND RESOURCE SHARING
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Tests of phenotypic plasticity
O Genetic comparison of lava and off-lava lizards
O Population survey of candidate gene variants
O Testing for associations between genotypes and phe-
notypes
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Exon-capture dataset of 52 Pisgah Lava Flow This paper NCBI SRA (BioProject ID: PRUINA476148, SRA accession:
and 52 off-lava Uta stanburiana SRP150551) https://www.ncbi.nlm.nih.gov/sra/SRP150551
Anolis carolinensis transcript for the PREP gene ENSEMBL ENSACAT00000003886.2
Anolis carolinensis transcript for the ENSEMBL ENSACAT00000013273.3
PRKAR1A gene

Oligonucleotides

PRKAR1A forward primer, PRKAR1A-F1: This paper N/A
TGAAAGGTGATACTGGGATCAACACC

PRKAR1A reverse primer, PRKAR1A-R1: This paper N/A
CTCACTGCCGGTACTCATAGAAGC

PRKAR1A reverse primer, PRKAR1A-R2: This paper N/A
TCTCCAGCCTTTCAAAGTATTCCCG

PREP forward primer, PREP-F1: This paper N/A
CCACCATCCTCCATTTCCTTCAGTC

PREP forward primer, PREP-F2: This paper N/A
TCATGTGGCACTCCAGAAGTTTGG

PREP reverse primer, PREP-R2: This paper N/A

TCACCATCTTCACTGAATGCATAACCT

Software and Algorithms

Workflow designed for transcriptome-based
exon capture data analyses

Trimmomatic
Cutadapt
Super Deduper

FLASH
Bowtie2

Pipelines for assembling an “exome reference”
sequence, to have a more complete reference
sequence that includes both the original
targeted sequences as well as flanking
sequences to the targeted sequences.

SPAdes genome assembler
BLASTn

cd-hit-est

cap3

Novoalign

Picard

GATK

SNPcleaner v2.2.4

ANGSD
NgsRelate
ngsTools
FastSimCoal2

Ke Bi, GitHub site for
CGRL-QB3-UCBerkeley,
[35, 36]

[37]

[38]

[39]

[40]

[41]

Ke Bi, GitHub site for
CGRL-QB3-UCBerkeley

[42]
[43]

[44]

[45]

Novocraft Technologies
The Broad Institute
[46]

Tyler Linderoth Github
site [47]

[48]

[49]

[50]

[51]
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https://github.com/CGRL-QB3-UCBerkeley/denovoTarget
CapturePopGen

http://www.usadellab.org/cms/?page=trimmomatic
https://cutadapt.readthedocs.io/en/stable/installation.html

https://github.com/ibest/HTStream/tree/master/hts_
SuperDeduper

http://ccb.jhu.edu/software/FLASH/
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://github.com/CGRL-QB3-UCBerkeley/seqCapture

http://cab.spbu.ru/software/spades/

https://blast.ncbi.nim.nih.gov/Blast.cgi?CMD=Web&PAGE _
TYPE=BlastDocs&DOC_TYPE=Download

http://weizhongli-lab.org/cd-hit/
http://seq.cs.iastate.edu/cap3.html
http://www.novocraft.com/products/novoalign/
http://broadinstitute.github.io/picard/
https://software.broadinstitute.org/gatk/download/
https://github.com/tplinderoth/ngsQC/tree/master/snpCleaner

http://www.popgen.dk/angsd/index.php/ANGSD
www.popgen.dk/software/index.php/NgsRelate
https://github.com/mfumagalli/ngsTools
http://cmpg.unibe.ch/software/fastsimcoal2/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Image Calibration and Analysis Toolbox [52] http://www.jolyon.co.uk/myresearch/image-analysis/image-
analysis-tools/

ImageJ [53] https://imagej.nih.gov/ij/

ggplot2 plot R package [54] https://CRAN.R-project.org/package=ggplot2

R software for statistical computing [55] https://www.r-project.org/

function summarySEwithin.R from the R [56] www.cookbook-r.com/Graphs/Plotting_means_and_error_

Graphic Cookbook bars_(ggplot2)/

Ime R package Ime4 [57] https://CRAN.R-project.org/package=Ime4

Trinity [58] https://github.com/trinityrnaseq/trinityrnaseq/wiki

BLASTx [43] https://blast.ncbi.nim.nih.gov/Blast.cgi?CMD=Web&PAGE _
TYPE=BlastDocs&DOC_TYPE=Download

Exonerate [59] https://www.ebi.ac.uk/about/vertebrate-genomics/software/
exonerate

RepeatMasker [60] http://www.repeatmasker.org/

Geneious 8.1.9 Biomatters Ltd. https://www.geneious.com/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Ammon Corl
(corlammon@gmail.com).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tests of phenotypic plasticity

Fifteen lava and eighteen off-lava side-blotched lizards (Uta stansburiana) were collected from the field. There were four experimental
groups: 8 Pisgah lizards (3 females, 5 males) housed on lava gravel, 7 Pisgah lizards (3 females, 4 males) housed on sand, 10 off-lava
lizards (7 females, 3 males) housed on lava gravel, and 8 off-lava lizards (7 females, 1 male) housed on sand. All lizards in the
experiment were maintained in captivity under ultraviolet and Vitalights on a cycle of 12 hours dark and 12 hours light. A heat
tape was placed under one end of each terrarium to provide a thermal gradient. Lizards were fed waxworms and crickets dusted
with calcium carbonate and Superpreen bird vitamins.

Genetic comparison of lava and off-lava lizards
We used tissue samples of U. stansburiana collected in a prior study [16] from 23 Pisgah males, 29 Pisgah females, 23 off-lava males,
and 29 off-lava females.

Population survey of candidate gene variants
We used tissue samples of U. stansburiana collected in a prior phylogeographic study [61, 62]. Information on the populations
surveyed and the numbers of samples per population can be found in Figure S2 and Table S2.

Testing for associations between genotypes and phenotypes

We utilized specimens from a genetic-crossing experiment performed with Pisgah and off-lava U. stansburiana [16]. Protocols were
approved by the U.C. Santa Cruz Institutional Animal Care and Use Committee (protocol SINE00.02-1). We gathered data on 26 male
and 35 female hatchlings (61 individuals total)

METHOD DETAILS

Tests of phenotypic plasticity

Measurements of phenotypic plasticity in the Pisgah and off-lava lizard populations were conducted in 1987-1988 [63]. The Pisgah
lizards were collected 1.5 miles south of the lava flow’s edge in an area of lava rock interspersed with pockets of windblown sand. The
off-lava site was 1.5 miles north of the flow in low hills with sandy alluvial soil. Fifteen lava and eighteen off-lava lizards were collected.
Lizards from both sites were housed on lava gravel and sand to measure their ability to change coloration in response to soil color.
Thus, four experimental groups were created with 8 Pisgah lizards housed on lava gravel, 7 Pisgah lizards housed on sand, 10 off-lava
lizards housed on lava gravel, and 8 off-lava lizards housed on sand. Color measurements were first taken after at least one year on
their substrate (day 0). Two days later, lizards were switched to the alternate soil type and color measurements were taken again 8,
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22, 43, and 57 days following the switch. The soil substrate was switched back to the initial soil type 57 days after the first switch and
additional color measurements were taken ten days later.

All color measurements were taken at 35°C between 11:00 and 14:00 hours. Skin reflectance was measured by a CE 395 Fast
Scanning Spectral Scanner that was sensitive to reflected wavelengths of light from 350 to 750 nm. A spot optics lens and a recep-
tacle for exchangeable metal plates were placed in front of the scanner. Light was received by the scanner through a 0.65 mm
diameter hole in the plate. Reflectance was measured by pressing lizards lightly against the back side of the plate with their
mid-dorsal region exposed through the hole. For each lizard reflectance taken, a white standard (a 100% rag cotton white card)
was also measured for a comparison with total possible reflected light. Sunlight or the light from a 300-Watt slide projector bulb
was used for illumination as both produced similar reflectance curves. Percent reflectance was calculated as the area of the reflec-
tance curve of the lizard divided by that of the white standard. The area under each curve was measured by a Tektronix 212 portable
oscilloscope connected to the spectral scanner. The oscilloscope screen was photographed, the negatives were then projected, the
curves traced by hand, and an image analyzer was used to calculate total reflectance as the number of pixels captured on the screen.

Effective sample sizes of the lizards in the experiment varied due to a film development error and lizard mortality. The full sample
size of 8 Pisgah lizards on lava, 7 Pisgah lizards on sand, 10 off-lava lizards on lava, and 8 off-lava lizards on sand was available for
days 10, 45, and 59 of the experiment. On day 0, the film development error reduced the sample sizes of the lizards to 3 Pisgah on
lava, 5 Pisgah on sand, 7 off-lava on lava, and 2 off-lava on sand. On day 24, the sample sizes were 8 Pisgah on lava, 7 Pisgah on
sand, 9 off-lava on lava, and 7 off-lava on sand due to the film development error. On day 69, due to lizard mortality, the samples sizes
were 7 Pisgah on lava, 6 Pisgah on sand, 9 off-lava on lava, and 8 off-lava on sand.

We graphed the change in coloration over time using the ggplot2 plot package [54] in R [55] and the function summarySEwithin.R
from the R Graphic Cookbook [56], which removes the between-subject variability when calculating standard errors. We used an
ANOVA in R to test if dorsal coloration differed among pairs of treatments on day 0 of the experiment. We tested for plastic responses
of dorsal coloration following the initial substrate switch using a linear mixed effects model as implemented in the R package
Ime4 [57]. We tested whether variation in coloration was correlated with a fixed effect of time to test for plasticity. Specifically, we
compared the dorsal coloration at time point 10 (eight days after the substrate was switched) and time point 59 (57 days after the
substrate was switched) independently for each of the four treatments. This comparison underestimates the extent of plasticity,
because even more extreme phenotypic differences were observed at time 0, before the substrate was switched (see Figure 1E).
However, we conservatively compared time points 10 versus 59, because of the reduced sample size at time 0. Although not shown,
similar results were obtained by comparing time points 0 versus 59. Our model included random intercepts for the individual lizards.
We compared models with and without the effect of time with a likelihood ratio test. We tested if the populations differed in their
reaction norms for each of the two treatments (housed initially on lava for one year and then switched to sand, housed initially
on sand for one year and then switched to lava). We did this by constructing a model with fixed effects of population, time
(Time 10 versus 59), time x population, and random intercepts for the individual lizards to explain variation in dorsal coloration.
We then used a likelihood ratio test to compare models with and without the time x population interaction term.

Transcriptome sequencing and transcriptome assembly

We developed our exon-capture system by sequencing transcriptomes for eleven male U. stansburiana, which were collected at a
focal study population near Los Banos, CA. To gain a broad sample of gene expression, we sequenced three different tissues (throat
skin, brain, and testes) and used samples from males collected both before and during the spring breeding season. Libraries were
constructed with a TruSeq RNA Sample Kit and then sequenced on a HiSeq 2000 with 100 bp paired-end reads. After sequencing,
the reads were filtered following Singhal [35] before de novo assembly using Trinity [58]. Data were annotated using the programs
BLASTXx [43] and Exonerate [59] along with seven vertebrate genomes from Ensembl (Anolis carolinensis, human, mouse, chicken,
zebra finch, Xenopus tropicalis, and zebrafish). We filtered the resulting annotated transcripts so that we retained only the longest
isoform per gene, all sequences had between 35%-70% GC content, we removed sequence matching A. carolinensis ribosomal
RNA, and we removed repetitive elements, low complexity regions, and short repeats using RepeatMasker [60]. We truncated the
sequences for each gene so that there were no more than 250 base pairs on either side of the annotated coding region. In addition
to our sequences obtained from the transcriptomes, we added in six U. stansburiana sequences from GenBank and three
A. carolinensis sequences, which was done to include sequences for some functionally interesting genes that were not in the
transcriptome assembly. Our final set of sequences included approximately 29.16 million bases of sequence and 16,345 contigs
annotated to unique genes. These sequences were sent to Roche NimbleGen, where custom capture probes matching the lizard
sequences were synthesized in their SeqCap EZ Developer Library.

Library preparation, sequence-capture, and sequencing
Tissue samples used in this project were collected in 2005 on the Pisgah Lava Flow (34.76157°N, —116.36576°W) and 7 km off the
lava flow (34.81902°N, —116.33904°W). Animals were collected under a California Department of Fish and Game permit to B. Sinervo
(#801060-01). The lizards were originally collected for a genetic crossing experiment between the lava and off-lava sites that tested
for reproductive isolation between the populations [16]. We used samples from 52 individuals from each population, which consisted
of 23 Pisgah males, 29 Pisgah females, 23 off-lava males, and 29 off-lava females.

DNA was extracted using a salt extraction protocol modified from [64], which included an overnight digestion with 50 ng of RNaseA
to allow accurate quantification of the resulting DNA with a NanoDrop spectrophotometer. A 100 pL dilution at 16 ng/uL was made for
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each sample in a 0.5 mL Diagenode Bioruptor tube. The concentration of the dilution was checked on a Nanodrop and adjusted if
necessary. Samples were sonicated with a Bioruptor UCD-200 (Diagenode) for 15 minutes on the low setting with the machine
set to 30 s on and 30 s off. The size range of the sonicated samples was checked by running 2 uL of the sample on an agarose
gel. Samples were resonicated if the majority of DNA was not between 200 and 600 bp. Then 95 uL of the sonicated DNA was
size-selected to remove fragments below 200 bp using a 0.8x SPRI bead cleanup [65], with the bead solution having 20% PEG
and 2.5M NaCl.

Libraries for each sample were constructed following the protocol described in Meyer and Kircher [66] with two minor modifica-
tions. First, reactions were cleaned with a 1.3 fold volume of Seramag beads. Second, 4 uL of template DNA was used for the indexing
PCR reactions and samples were dual-indexed for subsequent pooling. Cycling of individual PCR reactions varied from nine to fifteen
cycles, depending on the amplification success of the individual samples, but most were amplified with only nine or ten cycles.
Following library construction, two pools of DNA were constructed, with each pool containing 26 Pisgah and 26 off-lava samples.
To ensure equal representation of each sample in the pool, a 30 uL dilution at 15 ng/uL was made for each library and the concen-
tration of the dilution was checked on a Nanodrop and adjusted if necessary. Then 10 uL of each library dilution was taken and added
to the pool. The concentrations of the two resulting pools were quantified using a Qubit fluorometer (Life Technologies).

Sequence-capture of each of the two library pools was conducted following the SeqCap EZ Library SR User’s Guide v4.1 [67] with
the following modifications. We added 1.3 pug of DNA from a library pool to its designated capture reaction. We added 3.25 pg of
human COT-1 DNA and 3.25 pg of chicken Hybloc DNA to each capture. Barcode specific blocking oligos were added for
each P5 and P7 adaptor in the pool. The libraries were hybridized for 71 hours. After hybridization, we verified target enrichment
efficiency with gPCR analysis of the pre- and post-captured library pools, following Hodges et al. [68]. Finally, equal amounts of
DNA from the two pools were combined and then this pool of all the individuals was sequenced on two lanes of a HiSeq4000
with 150 bp paired-end reads.

Read cleanup, mapping, and analysis

Our sequencing generated 179 gigabases of data in total. We processed this data following a workflow designed for transcriptome-
based exon capture data analyses (https://github.com/CGRL-QB3-UCBerkeley/denovoTargetCapturePopGen). Specifically, raw
data were cleaned using methods detailed in Bi et al. [36] and Singhal [35]. Raw fastq reads were filtered using Trimmomatic [37]
and Cutadapt [38] to remove low quality reads and adaptor contamination. Exact duplicates were eliminated using Super Deduper
[39]. We used FLASH [40] to merge overlapping paired-end reads. In addition, we used Bowtie2 [41] to map reads to potential
contaminant sources (human and E. coli genome sequences) so that contaminants could be removed.

We assembled an “exome reference” sequence, to have a more complete reference sequence that included both the original
targeted sequences as well as flanking sequences to the targeted sequences. We used the SPAdes genome assembler version
3.10.1 [42] to independently assemble the cleaned reads from four of the off-lava libraries that had high amounts of data. We
used kmers of 21, 33, 55, and 77 for each individual assembly process. We then used BLASTn [43] searches to identify the targeted
genes in each assembly, with the assemblies needing to be at least a 90% match to the target. For each individual assembly, we used
cd-hit-est [44] and cap3 [45] to cluster and assemble the multiple contigs matching each targeted transcript into less-redundant
assemblies. We then combined the assemblies for the four individuals by a similar methodology. Finally, we generated an exome
reference sequence where all non-redundant and discrete contigs (exons and their flanking sequences) that were derived from
the same target were joined together with Ns based on their relative blast hit positions to the transcriptome reference. Pipelines
for processing the data can be found at https://github.com/CGRL-QB3-UCBerkeley/seqCapture.

We mapped our cleaned reads for each individual to the exome reference using Novoalign (novocraft.com) with a maximum
allowable alignment score set to 180. Only reads that were mapped uniquely to the reference were retained. We used Picard
(http://broadinstitute.github.io/picard/) to add read groups and GATK [46] to perform re-alignment around indels. On average,
68% of the reads mapped to the targeted regions. Across the 104 individuals in our study, the average coverage of the targeted
regions was 21x (range = 16-28x), with 99.3% of the targeted regions covered by at least one read and at least 20x coverage for
44% of the sites. After mapping, we filtered the data using the script SNPcleaner v2.2.4 (https://github.com/tplinderoth/ngsQC/
tree/master/snpCleaner) following the protocol specified in Bi et al. [47], so that we only considered sites in which at least
73 (70%) of the individuals in our dataset had a coverage of at least 2x.

Population genetic analyses

We performed a variety of analyses using the program ANGSD [48], which conducts population genetic analyses from allele
frequencies estimated from genotype likelihoods, and thereby takes genotype uncertainties into account [69, 70]. We used the
program NgsRelate [49] as implemented in the program ANGSD to infer relatedness coefficients among individuals in lava and
off-lava populations. This was done so that we could identify individuals with high relatedness coefficients, which do not provide
independent genetic information from one another. We excluded ten Pisgah and five off-lava individuals so that all relatedness
coefficients among the individuals in the dataset were low (i.e., below 0.1, where a coefficient of 0 indicates unrelated individuals
and a coefficient of 1 indicates identical twins). We performed a principle components analysis on the genetic data using the program
ngsTools [50] to test whether individuals from each population group together. Using ANGSD, we estimated the joint site frequency
spectrum for the lava and off-lava populations to compare the allele frequencies of the two populations across all variable sites. We
also used ANGSD to obtain estimates of allele frequencies, Fst for each variable site, and the average Fst across all sites.
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Instead of using Fgsr to identify divergent single nucleotide polymorphisms (SNPs), we used the association test based on allele
frequencies implemented in ANGSD. This test implements the association mapping method that Kim et al. [71] designed for
next-generation sequencing data, which takes uncertainty in genotype calls into account. The resulting P-value can in this context
be interpreted as a P-value associated with the null hypothesis that the two populations are not diverged from each other. A small
P-value indicates strong evidence of differences in allele frequencies between the two populations. We only considered sites with
data for at least 52 of the 89 total individuals, a minor allele frequency greater than 0.05, that were estimated to be polymorphic
with a P-value of 0.000001, and that did not reject Hardy-Weinberg equilibrium or exhibit strand bias at a P-value of 0.000001.
We additionally filtered the reads in ANGSD so that we only considered reads with a minimum base quality of 20, and pairs of reads
where both mapped concordantly. We regarded the genes with the strongest population associations as candidates for adaptive
divergence. A simulation study has shown that when the average Fst between populations is less than 0.1, there is a high probability
(> 0.9) that a single locally adapted locus will be among the top ten most divergent loci among the populations [72]. However, we did
not know a priori how many genes have adaptively diverged between the two populations, so we researched the function of the top
twenty most divergent genes. Functional information was obtained from GeneCards (https://www.genecards.org) and literature
searches, which we used to identify candidate genes that could affect the color phenotype.

Sequencing candidate genes

We designed primers around the SNP with the top association in each of the candidate genes using our exome reference
sequence. We amplified the PRKAR1A gene using the forward primer PRKAR1A-F1: TGAAAGGTGATACTGGGATCAACACC and
either of two reverse primers, which were PRKAR1A-R1: CTCACTGCCGGTACTCATAGAAGC and PRKAR1A-R2: TCTCCAGCCTTT
CAAAGTATTCCCG. We amplified the PREP gene using one of two forward primers, which were PREP-F1: CCACCATCCTCCATTT
CCTTCAGTC and PREP-F2: TCATGTGGCACTCCAGAAGTTTGG along with a single reverse primer PREP-R2: TCACCATCTT
CACTGAATGCATAACCT.

All PCR reactions were 10 pL in total volume and contained 1X of PCR buffer, 2.5 mM MgCl,, 0.1 mM of each dNTP, 0.5 uM of each
primer, 0.5 U Taqg polymerase (Invitrogen), and 20 ng of genomic DNA. A touchdown protocol was used in which thermocycling began
with an initial denature at 94°C for 5 minutes, then had 20 cycles of 94°C for 30 s, an annealing temperature that began at 68°C for
30 s, but that decreased by 0.5°C per cycle, and an elongation at 72°C for 1 minute. Following the touchdown phase were
20 additional cycles where the annealing temperature was kept constant at 58°C. The PCR ended with a final hold at 72°C for
5 minutes. The above protocol was used for all primer combinations except PREP-F2 with PREP-R2, for which the annealing tem-
perature began at 66°C and went down to 56°C.

We used ExoSAP-IT (USB, Cleveland, OH) to clean the PCR products. Sequencing was performed with a BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) and 1 uL of the purified PCR product. Sequencing reactions were cleaned with Sephadex
and sequenced on an ABI 3730 sequencer (Applied Biosystems, Foster City, CA, USA). Sequences were aligned and edited using
Geneious 8.1.9 (Biomatters Ltd.).

Scoring alleles in candidate genes

We used the Sanger sequencing protocol described above to score variants within two candidate genes in nine additional
populations in southern California and central Arizona (Figure S2, Table S2). These populations were closely related to the Pisgah
population in a previous phylogeographic study [61, 62] or were geographically close to the Pisgah population. One of these
populations was the Amboy Crater, which is an independently formed volcanic crater that formed 70,000 + 500 years ago [11].
The lava habitats are quite similar between the Pisgah Lava Flow and the Amboy Crater, so we sequenced a larger number of
individuals (34) from Amboy than other populations to test if there might have been similar selection on the candidate genes in
the two lava environments.

We Sanger sequenced the individuals used for exon-capture as well as additional samples from the Pisgah and off-lava popula-
tions to better measure the allele frequency of the SNPs within our two candidate genes (see Table S2). We also used this data in a
Fisher’'s exact test in R to test for a correlation between the genotypes of our focal SNPs in each candidate gene (Table S3), which
would indicate linkage disequilibrium between the two genes.

We downloaded the transcripts for the PREP gene (ENSACAT00000003886.2) and the PRKAR1A gene (ENSACAT00000013273.3)
for Anolis carolinensis from ENSEMBL. We used Geneious to align the individual A. carolinensis exons to our U. stansburiana
exon-capture reference sequences for PREP and PRKAR1A. We used the intron/exon boundaries for A. carolinesis as guides for
determining whether the divergent SNPs in PREP and PRKAR1A were in coding or non-coding regions of the gene.

Estimating the demographic history and fitting models of selection on candidate genes

The joint site frequency spectrum (jSFS) that we estimated from our exon-capture data (see above) summarizes the correlation
structure of the genetic variation between the Pisgah and off-lava populations, which can be used to infer their demographic history.
We used FastSimCoal2 [51] to estimate the demographic history of these two populations given the observed jSFS. The demo-
graphic history consists of estimates of the population sizes, migration rates, and the split time between the two populations. We
performed inference under two possible models: A) a population split with no subsequent migration, and B) a population split
with a constant rate of subsequent migration. We assumed a constant population size in the ancestral population and constant
population size in both populations after the split. We used the default per nucleotide mutation rate of 2.5 x 1078 that is often
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used for humans, because a mutation rate estimate for lizards was not available. For both models, we optimized parameters
100 separate times and picked the optimization run with the highest composite likelihood.

We inferred the age and selection coefficients of the focal SNPs in our candidate genes by simulating allele frequency changes over
time (i.e., allele trajectories) under the most likely demographic history inferred in FastSimCoal2 for the models with and without
migration. We allowed the alleles to be subject to divergent selection in the Pisgah and off-lava demes. We determined the probability
that the simulated present-day allele frequencies in the Pisgah and off-lava demes fell within a 95% confidence interval (Cl) of the
population allele frequencies. We calculated these Cls using the Clopper-Pearson method, assuming the sample frequency is distrib-
uted binomially according to the population frequency. For example, if the Cls in the Pisgah and off-lava populations were [0.10-0.30]
and [0-0.10] and a simulation had frequencies of 0.20 and 0.00, then we “accepted” the simulation and used it to increment our
estimate of the likelihood; contrastingly, if the simulation had frequencies of 0.40 and 0.00, then we “rejected” it. For the demographic
model with migration, we performed 10,000 simulations at each point in a 10x10x10 grid of various combinations of the values of the
age of the allele, the selection coefficient in the Pisgah population, and the selection coefficient in the off-lava population. We did
the same kind of simulations for the demographic model without migration except that we did not simulate the selection coefficient
in the off-lava population. These simulations allowed us to identify the parameters where the present day allele frequencies fell in the
95% Cl at the highest rate.

Testing for associations between genotypes and phenotypes

We utilized specimens from a genetic-crossing experiment performed with Pisgah and off-lava U. stansburiana [16], to test whether
variation in our candidate genes was associated with differences in coloration. In the genetic-crossing experiment, male lizards were
housed with a female from their own population and a female from outside their population to measure within and between population
fertility. This was done for both Pisgah and off-lava males. The eggs resulting from the genetic crosses were kept in atemperature and
humidity controlled incubation chamber until the hatchlings emerged (see [16] for further details). Protocols were approved by the
U.C. Santa Cruz Institutional Animal Care and Use Committee (protocol SINE00.02-1).

The focal variants in our candidate genes were only observed in the Pisgah population, so we restricted our analysis to hatchlings
that had at least one parent from the Pisgah population. We gathered data on 61 hatchlings, which were genotyped by sequencing
each candidate gene as described above. Hatchlings came from 18 different Pisgah females and 5 different off-lava females. Three of
the off-lava females were mated to the same Pisgah sires as three of the Pisgah females, given the genetic-crossing design. The other
two off-lava females were mated to a Pisgah sire that did not father offspring with a Pisgah female. To maximize sample sizes, we
included data from four Pisgah females that were gravid with eggs when caught in the wild and then mated to another male in the lab,
which were only used in [16] to examine fertility of wild-mated individuals.

To quantify the coloration of the hatchlings, we photographed them with a Nikon D7100 camera with a 60 mm macro lens. The
camera was suspended at a constant height above the specimens on a Kaiser RTX camera stand and the specimens were illumi-
nated with a 650 W light. The photos were taken in raw format with a fixed shutter speed and aperture (f5, 1/200, ISO 100). The images
were inspected to make sure that the photos of the specimens were not saturated. The specimens were photographed next to a
Kodak Gray Card Plus color standard and we used the 3.1% reflectance black patch and the 18% reflectance gray patch to
standardize the photos. We used the Image Calibration and Analysis Toolbox [52] in Imaged 1.5i [53] to calculate the average
luminance (i.e., lightness/darkness) of the area of each lizard’s back from just in front of the forelimbs to just in front of the hind limbs.
We summed the luminance measures from the red, blue, and green channels to provide a metric of overall luminance.

We tested for an association between hatchling genotypes and phenotypes using a linear mixed model as implemented in the
R package Ime4 [57]. To explain variation in hatchling coloration, our full model included the genotype of the hatchling for the two
candidate genes as fixed factors and included the identity of the hatchling’s dam and sire, which were included as random effects.
In our analysis, we grouped individuals homozygous for the alternative derived allele with individuals heterozygous for the alternative
derived allele. This was done because there was only a single hatchling that was homozygous for the derived allele for each of the two
candidate genes, which gave us little power for estimating phenotypic effects for this class of individuals. We used a likelihood ratio
test to compare the full model to a null model where the genotype data for one of the candidate genes was excluded. Variants
contributing to the Pisgah melanic phenotype were predicted to make the lizards darker in coloration, so we used a one-tailed test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Tests of phenotypic plasticity

We used an ANOVA in R [55] to test if dorsal coloration differed among pairs of treatments on day 0 of the experiment. We tested for
plastic responses of dorsal coloration following a switch in the lava or sand substrate using a linear mixed effects model as imple-
mented in the R package Ime4 [57]. P values less than 0.05 were considered significant.

Population genetic analyses

We used the association test based on allele frequencies implemented in ANGSD [48] to identify divergent single nucleotide poly-
morphisms (SNPs). This test implements the association mapping method that Kim et al. [71] designed for next-generation
sequencing data, which takes uncertainty in genotype calls into account. The resulting P-value can in this context be interpreted
as a P-value associated with the null hypothesis that the two populations are not diverged from each other. A small P-value indicates
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strong evidence of differences in allele frequencies between the two populations. We researched the function of the top twenty most
divergent genes (Table S1).

Testing for associations between genotypes and phenotypes

We tested for an association between hatchling genotypes and phenotypes using a linear mixed model as implemented in the
R package Ime4 [57]. P values less than 0.05 were considered significant. Variants contributing to the Pisgah melanic phenotype
were predicted to make the lizards darker in coloration, so we used a one-tailed test. We only gathered data for hatchlings that
had at least one parent from the Pisgah population, because the focal variants in our candidate genes were only observed in the
Pisgah population. In the genetic crossing experiment that generated the hatchlings [16], a subset of the eggs had yolk removed
for potential analyses of hormones. We restricted our analyses of coloration to the hatchlings that came from unmanipulated
eggs to avoid any potentially confounding effects of the manipulation.

Further information on all the statistical tests can be found in the Method Details section.

DATA AND SOFTWARE AVAILABILITY

The exon-capture dataset generated for this study is available from the NCBI SRA (BioProject ID: PRUNA476148; SRA accession:
SRP150551; https://www.ncbi.nim.nih.gov/sra/SRP150551).
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